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Preface

The need for the development of a highly integrated basic science
as the foundation for molecular materials, for information storage,
processing and transfer, for enzyme-like catalysis and reactivity,
for molecular encapsulation and stabilisation is now fully rec-
ognized. This has resulted in increased communication between
the various chemical disciplines which developed separately such
as organic chemistry, ‘inorganic chemistry, physical chemistry,
analytical chemistry, and so on. Reunification of these sub-
disciplines is taking place and the vehicle for reform is Su-
pramolecular Science.

The term ‘supramolecular’ means “more complex than a mole-
cule” or “composed of many molecules”. In his Nobel Lecture [see
(1988) Angew. Chem. 100: 91; (1988) Angew. Chem., Int. Ed. Engl.
27: 89], Jean-Marie Lehn gave the following definition: “Su-
pramolecular Chemistry is the chemistry of the intermolecular
bond, covering the structures and functions of the entities formed by
association of two or more chemical species”. Therefore the
conceptual feature that distinguishes a supramolecular from a
molecular species is not its size, but the possibility of splitting the
species into molecular components that have an individual exi-
stence, at least in principle. Or, the other way round, supramolecu-
lar species are constructed by combining molecular building blocks
in a similar way to molecules being obtained by the combination
of atoms. In short, Supramolecular Chemistry is the chemistry
beyond the molecule and deals mostly with noncovalent chemical
bonds.

Only lately have covalently linked species also become included
in supramolecular structures since they are formed of particular
building blocks, e.g. the Starburst/cascade dendrimers (see Chapter
6 of this volume). Moreover, the catenands and knots {as shown
in Chapter 5) are not subject either to covalent or typical
noncovalent bonds, although the latter are important in the
formation step, but rest upon a mechanical interlock or coiling.

On the other hand, host-guest systems being composed of
preorganized macrocyclic, cage-type or rigid acyclic host molecules
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and cationic or uncharged organic guest species are characteristic
of noncovalent intermolecular forces. Examples are the complexes
of rigid molecular tweezers, cyclotriveratrylenes or cryptophanes and
chromoacerands showing remarkable recognition properties for
neutral molecules and cations, e.g. the chromoacerands are capable
of signalling a specific cation or even one particular guest enan-
tiomer by coloration. These structures and properties are the topics
of Chapters 2, 3, and 4, respectively.

Understanding the synthesis of supramolecular structures is
another important challenge. Fortunately, in this respect, enor-
mous progress has been made during the last few years. “There
are inherently simple ways of making apparently complex unnatu-
ral products from appropriate substrates without the need for
reagent control or catalysis. It implies that the required stereoelec-
tronic information is preprogrammed into the substrates of a
chemical reaction; this allows the efficient and precise spontaneous
self-assembly of these ‘intelligent’ substrates thus yielding large
molecules with completely defined superstructures and/or orga-
nized molecular assemblies composed of unique molecular com-
ponents” (cf. J. F. Stoddart (1991) In: H.-J. Schneider, H. Diirr
(eds.) Frontiers in supramolecular organic chemistry, VCH-Ver-
lagsgesellschaft, Weinheim). One way is Stoddart’s concept of
‘substrate-directed synthesis’, which is shown in Chapter 1 of the
book. Another significant way is the so-called ‘genealogical-directed
synthesis’ involved in the construction of dendrons and dendrimers
as described in Chapter 6.

Although the topics covered in the book are extremely useful
from a fundamental and an applicative viewpoint, there are further
important aspects in the wide scope of Supramolecular Chemistry,
and the rapid pace of research in this field requires publication in
more than one volume. This is the ambition of the editor who hopes
that the present book will whet the appetite of the reader, while
heis enjoying these six brilliantly written and informative articles.

I have pleasure in thanking all contributors for bringing this
book to a successful completion.

Bonn, September 1992 Edwin Weber
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An increasing appreciation of molecular architecture and design will provide a greater
impetus to tackle the exciting and elaborate structural targets that will confront chemistry
in the twenty-first Century. It is, therefore, of the upmost importance that methods by which
outwardly complex chemical systems can be assembled selectively, rapidly, and efficiently,
are devised. Towards this goal, a trebly diastereoselective tandem Diels-Alder reaction
sequence has been developed. Subsequently, we have demonstrated how this synthetic
methodology can be utilized for the synthesis of novel macropolycyclic molecular structures.
In each cycloaddition, the stereoelectronic characteristics, that are inherent in part of the
rigid bicyclic frameworks of both bisdienophile and bisdiene building blocks, are used to
dictate their respective modes of reaction. The outcome of this substrate-directed approach
to organic synthesis allows the rapid and highly-controlled assembly of an increasing range
of apparently complex molecular structures. The diastereoselectivities that are witnessed in
each cycloaddition are rationalized as involving kinetically-controlled transition-state effects.
The rationalization is based upon maximal vicinal staggering and the subsequent minimiza-
tion of torsional strain within the rigid bicyclic framework in the transition state. In this
survey, the application of the repetitive Diels-Alder approach for the synthesis of a wide
range of macropolycyclic molecular structures is examined. The potential of these compounds
as ideal precursors in the preparation of intriguing hydrocarbons is revealed. The pivotal
role played by the sequential use of mild and forcing conditions — most notably the use of
thermally- and high pressure-promoted Diels-Alder reactions — to produce oligomeric
compounds in a predictable and stepwise manner is documented. Throughout these
discussions, special attention has been given to the methods employed for the purification
and characterization of this new class of unnatural products.



Substrate-Directed Synthesis

1 Introduction

1.1 Supramolecular Design Processes and Rapid Assembly

Through the many triumphs of natural product synthesis, chemists have acquired
an unrivalled appreciation of chemical reactivity and synthetic methodology [1].
The disconnection approach [1, 2] shows how a structurally-complex target
molecule may be broken down formally into suitable precursors which may then
be assembled in a highly-designed synthetic program. However, even in the most
elaborate examples [3], the synthesis of relatively small, unimolecular entities is
still being considered. Furthermore, the approaches used in these syntheses often
preclude any cooperativity from operating in the synthetic scheme. This must
bring into question the usefulness of such procedures in the synthesis of the
increasingly elaborate targets — both natural and unnatural — that are being
identified in the burgeoning fields of biotechnology [4] and new materials {5]. In
many of these cases, it is the overall molecular structure and ordering of
functionality that is of paramount importance. Having extensively studied reac-
tivity, the questions now being asked by chemical scientists are: (1) How much
do we really know about molecular architecture, and (2) how do we obtain a
compound with a desired structure in a rapid, yet controlled fashion? Increasingly,
the new synthetic goals will reside in the void which lies between the unimolecular
systems and the widely recognized information storage systems with high molecular
weights, such as the nucleic acids, the proteins, and the glycoconjugates. A successful
solution to these contemporary problems in synthesis will require unparalleled
economy and efficiency in the synthetic methodologies which are developed.

The advent [6] and rapid development [7] of supramolecular chemistry has
served increasingly to focus the minds of chemical scientists upon methods which
might improve many aspects of molecular architecture, organization, and assembly.
Above all, the desire to design and create microenvironments with specific features
to aid (1) selective guest binding, (ii) transport of bound guests, and (iii) catalysis
of reactions, has culminated in the delineation of those factors of critical importance
in this area of molecular recognition. These factors include the steric and electronic
complementarity (8] between host and guest, and the preorganization [9] of those
features responsible for binding. The result has been the synthesis [10—13] of host
molecules of many highly-diverse structural forms. The structures in 14 serve to
illustrate this fact.
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A premium is now being placed upon increasing the macroscopic expression
of the recognition event, i.e. designing molecules with a function as well as with
a form. An elegant demonstration of this approach is the supramolecular liquid
crystal reported recently by Lehn [14]. As shown in Fig. 1, two complementary
sub-units associate via hydrogen-bonding to form the rigid central element of the
mesogenic supermolecule.
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Fig. 1. A schematic representation of the formation of a mesogenic supermolecule. Lehn
[14] has used hydrogen-bonding between the two complementary sub-units to form the rigid
central core

Eschenmoser [15] has recently alluded to the concepts of structure-directed
synthesis and autochthonous reactivity — the propensity of certain systems to
undergo reactions as a consequence of their intrinsic molecular structural factors
— within the context of certain biomolecules, particularly the organic cofactor,
vitamin B,,. The formation of the AD ring junction in the corrin ligand had to
be regarded as a major hurdle in any proposed chemical synthesis of cobyric acid
{(5) (Fig. 2), and hence of vitamin B,,. However, driven initially by the desire to
identify a dark, and therefore potentially biomimetic, variant of the photochemical

CONH,

Fig. 2. The synthesis of cobyric
acid (5) marked effectively the
completion [15b, ¢, h, i, j] of
the synthesis of vitamin B, by
Woodward and Eschenmoser.
Extensive studies subsequently
by Eschenmoser [I5a—e] have
revealed that many of the struc-
tural features are attainable with
surprising ease from structural-
ly-appropriate precursors. Most
notably, the four highlighted
I (bold) structural features repre-
CoH CONH, sent thermodynamically-favor-
5 ed arrangements

H,NOC




Franz. H. Kohnke, John P. Mathias and J. Fraser Stoddart

AD ring closure, Eschenmoser, above all, has shown that the AD ring junction
is a structural element which is formed extremely readily, and in a variety of ways,
from structurally-appropriate precursors [15]. Furthermore, extensive investiga-
tions of other structural elements in 5, such as (i) the dimensions of the macrocyclic
ring and the characteristic arrangement of double bonds associated with the corrin
chromophore, (ii) the constitutional arrangement of the side chains around the
corrin ligand’s periphery, and (iii) the specific attachment of the nucleotide loop
to the propionic acid side chain situated on ring D, provoked Eschenmoser to
make the comment [15a] that structural elements in 5 appeared to ‘self-assemble
with surprising ease under structurally appropriate preconditions; the amount of
external instruction required for their formation turns out to be surprisingly small
in view of the complexity and specificity of these structural elements’.

Thus, the elaborate outward complexity of a molecular structure, such as that
exemplified by vitamin B, ,, can, in principle, obscure what may be a straightfor-
ward, mechanistically comprehensible, synthetic protocol that leads to its forma-
tion.

Many other examples of outwardly complex molecular structures, whose salient
architectural features appear to self-assemble from their constituent building
blocks, have been documented [16]. The formation of the DNA double helix from
its constituent chains is perhaps the quintessential example, whilst the perfect
reconstitution of the intact tobacco mosaic virus from its constituent RNA and
protein monomers also exhibits all the hallmarks of a cooperative self-assembly
process [17]. The same is true of ribonuclease. Reconstitution of this enzyme in
the presence of mercaptoethanol, to allow reversible exchange of the four disulfide
bridges, proceeds smoothly to generate eventually only the active conformation
from many possible isomeric states [18]. In each of these cases, the thermodynamic
stability of the product is vital in directing its synthesis. These syntheses could
therefore be termed product-directed.

Studies by Ringsdorf [19] on the ability of various amphiphilic molecules to
form monolayers, multilayers, micelles, and liposomes, coupled with the potential
uses of such systems in many different scientific areas, have caused him to comment
[19] that ‘self-organization and the construction of supramolecular systems is an
interdisciplinary area which cannot be understood without the cooperation of
different fields of science’. In short, cooperativity requires cooperation!

Coupling these ideas with the thesis that many of the molecular building blocks
of proteins, nucleic acids, and polysaccharides are of prebiotic origin [20] has
forced us to ask [21] whether such processes, starting from simple building blocks
and proceeding to complex unnatural products, may represent a well-based
approach towards the preparation of large, highly-ordered supramolecular arrays.
One would therefore be assessing the extent to which simultaneous multiple-bond
formation, and perhaps ‘self-assembly’ itself, may be applicable as a general
synthetic paradigm (see Fig. 3).

Dramatic progress is being made in the area of product unnatural synthests [22]
with the recently reported polynuclear double-stranded helicates (see Scheme 1,
Fig. 3)[23, 24], catenanes (see Scheme 1) [25-27], rotaxanes (see Scheme 2) [26, 27],
as well as with the monolayers [28] developed by Whitesides [29] and others [30].
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Fig. 3a—d. A diagrammatic representation of double-stranded helicates [23, 34] containing
(a) two, (b) three, (c) four, and (d) five 2,2"-bipyridine subunits [23]. The Cu(l) ions function
as a template around which the helicates can assemble. Furthermore, this assembly process
exhibits (i) self-self recognition in the preferential pairing to the same ligand in the presence
of others in the reaction mixture, and (ii) positive cooperativity in which the complexation
of one metal 1on facilitates the binding of the next

These systems illustrate clearly the potential power of the same gross structural
properties and phenomena evident in natural systems, such as self-assembly [31],
self-replication [32], cooperativity [33], and self-self recognition [34], utilizing
both covalent and noncovalent bonding. Within a purely inorganic frame-
work, the preferential formation of certain metal clusters and assemblies of
C, and Si,, which form with particular ease when n = 60 and m = 45,
represent further examples [35a—c]. Indeed, the recent isolation [35d] of the
Cgo compound, which has been dubbed buckminsterfullerene (Fig. 4), and homo-
logs [35¢—h] is now leading to a full investigation of their structural and physical
properties.

The increased structural control evident in these recent studies is allowing access
to novel compounds based on highly-organized three-dimensional molecular
structures. At a fundamental level, these structures are beginning to address some
of the potential features envisaged in the increasing application of molecules in
both a mechanical [36] and electronic [37] context.
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Scheme 1. Noncovalent bonding provides the ordering between the subunits prior to
catenation as a result of covalent bond formation in the template-directed syntheses [26] of
a[2]catenane 8.4 PF4 from 6.2 PF;and 7,and a[3] catenane 11.4 PF, from 9.2 PF¢ and 10

Fig. 4. Compounds like C4, — buckminster-
fullarene alias footballene — have been the
subject in recent years of much speculation
[35a, b), since they constitute a third allo-
tropic form of carbon. The recent isolation
[35¢, d] of Cg and C-, is now allowing their
structural, physical, and chemical properties
to be investigated [35¢-h]
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Scheme 2. Rotaxanes, such as 12, are another group of compounds [26] that are accessible
by the noncovalent bonding of the subunits prior to their further synthetic elaboration by
covalent bond formation

1.2 The Diels-Alder Approach

A primary goal of one of our research programs in Sheffield was to examine the
suitability of a repetitive Diels-Alder reaction sequence for the construction of
rigid, highly-ordered macropolycyclic belt-type and cage-type compounds (Fig. 5)
[38]. It was particularly important to be able to maintain complete control over
the stereogenic centers created during reactions between bisdienes and bisdien-
ophiles in such processes, without relying on catalysts or chiral auxilliaries. Instead,
stereoelectronic information preprogramed into the molecular frameworks of these
building blocks was used to dictate their subsequent modes of reaction. In this

Fig. 5. Schematic representation illustrating the basic premise of the repetitive Diels-Alder
oligomerization process [21]. The macropolycyclization occurs as a consequence of the
reaction between bisdiene and bisdienophilic building blocks whose relative stereochemistries
and stereoelectronic characteristics dictate the structural outcome of the reaction
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respect, it constitutes a kinetically-controlled substrate-directed approach to
synthesis.

The generality of this approach allows flexibility in design to be incorporated
into the structural, electronic, and physical characteristics of the target molecules.
Indeed, providing certain rules are maintained regarding the reactivities and
stereoselectivities associated with the building blocks, a facile entry into a wide
range of apparently complex molecular structures can be imagined [21].

The synthesis of macropolycyclic arrays — both linear and cyclic — and their
derivatives is an area of growing current interest since it provides compounds of
considerable academic and technological interest [39]. Although several different
synthetic strategies can be envisaged for the production of polyacene and cyclacene
derivatives, none have surpassed the utilization of pericyclic reactions, most notably
the Diels-Alder cycloaddition, for the construction [40] of the laterally-fused
six-membered ring backbone.

Diels-Alder chemistry has been a powerful tool in the armament of the synthetic
organic chemist for more than half a century [41]. However, although the reaction
was first reported over sixty years ago [42], activity in the field has never been
greater than it is today. Successful application of the Woodward-Hoffmann Rules
[43] and frontier molecular orbital theory [44] have rendered the outcome of the
reaction predictable both mechanistically and in terms of the regiochemistry and
stereochemistry observed. As a multiple bond-forming process, it offers a procedure
by which up to four chiral centers may be created in a single synthetic step.
Moreover, through the use of chiral dienes and dienophiles, along with Lewis
Acid catalysts, impressive asymmetric induction [45] and catalysis [46] of the
reaction have been achieved. The highly-ordered transition state attained during
the reaction has made it a natural target for work in the field of catalytic antibodies.
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|

OA P ¢ JL
ss * [ N-E—— ] /N—Et

a” Y © cl "’”"

cl 0 c O
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n\l cl __..\llL
~ K B
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[¢]] o

14

R = (CHa}sCO,H

Scheme 3. The highly-ordered transition state associated with the Diels-Alder reaction has
made it a natural target for work in the field of catalytic antibodies [15]. Indeed, Hilvert
[15a] has reported recently the first successfully antibody-catalyzed Diels-Alder reaction.
Monoclonal antibodies elicited to the boxed hapten 14 provided both acceleration of and
multiple turnover of the cycloaddition between tetrachlorothiopene dioxide and N-ethyl
maleimide. The initial adduct decomposes by the chelotropic-extrusion of sulfur dioxide
affording the dihydrophthalimide derivative 13
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The recent report of the first abzyme-catalyzed Diels-Alder reaction (Scheme 3)
by Hilvert [47] represents an exciting breakthrough of great potential. Ultimately,
one can envisage access to a wide range of tailored ‘Diels-Alderases’ {47].

The highly-ordered transition state is responsible for the negative volume of
activation associated with the cycloaddition process and results in the significant
acceleration of the reaction when it is performed under elevated pressures [48, 49].
The first successful demonstration of a pressure effect upon the rate of a chemical
process was described one hundred years ago by Rontgen [50] in relation to the
inhibition of the hydrochloric acid-catalyzed inversion of sucrose at pressures of
up to 0.5 kbar. The very large effects of pressure upon the rates of Diels-Alder
cycloadditions were evident from some of the earliest studies [51] of the reaction
itself. Reaction rates can easily be tripled by application of 1 kbar of pressure,
whereas a 60-fold acceleration can commonly be achieved by the application of
5 kbars of pressure. The attainment of the highly-organized, quasi-aromatic,
transition state during the cycloaddition between the diene and dienophile is
associated with a decrease in volume with respect to that of the reactants. This
effect results in a negative volume of activation AV *, for the process. The magnitude
of AV* is frequently in the range — 30— —40cm?® mol™': thus the reaction is
favored by increasing pressure. Reactions governed by secondary-orbital interac-
tions possess a further organizing factor associated with the transition state, which
is absent in both reactants and products and that increase the extent of the
acceleration. The synthetic outcome of this effect is most obvious in those cases

# FROL 458 COR WCOR
CRE :
kbar
S COR “CO,R COR
75 16
R = Menthyl AAVE = 0.9 cmPmor™
CHO CHO
' J/ U ’ U
> CHO
17 18
‘meta’ ‘para’
Effect of 6 kbar 40 60
increasing
pressure 10 kbar 28 72

Fig. 6. Controlling stereochemistry and regiochemistry in Diels-Alder reactions by the
application of very high pressure. The potential for using elevated pressures to obtain
asymmetric induction is based upon exploiting the different volumes of activation between
the competing diastereoisomeric transition states [48, 54]. In the first example, a AAV* of
0.9 cm® mol™! favors the formation of diastereoisomer 15 over diastereoisomer 16 as the
pressure is increased. In the second example, the increased ratio of 18 relative to 17 illustrates
the importance of pressure variations in the control of regiochemistry
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in which exo- and endo-addition products can be formed. The favorable secondary
orbital interactions involved in the endo transition state render the magnitude of
AV, less than that of AV, Consequently, increasing pressure favors endo-
addition over exo-addition.

The thermolability associated with many furan-based Diels-Alder adducts, such
as the 7-oxabicycloheptanes, renders their synthesis under atmospheric conditions
difficult without significant thermally-induced product degradation. However,
under high pressure conditions, the syntheses are accelerated without danger of
thermal degradation, consequently allowing access to a wide range of such
compounds [52]. Moreover, the decomposition of an adduct will normally result
in an increase in volume and so be effectively retarded at elevated pressures. It is
only recently that high-pressure liquid-phase chemistry has gained general
acceptance as a synthetic tool. Significant progress has occurred as a result of the
pioneering studies of Dauben [53] and technological advances in the design and
construction of the high pressure reaction systems. The possibilities for regio-
chemical and stereochemical control, culminating in asymmetric induction by
exploiting the different AV* values for competing processes (Fig. 6) [54], are still
in their infancy.

1.3 Belts and Cages in Supramolecular Chemistry

Compounds possessing belt-type and cage-type structures have played a central
role in the development of supramolecular chemistry. The nonadecacyclic cage
molecule cucurbituril (Scheme 4), reported originally in 1905 [55] and recently
rediscovered and fully characterized by Mock [56], has provided a platform for
an extensive and systematic study [57)] of the highly-specific inclusion of alkylammo-
nium cations and alkyldiammonium cations. The high specificity of this particular
molecular recognition is a consequence of the juxtaposition of the ostensibly
lipophilic interior of the cavity and the lipophobic portals, each associated with
six carbonyl groups, coupled with the structural rigidity of the macropolycyclic
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Scheme 4. The acid-catalyzed synthesis of cucurbituril 20 [55, 56] displays all of the hallmarks
of a product-directed self-assembly. The product is obtained from urea, glyoxal, and
formaldehyde through the intermediacy of the glycoluril 19
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skeleton. This rigidity imposes a kinetic nature upon the ligation of the alkylammo-
nium and alkyldiammonium guests. The rate of complex formation correlates
closely with the molecular diameter of the cationic ligand, but not with the
subsequent thermodynamic stability of the complex formed. This observation is
in sharp contrast to the majority of complexation studies performed on more
flexible hosts in which the complex formation is controlled thermodynamically.
However, the kinetic ligation is reminiscent of the inherently dynamic nature of
the biological recognition processes so many chemical scientists are attempting
presently to model. The formation of cucurbituril occurs surprisingly easily from
urea, glyoxal, and formaldehyde via a thermodynamically-controlled multi-
equilibria set of reactions which display the characteristics of product-directed
self-assembly.

A similar product-directed synthetic protocol can be applied to the production
of the calixarene class of molecular receptors [58], so successfully pioneered by
Gutsche [58, 59]. Although questions concerning the variability of the reaction
outcome are still receiving attention, the general procedure, involving a base-
induced reaction (Scheme 5) between formaldehyde and certain para-substituted
phenols, allows ready access to a wide range of calixarenes. Extensive X-ray
crystallographic studies have been performed upon calixarene inclusion complexes
in the solid state [60]. These investigations have revealed the cone-shaped
conformation to be one of several different conformations that can be adopted
as a consequence of both the structural flexibility and the substitution pattern
associated with the aromatic rings of the calixarene.

Although promiscuous in their choice of guest-compounds, the only well-defined
catalytic system based upon the calixarenes, which has been documented, is the
one described by Shinkai [61]. He has studied the acid-catalyzed addition of water
(Scheme 6) to N-benzyl-1,4-dihydronicotinamide in the presence of a para-
sulfonatocalix[6]arene and its methoxycarbonyl derivative. The polyanionic nature
of the upper rim, containing the sulfonate groups, provides a site for the
stabilization of the cationic intermediate. The lower rim, which carries the phenolic

tBu
tBu (Bu
¢Bu O
HCHO oH |
NaCH OH
. SH <>
\_{,
tBu OH HO
217

Scheme 5. Base-induced condensation of certain phenols with formaldehyde leads to the
production of the calixarene class of molecular receptors [58—60], e.g. 21. The cone
conformation shown in the box is only one of several possible conformations.
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Scheme 6. In spite of being good host molecules, there is only one well-documented [61]
catalytic system based upon the calixarenes. The acid-catalyzed addition of water to
N-benzyl-1,4-dihydronicotinamide 22 to give 24 via 23 is accelerated by the calix[6]arene
derivative 25 °
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Scheme 7. The rigidification by
Cram of the calix[4]resorcina-
rene 26 to give the cavitand
27 [65] provides the basis for the
progression to the closed-shell
carcerand structure 28 [66, 67]
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or carboxyl groups, provides the necessary proton-donating site, to allow a
comparable mode of action to that exemplified by the natural enzyme, glyceralde-
hyde-3-phosphate dehydrogenase [62]. Fluorescence measurements clearly confirm
the presence of the substrate within the cavity.

Access to compounds of the calixresorcinarene class [63] can be achieved by
an acid-catalyzed reaction between resorcinol and various aldehydes. The ease of
synthesis of many calixarenes and calixresorcinarenes. along with the ready availa-
bility of the starting materials, renders them of great potential for studying both
academically and industrially motivated problems. These span many areas [58]
from adhesives to the selective metal ion response of calixarene monolayers [64].

The observation by Cram [65] that the rigidity of the calixresorcinarenes can
be increased by bridging the remaining free hydroxyl groups on adjacent aromatic
rings by methylene groups resulted in the cavitand class of macropolycycles
(Scheme 7). The wide range of crystalline solvates formed with small molecules,
such as MeCN, PhMe, CH,Cl,, and CHCl,, reveals a high complementarity
between host and guest. A further intuitive progression led Cram to consider
covalently linking two cavitands. The outcome was the synthesis (Scheme 7) of
the first closed molecular container compounds — the so-called carcerands [66].
Although the carcerands were initially difficult to handle and characterize, as a
consequence of their extreme insolubility, the recent addition of solubilizing
lipophilic arms to furnish compounds, such as 29, has subsequently allowed NMR
spectroscopic analyses to be performed on the carcerands and, more intriguingly,
to probe the behaviour of the encapsulated solvent molecules [67]. The potential
of the carcerands to act as slow-release drug-delivery systems and as targeted
immunoprotein-associated chemotherapeutic agents, for example, will ensure much
interest in these new compounds in the future.
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Fig. 7. The total synthesis of a-cyclodextrin 30 by Ogawa [73a) was followed by his total
synthesis of a ‘manno-isomer’ 31 [73b] of a-cyclodextrin 30. The potential for chemical
variation of the cyclodextrin skeleton by total synthesis is considerable. The recent report
of the peranhydro a-cyclodextrin 32 simultaneously by two groups {75] constitutes another
important gross structural modification of the cyclodextrin skeleton

The distinguished history of the cyclodextrins, and the central role played by
the pioneering studies of Cramer [68] on the molecular recognition characteristics
of these compounds, in what is today widely-recognized as supramolecular
chemistry, merits special mention. The recent thematic issue of Carbohydrate
Research [69], which was devoted to cyclodextrins, illustrated their ever-widening
application in many different fields of science and technology. Their macrocyclic
constitutions are effectively rendered pseudomacropolycyclic by the cyclic network
of hydrogen bonds between secondary hydroxyl groups on adjacent D-glucopyra-
nose rings [70]. This rigidifying effect creates a toroidal cavity that can host many
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guests. Indeed, the cyclodextrins have formed the basis of some extremely elegant
receptor [71] and catalytic systems [72). Two recent synthetic advances (Fig. 7)
may, however, serve to dispel the myth that cyclodextrins are locked in a structural
straightjacket, amenable only to peripheral chemical modification. The chemical
synthesis of a ‘manno isomer’ of a-cyclodextrin by Ogawa [73] followed hard on
the heels of his first total synthesis [74] of a-cyclodextrin itself. Although the latter
may be of purely academic interest, on account of the ready availability of the
parent cyclodextrin from microbial sources, these modifications should open the
door to a wide chemical variation of the basic cyclodextrin skeleton. The recent
report [75] of the synthesis of a peranhydro a-cyclodextrin 32 provides yet another
novel demonstration of the alteration of the gross structural properties of the
cyclodextrin skeleton. The dehydration process forces each p-glucopyranose ring
out of its original *C; in 30 to a ‘C, chair conformation in 32, thereby altering
the nature of the cavity from an essentially lipophilic environment to one flanked
by glycosidic, glucopyranose, and free hydroxyl oxygen atoms. The subsequent
effects of this structural modification upon the physical properties and binding
characteristics of the peranhydro cyclodextrin merit further investigation.

2 The Substrate-Directed Synthesis of Kohnkene

2.1 Building Blocks and Autochthonous Reactivity

In any synthetic plan based upon a repetitive oligomerization or polymerization
methodology, the failure to control strictly the mode of reaction will lead to
exponentially increasing problems regarding product isolation and the consequent
efficiency of the process. Especially in those cases where stereogenic centers are
created, some stereochemical uncertainty associated with isomer production, and
consequent heterogeneity at a configurational level, is often encountered. In modern
synthetic chemistry, the production of mixtures of isomers is usually considered
to be undesirable. In the case of the Diels-Alder reaction, this heterogeneity can
be circumvented by using carefully chosen building blocks in which the sterecelec-
tronic information, contained within the n-systems of both diene and dienophile,
manifests itself in their highly stereoselective combination.

Observations from the recent literature on the facial-selectivities which operate
during cycloadditions of m-systems incorporated into the bicyclic 7-oxabicy-
clo[2.2.1Theptane framework have suggested that the electronic influences inherent

(0] (0] o
Exo face Exo face
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37 \ 38 \
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within that particular rigid bicyclic system might. provide an ideal means of
controlling the Diels-Alder reactivity of (i) exocyclic s-cis-butadiene moieties, such
as those present in the bisdiene 37, and (ii) endocyclic dienophilic moieties, such
as those present in the bisdienophile 38.

As a result of its bicyclic nature, the chosen bisdiene 37, 2,3,5,6-tetramethylidene-
7-oxabicyclo{2.2.1]heptane [76a], confers an inherently curved shape upon its
subsequent Diels-Alder adducts which makes such species structurally capable of
forming a macropolycyclic belt. The endoxide bridge in 37 also imparts increased
solubility upon the subsequent Diels-Alder adducts, thus aiding their isolation
and characterization. The solubility of these species renders them amenable to
further synthetic manipulation by deoxygenation, giving rise ultimately, to a novel
range of unsaturated hydrocarbons.

o}

CuCl, !
b MeOLe 2 ,COMe LiAlH, HOH.C, CH,OH
QO — —_—
MeOH THE
v 3 CoMe HOH,C CH,OH

CO (3 atm) MeOL™ s
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33 34 35
SO, CIH,C CHC yguok  HeC CH,
—— ———re P
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Scheme 8. The synthesis of bisdiene 37 [78, 112] follows the procedure described by Vogel
[76]. Carbomethoxylation [77] of 33 affords the tetraester 34 with the all-exo-configuration
{78]. The whole reaction sequence (33 — 34 — 35 — 36 — 37) can be performed on a large
scale to provide access to significant quantities of the bisdiene 37

Our synthesis (Scheme 8) of 37 followed that described by Vogel [76b] and is
readily amenable to large scale preparation. The thermodynamic product 33 of
the reaction between furan and maleic anhydride was subjected to Pd/CuCl,
catalyzed carbomethoxylation [77], under 3 atmospheres of carbon monoxide, with
simultaneous esterification of the anhydride ring. This procedure afforded the
all-exo tetraester 34 with high diastereoselectivity. Although confirmed ultimately
by X-ray crystallography [78], this stereochemical assignment was based initially
upon the lack of any sizable coupling constant between the bridgehead hydrogen
atoms (1,4-H) and the adjacent endo-methine hydrogen atoms (2,3,5,6-H) in the
'H NMR spectrum of 34. This observation contrasts with the 4-5 Hz J value
which characterizes the 'H NMR spectrum for the bridgehead and adjacent
exo-methine hydrogen atoms observed (Figure 8) in similar systems [79]. This
coupling constant criterion plays a vital confirmatory role in the stereochemical
assignment of the ring junctions in many more complex compounds discussed
later, for which solid state structures are not available.
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Reduction (lithium aluminium hydride/tetrahydrofuran) of the tetraester 34 to
the tetraol 35, followed by chlorination (thionyl chloride), afforded 36 in good
yield. This tetrachloride was then subjected to base-promoted B-elimination
(potassium rerr-butoxide) giving the desired bisdiene 37 in quantitative yield
without purification. The sensitivity of 37 toward both thermal and photochemical
degradation and its propensity to polymerize necessitated its immediate use
following its preparation.

The effect upon the n-facial diastereoselectivity exhibited by exocyclic s-cis-
butadiene moieties, such as those present in 37, as a consequence of the electronic
influences inherent in the rigid (7-oxa)bicyclo[2.2.1]heptane framework, has been
the subject of much investigation and discussion [80—-85] both experimentally and
theoretically. Cycloadditions with common dienophiles. such as benzoquinone,
methyl vinyl ketone, and methyl acrylate, have been observed to proceed
predominantly at the endo-face of the diene moiety in the vast majority of reactions
studied. The only notable exceptions to endo-face addition are reactions with
extremely reactive dienophiles such as benzyne, dimethyl acetylenedicarboxylate,
and tetracyanoethene [86]. The most compelling rationalization for the endo-face
reactivity has been that proposed by Paquette and Gleiter [84]. It is based upon
a consideration of the outcome of the mixing of the bicyclic c-orbital framework
with the diene m-orbitals. Calculations have revealed that, although there is
negligible mixing between the bicyclic o-framework and the diene HOMO (r,),
as a result of their highly disparate energies, the lower energy SHOMO (ng) enters
into a strong interaction with this framework. The consequent disrotatory tilt of
the m-orbitals on the exocyclic methylene carbon atoms increases the frontier
electron density on the exo-face of the system, whilst concomitantly decreasing
that on the endo-face. Upon approach of a dienophile to the exo-face, a strong
antibonding interaction develops between the HOMO of the dienophile and the
diene ng orbital. The extent of this interaction is such that the four center/four
electron destabilization generated during exo-face attack has a calculated ma-
gnitude of 3—4 kcal mol ! at a distance of 2.18 A [87). Thus, the diastereoselectivity
observed in the reactions of diene n-systems, such as those in the bisdiene 37, can
be interpreted reasonably as a kinetically-controlled interaction beiween the
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Fig. 9. A schematic representa-
tion of the interaction between
the ng orbital (SHOMO) of the
s-cis-butadiene unit in 37 and
the m-orbital (HOMOj of the
dienophilic component of 38,
assuming the formation of syn-
adducts [82, 84, 85]. The four
center/four electron destabiliza-
tion of exo-face approach (exo-
2) is characterized by a larger
net antibonding energy [87] than
endo-face approach (endo-2)
which is consequently favored.
The orbitals show the effects of
the disrotatory tilts which they
are believed to experience. Note
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exo-2, the 2 refers to the diene
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Scheme 9. The synthesis of the syn-bisdienophile 38 [90, 112] is initiated by the lithiation
of 1,2,4,5-tetrabromobenzene with n-butyllithium. Trapping of the bisaryne equivalent thus
generated in situ with 2 equivalents of furan affords the anthracene bisendoxide constitution
as an equimolar mixture of the syn- and anti-isomers, 38 and 39, respectively
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occupied orbitals of the reactants. Therefore, it is clearly a direct consequence of
the stereoelectronic information inherently present within the bicyclic frameworks.

For bisdienophiles, such as 38, both the exceptional reactivity and exo-face
diastereoselectivity exhibited by the endocyclic dienophile units within the 7-
oxabicyclof2.2.1]heptane framework, have been discussed at considerable length
in the literature [88, 89). The synthesis (Scheme 9) of 38, which follows the method
described by Hart [90], proceeds via the bisaryne equivalent generated by the low
temperature (—23 °C) lithiation of 1,2,4,5-tetrabromobenzene with #-butyl-
lithium. Trapping of the bisaryne equivalent in situ with two equivalents of furan
affords two diastereoisomeric bisadducts in an approximately 1:1 ratio. The
desired syn-isomer 38 is chromatographically less mobile than 39 in which the
two endoxide bridges assume the anti-configuration. Whilst both adducts, 38 and
39, are indistinguishable by 'H and '3C NMR spectroscopies, X-ray structural
analyses of single crystals of both adducts has allowed unambiguous assignments
of their stereochemistries to be made (Figure 10) {91].

Fig. 10. The X-ray crystal structures of the syn- and anti-bisdienophiles, 38 and 39,
respectively, clearly show the relative configurations between the two endoxide bridges

The bicyclic nature and relative configurations of the two endoxide bridges in 38
imposes a curvature upon the molecule which is compatible with the subsequent
macropolycyclization to give a belt-type structure. Furthermore, the endoxide
bridges can be easily removed from subsequent cycloadducts by dehydration,
making such compounds amenable to further synthetic modification.

In the context of the exo-face diastereoselectivity exhibited during cycloadditions
by the dienophilic moieties in 38, both molecular orbital calculations [89, 92,
93-95] and X-ray crystallographic analyses [96] have indicated a small, but
significant, degree of pyramidalization of the alkene unit. The distortion is such
that the olefinic hydrogen atoms are displaced into the endo-face [97]. Any other
form of structural deformation is rendered virtually impossible by the bicyclic
nature of the unit [98]. The origin of the pyramidalization has been attributed
[99] to a staggering of the vicinal bonds associated with the olefinic and adjacent
bridgehead positions. This deformation minimizes, as far as possible, the torsional
strain interaction [89, 92, 92a, 93b, 95, 100, 101] between the olefinic hydrogen
atom and the eclipsing hydrogen atom on the bridgehead position in the rigid
bicyclic framework. An immediate consequence of this pyramidalization is to
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effect a disrotatory tilt of the my orbitals of the double bond and sohence allow
a mixing with the highest-occupied o-orbitals of the bicyclic framework. The
overall effect of the mixing is to create a node on the endo-face of the molecule
which results in the frontier orbital electron density of the olefin being decreased
on the endo-face and concomitantly increased on the exo-face {89, 101-103).

In addition, the further consequences of this n-allylic pyramidalization for the
transition state of the cycloaddition process are even more profound [89, 92, 95,
100-102, 104]. As illustrated in the Newman projection in Fig. 11, the transition
state for bond formation on the exo-face allows almost perfect staggering of the
bonds under construction with those on the adjacent bridgehead position. In
contrast, endo-face attack results in an almost completely eclipsed geometry.
Calculations by Houk et al. [101] have allowed the difference in activation energy
for the two competing processes to be estimated at up to 6 kcal mol™* in favor
of exo-face attack and the consequent minimization of torsional strain in the
transition state. It is important to stress, however, that, although the ground-state
pyramidalization is not directly responsible for the diastereoselectivity observed
in the predominance of exo-face attack, which is clearly a transition-state
phenomenon, both the pyramidalization and the diastereoselectivity have a
common origin in the relief of torsional strain associated with the staggering of
vicinal bonds.

It is with these factors in mind that Seebach’s recent studies [105] on the
stereoselective addition to pyramidalized dioxinone systems have caused him to

Exo Attack

Endo Attack

Fig. 11. A Newman projection along a selected carbon (olefinic)—carbon (bridgehead)
bond in a structural fragment of the syn-bisdienophile 38. This projection shows that
the torsional interaction between the olefinic hydrogen atoms (4) and the vicinal bridgehead
hydrogen atoms (B) are relieved by pyramidalization of (4) into the endo-face. More impor-
tant in the context of the trebly-diastereoselective Diels-Alder reaction, is the staggering
of the bonds under construction on the exo-face and the vicinal bonds on the bridgehead
carbon atoms. Calculations by Houk et al. [88, 101, 102] have suggested that the difference in
the activation energies for the two transition states, as a consequence of their staggered and
eclipsed natures, could be as much as 6 kcal mol ™!
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comment that ‘if a small degree of pyramidalization of a trigonal center next to
a tetrahedral center is caused by the tendency to minimize torsional strain,
approach of a reagent from the same direction into which pyramidalization has
occurred will minimize torsion even more’. He goes on to suggest that pyramidali-
zation may be used, albeit cautiously, as a design criterion for predicting the steric
course of a reaction. The advent of crystallographic data-bases make this kind
of structural information increasingly accessible to the synthetic organic chemist.

Clearly, in the case under consideration, attack of the bisdiene 37 (Scheme 8)
toward the endo-face of the bisdienophile 38 (Scheme 9) would lead to a much
greater eclipsing strain as the transition state was approached. The olefinic
hydrogen atoms would initially be forced back into an eclipsing position with
respect to the adjacent bridgehead hydrogen atoms, thus imparting a relatively
high activation energy upon this process. By contrast, such an unfavorable
situation is not encountered in the staggered geometry imposed by exo-face attack.
This argument would suggest that the energy difference between the two competing
transition states could be considerably larger than that associated with the initial
ground state pyramidalization, i.e. the energy difference is magnified in the
transition state of the reaction.

Bond-formation towards the exo-face of dienophilic units such as those in 38
may also receive a degree of stereoelectronic assistance [[06—108] as a result of
antiperiplanar ¢ — (o)* hyperconjugative donation from the strained 61-9a and
ocd4—4a carbon-carbon single bonds (Scheme 9) to the o-orbitals under construc-
tion on the exo-face (see Fig.9). The corresponding situation for endo-face
approach is less favorable, the endoxide (C—O) bonds are not able to assume
such an antiperiplanar relationship.

Understanding and predicting stereoselectivities is a very delicate process.
Because of the exponential relation which is involved, a product ratio greater
than 99:1 results from a difference of 2.8 kcal mol™! in the free energies of
activation between the two diastereoisomeric transition states at 25 °C. However,
a reduction of this free energy difference to 1.8 kcal mol™! still gives rise to a
product ratio of 96:4. Clearly, the origins of the subtle energy differences between
diastereoisomeric transition states, which contain unusually long and weak bonds
and abnormal bond angles are not easy to identify. Nevertheless, a combination
of the various arguments for the respective diastereoselectivities exhibited by both
the diene and dienophilic moieties in 37 and 38 allows a prediction [109] to be
made regarding which of the four possible diastereoisomeric products (40,
40a—40c), resulting from their cycloaddition, should predominate (Figure 12).
However, a note of caution must be given at this juncture. Many of the calculations
reported in the literature refer to molecules in a static stereochemical state. Clearly,
during a chemical reaction, dynamic stereochemical effects must be taken into
consideration.

In both 37 and 38 (Schemes 8 and 9), the higher frontier electron densities are
associated with the exo-faces of the respective n-systems. Intuitively, one would
expect [110] reaction to occur between a face of low electron density and one of
high electron density {111], resulting in either an exo-1/endo-2 or an endo-1/exo-2
interaction. However, recalling the strong preference for approach to the endo-faces
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Fig. 12. The four diastereoisomeric 1:1 adducts which can be formed on reaction of the
bisdiene 37 with the syn-bisdienophile 38. The stereoelectronic control in operation during
the reaction is such that only the syn/endo-H isomer 40 has been detected [21, 38, 110, 112].
The ‘remote’ stereochemical descriptors, syn and anti, refer to the relative configurations
of the endoxide bridges across each newly-formed cyclohexene ring. The ‘close’ stereo-
chemical descriptors, exo-H and endo-H, refer to the relative configuration adopted by the
hydrogen atoms at the ring junctions associated with the newly created chiral centers

e 37

Syn/Endo-H isomer 40

Fig. 13. By combining the factors that govern the reactivities and selectivities of the building
blocks, 37 and 38, a qualitative understanding [21, 110] of the origin of the treble
diastereoselectivity exhibited in their mutual cycloaddition to give a 1:1 adduct can be
achieved. Combining =n-faces of high (dark) and low (light) electron density in a way that
allows exo-face reaction (exo-1 approach) at the bisdienophile 38 and infers endo-face
reaction {endo-2 approach) at the bisdiene 37, does indeed afford the observed 1:1 adduct
40 with synjendo-H stereochemistry across the newly-formed cyclohexene ring, providing
that the two reactants approach each other in the more sterically-accessible manner which
leaves the endoxide bridges syn with respect to each other across the newly-formed
cyclohexene ring, via a synfexo-1/endo-2 transition state
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of 37, as a consequence of the destabilization associated with exo-face attacks on
37, and coupling this effect with the torsional factors favoring exo-face attacks
on 38 would appear to favor strongly the exo-1/endo-2 interaction (Fig. 13). The
stereochemical outcome of the reaction would appear to be dictated only by the
stereoelectronic information inherent within the structural frameworks of the
starting materials. Thus, the reaction is said to proceed in an autochthonous
manner [15].

2.2 Completing a Molecular LEGO Set

The synthetic progression towards the macropolycyclic[12]cyclacene derivative 43,
dubbed kohnkene, is summarized in Scheme 10. Reaction of 2.0 molar equivalents
of the bisdiene 37 with the bisdienophile 38 in toluene, heated under reflux for 12
hours, afforded only one 1:1 adduct 40 (24%) and only one 2:1 adduct 41, in
61% yield [112]. In both cases, the stereochemistry observed across the newly-
formed cyclohexene rings is syn/endo-H. Subsequently, the yield of the more
synthetically-useful 2:1 adduct 41 was optimized to over 80% by utilization of
a 2.5 molar excess of 37. Just as only one of the four diastereoisomeric 1:1 adducts
(40) is observed in a single reaction between 37 and 38, the observed 2:1 adduct
41 represents only one of the ten possible diastereoisomeric products that can be
obtained from the reaction of 38 with 2 molar equivalents of 37. Since there are
four ‘close’ (exo-1, endo-1, exo-2, and endo-2) and two ‘remote’ (syn and anti)
configurational approaches the bisdiene 37 and the bisdienophile 38 could adopt
(Figs. 12 and 13) relative to each other during cycloaddition, there are eight
different transition states leading to four diastereoisomeric 1:1 adducts, i.e. there
18 a two-fold degeneracy between reaction pathways and reaction products. The
fact that only one 1:1 adduct — the syn/endo-H isomer 40 — is formed (Fig. 12)
via a syn/exo-1/endo-2 transition state (Fig. 13) implies that complete traeble
diastereoselectivity is being expressed during this Diels-Alder reaction. This
remarkable stereochemical event is only surpassed by the fact that it is repeated
giving only one 2: 1 adduct 41 and ultimately again and again affording kohnkene
43 (Scheme 10). Thus, a stereoelectronically-controlled molecular LEGO set has
been revealed.

The fact that the repetitive Diels-Alder reactions between 37and 38 are stopped
completely upon the production of the 2: 1 adduct 41 under atmospheric pressure,
illustrates a further facet of the reactivity of the bisdiene 37. This compound is
reported to undergo mono and bis addition [76, 80, 81. 113] in cycloadditions
with moderately reactive dienophiles at very different rates. Indeed, mono-addition
reportedly occurs approximately 100-300 times faster than bis-addition. This rate
difference is believed to occur primarily as a result of the introduction, during
mono-addition, of an endocyclic double bond on the opposite sides of the ring
from the remaining exocyclic s-cis-butadienc unit. The outcome of this differential
reactivity is that a discrete, stepwise, repetitive Diels-Alder protocol can be devized
in which use is made of alternatively mild and forcing conditions to control the
oligomerization process. In the case of bis-addition involving 41, further cycloaddi-
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Scheme 10. The molecular LEGO set employed in the synthesis of kohnkene 43 [21, 112}
Both the thermally-promoted and high pressure-promoted Diels-Alder reactions proceed
with the same remarkable treble diastereoselectivities. The clock-face shown in the middle
of structure 43 provides a convenient frame of reference for the discussion of structural
features in the macropolycycle

tion of the remaining diene units requires high pressure for the reaction to proceed
at an acceptable rate.

The melting points of the 1:1 adduct 40 and the 2:1 adduct 41 exceed 300 °C
and their molecular ions appear at m/z 356 and 502, respectively in the electron
impact mass spectrum (EIMS). Confirmation of the overall C, molecular symmetry
possessed by structure 40 was provided by the observation of (i) 11 resonances,
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with 2 overlapping at 143.1 ppm, in the broadband-decoupled '*C NMR spectrum
for the 12 types of heterotopic carbon atoms, and (ii) separate, well-resolved signals
in the 'H NMR spectrum for all 10 sets of heterotopic hydrogen atoms. The
observation of a sharp singlet at 8 4.91 for the bridgehead hydrogen atoms 6,13-H
allows the assignment of endo-H stereochemistry [114, 115] to the adjacent methine
hydrogen atoms, 5a, 13a—H. However, it is not possible to distinguish unequivo-
cally between the syn/endo-H and anti/endo-H diastereoisomers by NMR spec-
troscopic methods. The definitive characterization of the structure of the 1:1
adduct 40 was finally provided by an X-ray structural analysis (Fig. 14) of single
crystals of the mono adduct 44 which is formed between 40 and anthracene in
toluene when a solution of them is heated under reflux. Although the solid state
structure reveals the presence of two crystallographically-independent molecules,
associated with the conformations 44a and 44b, both possess the same relative
syn-configurations with respect to the endoxide bridges. This is consistent with
the original 1:1 adduct 40 having the svn/endo-H configuration. It is apparent

Fig. 14. X-Ray crystallographic analysis of 44 reveals the presence of two crystallogra-
phically-independent molecules of the same relative configurations [38, 112]. The major
difference in the solid state structures of 44a and 44b is the conformation adopted by the
cyclohexene rings wherein the hinge angles (6) differ
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from both conformations that the methine hydrogen atoms resulting from
cycloaddition with anthracene also adopt the endo-H configuration. This observa-
tion confirms that the exo-face of the dienophilic unit in 40 is the preferred one
for the approach of dienes. The significant solid state structural differences between
442 and 44b reside in the different boat conformations adopted by the cyclohexene
rings. The boat conformation in 44a has a hinge angle 0 of 155° on the P-face,
whereas in 44b 6 is 220°. The consequences for the overall curvature of the molecule
is illustrated in Fig. 14. The contraction of the O*-O** distance in 44a with
respect to that in 44b imparts a greater overall curvature upon conformation 44b.
The tilting of oxygen bridge O** towards the exocyclic s-cis-butadiene system has
been attributed to the polarization of the w-electron density associated with the
endocyclic double bond in the direction of the exo-face and the consequent
repulsive interaction with the syn-related oxygen lone pair [80, 96a, b, 116, 117].
It has been proposed [80] that the extra strain necessary to restore the ethereal
and etheno bridges to a more symmetrical position during cycloaddition to the
diene unit could account for the reduced reactivity associated with the formation
of bisadducts in such systems.

The fact that the 2: 1 adduct 41 (Scheme 10) is formed directly from 40, under
atmospheric pressure, with the same syn/endo-H diastereoselectivity across the
newly-formed cyclohexene rings imparting the C,, molecular symmetry upon the
structure, is supported by the observation of (i) only 9 resonances in the
broadband-decoupled **C NMR spectrum for the 9 types of heterotopic carbon
atoms, and (ii) separate resonances in the 'H NMR spectrum for the 8 sets of
heterotopic hydrogen atoms. The appearance of the signal for the hydrogen atoms
associated with the bridgehead positions at C-6,8,15,17 as a sharp singlet is again
consistent with exclusively endo-H stereochemistry at the adjacent methine centers.
Although it has not been possible to perform X-ray crystallographic analysis to
vindicate unambiguously the structure shown in 41, it is compelling to note that
the outcome of its subsequent reactions — most notably the final macropolycyclic
ring-closure step — can only be interpreted in terms of the assigned (syn/endo-
H/syn/endo-H) relative configuration to compound 41.

Initially, the macropolycycle kohnkene 43 (Scheme 10) was prepared in 3.5%
yield by thermal cyclodimerization of the 1:1 adduct 40 in refluxing xylene.
However, the synthetic route of choice is the one which proceeds via the 2:1
adduct 41. Ring-closure of 41 can be achieved by incorporating it with the
syn-bisdienophile 38 in a high pressure-mediated intermolecular Diels-Alder
reaction to give, presumably, the intermediate 42 which undergoes a final
intramolecular Diels-Alder reaction affording 43. The overall yield of this two-step
reaction is 36%. The failure to isolate any products other than kohnkene 43
indicates that the high pressure-mediated cycloadditions between 41 and 38 both
proceed with the same treble diastereoselectivities as those observed previously
at atmospheric pressure for the reaction between 37 and 38. The use of high
pressure not only circumvents the problems of low reactivity associated with the
second cycloaddition to the diene units in 41, but it also takes advantage of the
negative volumes of activation associated with the attainment of the highly-ordered
transition states in the sequence of two Diels-Alder reactions (cf. Sect. 2.1). High
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pressure accelerates these two cycloaddition processes selectively with respect to
any competing reactions. Most importantly, the two cycloadditions are accelerated
relative to any thermally-promoted degradations which are largely responsible for
the very poor yield (3.5%) observed during the cyclodimerization of 40.

The structural characterization of kohnkene 43 was aided by the high molecular
symmetry (D,;) of the molecule. The observation of (i) only 7 resonances in the
broadband-decoupled *3C NMR spectrum for the 7 types of heterotopic carbon
atoms, (ii) separate resonances in the 'H NMR spectrum for the 6 sets of heterotopic
hydrogen atoms, and (iil) the lack of any signals for either the olefinic or
s-cis-butadiene reactive termini were consistent with a closed macropolycyclic
structure. The observation of a molecular ion at m/z 713 for [M + H}* in the
positive-ion fast atom bombardment mass spectrum (FABMS) provided further
evidence for the structure 43. Final unambiguous identification of 43 was achieved
by its X-ray crystallographic analysis (Fig. 15). After much effort, highly unstable
single crystals were obtained by slow evaporation of a chloroform solution of 43.
Upon removal of the solvent, the crystals collapsed rapidly to give an amorphous
powder. This problem was overcome by collecting data whilst the crystals were
maintained in a sealed tube under an atmosphere of chloroform.

The macropolycycle 43 possesses a crystallographic center of symmetry.
Consequently, the two aromatic residues are parallel with an interplanar separation
between them of 7.9 A. Examination of the unit cell provides an explanation for
the high instability of the crystals. The macropolycyclic rings are arranged in
parallel edge-to-face layers with 12 disordered chloroform molecules sandwiched

Fig. 15a, b. The structural charac-

0 - » o, O terization of kohnkene 43 was com-
Y ’ pleted by a full X-ray crystallogra-
phic analysis of single crystals
grown by slow evaporation of a
2 chloroform solution of 43. Both (a)
20 ball-and-stick and (b) space-filling

O
representations are shown. The six
endoxide bridges can be seen clearly
T flanking the outer rim of the cavity,
%% whereas the cavity itself is occupied
partially by the 4 pairs of endo-
b o (o) methine hydrogen atoms
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in between them. These molecules of solvation are lost spontaneously upon removal
of the crystals from their mother liquors, with concomitant collapse of the crystals.
The reduction of the hinge angle () to 130° from that observed in the anthracene
adduct 44b (155°, Fig. 14} provides a quantitative measure of the increased strain
imposed upon the system by the closure of the macropolycyclic ring. The
interplanar separation of the aromatic residues is of the appropriate amount to
accommodate an aromatic guest molecule. Indeed, preliminary piezoelectric studies
have demonstrated [118] a selective response of 43 to nitrobenzene. Whether an
interaction between the nitrobenzene and the aromatic residues in the cavity of
43 is occurring as a consequence of stabilizing edge-to-face interaction [119, 120]
has not been established with any certainty.

2.3 Molecular Belts as Precursors to Novel Hydrocarbons

In addition to being an appealing and novel synthetic target in its own right,
kohnkene 43 represents a key precursor to a wide range of exotic hydrocarbons
(Fig. 16). In particular, access to the [n]beltenes [121], the {r]collarenes [122], and
the [n]cyclacenes [123-136], along with many other saturated hydrocarbons, can
be envisaged.

[z
Cyclacene

57

Fig. 16. Apart from being an appealing target in its own right, kohnkene 43 represents a
potential precursor to a wide range of extremely novel cyclacene derivatives such as 49, 50,
and 51, and saturated hydrocarbons, such as 52. To date, [12]collarene 49 marks the extent
to which further synthetic elaboration [122] has progressed in our laboratories
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Scheme 11. The synthetic route to [12]collarene 49 progresses via deoxygenation of kohnkene
43 to afford dideoxykohnkene 45. Acid-catalyzed dehydration of 45 gives a mixture of isomeric
hydrocarbons, including presumably 46, from which 47 is isolated as the major product
(56%) [21, 122]. A Birch reduction of 47 ceases upon the production of the highly-stable
{12]collarene structure 49
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Fig. 17a,b. The X-ray crystal structure
of dideoxykohnkene 45 [122]. Deoxy-
genation of kohnkene 43 results in the
incorporation of two further aromatic
rings into the macropolycycle. Both the
ball-and-stick (a) and the space-filling
(b) representations illustrate the in-
creased rigidity of the cavity expressed
in its ‘Celtic cross-like’ structure

Deoxygenation [127, 128] of the two 7-oxabicyclo[2.2.1] heptadiene moieties
located at 3 and 9 o’clock within the macropolycyclic framework of 43 afforded
{Scheme 11) dideoxykohnkene 45 in 43% yield. Positive-ion FABMS revealed a
strong molecular ion at m/z 680 for 45 with very little fragmentation consistent
with retention of the highly-stable closed macropolycyclic structure. The D,,
molecular symmetry of 45 is in complete agreement with the observation of (i) 7
resonances in the broadband-decoupled *3C NMR spectrum for the 7 types of
heterotopic carbon atoms, and (ii) separate signals in the 'H NMR spectrum for
the 6 sets of heterotopic hydrogen atoms. The greatly increased aromatic nature
of the cavity in 45 is illustrated by the enhanced shieldings experienced by the
four sets of endo-hydrogen atoms which are directed towards the center of the
cavity. With respect to kohnkene, they exhibit an upfield shift of 0.73 ppm which
lowers them on the 8 scale from 1.85 in 43 to 1.12 in 45. Confirmation of structure
45 (Fig. 17) was obtained by an X-ray structural analysis [122] of single crystals
grown by vapor diffusion of chloroform into a methanolic solution of 45. The
major feature of the solid state structure is the rigid ‘Celtic cross-like’ nature of
the hydrophobic cavity, with the interplanar separation of the parallely-disposed
aromatic residues increasing from 7.9 A in 43 to 9.6 A for those located at 6 and
12 o’clock respectively in 45. The separation of the mean planes of the aromatic
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rings located at 3 and 9 o’clock in 45 is 8.9 A. The reduction in the hinge angle
(0) associated with the four cyclohexene boat conformations to 123° provides a
further qualitative indication of the increase in macroring strain as a consequence
of the introduction of the two planar aromatic residues. Intriguingly, a highly
disordered water molecule resides at the crystallographic center of the ma-
cropolycyclic ring, even although it would appear to be too remote to enter into
any stabilizing interaction via hydrogen bonding or van der Waal’s interactions
with the inner surface of the cavity itself. The hydrogen atoms of the water molecule
are directed principally towards the opposing pairs of endo-methine hydrogen
atoms at 1.30 and 7.30 on the macropolycycle, whilst maintaining a distance of

Dehydration
B mm— ]
Ac,O/HCI

Resonance Energy
(keal mol™)

®
CQ.

46
240 242 244
[2A + 28] [A+B+2N] [4N]
Anticipated Isolated Expected

Fig. 18. The adduct isolated from the dehydration of dideoxykohnkene 45 is only one of
many possible constitutionally-isomeric products. Symmetry considerations played an
important part in the identification of 47 [122] as the major isolated product because it is
the only constitutionally-asymmetric hydrocarbon. In calculating the resonance energies
(RE’s) displayed in the boxes, A, B, and N represent Anthracene, Benzene, and Naphthalene
units, respectively, and are assumed, to a first approximation, to have RE’s of 84, 36, and
61 kcal mol !, respectively
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at least 2.7 A from the cavity wall. The oxygen atom of the water molecule is 3.5
A distant from any of the four sets of endo hydrogen atoms or indeed from any
other potentially interactive sites in dideoxykohnkene 45.

Dehydration [122] of 45 afforded a mixture of isomeric hydrocarbons from
which 47 (Scheme 11) was isolated as the major product (56%) after silica gel
chromatography using hot benzene as the eluant. The complete dehydration of
45 is supported by the observation of a strong molecular ion (EIMS) at m/z 608
for 47 with a similarly strong peak at m/z 304 for the doubly-charged ion. Although
not the expected product, the asymmetric constitution characteristic of 47 is
consistent with the presence of four anisochronous AB systems in the 'H NMR
spectrum associated with the four constitutionally-heterotopic 1,4-cyclohexadiene
units uniquely present in 47 and absent in the other two constitutional isomers,
46 and 48, shown in Fig. 18. The appearance of resonances at § 6.91 and 7.77 for
the hydrogen atoms associated with the single benzene ring and the central
benzenoid ring of the single anthracene unit, respectively, are also consistent with
structure 47 proposed for the hydrocarbon. The significant upfield shift of the
signal resonating at & 7.77 from its more usual chemical shift value (~ 8.2 ppm)
associated with the hydrogen atoms on the central benzenoid ring of anthracene
derivatives, may be a consequence of the lower aromatic character of this ring as
a result of its presumably deformed shape.

In an attempt to prepare [12]beltene 50 (Scheme 11), a Birch reduction was
performed on 47. However, this reaction ceased upon production of the highly-
symmetrical [12]collarene 49 for which desorption EIMS clearly revealed a
molecular ion at m/z 612 for 49 with little fragmentation. This observation is
consistent with the extremely high stability of the compound 49. High-field 'H
NMR spectroscopy showed the presence of only one AB system associated with
the homotopic 1,4-cyclohexadiene units [129]. The identification of only one long
range allylic coupling constant is considered to be a manifestation of the rigid
boat-like conformation adopted by the highly-strained 1,4-cyclohexadiene units.

3 The Generality of the Substrate-Directed Approach

3.1 Strips, Coils, and Bigger Belts

The success of a repetitive Diels-Alder approach for the rapid assembly of the
[12]cyclacene derivative kohnkene 43 (Scheme 10) raises the obvious questions
concerning the generality and adaptability of such a synthetic approach and
therefore its potential to afford a range of new chemical compounds. It is reasonable
to assume that introducing different structural elements or functionalities into the
bisdiene and bisdienophile building blocks should allow the construction of
compounds with different molecular architectures. Their use would also provide
further understanding of the effects of structural modifications upon the reactive
n-systems and consequently upon the diastereoselectivities that are expressed
during cycloadditions.
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As part of a research program designed (i) to afford macropolycyclic belts of
larger ring sizes and (i) to construct novel acyclic oligomeric molecular strips, an

extended bisdiene 57 was identified as a suitable building block to be used in
repetitive Diels-Alder reactions.
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Tetraphenylcyclone l CeHe/A

Ph Ph
Ph Ph
BUOGCK
Ph Ph
h h

P P
Decalin | A
L]
= —
O O 54
— S~

J cis-1,4-Dichlorobut-2-ene

8
ClH,C,, 7 2 \CHCI CIHZC:~_‘\\CH20I
CIH,C™'s 'H ‘ ‘ﬂ 3“CH,Cl  CIH,C E ‘ ﬂ 1 GHLCl
56

1
* 55

t BUOK/THF/O °Ci ltBuOK/THF/O °C
8 1
| |
980
5 4
57 58

Scheme 12. The synthetic strategy used to obtain the extended syn- and anti-bisdienes, 57
and 58, respectively [21, 132]. As a consequence of the (presumed) planar nature of the
bisisobenzofuran intermediate 54, the anti-bisdienophile 39 can be used as the starting
material. Trapping of 54 with two equivalents of ¢is-1,4-dichlorobut-2-ene in situ affords
an equimolar mixture of the syn- and anti-tetrachlorides, 55 and 56 respectively. Stereospecific
base-promoted eliminations complete the synthetic steps
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The synthetic route (Scheme 12) to the extended bisdiene 57 followed that
described recently by Hart [130]. Reaction of the anti-bisdienophile 39 with two
equivalents of 1,2,3 4-tetraphenylcyclopentadienone afforded the pentacene deri-
vative 53 in almost quantitative yield. Although the relative configuration of the
endoxide bridges is undoubtedly that of the starting (anti) bisdienophile, the
relative stereochemistries of the carbony! bridges are most likely to be both syn
and anti giving rise to a mixture of diastereoisomers. However, this stereochemical
heterogeneity is of no lasting consequence in the production of the bisisoben-
zofuran [131] intermediate 54. Thermolytic decomposition of 53 results in the
chelotropic expulsion of carbon monoxide, followed by a facile retro-Diels-Alder .
reaction in which two equivalents of 1,2,3,4-tetraphenylbenzene are produced along
with the diradical 54. Trapping of 54 with the weak dienopbhile, cis-1,4-dichlorobut-
2-ene, in situ resulted in the production (Scheme 12) of a diastereoisomeric mixture
of the syn- and anti-tetrachlorides, 55 and 56, respectively, in a combined isolated
yield of 65% [132]. As a result of the (presumed) planar nature [133] of the
bisisobenzofuran equivalent 54, the original anti-endoxide stereochemistry is
unlikely to be retained. Thus, the generation of an equimolar mixture of syn- and
anti-isomers must reflect, either a simultaneous non-stereoselective reaction of
both diene units, or, alternatively, a stepwise procedure in which the mode of the
second cycloaddition is independent of the mode of the first. The different
configurations of the two tetrachlorides 55 and 56 render them easily separable
by silica gel chromatography. The less polar anti-isomer 56 is the chromatogra-
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Fig. 19a—d. The X-ray crystal structures of the a syn- and b anti-tetrachlorides, 55 and 56,
respectively [79], and the extended ¢ syn- and d anri-bisdienes, 57 and 58, respectively [134, 135}
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phically more mobile species when a chloroform-carbon tetrachloride mixture
(1:1 v/v) is employed as the eluant. Single crystals of 55 and 56 were grown by
vapor diffusion of hexane and pentane, respectively, into dichloromethane solu-
tions. Both sets of crystals were suitable for X-ray crystallographic analysis [79].
The different relative configurations for the endoxide bridges assigned above were
confirmed by the solid state structures (Fig. 19). Close inspection of these structures
reveals that all the chloromethyl groups have the endo-configuration, indicating
that, although the approach of the dienophile could occur from either above or
below the plane of the diene systems in 54 (Scheme 12), the reaction is highly
diastereoselective with respect to each furan ring and leads to the endo-configu-
ration exclusively. As a consequence, a vicinal coupling constant of 4 Hz between
the bridgehead hydrogen atoms (1,4,5,8-H) and the exo-methine hydrogen atoms
(2,3,6,7-H) can be observed in the *H NMR spectrum of the tetrachloride adducts,
55 and 56. The observation of a coupling constant of this magnitude between the
bridgehead hydrogen atoms and the adjacent exo-methine hydrogen atoms
provides a positive means by which the configuration (i.e. exo or endo) of the
methine hydrogen atoms on the newly-created chiral centers can be deduced from
'H NMR spectra.

Base-promoted stereospecific B-eliminations, using potassium fert-butoxide in
tetrahydrofuran at 0 °C, have been performed on both 55 and 56 to afford (Scheme
12) the extended syn- and anti-bisdienes, 57 and 58, respectively, in quantitative
yield [132]. The presence of the central aromatic ring between the six-membered
bicyclic rings carrying the two diene units acts, not only as a rigid spacer unit,
but it also stabilizes the exocyclic s-cis-butadiene moieties, and so significantly
reduces their Diels-Alder reactivity. Whilst this deactivation necessitates the use
of high pressure when they are used as building blocks in synthesis, it does allow
the full spectroscopic characterization of both 57 and 58 to be carried out with
ease. The appealing aspect of this synthetic approach to the extended syn-bisdiene
57 is the utilization as the starting material of the anti-bisdienophile 39 (Scheme
12) which is obtained alongside the syn-bisdienophile 38 and consequently is
available without any extra synthetic effort. The more synthetically-valuable syn-
bisdienophile 38 can therefore be used exclusively as a building block for macropo-
lycyclic compounds in later Diels-Alder oligomerizations. Single crystals of both 57
and 58, suitable for X-ray structural analysis were obtained [134, 135] by vapor
diffusion of pentane into dichloromethane solutions. Their solid state structures are
shown in Fig. 19. The curved nature of the extended syn-bisdiene 57 is evident.

Since the sp? character of the orbitals in the aromatic ring diametrically-opposite
the exocyclic s-cis-butadiene moieties in 57 and 58 (Scheme 12) reduces their
Diels-Alder reactivity, ultra-high pressure is required to promote their reaction
with dienophiles. Indeed, reaction of 57 with two equivalents of the syn-
bisdienophile 38 under 10 kbar of pressure in dichloromethane at 45 °C for 150 h
afforded (Scheme 13), after column chromatography on silica gel using chloroform
containing 2% methanol as eluant, two major products {132]. The chromatogra-
phically more mobile and major product of the reaction, was characterized as the
2:1 adduct 59. Its formation results from reaction of one equivalent of the extended
syn-bisdiene 57 with two molar equivalents of the syn-bisdienophile 38. The
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observation of a molecular ion at m/z 682 for [M]* in the positive-ion FABMS
is consistent with the proposed constitution of 59. The C,, molecular symmetry,
as revealed in the structure of 59, is supported fully by the observation of (i) 12
resonances in the 3C NMR spectrum for the 12 types of heterotopic carbon
atoms and (ii) separate resonances in the 'H NMR spectrum for the 9 sets of
heterotopic hydrogen atoms. Three different resonances are clearly visible in the
'H NMR spectrum of 59 at § 5.59, 5.32, and 4.90. These correspond to the hydrogen
atoms associated with the bridgehead positions, 1,4,14,17-H, 8,10,21,23-H, and
6,12,19,25-H, respectively. The signal centered on & 5.59 exhibits both a vicinal
and allylic coupling to the proximal olefinic hydrogen atoms, 2,3,15,16-H,
(J,.2 ~ J, 5 1.3 Hz) consistent with the presence of the two dienophilic systems
in structure 59, whilst the resonance associated with 6,12,19,25-H at 8 4.90 appears
as a sharp singlet. The lack of any multiplicity in this signal suggests that the
adjacent methine hydrogen atoms, 6a,12a,18a,24a-H, must have the endo-
configuration. The fact that 59 reacts with the bisdiene 37 (Scheme 8) to afford
the macropolycyclic derivative 63 (see later) supports the assignment of syn/endo-H
stereochemistry across both of the newly-formed cyclohexene rings. Consequently,
in the formation of 59, the very high degree of treble diastereoselectivity expressed
in the Diels-Alder reaction between the bisdiene 37 and the bisdienophile 38 has
been retained in the reaction of the extended syn-bisdiene 57 with the sya-
bisdienophile 38. The stereochemistry is generated via exclusively endo-face
approach to the diene units in 57 and exo-face approach to the dienophilic units
in 38. This, however, is not the whole story.

The detection and characterization (Scheme 13) of the minor isomer 61 of the
2:1 adduct 59 is of considerable interest [132]. The anti/endo-H configuration
present across one of the newly-formed cyclohexene rings in 61 appears to be the
result of mutual exo-face approach involving both the dienophile and diene units,
i.e. the stereoelectronic control which has operated previously on the diene
n-system has been relieved to a small extent. Whereas the molecular ion obtained
for 61 by positive-ion FABMS is observed at m/z 682 for [M]*, in common with
that obtained for 59, separate resonances are observed in the 'H NMR spectrum
for the 17 sets of heterotopic hydrogen atoms present in 61, including those
associated with the 6 discrete bridgehead hydrogen atom environments. The
number of signals observed in the 'H NMR spectrum is indicative of a low overall
molecular symmetry (C,) for 61. Confirmation of the C; molecular symmetry for
this compound is provided by the observation in the *C NMR spectrum of 23
signals for the 23 heterotopic types of carbon atoms. Most important, the endo-H
stereochemistry, as a result of the exclusively exo-face reaction of the dienophilic
moiety in 38 with the diene 57, has been preserved. Retention of the endo-H
configuration is indicated by the appearance in the *H NMR spectrum of the
signals for 6,25-H and 12,19-H, at & 4.91 and 4.90, respectively, as sharp singlets,
which show no coupling behavior to the adjacent endo-methine hydrogen atoms.
The 'H NMR chemical shift data, which is summarized in matrix-fashionin Table 1,
is particularly useful in emphasizing some of the structural similarities, whilst
highlighting the structural differences between these adducts and some of the
cyclacene derivatives reported later in this review.
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Table 1. A comparison of the 'H NMR chemical shift data for structurally-related hydrogen
atoms located on the Diels-Alder oligomerization adducts, provides a means by which their
structural similarities and differences may be highlighted. The alphabetic descriptors
correspond to those included in the Schemes outlining the syntheses of these compounds

1H* q p o n m m/l j i h

59 - - - - - - - 7.08 5.32

(s,2H) (s, 4H)

60° — — 7.08 492 1.60 2.35 5.35 7.05 5.32
to to or or
1.69 2.55 532 5.35

(s,2H) (s,4H) (m,4H) (m,8H) (s,4H) (s,4H) (s, 4H)
61 6.95 5.58 7.06 491 1.82 2.30 532 7.07 5.31

or or or to to or or

5.56 7.04 4.90 1.92 2.60 5.31 5.32
(dd, 2H) (dd, 2H) (s, 2H) (s,2H) (m, 2H) (m, 4H) (s, 2H) (s, 2H) (s, 2H)

63 - - - - - - - 7.12 5.31
{s,2H) (s, 4H)

65 - - - - - - - 7.11 5.30
(s,2H)  (s,4H)

67 — — — - - - - 7.11 5.30

(s,2H) (s, 4H)

* In many cases, it is not possible to differentiate with certainty assignments of hydrogen
atoms to signals with very similar 3 values

® The § values (recorded in boldface) for protons a, b, and c are all shifted to higher field
relative to those for the ‘same’ hydrogen atoms in 59 and 61

The isolation of 61, as well as the expected syn/endo-H/syn/endo-H isomer 59
(Scheme 13), illustrates, for the first time, evidence for the existence of a second
reaction pathway operating during these repetitive Diels-Alder reactions. HPLC
analysis of the reaction mixture, isolated after a high pressure reaction between
38 and 57, revealed the product ratio of 59: 61 to be 18: 1. The question of whether
61 owes its origin to the existence of a second, less favorable reaction pathway in
a kinetically-controlled process, or is, in fact, the outcome of a degree of
thermodynamic control, involving a retro Diels-Alder reaction, followed by
recombination, will be discussed in Section 3.2.

The final compound to be eluted from the column was another solid material,
which was characterized [132] as the bisdienophilic 3:2 adduct 60 (Scheme 13).
In this case, 3 equivalents of the syn-bisdienophile 38 have reacted with 2
equivalents of the extended syn-bisdiene 57. The observation of molecular ions at
m/z 1155 for [M + H]™ by positive-ion FABMS and at m/z 1153 for [M — H]~
by negative-ion FABMS is consistent with the constitution shown by the molecular
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f/lg € d c b a w x/y z

2.35 1.78 4.90 7.05 5.59 6.85 — — —

to to

2.55 1.82

(m,8H) (m,4H) (s,4H) (s,4H) (dd,4H) (dd, 4H)

2.35 1.60 4.85 698 542 6.52 — — —

to to

2.55 1.69

(m,8H) (m,4H) (s,4H) (s,4H) (dd,4H) (dd,4H)

2.30 1.82 4.90 7.04 5.56 6.91 - - —

to or or or or

2.60 1.92 491 7.06 5.58

(m,4H) (m,2H) (s,2H) (s,2H) (dd,2H) (dd,2H)

2.35 1.80 492 6.95 4.87 — 1.58 2.35 5.04
to to : to to

2.55 1.94 1.74 2.55

(m,8H) (m,4H) (s,4H) (s,4H) (s, 4H) (m,4H) (m,8H) (s,2H)
2.20 1.80 4.92 - 4.82 - 1.55 2.20 3.10
to to to to

2.70 1.90 1.65 2.70

(m,8H) (m,4H)} (s, 4H) (s, 4H) (m,4H) {(m,8H) ({(t,2H)
2.30 1.80 492 6.94 4.86 — 1.62 - 5.01

to to

2.67 1.87

(m,8H) (m,4H) (s,4H) (s,4H) (s,4H) (brs, 4H) (s, 2H)

formula 60. The observation of separate resonances for (i) the 20 types of
heterotopic carbon atoms in the **C NMR and (ii) the 15 sets of heterotopic
hydrogen atoms in the 'H NMR spectrum, support the structural assignment of
60. In particular, the observation in the 'H NMR spectrum of 5 discrete signals
atd5.42,5.35,5.32,4.92, and 4.85 for the hydrogen atoms, 1,4,22,25-H, 8,18,29,39-H,
10,16,31,37-H, 12,14,33,35-H, and 6,20,27,41-H, respectively, provides further
evidence for this structure. The coupling constants (J, , ~ J; 3 1.3 Hz) visible
between the signals for the terminal bridgehead hydrogen atoms (1,4,22,25-H) and
the adjacent olefinic hydrogen atoms 2,3,23,24-H, indicate the presence of the
dienophilic units at the termini of 60. The observation of sharp singlets showing
no observable multiplicity at 3 4.92 and 4.85 for 12,14,33,35-H and 6,20,27,41-H,
respectively, is also consistent with the syn/endo-H stereochemistry across each of
the four newly-formed cyclohexene rings in 60, and hence the operation of high,
if not complete, treble diastereoselectivity during each cycloaddition in this
Diels-Alder oligomerization process.
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The gross conformation adopted by the 3: 2 adduct 60 is of considerable interest.
Since the compound possesses 19 laterally-fused six-membered rings, its inherent
curvature, as evidenced by the inspection of molecular models, must result in
mutual overlap of the dienophilic termini. Two gross conformations, that could
conceivably be adopted, are (i) a helical spring-like one, in which the backbone
of the molecule is distorted above and below the mean plane perpendicular to,
and bisecting, the six-membered rings which are centrally-located, or, (ii) a coiled
‘Swiss-roll’ type of structure in which the two ends of the molecule overlap and
occupy the same plane. The upfield shifts (Table 1) of 0.36, 0.17, and 0.07 ppm,
respectively, associated with the hydrogen atoms, 2,3,23,24-H, 1,4,22,25-H, and
5,21,26,42-H, respectively, when compared to the signals for the equivalent
hydrogen atoms in the *H NMR spectrum of the 2:1 adduct 59, suggest a mutual
overlapping of the termini of the molecule so that the hydrogen atoms identified
enter (Scheme 14) into the shielding cone of the aromatic ring at the opposite end
of the molecule. Attempts to verify the existence of this ‘Swiss roll’ conformation
by X-ray crystallography have been unsuccessful, since vapor diffusion of pentane,
hexane, and diisopropyl ether into dichloromethane solutions of 60, as well as
slow evaporation of a chloroform solution of 60, failed to give single crystals
suitable for X-ray structural analysis.

3:2 Adduct
&0
57
_ ZD T [14]Cyclacene
derivative
37

Scheme 14. A diagrammatic representation of the macropolycyclization of the 2:1 adduct
59 with the bisdiene 37 to afford the [14]cyclacene derivative 63 [21, 132]. The stereoelectronic
match between the termini of the starting materials is such that the bisdiene ‘snaps’ into
place, without the anticipated need for high pressure. Alternatively, reaction of 59 with the
1:1 adduct, formed between 38 and 57, may be responsible for the production of the 3:2
adduct 60. The cartoon drawn of 60 illustrates the overlap between opposite termini which
is suggested by '"H NMR spectroscopy

2:1 Adduct
59
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The failure to isolate a {16]cyclacene derivative from the reaction between the
syn-bisdienophile 38 and the extended syn-bisdiene 57(Scheme 13), as well as the
evidence for some overlap between the reactive termini in the nonadecacyclic 3:2
adduct 60, suggests that the optimum ring size for a closed macropolycycle made
up of these building blocks may indeed be smaller than that provided by 16
laterally-fused sixmembered rings.

This led us to surmize that closure of the 2:1 adduct 59 with one equivalent
of the bisdiene 37 to afford a [l4]cyclacene derivative, such as 63 (Scheme 15),
might be a favorable process. Indeed, on heating a small excess of the bisdiene
37 with the 2: 1 adduct 59 under reflux in toluene for 14 h, such a macropolycyclic
ring closure proceeds in an extremely efficient manner [132]. The facile nature of
this macropolycyclization was unexpected. The initial intermolecular Diels-Alder
reaction between 37 and 59 was expected to yield the acyclic adduct 62. The

Scheme 15. High pressure is not always necessary: macropolycyclization of the 2:1 adduct
59 with the bisdiene 37 affords the [14]cyclacene derivative 63 in a remarkably facile reaction
[21, 132]. Although it is presumably an intermediate, no trace of the acyclic adduct 62 has
been detected in this process. The acceleration of the final intramolecular cycloaddition is
rationalized as being a result of the extremely favorable stereoelectronic match between the
remaining diene and dienophilic units in 62
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consequent introduction of sp? character into the bond diammetrically-opposed
to the remaining exocyclic s-cis-butadiene unit (C5a-C29a) should deactivate
this diene unit towards the final intramolecular Diels-Alder reaction. This effect
has been illustrated in the requirement for high pressure to promote the
cycloaddition between 38 and 41 to afford kohnkene 43 (Scheme 10). Thus, the need
for a high pressure reaction to achieve macropolycyclization was anticipated.
However, to date, no trace of the acyclic adduct 62 (Scheme 15) has ever been
detected during the thermally-promoted macropolycyclization. The reaction
proceeds directly to the macropolycycle 63, without the need for high pressure,
giving this [14]cyclacene derivative in 78% yield after column chromatography.
This observation is in accord with the failure to isolate any intermediates
immediately prior to macropolycyclization in the [12]cyclacene series. Isolation
and purification of the [14]cyclacene derivative 63 is aided by its remarkable
solubility in chlorinated solvents. The acceleration of the final intramolecular
cycloaddition to give 63 can be ascribed to the favorable juxtaposition of the
reactive termini immediately prior to ring closure. The terminal diene and
dienophilic units in 62 must constitute an almost perfect stereoelectronic match
with respect to each other. The outcome of this perfect fit is to allow the bisdiene
37 to be inserted easily into position. The observation of a molecular ion for 63
atm/z 829 for [M + H]" by positive-ion FABMS is consistent with the constitution
shown in the structural formula 63. Furthermore, the lack of any major
fragmentation ions is in marked contrast with the pronounced fragmentation
patterns observed for the acyclic adducts 59, 60, and 61. This observation would
suggest that a substantial degree of stabilization is associated with the attainment
of a closed macropolycyclic belt-like structure. The inference of this statement is
that retro-Diels-Alder processes, which would lead to cleavage of the ma-
cropolycycle and result in fragmentation patterns similar to those observed in the
FABMS for the acyclic molecular strips, are not occurring. This lack of a
pronounced fragmentation pattern is a common feature of the macropolycyclic
compounds such as kohnkene 43 and its analogs. The observation of (i) 15 separate
resonances in the broadband-decoupled '*C NMR spectrum for the 15 types of
heterotopic carbon atoms and (ii) 12 separate resonances in the tH NMR spectrum
for the 12 sets of heterotopic hydrogen atoms is consistent with the overall C,,
molecular symmetry of the [14jcyclacene derivative 63. The absence of any signals
associated with the presence of diene or dienophilic termini provides particularly
compelling evidence for the closed macropolycyclic structure 63. The appearance
as singlets in the 'H NMR spectrum of all four signals associated with the
bridgehead hydrogen atoms (i) 12,14,21,23-H, (ii) 6,29-H, (iii) 10,16,19,25-H, and
(iv) 1,4,8,27-H, at & 531, 504, 492, and 4.87, respectively, indicates both
cycloadditions have proceeded to afford the expected syn/endo-H configurations
across the two newly-formed cyclohexene rings. The facile production of 63 from
59 provides further convincing evidence that the structure of 59 has the
syn/endo-H/syn/endo-H configuration resulting from two consecutive trebly dia-
stereoselective Diels-Alder reactions.

Analogous macropolycyclizations starting from 59 have subsequently been
performed with the methylene-bridged bisdiene 64 and the octadeuteriated
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Scheme 16. Analogous macropolycyclizations to that reported for the synthesis of 63 have
been performed upon 59 using the methylene-bridged bisdiene 64 and the octadeuterated
bisdiene 66 to afford the [14]cyclacene derivatives, 65 and 67, respectively. In both cases,
the products are isolated in yields exceeding 80%, without the need for high pressure to
promote the ring-closure reaction

oxygen-bridged bisdiene 66 to afford the [14]cyclacene derivatives 65 and 67 as
solids, in 86% and 72% yields, respectively (Scheme 16). Purification of both
adducts was achieved by column chromatography on silica gel using dichlo-
romethane containing 2% 2-propanol as eluant. The synthetic sequence used
for the preparation of 64 {136] is similar to that employed in the synthesis of the
7-oxa analogue 37 (Scheme 8). In the case of 64, the Diels-Alder adduct of maleic
anhydride and cyclopentadiene provided the starting material for the synthesis.
Both macropolycyclizations (59 + 64 — 65) and (59 + 66 — 67) proceed in an
equally facile manner to that described for the synthesis of the original [14]cyclacene
derivative 63. Neither reaction of 64 or 66 with the 2:1 adduct 59 requires high
pressure to effect the final ring closure. These facts reinforce the suggestion that
the bicyclic bisdienes 64 and 66 with a bicyclo[2.2.1]Theptane framework constitute
a good stereoelectronic match for the reactive termini present in 59. The resonances
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observed in the *H NMR spectrum at 8 4.86 and 4.92 for the hydrogen atoms
associated with the bridgehead positions, 1,4,8,27-H and 10,16,19,25-H, respectiv-
ely, both appear as sharp singlets, confirming the endo-configuration for the
adjacent methine hydrogen atoms and the overall syn/endo-H stereochemistry
across the newly-formed cyclohexene rings in both 65 and 67. The observation
of molecular ions by positive-ion FABMS, for [M + H]* at m/z 827 and 837, for
65 (C5,H,0q, M = 826) and 67 (CsgH;cDgO,, M = 836), respectively, with
little evidence of fragmentation ions, is consistent with the highly-stable ma-
cropolycyclic belt-like structure for both of these compounds.

3.2 Kinetic Versus Thermodynamic Control Within the Repetitive
Diels-Alder Reaction Regime

The isolation of the minor 2:1 adduct 61, in addition to the major 2:1 adduct
59, in the reaction between the syn-bisdienophile 38 and the extended syn-bisdiene
57 (Scheme 13), provides firm evidence for the existence of a second reaction
pathway, in which anti/endo-H stereochemistry is being created across a small
proportion of the newly-formed cyclohexene rings in the Diels-Alder reactions.
This observation raises questions concerning the mechanistic factors responsible
for the stereochemical outcome of these repetitive Diels-Alder reactions. Three
different scenarios can be envisaged. If kinetic control is operating, then the
observed diastereoselectivities will be a direct result of the difference in the free
energies of the transition states leading to the diastereoisomeric products. In this
case, the relative rates of different reactions will be a consequence of the
stereoelectronic factors associated with the n-systems, some of which may favor
and some of which may disfavor reaction. Alternatively, the sequence of Diels-Alder
reactions may conceivably be operating under thermodynamic control. If this
should be the case, then the observed product distribution will merely reflect the
relative stabilities of the products. Thus, equilibration would be occurring
throughout the process via rapid retro-Diels-Alder reactions, followed by recom-
bination, until the most stable Diels-Alder adducts predominate. Finally, there is
always the possibility, of course, that both kinetic and thermodynamic control
would favor the same products. The reversibility of the Diels-Alder reaction is
well-documented {41] and so it is vital to consider whether the sequence of repetitive
Diels-Alder reactions is being controlled kinetically or thermodynamically — if
indeed it is possible to draw this distinction.

3.2.1 Attempted Observation of Thermally-Promoted Reversibility
in the Cycloadditions

The hexadecadeuterio 2: 1 adduct 69 was identified as a suitably labeled substrate
for equilibration reactions with the bisdiene 37 (see Scheme 18). The degree of
incorporation of 37 into 68, as a consequence Diels-Alder reactions following
retro-Diels-Alder reactions would be reflected by the replacement of the deuterium
atoms in 68 as a result of an equilibration process which would lead eventually
to the production of the unlabeled 2:1 adduct 41. The synthesis of the labeled
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2:1 adduct 68 from the syn-bisdienophile 38 and the octadeuterio bisdiene 66
(Scheme 17) was analogous to that employed in the synthesis of the unlabeled
2:1 adduct 41. The observation of only four signals in the 'H NMR spectrum
of 68 is consistent both with its C,, molecular symmetry and the degree of
deuteration indicated in the structural formula for 68. The lack of signals in the
'H NMR spectrum of 68 associated with both the endocyclic and exocyclic
methylene groups, along with the appearance of a singiet for the endo-methine
hydrogen atoms (5a,8a,14a,17a-H), supports the structural assignment of 68.
Moreover, the vicinal coupling, normally evident between the endo-methine
hydrogen atoms (54,9a,134a,17a-H) and the methylene hydrogen atoms (5,9,14,18-
H,) is absent, thus confirming the presence of deuterium labels on positions
C-5,9,14,18. These conclusions are supported fully by the 'H NMR spectrum of
68. The signals for the endocyclic dideuteriomethylene groups resonate at § 2.25
and 2.55 and the exocyclic ones can be identified as signals resonating in the range
5 4.85-5.15.

Scheme 17. Reaction of a 2 molar equivalent of the octadeuterated bisdiene 66 with the
syn-bisdienophile 38 affords the hexadecadeutero 2:1 adduct 68

It is important that any attempted equilibrations are performed under identical
conditions to those used for the preparation of the adducts under investigation.
The only variation made to these attempted equilibration conditions from those
used for the syntheses of 41 and 68 was the use of considerably greater excess of
the unlabeled bisdiene 37 in order to drive the equilibrium towards the formation
of 41. The hexadecadeuterio 2:1 adduct 68 was heated under reflux in toluene
with 10 molar equivalents of the bisdiene 37 for ca. 48 hours (Scheme 18). By this
time, indications of thermally-promoted degradation of the starting materials had
become evident by TLC investigation. If thermodynamic equilibration had been
occurring via retro-Diels-Alder reactions of 68, followed by scrambling of the
labeled and unlabeled bisdienes, 66 and 37, respectively, prior to recombination
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by Diels-Alder reaction, then a 10 molar excess of 37 in the reaction mixture
should favor its preferential incorporation into the fully-labeled 2:1 adduct 68.
This equilibration mechanism, if indeed it operates, would result in a distribution
of products composed of the hexadecadeuterio 2:1 adduct 68, the octadeuterio
2:1 adduct 69, and the unlabeled 2:1 adduct 41. A proposed mechanism which
supports such a scrambling process is illustrated in Scheme 18. 'H NMR
Spectroscopy and positive-ion FABMS were employed as the analytical tools to
assess the outcome of the attempted equilibration. The observation of molecular
ions by positive-ion FABMS at m/z 541 for [M + Na]* and m/z 519 for {M + H]*
arising from the fully-labeled 2:1 adduct 68, and the absence of peaks corre-
sponding to 41 (m/z 503 for [M + H]* and m/z 525 for M + Na]*}) and 69 (m/z
511 for [M + H]* and m/z 533 for [M + Nal]") indicated that no incorporation
of 37 into the labeled 2: 1 adduct 68 had occurred. The total lack of any compounds
detected is consistent with the absence of any thermodynamic equilibration process
operating in the course of these reactions. This result indicates that the repetitive
sequence of Diels-Alder reactions is unidirectional. Thus the formation of the
products is associated with kinetic, rather than thermodynamic control.

3.2.2 Attempted Observation of High Pressure-Promoted Reversibility in the
Cycloadditions

Another appraisal of the mechanism which operates in these repetitive Diels-Alder

reactions, was based directly on the isolation of a minor 2: 1 adduct 61 alongside

the major 2:1 adduct 59 from the reaction of the syn-bisdienophile 38 with the

Anti/endo-H Syn/endo-H
CH,Cl, ]
12
kbar Does not occur
40°C
48 h y

Syn/endo-H Syn/endo-H

Scheme 19. Pressurization of the minor 2:1 adduct 61 alone, fails to produce any of the
major 2: 1 adduct 59. If the formation of these adducts was occurring under thermodynamic
control, the minor 2: 1 adduct 61 which is the least stable, should equilibrate to the major,
and hence more stable, 2:1 adduct 59
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extended syn-bisdiene 57 (Scheme 13). If the 18:1 ratio for 59:61 obtained by
HPLC analysis, reflects the different stabilities of the two adducts, as a consequence
of a thermodynamic process, then pressurization of 61 alone, under identical
conditions to those employed in its synthesis, should effect a re-equilibration and
establish the previously observed (equilibrium?) ratio of 18:1 in favor of 59 over
61 (Scheme 19). However, HPLC analysis of the reaction mixture following such
an attempted equilibration, showed no trace of the formation of the chromatogra-
phically less mobile major 2:1 isomer 59 alongside the minor 2:1 isomer 61.
Instead, the minor isomer 61 was completely unaffected by the high pressure
reaction conditions that had led to its formation in the first place. This observation
suggests strongly that there is no mechanism available to the stercoisomeric 2:1
adducts by which their equilibration can occur.

The clear failure to observe any evidence for the reversibility of the Diels-Alder
reactions employed in the synthesis of cyclacene and polyacene derivatives leads
inevitably to the proposal that only kinetic control is operating under the
conditions employed in the syntheses. This conclusion gives authority to the
arguments used — which are based upon transition state geometries — to explain
the diastercoselectivities observed in each cycloaddition. Furthermore, these
findings are in close agreement with the strong implication present in the literature
[80, 82, 84, 85, 87, 89, 100] that in this kind of transition state molecular recognition
is a kinetically-controlled phenomenon.

4 The Incorporation of [a,c]-Fusion into the Molecular
LEGO Set — The Synthesis of Angular Belts and Cages

The compounds, which have been described in Sections 2 and 3 of this review,
have been composed solely of [a,d]-fused six-membered rings. However, as the
first part of a research program designed to increase the scope of the repetitive
Diels-Alder synthetic methodology, the angular syn-bisdienophile 74 was identified
as a suitable building block to be employed in repetitive Diels-Alder reactions.

4.1 The Synthesis of an Angular Belt

The constitution of the angular syn-bisdienophile 74 (see Scheme 20) maintains the
bicyclic nature of the two dienophilic units. However, the [a,c]-fusion present in
the phenanthrene constitution reduces the end-to-end symmetry of the n-systems,
rendering the two olefinic carbon atoms in each dienophilic unit constitutionally-
heterotopic. The effect of this reduction in the symmetry of the n-systems in 74
upon the diastereoselectivities exhibited in its cycloadditions was of considerable
interest to us. Furthermore, the incorporation of two phenanthrene units into a
macropolycyclic belt could ultimately lead to the preparation of an angular isomer
70 of [12]cyclacene 50 (Fig. 20). Compared with [12]cyclacene 50, the angular
isomer 70 has some appealing electronic features associated with it.
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Me Me

Fig. 20. In comparing the [12]cyclacene 50 with the angular derivative 70, the introduction
of [a,c]-fusion may lead to an increase in electronic stability. If each cyclacene is viewed as
two independent annulenes, joined by a series of o-bonds, then 70 represents a situation in
which both annulenes — inner and outer rims with 22 and 26 n-electrons, respectiv-
ely — correspond to Hiickel-type [4n + 2] systems

Firstly, the increased stabilities of polyacenes incorporating [a.c]-fusion into their
six-membered ring constitution, with respect to those exhibited by purely [a,d]-fused
polyacenes, has been well documented in the literature [137, 138]. The stability of
linear acenes decreases rapidly as the skeleton grows. Indeed, hexacene marks the
limit to which the isolation of these homologs has been achieved to date. Indeed,
the very high reactivities of extended linear acenes are a reflection of the ‘dilution’
in their aromaticities and their consequent behaviour as polyenes. Secondly, 70
is a molecule in which the number of conjugated n-electrons along any pathway
traced is such that the aromatic character is predicted on the basis of the Hiickel
rules [139]. The electronic situation in 70 can most simply be considered to be
that consisting of two independent [N]annulenes, joined by a system of c-bonds
involving alternating carbon atoms. The inner rim corresponds to a [22]annulene,
and the outer rim corresponds to a [26]annulene. In both cases, the number of
conjugated m-electrons is such that a [4n + 2]electronic configuration is produced
with n = 5 and n = 6. respectively, for the n-systems comprising the inner and
outer rims of the macropolycycle.

The angular bisdienophiles 74 and 75 (Scheme 20) can be disconnected to an
angular bisaryne equivalent, which is available by a synthetic procedure similar
to that employed for the synthesis of the laterally-fused bisdienophiles described
in Sections 2 and 3. Hart has shown [140] that lithiation of 4,5-dibromo-3,6-diiodo-
o-xylene 71 with 2 molar equivalents of n-butyllithium, followed by trapping of
the bisaryne equivalent generated in situ with two equivalents of furan, affords
compounds with the phenanthrene skeleton.

The syntheses of 74 and 75 is outlined in Scheme 20. Bromination of o-xylene,
using a catalytic amount of iodine, afforded 4,5-dibromo-o-xylene 71 as a
crystalline solid after recrystallization from methanol [141]. The appearance of
only one singlet for the aromatic hydrogen atoms in the *H NMR spectrum of
71 confirms the regiochemical outcome of the bromination. Treatment of 71 with
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Scheme 20. The synthesis of the angular bisdienophiles 74 and 75 proceeds via the angular
bisaryne precursor 73. The relative configurations of the endoxide bridges in 75 have been
assigned by X-ray crystallographic analysis. The connectivities shown on structure 74 have
been confirmed by NOE difference spectroscopy

mercuric oxide in trifluoroacetic acid heated under reflux for 2 hours generated
a thick white precipitate of 4,5-dibromo-3,6-[bis{trifluoroacetato)mercuri]-o-xylene
72 [140].This intermediate was subsequently iodinated in situ to produce 4,5-
dibromo-3,6-diiodo-o-xylene 73 in 73% overall yield [141]. Lithiation of 73 with
n-butyllithium, followed by trapping of the bisaryne equivalent, generated in situ,
with two equivalents of furan, afforded an equimolar mixture of the angular
syn- and anti-bisdienophiles, 74 and 75, respectively. Fractional recrystallization
of the crude reaction product from toluene gave a pure sample of the angular
anti-bisdienophile 75. The complete separation of 74 from 75 was achieved by
column chromatography on silica gel, using chloroform containing 1% 2-propanol
as the eluant. Single crystals, suitable for X-ray structural analysis, of the
chromatographically more mobile adduct 75 were obtained by vapor diffusion of
pentane into a chloroform-d solution of 75. The solid state structure of 75
(Figure 21) confirmed that this isomer has the anti-configuration and hence it
follows that its stereoisomer 74 must possess the syn-configuration.

The lower symmetries, C; and C,, respectively, of the angular bisdienophiles 74
and 75 with respect to their laterally-fused analogs is evident from the increased
number of signals observed in their 'H and *C NMR spectra. The signals for

(o) Me Me

0 Fig, 21. The X-ray crystal structure of 75

shows that it has the anri-configuration
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the olefinic hydrogen atoms (2,3,6,7-H) in the 'H NMR spectrums of the
spectroscopically identical adducts 74 and 75 show a vicinal and allylic coupling
constant (J, , 2 Hz, J; ; 1 Hz, respectively) to the bridgehead hydrogen atoms
(1,4,5,8-H). A mutual coupling constant (J, ; 6 Hz) is also observed between the
signals for the olefinic hydrogen atoms themselves. These coupling constants
confirm that there is significant desymmetrization of the dienophilic n-systems in
74 and 75 with respect to their laterally-fused analogs. The signals in the 'H NMR
spectrum for the hydrogen atoms, 1,2,7,8-H, that are situated on the outer rim of
the angular bisdienophiles occur at slightly different chemical shifts to those for
the corresponding hydrogen atoms, (3,4,5,6-H) that are situated on the inner rim
of the dienophiles.

Reaction of the angular syzn-bisdienophile 74 with a 2.5 molar equivalent of the
bisdiene 37 heated under reflux in toluene for 4 h in the absence of light afforded,
after column chromatography on silica gel using chloroform containing 1.5%
methanol as the eluant, a solid which was characterized as the 2:1 adduct 76, in
91% yield (Scheme 21). The same trebly diastereoselective adherence to synjendo-H
stereochemistry across the newly-formed cyclohexene rings, that has been observed
overwhelmingly in the cycloadditions of [a,d]-fused bisdienophiles, was clearly
maintained in the cycloadditions between the dienophilic units in the angular
bisdienophile 74 and the bisdiene 37. This conclusion, which is consistent with
the observation in the 'H NMR spectrum of 76 of the signals associated with the
6,7-H and 14,17-H hydrogen atoms as sharp singlets showing no observable
coupling constant, confirms that the adjacent methine hydrogen atoms (5a,7a-H
and 13a,17a-H, respectively) adopt the endo-configuration. In fact, the [a, c]-fused
bisdienophile 74 appears not only to exercise the same high degree of treble
diastereoselectivity in cycloadditions but to do so at an accelerated rate, compared
to that exhibited by its [a, d]-fused analog 38 (Scheme 10). The initial configuratio-
nal assignments in 76 were confirmed by the outcome of the macropolycyclization
reaction carried out with a further equivalent of the angular syn-bisdienophile 74
under high pressure to afford the angular [12]cyclacene derivative 78 as one of
the products of the reaction, together with the acyclic derivative 79 (Scheme 21).

The angular nature of the angular syn-bisdienophile 74 means that there are
two possible modes for the initial intermolecular Diels-Alder reaction between 74
and 76, that are constitutionally different (Scheme 22). One of these brings the
two remaining reactive termini close together in the intermediate 2:2 adduct 77.
This mode can therefore be followed by intramolecular macropolycyclization to
afford the angular belt 78. The second constitutional mode exhibited in the initial
intermolecular cycloaddition places the remaining reactive termini too far apart
for any subsequent intramolecular cycloaddition to be possible. Consequently a
novel acyclic adduct 79 is produced. Indeed, reaction of 76 with 1 molar equivalent
of the angular syn-bisdienophile 74 under 12 kbar pressure in dichloromethane
at 40 °C for 48 h afforded the two constitutionally-isomeric products 78 and 79
in the expected 1:1 ratio, after column chromatography on silica gel using
dichloromethane containing 3% 2-propanol as the eluant (Scheme 21). The
chromatographically less mobile product was characterized as the angular belt
78. It revealed a strong molecular ion at m/z 767 for [M — H]~ in the negative-ion
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Scheme 21. The molecular LEGO set used for the synthesis of the angular [12]cyclacene
derivative 78. The angular nature of the bisdienophile 74 also results in the production of
the acyclic aduct 79 during the high pressure-promoted cycloaddition process
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CH,Cl,
12 kbar
————
40°C
96 h

CH,Cl, | 40°C
12 kbar | 96h

CH,Cl,
12 kbar

40°C
96 h

Scheme 22. The angular nature of the bisdienophile 74 means that there are two possible
constitutionally-different modes for the initial intermolecular Diels-Alder reaction with 76.
The first one brings the reactive termini close enough together in 77 to undergo a final
intramolecular macropolycyclization to afford 78. The second one, however, places the
remaining termini too distant to react in an intramolecular fashion, thus affording the novel
acyclic adduct 79 which is terminated at one end by a diene unit and at the other end by
a dienophilic unit
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FABMS. The lack of a pronounced fragmentation pattern in the FABMS is
consistent with the attainment of a highly-stable macropolycyclic structure.
Uniquely, replacement of the 15-crown-5/18-crown-6 matrix employed in the
FABMS experiment with the more conventional 3-nitrobenzylalcohol (NOBA)
matrix resulted in a very strong pseudo molecular ion at m/z 921 for
[M ~ H + NOBA]" in the negative-ion FABMS. This observation suggests that
some kind of stabilizing interaction must be occurring between the macropolycyclic
adduct 78 and the n-electron-deficient NOBA matrix. The higher C,, symmetry
of 78 with respect to that of the asymmetric acyclic adduct 79 is illustrated by (i)
the observation in the broadband-decoupled '*C NMR spectrum of separate
signals for the 14 types of heterotopic carbon atoms and (ii) the observation in
the 'H NMR spectra of 10 signals for the 10 sets of heterotopic hydrogen atoms
present in 78. The 'H NMR spectrum of 78 shows the presence of 3 bridgehead
hydrogen atom environments, with signals at § 4.91, 4.98, and 5.06, for 4,8,11,15-H,
1,18,22,23-H, and 6,13,20,25-H, respectively. The chromatographically more mobile
adduct 79 revealed a very weak molecular ion in the positive-ion FABMS at m/z
769 for [M + H]*. Both the 'H and '3C NMR spectra are consistent with the
very low symmetry (C,) of the acyclic adduct 79. The appearance in the 'H NMR
spectrum of the signals for the bridgehead hydrogen atoms (1',4,7,8,15,18-H) as
singlets confirms that the adjacent methine hydrogen atoms all adopt the
endo-configurations, and, therefore syn/endo-H configurations have been ge-
nerated across all of the three newly-formed cyclohexene rings in 79. The presence
of both diene and dienophilic units in 79 can be inferred from the appearance in
the 'H NMR spectrum of their respective signals. However, neither sets of signals
exhibit the upfield shifts which are usually associated with the close juxtapositioning
of the termini in these molecules. The lack of any such shifts suggests that the
origin of these signals is to be found in the acyclic adduct 79 rather than in the
acyclic adduct 77, which has not been detected but which undoubtedly precedes
the intramolecular cycloaddition to afford the angular belt 78.

4.2 Trinacrene — The Synthesis of a Molecular Cage

The successful introduction of [a, c]-fused aromatic residues into macropolycyclic
systems such as 78 (Scheme 22) suggests that the benzene ring may be used as a
trivalent nucleus, with all three bicyclic rings in the [a, c]relationship, as shown in
the trisdienophiles 82 and 83 shown in Scheme 23. However, treatment of
hexabromobenzene with 3 equivalents of n-butyllithium does not generate the
trisaryne equivalent [142] that is required for the synthesis of 82 and 83. Instead,
this direct approach afforded substantial amounts of the {a, d]-fused bisdienophile
80. However, a two-step procedure, in which the monoadduct 81 is produced in
situ, before further lithiation and trapping in situ, does afford the two configuratio-
nally-isomeric trisdienophiles 82 and 83 as outlined in Scheme 23. Although the
two trisdienophiles are produced in the statistically-expected ratio of 1:3 in favor
of the syn-anti-anti isomer 83, the overall yields are 0.6% and 1.8%, for 82 and
83, respectively. The relative configurations of the two trisdienophiles 82 and 83
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Scheme 23. The synthesis [142] of the trisdienophiles 82 and 83 cannot be achieved by the
direct lithiation of hexabromobenzene as shown in (a). Instead, the stepwise procedure shown
in (b) must be employed. However, the yields of 82 and 83 are still extremely poor, i.e. in
the region of 0.6% and 1.8% respectively

can easily be deduced from their 'H and **C NMR spectra by considering their
very different molecular symmetries, namely C,, and C,, respectively.

Reaction {Scheme 24} of the all-syn trisdienophile 82 with 3.3 equivalents of the
bisdiene 37, in toluene heated under reflux for 14 h, afforded the 3:1 adduct 84
in 48% yield [142]. The C,, molecular symmetry of 84 is confirmed by the
observation of (i) 8 signals in the broadband-decoupled 3C NMR spectrum for
the 8 types of heterotopic carbon atoms and (ii) 7 signals in the H NMR spectrum
for the 7 sets of heterotopic hydrogen atoms. The syn/endo-H stereochemistry
across each newly-formed cyclohexene ring in 84 is indicated by the appearance
of the signal for the bridghead hydrogen atoms (6,7,14,15,22,23-H) as a singlet
which shows no vicinal coupling constant to the adjacent methine hydrogen atoms.
The closure of the molecular cage was achieved [142] by the high pressuremediated
reaction of 84 with 1 equivalent of the all-syn trisdienophile 82 to afford trinacrene
85 after one trebly diastereoselective intermolecular cycloaddition followed by
two intramolecular cycloadditions. The 'H NMR spectrum of 85 exhibits only 5
signals for the 5 sets of heterotopic hydrogen atoms. This observation is consistent
with the very high molecular symmetry (D3,) of the molecular cage. The *H NMR
chemical shifts that are recorded in matrix fashion in Table 2 highlight some of
the similarities and differences in the structures and molecular symmetries
of the compounds in the angular series and the trinacrene cage series. Posi-

57



Franz. H. Kohnke, John P. Mathias and J. Fraser Stoddart

Table 2. A comparison of the 'H NMR chemical shift data for structurally-related hydrogen
atoms located on the angular adducts, 74, 76, and 78, and the trinacrene triad 82, 84, and
85, provides a means by which their structural and symmetry characteristics can be compared
are ordered in such a way that allows direct comparison

and contrasted. The compounds

to be made between the most closely related molecules

'H a a b b c I
74 5.73 5.78 6.98 6.84 - -
{dd, 2H) (dd, 2H) (ddd, 2H) (ddd, 2H)
82 5.73 - 6.78 — - -
(dd, 6H) (dd, 6H)
76 5.02 5.08 - - 1.70 1.70
to to
1.88 1.88
(s, 2H) (s, 2H) (m, 8H)
84 498 - - - 1.68 -
to
1.81
(s, 6H) (m, 6H)
78 491 4,98 — - 1.37 1.60
to to
1.48 1.71
s, 4H) (s, 4H) (m,4H)  (m, 4H)
85 492 - - — 1.58 —
to
1.62
(s, 12H) (m, 12H)
CH,Clo/45 °C
PhMe/a 12 kbars
37
,,
o 6—— 0l
(o) o
82

Scheme 24. The molecular LEGO set used for the synthesis [142] of the molecular cage

compound — trinacrene 85
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d/e d'/fe’ f i g g h b
2.30 230 4.99 5.00 510 510 5.0 5.01
to to or
2.70 2.70 5.00 499

(m, 8H) (s, 2H) (s, 2H) (s, 4H) (s, 4H)
228 - 5.02 - 5.10 - 4.99 -
to
2.73
(m, 12H) (s, 6H) (brs, 6H) (brs, 6H)
2.30 2.30 5.06 5.06 - - - -
to to

1280 2.80

(m, 16H) (s, 4H)
2.35 - 5.10 - - - - -
to
2.88
(m, 24H) s, 6H)

tive-ion FABMS revealed a strong molecular ion at m/z 991 for [M + H]* arising
from 85.

The preparation of the esthetically-appealing trinacrene cage compound 85
marks a culmination in the first stage of our long-term research goal, which is
directed toward the rapid, yet highly controlled, synthesis of outwardly complex
molecular structures. Having demonstrated the initial success of the repetitive
Diels-Alder oligomerization sequence, by the synthesis of kohnkene 43 (Scheme 10),
we have successfully extended this methodology to allow the preparation of several
different structural motifs, such as the [14]cyclacene derivatives 63 (Scheme 15),
65 (Scheme 16), and 67 (Scheme 16), the angular belt 78 (Scheme 21), and the cage
85 (Scheme 24). From this firm foundation, the synthesis of increasingly elaborate
molecular structures can be envisaged. Now, having demonstrated a method by
which to attain the form, attention will be paid, increasingly, to the function of
these substrate-directed molecular structures.

5 Conclusions and Future Prospects

One of the primary aims of the research program described in this review has
been the incorporation of bisdiene and bisdienophilic building blocks into the
synthesis of novel macropolycyclic structures by a repetitive Diels-Alder oligo-
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merization sequence. In addition to the structurally-appealing targets identified
for total synthesis, it was envisaged that the syntheses themselves might be
accomplished in such a way that would allow the structural factors, which may
aid or hinder the trebly diastereoselective repetitive Diels-Alder oligomerization
process, to be probed. Toward this end, a series of bisdiene and bisdienophilic
building blocks have been synthesized, characterized, and incorporated into the
synthesis of novel macropolycycles. This family of building blocks has served as
the perfect vehicle for the establishment of a stepwise, highly-controlled synthetic
methodology towards the production of several outwardly-complex molecular
structures. Control of the outcome of these repetitive Diels-Alder reactions can
be achieved with a high degree of oligoselectivity on top of their treble dia-
stereoselectivity, by the alternate use of thermally-promoted and high pressure-
promoted cycloadditions. In all but one of the examples studied, the cycloadditions
between bisdiene and bisdienophilic building blocks have proceeded to generate
exclusively the syn/endo-H stereochemistry across each newly-formed cyclohexene
ring. The irreversible nature of the macropolycyclizations carried out with the
undecacene derivative 59 and the bisdienes 37, 64, and 66 reinforces the notion
that the reactivities of the substrates are dictated by the stereoelectronic require-
ments that are pre-programmed into their respective molecular structures (Sche-
me 16). The reactive termini of the building blocks represent ideal stereoelectronic
matches for each other. Thus, the treble diastereoselectivities, that are exhibited
in all the Diels-Alder combinations of bisdiene and bisdienophilic building blocks,
can be said truely to be a result of autochthonous reactivity.

The synthesis of macropolycyclic structures, and their subsequent synthetic
elaboration, is both synthetically challenging, and esthetically appealing. However,
these studies have illustrated that access to other structural groups is possible by
the repetitive Diels-Alder methodology. The acyclic ‘Swiss-roll’ compound 60
(Schemes 13 and 14), the angular belt 78 (Scheme 22), and trinacrene 85
{Scheme 84) all provide convincing evidence of this fact. Indeed, investigations
currently being performed using anti-fused building blocks, such as the anti-
bisdienophile 39 (Scheme 9) and the anti-bisdiene 58 (Scheme 12), are opening
up the way to the synthesis of extended ‘molecular wave’ structures.

In response to a more fundamental question, a qualitative understanding of
the origins of the treble diastereoselectivity exhibited in each cycloaddition has
been developed. Arguments based on discussions in the literature have been
combined with synthetic observations made in our own laboratories to assess the
factors which control the reactivities and selectivities of exocyclic s-cis-butadiene
units, and endocyclic bisdienophilic units incorporating the [2.2.1]bicycloheptane
skeleton. The syn/endo-H stereochemistry generated across each newly-formed
cyclohexene ring in the cycloadditions between bisdiene and bisdienophilic building
blocks is, we believe, a consequence of transition state considerations, and therefore
a result of kinetic control. In spite of the sometimes tacitly assumed reversibility
of the Diels-Alder reaction, evidence is provided in this review that confirms here
at least the unidirectional nature of the cycloadditions under discussion.

In summary, the success of the trebly diastereoselective repetitive Diels-Alder
oligomerization process for the synthesis of outwardly complex molecular structu-
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res is evident in the expression of the information which is stored as an intrinsic
structural feature in the molecular frameworks of the building blocks. In this way,
their subsequent mode of reaction is dictated in a substrate-directed, auto-
chthonous manner.
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1 Introduction

The concept of non-covalent interactions between molecules is a very old one,
dating to the Greek and Roman empires [1-3]. However, modern ideas about
these interactions began to emerge only in the later half of the 19th century. At
this time, Van der Waals explained the nonideal behavior of gases by assuming
molecules to be hard spheres that could attract one another. In addition to this
and other important developments, it was during this period that Emil Fischer
made his famous analogy between the way a substrate and enzyme interact to
the way that a key fits into a lock [4]. This prophetic statement is now illustrated
in most basic biochemistry textbooks by a cartoon similar to that depicted in
Fig. 1. The enzyme, which is large relative to the substrate, has clefts and
depressions on its surface complementary to the shape of the substrate.

Fig. 1. Schematic representation of Fisher’s Lock-Key Concept
in an enzyme-substrate complex

Organic chemists’ desire to understand and imitate the non-covalent interactions
found in nature is comparatively new. Pioneering work focused on cyclodextrin
inclusion complexes [5] and crown ether-metal ion interactions [6—8). The naturally
occurring cyclodextrins and the serendipitously discovered crown ethers [8] are
both macrocyclic in structure. Many subsequent studies used macrocycles by
design. Presumably, this structural choice was guided both by analogy to the
earlier systems and an intuitive sense that macrocycles experience fewer conforma-
tional restrictions upon complexation than their acyclic counterparts. In fact, this
intuition has found extensive experimental support, and is now embodied in Cram’s
principle of preorganization [9]. This principle states that complex stability will be
maximized when the constituent parts are structurally organized for complexation
and low solvation.

Macrocycles have the additional benefit that their finite cavity dimensions make
them inherently selective in binding due to size exclusion. Preorganization and
size selectivity does not come without limitations. The very large, rigid cavities
required to bind large molecules are difficult to construct, although progress in
this area has been reported recently [10, 11]. It is interesting that the binding sites
of biomolecules (e.g. enzymes, antibodies) rarely have cavities that surround a
substrate (antigen), but rather have clefts and depressions on their surface as
discussed above and illustrated in Fig. 1.
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1.1 Definitions and Scope

Cram has defined hosts and guests as organic molecules or ions whose binding
sites converge and diverge, respectively, in forming a complex [12]. This review
describes recent efforts in Urbana to develop non-macrocyclic hosts for neutral
guests. These hosts, which contain preorganized aromatic clefts, are called
molecular tweezers, a term coined by Whitlock [13] to describe hosts that contain
two aromatic chromophores covalently linked by a single spacer unit. A suitable
spacer will allow the m-surfaces of the molecular tweezer to converge on the two
divergent n-faces of an aromatic guest in a sandwich complex held together by
two m-stacking interactions. More sophisticated molecular tweezers carry an
additional functional group oriented toward the aromatic cleft so that n-stacking
and hydrogen bonding can occur simultaneously. Both types of hosts can engage
in multi-site interactions with appropriate guests. A central theme of this review
is that properly constructed molecular tweezers can complex large guests with
affinities that greatly exceed expectations based on the strength of the individual
contacts. Understanding the origin of, this complex additivity in binding energies
is a special challenge. This review emphasizes work carried out in the author’s
laboratory. An excellent review of related systems has been published recently [14].

2 Complexation of Neutral Guests
by Non-Macrocyclic Hosts Using n-Stacking

2.1 Concept and Other Approaches

The association of aromatic chromophores in solution is well documented,
although the driving force for complexation is a matter of continuing debate. In
organic solvents, a favorable interaction generally occurs only when one partner
is a n-donor and the other a m-acceptor [15]. Exceptions include large aromatic
systems, such as porphyrins, which readily self-associate in chloroform [16]. The
electron donor-acceptor (EDA) complexes formed between n-donors and w-
acceptors are believed to be held together by electrostatic, polarization, dispersion,
and charge transfer forces. EDA forces are weak with association constants in
common organic solvents generally ranging from 0.1 to 1000 M ™!, but usually
less than 10 M ~ 1. The importance of the component forces to the stability of these
complexes is not known although it is believed that the charge transfer interaction
is not the dominant one [15].

ZLra
—] = (1)
Kassoc
A B

73



Steven C. Zimmerman

One interest in molecular tweezers relates to their potential for increasing the
stability of EDA complexes. As shown in Eq. (1), this potential derives from the
ability of the molecular tweezer (A) to form a n-sandwich complex (B). Whether
such a complex forms and the second chromophore contributes significantly to
the stability of the complex will depend upon many factors, including the enthalpic
strength of the second n-stacking interaction and the enthalpic and entropic loss
necessary for adopting the required geometry.

The few systems reported to test this idea have met with mixed success. Foster
investigated the complexation of 1,3,5-trinitrobenzene (TNB) by a series of
bis-anilines (1) and found association constants to be exactly twice that for
TNB-dialkylaniline complexes (Table 1) [17]. This finding was attributed to a
purely statistical advantage for bis-aniline 1. A bis-donor naphthalenophane 2
was shown to complex TNB in chloroform with an association constant of 274 M ™!
[18]. While this is significantly stronger than the complex formed between
1,4-dimethoxynaphthalene and TNB (K .. = 74 M%), a careful analysis of
complexation shifts led to the conclusion that the TNB was externally bound [18].
The increase in association constant observed with 2 was proposed to arise from
an increase in naphthalene n-base strength through an edge-face charge transfer
as in 3. Thus, neither of these systems appear to form a sandwich complex.

Stoddart has extensively investigated the interaction of dibenzocrown ethers
with the dipyridinium dications, diquat and paraquat [19]. Dibenzocrown ether

¢ @

Me” \(CHZ),,

Table 1. Association constants for 1,3 5-trinitrobenzene
complexes of bis-anilines 1 and related molecules in CHCl,

at 35.5°C?

Donor K,soc (Kgmol™?)
la,n =2 1.1 £ 0.1

ib,n =3 1.1 £ 0.1

le, n = 4 14 + 0.1
ld,n=35 14 + 0.1
len=26 1.5 + 0.1
N-ethyl-N-methylaniline 0.7 + 0.1
N-methyl-N-propylaniline 0.7 +£ 0.1

? Taken from Ref. 17
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4 and diquat form complexes in acetone, the association constants of which were
sensitive to the length of the polyether chains as seen in Table 2 [20]. The data
were interpreted in terms of a V-shaped conformation for dibenzo-27-crown-9,
where both aromatic rings interact with diquat but not in a face-face arrangement.
The chains in dibenzo-30-crown-10 are sufficiently long to allow a U-shaped
conformation in which a perfect face-face m-sandwich complex can form. This
proposal is supported by single crystal X-ray structure determination of complex
5 [21]. One interesting feature of the X-ray structure of 5 is the finding that the
four aryl ether oxygens are each within van der Waals distance of the nitrogen
atoms of diquat. This feature is common to several related structures and suggests
a strong electrostatic component to the complexation {21].

,/\eo/ﬁ) m o‘j O(?
S S STNNNP- =P
o) %%
s 5

Table 2. Association constants (K,,c) for 1: 1 complexes
between diquat and dibenzocrown ethers 4 1n acetone at

25.5°C*

Receptor m n Kassoe MY
DB27C9 3 2 410
DB30C10 3 3 17500
DB33Cl11 4 3 10800
DB36C12 4 4 2000

* Taken from Ref. 20
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2.2 Design of Molecular Tweezers

In designing molecular tweezers, both complexing chromophores and an appro-
priate spacer unit must be chosen. The property of the chromophores that is most
likely to affect the complexation strength is its n-donor or acceptor strength. The
size and shape is also important as larger chromophores generally are more
polarizable thereby enhancing dispersive and polarization interactions. Although
the chromophores are important, the critical element of the molecular tweezers is
the spacer unit. Features of concern in the design of the spacer are:

a) Interchromophore separation and orientation. A common feature of the X-ray
analysis of donor-acceptor complexes is a face-face, but offset arrangement of the
chromophores with inter-ring distances between 3.2 and 3.5A [22]. Thus, an
optimum spacer might hold the chromophores in parallel planes with a 6.4-7.0 A
separation.

b) Rigidity. Chen and Whitlock showed that the rigid diyne spacer in molecular
tweezer 6 prevented self-association of the caffeine rings thereby increasing its
binding power over a flexible (saturated) analogue [13]. An even higher degree
of preorganization will be obtained if the ‘spacer can maintain a syn-orientation
of the complexing chromophores. In the case of 6, free rotations in the spacer
unit allow many conformations to be populated.

Me. o° o, _Me
=< N o
)| | &S~
—_ Me
Ii — Il
Me.,, 0 Me.,, 0
o=x >N o= N
N — 7
Me’ N Me'N N?

¢) Ease and flexibility of synthesis. Of course, the molecular tweezer should be
easily synthesized. Ideally, the route will be sufficiently flexible to allow attachment
of different chromophores near the end of the synthesis.

With these issues in mind, dibenz[c,hlacridine was chosen as a spacer. As a
result of its U-shape, chromophores attached at C-2 and C-12 could be held in
parallel planes (Fig. 2). The C-2 to C-12 distance is known to be 7.24 A from the
X-ray structure [23], however, the interchromophore distance in the molecular

Fig. 2 Schematic representation of a molecular tweezer
containing a dibenz[c,hjacridine spacer
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—_— \
Fig. 3. Schematic representati-

!
7’?4'& T . on of the relationship between
i 300 ( 7. spacer-chromophore dihedral
m LA N 6.27 A angle and interchromophore se-
a b y paration

tweezers is not constrained to this value. Instead, it represents a maximum
separation since rotations around the aryl-aryl bonds reduce the perpendicular
interchromophore distance by an amount directly dependent on the dihedral angle
(Fig. 3). Molecular mechanics calculations suggest that rotations of a 9-anthryl
group +30° from perpendicularity will cost ca. 2 keal mol ™! [24]. Such rotations
lead to a 6.24 A separation between anthracene rings. Thus, this molecular tweezer
can readily adjust the size of its aromatic cleft and thereby close to the optimum
separation for binding an aromatic guest.

2.3 Synthesis of Molecular Tweezers

The synthesis of molecular tweezers 10 and 11 are outlined in Scheme 1. Their
spacers differ in two ways from the hypothetical system of Fig. 2: They are not
fully oxidized and they carry a phenyl substituent. The phenyl group is an artifact
of the synthesis, but does provide the advantage of being easily functionalized

Br Br
1) BF,*OEt .100 °C
2) NH 3,MeOH l Z
Ph
7 8 9
MgBr
1) n-Bulli, THF,
-70°C
g ————————
2) MEM Ni(awc) 2,
N PhH, Et50,
w reflux
(o]

Scheme 1. Synthesis of symmetrical molecular tweezers 10 and 11
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and remote from the binding cleft. Thus, it is in a position where solubility
properties can be altered and where immobilization might be realized. The
tetrahydrodibenzacridine spacer in 10 and 11 has more flexibility than the fully
aromatic spacer in Fig. 2, but this does not substantially alter the properties of
these molecular tweezers [25, 26].

The synthesis [25, 26] began with 7-bromo-1-tetralone (7), available in multi-
gram quantity in three steps from succinic anhydride and bromobenzene [27, 28]}
(Scheme 1). Treatment of 7 with an aromatic aldehyde and base produces the
corresponding benzylidene (e.g., 8) which couples with 7 in boron trifluoride
etherate to form a pyrylium salt. This pyrylium salt is not isolated but treated
with ammonia to afford functionalized spacer 9. As seen in Scheme 1, the
attachment of anthracene [29] or acridine chromophores occurs in a single step.
Alternatively, stepwise attachment of the aromatic chromophores allows construc-
tion of molecular tweezers 12 and 13 carrying different chromophores. With
respect to efficiency, tweezers 10 and 11 are synthesized in six steps from
inexpensive starting materials with overall yields of 11% and 14%, respec-
tively.

2.4 Structure of Molecular Tweezers

In order to determine whether the dibenzacridine spacer prevents association of
the attached chromophores, Whitlock’s “cyclization shift™ analysis was performed
[18, 30]. This analysis involves comparing the 'H NMR chemical shifts of the
acridine and anthracene rings in 10 and 11, respectively, with analogous mono-
chromophores such as 9-phenylacridine and 9-phenylanthracene. Large upfield
shifts for 10 and 11 would indicate intramolecular stacking (i.e. collapse of binding
cleft). In fact, all molecular tweezers synthesized to date exhibit only small
cyclization shifts, indicating that the dibenz[c,hlacridine spacer effectively isolates
the complexing chromophores and that the molecular tweezers possess open
binding clefts [26].

Molecular tweezers such as 10 have two elements of conformational flexibility
that together determine its structure. The most significant of these involves rotation
around the spacer-chromophore bonds. As described above, all dihedral angles
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within 30° of perpendicularity would be accessible. With respect to the barrier to
rotation, the aryl-aryl rotation is “invisible” in 10 and 11, but unsymmetrically
substituted molecular tweezers 14—19 exhibit 'H NMR spectra consistent with
the presence of a 1:1 mixture of atropisomers [26]. Coalescence studies afforded
the data in Table 3. Despite the fact that the fully oxidized molecular tweezers
should have a reduced time-averaged distance between the acridine rings, their
barrier to atropisomer interconversion is negligibly higher. This was unexpected
because examination of CPK models suggested that large non-bonded interactions
would be experienced as the chlorine and/or tert-butyl substituent in 18 and 19
passed through the cleft. Overall, the results indicate freely rotating chromophores
regardless of substitution or whether the spacer is oxidized. Thus, an entropy price
will be paid upon complexation due to loss of this free rotation.

The second conformational issue concerns the tetrahydrodibenzacridine spacer.
By analogy with 9,10-dihydrophenanthrene, the spacer should be nonplanar with a

14:X=CHCHyR=H 18: X=CH,CH,
15: X=CHCH;R=H 19: X =CHCH
1 6: X = CH 2CH2; R = t—Bu
17: X=CHCH;R=1tBu
Table 3. Atropisomerism of motecular tweezers®
Compd  Group Observed T (K) AG? (kcal mol™})
14 2-t-Bu 366 19
15 2-t-Bu 363 19
16 2-t-Bu 413 21
6-t-Bu 393 21
17 2-t-Bu 404 22
6-t-Bu 425 22
18 7-t-Bu 387 21
19 7-t-Bu 398 22

2 Taken from Ref. 26
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Fig. 4a,b. Views from the side (a)
and top (b) of the crystal packing
of molecular tweezer 21a. Solvent
molecules (dichloroethane) have
been omitted in (a) for clarity

Fig. 5a, b. Views from the side (a) and
top (b) of the crystal packing of mo--
lecular tweezer 13. Solvent molecules
{(chloroform) and counterion have been
omitted in (a) for clarity



Rigid Molecular Tweezers

dihedral angle of 15-20° between the terminal phenyl rings and the internal
pyridine [31]. Because there are two reduced rings, the spacer can adopt a meso-form
that is crescent shaped or a d,/-form that is helical. Again by analogy to 9,10-
dihydrophenanthrene, the interconversion of these forms should have a low barrier
(<10 kcal mol™1) {31], and molecular mechanics calculations indicate that the
meso and d,l-forms will be nearly isoenergetic [24]. Indeed, the two forms are seen
in the X-ray analysis of molecular tweezers 13 and 21a. Tweezer 21a adopts the
meso conformation and as a result the acridines are aligned vertically (Fig. 4).
The acridines are also held in parallel planes separated by 6.8 A, allowing each
cleft to partially complex two neighbors, forming a continuous up-down-up stack.
In contrast, the structure of 13 reveals a spacer in the d/-conformation so that
the acridine and acridinium rings are splayed apart slightly (Fig. 5). Interestingly,
the “donor” chromophores alone form an infinite stack.

2.5 Complexation by Molecular Tweezers

Most molecular tweezers studied were highly soluble only in halogenated solvents,
while a few were soluble in a range of solvents. Binding studies were carried out
in chloroform since it solubilizes the hosts and guests of interest and is not a
strongly competitive solvent in electron donor-acceptor studies [15]. Prior to
carrying out complexation studies it is imperative to check for potential aggrega-
tion of host and guest under the conditions used. Only molecular tweezer 13,
containing both donor and acceptor chromophores, showed a tendency to
aggregate in chloroform solution.

Molecular tweezers such as 10 showed no affinity (K .. < 3 M™?) for n-donor
guests like naphthalene and anthracene. However, m-acceptors such as trinitroben-
zene (TNB) and nitrated fluorenones were bound. The complexation experiments
were performed by titrating a solution of the guest with the host and recording
the upfield chemical shifts of the guest protons by 'H NMR. Alternatively, the
host could be titrated with guest and the increase in absorbance at the charge
transfer band monitored.

From the complexation data in Table 4, several conclusions can be drawn. First,
all the molecular tweezers form complexes with 2,4,57-tetranitrofluorenone
(TENF) that are significantly more stable than those formed from analogous
monochromophores. For example, the association constants for complexes
21b-TENF and 11-TENF are larger than the analogous singly stacked complexes
24-TENF and 20-TENF by 10°® and 10* fold, respectively [32—34]. Results from
several studies indicated that the increase in complex stability seen with the
molecular tweezers results from the second complexing chromophore and the
formation of a n-sandwich complex. Thus, evidence that the spacer plays only a
minor role is the finding that 25 complexes TENF with a binding constant
qualitatively similar to that measured for 24 (Table 4).

The second n-stacking interaction in the 11°TENF complex increases its —AG®
by 5 kcal mol™?! over that of the 20-TENF complex (Table 4). A simple approach
for predicting how large an increase in stability should be expected for the second
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21a:R=41Bu
21b: R =3,5di-t-Bu

23 25

m-stack might involve summing the energies of the individual interactions. Since
a single stacking interaction is worth —AG® = 0.7 kcal mol ™2, this analysis would
predict that —AG® for the 11-TENF complex should be twice that value, i.e.
—~AG® = 1.4 kcal mol™%. The observed —AG?® of 5.9 kcal mol ™! is significantly
higher, indicating that this simple analysis is not valid.

Indeed, this is a case of complex additivity of binding energies, a phenomenon
commonly seen in biological systems {35, 36]. Jencks has attributed the complex
additivity in many systems to changes in translational and rotational entropy [36].
For example, the two complexing chromophores of the molecular tweezers are
covalently connected. This means that the enthalpy of the second n-stacking
interaction comes without paying the translational and rotation entropy price a
second time.

The close proximity of the binding contacts in the molecular tweezers means
that an interplay between them may also contribute to the complex additivity of
binding energies. One possibility, that is discussed below, is that the proximity of
the complexing chromophores prevents solvation of the binding cleft. A second
possibility is synergism between the n-stacking interactions. However, this seems
unlikely given that in termolecular EDA complexes, the second stacking interaction
is weaker than the first {37, 38].
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Table 4. Complexation data obtained from the 'H NMR or UV-visible titration of
2,4,5,7-tetranitrofluorenone (TENF) with various hosts in chloroform®

Entry Compd A3, PPM Ronax K csoc —AG®
—— (CT,nm) (M~h (kcal mol™?)
H-1(8) H-3(6)

1 9-phenyl 650 3 0.7
anthracene (20)
2 11 656 20000 59
3 12 654 2800 47
4 10 509 900 4.0
5 21b >13 033 3400 4.7
6 22 >13 032 700 3.8
7 23 >13 032 170 2.9
8 9-phenyl-2,7- - 0.51 5 0.9
dimethoxy

acridine (24)

2 Taken from Refs 25, 26, 32-34. For entries -4, AG®° determined at 298 K. For entries
5-8, AG® determined at 288 K

How important is the enforced syn orientation of the complexing chromophores?
This was determined by removing either one or both of the ethano bridges in the
spacer of 21, giving flexible molecular tweezers 22 and 23 [33]. As seen in Table 4
{entries 5-7), a loss of 0.9 kcal mol ™! in complex stability (for TENF) is accrued
with the introduction of each free rotation. This value is a reasonable one for the
cost of freezing the rotation of a carbon-carbon bond [39]. An alternative
explanation is that the ethano bridges provide the molecular tweezer access to an
enthalpically unfavorable, but productive, binding conformation. This seems less
likely given the energetics of the rotation in 2-phenylpyridine [40]. Thus, the higher
degree of preorganization enjoyed by 21b derives from the fact that its conformation
is close to that required for binding. Highly preorganized systems are desolvated.
The possibility that the enforced syn-orientation in 21b results in a poorly solvated
cleft cannot be ruled out, but if true it might have been expected that freezing out
the second free rotation in 23 would have produced a much larger increase than
did the first. Studies with different solvents are expected to shed additional light
on this issue [41].

The complexation shifts (Ad,,,,, Table 4) for TENF indicate an offset, n-stacked
complex in which the carbonyl is oriented toward the spacer as in 26. While this
might result from aligning the dipoles of TENF and the acridine rings, the same
geometry is favored with the anthracene tweezers. It is most likely that the overall
orientation is controlled by the nitro groups at the 4- and S-position of the
fluorenone ring which resist inclusion in the binding cleft because they are twisted
from planarity by ca. 40° [42, 43].

Electron donor-acceptor interactions are important in the examples in Table 4.
This means that the molecular tweezers affinity for a particular guest can be
modulated. For example, the affinity that 10 has for TENF can be increased by
substituting the acridines with methoxy groups (i.e. 21). Does this increase in
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complex stability reflect the increased n-donor potential of both chromophores
or just one? Studies with 10, 11, and 12 help answer this question. As seen in
Table 4 (entries 2—4), replacing one and then both acridines of 10 with the stronger
n-donor anthracene chromophores results in incremental increases in binding
affinity. Thus, molecular tweezers containing two good donor chromophores are
superior to those with just one good donor, and these in turn are superior to
molecular tweezers with two poor donors.

3 Complexation of Neutral Guests by Non-Macrocyclic Hosts
Using n-Stacking and Hydrogen Bonding

3.1 Concept and Design

The molecular tweezers described above complex m-acceptor aromatic guests in
chloroform using electron donor-acceptor interactions. Several strategies can be
envisaged for increasing the versatility of these hosts. For example, water-soluble
molecular tweezers might be expected to complex a wide range of aromatic guests,
with the binding affinities dependent more on the extent of overlap between the
host and the guest, than on their electronic complementarity. This expectation
arises from the fact that the hydrophobic effect, not EDA interactions, becomes
the major driving force for binding in aqueous solution [44]. Thus, work toward
water-soluble molecular tweezers is in progress.

Fig. 6. Schematic representation of a molecular tweezer
containing a dibenzanthracene spacer with a carboxylic
acid converging on the binding cleft
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An alternative approach to increasing the versatility of the molecular tweezers,
is to use additional binding forces that would operate in organic solvents. Indeed,
at the outset of this work a major goal was to incorporate a functional group(s)
in the molecular tweezer cleft that would be capable of hydrogen bonding to
nucleotide bases. Such a molecular tweezer is shown schematically in Fig. 6. With
an appropriate spatial relationship between the functional groups, a nucleotide
base might be complexed by the n-stacking forces involved in many drug-DNA
interactions [45] and by the hydrogen bonding contacts involved in protein-DNA
recognition [46]. The existence of these latter interactions was postulated some
years ago.

It was realized that the most selective interactions between the nucleotide bases
and amino acid side chains would involve more than one hydrogen bond. Therefore,
the residues of aspartate (Asp), glutamate (Glu), asparagine (Asn), glutamine (Gln),
and arginine (Arg) are the most likely candidates [47]. However, most of the
side-chains of these amino acids cannot distinguish between the four bases by
themselves. This is because each of the common nucleotide bases have adjacent
hydrogen bond donor and acceptor sites that are complementary to the side chains
of Asp, Glu, Asn, and Gln (Fig. 7). The adjacent donor sites in guanosine are
unique, and can be recognized by a carboxylate of either Asp or Glu. Likewise,
only cytosine has adjacent acceptor sites and these can interact selectively with
the guanidinium sidechain of Arg.

In double stranded DNA (RNA) the situation is different because several sites
are occupied by the Watson-Crick hydrogen bonds [48] (Fig. 8). Thus, a carboxylic
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Fig. 8. Hydrogen bond donor (D) and acceptor (A) sites exposed in the grooves of double
helical DNA

acid or amide can recognize an A-T base-pair in the major groove or a G-C
base-pair in the minor groove, while Arg can recognize a G-C base-pair in the
major groove. Several protein-DNA complexes have been examined crystallogra-
phically, but a clear recognition mechanism has not emerged [49-51]. As seen in
Fig. 9, the idealized interactions are found, but so are more complex motifs. The
strength of a few functional group-nucleotide base interactions have been deter-
mined in model studies. Most relevant to the current discussion is the work of
Lancelot [52], who studied the association of butyric acid and several nucleotide
bases in chloroform. For 9-ethyladenine, the association constant is 160 M~
composite value that represents the three complexes shown in Fig. 10. The type
1 complex is favored over the type 7 by a ratio of 3: 1, and both are stronger than
the type 3 complex that contains only a single hydrogen bond. Since the four
common nucleotide bases contain adjacent donor and acceptor sites, it isn’t
surprising that butyric acid is only weakly selective towards them (vide supra).
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Fig.9. Two hydrogen bonding motifs found in the lambda repressor-operator complex.
Taken from Ref. 50
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The lack of selectivity and efficiency with which a single carboxylic acid binds
nucleotide bases makes it an unlikely candidate for incorporation into a host for
nucleotide guests. Nonetheless, it proved synthetically expedient to do so with
molecular tweezers such as 11 and 21. The issue addressed was whether the
aromatic chromophores in the molecular tweezer represented in Fig. 6 could
cooperate with the acid group to increase the binding efficiency and selectivity of
the host.

3.2 Synthesis and Structure of Molecular Tweezers and Refinement
of Design

In a model study [53], synthetic routes were developed to the spacer units found
in molecular tweezers 27-34. The key step in these syntheses (Scheme 2) is the
condensation of a pyrylium salt (35, 36) with trimethylphosphonoacetate to
produce spacers (39, 40) with an ester group attached to the central bay region
carbon [54, 55]. The structure of 43, the first such spacer to be synthesized, was
found to be poorly suited for incorporation into a molecular tweezer due to large
distortions in the aromatic system [53]. These distortions are the result of strongly
unfavorable peri interactions between C-1(13) and the ester group. They induce
an end-to-end helical twist of ca. 40° in the aromatic system (Fig. 11) and cause
the C-2 to C-12 distance to increase to 8.2 A from the 7.24 A distance found in
the earlier dibenz[c,h]acridine spacer (vide supra). While the greater flexibility in
spacer 39 would likely increase the severity of these problems, the incorporation
of nitrogen atoms peri to the ester group as in 40 and 44 could alleviate this strain
since a nitrogen lone-pair might be smaller and/or more compressible than a C-H
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Scheme 2. Synthesis of spacer units containing an ester (carboxylic acid) in the central
bay-region

bond. Indeed, 44 was synthesized (Scheme 2) and its X-ray structure indicated a
n-system closer to planarity, with a C-2 to C-12 distance of 7.54 A (Fig. 11).

The structures of tweezers 27-30 were examined computationally with two
assumptions [56]. First, anthracene rings replaced the dimethoxyacridine chromo-
phores in 27 and 28 and were assumed to give similar results. Secondly, the low
energy conformations of the methyl esters were assumed to closely resemble those
of the corresponding carboxylic acids that would be used in binding experiments.
As seen in Fig. 12, the binding cleft becomes progressively tighter along the series
27-28-29—-30. Each of these tweezers represents a discrete step toward an
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optimized receptor and each is worthy of synthesis in order to examine the
relationship between preorganization and complexation efficiency.

Toward this end, halo-spacers 41, 42, 45 and 46 were synthesized (Scheme 2),
and the appropriate chromophores were attached [56, 57]. Tweezers 27 and 28
are synthesized in only 7 and 8 steps, respectively, from bromobenzene and succinic
anhydride. The synthesis of 29 required 13 steps from cyclohexanone, pyrrolidine,
and acrylonitrile. Although this synthesis is two steps longer than an alternative

Fig. 11a, b. Two ORTEP views of ester 43 (a) and 44 (b). Thermal ellipsoids represent
35% probability contours, Taken from Ref. 53
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Q

Fig. 12a—d. Top view of the calculated minimum energy conformations of molecular tweezers
27 (a), 28 (b}, 29 (c), and 30 (d). See text and Ref. 56 for details

route to analogous tweezer 48 [57, 58], it is more efficient and general, and
most importantly, allows access to the fully unsaturated tweezer 30 [56, 57].

The X-ray structure of 27 is very close to the calculated structure (Fig. 13). The
large upfield chemical shifts observed in the *H NMR spectra of the methyl esters
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Fig. 13. Side (a) and Top (b) views
of the X-ray structure of 27. Top
view is a more open projection than
shown for analogous calculated
structure in Fig. 12a

in 27-30 provide additional evidence that the calculated structures accurately
reflect the degree of organization of the binding clefts (Table 5). Thus, the upfield
chemical shifts of the methyl esters increase in the order 30 > 29 > 28 > 27. The
trend appears to reflect the spatial orientation of the chromophores rather than
differences in their anisotropic shielding (i.e. anthracene vs acridine) since 27 has
been synthesized with anthracene chromophores and the 'H NMR chemical shift
of its methyl ester resonance is unchanged.

Table 5. Upfield 'H NMR chemical shift of methyl esters in molecular tweezers 27-30

Molecular  Chemical shift Spacer  Chemical shift Ad (ppm)
tweezer of methyl ester (ppm) of methyl ester (ppm)

27 2.72 41 3.91 1.19

28 2.73 45 4.35 1.62

29 1.71 42 4.08 2.37

30 1.42 46 4.58 3.16

To complete the synthesis of the nucleotide hosts, the hindered tweezer
esters needed to be converted to the corresponding carboxylic acids. One
possible method presented itself with the surprising finding that treatment
of 45 with lithium triethylborohydride produced the corresponding carboxylic
acid! However, lithium triethylborohydride did not react at all with the more
hindered ester in 27. Neither could the esters in molecular tweezers 2730 and
48 be converted to the corresponding carboxylic acids (31-34, 49) hydrolytically.
Therefore, the nucleophilic reagents, boron trichloride in methylene chloride or
cyanide in hot DMSO, were employed with success [56].
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3.3 Complexation of Nucleotide Bases by Molecular Tweezers

As discussed in Sect. 2.5, the ability of the host and guest to self-associate must
be established prior to any complexation studies. Carboxylic acids 33, 34, 47, and
49 showed no tendency to aggregate in chloroform [59]. In contrast, the 'H NMR
of carboxylic acid 31 contained several broad resonances that were consistent
with a zwitterionic structure and/or an aggregate [56]. For this reason, complexa-
tion studies have not been carried out with the highly twisted molecular tweezers
31 or 32. For the guests used in these studies, dimerization constants were known
and indicated that self-association would be negligible under the concentrations
used.

3.3.1 Nature and Strength of Complex with 9-Propyladenine

The interaction of 9-propyladenine (50) and 49 was studied in chloroform-d by
'H NMR and in chloroform by UV-visible spectroscopy [58, 59]. A non-
overlapping absorption (A, = 386 nm) of the anthracene rings in 49 exhibited
a metachromic shift upon addition of 50, a result that is consistent with the
formation of a complex containing n-stacking. Tweezer 49 and 50 altered each
other’s 'H NMR spectrum in a manner consistent with n-stacking and hydrogen
bonding. Thus, as seen in Fig. 14, complexation induced upfield shifts in the
aromatic protons of both the host and guest, but a downfield shift in
the N-6 protons of 50. The upfield shifts are consistent with aromatic
stacking, while downfield shifts are expected for protons involved in hydrogen
bonds.

Binding constants were obtained by nonlinear least squares fitting of the titration
data [58—-60]. Tweezers 49, 33, and 34 bound 50 with association constants (K, ..)
of 25000, 14000, and 120000 M !, respectively (Table 6) [57-59]. The synthesis
of 49 required the incorporation of a dimethylamino substituent and this represents

Adpay = 0.52 ppm
) (‘ASmax = 0.60 ppm

2 -0.40
A QQ (‘ ppm

H., .H
0.155ppm 7 N

Y 6
0 s <Nfﬁ1 0.40 ppm
ASmax = -21 Hz N-~NZ
"~ % ~

cH, 0.067 ppm

a 49 b 50

Fig. 14a, b. 'H NMR complexation shifts in host 49 (a) and complexation shifts in
9-propyladenine (50) at ca. 40% saturation by host 49. Data from Ref. [58, 59]
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the only structural difference between 49 and 33. The difference that these
compounds show in their affinity for 50 is close to the limit of experimental error
(AAG® = 0.5 kcal mol™') and probably more related to the conditions of the
titrations than to the small difference in their structures. For example, the
concentrations used in the UV-visible studies were significantly lower than those
in the *H NMR studies.

51 52

The spectroscopic changes seen in the host-guest titrations and the high
association constants suggest the formation of inclusion complexes such as 51 and
52. Work with analogues gave supporting evidence, and further suggested 51 best
represents the structure of the complex between 49 and 50. Thus, ester 48 showed
no affinity for 50 and dimethylation of N-6 of 9-ethyladenine (53) seriously
compromises complex stability (entries 4 and 5, Table 6). These two results indicate
the importance of the hydrogen bouding sites. Monomethylated derivative 54 and
adenine analogue 55 indicate the preferred geometry of the adenine complex. The
N-methyl group in 54 prefers to orient away from the imidazolyl ring, and thus

Me.N,Me H‘N‘H
oY X
NN NN
Et Et
53 55
H\N,Me Me\NaH
NfN —_— N =N
(N ¢ (N | )
£l Et
54
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Table 6. Association constants (K,..) of 1:1 complexes between various hosts and
nucleosides or their analogues in chloroform at 298 K*

Entry Method Host Guest Ko (MY —AG g4
1 A 49 50 25000 6.0
2 B 33 50 14000 57
3 B 34 50 120000 6.9
4 A 48 50 <5 <10
5 A 49 53 380 35
6 A 49 54 30000 6.1
7 A 49 55 11000 5.5
8 A 49 adenosine 56 15000 5.7
9 A 49 guanosine 57 2800 47

10 A 49 cytidine 58 213 3.2

11 A 49 uridine 59 132 29

2 Taken from Ref. 57-59. Method A: 'H NMR. Method B: UV-visible

blocks the formation of the type 1 complex shown in Fig. 10 [52, 61]. Yet this
guest binds to tweezer 49 as tightly as does 50 (entry 6, Table 6). Pyrrolopyrimidine
55 was examined because it can form a type 1 complex, but the type 7 geometry
is unavailable. While 55 still binds tightly to 49, its complexation shifts are quite
different from those seen in 50 and 54. It can be concluded that the 49-50 complex
more closely resembles 51. A reasonable explanation for this preference is that
the larger degree of host-guest n-overlap in the type 7 complex (51) overwhelms
the small energetic preference that carboxylic acids show for the type 1 complex.
Thus, in complex 52 the imidazolyl ring of the adenine nucleus projects out of
the cleft into the solvent.
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7
AcO <N I NJ BuCOO «N ' N’J\N/H
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3.3.2 Nucleoside Selectivity

In comparison to butyric acid, the microenvironment of the carboxylic acid in 49
alters its complexation efficiency and the preferred geometry of its adenine
complex. The nucleoside selectivity is also altered and improved to the extent
that 49 can be considered a moderately selective host. As seen in Table 6
(entries 8-11), 49 selectively binds purines, with the association constants
following the order A (56) > G (57) » (58) C = (59) U. The maximum selectivity
is AAG® = 2.8 kcal mol~!, while for butyric acid the selectivity was Me3G =
C = A = U with only 1.3 kcal mol~! separating the strongest and weakest
complexes [52].

3.3.3 Origin of Complexation Strength

What is the origin of the strong binding of 9-propyladenine? A simple component
analysis underscores the importance of the individual binding contacts. As seen
in Table 7, spacer acid 47 binds 9-propyladenine with an association constant of
only 280 M !, while the single anthracene ring in 60 markedly increases its affinity
for 50 (K ,ioc = 5200 M 1), and in turn the second anthracene in molecular tweezer
34 brings the stability up even further (K, = 120000 M ™1'). In free energy, each
anthracene contributes ca. 2 kcal mol ™!, while hydrogen bonding alone is worth
2.7 kcal mol~*. Enthalpies of complexation have been measured and suggest a
larger overall contribution by the m-surfaces. However, the accuracy of the
measurements is in doubt for two reasons. First, the enthalpies of binding were
determined from a van’t Hoff plot that spanned only 30 K due to difficulties in
measuring the very high association constants exhibited by 34 at low temperatures.
Secondly, Adrian and Wilcox have shown that enthalpies and entropies of binding
in a related host-guest system will vary depending on the concentration of small
amounts of water in the chloroform [62].

The component analysis described above shows that the aromatic cleft in 34
contributes 4.2 kcal mol™! toward the free energy of complexation of 9-
propyladenine (50). An alternative approach to determining the contribution made
by the aromatic cleft would be to measure the free energy obtained in a complex
between 50 and a molecular tweezer containing an aromatic cleft, but no carboxylic
acid group. This analysis, which has been carried out using molecular tweezer 11,
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Table 7. Association constants (K ..} of 1:1 complexes between various hosts and 50 in
chloroform at 298 K and pKa values of hosts determined in 4:1 dioxane-water?®

En- Meth- Acid pKa® Kossoe!  —AHY —AS,06.° —AG ;45"
try od

1 B 34 13.0 + 0.1 120000 13 20 6.9

2 B 60 114 +0.1 5200 9 13 5.1

3 A 47 9.9 +0.1 280 4 2 33

4 A 4-methoxybenzoic (61) 7.26 + 0.05 440 36

5 A benzoic (62) 6.92 + 0.04 540 3.7

6 A 4-chlorobenzoic (63) 6.48 + 0.05 630 3.8

7 A 4-cyanobenzoic (64) 5.81 + 0,06 950 4.1

8 A 11 <5 <1

* See Ref. 29 and 59. Method A: 'H NMR. Method B: UV-visible. ® Entries 1-3
spectrophotometrically, entries 4—7 potentiometrically. © M™% ¢ kcal mol™*. ® cal deg™!
mol ™}

leads to the opposite conclusion: the aromatic cleft contributes nothing to the
stability of the 34-50 complex (Fig. 15). The discrepancy between the analyses in
Fig. 15 is another example of complex additivity in binding energies, the phenome-
non discussed in Sect. 2.5 [35, 36].

The complex additivity in this system may also result from changes in
translational and rotational entropy. For example, in the 11-50 complex (Fig. 15)
a favorable n-stacking enthalpy as high as 9 kcal mol ™! could be offset by a large
negative entropy of complexation (e.g. —28 cal deg™! mol~! or 8 kcal mol ™! at
298 K), leaving the very small —AG® that is observed. In the 34-50 complex, the
hydrogen bonding would help to pay this entropic cost so that the enthalpy of
n-stacking is observed in the free energy of binding. Thus, the very high stability
of the complex between molecular tweezer 34 and 50 may derive in large part
from a favorable n-stacking interaction between host and guest. In this respect,
the anthracene rings in 34 are well suited for the role given the very high
polarizability of anthracene and other large aromatic systems [63, 64].

As discussed in Section 2.5, complex additivity in binding energies may be
observed in the absence of entropic effects if the binding contacts involved are
close to each other [35]. Proximity allows the groups to communicate either
through space or through contacts to the guest. For example, in the 34-50 complex,
the n-system and the hydrogen bonding may interact synergistically since partial
proton transfer to 9-propyladenine (50) is likely to enhance the w-stacking
interaction by strengthening the donor-acceptor interactions. Alternatively, the
complex additivity in binding energies seen in Fig. 15 may result from a through
space interaction between the carboxylic acid and the anthracene rings. Two
possibilities for this through space interaction are: (1) the anthracene rings alter
the pKa of the carboxylic acid group, increasing its affinity for adenine, and (2)
the anthracene rings sterically desolvate the carboxylic acid.

The first possibility was examined by titrating carboxylic acids 47, 56, and 34
in 4:1 dioxane-water. As seen in Table 7 and Fig. 16, each anthracene ring raises
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47-50
Kassoc =280 MV1
-AGogg® = 3.3 kcal mol™

34-50
Kassoc= 120 000 M
-AG,gq° = 6.9 kcal mol™

1150
Kassoc < 5 M’
-AG293°5 1 kcal I'TIOI-1

Fig. 15. Complex additivity of binding energies seen by comparing the stabilities of the
complex formed between 50 and hosts 11, 47, and 34

the pKa of the carboxylic acid by ca. 1.5 units. For calibration, the pKa of four
simple benzoic acids (61-64) were determined in 4:1 dioxane-water and their
association constants with 50 were measured in chloroform (Table 7). The
data for 61-64 indicate that a lower pKa results in a higher affinity toward
50, although the effect is not large (@ = 0.36). Strikingly, the opposite trend is
seen with 47, 56, 34 (Table 7, Fig. 16). In this case, a higher pKa correlates with
a higher affinity toward 50 and the effect is dramatic. It is not inconceivable
that the ordering of pKa values may change from 4:1 dioxane-water to
chloroform, but the results with benzoic acids 61-64 suggest that changes in pKa
of the tweezer carboxylic acid will have at most a small effect on its affinity toward
adenine.

The large increase that each anthracene induces in the pKa of the carboxylic
acid in 47 can be explained by steric desolvation of the carboxylate (carboxylic
acid) group and by a destabilizing interaction between the carboxylate anion and
the anthracene rings [65]. Is the acid group desolvated in chloroform, and is this
in part the origin of the complex additivity in binding energies? Jorgensen has
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Fig. 16a. Titration curves in 4:1 dioxane-water: A: 47 (A = 413 nm), O: 60 (A = 413 nm),
®:34 (A = 410 nm). Dotted lines (- ) are the calculated curves. b) Relationship between
carboxylic acid acidity and binding affinity for 50 in chloroform. A: 61-64, m: 34, 47, 60.
Data from Table 7

addressed this question in a particularly interesting computational study [66].
Monte Carlo simulations were carried out in boxes (ca. 33 A per side) containing
250 chloroform molecules and either a molecular tweezer-adenine complex or a
molecular tweezer alone. In a study of the latter type, an analogue of 34 lacking
the phenyl substituent was found to contain one chloroform molecule well inside
the aromatic cleft and two additional chloroform molecules solvating the oxygen

Fig. 17. Graphical analysis showing the solvation of tweezer acid in chloroform. Location
of chloroform carbon atoms found within 7 A of tweezer carbonyl group from 80
configurations are labelled by X. From Ref. {66]
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atoms of the acid on either side of the spacer (Fig. 17). Gas phase calculations
further suggested that molecular tweezers like 34 are actually good hosts for
chloroform [66]. It can be concluded from these studies that molecular tweezers,
such as 34, do not have naked clefts and guest binding must occur with some
degree of competition with solvent.

4 Summary and Outlook

The broadest conclusion that can be drawn from these studies is that non-
macrocyclic hosts can bind neutral guests with affinities and selectivities that are
as high as their macrocyclic counterparts. Because guests of any size can be
complexed without having to be fully included in the host, this strategy significantly
extends the scope, and also the potential applications, of host-guest chemistry.
For example, the simplest molecular tweezers described in this review bind nitrated
polycyclic aromatic hydrocarbons (nitro-PAH) with very high affinities and
selectivities (e.g. for 11, K,.,. = 20000 for TENF vs K. < 5 for anthracene).
These particular guests represent a significant health and environmental concern
because nitro-PAH are potent mutagens and potential carcinogens that are found
in gasoline exhaust, cigarette smoke, and coal-burning power plants [67]. As such,
immobilized molecular tweezers such as 11 have potential uses in the detection
and separation of these compounds.

On a more fundamental note, several aspects of the complexation chemistry
shown by these molecular tweezers need to be more extensively studied. The simple
molecular tweezers that bind guests by n-stacking alone, and those that additionally
use hydrogen bonding, form host-guest complexes that are more stable than expected
from the binding efficiencies of their constituent parts. The origin of this complex
additivity of binding energies needs to be determined. While a number of approaches
to this problem have been envisaged, a particularly useful one will involve a
careful measurement of enthalpies and entropies of binding in a range of solvents.

The role of computational chemistry in addressing these and related issues
cannot be underestimated. Studies by Jorgensen have provided remarkable insights
into several host-guest systems [66, 68, 69]. As described above, computational
studies of molecular tweezers have elucidated the contribution that solvation
makes to binding affinities [66]. These same studies have allowed the absolute
binding constant of the 34-50 complex to be calculated with impressive precision,
and allowed the relative importance of hydrogen bonding and =-stacking to be
determined. These successes also underscore the important role that computational
approaches will play in the design of new host-guest systems.

One goal of future studies is to optimize the complexation power of molecular
tweezers. A particularly interesting possibility is that the affinity that molecular
tweezer 34 shows for 9-propyladenine can be improved by introducing additional
hydrogen bonding contacts. This is possible because: 1) complex 51 uses only two
out of five possible hydrogen bonding sites of adenine, and 2) the syntheses that
have been developed are flexible enough to allow attachment of chromophores
holding additional groups. A second carboxylic acid appears to be a superb
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candidate for added hydrogen bonding interactions given the recent results of
Adrian and Wilcox [70). These workers have shown that a host containing two
benzoic acid groups attached to a Troger’s base unit binds 9-ethyladenine with
remarkable efficiency (K., = 44000 M ~1)in chloroform. Since the entropic price
has largely been paid for in the 34:50 complex, there is the possibility that the full
enthalpic worth of each additional hydrogen bond will been seen in the free energy
of complexation (AG®). Thus, the stability of such complexes may rise dramatically.

The fact that biological systems operate in water makes the development of
water soluble molecular tweezers a special challenge. The complexation power of
molecular tweezers that use EDA forces alone in organic solvents is expected to
rise considerably in aqueous solution because the association of aromatic systems
is usually much stronger when driven by the hydrophobic force. The situation is
potentially quite different for the molecular tweezers that also use hydrogen
bonding. In water, hydrogen bonds between water and the host and guest will
have to be broken prior to complexation [71]. Whether these hosts remain effective
may depend upon the strength of the stacking interactions. In many senses this
situation is similar to that of natural binding sites where dispersion forces are
believed to contribute heavily to overall binding affinities while hydrogen bonding
is important in specificity [72].
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1 Introduction

In a report dated 1915, Mrs Gertrude Maud Robinson (the first wife of Sir Robert
Robinson) showed that the acid catalyzed condensation of veratryl alcohol
produced, in excellent yield, a solid, m.p. 227 °C, which she considered to be
2,3,6,7-tetramethoxy-9,10-dihydroanthracene [1]. In making this proposal (which,
however, was not entirely accepted by her husband [1]), she was perhaps influenced
by an earlier, hardly justified claim by Ewins (1909) that piperonyl alcohol, under
acidic conditions, furnished a high-melting compound similar in many respects
to hers described as being “with considerable probability” 2,3,6,7-dimethyl-
enetetraoxy-9,10-dihydroanthracene [2].

That Robinson’s and Ewins’ compounds did in fact have the trimer structures
1 and 2, respectively, was only established 50 years later by the works of Lindsey
[3], Erdtman et al. [4], and Goldup et al. [5]. The name cyclotriveratrylene (CTV)
was given by Lindsey to 1, which was shown by NMR to adopt the locked crown
conformation shown on the stereoformula and later evidenced by X-ray crystallo-
graphy (Fig. 1) [6, 7]. More recently [8], the inversion barrier of the crown in 1
was found to be ca. 26.5 kcal - mol ™! from the racemization rate of the isotopically
chiral C3-cyclotriveratrylene-d, (3); relatively uniform values (AG* 26.5 to
27.2 kecal/mol) were found [9] for a variety of chiral cyclotriveratrylenes, including
the parent compound 4, C3-cyclotribenzylene-d;. Thus, in these compounds, the
‘half-life of a crown conformer in solution is around one month at 20 °C, a few
minutes at 100 °C and less than 0.1 second at 200 °C.

XZ/T-?Y

Y Y X X
1 X=Y=0CH,
2 X,Y=0CH,0
3 X=0CH,,Y=0CD;,
4 X=H,Y=D

For a long time, Robinson’s compound has attracted attention in view of its
ability to form crystalline inclusion compounds with certain small molecules. This
property was initially mentioned in 1931 by Bhagwat et al. [10], and some of these
inclusion complexes were investigated in detail some 25 years later by Caglioti
et al. [11] (at the time Robinson’s compound was believed to be a hexamer—see
Ref. [9]).

Since the end of the seventies, interest in cyclotriveratrylene has moved towards
the use of its cone shaped structure for applications in various fields, including
investigations of the electronic transitions of the benzene chromophore via UV
and CD spectroscopy, studies in the area of host-guest chemistry, synthesis of new
types of liquid crystals, and searches for new three-dimensional organic charge-
transfer materials. These works have been made possible because efficient synthetic
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Fig.1. X-ray crystalstructure of cyclotriveratrylene
(ref. 7)

routes have been set up during the last two decades, allowing the preparation of
functionalized cyclotriveratrylenes. The basic aspects of the chemistry of 1 and of
the preparation of its analogues have been reviewed in 1987 [9], and the present
article will therefore be restricted to the more recent developments in this area.
Special emphasis will be given to the synthesis and properties of the “crypto-
phanes”, hollow molecules of the cavitand type, made of two CTV units linked
in front to one another. These compounds form inclusion complexes in solution
with guests of tetrahedral geometry, and present interesting redox properties.

The paper is organized as follows. Sect. 2 describes the general principles and
recent results for the synthesis of cyclotriveratrylenes; Sect. 3 describes some
applications of these compounds to host-guest chemistry. This latter section is
devoted principally to the cryptophanes, and to host molecules containing one
CTV unit that have recently been described. Sec. 4 presents some prospective
work in the field of material sciences, i.e., ferroelectric liquid crystals and organic
three-dimensional charge transfer salts.

2 Synthesis of Cyclotriveratrylenes, Cryptophanes,
and Related Compounds

For a detailed discussion of the synthetic methods, reaction mechanisms, and
chemical aspects see the previous review [9].

2.1 Cyclotriveratrylenes

We focus here on the preparation of functionalized C3-cyclotriveratrylenes bearing
two different substituents X and Y on the peripheral positions of the three benzene
rings. The synthesis of such compounds is based on the reaction shown in Fig. 2,
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X CH,OH X CH,*

O o — SR,

Y Y X X

Fig.2. Synthesis of cyclotriveratrylene by trimerization of 3,4-disubstituted benzyl cations

in which a 3,4-disubstituted benzyl alcohol is converted under acidic condi-
tions to the corresponding C3-trimer.

Experimental data for the trimerization of 3,4-disubstituted benzyl alcohols are
assembled in Table 1. In this reaction, position 6 on the aromatic ring must be
activated towards electrophilic attack, which requires that a strongly electron
releasing substituent X is present at position 3. The effect of this substituent on
the trimerization yield is not always entirely predictable, however. For instance
vanillyl alcohol (Y =OH) affords tars under the conditions where its allyl ether
is converted to the trimer 9 in 55% yield. Nevertheless, the importance of having
a strongly electron releasing X group is evidenced by comparing the behaviour
of 4-bromo-3-methoxybenzyl alcohol (X=0OCH,, Y =Br) with that of its regio-
1somer (X =Br, Y = OCH,); only the former can be converted to the cyclic trimer 11.

It 1s likely that the role of substituent Y at position 4 is mostly to prevent side
reaction at this position. This idea is based on the observation that 3-methoxyben-
zyl alcohol (X=OMe, Y =H) affords a small yield of trimer 12, besides polymeric
by products. In all examples reported thus far, Y is also an electron releasing group;
however, a weak electron withdrawing group might perhaps be acceptable,
providing that it does not deactivate the aromatic ring too much.

It is interesting that C3-cyclotriveratrylenes bearing heteroatoms different from
oxygen at the periphery of the ring system can now be synthesised by this strategy
in fair to excellent yield (bromine, nitrogen, sulfur, 11-15). Functional group
transformations of the C3-cyclotriveratrylenes obtained by trimerization and listed
in Table 1 give access to a “second generation” of compounds, the most important
of which, for synthetic applications, are assembled in Table 2. Some of these
compounds have been obtained in optically active form. Their optical rotations
are indicated in the Table together with their absolute configurations M or P),
established by X-ray crystallography and chemical correlations.

Several host molecules containing a single cyclotriveratrylene unit will be
described in Sect. 3.1.

2.2 Cryptophanes

The name cryptophane [23], which designates molecules made of two cyclotriver-
atrylene units assembled by three bridges in the way shown in Fig. 3, recalls the
[1.1.1Jorthocyclophane structure of CTV and underlines the presence of an enforced
cavity in these compounds allowing the inclusion of suitable guest species (Sect. 3).
Only two types of cryptophanes have hitherto been synthesized in which the
three bridges are identical and the R and R’ substituent display an anti or syn
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Table 1. C3-cyclotriveratrylenes obtained by trimerization of 3,4-dis-
ubstituted benzyl alcohols (see Fig. 2)

X Y No  Yield Refs
OCH, OCH; 1 70 9
OCH, OH 5 0 12
OCH;, OC,H; 6 51 13
OCH;, OCH,CO,H 7 45 14
OCH,CO,H OCH; 7 42 9
OCH, OCH,CH,0CH,CO,H 8 40 15
OCH, OCH,CH=CH, 9 55 12, 16
OC,H; OCH,CH=CH, 10 15 13
OCH;, Br 11 25-40 17-19
Br OCH, 11 0 17
OCH, H 12 6.5 18
OCH, NHCOCH;, 13 90 20
OCH, NHCOCH,ClI 14 95 20
OCH, SCH;, 15 93 20

Table 2. Functionalized cyclotriveratrylenes of the second generation (see Fig. 2 and for the
stereochemistry Fig. 1)

X Y No [e)s Conf Refs
OH OH 16 3
OCH, OH 5 -272 P 12, 16, 21
OC,H; OH 17 —293 P 21

Br OH 18 —174 P 21
OCH;, CH,0H 19 —221 P 21
OH H 20 —199 P 21
OCH,; OCH,CO,CH, 21 14, 22
OCH; OCH,CO,H 22 14, 22
OCH; OCH,CH,0H 23 14, 22
OCH, OCH,CH,I 24 14, 22
OCH, Li 25 18, 19
OCH, CO,C,H; 26 18, 19
OCH, CO,C¢H; 27 18, 19
OCH;, CO,H 28 18, 19
OCH;, CH,CI 29 18, 19
OCH;, CH,SH 30 18, 19
SCH, OH 31 20
OCH, NH, 32 20
OCH,4 OCH,CONHCH;, 33 20

relationship as shown in Fig. 3. In general, the bridges are of structure O(Z)O
(where Z equals (CH,),, CH,—CH=CH—-CH,, or CH,—C=C—-CH,). In most
cases R=R’ and the D3-anti and C3,-syn isomers have been identified. Also a
pair of C3-anti and C3-syn isomers exist, with R=0CH; and R'=H, and a pair
with unsymmetrical bridges of structure O(CH,),S (see formulae 40—43, below).
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anti syn

Fig. 3. anti and syn cryptophanes

For the designation of these compounds, we have adopted a system based
principally on the chronology of their description; the first member of the
family (anti stereochemistry) was thus named cryptophane-A, and its syn isomer
cryptophane-B. This was followed by the anti/syn pair C/D, respectively, then
E/F, and so forth.

For the construction of the cryptophanes depicted in Fig. 3, two different
synthetic routes have been employed (Fig. 4). With reference to method (a), a
suitably substituted benzyl alcohol is first converted to a C3-cyclotriveratrylene,
to which three chains ending with benzyl alcoholic groups are attached and
eventually cyclized intramolecularly; in this reaction, the first cap serves as a
template to direct the trimerization [14]. In a second, shorter route (), a benzyl
alcohol is first transformed into a ‘dimer’, which under suitable conditions
trimerizes to a cryptophane; in this reaction, six carbon-carbon bonds have to be
created in a single sequence [24].

, S8 — -
6 .

o

OH~OHNOH

OH

Fig. 4. Strategies for cryptophane synthesis
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Both routes actually use vanilly alcohol 34 (3-methoxy-4-hydroxybenzyl alco-
hol) as the starting material. Application of method (a) requires that 34 could be
trimerized to C3-cyclotriguaiacylene, 5 (Table 1). However, as was said above,
this reaction does not work, presumably because the phenolic group makes the
molecule too reactive under the strong acidic conditions employed; the allyl
protected derivative 35 was thus used instead of 34 itself, and, on reaction with
perchloric acid in methanol, gave the tris-allyl protected derivative 9 in 55% yield.
Palladium catalysed cleavage of the allyl groups then led to the desired racemic
triphenol 5. The latter could eventually be resolved by separation of its dia-

stereoisomeric esters with w-camphanic acid [13].
36

An example of cryptophane synthesis using 5 us a template is depicted in Fig. 5.
The cyclization precursor 37 was obtained by alkylation of 5 with iodide 36; in
warm formic acid solution (high dilution: 10~* M), it was smoothly converted to
a mixture of two cryptophane isomers in 77% overall yield [25). The minor (27%)

ST

H,CO fo) OCH3 OCH3
CH,OH  GH,OH — \\
OGH; OCH

CH,OH CH,OH CH,0OH

GH,OH
CH,0 OCH;  COCH;,
(( \\’ ; HCO.H
0
OCH3 OCHg OCH;8
M " O;CHg O OCH;
M-(+)-37 — % >
OCH;  OCHs ¢ 0 oCH,

s

39
Fig. 5. Template directed synthesis of cryptophanes 38 and 39
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and major (50%) isomers were assigned as the ant/ and syn structures 38 and 39,
respectively, because the same reaction carried out from optically active M-(+)-37
afforded optically active (—)-38, showing [o]p-49° in CHCl,, and optically inactive
39. Thus 38 must be the chiral D3 isomer (named cryptophane-E) and 39 the
C3h meso isomer (cryptophane-F).

The template directed cryptophane synthesis works reasonably well for crypto-
phanes having bridges of structure O(CH,), 0, at least up to n = §, or unsaturated
bridges such as OCH,CH=CHCH,O (Z or E) and OCH,C=CCH,0O (see
Table 3) [26]. The template ring may also have a structure different from that of
the newly created ring as, for instance, in cryptophanes 40—43. For the synthesis
of 40 and 41, the triphenol 20 (Table 2) was used as the template {23], whereas
thiovanillyl alcohol was employed instead of vanillyl alcohol for 42 and 43 [20].

;\v
(@]

T

o

j/
I

o/ o
@]
T
w
0
@]
T
W
o o
QO O
& &
o &
5 3
j/\‘i

42 43

Another advantage of this template procedure is that it allows access to optically
active cryptophanes of known absolute configuration, from suitable optically active
C3-cyclotriveratrylene templates. The cyclization step, however, requires high
dilution conditions, which certainly represents a limitation, if the preparation of
large quantities of these substances is contemplated.

New perspectives in cryptophane chemistry have been opened by the discovery
[24] that these compounds could be synthesized in two steps from vanilly alcohol
34. Following this method [(b) in Fig. 4], a bis(vanillyl alcohol) derivative such as
44 (Fig. 6) is converted directly, under midly acidic conditions (formic acid) to a
mixture of cryptophane-E (38, 15-17%) and —F (39, 0-3%). In addition to its
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MeO :O/CHZOH OOCHa

MeO CH,0OH | 28

Y L
Ho |

S ¢\ '
MeO CH,OH O 2:5 O
(o]

Q
44 OCH, OCHH%
QCH;  oCH.

l

Fig. 6. Two-step cryptophane synthesis

simplicity and shortness, this direct method has the advantage that high-dilution
conditions are not necessary, and therefore much larger quantities of cryptophanes
can be prepared than by using the template procedure [cf. (a) in Fig. 4].

Data on the yields for the cyclization reactions concerning the two methods
are given in Table 3. The direct method is suitable for preparing cryptophanes

Table 3. Yields (%) of anti and syn isomers by using the template
procedure or the direct method [20]

Bridges Template procedure Direct method
0—-(Z)-0
anti syn anti Syn

(CH,), 80 0 5 0
(CH,), 27 50 17 3
(CH_), - - 8 2
(CH,)s 21 43 12 6
(CH,)e 18 9 8 2
(CH,), - - 5 1
(CH,)s 60 20 0 0
CH,CH=CHCH, (E) 34 5 5 1
CH,CH=CHCH, (2Z) 25 50 10 8
CH,C=CCH, 43 20 0 0
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— anti — syn

Fig. 7. Proposed cyclization mechanism in the template method

having O(CH,),O bridges with n in the range of 3 to 6. In all cases, the anti
isomer is obtained preferentially. Although the yields may seem low, as compared
with the template procedure, the desired compounds are easy to isolate from the
side products, which are mostly polymeric in nature. It is interesting that the
stereochemical outcome of the two methods are different. In the template method,
the syn/anti ratio shows an odd/even dependence on the number of methylene
units in the bridges. Precursors with an odd number (such as 37 in Fig. 5)

Fig. 8. Probable intermediates leading to anti and syn cryptophanes in the two-step method
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preferentially cyclize to syn cryptophanes whereas those with an even number of
methylene units cyclize to the anti isomers. Changing a double bond from cis to
trans has a similar effect.

These observations are not surprising since the presence in the bridges of an
even or odd number of atoms, or of a cis or trans double bond, determines the
orientation of the reactive benzyl alcohol ends, and, in turn, the clockwise or
counter-clockwise sense of the cyclization, as illustrated in Fig. 7.

The fact that the direct method does not exhibit the same odd/even dependence
as does the template procedure obviously means the reaction does not proceed
via the intermediate of Fig. 7 but suggests that the two cyclotriveratrylene caps
are formed simultaneously. Possible intermediates leading to anti and syn
cryptophanes are shown in Fig. 8.

The above methods furnish cryptophanes provided with methoxy substituent
at the periphery of the cyclotriveratrylene caps. These hosts are soluble in organic
solvents such as halogenated hydrocarbons but are insoluble in water or in
alcoholic solvents. A way to make them water-soluble would be to incorporate

(& T %j'o

HCO o O\ OCHs OCHy 7 HO o o\ OH o
(CHén (CH\z)n 7H2)n —=  (CHa)q (CHz\)n (C/Hz)"
45 (n=2) 47 (n=2)
38 (n=3) 48 (n=23)
46 (n=4) 49 (n=4)
o omo o]
o L !y
CO;CH OCH
HgCO)-_/ / 2 3/ 3
(CHa)a {CHa)a (CHa)n
C HiCOL0, 0
R0 Q_ 9 O OCH,
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ionizable substituents to their structure. This goal can be achieved by selective
demethylation of the methoxy substituents to give the corresponding phenols.
However, this reaction is not trivial here, as the cleavage of the methyl ethers
must be effected without affecting the OCH, (X)CH,O bridges.

This transformation was satisfactorily achieved [27, 28] in the anti cryptophanes
38, 45, and 46 by means of lithium diphenylphosphide to give the corresponding
hexaphenols 47-49 in good yields.

Hexaphenols 47-49 are water-soluble at pH > 12. On alkylation with methyl
bromacetate they were converted to hexaesters 50-52, followed by hydrolysis to
yield hexaacids 53—55. These hexaacids are soluble in water at pH > 5 (less than
6 equivalent amounts of base added). Alternatively [20], on reaction with
methylamine, followed by reduction of the intermediate hexaamide, hexaester 51
was converted to the corresponding hexaamine 56. The latter is soluble in mildly
acidic water.

P~
3
(1

Q O

0
=/ / \ \-ILH R = CO,H 53 (n=2)
cH 4 (n=3)

C;‘Z)n {CHy), (CHa)n 55 (n = 4)
F‘,—\o o ,—R R=CH,NHCH; 56 (n=3)

Q

&

3 Applications to Host-Guest Chemistry

Cyclotriveratrylene (1) and its hexademethylated derivative cyclotricatechylene
(16) (Table 2) form crystalline inclusion compounds with a great variety of small
to medium-sized molecules. These inclusion compounds have been described in
a previous review [9] and will not be further considered here.

3.1 Hosts Containing One Cyclotriveratrylene Unit

Simple cyclotriveratrylenes such as those listed in Tables 1 and 2 do not complex
guest species in solution, at least to a measurable extent. To reach this goal, various
structural modifications have been proposed by several groups including:
i) replacement of the methoxy substituents of 1 by six polyoxyethylene [29] or fatty
acid [30] chains (octopus molecules); ii) incorporation of crown ethers to each
benzene ring using the phenolic oxygens of 1, so as to provide specific binding
sites for alkali metal ions [31]. In these compounds, the complexing properties are
due to the chains, not to the CTV unit itself.
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Other groups have used the cyclotriveratrylene cone both as a shaping unit
and as a lipophilic cavity for designing and constructing hollow molecules of
various types.

Some of these combine a cyclotriveratrylene moiety with a specific binding site
for cations (speleands). In the first speleands 57 and 38, the specific binding site
isa 18-[N; O] crown ether linked to the cyclotriveratrylene by three bridges [15].
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Recently, speleand 59 containing a diphenylglycoluril unit as the binding site
has been described by the Nolte group [32]. This compound was synthesized by
a process similar to the method described in Fig. 4a, using a diphenylglycoluril
unit instead of a cyclotriveratrylene as the template. It bears an additional pendant
arm intented to perform catalytic functions.

In order to increase the extension of the concave surface of cyclotriveratrylene,
and to obtain potentially useful host structures, Cram and coworkers have
synthesised cavitands 60—65 [33]. In these compounds the additional walls (e.g.,
the o-xylylene units in 60) are conformationally very mobile in solution. On
crystallization from CH,Cl,-cyclohexane, 60 afforded a complex with one CH,Cl,
molecule inside the host cavity. The stereoview in Fig. 9 shows that two of the
o-xylylene walls are turned upward from the cavity bottom and the third outward.

115



Andreé Collet et al.

Fig. 9. Crystal structure of 60 - CH,Cl, (ref. 33)

A similar conformation is found by molecular mechanics, and the calculations
suggest that this host with CH,Cl, inside the cavity in the position shown in
Fig. 9 would be 13.7 kcal - mol ! more stable (AH) than the free host, a surprizingly
large value which should probably be taken with a grain of salt. The binding
constant of CH,Cl, to 60 in solution is not known.

64 65

3.2 Cryptophanes as Hosts

The extraordinary ability of certain cryptophanes to bind neutral molecules of
complementary size in lipophilic solvents is illustrated in Fig. 10, showing the

116



Cyclotriveratrylenes and Cryptophanes

NMR spectrum of cryptophane-E (38) in (CDCl,),, in the presence of two
equivalents of CHCI; at 300 K. The peaks at 8, 7.28 and &, 2.84 ppm correspond
to the free and complexed chloroform molecules, respectively, which slowly
exchange at this temperature on the NMR spectrometer time scale [25]. On heating,
the guest signals broaden, as the exchange rate increases, but even at 340 K the
fast exchange limit is not yet reached. The binding constant K, is unusually strong,
470 M~ ! at 300 K, which means that 38 can withdraw CHCl; from (CDCl,), at
this temperature (at lower temperature, the binding constants are still higher).

This type of complexation is by no means limited to halogenomethanes, and
the same behaviour is observed with aliphatic hydrocarbons such as isobutane
[34], which shows a comparatively strong binding (K, ca. 100 M ™') with host 38
under the same conditions as above (Fig. 11). It is interesting to note that in the
isobutane complex, the upfield shift of the CH group (§,~98. 4.25 ppm) is close to
that of CHCl; (4.44 ppm); the structures of the two complexes are thus probably
similar [35].

For host 38, the complexation processes are slow, on the NMR time scale; the
barrier for guest inclusion, calculated by line-shape analysis of the exchanging
guest signals, is found between 13 and ‘15 kcal - mol™! at 300-330 K, for guests
ranging from CHj;l to CHBr,. Other cryptophanes show much faster exchange
rates. For instance, the NMR spectrum of 40 (cryptophane-C) in the presence of
CH,Cl, (Fig. 12) at 293 K does not show any signal for this guest; the fast exchange
averaged resonance is probably between 3 and 5 ppm where it is obscured by the
host signals. However, at 233 K, the free and complexed CH,Cl, peaks become
visible. In this case, the inclusion barrier is around 11-12 kcal-mol~!. The
magnitude of the binding constant K, is not affected by the exchange rate, however:
325 M 7! for 40 and CH,Cl, at 300 K [36].
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Fig. 10. 'H NMR spectrum of cryptophane 38 in (CDCl,), in the presence of CHCl,
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Fig. 11. 'H NMR spectrum of cryptophane 38 in the presence of isobutane, in (CDCl,),

A summary of the complexing properties of hosts 38 and 40 in (CDCl,), towards
neutral guest species is given in Fig. 13, where the experimental free energy of
association AG®,(= —RT In K,) at 300 K has been plotted as a function of the
guest van der Waals volumes [35].

H300 O OOCHS OCHE
293 K \) |\
o F R ooH
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| |
— "\ J\_
70 80 | 50 40 30 20 10

Fig. 12. "H NMR spectra of cryptophane 40 and CH,Cl,, in (CDCl,),
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Fig. 13. Free energy of association AG®, for complexes of 38 and 40 with neutral guests at
300 K, in (CDCl,),

Both cryptophanes exhibit a smooth and steep size recognition. The smallest
one, 40, prefers to bind guests of size around 60 A3, whereas the preference
of the largest, 38, is shifted to ca. 75 A3. In the two cases, the selectivity is
quite distinct. For instance, 38 discriminates between CHCl; and CHBrCl, by
0.3 kcal - mol ™!, an energy difference which is best appreciated by considering
that the difference in volume of these two molecules is only 5%. However, 38 does
not discriminate between isobutane and CHBr,Cl which have the same van der
Waals volume.

On the other hand, acetone is much more weakly bound than chloroform,
although they have about the same size. Host 38 therefore efficiently recognizes
tetrahedral (sp®) versus flat (sp?) molecules.

At this point, it is interesting to think about the meaning of these experimental
binding constants K,. They correspond to an equilibrium state in which guest
and solvent compete to occupy the host cavity, as sketched in Fig. 14a. The actual
binding constant of the guest, K, can be determined only if that of the solvent, K,
is known, by using the following relationship where {S] represents the molar
concentration (or the activity) of the solvent:

K = K,(1 + KJS).

Accordingly, K will be close to K, if K [S] < 1. Since [S] is usually around 10 M,
the above condition will be fulfilled only if K, < 1072 M ™!, The following example
is illustrative: host 40 binds CH,Cl, in CDCl;, with an apparently very weak
binding constant K, = 2.6 ML, In fact, the solvent ([S] = 12.4 M) is also bound,
with K, = 10 M™%, Application of the above equation indicates that the actual
binding constant K of CH,Cl, should be around 325 M ™1,
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Fig. 14. Dissection of the complexation equilibria

This is the reason why 1,1,2,2-tetrachloroethane-d, was employed as the solvent
in the experiments described in Figs. 11-13. This solvent seems to be too big
(108 A3) to occupy the cavity of hosts 38 and 40, hence its K, must be very small and
therefore the measured K, should be close to their actual value K.

The physical meaning of K can be analyzed in more details. It formally
corresponds to the horizontal equilibrium displayed in Fig. 14b, to which the free
energy change AG” is associated. This equilibrium can in turn be dissected into
(at least) two sub-equilibria: the first one can be related to guest desolvation
(AG®,). It may be connected with the opposite of the energy of mixing of the guest
in solvent S at infinite dilution, or more generally with “solvophobic forces”. The
second equilibrium (AG®,) represents the interaction between the desolvated guest
and the empty host in solvent S. Thus AG® is the sum of AG®; and AG®,. In our
relatively simple experimental model system, guest and solvent are very similar
in nature, both being lipophilic. Hence the contribution of AG®°; should be
negligible and the observed AG® is thus expected to be reasonably close to AG®,,
the term representing the interaction energy of the host and guest partners.

It is interesting to split AG® into its enthalpic and entropic components, which
can be done by means of the usual van t’Hoff plots {In K vs. 1/T). Relevant data
for cryptophane-A (45), C (40), and E (38) are assembled in Table 4. Cryptophane-A
is similar in structure to cryptophane-E, and has shorter bridges (O(CH,),0 in
45 instead of O(CH,);0 in 38). Thus cryptophane-A and C should have cavities
of the same size, slightly smaller than that of cryptophane-E.

The data assembled in Table 4 indicate that the apparently simple size
dependence of the recognition is no longer valid when the enthalpies and entropies
of complexation are considered. For the smallest hosts 40 and 45, enthalpy strongly
favors chloroform over methylene chloride, although the latter is the preferred
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Table 4. Complexation thermodynamics for cryptophane-A (45), -C (40), and -E (38) in
(CDCl,), at 300 K [20]

Host Guest AG® AH AS
kcal - mol ™! kcal - mol ™! cal-mol™!-K™!
45) CH,Cl, 37 33 +1
CH,Br, ~35 -13 —7
CHCl, -33 —82 ~16
(40) CH,Cl, —35 ~39 —1
CHCl, —~14 —64 —16
(38) CH,Cl, 28 +1.0 +6
CHCl, -3.7 —6.0 -7
CHBICl, —34 52 —6
CH(CH,), —2.8 —38 -3
CHBr,Cl 29 -15 +4
CHBr, -23 —14 +4

guest at 300 K. This paradox can be explained by considering the large negative
entropy of formation of the chloroform complexes, corresponding to a TAS term
of +4.8 kcal - mol™?! at 300 K. In other words, a good fit between host and guest
leads to a favorable AH, but has to be paid by a large negative entropy of formation,
which in turn destabilizes the complex at room temperature.

The fit between host 38 and chloroform is still good (AH —6 kcal - mol™1),
however, the entropy of complexation is less negative than it is with 40 and 45,
possibly because the host cavity of 38 is, in fact, slightly too large for this guest.
On the other hand, methylene chloride displays a small, positive AH which means
that it does not interact with the host cavity very efficiently (it is too small). Here,
one can draw a relatively simple picture of the phenomenon; for tetrahedral guests
of type CHXYZ with sizes between 70 and 80 A3, the enthalpic stabilization of
the complexes overcomes their entropic destabilization at 300 K. Since as stated
above, this stabilization cannot come from solvophobic forces (AG®, in Fig. 14),
it should be ascribed to attractive host-guest interactions provided by dispersion
forces operating in the interior of the cavity. The observed magnitude of these
forces implies that the complexes are geometrically well defined; the crystal
structure of the chloroform complex of 38 is consistent with this view (Fig. 15),
and shows that the guest aligns its threefold axis with that of the host [35].

The study {26, 37} of the complexation of polymethylammonium cations by 38
in (CDCl,), gave unexpected results (Fig. 16). One observes a very strong
complexation of Me,N* (K, of the order 250000 M~ 1), although the size of this
substrate is nearly the same as that of Me,CCl, which is only very weakly bound.
The size of a molecule, or of a molecular cavity, is thus a somewhat fuzzy notion!

Moreover, the strong binding displayed by the tetramethyl ammonium cation
led to consider that cryptophanes of the size of 38 might be suitable receptors for
substrates of structure Me;N* —R in which R would be an aliphatic chain or a
functionalized chain such as that of choline and acetylcholine. In fact, it is found
that, in (CDCl,),, the binding constant drops rapidly as the length of an aliphatic
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Fig. 15. X-ray crystal structure of complex 38 - CHCl;; a) side view; b) top view (ref. 35)

chain increases (R = Me, Et, Pr). However, the presence in the chain of a well
positioned OH group leads again to a strong complexation: choline (R = CH,CH,OH)
is thus better bound than its hydrocarbon analogue (R = Pr). In fact the OH
group of choline can form an hydrogen bond to one of the oxygens of the methoxy
groups of the host (see Fig. 16). Acetylcholine, in which such H-bonding is no
longer possible, is only weakly complexed by 38 under these conditions.

The reasons why Me,N7 is so strongly bound are not yet well understood. In
this case, the AG®, term of Fig. 14 may be important, as this cation is probably
more hydrophilic than lipophilic. Moreover, the high electron density of the six
alkoxy substituted benzene rings of 38 may certainly favor the binding of soft
cations of suitable size and shape. It is noteworthy that anions of comparable
size, such as BF; or PF; do not show any evidence of complexation under the
same conditions.

The dramatic effect of the ‘tail’ (R) of the ammonium substrates on the binding
strength is difficult to explain. This tail, which points outside the windows if the
length of R is at least that of a propyl group, might restrict the rotational freedom
of the guest in the cavity; this phenomenon would be expected to generate a
defavorable entropy term. A more precise discussion of this point must await the
determination of the enthalpies and entropies of complexation for these charged
substrates.

In water or hydrophilic solvents, the contribution of hydrophobic forces (AG®;
in Fig. 14) is expected to enhance the stability of the complexes between
cryptophanes and neutral, lipophilic substrates. The following experiment [27]
furnishes a good illustration of this effect. The NMR spectrum of the empty
water-soluble host 53 in D,O/NaOD (pH ca. 6) is shown in Fig. 17a. On addition
of less than one equivalent of CHCI,, a new sct of sharp resonances appears for
the host (Fig. 17b), while no signal is detected for CHCI; at the expected position.
Instead, a peak at 3.15 ppm is present, assigned to complexed CHCI;. Thus this
cryptophane virtually scavenges CHCl; from water. Only when slightly more than
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Fig. 16. AG®, of complexation of ammonium guests by cryptophane 38 in (CDCl,),

one equivalent of the guest is added does the free CHCl; become observable at
7.69 ppm, and then all the resonances of the host simplify to a single set of sharp
peaks ascribed to the CHCl; complex (Fig. 17¢).

The complexation of CH,Cl, by 53 follows the same trend. However, CHCI,
(K, 7700 M~1) is better complexed than CH,Cl, (5000 M%), although the
corresponding host 45 displays in (CDCl,), an inverse preference (see Table 5).
The hydrophobic contribution (AG®,) is expected to be larger for CHCl;, which
is ca. 30% bulkier in volume than CH,Cl,, and therefore might account for the
inversion of the selectivity of 45 and 53 on going from a lipophilic to a hydrophilic
solvent. A rough estimate of the magnitude of this contribution may be given by
the difference of the AG®, values for the same guest in (CDCl,), and in water:
—2.0 kcal - mol ™! for CHCls, instead of —1.4 for CH,Cl,.
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Fig. 17. 'H NMR spectra of cryptophane 53 and CHCl; in D,0O/NaOD solution

Relevant complexation data for C,-aliphatic hydrocarbons and host 54 in water,
and 38, in (CDCl,),, are given in Table 5. Isobutane appears to be more than five
hundred times better bound by 54 in water than by 38 in the organic solvent. The
hydrophobic contribution in this case (—3.8 kcal - mol™?') is larger than that
reported above for CHCI; (isobutane is more polar and about 10% bulkier in

volume than CHCI;) [37].

In water, isobutane is fifty times better bound than isobutene, and ten times
better than n-butane. These results confirm the preference of the cryptophane
cavity for tetrahedral structures, and show that branched hydrocarbons are much
better substrates than linear ones. Separation processes based on such molecular

Table 5. Complexation data for neutral guests in water and in (CDCl,), at 300 K [20]

Host Solvent Guest K, AG®, AG°,
M™! kcal - mol™! kcal - mol ™!
Cryptophane-A (CDCl,), CH,Cl, 475 -3.7
45) CHCl, 230 -33
Cryptophane-
A(COOH); (53) D,0 CH,(Cl, 5000 —35.1 —14
CHCl, 7700 -53 -20
Cryptophane-E
(38) (CDCl,), isobutane 115 —-238
Cryptophane-
E(COOH), (54) D,0 n-butane 6000 -52
isobutane 60000 ~6.6 -38
isobutene 1200 —4.2
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Fig. 18. Free energy of association AG®, for complexes of 38 with ammonium guests in
(CDCl,), and in D,O/NaOD solutions

recognition phenomena rather than on distillation or diffusion can thus be
envisioned [28].

Finally, the complexing properties of the water-soluble host 54 in water
(pH 5-8) towards polymethyl ammonium cations are summarized in Fig. 18. For
comparison, the complexing properties of host 38 in (CDCl,), are displayed on
the same graph [37].

On going from the organic solvent to water, one observes a decrease of the
binding constants for the smallest substrates (up to choline), and an increase for
the largest ones, Me;N* —Pr, Me;N* —Bu, and acetylcholine. This behaviour
again emphasizes the role of hydrophobic forces, which favor the complexation
of the substrates having the longest side chains. Moreover, it is noteworthy that
acetylcholine is now bound, albeit not very strongly, in water at neutral pH. We
now expect that suitable modifications of the cryptophane structure will lead to
a stronger binding of this guest.

4 Applications to the Design of New Materials

Applications of cyclotriveratrylenes and cryptophanes to the design of materials
for optoelectronics are still in the area of prospective research. We only mention
here works dealing with ferroelectric liquid crystals and three-dimensional charge
transfer salts.

4.1 Ferroelectric Liquid Crystals

Certain hexaesters 66 and hexaethers 67 [38—41], as well as triester 68 [42}, form
thermotropic columnar mesophases. In these mesophases, which generally exist
in a wide temperature domain (e.g. from r.t. to 200 °C), the cone-shaped cores
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stack in columns, at a distance of 4.8 A, identical to that observed in the crystals
of cyclotriveratrylene [6, 7, 39]. In a column, the cones are embedded in one
another, making the column axis polar. The conical shape of the cores certainly
contributes to the stability of these mesophases, in making the displacements
perpendicular to the column axis more difficult.
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Such mesophases might be ferroelectric, if all the columns adopt the same
polarization direction within a macroscopic domain, e.g. in an electric field, as

sketched in Fig. 19 {the cones may have a strong dipole moment along their axis).
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Fig. 19. Antiferroelectric to ferroelectric transition in a columnar mesophase made of
molecules with a cone-shaped core

However, the high viscosity of these mesophases severely restricts the freedom of
the molecules to turn upside down, and hence this mechanism would not easily allow
orientation of the cones. Alternatively, one can think about using the possibility
of conformational inversion of the cyclotriveratrylene core, which takes place in
solution over a barrier of ca. 27 kcal - mol™* (see Sect. 1). If the inversion process
could still occur at a sufficient rate in a mesophase such as those of 66—68, one would
expect to achieve the process depicted in Fig. 19 without need for any upside-down
rotation of the molecules; only an umbrella-like inversion of their core is required.

It has been found [42] that the barrier for the CTV ring inversion in 68 in
isotropic solution at 100 °C is AG* 26.9 kcal - mol™?, a figure which does not
differ from that of other cyclotriveratrylenes. In the mesophase at 100 °C, the
inversion rate is slower by two orders of magnitude, with AG* 30.3 kcal - mol ™ 1.
Thus the tight embedding of the CTV units in the mesophase columns increases
the inversion barrier by 3.4 kcal - mol ™1,

The estimated half-life of a cone in the mesophase of 68 at 3 °C below the
clearing temperature (150 °C) is 3 minutes, which seems fast enough to allow the
mesophase columns to be-oriented under the influence of an electric field with
more than 50% of the cones eventually pointing in one direction. Quenching the
oriented mesophase to room temperature would then give a ferroelectric material
in which the polarization of the columns might last several decades, since at 20 °C
the estimated half-life of the cones is 80 years. The next step of this approach is
to synthesise cyclotriveratrylene mesogens with a strong dipole moment along the
C3 axis, in order to facilitate their orientation.

4.2 Three-dimensional Charge-Transfer Salts

Most organic electron donor or acceptor are flat molecules and form charge
transfer salts of low dimensionality (e.g. TTF/TCNQ). In contrast, it may be
anticipated that the electron rich spherical cryptophane molecules (10 A in
diameter), when associated with suitable electron acceptors, would form three-
dimensional charge transfer salts. In fact, oxidation of cryptophane 38 in acetonitrile
solution shows two reversible oxidations at 0.69 V (38/38*)and 0.85 V (381/38%%)
versus Ag/Ag*. Another oxidation (382* /383 ") approaching chemical reversibility
isobserved at 1.11 V (Fig. 20). Charge transfer salts of formula [(38'*) (X ) (CHCl,)]
are actually formed by electrolysis of 38 in a CH,Cl,/CHCI, mixture containing
ammonium salts of BF,, ClO;, PFg and ReO; as supporting electrolytes (43).
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The crystal structure of [(38°") (PFg) (CHCL5)] depicted in Fig. 21 shows the
1: 1 complex formed between the oxidized cryptophane 38" *, including a chloroform
molecule in its cavity, and one PFg anion. EPR spectra of the crystals are consistent
with the existence of quasi free delocalized m electrons. The persistence of the
paramagnetic signal in solution indicates that 38'* is a stable species. The crystal
packing is a closed packed three-dimensional fcc array of the giant radical cations,
with the small anions located in the octahedral sites.

The cryptophanes and their complexes may thus be considered as a new family
of organic donors; in contrast with the flat donors, their spherical shape and large
size drive the crystallization towards three-dimensional rather than unidimentional
arrays. This feature may aid in the design of new materials with isotropic physical
properties (e.g. electric conductivity).

We gratefully acknowledge additional support of this work by Société LIPHA
(Lyon), Institut Frangais du Pétrole, A.D.R. (Grenoble), and Région Rhone-Alpes.

Fig. 21. X-ray structure of complex
[(38*) (PF;) (CHCLy)]; Ao and A
centers of 38. @ center of PFy (ref 43)
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1 Introduction

Intuitively, there is a fundamental difference between molecules that can be
racemized by pathways in which bonds are bent, compressed or stretched, or
chemical groups compressed, and molecules which cannot be racemized except
by breaking and reforming chemical bonds. In practice, the first type of molecules
may be almost as difficult to racemize as the second group of compounds, but
the conceptual difference is essential. One of the best examples and certainly the
first one is that of Le Bel and van’t Hoff’s asymmetric carbon [1]. Two mirror-image
tetrasubstituted carbon centres cannot be interconverted, because of prohibited
inversiorn, the energy barrier to the formation of a hypothetical planar intermediate
being too high. In this case, however, no bond breaking would be required.

In the present article, we will try to go beyond the above intuitive view and
treat in a more rigorous fashion the concept of chirality, starting with the classical
definitions and going further by discussing in detail the more recent notion of
topological chirality.

2 Euclidean Chirality

Chirality [2] has different meanings depending on whether a single rigid molecule
or sets of conformationally mobile molecules are considered [3, 4]. We will first
focus on the former case. Euclidean or geomerrical chirality is the property of rigid
molecular objects that cannot be superimposed upon their mirror images by
translation or rotation. The only symmetry elements that they may possess are
proper rotational axes C,, n = 1. (Those molecules which possess only such
symmetry elements are called dissymmetric. In particular, asymmetric molecules
are those devoid of any symmetry element). In other words, the symmetry criterion
for chirality is that a molecule is chiral if and only if it does not possess any
improper axis of symmetry. Thus the chirality of a molecule may be deduced from
an analysis of its symmetry elements and its symmetry point groups. The groups
which chiral molecules must belong to are: C,, C, (n > 1), D, T, O and L. C, is
asymmetric, C, and D, are dihedral symmetric and T, O, I are polyhedral symmetric
groups. A classification of chiral molecular structures according to symmetry has
been used in a review of highly symmetrical chiral molecules [S].

In numerous cases, however, molecules cannot be represented by a single rigid
model: in this second case, sets of conformationally mobile molecules (that is, real
chemical compounds) must be considered. Now we are concerned with geometrical
chemical chirality. A molecule is then said to be chemically chiral if any of its
transient conformations cannot be brought into congruence with its mirror image
by a translation or a rotation, and by those intramolecular motions (conforma-
tional changes) that can occur under the observation conditions (which are deter-
mined by temperature, time-scale of experiment, instrument sensitivity, etc. ...
[3, 4, 6]). This more general definition is necessary to understand the achirality
of a meso compound such as cis-1,2-difluorocyclohexane (1) [3] or Mislow’s
L-menthyl-D-menthyl-2,6,2',6'-tetranitro-4,4"-diphenate (2) [7] (Fig.1). In the
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former case, at least one conformation with a plane of symmetry is accessible,
while in the latter all possible conformations are chiral. Nevertheless compound
2 is achiral because rotation about the unhindered phenyl-ester bonds allows
interconversion between mirror-image conformations. Thus 2 is an example of a
compound which is chiral in all of its conformations, but does not exist in stable
enantiomeric forms. According to the more general definition of chirality given
above, the problem of chirality becomes the resolution of a chemical compound
into enantiomers, the ultimate criterion being optical activity. The necessary and
sufficient condition for a chemical compound (set of molecules) to be optically
active [8] is that each molecule does not have any improper element of symmetry
and that there is no conformationally allowed defoermation taking any conforma-
tion to its mirror image by a chiral pathway.

SN O
0 oN 0
\ d 4
/7 — O
F * 0 0N ()}
NO, $
2 ~

1

Fig. 1. cis-1,2-Difluorocyclohexane (1) and L-menthyl-p-menthyl-2,6,2’,6'-tetranitro-4,4'-di-
phenate (2)

At this point, we are concerned only with chirality as a property of molecular
objects with a certain rigidity, that is a rigidity which is controlled by chemically
allowed conformational changes. Molecular rigidity in ambient conditions is
achieved in different ways, all of which differing in energy. Several examples are
shown in Fig. 2. All these compounds have been resolved. The first recognized class
of chiral compounds is that of molecules containing a chiral carbon atom (i.e.
bound to four different substituents in a tetrahedral fashion [1]), such as
glyceraldehyde 3. Phosphorous [9] in phosphine oxide 4 [9b] for example and
many other heteroelements [10] (N [11], S [12], B [13]. Si [14], Ge [15], As [16],.. )
or even metal atoms [17] such as Ti [18], Cr [19], Mn in organometallic complex
5 [20] and Fe [21] can play a similar role. Cluster compound 6 [22] owes also its
chirality to the substitution of its tetrahedral skeleton with four different atoms.
Other molecules lacking any symmetry element are Werner's complex 7 [23],
ferrocene derivatives such as 8 [24] and related Cr or Mn cyclopentadienyl
complexes [25] and cyclophanes 9 [26] and 10 [27]. The rigidity of the latter is due
to restricted rotation about C—C single ‘bonds. Inhibited rotation is also
responsible for the chirality of many molecules with C, symmetry like biphenyl
11 [28], binaphthyl 12 [29], and trans-cyclooctene 13 [30]. Steric hindrance may
also play a role: this is the case for hexahelicene 14 [31] and the related platinum
complex 15 [32]. Classical examples of molecules with C, symmetry are spirane
16 and allene 17 [33]. Molecules belonging to point group Cj are scarce: examples
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are trishomobullvalene 18 [34], cyclotriveratrilene 19 [35], and perchlorotri-
phenylamine 20 {36] for which chirality is due to hindered rotation. Betweenanene
21 {37] and bridged biphenyl 22 [38] also owe their chirality to some restricted
motions; they belong to the D, symmetry group, as well as hexaphenylene 23 {39],
twistane 24 [40], vespirene 25 [41] and bilayered p-cyclophanes (26, [42], 27 [43]).
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Fig. 2. Several examples of molecules with Euclidean chirality, displayed in the order of
increasing symmetry: C,; (3-10), C, (11-17), C; (18-20), D, (21-27), D; (28, 29), T (30)
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Trishomocubane [44a, b] (see below), tritwistane 28 [44c] and another Werner’s
complex 29 [45] are chiral molecules with D; symmetry. But the most symmetrical
chiral molecule (point group T) is the adamantane 30 [46] substituted with four
chiral trishomocubane groups.

In numerous cases, it may be useful to realize that all these chiral structures
may be described in terms of helicity [47], that is the arrangement of atoms can
be described as a combined rotation and translation. Ifall the compounds presented
above require a certain rigidity to be chiral, there are however molecules which
do not require any rigidity at all to remain chiral. This seems at first paradoxical,
but it is the case of the so-called topologically chiral molecules (as opposed to
Euclidean chiral molecules). Before examining these objects, it is necessary to
briefly review the bases of molecular topology.

3 Molecular Topology

Molecules are three-dimensional objects: thus they have Euclidean geometrical
and topological properties [48—53]. Euclidean geometrical properties are those
which chemists usually refer to when describing the stereochemistry of a molecule,
that is bond lengths and bond angles. Unlike Euclidean properties of rigid
structures, topological properties are invariant given that the molecule is subjected
to conceptual continuous deformation in 3D-space. They may be intrinsic or
extrinsic in nature; intrinsic topological properties are not related to the embedding
of the molecule in 3D-space, whereas extrinsic topological properties are. In this
section we will define the topology of a molecule and what may be called topological
stereoisomerism, finally emphasizing on topological chirality.

3.1 Topological Properties of Molecules

When examining topological properties of molecules, it is convenient to describe
them by their molecular graph [51]. In general, a simple graph is an ordered pair
G = (V(Q), E(G)) where V(G) is a non empty finite set of elements called vertices
and E(G) a finite set of unordered pairs of distinct elements of V(G) called edges
[54]. The molecular graph of a molecule is simply defined as the graph whose
vertices are atoms and whose edges are bonds. Bonds which are considered as
edges are purely covalent bonds, metal-ligand and metal-metal bonds; bonds
which cannot be taken into account are H-bonds, ion-ion, ion-dipole and
dipole-dipole bonds [51]. As defined above, the molecular graph describes only
bond connectivity. This is the intrinsic topology of a molecule [51]. Indeed, bond
connectivity, or molecular constitution, is what chemists usually refer to when
talking about topology of a molecule. Generally speaking, when pairwise
relationships between isomeric molecules are considered, the intrinsic topological
property of molecules is associated with a mathematical transformation called
homeomorphism [51]: a pair of isomers with identical connectivity have homeomor-
phic graphs, whereas constitutional isomers have non-homeomorphic graphs [55].
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So far, we have considered molecular graphs as mathematical entities, describing
bond connectivity only. However, they have the property that they can be
embedded in the three-dimensional space [54a]. This means that they can be
constructed in 3D-space without crossings [56]. When additionally they are
assigned specific geometrical Euclidean properties, they stand for the spatial
geometric structure of molecules with their chemically allowed conformational
changes. The extrinsic topology of a molecule appears when its graph in 3D-space
is endowed with complete, even non-chemically significant flexibility [51]. The
only requirement in the use of such graphs is that no bonds (edges) are passed
through each other (in other words, the intrinsic topology must remain invariant).
The topology of a molecule is thus conserved when its molecular graph is subjected
to conceptual continuous deformation. When stereoisomeric molecules are com-
pared, their extrinsic topological property is the mathematical transformation
called isotopy [51, 57]: a pair of stereoisomers which are interconvertible
conceptually by continuous deformation have isotopic molecular graphs. The only
isomers possessing isotopic molecular graphs are Euclidean stereoisomers. Addi-
tionally, graphs of these molecules share a common property: they are all planar
graphs [58a], i.e., they have presentations in 3D-space which can be projected in
a plane without crossings; in other words, they can be embedded in 2D-space. It
is useful to realize that a molecule such as dodecahedrane 31 [59] (Fig. 3) has a
planar graph; 32 is a plane presentation of this graph [58a]. In fact it nicely
lustrates the theorem according to which a graph is planar, namely if and only
if it can be embedded on the surface of a sphere [54] (dodecahedrane is a spherically
annelated polyquinane; we will see later that centrally annelated polyquinanes
derivatives have non-planar graphs).

Fig. 3. Two presentations of dodecahedrane:
31 32 a familiar chemical one (31) and a plane one (32)

3.2 Topological Stereoisomerism

Topological stereoisomers have identical bond connectivity, but they cannot be
interconverted one into another by continuous deformation [51]. They are
homeomorphic, not isotopic. Their molecular graphs are non-planar, either
intrinsically or extrinsically.

Intrinsically non-planar graphs are non-planar by virtue of their connectivity
only. It has been shown [51] that they all contain one of the two basic non-planar
graphs as a subgraph [60]: the first and the second Kuratowski graphs K5 and

137



Jean-Claude Chambron et al.

& &

138

36

34

Fig. 4. a) The first Kura-
towski K graph: 33 is the
maximal symmetry presen-
tation, whereas 34 is a pre-
sentation with the minimum
number of crossings (1);

b) The second Kuratowski
K; 3 graph: 35 is the well-
known, crown-shaped pre-
sentation and 36 is a presen-
tation with the minimum
number of crossings (1)
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Fig. 5. Examples of molecules whose graphs contain nion-planar K5 (37-43) or K; 5 (44)
graphs as a subgraph. In each case, a possible subgraph is shown by the means of starred atoms

K 5 respectively. In other words, all non-planar graphs can be contracted [61]
either to K5 or K3 5. Ky is the complete [62] graph on five vertices, different
presentations of which (33, 34) are shown in figure 4a. K, ; is the complete bi-partite
graph on two sets of three vertices each (35, 36) (Fig. 4b). Both K and K; ; are
said to be minimally non-planar graphs, since they have presentations with only
one crossing (for example 34 in the case of K, 36 in the case of K, ;). Since the
only topological stereoisomer of Ky is Ky itself (the same is true for K, 3),
topological enantiomerism is the only topological stereoisomerism displayed by
molecules with intrinsically non-planar graphs (provided that these can be
contracted to a single basic non-planar graph). Examples of molecules with
non-planar molecular graphs are shown in Fig. 5.
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In organic chemistry molecules with non-planar graphs are very scarce. An
example is the centrally annelated polyquinane derivative 37 [63). In inorganic
chemistry it is much easier to find examples since coordination numbers of
metals are high, e.g., carbide clusters [64] with a carbon atom in the center of a
metallic polyhedron (38) [64b], some high nuclearity metal clusters (39) [65],
sepulchrates (40) [66] and related cage coordination compounds (41), [67],
basket-handle porphyrins (42) [68] and some metal-heteroatom aggregates (43,
44) [69, 70]. Except for the last example whose graph can be contracted to Kj 3,
the graphs of most compounds contain K as a subgraph.

Extrinsically non-planar graphs are non-planar by virtue of their embedding
in the 3D-space. They may be intrinsically planar at the same time (Fig. 6): this
is the case of links (45) which are homeomorphic to disjoint sets of circuit graphs
[71,72] (46) and knots (47a and b) which are homeomorphic to a circuit graph (48).

In their extrinsically non-planar presentations, the minimum number of crossings
in links and knots are respectively 2 and 3, thus higher than that of the intrinsically
non-planar graphs K and K ;. In addition to topological enantiomerism, which
will be developed below, molecules possessing an extrinsically non-planar graph
can exhibit topological diastereomerism. The most typical example 1s the recently
synthesized molecular trefoil knot 86 [73] which exists in two topologically
enantiomeric forms and whose topological diastereomer is the unraveled macro-
cycle 87 (see Fig. 33).

%) =

KD ) <=

b 47a 47b 48
Fig. 6. Extrinsically non-planar homeomorphic figures: a) a link (45) and the pair of

disconnected circuit graphs (46); b) the trefoil knot shown as its mirror-images 47a and 47b
and its corresponding plane circuit graph (48)
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3.3 Topological Chirality

Topological chirality of a molecule is realized when any presentation of its graph
is topologically distinct from its mirror image, that is, cannot be converted into its
mirror image by continuous deformation in 3D-space [51]. No molecular rigidity
at all is required for topological enantiomers to remain distinct. This is the point
which distinguishes Euclidean from topological chirality. Let’s take the example
of helicene [31]: deformations of the benzene rings which are forbidden at room
temperature are energetically allowed at higher temperatures, thus racemization
becomes possible; on the contrary, in the case of a molecular trefoil knotted
macrocycle, no continuous deformation, however easy it i1s, will never allow
interconversion of its enantiomers. Since chiral molecules, even those with a
non-planar topology are generally more or less rigid objects, the above property
remains formal in many cases, but in a few instances (see below), especially for
large, flexible molecules, it can-be applied fruitfully.

Topological chirality of a molecule is ruled out if its graph may achieve an
achiral presentation. Therefore, molecules having a planar graph cannot be
topologically chiral. Thus it has been conjectured [51] that topological chirality
may be achieved only by molecules with a non-planar graph, either intrinsically
(chiral K5 or K; 5 graphs) or exirinsically (oriented links, chiral links, and chiral
knotted rings). Chiral links and knots are conventional elements of topological
dissymmetry: their chirality has been demonstrated mathematically. Recently, the
topological nature of the chirality of molecules having a non-planar K or K; 5
graph has also been demonstrated by mathematical methods [74]. These molecules
will be examined in the next section along with other molecules for which
topological chirality is only conjectured. The latter have graphs which can be
contracted to K5 or K; ; subgraphs containing either suitably coloured vertices
and edges, or oriented edges [75]. None of the few today known topologically
chiral compounds has been resolved. In most cases, chirality was tested by NMR
spectroscopy of the sample in a chemically chiral environment [76] (chiral
lanthanide shift reagents [77al, 2,2,2-trifluoro-1-(9-anthryl) ethanol (Pirkle’s rea-
gent; [77b])).

4 A Review of Some Topologically Chiral Molecules

This review is not comprehensive. Only the most relevant topologically chiral
molecules are presented here.

4.1 Molecules with a Non-Planar Graph K

One of the first topologically chiral molecule whose graph contains Ks as a
subgraph is probably the completely asymmetric cluster 49 Rhg(CO),,C (Fig. 7)
synthesized in 1974 by P. Chini et al. [78]. (Note that the C—Rh bonds are not
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50

Fig. 7. A chiral rhodium carbide cluster (49) and its K5 subgraph (50). The atoms chosen
as the vertices of 50 have been numbered in 49 (the Rh—C bonds have been neglected for

clarity)

represented). The topological nature of its chirality is only conjectured. Its
molecular graph may be contracted to the graph 50 which contains a coloured
vertex (C atom) and an oriented edge (path Rh(2) to Rh(4) via the appended Rh
atom).

Another topologically chiral K5 molecule is the chiral ferrocenophane ketone
derivative 51 (Fig. 8), which is an intermediate in the synthesis of tetrabridged
ferrocenophanes [79]. It is important to notice that in order to obtain a non-planar
molecular graph, at least four of the ten Fe — C bonds must be taken into account.
The K subgraph (52) also contains an oriented edge (—CH,CH,CH,CO-
fragment) and a coloured vertex (Fe atom). -

At the time they were synthesized, these molecules were not recognized as having
a non-planar graph, and actually the first topologically chiral K molecule
recognized as such, is the centered polyquinane derivative 53, independently
synthesized by H. E. Simmons and J. E. Maggio [80] on the one hand, and by
L. A. Paquette and M. Vazeux [81] on the other hand (Fig. 9). That it is topologi-

51 52

Fig. 8. A chiral tribridged ferrocenophane (51) and its K5 subgraph (52). Again, the atoms
involved as vertices in 52 have been numbered in 51
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3

53 54

Fig.9. The first topologically chiral K5 molecule: the centrally annelated polyquinane 53
and its K5 subgraph (54)

0, 0.
0 g o [} Ok /\o o/\ 20
BF,. Et,0
+ +
55 56 53a 53b

Fig. 10. The topologically relevant step in the synthesis of the propeliane 53; 53a and 53b
are topological enantiomers

T

1 ppm

Fig. 11a, b. 'H-NMR spectrum of 53 in CDCl;: a) Normal spectrum showing the AB pattern
of the methylene protons H, and H,. b) Spectrum after addition of tris-{3-{trifluoromethyl
hydroxymethylene)-D-camphorato]-europium(III) showing (/eft) the splitting of the signals
of H, and H,, and (right) the intricate pattern arising from the other diastereotopic
cyclopentyl protons
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cally chiral was demonstrated later by J. Simons {74]. Its K molecular graph
contains an oriented circuit graph as a subgraph (54). The molecule was
synthesized in one step from a 50/50 mixture of two diastereomeric epoxides 55
and 56 (Fig. 10). Chemical chirality of 53 was evidenced by 'H-NMR in the
presence of the chiral lanthanide shift reagent: tris-(3-(trifluoromethylhydroxyme-
thylene)-d-camphorato)-europium(II1), (+)-Eu(fod);. In the absence of the reagent,
the diastereotopic tetrahydrofuran methylene protons H, and H, give rise to an
AB system. In the presence of the chiral reagent, the two doublets are split as
shown on Fig. 11.

4.2 Molecules with a Non-Planar Graph K, ,

The triple-decker naphthalene cyclophane 57 (Fig. 12) was synthesized by T. Otsubo
et al. in 1983 [82a]. The chirality of this molecule has been shown experimentally
by a crystal structure analysis: the unit cell contains four molecules which form
two distinct enantiomeric pairs [82b]. The fact that this molecule has a topological
non-planar K, ; graph was not explicitly recognized by the authors. The two
different sets of vertices are indicated. Two different presentations of the graph
are also shown (58, 59): we conjecture that the graph is topologically chiral because
of different colouring of the edges. Molecule 57 can be compared to the triple
decker p-cyclophane 60 (Fig. 13) [83). Both are chiral molecules but the first is
topologically non-planar, whereas the latter has a planar graph (61), and thus
displays only Euclidean chirality.

A hypothetical example of a topologically chiral K; , cyclophane would be the
[m][n][p] paracyclophane 62 (Fig. 14) as suggested by M. Nakazaki in his review
of highly symmetrical chiral molecules [84].

The first flexible, topologically chiral K; ; molecule is the so-called three-rung
Mobius ladder 63 (Fig. 15). It was synthesized by D. M. Walba et al. in 1982 [85]
and is represented on Fig. 15, together with several presentations of its graph
(64—66). It is important to notice that the rungs of the ladder are different from

57 58 59

Fig. 12. A topologically chiral triple-decker naphthalene cyclophane {(57) and different
presentations of its K 5 3 graph (58, 59). The two sets of vertices are indicated in structure 57
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@ 1 4 Fig. 13. An Euclidean chiral triple-
decker benzene cyclophane (60) and
60

a plane presentation of its graph

61 (61)
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Fig. 14. A hypothetical topologically chiral K; 3 cyclo-

62 phane: [m}[n][p] paracyclophane 62
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Fig. 15. The topologically chiral three-rung Mobius ladder (63) and several presentations
of its graph {64—66). 64 and 66 arc presentations with the minimum number of crossings
(1). Note that the edges (1.1), (2,2') and (3,3") are differently coloured than the others (i.e.
(1,2), (2,3), etc. ...)
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A

Fig. 16. Homotopicity of edges in an uncoloured three-rung Mobius ladder. For example,
the vertical edge (rung) (2,2) in A is equivalent to the rung (3',2) in B

the other edges. 63 has thus a coloured graph; this is the reason why the molecule
is chiral. If edges (1,19, (2,2') and (3,3') were of the same colour as the others,
then 63 would not be chiral, since in the K5 5 graph, all the edges are topologically
equivalent (Fig. 16).

The topological nature of the chirality of 63 has been demonstrated mathe-
matically by J. Simons [74]. It is interesting to compare compound 63 with the
hypothetical four-rung Mé&bius ladder 67 (Fig. 17). Molecule 67 has not yet been
synthesized, but the cylindrical constitutional isomer 68 has been [86]. 67 is
unconditionally topologically chiral, without graph colouring: the rungs are
heterotopic [87] to the other edges [88].

The molecule 63 was synthesized from the diol precursor 69 (molecular ladder)
in a high dilution experiment, which produced in nearly equal amounts the
untwisted cylinder molecule 70 (constitutional isomer of 63), as shown in Fig. 18.
Note that both chirality and non-planar topology are achieved in the last
cyclization step. This is very different from other topologically non planar molecules
for which Euclidean chirality is preexistent to the topologically relevant reaction
step. The three-rung Mébius ladder 63 is the first topologically chiral molecule
for which it was demonstrated that rigidity is not required for a dissymmetric
molecule to achieve chirality. It was shown that 'H- and '*C-NMR spectra could
be understood only if a dynamic structure in which the twist of the M&bius ladder
was rapidly propagating along a path normal to the ladder’s axes, was involved,
as indicated in Fig. 19. Only a single peak, corresponding to the six olefinic
carbon atoms, is observed in the '3*C-NMR spectrum. This implies that these
carbons are all magnetically equivalent and homotopic on the time scale of the
experiment. The consequence is that the M&bius molecule 63 could not be

= =

Fig. 17. The four-rung Mébius ladder (67) and its cylindrical constitutional isomer (68)
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OC ) DC

HO
69
NaH,DMF
24%
63 70

Fig. 18. The topologically-relevant step in the synthesis of the chiral three-rung Mdbius
ladder 63, starting from the linear molecular ladder 69

distinguished from its cylindrical isomer 70 by a simple *>*C-NMR or 'H-NMR
experiment. Actually they were differentiated using a chemically chiral medium
(solution saturated with S{+)-2,2,2-trifluoro-1-(9-anthryl)ethanol) [76]. Splitting
of their signal is only observed for compound 63 (A3 = 1.9 Hz at 67.9 MHz).

A B C
)

One 2 "Circuit”

Fig. 19. Homotopicity of an olefinic carbon atom (®) in the chiral three-rung M&bius
ladder 63

147



Jean-Claude Chambron et al.

4.3 Interlocked Rings

The chemical name for interlocked rings or molecules whose graph is a link (in
fact two disconnected [71] circular graphs) is catenane. The simplest catenanes
have extrinsically non-planar graphs. Despite this fact they are achiral, as are
molecules with uncoloured graph K5 or K, ;. As discussed by Schill [89], an achiral
catenane can be dissymmetrized by a suitable substitution of its constitutive rings.
The resulting chiral catenanes 71 and 72 are represented in Fig. 20. In fact, this
approach is equivalent to one making use of oriented macrocycles. In other words,
the graph of the resulting catenane is the union of two disconnected digraphs [90]:
one macrocyclic ring is used to give an orientation to space and the other defines
the configuration of the chiral catenane, as illustrated in Fig. 21. Indeed, oriented
macrocycles have been used fruitfully in the design of molecules showing Euclidean
chirality. Examples are cycloenantiomeric molecules [91] and the N-alkylated zinc
etioporphyrin 73 [92] (Fig. 22).

There are however links which are unconditionally chiral: these are for example
links with a minimum number of four crossings 74 (Fig. 23).

~
(m) ) (n) (m) (m) tr) (n) (m)
\

w w
A A
B
71 72
Fig. 20. Two topologically chiral catenanes 71 and 72 with oriented rings; m and n are the

numbers of atoms in-between the substituents of the constitutive macrocycles. Note that
these catenanes lose their chirality when m = n

Fig. 21. Left: an oriented link. Right:

4 an oriented ring divides the space into
two mirror-image half-spaces which

can be distinguished one from the

I other by a direction normal to the

plane of the ring

Fig. 22. Left: a chiral N-alkylated etio-

porphyrin (73). Right: a schematic re-
presentation. The porphyrin ring is
oriented by the sequence of the sub-

stituents on the B-positions and the
space is given a direction by the N-

73 methyl group
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@ - (Q/S Fig. 23. An unconditionally topologically chiral cate-
nane (74) and its two topologically equivalent presenta-
74

tions. The minimum number of crossings is 4

The template synthesis of the first isolable chiral catenane 78* (Fig. 24) in which
the constitutive oriented rings 75 were built up from an asymmetrically substituted
1,10-phenanthroline (Fig. 25) was realized [93]. Starting compounds and synthetic
pathway are depicted on Fig. 26. The synthetic strategy uses the three-dimensional
template effect (Fig. 27) already described for the synthesis of catenates [94].
Diphenol 76 was prepared by reacting p-lithioanisole with 4-Phenyl-1,10-phenan-
throline followed by demethylation as previously described [94c). In the presence
of Cu(CH,;CN),BF,, the diphenol led quantitatively to the entwined complex 77*
which was submitted to final cyclization in high-dilution conditions, using the
di-iodo derivative of pentaethylene glycol. Racemic Cu™* catenate 78* was obtained

b 79

Fig. 24. a) A topologically chiral copper(I) catenate (78*) b) A topologically chiral catenand
(79}
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Fig. 25. An oriented ring in a topologically
75 chiral catenane

in 12% yield. Demetallation with KCN afforded the free catenand 79 [94d] (Fig. 24).
The chirality of 78* was evidenced by *H-NMR spectroscopy as shown in Fig. 28.
In the presence of a slight excess of Pirkle’s chiral reagent, most of the signals
corresponding to the aromatic protons were split. Additionally, diastereotopic

A

CSZCOJ-DHF-GS“C

Fig. 26. Precursors and synthetic pathway towards the topologically chiral catenate 78
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Fig. 27. Principle of the template synthesis of a catenane. The U fragment is a metal-chelating
ligand and the black dot is a transition-metal ion with a pseudo-tetrahedral coordination
geometry

protons of the polyoxyethylenic chains give rise to complicated patterns in the
2—-4 ppm region. An analogous resolution of the topological enantiomers 79 could
not be observed. However if the chiral reagent is unable to recognize the two
enantiomers of this highly flexible ligand at the NMR time scale, topological
chirality of the latter is obvious from the synthetic pathway followed. Unlike the
Moébius ladder molecule 63, topological chirality is achieved in the last synthetic

mm M

T T T T ‘ 1 T T T I T T T T r

8 7 6

[%]

T
ppm

Fig. 28a, b. Part of the 'H-NMR spectra (200 MHz, CD,Cl,) of a) 78* and b) 78* pius
ten equivalents of Pirkle’s reagent. The signals corresponding to the chiral reagent are
marked by a black square (see Fig. 25 for atom numbering). Clear splitting is observed for
most of the aromatic protons (H, ., H, ., H, and Hg)
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step, the starting complex 77* being geometrically chiral. More interestingly, 79
is a molecule which does not need to be rigid in order to remain chiral, as is the
Mobius ladder molecule 63 (see above): mutual gliding of the two rings has been
demonstrated experimentally by NMR: the proton NMR spectrum of 79 is nearly
superimposable to that of the single macrocyclic ring 75.

4.4 The Molecular Trefoil Knot

The simplest knot is the trefoil knot 47 (Fig. 6b). Unlike all the above described
topologically chiral molecules, the molecular trefoil knot requires no condition
(such as bond colouring, ring orientation) to be chiral: it is unconditionally
topologically chiral. The strategy of its synthesis is given in Fig. 29. It takes
advantage of the fact that the trefoil knot with D; symmetry has a presentation
80 with lower symmetry (D,) (Fig. 30). The key step is thus the double helix
formation: Euclidean chirality is introduced at this stage, as in the case of catenate
78* (cf. Fig. 26). After many attempts with various linkers, we found that arylated
1,10-phenanthroline units connected via their 2-positions by a — (CH,),-bridging
unit indeed formed a double helix when complexed to two Cu(l) centres.
Introduction of appropriate reactive functions at the 9-positions allowed the
strategy of Fig. 29 to be followed. The precursors used and the reactions carried
out are represented on Fig. 31. Compound 81 was prepared in 86% yield from
Li(CH,),Li and 1,10-phenanthroline. Addition of p-lithioanisole to 81, followed

Fig. 29. Template synthesis of the trefoil knot. The molecular thread is a metal-ligand that
contains two chelating sites and the bdlack dot represents a transition-metal ion in a
pseudo-tetrahedral environment

Fig. 30. The topological equivalence be-
tween two presentations of a trefoil knot.

Topologically
Y
Equivatent \)
Note that the minimum number of crossings

80 47 is 3
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81: -R = —H

82. —R =

|

]
O
O
X

@

Cs2C0, , DMF , 60°C

8472

[-C Hp-{ CH2 0 CHy )~ CHy-

8572

Fig. 31. Precursors and reaction scheme leading to the dicopper(l) trefoil knot 85%*
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PR+QS

@AOD

CEN=S

Fig. 32. Most probable [2 + 2] connections between the four ends of a double-stranded
dimetallic helix

by hydrolysis and MnO, oxidation gave 82 in 83% yield. Demethylation of 82
to 83 was carried out quantitatively under drastic conditions: pyridinium hy-
drochloride at 210 °C. The double helix 842* was prepared by addition of a
stoichiometric amount of Cu(CH;CM),BF, to 83. 'H-NMR studies showed that
the double helical complex is formed together with an important proportion of
other Cu(I) complexes. The mixture was reacted under high-dilution conditions
with two equivalents of the di-iodo derivative of hexaethyleneglycol in the presence
of Cs,CO, in DMF at 60 °C. A small amount of the knotted system 852 * containing
two copper centres could be isolated and purified with great difficulties.

This bis-copper complex 85** (BFy), is a dark red crystalline solid. Its high
resolution mass spectrum (FAB) shows a molecular peak at 1816.74 (calcd. for
852*: 1817.10). The 'H-NMR spectrum of 852* is in complete agreement with
its structure. Its chirality was demonstrated by YH-NMR in the presence of Pirkle’s
reagent. Splitting of some characteristic aromatic protons was observed after a
small amount of the chiral reagent was added. In order to prove the knotted
topology of 85%**, we had to consider the various possible compounds obtained
in the cyclization reaction. From a tetrafunctional double helical precursor, several
[2 + 2] connections are possible, with the most probable ones being depicted in
Fig. 32. If the three bimetallic complexes of Fig. 32 all display Euclidean chirality,
because of the presence of a double helix as core of the system, this is no longer
true for the products obtained after demetallation. As expected, the trefoil knot
is the only chiral demetallation product. Quantitative demetallation of the various
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b 86

Fig. 33. a) Demetallation of the dicopper(I) trefoil knot 85** leading to the trefoil knot 86.
b) Two topological stereoisomers; trefoil knot 86 and unraveled macrocycle 87

Cu(l) complexes by KCN led to the corresponding free ligands represented in
Fig. 33. Demetallation of 85** afforded the free trefoil knot 86 as a colourless
glass. Very small amounts (0.5%) of 87, the unraveled ropological diastereomer of
86 could also be isolated and characterized.

A comparison between the two isomers 86 and 87 produced strong evidence
for the knotted topology of 86. Both compounds have identical mass spectra
(FAB): molecular peaks appear at the same value. In addition, the general pattern
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<« Fig.34a,b. '"H-NMR spectrum of 86: a) after addition of an excess of KPFg; b) in the
presence of Pirkle’s reagent (signals indicated by black squares). Note that important splitting
can be observed for the signals of H,, and H, (black arrows)

2

AVA <) BIRN "4 ) 74 < SIS Y
A\

(

b

Fig. 35a, b. Crystal structure of the dicopper trefoil knot 85**: a) stereoview of a single
molecule (the circles representing the atoms are given in black for oxygen, dotted for nitrogen
and crosshatched for copper); b) stereoview of the unit cell. It contains two homochiral
molecules, four PF; anions and two benzene molecules

157



Jean-Claude Chambron et al.

and the various fragmentations of both compounds are strikingly similar. By
contrast, the "H-NMR spectra of 86 and 87 are dramatically different. Whereas
the spectrum of the latter large macrocycle is well resolved, that of 86 shows broad
peaks; this probably reflects the raveled nature of its organic skeleton undergoing
slow conformational changes: once again, molecular rigidity is not required at all
for the molecule to remain chiral. Addition of KPF to 86 led to a drastic change
in its 'H-NMR spectrum, that is, evidence for an interaction between K * and the
polyether oxygen atoms of 86. In this sharp, well resolved spectrum, large splittings
of peaks were observed upon addition of Pirkle’s chiral reagent (Fig. 34). This
was a convincing demonstration that the molecular system 86 was chiral, in
agreement with the known topological chirality of a trefoil knot.

These results were very recently confirmed by the X-ray crystal structure analysis
of 85%* (Fig.35a) [95]. Interestingly, this dicopper(l) knot crystallizes as a
conglomerate of enantiomers. This spontaneous resolution is easily recognized
by noticing that the unit cell contains only a single enantiomer (Fig. 35b).

5 Conclusion

Topologically chiral molecules are not numerous in the chemical literature. Much
work remains to be done in this field. Thus challenging new molecules are for
example the doubly interlocked [2]-catenane 74 (Fig. 23) whose chirality does not
depend on any ring orientation and the figure-eight knot 88 (Fig. 36), which
however is not chiral; indeed it contains an S, axis and thus is a topological
analogue of the achiral spiro molecule 89 [96] (Fig. 37). Of course, the synthesis
of other topologically chiral, oriented and more complex knots remains of utmost

interest.
= :ﬂ,
Fig. 36. The achiral figure-eight
J knot (88) with S, axis easily seen
in right presentation. Its mini-
88 mum number of crossings is 4
H,C
s
N /
CH, Fig. 37. Anachiral stereoisomer of 3,4,3’',4'-tetramethylspiro-
H,C (1,1")-bipyrrolidinium (p-toluenesulfonate salt) 89 possessing
89 an S, axis
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To our knowledge, topologically chiral molecules have not yet been resolved
into enantiomers. However, we may anticipate that their energy barrier to
racemization will be extremely high, compared to Euclidean chiral molecules.
Therefore they are expected to be useful in enantioselective interactions or
reactions. For example, it has been shown that tetrahedral copper(I) bis-2,9-
diphenyl-1,10-phenanthroline complexes (which form the catenate subunits) are
good reductants in the excited state [97]; therefore the chiral Cu(I) catenates could
be used for enantioselective electron-transfer reactions. Alternatively, the resolution
of topologically chiral molecules would allow to answer fundamental questions,
such as: what are the chiroptical properties of molecular trefoil knots?
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A series of azophenol-dyed macrocycles, which accommodate selectively a given metal or
ammonium ion in their cavity and undergo a concurrent color change, were designed and
synthesized in order to study molecular recognition in biological systems. Selective coloration
of some azophenol hosts and selective fluorescent emission of benzothiazolyl crowns for
metal cations are observed to be useful for lithium analysis. Amine selective coloration with
some azophenol hosts including enantiomeric discrimination are reported and X-ray crystal
structures of sec.-amine inclusion complexes are illustrated. Selective coloration with two
acerands is capable of discriminating the substitution pattern of alkylamines.
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Recognitory Coloration of Cations with Chromoacerands

1 Introduction

A variety of inclusion compounds [1] and complexes between neutral hosts, e.g.
crowns, cryptands, cyclodextrins, antibiotics, and cationic or neutral guests have
been studied so far to develop the phase transfer catalysis and to elucidate the
biological molecular recognition of enzyme/substrate and naturally occurring
ionophore/metal cation interactions. On the other hand, studies on complementary
complexation involving the coulombic attractive force between oppositely charged
host and guest species have been expected to initiate a new trend in the molecular
recognition, since this additional binding force will support the stability and
selectivity of complex formation and bring into play efficient hydrogen bonding.

During the last decade, design and synthesis of host molecules which accom-
modate selectively a given metal ion in their cavity and undergo a concurrent
color change have been considered as a worthwhile subject in host-guest chemistry.
Various chromoionophores, named so by Vogtle [2], have been made available
for this purpose to date [3]. A remarkable color change was shown on the
complexation of (2,5-dinitro-4-cyano-anilino)benzo-15-crown-5 (1) [4] with alka-
line metal ions (ca. 130 nm red shift of absorption maximum of the host), compared
to that of the corresponding picrylamino compound (50 nm red shift) [5]; selective
complexation of nitrophenol crown 2 [6] with lithium ions causes a 86 nm red
shift and phenolblue crown 3 [3] with metal ions such as nickel perchlorate a 102 nm
red shift.

£
G o

5

NO,

4 n=1-4

Structures 1
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Chromoionophores of crown 4 and spherand cyclophane-type 5 with 2,4-
dinitrophenylazophenol groups as a chromophore were also designed [7a]. They
show marked color changes from yellow into blue on complexation with cations
in ethanol and chloroform solutions. This chapter describes selective complexation
and coloration of azophenol hosts or fluorescent emission of benzothiazolyl crowns
with alkaline metal ions and alkyl amines.

2 Selective Complexation of Metal Salts and Chromoacerands
with Coloration or Fluorescent Emission

2.1 Selective Coloration of Metal Salts with Azophenol Acerands

2.1.1 Synthesis and Dissociation of Acerands

A series of azophenol acerands 4 was prepared by condensation of crowned
benzoquinones 10 with 2,4-dinitrophenylhydrazine in ethanol [7b]. The quinone
was derived from p-methoxyphenol (6) as shown in Scheme 1 [8]. By bis(hy-
droxymethylation) (67% yield of 6, followed by methylation (92%) of the phenol
group and Williamson-type reaction with ditosylates of oligoethyleneglycol in the
presence of sodium hydride, crowned 1,4-dimethoxybenzene 9 was obtained in
reasonable yields. Oxidative demethylation of 9 with ceric ammonium nitrate
(CAN) in aqueous acetonitrile at 50 °C gave the desired crowned benzoquinones
10 in good yields.

n
H oR raaVaa Ve 0 On,
é HCHO HOH Mel H TsO O O OTs (; OME;/
NaOH K2CO
Me Sie 2C0s NaH , THF \@)
6

2 54% 9
NO2
__{_, @ O/'("\
02N .
NHOANOD O NFeNHz O;S"
NO»
N'NH 02
121 60% o 1 4
2 76% 10

Scheme 1. Synthesis of azophenol acerands 4
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As compounds of comparison, the uncrowned azophenols 12b and 13b were
similarly prepared from the corresponding quinones 12a and 13a (13b: 94% yield).
An NMR study reveals that uncrowned azophenol 13 consists of an azophenolhy-
drazone equilibrium mixture (13a:13b = 2:3 in CDCI,) and that crowned
azophenols 4 exist only as the preferable azophenol isomer due to the stabilization
of the phenol form by hydrogen bonding with the ether oxygens of the macroring.
The equilibrium ratios of 13 and 4 are in marked contrast to 12 (dialkyl-substituted
derivatives) with more than 95% content of the hydrazone form (12a).

0 OH
R R R R
NO, - NO,
|
Do, Do,
12a R=Me, i-Pr, t-Bu 12b
13a R=CH,0OMe 13b Structures 2

Before the study of complexation, pKa values of acerands 4 and of the reference
azophenol 13 were determined by spectrophotometry in 10% dioxane-water
{Table 1). The table shows the increase of pKa values with decreasing crown ring
size. This fact is explained by destabilization of the phenolate anion due to both
the electrostatic repulsion between the phenoxide anion and the lone pair electrons
of ethereal oxygen atoms and the blocking of the crown ring against solvation of
the anion.

Table 1. Dissociation constants of azophenol dyes

Dye 4n=1 4@n=2 4@mn=3 d4@mn=4 13b
pKa 7.30 6.98 6.88 6.83 6.50
Ring Size 15 18 21 24 -

25°C in 10% Dioxane-water

2.1.2 Selective Coloration with Metal Salts

In ethanol: acerands 4 and the reference compound 13 dissociate partially in
ethanol to give pale blue solutions of phenolate anions (A max 586 nm for 13).
Addition of triethylamine to the solution allows nearly complete dissociation. This
blue solution was changed to violet-yellow by addition of crystalline alkali or
alkaline earth metal salts. For example, a marked hypsochromic shift (A max
586-536 nm) of the longest wavelength absorption band was observed with
lithium salts, LiCl and LiClO, [7]. The phenolate anion 4 (n = 2) is less susceptible
than that of 4 (n = 1) for color change with metal salts. The uncrowned azophenol
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13 also shows a small hypsochromic shift. In other words, they are less sensitive
for a metal-ion dependent blue shift.

On the other hand, all of the alkaline earth metal salts brought about larger
hypsochromic shifts than the alkali metal salts. A system magnesium perchlorate/
triethylamine and 4 (n = 1) shows the largest hypsochromic shift in all the systems
examined.

In chloroform: No phenolate anion in chloroform solution of azophenol
acerands 4 is detected even in the presence of pyridine as a base, in contrast to the
case in ethanol. On addition of crystalline metal salts to this yellow solution, color
change to orange-purple is observed as shown in the salt-dependent visible
spectra of 4 in chloroform (Figs. 1 and 2). Especially, azophenol crown-4,4 (n = 1)

salt free

NacCl, NaClO4 563 Licl

KC1, KClO4

RbCl, CsCl

ol £ X 10—4 S

T T T
400 500 600
A/nm
Fig. 1. Visible spectra of 4 (n = 1) alkali metal salt-pyridine systems in CHCl;.

401 salt free
------ NaClO4
5
5 38 £72) —-—- KCl
<« | M Nacl
sl - d -——{xcm
— 4
8 Licl 515 RbC1
w 380
1] 495 Cscl
Liclo, 576
SN
o O OMrommea
T T T
400 500 600

A/nm
Fig. 2. Visible spectra of 4 (n = 2) alkali metal salt-pyridine systems in CHCl,.
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clearly shows selective coloration only with lithium salts among a series of alkali
metal salts. A dramatic color change from yellow to purplish red took place rapidly
on addition of lithium chloride or perchlorate to a 4 (n = 1) pyridine system in
chloroform. On the other hand, this lithium ion selectivity on coloration decreases
in the case of larger ring acerands 4 (n = 2-4), but the coloration with cesium
salt increases; all the acerands 4 show no selective coloration for alkaline earth
metal salts. It is noteworthy that uncrowned azophenol 13 is inactive to alkali
and alkaline earth metal salts except for the formation of an orange precipitate
with magnesium chloride.

The hypsochromic shift of the longest absorption band on complexation in
ethanol solution and the bathochromic shift in chloroform solution are explained
as follows. The hypsochromic shift in ethanol is affected by the phenol dissociation
equilibrium (Eq. (1) in Scheme 2), the ion-exchange equilibrium, and the interaction
of phenolate anion-metal cation [Eq. (2)]. In facts, the observed shifts depend upon
the cation species, the amount of added salts, the reaction time, and, in some case,
the counter anion species.

HL == HT + L7 e (1)
MX“-—MX MX“—MX
[MHLX === (MLT + HX e 4)
(é) (;)

Scheme 2. Equilibrium in azophenol (HL)-metal salt (MX) systems

On the other hand, since no dissociation of the phenol 4 occurs in a
pyridine-chloroform system, the observed salt-dependent coloration or batho-
chromic shift seems to be based on an equilibrium (Eq. (4)) between colored
intramolecular salt [ML] and postulated intermediate complex [M - HL] X which
may be stable without the presence of a base and dissociates easily on addition
of a relatively weak base, e.g. pyridine, to yield the salt [ML].

2.2 Selective Fluorescent Emission of Benzothiazolylphenol Acerands

The incorporation of a fluorescent group in the place of the azophenol group
stated above should provide a reaction much more sensitive than coloration to
the formation of a host-guest complex. From this view point, we designed new
fluorescent acerands containing a benzothiazolylphenol group which fluoresces
strongly in alkaline solution [9].

2.2.1 Synthesis of Acerands [10]

As shown in Scheme 3, 4-bromo-2,6-bis(thydroxymethyl)anisole (16) [11], derived
from p-bromophenol (14) by treatment with 37% aq. formaldehyde at room
temperature for 12 days, followed by methylation with dimethyl sulfate and
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bromination with conc HBr gave the corresponding bis(bromomethyl) compound
17 in 92% yield. Crowned anisaldehyde 19 was prepared by cyclization of 17 with
oligoethylene glycol, followed by treatment with butyllithium and DMF in good
yield. Reaction of aldehyde 19 with o-aminothiophenol or 2,2-dithio-bis(l-
aminonaphthalene) [12] and tributylphosphine gave crowned benzo- or naphtho-
thiazolylanisoles 20 and 22, respectively, in 49-80% yields. Demethylation of 20
and 22 was carried out with sodium ethanethiolate [13] in DMF to give the desired
thiazolylphenols, 21 and 23, in excellent yields. This method of ether cleavage was
used in place of the usual demethylation with LiAlH, — THF which gave relatively
low yields of 21 and 23 besides decomposed substance.

2.2.2 Spectral Properties of Thiazolylphenol Acerands

Though acerand 21 in chloroform does not dissociate even in the presence of
excess triethylamine, addition of crystalline metal salts immediately gives rise to
a remarkable change in the absorption spectra, indicating the formation of the
phenolate anion (Figs. 3 and 4). On irradiation of the heterogeneous specimen
containing the predominant phenolate complex, strong blue-violet fluorescence of
the solution was observed. According to screening for the fluorescent emission,
the thiazolylphenol acerands with small ring size, 21 (n = 0)and 21 (n = 1), shows
selective emission for the lithium ion among alkali metal salts, while the acerands
with a larger cavity, 21 (n = 2) and 21 (n = 3) tend to bind larger alkali metal
ions other than lithium salts without emission. This lithium selective fluorescent
emission was confirmed to provide a quantitative way to detect a small amount
of lithium from a bulk of the other alkali and alkaline earth metal ions. The
application for lithium analysis will be described together with colorimetric analysis
in Sect. 2.4.

salt free
NaC1,NaBr
KC1,KBr

RbC1,RbBr
CsC1,CsBr

LiBr

Absorbance

Fig. 3. Absorption spectra of 21 (n = 1)-alkali
metal halide-Et;N systems in chioroform
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2.3 Specific Coloration with Azophenol Biphenylophane

In order to develop hosts with a much higher level of lithium selectivity, we planned
a macrocyclic ligand which is of a capsular type, has a rigid structure as well as
the function of concomitant coloration on complexation. An azophenol biphenylo-
phane 5, which has a rigid cavity to accommodate only the lithium ion in the
center, was designed by considering the fact that Cram’s spherand 24 [14] can
reject multivalent metal ions perfectly.

Structure 3

2.3.1. Synthesis of Acerand S [15]

As shown in Scheme 4, using as the key step a photodeselenation which was
developed by us for preparing [2.2]cyclophanes [16], tetramethoxy|2.2]biphenylo-
phane 31 was synthesized via a sevenstep reaction sequence in 30% overall yield
from o-cresol (25). By comparison of H-NMR data, this cyclophane was assigned
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OH OMe Me OMe
Me t-BuNHz2,Br2  (Me0)2S02 Me 1) n-Buli Me Me
toluene,~70°C  KOH / THF-H20 2) Fe(acac)s
25 80.81 26 68.0%
OMe OMe OMe
NBS _ @ @ KSeCN NCse @ @ SeCN
CCI4 Me2CO~benzene
72.0z2 quant.
NaBHa (OMe) hy , P(NMe2)a LiAlHa
THF -EtoH “ THF benzene
90.02 quant. quant.

PbO2

quant.

Scheme 4. Synthesis of azophenol biphenylophane 5

to D, structure 31 having the same geometry as that of crystallographically defined
tetramethyl derivative 36 which was previously synthesized via another cyclization
step of dibromide 35. Demethylation of 31 was carried out by reflux with LiAIH,
in benzene to give exclusively the monodemethylated product 32 in quantitative
yield. After oxidation of 32 using PbO,, treatment of the obtained quinone 33
with 2,4-dinitrophenylhydrazine gave the desired azophenol cyclophane 5 as
orange crystals in quantitative yield, which was derived by isomerization of the
first-formed hydrazone.

Two possible structures, D, and C,;, symmetry as shown in Fig. 5, are assumed
for the cyclophanes 31 and 36. The molecular structure of 36 was determined by
X-ray analysis (Figure 6) to be of D, symmetry [15]. The four methoxyl oxygens
are at the corners of a tetrahedron and the size of the cavity (0.68 A) is compatible
with the ionic radius of Li* (0.60 or 0.73 A).

Fig. 5. Two possible structures of 31
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Fig. 6. ORTEP drawing of cyclophane 36

2.3.2 Specific Coloration with Lithium Salts

On neutralization with a series of alkali metal hydroxides or tetramethylammonium
hydroxide in ethanol, weak acid 5 gave a colored solution with an absorption
maximum at 615 nm independent of the cation species. This fact suggests that the
phenolate anion from 5 interacts with the solvated cations or form solvent-
separated ion pairs in the protic solvent, in marked contrast to those of azophenol
crowns 4 with alkali metal salts.

In chloroform, no phenolate anion of 5 was detected even in the presence of
excess piperidine as a base. Addition of crystalline lithium salts to this mixture
gives rise to changes in absorption spectra, indicating the formation of the phenolate
salt (Fig. 7). A dramatic color change from yellow to violet took place rapidly on
addition of lithium salts, except for that with nitrate, fluoride, and sulfate counter
anions. No tendency for the interaction was observed with any of the other 58
inorganic salts listed in Fig. 7.

In the hydrophobic solvent (CHCL,;), the lithium ion in the colored species is
believed to be encapsulated in the hydrophilic cavity of the counter anion on the
basis of the following facts: (1) the cavity is expected to be small but able to
accommodate the guest.

The extraordinally large pKa for 5 (13.5 in 10% water-dioxane at 25 °C) is
compatible with this small cavity because of the instability of the resulting anion
due to a large electronic repulsive force; (2) the coloration takes place only when
the specimen is in contact with lithium salts; {3) the monodemethylation of
tetramethoxycyclophanes 31 and 36 occurs exclusively in an aprotic solvent such
as benzene even in the presence of excess LiAlH, (no evidence for complexing
lithium with 36 was obtained by both picrate salt extraction and NMR spec-
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Fig. 7. Visible spectra of the azophenol biphenylophane 5-salt-piperidine system in chloro-
form

troscopic techniques); (4) no cation exchange between Li* and Ca* or Ba?* was
observed.

The perfect lithium selectivity observed under the given conditions is described
in terms of binding the guest cation by both the coulombic attractive force and
ion-dipole interactions, and rejecting larger or multivalent cations by the narrow
entrances to the small cavity in the cyclophane dye 5.

Recently, Cram and his group reported the synthesis and chromogenic properties
of the azophenol spherand 37 which is a chromogenic ion-selective indicating
system capable of detecting Li* and Na™ at concentrations as low as 1073 M in
the presence of other common ions [17].

NOo

Structures 4
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2.4 Analytical Applications of Chromoacerands
for Li* -Determination

As described in the previous section, azophenol crown 4 (n = 1) shows a
characteristic coloration only for Li* ion among alkali metal ions. After extensive
examinations in a number of solvent systems, lithium analytical conditions were
determined as shown in Table 2 {18a]. The resulting reddish purple color is very
stable and its absorbance is maintained for 10-90 min after developing color. The
calibration curve for Li*, in other words, sensitivity is linear from 25-250 ppb.
Na™ does not interfere, but K*, Rb*, Ca?*, Sr?*, Ba®* and Mg?* interfered
in the determination with a similar coloration. This method was applied to the
analysis of a commercial pharmaceutical preparation, a lithium carbonate tablet,
since the Li,COj, tablet has been used for medical treatment of manic depressive
illness [18b]. On the other hand, the azophenol crown 4 (n = 1) is also useful as
a reagent for colorimetric determination of Rb* and Cs™ [19].

As expected, benzothiazolylphenol crown 21 (n = 1) proved to be superior to
the azophenol crown 4 (n = 1) in sensitivity toward Li* determination. Excitation
and emission spectra of this reagent and its complex of Li* show that the reagent
is useful for determination of Li* (Fig. 8).

On addition of lithium chloride in methanol to 21 (n = 1) in benzene, the
curves c(excit.) and d(emiss.) change to the curves a(excit.) and b{emiss.) with
marked increase of their fluorescent intensity. The emission intensity of the reagent

Table 2. Determination of lithium ion

Colorimetry Fluorometry
Solvent CHCI;DMSO Benzene-MeOH
(99:5 v/v%) (99:0.5 v/v%)
Base NEt; (0.5 v/v%) NEt; (0.5 v/v%)
Amax 565 nm A 375 nm
Ay 410 nm
Sensitivity 25-250 ppb 0.39-39 ppd
Interfering K*, Rb*, Mg2*, —
cations Ca?*, Sr**, Ba?*
0o OH O O OH O
"N NS
©/N02 @
NO2
4 {n=1) 21 (n=1)

176



Recognitory Coloration of Cations with Chromoacerands

o
(@]

F oy
o

N
o

Relative Fluorescence Intensity

Fig. 8. Fluorescence and excitation spectra of 21
(n = 1) and the 21 (n = 1) Li complex

Wavelength/nm

blank (curve d) is negligible compared with that of the complex when an excitation
at 375 nm is used for analysis. Consequently, this fluorometric method is also
applied satisfactorily for Li* determination with both excellent sensitivity
(0.39-39 ppb) and fairly good selectivity as well as the marked advantage of there
being no interfering cation (see Table 2).

3 Selective Coloration of Amines with Azophenol Acerands

An alternative type of complex with crown ethers is concerned with a tripod
arrangement of protonated primary amines by three ethereal oxygens of the crown
ring. Such a nesting type complexation was observed, for example, by X-ray
crystallography of the ¢-butylamine complex of pyrido[18jcrown-6 [20], and its
representative application is the enantiomeric separation of protonated amino
acid derivatives through chiral recognition of host crowns incorporating an
optically active binaphthyl group [21].

3.1 Azophenol Crown-Amine Systems

We examined molecular recognition of protonated amines with a series of
azophenol crowns. When an ammonium cation is accommodated in the crown
cavity, the complexes produced should be differentiated from ion-dipole complexes
of neutral crowns by an additional binding force, i.e. coulombic interaction.

If the substituent R of guest amines is a bulky group, a solvent-separated ion
pair such as structure 39, which is generated by neutralization or proton-transfer
reaction, will be produced with concurrent color change from yellow to blue
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Scheme 5. Formation of acerand amine complexes

(Scheme 5). On the other hand, when the substituent R is of a suitable size, an intra-
molecular ion pair such as structure 38 will be formed and stabilized by interionic
hydrogen bond N*—-H- ~O~ in addition to hydrogen bond N*—H- -O
and ion-dipole interaction N*— —O. At the same time, the solution will be turned
to violet because of short interionic distance between N* and O ~, which is strongly
affected on the electronic state of the ‘dinitrophenylazophenol chromophore.
Accordingly, the absorption maximum wavelengths of the amine complexes in
visible spectra will possibly be indicative of the type of complex, i.e. salt complex
(abbreviated as saltex) 38 or simple salt 39.

To the pale blue solution of azophenol crown 4 in ethanol, addition of a series
of amines causes the high degree dissociation of the phenol to yield the phenoxide
anion with an accompanying color change into reddish to bluish violet. The values
of absorption maxima of the resulting ammonium phenolates (38 or 39) are
summarized as an example in Fig. 9 [22]. The figure shows as follows: 1) acyclic
azophenols, 12b and 13b, reveal constant values of the maxima regardless of the

O FHe4fion O/_(_\O
. n
Q - MesN g 8 ?
- Me oNH
© °z NO2
QO rresulk, Ri=N<O)-NO,
O li-petmy 4n (n=1-3)
é - EtNHp
Q - MelNHy R OHR
Q » NH3 NO2
O - amine free N=N NO2
12b
12b R=Me
136 R=CH,OMe
T T M 1 v T
540 560 580 600

——A/nm

Fig. 9. Absorption maxima of azophenol dye-amine systems in EtOH
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Table 3. Absorption maxima of azophenol crown 4-sec. amine systems in EtOH (nm)

4n=1 4(m=2 4@=3 4@=4

BuMeNH 572 560 557 574

Et,NH 582 575 576 580

Pyrrolidine 561 558 568 583

Piperidine 559 559 580 586

2-Me-piperidine 583 575 584 587

2,2,6,6-Tetra-Me 586 579 587 588
piperidine

amine species, indicating no formation of inclusion complexes; 2) the shifts of
maxima are dependent strongly upon the molecular structure of amine as well as
the size of the crown cavity rather than either the acidity of azophenols and the
basicity of the amines, since less bulky amines show more blue shifts of the complex
maxima. It is of especial interest that dimethylamine shows a marked blue shift

Fig. 10. ORTEP drawing of the molecular structure of azophenol crown 4 (n = 1) piperidine
saltex
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comparable to that of monomethylamine, in spite of the larger molecular size and
smaller number of hydrogen bonds of the former sec. amine compared to the
latter prim. amine.

In order to study the exceptional blue shift of absorption maximum for dimethyl-
amine, the inclusion with azophenol crown 4 was carried out for a series of sec. ami-
nes in ethanol. Table 3 shows maxima of some sec. amine-4 systems. There, marked
blue shifts are observed for4 (n = 1) and 4 (n = 2) with pyrrolidine and piperidine.
Such a blue shift for both cyclic amines disappears with the increase of crown size.

To confirm the inclusion mode for a sec. amine, the 1:1 piperidine - 4 (n = 1)
complex was isolated and its molecular structure was determined by X-ray analysis
(Fig. 10) [22]. The chromophore is planar (except the o-nitro group) within 0.1 A,
to which the cyclic polyether ring extends perpendicularly. The protonated
piperidine having a chair form structure is placed on the crown ring and stabilized
by very short N* —H- -0~ (2.65 &) and N* —H- —O (2.93 A) hydrogen bonds,
and two N* - —O ion-dipole interactions (3.17 and 3.16 A). The remaining ether
oxygen, 0(2), seems to be ineffective on the complexation.

Moreover, the contribution of the o-nitro group on the spectral behavior was
confirmed to be clearly effective in solution by comparison with amine complexes
of p-nitrophenylazophenol crown 40 (A, ca. 40-50 nm in EtOH). Figure 11

Fig. 11. ORTEP drawing of the molecular -uc-
ture of p-nitrophenylazophenol 40 - pipe...
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shows the similar type of molecular structure for piperidine 40 (n = 1) and much
shorter length of the N* —H- —-O~ bond than the corresponding bond in Fig. 10,
reflecting the electron density on the phenolate oxygen atom.

In addition, the stability constants of amine complexes were determined with
the dyed-host 40 using the Benesi-Hildebrand method in acetonitrile and chloro-
form at 25 °C {23]. The data show the following order of complex stability;

log K of amine 40 (n = 2): prim. > sec. > tert.
log K of amine 40 (n = 1): sec. > prim. > tert.

It is noteworthy that the stability for amine 40 (n = 1) complexes is ordered to
be dominant for sec. amines. This fact indicates that the stability is caused by
various factors, i.e. steric complementarity between host and guest, acidity of the
azophenol, basicity of the amine, number of hydrogen bonds, ion-dipole interaction,
and solvent polarity.

3.2 Dibasic Azophenol Acerand-Amine Systems

In connection with azophenol crown complexes in the preceding section, a dibasic
azophenol crown incorporating a benzoic acid unit in the ring was studied for
inclusion of amines.

3.2.1 Synthesis of the Acerand 48 [24]

The podand-type compound 42 was prepared by coupling of diethyleneglycol with
2,6-bis(bromomethyl)-1,4-dimethoxybenzene (41) which was derived via a three-
step sequence from p-methoxyphenol (6) as usual (Scheme 6). Coupling of 42 with

Br ! O [e} OH @gcome O/ﬂo/"\0
HO CHQCHZO)?H
MeO OMe —————=MeO O2Me MeO OMe
Br o_oH 56% 0 o
o}
/s

41 42 44

_CAN _
—%2:‘—— commo@ Sew Qcom b

O\—/OO

45 46
NO2
02N@NH-NH2
- - o= =N-N- COHHO
o o 0
47

Scheme 6. Synthesis of acerand 48
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dibromoester 43 gave a cyclic oligoether 44 in 56% yield. Alkaline hydrolysis of
44, followed by oxidation with CAN gave a crowned quinone benzoic acid 46.
On the other hand, the corresponding quinone methyl benzoate was obtained in
a low yield by direct oxidation of 44 with CAN. The COOH-dye 48 was obtained
via the intermediate hydrazone 47 by treatment of 46 with 2,4-dinitrophenylhy-
drazine and was assigned to pure azophenol form 48 on the basis of NMR spectra.
A reference azophenol, MeO-dye 49, which was synthesized in a similar manner,
consists of an equilibrium mixture of the hydrazone form and the azophenot form
49 in a 1:4 ratio.

3.2.2 Selective Binding with Amines

Three acerands 48—-50 show absorption maxima at ca. 400 nm in chloroform and
turn blue on addition of amines. After many examinations of the complexation
of the three acerands with large excess of various amines in alcohol and chloroform,
it was found that COOH-dye 48 shows a marked blue shift (ca. 40 nm) of the
absorption maximum by the addition of several diamines (piperazine, hydrazine,
TMEDA = tetramethylethylenediamine), and two aminoalcohols in chloroform,
in contrast to slight fluctuation of the maxima for amine complexes of the two
references (Fig. 12). In other words, the yellow solution of 48 turns to blue with
monoamine whereas to pink color with diamine, indicating very different coloration
based on the two binding sites in the crown cavity.

To study the relationship between the absorption maxima of 48 diamine saltexes
and concentration of the diamines, titration experiments were carried out in ethanol
and chloroform. Variable concentration spectra for 48 piperazine in chloroform
are shown in Fig. 13 as an example. With the increase of piperazine concentration,

700

A/nm
Fig. 13. Visible spectra of acerand 48 - piperazine systems in chloroform
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the spectra show the lowering of the maximum at 400 nm and the raising of the
maximum at 531 nm, accompanying color change to deep violet. However, the
maximum at 531 nm shifts graduvally to a longer wavelength region with the
addition of more than 500 equivalents of piperazine and the solution turns blue
gradually.

This spectral behavior dependent on amine concentration is interpreted by the
formation of a 1:1 ratio saltex for the case of less than 500 eq. amine and of a
1:2 (=48:piperazine) salt for the case of more than 500 eq. amine. The 1:1 saltex
was prepared in quantitative yield in chloroform and characterized by 'H-NMR
and X-ray analysis (Fig. 14) [24]. The 1: 2 salt is presumed to be a structure bearing

b

Fig. 14. ORTEP drawings of the molecular structures of (a) acerand 48 and (b) its piperazine
saltex
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an amine to each binding site of 48 on the basis of the spectral behavior of some
reference dye amine complexes.

On the other hand, TMEDA and Dabco (1,4-diaza-bicyclo[2.2.2]octane), both
of which have an ethylenediamine unit and sterically bulky geometry, show time
dependency of the spectral curves of intermediate saltex, indicating the instability
of kinetically formed 1:1 ratio saltex and the thermodynamic transformation of
the saltex to the 1:2 salt (Fig. 15).

<_ go/C\\o ’} Me,

Me
j + me NCH2CH2N

Me

400 500 600 700
A/nm

Fig. 15. Visible spectra of acerand 48 - TMEDA systems in chloroform

3.2.3 Molecular Structure of a Dibasic Acerand Saltex

The molecular structures of host acerand 48 and its piperazine 1:1 saltex were
determined by X-ray crystallography as shown in Fig. 14 [24]. The hydroxyl and
carboxyl groups ure separate from each other and are bound by hydrogen bonds
and ion-dipole interactions. Both benzene rings in the crown cycle are situated in
an anti-form, probably due to dipole repulsion between the carboxyl and the
phenol groups. On the other hand, the piperazinium dication is well accommodated
with a chair form in the cavity of the host 48 dianion. The axial NH protons of
the guest make strong N* —H- ~O~ hydrogen bonds with the two anions, judging
from marked short bond lengths, 2.694 and 2.655 A. The great shortening of
the former one compared to the standard N* —H- —O hydrogen bond, 2.83 A,
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stresses the importance of coulombic attraction [25]. It is noteworthy that both
benzene rings in the saltex are placed in a syn-form to sandwich the guest
dication.

3.3 Enantiomer Selective Coloration with Chiral Acerands

To recognize a chiral ammonium guest, binaphthyl hinge crowns were designed
and proved the enantiomeric separation of protonated amino acid ester racemates
[21]. A sertes of chiral azophenol acerands incorporating one or two optically
active hydrobenzoin unit, 51-58, has been synthesized to study the title theme,
enantiomer selective coloration with chiral amines.

g9 8P _
d v © 0 @(\/E
Cer £y S o

NOz2 NO2
NO2z2
N=N-©—N02 C N=N@-N02
N=N NOz2
51 5 53
S
0 o]
Ot D
O oH O
Oz
N=i bNOz
56

Structures 6
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1) HCHO, NaOH 2) (Me0)2502, K2CQO3 O, _Ph

3) conc. HBI Bu Sn/ I Bu25n0 Ph

5) TsOCHzCHzQCH2CH20QTs, NaH 2 \O

7) 2.4-dinitrophenylhydrazine Ph Cghg quant. 4
59

Scheme 7. Synthesis of chiral acerand 53

The synthesis of a typical compound containing two units of dihydrobenzoin
is shown as an example in Scheme 7 [26]. Reaction of 2,6-bis(bromomethyl)1,4-
dimethoxybenzene 41 with the dibutyltin derivative of optically active dihydroben-
zoin 59 yields a chiral podand 60 in 63%. Cyclization of 60 with the ditosylates
of oligoethylene glycols, followed by oxidation with CAN and treatment with
dinitrophenylhydrazine, affords the desired chiral dyed acerand 53. Some chiral
azophenol acerands 51-58 are synthesized in a similar manner.

Of examinations with commercially available chiral monoalkylamines and
ethanolamines, complexation of chiral acerand 53 (RRRR and SSSS having four
chiral carbons of R and § configurations, respectively) and norpseudoephedrine
63 (having two chiral carbons of R,R-configuration) in chloroform is shown as a
representative example in Fig. 16. The (SSSS)-53 - 63 complex reveals a higher
intensity of the absorption maximum near 550 nm compared to that of (RRRR)-
53 - 63. This means that norpseudoephedrine is more easily accommodated in the
cavity of (SSSS)-53 than that of (RRRR)-53, in accord with CPK molecular model
examinations.

From the study with variable concentration of the amine, the yellow solution
of (RRRR)-53 in chloroform remains unaltered by addition of the amine in a
range of concentrations, 4.8 x 1077 to 1.2x107¢ M, whereas the solution of
(SSSS)-53 reveals a color change from yellow to reddish violet with the same
concentration of the amine. In other words, enantiomer selective complexation
and enantiomer specific coloration were realized by this finding.
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Fig. 16. Absorption spectra of 53-norpseudoephedrine (63) systems in chloroform

3.4 Discriminative Coloration for Substitution Pattern of Amines

A series of acyclic azophenol-dyed oligoethers 64 (azophenol podand, PoOn:
n = number of oxygen atoms in the two side arms; Fig. 17) also show the com-
plexation-coloration with amines in similar manner as described for the azophenol
crowns. For example, PoOg¢ (64, n = 2) makes a saltex (A, 568 nm) with bulky
primary amine, t-BuNH, in chloroform, whereas it does not with tertiary amine,
tri-n-butylamine (Fig. 17).

A seen in Fig. 18, podand dye PoOg(64, n = 2) shows generally hard com-
plexation-coloration with bulky sec. amines, i.e. diisopropylamine (G in Fig. 18)
and 2,2,6,6-tetramethylpiperidine (J in Fig. 18), as well as with all tert. amines. On
the other hand, PoO, (64, n = 1) is able to form a saltex with all prim. and sec.
amines including the bulky ones but not with tert. amines. The two end hydroxyl
groups in the two side arms of both podand dyes, PoO, and PoOy, are required
for such coloration of amines, because no coloration is observed on addition
of various amines when the hydroxyl groups are substituted with methoxyl

groups.
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Fig. 17. Visible spectra of PoOg (64, n = 2)-amine system in chloroform
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An azophenol crown including a pyridine unit, 66, (Fig. 19) reacts with all of
amines in acetonitrile to form ammonium phenolates. The absorption maxima of
66-prim. amine systems appear in a region of 574-586 nm, which is definitely
distinct from those of sec. and tert. amine systems (A, 602— 606 nm except for
the dimethylamine system which gave 592 nm) as shown in Fig. 19. On the other
hand, a dyed crown including an additional benzene unit, 65 (Fig. 19), reacts with
various amines to make ammonium phenolates which show absorption maxima
of nearly constant wavelength.

As a result of these findings, the combined use of the two azophenol hosts,
PoO, (64, n = 1) and pyridine dye 66, is able to discriminate the substitution
pattern of amines, i.e. prim., sec. and tert. amines. In other words, when an unknown
alkylamine is treated with PoO, in chloroform and the yellow solution remains
unchanged, the amine should be a tert. amine (Fig. 20). On addition of pyridine
dye 66 in chloroform to the unknown amine which shows color change with PoO,,

CL‘\ - HOCH,CH,NH,
e - NH,
G - MeNH,
Q - EiNH, o )
- i-PrNH E j
e i-PrNH, o on o
Q o t-BuNH2
Q - NH,NH,
; NO2
o - H NCH,CH,NH,
o - HO(CH,),NH, N=N—©‘NO2
O - Me,NH 65
2 Ben, Q4 —dye
- Et2NH
- (i-Pr),NH
F Piperidine
- HOCH2CH2NHME O
- Piperazine N
- (HOCH,CH,),NH [o oj
- HOCH,CH,NMe, o oM o
- MeBN
B EtBN
L Pr3N NO2
= BU.SN :N-‘@‘NOZ
- (HOCH,CH,),N 66
Py,O4—dye
T T T
570 590 610

A.max/nm

Fig. 19. Absorption maxima (in nm) of azophenol acerand-amine systems in ethanol
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Fig. 20. Discrimination of the substitution pattern of amines by coloration with acerands

it should be demonstrated that the violet color of ammonium phenolate appears
with prim. amine whereas the blue color demonstrates that a sec. amine is present
in spite of bulky alkyl groups.
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“Molecular complexity can by used as an indicator of the frontiers of synthesis since
it often causes failures which expose gaps in existing methodology. The realization
of such limitations can stimulate the discovery of new chemistry and new ways of

thinking about synthesis”.
E. J. Corey

A paradigm shift is in progress which is directed at the mimicry of complex, highly
sophisticated biomolecular architecture and phenomena. Mimicry of these targeted phenome-
na and structures is driven by the realization that these prototypes have been derived and
perfected over billions of years in a dazzling molecular level effort to introduce and sustain
life. In the past, natural product synthesis or de novo protein/polynucleic acid syntheses
have been targeted to produce direct equivalency to various prototypes in biomolecular
schemes. Unlike this objective, synthetic structures and strategies in this account will focus
on the mimicry of architecture and phenomena found in life processes, utilizing less complex
reagents and protocol to give novel products not found in Nature.

With this in mind we introduce a new organic synthesis strategy which we refer to as
“genealogically directed synthesis“ (GDS). Simply stated the central theme of this strategy
utilizes mimicry of seven key phenomena/architectural criteria invoked by Nature to initiate
and sustain life. These criteria deal with the flow and transfer of molecular level information
through a chemical hierarchy, be it abiotic or biological.

A comparison of such GDS mimicry with certain targeted biomolecular phenomena/-
structures is listed below:

Targeted Biomolecular Genealogically Directed Synthetic Mimicry
Phenomena/Structures
1. Primary/stem genes . Synthetic initiation/construction from an initia-
tor core (i.e., a seed)
2. Genetic transcriptionftranslation 1 Templated dendrimer structural information
(generation to generation)
3. Chronological polynucleotide/protein :  Time sequenced, step growth of “branch cells”
sequencing and dendrimer structure
4. Self replication of DNA, cells, etc. 1 Self replication of “branch cells” throughout
dendrimer construction
5. Geometric growth of DNA, cells, etc. : Structural proliferation of dendrimers with
according to 2° (G = generation) exponential amplification of “branchcells™ and
“surface functionality™ as a function of genera-
tion
6. Iteration — structural building phases : Iterated — dendrimer growth stages (genera-
(i.e. generations) tion to generation)
7. Malthusian-like packing behavior; . Starburst/cascade dendrimer dense-packing;
Exponential proliferation in a limited critical branching state, nanoscopic steric
space. effects.

These seven italicized criteria are integrated into a variety of (GDS) schemes thus allowing
construction of hyperbranched macromolecular structures referred to as “dendrons” or
“dendrimers”. A direct consequence of this strategy is a systematic “molecular morphogene-
sis” [1] with an opportunity to control “critical molecular design parameters” (CMDP’s);
(i.e., size, shape, surface chemistry, topology and flexibility) as one advances with covalent
connectivity from molecular reference points (seeds) of picoscopic/sub-nanoscopic size (i.e..
0.01-1.0 nm) to precise macromolecular structures of nanoscopic dimensions (i.e.,
1.0—100 nm) [2]. Genealogically directed synthesis offers a broad and versatile approach to
the construction of precise, abiotic nanostructures with predictable sizes, shapes and surface

chemistries.
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1 Introduction

The descriptors “Starburst, dendrimers, arborols, cascade molecules, and hyper-
branched” all describe specific geometric forms of structure. Recent progress in
understanding the synthesis of these structures, allows us to introduce phenomeno-
logical terms which more accurately describe both the necessary sequential syn-
thetic operations and the resulting molecular level information controlled during
the course of these constructions. Hence we refer generically to synthetic strategies
directed toward these structures as “genealogically directed synthesis” (GDS).

The term “genealogy” carries with its definition the very essence of life, origin,
genes, lineage, ancestry, transfer of characteristics, pedigree, progeny; the science
and study of family descent. All of these terms are usually associated with the
biological world and are often used to describe the succession of biological products
that may result in a proliferation from a source/origin or genesis (cf. Ref. 199).

Stoddart, in 1989 [3a—e], introduced the concept of structure-directed synthesis as
a synthetic organic paradigm. As defined, structure-directed synthesis states that:

“There are inherently simple ways-of making apparently complex unnatural
products from appropriate substrates without the need for reagent control or
catalysis. It implies that the required stereoelectronic information is pre-pro-
grammed into the substrates of a chemical reaction; this allows the efficient and
precise spontaneous self-assembly of these ‘intelligent’ substrates, thus yielding
either large molecules with completely defined superstructures and/or organized
molecular assembies composed of unique molecular components.”

Examples of structure directed synthesis abound in Stoddart’s extensive work
[3a—e] on catenanes and rotaxanes, where “they are obtained as pretemplated
products in the final step of the syntheses without the need for reagent control or
external catalysis.” Nonenzymatic, “template-directed synthesis” on hairpin oligo-
nucleotides {see Ref. 202) represent an analogous approach involving regiospecific
sequencing on oligonucleotides (see Ref. 203)

It is in this spirit that we introduce the term genealogical-directed synthesis
which is involved in the construction of dendrons and dendrimers. Genealogically
directed strategies impose additional requirements to that of structural-directed
synthesis. It incorporates into the concept, features which are remarkably similar
to generational transfer of information in biological systems, yet these features
all directly influence and determine the final synthetic structures that result from
these strategies. The GDS strategies usually include the following features; which
are illustrated in Fig. 1.

. Molecular Reference Point or Genesis in Dendron/Dendrimer Structure
Chronological Sequencing of Dendron/Dendrimer Structure

Radial Template Effect in Deriving Dendron/Dendrimer Structure

. Dendron/Dendrimer Structure Based on Geometric Progressions

Self Replication of Branch Cells in Dendron/Dendrimer Structure

Dense Packing of Dendron/Dendrimer Structure Caused by Tethering of
Extended Covalent Connectivity

Iterated-Dendron/Dendrimer Growth Stages

mMEHY 0D

@
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Fig. 1. Genealogical components involved in dendrimer synthesis

Genealogically directed synthesis (GDS) is therefore defined as those synthetic
strategies which involve a sequence of chronological steps wherein critical
intermediates involved in the sequence function as radial templates upon which
subsequent structural components are introduced in some chronological order.
As a consequence, structural errors and/or ideality are recorded as a function of
chronological sequencing (i.e. generation). On the other hand, important molecular
information can be chronologically designed into the final structure.

This paradigm recognizes that a “structure-directed” form of self assembly may
be necessary, but not an exclusive component of a “genealogically directed”
process. The essence of GDS implies inclusion of at least 7-8 characteristics. The
inclusion of criteria such as A, B, D, E, F and G clearly differentiate GDS from
the familiar “structure directed” model of Stoddart. These features, superimposed
on templating effects in a synthesis protocol provides a combination of criteria
which embodies the essence of genealogy in biological systems. However, we
confine our usage of the term “genealogically directed synthesis“ to abiotic systems.

Biological examples of this “information flow” strategy are ubiquitous through-
out Nature. Some of the most fundamental examples in Nature involve DNA
replication as well as DNA transcription to RNA followed by translation to
produce proteins. More specifically, the biotic synthesis of DNA involves the
following steps:

1. A germ line acting as a one-dimensional template and consisting of a double
strand helix of nucleic acids (i.e. a “seed”).

2. A time sequenced, homogeneous transfer of molecular information to new
nucleic acid components giving rise to self replication in the form of two new
daughter strands. This leads to extramolecular proliferation (transfer of
information to successive generations).
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3. Reiteration of this process produces progeny DNA strands that multiply
according to the geometric progression: 2, where G = generation or number
of reiterations (synthetic proliferation).

Recently, the discovery of “polymerase chain reactions” (PCR) by K. B. Mullis
[4] in 1985 clearly demonstrates that “in vitro”, abiotic construction of DNA in
a flask by these “genealogical directed synthesis™ strategies is presently a routine
and significant commercial process. These “genealogically directed syntheses” lead
to an extramolecular proliferation of molecular level progeny.

Similarly, the successful “in vitro” synthesis and assembly of an active, virulent
polio virus with empirical formula; Cs3; 68:H492.238N05.2450131,196P7501 S2340
has recently been reported [5]. This synthesis was completed without the use of
biological organisms, cells or membranes. Such an accomplishment suggests that
the possibility of synthesizing extremely complex organic structures by completely
abiotic methods is no longer idle speculation. Just as certain GDS criteria were
involved in this experiment, so may it be expected that these criteria will be
required and used in the eventual, abiotic synthesis of other complex molecules.

Using more simple reagents and protocols, the GDS strategy has been used to
successfully produce over twenty different families of dendrons/dendrimers based
on classical repeat (monomer) units and branch cell reagents. Interestingly, these
GDS strategies have been used recently by Damha (see Refs. 121-123) to produce
dendritic DNA and RNA type structures.

In this account we extend the definition to include the concept of systematic,
synthetic proliferation within an abiotic molecular structure starting from an origin
“core initiator” and continuing through a succession of well-defined, stoichiometric
compounds and structures. In general, this synthetic strategy involves the following
critena:

1. The genesis of these constructions involves a reactive “seed” (initiator core)
which may be an atom, simple molecule or polymeric core.

2. Homogeneous transfer of molecular information from the “seed” to successive
concentric generations within the molecular structure via covalent connectivity
and according to specified branching rules. This gives intramolecular prolife-
ration according to a defined geometric progression.

3. Synthetic proliferations which involve sequential, radial templating to give
concentric/radially assembled molecular organization with an infrastructure
upon which functionalized surfaces may be displayed for subsequent radial
templating and proliferation.

This article describes recent efforts to develop, characterize, and predict
three-dimensional organizations of ordered, covalent connectivity around various
picoscopic and sub-nanoscopic reference points (i.e., initiator cores: sub-nano-
scopic (point-like) reactive organic molecules). The resulting covalent architecture
can be systematically controlled by stepwise reiterative reaction sequences (genera-
tions} as described below:

1. Start with an initiator core () possessing N, reactive sites (e.g., N, = 3 for
ammonia).
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2. Choose a reaction sequence so that each of the N, reactive sites adds a reactant
B, possessing new N, (N, > 1) reactive sites (thereby introducing multiplicity)
to obtain dendrimer D, of generation 0. With ammonia as initiator core, a
B-alanine derivative (N, = 2) might be chosen as reactant.

3. Use protection/deprotection strategies to ensure that B, reacts with all reactive
sites of (®), but that no reactions occur at the new reactive sites on B, of
dendrimer D,

4. Define an iterative sequence involving addition of new reactants B;, , to the
molecule D, of generation i to form a new dendrimer D, , | of generationi + 1.

In this fashion, it is possible to control the critical molecular design parameters
(CMDPs, i.e., size, shape, topology, flexibility, and surface chemistry) and grow
predictable, stoichiometric structures up to a self-limited dimension (generation)
which is determined by N_ and N, as well as by the dimensions of the structural
components. Such space-filling, terminally functionalized molecular organizations
have been coined Starburst dendrimers [2]. Two dimensional projections of such
“molecular morphogenesis™ [1] are as illustrated in Fig. 2.

174 T
5 ; X
if 8
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3 4 5
CORE  (A) (8) © (o) (E)

Fig. 2. Two dimensional projections of tridendron dendrimers with N, = 3 and N, = 2 as
a function of generation: 0-5

The branching implicit in N, > 1 leads to geometric growth in the number of
atoms, repeat units and branch cells for each generation. For example, the number
of monomers assembled in a dendrimer series with N, = 3 and N, = 2 is 3, 9,
21, 45, 93, 189, 381, 765, and 1533 for generations 0-8, respectively. Since the
overall size can only grow linearly within the constraints of the covalent bonds
and surface groups add on in an exponential fashion, these systems eventually
become congested and change from an open, starfish-shaped molecule to a
ball-shaped structure.

Starburst dendrimers, such as above, possess three major architectural com-
ponents.

I. an initiator core/core cell
II. an interior
III. an exterior (surface)

By definition or construction, these three components are interdependent and
reflect a unique molecular genealogy. In the progression from the initiator-core
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Fig. 3. Dendrimer architectural components as a function of molecular genealogy associated
with CMDPs that contribute to endo- and exo-receptor properties

stage to an advanced dendrimer stage (e.g., generation 4.0 in Fig. 3), this
molecular genealogy manifests itself in a variety of ways.

Just as ancestry and lineage can be traced in higher organisms, a molecular-level
parallel is observed when these transformations are considered in the context of
(1) stored molecular information at each dendrimer stage and (2) molecular
information transferred (transcribed) to the progeny dendrimer surface at each
transformation. For example, if the initiator core is thought of as a primitive
abiotic gene [6-8] molecular details are sequentially transcribed and stored to
produce interior and ultimately exterior (surface) features which are characteristic
of that dendrimer family (phenotype).

It is in this fashion that such interior features as size, chemical composition,
flexibility, and topology (cavities) are developed and manifested as stored molecular
information, which may exhibit convergent, endo-recognition [1, 2, 9-11] or
divergent exo-receptor properties [1]. Important biological analogies to these
microenvironments may be found in the active binding sites of enzymes. The
interior of a dendrimer consists of a scaffolding upon which surface properties
such as shape, reactivity (functionality), stoichiometry, congestion, special kinetic
features, flexibility, and “fractal” character (clefts) can be generated and con-
trolled. This conjecture of fractal characteristic of the dendrimer surface has recently
been confirmed. Direct evidence that these surfaces are highly clefted and indeed
fractal has been described by Avnir et al. [12] who report a surface fractal
dimension of D = 2.41. This fractal dimension is very similar to that of proteins.
These surface features govern divergent recognition and as such may be expected
to exhibit exo-receptor properties [1]. Interestingly, Lewis and Rees [13], using
the same analysis, obtained a general value of D = 24 for the surfaces of
various enzymes. Significant biological analogies include antibody-antigen inter-
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faces involved in immunological recognition processes [14—16] as well as most
protein-protein interactions and exo-recognition at membranes [17] or cell walls
[13, 18].

2 Dimensional Hierarchy in Organic Matter

In order to comprehend the complex architectures obtainable from control of a
few critical molecular design parameters, consider the following aspects of natural
processes from the perspective of these parameters.

2.1 Critical Molecular Design Parameters (CMDPs)

The most plausible current models for the origin and evolution of life revolve
around self-assembling molecular systems: “Order begot order from chaos™ [19,
20]. These models have the following features:

1. Small picoscopic or sub-nanoscopic molecules were assembled into more
complex, “intelligent”, nanoscopic biomacromolecules and assemblies possess-
ing ordered, retrievable molecular information for specialized functions.

2. Successful molecular evolution required very faithful transfer of molecular
information possible only by exquisite molecular-level control of size, shape,
topology, flexibility, and surface chemistry (CMDPs).

. Viruses

. - Antibadies
Globater Rivasomes
Proteins Erymes:| .0

Starburst Dendrimers

Ordered Molecular Information

e
i
|
]

L A
1 10 100 1,000 10,000 100,000 Y
(tnm) . (1r) (10) fem m)
Di ions, A
- P . ~ N\ 7 N\ e
v ~" ~"
Picoscopic Nanoscopic Microscopic Macroscopic

Fig. 4. Dimensional hierarchy of organic matter, assemblies, and cells involved in life
processes
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3. Control of CMDPs allowed the development of features and functions inherent
in all living systems; namely, their ability to reproduce, to pass on genetic
information (i.e., a prototype blueprint) to their progeny, to perform various
specialized functions, and finally to grow to prespecified limited dimensions,
usually with some characteristic morphology.

These very simple principles, together with Darwin’s natural selection processes,
have led to an incredibly rich array of life forms. Figure 4 illustrates a hierarchy
which describes the advancement of atomic- and molecular-level entities (I, II)
along various biological pathways to biomacromolecules (111) and higher-ordered
molecules and assemblies such as IV-VI. Advancement from atoms (I) to
picoscopic/sub-nanoscopic molecules and finally to biocellular networks (VI) can
generally be related to the amount of ordered molecular information possessed
by the entities 11-V] as well as to their relative dimensions. Superseding and in
fact directing the assembly and function of many members of categories I11-VI
15 the fundamental template of hife. deoxyribonucieic acid (DNA). Because of its
relatively high aspect ratio, DNA may be thought of as a one-dimensional
template which transmits molecular information through a cascade of inter-
mediates (e.g. m-, -, and rRNAs, ribosomes, etc.). Ultimately, this genetic
(molecular) information becomes translated into one-dimensional protein se-
quences whose size is determined by the length of the polypeptide chain, and
whose shape, interior topology, und surfaces result from foldings and convolu-
tions determined by the sequence and the side chains of the amino acids [21]. By
this process the initial one-dimensional molecular information is ultimately
translated into a three-dimensional message. Precise control of the CMDPs is the
foundation upon which evolution chemistry has advanced and reached its present
state of development. This information transfer can be visualized as illustrated
in Fig. 5.

Translation

Transcriptien

o Protein synthesls allows
transfer of Information
1-Dimensional (A B, C, etc) 1o the

Template surface of the cell.

¢ This informatlon
determines SIZE, SHAPE
and SURFACE features
of the cell
(iie. X, Y. Z, etc)

o Ultimate cell surface
Informatlon {X, Y, Z, etc.)
derlved from (A, B, C)
determines the nature of

X the bio-cellular network

‘; 8, (organism)
L
¢
Proteln Synthesls

Fig. 5. Molecular information transfer from DNA to cellular protein during bio-cellular
network development
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2.1.1 Level of Organization: Picoscopic — Nanoscopic — Microscopic
— Macroscopic Dimensions

In order to better appreciate the source and control of space in the following
dimensional sequence (i.e., Picoscopic — Nanoscopic — Microscopic — Macro-
scopic) it is necessary to reflect back to fundamental atomic level aufbau (build-up).
Figure 6 illustrates a hierarchy of elements that are critical to the repertoire of
the organic chemist as well as the picoscopic/sub-nanoscopic building blocks and
functional groups that can be derived from them.

The electrons are assembled around nuclei by simple charge neutralization to
give energy minimized atomic particles. These discrete, quantized organizations
of electrons require only seven radial shells or levels around the nuclei to define
the entire periodic table. They are so precise, dependable and indestructible in
chemical reactions that they are accepted as the fundamental building blocks of
the universe. With these particles, Nature has successfully organized nuclei and
electrons to control “atomic space” at the sub-picoscopic level (ie., <1072 m)
as a function of size (atomic number), shape (bonding directionality), surface
stickiness (valency) and flexibility (polarizability). These variables may, thus, be
considered “critical atomic design parameters” — CADPs. These parameters may
be visualized by the various shapes, valencies, and polarizabilities associated with
carbon in its well-known sp, sp?, or sp® hybridized states. A wide variety of
CADPs are recognizable for the other elements of the periodic table. Inherent
properties of atoms dictated by the CADPs literally assure substantial control of
critical molecular design parameters (CMDPs) as synthetic organic chemists
assembled them into picoscopic/subnanoscopic molecular building blocks or
functional group connectors as illustrated in Fig. 6. The endless combinations,
arrangements and organizations which result as these atomic building blocks
follow the rules imposed by their “critical atomic design parameters,” trace and
define the growth and development of this “first chemistry set”, offered to us by
Nature.

The 19th century was a rich period for the discovery of picoscopic/sub-
nanoscopic building blocks and functional groups. Understanding of organic
chemistry was markedly advanced by such leading chemists of the time such as
August Kékulé (1829-1896), Emil Erlenmeyer (1825-1909) and Alexander Crum
Brown (1838-1922) who defined sub-nanoscopic building blocks such as benzene
(1865 — aromatics), acetylene (1862 — triple bonds) and ethylene (1864 —
double bonds), respectively. Familiar functional groups (e.g., —~CO,H, —NO,,
—SO;H, —OH, —NH,, etc), referred to as ‘derived radicals’, provided the
stickiness (valency) for developing covalent connectivity between these hy-
drocarbon building blocks. Such concepts and ideas were earlier advanced by
a variety of notable European scientists such as Jéns Jacob Berzelius (1779
to 1848), Justus von Liebig (1803-1873), Jean B. A. Dumas (1800-1884), Auguste
Laurent (1807—1853) and others. The miilions of combinations and permutations
provided by these assemblies since the days of Wohler (1828) have given
humanity a wealth of beneficial medicinal, agricultural, and pesticide products as
well as monomers for synthetic fibers, rubbers, composites and other structural
materials.
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2.1.2 Comparison of Synthetic with Evolutionary Strategies
for Controlling Critical Molecular Design Parameters (CMDPs)

Over the last 150 years, organic chemists have learned to synthesize highly complex
compounds by exploring options for precisely controlling the CMDPs of point-like
organic molecules (category L1, Fig. 4). Recent attention has been directed toward
the synthesis of larger, yet structurally well defined macromolecules. For example,
such molecules have been the subject of intense interest over the past 20 years as
“endo-receptors” for the examination of guest-host relationships. Their design
has been derived largely from macrocyclic [1, 9-11, 22, 23] or macropolycyclic
{23] structures as well as from acyclic architecture (podands) [9]. The selectivity
achieved by such endo-supramolecular chemistry [1, 9-11, 24] has been compared
with that of binding substrates in the cavities (active sites) of larger proteins
(enzymes) [25]. A very extensive overview of this field has been published by
Vogtle [26] and Gokel [27]. Currently, these synthetic constructions depend largely
on low-aspect-ratio, three-dimensional architecture for their endo-receptor design.
Most notable are the cavitands and carcerands, whose interiors are large enough
to enclose covalent guest molecules. They have been referred to recently by Cram
in his Nobel lecture [11] as “synthetic molecular cells”.

In contrast, biological protein synthesis involving one-dimensional sequences
of amino acids is the fundamental theme of evolution chemistry in the construction
of biomacromolecules (category II1, Fig. 4). This one-dimensional polymerization
strategy, which involves specific sequences of just 20 naturally occurring amino
acids, leads to proteins with an enormous variety of possible shapes and sizes.
Control of their chemical reactivity, provided by the juxtaposition of electrostatic
and hydrogen-bonding “scenarios” at their surfaces, governs the CMDPs of living
systems. By this means, very “intelligent”, information-laden protein structures
(i.e. bio-morphic/receptor molecules) have evolved to fulfill intricate molecule-
recognition roles in biological membranes. In other instances, these CMDPs have
been used to create microdomains (cavities) suitable for the amazingly selective
substrate binding and catalytic chemical transformation carried out by enzymes.
The cavity and cleft dimensions required for these important life processes generally
seem to necessitate globular proteins with around 300 amino-acid units and
molecular dimensions of the order of 25-200 A in order to provide adequate
scaffolding and tertiary-structure development [28].

On the other hand, a completely different strategy is used for constructing
biological compartments and assemblies such as micelles, liposomes, viruses,
protein coats, and biological cells. Here the game plan is organization and
aggregation of either point-like molecules or biomacromolecules, which involve
self-assembly processes. The primary function and role of these entities is the very
precise control of size, shape, topology, flexibility, and surface chemistry (CMDPs)
in various life processes. These self-assembling systems produce precise three-
dimensional structures by use of such weaker interactions as van der Waals forces
and hydrophobic associations.

Since the days of Staudinger [29] and the birth of polymer science early in this
century, vast arrays of oligomers and high-molar-mass synthetic polymers have
been produced with coil dimensions well over 10 A [30]. Although many advances
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have been made in defining classical polymerizations as a function of types,
mechanisms, and processes, substantial progress will be necessary to approach
the control of CMDPs that Mother Nature has mastered in the production of
biomacromolecules and assemblies (categories III and IV, Fig. 4). Considering
only size, for example, most globular proteins are obtained as monodisperse
products with M, /M, = 1.00, whereas, classical random coil polymers, are usually
polydisperse with M,/M, > 1.00. It is only recently that significant progress has
been made in the production of such monodisperse synthetic polymer systems [31,
32] without the use of protection/deprotection strategies. This progress has been
accomplished primarily by the use of “living polymerization techniques” {33]. At
best, these methods offer reproducible control of one-dimensional lengths but not
necessarily control over such ultimate three-dimensional features as shape, surface
chemistry, or topology.

Without doubt, the solid-phase peptide synthesis (Merrifield method) remains
a preferred method for controlling all five critical molecular design parameters
(size, shape, topology, flexibility, and surface chemistry) by precisely producing
amino-acid sequences in a stepwise fashion. The scope and limitations of this
approach have been reviewed [34] and widely recognized [35]. These solid-phase
syntheses with protection/deprotection procedures are used routinely to produce
numerous, previously unattainable [36], polypeptides and polynucleotides. One of
the ultimate synthetic efforts in the control of CMDPs was the total synthesis by
Khorana et al. [37] of a DNA molecule in the 1960s.

Despite these accomplishments, no synthetic strategy has yet approached the
diversity and precise molecular morphogenesis that Nature has mastered in the
successful evolutionary development from simple picoscopic organic molecules to
more complex biomacromolecules and assemblies. It is in this quest that we sought
not necessarily total solutions, but at least new synthetic strategies to produce
nanoscopic abiotic structural mimniics of category III and IV type architecture. The
development of GDS strategies has led to new insights into the molecular-level
control of size, shape, topology, flexibility, and surface chemistry, and has
demonstrated some remarkable parallels between biological systems and informa-
tion transfer in dendrimers. '

As synthetic organic chemists seek new challenges and objectives, the targeted
structures become more complex and larger in dimension. Multi-stem, convergent
synthesis, with multi-site chiral control were pioneered by such chemists as
Woodward, Corey, Eschenmoser, Prelog and others during the last half of this
century [38]. In fact, synthesis of the complex, precise macromolecular, sub-
nanoscopic structure (i.e., palytoxin, see Figure 7) by Kishi [39a—c] may be viewed
as “the Mount Everest” for synthetic chemists.

“Synthetic organic chemists fall into two groups: those who prepare old naturally
occurring compounds and those who prepare new compounds. The synthetic targets
of the former group are provided by the evolutionary chemistry of Nature. The
synthetic targets of the latter group are designed by the investigator”.

D. J. Cram in Cyclophanes; P. M. Keehn and S. M. Rosenfield, eds.; Academic
Press, New York, (1983) Vol. I, p 14.
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Fig. 7. Gross structure of palytoxin

Recently attention has turned to concepts and strategies leading to new
organizations of matter, both supramolecular and supermolecular, based on
“directed synthesis”, “molecular self assembly”, “molecular recognition”, “su-
pramolecular chemistry”, “higher dimensional (nanoscopic) building blocks” (e.g.,
Buckminsterfullerene — a new form of carbon, ~8-9 A in diameter). Where are
we today relative to the development of our “first chemistry set” derived from
picoscopic building blocks? Questions and comments are numerous concerning
this issue. Is it time to consider new possibilities? How can this be done? Why
not mimic the “aufbau” principles of our first chemistry set — but at the molecular
level! Can we mimic these so-called “critical atomic design parameters (CADPs)
with molecular level aufbau components? Can we synthesize new unimolecular
nanoscopic entities over which we can control “critical molecular design param-

eters” (CMDPs)?

2.2 Why are Abiotic, Nanoscopic Structures Important?

First, essentially all the important biological macromolecules and self-assembling
organizations illustrated in categories II and III (Fig. 4) are nanoscopic in
dimension. The ability to synthesize robust mimics of these prototypes, either by
supermolecular construction or supramolecular assembly, will allow deeper
insights into the molecular level roles of these entities in various biological
processes. Mimicry of gross properties, such as dimensionality, surface area,
morphology and topology are just a few parameters which may be examined.
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Secondly, the geometric closure of nanoscopic space, either by endo-skeletal or
exo-skeletal constructions, creates new surfaces and enclosures upon and where
in reactions may be examined. Turro, Barton and Tomalia [40] refer to these
domains, whether evolving from micelles, dendrimers or DNA, as “nano-reactors”.
Cram has described such contained space in his carcerands as “new phases of
matter” [41]. Miller et al. [42] have used related linear nanostructures as “molecular
rulers” which are observable as single molecular species by transmission electron
miecroscope. On the other hand, Amit et al. [16}; have shown that important
biological events, such as the formation of antigen-antibody complexes involve
nanoscopic areas of 600—1000 A2 (6—10 nm?).

It is apparent that these new structured clefts, struts, surfaces and enclosures
in the 1-100 nm size range will have important roles as quantum confinement
domains, receptors, containers, carriers, catalytic surfaces or scaffolding for
molecular recognition in the emerging area of nanotechnology (see Ref. 183).

2.3 Exoskeleton Structural Strategy:
Buckminsterfullerenes/Carcerands/Metallo-Carbohedrenes

In the mid-1980s, virtually simultaneous reports on two new precise molecular
level constructions of sub-nanoscopic/nanoscopic size appeared in the literature.
In 1984 we (DAT) reported the synthesis, isolation and characterization of the
first iterated series of “Starburst/cascade” dendrimers based on genealogical
synthesis [2, 77-83]. The following year Smalley, Curl and Kroto described the
first observation of a 60-carbon fullerene by mass spectroscopy [43a). More recently
the synthesis of buckminsterfullerene has been achieved by physicists at the Max
Planck Institute in Heidelberg [44] to give macroscopic quantities of the third
allotropic and first molecular form of carbon, named after Buckminster Fuller.
Similarities between these two constructions were not initially apparent, but in
retrospect they deserve comment in so far as they each involve molecular level
synthesis leading to “closed geometrical architecture”.

Work by Diederich and others [46] has shown that larger, all carbon members
of this series such as C4, C;6,73, Cg4 and Cgy, are possible and open up vast new
visions for organic and organometallic chemistry. It would seem that as benzene
is the parent compound in the aromatic field, the Cg, buckminsterfullerene will
be the parent of this “fulleride” family. As in the benzenoid family, a set of rules
are needed to predict where to look for the other members of this family. Recent
work from Great Britain [47] proposed a simple set of rules for predicting the
most stable, and hence the most likely, structures for any number of carbon atoms
“fullerenes”. The resulting number patterns associated with these structures have
been referred to as “magic numbers”. They are discussed in Sect. 2.5 and compared
with analogous “magic numbers” (geometric progressions) associated with the
endo-skeleton dendrimer structures.

In the case of “buckminsterfullerene”, a “magic number” of sixty carbons (ie.,
12-pentagons and 20 hexagons) become organized to form the outside surface of
a hollow sphere (ie., the exoskeleton) with sub-nanoscopic dimensions that
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approach 10 A. These hollow spheres are self-supporting and require no in-
frastructure to support their surfaces. Since the discovery of the fullerenes, H. W.
Kroto co-discoverer, has predicted the advent of a so-called “round chemistry”
in which fullerenes become established as fundamental, new building blocks in
organic chemistry [43b]. Recent efforts by Wudl, Diederich, Whetten, Hawkins
and others directed toward this objective are extensively reviewed in an important
series of papers [45].

Incarceration of metals varying from potassium to heavy atoms such as lan-
thanum or uranium within the fullerenes have given new classes of metalloful-
lerenes. These materials clearly demonstrate the exoskeleton required for these
encapsulations [48a, b]. Conversely metals may also be attached to the exterior of
the fullerene cage [48c] to give a distinctly different class of metal complexes.

Examination of the vertical column entitled Platonic hydrocarbon in Fig. 6
illustrates a dimensional progression of exoskeleton structures beginning with
tetrahedrane — cubane — dodecahedrane — buckminsterfullerene. This progres-
sion shows how space may be incarcerated from the sub-nanoscopic to the
nanoscopic level by geometric closure with exoskeleton structures.

Cram [49a] elaborated further on this concept by enclosing space in his
carcerands and hemicarcerands (See Scheme 1) to form a “new inner phase” which
he has referred to as “a new phase of matter”. In contrast to the hollow space
found inside clathrates and zeolites for instance, the cages of these molecules are
independent of the form and physical state. For example, hemicarcerands and
related supramolecular systems (i.e. hemicarceplexes) prevail in the solid, liquid,
or gas phase. This characteristic-hollow space, the inside surface — is maintained
across all phase transitions. The inner surfaces and spaces of these systems are
not manifested as bulk properties. An extensive review on the synthesis of these
materials has been published recently [205].

(CH,),NCHO-(CH,),0

Cs,CO,, Ar

Scheme 1
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Very recently, exoskeletonal organometallic clusters referred to as metallo-
carbohiedrenes have been reported by A. Welford Castleman, Jr. and coworkers
at Penn State University {49b-e]. The new compositions correspond to the
empirical formula, MgC, ,, where M is Ti, V, Zr or Hf. Mono-cage like pentagonal
dodecahedron structures are proposed to account for the extraordinary stability
of the most simple member in each series. Metal-carbon clusters are produced
through plasma reactions between the respective metals and various small
hydrocarbons [49b—d]. The neutral clusters are formed into a molecular beam
which are then ionized by a laser and analyzed by a reflectron, time of flight
(TOF) mass spectrometer.

These exoskeleton structures should now be compared with the endoskeleton
structures offered by the Starburst/cascade dendrimer constructions.

2.4 Endoskeleton Structural Strategy:
Starburst/Cascade Dendrimers

In contrast, Starburst dendrimer structures appear more like biological cells [50]
in that they possess cytoskeleton-like infrastructure upon which the surface groups
reside. Iteration of these endoskeletonal infrastructures and surfaces proceed
according to prescribed branching rules. They are consistent with “magic numbers”
related to the multiplicity of the initiator core (N,), the multiplicity of the branch
cells (N,) and the number of reiterations (generations, G). Ultimately these
reiterations lead to a so-call “Starburst dense-packed generation” as described by
de Gennes [85]. At this point ideal branching can no longer occur due to steric
congestion. This steric congestion ultimately produces a closed geometric structure
with surface functionality that can no longer follow prescribed branching rules.
Two-dimensional projections of dendrimer families, as a function of N, and N,
are illustrated in Fig. 8.

Just as “magic numbers™ have been evolved for the prediction of new fullerene
families [47] and metallo-carbohedrenes [49b—d], so can similar predictions be

Ne = U] ) ©)] (4) (5) {6)
N, = (®) (6) (6) (6) (6) 6
Ne =
Ny =

Fig. 8. Two-dimensional projections of dendrimer families as a function of core multiplicity
(N.) and branch cell multiplicity (N,)

211



Donald A. Tomalia and H. Dupont Durst

made about new dendrimer families. Both the initiator-core multiplicity N, and
the branch-juncture multiplicity N, directly affect the number of terminal groups,
the number of repeating units (branch segments), and the molar mass of the
dendrimers as a function of generation. These values can be predicted math-
ematically for ideal systems according to the following expressions: where; M.,
Mgy or My, and M, are the molar masses of the initiator core, repeat units or
branch cells, and terminal units, respectively. A general structural notation for a
homogeneous dendrimer with core multiplicity N, and branch-juncture multi-
plicity N, may be represented in empirical form as follows:

Number of dendrimer terminal groups z = N N¢

Number of dendrimer NO+! _

. b
repeat units Nry = N, (-———~>
(degree of polymerization) Ny —1

Number of NS _ 1
dendrimer Nge = N, ( > )
branch cells AN, — 1

Theoretical molar mass NG+ _ g
ofdendrimer M = M, + N, [MRU <%—T> + MINSH:I
o —

NS — 1 .
M = M, + N, | Mye ( + M,NG

b

From a molecular perspective, dendrimers are simply assemblies of dendrons
attached to a common initiator core, (®), or a variety of initiator cores in the
same molecule. Beginning with, {®), these branched assemblies are developed by
growing dendrons in a stepwise, radial manner according to multiplicity rules.
Figure 8 shows an example of dendrimer growth for various N, N, multiplicities.
A wide range of multiplicities N, are possible, varying from mono- to polydendron
assemblies. Both the initiator core multiplicity (N,) and the branch cell multiplicity
(N,) dramatically influence the CMDP’s as well as determine the (de Gennes)
dense packed stage [85] of the dendrimer.

2.5 “Magic Numbers” — Number Patterns Associated
with the Hierarchy of Matter

In systems that are constructed from discrete components under well defined rules,
geometric or arithmetic patterns usually develop. These may involve various
symmetries or repetitive structures, with or without scaling, or regular sequences
of numbers describing quantities of the compomnents. In addition to being
aesthetically pleasing, these patterns serve both as memory aids and predictive
tools for the understanding of ordered systems.

For example, the rules involved in the pairing of electrons and the symmetry
of molecular orbitals lead to patterns of what were initially recognized as unusually
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stable materials, namely aromatic compounds. The inertness of these materials
appears to depend on their having the right number of valence electrons for all
the valence electrons to move freely around the circles of atoms. Of course, Hiickel
did not derive his well known 4n + 2 p-electron rule for aromaticity via molecular
orbital theory. He studied the patterns of molecular formulae of known aromatics
to infer the relationship. Application of the relationship led to the discovery of
more aromatic materials with larger or smaller rings than the common benzenoid
aromatics, such as [18]-annulene, or with charges that complete the aromaticity,
such as cyclopentadienyl anion and cycloheptatrienyl cation.

This type of thought process has been extended into the realm of supermolecular
chemistry with the term “magic number”, which has been used to describe the
patterns of abundant fullerene species. The carbon clusters formed in soot from
combustion or electric arc processes have weights corresponding to even multiples
of 12, the atomic weight of carbon. Under appropriate conditions, the formation
of certain molecular weight species are favored, most notably those corresponding
to C4o and C,,, indicating an enhanced stability relative to other molecular
weights. Spherical and ellipsoidal structures were proposed for these materials,
since these would maximize orbital overiap as in the aromatic compounds and
confirmation of the proposed structures soon followed. Examination of potential
extensions of these structures has led to the derivation of three series of magic
numbers, corresponding to larger spheres and cylinders with 60 + 6k, 70 + 30k,
or 84 + 36k (k is a integer) carbon atoms. A species consisting of 84 carbon atoms
has since been identified. Thus, the predictive powers of these magic numbers have
been demonstrated.

Magic clusters, those with magic numbers of atoms or molecules, derive their
enchantment from the fact that they are chemically more stable or inert than their
immediate neighbors. The cause of the stability — and the magic number itself
— is unique to each cluster genre [49¢].

Extraordinary structural growth patterns have been found for metallo-carbohe-
drenes in the series of Zr,C,, in which multicage structures are formed [49d].
Experimental evidence shows that the first cage closes at ZrC,,. Unexpectedly,
further cluster growth does not lead to the enlargement of the cage size as is the
case for pure carbon clusters or water clusters. Instead, multicage structures are
developed to give a double cage at Zr,;C,, and Zr,,C,,,,3, a triple cage at
Zr,3C,5 and a quadruple cage at Zr,,C;,. This feature distinguishes the general
class of metallo-carbohedrenes from the well known metal doped fullerenes. In
the mass spectra of these metallo-carbohedrenes, “magic number” type intensity
groups are observed which display a truncation of intensity levels, as a function
of the “magic number” associated with the mono-, di-, triple- and quadruple-cage
structures. These truncated intensity patterns (“magic numbers™) are completely
analogous to those observed in the mass spectra of Starburst PAMAM dendrimers
(G = 0-4) (Ref. 169), (see Sect. 6.1).

The sequences of electron orbital filling of the elements is another example of
patterns resulting from the application of well-defined rules, namely, the principles
of quantum mechanics. It is well recognized that organization patterns for electrons
in the elements of the periodic table are defined with such “magic numbers” as
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principal quantum numbers (i, n = 1, 2, 3, 4) associated with saturated electron
shells leading to the stable inert gas configuration (ie. 2, 8, 18, 32, etc). As an
operational definition, it is unnecessary to know precisely why these magic numbers
exist. Chemists of the 19th and early 20th centuries recognized these patterns and
used them to predict reaction processes and elemental properties. Theoretical
explanation of the precise nature of these “atomic magic numbers” had to wait
the development of quantum theory in the 1920-1930s.

Noting the similarities of the shell construction and the mathematical predict-
ability of occupancy in shell filling in the preparation of dendrimers and the Aufbau
in atoms has led to the recognition of parallels between the two systems and the
development of the parallel concepts of “critical atomic design parameters”
(CADPs) and “critical molecular design parameters” (CMDPs). Just as the
mathematical formalisms of quantum mechanics set the maximum number of
electrons that may reside in a given shell by defining the number of orthogonal
orbitals for a given shell, the geometric progressions that result from the application
of core and branch multiplicities in dendrimers set the maximum number of repeat
units and branch cells that may reside in a given dendrimer shell. Thus, atomic
orbitals fill with electrons in the sequence, 2, 8, 18, 32, etc., and the shells of
dendrimers (with core multiplicity = 3 and branch multiplicity = 2) fill with repeat
units in the sequence, 3, 6, 12, 24, etc.

It should be emphasized that, in each case, the mathematics determine maximum
occupancy of respective shells. In atoms, partially filled shells have unfilled orbitals
that will readily accept electrons, which become the basis for chemical reactions,
such as ionization or bonding. A filled shell is seen as a satisfied valency which
requires more extreme conditions to elicit further chemical reactivity. Similarly,
unfilled shells in dendrimers possess reactive sites that may be further modified
under conditions similar to those used to construct the dendrimer. Filled shells
in dendrimers require more vigorous conditions for further modifications.

In some cases, a further parallel can be drawn between the order of filling of
electron orbitals and the order of filling a dendrimer shell. In atomic Aufbau,
electrons are placed in each p or d orbital until each orbital contains one electron
before any pairing of electrons within the orbitals takes place. In the preparation
of poly(amidoamine) dendrimers, there is a significant difference in the rates of
the first and second alkylation of a given amine such that most of the primary
amines are converted to secondary amines before the conversion to tertiary amines
becomes the predominant process. This can be viewed as analogous to the orbital
filling and can, within the limits of the selectivity of the alkylation, be used in the
control of dendrimer *‘valence”.

One limitation of this analogy lies in the energetics of shell filling. The relative
energies of electrons in their orbitals vary greatly from the interior shells to exterior
shells of an atom so that a vacant interior orbital will be filled by transfer of an
electron from a higher shell. In dendrimers, however, the energy differences between
the shells are small enough that there is little driving force to cause an analogous
rearrangement. The result is that an unfilled shell has a permanent effect on the
further elaboration of the dendrimer. The only means for filling the vacant interior
sites is by addition of new, free monomer during the building of a subsequent
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shell. While this does fill the original vacancy, these new monomers may not be
immediately available for addition of the next layer and, therefore, the subsequent
shell may not be completed to the full, theoretical capacity. These defects may
result in a distribution of molecular weights that reflect the history, (the gerealogy),
of the synthesis. High efficiency at every step gives a distribution that approaches
the “magic number” limit. A low efficiency at any step will move the distribution
away from the theoretical limit to some lower molecular weight “mutant (defect
laden) population”.

Experimental evidence for the efficiency of shell filling in dendnimer synthesis
has been found in the mass spectra of these materials. For example, the mass
spectrum of a fourth generation poly (amidoamine) dendrimer has shown a narrow
spread of masses, starting at the theoretical maximum, 10.632 daltons, and
decreasing through a series of masses corresponding to structures lacking integral
multiples of repeat units. Comparison of the relative abundances of the various
species with a statistical model of dendrimer growth, including the filling of the
vacancies described above, implies that each cycle of the dendrimer synthesis
incorporates between 97 and 98 percent of the maximum possible number of
repeat units (Ref. 169) (see Sect. 6.1).

2.6 Mimicking Macroscopic Branching Assemblies
at the Molecular Level

The belief that molecular-level prototypes can be constructed to imitate familiar
macroscopic objects has been the inspiration for many intensive and successful
synthetic efforts [51-57]. Molecular-level construction of Platonic solids such as
the tetrahedron [54], the cube [55], and the dodecahedron [56], as well as
non-Euclidian objects such as molecular knots [57a], Mdbius strips [57b], and
even molecular machinery [57d] exemplifies such efforts (cf. Chapter 5 of this book).
Synthetic organic chemists have developed a rich legacy in this area as described
in more detail by Nickon and Silversmith {57c].

Inspired by the beauty and efficiency with which Nature “controls” macroscopic
three-dimensional space as seen in the branching networks of trees {58], coral [59],
and physiological structures [60, 61], one of us (D.A.T.) sought to mimic such
branched assemblies at the molecular level. Analysis of parameters involved in
synthetically mimicking such branching included the following hypothetical steps
(see Fig. 9):

1. Construction and control of branch cell segment lengths 1.
2. Control and development of branch cell multiplicities {N,) and core multiplici-

ties {N,).

3. Development of a reiterative growth process which would allow concentric,
radial construction of branches upon branches around an initiator core (@),
which specifies the direction of growth.

The branching angles <a are determined by the chemical nature (geometry)
of the branch juncture, whereas the rotational angles <b are influenced by
secondary-structure parameters such as steric effects and hydrogen bonding.
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Fig. 9. Construction parameters involved in controlling nanoscopic space in a dendron

These parameters contribute significantly to the development of excluded volume
around the branch juncture. Reiteration of these branching patterns in an ideal,
tiered manner (G = 0, L, 2, 3 .. .) should lead to highly ordered macromolecular
domains (“nanodomains™). The ultimate interplay of all the above parameters
would be expected to produce near total control of size, shape, and disposition
of chemical moieties, both in the interior and on the exterior surface of these
nanodomains.

This hypothesis for producing a low-aspect-ratio, three-dimensional molecu-
lar prototype can be contrasted with Nature’s one-dimensional protein synthesis
strategy for “molecular morphogenesis”. Beginning with a reference carbon
(Fig. 6), one can use its tetravalency to construct a wide variety of sub-
nanoscopic molecules. In this molecular category, one can find molecules which
may function as initiators as well as monomers. Nature elected to use a-amino
acids with various side chains (R) for this function. In this case, polymerization
involves unidirectional accumulation of a-amino-acid units in a one-dimen-
sional mode. The ultimate size of this one-dimensional protein is controlled by
the degree of polymerization n. Its shape, however, is determined by the sequence
of the R groups, which, of course, produces a variety of secondary shapes
connected by random sequences; these secondary structures include o-helices,
B-sheets, and w-loops. These domains then self-assemble into three-dimensional
shapes; the tertiary protein structures. In contrast, the conceptual three dimensional
construction offered by “cascade synthesis” is illustrated in Fig. 10. In this case
it involves, first, the assembly of three picoscopic sized repeat units (RU) possessing
a monovalent terminus (e) which is reactive with a divalent terminus (*) to produce
a branch cell (Be) containing a branch juncture ( 2 ). Attaching tuis first
branch cell to the reference point (®) yields a labelled branch cell with a valency
of four which is referred to as generation = 0. Stepwise attachment of RUs
according to their valency, produces, next, a generation = one with valency of
eight. Reiteration gives a generation = three, cascade assembly consisting of 5
BC’s, 15 RU’s, and 8 terminal surface atoms. This single trunked two dimensional
projection which resembles a tree is referred to as a dendron (Greek word for
tree). These dendrons are fundamental components that may be assembled in
multiples around cores, (®), to produce dendrimers (see Sect. 5).

Should this genealogically driven concept be viable experimentally, this mor-
phogenesis strategy differentiates itself from that used by Nature to control
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Fig. 10. Assembly strategy involved in genealogically directed synthesis (GDS) leading
to dendrimer building blocks and subsequent construction of supramolecular and super-
molecular assemblies

CMDPs. Although clearly different molecular arrangements are involved, the
CMDPs of these highly branched synthetic macromolecules might be controlled
and designed to mimic the CMDPs of naturally occurring biomacromolecules
and assemblies. Success in this quest would give rise to a new molecular realm
of nanoscopic building blocks.

3 Three-Dimensional Molecular Level Branching Concepts
— Historical Overview

The origins of the present three-dimensional molecular-level branching concepts
can be traced back to the initial introduction of infinite network theory by Flory
[62-65] and Stockmayer [66, 67]. In 1943, Flory introduced the term network cell,
which he defined as the most fundamental unit in a molecular network structure
[68]. To paraphrase the original definition, it is the recurring branch juncture in
a network system as well as the excluded volume associated with this branch
juncture. Graessley [69, 70] took the notion one step further by describing
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Branch Cell Branch Cell Assembly

I
I Fig. 11. Branch cell and branch cell

assemblies leading to dendrons and

@ and @ = Sranch Ceil Junctures @ = Terminal Moleties dendrimers

ensembles of these network celis as micronetworks. Taken from the context of
Flory’s and Graessley’s statistical treatment of Gaussian-coil networks, analogous
species that are part of an open, branched organization are respectively known
as branch cells and branch-cell assemblies.(Fig. 11).

Subsequent statistical modeling by Gordon et al. [71] and others [71d, €] reduced
such branched species to graph theory designed to mimic the morphological
branching of trees (Fig. 12). These dendritic models were combined with “cascade
theory” [72] mathematics to give a reasonable statistical treatment for network-
forming events at that time.

3--—--2z222212 22Z727222222722Z2 Z2ZZZZZZLTZZZZIZZZZZZIZZ
Q- ———
1 ——————
) .
Root Multiplicity (N.) 1 2 3
Vertex Multiplicity (N) 2 2 2
Vertices 7 14 21
Edges 15 36 45
Terminal Groups (z) 8 16 24

Fig. 12. Chemical graphs for a monodendron (A), a didendron {A-B) and a tridendron
(A-B-C)

Since these species were conceptual, there were no well-characterized synthetic
examples of such regular architecture. Meyer [73] proposed such a symmetrically,
ordered architecture for amylopectin, but subsequent work by Erlander and French
[74] and Burchard et al. [75], showed that neither amylopectin nor glycogen is so
regular, but are instead, random f-functional polycondensates possessing a large,
hyperbranched dextrin core (in Fig. 13).
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Fig. 13 Dendritic branching topolo-
gy of amylopectin

It was not until 1978 that Vogtle et al. [76] reported a single, isolated example
of a protection/deprotection scheme which assembled branches upon branches.
Consisting of a sequence of reactions, the scheme involved Michael addition of
an amine to acrylonitrile, followed by Teduction of the nitrile group to an amino
group. Possibly because of the difficulties and disappointing yields in the reduction
step, no subsequent reports on this work could be found. Nonetheless, this was
the first introduction to the literature of “cascade synthesis”. Virtually concurrent
with these activities, we began our work at the Dow Laboratories in Midland,
Michigan (USA), on the synthesis of Starburst/cascade dendrimers [77]. In 1979,
we discovered that a variety of amines could be added to methyl acrylate and the
products subsequently amidated with o, ®-diaminoalkanes to give “cascade
products” (Sect. 5). With this chemistry, controlled concentric “Starburst growth”
could be produced around various initiator cores. This growth could be dramati-
cally influenced by both the geometry and multiplicity of the initiator core, as
well as by the reiterative chemistry. Subsequent synthetic effort at Dow (1981-1984)
showed that, much as anticipated from the macroscopic tree and coral branching
analogies, these Starburst systems offered a wide range of synthetic options for
controlling size, shape, interior topology, flexibility, and surface chemistry at the
molecular level [77-84].

In 1983, mathematical predictions by de Gennes et al. [85] showed that a
Starburst dendrimer series should reach a so-called limited generation beyond
which branching can no longer occur in an ideal fashion. More recent studies
have shown that advancement to higher-generation dendrimers ultimately leads
to this new critical branching state which is referred to as Starburst (de Gennes)
dense-packing [2, 82, 84—86]. At this critically branched generation, an apparent
surface association occurs to yield solvent-filled spheroids [86, 87] which are
reminiscent of “unimolecular cells™ [11b, 86, 88]. Such morphologies were suggested
in a theoretical paper by Maciejewski [89] in 1982, where he referred to them as
“shell topologies™.

At that time, an isolated, yet related, dendrimer example appeared in the patent
literature. Denkewalter et al. [90] reported that highly monodisperse macromolecu-
lar products were produced by a stepwise linking of a, o-protected diamino acids
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(e.g., lysine). Using protection/deprotection methods of polypeptide chemistry,
these workers synthesized a series of dendrimers possessing unsymmetrical branch
calf segments (lengths). Although the precise nature of these branch cells and these
chemical structures have not been established, subsequent work by Aharoni et al.
[91] and ourselves [84] showed that they differed dramatically from the present
symmetrical Starburst dendrimers in certain important physical properties. Unlike
Starburst dendrimers, they were found to be constant density, nonhollow ma-
cromolecules with “nondraining” character and may constitute a subclass to the
present dendritic series.

Since 1985, Newkome and co-workers [92-94] have reported the synthesis of
related symmetrically branched macromolecules which they refer to as “arborols”.
These macromolecules are highly branched dendrimers which are not amenable
to size control as a function of generation in that reiterative chemistry for advancing
concentric growth has not been reported. These prototypes have been used
successfully for controlling molecular shape and, in some cases, surface moieties.
To date, examples of uni-, di- and tri-dendron arborols have been reported
[92-94] (see Sect. 5).

4 Starburst/Cascade Topology and Branching Concept

4.1 Mathematical and Geometrical Precedence

Mathematicians such as Cantor and Koch {95, 96] and, more recently, Mandelbrot
[97] have partitioned dimensionality in a variety of ways. Cantor started with a
simple line, removed the middle third of the line segment, repeated this process
on the two remaining segments, and so on to produce increasingly more segments

Generation (Z)

Cantor Dust 0
1
2
3
4
a 5
Koch Snowflake ‘ *

b Generation =

Infinite Nesting Spheres

c Generation = 0 1 2

Fig. 14a—c. Mathematical models of dendritic/fractal systems a) Bifurcation of a line segment
with connectivity paths to define Cantor dust. b) Bifurcation of a triangle (two-dimensions)
to define Koch snowflakes. ¢) Fitting of a sphere (three-dimensional) to define a series of
infinite nesting spheres
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(Fig. 14a). Connecting the midpoints of the segments produces a branching pattern
which remains confined in width to the original length of the line. Hence, the
connectivity pattern becomes more congested as a function of generation.
Subsequently, the Swedish mathematician Helge von Koch (1904) partitioned
two-dimensional triangles in an analogous fashion to produce the well-known
Koch snowflakes [98] (Fig. 14b). This reiterative process produces triangular-edged
Koch curves, whose shapes depend on the generation. These curves enclose areas
which are less than — but approach — the limiting area of the circumscribed
circle around the curve [99]. In a similar manner, one may envision the partitioning
of three-dimensional space by conceptualizing a “spherical universe within a
universe” as a series of nesting spheres [60] (Fig. 14c).

These three cases are classical examples of fractal curves and dimensions as
pioneered by Mandelbrot [96, 97] for macroscopic objects. They suggested to us
possible extensions for the creation and analysis of unique spatial organizations
of atoms within monomer repeat units, within branch cells, within dendrons, within
a dendrimer, to give molecular-level surfaces in three dimensions of nanoscopic
properties.

4.2 Molecular-Level Perspective of Cubic Space

The present dendritic branching concept uses these mathematical/geometrical
notions in the context of partitioning or occupying three-dimensional molecular-
level space around a reference point, with atoms, chemical bonds, repeating
chemical units, and branch cells as the construction parameters. The dendritic
branching of coral [61], Bryozoan colonies [59], trees [58, 60], and physiological
networks [60] provided prototypes to mimic at the molecular level. The resulting
branch-cell assemblies were referred to as possessing Starburst/cascade topology,
and the molecular entities, constructed by reiterative synthetic steps, were coined
Starburst dendrimers [100]. Two-dimensional projections of these dendrimers
(A—E, Fig. 2) illustrate the concentric assembly of branches upon branches to
produce radial arrays of branch junctures and terminal functionality (Z) around
a reference point or initiator core, (®) [100). In a geometrical context, the treelike
structures A—E are recognized by physicists and mathematicians as Bethe lattices
or Cayley trees. According to graph theory [101], dendrimers in this series may
be viewed as triads of symmetrical trees rooted to a common initiator core (D).
Each of these trees is referred to as an ideal dendron which consists of a root,
{®), with connectivity to vertices (branch cell junctures) through edges (branch
cell segments) which expand symmetrically according to a geometric progression
to produce generations containing predictable numbers of vertices and edges (see
Fig. 12).

4.3 Structural Aspects

4.3.1 Dendrimer Branch-Cell Hierarchy

Dendrimers possess three distinguishing architectural features: (1) an initiator-core
region, (2) interior zones containing cascading tiers of branch cells with radial
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connectivity to the initiator core, and (3) an exterior or surface region of terminal
moieties attached to the outermost generation. Even in an ideal, homologous
dendrimer series there exists a hierarchy of branch cells that are differentiated not
only by their topological positions but also by structural features. This is illustrated
in Figure 15, where a fully developed dendrimer is grown in four stages from an
initiator core, (@), with N, = 3.

The initiator core () may be as small as an atom or as large as a molecule.
It may be homogeneous with the other dendrimer components or it may contain
special design features (e.g., metal atoms, chromophores, etc.) that differentiate it
from the dendrimer interior thus making it heterogeneous.

Synthetic elaboration to create the first tier of terminal functionality or
branch junctures defines a microdomain referred to as the core cell (in Fig. 15).
In situ construction of branch junctures or coupling partially masked, branch-cell
reagents (N, = 2) gives the first three surface cells, each of which possesses two
reactive surface groups (Z). Upon progressing from dendrimer A to B, the three
surface cells become initiator cells and six new surface cells are added. Advan-
cement from B to dendrimer C leads to complete development of the cell hierarchy,
which consists of one initiator core cell, 'three initiator cells, six interior cells,
and twelve surface cells with a total surface stoichiometry of twenty-four Z groups.
Owing to these surface groups, the dendrimer should function as an exo-
receptor [23c].

B Core Cell [ Initiator Cells [ Interior Cells [ Surface Ceils

Fig. 15. Divergent assembly of branch cells into a generation = 3 dendrimer. Branch cell
hierarchy is noted in (A), (B) and (C)
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If the branch junctures or the coupling junctures are heteroatoms or contain
designed moieties amenable to reaction or chelation, the dendrimer should exhibit
endo-receptor characteristics [23c]. Each of these bonding features has been
observed experimentally (for examples, see Sect. 7).

4.3.2 Dendrimer Branch-Cell Symmetry Properties

The symmetry properties of the interior branch cells can dramatically affect the
physical and perhaps chemical properties of a dendrimer. For example, symmetrical
interior and surface branch cells, such as those in Figs. 11 and 15, exhibit identical
connectivity paths from the initiator core to the termini. The equal radii place the
terminal groups on a sphere or a segment of a sphere, thus making these dendrimers
ideal models of functionalized nanoscopic spheres.

In contrast, the polylysine dendrimers described by Denkewalter et al. [90] have
unsymmetrical branch cells with either three or seven bonds between branch
points. If one considers the paths of connectivity from initiator core to termini of
a single dendron (see Fig. 16), it can be seen that no two paths are identical. In fact,
every possible permutation of the sequences of the two given linear segments is
present in the branch. If the two segment lengths are given values of s and 1, and
the number of tiers in the dendron is N, the number of different paths, X, is given
by the relation X = 2N. Since the paths are constructed from all possible
combinations of the two given segment lengths, the number of paths of a given
length follows a binomial distribution. Thus, the number of paths composed of a
short segments s and 1 long segments (in a molecule consisting of s + 1 tiers) is
given by the following relation:

Xev1 = (s + DY/(s!1).

For example, a molecule with three tiers of branching has eight terminal groups.
One path consists of three short segments, three paths consists of two short and

Fig. 16. Two-dimensional projection of a mo-
nodendron with unsymmetrical branch junc-
tures (Deukewalter topology) and surface
branch cells (A—H). s and 1 are the lengths of
the short and long segments, respectively
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one long segment, three paths consist of one short and two long segments, and
one path consists of three long segments (see Fig. 16).

The different lengths of these paths mandate that some terminal groups will be
tethered closer to the center of the branched assembly than others and be subject
to more steric interactions. This suggests that this dendrimer class has surfaces
with higher fractal dimensions [13, 97—-99] and interior branching zones which are
less ordered than those of the symmetrical Starburst dendrimers (Fig. 17).

Fig. 17. Two-dimensional projec-
tion of a tridendron dendrimer
(N, =3; N, =2) with unsym-
metrical branch junctures (A) com-
pared with one possessing sym-
metrical branch junctures (B)

These two classes differ substantially in certain physical properties [2, 84].
Although it has not been demonstrated, one might expect the various terminal
groups in the Denkewalter dendrimers to show a range of chemical reactivities
based on different steric environments, These clefted, highly fractal surfaces are
similar to microenvironments usually associated with enzymes. This issue as well
as other topological questions will, no doubt, provide ample reason for wanting
to characterize and gain a deeper understanding of dendrimer infrastructure and
surfaces.

5 Dendron and Dendrimer Syntheses

It should be re-stated and emphasized that dendrimers are large collections of
atoms that are systematically organized around a reference point (core) by means
of branched connectivity (usually covalent). As such, the synthetic strategies leading
to the construction ( Aufbau) of these molecular assemblies can be examined and
experimentally manipulated. We described earlier the Aufbau steps leading to
dendrimer synthesis which include the following stages:

(picoscopic) = (sub-nanoscopic) = {nanoscopic)
[Atoms] — [Repeat Units] — [Branch cells] — {Dendrons] — [Dendrimers]

In this account, we would like to focus on synthetic activities relating to the
last two stages of this Aufbau scheme which dimensionally advance these covalent

structures into the nanoscopic regime. An overview of synthetic operations that
have been used is described in Fig. 18. As illustrated in Fig. 18, the general area
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of “Cascade/Starburst synthesis” can presently be visualized as consisting of
methods for; I Dendron construction and I Dendrimer construction. Since dendrons
are vital architectural components involved in dendrimer construction, this area
will be examined first.

Presently, there are two broad strategies known for dendron construction. They
include 1 (A) Divergent Methods, which may involve either (i) controlled
sequencing techniques or (ii) uncontrolled propagation methods based on the
original hypothesis of Flory (64, 65], wherein AB, type monomers are polymerized
in an uncontrolled manner. In either case, if suitable functional groups are
introduced at the focal point of the dendron, these moieties may be used to
subsequently anchor multiples of dendrons to a core substrate in a divergent
manner to produce dendrimers. Early in our work, we demonstrated this approach
[83] and refer to it as the two stage “Divergent Dendron/Divergent Anchoring”
method to dendrimer construction.

More recently an interesting dendron construction method was reported
independently by Fréchet et al. [102] as well as by Neenan and Miller [103] which
has been referred to as the I(B) Convergent Method. This method differs from
the divergent dendron approach in that exponential proliferation of surface groups
is accomplished by use of a limited number of growth reactions per sequence. Its
advantages and limitation will be discussed later. With this method a variety of
dendron families have been successfully synthesized and subsequently coupled to
various point-like as well as hyper-branched cores, to produce dendrimers. This

Cascade / Starburst Synthesis

_
[ 1
1| Dendron Construction 1I | Dendrimer Construction
{A)| Divergent Core Anchoringj (B)LDivergent Core Prolifera!ionJ
Anchor - . Initiator
Cares Generations || Dendrimers Cores
(A) Divergent Method —
i Controlied “ \ \ 0 @ sity
i ur\conl'lollzd . ) ) ~ 1 );L Branch Cell
vl il N Method
Gl= 0 1 2 3 4 5 3 5”2
(B) Convergent Method > 3x +/®\ > ﬂ‘iv < /(b\
c Preformed
" Gonuolied gﬁ% Branch Cell
- 4 .
K » :,»‘ QXE\? Coupling "
—_— :>_x- g}x- ;%M . o Method
; g &
0o 1 2 3 4 5 "

G =

Fig. 18. Various genealogically directed synthesis (GDS) strategies for the construction of
dendrons and dendrimers
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approach to dendrimer synthesis has been referred to as the two stage Convergent
Dendron/Divergent Anchoring method for dendrimer construction.

Alternatively, dendrimers may be synthesized directly by our original II
Divergent Core Proliferation method. This method may involve the exponential
covalent assembly of monomer units around a multi-valent core to produce branch
cells in situ or it may involve the direct use of pre-formed branch cell reagents.
In either case the resulting covalent structure consists of precise numbers of
dendrons organized around the initiator core.

It can be seen that dendron synthesis may be categorized into three general
approaches; namely, I(A) (a) Divergent controlled, I(A) (b) Divergent uncontrol-
led and I(B) (a) Convergent controlled methods. On the other hand dendrimer
synthesis may be broadly divided into two general approaches involving either;
I. Divergent core anchoring or II. Divergent core proliferation techniques. In the
first strategy for dendrimer construction, dendrons are functionalized at their
focal points by either divergent or convergent methods and then used as reagents
to react with appropriate multifunctional core substrates to produce the desired
dendrimers. Using the second approach, dendrimers are produced directly by
proliferating divergently from an initiator core. This may be accomplished by
either constructing branch cells in situ or by coupling pre-formed branch cell
reagents according to geometrical progression branching rules.

Using any of the above methods, the genealogical aspects of these synthetic
approaches become obvious in that these synthetic operations involve/manifest
all or a portion of the genealogical components listed below:

(a) Anchoring/Initiator Core reference points
(b) Chronological Sequencing

(c) Functionalized Radial Templating Surfaces
(d) Geometric growth and proliferation

(e) Self-replication of infrastructure

(f) Ultimate dense packing surfaces

{g) Iterated growth stages

Dendrons and dendrimers have been synthesized with a variety of cores,
interiors, and surface functionalities. Presently, over twenty different chemical
families of dendrons/dendrimers have been reported.

Classical, random coil, functional macromolecules are substrates upon which
it is often difficult to perform high-yield, efficient reactions. Their coiled
configurations frequently lead to inaccessible buried functionality frustrating even
the most patient synthetic chemist. In contrast, the radial orientation of Starburst
topology presents the terminal functionality in a very favorable fashion, accessible
to incoming reagents and media. For this reason, essentially any reaction that
proceeds well on a point-like organic molecule can be expected to occur equally
well on a dendrimer surface, at least in the earlier generations. As surface con-
gestion develops, however, reaction kinetics and stoichiometry change dramatic-
cally.

In general, it should be obvious that one can design and articulate the total
construction of a dendrimer based on the choice of strategies used. Use of the
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pre-formed dendron assembly approach followed by stepwise dendron coupling
via the divergent core anchoring strategy allows one to differentiate sectors or
hemispheres on the final dendrimer structure. On the other hand, the divergent
core proliferation technique is more appropriate and facile for the construction
of dendrimers with homogeneous interiors and surfaces. This approach is also
very amenable, for the synthesis of dendrimers containing differentiated radial
infrastructures. The respective strategies offer synthetic advantages, or limitations,
depending on the perspectives and objectives of the synthetic chemist. These
aspects are reviewed below:

5.1 Dendron Construction
5.1.1 Divergent Controlled Method

5.1.1.1 Poly (alkyleneimine )-Monodendrons (Vigtle Dendrons)
Végtle et al. {76] reported some of the first examples of dendrons synthesis by the
divergent method. Using a protect/deprotect scheme based on cyanoethylation of
alkyl amines with acrylonitrile followed by reduction to amine moieties with
sodium borohydride/Co*? reagents, several low molecular weight dendrons were
produced in 35-76% yields possessing hydrocarbon cores and either amine or
cyano-functionalized surfaces. Since the initiator cores used were alkyl or arylalkyl
amines, these dendrons were not (Scheme 2) svitable for divergent anchoring to
other multiple cores to produce dendrimers.

These structures were supported by both NMR and mass spectral analyses,
however, they were not carried beyond the generation = 1.0 level, giving dendrons
with molecular weights under 1.000.

R R

111 Co(II)/NaBH, & CH,=CH-CN
J’ I CH3;0H, 2h AcOH, 24 h
D —— e 2)
NC CN
H,N NH,
1 2
R R
| 1
N N
Co(lI)/NaBH,
CH;0H, 2 h
N N N N (3)

N
Negau IS NQN

Scheme 2
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5.1.1.2 Poly (amidoamine)-( PAMAM-Starburst )-Monodendrons

Among the first Starburst (Cascade) syntheses we performed in the early 1980s
[83]involved partially masked (differentiated) initiator cores. For example dodecyl-
amine, hydroxyalkyl amines or partially protected alkylene diamines were used
as initiator cores and submitted to sequential (a) Michael addition with methyl
acrylate followed by (b) reaction with an excess of ethylene diamine to give in
situ branch cell construction in a divergent manner. The resulting products were
core functionalized monodendrons as shown below:
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2 X & S 52 ¥ 2
z & % P z
Z’ X e 9 e. e = g
z 6 & ¢ 9 20
9 ) & s z
Z v e 5 1 ® & . 1 e e 2
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Z ha 2
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Fig. 19. Core functionalized mondendron, where ¥ may be either a masked/protected
nucleophilic or electrophilic moiety, ] = branch cell coupling, @ = branch cell juncture

and Z' = surface groups

Alternatively, the synthesis was initiated with an electrophilic initiator core
such as p-(methoxy)benzoic acid. This reagent was allowed to react with
ethylene diamine, followed by sequencing to give a mono-dendron where Y =
p-MeO—-C,H,—CONH-CH,CH, ~ (see Fig. 19).

These differentiated, core functionalized monodendrons were very useful as
reactive intermediates for the construction of higher multiple dendron-dendrimers.
In the case of the hydrophobically substituted dendrons, these products were used
directly as amphiphilic reagents that readily organized into novel, Starburst type
micelles. Among the many interesting properties these micelles displayed was the
ability to sequester hardness ions (ie. Mg*?2, Ca*?, etc) to produce “in situ” self
building surfactant properties.

Within this poly(amidoamine) series it was generally noted that beyond
generation = 3 or 4 the functionalized core became so sterically congested that
coupling with various anchoring cores was substantially more difficult. Likewise
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when the core was a twelve carbon chain the first two generation dendrons were
hydrocarbon soluble (THF), however, beyond that generation they became very
water soluble. This suggests that the exponential accumulation of hydrophilic
surface groups beyond generation = 2, literally engulfs the hydrocarbon core.

As mentioned earlier by us [2], subsequent tethering of these core functionalized
mono-dendrons around various divergent anchoring cores allows one to synthesize
high multiple dendron dendrimers to give quadrant or hemispherically differen-
tiated dendrimers as shown below: (see Fig. 20)

Fig. 20. a) Differentiation of dendrimer quadrants with
various dendron surface moieties (W, X, Y, Z). b)
Differentiated initiator or anchoring cores (A, B, C, D)

Alternatively, we synthesized several series of PAMAM dendrimers which were
found to have rod-like characteristics by simply sequencing in the usual fashion
with the reagents methyl acrylate and ethylene diamine upon linear poly-
ethylenimines with core multiplicities, N of 300—400. The resulting high aspect
ratio, rod-like dendrimers were proliferated out to generation = 4. Their length
is determined by the degree of polymerization (n) of the initiator core and their
diameter is derived from the number of generations as shown in Scheme 3.

(NCH, CH,)- CHy= CHCOLCHs | o o,y 4
c —— +{NCH,CH
17272 B, NH,(CH,)- NH, HCH,CH, 1 ACH2CH “)
H 2 NH, e,
NHz NH,
(A, B) (4, B)
(A, B)
~{NCH3 CHa}- ——= NH, «NCHaCHa}  »NH2
N2 " NH n
z NHy NHz
NH2 NHz
NHa NH»
NHa NH2 NH2
NHz NHz
NH2 NH
NHp NHp - 5
Scheme 3
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These rod-like PAMAM dendrimers [83] are formally derived from the core
functionalized aziridinyl macromonomer (dendron) A, just as Fréchet et al. [104]
have produced similar rod-like dendrimers by polymerization of the styrene
functionalized monodendron (B) which was prepared via the convergent approach
(see Fig. 21).

Dl .G
DN DNerw y < > CH, D

A B

Fig. 21. Dendron macromers for preparation of rod dendrimers

5.1.1.3 Poly (amide )-Monodendrons (Denkewalter Dendrons)

Denkewalter et al. [90] reported the synthesis of monodendron polyamides through
generation 10. The scheme involved protection/deprotection methods commonly
used by polypeptide chemists. Dendron construction started with benzhydrylamine
as the initiator core and an activated ester of amino-protected L-lysine as the
branching reagent (Scheme 4).

N,N'-Bis{tert-butoxycarbonyl}-L-lysine nitrophenyl ester was the branching
monomer used in the stepwise propagation. The dendron surfaces initially
possessed hydrophobic Boc units and then, after deblocking, hydrophilic amine
moieties. Although the dendron structures were not rigorously verified, subsequent

DENKWALTER DENDRIMERS
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Scheme 4
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vork by Aharoni et al. [91] showed that they were quite monodispersed and
sehaved as “nondraining” spheres.

Tam and co-workers [105-107] produced related dendrons on a Merrifield resin
vllowed by surface functionalization with various antigenic polypeptide sequences.
A comparison of molar mass, number of terminal groups, and dimensions as a
Junction of generation for the Denkewalter dendrons is shown in Table 1. Unlike
:il the other dendrom examples reported, the branch cells in this system are
insymmetrical since they are constructed from unequal branchcell-segments as
Jescribed in Sect. 4.3.2.

Table 1. Starburst Polyamides N, = I; N, = 2 (asymmetric)

Generation  Molecular Monomer Number of Hydrodynamic Diameter
Weight Units (Lysine) Terminal Diameter (A)* from SAX (A)

Groups,
Z(—NH;)

Core Cell Sit I 2 11.8 -

L 967 3 4 14.6 -

2 1900 7 8 18.2 16.0

3 3700 15 16 228 20.0

+ 7300 31 32 28.6 25.8

3 14600 63 64 36.0 —

6 29200 127 128 45.2 39.8

7 58400 255 256 57.0 59.2

3 116800 511 512 71.8 -

9 233600 1023 1024 90.6 86.8

* From intrinsic viscocity measurements (Ref: 91a, b)

3.1.1.4 Poly(amido alcohol)-Monodendrons (Arborols)

This dendron class is a special example of a dendron series possessing radially
oriented heterogeneous generations. The dendrons possess branch cells derived
from three different branch cell reagents, namely an alkyltriol, triethyl methane-
tricarboxylate and aminotris-(hydroxymethyl)methane. Newkome [92] refers to
this series as uni-directional arborols {Scheme 5, see next page). A maximum of
three branch cell layers were grown from the hydrocarbon core.

Reiterative chemistry which would allow further advancement was not reported
until very recently. Other examples of multi-(directional) dendron series have been
reported by this group (See Sect. 5.2.3.2). Certain di-dendron prototypes that
possess hydrocarbon interiors and “barbell-like” architecture are reported to
self-assemble into rod-like nanostructures {94].

5.1.2 Divergent Uncontrolled Method

Flory [64, 65] first suggested the possibility of forming highly branched, treelike
networks by polymerization of a differentiated monomer such as A-R-B,, where
n is greater than one and functional group A can react with B (see Scheme 6).
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(12)

Very early reports on these systems described them as polycondensates, consisting
of broad molar-mass distributions with randomly branched topologies. The
methods of synthesis included Friedel-Crafts coupling of benzyl alcohols [108] and
the polymerization of 2,5,6-tribromophenol involving aryl ether formation [109].
In addition, hyperbranched natural carbohydrate polymers, such as amylopectin,

dextrin, and glycogen have been extensively studied [73-75].
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More recent examples of this type of polymerization have involved AB, type
monomers leading to completely aromatic, polyester, organo-metallic and silicone
containing “hyperbranched” systems. In general the final products are substantially
more polydispersed than products from the controlled divergent method with
branching idealities ranging from 50-75%.

(13)

The number of unreacted A groups = one.

The number of unreacted B groups = (functionality -2) DP + 1
DP = degree of polymerization.

Scheme 6

5.1.2.1 Poly (germanium perfluoroaryl)-Monodendrons

Bochkarev et al. [110] have recently described the anionic polymerization of
HM(CFs);, M = Ge, Si, or Sn (N, = 1, N, = 3). Most noteworthy is the
germanium system, where they have obtained self-limiting molecular-mass ranges
of approximately 100000-170000, in spite of the mode of preparation. These
workers hypothesize that deprotonation at germanium produces anions that
nucleophilically displace fluorine atoms in para positions to produce a dendrimer
structure of the following general formula:

[R] [ (F)y}
x N,

/C6F4
~Ge~C4F,~
NG -1
x=< > ) y=N¢; N, =1, Ny=3
N, — 1

ela

Structural verification is based on viscosity data (indicating Einstein spheroid
characteristics), elemental analyses, light-scattering experiments, and direct ob-
servation of individual dendrimers by electron microscopy. The self-limiting
molar-mass ranges correspond to approximately 38 branch-cell propagations
(three tiers) around a germanium initiator core. Furthermore, analysis of molecular
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models indicates that further propagation is precluded due to “steric screening”. This
appears to be the first example of a self-limiting polymerization to form a (de Gennes)
dense packed starburst dendron by the “divergent uncontrolled method™.

5.1.2.2 Poly (arylene )-Monodendrons

Completely aromatic, hyperbranched polyphenylenes were synthesized as mono-
dendrons from AB, type monomers by Kim and Webster [111, 112]). These
dendrimers were prepared either by the homocoupling of 3,5-dibromophenyl
boronic acid under modified Suzuki conditions, or by aryl-aryl coupling reactions
involving 3,5-dihalo-phenyl Grignard reagents in the presence of Ni(Il) catalysts
as shown in Scheme 7.

X
s
X
Mg 1) BuLi
2) B(OCHz), (14a)
3) H
X X
Do Do
X 14 X=Br X 13 X=Br
15 X=Cl
Ni(II) Pd(0)

(14b)

Scheme 7
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The macromolecules were obtained as brittle, non-film forming materials with
molecular weight ranges of 5000-35000 and M,/M, < 1.5. They were soluble in
many organic solvents and thermally stable up to 550 °C. Branching efficiencies
were estimated to be approximately 70% by '*C-NMR analyses. For this reason,
no evidence for Malthusian-like, dendrimer dense-packing was observed as a
function of molecular weight enhancement.

The halo-surface groups were readily converted to lithiated derivatives which
allowed their use as macromolecular templates from which to initiate anionic
polymerizations. A wide variety of surface functionalities were introduced by
combining the lithiated monodendron with various electrophiles.

5.1.2.3 Poly(arylester )-Monodendrons

Recently, Fréchet et al. [113] have reported a so called one-step synthesis of
hyperbranched polyarylesters by the thermal self-condensation of 3,5-bis(trime-

o
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thylsiloxy)benzoy! chloride. This uncontrolled divergent propagation produced
products in 80% yield with weight average molecular weights of 30000-200000
as illustrated in Scheme 8. These hyperbranched systems were determined to have
a degree of branching between 55-60% by NMR examination, with poly-
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dispersities M /M, varying between 1.9 and 2.9 depending on reaction temperature.
The hyperbranched polyesters are glassy materials containing reactive functional
groups at all chain extremities.

5.1.2.4 Poly (siloxysilane )-Monodendrons

Hyperbranched poly(siloxysilanes) possessing an allyl group as a core functionality
were prepared by the self-hydrosilation of the AB; monomer illustrated in Scheme 9.
The products were obtained in a molecular weight range of 11000-35000, thus
indicating they had advanced to the third or fourth generation. Mathias et al.

NC._N 1 .
I Sp; L PL10300°CAR
N 2. 300 °C/1-3 h
N D
1 neat solid/Na(g)
(-IBr)
22 (93-98%)

(18)

= CN NC 3
BQ\KN /N NG YN
] N N\a/ N
N N
I N

Scheme 10
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[114] speculate that further chain extension may be sterically inhibited since the
addition of more catalyst did not increase the molecular weight any further.

5.1.2.5 Poly(imidazof1,2-a][ 13,5 }triazine )- Monodendrons

Work reported recently by Rasmussen et al. [115] suggests that dihalodicyanoimid-
azoles undergo thermal self condensation to the hyperbranched heterocycle
illustrated in Scheme 10. These cyanoazacarbons with empirical formula (C5N,),
contain no hydrogen and are viewed as heterocyclic analogs of aramides.

5.1.2.6 Poly (arylamide )- Monodendrons

Lyotropic liquid crystalline properties were observed for poly(arylamide) mono-
dendrons derived from 1,3,5-substituted amino acid chloride hydrochlorides
according to Kim [168]. These systems aggregate readily to form high molecular
weight species in the absence of complexing ions. Amide solvents containing more
than 40 wt.% of the dendrons exhibit nematic phase liquid crystalline texture
under a polarizing microscope, whereas, 60 wt.% solutions produce a hard gel
under static conditions.

5.1.2.7 Poly (haloalkylaryl ether )-Monodendrons

Percec and Kawasumi [201] have recently reported homopolymerization of the
AB, branch cell reagent; 10-bromo-1-(4-hydroxy-4'-biphenylyl)-2-(4-hydroxyphe-
nyl)decane, under phase transfer catalyzed polyetherfication conditions. The
resulting dendrimeric macromolecules possessing phenolic terminal groups were
alkylated in situ with various hydrophobic reagents. These products are the first
dendrimeric materials to exhibit a thermotropic enantiotropic nematic mesophase,
although dendrimers have been used as solvents to generate a nonaqueous lamellar
liquid crystal with octanoic acid [156]. See also [168] for related work by Kim.

5.1.3 Convergent Controlled Method

Nearly simultaneously, two groups namely; Fréchet et al. [102] at Cornell
University and Neenan and Miller [103] at A.T. & T. Bell Labs introduced a new
method for constructing dendrons which they refer to as the “convergent method”.
The synthesis begins at what will become the periphery of the final dendron and
proceeds inwardly. Dendron growth is designed to occur via a limited number of
reaction sites. For example, one starts first with a monomer unit 24 possessing
what will eventually constitute the dendron surface functionality (s) and a reactive
functionality (fr). This is then coupled to a branch cell reagent 25 containing at
least two coupling sites and a protected functionality (fp) to give 26 as illustrated
in Scheme 11. After coupling, (fp) is activated to (fr) to give the reactive branch
cell reagent 27a which is then allowed to react with 25 to produce the new cascade
fragment 27b. This process is reiterated until the dendron 27¢ is obtained. This
dendron has a single reactive group (fr) which may be used to couple to a
multi-valent anchoring core to produce dendrimers (see Fig. 18).
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c

>——fp $
[ S [
- S>—f — § — = S
s-f, + ) fp s}fp —— S:>—fr sg__>—fp (19)

24 25 26 27a

fr = reaction functionality

fp = protected functionality

s = surface

¢ = interior

f. (20)
S

Scheme 11 27¢

Advantages offered by this convergent approach include the involvement of a
very limited number of reactive sites (usually three) for each generation growth,
thereby giving more monodispersed products with commensurate ease of purifica-
tion and characterization. Conversely, a serious limitation of the convergent growth
method is that, as the size of the dendron increases, the focal point functional
group becomes increasingly more sterically encumbered. Of course, as we described
in the earlier section, these dendrons which are functionalized at their focal points
are suitable for coupling to various anchoring cores. This allows one to produce
final dendrimer structures with surfaces that can be specifically differentiated as
a function of sector, quadrant or hemisphere. This capability offers interesting
possibilities for constructing new directionalized building blocks leading to new
supramolecular assemblies and nano-devices [2, 116, 183].

5.1.3.1 Poly (arylalky! ether )- Monodendrons

Using the convergent strategy described earlier, Fréchet et al. [102] completed the
synthesis of a series of polyether monodendrons based on the use of 3,5-
dihydroxybenzyl alcohol 29 as the branch cell reagent unit. The synthesis is
illustrated in Scheme 12 and involves first reaction of benzylic bromide, [G-1]-Br,
28, with monomer, 29, to produce {G-2}-OH, 30.

[The various generation dendrons are designated by use of the following notation
[G-X]-f, in which [G-X] refers to generation number (X =0, 1, 2, ...) and f
refers to the functional group located at the focal point of the dendron.] Conversion
of [G-2]-OH to the corresponding benzylic bromide, [G-2]-Br, 31, occurs in 93%
yield in the presence of CBr,/PPh;. Reiteration of this reaction sequence with
monomer, 29, produces the following monodendron series:
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29
[G-3]-OH ——» [G-3]-Br ——» [G-4-OH —» [G-4]-Br
32 33 34 33
12
29
[G-6]-Br «— [G-6-OH «—— [G-5]-Br <«— [G-5]—OH
39 38 37 36

It was noted by Fréchet that the yields of monodendrons were very good (ie.
84-91%) for [G-0] — [G-4], however, for [G-6]-OH and [G-6]-Br they declined to
78% and 72%, respectively, even in the presence of excess reagents. The authors
attribute this yield decline and progressive difficulty in purification to increased

D o) OH KyCO3
C . §:>_ _—
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Y HO 91%
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O

O 21)
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O~

30 [G-2]-OH
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8
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KoCOs
18-C-6| ggop

Q
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@o\qo\q\o OH
%oq 32 [G-3]-OH
Scheme 12-1 d
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Mol. formula C139H743Br0125 729%
Scheme 12-2

241



Donald A. Tomalia and H. Dupont Durst

steric congestion around the functional group located at the focal point of the
dendron, thus reducing its reactivity. These reactive dendrons were converted to
dendrimers by allowing them to react with poly-functional cores and will be
discussed in the next section.

In a second dendritic series, Fréchet et al. [117] selected 4,4-bis (4’-hydroxy-
phenyl)pentanol 42 as the branch cell reagent unit for construction of a more
flexible dendron. This synthetic sequence is illustrated in Scheme 13-1, 2.

HO PhCH,O
COH . MeOH g OH CB
@ Mc Me e (252)
2. LiAlH; O PPh;

PhCH,0
42
PhCHZO PhCH,0
g CB
Me B Me o Pn_ (25b)
K3C04 PPhy
18-crown-6
PhCH,0
,0 PhCH,O H,C OH
43 PhCH,0 O
Me' 0
PhCH,0 O PhCH,O 44
Me 0
| I —_——— (26)
PhCH,O Br KOs
H,C 18-crown-6
PhCH,0 ‘
Me 0
G
PhCH,0

Scheme 13-1

Protection of the peripheral phenolic groups as benzyl ethers was selected so
that regioselective cleavage of these ethers in the presence of interior aliphatic
ether linkages could be effected to liberate phenolic groups at some later stage.
These functionalized dendrons were coupled to various anchor cores to produce
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O O
PhCHZO PhCH,0 PhCH,0 Q
CH,
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PhCH,0 O O CH,
Me 0
Q) a7
PhCH,0
Scheme 13-2

more flexible dendrimers that Fréchet referred to as “hypercores” in his so called
“double-convergent” growth strategy. These aspects will be discussed in the next
section (see Sect. 5.2.2).

5.1.3.2 Poly(arylester)-Monodendrons

Neenan and Miller [118] reported the preparation of poly(arylester) dendrons
using a convergent iterative sequence consisting of esterification and hydrolysis
reactions as illustrated in Scheme 14. The key intermediate in the synthesis of
these dendrons is 5-(tert-butyldimethylsiloxy)isophthaloyl dichloride, 48, which
1s first converted to the diester with phenol, followed by hydrolysis to the diester
phenol. This dendron is designated [3-OH] indicating it contains three phenyl
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rings and possesses a phenolic group at its focal point. Reiteration of this reaction
sequence ultimately produced a dendron [15-OH], containing fifteen phenyl rings
with sequencing yields ranging between 69-90%. These monofunctionalized
dendrons were then anchored to 1,3,5-benzenetricarbonyl trichloride to produce
tridendron-dendrimers containing from 4—46 phenyl rings (see Sect. 5.2.2).

5.1.3.3 Poly (arylene)-Monodendrons

A unique series of monodendrons possessing extraordinary symmetry (i.e., D)
and no flexible methylene linkages has been recently reported by Neenan and
Miller [119]. These dendrons consist of geometric tiers of aryl groups linked at

244



Genealogically Directed Synthesis

the 1,3,5-positions, yet with a reactive boronic acid group at its focal point. The
key intermediate in these dendron syntheses is 3,5-dibromo-1-(trimethylsilyl)ben-
zene, 49. This intermediate was allowed to react with two moles of phenylboronic
acid under Suzuki coupling conditions to give the masked 3,5-diphenyl-1-
(trimethylsilyl)benzene [3-TMS] as illustrated in Scheme 15. Hydrolysis of this
intermediate, followed by subsequent coupling with 49 allowed convergent growth
to produce a boronic acid functionalized dendron containing seven pheny! rings,
designated as 7-B(OH),.

SiMe. .
3 Pd(PPhs)s $iMes
+ 2 PhB(OH); —m8—— (33)
Na2C03 O
Br Br 80-85% Q O
49
[3-TMSi]
SiMe, B(OH),

OOO %» QOO (34)

80-90%
[3-B(OH);]
SiMe3
922an0m,  TAEP SRS @)
N&zCO}
80-85% O O
[7-TMSi]
1) BBry (36)
[7-TMSi] 3gon . [7-B(OH),]
80-90%

Scheme 15

5.1.3.4 Poly (arylacetylenic )- Monodendrons

Recently Moore and Xu [120] reported the successful synthesis of rigid poly-
(arylacetylenic) dendrons through generation = 2, using a convergent strategy and
the masked I-ethynyl-3,5-dibromobenzene branch cell reagent, 50, as shown in
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Synthesis of Arylacetylenic Wedges

2 S—=—H Pd(dba)z
+ TEA/100 °C
Br. ———
Q%SM%
Br X
50 N\
SiMe, 37)
A
X
San 2.1
Pd(dba),
TEA/100°C [Wn-TMS5] K;CO;
MeOH/THF
SiMe,
1
)
X
\
Br Br N
50 H
A (38)
X
271
San
[Wn-H]
Scheme 16
SH(CH,),
i
Z 0 x
A ®

Fig. 22. Arylacetylenic branch cell reagent (A) suitable for the construction of arylacetylic
mondendron (B)
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Scheme 16. Attempts to continue proliferation to generation = 3 were unsuccess-
ful, giving only half of the desired dendron at this synthesis stage. Efforts to
correct this failure by introducing peripheral solubilizing groups were unsuccessful,
whereas molecular modeling suggested that a sterically induced stoichiometry
effect (SIS) may be involved. This hypothesis was supported by the fact that
simply enlarging the arylacetylenic branch cell reagent to the structure (A} (in
Fig. 22) rather than using, 50, (Scheme 16), produced the desired, non-defective
dendron (B) (Fig. 22). These observations have prompted these workers to propose
that dendrimer growth could continue indefinitely, even in two dimensions, if one
were to modulate the “branch cell” size as a function of generation as illustrated
in Fig. 23.

7]
wn

A B c

Fig. 23. Changing the branch cell reagent size as a function of generation which could allow
rigid dendrimers to be grown indefinitely even in a plane

5.1.3.5 Poly(nucleotide: DNA/RNA )-Dendrons/Dendrimers

Damha and co-workers {121-123] have reported the use of a fully protected
adenosine 2',3'-0-bis-N,N-diisopropylcyanoethylphosphoramidite reagent to join
together neighboring polymer-bound oligomers to form a variety of unique
“oligonucleotide branch cells”. Several such “branch cell reagents” are illustrated
in Fig. 24.

These adenine containing branch cell reagents were subsequently used in a
“convergent type” synthesis to produce RNA or DNA derived dendrons and
dendrimers. Two adenylthymidylic acid dendrimers were assembled by the addition
of adenine branch cells to polymer bound thymine oligomers to give a generation
= 1.0 reactive dendron containing 33 bases. Further extension of this polymer
branch dendron with ten more thymine units, followed by coupling with the
adenine branch cell reagent produced a second generation, di-dendron, oligo-
nucleotide dendrimer containing seven adenine and eighty thymine units as shown
in Scheme 17.
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> GUAUGU ¥ 3 CAAGUU ... 3
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_CAAGUU ¥ _GUAUGU ¥
5A 5' UACUAA
> CAAGUU 3 SGUAUGU 3

© (D)

Fig. 24. Various oligonucleotide branch cell reagents [(A), (B), {C), (D)] suitable for con-
structing DNA/RNA dendrons and dendrimers
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5.1.3.6 Poly(aryllazacrown ether )-Monodendrons

Shinkai and coworkers (see Ref. 200) recently synthesized very fascinating azacrown
ether linked dendrons by utilizing a branch cell reagent derived from 1,4,10,13-
tetraoxa-7,16-diazacyclooctadecane. These dendrons were constructed via the
controlled convergent strategy and advanced to generation = 2. Tri-dendrons
were constructed as described in Sect. 5.2.2.4.

5.2 Dendrimer Construction
5.2.1 Divergent Dendron/Divergent Anchor Core Method

5.2.1.1 Poly (amidoamine }-PAM AM-Dendrimers
( Ester, Ether, Amide and Urethane Core Coupling)

A variety of di-, tri- and poly-(dendron) type PAMAM-dendrimers were syn-
thesized by first preparing dendrons functionalized at their focal points with
hydroxyl or blocked primary amine moieties [83]. By suitably modifying the surface
groups to alkyl selected passive moiéties (i.e. ester, hydroxyl or #Boc), these
divergently derived dendrons were coupled to electrophilic anchoring cores such
as 1,3,5-benzene tricarbonyl chloride, hexamethylene diisocyanate or poly(vinyl-
benzyl chloride). Generally, functionalized dendrons proliferated beyond genera-
tion = 4 or 5 exhibited sluggish reactivity and complex products, presumably
due to the steric congestion surrounding the dendron focal point functional
group.

The convergent growth approach offers a number of features less readily
accessed by the “divergent-growth” approach such as control over surface
functionality and involvement of a very limited number of reactive sites (typically
three) for generation growth. One limitation of the convergent growth approach
is that, as the size of the dendrimers increase, they are increasingly more susceptible
to steric inhibition at the focal point group. This effectively limits the size of the
macromolecules that may be prepared by the convergent method. This limitation
isnot as significant with the divergent or Starburst approach, although a somewhat
similar steric inhibition is known to manifest itself as “dense packing” usually at
very advanced generations.

Coincidentally, rather than using point like (sub-nanoscopic) anchoring cores,
we also used divergently synthesized dendrimers as anchoring cores. To these
substrates we successfully coupled either dendrons or appropriate surface function-
alized dendrimers to these “hyperbranched cores” to produce discrete dimers,
trimers or covalently linked assemblies of dendrimers possessing uniquely differen-
tiated surfaces {see Ref. 167). Similar dendrimer structures have also been reported
recently by Fréchet et al. [117] and are described below as products resulting from
the convergent dendron/divergent anchoring method.

5.2.2 Convergent Dendron/Divergent Anchor Core Method

Dendrimers synthesized by this approach have been reported almost exclusively
by both the Fréchet group [102] and the Neenan/Miller [103, 118, 119] group.
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This approach has been used successfully to produce at least four different types
of dendrimer families which include poly(arylester), poly(arylene), poly(arylalkyl)
ether, and poly(aryl/azacrown ether) type dendrimers.

5.2.2.1 Poly(arylester )-Dendrimers

An example of the convergent approach to synthesize the corresponding dendrons
followed by the divergent anchor core method to produce tri-dendrons containing

# of arvl

Cl g0 o rings
©—OH . Pyridine
0 0 CH,C, [41 (42)
98%

Ct cl
Qe

o] CI O
OH + Pyridine [10] (43)
o 0 0 CHCly

o al a 74-79%

@ [3-OH]
o}
C1 0
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Pyridinc
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o (o}
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@ [7-OH]
b Yé 0
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0, o]
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CH.Cl2
)?, )kq a a 25%

[15-0H]

+

Scheme 18a
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4,10, 22 and 46 aromatic rings in a poly(arylester) dendrimer series is as illustrated
in Scheme 18(a).

5.2.2.2 Poly (arylene)-Dendrimers
In a similar fashion, all arylene dendrimers possessing 4, 10, 22 or 46 aromatic

rings were also reported by Neenan and Miller [119]. As illustrated in Scheme
18 (b), surface aryl rings could be perfluorinated.
R©/R
R

[4]: R= CsHs
[4Fl:R=CFs R

Q,

[10]: R = C¢Hs R
[10F]: R = C¢Fs [22]: R = CeHs
[22F]: R = C¢Fs

R

[46]

Scheme 18b

5.2.2.3 Poly(arylalkyl ether )- Dendrimers

Similarly, Fréchet et al. [102a] utilized a benzyl bromide functionalized dendron, 51,
(generation = 3) as a reagent which was then divergently coupled to the tri-valent
phenolic, anchoring core, 52, to give the tri-dendron, 53, shown in Scheme 19.
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Advancing this strategy to an even higher level of sophistication, this group
selectively introduced differentiated surface groups during the convergent dendron
synthesis. Using differentiated dendrons A or B, illustrated below in Fig. 25, it
was possible to control dendrimer surface functionality by introduction of only

Fig. 25. Differentiated dendrons with (A) aryl bromide surface; benzyl bromide core and
(B) aryl nitrile surface; benzyl bromide core
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(G-5}-Br f— o C-R-OH 47
< gy +HO-R-OH — (47)

(48)
a R=alkylene/arylene
OH
HO—R
Br HO+R) = (49)
OH
(50)

Scheme 20a, b

one differentiated hemisphere or dendron sector per dendrimer as shown (see
Scheme 20a, b, Eqs. 47-50). Alternatively Fréchet’s group demonstrated that
mono-functionalization of one sector or total functional of one sector of the
dendrimer surface could be performed to produce either cyano or bromine
functionalized surfaces.

Finally, a two stage dendrimer synthesis [117] was demonstrated by pre-
constructing a lower generation dendrimer using the convergent dendron/diver-
gent anchor method as shown in Scheme 13. Secondly, coupling pre-formed
dendrons to this multi-valent “hyperbranched/dendrimer” core produced a
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double-staged dendrimer, wherein the inner core could be designated to be
chemically differentiated from the outer dendrimer domain composed of coupled
dendron units.

5.2.2.4 Poly (aryllazacrown ether )-Dendrimers

Very recently, Shinkai et al. (see Ref. 200) synthesized tri-dendron type dendrimers
(generation = 1 and 2). The branch cell reagent shown below was wutilized in a
convergent approach to synthesize the dendrons. These dendrons were then
anchored in each case around a 1,3,5-benzene tricarbonyl chloride core. This

n
/ N\ C-OEt
O O o—"
(7 7))
HCl. }z\l'_ N—C
) 0
O 0] _\E_ OEt
(0]

dendrimer series is under investigation to determine allosteric effects during
metal-binding and to determine binding selectivity toward various alkali metal
ions.

5.2.3 Divergent Initiator Core Method

5.2.3.1 In Situ Construction of Branch Cells

Dendrimer construction with this synthetic strategy requires very high yield/con-
version syntheses as well as efficient workup procedures for separation of the
dendrimers from the reagents. A variety of polypeptide synthesis methods were
used successfully for this approach. They included (1) protection/deprotection
methods, (2) solid-phase synthesis and (3) excess reagent methods. Either
ultrafiltration or preparative HPLC techniques were used for workup and
purification. A major advantage offered by this approach is that the steric bulk
of the reagents is usually much lower than that of branch cell reagent coupling
synthons. This allows one to advance to higher generations by iterative reaction
sequences before the cascade (de Gennes) dense-packing occurs.

Poly (amidoamine )- ( PAMAM-Starburst ) -Dendrimers

Starburst polyamidoamine (PAMAM) synthesis {2, 77-81, 83] may begin with
either a nucleophilic or an electrophilic core. In the case of nucleophilic cores
such as ammonia or amine, step A in Scheme 21 involves exhaustive Michael
addition to methyl acrylate. This addition occurs very rapidly and in high yield
with essentially complete selectively and no amidation at rocom temperature. Step
B requires addition of this triester intermediate to a large excess of ethylenediamine
at room temperature to produce the terminal triamine core cell shown in Fig. 2
and Scheme 21. Repeating the sequence of steps A and B leads, via a hexaester
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(generation = 0.5), to a hexaamine (generation = 1.0). Continuing the sequence
of steps A and B (Scheme 21) produces increasingly higher generations. Dendrimer
growth beyond generation 3 simply introduces more concentric tiers of interior
branch cells which provide scaffolding for surface branch cells whose number
follows a geometric progression. Ideal branching growth will produce dimensional-
ly precise surfaces with a defined number of surface groups (see Table 2).

— 0 Ko
(R) CH, = CHCO,Me H,N NHC CNH  NH,
NH =
¥ "(B) NH,CH,CH,NH, (Excess) (Generation = 0
r— (1)
CNH  NH,
NH, N§H, 0
NH
N N h@" N “*NH: Ropeat Stops () & (8) z"‘@" Nz Starbranched Oligomer
z {Core Cell)
W iy ——— - Nt (52)
atc.
(Generatlon = 1.0) NH,' NH,
Terminal ——e H, N H
Groups . Dendrimer
Ha N NH, Repeating Units
‘ NH, 53
nitiator C
elor are :\Generations ( )
NH, NH,
"“Dendrimers”
Scheme 21
Table 2. Starburst Polyamidoamines N, = 3; Ny = 2
Generation Molecular Monomer Number Diameters (A)
Weight Units of Terminal
Groups, Z(—NH,) Predicted* Actual
(A)y—> B SEC
(Core Cell) 359 3 3 9.6 &—* 192 108
| 1043 9 6 128 —*» 288 158
2 2411 21 12 17.6 g——* 416 220
3 5147 45 24 4.1 g&—» 512 310
4 10632 93 48 30.6 —> 656 400
5 21563 189 96 385 g—*> 816 530
6 43451 381 192 47.5 &—* 912 80.0
7 87227 765 384 61.8 ¢—*> 1040 1038
8 174779 1533 768 78.0 g —*> 1170  92.0
9 349883 3069 1536 98.0 » 130.0 105.0
10 700091 6141 3072 123.0 > 143.0 1240

* Measured from CPK models
(A) = 3-dimensional contracted
(B) = 3-dimensional extended
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The present tridendron PAMAM dendrimer series increases its diameter by
approximately 10 A per generation, evolving from a disk-like shape (generations
0-2) to an oblate spheroid (generations 3, 4), to a nearly symmetrical spheroid
at generations 5 and higher [147] (see Fig. 36). Successful syntheses of ideal highly
branched PAMAM dendrimers through generation 10 have been completed.

Alternatively, initiator cores have been tethered to solid support (Merrifield
resins [83]). Using protein synthesis procedures that avoid the workup difficulties
involved in handling large excesses of reagents, one can readily control dendrimer
growth. Unfortunately, only noncleavable linkers have been examined to date
with these PAMAM dendrimers. The use of initiator cores possessing cleavable
linkers should make dendrimer synthesis and isolation very facile. This was
demonstrated for mono-dendrons derived from poly(lysines) as reported by Tam
et al. [105-107] (Fig. 26).

- - - +
Phe- Glu-Pro-Ser-Glu-Ala-Glu-lle-Ser-His-Thr-Gln-Lys -Ala - ~—
Lys
—- - - +
Phe-Glu-Pro-Ser-Glu-Ala-Glu-~lle-Ser-His -Thr-Gin-~Lys -Ala - — L
ys

- - - o+
Phe-Glu-Pro-Ser-Glu-Ala-Glu-lle-Ser-His-Thr-Gin-Lys -Ala- —__ L
- - - » ys
Phe-Glu-Pro-Ser-Glu-Ala-Glu-lle -Ser-Hls -Thr-Gin-Lys -Ala - — -
Lys-Ala-OH

- - - +
Phe-Glu-Pro-Ser-Glu-Ala-Glu-lle-Ser-His -Thr-Gin-Lys -Ala~ —__
Lys
- - - +
Phe-Glu-Pro-Ser-Glu-Ala-Glu-lle-Ser-His-Thr-Gin-Lys -Ala - — \
Lys

+
H-
+
H-
+
H-
+
H-
+
H-
+
H-
+ - - - +
H-Phe-Glu-Pro-Ser-Glu-Ala-Glu-lle-Ser-His-Thr-Gin-Lys -Ala- ~__
+
H-

- - - + - Lys
Phe~Glu-Pro-Ser-Glu-Ala-Glu-lle -Ser-His-Thr-Gin~-Lys -Ala -

Fig. 26. An octameric multiple antigen peptide grafted to the surface of a poly(lysine)
monodendron

A variety of mono-, di-, tetra-, and polydendron PAMAMs have been synthesized
from simple amines as well as linear polyamine cores [2, 83, 124]. Linear
poly(ethylenimines) with core multiplicities (N, of ca. 300-400) have been shown
to produce high-aspect ratio, rod-like dendrimers at generation 3 or 4 [2]. Their
length is determined by the degree of polymerization (n) of the initiator core and
their diameter is derived from the number of generations (see Scheme 3).

Poly (ethyleneimine )- ( PEI)-Dendrimers

Poly (ethylenimine) (PEI) has been examined extensively both in its classical,
random branched topology [125] and in its linear form [126]. The various
architectural and topological forms of PEI have been reviewed recently [127].
Here we describe the first example of this polymer system as an ideal, hyper-
branched molecular assembly. Synthesis of a tri-dendron poly(ethyleneimine)
dendrimer derived from an ammonia core involved, first the selective alkylation
of diethylenetriamine (DETA) with aziridine to produce a symmetrical core cell,
namely tris-(-2-aminoethyl)amine. Subsequent exhaustive alkylations of the ter-
minal amino moieties with activated aziridines [2, 127, 128], such as N-tosyl- or
N-mesylaziridine gave very good conversions to the first-generation protected
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Starburst PEI (SPEI) dendrimer (see Scheme 22). Deprotection by acid hydrolysis
yielded the demasked first-generation dendrimer. The higher generations were
obtained by simply repeating, these sequences. These SPEIs are described by the

following general notation:

N[(CH,CH,NQ), (H),}y,

NG+1~1
X = <—"——_> y=NS*', N =3, N,=2
N, — 1

STARBURST POLYETHYLENEIMINE CHEMISTRY

H, S0
NH, CH, CH, @ CH, CH, NH, [:2 ‘ ®(CH, CH, NH, ), (54)
H A SPE! - NH,(3)
H® 25" |
®ECH, CH,N(CH, CH, NH),]; =— ®[CH, CH,N(CH, CH, NHMes),], (55)
SPEI - NH ,(6) N - Mes
1.[:“,0
2.[°N - Mes
I——— {CH,CH,NLCH, CH, N(CH, CH, NHMes),],}, ——— SPEI-NH,(12) (56)
[on-meg DrcHeCHaNECH, CHaNCH HatessLehy o= e ]
SPE! - NH, (48) 1.[CN-Mes  SPEI-NH,(24) 1.[>N- Mes (57)
[Gen = 4] 2.H® [Gen=3] 5 o
Scheme 22
Table 3. Starburst Polyethyleneimines N, = 3; N, = 2
Generation Molecular Number of Terminal Diameters (A)
Weight Groups, Z(—NH,)
Predicted* Actual
B> ® SEC
(Core Cell) 146 3 12 g—> 88 719
1 398 6 112> 156 151
2 917 12 13.6 &> 192 200
3 1949 24 182 ——*» 248 —
4 3968 48 20— 290 -
Forbidden Molecular Structure
* Measured from CPK models
(A) = 3-dimensional contracted
(B) = 3-dimensional extended
4

Fig. 27. Corey-Pauling-Koltun (CPK) models of Starburst poly(ethyleneimine) dendrimers

of generations 0-5
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G=0

27-1

27-2 G =2

27-3 G =14
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The defect levels become progressively higher and divergence from branch
ideality becomes substantial as one approaches generations 3 and 4 and especially
generation 5 [2].

These dendrimers have branch cell segments which are approximately one-half
the dimensions of the PAMAM series (5 A versus 10 A) and possess chemical
linkages which have much greater chemical and physical stability. A comparison
of theoretical molar masses, number of terminal groups, CPK predicted diameters,
and measured diameters (size exclusion chromatography, SEC) as a function of
generation is shown in Table 3.

CPK models of generations 0—5 (Fig. 27) show that these SPEIs are much more
congested and compact than the Starburst PAMAMSs. These models indicate that
ideally branched generation 5 is forbidden due to dense packing as described and
predicted by be Gennes and others {81, 82, 85, 86).

Hydrocarbon-Dendrimers

(a) Iptycenes

A unique class of structures referred to as iptycenes has recently been reported
by Hart et al. [129--131]. These architectures represent the first examples of
all-hydrocarbon dendrimer prototypes. Starting with either benzene or triptycene
as the initiator core, branch junctures were constructed in situ by Diels-Alder
adduct formation to give the heptaiptycene (A) and thé nonaiptycene (tri-

Fig. 28. Hydrocarbon dendrimers (iptycenes): (A) heptaiptycene, (B} nonaiptycene,
(C) nonadecaiptycene, (D) supertriptycene
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triptycene) (B), respectively (Fig.28). The tritriptycene derivative possesses
molecular clefts defined by parallel benzene moieties ca. 9 A apart. These U-shaped
cavities defined by the arene planes accommeodate acetone to forma 1: 1 crystalline
complex which was verified by X-ray structure studies. More recently, Hart et al.
[131] have successfully added six more 9,10-dihydroanthracene moieties to (4)
giving the C,;,H-g hydrocarbon (C) (nonadecaiptycene). Similar reactions led to
the C,y,Hg; hydrocarbon designated supertriptycene (D). These all-hydro-
carbon dendrimers clearly illustrate an endo-skeleton strategy for defining three
dimensional space at the molecular level.

(b) Organometallic Initiator Cores

Astruc and co-workers [132] have recently described hydrocarbon dendrimers
possessing organometallic cores (i.e., Fe or Co). Alkylation or benzylation reactions
on polymethyl hydrocarbon ligands complexed with cationic organo-transition
metal fragments gave either all-hydrocarbon examples by photolysis or surface
functionalization as illustrated in Scheme 23. Substantial evidence was presented
for de Gennes type dense packing [85] and sterically induced stoichiometries (SIS)
[2, 167] as a function of the size and number of branch cells that were introduced
around these organo-metallic cores.

CH5CHCH,Br

KOH,DME
20 °C,2 days
54
(75%)
sooc | D SiaBH
2) NaOH, 3h H;04 9 h
HO. OH
HO OH
>
HO OH
HO OH
57
Scheme 23-1 (75%) SiasBH = disiamylborane
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o

Co
75 °C ( 5 CH,;CHCLB .
1:};3?;2:1— 1 day KO:I . i(l)ohfurs
58
OO
O O
@) @)
NG
O @ O
60 59
(45%) (15%)

All cations present as PFg™ salts

Scheme 23-2

5.2.3.2 Coupling of Pre-formed Branch Cell Reagents

The use of protection/deprotection methods or highly differentiated, branch
cell reagents allows selective coupling without bridging or looping side reac-
tions. Table 4 summarizes just a few of the branch reagents used successfully
so far.

Poly (ether )-Dendrimers

This dendritic series includes examples of the most highly branched, as well as
the shortest-branch, segmented dendrimers produced to date [82, 133]. The high
initiator core multiplicity (N, = 4), combined with high branch multiplicity
(N, = 3), produces very compact, highly congested microdomains which possess,
at most, only very small internal voids. This homologous series has the following
general notation:
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Table 4. Branch cell Reagents

Ny =2 References N, =3 References
CH,CH,NH ~—OH
NH, "N 27272 (33 HO— C —OH [133]
CH,CH,NH, — OH
CO,H »—OH
NH,~(CH,);—CH. _ *? (90) HS — C —OH [133]
NH, N— OH
_(CHz)_'1-3
,— OH
- NH, — C — OH [92-94]
CH,~CH,OH 2
H-N * 72 (83) \—OH
CH,~CH,0H
CO,Et
Mo HC = COEt [92-94]
\ /- OH T CO,Et
C (133)
OH~ “-0OH s
HGe ———— C,F, [110]
i CeFs
C6H5
c-c —écs}{s (83]
CeH

[C{CH,0),]([CH,C(CH,0);],[CH,C(CH,0H)3],)x,

NG -1
x=< > ) y=N¢, N, =4, N,=3
N, — 1

Standard synthetic methods are used to couple partially protected penta-
erythritol to the core cell and subsequent dendrimer surfaces [82, 133]. Synthesis
of the first generation involves displacement of bromide from C(CH,Br), with
a masked pentaerythritol (bicyclic orthoester). One obtains three hydroxyl
groups per terminal group after deprotection (Scheme 24). Therefore, a series
that triples both its surface hydroxyl groups and its molar mass is obtained (see
Table 5).

Molecular dynamics simulations described by Goddard et al. [2], clearly demon-
strate that these tetra-dendron prototypes assume spheroidal shapes early in their
development. Synthetic efforts revealed that branching defects became progres-
sively higher [82] as one advanced from generation 2 to generation 3. The simu-
lations indicate that the fourth-generation dendrimer, possessing 324 hydroxyl
surface groups, is a highly constrained, rigid system with essentially no internal
voids or channels (see Fig. 29). Starburst dense packing appears to occur between
generations 3 and 4.
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STARBURST POLYETHER CHEMISTRY

0
C(CH,Br), + 4K* 'OCHz-Go} —

o
PE-Br(4)

G
CICHOCH, €~03 )i —  CLCHOCH,C(CH,O0H) .
0
PE-BO(4) PE-OH(12)

— C[CH,0CH,C(CH,0Tos);], — C[CHOCH,C(CH;Br);],

PE-Tos(12) PE-Br(12)
)
— C[CH,OCH,C(CH,OCH, -€o} Yala
0
PE-BO(12)

— C{ CH,0CH,C[ CH,O0CH,C(CH,0H); 1,3,
PE-OH(36)  —  PE-Tos(36) —» PE-Br(36) — PE-BO(36) — PE-OH(108)

Scheme 24

Polyethers

(61)

(62)

(63)

(64)

(65)
(66)

Fig. 29. Computer simulated molecular graphics {wireframe) using POLYGRAF for STAR-

BURST (polyether) dendrimers of generations 1-4
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Table 5. Starburst Polyethers N, = 4; N, = 3

Generation Molecular Number of Terminal Diameters (A)
Weight Groups, Z(—NH,)

Predicted* Actual
A= B SEC

(Core Cell) 136 4 - - -
1 606 12 104 —» 120 938
2 2024 36 162 —* 184 186
3 - 108 224 * 240 250
Forbidden Molecular Structure

* Measured from CPK models
(A) = 3-dimensional contracted
(B) = 3-dimensional extended

Poly (thioether )- Dendrimers

This series was synthesized according to Scheme 24 as described for the polyethers,
with the exception that a mercapto-functionalized, bicyclic orthoester (4-mercapto-
methyl-2,6,7-trioxabicylco-[2.2.2]octane), was used as the branch cell reagent for
the coupling step {2, 133]. This produced a dendrimer series containing thioether
linkages in the interior with hydroxy! surface groups as described by the following
general notation:

[C(CH,8)J([CH,C(CH,S);L[CH,C(CH,OH);],)x,

N§ -1
x=<b )9 y=Ng’ Nc=4: Iq’b=3
N, — 1

This dendrimer family was successfully proliferated through the second genera-
tion to give the poly(thioether) dendrimer with 36 surface hydroxyl groups. This
product was confirmed by mass spectroscopy, 3 C-NMR spectroscopy and size
exclusion chromatography. Attempts to advance to generation = 3, by displace-
ment of the 36 terminal bromide groups, gave a product which lost only twelve
bromide moieties. Although computer assisted, molecular simulation suggests that
this dendrimer family should not “dense pack”™ until the fourth generation, steric
requirements of the bulky mercapto anion in an Sy2 displacement reaction may
be leading to this “sterically induced stoichiometry” (SIS) product. In this
poly(thioether) series, sterically-induced stoichiometry (SIS) effects are occurring
one generation earlier than in the poly(ether) series [2, 167].

Poly (amidoalcohol )-Dendrimers

This dendrimer class is a special exampie of a heterogeneous series. It possesses
branch cells derived from the branch cell reagents; triethyl methanetricarboxylate
and aminotris(hydroxymethyl)methane. In the present case, a tri-dendron den-
drimer with N, = 3 is obtained by advancement through an alkylation stage and
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an amidation step (Scheme 25). The resulting hydroxyl-functionalized dendrimers
from these “cascade” syntheses have been coined “arborols™ by Newkome and
co-workers [92—94]. They described the synthesis of mono-, di-, and tri-dendron
prototypes, with the following general structural notation (N, = 3);

/CO- /CHZOH
[core] -——C\—CO- -NH—-C—CH,0H
CO- CH,0H
3 N,
with core = y N.=3
CH, Br
NBS, hv NaC(CQ,Et)
——ee 154y
cf{@cm ccl. B' TH., DHF (67)
60

C{CO,Ey,

H,NC{CH,OH
(E10,C),C K,CO;, DM

C{COEL,

62

Scheme 25

This method leads to very compact, highly branched dendrimers possessing as
many as 27 surface groups. Reiterative chemistry, which would allow advancement
to higher generations, was not reported on this series, presumably due to the
“neopentyl” terminal branch cells which inhibited further dendrimer proliferation.
In order to circumvent this problem, homologation by introduction of a separate
spacer was reported, but added additional synthetic steps {92]. Certain di-dendron
prototypes possessing a hydrocarbon interior and a “barbell-like” architecture,
self-assemble into an orthogonal array to give rod-type nanostructures [134].
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Poly {amidoether )-Dendrimers

More recently, however, an iteration sequence has been developed by these workers
which involves elongation of the arms on tris-(hydroxymethyl)aminoethane as
shown in Scheme 26. Using such a differentiated branch cell reagent (—~CO,H
form), successive coupling in the presence of dicyclohexylcarbodiimide and

CH;0,C

NC\\\ /JCN
O (¢)

CO,CH,

/J

HO OH i >< ii o o
HO oH 0% /JO 0\\\ 85% 0 o\\\
NC CN CH;0,C CO,CH,
63 66 67
HO,C CO,H cioc Cocl
iii 0 o) i \\\ /J
e GO S GO
74% [e] (o) >95% 0 0
HO,C CO,H Cl0C cocl
68 69
CN CO,Et
OH . 0 o (71)
SIANNEYs SN
2 OH HZN OO\/\CN —_— HZN O\/\C02Et
81% 87% 0,
OH H
CN CO,Er
70 11 73

Reaction Conditions:

(i) CH,=CHCN, KOH, p-dioxane, 25 °C, 24 h
(i) MeOH, dry HCI, reflux, 2 h
(iti) 3 N NaOH, 70 °C, 24 h

(iv) SOCl,, CH,Cly, reflux, 1 h

(v) EtOH, dry HCl, reflux 3 h

Scheme 26

1-hydroxybenzotriazole gave dendrimer families with several combinations of
initiator cores and branch cell reagents. For example Fig. 30 illustrates dendrimers
derived from a pentaerythritol core and tris-[(carboxyethoxy)methyllaminome-
thane branch cells [135], whereas in the other case an adamantane core and
4-amino-4-(3-acetoxypropyl)-1,7-diacetoxy-heptane branch cell reagent was used
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o
AH
RO o
2] R
RO oR
o'}

b

Fig. 30. a) Tetra-dendron dendrimers derived from tris-[(carboxyethoxy)methyl]aminome-
thane branch cell reagents and a pentaerythritol core. b) Tetra-dendron dendrimer derived
from 4-amino-4-(3-acetoxypropyl)-1,7-diacetoxyheptane branch cell reagents and an ada-
mantane core
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[136]. A unique dendrimer series possessing an all-hydrocarbon interior and up
to 36 surface carboxylic acid groups has exhibited very interesting unimolecular
micelle properties. These products have been shown to form host-guest complexes
with various hydrophobic guest molecules. Newkome refers to these products as
“micellanes” [137, 138].

Poly (arylamine )-Dendrimers
Hall et al. [139] produced a low-molar-mass series of polyarylamine dendrimers

by using a protection/deprotection scheme involving the protected, branch cell
reagent; 2,4-dinitrofluorobenzene. Using various anilines as initiator cores, the

X0
R-X ®
P [—Q—CHZOMc} ——  rRF[~ H-cmome (72)
3 3
74 13 a<c
a; R=Me
b; R = PhCH,
BTOCHZOMG ¢ R =CysHsy
NiBr,
B® o
P [—@—CHZOMe] (73)

16

(74)

@ ® C}
R-P ~©—CH2P{-—©-CHZP [—@-CﬂzoMe] } (75)
78 a-c

Reagents: (i), ISi(Me)s; (i), Compound 74
Scheme 27
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reiteration scheme involved fluoride displacement by the anilines, reduction of
nitro groups to amino groups, and subsequent reaction with 2,4-dinitrofluoroben-
zene.

Poly (phosphonium )-Dendrimers

Several dendrimer series in which ionic sites were incorporated at both the initiator
core as well as the branch cell juncture have been reported by Engel et al. [140-142].
Dendrimers derived from the initiator cores 74, 75a—-c¢ and 76 have been
synthesized by the reiterative sequence described in Scheme 27. These polycations
possess some of the highest N, and N multiples reported for any dendrimer series.

H
MeSiCly M

OH — H
3"MDM — Ds = 3
79 y H"'H (76)
o Ds Ds 80
By M =
Cl a
MeSiCls D —
2"MD,MOH Sdioidesiuic: SN =
? Py uD3 D3 HAH 7
M M
81
”;‘_ O, OH i 8
HH catalyst OH ; O, H H
, Py
s o
81
H H
OH OH H H
H H
e e Y. —_——
catalyst HO OH 6 Cl Y H (79)
HO* “OH » Py
H H H H
H H
83
catalyst Cl (80)
12 , Py
HH
84
Scheme 28
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The reactive branch cell reagent tris(4-methoxymethylphenyl)phosphine (74)
was used to construct dendrimers with up to 40 cationic sites within the
infrastructure of the molecule. Simply advancing the valency of the central core
phosphorous atom, produced tri-, and tetradendron dendrimers. In most of these
poly{phosphonium) dendrimers, separate 3'P-NMR signals for the core and
peripheral phosphonium ion sites could be observed thus illustrating the hierarchial
nature of the branch cells within these molecules.

al
cl—$i~
\ Cl,CH;SiH I Cl
P — c1—$i/\3i,\/§i-c1
a
N THE, 50°C (81)
0G
—Si-Cl
a
cl 1G-C1
—$i-Cl
cl a CHp=CHMgBr l THF, 1. t.
a-Si_~¢_  —$a
‘ 1
e
o o {7 c
CESITN I 5NN N\
i I CLCH,SiH < 7

(82)

Scheme 29-1
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Poly (siloxane )-Dendrimers

Masamune et al. [143] were the first to report the synthesis of silicone dendrimers.
They used a divergent strategy similar to that used by Tomalia et al. for the
construction of PAMAM dendrimers [2, 79]. The synthesis of these dendrimers
involved first the use of a trifunctional core unit possessing (—Si— H) surface
groups. Catalytic conversion of these surface groups to (—Si—OH), followed by

treatment with a silicone branch cell reagent with the general structure (CIW‘—-i)
introduced the geometric branching characteristics of dendrimers. The general
iterative sequencing required for these dendrimer constructions is illustrated in
Scheme 28.

This group was successful in proliferating the dendrimeric structures out to

generation = 3 to give molecular weights of greater than 14000. All dendrimer

(84)

Scheme 29-2
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structures were confirmed by 'H, *3C, 2°Si, NMR, size-exclusion chromatography
and mass spectroscopy. It should be noted that the surfaces of these silicone
dendrimers are coated with —Si—H groups, thus rendering them amenable to
further chemical modifications.

Kakimoto and coworkers [144] and independently, shall researchen [209]
synthesized a series of Starburst poly(siloxanes) using [(phenyldimethyl-siloxy)di-
methylsiloxy] methylsilane as an initiator core and divergently proliferating with
bis[(phenyldimethylsiloxy)methylsiloxy]dimethylsilanol as the branch cell rea-
gent. Using protection/deprotection schemes, a poly(siloxane) dendrimer (genera-
tion = 3) possessing 24 phenylsilyl groups was synthesized and characterized by
'H, 13C, 2°Si, NMR and gel permeation chromatography.

Poly { carbosilane - Dendrimers

Roovers et al. [145] have reported a high yield iteration sequence leading to the
synthesis of poly(carbosilane) dendrimers. The sequences involve (a) hydrosilyla-
tion of the initiator core, tetravinylsilane, with four moles of dichlorosilane,
followed by (b) treatment with vinyl magnesium bromide to generate a dendrimer
with eight vinyl groups attached to four silicon atoms (generation = 1.0) as
illustrated in Scheme 29.

Reiteration ultimately leads to a generation = 4 stage dendrimer possessing as
many as 64 silicon chloride or vinyl surface groups. These dendrimers have been
utilized as macromolecular termination templates for quenching polybutadienyl
lithinm to give 64 armed star polymers.

6 Characterization of Dendrimers

The structural subtleties represented in these dendrimer topologies require a variety
of analytical methods for unequivocal characterization. The following dendrimer
features were studied by these methods:

1. Elemental composition: C, H, N analyses; mass spectrometric fragmentation
patterns.

2. Molar mass versus generation: low-angle laser light scattering (LALLS);
chemical ionization, fast atom bombardment, laser desorption and electrospray
mass spectroscopy; vapor phase osmometry; electrophoresis.

3. Homogeneity: size exclusion chromatography (SEC) coupled with low-angle
laser light scattering (SEC-LALLS); electron microscopy, atomic force mi-
croscopy, scanning tunnel microscopy; capillary electrophoresis.

4. Interior and end groups: IR spectroscopy; *°N, *3C, 3!P, 2Si, 2H and 'H NMR
spectroscopy; titration.

5. Structures: 13C, *H and *H NMR spectroscopy (T, relaxation times, signal
intensity ratio versus generation); rheology studies; electron microscopy;
computer-assisted molecular simulations, comparison to CPK models; electro-
spray mass spectroscopy; fluorescence probe analysis.

6. Dimensions: Electron microscopy; intrinsic viscosity measurements; size exclu-
sion chromatography ; computer-assisted molecular simulations, comparison with
CPK models; atomic force microscopy; electrophoresis; neutron scattering.

272



Genealogically Directed Synthesis

These methods were used extensively for structure verification of dendrimers
prepared by the divergent initiator core method such as Starburst PAMAM [124]
poly(ether) [82], and poly(ethylenimine) dendrimers [2], as well as poly(siloxane),
poly(phosphonium), poly(arylalkyl)ether, poly(arylene) and poly(arylester) den-
drimers. In many cases, small-molecule model systems were used for process
optimization, defect identification, and stoichiometry studies.

In the case of PAMAMsS, dendrimer bridging, looping and branching defects
were identified and minimized by process optimization and/or special purification
techniques. Initial work indicated that it would be difficult to prepare dendrimers
beyond generations 4 and 5 without bridging [124]. More recent work [167, 169]
has shown that generations 0—10 can be obtained in very monodispersed form
with branching “idealities” of 95 mole% or greater per generation.

A repertoire of possible defects that might be encountered in the synthesis of
many of these dendrimer families is as illustrated in Fig. 31.
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Dendrimer Cluster (Bridged / Looped)

Fig. 31. Two-dimensional projections of various branch-cell defects which may lead to
divergence from ideal dendrimer development. Branch defective dendrimer, A; intra-
dendrimer looping, B; inter-dendrimer bridging, C; inter-dendrimer looping, D; dendrimer
cluster (bridged/looped), E

Presently, defects of the type A and B are the only serious side-reactions
encountered in the synthesis of Starburst PAMAM dendrimers (generation =
0-10) by the “divergent initiator core method”. Defects of the types C, D and E
have been minimized to under 3-5 mole% per generation. Polydispersities
(M,/M,) of 1.0007 have been routinely observed for Starburst PAMAM den-
drimers (generation = 4; NH,; core) which has an empirical formula of
CuesHg33N 57093 and a calculated molecular weight of 10632, as verified by
electrospray mass spectroscopy {169].
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6.1 Branching Ideality

13C.NMR spectroscopy and electrospray mass spectroscopy have served as the
best methods for appraising branch defects. With !3C-NMR, the symmetry of
ideally branched dendrimers produces discrete resonances which are well separated
from branch-defect signals (Fig. 32). The branch defects occur when acrylate
alkylations are incomplete. The result of such a defect is to give lower molar-mass
and surface-group values than theoretically expected. Secondary amine groups
resulting from branch defects may become alkylated during advancement to the
next generation. The consequence of such an event is that the progeny of such
defects are one generation retarded in branch-cell development compared to the
rest of the molecule.

The structure of a molecule that results from a sequential, reiterative process
must reflect its unique history of preparation. If an individual dendrimer is
incompletely reacted at a given generational stage of the synthesis, the molecule
will have less than the ideal molecular weight, and further iterations will also give
correspondingly low molecular weights at the higher generations. For any
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Fig. 32. !3C-NMR spectrum of Starburst PAMAM dendrimers of generation = 7 with
assignments for ideal and defective branches (defective branch level ca. 5 mol%)
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molecular weight, there will be a finite number of isomers and the isomeric form
must reflect the stage at which the incomplete conversion took place. Thus, a
selected isomer may only be formed from a subset consisting of the precursor
generation masses/isomer distributions and may be converted only into a subset
of the successor generation masses and isomer distributions. The partitioning of
the isomers derived from a given structure will be the product of the statistics for
the conversion into those isomers.

Examination of the product distribution of a given sample should, therefore,
provide an insight into the history of the sample preparation, with the average
molecular weight giving an overall efficiency of the conversions and the shape of
the mass/isomer distribution indicating whether the efficiency was higher earlier
or later in the sequence of reactions. This can be accomplished by comparison of
a statistical model for branching defects with measured distributions. As a first
approximation, all of the reactive sites of the dendrimer may be treated as
equivalent, allowing the use of a simple binomial model which requires only an
extent of reaction parameter to calculate theoretical molecular weight distri-
butions. For example, the proportions of each component for generation 0 is
given by:

[mole fraction of D.P. (degree of polymerization) = n]
3! n 3-n

NTEETE A
where p is the probability that an individual site is substituted.

For generation 1, the distributions derived from each of the four components
of generation O are similarly computed, giving 7 terms from the ideal, D.P. = 3
component and 6, 5, and 4 terms from the D.P. = 2, 1, and 0, respectively.
Each term is weighted by the mole fraction of its precursor, the terms for each
given D.P. are combined to give a total distribution from D.P. = 0 to 9. Reitera-
tion of this procedure to the fourth generation gives a distribution from D.P. = 0
to 93.

Substitution of different values of p at each generation allows the modelling of
variations of reaction efficiency from generation to generation. An example of this
is presented in Scheme 30 for generation = 1; Starburst poly(amidoamine).
Reaction of ammonia with methy! acrylate, following by treatment with ethylene-
diamine, gives predominantly the ideal generation 0 dendrimer, 85, with traces
of dendrimer lacking one or more branches. The one missing branch species is
the major non-ideal component. Reiteration of the process converts 85 predomi-
nantly to ideal generation 1 dendrimer 87 and lesser amounts of one branch
missing 88 and isomeric two branch missing 89 and 90 components. Simulta-
neously, the non-ideal components are converted to corresponding higher mass
components as illustrated by the complete substitution of 86 to give 90. Note
that 86 is not converted to 89 the isomer of 90 or any of the more ideal species
87 and 88. Thus, the isomeric composition of a sample could be used to infer the
synthesis history of a sample.

275



Donald A. Tomalia and H. Dupont Durst

(Generation = 1.0)

o} o]
HIN\/-NHK/sN’\)'NH-\,NHz

(85)

Oy NH
[¢]

q
HiN\/NHu\L J)INH\rNHz
0 "NTNH NH~G7 o

HzN\/'NHv o 87 © UNH\' NH,

Steps (A & B) [o] [o}
HzN\/‘NHK/‘N’\)NH‘\,NHz
o NN Oy NH
0 [}
H,N -~ J)‘ NH.
NH N~ NH;
H,NTNH NH A~y (A) & ®) o Sy~ NH/\:
o 85 O HIN‘/NHu\) o gg O 3
NH CHy=CHCO,CHy(A) (Generation 0) ( 6)
3
o} o}
HNCH;CHyNHy(B)
\ e N e
HNNH n/\'@/\nNH N, o Og NH o
o} 0 P TN
&6 -~ H,N\/-NH”\LH " J)‘NH\,NH2
R X (A) ~NH NH_~
(Generation 0 with 1 defect) N o gg O N (87)
o™~
Q [o}
H’N‘/NHH J)‘NH\»NHZ
o N»\NH NH_/\N 0 (88)
HN A~y 0 g9 O A RN o

Schema 30

If, for example, two samples were prepared such that p = 1.00 for the first
iteration (sample 1) and p = 0.95 for the second iteration (sample 2), the
distribution of masses would be as follows:

Dendrimer 87 88 89 & 90
Sample 1 73% 23% 3%
Sample 2 86% 0% 13%

The portion unaccounted for includes all of the lower mass components. For
each of these samples, the number average molecular weight would be M,, = 1009.8,
but the weight average molecular weights would be M, = 1013.5 and 1017.1,
respectively. A sample prepared with p = .0975 for both iterations would have a
distribution of 80%:12%:7%, M, = 1009.8, and M,, = 1015.4.

Data for comparison to the model were obtained via the electrospray ionization
mass spectrum of a Starburst PAMAM; dendrimer (core = NH,); generation = 4
between m/z 600 and 1600. The ESI mass spectrum consisted predominantly of
multiple charged ions at +7, +8, +9, +10, and +11 charge states. The
deconvoluted mass spectrum between 9600 and 10747 daltons suggest the
presence of at least 16 components in the sample. The last significant peak at
10632 daltons corresponds with the theoretical mass 10632.96, “magic number”
which is within one mass unit for the ideal generation = 4 structure (see Fig. 33).
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Generation = 4.0
O = NH3

O[CH, = CHCONHCH, CH,NH, ], _q,
M.W. = 10632.96
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Fig. 33. Electrospray ionization mass spectrum of a Starburst PAMAM (generation = 4).
Note the last significant peak; M = 10632 daltons (degree of polymerization = 93),
corresponding to the “magic number” for ideal structure. The remaining labeled species
correspond to M — x(114); (defects due to missing monomer units) and the unlabeled species
which correspond to M — x(60); (defects due to macrocycle formation)

All components differing by 114 mass units correspond to incomplete reaction
leading to molecules lacking various numbers of poly(amidoamine) repeat units
(CH, = CHCONHCH,CH,NH,; MW 114).

A summary of the measured data from the deconvoluted spectrum in Fig. 33
is presented in Table 6. Based on these data the polydispersity is calculated to be
1.0007, which is a significant step toward producing a monodisperse macro-
molecular system.

Fitting the experimental distribution to distributions calculated as described
above leads to the conclusion that the efficiency of reactions for the synthesis of
the sample must be between 97 and 98% for each step [169]. Polydispersity indices
derived from the calculated distributions include the trace low molecular weight
species that would be present but undetectable at the experimental signal to noise
ratio, giving a more realistic measure of polydispersity. Thus, this statistical
treatment would place the polydispersity of the sample between 1.005 and 1.003.

In addition to the ideal dendrimer and the molecules lacking whole repeat units
(M = 9600-10632), the mass spectrum shows M-60 masses for each of the M
peaks. These peaks correspond to an additional missing ethylenediamine unit,
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Table 6. Number Average Molecular Weight

M.
oo o I,
2N
Weight Average Molecular Weight
M2
W - Z NIMI
TNM,
Intensity (N) M NxM NxM?
35 9828 343980 3380635440
48 9885 474480 4690234800
44 9950 437800 4356110000
50 10000 500000 5000000000
52 10059 523068 5261541012
58 10115 586670 5934167050
5t 10174 518874 5279024076
55 10229 562595 5754784255
82 10288 843616 8679121408
70 10344 724080 7489883520
100 10404 1040400 1.0824E+ 10
65 10458 679770 7109034660
77 10518 809886 8518380948
70 10627 743890 7905319030
88 10631 935528 9945598168
945 9714637 1.0013E+11
M, 10290.6212
M, 10296.3387

M,/M, 1.0005556

which corresponds to cyclic structures, formed during synthesis, which have also
been identified by 1>C-NMR (see Fig. 32). A single cyclization per molecule would
account for the M-60 species which, at this generation, would involve two of forty
eight terminal groups or 4%. Since the M-60 peaks are less than one half of the
intensity of M peaks, less than 2% of the total terminal groups have cyclized.
This is also consistent with the observed levels near the detection limit of the
NMR spectrometer.

6.2 Monodispersity vs Polydispersity

Very precise appraisals of polydispersities due to branch defects can be made by
HPLC fractionation, electrophoresis and mass-spectral analyses of the components.
The molecular-mass and polydispersity values thus obtained, corroborate branch-
defect ranges determined by high-field !3C-NMR spectroscopy.

Although branch defects may contribute in a minor way to dendrimer poly-
dispersities, inter-dendrimer bridging/looping and extraneous Starburst dendrimer
growth derived from unremoved propagating reagents are the major contributors.
PAMAM dendrimers may be obtained as very monodispersed samples, if
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propagating reagents and bridged forms can be removed at each stage. This is
accomplished by ultrafiltration with appropriate pore-size membranes. With this
technique, polydispersities of 1.01-1.08 were obtained for generations 0-10.
Molecular masses, polydispersities, and hydrodynamic diameters are routinely
determined by use of size exclusion chromatography (SEC), low-angle laser light
scattering (LALLS), electrophoresis and intrinsic viscosity measurements ([n]).
Figure 34 illustrates typical size exclusion chromatograms that may be obtained
for a Starburst PAMAM (NH; core) series; generations = 0-8.

GENERATIONS 876 5 4 3 2 ! [

MINUTES

Fig. 34. Size exclusion chromatograms (SEC) for Starburst PAMAM dendrimers (genera-
tions = 0-8) as a function of elution times (minutes)

Using half-generation dendrimers possessing (— CO?PNa®) surfaces, Dubin and
Tomalia [155] have shown that a single universal (SEC) calibration curve for
spheres can be derived which has important implications for protein chromatogra-

phy.
6.3 Dendrimer Topology, Branch-Cell Differentiation and Surfaces

6.3.1 Initiator-Core and Core-Cell Effects

As previously mentioned (see also Fig. 3), the initiator core/core cell acts as the
primary template which permits the introduction of very important molecular
information (size, shape, multiplicity [N.]) and specific function. For example,
introduction of a specific function such as a chromophore {2] or metal chelator
[132] in the initiator core represents stored information which will become buried
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by subsequent generations. In contrast, parameters such as size, shape, and
multiplicity will be transcribed and displayed (translated) throughout the den-
drimer development. These variables frequently have dramatic effects on the
ultimate shape, the interior topology, and the exterior surface properties (conges-
tion) of the developing dendrimer.

6.3.2 Interior Development

The interior of a dendrimer may be characterized by branch-cell differentiation,
topology, and the evolution of a branch-cell hierarchy as well as by size, chemical
composition, multiplicity, and flexibility. Branch-cell differentiation, in particular,
can dramatically change not only the interior topology but also the gross exterior
surface of a dendrimer. Symmetrical branch junctures appear to favor “shell
topology” formation if they have adequate branch-segment lengths 1 and the N,
and N, values are not too high. Asymmetrical branch junctures, as represented
by Denkewalter dendrimers (Figs. 16 and 17) exhibit a more classical relationship
between density and molecular mass [84] (Fig. 35). Presumably, this is due to
more effective interior packing of the asymmetrical branch cells.

64 —
60 b a—"—n—g——n—0—a u Denkewalter
56 b (unsymmetrical branch cel)
’ hd dendrimers
52
.
a8 |- \
amu 04 . ® Starburst (PAMAM)
'S 10 . {symmetrical branch cell)
o —
A dendrimers
36
32 N\ o
- (]
28 .
24
o
20
PSR S I

0 1.0 2.0 3.0 4.05.06.07.08.09.0

Generation

Fig. 35. Dependence of density on generation for symmetrically branched and asymmetrically
branched dendrimers. amu = atomic mass unit. M, Denkewalter dendrimers (unsymmetrical
branch cells); @, Starburst PAMAM dendrimers (symmetrical branch cells)

6.3.3 Starburst {de Gennes) Dense Packing — A Critical Branched State?

Dendrimer surface congestion can be mathematically appraised as a function of
generation, from the following relation:
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where A, is the surface area per terminal group Z, Ay the dendrimer surface area,
and N, the number of surface groups Z per generation. This relationship predicts
that at higher generations G, the surface area per Z group becomes increasingly
smaller and experimentally approaches the cross-sectional area or van der Waals
dimension of the surface groups Z. The generation G thus reached is referred to
as the Starburst (de Gennes) dense-packed generation. As predicted by de Gennes
and Hervet [85], an ideal cascade growth without branch defects is possible only
for those generations preceding this dense-packed state. This critical dendrimer
property gives rise to self-limiting dendrimer dimensions, which are a function of
the branch cell segment length 1, the core multiplicity N, the branch cell juncture
multiplicity Ny, and the steric dimensions of the terminal group Z. Whereas the
dendrimer radius r in the above expression is dependent on the branch cell segment
lengths 1, larger 1 values delay this congestion, whereas, larger N, N, values and
larger Z dimensions dramatically hasten it.

As early as 1983, de Gennes and Hervet [85] proposed a simple equation derived
from fundamental principles, to predict the Starburst limited or dense-packed
generation m, for PAMAM dendrimers. Based on ideal dendrimer growth, with
tertiary amine branch junctures connected by linear, flexible branch cell segments P,
this equation relates m, to the branch cell segment length I or P:

m, ~ 2.88(nP + 1.5)

This equation, together with branch cell segment lengths described for PAMAMSs
(see Sect. 5.2.3.1), predicts occurrence of the dense-packed generation m, between
generations 10 and 11. This appears to have been experimentally verified.

Clearly, this proposed congestion at the critical branched state M, should
exhibit (1) sterically-inhibited reaction rates, (2) sterically-induced stoichiometry,
and, quite possibly, (3) a critical phase change due to surface cooperativity
(association). These phenomena have been observed experimentally for the
Starburst PAMAM dendrimers and may prove to be diagnostic probes for this
critical branched state in other dendrimer families.

Computer-assisted molecular modeling has shown that Starburst PAMAM
dendrimers progress through a continuum of morphologies ranging from open
hemispherical domes to closed spheroids (see Fig.36) [147]). The simulations
indicate that the closed spheroids possess well-developed internal hollows and
channels beyond generations 4 and 5. These morphological changes are paralleled
by monotonic decreases in the spin lattice relaxation times T, when various guest
molecules (e.g. acetylsalicylic acid or 2,4-dichlorophenoxyacetic acid) are present.
Presumably, this finding indicates a multiple guest-host relationship. Guest: host
stoichiometries as high as 4:1 (by weight) and 3:1 (based on molar comparison
of the interior tertiary amino groups of the dendrimer to the carboxylic acid
moieties of the guest) were observed for generations 1.5 to 4.5

Calculation of dendrimer exterior surfacc areas, assuming spherical geometry,
allows the determination of surface area per Z group, A, as a function of generation
(Fig. 37). The curves show that A, values remain relatively constant (ca. 100—120 A2
per Z group) for generations 0-3 and then decline to a minimum value of ca.
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Fig. 36. Comparison of change in Starburst PAMAM dendrimer morphology (aspect ratios,
I,/1,) as a function of generation
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Fig. 37. Plot of surface area per terminal Z group, A,, as a function of generation for

Starburst PAMAM dendrimers. Curves 4 and B assume 95% and 100%, respectively, of
the theoretical number of surface groups
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33 A2 per Z group at generation 8. These experimental data are supported by
computer-assisted simulations and surface areas derived from these calculations.

These effects all contribute to the differentiation of dendrimer branch cells during
the advancement to higher generations (Fig. 38). A comparison of T, values for
dendrimer interior carbons and surface carbons shows that although the T, values
for interior carbons remain relatively constant with increasing generation, the T,
values for the surface carbons decrease dramatically [148].
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The sequential, reiterative process by which dendrimers are prepared allows the
introduction of structural variations at any stage of the synthesis. The timing of
these variations can be used to control the spacing between two sites within a
molecule or the distance from a site to the surface of the molecule. This type of
control opens the door to positioning functional groups in ways reminiscent of
protein active sites or creating layered structures similar to micelles and bilayers.
In either of these structures, functionality varies radially with the distance from
the origin or synthetic center of the molecule. Such radial variations might be
expected to lead to gradients in the properties of the molecule as distance from
the center increases.

Systematic studies of selectively labelled dendrimers were carried out in order
to evaluate these radial gradients. Deuterium was incorporated into poly-
(amidoamine) dendrimers by substitution of B-d,-methyl acrylate for the unlabelled
acrylate at various stages of the synthesis. Thus, it was possible to prepare the
various generations from 1-8 with any selected layer deuterium labelled as shown
in Fig. 39. The choice of isotopic labelling allows comparisons with unlabelled
material without concern for perturbations caused by changes in solubility,
solvation, sterics, geometry, or chain flexibility.

The method employed for the evaluation was determination of deuterium NMR
relaxation times as a measure of molecular motion. If radial differences in
concentration, or solvation were present such that the segmental mobility of the
structure varied significantly between layers, measurable changes in T, and T,
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Fig. 39. Genealogical directed deuterium labelling of PAMAM dendrimers as a function of
generation. (A) structural formula illustrates deuterium labelling at the B-position in the
generation = 1 tier of a generation = 2, dendrimer; designated G,D,-PAMAM dendrimer.
(B) genealogical labelling at generation = 2 and 4 tiers in a generation = 5, dendrimer;
designated G;D, and G;D,, respectively

would be expected. While the studies showed the expected differences in mobility
of chain ends vs. interior segments and the restriction of the motion of chain ends
due to steric crowding, the differences between the relaxation times of the deuterium
in the interior layers were not great enough to confirm the existence of gradients
within the dendrimer (see Fig. 40). This may be due to a uniformly immobilized
interior [148].

Additional physical evidence which supports the anticipated development of
congestion as a function of generation is shown in the composite comparison in
Fig. 41. The plots of intrinsic viscosity [n], density z, surface area per Z group
{A,), and refractive index n as a function of generation clearly show maxima or
minima at generations = 3-5, paralleling computer-assisted molecular-simulation
predictions [2, 147]. The intrinsic viscosities [n)] increase in a very classical fashion
as a function of molar mass {generation} but decline beyond generation 4,
presumably because of surface congestion which would reduce optimum surface
solvent interactions. In effect, the dendrimer begins to act more like an Einstein
spheroid beyond generation 4. The dendrimer density z (atomic mass units per
unit volume) clearly minimizes between generations 4 and 5, then begins to increase
due to the increasingly larger exponential accumulation of surface groups as a
function of generation. Since refractive indices are directly related to density
parameters [149], their values should minimize and parallel the above density
relationship.
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Fig. 41. Variation of surface area per terminal group, refractive index, intrinsic viscosity and
density as a function of generation. The units along the ordinate are arbitrary

7 Dendrimer Surface Reactions

In biological systems, the size and shape of smaller components is often controlled
(morphogenesis) to produce self-assemblies (e.g., cellular vesicles, viruses, and
phages). As noted by Stryer [150] and others [151], many of these biological
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assemblies are spheres, rods, or a combination of these shapes. Analogous
molecular-level morphogenesis [1] from point-like organic molecules to well-defined
covalent macromolecular entities were rarely observed until the present. The ability
to construct Starburst dendrimers with similar shapes, sizes, and well-defined
surfaces is no doubt of considerable importance in the effort to mimic the CMDPs
and biomorphic features of these fundamental biological entities.

It is well known that small viruses possess many identical protein subunits
symmetrically arranged around their RNA, which provide both protection and
fulfill targeting functions. Topologically, dendrimers may be viewed as analogues
of the surfaces of these biological particles. The dendrimer surface cells would be
expected not only to provide steric protection to its interior, but also would
function in primary molecular recognition of external reagents and solvents. This
has indeed been observed in dendrimer protonation modes [77, 79] as well as in
the solubility characteristics of well-developed dendrimers. Solubilities are deter-
mined by the hydrophilic/hydrophobic characteristics of the surface branch cells
(groups) of dendrimers. For example, dendrimers with very hydrophobic interiors
and hydrophilic surfaces are water-soluble (e.g., Starburst polyethers); dendrimers
with hydrophilic interiors and hydrophobic'surfaces are hydrocarbon-soluble (e.g.,
Starburst PAMAMSs).

Starburst dendrimers may be functionalized with either reactive or passive
surface branch cells. It is implicit that all dendrimers involved in reiterative
Starburst growth schemes possess reactive surface groups. On some occasions,
however, reactivity needs to be reduced or suppressed altogether.

In either case, the homogeneity of symmetrical, branch-junctured dendrimer
surfaces provides unique opportunities to study the effect of congestion on surface
stoichiometry, reaction kinetics, surface cooperativity [40, 152—154], and surface
charge repulsion [155]. Physical evidence for surface congestion was noted in
Sect. 6. A constriction in the surface area per Z group due to the dendrimer tethering
effect does not occur until approximately generation 4.0. This congestion is
manifested in the higher generations by dramatically decreased surface reactivity .
as the (de Gennes) dense-packed generation is approached.

7.1 Sterically Induced Stoichiometry and Reaction Rates

Examination of Fig. 37 shows that, at generation &, the surface area per Z group
in PAMAM dendrimers approaches the cross-sectional area of the amine-
terminated branch segment (ca. 33 A?) of the surface cell. Curve B assumes
quantitative reactions and 100% branching ideality at each stage. Since our present
analytical methods assure branching ideality detection limits of no more than
95%, curve A may more nearly approximate experimental congestion levels.
Sterically induced stoichiometry (SIS) is manifested whenever the summation
of dendrimer surface-group volumes ® and incoming reagent volumes ®’ approach
available exterior volume surrounding the reactive dendrimer surface groups Z
as illustrated in Figure 42. So long as the summation of the volumes ® and ®’
involved in bond formation with Z remains much less than 4/3 =(r> — r3), ideal
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Fig. 42. Sterically induced stoichio-
metry (SIS); wherein Z = available
dendrimer surface groups, R =
chemically bound groups derived
from a reagent (R’)

starburst surface stoichiometry can be expected. Large increases in the volume
®' relative to the surface groups Z can be used as a means for controlling or, in
fact, dramatically reducing surface stoichiometry at a particular generation.
Preliminary evidence for this phenoménon was observed when advanced-genera-
tion Starburst PAMAM dendrimers (where Z = —CQO,CH;) were combined with
a large excess of a dendrimer with volume ®' and NH, surface functionality. As
much as 70% of the CO,CH, groups remained unreacted (vide infrared spec-
troscopy) in the bridged dendrimer adducts, although less sterically hindered model
systems (i.c. ethylenediamine) indicated the amidation was nearly quantitative
under the same conditions.

7.2 Surface Chemistry

Dendrimer surface chemistry used to introduce both reactive and passive chemical
moieties for a wide variety of interior or exterior design functions include:

chelation

dendrimer stratification (heterogeneous generations)
. optically active groups

. molecular-level templating (antigenic surfaces)

. modification of dendrimer stoichiometry

. modification of dendrimer solubility

N AW

7.2.1 Protonation

Analyses of NH,-terminated PAMAM dendrimers by titration and concurrent
13C.NMR monitoring of carbons attached to primary and tertiary amino groups
were very interesting. Usually, tertiary amines are assumed to be more basic than
primary amines. With the present prototypes, the opposite was true. Titrations
with hydrochloric acid showed that neutralizations occurred to give rather sharp
breaks at pH = 6.85 and pH = 3.86 (Fig. 43), which were in very close agreement
with theoretical values for terminal primary amino groups and interior tertiary
amino groups, respectively [2, 79]. The distinctive endpoints exhibited by these
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——— 0.1 NHCI[m]]

Fig. 43. Titration curve for Starburst PAMAM dendrimers of generation = 1 with endpoints
observed for tertiary and primary amino groups

dendrimers are quite different from those observed for classical amino macro-
molecules, such as poly(ethylenimine) [125-127].

Reaction of various primary amine-terminated dendrimers with either inorganic
or organic acids allows the preparation of a wide variety of crystalline derivatives.
One such intermediate was implicated in the development of lyotropic phases
[156] when octanoic acid was combined with Starburst poly(ethylenimine) (genera-
tion-3).

7.2.2 Chelation to Endo- and Exo-Receptor Sites

Construction of Starburst dendrimers can be controlled by appropriate choices
of N,, N, and branch cell segment lengths 1, as well as by the flexibilities and shapes
of the branch cell segments. A qualitative overview of how N_ and N, may affect
interior topology is provided by the two-dimensional projections shown in Fig. 8.
Because of the variety of possible heteroatoms or functional groups, it is easy to
conceptualize many new endo-receptor microenvironments, which would resemble
multiarmed entities described by Vogtle and Weber [157], Suckling [158] and
Menger [159] or pseudo-macrocyclic {(cryptate-like} prototypes (I, 23, 24, 26,
160-162].

Very little is known about these dendrimer properties, although it has been
noted that ester-terminated PAMAM dendrimers form deep blue complexes with
CuSO, solutions, and that NH,-terminated homologues produce deep purple
solutions [2, 79]. The well-known coordination properties of the amide bond,
which lead to the formation of metal-ion complexes [163], should make this a very
rich area for further investigation.

PAMAM dendrimers develop molecular clefts [10] on their surfaces which may
be visualized from de Gennes’ Starburst dendrimer model (Fig. 44) [85]). De Gennes
hypothesizes that the Starburst structures should be quite flexible in the early
generations, whereas the surface branch cells should become substantially more
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de Gennes Model
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Fig. 44. The de Gennes model for self-consistent force field operating on a dendrimer branch
cell

rigid and constrained as the Starburst dense-packed limit is approached. This
would be expected to affect the branching angles <a of the branch cells or
dendrons as well as their rotational angles <b. Suppressed spin lattice relaxation
times for dendrimer surface cells in advanced generations appear to support this
notion, as do apparent enhanced complexation constants for advanced genera-
tions.

The most facile entry into surface complexation involved hydrolysis of ester-
terminated dendrimers (derived from Michael additions of surface NH, groups
to methyl acrylate) with stoichiometric amounts of alkali-metal hydroxides. In
this manner, salts of Na*, K*, Cs*, or Rb* were readily obtained (Scheme 31)
as white hygroscopic powders. Dilute solutions of the sodium salts allowed direct
observation of the individual dendrimer molecules by scanning transmission
electron microscopy without the use of staining techniques {79-81]. Elemental
analyses showed that essentially stoichiometric exchanges with divalent cations
such as Ca®* could be performed [164].

Alternatively, N(CH,CO¢), salts were prepared by the reaction of Starburst
PAMAM or PEI primary amine-terminated dendrimers with methyl bromoacetate,
followed by hydrolysis. Each of the above dendrimer carboxylate families readily
formed complexes with such metals as Fe*®, Gd*®, Mn?®, Pr3®, and Y3®. In
general, the N(CH,CO¥), complexes were more stable than the N(CH,CH,CO¥%),
complexes. Within the latter series, it was found that the complexes were
considerably more stable (e.g., toward OH™ attack) for the higher generations
(6, 7) than for the lower generations (2, 3). For example, a multimetal chelate with
the empirical formula [NasH,,,Fe;0][C,s,1H,460N3790553] was readily formed
from FeCl; and a Starburst PAMAM dendrimer {96 N(CH,CH,CO¥?),groups}
{165, 166]. An orange complex containing approximately 60 iron atoms was
obtained from the next-generation dendrimer possessing 192 ~ N(CH,CH,CO¥%),
groups. These two complexes were stable up to pH 9-10, whereas ferric hydroxide
precipitated from lower-generation homologues at pH 5.
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Schema 31

Sub-stoichiometric yttrium complexes of Starburst PAMAMs with
~N(CH,CH,CO¥), surface groups displayed intramolecular exchange reactions
as determined by 3C-NMR spectroscopy and °°Y tracer experiments [166].
These and other complexation properties may serve as useful probes for the
systematic characterization of dendrimer surfaces.

7.2.3 Reactions with Electrophilic and Nucleophilic Reagents

Table 7 lists a small sampling of surface reactions which have been successfully
carried out. Well over one hundred types of dendrimer surface modifications have
been reported and are too numerous to articulate completely in this account.
Reactions 1-3, §, 9, 13—17, and 19-22 have been used in reiterative Starburst
propagation schemes. They are generally very high yield, quantitative processes,
except when close enough to the Starburst (de Gennes) limited generation.
Reactions 1-3 and 14-17 were used in various combinations to create stratified
dendrimers with differentiated generations possessing different branch cell segment
lengths, different branch cell juncture multiplicities, and varied hydrophobicity.
Reaction 17 is of special interest in combination with reactions 1-3 in that it can
be used to produce linear nonbranched dendrimer segments which possess interior
OH groups. Since the OH groups do not participate in there Michael addition
reactions, these hydroxylated segments can be subsequently functionalized.

Reactions 1-3 produce intermediates which can be hydrolyzed to give den-
drimers with anionic surfaces. Intermediates derived from reaction 11 yield cationic
surfaces after quaternization. Dendrimers possessing chiral surfaces were readily
prepared from optically active epoxides, as in reaction 4. Hydrophobic surfaces
result from reactions 4—10, 11, and 20-22. The resulting dendrimers are soluble
in organic solvents, although their interiors might be quite hydrophilic. Conversely,
water-soluble dendrimers are obtained from reactions 1-3 (after hydrolysis), 4
(R = H), 14, and 16-19.
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Table 7. Dendrimer surface reactions with various electrophiles and nucleophiles

Reagent
Xy, e

DEDRF;IQA ER S%Eégggﬁg) GENERATIONS REAGENT S[!)JEF:‘F?\EEAE(\F;) REFERENCE
ELECTROPHILIC REAGENTS
1. 5.5.-PAMAM ~NH, 0-10 CHy=CHCOMe —N-CHCHLCOMeyy 13, 84, 94, 124
2. S.B-PAMAM ~NHz 0-4 B(CH,LOMe =N~CH.COMe); 83, 165, 166
3. SB.-PEI ~NH, 0-3 CHe=CHCOMe ~N(CHLCHLOMe)z 8
4. SB.-PAMAM ~NH, 0-10 N ~N{CHLCHOHR), 8
{R=H, alkyl, ary)
5. $B.-PH -NH, 0-3 "k ~N(CHCHOHR), 8
(R-H.Oalk‘ﬂ. aryl)
6. 5.B.-PAMAM —NH, 0-6 A-C-CUNaOH ~NHCOR 164
(R=CaCua)
7 SB-PAMAM ~NH; 0-4 Ayt-CH Gt —NH-CHAY 164
8 SB-PEl ~NH, 0-4 CN-50-R ~N—{CHLHNHSO,R), ]
{R=MesytTosyl)
9. SB.-PE —0H 0-3 Tosyl~Ct ~Tosyl 82
10. Arboral -0H 2 ArytCOCH —0COAryt 92-94
1. S.B.-PEI -NH, 0-2 HCHO ~N(Me}z 83
12 SB.-PA -NH, 0-9 dt-butyl) —NHBoc %0
dicarbonate
13, SB.-PA ~NH, 0-9 g-Nitroghenyl ester -NH-C%H—(CH;);—NHBOC %0
of lysine di-Boc NHBoc
NUCLEOPHILIC REAGENTS
14 S.B.~PAMAM ~C0:Me g-10 —NH;(CH;}"—NH; ~CONH(CHz}—NH, 7784, 124
15 §8.-PAMAM -CodMe 0-3 2 ~CONM(CHk-NH, %, 87
16 S8 -PAMAM ~C0:Me 0-3 N-CHCHNHz);  ~CONH-{CHzy-NIICHy-NHy], <]
17 SB.-PAMAM ~COMe 0-4 NHoCHNH(CHZ;0H  ~CONH{CHNH-{CH35-OH 83
18 Arborol ~C0,Me 1 NHz ~C4CHOH), ~CONH-C4CH0H), 92-94
19 S8 -PAMAM -C0;Me 0-9 NH;CH;CH,0H ~CONHCH,CHz0H 83, 148
20 S8-PE ~Tosyl 0-3 NaBr -8r 82
3 SB-PE -8 0-3 (g}o Na -0 »{3; 2
0 0
22 SB-PIE -8B 0.2 <§—?\As - -5’6‘;5 133
“Chual center
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8 Genealogical Aspects of Dendrimer Synthesis and Structure

Examination of the genealogical mimicry involved in the construction and synthesis
of Starburst/cascade dendrimers places this activity at the interface between
chemistry and biology. Essentially all genealogical phenomena in biological
systems involve and evolve around two generic classes of compositions, namely;
(a) nucleic acids and (b) proteins. The nucleic acids, DNA and RNA are estimated
to be over three billion years old by radioactive carbon dating (see Ref. 206) (see
Fig. 45).

Nucleic Acids

Different bases

5' end 3' end
Base-1 Base-2 Base-3
A «~~~ Phosphate — Sugar — Phosphate —Sugar — Phosphate — Sugar~n~~

b

Phosphate ester bonds

Proteins

Different side chains

N terminus \.. C terminus
< R1 ©O R2 O R3 (") R4 O R5 O )
it "

} il | I i I I
B ~~ NH- CH- C—-NH- CH- C~NH—CH~- C~NH-CH~ C -NH -CH—~C ~

Amide Bonds

Fig. 45. One dimensional genealogically derived molecules involved in the transfer of
molecular level information in biological systems: (A) nucleic acids, (B) proteins

During that time the involvement of nucleic acids as well as proteins in biological
systems has evolved to very heightened levels of sophistication. The object of this
account is not to examine and mimic these extraordinary, complex phenomena
and structures in fine detail, but to present and compare alternate, abiotic
chemistries that offer more simple, minimial mimicry of these biological targets
in the context of new synthetic strategies. Exploration of this perspective offers
both the promise of developing new synthetic approaches/techniques as well as a
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deeper understanding of fundamental principles underlying prebiotic chemistry
(see Ref. 206).

The central dogma of molecular genetics according to Crick [188] states that
the function of DNA is to store molecular information and pass it on to RNA
at the appropriate time, whereas the function of RNA is to read, decode, and
utilize the information received from DNA to make proteins at various ribosome
sites in the organism. Each of the many individual genes constituting the
chromosomes or genome of the organism contains the necessary instructions to
synthesize the specific protein required for a specific biological purpose. By
decoding the appropriate genes at the right time and in the right molecular
locations, an organism can use this genetic (molecular) information to synthesize
the many thousands of proteins necessary for carrying out the biochemical
reactions required to initiate and sustain life. The flow of molecular information
from DNA through the various hierarchy levels to cells and organisms may be
envisioned as follows: (see Fig. 46).

Various phenomena and structural distinctions that can be associated with this
information flow and hierarchy are noted in the vertical columns. At least seven
distinct criteria can be listed for the DNA molecular level behavior of this
hierarchy. Adherence by DNA to certain of these criteria allows nearly complete
control of critical molecular design parameters (CMDPs) such as size, shape,
surface chemistry, flexibility and topology. Control of this information flow places
DNA in its present role as the supreme orchestrator of life and higher organism
structure. Collectively, these criteria may be used to define and describe the genealogy
of DNA at the molecular level and the influence it has on the genealogy of
cells/organisms at the macroscopic level. The ideal performance or dysfunction of
these criteria defines the ultimate genealogical result or fate of a prototype whether
it is of molecular level or macroscopic dimensions.

Synthesis with concurrent control of CMDPs to produce ordered, abiotic
dendrimer structures manifests all of the criteria illustrated in Fig. 46, which are
associated with biological systems. These observations taken with recent efforts
to mimic more complex biological phenomena such as self-replication [170-174],
base-pairing by the use of minimal experimental models [175] and cooperativity
on abiotic polymers [176] prompted us to compare dendrimer synthesis/struc-
ture with the genealogical aspects of biological systems. These analogies were
especially striking if one compared the flow of information in dendrimer
construction by the divergent/core/in situ branch cell method to that described in
Fig. 46. In order to visualize dendrimer syntheses and structure as minimalist
models mimicking biological genealogy, one has to reconcile a “complexity and
scaling problem™. An illustration such as Fig. 5 (Sect. 1) is required to describe
this information flow and genealogical components involving DNA — RNA —
Protein — Cells. These genealogical events are substantially more complex,
involving enzymes, base-pairing, DNA replication forks, codon-anti-codon,
sequencing, ribosomes, etc. More importantly, this biological genealogy involves
structural entities (i.e., DNA, RNA, proteins, cells, etc.) that vary in size
from nanoscopic dimensions (i.e., 1 nm-1000 nm) to microscopic proportions
(i.e., >50 nm). In the case of dendrimer constructions these same genealogy

293



Donald A. Tomalia and H. Dupont Durst

Genealogy

N
4 r— I

Transfer
(Molecular) (Supramolecular) (Microscopic) (Macroscopic)
— (] — [ ][] — [
(Transcription) (Translation) (Self Assembly
Recogaition)

1. Primary Secondary Protein-celiular Inter-cellular Neuron-organ
Information Information Information Information Information

2. Templating Templating Molecular Cell Surface Sensory
(ie. base pairing) (ie. base pairing) Recognition Recognition Functions

3. Chronological Chronological Chronological Chronological Chronological
Sequencing Sequencing Sequencing Sequencing Sequencing
(e.g. codons) (e.g. anticodons) (i.e. amino acid  (i.e. cell develop- (i.e. embryonic

sequencing) ment stages) development)

4. Iteration - Cellular Decendants Organism
Structural Building (i.e. daughter Decendants
Phases (i.e. cells, etc.) (i.e. ancestry,
generations) generations)

5. Self-Replication Self-Replication Self-Replications
(e.g. replication (i.e. mitosis) (i.e. sexual)
fork)

6. Geometric Geometric Geometric
Proliferation Proliferation of Proliferation
of structure Cells (mitosis of Organisms
(e.g. 292) according to (sexually derived

200y proliferation)

7. Malthusian-like Malthusian-like Malthusian-like
Packing behavior Packing bebavior ~ Packing behavior
(e.g. PCRina (e.g. cancer) (e.g. over-

population in
limited space)
Fig. 46. Genealogy (information transfer) defined as a function of molecular supra-molecular,
microscopic and macroscopic level entities found in biological systems. Vertical columns
list various genealogical components involved throughout this hierarchy

finite container)

criteria can be observed within individual molecules that are less than 10 nm in
diameter.

As early as 1926, the American geneticist, H. J. Muller and others proposed
that the first organisms were simply naked genes. Nearly 25 years before the
role of DNA was defined, Muller described genetic material as any substance
which, in given surroundings, protoplasmic or otherwise, is capable of causing
the reproduction of its own specific composition, but which can nevertheless
change repeatedly — “mutate” and yet retain the property of reproducing
itself in its various forms [6]. Subsequently, Cairns-Smith [7] proposed inorganic
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genes based on clays as the earliest templates, predating nucleic acids and
proteins.

Within this context and by using Figs. 5 and 46 as conceptual references, let us
examine the degree of mimicry offered by the more simplistic dendrimers in the
transfer of genealogical information. First, as one assembles poly(amidoamine)
(PAMAM) dendrimer (see Sect. 5.2.3.1) around an ammonia initiator core, it
becomes readily apparent that important molecular {“genetic”) information about
the dimensions, shape and multiplicity of NH; are being transferred from the
initiator core to the surface of the PAMAM dendrimers as a function of generation.
This may be visualized as shown in Fig. 47. In this context, the dendrimer initiator

L Care Cells  Gen. = 0.0 7

H 3rx \/\?A/ Z-R-NH,
(a) Dimension of NH; (a-e) PLUS {a - h) PLUS
(b) Shape of NH, {f) Segment length of Z-R-NH, (1) Shape, slze of gen. = 1.0
(c) Multipticity of NHa(N. = 3) (g) Introduced -NH, which s () Surtace congestlon resulting
(d) Segment langth of 7~* reactive whth 2/7% trom branch ]uncturas‘@'
{e) Introduced X which Is (h) Introduced -NH; which has where: Np =2
reactive with Z-R-NH, stoichlometry of (Zj with 27>

(a-]) PLUS

(k) Shape, slze of
gen. = 0.5

Salf Replication of Branch Cell

Fig. 47. Molecular information (genealogy) transferred from the initiator core (NH3) to the
surface of Starburst dendrimers as a function of generation, using a divergent synthesis
protocol

295



Donald A. Tomalia and H. Dupont Durst

core {i.e, NH,) may be regarded as an abiotic {minimal) anlogue of the germ-line
gene illustrated in Fig. 5. The sequence of transcription, translation and ultimately,
somatic cell self-replication noted in Fig. 5, can be readily identified in the
construction protocol of a PAMAM dendrimer as shown in Fig. 47.

The first step in this minimalistic transcription/translation process that mimic
genealogical criteria in Fig. 46 involves Michael addition of methyl acrylate to
the nucleophilic ammonia surface to produce an electrophilic, carbomethoxy
functionalized surface, followed by reaction with ethylenediamine to translate the
functionalized dendrimer surface back to a nucleophilic primary amine functional-
ized surface. This iterative sequence is the key in providing alternating nucleophilic
— electrophilic dendrimer surfaces that in turn may be used to develop unin-
terupted, covalent connectivity from the initiator core to the surface throughout
the dendrimer construction. This covalent connectivity provides the conduit for
transferring important genetic information (see Fig. 47) from the interior (initiator
core) to the exterior (dendrimer surface) as a function of generational growth. It
should be noted that in this synthesis protocol there is (1) a primary information
source (i.e., NH;), (2) a templating effect (i.e., exo-presentation of functional groups
in a radial orientation around NH;), (3) a chronological sequencing of reagents
(ie, methyl acrylate/ethylenediamine), (4) iteration of structure growth (i.e.,
generation), (5) self-replication of branch cells after three iterations (i.e., genera-
tion = 2.0) and (6) a geometric proliferation of these self-replicating branch cells
(i.e., 26°™). The seventh criterion (Fig. 46) is a phenomenon first predicted by de
Gennes [85] in 1983 describing the “critical branching state” observed for dendrimer
growth (see Sect. 7.3.3) if this Malthusian-fixed system is allowed to proliferate
exponentially in a limited space. This effect can also be visualized for the expected
29¢n- proliferation of DNA by use of “polymerase chain reaction” (PCR) protocol
[4] in a reaction vessel of limited and fixed size. As a matter of comparison,
this same effect is observed within individual dendrimer molecules, when using
(GDS) dendrimer synthesis protocol.

A complete list of genealogical criteria should include at least two more entries.
First, the capacity for a system to “mutate” (i.e., the ability of a system to change
repeatedly, yet retain the property of replicating itself in various forms) [19, 20].
Secondly, the ability to participate in molecular level Darwinian evolution schemes.
These schemes usually involve a population of self-replicating entities that give
a continuous flow of mutant species, wherein those with advantageous properties
(i.e., appropriate geometry, kinetically or thermodynamically favored) force an
evolutionary reevaluation of “most fit species” at each generation. If dendrimer
structural growth may be thought of as a “molecular level organism”, then the
defects and digression from this ideal structure, as recorded in the electrospray
mass spectra [169], (see Fig.33), represent documentation of mutations. These
mutations include defects arising from missing repeat units [ideal structure, MWt
— n (114 amu)] and those resulting from macrocycle formation [ideal structure/
MWt — m (60 amu)] derived from intra-molecular cyclization of end groups
(see Fig. 31). Monitoring these mutations by electrospray or laser desorption mass
spectroscopy, within a genealogical series, shows that there are enhancements and
diminuations of mutant species as a function of (a) temperature (b) solvent system
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(c) amount of reagents used, (d) reaction times and (e) generation level. These
parameters play a direct role in determining relative amounts of mutants that
may be labeled as kinetically or thermodynamically derived products. Recent
experimental mass spectroscopy analyses of a genealogically continuous dendrimer
series [180] have shown that familiar transformations such as retro-Michael
additions, macrocycle formation, ester hydrolysis and trans-amidation reactions
have been implicated as minimalistic reactions in the production of mutant
dendrimer species. Figure 48 illustrates a mass spectrum for a PAMAM (NH,
core)dendrimer (Gen. = 3.0), wherein perfect structure is noted at 5154 daltons.

100 5154

75 5040

4925

50

Relative Intensity (%)

25

4800 4900 5000 5100 5200 5300
Molecular Weight

Fig. 48. Electrospray ionization mass spectrum of a Starburst PAMAM (generation = 3).
Note the last significant peak; M = 5154 daltons (degree of polymerization = 45), corre-
sponding to the “magic number” for ideal structure. The remaining peaks at 5040, 4925
and 4812 correspond to M — x (114) species; defects due to missing monomer units. The
peaks at 5094, 4980 and 4865 correspond to M — x (60) species and have been assigned to
defects arising from macrocycle formation

Retro-Michael reactions produce mutant species at [5154 — n (114)] (e.g., 5040,
4925 and 4812 daltons), whereas macrocycle formation gives mutant products at
[5154 — n (60)] (e.g., 5094, 4980 and 4865 daltons). Note the perfect structure at
5154 daltons is the predicted “magic number” for generation = 3. In some cases
a mutant defect (i.e., a refro-Michael reaction site) may be repaired in subsequent
iteration sequence to give a regressed branch cell. Many of these errors (mutations)
are found to be generation dependent. In any case, these errors may be routinely
appraised as a function of generation by mass spectroscopy, electrophoresis and
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high field *3C-NMR. Using these analytical methods one can quantify relative
amounts of ideal dendrimer structure and mutant species as a function of
generation. This documentation provides important genealogy information about
a dendrimer series. In fact these dendrimer genealogy profiles are very useful
diagnostic tools that allow one to determine at which generation an error was
introduced, the nature of the error and in general the skill of the individual who
synthesized the series.

Genealogically directed synthesis (GDS) not only involves strategies and
chemistry that document ideal and mutant structure as a function of generation,
but also provide insights into generation dependent molecular shape changes. As
early as 1988 [147] we predicted dendrimer shape changes as a function of
generation, based on computer assisted molecular simulations. These predictions,
illustrated in Sect. 6.3.3, Fig. 36 have been confirmed by fluorescence probe
experiments [40] and more recently by dendrimer surface probe reactions [40, 167].
This molecular level morphogenesis [1] can be expected to be a characteristic
feature in future genealogically directed syntheses, if the branch cells and repeat
units are non-rigid and flexible enough to exhibit shape changes.

9 Related Hyperbranched Systems — Comb-burst Dendrimers

Genealogically directed synthesis (GDS) is a well established synthetic strategy
leading to an entirely new class of macromolecules. Since the pioneering work of
Végtle [76] and the first extensively reiterated PAMAM dendrimer series was
reported in 1984 [77-79], over 20 different dendrimer families exhibiting more
than 100 varied surface functional groups and reactions have been described. In
all cases the central theme has involved the organization of low molecular weight
monomer units or branch cell reagents around a reference core, utilizing either
the divergent or convergent synthesis approach (see Sect. 5). These molecular
organizations follow systematic branching rules (geometric progressions) that
allow prediction of the number of repeat units assembled (degree of polymerization)
and calculation of dendrimer theoretical molecular weights (“magic numbers”)
as a function of initiator core multiplicity (N,), branch cell multiplicity (N,), and
generations (G). {See Sect. 2.4.) Although this GDS approach produces very precise
macromolecular structures with stoichiometric surfaces, it can be seen from the
geometric progression expressions that the increase in molecular weight as a
function of generation is not dramatic since molecular weights of the repeat units,
as well as N, and N, are usually small values.

Early in 1991 we (DAT) reported a new GDS approach wherein N, and N,
may be very large values, thereby leading to dramatic molecular weight enhance-
ments in relatively few generations [179]. This synthesis strategy involves reiterative
grafting of “reactive end groups” (telechelic) [187] polymer chains to form dendritic
graft polymers. These “graft upon graft” comb-branched entities are referred to
as Comb-burst dendrimers. Conceptually, the scheme first involves grafting
appropriate reactive chains onto an “initiator core” chain to produce a “comb-
branched” macromolecular precursor (see Scheme 32).
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The first demonstration of this GDS method employed polyoxazoline meth-
odology to produce Comb-burst poly(ethyleneimine}) — poly(2-ethyl-2-oxazo-
line copolymers and poly(ethyleneimine) homopolymers.

Deprotection or introduction of suitable functionality onto the four “teeth”™ of
the comb-branched polymer provides grafting sites for attachment of a second
tier of branches to give the first generation in this Comb-burst series. Further
reiteration produces “grafts upon grafts”, theoretically leading to dramatic
increases in molecular weight in relatively few iterations. The number of monomer
units assembled as a function of generation is determined by (a) the degree of
polymerization of the graft chains and (b) the graft density upon the precursor
chains. It can be seen in Fig. 49 that substantial design and control of these
macromolecular structures is possible. Use of appropriate nucleophilic or electro-
philic moities (B) pendant to the chains or in the backbone permits grafting with
either electrophilic or nucleophilic telechelic groups. Non-grafting co-monomers
may be introduced into the grafted chains and the branch densities (graft sites)
can be controlled as a function of generation. Furthermore, various R groups
derived from graft chain initiator reagents may be inserted at specified generations.
Most importantly, the degree of polymerization (n, — n;) can be controlled and
introduced at desired generation levels.

In order to maintain good monodispersity, generation to generation, it is very
desirable to use “living end group” polymers (anionic and cationic) [33, 187] for

(Initiator Core Chaln)

Where: A = non-gralllng comonomer

B = grafting comonomer

R = varlous polymerization Initlators which
may be used lo Identlfy generations

= branch Junctures {branch cells)

n = degree of polymerization of Initiator
core, Interlor and terminal chalns

terminal groups or grafliing component

(Interlor)

Fig. 49. Empirical structure for a Comb-burst dendrimer series (Generation = 0 — i),
wherein the key architectural components (a) initiator core chain, (b) interior and (c) terminal
chains are designated
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the grafting stages, which exhibit efficient grafting characteristics. If that is not
possible, effective methods for separating ungrafted chains from the Comb-burst
dendrimer are important to maintain monodispersity.

Architecturally, Comb-burst dendrimers are similar to Starburst dendrimers in
that they possess three distinguishable components: (a) an initiator core, (b) an
interior (consisting of ensembles of graft sites to produce branch cells) and (c)
terminal graft chains (i.e., analogous to terminal functionality/moieties in Starburst
systems). Topologically the two systems may differ dramatically [180]. Whereas
the Starburst system builds by branch cell development at the termini, the
Comb-burst system involves branch cell construction by developing graft sites
along the entire terminal graft chains.

Comb-burst branching strategies allow considerable versatility for controlling
“critical molecular design parameters” (CMDPs). For example, dimensions of the
Comb-burst dendrimer may be controlled by the size of the initiator core (N,) as
well as by the subsequent (n, — n;) values introduced throughout the dendrimer
construction. Comb-burst morphology (aspect ratios) can be designed or modulat-
ed by adjusting N, values relative to the (n, — n;) values, (e.g., large N, vs. small
no — n; values would lead to rod type morphologies, whereas, spheroids would
be expected from low N, values). Surface chemistry will be determined by the
selection of moieties for A, B, and R at the n; + 1 generation. Introduction of
R.R; type moities can make interior design very specific. More generally, various
interior properties arise (i.e., hydrophobic/hydrophilic or flexibility/rigidity, upon
introduction of A and B co-monomers. Other interior design may involve selection
of appropriate graft (branching) moieties to assure thermal/hydrolytic stability.
Topological control to develop hollow interiors can be envisioned by adjusting
graft densities during the construction of the dendrimers (i.e., low graft densities
for the early generations and higher graft densities for the later iterations).

More recent work has shown that this GDS strategy may be used to produce
all hydrocarbon, poly(styrene) type dendrimers that the authors refer to as being
derived from “arborescent grafting” [181]. Hybridization of Starburst/Cascade
architecture with Comb-burst dendrimer structure, has been reported by our group
very recently [182], thus clearly establishing the vast breadth and scope of GDS
techniques for the construction and design of nanoscopically sized macromolecules
(ie, 1-100 nm in diameter).

10 Nanotechnology-Synthesis, Engineering and Application
of Nanoscopic Structures

Key conceptual influence on nanotechnology can be traced back over 30 years
ago to physicist and Nobel laureate R. Feynman [183). Like many contemporary
nanotechnologists such as Drexler [207] and others, Feynman credited his
inspiration to the molecular-scale devices and information systems observed in
the biological world.

The importance of nanostructures, their definition and their applications to
engineering principles have been reviewed eloquently by Whitesides et al. [184].
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Nanostructures are defined as assemblies of bonded atoms with dimensions in the
range of 1-100 nm (10-1000 A), possessing as many as 103—10° atoms and having
molecular weights of 104~101° daltons. Thus the total synthesis of palytoxin by
Kishi [39b] and the buckminsterfullerenes [43a] which are less than 10 A in
diameter, represent structures at the lower boundary of this dimensional range.
A comparison of the relative structural sizes generated in biology, synthetic
chemistry and microfabrication (see Fig. 50) illustrates the unfilled void for precise
nanostructures and the spectacular challenge now facing synthetic chemists. In
the middle of this nanostructure region (i.e., 50-500 A) are such protein structures
as insulin, albumin and hemoglobin (55 A). Thus, essentially all of the GDS derived
dendrimers described in this article may be thought of as ideal, well defined
functional building blocks suitable for the development of more complex nano-
structures required for this emerging technology. In fact generation = 5 (NH,
core) PAMAM dendrimers have been shown to have a dimension and spheroidal
shape essentially identical to hemoglobin {2]. A similar role has been envisioned
for the use of buckminsterfullerenes as fundamental building blocks in the
construction of nanostructures. Kroto [185] has predicted “the advent of a round
chemistry in which fullerenes become established as new building blocks in organic
chemistry”.

r——‘ Structural Type — I Electromagnetic
M

a Biological Synthetic icrofabricated Spectrum
10 —
J— Emnrocyie I— Transistor
infra-Red
3 — Wire
10" — |— Bacterium
I— Nuclel of Mammaiian Celis Visible
5 ®— Length of Tobacco Mosaic Virus
10" — l—-Currenl Limit of Resolution
Photolithography Uitra-Violet )
nm P Pyruvate Dehydrogenase Complex Quantum Dots
®-- Ribosome
10 — \
l— Current Limit of Resolution for
. Electron-Beam Lithography
®— Hemoglobin

#— Insulin
1 — @—Palytoxin X-Ray >
~ Cholesterol I— Width of Tunelling Barri
— g Barrier
:::ﬁ:;::‘e“ in a Josephson
0.1 — \Length of a C-C Bond Superconducting Junction
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Fig. 50. A comparison of the relative sizes of structures generated in biology, synthetic
chemistry, and microfabrication. The scale (/eft) is logarithmic and the electromagnetic
spectrum (right) is included as a reference. Both biology and microfabrication provide
examples of structures with dimensions ranging from 1 to 10* nm. Structures prepared by
chemical synthesis are concentrated in the 0.1- to 2-nm range. The application of self-assembly
in chemical synthesis may make it possible to obtain structures that have sizes of 10 to
10% nm. (G. Whitesides, et. al. [184] with permission from Science)
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At least four classical synthesis strategies have been used successfully to prepare
subnanoscopic or nanoscopic structures. These approaches have been reviewed
[2, 184] and involve covalent bond formation or non-covalent bond assembly.

L. Classical Linear/Convergent Covalent Synthesis

Individual sequential covalent bond formation in a series of reaction-isolation
steps. Bond formation usually involves only one or several connections per step.
The method can be used to construct one-dimensional linear structures (e.g.,
polypeptides/polynucleic acids) where chronological sequencing can be used to
introduce desired side groups or chirality by this linear covalent method.

A—B—»wC— D —E —»F — G

More sophisticated methods have been developed for the assembly of very
complex two dimensional molecules (i.e., palytoxin, Mwt. 2680 or vitamin B,,)
or three dimensional architecture (i.e., cryptates/carcerands) involving a convergent
covalent approach. The resulting assemblies of covalently linked atoms are precise

D

A \E H
NN,

B/ G/

compositions which allow excellent control of critical molecular design parameters
(CMDPs). This approach can be used to synthesize monomers, branch cell reagents,
surfactants or molecular components suitable for synthetic strategies II -1V (see
below). However, in practice it does not offer a practical route to true macro-
molecules of nanoscopic dimensions.

11, Classical Covalent Polymerization

Staudinger first introduced this approach in the 1930s [29, 30] which involves the
covalent linking of a monomer AB to itself to produce a statistical distribution
of one dimensional molecules with relatively high molecular weights (i.e., >10°
daltons).

n AB (monomers) ~———m W[AB]W
n

Conversion of styrene to polystyrene is an example of such molecular structure,
which is repetitive and simple. Relatively little opportunity is offered to precisely
control critical molecular design parameters. Although nanostructure dimensions
can be attained, virtually no control over atom positions, covalent connectivity
or shapes is possible.
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1. Self Organizing Synthesis of Nanoassemblies

Usually this synthetic strategy involves smaller, covalently assembled components
that organize into extended layers or generalized architecture wherein the mole-
cules or ions adjust their positions in order to reach a thermodynamic minimum.
Examples include organization of surfactants into micelles [17], liquid crystals
[189], Langmuir-Blodgett films [190], molecular crystals [191], bilayer membranes
[208], and other assemblies that depend on weaker, non-directional connectivity
such as hydrogen bonds, ionic bonds, van der Waals interactions or hydrophobic
bonding to develop these nanoscopic assemblies. A certain amount of control over
CMDPs is possible with this approach if properly designed into the self-organizing
components to give true nanoscopic structures. However, in many instances the
resulting assemblies are not robust and are disturbed by even minor external
perturbations.

1V. Abiotic Molecular Self Assembly

This approach mimics familiar biological self-assembly phenomena such as protein
folding[192], protein aggregation [192] and nucleotide pairing [188]. It incorporates
features described in each of the above strategies (i.e., I-1II) to give specialized
nanoscopic structures, that can be precisely designed, usually with excellent control
over CMDPs. Recent examples include so called “structure directed synthesis”
by Stoddart [3a] (see Chapter 1 of this book) to produce toroidal bis-bipyridinium
cyclophanes that are reminiscent of a “molecular abacus”, melamine-cyanuric
acid lattices by Whitesides [193] and unique helical structures based on coordina-
tion of bipyridyl units to copper (II) ions by Lehn [194].

How does the genealogically directed synthesis (GDS) approach compare to
these above strategies for the construction of nanoscopic structures? The following
features differentiate this method:

(a) GDS derived dendrimers possess three essential architectural components in-
cluding (i) an initiator/anchor core, (i) an interior (endoskeletal, infra-
structure) and (iii) an exterior or surface (usually functional groups).

(b) Monomers and branch cell reagents required for GDS are usually synthesized
by approach (I). Assembly of these components involves features of both
method (I) and (II). Standard covalent bonding techniques (i.e., protect/de-
protect schemes) are utilized. However, large multiples of monomers or branch
cell reagents may be assembled at each iteration stage which is reminiscent of
method II.

(c) GDS assembly of monomer or branch cell reagents occur according to a
geometric progression to give “magic numbers” of atoms, monomer units or
branch cells organized around a reference core. These “magic numbers” can be
predicted by reference to Sect. 2.4 and use of certain geometric progression
expressions.

(d) Precise, covalently linked assemblies may be produced which mimic self-
organization products derived by method (III) (e.g., micelles, etc. [40]).

(e) GDS display “molecular level morphogenesis” [1]. Both the size and shape
of the dendrimers change in a predictable manner as one advances through
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various generation levels with GDS. Molecular shape changes are usually
observed due to tethering congestion around the core as one proceeds through
several iteration stages [147].

(f) Structures can be generated by the GDS method that are far from the
thermodynamic minimum for that collection of atoms, unlike methods III
and IV.

(g) GDS produces robust covalently linked nanostructures with complete control
of CMDPs (i.e., size, shape, surface chemistry, topology and flexibility) [2].

(h) GDS derived dendrimers possess surface groups that behave collectively,
exhibiting cooperativity [40].

(i) GDS structure can be designed to exhibit shape dependent “self assembly”
behavior [195].

(j) GDS produces three dimensional nanoscopic structures with precise molecular
masses and stoichiometric surfaces (valency). In view of these features they
may be thought of as molecular level analogs of atoms [196] suitable for
the construction of more complex nanostructures and assemblies, either by
covalent bond formation, self-organization or molecular self-assembly.

Tropocoltagen

3.5-nm staining sites
64-nm periodicity

Reticular membrane

Crimp structure

Fibroblasts Fascicular membrane
] ] ] ] ] |
1.5nm 3.5nm 10-20 nm 50-500 nm 50-300 pem 100-500 um
SCALE

Fig. 51. Hierarchical structure of the tendon. The hierarchical organization of connective
tissues is illustrated in the tendon. Beginning at the molecular level with tropocollagen,
progressively larger and more complex structures are built up on the nano- and microscopic
scales. At the most fundamental level is the tropocollagen helix. These molecules aggregate
to form microfibrils which, in turn, are packed into a lattice structure forming a subfibril.
The subfibrils are then joined to form fibrils in which the characteristic 64 nm banding
pattern is evident. It is these basic building blocks that, in the tendon, form a unit called a
fascicle. At the fascicular level the wavy nature of the collagen fibrils is evident. Two or
three fascicles together form the structure referred to as a tendon. It is this multi-level
organization that imparts toughness to the tendon. (E. Baer, et al. {197] with permission
from Science)
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The assembly of dimers, trimers and other well defined dendrimer clusters have
recently been described by us [167, 186], thus demonstrating the viability of GDS
derived dendrimers as fundamental, nanoscopic building blocks for covalent
constructions. The ability to differentiate sectors of a dendrimer as described by
Fréchet et al. [102a] and others [2] should allow directionalized assembly of more
complex nanostructures.

As noted by Baer et al. [197, 198] important lessons concerning nanoscopic
engineering may be learned from biology. Just as the hierarchical structures
in bio-composite systems exhibit (a) various scaling levels (dimensions) (b)
possess very specific connectivities (interactions) between these levels and (c)
have appropriate architectures to manifest a desired spectrum of functional
properties (see Fig. 51), so can one envision a hierarchy of abiotic, nanoscopic
complexity.

Mimicry of this biological hierarchy can readily be seen in the abiotic
hierarchy defined by GDS to reach molecules of nanoscopic proportion (see
Fig. 52).

Dendrimers

Dendrimer

Clusters Dendrimer Y
Macro-Lattices
(Infinite Networks)

Fig. 52. Finite serics ol nesting spheres representing atoms, repeat units, branch cells,
dendrons, dendrimers, dendrimer clusters, and dendrimer macro-lattices (ordered in-
finitc networks) illustrating an abiotic hierarchy analogous to that found in biological
system

The future use of dendrimers as fundamental building blocks will allow
construction of an infinite variety of nanoscopic, microscopic, macroscopic
assemblies and devices. These systems are expected to be of significant importance
in the areas of advanced materials, biophysics, microelectronics, as well as medical
diagnostics and therapy.
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11 Conclusions

Adding a perspective of genealogy to a general synthetic strategy has most certainly
added a heightened sense of satisfaction and a keen anticipation of new possibilities.

“To a synthetic chemist, the complex molecules of Nature are as beautiful as any
of her other creations . .. The chemist who designs and completes an original and
aesthetically pleasing multistep synthesis is like a composer, artist or poet who, with
great individuality fashions new forms of beauty from the interplay of mind and spirit.”

E. J. Corey [204]

Genealogy is by definition: an account or history of the descent of a group or
form from an ancestor or older form; an enumeration of ancestors and their
descendants in the natural order of succession; regular descent of a group of organisms
Jfrom a progenitor or older form, pedigrees, lineage generation to generation [199].
These definitional terms very appropriately describe key fundamental features
and characteristics of our molecular level approach to dendrimer construction,
whether it involves divergent or convergent protocol. The term genealogically
directed synthesis (GDS) represents a general strategy for constructing endoskele-
tal, cascade-like compositions referred to as Starburst macromolecules, arborols,
dendrons, dendrimers and other hyperbranched covalent assemblies. Over twenty
different chemical families of dendrimers with over one hundred varieties of surface
modifications have been reported to date and appear to be limited only by the
imagination of the synthetic chemist.

Genealogy in a molecular biology sense, describes information flow, generation to
generation, at the molecular level. Similar statements can be made about biology and
organisms at the macroscopic level. Throughout this article we have attempted to
illustrate parallelisms between our abiotic, minimalistic synthesis strategy and bio-
logical strategies. Understanding key issues at this interface should provide a very rich
frontier for exploration by molecular biologists and synthetic organic chemists alike.
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