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Preface 

Templated synthesis is a timely research area where molecular and supramolecular sci¬ 

ences meet. Moreover, it represents an emerging interface between chemistry, biology, 

and materials sciences. This multi-author monograph includes authoritative contribu¬ 
tions from ten leading research laboratories involved in the development of novel tem¬ 

plate-assisted organic synthesis at this interface. It demonstrates how non-covalent and 

covalent templates are successfully applied to control the rate and the regio- and stereo¬ 
selectivity of molecular and supramolecular organic reactions. 

In view of the broad, often indiscriminate use of the words “templates” and “tethers”, 

the scope of the monograph requires careful definition. According to Webster’s Diction¬ 

ary, a template is “a gauge, pattern, or mold (as a thin plate or board) used as a guide to 

the form of a piece being made”. The same source defines a tether as “something (as 

a rope or chain), by which an animal is fastened so that it can range only within a set 

radius”. “Mold” is perhaps the best single word to define a template in the frame of this 
monograph. Since clear definitions are important, it is appropriate that Chapter 1 pro¬ 

vides definitions and describes the roles of templates in organic synthesis. 

Either non-covalent or covalent templates need to be absent in the original substrate as 

well as in the product or, at least, should be removable after having accomplished their 
task. Tethers should be effective in the transition states of reactions and, by acting as a 

mold, control the rate and the regio- and stereochemistry. Thus the monograph focuses 

on reactivity rather than on static structural chemistry. It is intended to promote the use 

of intermolecular non-covalent interactions, besides steric discrimination, to control 

reactivity and selectivity. Its content was selected to provide useful template- or tether- 

based methodology to both expert and novice practitioners in both the molecular and 

supramolecular sciences. 

This book is focused on organic synthesis and reactivity, naturally combining and 

merging molecular and supramolecular aspects. It includes one contribution (Chapter 5) 

on templated synthesis of biological polymers and their mimics. A profound discussion 

of biological templated reactions or inorganic templated synthesis (such as biomineral¬ 

ization) is beyond the scope of this monograph. Likewise, templates (better: scaffolds) in 

medicinal chemistry are excluded. Thus, carbohydrates or other central scaffolds (or 

cores), from which functional groups for protein recognition diverge, have sometimes 

been named as templates. Furthermore, the concept of reversibility, i.e., the removal of a 

non-covalent or covalent tether after the function of providing a “mold” has been accom¬ 

plished, is important. This eliminates a variety of supramolecular self-assembly processes 

as well as “structural templates” such as those used to organize four-helix bundle proteins. 

Although all metal-catalyzed reactions such as the Pauson-Khand reaction, Co-cata¬ 

lyzed cyclotrimerization, and metal-catalyzed cross-coupling reactions are templated 
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reactions in which the metal center acts as template, they are excluded since they have 
been the subject of the previous monographs, Modern Acetylene Chemistry and Metal- 

catalyzed Cross-coupling Reactions from the same editors and publishers as this book. 

The requirement for ultimate removal of the covalent template precludes examples in 

which the reaction has been changed from an intermolecular to an intramolecular one by 

connecting the reaction partners by some kind of permanent tether which remains in the 
molecule. Even with this restriction, organic synthesis provides an extremely rich varie¬ 

ty of reversible templating and tethering, as illustrated in Chapter 10; here, we would 

only like to mention the “silicon connection” chemistry introduced by G. Stork. Claimed 

template effects sometimes deserve critical mechanistic examination, and this is nicely 

illustrated in Chapter 9. 
The increasingly successful use of intermolecular interactions by non-covalent and 

covalent molecular and polymeric tethers provides an important link between organic 
synthesis and supramolecular chemistry in this monograph. Synthesis in Nature abun¬ 

dantly takes advantage of non-covalent bonding and templating and, therefore, the 

chemistry described herein can be rightly qualified as biomimetic. Emphasis is placed 

upon key developments and important advances, which are illustrated with attractive and 
useful examples. Areas covered range from molecular imprinting (Chapter 2), molecular 

recognition and supramolecular self-assembly (Chapters 3 and 4), biomimetic catalysis 

(Chapter 6), templated synthesis of biopolymers and unnatural oligomers and polymers 

(Chapters 1,5, and 8), regio- and stereoselective synthesis of covalent fullerene deriva¬ 
tives (Chapter 7), templated macrocyclizations (Chapters 1 and 9), to the use of tempo¬ 

rary connections in organic synthesis (Chapter 10). Carefully chosen references guide 

the reader through the extensive literature. A useful feature is the inclusion of key syn¬ 

thetic protocols, in experimental format, in six chapters. We are hopeful that the mono¬ 
graph will stimulate the further development of efficient and exciting new templated 

synthesis methodology in the molecular and supramolecular sciences. 

ETH Zurich 
University of Utah 

Salt Lake City 

May 10, 1999 

Francois Diederich 
Peter J. Stang 
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1 Templates in Organic Synthesis: 
Definitions and Roles 

Sally Anderson, Harry L. Anderson 

1.1 Introduction - Early Templates 

The word “template” originated among mediaeval architects, builders, stonemasons, and 

craftsmen. A template was a full-scale pattern or mold, made of wood or metal, used as 
a guide when cutting stone, molding plaster, or building archways [1]. Figure 1.1 shows 

craftmen using templates in the 13th century [2], At that time, most craftsmen were illit¬ 

erate and templates were used to communicate and record design specifications [3], 

Templates convey information. They are not permanently incorporated into the struc¬ 
tures which they specify. They can be reused. When a template is used to build a stone 

arch (Figure 1.2), it holds the stones in place while they are cemented together, then it is 

removed to leave the free-standing structure. 
Chemists, the architects and builders of the molecular world, have learnt to use tem¬ 

plates in an identical fashion. Molecular templates are control elements which favor the 

formation of a single product from a reactant, or reactants, that has, or have, the poten¬ 

tial to assemble and react in a variety of ways. 

Figure 1-1 Thirteenth century stonema¬ 

sons, from a woodcut of a stained glass 

window in Chartres Cathedral (France) 

by E. Viollet-Leduc [2]. The templates 

used for building arches and stone mold¬ 

ings are depicted above the heads of the 

craftsmen. 
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Figure 1-2 The template (in black) is used to 

hold stone blocks in place while they are 

cemented together; the template is removed 

from the finished archway. 

Molecular templates are ubiquitous in Nature. DNA is a template for RNA, which in 

turn is a template for protein. The idea of using molecular templates in synthesis dates 

from about the time Watson and Crick [4] deduced the structure of double stranded DNA 

(1953). Biochemistry provided the inspiration for this concept in chemical synthesis, 
although it was first applied to artificial systems by coordination chemists. The challenge 

of emulating the exquisite selectivity of biological templates was proclaimed by Todd [5] 

in 1956, when he suggested that templates might one day be used to control synthesis in 
the laboratory just as they do in Nature. With hindsight, we can see that chemists had 

made serendipitous use of templates in organic reactions as early as 1926 [6], but with¬ 

out recognizing the significance, or generality, of the template effect. 

Scheme 1-1 Condensation of 2-aminobenzaldehyde in the presence of zinc(II) chloride leads to 
the tetrameric macrocycle 2. 

Early work involved the use of metal cations as templates in macrocyclization reac¬ 

tions. Seidel [6] reacted 2-aminobenzaldehyde 1 with anhydrous zinc chloride (Scheme 

1-1), but did not recognize that he had prepared the macrocycle 2, and it was not until 

40 years later that Busch [7] and co-workers elucidated the structure of this type of mac¬ 

rocycle and investigated how metal cations template its formation. 
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In 1932, a dark blue by-product was isolated during the industrial production of 

phthalimide from phthalic anhydride and ammonia in an iron vessel. This unexpected 
by-product was eventually identified as iron(II)phthalocyanine: Now we know that the 

iron had templated the formation of this macrocycle [8]. Curtis investigated the conden¬ 

sation of acetone 4 and 1,2-diaminoethane 3 in the presence of metal cations and showed 
that the macrocycles 5 and 6 could be prepared both by templated and untemplated pro¬ 
cesses (Scheme 1-2) [9, 10]. 

Scheme 1-2 Nickel(II) salts template the formation of tetraazamacrocycles 5 and 6 from 1,2- 
diaminoethane and acetone. 

Another celebrated example of the template effect is the synthesis of crown ethers by 

Pedersen [11], but it was Busch who first intentionally used templates in synthesis and 

who first articulated the concept of the “template effect” in the 1960s [12]. Busch used 

the reaction of a nickel(II) dithiolate complex 7 with l,2-bis(bromomethyl)benzene 8 to 

illustrate his ideas (Scheme 1-3) [13]. Once one end of the l,2-bis(bromomethyl)ben- 
zene has reacted with the nickel complex, the nickel template induces the reactive ends 

of the intermediate 9 to come into close proximity and favors cyclization. The metal tem¬ 

plate allows the synthesis of a metallated macrocycle 10; the free ligand cannot be pre¬ 

pared by the reaction of l,2-bis(bromomethyl[benzene with the unbound thiol (in the 

absence of a template other cyclic and acyclic products are formed). 

Scheme 1-3 Nickel(II) as a macrocyclization template. 
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In this chapter, we will show how the concept of template-directed organic synthesis 

has expanded so that now metal-ligand binding, hydrogen bonding, k-k interactions, 

and covalent bonding can all be exploited to allow the synthesis of molecules with a 

remarkable degree of control. Several detailed reviews of molecular templates have been 

published [14-20]. This chapter explores the definition and classification of molecular 

templates and discusses how their performance can be quantified and optimized. 

1.2 The Definition of a Molecular Template 

The word “template” is used widely in chemistry, biochemistry, and materials science; 

its use has spread dramatically since the 1960s, particularly since 1990. What do we 
mean by a template in the context of organic synthesis? Busch gave the following defi¬ 

nition [21]: 

A chemical template organizes an assembly of atoms with respect to one or more geo¬ 
metric loci, in order to achieve a particular linking of atoms. 

This very general definition emphasizes the essential features of a template: (a) it orga¬ 

nizes an assembly of atoms in a specific spatial arrangement, (b) it favors the formation 

of a single product where the possibility of forming more than one exists, and (c) it is 
more than just a platform onto which a structure is built - it must promote attractive 

interaction between the units which are ordered around it. In the context of organic 

synthesis this interaction is usually covalent; however, the strength of interaction 

induced by the template is continuously variable, as discussed later. Reagents and cata¬ 

lysts also influence the course of a reaction; the distinction between a template and a 

reagent is that a template intervenes in the spatial arrangement of atoms, rather than in 
the intrinsic chemistry. The template provides instructions for the formation of a single 

product from a substrate, or substrates, which otherwise have the potential to assemble 

and react in a variety of ways. Changing the template should result in a different sub¬ 

strate assembly and consequently a different product. In general, after the template has 

directed the formation of the product, it is removed to yield the template-free product, 

although sometimes the template becomes inextricably locked into the structure it helps 
to create. 

The use of templates (both molecular and supramolecular) has also become a popular 

synthetic strategy in materials science. For example, organic cations template the forma¬ 

tion of zeolites [22], surfactant mesophases template the synthesis of mesoporous solids 

[23] , track-etched pores in membranes template the formation of metal nanocylinders 

[24] , and colloidal silica particles template the synthesis of photonic crystals [25], 

Molecular templates are also used widely in biology and biochemistry, but these enzyme 

catalyzed processes are outside the scope of this review. 
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1.3 Roles of Templates 

1.3.1 Thermodynamic and Kinetic Templates 

Busch classified templates as thermodynamic [13a, 27] or kinetic [13b, 28], A thermody¬ 

namic template shifts the position of equilibrium of a reversible reaction by preferential¬ 
ly binding one product. Kinetic templates operate on irreversible reactions by stabilizing 

the main transition states leading to the desired product. Kinetic templates almost invar¬ 

iably bind the product more strongly than the starting material, so they also favor the for¬ 

mation of the product thermodynamically. Conversely, thermodynamic templates are 
likely to accelerate formation of the product by transition state stabilization, so classifi¬ 

cation of the observed effect depends crucially on the reaction conditions and time scale. 
Kinetic templates are more difficult to design and understand but they are ultimately 

more versatile than thermodynamic templates. A thermodynamic template needs only to 

bind the desired product more strongly than other species in the reaction mixture. The 
criteria for an efficient kinetic template are more complex; it needs to bind all the key 

transition states through which the reaction proceeds, lowering their energies, thus creat¬ 

ing a well defined channel in the energy landscape, so that the reaction is prevented from 
following unwanted paths. By considering how enzymes work, we can see how they 

resemble templates. Enzymes increase the speed and specificity of a reaction in three 

ways: 

a) Enzymes lower AH for a reaction by stabilizing positive and negative charges as 

they develop during the course of the reaction and by modifying the substrate so as 

to enhance reactivity. 

b) Enzymes lower AS1 for a reaction by increasing the proximity of reactive groups 
and control the specificity of the reaction by binding substrates in specific orienta¬ 

tions. 
c) Enzymes achieve catalytic turnover by binding the transition state more strongly 

than the substrates or the products. 

Kinetic templates recognize and bind a species during a reaction in such a way as to 

favor a particular geometry and orientation of reactive groups, so inducing the reaction 

to proceed towards a single product. Thus they mimic one important feature of enzymic 

catalysis: by binding substrates in close proximity, they lower A S' for a reaction. The 

most economical template would also be catalytic by showing complementarity only to 

the transition state, but most templates bind strongly to their products and so exhibit 

little, or no, catalytic turnover. 
Most of the templates discussed in this chapter are kinetic templates. Some of the early 

examples of metal cation templated macrocyclization studied by Curtis and Busch [7, 9] 

(Schemes 1-1 and 1-2) are thought to operate under thermodynamic control. The clear¬ 

est evidence for a thermodynamic template effect comes when the template-free product 

is not stable under the reaction conditions. For example, treatment of 1,2-dicyanoben- 

zene 11 with boron trichloride or uranyl chloride results in the formation of subphthalo- 



6 1 Templates in Organic Synthesis: Definitions and Roles 

cyanine 12 [29a] or superphthalocyanine 13 [29b] complexes, respectively (Scheme 1-4), 

but when the metals are removed from these macrocycles, they transform into normal 

phthalocyanine 15. Reaction of subphthalocyanine 12 with diiminoisoindolines such as 

14 provides a useful route to unsymmetrically substituted phthalocyanines [29c-e], 

Subphthalocyanines and superphthalocyanines only exist as their boron and uranium 
complexes, respectively, whereas normal phthalocyanines exhibit a wide variety of met¬ 

al complexes. 

15 

Scheme 1-4 Boron and uranyl templates direct the formation of sub- and superphthalocyanines 

respectively (12 and 13). Removing the template results in the formation of the normal phthalo¬ 
cyanine (15). 

An elegant example of thermodynamic templating has been reported by Lynn and co¬ 

workers [30]. The reversible reaction of amine 16 with aldehyde 17 to give hexanucleo- 

tide imine 19 is favored by a hexanucleotide template 18 (Scheme 1-5). The imine can 

then be reduced to the corresponding amine 20 to “fix” the new hexanucleotide and 

remove it from the thermodynamic cycle. The hexanucleotide template 18 has a catalyt¬ 

ic role in this overall process because, amazingly, it binds 19 about 106 times more 

strongly than 20, so product inhibition is not a problem. (Systems of this type are 
described in detail in Chapter 5.) 
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Scheme 1-5 Catalytic and thermodynamic cycles for the DNA catalyzed reductive amination in 

0.5 M NaCl at pH 6 and 25 °C. 

Another interesting example of a thermodynamic template is adamantanecarboxylate 

21 in the reaction shown in Scheme 1-6, discovered by Fujita and co-workers [31]. Cage 

24 is only formed in very low yield, as part of an intractable mixture of oligomeric prod¬ 

ucts, when 22 and 23 are mixed. When four equivalents of the template 21 are added, the 

equilibrium shifts towards 24 and the 1:4 complex is the only species observable by 'H- 
NMR. The cage 24 remains intact after the templates have been removed by acidification 

and solvent extraction, and is kinetically stable at room temperature. 
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1.3.2 Covalent and Non-covalent Template-Substrate Interactions 

Templates can be classified according to the strength of the template-substrate interac¬ 
tion and according to the strength of the subsequent substrate-substrate bonding (Figure 

1-3) [16]. Classical templates bind non-covalently to their substrates, and assist in the 

formation of covalent bonds. A closely related class includes templates like Feldman’s 

[32], top right in Figure 1-3 (discussed in Chapter 8); the only difference between this 

and the classical templates is the covalent nature of the bond between template and sub¬ 

strates. When the template is a linear chain, fully covalent systems of this type are called 

tethered reactions (see Chapters 6, 7, and 10). The tether brings groups into close prox¬ 

imity, thus enhancing reactivity. Many of the common reactions of organic synthesis can 

be viewed as examples of covalent/covalent templating. For example, in Scheme 1-7, the 

boron atom holds the three alkyl groups together so that they can bond to the carbon of 

potassium cyanide [33], The Fischer indole synthesis is another classical example. 

The other examples shown in Figure 1 -3 involve the template induced formation of 

non-covalent bonds; this type of process is best described as self-assembly. For example, 

in Mutter’s artificial proteins, several amphiphilic helices are covalently attached to a 

template, so determining the folding topology of the final globular structure [34], The 

self-assembly of surface monolayers is another good example: when aliphatic carboxyl¬ 

ic acids form monolayers on a water surface, or long-chain thiols self-assemble on gold. 
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Strength of Ligand-Template Interaction 

Figure 1-3 Templating and self-assembly. 

1) KCN 

2) (CF3C0)20 

3) H202, NaOH 

Scheme 1-7 Boron acts as a template, holding the three alkyl groups together, facilitating the 

reaction with the carbon atom of potassium cyanide. 

the surface holds the alkyl chains in the correct orientation for optimal van der Waals 
interaction between the hydrocarbon chains [35]. A non-covalent interaction between the 

template and the substrates induces a second non-covalent interaction. These examples 

show the close relationship between templating and self-assembly [36]. The emphasis of 

this book is on the use of templates for creating covalent bonds. 

1.3.3 Topology of Reaction 

Templates can be categorized as “cyclization”, “linear”, or “interweaving”, according to 

their topology of operation, as shown in Figure 1-4 [16]. 
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Cyclisation Linear Interweaving 

Figure 1-4 Classification of templates according to their topology of operation. 

1.3.3.1 Cyclization templates 

The simplest type of template directed cyclization is metal cation induced macrocycliza- 
tion, as discussed in Section 1.1. Mandolini and co-workers [37] have made a detailed 

study of the influence of alkali and alkaline earth metal cations on the cyclization of 

2-hydroxyphenyl-3,6,9,12-tetraoxa-14-bromotetradecyl ether 28 in methanol and in 

dimethyl sulfoxide (Scheme 1-8). They studied different sizes of macrocycle and metal 

cation to determine the most effective combination for cyclization; the results from this 

study will be summarized in Section 1.4.2.3. 

Scheme 1-8 Metal cation template directed formation of benzo[ 18]crown-6. 

Macrocyclization templates are not restricted to metal cations but also include hydro- 

phobic organic units, such as the adamantanecarboxylate templated formation of cage 24 
described by Fujita (Scheme 1-6) [31]. Other examples, which will be described in later 

chapters, include Cram and co-workers’ use of solvents to template formation of carce- 

plexes: solvents such as dimethylacetamide were found to stabilize the charged interme¬ 

diate formed during carceplex synthesis. The empty carcerands were never formed 
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because this would require the intermediate to be unsolvated [38]. Organic charge trans¬ 

fer and k-k interactions have also been used in template directed synthesis, as in the 

preparation of Stoddart’s [39a-c] macrocycle 35 (Scheme 1-9) (see Chapter 3). The 
initial dication 31 reacts with one end of the l,4-bis(bromomethyl)benzene 32 to yield a 

tricationic intermediate 34. k-k Interactions between the electron-deficient 4,4'-bipyri- 

dinium unit and the electron rich hydroquinone of the template 33, and hydrogen bond¬ 
ing between the polyether chains of the template and CH2 groups in 34, result in rapid 

formation of a 1:1 complex. The complex induces the reactive ends of the trication to 

come into close proximity, enhancing intramolecular coupling [39b]. The template can 
be removed by solvent extraction, providing an efficient route to the free cyclophane 35. 
This system has been extended to achieve the templated synthesis of catenanes and 

rotaxanes, as will be mentioned later. 

Scheme 1-9 The electron-rich hydroquinone 33 acts as template for the formation of tetracation- 

ic macrocycle 35. 

Metal coordination also enables organic ligands to be used as templates. Sanders and 

co-workers have synthesized cyclic porphyrin oligomers using Glaser-Hay coupling 

[16, 40]. This reaction oxidatively combines two terminal acetylenes to give a 1,3-buta- 

diyne link. The syntheses of cyclic porphyrin dimer 38 and trimer 39 were effectively 

templated by 4,4'-bipyridine 37 and tripyridyltriazine 22, respectively (Scheme 1-10). 
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Scheme 1-10 Template directed synthesis of cyclic porphyrin dimer 38 and cyclic porphyrin 

trimer 39. 
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Scheme 1-11 Tetrapyridylporphyrin 42 templated formation of cyclic porphyrin tetramer 43. 
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The first step in both templated reactions is the combination of two porphyrin units 36 to 

yield a linear porphyrin dimer 40. This linear dimer binds the 4,4'-bipyridine 37 template 

and adopts a conformation in which intramolecular cyclization is strongly favored. Con¬ 

versely, when the tridentate ligand 22 binds the linear dimer, it forces it into a conforma¬ 
tion in which cyclization is disfavored; the linear dimer then undergoes intermolecular 

reaction to yield linear trimer, which cyclizes to cyclic trimer 39. The tridentate ligand 22 
performs a largely preventative, negative, role in this trimer synthesis, by inhibiting lin¬ 

ear dimer from cyclizing - it seems to be slightly too small to enhance cyclization of the 

linear trimer. The oligopyridine templates can be easily removed from these cyclic por¬ 

phyrin oligomers by treatment with acid. 
Tetrapyridylporphyrin 42 templates the cyclization of linear porphyrin tetramer 41 and 

also the conversion of linear dimer 40 to cyclic tetramer 43 (Scheme 1-11). In this latter 
case, the template binds the linear tetramer formed in the reaction, inducing a conformation 

favoring cyclization. If the porphyrins are converted to dioxopoiphyrins [41], or rutheni- 

um(II)carbonyl porphyrins [42], the specificity of the templates is increased because the 
binding becomes stronger: the monomeric dioxoporphyrins preassemble around the tem¬ 

plates before coupling. In the case of the ruthenium porphyrins it is less clear whether the 

mechanism is one of preassembly followed by coupling or coupling followed by strong 

binding of linear intermediates in favorable conformations for intramolecular cycliza¬ 
tion. The preassembly route is not significant with zinc porphyrins because the stability 

constant for the porphyrin monomer-pyridine complex is too low. The drawback of 

strong binding in the case of dioxo and ruthenium porphyrins is that the template is so 
strongly bound by the product that the free macrocycle cannot readily be released. 

1.3.3.2 Linear templates 

Linear templates enhance reaction between two bound substrates rather than between 

two ends of the same substrate. The classical examples of this type of templating are rep¬ 
lication of DNA and synthesis of RNA. In both cases, a single strand of DNA acts as a 

template, the base sequence on the template strand being complementary to the sequence 

produced on the new strand. The use of an oligonucleotide to template the formation of 
an imine, by Lynn and co-workers [30], has already been mentioned (Section 1.3.1, 

Scheme 1-5). One of the first examples of a non-nucleotide based organic linear template 

was developed by Kelly et al. [43], The template 44 binds the two substrate molecules in 

a transient ternary complex 45 -44-46, enhancing the bimolecular reaction (Scheme 

1-12). Following on from this system, Kelly developed a template with two different 

binding sites so that inactive ternary complexes, where two of the same substrates bind 

to the template, are disfavored. Thus the effectiveness of the template was enhanced. 

Mock et al. [44] have shown that cucurbituril 48 catalyzes the 1,3-dipolar cycloaddi¬ 

tion shown in Scheme 1-13. Here, cucurbituril acts as a linear template; note that “linear” 

refers to the reaction topology and not to the shape of the template. 49 and 50 bind inside 

the cavity of 48 by hydrogen bonding between the ammonium groups and the rims of the 

cucurbituril. The reaction between 49 and 50 is made faster and more regiospecific; 
clean formation of 51 occurs. 
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Scheme 1-12 The template 44 simultaneously binds two substrates (45 and 46) in a ternary com¬ 
plex, accelerating reaction between them. 

N = N = N 
50 51 

Scheme 1-13 Cucurbituril catalyzed regiospecific formation of 51 in aqueous formic acid. 

Diels-Alder reactions have also been accelerated inside the cavities of cyclic porphy¬ 

rin trimers [45]. For example, diene 52 and dienophile 53 react selectively to give the exo 

adduct 54 (Scheme 1-14) inside the cavity of 39 [45a, b]. Cyclic porphyrin trimer 39 is 

an effective kinetic and thermodynamic template for this reversible Diels-Alder reac¬ 

tion, of which the stereochemical outcome may be reversed to give mainly the endo 

adduct if a smaller porphyrin trimer is used [45c]. 

Linear templates have potential for self-replication, since in principle the product can 

be identical to the template. Non-enzymic replication has been achieved with both nucle¬ 

otide [46] and non-nucleotide [47] model systems. Scheme 1-15 outlines one of the first 
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Scheme 1-14 Inside the porphyrin trimer 39 cavity, diene 52 and dienophile 53 react selectively 

to give the exo adduct 54. The smaller version of trimer 39, with two butadiyne links replaced with 

ethyne units, templates the reaction with the opposite stereochemistry, to give the endo isomer of 

54. 
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Scheme 1-15 Self-replicating system designed by Rebek and co-workers. The template 57 
(X = OC6F5) binds to the two substrates 55 and 56, generating a ternary complex 55 -57 -56. Then 

55 and 56 react to generate another molecule of template 57. Stability constants are shown for the 

55-56 and 57-57 complexes. 
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self-replicating system designed by Rebek, based on Kemp’s triacid. The template 57 
binds to the two substrates 55 and 56 generating a ternary complex 55-57-56. Reaction 
between these template bound substrates is favored over reaction in free solution, to 

yield the dimerized template 57-57. When the product dimer dissociates, two template 

molecules are released for further reaction. The reaction is autocatalytic; seeding the 

reaction mixture with its product leads to the expected rate enhancement. The initial rates 

of reaction are proportional to the square root of the product concentration. This “square 
root law”, identified by von Kiedrowski [48] to characterize nucleic acid replicators, 

applies because the template exists largely as its dimer and only a very small amount is 

bound to two different substrates as the ternary complex ready for reaction. By changing 

the naphthalene unit for a biphenyl, the rate of product formation via the ternary complex 
may be increased. In Section 1.4.2.1, the efficiency of the system illustrated in Scheme 

1-15 is quantified in terms of effective molarity. Template 57 may also be formed by a 

competing route: substrate 55 may bind to substrate 56 to form a bimolecular complex 

55 -56 which also brings the reactive groups into close proximity. 

1.3.3.3 Interweaving templates 

An interweaving template forces the substrates to form an interwoven topology; covalent 
modification locks this information permanently within the molecule - two or more rings 

being interlocked. Sauvage and co-workers’ contributions to the templated synthesis of 

catenanes and knots have been described in excellent reviews [49]. His group and others 
have used Cu1 as a template to place phenanthroline ligands in an orthogonal arrange¬ 

ment around the metal. On the addition of a linking agent, the catenate is formed in good 

yield. The strategy can be extended to the synthesis of a trefoil knot 60-60 (Scheme 

1-16). A thread containing two phenanthroline units can wrap around two Cu1 centers to 

yield a double helix. If the linking group can be persuaded to react with the correct ends, 
then a trefoil knot will form. This is not the only product, but the fact that even 3% of the 

trefoil knot forms is amazing. The copper ion can be removed with potassium cyanide to 

yield the metal-free product. Here the template provides topological information but it 

does not accelerate covalent bond formation; an interweaving template does not neces¬ 
sarily act as a cyclization template. 

The templates used by Stoddart [39a, b,c] in the syntheses of catenanes and rotaxanes 
use /r-7r interactions to enhance both cyclization and interweaving. The template direct¬ 

ed cyclization (Scheme 1-9) results in rotaxane formation if the ends of the template 33 
are made so bulky that it cannot escape from the macrocycle, and in catenane formation 

if the two ends of the template are joined to form a macrocycle interlocked with the new 

macrocycle. The template is an integral part of the final product [39a, d], Cucurbituril 48 
can act as both a linear template and a topological template in the formation of rotaxane, 
as discussed later (Scheme 1-20). 
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Scheme 1-16 Copper(I) as an interweaving template in the synthesis of a trefoil knot. 

1.3.4 Scavenger Templates 

Sanders and co-workers have shown that cyclization templates can be used to scavenge 

cyclizable material in a reaction mixture and thus facilitate the formation of linear oli¬ 

gomers [16, 50]. Consider the general Scheme 1-17. The aim of this reaction is to pre¬ 

pare product D. Dimerization of the partially deprotected intermediate B can only be car¬ 

ried out efficiently in the absence of fully deprotected molecules C, because the latter 

can couple with mono-deprotected material B to generate a new reactive oligomer and 

thus give a complex mixture. Conventionally, this problem is avoided by isolation and 

purification of B before coupling, but separation becomes increasingly difficult with 

longer chains. Scavenger templates overcome this problem by enforcing intramolecular 
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reaction of doubly reactive molecules C; mono-reactive molecules B have no choice but 
to couple to each other to give D. The separation may be postponed until after coupling, 

when it becomes easier because the desired linear compound D is twice as massive as 

either the starting material A or the cyclic by-product E. The template does not promote 

the formation of the longer oligomer directly. This method has facilitated the preparation 

of a linear porphyrin octamer [50]. 

Scheme 1-17 A scavenger template induces molecules with two reactive ends to cyclize, so 

allowing efficient coupling of mono-protected material. The open circles represent protecting 

groups. 

1.3.5 Negative Templates 

The templates discussed so far favor reaction between bound substrates; they are posi¬ 

tive templates. When a template disfavors reaction between bound substrates, it is called 

a “negative template” [16, 40, 50] (Scheme 1-18). A negative template disfavors the for¬ 

mation of a given product not by accelerating a competitive reaction but by specifically 

disfavoring the particular spatial ordering of atoms which would give that product. It 

holds the substrate in the wrong geometry for reaction; in Scheme 1 -18 the negative tem¬ 

plate acts as a straitjacket, preventing the substrate from cyclizing. In ideal cases, the 

negative template may also have a dual role as a positive template in a subsequent step, 

or in an alternative reaction. 

In principle, any system which can be induced to adopt a particular conformation by a 

positive template can be prevented from doing so by a negative template. Negative tern- 

plating of undesirable reactions is beneficial in systems which are under kinetic control, 

since there are many pathways down which such a reaction can proceed, only one of 

which leads to the desired product. A good example of negative templating is described 

by Sanders and co-workers [40, 50] (Scheme 1-11). The linear porphyrin dimer 40 can 

be prevented from cyclizing to cyclic dimer 38 by tetrapyridylporphyrin 42. In the sec- 
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Scheme 1-18 Schematic illustration of positive and negative templating. 

ond step, the template acts positively and cyclizes linear porphyrin tetramer 41 to cyclic 
tetramer 43. 

1.4 Measuring Template Effects 

1.4.1 Qualitative Detection of Template Effects 

Kinetic templates can be evaluated by measuring rates of reaction, but it is easier to ana¬ 
lyze their effect on the yield of product. The practical test for a “template effect” is to see 

whether the template increases the yield. If the yield is unaffected by the template, this 

implies that the template is the wrong shape, or that substrate-template binding is too 

weak under the chosen conditions, or that the reaction conditions are too concentrated so 

that the substrate proximity induced by the template is insignificant, or that there are so 

few competing reactions that the template has no effect on the product distribution. If the 

yield of product is enhanced by the template, it is still necessary to demonstrate that the 
template is binding to, and controlling the spatial arrangement of, the starting materials 

or intermediates, rather than acting as a conventional catalyst or reagent. 

In cyclizations, the main competing reaction which is reduced by the template is inter- 

molecular coupling, giving linear oligomers, large rings, and polymers. In linear 

coupling reactions there is no built-in competition of this type, so it can be difficult to 

determine whether a linear template is operational without measuring rates: the product 

may be the same whether it is formed on the template or not. Sanders and co-workers 

have used a competition experiment to overcome this problem [40], enabling quantita¬ 

tive and qualitative information about linear template efficiency to be obtained, as out¬ 

lined in Scheme 1-19. There are two different types of substrate: those which can bind to 

the template (shown in black) and those that cannot (shown in white). With an ideal tem¬ 

plate, all the substrate capable of binding to the template would bind and react quickly, 



22 1 Templates in Organic Synthesis: Definitions and Roles 
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templated 
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Scheme 1-19 (a) Statistical reaction and (b) coupling in the presence of a linear template. 

leaving the unbound substrate in free solution to react more slowly (Scheme 1-19b). 

Thus, by comparing the product distributions with and without the template, it is possible 

to determine whether there is a template effect. 
In general, product distribution analysis is only used to provide qualitative evidence 

for template effects. In the next section, we will discuss the parameters which are impor¬ 

tant in the quantification of template effects and show how choice of concentration 

regime can be used to optimize the effectiveness of a template. 

1.4.2 Quantification of Kinetic Template Effects 
in Terms of Effective Molarity, Substrate Affinity, 
and Maximum Rate Enhancement 

Kinetic templates accelerate reaction of bound substrates, which makes it tempting to 

quantify template effects in terms of “rate enhancement”. In this section, we will show 

how this can be misleading because such rate enhancements are concentration depen¬ 

dent. We will elucidate the parameters which determine the rate enhancement achieved 

with a kinetic template, by analyzing the thermodynamic and kinetic behavior of simple 

theoretical models, and applying these models to published template systems. Our theo¬ 

retical models are similar to the Michaelis-Menten analysis of enzyme catalyzed reac¬ 

tions [51], except that we assume there is no catalytic turnover. First, we consider linear 

templates, then cyclization templates. In general, the rate of reaction varies as the reac¬ 

tion proceeds; whenever we refer to rates in the following discussion, we mean initial 

rates. 
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1.4.2.1 Linear templates 

Consider the situation where two molecules of a substrate S, of initial concentration [S]0, 
react together to yield a product P: 

S + S -—4 P (1-1) 

The bimolecular rate constant for the untemplated reaction is k2, so the initial rate of the 
reaction in the absence of a template is: 

fi^Untemp = MS]o (1-2) 

The reaction is facilitated by a linear template T. We will assume that this template has 

two independent, identical, binding sites; both bind substrates with the same microscop¬ 

ic binding constant K, to give a binary complex S • T and a ternary complex S • T • S. 

2 K 

S + T = ST (1-3) 

S + S + T J=± S-T-S (1-4) 

The concentrations of unbound substrate [S] and unbound template [T] are related to the 

concentration of these complexes by the equilibrium constant. 

2K = [S-T]/([S] [T]) (1-5) 

K2 = [S-T-S]/([S]2[T]) (1-6) 

If the total concentration of template is half the total concentration of substrate (i.e., 

[S]0 = 2[T]0), then the concentrations of S, S-T, and S-T-S vary with [S]0, as illustrat¬ 
ed by curves (a), (b), and (c), respectively, in Figure 1-5 (calculated for the arbitrary 

value K- 103 M-1). The termolecular complex S-T-S becomes the main species in solu¬ 

tion when [S]0 > MK. 

The unimolecular rate constant for conversion of the ternary complex S-T-S to the 

template product T • P is kx. 

S-T-S T-P (1-7) 

So the initial rate of intramolecular reaction within the termolecular S-T-S complex is: 

Rate mtra = K [S • T - S] = K2 kx [S]2 [T] (1 -8) 

Let us assume that when a substrate molecule binds a template, this has no effect on the 

rate of intermolecular reaction of that substrate with other free substrates, or with sub- 
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Figure 1-5 Curves (a)-(g) show how [S], [S-T], [ST S], RateTemp, RateVntsmp, RateIntia, 

and Rate Enhancement vary with [S]0. Note that concentrations and rates have been normalized 

by dividing by [S]0, and that rates are initial rates. (The following are arbitrarily assumed: 

[S]0 = 2[T]0, K = 103 M_1, k\ = 10 s^1, and k2 = 1 s_l M_i; see Appendix la for details of these 
curves.) 
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strates bound to other templates. So the template has no effect on the rate of intermolec- 
ular reaction, and the rate of reaction in the presence of the template is: 

RdteTemp — ^^^Untemp Acztejntra (1-9) 

Rate Temp (d). Rate untemp (e) and (f) are plotted as functions of [S]0 in Figure 
1-5 (assuming k{ = 10 s_l and k2 = 1 s_I m_i). The rate of the reaction in the absence of 
template (e) increases very steeply with concentration, because it is bimolecular, where¬ 

as the rate of reaction via S • T • S (f) levels off where [S]0 \/K, when all of the substrate 
is bound, and is asymptotic with a limiting value of [S]0/tj/2. There is a certain value of 

[S]0 at which the reaction in the absence of template (e) becomes greater than the maxi¬ 

mum possible rate of reaction in the ternary complex (i.e., when A2[S]0 > kr/2). When 
[S]0 = kl/(2k2), the presence of the template simply doubles the overall rate of reaction 
(d) and as [S]0 increases above this value, the effect of the template becomes insignifi¬ 

cant. The critical concentration kx /k2 is a key quantity for defining the effectiveness of a 
template and it is known as the “effective molarity” of the system, EM [52], 

EM - kx/k2 (1-10) 

When [S]0 = EM/2, the termolecular complex S-T-S undergoes intermolecular and 

intramolecular reaction at equal rates. The factor of 2 results from the fact that we have 
a reaction between two identical substrate molecules. 

Now let us see how the rate enhancement varies with [S]0. The rate enhancement can 
be defined as the ratio of the initial rates of reaction in the presence and absence of the 
template, which gives: 

Rate Enhancement = 
Rate Temp 

Rate Untemp 

, EMK2[ S]4 
1 +- 

2[S]q 
(1-11) 

The rate enhancement, plotted as a function of [S]0 in Figure 1 -5 (g), reaches a maximum 

value of 1 + 2EM-K/21 when [S]0 = 3/(4 AT) (these are exact algebraic results, indepen¬ 

dent of the values of kx,k2, and K). Curve (g) shows that it is misleading to state a rate 

enhancement for a linear template at some arbitrary concentration [S]0. The maximum 

rate enhancement occurs when the rates of the templated and untemplated reactions are 

both low; the intermolecular reaction is barely perceptible whereas the reaction in the 

ternary complex is proceeding several orders of magnitude faster; the observed rate 

enhancement is therefore very high. 

From inspection of the curves in Figure 1-5, it is clear that there are two important 

parameters which need to be determined in order to evaluate a linear template system: 

the binding constant K and the effective molarity EM. At concentrations significantly 

lower than 3/(4 AT), there will be very little of the ternary complex S-T-S present and so 
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the template directed reaction will be insignificant. At concentrations higher than 

3/(4 A'), intermolecular reaction starts to compete, even if the substrates are bound on a 

template in close proximity. It is interesting to note that the optimum concentration 

depends only on the binding constant K, whereas the magnitude of the peak rate 

enhancement depends on the product of the binding constant and the effective molarity. 

Values of EM and K for five real linear template systems are compared in Figures 

1-6-1-9 and Scheme 1-20. Effective molarities usually combine the uncertainties from 
a number of experimental binding constants and rate constants, so the values quoted here 

should be regarded as order of magnitude estimates. The situation which most resembles 

our theoretical model is that shown in Figure 1-6 [40], because the tetrapyridylporphyrin 

template 42 has two identical, essentially independent, binding sites for the linear dimer 
substrate 61. Although the effective molarity of this system is low (EM - 5 x 1CT4 m), 

this corresponds to a respectable calculated maximum rate enhancement because the 

binding constant K is so high. Note that if this reaction had been studied at concentra¬ 

tions higher than 1(T3 M, no template effect would have been observed. The cyclic por¬ 
phyrin trimer templated Diels-Alder reaction [45] (Figure 1-7) also fits reasonably well 

to our simple model because the binding sites are equivalent and independent; although 

H 

Figure 1-6 Template efficiency parameters for the tetrapyridylporphyrin templated Glaser 
coupling of two zinc porphyrin dimers, in dichloromethane. 
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Figure 1-7 Parameters for the porphyrin trimer templated exo Diels-Alder reaction, in 1,1,2,2- 

tetrachloroethane at 60 °C (cf. Scheme 1-14). 

Figure 1-8 Effective molarity and stability constant for the ternary complex in Rebek’s self-rep¬ 

licator (cf. Scheme 1-15). 

there are two substrates (52 and 53), they have similar binding constants (500 M_l and 

250 ivT1 respectively at 60 °C). The effective molarity is about 4 M, corresponding to a 

rate enhancement similar to that in the tetrapyridylporphyrin templated reaction. The rate 

enhancement becomes higher at lower temperatures (30 °C), due to increased binding, as 

expected from Equation (1-11). The cucurbituril templated cycloaddition (Scheme 1-20) 

has a much higher effective molarity (EM = 4 x 104 M). This pair of substrates was cho¬ 

sen for detailed kinetic analysis, rather than 49 and 50 (Scheme 1-13) because in this 

case catalytic turnover is prevented, because the product 48-64 is a rotaxane [44]. The 

substrates 62 and 63 have fairly similar affinities for the template (2.3 x 103 M-1 and ca. 

7.9 x 102 M_1 respectively), but binding at the two sites shows a strong negative cooper- 

ativity. The stability constant of the ternary complex 62-48-63 is only 2.4 x 104 ivT2; for 
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OAr 

ArO 

Figure 1-9 Effective molarity and stability constant for a hexadeoxynucleotide template at 0 °C. 

Scheme 1-20 Parameters for cucurbituril 48 acting as linear and topological templates. 
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our analysis, we need to take an effective binding constant, K, which is the square root of 
this, giving a maximum rate enhancement of 4 x 105. 

The kinetic analysis of a self-replicating system is complicated because of template 
dimerization, so it is difficult to estimate maximum rate enhancements for these systems. 

However, we can still compare the effective molarities and binding constants of self-rep¬ 

licating linear templates, as illustrated by Figures 1-8 [47d] and 1-9. The substrate bind¬ 
ing constant of von Kiedrowski’s hexadeoxynucleotide template [46b] (Figure 1-9) has 

not been measured but can be estimated to be ca. 900 m_i under the reaction conditions 

using the nearest-neighbor parameters for predicting DNA duplex stability [53]. 

1.4.2.2 Quantitative analysis of template effects in tethered reactions 

Tethered reactions can be regarded as linear templated systems in which the template- 

substrate binding is infinitely strong. The “template efficiency” is therefore defined sim¬ 
ply by the effective molarity for the intramolecular reaction; the rate enhancement 

becomes greater than 2 when [S]0 < EM, and becomes infinite at infinite dilution. 

1.4.2.3 Cyclization templates 

The kinetics of templated cyclization reactions can be considered in the same way as for 

the linear coupling described in Section 1.4.2.1. There is one significant difference: 

cyclization reactions are intramolecular, so they have characteristic effective molarities 

even in the absence of a template. 
Consider a substrate S which can cyclize intramolecularly to a give a product P or 

react intermolecularly to give a linear dimer D (which can go on to give longer linear and 

cyclic oligomers). 

S P (1-12) 

S + S —> D (1-13) 

In the absence of a template, the initial rates of untemplated cyclization (/toteUntempCyc) 

and intermolecular coupling (RateD) are: 

Edte UntempCyc = ^1 ( 1 -14) 

RateD = k2[S]% (1-15) 

The substrate can bind a template T, with binding constant K, to form a complex S • T 

which cyclizes more rapidly. 

S + T ST (1-16) 

K=[ S-T]/([S][T]) (1-17) 
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The rate of cyclization of the substrate, when bound to the template, RateTsmpCyc, is 

given by Equation (1-19), where k3 is the unimolecular rate constant for substrate 

cyclization in the presence of the template. 

ST P T (1-18) 

7?ateTernpcyc = k3 [S • T] (1-19) 

EMTemp is the effective molarity for the cyclization of the substrate bound to the tem¬ 
plate and EMVntemp is the effective molarity for the cyclization of the free substrate. 

EMuntemp indicates the inherent tendency of the substrate to cyclize. 

EMJe mp =k3/k2 (1-20) 

£MUntemp = V*2 O'21) 

If we assume that template binding has no effect on the rate of intermolecular coupling 

(as we assumed for linear templates), then the overall initial rate of product formation in 

the presence of the template is: 

Rat€-[cmp — RateUntempCyc ^^TempCyc- (1-22) 

This allows the following expression to be derived for the Rate Enhancement: 

Ratejcmp 
Rate Enhancement =- d-23) 

/A/ f £ u n t e m p C y c 

[S] ( EMltmpK[S]2 
(1-24) 

[S]0 £Muntemp[S]o 

In Figure 1-10, curve (h) shows how the rate enhancement varies as a function of [S]0 

(for [S]0 = [T]0, K - 103 M-1, EMTemp = 0.1 M and £MUntemp = 1CT4 m). Rate Enhance¬ 

ment is concentration dependent and is therefore a misleading quantity unless the con¬ 

centration at which it is measured is quoted together with the binding constant K. At high 

concentrations, when the substrate is all bound to the template, the rate enhancement 

tends towards the ratio of the effective molarities EMJemp/EMUntemp, when [S]0 <§ \/K, 

the Rate Enhancement tends towards unity (no effect) because there is no binding. Curve 

(i) shows the fraction of S which cyclizes in the absence of template and curve (j) the 

fraction of S which cyclizes in the presence of the template; at low concentrations the 

inherent tendency of the substrate to cyclize means that the fraction cyclizing approaches 

unity, whereas at high concentrations, intermolecular reaction competes with cyclization. 

Subtraction of curve (i) from (j) results in curve (k) which illustrates the concentra¬ 

tion regime over which the template is effective, which is EMUntemp < [S]0 < EMTemp. 
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[S]o [®]o = ^^Temp 

Figure 1-10 Curve (h) shows the variation in the Rate Enhancement with respect to log [S]0 (for 

K = 103 M-1, EMyemp = 0.1 M and FMUntemp = 1CT4 M). Curve (i) shows the fraction of S which 

cyclizes in the absence of template and curve (j) the fraction of S which cyclizes in the presence 

of the template. Subtraction of curve (i) from (j) results in curve (k). (See Appendix 1 b for details.) 
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37 40 

EMJemp= 0.001 M 

EMUnlmp = 0.0005 M 

K = 6 x 106 M"1 

41 372 

EMjemP= 0.0003 M 

EMUn{emp= 0.00015 M 

K= 7 x 106 M'1 

Figure 1-11 Effective molarities and binding constants for cyclization of linear porphyrin oli¬ 

gomers, by Glaser coupling in dichloromethane. 
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At concentrations higher than EMTemp, intermolecular reaction is favored even in the 

presence of template, and at concentrations lower than £MUntemp the substrate cyclizes 
so efficiently that the template has little effect. 

Table 1-1 provides some examples of cyclization effective molarities for the formation 

of benzocrown ethers in the presence of a variety of group I metal cation templates 
[37a,b]. The highest effective molarity in this series is achieved by the potassium cation 

when it templates the formation of benzo-18-crown-6 (y = 5, Scheme 1-8); here the 

EMTemp of 123 M is 1500 times higher than EMVntemf>. Figure 1-11 gives effective molar¬ 
ities for the cyclization of some linear porphyrin oligomers by Glaser coupling [40], 

These effective molarities are all very low but cyclization is significantly favored by the 
template and the strong binding constants enable coupling to be carried out efficiently at 
very low concentration. 

Table 1-1 Effective molarities (M) for various metal cations used as templates for the cycliza¬ 

tion of 68 (y = 3, 4, 5, 6, 9, and 15) in Me2SO at 25 °C. 

oT 

(OCH2CH2) Br 

EM- Temp 

68 

A/untemp 

y Na+ K+ Rb+ Cs+ 

3 1.8 1 0.7 0.6 0.08 
4 26 10 6 4 0.09 
5 14 123 48 22 0.08 
6 0.5 8 20 25 0.07 
9 0.1 0.9 2.1 1.2 0.04 

15 0.04 0.1 0.2 0.2 0.02 

1.5 Conclusion 

This chapter illustrates how templates have been used to aid organic synthesis and 

attempts to refine and expand the definition of a molecular template. The later chapters 

in this book demonstrate that templates are emerging as powerful tools in many areas of 

molecular construction. We have highlighted the key parameters required to evaluate 

template effects quantitatively. We hope this will encourage pioneers in the field to cali¬ 

brate new systems, so that we can gauge their progress as they escalate to higher levels 

of efficiency and sophistication. 
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Appendix la: Equations for Figure 1-5 

[S] 0 = [S] + [S • T] + 2 [S • T • S] 

[T] 0 = [T] + [S • T] + [S • T • S] 

(1-25) 

(1-26) 

Combination of mass balance Equations (1-25) and (1-26) with the thermodynamic 

Equations (1-5) and (1-6) gives Equations (1-27), (1-28), and (1-29). These functions are 

illustrated in Figure 1-5 (a) to (c). 

(a) [S] 
-l + Vl + 4tf[S]0 

2 K 

(b) [S T] = (2/C[S]3)/[S]g 

(c) [S-T-S] = (/C2[S]4)/[S]q 

[T] = [S]2/(2[S]0) 

(1-27) 

(1-28) 

(1-29) 

(1-30) 

From Equations (1-9) and (1-30), Equations (1-31), (1-2), and (1-32) for RateTemp, 

/?<2teUntemp, and Rateintra can be obtained. These functions are illustrated in Figure 1-5 (d) 

to (g). 

2 rci4 

(d) RateTemp -A:2[S]5 + 

(e) 7?£Zt£[jntemp ~ ^2 [5*15 

2 , ^K^S] 

2[S]0 

(f) Rate Intra — 

yt,/f2[S]4 

2[S]( 

d-31) 

(1-2) 

(1-32) 

Figure 1-5 (g) shows the concentration dependence of the Rate Enhancement. 

EMK2[ S]4 
(g) Rate Enhancement = 1 + 

2[S]q 
(1-11) 

Appendix lb: Equations for Figure 1-10 

(1-33) [T]() = [T] + [S-T] 

[S]0 = [S] + [S-T] (1-34) 
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Combination of mass balance Equations (1-33) and (1-34) with the thermodynamic 
Equation (1-17) gives: 

[S]_-1 + V1 + 4*[S]0 

2 K 
(1-35) 

The functions (1-24), (1-36), and (1-37) are illustrated in Figure 1-10 (h) to (j). They 

describe the concentration dependence of the effectiveness of a cyclization template. 

(h) Rate Enhancement 
Rate Temp 

Rate UntempCy c 

(1-23) 

_ [S] ( EMTempK[S]2 

|S]0 £MUntemp[S]o 
(1-24) 

(i) Fraction Cyclizationunlemp 
Rate UntempCye 

Rate\jntempCyc "F Rate[) 

^^Untemp 

^■^Untemp "F [S]q 

(1-36) 

(j) Fraction CyclizationTemp 
RatejempCyc F RateuntempCye 

Rate-jempCyc "F Rate UntempCye "F Rate 

EM Untemp [S] + KEMjtm p [S]~ (1-37) 

[S]q + £A/Untemp[S] + /0£MTemp[S]~ 
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2 Templated Synthesis of Polymers 
- Molecularly Imprinted Materials 
for Recognition and Catalysis 

Giinter Wulff 

2.1 Introduction 

Templates that are non-covalently or covalently attached to reacting substrates can con¬ 

trol the reaction pathway with regard to the chemical composition and the stereochemis¬ 

try of the products formed. Thus, in many cases it is possible to transfer properties of the 
template to the reaction product. Looking at this concept from the standpoint of a poly¬ 

mer chemist, at least four different cases can be distinguished: 

1) A low-molecular-weight template controls the synthesis of low-molecular-weight 

compounds. This principle is often used for the preparation of cyclic compounds, 

but many asymmetric syntheses also fall into this scheme. 
2) A polymeric template controls the outcome of a reaction of low-molecular-weight 

compounds. Enzyme-catalyzed reactions can be looked at in this manner. 

3) High-molecular-weight templates control the formation of macromolecules. Apart 

from the frequent examples in biochemistry (e.g., biosynthesis of nucleic acids, pro¬ 

teins, etc.), this is the case in the so-called “template polymerization” in which 

monomers are bound to a polymer that acts as a template to give, after polymeriza¬ 
tion and removal of the template, defined linear polymers [1,2]. 

4) In this review article, templated syntheses of macromolecules and polymeric mate¬ 

rials will be discussed in which a low-molecular-weight template controls the struc¬ 

ture of macromolecules. The composition (e.g., the proportion of co-monomers), the 

sequence of co-monomers as well as the stereochemistry (including the chirality) of 

the newly formed stereogenic centers is controlled during the polymerization of 

double bonds. 

The general idea of the research work presented here focuses on attempts to control the 

constitution and the configuration of complex supramolecular arrangements by specific 

interactions of the constituents with a suitable template molecule [3]. If in this case the 

constituents bear polymerizable groups, the whole constituent-template complex can be 

polymerized and, thus, the original structure will be stabilized and frozen. After remov¬ 

al of the template molecules, polymers with defined structures are obtained by transfer 

of structural information from template to polymer. 
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When macromolecules are formed by radically initiated vinyl polymerizations, it is 

possible to control the formation of new stereogenic centers with suitable templates by a 

repetitive one-dimensional property transfer along a long chain and to obtain, e.g., struc¬ 

turally defined, chiral linear chains (for reviews, see [4-7]). An information transfer to a 

plane surface in a two-dimensional manner may also occur [8, 9] or, if a crosslinking 

reaction is performed during the transfer, a real three-dimensional transfer can be 

achieved (for reviews see [10-16]). 

After the first two possibilities have been considered briefly, three-dimensional trans¬ 
fer in the form of the imprinting method will be discussed in some detail. 

2.2 Preparation of Optically Active Linear Vinyl Polymers 

by Templated Synthesis 

As an example for a one-dimensional property transfer, the preparation of optically 

active co-polymers using chiral template molecules is described. In this case, the optical 
activity in the polymer arises from the chirality of the configurational arrangement of the 

main chain (main chain chirality). Symmetry considerations show that there are several 

possible structures both for stereoregular homo- and for co-polymers in which this type 
of chirality can be expected [4], 

One of these structures is a stereoregular copolymer of the type shown in Figure 2-1, 
consisting of triads with AAB substituents along the chain. 

Figure 2-1 Stereoregular, chiral copolymer with triads of the sequence 
AAB. 

Actually, the successful synthesis of such polymers yielded the first example of an 

optically active vinyl polymer with main chain chirality [17]. In this case, templates used 

during polymerization control the composition, the stereochemistry, and the chirality of 
the polymer chains formed. 

Preparation of a structure such as that represented in Figure 2-1 was possible by the 

attachment of two 4-vinylphenylboronic acids to a 3,4-disubstituted D-mannitol deriva¬ 

tive yielding the templated monomer 1. This monomer was then copolymerized with a 

co-monomer such as methyl methacrylate (MMA) [17, 18], As shown in Scheme 2-1, the 

copolymerization involves a cyclopolymerization of monomer 1, since no crosslinking 
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occurred. The linear polymers, obtained after splitting off the template, exhibited strong 
optical activity. A wide variety of optically active copolymers have thus been prepared 

(for examples, see Table 2-1). Even optically active homopolymers are accessible by a 

similar route [19]. By a simple deboronation method, optically active polymers Plb, 
e.g., poly(styrene-co-(methyl methacrylate)), can easily be obtained. Similar asymmetric 

cyclocopolymerizations have recently also described by Kakuchi et al. (for a review see 
[20]). 

chiral 
diad 

meso 

diad 

P 1 

a R = —B(OH)2 

b R = H 

Scheme 2-1 Schematic representation of the asymmetric cyclocopolymerization of monomer 1 
with methyl methacrylate [4], 

Table 2-1 Optical activity of copolymers Pla of 

1 with different co-monomers after removal of the 

template [18, 21, 22], 

Co-monomer [«]365 

Methacrylonitrile -85° 
Methyl methacrylate -85° 
Styrene -34° 
4-Vinylbenzyl alcohol -11° 
4-Chlorostyrene + 1.5° 
4-Vinylbenzaldehyde +39° 
4-Vinylstilbene + 145° 
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Mechanistic studies revealed that this polymerization proceeds through an asymmetric 

cyclocopolymerization involving an unusually large 19-membered ring [18] (see 

Scheme 2-1). The optical activity stems from the formation of chiral distyryl dyads in the 

polymer main chain, which are induced by the chiral template molecule. The dyads are sep¬ 

arated from one another by one or more co-monomeric units. The chirality of the polymers 

is, however, independent of the configuration at these co-monomeric centers. The absolute 
configuration of the prevailing asymmetric dyad building block has been established to be 

(S,S), as evidenced by the synthesis of oligomeric model compounds. Conformational 
analysis shows that both so-called “racemic” as well as “meso” dyads must be expected. 

The ratio of meso and racemic dyads could be determined by radical cyclization of 1 in the 

presence of an excess of azobis(isobutyronitrile) (AIBN) to yield a monomeric cyclic com¬ 
pound [3, 23] (Scheme 2-2). Hydrolysis of this cyclic compound and deboronation yielded 

four reaction products. Investigation of the reaction products showed that the two diaster- 

eomeric dyads are produced in a comparable ratio; in both cases the enantiomeric excess is 

very high, resulting in structures that correspond in the polymer to a mixture of (S,S) as 

well as (R,S) dyads. Only the (S,S) dyads (“racemic dyads”) will contribute to the chiropti- 
cal properties of the copolymers but the meso dyads (R,S) have nearly no influence. 

Ar = phenyl, 1,4-phenylene 

NC-C—(CH3)2 

ch2 
I 

Ar—C-H 
I 

CH2 

H-C-Ar 
I 

NC—C—(CH3)2 

NC-C—(CH3)2 

ch2 
I 

H-C-Ar 
I 
ch2 

I 
Ar—C-H 

I 
H3C —C—(CH3)2 

( 44.2 % : ( 3.4 % ) 

(CH3)2 NC—C 
I 

CH2 
I 

H-C-Ar 
I 

CH2 
I 

H-C-Ar 
I 

NC-C—(CH3)2 

NC-C—(CH3)2 

ch2 
I 

Ar—C-H 
I 

CH2 
I 

Ar—C-H 
I 

NC-C—(CH3)2 

(48.4 % ) ( 4.0 % ) 

Scheme 2-2 Schematic representation of the radical cyclization of monomer 1 with AIBN and 
the preparation of the four stereoisomeric dimers. Only one stereoisomer is represented in the 
cyclization product [23], 

2.3 Exact Placement of Functional Groups on the Surfaces 

of Rigid Polymeric Materials Using Template Molecules 

The two-dimensional information transfer from low-molecular-weight templates to 

polymers can be achieved on the surfaces, e.g., of wide-pore silica. We have attempted 
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to introduce two amino groups onto a more or less planar surface of silica, arranged at a 
specific distance apart with the aid of a template (Scheme 2-3a). With this method, it was 

possible to locate two functional groups on a silica surface via siloxane bond formation 

(see Scheme 2-3b), thus enabling an investigation of the selectivity due to accuracy in 
distance alone [8, 9], 

Scheme 2-3 Introduction of two amino groups on the surface of a rigid matrix by a template 

molecule such as 2 or 3 after removal of the template, (a) Schematic representation of the two 

amino groups on a planar surface or on a surface where the remaining groups around have been 

capped, (b) Two amino groups on the surface of silica attached via a siloxane grouping. The 

remaining silanol groups have been blocked by trimethylsilyl groups [8]. 

Monomer 4 H2N— (CH2)3—Si(OCH3)3 
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Two amino groups were attached to the surface of silica at a distance of 0.72 and 1.05 nm 

from one another using the template monomers 2 and 3, respectively. The attachment to 

the surface is achieved through the formation of siloxane bonds by condensation 

between the methoxysilane group of 2 and 3 and the silanol groups on the surface of the 

silica. Most of the remaining silanol groups were afterwards capped by reaction with 
hexamethyldisilazane to avoid non-specific adsorption (Scheme 2-3). Over 95% of the 

templates could be split off. Unlike the situation with polymers, in this case the position 

of the two amino groups should not be changed as a result of chain mobility, swelling, or 

shrinking. The distance can only be altered by conformational changes within the func¬ 
tional group part. For comparison purposes, a silica with randomly distributed amino 

groups was prepared from 4. In order to elucidate the role of accuracy in distance, the 

selectivity a was determined by equilibration with an equimolar mixture of the two tem¬ 

plate dialdehydes 5 and 6 (see Table 2-2). Both the silicas showed a significant difference 
in binding, preferring their own templates, with a values of 1.74 and 1.67. This clearly 

suggests that by using distance selectivity alone and with differences of only 0.33 nm 

(between 5 and 6), substrate selectivity can be observed. 

Table 2-2 Selectivity of modified silicas with each of the two amino groups at a defined distance 

[8]. 

Split¬ 
ting 
per¬ 
cen¬ 
tage 

Dis¬ 
tance r 
of 
groups 
(nm) 

Apparent binding constant Selec 
tivity 
a' 

OHCH^^CHO 

5 

OHC CH2^Q>- CHO 

6 

Silica modified 
with 2 <95% 0.72 4.91 2.58 1.74 

Silica modified 
with 3 >95% 1.05 9.07 13.77 1.67 

Silica modified 
with 4 2.26 2.05 
(at random) 

Chromatography with silicas of this type could also be used to separate dicarboxylic 

acids that differ in the distance between their carboxyl groups. Good separations were 

observed compared with those obtained under identical conditions on silica with ran¬ 
domly distributed amino groups [10]. 
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2.4 Molecular Imprinting in Polymeric Materials 
Using Template Molecules 

2.4.1 The Principle 

A three-dimensional transfer of information from a template to a polymer consists in the 
preparation of crosslinked polymers by molecular imprinting with templates [24-26] 

(for reviews, see [10-16, 27, 28]). For this, polymerizable vinyl monomers containing 
functional groups were attached to suitable template molecules by covalent or non-cova- 

lent interactions. Subsequent copolymerization in the presence of solvents and relative¬ 

ly large concentrations of crosslinking agents produced rigid macroporous polymers. 
Removal of the template molecules (Scheme 2-4) left behind chiral cavities in the poly¬ 

mer whose shape and arrangement of functional groups were determined by the structure 
of the template molecules. 

Scheme 2-4 Schematic representation of the imprinting of specific cavities in a crosslinked 

polymer by a template (T) with three different binding groups [10]. 

This technique resembles the formation of antibodies from haptens, and actually a 

similar mechanism to the imprinting was formerly thought to be the mechanism of for¬ 

mation of antibodies [29]. The functional groups in these cavities are located at various 

points in the polymer chain, and are held in a definite mutual orientation simply by the 

crosslinking. In this case, the stereochemical information is not carried by a low-molec- 
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ular-weight part of the molecule. Instead, the entire arrangement of the polymer chains 

(the topochemistry) is responsible for the stereochemical structure. This is reminiscent of 
the structure of the active centers of enzymes; we have therefore termed these polymers 

“enzyme-analogous”. The relationship of the template to the imprinted cavity corre¬ 

sponds to the key/lock principle proposed by Emil Fischer for enzyme catalysis more 

than 100 years ago [30]. The imprinting process has a certain analogy to F. H. Dickey’s 

attempts to imprint silica gel by precipitation in the presence of template molecules [31]. 

An example of the imprinting procedure is the polymerization of the template 
monomer 7, which was used for the optimization of the method [32-35], In this case, 

phenyl-a-D-mannopyranoside 7a acts as template. Two molecules of 4-vinylphenylbo- 

ronic acid are bound by diester linkages to this template. The binding sites (the boronic 
acids) are bound by a covalent interaction. The monomer was copolymerized by free rad¬ 

ical initiation in the presence of an inert solvent with a large amount of bifunctional 

crosslinking agent. Polymers thus obtained are macroporous and have a permanent pore 

structure and a high inner surface area. Polymers of this type possess good accessibility 
on the surface of the pores and a rather rigid structure with low mobility of the polymer 
chains. 

7 7a 

The template 7a can be split off by water or methanol to an extent of up to 95% (Scheme 

2-5). The accuracy of the steric arrangement of the binding sites in the cavity can be 

tested by the ability of the polymer to resolve the racemate of the template, namely of 

phenyl-a-D,L-mannopyranoside. Therefore the polymer is equilibrated in a batch proce¬ 
dure with a solution of the racemate under conditions under which rebinding in equilib¬ 

rium is possible. The enrichment of the antipodes on the polymer and in solution is deter¬ 

mined by measuring the specific optical rotation and the separation factor a, i.e., the 

ratio of the distribution coefficients of the D and L compounds between polymer and 

solution, is calculated. After extensive optimization of the procedure, a values between 

3.5 and 6.0 were obtained [10]. This is an extremely high selectivity for racemic resolu¬ 
tion that cannot be reached by most other methods. 
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Scheme 2-5 Schematic representation of the polymerization of 7 to obtain a specific cavity. The 

template 7a can be removed with water or methanol to give the free cavity [10]. 

Polymers obtained by this procedure can be used for the chromatographic separation 
of the racemates of the template molecules [10, 32, 35], The selectivity of the separation 

process is fairly high (separation factors up to a = 4.56), and, at higher temperatures 
with gradient elution, resolution values of Rs = 4.2 with baseline separation have been 

obtained (Figure 2-2). These sorbents can be prepared conveniently and possess excel¬ 

lent thermomechanical stability. Even when used at 80 °C under high pressure for a long 
time, no leakage of the stationary phase or decrease in selectivity during chromatography 

was observed. 

Figure 2-2 Chromatographic resolution of D,L-7a on a 

polymer imprinted with 7 (elution with a solvent gradient 

at 90 °C) [35]. 

In the meanwhile, a large number of different templates have been used by us and 

many other groups in the world. An interesting extension of the concept of molecular 

imprinting was introduced by Mosbach and co-workers (for reviews see [12, 36]), who 

used only non-covalent interactions during imprinting and the resulting equilibration 
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studies. This approach offers new possibilities for binding because only a limited num¬ 

ber of practical linkages are available for fast and reversible covalent binding, and 
because it has the advantage of easy preparation of the template assemblies. Mostly 

racemic amino acids were separated in this case, and high selectivity could be demon¬ 

strated (Scheme 2-6). 

Scheme 2-6 Schematic representation of a cavity produced in the presence of L-phenylalanine 

anilide. The polymerization takes place in the presence of acrylic acid. Non-covalent electrostatic 

interactions and hydrogen bond formation occur [12], 

Table 2-3 lists a wide range of examples for different chemical classes of templates 

that have been used for molecular imprinting in crosslinked polymers. The type of 

binding during the imprinting and the polymer structure will be discussed in other sec¬ 

tions. 

Table 2-3 Examples of templates used for the preparation of molecularly imprinted polymers. 

Class of 
substance 

Compound Binding 
type3 

Application Reference 

Sugars Mannose deriv. A Enant. resolution [32-35] 
Fructose, galactose A Enant. resolution [37, 38] 
Sucrose A Microreactor [39] 
Glucose B Separation [40] 
Glucose C Sensor [41] 
Gluconamide B Specific membranes [42] 
Sialic acid A+B Sensor [43] 

Diols, polyols Propanediol A Enant. resolution [44] 
Mannitol A Enant. resolution [25, 26, 44] 

Hydroxycarboxylic Glyceric acid A+D Enant. resolution [24-26, 45-47] 
acids Mandelic acid A Enant. resolution [48] 
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Table 2-3 (Continued). 

Class of 
substance 

Compound Binding 

typea 

Application Reference 

Amino acid Anilides A Enant. resolution [49] 
derivatives Anilides B Enant. resolution [12, 14, 36, 50] 

Dansyl deriv. B Sensor [51] 
DOPA D Microreactor [52, 53] 
Amino acids B Enant. resolution [54-56] 
Amino acids B Sensor [57] 
Amino acids C Enant. resolution [58, 59] 

Peptides A-Ac-L-Phe-L-Trp-OMe B Enant. resolution [60,61] 
Leu-5-enkephalin B Separation [62] 
(Z)-L-Ala-L-Ala-OMe B Enant. resolution [63] 

Proteins Urease B Separation [64] 
Ribonuclease A B Separation [65] 
Myoglobin B Separation [66] 

Bacteria Listeria spp. B Sensor [67, 68] 

Nucleosides and Adenosine B Sensor [69] 
nucleotides AMPb B Separation [70,71] 

Nucleic acid B Separation [72] 

Purine derivatives 9-Ethyladenine B Separation [73] 
Theophylline B Immunoassay [74] 
Theopyhlline, 

caffeine 
B Membranes [75] 

Steroids Cholesterol B Sensors [71] 
Cholesterol D Separation [76] 
Cholesterol A Separation [68] 
Androstane deriv. D Microreactor [77] 
Testosterone B Separation [78] 

Drugs Pentamidine B Separation [79] 
Nicotine B Separation [80] 
Diazepam B Immunoassay [74] 
Cinchonine B Separation [81] 
Morphine B Immunoassay [82] 
Propranolol B Separation, 

enant. resolution 
[83-85] 

Propranolol B Immunoassay [86] 
Chloramphenicol B Sensor [87] 

Dicarbonyl Dialdehydes A Separation [8,9] 

compounds Dialdehydes Ac Separation [8, 9] 
Dialdehydes A Catalyst [88] 

Diketones A Separation [89, 90] 

Diketones C Separation [91] 

Dicarboxylic acids D Microreactor [92, 93] 

Dicarboxylic acids A Catalyst [94] 

Disulfides Benzyl disulfides A Microreactor [95, 96] 

Imidazole Bisimidazoles C Separation [13,97,98] 

derivatives 
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Table 2-3 (Continued). 

Class of 
substance 

Compound Binding 
type3 

Application Reference 

Dyes Methyl orange Bu Separation [31,99] 
Methyl orange B Separation [100] 
Rhodanile Blue B Separation [101] 

Pesticides Artrazine B Separation [102-105] 
Artrazine B Sensor [106] 
Simazine B Separation [107] 

Phosphonate esters Transition state B Catalyst [108-112] 
analogues B° Catalyst [113] 

3 A, covalent binding during imprinting and equilibration; B, noncovalent binding during imprinting 
and equilibration; C, metal coordination binding during imprinting and equilibration; D, covalent 
binding during imprinting, noncovalent binding during equilibration. 

b Adenosine monophosphate. 
c Imprinted in silica. 

As Table 2-3 shows, imprinted polymers have been mainly used as separation media 
(mostly in chromatography). Of special interest is the enantiomeric resolution of race- 

mates. Further applications are as immunosorbents and chemosensors. The cavities in 

the imprinted polymers have also been used as microreactors for selective reactions and, 

more interestingly, as the active sites of catalytically active polymers. In 1998 nearly 100 
papers appeared in the literature on molecular imprinting, together with one book [114]; 

another book is imminent [115]. 

2.4.2 The Optimization of the Structure of the Polymer Network 

The optimization of the polymer structure was rather complicated. On one hand, the 

polymers should be rather rigid to preserve the structure of the cavity after splitting off 

the template. On the other hand, a high flexibility of the polymers should be present to 

facilitate a fast equilibrium between release and reuptake of the template in the cavity. 

These two properties are contradictory to each other and a careful optimization has to be 

performed in these cases. Furthermore, good accessibility of as many cavities as possible 

should be possible. Good thermal and mechanical stability is also necessary. Ever since 

the first experiments, in nearly all cases macroporous polymers have been employed 

which possess a high inner surface area (100-600 m2 g^1) and which show, after optimi¬ 

zation, good accessibility as well as good thermal and mechanical stability. 

The selectivity is mostly influenced by the kind and amount of crosslinking agent 

used. Figure 2-3 shows the dependence of the selectivity for racemic resolution of the 

racemate of 7a on polymers prepared from 7 [33, 34], Below a certain amount of cross- 

linking in the polymer (around 10%) no selectivity can be observed; the cavities are not 

sufficently stabilized. Above 10% crosslinking a steady increase in selectivity is ob- 
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X [%] 

Figure 2-3 Selectivity of polymers as a function of the type and amount (X) of crosslinking 

agent [33]. The polymers were prepared in the presence of 7 with various proportions of the cross- 

linking agents: (a) ethylene dimethacrylate; (b) tetramethylene dimethacrylate; (c) divinylben- 

zene. After removal of the template 7a, the separation factor a = KD/Kh was determined for the 
resolution of D,L-7a in a batch process. 

served. Between 50 and 66% a surprisingly high increase in selectivity occurred, espe¬ 
cially if ethylene dimethacrylate is used as a crosslinker. In this investigation, ethylene 
dimethacrylate appears to be superior to technical divinylbenzene or butylene dimeth¬ 
acrylate as a crosslinker. 

The inert solvent used during polymerization also has a strong influence on the poly¬ 
mer structure [27], but the influence on selectivity is astonishingly low. A stronger in¬ 
fluence on the selectivity is observed if the amount of inert solvent during polymeriza¬ 
tion is raised from 0.29 to 1.76 mL g_l monomeric mixture, the optimum being around 
l.OmLg'1 [47], 

Aside from a high selectivity, the polymers should be able to undergo a fast and rever¬ 
sible binding of the substrate within the cavities. For this, a certain flexibility is neces¬ 
sary. Cavities of accurate shape but without any flexibility present kinetic hindrance to 
reversible binding. 

Polymers obtained with ethylene dimethacrylate as crosslinker retained their specific¬ 
ity for a long period. Even under high pressure in a high-performance liquid chromatog¬ 
raphy (HPLC) column, the activity remained for months. This was true even when the 
column was used at 70-80 °C. On the other hand, polymers crosslinked with divinylben¬ 
zene gradually lost their specificity at higher temperatures. Interestingly, at 60 °C the a 

value for racemic resolution was further increased to 5.11. Higher selectivity at increased 
temperature had been observed during earlier chromatographic studies [116, 117]. 
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In most cases, the macroporous imprinted polymers are prepared in bulk and are then 

crushed and sieved. Thus, by a rather tedious procedure, irregularly broken polymers are 

obtained. Usual suspension polymerization is not possible with most non-covalent and 

even with some covalent bindings since water interferes with the binding reaction, and 
hampers an efficient imprinting. By using new types of stoichiometric non-covalent 

binding, these difficulties can be overcome and polymers can be prepared by standard 
suspension polymerization methods [118]. Uniformly sized particles are thus easily 

obtained. 
Another possibility is a suspension polymerization in media other than water. For 

example, a suspension polymerization using a liquid perfluorinated alkane as the dis¬ 

persing phase was reported [119]. In other cases, a two-step swelling and polymerization 

method was applied to prepare molecularly imprinted beads [120], 

A further possibility is to use silica-based supports, which are available in a broad 
range of bead sizes and pore diameters. These beads can easily be modified by silanizing 

reagents carrying polymerizable groups. On this surface, a thin layer of a monomeric 

mixture containing the template is polymerized. Thus the beads can be coated with 

imprinted polymers for the separation of dyes [121], enantiomeric sugars [122, 123], or 
bisimidazoles [124], These coated silicas show very good properties as chromatograph¬ 

ic supports; their drawback is the lower loading capacity compared to macroporous poly¬ 

mers. It is also possible to use trimethylol trimethacrylate-based beads and to cover these 
as described before [125]. 

Imprinting in thin layers on the surface of other materials offers the possibility of a 

surface imprinting procedure. High-molecular-weight templates cannot be imprinted in 

the usual manner in a bulk polymerization since, after crosslinking, the templates cannot 

be removed. Therefore enzymes have been used as templates by a surface imprinting 

method [64, 65]. Especially interesting is the possibility of imprinting even such large 

objects as bacteria. First reports of work in this direction have appeared [67, 68, 126], 
and it remains to be seen how selectively these imprints distinguish between different 
species of bacteria. 

It appears advantageous to use for molecular imprinting an in-situ method that has 

been developed previously for reversed-phase HPLC [127]. In this case, the polymer is 

directly prepared inside the column. It has been shown that this method is applicable for 

molecular imprinting [54, 79, 127, 128] but the selectivity for separation in these col¬ 
umns is somewhat reduced. 

2.4.3 The Role of the Binding-site Interactions 

In the imprinting procedure, the binding groups have several functions [10, 14, 129, 

130], On one hand, the bond between the template and the binding group should be as 

strong as possible during the polymerization. This enables the binding groups to be fixed 

by the template in a definite orientation to the polymer chains during the crosslinking 

polymerization. It should then be possible to split off the templates as completely as pos¬ 

sible. A very important function is the interaction of the binding groups with the sub- 
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strates to be bonded: for example, with the compound that acted as the template. This 

interaction should take place as rapidly and reversibly as possible, so that the chromato¬ 
graphic process or catalysis will be rapid. Thus, although a high activation energy is 

desirable for the first function, it should be as low as possible for the other two. 

Detailed investigations have shown that the selectivity in enantiomeric resolution is 
dependent both on the orientation of the functional groups inside the cavities and the 

shape of the cavities [37, 38, 131, 132], The dominating factor, though, is the orientation 

of the functional group inside the cavity [37], If two binding sites per template have been 
used, several mono-point bindings can occur but only one two-point binding [10, 123]. 

It is the two-point binding that provides high selectivity. Therefore, this portion has to be 

increased, which is possible, e.g., by increasing the temperature [133]. 
Another problem of binding is the reuptake of template in the cavity. In the case of 

covalent binding and all other types of stoichiometric binding, binding sites are situated 
only in the cavity. After removal of the template, this usually leads to a swelling in the 

cavities which guarantees a high proportion (90-95%) of reuptake after the first removal 

[10], At the same time, it facilitates a quick mass transfer during equilibration of the tem¬ 
plate with the polymer (Scheme 2-7). On reuptake of the template, the cavity shrinks to its 

original volume. This behaviour is similar to the induced fit known from enzyme chemistry. 

Scheme 2-7 Schematic representation of the removal from a polymer of the template 7a bound 

by covalent binding and the swelling of the cavity. Afterwards, 90-95% of the cavities can be 

reoccupied [10]. 

On the other hand, during non-covalent imprinting, e.g., with acrylic acid, a fourfold 

excess of binding sites has to be used in order to obtain good selectivity. Under these 

conditions the binding sites are distributed all over the polymer (Scheme 2-8). As was 

found recently [50] under these conditions, only 15% of the cavities can take up a tem¬ 

plate again, the remaining 85% being lost irreversibly for separation. This might be due 
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to a shrinking of the majority of the cavities. Therefore these imprinted polymers are not 

well suited for preparative separations and for investigations on catalysis. In conse¬ 

quence, new and better binding sites should be devised. 

Scheme 2-8 Schematic representation of the removal of the L-phenylalanine-anilide template 

bound by non-covalent interaction. Owing to the large excess of carboxyl groups, a substantial 

part of the cavities may shrink. Only around 15% of the cavities can be reoccupied [10]. 

The boronic acid behaves quite satisfactorily as a binding site since it gives a strong 

interaction during the imprinting, and the binding during equilibration can be accelerat¬ 

ed by addition of suitable bases such as ammonia or piperidine. In this case, the trigonal 

boron is transformed to the more reactive tetragonal form (Equations (a) and (b)). Unfor¬ 

tunately, there are not many examples of good binding through covalent bonds. For non- 

covalent binding, methacrylic acid has been replaced by more acidic compounds such as 

sulfonic acids [134] or fluorinated carboxylic acids [135], but there is no major improve¬ 

ment. 

- nh3 + nh3 

©nh3 

+ 
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An interesting type of binding during polymerization and later in the final polymer can 

be achieved by coordinative bonds to metals. This type of bond is analogous to that used 

in ligand exchange chromatography. The advantage of this kind of bond is that its 
strength can be controlled by experimental conditions. Definite interactions occur during 

the polymerization, and an excess of binding groups is not necessary. The subsequent 
binding of the substrate to the polymer is so rapid that in many cases even rapid chrom¬ 

atography is possible. This method was first used for imprinting by Fujii et al. [58]. They 

obtained a remarkably high selectivity in the optical resolution of A-benzyl-D,L-valine 
using a chiral Schiff base ligand of (l/?,2/?)-l,2-diaminocyclohexane and 4-(4-vinylben- 

zyloxy)salicylaldehyde to which amino acids could be bound through a Co3+ cation. 

The exceptionally high separation factor a for the racemate resolution of the template 
molecule was found to be 682. The enantiomeric excess (e.e.) was 95.5% in the batch 

process. More detailed investigations showed that most of the separating ability was due 
to the cavity effect. The observed selectivity is greater than that of many enzymes. 

Unfortunately, the mass transfer rate in the case of the Co3+ complex is very slow in the 

chromatographic separation, so that practical separations are very difficult. 

Recently, Arnold, Dhal et al. investigated the bonding of imidazole-containing com¬ 
pounds with Cu2+ complexes such as 8 in great detail (Equation (c)) [13, 97, 98]. Model 

experiments were first earned out in which bisimidazoles with various distances 

between the imidazole groups were used as templates to position polymerizable imino- 
diacetate groups in the polymer. These experiments were aimed at developing an effec¬ 

tive recognition for proteins that depends on the correct spatial arrangement of a few 

binding sites on a polymer [13]. 

Another even more promising approach uses tetraazacyclononane-Cu2+ chelates 9 for 

binding. With this binding site it is possible to bind, e.g., glucose [41] as well as free 

amino acids [59]. 

9 
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The amidine binding site possesses very promising properties for the binding of carbox¬ 

ylic acids or phosphonic monoesters. Since these complexes tend to be insoluble, a num¬ 

ber of derivatives have been prepared [ 136, 137]. Especially suitable is the 4-vinyl-/V,./V/- 

diethylphenylamidine 10 [112] (see Equation (d)). Association constants in these equi¬ 

libria of 104— 106 dm3 mol-1, depending on the solvent, are observed. Splitting off the 

templates is easily possible and also the equilibrations are very quick. A reverse inter¬ 
action of an amidine-containing drug (pentamidine) and acrylic acid has been used pre¬ 

viously [79]. 
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Binding constants in hydrogen bonding increase with multiple interactions during ring 

formation. Thus an investigation on the binding of amidopyrazoles with dipeptides was 

performed in our institute [138, 139]. It is expected that under these conditions one amido- 
pyrazole is bound to the top face of the dipeptide via three-point binding whereas the 

second goes to the bottom face via two-point binding. Complexation should stabilize the 

/3-sheet conformation in the dipeptide (Figure 2-4). NMR titrations of Ac-L-Val-L-Val- 

OMe with 3-methacryloylaminopyrazole show large but markedly different downfield 

shifts for both peptide amide protons, one oriented to the upper and the other to the low¬ 

er site. When one equivalent of 5-amidopyrazole is added, only complexation from the 

top by three-point binding with an association constant of 80.0 dm3 mol-1 is observed. 

On further addition of 5-amidopyrazole, complexation from below by two-point binding 

occurs with an association constant of only 2.0 dm3 mol-1. In both complexes the di¬ 

peptide possesses a /3-sheet conformation. By variation of the acid part of the amide 

the association constant can be further substantially increased (K = 890 dm3 mol-1 for 

CF3-CO-). Thus the binding site monomer 11 has been used successfully for imprinting 

with dipeptides and for racemic resolution of the racemate of the dipeptide template 

[139], 

Multiple interactions are also used with the new binding site 2,6-bis(acrylamido)pyri- 

dine. In this case, different barbiturate drugs, such as cyclobarbital, act as templates 

[ 140], Retentions vary, depending on the barbiturate. 
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Figure 2-4 Side and top views of the computer-calculated 2:1 dipeptide-amidopyrazole com¬ 

plex [138]. When seen from above, the heterocycle on the top side is symbolized by a horizontal 
bar (for clarity, the second heterocycle is omitted). 

f3c 

11 

2.4.4 Chiroptical Properties of the Crosslinked Polymers 

Usually the chiroptical properties of highly crosslinked polymers cannot be measured. 

The asymmetry of the empty cavities can be analyzed by the excellent racemate resolu¬ 

tion ability. By a new method it can now also be directly detected by measuring the opti¬ 

cal activity [133], This is measured by suspending the polymer in a solvent which has the 

same refractive index as the polymer, a technique which was developed for other types 

of insoluble polymers [141]. The molar optical rotation values thus measured are shown 
in Table 2-4. 

Table 2-4 Molar optical rotation values for polymers with chiral cavities [133], 

Template Polymer P E' Polymer P E 
monomer 7 with template 7 a template 7a split off3 

[M]^6 -448.9° -61.7° + 110.0° 

As the ethylene glycol ester. 
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If we compare the value -61.7° for a polymer prepared from 7 (calculated for the 

molar content of 7), still containing the template, with the value -448.9° for the template 

monomer 7, it becomes apparent that the molar optical rotation has decreased con¬ 

siderably as a result of polymerization. This could have several causes, one being the 

influence of the polymer matrix. Its effect can be determined by splitting off the opti¬ 

cally active template 7a. If the boronic acids are converted with an achiral diol to the 
corresponding ethylene glycol ester, the polymer gives a positive molar rotation 

([M]546 = +110.0°). This shows that in P E (Table 4), the imprints generated in the poly¬ 

mer make a positive contribution to the optical rotation value. Measuring the optical 

rotation in the solid phase thus allows the properties of chiral cavities in the polymer, 

such as the binding situation of a bound substrate, different swelling situations, etc., to 

be determined directly. 
If, for example, a polymer with empty cavities is recharged with the template, the 

resulting polymer, in contrast to P E' (with template), has a very large positive rotation 

value ([M]546 = +323°). If this loaded polymer is heated in acetonitrile in the presence of 

a 3 A molecular sieve, the molar rotation [M]§°6 changes to -68°, i.e,. to about the same 
value as for the original polymer with template. Evidently most of the template mole¬ 

cules are first bound only by a single point of attachment (formed by esterification of 

only one boronic acid group in the cavity), and this then changes to a double attachment. 

At higher temperature most of the template is quickly bound by a two-point binding. 

The optical rotation of these polymers without templates is not caused by individual 

chiral centers, as is usual, but by the boundaries of the empty imprints as a whole. Their 
chiral construction and conformation are stabilized by means of the crosslinking of the 

polymer chains. 

It is unlikely that the chiral configurations of the linear portions of the chains contrib¬ 

ute to the asymmetry of the cavity since no asymmetric cyclocopolymerization is pos¬ 

sible for the template monomer 7. With other types of template monomers, though, such 

contributions of backbone chiral portions of the polymer might be expected (see Section 
2.2). 

2.4.5 Chromatography Using Molecularly Imprinted Polymers 

Molecularly imprinted polymer networks have been used as stationary phases in 

chromatography, especially for the resolution of racemates. Although the selectivity was 

good, strong peak broadening in the chromatographic process at first made it impossible 

to obtain complete separation, for example, of the racemate of template 7a. When signif¬ 

icantly more selective adsorbents and improved chromatographic processes coupled 

with higher temperatures became available, in 1986 we were able, for the first time, to 

perform a complete racemate resolution with Rs = 2.1 [117], Later, we achieved resolu¬ 

tions of Rs = 4.3 by using gradient elution [35] (see Figure 2-2). 

With non-covalent interactions, for example using the polymer described in Scheme 

2-6, it was thought that a separation would have been much easier to achieve. However, 

these systems were found to be very complicated in chromatographic practice. Strong 
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interactions with the medium occurred, and the mass transfer was also very slow. In 1988 

Mosbach et al. [36] obtained a complete resolution with Rs = 1.2, and Sellergren and 

Shea [142] achieved considerable improvement five years later after very careful optimi¬ 
zation work. Protonation of the substrate could be obtained in an aqueous buffer system, 

pH = 4.0, in which the carboxyl groups inside the cavities were partially deprotonated 

and those outside the cavities were not deprotonated at all. This gave selective binding 
by an ion-exchange mechanism only inside the cavities. Kinetics were good, and could 

be further improved by use of a heat-treated polymer to give a resolution of Rs = 2.2. 
Remarkably, in these separations the more strongly retarded enantiomer (correspond¬ 

ing to the template molecule) gives much more pronounced peak broadening if a solvent 

gradient is not used during chromatography. The number of theoretical plates for this 
compound is at most half that of the less strongly retarded compound. The reason must 

be essentially the two-point binding of the template molecule and the one-point binding 
of the other enantiomer. The difference also shows itself in the temperature dependence 

of the number of theoretical plates for the two enantiomers. Whereas the template mole¬ 

cule shows hardly any temperature dependence because of the increased two-point bind¬ 
ing with slow binding rates at higher temperatures, the number of theoretical plates for 

the second enantiomer increases rapidly, as expected (Figure 2-5a) [117]. The effect of 

concentration on retention is also very different for the two enantiomers (Figure 2-5b). 
The “wrong” enantiomer does not show much effect, whereas the retention in the case of 

the template molecule is greatly increased at lower concentrations at which only the most 

selective cavities are occupied by the template molecule. The selectivity therefore 

increases sharply [50]. 

Figure 2-5 Differences in the effect of temperature on the number of theoretical plates, and in 

the effect of the amount chromatographed on the retention for template molecules and their enan¬ 

tiomers. (a) Temperature dependence of the number of theoretical plates (Nth) in the resolution of 

D-7a and L-7a on a polymer imprinted with 7 [117], (b) Dependence of the capacity factor k' on 

amount treated in the resolution of L- and of D-phenylalanine-anilide on a polymer imprinted with 

L-phenylalanine-anilide [50]. 
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Preparative separations are also possible. For example, 30 mg of the racemate of 7b 
were effectively resolved by 20 g of polymer[143]. 

2.4.6 Catalysis With Molecularly Imprinted Polymers 

One reason for producing cavities with a definite shape and a predetermined arrange¬ 

ment of functional groups is the desire to perform stereoselective and regioselective 

reactions in these cavities, which are then termed “microreactors”. This is an interesting 

example of the “template” terminology. A so-called template is used to prepare an 

imprint of a specific shape containing functional groups in a certain stereochemistry. 
This imprint is then used as a real template to control reactions performed inside the tem¬ 

plated cavity. This might be one of the rare examples of using real templates. 

The cavity is first imprinted with the end product of the reaction, and a precursor is 

then embedded into the cavity so that a reaction can convert it into the product. The first 
experiments were carried out by the research groups of Shea [92] and Neckers [93], who 

performed cycloadditions to obtain cyclopropanedicarboxylic and cyclobutanedicarbox- 

ylic acids. The latter compounds were obtained with remarkable regio- and diastereose- 
lectivity. 

The first asymmetric syntheses in the chiral cavity were achieved in our research 

group [27, 52, 53], A cavity was made with an l-DOPA methyl ester. After removal of 

the template, glycine was embedded in the cavity, deprotonated, and alkylated. So far, 

the highest enantiomeric excesses (36% e.e.) on using imprinted polymers have been 
with the amino acids formed in this way. This excess is purely a result of the shape of the 
asymmetric cavity. 

In some very remarkable experiments, Bystrom et al. [77] were recently able to dem¬ 

onstrate high regio- and stereoselectivity in reactions inside the imprinted cavity. The 

steroid 12 was copolymerized as the template monomer, and removed by reduction. The 

hydroxyl group in the polymer newly formed from the carboxyl group was converted 

into an active hydride by LiAlH4. With the help of this polymer, androstan-3,17-dione 

was reduced to the alcohol exclusively in position 17, whereas in solution or with a poly¬ 

mer with statistically distributed hydride groups it is reduced exclusively in position 3. 

Imprinting should also be an excellent method to prepare active sites of enzyme ana¬ 

logues. It has already been reported that antibodies prepared against the transition state 
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of a reaction show considerable catalytic activity (for review, see [144]). Thus, antibod¬ 

ies prepared against a phosphonic ester (as a transition state analogue for the alkaline 
ester hydrolysis) enhanced the rate of ester hydrolysis by 103-104 fold. In this case, it 

was also possible to obtain an asymmetric catalysis since the antibodies provide an 
asymmetric active site. The same should be possible with imprinted polymers (for 

reviews see [145, 146]). Initial attempts of different groups [108-111] to use this con¬ 
cept for the preparation of catalytically active imprinted polymers for ester hydrolysis 

had been rather disappointing. Enhancements of 1.6- and 2-fold, in one case of 6.7-fold, 
are quite low and should be improved. 

Better results were obtained for the catalysis of the dehydrofluorination of 4-fluoro-4- 

(4-nitrophenyl)butanone by Shea et al. [94] and Mosbach et al [147]. Shea used benzyl- 
malonic acid as the template to position two polymerizable amines in a definite arrange¬ 

ment in the cavity. After removal of the template, dehydrofluorination was enhanced by 
this catalyst by a factor of 8.6. 

Even stronger accelerations (25-fold) were obtained during decarboxylations of 3- 

carboxybenzisoxazoles [88]. In this case two amino groups were placed a suitable dis¬ 

tance apart in the cavity by means of a polymerizable di-Schiff base. 
Morihara’s research group worked very intensively on preparing catalysts on the sur¬ 

face of silica gel (see, e.g., [113, 148]). In a process described as “footprint catalysis”, 

commercial silica gel is treated with Al3+ ions and imprinted with a transition-state ana¬ 
logue. Similar accelerations to those of the foregoing examples were obtained. 

It appears that the shape of the transition state alone does not lead to sufficient cataly¬ 

sis; in addition, catalytically active groups have to be introduced. This is also true for cat¬ 
alytic antibodies, since Benkovic et al. [ 149] showed that, e.g., a guanidinium group (of 

the amino acid L-arginine) plays an important role in the catalysis of the basic hydroly¬ 

sis of esters by a catalytic antibody. 
We have therefore applied amidine groups both for binding and catalysis, investigat¬ 

ing the alkaline hydrolysis of ester 13 [112], Phosphonic monoester 14 was used as a 

transition state analogue for templating. Addition of two equivalents of the new binding 

site monomer 10 furnished the bisamidiniuin salt. By the usual polymerization, workup, 

and removal of the template, active sites were obtained with two amidine groups each. 
Owing to the stoichiometric interaction of the binding sites, the amidine groups are only 

located in the active sites (Scheme 2-9). 
At pEl 7.6, the imprinted polymer accelerated the rate of hydrolysis of ester 13 by more 

than 100-fold compared to the reaction in solution at the same pH (Equation (e)). Addi¬ 

tion of an equivalent amount of monomeric amidine to the solution only slightly 

increased the rate. Polymerizing the amidinium benzoate gave a somewhat stronger 

enhancement in rate. 

13 
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Scheme 2-9 Schematic 

representation of the poly¬ 

merization of monomer 14 in 

the presence of two equiva¬ 

lents of 10a (A), splitting off 

14 (B), and catalysis causing 

alkaline hydrolysis of 13 

through a tetrahedral transi¬ 

tion state (C) [112]. 
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Table 2-5 Relative rates of hydrolysis of 13 with different catalysts in buffer solution at pH = 7.6 
(Equation (e)) [112]. 

Blank With 10b With a polymer imprinted With a polymer imprinted 
with 10a benzoate with 14 and 10a 

1.0 2.4 20.5 102.2 

These examples showed the strongest catalytic effects obtained until that time by the 

imprinting method. Even when compared to antibodies, only one to two orders of mag¬ 
nitude are lacking. This is especially remarkable since we used “polyclonal” active sites 

and rigid, insoluble polymers. It should also be mentioned that these hydrolyses occur 

with non-activated phenol esters and not, as in nearly all other cases, with activated 4- 
nitrophenyl esters. 

In order to see whether or not these polymers show typical enzyme analogue proper¬ 

ties, we investigated the kinetics of the catalyzed reaction in the presence of various 
excesses of substrate with respect to the catalyst. Figure 2-6 shows the typical Michae- 

lis-Menten kinetics observed. Saturation phenomena occur at higher concentrations. 

Michaelis - Menten diagram for the hydrolysis 
of the model ester in presence of: 

—•— transition state 14 imprinted polymer 
—■— polymer imprinted with amidimum-benzoate 
—*■— hydrolysis in solution of pH = 7.6 in presence of amidine 10b 
■ ■ hydrolysis in solution of pH = 7.6 

Figure 2-6 Michaelis-Menten kinetics of the hydrolysis of 13 according to Equation (e) in the 

presence of different catalysts. The initial rates are plotted versus substrate concentration [112]. 
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This shows that all active sites are then occupied and that the reaction becomes indepen¬ 

dent of substrate concentration. In contrast, in solution, and in solution with the addition 

of amidine, a much slower linear relationship is observed. The amidinium benzoate 

shows also some type of Michaelis-Menten kinetics. The benzoate therefore acts as a 

less effective template. 
The Michaelis constant Km was determined to be 0.60 mM. Turnover is relatively low 

(&cat = 0.4 x 10-2 min-1) but is definitely present. Furthermore, we found that the tem¬ 

plate molecule itself is a powerful competitive inhibitor with K{ = 0.025 mM, i.e., it is 

bound more strongly than the substrate by a factor of 20. It is remarkable that such a 

strong binding of substrate and template occurs in water-acetonitrile (1:1). Binding in 

aqueous solution by usual electrostatic or hydrogen bonding is much weaker. 
We observed some product inhibition similar to that by catalytic antibodies. In the 

case mentioned, the rate of reaction was calculated from the amount of released 

acid. If the calculation is based on phenol release, the rate of enhancement is nearly 

doubled. Hydrolysis of carbonates should avoid this difficulty. Therefore, diphenyl phos¬ 
phate was used as a template, and the hydrolysis of diphenyl carbonate was then investi¬ 

gated [150]. Compared to solution, an enhancement of 982-fold was obtained and typi¬ 

cal Michaelis-Menten kinetics was observed (vmax = 0.023 mM min-1, Km = 5.01 mM, 

/ccat = 0.0115 min-1, kcat/Km = 2.306 min-1 M-1). In very recent experiments [151] we 

could show that by optimizing the polymer structure the enhancement of reaction rate of 

the imprinted polymer compared to the polymer with statistically distributed amidine 
groups could be further improved. 

In another approach, an imprinting using labile covalent interactions was used very 
recently [152], A template monomer was used to introduce a transition state analogous 

structure and at the same time a dicarboxylate moiety. In this case an enhancement of 

120-fold compared to the solution and 55-fold compared to a control polymer containing 

statistically distributed dicarboxylates was obtained. 

2.4.7 Outlook 

The preparation of polymers and other materials with molecularly imprinted cavities 

has now reached a high degree of sophistication. The application of these materials 

is becoming more and more interesting. First industrial applications of imprinted mate¬ 

rials are envisaged, especially as stationary phases in chromatography, e.g., for the reso¬ 

lution of racemates. Other interesting applications can be seen in membranes and in sen¬ 
sors. 

At present, several research groups are engaged in preparing suitable layers or mem¬ 

branes for this purpose. Compared to biosensors, these layers are far more stable and 

they can be prepared for a large variety of compounds. Compared to standard chemosen- 

sors they are far more selective, so that there is a good chance of a broad application. It 

is still necessary to develop extremely sensitive methods for detecting substances bound 

to the imprinted membrane. At present, conductometry [57, 70, 71, 106, 153, 154], 

capacitance [155], pH-potentiometry [41], voltammetry [69], optical detection [87, 156], 
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fluorescence [43, 51, 67, 68], and polarized UV [157] have been used for detection (for 
review see [158, 159]). 

The use of imprinted polymers for radioimmunoassays has also been described [74, 

82, 160], In this case, imprinted polymers were used instead of antibodies. It is clear that 

these compounds cannot compete with monoclonal antibodies with regard to selectivity, 
but they are much easier to prepare and might therefore find application in several cases. 

Reactions inside imprinted cavities are another interesting area. Of great importance 

to the field is catalysis with imprinted polymers and imprinted silicas. For a broader 
application of molecularly imprinted polymers further improvement of the method will 

be necessary. The following problems are in the forefront of investigation today: 

a) Direct preparation of microparticles by suspension or emulsion polymerization. 

This problem has already been discussed. 

b) Imprinting procedures in aqueous solutions. As mentioned previously, water inter¬ 
feres with binding since hydrogen bonding is drastically reduced in water and, e.g., 

boronic esters are hydrolyzed. However, it will still be necessary for many templates 
to work in water. Furthermore, if the imprinting is performed in an organic solvent 

and the equilibrations are done in water, the binding mechanism and the selectivity 

might be completely different. 
c) Imprinting with high-molecular-weight biopolymers or even with bacteria. This is 

difficult: high-molecular-weight compounds cannot be extracted from a highly 

crosslinked bulk polymer, and therefore a type of surface imprinting has to be 

applied. 
d) Development of new and better binding sites in imprinting, as has been indicated in 

Section 2.4.3. 
e) Improvement of the mass transfer in imprinted polymers. This is necessary for rap¬ 

id chromatographic separations, especially on a preparative scale. 

f) Reduction of “polyclonality” of the cavities, which is still a severe problem. 

g) Increase in capacity of chromatographic columns, especially with non-stoichiomet- 

ric non-covalent interactions, as pointed out before. 

h) Development of extremely sensitive detection methods for use in chemosensors. 

i) Development of suitable groupings for catalysis. 

2.5 Experimental Procedures 

2.5.1 Polymer from Scheme 2-5 

2.5.1.1 Preparation of template monomer 7 [34] 

Phenyl-a-D-mannopyranoside (7a) (6 g; 23.4 mmol) and tris(4-vinylphenyl)boroxin 

(6.075 g; 15.6 mmol) were heated in benzene with removal of the water by azeotropic 

distillation. After complete removal of water, the solvent was evaporated, and the residue 

was crystallized from diethyl ether. Yield: 9.7 g (86%), m.p. 139°C. 
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2.5.1.2 Preparation of the polymer [35] 

Template monomer 7 (0.75 g), AIBN initiator (120 mg), crosslinker ethylene dimeth¬ 

acrylate (15.0 g) in tetrahydrofuran (15.0 g) were filled into a tube, carefully degassed by 

three freeze-thaw cycles, sealed under argon, and polymerized for four days at 65 °C. 

The tube was then cooled and broken, and the polymer was milled with an Alpine Con- 

traplex 63 C, and sieved to a grain size of 125-163 pm. Alternatively, the polymer could 
be milled to a finer powder and separated to a particle diameter fraction of 8 -15 pm by 

a wind-sieving machine (Alpine Multiplex 100 MRZ). This material was first extracted 

with dry diethyl ether before being dried in vacuum at 40 °C. The template was removed 
from the polymer by a continuous extraction with methanol-water (250 mL per g of 

polymer). After the solvent was evaporated, the residue was dissolved in a defined vol¬ 

ume of methanol and the content of 7a was determined polarimetrically. 
This polymer possessed an inner surface area of 322 nr g-1, a splitting percentage of 

the template of 82%, a swelling ability in methanol of 1.20, and an a value of 4.52. 

2.5.2 Polymer from Scheme 2-6 

2.5.2.1 Thermally initiated polymerization [36] 

Ethylene dimethacrylate (5.64 g), methacrylic acid (0.52 g; 6.0 mmol), L-phenylalanine 

anilide (0.25 g; 1.5 mmol), and of AIBN (60 mg) in acetonitrile 98.2 mL) were mixed in 

a glass tube. After degassing, the tube was sealed under nitrogen and consecutively heat¬ 

ed for 24 h each at 60, 90, and 120 °C. Subsequently, the polymer was ground and sub¬ 

jected to continuous extraction in acetonitrile for 24 h. To determine the recovery of 
imprint molecules, the extracted anilide was quantitatively determined and the polymer 

was investigated by nitrogen elemental analysis before and after extraction of the imprint 

molecule. According to these methods about 90% of the imprint molecules had been 

removed from the polymers. 

For chromatographic purposes the polymers were first milled, then sieved in a wind- 

sieving machine (Alpine Multiplex 100 MZR). Separation factor a for the separation of 

d,L-phenylalanine anilide was 3.5. The chromatographic separation showed a resolution 
Rs for the racemate of 1.2. 

2.5.2.2 Photochemically initiated polymerization [50] 

To ethylene dimethacrylate (3.8 mL; 20 mmol), methacrylic acid (0.34 mL; 4 mmol), 

and L-phenylalanine anilide (240 mg; 1 mmol) in CH2C12 (porogen) (5.6 mL) were add¬ 

ed AIBN (40 mg; 0.25 mmol) as initiator. The mixture was transferred to a 50 mL thick- 

walled glass tube, degassed during three freeze-thaw cycles, and sealed under vacuum. 

The polymerization was performed at 15 °C in a thermostated water bath. The tube was 

placed at approx. 10 cm distance from the UV light source (medium-pressure mercury 

vapor lamp (Conrad-Hanovia) of 550 W with 33 W in the 320-400 nm interval) and 

turned at regular intervals for a symmetric exposure. After 24 h, the tubes were crushed. 
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and the polymer was then ground in a mortar, followed by Soxhlet extraction with meth¬ 
anol for 12 h. Template recovery was determined by HPLC on a re versed-phase C18 col¬ 

umn using p-aminophenyl acetate as internal standard and MeOH/3% HO Ac (1:1) as 
eluent. By this method 60-70% of template was directly recovered. The polymers were 

then dried overnight under vacuum at 50 °C and sieved to a 150-250 pm and a 
25-38 pm particle size fraction. 

The polymer thus obtained was gel-like, with an inner surface area of 3.8 m2 g-1. 

Swelling in acetonitrile was 2.01. For chromatographic separations the performance was 

improved by dry heating of the sorbent for 17 h at 120 °C. The a value for the separation 
of D,L-phenylalanine anilide was 2.3; chromatographic separation showed a resolution 
for the racemate of Rs = 1.9. 

2.5.3 Polymer from Scheme 2-9 [136,137] 

2.5.3.1 A-Ethyl-4-vinylbenzamide 

4-Vinylbenzoic acid chloride [161, 162] (81.60 g; 0.49 mol) in dry CH2C12 (100 mL) 

was dropped into a solution of ethylamine (45.09 g; 1.00 mol) in dry CH2C12 (250 mL) 
at -20 °C. After it had been warmed to ambient temperature, phenothiazine (0.20 g) was 

added. The solution was stirred for 15 h. The precipitated ethylammonium chloride was 

filtered off and washed with a small amount of dry CH2C12. The solvent was removed in 
vacuo and the residue recrystallized from EtOAc to give colorless crystals (172.4 g, 

98%). 

2.5.3.2 A-Ethyl-4-vinylbenzocarboximide acid ethyl ester 

/V-Ethyl-4-vinylbenzamide (39.95 g; 0.228 mol) was added to a solution of triethyloxo- 

nium tetrafluoroborate (58.5 g; 0.308 mol) in dry CH2C12 (150 mL) under argon.The 

solution was stirred for 2 h at ambient temperature, phenothiazine (0.20 g) was added, 

the stirring was continued for 36 h, and the solvent removed in vacuo. Remaining oil was 

treated with 3 M NaOH (80 mL)and directly extracted with ice-cooled Et20 (250 mL). 

The aqueous layer was extracted another four times with Et20, the combined organic 

layers were dried over Na2S04, filtered, concentrated in vacuo, and distilled to give a 

colorless liquid (46.19 g, approx. 100%, b.p. 53 °C, 10-3 mbar). 

2.5.3.3 A^A^-Diethyl-4-vinylbenzamidine (10a) 

Dry ethylammonium chloride (63.61 g; 0.78 mol) was added to a solution of A-ethyl-4- 

vinylbenzocarboximide acid ethyl ester (121.97 g; 0.60 mol) in dry EtOH (270 mL) 

under argon. After the mixture had been stirred at 15 °C for 5 h, 4-fert-butylbrenzcatechol 

(0.5 g) was added, the stirring was continued for five days at ambient temperature, and 

the solvent was removed in vacuo. The residue was treated with ice-cooled 6 M NaOH 

(500 mL) and directly extracted with an ice-cooled mixture of EtOAc/Et20 (1:1). The 
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aqueous layer was extracted another four times, and the combined organic layers were 

dried with Na2S04. The solvent was removed in vacuo, and the residue was sublimed 

twice at 0.01 mbar to give white crystals (105.24 g, 87%, m.p. 76 °C). 

2.5.4 Preparation of the polymer [112] 

The polymer was prepared similarly to the first example from a mixture of ethylene di¬ 
methacrylate (4.67 g), methyl methacrylate (0.22 g), A,./V'-diethyl-4-vinylbenzamidine 

(10a) (0.442 g; 2.188 mmol) template 14 (0.350 g; 1.094 mmol), AIBN (56.8 mg), and 

tetrahydrofuran (5.64 mL) as the porogen. Polymerization in a sealed ampoule was car¬ 

ried out for 70 h at 60 °C. After the usual workup procedure, the template was removed 

from the particles by extraction with methanol, followed by washing twice with 0.1 M 

NaOH/acetonitrile (1:1), water, and acetonitrile. The recovery of the template from the 
washings was determined by HPLC [RP8-column, eluent 0.2% trifluoroacetic acid in 

water/acetonitrile (55:45)]. Recovery of template was 85%. The inner surface area of the 

polymer amounted to 228 m2 g-1, and the swelling ratio in methanol was 1.45. 

This polymer was used for the experiments described in Table 2-5 and Figure 2-6. 
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3 Templated Synthesis of Catenanes 
and Rotaxanes 

Frangisco M. Raymo, J. Fraser Stoddart 

3.1 Introduction 

Catenanes [1] are molecules incorporating two or more component macrocycles, 
mechanically interlocked like links in a chain. Rotaxanes [1] are molecules which incor¬ 

porate one or more macrocyclic components encircling the linear portion of a dumbbell¬ 

shaped component in a manner reminiscent of an abacus. In both instances, no covalent 
bonds hold the components together. Rather, mechanical bonds - in most situations rein¬ 

forced by noncovalent bonds - are responsible for linking the components. Dismember¬ 

ing a catenane or a rotaxane into its individual components can occur only if one or more 
covalent bonds are cleaved in the mechanically interlocked molecule. Thus, catenanes 

and rotaxanes (Figure 3-1) behave as well-defined molecular compounds with properties 

significantly different from those of their separate components when they are isolated as 

individual molecular compounds in their own right. These unique features of catenanes 
and rotaxanes offer the possibility of designing the molecular-sized counterparts of bear¬ 

ings, chains, joints, machines, motors, and many other macroscopic objects composed of 

mechanically interlocked parts. 

The first catenanes and rotaxanes were constructed by either statistical [2] or directed 

[3] synthetic approaches. The statistical method relies [2] on the formation of small 

quantities of a species in which a cyclic molecule is threaded by an acyclic molecule. 

After experiencing appropriate covalent bond formation, these threaded species are con- 

[n + 4]Catenane [n + 1]Rotaxane 

Figure 3-1 Schematic representations of [n + 4]catenanes and [n + 1 Rotaxanes. 
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verted into mechanically interlocked molecular compounds. However, threading of the 

cyclic onto the acyclic molecule is disfavored entropically and very small amounts of the 

threaded species are formed in the absence of any significant noncovalent bonding inter¬ 

actions between their components. As a result, the yields of the resulting catenanes and 

rotaxanes are extremely low. The directed syntheses of catenanes and rotaxanes involve 
[3] the multistep construction of so-called precatenanes and prerotaxanes. These precur¬ 

sors incorporate covalently bonded macrocyclic and acyclic components. After the 

cleavage of the covalent bonds holding the components together, mechanically inter¬ 

locked molecules result. These multistep syntheses, however, are laborious, time-con¬ 
suming, and, without exception, low-yielding overall. Fortunately, however, efficient 

methods for the production of complexes incorporating macrocyclic hosts threaded onto 

acyclic guests have become available with the advent of supramolecular chemistry [4], 

Indeed, template-directed [5] synthetic approaches to mechanically interlocked molecu¬ 
lar compounds have so far been developed that rely upon transition metal coordination 

[6, 7], hydrogen bonding [8, 9], hydrophobic interactions [7, 10], and donor/acceptor 
interactions [11, 12], In most of the transition metal-based-synthetic strategies, metal 

templates assist in the formation of catenanes or of rotaxanes and then the templates are 

removed without destroying the mechanically interlocked nature of the molecules. By 

contrast, when organic templates are used, they become an integral part of the mechani¬ 

cally interlocked structures and cannot be removed without extensive modification of the 
catenane’s or rotaxane’s constitution or redox state. 

3.2 Metal-Templated Syntheses 

The first efficient synthesis of a [2]catenane, which was realized (Figure 3-2) in 1983 by 

Sauvage et al. [6, 13], relied upon the assistance of a metal template. The Strasbourg 

group made use of the fact that Cu+ ions coordinate tetrahedrally with phenanthroline 

ligands. Thus, when equimolar amounts of the phenanthroline-based diol 1, the pre¬ 

formed macrocycle 2, and Cu(MeCN)4BF4 are mixed together in solution, the threaded 

species 3 is obtained. Reaction of this intermediate with I[(CH2)20]4(CH2)2l in the pres¬ 
ence of Cs2C03 also affords the [2]catenate 4, but this time only in a yield of 42%. Sim¬ 

ilarly, when Cu(MeCN)4BF4 is mixed with two molar equivalents of the phenanthroline- 

based diol 1 in solution, the complex 5 is obtained. Its reaction with I[(CH2)20]4(CH^2I 

in the presence of Cs2C03 affords the [2]catenate 4 in a yield of 27%. The interlocked 

structure of 4 was confirmed unequivocally by X-ray crystallography which revealed the 

tetrahedral coordination of the Cu+ ion by the two phenanthroline ligands. Demetallation 

of the [2]catenate 4 was achieved quantitatively by treating it with a large excess of KCN 

in aqueous acetonitrile. The solid state structure of the demetallated form of 4 revealed 

that the two macrocyclic components are still interlocked. However, in the absence of the 

Cu+ ions, the molecules adopt a completely different co-conformation [14] wherein the 

two phenanthroline ligands become positioned well away from each other in the compo¬ 
nent macrocycles. 
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Metal templates have also been employed [6, 15] to synthesize (Figure 3-3) phenan- 

throline-containing rotaxanes. The threaded species 6 is prepared by combining equimo¬ 

lar amounts of its cyclic and acyclic components and Cu(MeCN)4BF4 in solution. Reac¬ 

tion of 6 with 3,5-di-r-butyIbenzaldehyde and S^-diethyl-d/F-dimethyl^^'-dipyrr- 

ylmethane in the presence of CF3C02H, followed by treatment with chloroanil and then 

with Zn(OAc)2 • H20, affords the [2]rotaxane 7. Removal of the Cu+ ions is achieved by 

treating a CH2Cl2/MeCN/H20 solution of the [2]rotaxane 7 with KCN. As in the case of 
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the [2]catenate 4, an 'H-NMR spectroscopic investigation revealed that demetallation is 

accompanied by a co-conformational change which involves the circumrotation of the 

macrocyclic component through 180°. Thus, in the demetallated [2]rotaxane 8, the two 
phenanthroline ligands are also remote from each other in the dumbbell and macrocycle 

components. However, complete reorganization to regenerate a co-conformation similar 

to that adopted by the metallated [2]rotaxane 7 occurs when the demetallated [2]rotax- 

ane 8 is mixed with Zn(OAc)2 • H20 in a CH2Cl2/MeOH solution. 

Figure 3-3 Metal-templated synthesis of the [2]rotaxane 8 under kinetic control. 

3.3 Hydrogen Bonding-assisted Syntheses 

Hydrogen bonding interactions between amide groups can be employed [8] (Figure 3-4) 

to template the synthesis of [2]catenanes composed of mechanically interlocked macro- 

cyclic lactams. This discovery was made independently by Hunter and by Vogtle. In 

Hunter’s experiments, the diamine 9 was reacted [16] in CH2C12 with the bis(acid chlo¬ 

ride) 10 in the presence of Et3N to afford the diamine 11. In an attempt to synthesize a 

macrocyclic lactam which was expected to bind p-benzoquinone, diamine 11 was react¬ 

ed with bis(acid chloride) 10 under high-dilution conditions. However, in addition to the 

expected macrocycle, the [2]catenane 12 was also isolated, in a yield of 34%. The inter- 
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locked nature of the structure of the [2]catenane 12 was deduced initially from a detailed 

high-field NMR spectroscopic investigation and was confirmed, subsequently, by a sin¬ 

gle-crystal X-ray analysis, which revealed a network of hydrogen bonding interactions 

between the amide groups in the component macrocycles. A similar synthetic outcome 
was attained by Vogtle et al. [17, 18] when the diamine 9 was reacted with the bis(acid 

chloride) 13 under high-dilution conditions. In this instance, the [2]catenane 14 was 
obtained directly in a yield of 18%. The mechanism of these template-directed syntheses 

was unraveled [19] by analyzing the distribution of products for one- and two-step syn¬ 

theses performed using starting components having various R groups on their 5-R-m- 
phenylene rings (Figure 3-4). It is believed that the formation of a macrocyclic lactam is 

followed by the binding of an acyclic precursor inside its cavity as a result of hydrogen 

bond formation. The macrocyclization of the bound acyclic species between its termini 

interlocks mechanically the two macrocyclic lactams. 

Figure 3-4 Hydrogen bonding-assisted syntheses of the [2]catenanes 12 and 14 under kinetic 

control. 

A similar recognition motif has been employed by Vogtle et al. [8, 20] and by Leigh et 

al. [21, 22] in the template-directed synthesis (Figure 3-5) of [2]rotaxanes. The glycine- 

based compounds 15 and 16, incorporating terminal diphenylmethane stoppers, are able 
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to template the macrocyclization to a macrocyclic lactam of an appropriate size, insofar 

as the Et3N-promoted reaction of isophthaloyl chloride 10 with p-xylylenediamine 17 in 

the presence of 15 or 16 affords [21] the [2]rotaxane 18 or 19 in yields of 30 or 28%, 
respectively. As a result of the presence of dual amide recognition sites at each end of the 

linear portion in the dumbbell-shaped component, the macrocyclic lactam can shuttle 

degenerately back and forth along the acyclic backbone in CDC13. Variable-temperature 

'H-NMR spectroscopic investigations revealed that the rate of shuttling is affected by 

the number (n) of methylene groups linking the peptide units. At 298 K, the rates of 

shuttling are ca. 37 000 and 5 200 s_1 for 18 and 19, respectively. In (CD3)2SO, the amide 
recognition sites become highly solvated, the macrocyclic lactam resides preferentially 

on the central polymethylene chain of the dumbbell component, and no shuttling of the 

macrocycle is observed. The dependence of the shuttling motion on the polarity of the 

medium can be exploited to tune the rates of this dynamic process by controlling the 
degree of solvation of the recognition sites using appropriate mixtures of solvents. 

Ph2CH 

O 

H 
i 

N 

15 16 
Y 
o 

CHPh2 

Figure 3-5 Hydrogen bonding-assisted syntheses of the [2]rotaxanes 18 and 19 under kinetic 
control. 

The hydrogen bond-directed assembly of a [2]catenane under thermodynamic control 

has been realized (Figure 3-6) by Leigh et al. [23] using a reversible ring-opening and 

ring-closing metathesis (RORCM) reaction. An isomeric mixture of the macrocyclic 

lactam 20 (0.2 m in CH2C12) and the Grubbs ruthenium carbene catalyst was stirred at 
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ambient temperature. The progress of the reaction was monitored by high-performance 

liquid chromatography (HPLC), which showed the gradual formation of the [2]catenane 

21. When the equilibrium between the free macrocycle 20 and the interlocked species 21 
was reached, the percentage of [2]catenane in solution was higher than 95%. However, 

diluting the solution shifted the equilibrium toward the free macrocycle, demonstrating 
that this reaction is one which is truly occurring under thermodynamic control. 

Figure 3-6 Hydrogen bonding-assisted synthesis of the [2]catenane 21 under thermodynamic 

control. 

3.4 Hydrophobically Driven Syntheses 

In aqueous solution, cyclodextrins bind [10] organic guests inside their cavities with 

pseudorotaxane geometries. Thus, if the binding event is followed by the intramolecular 

linking of the termini of the threaded guest, mechanical interlocking of the two compo¬ 

nents occurs, yielding a [2]catenane. As a result of reasoning along these lines, 

Ltittringhaus et al. [24] attempted unsuccessfully, as early as 1958, to synthesize a cyclo¬ 

dextrin-containing [2]catenane. By combining a-cyclodextrin with a 1,4-dioxybenzene- 

containing dithiol in H20, a 1:1 complex was indeed obtained. However, the oxidation 

of the terminal thiol groups of the guest to afford a macrocyclic disulfide did not occur. 

It was some 35 years later that the first cyclodextrin-containing catenane (Figure 3-7) 
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was synthesized [25] using a similar design strategy. The biphenylene-containing bisa- 

mine 22 is threaded through the cavity of the methylated /Tcyclodextrin derivative 24 in 

aqueous solution. Thus, when the diamine 22 is reacted with terephthaloyl chloride 23 in 

the presence of 24 and sodium hydroxide, the [2]catenanes 25 and 26, as well as the 

[3]catenanes 27 and 28, are obtained, but in very low yields. It is interesting to note that 

the [3]catenanes 27 and 28 are topological stereoisomers and differ only in the relative 

orientation of the two toroidal cyclodextrin components. They were separated by 
reverse-phase high-performance liquid chromatography and their topologies were 

deduced by careful analyses of their 13C-NMR spectra. 
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Figure 3-7 Template-directed synthesis of the cyclodextrin-containing catenanes 25-28. 

The formation of pseudorotaxane complexes in aqueous solutions has also been 

exploited [10] to template the synthesis of cyclodextrin-containing rotaxanes. In the 

example illustrated in Figure 3-8, the diamine 29 is mixed [26, 27] with a methylated a- 

cyclodextrin derivative - either 30 or 31 - in aqueous solution. In both instances, a pseu¬ 

dorotaxane complex self-assembles spontaneously. The subsequent covalent attachment 

of bulky stoppers is achieved by reacting these complexes with sodium 2,4,6-trinitroben- 

zenesulfonate 32. The resulting [2]rotaxanes 33 and 34 can be isolated in yields of 42 and 
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48%, respectively. The incorporation of the 2,4,6-trinitrophenyl stoppers was confirmed 
by the characteristic absoiption band in the UV-Vis spectra of the [2]rotaxanes. Further¬ 

more, fast atom bombardment mass spectrometry, !FI-NMR and 13C-NMR spectrosco¬ 
pies, elemental analysis, and the marked differences in solubilities between the [2]rotax- 

anes and their parent components confirmed their interlocked structures. 

h2n nh2 

29 

H20 

Figure 3-8 Template-directed synthesis of cyclodextrin-containing [2]rotaxanes 33 and 34. 

Fujita et al. [28] have achieved the quantitative hydrophobically driven syntheses of 

[2]catenanes by employing pyridine-based ligands and transition metals possessing 

square planar geometries. In the example illustrated in Figure 3-9, the [2]catenane 36 
self-assembles quantitatively from the preformed dinuclear macrocycle 35 when heated 

at 100 °C in a concentrated aqueous solution of NaN03. Under these forcing conditions, 

the ligand-platinum bonds are constantly opening and closing. Sequential ligand 

exchange between the two individual dinuclear macrocycles produces an intermediate 

Mobius strip compound which - once again as a result of ligand exchange - is trans¬ 

formed into the [2]catenane 36. Presumably, strong face-to-face and edge-to-face inter¬ 

component interactions between aromatic units within the [2]catenane drive the process 

thermodynamically toward the mechanically interlocked compound. 
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Figure 3-9 Metal-templated synthesis of the [2]catenane 36 under thermodynamic control. 

3.5 Aromatic Templates 

The 1,4-dioxybenzene-based macrocyclic polyether 37 binds the bipyridinium-based 

compound 38 as a result of [C-H---0] hydrogen bonding [29] between some of the 

polyether oxygen atoms and the a-bipyridinium protons and [7T---7T] stacking between 

the complementary aromatic units [30], The same noncovalent bonds, supplemented by 

[C-H---7T] interactions between the 1,4-dioxybenzene protons and the p-phenylene 

spacers, assist [31] in the complexation of the 1,4-dioxybenzene derivative 39 by the 

bipyridinium-based cyclophane 40. In both complexes - i.e., 37-38 and 39-40 shown in 

Figure 3-10- the acyclic guest is inserted through the macrocyclic host with its ends pro¬ 

truding outside the cavity from opposite sides. This recognition motif paved [11] the way 

for the design of template-directed approaches to catenanes and rotaxanes. 

The first [2]catenane incorporating ^-electron-rich and ^-electron-deficient recogni¬ 

tion sites was synthesized [31, 32] as outlined in Figure 3-11. The reaction of the 
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Figure 3-10 The [2]pseudorotaxanes 37 -38 and 39-40. 

bis(pyridylpyridinium)-containing dicationic salt 41 with the dibromide 42 produced a 
tricationic intermediate incorporating one bipyridinium and one pyridylpyridinium unit. 

Once formed, this intermediate is bound immediately by the preformed macrocyclic 
polyether 37, which enhances greatly the rate of the subsequent ring-closure reaction 

under kinetic control. After counterion exchange, the [2]catenane 43 can be isolated in a 

yield of 70%. A kinetic investigation of this template-directed synthesis has demonstrat¬ 
ed [33] that the macrocyclic template accelerates the ring-closure reaction ca. 232-fold at 

a concentration of ca. 0.1 M. The interlocked structure of this [2]catenane was confirmed 

(Figure 3-11) by single-crystal X-ray analysis which also revealed a combination of 

intracatenane [C-H---0] hydrogen bonds, [k --k] stacking, and [C-H---/r] interac¬ 

tions. In solution, the two mechanically interlocked rings undergo a number of co-con- 

formational changes with respect to each other. The macrocyclic polyether circumrotates 

through the cavity of the tetracationic cyclophane, exchanging the “inside” and “alongside” 

1.4- dioxybenzene rings. Similarly, the tetracationic cyclophane circumrotates through 
the cavity of the macrocyclic polyether, exchanging the “inside” and ‘“alongside” bi¬ 

pyridinium units. Variable-temperature ‘H-NMR spectroscopy revealed that the free- 

energy barrier associated with the circumrotation of the ^-electron-rich macrocyclic 

polyether through the cavity of the ^-electron-deficient cyclophane is ca. 4 kcal mol-1 

higher than that of the other circumrotation process. Interestingly, when the 7r-donor 

character of the 1,4-dioxybenzene rings is reduced by introducing fluorine substituents, 

the intracatenane noncovalent bonding interactions are weakened [34] significantly and, 

as a result, the free-energy barriers associated with the circumrotation processes de¬ 

crease substantially, i.e., by ca. 3 kcal mol-1. Consistently, when better ^-donors (e.g., 

1.5- dioxynaphthalene ring systems) are used in place of the 1,4-dioxybenzene rings, the 

intracatenane noncovalent bonding interactions are reinforced [35] and the free-energy 

barriers associated with the circumrotation processes increase significantly, i.e., by ca. 

2 kcal mol-1. It is interesting to note that the ^r-donor character of the ^-electron-rich 

recognition sites also affects [34, 35] the efficiency of the template-directed syntheses. 

Thus, when the ;r-donor character is diminished by introducing electron-withdrawing 



86 3 Templated Synthesis of Catenanes and Rotaxanes 

Figure 3-11 Template-directed synthesis of the [2]catenane 43 under kinetic control. 

substituents (e.g., fluorine atoms), the yields of the resulting [2]catenanes drop signifi¬ 
cantly to a point where it becomes impossible to obtain the catenane. By contrast, when 

the ;r-donor character is enhanced (e.g., using 1,5-dioxynaphthalene ring systems), the 

yields increase to more than 80% in the best cases. 

This synthetic strategy has been extended [11, 36] to the template-directed synthesis 

of catenanes incorporating more than two mechanically interlocked components. Indeed, 
by enlarging the cavities of the ^-electron-rich and of the ^-electron-deficient ring com¬ 

ponents, as many as seven macrocycles have been interlocked. Reaction of the bis(pyri- 
dylpyridinium)-containing dicationic salt 44 with the dibromide 45 in the presence of the 

macrocyclic polyether 46 affords [37] (Figure 3-12) the [3]catenane 47 in a yield of 10%. 

This [3]catenane incorporates two macrocyclic polyethers which are large enough to 

accommodate one more bipyridinium unit in each of their cavities. Thus, when the 

bis(pyridylpyridinium)-containing dicationic salt 41 is reacted with the dibromide 42 at 

ambient temperature and pressure in the presence of the [3]catenane 47, the [5]catenane 

(Olympiadane) 48 is obtained, along with a [4]catenane (not shown in Figure 3-12) in 

yields of 5 and 31%, respectively. When the same reaction is performed under high pres¬ 

sure (12 kbar) conditions, the [7]catenane 49, a [6]catenane (not shown in Figure 3-12), 

and Olympiadane (48) are obtained in yields of 26, 28, and 30%, respectively. These 

[n]catenanes were characterized by liquid secondary ion mass spectrometry which 

revealed peaks for [M-rcPF6]+ corresponding to the loss of hexafluorophosphate coun¬ 

terions. Their interlocked structures were demonstrated unequivocally by single-crystal 

X-ray analyses. These studies revealed that the [it ■•■it] stacking interactions between the 
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44 + 45 + 46 

49. 

/r-donors and ^-acceptors are accompanied by [C-H-O] hydrogen bonds between the 

a-bipyridinium hydrogen atoms and some of the polyether oxygen atoms, as well as by 

[C-H---7T] interactions between some of the 1,5-dioxynaphthalene hydrogen atoms and 

the phenylene rings in the tetracationic cyclophane components. 

The combination of noncovalent bonding interactions with the binding of bipyridin- 

ium recognition sites by ^-electron-rich macrocyclic polyethers was also employed [11] 

to synthesize rotaxanes under template control. In the example illustrated in Figure 3-13, 

the reaction of the bis(pyridylpyridinium)-containing dicationic salt 41 with the chloride 

50 affords [38, 39] a tricationic intermediate (not shown in Figure 3-13) incorporating 

one bipyridinium and one pyridylpyridinium unit. This intermediate is bound immedi¬ 

ately by the preformed macrocyclic polyether 37 and, after the covalent attachment of a 

second tetraarylmethane-based stopper at the other end of the acyclic components, the 

[2]rotaxane 51 is obtained in a yield of 18%. In solution, the macrocyclic component 

“shuttles” from one bipyridinium recognition site to the other. Variable-temperature ‘H- 

NMR spectroscopy showed that this degenerate site exchange process occurs at a rate of 

ca. 300000 s'1 in (CD3)2CO at 25 °C. 
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Figure 3-13 Template-directed synthesis of the [2]rotaxane 51 under kinetic control. 

An alternative approach that is entirely thermodynamically controlled has also been 

developed [38 b, 40] for the template-directed synthesis of [2]rotaxanes incorporating 
bipyridinium-based dumbbell-shaped components encircled by ^-electron-rich macro- 

cyclic polyethers. In this instance, a preformed macrocyclic polyether is combined with 

a preformed dumbbell-shaped compound. If size complementarity between the 

macrocycle’s cavity and the dumbbell’s stoppers is achieved, slippage of the macrocyclic 
component over the stoppers of the dumbbell-shaped compound occurs upon heating. 

Thus, when an MeCN solution of the macrocyclic polyether 37 and any one of the dumb¬ 

bell-shaped compounds 52-54 is heated [38b, 40a] (Figure 3-14) at 50°C for 10 days, 

the corresponding [2]rotaxanes 56-58 are obtained in yields of 52, 45, and 47%, respec¬ 

tively. However, when the dumbbell-shaped compound 55 incorporating bis(4-f-butyl- 

phenyl)-4-isopropylphenylmethyl-based stoppers is employed, under otherwise identical 

conditions, no rotaxane corresponding to structure 59 can be isolated. The replacement 
of ethyl groups with isopropyl groups is sufficient to prevent the slippage of the macro¬ 

cycle over the tetraarylmethane-based stoppers. The mechanism associated with the pas¬ 

sage of the macrocyclic component over the tetraarylmethane-based stoppers has been 

investigated [41] computationally in order to gain further insight into such an “all-or- 

nothing” substituent effect. Model stoppers incorporating a methoxy group instead of the 

acyclic portion of the dumbbell-shaped compound were oriented relative to the macro¬ 

cycle as illustrated in Figure 3-15. The distances D were varied stepwise from 58.0 to 

35.0 A, while the coordinates of the oxygen atom of the stopper, and those of a reference 
o 

point located at a distance of 60.0 A, were fixed. At each step, the superstructure was 

subjected to molecular dynamics at a simulated temperature of 500 K and then the ener¬ 

gies of 200 randomly selected co-conformers were minimized. The energies calculated 

for the lowest energy point obtained for each step were plotted (Figure 3-16) against D. 
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Figure 3-14 Syntheses of the [2]rotaxanes 56-58 by slippage under thermodynamic control. 

Figure 3-15 Initial geometries and constraints used for simulating the slippage processes. 
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D (A) 

Figure 3-16 Energy profiles associated with the slippage of the macrocycle 37 over the stoppers 

of 52 and 55. 

This simulation protocol was employed to study the slippage processes associated with 

R equal to H, Me, Et, and i-Pr. In all cases, the resulting energy profiles displayed two 

energy barriers. The first of these is associated with the slippage of one of the polyether 

chains over the R group, while the second one corresponds to the slippage of the other 
polyether chain over one of the two f-Bu groups. When the size of the R group is 

increased, the first energy barrier rises, whereas the second one remains constant. When 

R is equal to either H or Me, the second energy barrier is rate determining. On the other 

hand, when R is equivalent to either Et or /-Pr, the first energy barrier is rate-determin¬ 

ing. However, the energy barrier observed for slippage of the macrocycle over the z'-Pr- 

bearing stopper is more than 20 kcal mol-1 higher than for any of its smaller congeners. 

Figure 3-16 shows the plots of the energy profiles associated with R equal to H and z'-Pr. 

It is interesting to note that the first energy barrier increases significantly and becomes 
rate-determining when R is z'-Pr. 

Aromatic templates, in conjunction with coordinative bonds, have been employed by 

Sanders et al. [42] to self-assemble a [2]catenane incorporating a chiral metallomacro- 

cycle. The 1,5-dioxynaphthalene-based macrocyclic polyether 60 threads onto the ^-elec¬ 

tron-deficient compound 61 in MeCN. Thus, when both compounds and Zn(0S02CF3)2 

are mixed in this solvent, threading of 60 onto 61 is followed by the [2 + 2] assembly of 

a helical metallomacrocycle as a result of the tetrahedral coordination of two Zn2+ cen¬ 

ters by the bipyridine ligands appended to the 7T-electron-deficient recognition sites. The 

resulting [2]catenane 62 was characterized by a combination of ]H-NMR spectroscopy 

and electrospray mass spectrometry. 
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Figure 3-17 Template-directed synthesis of the [2]catenane 62 under thermodynamic control. 

3.6 Dialkylammonium-containing Rotaxanes 

The macrocyclic polyether 64 binds (Figure 3-18) the dialkylammonium salt 63 with 

pseudorotaxane geometry in solution and in the solid state [43]. The formation of the 

complex 63 • 64 is determined by [N+-H • • • O] and [C—H • • • O] hydrogen bonds between 

the hydrogen atoms of the ammonium center and of the two adjacent methylene groups, 

respectively, and the polyether oxygen atoms, as well as by [n- ■ ■ n] stacking between the 
aromatic units of host and guest. By enlarging the size of the host, two, three, and four 

dialkylammonium guests can be complexed inside the macrocyclic cavity. Thus, the 
[3]pseudorotaxane (63)2-37, the [4]pseudorotaxane (63)3 65, and the [5]pseudorotaxane 

(63)4-66 self-assemble [44] spontaneously when the dialkylammonium salt 63 is com¬ 

bined with the corresponding macrocyclic host. 

The threading of a dialkylammonium salt through the cavity of a crown ether was 

exploited [45] to synthesize (Figure 3-19) a [2]rotaxane after the covalent attachment 

under kinetic control of bulky groups at both ends of the guest. Upon mixing the crown 

ether 64 with the dialkylammonium salt 67 in CH2C12, a [2]pseudorotaxane forms spon¬ 

taneously. The azide groups at the termini of its guest component are capable of under¬ 

going cycloadditions under relatively mild conditions. Thus, reaction with di-r-butyl 

acetylenedicarboxylate converts the [2]pseudorotaxane intermediate into the [2]rotaxane 

68 in a yield of 31% as a result of the formation of trisubstituted triazole stoppers. 

This strategy was extended [46] (Figure 3-20) to the template-directed synthesis of a 

[2]rotaxane incorporating a dumbbell-shaped component possessing one ammonium and 
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2PF6- 

Figure 3-18 The [n]pseudorotaxanes 63-64, (63)2-37, (63)3 65, and (63)4 66. 

Figure 3-19 Template-directed synthesis of the [2]rotaxane 68 under kinetic control. 
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Figure 3-20 Template-directed synthesis of the [2]rotaxane 70 under kinetic control. 

one bipyridinium recognition site. Threading of the macrocyclic polyether 64 onto the 

dicationic salt 69, which has one stopper already attached to one of its two ends, occurs 

spontaneously in CHC13 at ambient temperature. Subsequent addition of 3,5-di-f-butyl- 
benzyl bromide, and heating the solution under reflux for four days, afforded the 

[2]rotaxane 70 in a yield of 38%. The ‘H-NMR spectrum of the [2]rotaxane 70 in 

(CD3)2CO at room temperature showed the selective binding of the ammonium recogni¬ 

tion site by the macrocyclic polyether. However, addition of /-Pr2NEt deprotonates the 

ammonium group, “switching off’ its recognition properties. As a result, the macrocyclic 
polyether component moves and occupies the bipyridinium recognition site. The out¬ 

come is the appearance of a red color associated with the charge-transfer interactions 
between the catechol rings and the bipyridinium unit. Addition of CF3C02H regenerates 

the ammonium recognition site, resulting in the disappearance of the red color, since the 

macrocyclic polyether component moves back onto the ammonium recognition site. The 

[2]rotaxane 70 is a remarkable example of a “clean” on/off molecular-sized switch [47] 

which can be operated reversibly by external stimuli. 

The guest component of the supramolecular complex 63-64 (Figure 3-18) incorpo¬ 

rates phenyl rings at its two ends. These groups are small enough to penetrate the macro- 

cyclic cavity of the host but they are not large enough to prevent dethreading. Thus, a 

thermodynamic equilibrium between complexed and uncomplexed species is established 

in solution. By contrast, the dialkylammonium salt 71 incorporates terminal groups 

which are slightly bulkier. Indeed, heating for several days is required [48] (Figure 3-21) 

to permit the threading of the host 62 onto the guest 71. After cooling the solution to 

ambient temperature, the threaded species 72 becomes kinetically stable and can be iso¬ 

lated after chromatography in a yield of >90%. Furthermore, no dissociation of 72 into 
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Figure 3-21 Reversible complexation of the 

salt 71 by the macrocyclic polyether 64. 

its separate components was observed at ambient temperature in a CDC13/CD3CN (3:1) 

solution, even after several weeks. Interestingly, however, when (CD3)2SO is employed 

instead as the solvent, the quantitative dissociation of 72 into 64 and 71 occurs at ambi¬ 
ent temperature in only 18 h, presumably since the intercomponent hydrogen bonds are 

destroyed in this highly solvating medium. 

Figure 3-22 Complexation of the salts 73-76 by 

the macrocyclic polyether 64. 
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A similar approach has been employed (Figure 3-22) by Loeb and Wisner [49] to self- 

assemble [2]pseudorotaxanes composed of l,2-bis(pyridinium)ethane axles and crown 
ether wheels. Indeed, by mixing any of the bis(pyridinium)-based dicationic guests 

73-76 with the macrocyclic polyether 64, pseudorotaxane complexes self-assemble in 
MeCN. Threading of the macrocyclic components onto the dicationic guests was con¬ 

firmed by the X-ray crystallographic analyses of some of these complexes which 

revealed the presence of [C-H---0] hydrogen bonds between the pyridinium hydrogen 
atoms in the a-position with respect to the nitrogen atoms and the polyether oxygen 
atoms. 

3.7 Conclusions 

Mechanically interlocked molecular compounds - namely, catenanes and rotaxanes - 
can now be synthesized efficiently by relying on the assistance of inorganic or organic 

templates. These templates can guide the covalent synthesis of catenanes and rotaxanes 
under either kinetic or thermodynamic control. In the first instance, the irreversible for¬ 

mation of one or more covalent bonds determines the outcome of the overall process, i.e., 

it depends upon the relative stabilities of transition states leading to products. In the sec¬ 

ond case, reversible bonding interactions guide the outcome of the template-directed 
synthesis according to the relative stabilities of the products. When organic templates are 

employed, the formation of intermediate complexes is stabilized by noncovalent bond¬ 
ing interactions. These supramolecular intermediates are converted into mechanically 

interlocked molecules after the formation of either “dynamic” or “static” covalent/coor- 

dinative bonds. In both instances, the template becomes an integral part of the final prod¬ 

uct and cannot be removed without destroying its mechanically interlocked structure. 

When metal templates are used, intermediate complexes are formed as a result of metal 

coordination. Once again, the conversion of such intermediates into mechanically inter¬ 

locked products requires the formation of either “dynamic” or “static” covalent/coordi- 

native bonds. However, in some instances, the metal template can be easily removed 

once the mechanically interlocked structure has been assembled. These efficient tem¬ 

plate-directed syntheses not only offer the opportunity of reproducing the features of 

mechanical interlocking at the molecular level, but they also pave the way for the con¬ 

struction of molecular-level switches, motors, and machines [50]. The reason is that the 

information used to template their formation lives on in the molecules thereafter. 

3.8 Experimental Procedures 

3.8.1 [2]Catenane 4 [13] 

A solution of Cu(MeCN)4BF4 (1.8 mmol) in degassed MeCN (30 mL) was added to a solu¬ 

tion of 1 (3.0 mmol) in degassed DMF (20 mL). The mixture was stirred for 1 h at ambient 
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temperature and under an atmosphere of Ar. The solvent was evaporated under reduced 

pressure to afford 5 quantitatively. A solution of 5 (1.5 mmol) and I[(CH2)0]4(CH2)2l 
(3.3 mmol) in DMF (200 mL) was added dropwise over 20 h to a suspension of Cs2C03 

(9.20 mmol) in DMF (400 mL) maintained at 60°C. Another portion of I[(CF12)0]4(CF[2)2I 

(1.2 mmol) in DMF (50 mL) was added over 20 h and the resulting mixture was stirred for 

a further 24 h at 60 °C. After cooling down to ambient temperature, the solvent was 
removed under reduced pressure and the residue was partitioned between H20 and 

CH2C12. The aqueous layer was extracted with CH2C12 (3 x 100 mL). The organic layers 

were combined, and HBF4 (34%, 100 mL) was added. The mixture was stirred for 12 h 

at ambient temperature. After decantation, the solution was washed with H20 (2 x 100 mL) 

and a large excess of NaBF4, dissolved in the minimum amount of H20, was added. 
After 3 h, the organic layer was washed with H20 (2 x 100 mL) and dried (MgS04). The 

solvent was removed under reduced pressure and the residue was purified by column 

chromatography (Si02, CH2C12) to afford the [2]catenane 4 (42%). 

3.8.2 [2]Catenane 12 [16] 

A solution of diamine 9 (1.3 mmol) and Et3N (0.4 mL) in dry CH2C12 (250 mL) and a 
solution of isophthaloyl chloride 10 (1.8 g) in dry CH2C12 (250 mL) were added simul¬ 

taneously over 4 h to dry CH2C12 (1200 mL) from two separate dropping funnels. The 

mixture was stirred for 12 h at ambient temperature. The solvent was evaporated under 
reduced pressure and the residue was purified by column chromatography (Si02, CHC13). 

After crystallization from CHC13-pentane, the [2]catenane 12 (34%) was obtained. 

3.8.3 [2]Catenane 43 [31] 

A solution of the macrocyclic polyether 37 (0.18 mmol), the salt 41 (0.07 mmol), and the 
dibromide 42 (0.07 mmol) in dry MeCN (3 mL) was stirred for 14 days at ambient tem¬ 

perature. The solvent was removed under reduced pressure and the resulting solid resi¬ 

due was purified by column chromatography [Si02, MeOH-2M NH4Cl-MeN02 
(7:2:1)] to afford a red solid which was dissolved in H20 (60 mL). After the addition of 

a saturated aqueous solution of NFI4PF6, the [2]catenane 43 (70%) precipitated out of 
solution. 

3.8.4 [2]Rotaxane 51 [38] 

A solution of the macrocyclic polyether 37 (0.22 mmol), the salt 41 (0.20 mmol), and the 

chloride 50 (0.43 mmol) in dry DMF (8 mL) was subjected to a pressure of 12 kbar for 

two days at 30 °C. The solvent was evaporated under reduced pressure, and the residue 

was purified by column chromatography [Si02, Me0H-CH2Cl2-CH3N02-2M NH4C1 

(70:16:9:5)] to give a red solid which was dissolved in H20 (60 mL). After the addi- 
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tion of a saturated aqueous solution of NH4PF6, the [2]rotaxane 51 (18%) precipitated 
out of solution. 

3.8.5 [2]Rotaxane 56 [38] 

A solution of the macrocyclic polyether 37 (0.28 mmol) and the salt 52 (0.07 mmol) in 
MeCN (7 mL) was stirred for 10 days at 50 °C. The solvent was evaporated under 

reduced pressure, and the residue was purified by column chromatography [Si02, 

MeOH- MeN02-CH2Cl2 (6:1:1)] to give 56 (52%). 

3.8.6 [2]Rotaxane 68 [45] 

A solution of the macrocyclic polyether 64 (0.662 mmol), the salt 67 (0.221 mmol), and 
di-r-butyl acetylenedicarboxylate (186 pmol) in CH2C12 (10 mL) was heated under 

reflux for nine days. After cooling to ambient temperature, the solvent was removed 

under reduced pressure and the residue was purified by column chromatography [Si02, 

CH2Cl2-MeOH (from 100:0 to 90:10)] to afford the [2]rotaxane 68 (31%). 
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4 Templated Synthesis of Carceplexes, 
Hemicarceplexes, and Capsules 

Darren Makeiff, John C. Sherman 

4.1 Introduction 

The role of templating has been found in a myriad of chemical processes and is especial¬ 

ly important in biological systems. The most remarkable example, perhaps, is DNA rep¬ 
lication, where a single strand of DNA templates the formation of a complementary 

strand through the assembly of nucleotide bases. Outside biological systems, templates 

play integral roles in the formation of crown ethers [1], catenanes and rotaxanes [2, 3] 

(Chapter 3), molecularly imprinted polymers [4] (Chapter 2), zeolites [5], polypor¬ 
phyrins [6] (Chapter 1), and other large-ring systems [7], Thus, the role of templating is 

invaluable to the field of supramolecular chemistry [lb, 8], where chemical synthesis of 

complex structures is not limited by classical approaches that strictly involve covalent 

bond formation. Templates aid the efficient assembly of multiple components into a par¬ 
ticular geometry through the use of non-covalent interactions such as hydrogen bonding, 

^■-stacking, and van der Waals attractions. The word template has been described by 

Busch as a chemical entity that “organizes an assembly of atoms, with respect to one or 

more geometric loci, in order to achieve a particular linking of the atoms” [9]. In this 
chapter, we discuss recent research that fits this definition nicely, and focuses on the use 

of templating in the synthesis of the host-guest systems known as carceplexes [10], 

hemicarceplexes [10], and molecular capsules [11]. 

Donald J. Cram created the field of carceplexes and hemicarceplexes [10]. Carceplex¬ 
es are defined as globe-shaped molecules that permanently entrap smaller guest mole¬ 

cules within their confines [10], Consequently, the incarcerated guest cannot escape 

without breaking covalent bonds [10], Hemicarceplexes are closely related to carceplex¬ 

es as both can contain molecules within their interiors. However, hemicarceplexes con¬ 

tain portals through which the entrapped guest can exit, given the appropriate conditions 

[10]. Carcerands and hemicarcerands are analogous to the above, consisting of the cor¬ 

responding host shell containing no entrapped guest [10]. Capsules are reversible assem¬ 

blies formed in solution consisting of closed-off spheroid cavities capable of encapsu¬ 

lating guests while excluding the solvent. The presence of a suitable template appears to 

be required for the formation of carceplexes, and sometimes for the formation of hemi¬ 

carceplexes and molecular capsules. 
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4.2 Carceplexes 

4.2.1 The First Soluble Carceplex 

Cram reported the preparation of the first soluble carceplex, carceplex 2 • guest, from the 

shell closure reaction between two bowl-shaped tetrol molecules la, base, and four 
molecules of bromochloromethane under conditions of high dilution in dipolar, aprotic 

solvents (Scheme 4-1) [12, 13]. 

k2co3 

BrCH2CI 

Guest 

a, R- R'- CH2CH2C6H5 2a«guest 

b, R= R'= CH3 2b»guest 

c, R= CH2CH2C6H5, R'= CH3 2c*guest 

Scheme 4-1 Synthesis of the first soluble carceplex 2- guest. 

Product yields as high as 87% have been achieved for formation of carceplex 2 a • guest 

[14], These yields are remarkably high for a reaction that joins seven molecules and 

makes eight new covalent bonds. Regarding templating, no carceplex or carcerand prod¬ 

ucts were observed in the reaction mixture when it was conducted using the solvent N- 

formylpiperidine (NFP), a molecule too big for the interior of carcerand 2a [13], How¬ 

ever, when the reaction was repeated doping the NFP solvent with 5% A,./V-dimethylacet- 

amide (DMA), carceplex 2a DMA was obtained in 10% yield, which suggests that the 

formation of carceplex 2a-guest requires a template such as DMA [13]. 

4.2.1.1 Template ratios in the formation of an acetal-bridged carceplex 

Further investigation in our laboratories led to the discovery of a one million-fold range 

in selectivity for various small molecules found to be suitable guests (Table 4-1) [14]. 

Template ratios were calculated from direct competition experiments between pairs of 

guests through measurement of the carceplex product ratios obtained from integration of 

bound guest 'H-NMR signals in the product mixtures. Just as product ratios reflect rela¬ 

tive rates of rate-determining steps in irreversible reactions, template ratios reflect the 
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Table 4-1 Template ratios for the formation of acetal-bridged carceplex 2 • guest 

Guest Template ratio Guest Template ratio 

Pyrazine 1000000 Thiophene 5 800 
Methyl acetate 470000 1,3-Dithiolane 4400 
1,4-Dioxane 290000 (±) 2-Butanol 2 800 
Dimethyl sulfide 180000 Benzene 2400 
Ethyl methyl sulfide 130000 2-Propanol 1 500 
Dimethyl carbonate 73 000 Pyrrole 1 000 
DMSO 70000 Tetrahydrothiophene 410 
1,3-Dioxolane 38000 1,3-Dioxane 200 
2-Butanone 37 000 Acetamide 160 
Pyridine 34000 Trioxane 100 
Dimethyl sulfone 19000 Acetonitrile 73 
1,4-Thioxane 14000 Ethanol 61 
2,3-Dihydrofuran 13 000 Ethyl acetate 45 
Furan 12000 Diethyl ether 21 
Tetrahydrofuran 12000 DMA 20 
Pyridazine 8 600 DMF 7 
Acetone 6700 NMP 1 

relative rates of the guest-determining step (GDS) for each of the suitable templates. The 

GDS refers to the step occurring along the reaction pathway during which the guest 

becomes permanently entrapped within the forming host [14]. Therefore, the template 
effect observed is kinetic in origin. Unlike most template effects, the carceplex product 

is “tagged” with the template, and therefore large template ratios can be measured with 

good precision without the need for the determination of the rate of reaction. Yields are 

often compared in template studies, but these do not provide quantitative measurement 

of template ratios, and the range in template effects measured by yields is small. 

Table 4-1 shows that pyrazine is the best template and is a million times better than the 

poorest measurable template, A-methyl-2-pyrrolidinone (NMP) [14], Also, considering 

the series of suitable guest molecules, the selectivity is unusually high, where small per¬ 

turbations in guest structure can lead to large differences in templating abilities [14]. For 

example, methyl acetate is 10 000 times better than ethyl acetate [ 14]. A similar template 

effect has also been observed in the formation of carceplex 2c-guest [15]. 

4.2.1.2 Formation of a charged hydrogen bonded complex 

Further investigation into the driving forces responsible for the formation of carceplex 

2b-guest led to the discovery of a complex (3b-guest. Scheme 4-2) that forms in solu¬ 

tion from two tetrol molecules (lb) in the presence of base, where a guest is reversibly 

encapsulated between two tetrol bowls, held together by four charged hydrogen bonds 

(CHBs) [16]. Measurement of relative stabilities of complexes formed with selected 

guests from the series in Table 4-1 showed that complex 3b-guest expresses the same 

guest selectivity as carceplex 2a-guest. Thus, complex 3b-guest serves as a good tran- 
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sition-state model for the GDS in the formation of carceplex 2-guest [16]. Although 

complex 3b-guest is not at all a carceplex (it binds reversibly), it is a highly relevant 

model for the formation of carceplex 2a-guest. Thus, discussion of 3b -guest is present¬ 

ed here, rather than in Section 4.4, which deals with this type of tilled hydrogen bonded 

capsule. 

Scheme 4-2 Formation of hydrogen bonded complex 3- guest. 

Striking similarities are manifested in the ‘H NMR spectra of 2a-c-pyrazine [14, 15] 

and 3b-pyrazine [16, 17], and X-ray crystal structures of carceplex 2a-pyrazine [15] 

and complex 3b-pyrazine [17]. These similarities, along with the guest selectivities 

observed for each, indicate that the same interactions are at play in driving the thermo¬ 

dynamic formation of 3-guest and the kinetic formation of 2-guest [17]. Favorable inter¬ 

actions include CHBs between the bowls, favorable van der Waals contacts, CH---7T 

interactions, CH- • - X (X = 0) hydrogen bonding, conjugation of O-H •• - CT and OCH20 

bonds to their respective aromatic rings, and K---K interactions [12-17]. The general 

trend observed experimentally was reproduced by theoretical analyses [18]. 

4.2.1.3 Mechanism of formation for an acetal-bridged carceplex 

To delineate further the forces at play in forming carceplex 2a-guest, the isolation of 

reaction intermediates [ 14b,19], as well as the effects of base and solvent [14b], were 

probed, and the following conclusions were made. The first step in the formation of car¬ 

ceplex 2-guest is the reversible formation of complex 3-guest [14b|. Installation of the 

first acetal bridge to form a monobridged intermediate then occurs, with guests still in 

rapid exchange [ 14b]. The GDS follows during the formation of a second bridge at any 

position to form doubly bridged intermediates, where guest exchange ceases under the 

reaction conditions [14b]. The ability of a particular guest to align the phenoxides of 
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each hemisphere of the mono-bridged intermediate ultimately determines the rate at 
which the second bridge is installed [14b]. Hence, the most stable complexes (i.e., those 

containing the best template molecule) form the second bridge the fastest, thereby 
ensnaring more of the preferred guest under the given reaction conditions. The relative 

rates of the GDSs are largely dictated by ground-state effects, where the more stable 
complexes are formed in higher concentration. In other words, the rate constants for 

forming the second bridge are likely to be very similar for the 34 guests studied. Instal¬ 

lations of the third and fourth bridges then ensue, providing the completed carceplex 

product [14b], (Incidentally, the formation of the fourth bridge is the rate-determining 
step, but not the GDS.) 

4.2.2 Large Carceplexes from Cyclic Arrays of Cavitands 

Knowledge gleaned in understanding the driving forces for formation of carceplex 

2 a • guest has benefited our research group in the desire to construct molecular hosts with 

larger cavities, or with multiple cavities. We have reported the synthesis of cyclic trimer 
5 and tetramer 6 through reaction of A,C-bisbenzyl ether 4 with base and BrCH2Cl link¬ 

er (Scheme 4-3) in dimethylformamide (DMF) to render 5% and 15% yields of each, 

Base (2.5 eq) 
C6H5CH2Br 

acetone 

R= 0CH9CrH, 

Trimer 5 (5%) 

H2/ cat. H2/ cat. 

Scheme 4-3 Synthesis of cyclic trimeric and tetrameric assemblies from A,C bisbenzyl ether 4. 
The four OH-groups in the cavitand are labelled A, B, C, D. 
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respectively [20]. The free hydroxyl groups of trimer 7 and tetramer 8 were obtained by 

hydrogenolysis [20], Cyclic trimer 7 possesses a fairly large cavity for a synthetic host, 

and is conformationally very rigid. Whereas cyclic tetramer 8 has an even larger interi¬ 

or, its structure is far more flexible at room temperature. Sealing the upper and lower 

rims of these assemblies with suitable capping molecules could potentially lead to the 

formation of carceplexes with cavities larger than any known at present! 

4.2.2.1 Synthesis of a trimer carceplex containing three DMF molecules 

A cap molecule of suitable size and symmetry could effectively close off the interior of 

trimer 7 to create a very large molecular container. Such a feat has recently been accom¬ 

plished in our laboratories, where trimer carceplex 9-3 DMF was synthesized in 37% 
yield, by reaction of trimer 7 with 2,4,6-tris(bromomethyl)mesitylene under basic condi¬ 

tions (Scheme 4-4) [21]. No empty trimer carcerand has yet been isolated, which implies 

that a template (or templates) is required for formation. Can a large single template mole¬ 

cule form trimer carceplex 9 guest? We are currently investigating this possibility. Such 
an investigation begs the question: when does a template effect become a solvent effect? 

Scheme 4-4 Synthesis of trimer carceplex 9 ■ 3 DMF. 

4.2.2.2 Synthesis of a bis(carceplex) 

As in the case for cyclic trimer 7, capping of the upper and lower rims of cyclic tetramer 

8 with an appropriate cap molecule could potentially render a carceplex with an unprec¬ 

edentedly huge cavity. However, due to its flexible structure, tetramer 8 can fold in upon 

itself, forming a carceplex with two separate chambers (Scheme 4-5). Subjecting tetram¬ 

er 8 to optimal carceplex-forming conditions found for 2-pyrazine effectively gave the 

bis(carceplex) 10-2 pyrazines in 74% yield [20]. MM2 calculations performed on 10-2 

pyrazine suggest that the two neighboring capsules are twisted 90° with respect to each 

other [20]. The conformation of these two capsules and the relative positions of each 

guest inside could possibly lead to some kind of intercapsular communication process, 

which could be important in the development of molecular switching devices [20], 
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8 

Scheme 4-5 Synthesis of bis-carceplex 10 • 2 pyrazines. 

4.2.3 Benzylthia-bridged Carceplex 

Carceplexes have also been synthesized using templates from cavitands with functional¬ 

ities other than phenols. Cram synthesized benzylthia-bridged carceplex 13-guest 
through the shell-closure reaction between tetrafbenzyl chloride) cavitand 11 and tetra- 

benzylthiol cavitand 12 in the solvents 2-butanone, 3-pentanone, ethanol/benzene (1:2), 

dimethylformamide (DMF), methanol/benzene (2:1), and acetonitrile/benzene (2:1), 

yielding carceplexes 13• 2-butanone, 13-3-pentanone, 13-ethanol, 13-DMF, 13-2 meth¬ 
anol, and 13-2 MeCN respectively (Scheme 4-6) [22], Technically, 13-2 MeCN is a 

hemicarceplex, as one acetonitrile molecule was found to escape the interior of the host 

via a “billiard-ball” effect, leaving 13-MeCN when heated in toluene [22], The forma- 

11 

M2C03 

Guest 
Solvent 

+ M= K, Cs, Rb 

R= CH2CH2C6H5, 

(CH2)4CH3 

12 

Scheme 4-6 Synthesis of benzylthia-bridged carceplex 13 • guest. 



112 4 Templated Synthesis of Carceplexes, Hemicarceplexes, and Capsules 

tion of carceplex 13 • guest was found to be a templated process, as indicated by the 

absence of any empty carcerand (13) in any of the product mixtures [22], Moreover, 

when the reaction was conducted in an apolar solvent such as benzene, in the absence of 

any other potential guests, no carceplex 13 - guest was found to form [22], However, 

when benzene was used as a co-solvent to help dissolve cavitands 11 and 12 in the polar 

solvents ethanol, methanol, or acetonitrile, only carceplex 13 • guest containing a polar 

solvent molecule as guest was isolated. 
Preliminary experiments in our laboratories suggest that carceplex 13 - guest forms 

selectively in the presence of more than one suitable guest [23]. The range in selectivity 

observed was calculated to span two million-fold. 

4.2.4 Calix[4]arene-Cavitand Hybrid Carceplexes 

All carceplexes mentioned so far have used only cavitand building blocks as their precur¬ 

sors. In fact, there are very few examples in the literature of carceplexes that significant¬ 

ly deviate from the two cavitand topology of 2 • guest or 13 • guest. Two examples already 

mentioned are 9-3 DMF and 10-2 pyrazine. Reinhoudt and co-workers have prepared 

asymmetric carceplexes composed of both calixarenes and cavitands [24], The synthesis 
of 15 • guest involved intramolecular cyclization of endo-coupled compound 14, where 

the t-butyldimethylsilyl (TBDMS) groups are removed in situ with CsF, followed by dis¬ 

placement of the chlorides with the phenoxides of the resorcinarene (Scheme 4-7) [24], 

Amide and sulfoxide guests/templates were incarcerated by solvent inclusion, while oth¬ 

er potential guests incapable of acting as the solvent were encapsulated through doped 
inclusion [25], Suitable guests/templates reported are DMF, DMA, NMP, 1,5-dimethyl- 

2- pyrrolidinone, dimethyl sulfoscide (DMSO), ethyl methyl sulfoxide, thiolane-1-oxide, 

3- sulfolene, and 2-butanone [25]. The relative templating abilities of several guests were 

Scheme 4-7 Reinhoudt’s calix[4]arene/resorc[4]arene carceplex 15 • guest. 
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investigated through competition reactions by adding 5 vol% of each competing guest to 

the reaction in l,5-dimethyl-2-pyrrolidinone solvent [25]. The results are displayed in 
Table 4-2, where DMA is the best template for the synthesis of carceplex 15-guest. The 

relative templating abilities of these guests were described as comparable to the associa¬ 
tion strengths between the calix[4]- and resorcin[4]arene cavity of the host and the guest 

[25], DMA is a superior template as it provides the best solvation of the transition state 
during shell closure. Stabilization of this transition state, thus promoting formation of the 

resulting product, is believed to arise partly from hydrogen bonding between the NH pro¬ 

tons of the host and the incarcerated guests [25]. Slow association between the host and 
guests that are poorer templates would lead to the formation of intermolecularly coupled 

products, and/or decomposition of the chloroacetamido groups of precursor 14 [25]. 
Carceplexes were not formed using the potential guest molecules A/A-dimethylthio- 

formamide, A,A^-dimethylthioacetamide, A/A-dimethylmethanesulfonamide, cyclopen- 
tanone, A-ethyl-A'-methylacetamide, and biacetal [25], Attempts at including six-mem- 
bered ring molecules, and the best template in the formation of 2-guest, pyrazine, failed 
as well [25]. 

Reinhoudt’s preparation of diastereomeric complexes 15-guest, each differing in the 
orientation of the contained guest, provided means for the discovery of a new form of 

stereoisomerism, carceroisomerism [26]. Application of these novel host-guest struc¬ 

tures as molecular switches has been suggested [25, 26], 

Table 4-2 Template ratios and yields for the formation of Reinhoudt’s carceplex 15 • guest 

Guest Templating ability2 Yield (%)b 

DMA 100 27 
DMSO 63 16c 
DMF 27 13c 
2-Butanone 27 16 

a DMA is set at 100. b Isolated carceplex when only one guest is used during doped inclusion. c Yield 
of deuterated guests. 

4.2.5 Metal-bridged Carceplexes 

Carceplexes traditionally consist of neutral organic molecules imprisoned by the cova¬ 

lently-linked, neutral host carcerands. Dalcanale and co-workers at the University of 

Parma have expanded the scope of carceplexes by characterizing carceplex 17-guest, 

synthesized through the metal-induced self-assembly of two molecules of tetracyanocav- 

itand 16 connected with four Pd11 or Pt11 square-planar linkages, where the incarcerated 

guest is a triflate anion, CF3SO3 (Scheme 4-8) [27], 

The structure of 17-guest was confirmed through extensive characterization involving 

NMR (1H, l3C, 31P, 19F) and FT-IR spectroscopies, electrospray-MS, and vapor-phase 

osmometry [27]. Carceplex 17b-guest was also discovered to disassemble by ligand 
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exchange upon addition of eight equivalents of triethylamine to give two molecules of 

precursor bowl 16 and four PtL(NEt3)2(OTf)2 (L= l,3-bis(diphenylphosphino)propane) 

[21]. Subsequently, 17 -guest reforms upon addition of eight equivalents of triflic acid 

(CF3SO3H) [27]. Ligand exchange controls the reversible cage formation [27], As no 

empty cage 17 was ever observed as a product, CF3SO3 is required as a template [27]. 

17»guest 

Scheme 4-8 Dalcanale’s metal-bridged cage complex 17-guest. L= l,3-bis(diphenylphosphi- 

no)propane. 

4.3 Hemicarceplexes 

Closely related to carceplexes are hemicarceplexes, for which some template studies 

have been undertaken. A wide range of hemicarceplexes have been synthesized to date, 

most of which involve the linkage of two cavitands, where a wide variety of differently 

sized spacers have been incorporated. Thus, fairly large-ring portals have been created in 

the hemicarceplex skin, which allow entrapped guest molecules to escape into the exter¬ 

nal medium. 

4.3.1 Template Effects in the Formation of a Trismethylene-Bridged 
Hemicarceplex 

Template effects in the formation of hemicarceplex 19 • guest (Scheme 4-9) have been 

investigated [28]. Very similar in structure to carceplex 2 • guest, tris-bridged 19 • guest is 

formed by reaction of two triol bowls (8) with three molecules of bromochloromethane. 

Notice that the shell of hemicarcerand 19 has a single modest-sized hole, through which, 

with sufficient time and heat, the trapped guest can escape. High yields of 19 • guest were 

obtained using templates such as pyrazine, 1,4-dioxane, DMSO, THF, acetone, pyrrole, 

1,3,5-trioxane, DMA, and NMP [28]. The yields were found to surpass theoretical yields 
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expected from statistical analyses [28, 29]. The template ratios determined for these 

guests in hemicarceplex 19 mirrored those for carceplex 2-guest [28]. Also, a complex 
similar to 3 • guest (34 • guest, Figure 4-4) has been discovered to form, where two triol 

bowls (18) are prealigned about a guest so that the maximum number of inter-bowl 

hydrogen bonds (three) form [28], Non-covalent interactions between the forming host 
and suitable templates promote the most stable alignment of the triol bowl precursors, 

and thus the templates facilitate the formation of hemicarceplex 19 • guest [28], 

R= CH2CH2C6H5 

18 

Scheme 4-9 Synthesis of tris(acetal)-bridged hemicarceplex 19 • guest. 

4.3.2 Hemicarceplexes Containing Four Slotted Portals 

Using the same shell-closure approach as for the synthesis of carceplex 2 • guest, a large 

number of hemicarceplexes with differently sized portals have been formed [10, 30]. 

Few template studies exist on these hemicarceplexes, as most have been prepared by 

Cram to investigate complexation/decomplexation behaviors and novel reactivity of the 

entrapped species [30]. Our research group is currently probing the template effect in the 

formation of hemicarceplex 20a • guest. Preliminary results feature p-xylene as the best 

template, which is over three thousand times better than the poorest measurable tem¬ 

plate, (V-formylpiperidine [31]. Template effects have also been observed in separate 

shell-closure reactions forming 20b-guest and 20c-guest (Figure 4-1). Yields of 20b 

guest and 20c - guest were increased from 20 and 18% to 51 and 27%, respectively, upon 

addition of 1,2-dimethoxybenzene to the reactants [30g]. This is the first of two report¬ 

ed examples where the formation of a hemicarceplex is templated, but the product is not 

“tagged” with the template, as it escapes after the host is formed. 

Some intriguing results involving template effects in the formation of m-xylyl-bridged 

hemicarceplexes (Figure 4-2) have been observed [32], The robustness of 21-guest 

prompted Cram and co-workers to investigate how binding ability is changed upon alter¬ 

ing the cavity size of the host. This was accomplished through various shell-closure reac- 
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G. 
I ' H 
R 

20a»guest, x= 4, 
20b*guest, x= 5, 
20c*guest, x= 6 

R= CH2CH2C6H '2u6n5 

R R R 

Figure 4-1 Tris-bridged hemicarcerand 20. 

tions using cavitands that differ in their interhemispheric “spanners”: methylene 

(27a, b), ethylene (28a, b), and propylene (29a, b) (Figure 4-3) were explored [32]. 

Hemicarceplexes having like (21-23) and unlike (24-26) northern and southern hemi¬ 
spheres were prepared by two different strategies, each revealing striking differences in 

yields [32]. These methods were analogous to the methods used to form carceplex 2- 

guest (“2 + 4” addition of two tetrol bowls and four linker molecules), and carceplex 13 

• guest (“1 + 1” addition of one tetrol with one tetrachloride bowl). 

Applying the “2 + 4” conditions, 21 • NMP was synthesized in 50% yield from tetrol 
27 a and linker in NMP [32]. In contrast, the “1 + 1” conditions produced only a 2.2% 

yield of 21-NMP from tetrol 27a plus tetrachloride 27b [32], These results suggest 

that NMP acts as a template, enabling two tetrol bowls to preassociate to form complex 

3-NMP (R = R'=C5Hn). In the first reaction, NMP can be considered as a “positive” 

template, as the two preorganized tetrols react with the linker to form bridges leading to 

the desired product in high yield. However, NMP can be considered a “negative” tem¬ 

plate in the second reaction since the formation of the desired product is inhibited as the 

effective concentration of free tetrol 27 a available for reaction with the tetrachloride 

bowl 27 b is reduced in forming a dimer of 27 a. In addition, installation of the first 

bridge would lead to a poorly aligned intermediate that would be unable to form inter- 

cavitand hydrogen bonds, and thus it would be poised for oligomerization/polymeriza¬ 

tion. NMP was also found to act as a “negative” template for the syntheses of hemicar¬ 

ceplexes 24 • guest and 25 • guest. Reaction of 28 a and 27 b gave a much higher product 

yield of 24 • guest (21%), than the corresponding reverse reaction involving 27 a and 28 b 

(2%) [32], Similarly, 25-guest is formed in 1.8% yield from 29a and 27b, and ~0% 

from 27a and 29b [32]. These results are consistent with 27a promoting a complex 

3-NMP whereas 28 a and 29a are precluded from such. As no complex akin to 3 • guest 

forms, the tetrols are available for the “1 + 1” reaction, but are not preorganized to facil¬ 

itate the “2 + 4” reaction. Lack of complex formation for 28a and 29a also explains the 

differences in the yields of 22 • guest and 23 • guest, between reactions involving tetrol 

bowl plus tetrachloride bowl (43% and 6%, respectively) and those involving tetrol bowl 
plus linker (8% and 0%, respectively). 
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Figure 4-2 Schematic representations of various ra-xylyl-bridged hemicarceplexes with identi¬ 

cal and different polar hemispheres. 
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Figure 4-3 Cavitand building blocks used in the synthesis of hemicarceplexes 21-26. 

Template effects appear to be absent in three out of four of these reactions. However, 

addition of 29a to 29b only gives the product 23 • guest when 1,2,3-trimethoxybenzene 

is present in the reaction at 5% (w/w) of the solvent [32]. It was suggested that 1,2,3-tri¬ 
methoxybenzene templates the formation 23 • guest, which escapes during the work-up, 

as only the free host 23 was isolated [32]. This is the second example where such a tem¬ 

plate/escape process occurs in the formation of hemicarceplexes (vide infra). Support for 

this notion is gleaned from the isolation of 25 • 1,2,3-trimethoxybenzene from the reaction 

of 29a and 27 b. 25 • guest did not form in the absence of 1,2,3-trimethoxybenzene [32], 

4.4 Capsules 

Rebek has defined self-assembling capsules as “receptors with enclosed cavities, formed 

by the reversible noncovalent interaction of two or more, not necessarily identical, sub¬ 

units’^ 11]. Consequently, the resulting capsule has a well-defined structure in solution, 

and shows binding capabilities that are absent for the individual components alone [11]. 

Examples provided in this section are restricted to capsules that form only in the pres¬ 

ence of a template. As a result, unique sets of spectroscopic data are acquired for solutions 

of both the individual subunits in the presence and absence of the required templates. 

4.4.1 Capsules Composed of Cavitands Linked via Covalent Bonds 
or Charged Hydrogen Bonds 

Referring back to Section 4.2.2.2, we saw that two tetrol bowls (1) can wrap themselves 

around a suitable template in the presence of base to form complex 3 • guest. The relative 

stabilities of complexes formed with several guests were found to mirror the template 



4.4 Capsules 119 

effect observed in the formation of carceplex 2 • guest. Further investigation into the sig¬ 

nificance of complex 3 • guest in the mechanism of carceplex formation has also led to 

the discovery of eight new complexes, 30-37 • guest, all of which reversibly encapsulate 

small molecules within their cavities (Figure 4-4), and all of which manifest similar 
guest selectivity to 3 • guest [19], Thus, each of these complexes, along with complex 3 • 
guest, are valid transition state models for the formation of carceplex 2 • guest. Note that 
30- guest, 34 • guest, and 36 • guest do not have CHBs (for definition, see section 4.2.1.2); 

thus these complexes are neutral. Moreover, 30, 34, and 36 do not require a template for 

their formation, whereas 31, 32, 33, 35, and 37 do. Enthalpy-entropy compensation 
appears to be at play in the formation of capsules 3 • guest and 30-37 ■ guest; exchange 

rates were calculated to range from microseconds to days, depending strongly on tem¬ 

perature, host, solvent, and guest [19]. 

Figure 4-4 Schematic representations of various self-assembling reversible capsules derived 

from cavitand precursors. 

4.4.2 Rebek’s “Tennis Balls”, “Softballs”, and “Wiffle Balls” 

Rebek and co-workers have successfully prepared many fascinating self-assembling 

capsules. These systems are all related, as they involve the oligomerization of two or 
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more concave monomeric subunits [11]. Many of these subunits incorporate glycoluril 

functionalities at each terminus of the molecule, and contain hydrogen bond donor and 
acceptor groups, which are separated by a rigid spacer. These concave subunits are self- 

complementary and can dimerize to form hollow structures seamed together by numer¬ 

ous hydrogen bonds. In the process, cavities large enough for small molecules are creat¬ 

ed. The first report in the literature of one of these hydrogen bonded dimers, was Rebek’s 

“tennis ball” 38 ■ 38 (Figure 4-5), which forms in solvents that do not compete for hydro¬ 
gen bonds [33]. Apparently, the “tennis ball” does not require a template for its forma¬ 

tion, as the empty dimer has been observed by 1 H-NMR [33]. However, the mystery of 

whether or not the cavity of this species is truly empty, or contains dissolved gases, is 

still unanswered [33, 34]. 

38*38 
Figure 4-5 Rebek’s “tennis ball”. 

Modified versions of Rebek’s “tennis ball” have been prepared by extending the struc¬ 

ture of the spacer between the two glycoluril termini in the monomeric subunit [35]. Fig¬ 

ure 4-6 shows the various monomeric subunits (39-41) that Rebek and coworkers have 

used to form dimeric hydrogen-bonded capsules: 39 • guest • 39,40 • guest • 40, and 41 • guest 

• 41. These spherically shaped, dimeric capsules are typically identified by the character¬ 
istic concentration independent downfield-shifted resonances assigned to the urea N-H 

protons in the 'H-NMR spectra. In addition host-guest signal integrations are in accord 

with 2:1 complexes being formed. Monomers 39 a and 39 b are both insoluble in NMR 

solvents such CHC13 and p-xylene-<i/0, where they form gel-like phases of low-order 

hydrogen-bonded aggregates.[35] Compound 39 rapidly dissolves upon addition of var¬ 

ious adamantyl and ferrocene derivatives to form reversible capsules 39 • guest ■ 39, 
which can dissociate and recombine slowly on the 'H-NMR timescale [35], Typical !H- 

NMR spectra also show upfield signals for encapsulated guests as well as signals for 

excess free guest [35], Hence, binding affinities have been quantified through measure¬ 

ment of equilibrium association constants for 1,3,5,7-tetramethyladamantane (6.7), 1- 

adamantaneamine (190), 1-adamantanecarboxamide (310), 1,3-adamantanedicarboxylic 

acid, and 1-ferrocene-carboxylic acid (280) [35]. (Note that the values in parentheses are 

denoted as apparent association constants, /Q(app) (in M_l), because of the unknown 

aggregation state of the “monomer”.) These guests template the formation of dimeric 

capsules 39a • guest • 39a and 39b ■ guest • 39b. 
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a R = R = C H , X= H 

b R = R = CO -i-C5 H , X= H 

cR = R = 4-n-heptylphenyl, X= OH 

d R = CO C H , R = p-C H OC H 
1 2 5 1 1 2 6 4 6 1 3 

39»guest*39 
40»guest«40 
41»guest*41 

Figure 4-6 Rebek’s dimeric “softball” and “wiffle-ball” capsules. 

Incorporating four additional hydroxyl groups in the aryl spacer gives a new monomer 

(39c), with improved solubility in common NMR solvents [36]. “Softball” 39c-guest- 

39c is tied together by up to 16 hydrogen bonds, twice the number in 39a-guest-39a 
and 39b • guest • 39b [36], These additional hydrogen bonds are derived from participa¬ 

tion by the hydroxyl groups, whose proton signals are shifted downfield in the 'H-NMR 

spectra [36], Equilibrium association constants were determined for the formation of 2 :1 

host: guest complexes with adamantane (440), 1-adamantanecarboxamide (2 800), 1-fer- 

rocenemethanol (3 800), 1-adamantanecarboxylic acid (5600), 1-ferrocenecarboxylic 

acid (17 000), and 1-adamantanemethanol (27 000) as guests [36]. 

Guests that are able to form a maximum number of favorable van der Waals interac¬ 

tions with the interior of “softball” dimers form the most stable complexes [35, 36). 

Stabilities of these dimeric complexes also improve when the encapsulated guest pos¬ 

sesses functionalities capable of participating in hydrogen bonding with the seam of the 

host [35, 36], Enthalpies and entropies of capsule formation were determined in CDC13, 

p-xy\ene-di0, and benzene-d6 solvents [36, 37], Formation of capsules 39a ■ guest - 39a, 
39b guest 39b, and 39c • guest • 39c is entropically driven, and is accompanied by a 

more modest gain in enthalpy [36, 37], This is consistent with the displacement of two 

solvent molecules by a single guest from the interior of these “softball” capsules [36, 37]. 

As corroboration, three unique capsules have been observed to form when monomers 

39a-c are equilibrated in an equimolar solution of benzene-<i6 and fluorobenzene-<i5 [36, 

37]. Dimers containing two benzenes, two fluorobenzenes, and one of each guest were 

identified [36, 37], This ability to bind multiple guests in a single cavity has been exploit¬ 

ed recently by Rebek and co-workers in the acceleration of Diels-Alder reactions with¬ 

in “softball” dimers [38]. 
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The structural diversity of “softball” capsules has also been analyzed by replacing the 

aryl spacer in the monomer with isomeric ethylene groups (shown in Figure 4-6) to form 
the congeners 40 • guest • 40 and 41 • guest • 41, referred to as “wiffle” balls [39]. Various 

molecules were encapsulated in 40-guest-40, but no template effects were reported 

[39] . Out of the five solvents tested (CD2C12, CDC13, C6D6, toluene-^, and p-xylene- 
d10), heterodimer 40 • guest ■ 41 was only observed to form in benzene-<i6, which could 

implicate benzene as a template for 40 • guest • 41 [39]. 

Chiral “softballs” have also been reported from symmetric (39 a and 39 b) and asym¬ 

metric (39 d) monomers, when optically active camphor derivatives were encapsulated 
[40] , For example, dimerization of 39 a in the presence of camphanic acid in p-xylene- 

d]0 gave two sets of host resonances in the ’H-NMR spectra [40]. Doubling of these sig¬ 

nals is a result of the formation of two isomeric “softball” dimers in which the guest lies 

in two different orientations [40], Reorientation of the guest within the intact capsule is 

energetically unfavorable and can only occur through a stepwise process involving dis¬ 
sociation, then rotation of the guest, followed by recombination [40]. Therefore, chiral¬ 

ity is induced from within the capsule [40]. Chirality can also be introduced from 

an asymmetric surface (39 d) provided by the host in binding camphor as in “softball” 

39d-39d [40]. This is evident in the doubling observed of the guest resonances in the 
^-NMR spectrum [40]. 

4.4.2.1 Template effects of solvent in the synthesis of “softball” dimers 

Softball derivatives have been prepared by coupling tetraester 42 with two equivalents of 

diamine hydrochloride 43 (Scheme 4-10) in a variety of solvents in the presence of Et3N 
[41, 42]. Product mixtures were found to contain three stereoisomers: C-shaped 44, 
S-shaped 45, and W-shaped 46 [42], C-shaped isomer formed in higher yields in aromat¬ 

ic solvents such as benzene-d6, toluene-^, and p-xy\ene-d]2 (dimerization of 44 has 

been previously observed in p-xy\tnt-d I2) [42], Only statistical ratios of the three iso¬ 

mers were obtained in CH2C12 and CHC13, which are solvents that are less suitable for 

dimerization [42], The overall reaction sequence giving the C, S, and W-shaped isomers 

proceeds through two steps. The first involves the formation of 47 (E) and 48 (Z) in each 

of the above mentioned solvents (Figure 4-7) [42]. Products 44, 45, and 46 are then 

formed in the second step by formation of two more amide bonds. In the second step, 

suitable solvents (vide supra) template the formation of the desired C-shaped 44 from the 

(Z) intermediate 48, giving greater than statistical yields [42], A zwitterionic tetrahedral 

intermediate resembling the structure of C-shaped 44 was proposed to be involved, 

whose concave surface provides a complementary fit to aromatic solvents [42], Further 

stabilization of the zwitterionic intermediate directly leading to C-shaped 44 was also 

proposed to be provided through dimerization with another molecule of 44, with con¬ 

comitant reversible encapsulation of solvent as guest [42], However, no experimental 
evidence supporting this suggestion has yet been put forth. 
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46 W-shaped 

Scheme 4-10 Synthesis of C, S, and W-shaped monomeric diglycoluril isomers 44-46. 

47 (E) 48 (Z) 

3 R= C02-/-C5H11i R'= CqFq 

b R= 4-(n-C6H130)-C6H4, R'=2,4,5-CI3C6 

Figure 4-7 (E) and (Z) intermediates 

in the formation of isomeric diglycoluril 

H2 functionalized monomers 44-46. 

4.4.3 Other Hydrogen Bonded Capsules 

Rebek and co-workers have also produced self-assembling capsules where the monomer 

possesses C3 symmetry (as opposed to C2), by incorporating multiple glycoluril moieties 

into a flattened aromatic surface. For example, “jelly donut” dimer 50 forms in CDC13 

from monomer 49. This capsule features a flattened spherical interior cavity that can 

accommodate disk-shaped molecules like benzene and cyclohexane (Scheme 4-11) [43], 
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H 

Scheme 4-11 Formation of Rebek’s “jelly donut”. 

Recently, tetrameric assembly 52 (Scheme 4-12) has been reported [44], Preparation 

of 52 involves the self-assembly of four discrete concave-shaped, monomeric subunits 

(51). Compound 51 exists in its monomeric state and is soluble in solvents that compete 

for hydrogen bonds, such as DMSO-r/6 [44], In solvents such as CD2C12, CDC13, C6D6, 

toluene-c/8, and /?-xylene-<i/0, monomer 51 remains insoluble, existing as suspensions, 
which form clear solutions when adamantyl derivatives are added [44], 'H-NMR spectra 

of these solutions show the characteristic downfield-shifted glycoluril N-H signals, 

indicative of hydrogen bonding. A 4:1 ratio for host: guest signals was also measured, 

thus distinguishing the formation of a tetrameric assembly which truly encapsulates its 

guests [44], Apparent association stabilities (in M_1) were reported for complexes 

formed with the guests adamantane-2,6-dione (3 200), 2-adamantone (160), 1-adamanta- 

nol (48), bicyclo[3.3.1]nonane-2,6-dione, and adamantane (19) [44]. These values sug¬ 

gest that hydrogen bonding between the host with guests that contain carbonyl groups 

O 
I 

HN N 

Ar—)—(-Ar 

HN N 

Y 
O 

SO, 

51a Ar= 4-n-heptylphenyl 
52b Ar= 4-n-dodecylphenyl 

Scheme 4-12 Formation of tetrameric hydrogen-bonded capsule 52. 
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(i.e. glycouril N-H-0=CR2) increases complex stability [44). The existence of such 
hydrogen bonding is evident in the 'H-NMR spectra of the corresponding capsules with 
guests (vide infra) [44], 

Cylinder-shaped molecular capsules such as 54 (Scheme 4-13) have also been report¬ 

ed. Deep-cavity resorcinarene 53 was found to dimerize through a seam of eight bifur¬ 
cated intermolecular hydrogen bonds between the imide and carbonyl functionalities 

located on the rim of the monomer [45]. Dimerization was observed to be templated in 
mesitylene-r//2, according to the 'H-NMR spectra, which feature downfield shifted N-H 

host signals upon encapsulation of guests such as bibenzyl, terphenyl, dicyclohexyl car- 

bodiimide, rra/rs-4-stilbene, A-phenylbenzylamine, benzyl phenyl ether, frans-4-stilbene 

methanol, and p-[N-(p-tolyl)]toluamide [45], Although dimer 54 does form in solvents 

such as CDC13, benzene-r/6, and toluene-<is, mesitylene-r/72 itself appears to be too large 
for the cavity, as suggested by the presence of multiply hydrogen-bonded N-H signals 

in the 'H-NMR spectra [45]. Capsules do form in mesitylene-<i/2 upon addition of tern- 
plating guests such as benzene, p-xylene, toluene, /7-trifluoromethyltoluene, p-chloro- 

toluene, 2,5-lutidine, and p-methylbenzylalcohol, where specific pairs are preferably 
encapsulated over others [45], For example, in the presence of a 1:1 ratio of benzene:p- 

xylene in mesitylene-J/2, the two resorcinarenes (53) dimerize, forming capsules con¬ 

taining one of each guest, preferably over other identical pairs of guests [45]. It was sug¬ 
gested that one benzene together with one />xylene provides the best occupancy factor 

[46] as two benzenes leave too much and two p-xylenes leave too little empty space [45]. 

54 53 

Scheme 4-13 Formation of cylindrical-shaped capsule 54 from deep-cavity resorcinarene 53. 

4.4.4 Capsules that do not Involve Hydrogen Bonding 

Using a similar approach to forming synthetic capsules, other structures have been 

designed that utilize attractive interactions between the host and the guest, other than van 

der Waals interactions and hydrogen bonding. One example is the formation of a capsule 

(56) from two equivalents of bowl-shaped Lewis acid precursor, aluminum tris(2,6-di- 

phenylphenoxide) (ATPH) 55, with a guest such as 1,4-cyclohexanedione (Scheme 4-14) 
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[47], Coordinate bonds between the aluminum center of ATPH and the carbonyls of the 

guest hold the two ATPH subunits together [47], The resulting dimeric capsule renders 

the bound guest completely sheltered from the external environment; hence the guest 

does not dissociate in the presence of other carbonyl substrates [47], Addition of MeLi 

(1 equiv) to a solution containing capsule 56 and 4-terf-butyl-l-methylcyclohexanone 
resulted in the recovery of the diketone and 4-tert-1 -methylcyclohexanol [47], The inter¬ 

ior of capsule 56 was also found to serve as a miniature reaction chamber as Diels-Alder 

adducts were recovered bound when, at low temperature, two equivalents of ATPH were 

added to a solution containing a quinone derivative and a suitable diene [47], Interesting 

regio- and stereoselective features of some of the Diels-Alder reactions were observed 
upon analysis of the cyclo-adduct product distributions. Results indicated that preorgan¬ 

ization of the diene and quinone (dienophile) with ATPH prior to capsule formation is 
crucial [47], 

Scheme 4-14 Formation of capsule 56 from Lewis acid receptor ATPH (55). 

The templating of dimeric capsules incorporating porphyrins has also been reported 
recently. These reports describe the self-assembly of molecular capsules based on metal- 

to-ligand interactions of two dizinc(II) bisporphyrins around tetratopic Lewis base tem¬ 

plate guests [48, 49], The structure of the monomers used consists of two porphyrin 

derivatives covalently linked by a concave spacer to give molecules having a “clip-like” 

topology. Dimerization of two “clips” was found to occur using tetratopic aliphatic or 

tetrapyridylporphyrin templates, yielding structures that are described as resembling a 
universal joint. 

4.4.5 Other Capsules 

Various other examples have been provided in the literature involving the formation of 

molecular capsules. However, guest binding by these capsules may not have been stud¬ 

ied, or evidence of a template requirement for formation may not have been present. 

These include urea-based calixarene dimers [50], “deep-cavity” resorcinarenes [51], 
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cyclocholate dimers [52], calixarene heterodimers [53], cucurbituril capsules [54], 

cyclodextrin dimers [55], resorcinarene-based cages [56], self-assembling calix[4]resor- 
cinarene oligomers [57], self-assembled block copolymer aggregates [58], and CTV het¬ 
erodimers [59], 

4.5 Conclusions 

This chapter demonstrates the importance of templating in the formation of “molecules 

within molecules” in the form of carceplexes, hemicarceplexes, and self-assembling cap¬ 

sules. Suitable template molecules can facilitate the formation of large supramolecular 

structures via favorable non-covalent interactions. Selectivity for particular template 
molecules can range up to one million-fold. Recognizing and understanding the roles of 

the molecular forces involved in these processes is important if we are to understand bio¬ 
logical assemblies further, including enzymes, cell membranes, and viruses. Information 

obtained in forming smaller well-defined molecular assemblies will also enable scien¬ 
tists to apply that knowledge in the formation of much larger supramolecular structures, 

eventually reaching and perhaps even surpassing the size and complexity of those found 

in nature. 

The reversible nature of self-assembling capsules has already been exploited as 
molecular switching devices and catalysts. Other applications may involve the develop¬ 

ment of artificial enzymes, and the design of specific drug delivery systems. 
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5 Template-Directed Ligation: 
Towards the Synthesis of Sequence 
Specific Polymers 

Yahaloma Gat, David G. Lynn 

5.1 Introduction 

The structure of the DNA double helix first highlighted the simple elegance of the most 
sophisticated template reactions known, template directed polymerization. Through 

these reactions the genomic information is accurately replicated in DNA, transcribed 
into RNA, and translated into protein. Over 40 years ago, Crick combined these reactions 

into the “Central Dogma” of biology (Figure 5-1), a formulation suggesting that all liv¬ 

ing things follow this basic chemical plan [1], Today, even with the incredible biological 

diversity known to exist on Earth, no violations of this chemical scheme are known. The 
nucleic acids store the genetic blueprint, and the co-catalytic proteins function coopera¬ 

tively with this molecular template to express the encoded information. 

Over the last four decades, synthetic non-enzymatic oligonucleotide ligations have 

been explored as potential models for the evolution of replicating systems on the early 

Earth [2-11]. These studies have explored ligation reactions that occur on a template 

without protein/enzymatic catalysis. Such systems have both provided mechanisms for 

the early evolution of biopolymer catalysts and placed limits on template directed liga¬ 

tion. More recently, the lure of antisense molecules capable of disrupting specific gene 

expression has resulted in the exploration of backbone-modified nucleic acids [12-33]. 

DNA 
4 

RNA Protein Figure 5-1 The “Central Dogma” as formulated in 

1958 with probable (solid arrows) and possible (broken 

arrows) reactions as indicated (adapted from [lb]). 
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At the same time, several laboratories have used in-vitro selection strategies to identify 

RNAs and DNAs that catalyze specific reactions [34-40]. The information from these 

and related studies now opens the possibility of expanding the molecular skeletons 

capable of storing sequence information into ones that can be read into complementary 

materials [41]. 
Since it has not been possible to cover all the valuable contributions that have been 

made in these fields of study, we have instead organized the discussion around a minimal 

scheme for template directed ligation. This minimal scheme will be compared with the 

autonomous natural genomes that self-replicate via template directed polymerization 

reactions. The advantages and limitations of each step in the minimal scheme are dis¬ 
cussed with respect to the structural diversity in the template that will make it possible to 

extend these reactions to new materials and new polymerization strategies. 

5.2 Template-directed Ligation: Minimalist Scheme 

The overall catalytic efficiency of the template, as analyzed by Michaelis-Menten kinet¬ 
ics, is expressed as a function of both binding affinity and rate enhancement. Km, the 

substrate concentration necessary for half-maximal rate, can provide an inverse measure 

of binding affinity, and for native protein enzymes ranges from mM to pM. The catalyst 

rate enhancement is given by the turnover number, kcat, the number of substrate mole¬ 

cules transformed into product per unit time by a single catalytic site. Values of kcat typ¬ 

ically range from 103 to 107 s-1 for enzymes. The ratio of these two constants, kcat/Km, 
provides a direct measure of the catalytic efficiency at substrate concentrations that are 

significantly below template saturation. By considering the oligonucleotide templates as 

catalysts, a comparison with their enzyme counterparts is inevitable [42], For example, 

the RNA component of RNAse P, which catalyzes the hydrolysis of tRNA, has a turn¬ 

over number of only 1 min-1, a Km of 0.5 pM, and a catalytic efficiency, kcat/Km, of 

2 x 106 min-1 M-1 [43]. While RNAse P is a reasonable catalyst, its catalytic efficiency, 

like all known ribozymes, falls well below the diffusion-limited rates (>108 s-1 M-1) of 

an ideal catalyst where substrate turnover occurs with every substrate encounter [44], 

The minimal scheme for a catalytic template directed ligation is outlined in Figure 

5-2. In step 1, molecular recognition controls preorganization of the substrates along the 

template. The specificity, or fidelity, of the template directed synthesis is defined by the 

probability that the complementary substrate, rather than a non-complementary compet¬ 

itor, will be inserted opposite the appropriate site on the template. As can be seen in Fig¬ 

ure 5-2, the difference in affinity between two substrates, SI and SI', for the template, 

T, can be expressed as a difference in binding affinity, A AG = AGS1'X - AGS1T. The ener¬ 

getics of this pairwise interaction between a substrate and the complementary strand 

define an effective molarity for the substrates. The association is entropically disfavored, 

not only due to the three degrees of translational and rotational entropy that are lost, but 

also because free internal bond rotations can be restricted by complexation [45, 46], 

Restraining either the substrate and/or the template to resemble the bound conformation 
could reduce this entropic cost. 



5.2 Template-directed Ligation: Minimalist Scheme 135 

Substrates Figure 5-2 Scheme of tem¬ 

plate-directed ligation with steps 

1, molecular recognition; 2, liga¬ 

tion; 3, product dissociation. 

2 

The chemical transformation in the process, step 2, is the ligation. The reaction will be 
important to both catalytic efficiency and fidelity. kcat/Km provides a direct measure of 

catalytic efficiency, and is also sometimes called the specificity constant [47], On a sin¬ 
gle catalyst, the relative velocities of the reaction of two substrates SI and ST at equal 

molar concentrations are proportional to the ratios of their respective kcat/Km values. 

Thus, the discrimination between the two competing substrates is determined by this 

ratio rather than by either quantity alone. In principle, a ligation can exploit any reaction 
that would couple the substrate chain ends. However, the reaction will be constrained by 

the geometry required to bind the substrates to the template and little information is cur¬ 

rently available to place limits on the selection of appropriate reactions. At least with the 

nucleic acids, the increasing knowledge and synthetic availability of modified back¬ 
bones may allow the desired association energies and reaction geometries to be rational¬ 

ly engineered into the templates so that these parameters can be optimized. 

Clearly, product dissociation by this scheme, step 3, will limit turnover, as the prod¬ 

uct-template duplex will be stabilized over the substrate-template ternary complex. 

Maximizing AAG in step 1 is required to enhance fidelity, but this increased affinity is 

generally present in the product duplex. Obviously if the binding affinity could be a 

tuned variable, high substrate affinity for ligation to maximize accuracy and reduced 

product affinity to enhance catalytic efficiency, product inhibition could be avoided. 

In Nature’s genomes, replication fidelity is primarily a kinetic function of the mechan¬ 

istically complex DNA polymerases [43]. These enzymes employ activated phosphoric 

acid anhydrides leading to a final product-template duplex. The third step, dissociation of 

the product strand from the template, requires an additional input of chemical energy and 

a separate set of protein catalysts. Therefore each step in DNA replication requires a criti¬ 

cal and complex set of translation products to ensure the production of a single copy of the 

template, and for autonomous growth, the template must be of sufficient size to encode all 

of the required catalysts for the process. The notion that these templates must encode cat¬ 

alysts, or possibly even the templates themselves serve as catalysts for more than one reac¬ 

tion, becomes an important feature for the development of template autonomy. 
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5.3 Catalytic RNA and DNA 

Ribozymes [48-55], discovered in the early 1980s, documented the ability of RNA to 

fulfill both roles of information storage and catalysis. Prebiotically, in an “RNA-world’' 
scenario which proposes that RNA molecules led to the appearance of early life [56, 57], 

RNA replication is expected to follow the steps in Figure 5-2. However, known ribo¬ 

zymes catalyze a rather narrow range of reactions at phosphoryl centers [58-60], In- 

vitro selection methods have broadened the catalytic repertoire to include also 2'-deoxy- 
nucleic acids. Thus, the 2'-hydroxyl group, believed to be critical for the catalytic activ¬ 

ity of ribozymes, is unessential in DNAs that cleave RNA [36, 37], promote self-cleav¬ 

age [38], and catalyze ligation of chemically activated DNAs [35], For example, E47 is 

a 47-mer DNA ligase shown to have an initial rate of ligation that is 103 greater than the 

rate of catalysis given by a simple complementary template [35]. The catalyst was how¬ 
ever severely limited by product release, and even at saturating substrate concentrations, 

the turnover number was only 0.66 h_1 • 
With selection methods, the catalytic activity of RNA molecules now includes reac¬ 

tion types as diverse as ester [61] and amide bond formation [34], bridged biphenyl 
isomerization [40], and porphyrin metallations [62a], Selections for amide formation 

yielded RNAs that were able to catalyze the transfer of an amino acid to their own 5'- 

hydroxyl group [34]. The selected sequences contained a 13-nucleotide invariant stretch 

that was hypothesized to serve as an internal template bringing together the aminoacyl 

group of the substrate and the 5'-hydroxyl of an RNA library. By making a derivative in 

which the 5'-hydroxyl was replaced with a 5'-amino group, the modified ribozyme was 
found to transfer the amino acid almost as efficiently as the initially selected ribozyme, 

but the overall rate enhancement was still low, with a kcat of 0.19 min“*. With porphyrin 

metallation, selected DNA and RNA catalysts were less efficient than the native ferro- 

chelatase, but the catalytic efficiency of the ribozymes was comparable to that of an anti¬ 

body selected for the same function [39, 62a], The size of the nucleic acid, however, was 

ca. -8 kDa, whereas the protein was five times larger [62b], 

In order to overcome the shortage of catalytically active functional groups in RNA, in- 

vitro selections have been combined with nucleobase modification [63, 64], Uridine 

derivatives modified at C-5 of the nucleobase were first shown to be substrates for RNA 

polymerase, and then were incorporated into selected RNAs. In one case, an incorporat¬ 

ed imidazole-modified uridine was employed to catalyze amide bond formation and a 

rate enhancement of 104- 103 over the uncatalyzed reaction was observed [63]. RNA 

sequences using native UTP were completely inactive, establishing that the imidazole- 

modified uridine was crucial for catalysis. In a second study, uridine bases attached to 

pyridine were incorporated and found to accelerate the rate of a Diels-Alder cycloaddi¬ 

tion [64], The pyridine was hypothesized to form Lewis acid complexes with transition 

metals to catalyze the reaction. In contrast to most catalytic RNAs, in these two studies 

nucleobase templating was not required for catalytic activity. Clearly, like proteins, 

nucleic acid oligomers are able to catalyze reactions through a variety of mechanisms 

and their catalytic range can be extended with synthetic modifications. 
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5.4 Molecular Recognition 

The nucleic acids represent the most obvious and best-understood templates in the con¬ 
text of the minimal scheme shown in Figure 5-2. While hydrogen bonding and aromatic 

stacking of the bases define molecular recognition along the template strand, it is 
increasingly clear now that the backbone contributes significantly to duplex stability. In 

this section, the effects of backbone substitution are organized and discussed with 
respect to duplex stability. The discussion will go beyond Watson-Crick duplexes in 

order to generalize template directed ligation more broadly to other classes of molecules. 

5.4.1 Sugar Substitution 

The existing ribose modifications (Figure 5-3) have generally altered backbone flex¬ 

ibility. For example, an open-chain glycerol backbone, effectively arising from the 
removal of the C-2' ring carbon of the sugar, has considerably more degrees of freedom 

than the native backbone (Figure 5-3) and when hybridized with native DNA, the 

duplexes exhibit dramatically reduced melting temperatures (Tm) [65], The 9-mer 5'- 

CTTTTTTTG-3', with two glycerothymidine substitutions in the center of the strand, 
gave a Tm of only 11 °C, compared to 40 °C in the native duplex. 

In contrast, the hexose-oligonucleotides [66-68] and bicyclo-and-tricyclo-DNAs 

[69-71] rigidify the backbone and have generally shown greater duplex thermal stability. 
The bicyclo-DNAs have the C-3' and C-5' carbon atoms of the ribose connected via an eth¬ 

ylene bridge, and the related tricyclo-DNAs have an additional annulated cyclopropane. 

The recently introduced locked-nucleic acids (LNAs), have an oxymethylene linker 
between C-2' and C-4'. LNA obeys the Watson-Crick base pairing rules whereas the 

bicyclo-and-tricyclo-DNAs preferentially accept a complementary strand on the Hoogsteen 

face. Nevertheless, base mismatch formation is strongly destabilized in these structures, 
and the more rigid backbones can play a crucial role in duplex stability and base selectivity. 

In homo-DNA (h-DNA) and pyranosyl-RNA (p-RNA), the hexitol ring is frozen in a 

single 3'-endo-like conformation, as opposed to the multiple conformations accessible to 
the furanose of DNA and RNA. The h-DNA duplexes have a quasi-linear orientation as 

opposed to the superhelical structure of DNA duplexes, and the distance between the base 

stacking planes is larger relative to that of DNA. The h-DNA duplexes also have differ¬ 

ent pairing stability, e.g., the pairing priorities of A-A exceeds that of A-T. In contrast to 

h-DNA, p-RNA, which is also quasi-linear, does not show altered pairing priorities. 

The hexose rings in these analogues have a different regiochemistry of attachment 

to the backbone - C-6', C-4' in h-DNA and C-4', C-2' in p-RNA - and the base stack¬ 

ing is different. For example, studies of self-complementary sequences, such as 5'- 

TTTTAAAA-3' and 5'-AAAATTTT-3', which show equivalent energies with native 

duplexes, are quite different with the modified backbones. In p-RNA, the Tm for the 

duplex of the first sequence is much higher than that of the second. In h-DNA, the situa¬ 

tion is reversed and the duplex of the second sequence is more stable than the first. The 

different backbones have been proposed to alter the inclination between the backbone 
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h-DNA 

Figure 5-3 Ribose-modified nucleic acids. B designates a nucleobase. 

axes and the axes of the Watson-Crick base pairs and to result in an opposite direction¬ 

al orientation of the stacked bases in the two duplexes [68]. It was concluded that an 
opposite orientation of the backbone inclination correlates with the differential stability 

in the resulting duplexes. These changes in the backbone sugar and the regiochemistry of 

attachment clearly have a dramatic effect not only on the association energies but also on 

the overall topology of the duplex. 

5.4.2 Phosphate Substitution 

Modifications at the phosphorous center, including the phosphorothiolate, methylphos- 

phonate, and phosphoramidate derivatives, have generally shown reduced binding affin¬ 

ity for their RNA targets [19]. Replacement of the phosphate generally destabilizes bind- 
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ing [19, 29, 30], except in a few cases where the linkage restricts conformational flexibil¬ 

ity within the complex [19-21, 31, 72], The repeating charges along the phosphate back¬ 
bone appear to play a critical role in both strand pre-organization and strand-strand 

orientations in the duplexes, enforcing an extended conformation in both structures [72]. 

This conclusion was further explored by the structural analysis of a duplex with a sin¬ 
gle phosphate replaced with an alkylamine linkage, 1 (Figure 5-4). Solution NMR struc- 

Figure 5-4 The basic structure of duplex 1 with the aminoethyl linkage in the TT central region 

as indicated with the box. 
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tures established that both 1 and the native all-phosphate duplexes exist in the canonical 
B-DNA conformation with Watson-Crick base-pairing preserved. The aminoethyl link¬ 

age in 1, in contrast to the native phosphodiester, permitted detailed NMR analysis of the 

backbone geometry. Within the minimized structure, Figure 5-5, the CH2 that replaces 

the native P02 is flexible and free to collapse into a hydrophobic core formed by the base 

edges and sugar rings of the flanking TT/AA nucleosides of the duplex (a). This confor¬ 
mation is significantly different from the maximally solvent-exposed orientation of the 

native phosphate in DNA (b). The stippled rendering of the van der Waals surface high¬ 

lights the charge distribution. 
Strand association energetics of the unmodified duplex were estimated by the nearest- 

neighbor approximation [73] yielding calculated AH values consistent with those deter¬ 

mined by both UV hyperchromism and 'H-NMR analyses [12]. The corresponding anal¬ 
yses of the modified duplex 1 showed both that it was destabilized relative to the native 

duplex and that the overall decrease in stability originated from two opposing factors, a 

large decrease in enthalpy and a compensating favorable change in entropy. Other struc¬ 

tural analogues, prepared to remove the positive charge in the backbone, as well as data 
from the literature [18, 19] suggested that the positive charge was not the major factor 

contributing to duplex stability. The entropic difference between the native and the mod¬ 

ified duplex 1 was attributed to the ability of the aminoethyl linkage to collapse into the 
hydrophobic core of 1. 

Figure 5-5 Comparison of structures of the TT region of (a) duplex 1, and (b) native duplex in 

B-form DNA. Both strands were cut out of the full duplexes, generated (a) from molecular dynam¬ 

ics simulations incorporating NMR constraints, and (b) from crystal structure data [123], The 

intruding Cl' methylene with the flat solvent-accessible surface in the modified linkage 1 con¬ 

trasts markedly with the maximally solvent-accessible phosphate of the phosphodiester linkage. 

The solvent-accessible surfaces are stippled (adapted from [72]). 
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A structural model incorporating these data was developed to explain how such a 

change in the local backbone conformation could disrupt the long-range cooperativity of 
DNA duplex formation [72]. As outlined in Figure 5-6, the hydrophobic methylene unit 

can partition from the usual solvent-exposed position of the PO? group (a) into the 

hydrophobic interior of the double helix (b). This movement accounts for the favorable 
AS, but accentuates the gap between the two flanking phosphates, forcing a movement to 

shorten their intervening distance. This change destabilizes the optimal topology for 
duplex stability (c). The overall decrease in the stability of duplex 1 results from a glo¬ 

bal decrease in base stacking and hydrogen-bonding interactions between the base pairs. 

The model in Figure 5-6 suggests that both backbone flexibility and heterogeneity 
contribute to duplex destabilization. Backbone heterogeneity was investigated in the 

amide-linked thymidine 8-mer, (dTN)8. This strand was readily synthesized by solid- 

phase synthesis (Figure 5-7) and forms a heteroduplex with the native adenine 8-mer, 
(dA)8, a duplex whose stability and selectively is comparable with that of the all-phos¬ 

phate duplex [74], Titration experiments have suggested that these strands form a 

heteroduplex with a Tm identical to the native duplex. However the heteroduplex stabil¬ 

ity has a strongly attenuated salt dependence and maintains the same Tm in the absence 
of salt. 

While this backbone homogeneity along the strand is important, it is likely not to be 

the only factor that is responsible for the stability of the (dA)8-(dTN)8 duplex. The 
dimethylene sulfone RNA, rSNA [28], was studied as a symmetrical octamer and duplex 

formation was shown to be destabilized as a result of single-strand folding. Therefore, 

flexibility within the linker is also important, and phosphate charge repulsion and/or con¬ 
formational rigidity are critical for pre-organizing an extended single strand. The optimal 

degree of flexibility in the backbone is also likely to be base sequence dependent as the 

Figure 5-6 (a) Duplex 1 with the negatively charged phosphate removed initiates (b) collapse of 

the aminoethyl linkage into the hydrophobic interior of the duplex. The remaining phosphates 

minimize their separation along the strand, causing (c) backbone curvature and loss of the optimal 

geometry for base-stacking and H-bonding interactions. 
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Figure 5-7 Schematic diagram of solid-phase synthesis of amide-linked oligonucleotides. 

base affects both the energy of association and the resulting topology within the single 

strand. 

5.4.3 Neutral Acyclic Backbones 

The peptide-nucleic acids (PNAs) [22-26], replace both the ribose ring and the phos¬ 

phate of the backbone with an amide linkage (Figure 5-8). PNAs form strong duplexes 

and triple-helical structures with DNA, and the binding occurs with a specificity similar 

to that observed in the formation of the corresponding DNA-DNA structures [24], The 

observation that a PNA strand could displace the corresponding DNA strand from a pre¬ 

existing duplex highlights both the stability and dynamics of these structures [22], The 

three-dimensional structure of a PNA-DNA-PNA triple helix was shown to differ not¬ 

ably from the all-DNA triplexes [25]. It appeared that the flexibility imparted by the 

replacement of sugar phosphate with the PNA backbone allowed for conformational 

changes that improved base stacking. However, recent molecular dynamic simulations 

have challenged PNA flexibility as the reason for triplex stability, and instead have sug¬ 

gested that a conformational preference of the PNA strand itself is responsible [26]. 
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DNA PNA OPNA Alanvl-PNA 

Figure 5-8 Structure of DNA, PNA, OPNA, and alanyl-PNA. In alanyl-PNA, the peptide strand 

is represented with the absolute chirality alternating at each residue along the strand. B designates 
a nucleobase in all structures. 

Several laboratories have now prepared PNA analogues [27, 75, 76], and among these 

the oxy-PNA (OPNA) is noteworthy (Figure 5-8) [77], The ether linkage in OPNA 
improves water solubility, and enhances sequence specificity in duplex association. The 

melting temperatures of DNA (thymidine 12-mer) with one equivalent of complemen¬ 

tary DNA, OPNA, and PNA (adenine 12-mers) are 30 °C, 43 °C, and 55 °C respectively. 

The OPNA-DNA duplex has an intermediate Tm and shows a very sharp, cooperative 

melting transition. The DNA-PNA complex shows mixtures of duplexes and other 

structures, probably triplexes, which contribute to the high Tm. Circular dichroism (CD) 
analysis detects no helical structure in the single strand of OPNA, consistently with the 

flexibility of the backbone. Thermodynamic parameters show that both the enthalpic 
change (AH) and the conformational constraints (AS) are largest in the OPNA-DNA 

complex, suggesting that upon hybridization with native DNA, the randomly coiled 
OPNA is folded into a regular duplex with optimized stabilization energy. The OPNA 

strand appears to conform better to the constraints of the more pre-organized DNA com¬ 

plementary strand in duplex formation. 

Flexibility within the backbone allows complementary associations to take many 

forms. Such topological diversity is apparent in the alanyl- and /3-homoalanyl-PNA 

variants [78-82]. Alanyl-PNA (Figure 5-8) contains an a-amino acid backbone carry¬ 

ing the nucleobases as side chains. They differ from the original PNA in two major 

respects. First, the amide linkage between the nucleobase and the backbone is replaced 

with a methylene, giving increased conformational flexibility to the base. Secondly, 

the backbone linkage is shortened, and higher densities of nucleobases exist along the 

chain. 
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This combination of both greater nucleobase flexibility and increased base density 

contributes to alter pairing and geometric arrangements in the duplexes. For example, 

A-A pairing in alanyl-PNA is more stable than A-T, a structural feature seen in linear 

stretches of DNA and RNA [83, 84J, in h-DNA [66], and in /Thomoalanyl PNAs 

[80-82], which differ from alanyl-PNAby an additional methylene in the backbone. The 
/3-homoalanyl PNAs can exist in higher-ordered structures with linear backbones which 

self-associate through hydrogen bonding into /f-sheet conformations. That these higher- 

ordered aggregates are driven by strong adenine self-pairing is supported by structures 

modified with 7-carbaadenine nucleobases. The adenine hexamer has Tm>90oC and 

more than 70% hyperchromicity, which drops to Tm= 35 °C with 24% hyperchromicity 

in the 7-carbaadenine hexamer. Therefore, in the /f-homoalanyl PNAs, the nucleobases 
can be stabilized by hydrogen bonding through both Watson-Crick and Hoogsteen fac¬ 

es. Clearly, as the backbones become increasingly flexible, the nucleobases can dictate 

self-association in an increasingly diverse range of topologies. 

5.4.4 Peptide-Peptide Association 

Certain peptide backbones also self-associate, and in some, the association energies can 

be very large. Collagen fibrils, tropomyosin and actin filaments, viral and other cellular 

inclusion bodies, hemoglobin S factoids, prions, and amyloids all represent highly 

ordered supramolecular aggregates. Like DNA duplexes, these paracrystalline materials 
attain long-range order, but not in all three dimensions. One of the smallest of the pep¬ 

tides that form amyloids are the A[3 peptides associated with Alzheimer’s disease [85], 

These proteolytic fragments of the amyloid precursor protein form large fibrillar para¬ 
crystalline aggregates (Figure 5-9A). 

The A/3 peptide fibers are known to be dominated by (3-strand conformations, but fur¬ 

ther efforts to understand their structures have been limited by the inherent insolubility 

of the material. Synthetic attachment of a polyethylene block at the hydrophobic C-ter- 

minal of a truncated Afi peptide, residues 10-35, 2, generated a soluble fibrillous mate¬ 

rial whose aggregation is controlled by simple changes in concentration, pH, or ionic 

strength [86]. The increased solubility of 2 appears to be mediated by prevention of 

fiber-fiber association (Figure 5-9B). /f-Strand peptides are notoriously insoluble and 

the strategy employed in the construction of this block copolymer represents a signifi¬ 

cant opportunity to investigate the thermodynamics of self-association and the exploita¬ 
tion of these materials as templates. 

NH2-1A'E\^HQKLVFFAEDVGSNKGAIIGLM--Nv^/^0/\^0\v/^0h 2 

Dipolar recoupling solid-state NMR experiments established that the central core region 

of the peptide A(3 (10-35) was both ordered and homogeneous [87], The entire length of 

the peptide has now been shown to exist in an extended ^-conformation with each pep- 
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A 

B 

Figure 5-9 Electron micrographs of (A) A/3 (10—35), and (B) A/3 (10-35)-PEG fibers (adapt¬ 
ed from [86]). 

tide arranged parallel to the others and with each amino acid residue in register from pep¬ 

tide to peptide along an extended /3-sheet [88]. Similar analyses have now been applied 

to the protein block of 2. The peptide domain of the block copolymer is arrayed in the 
center of the fibril [89] and retains the same parallel, in-register /3-structure of A/3 

(10-35) [90]. The PEG block is therefore localized to the surface of the fibril, reducing 

fibril-fibril contact sufficiently to maintain solubility. Preliminary experiments have 

suggested that the /3-helical sheets exist in laminated blocks, again in a parallel, in-regis¬ 

ter orientation, and held together by side chain-side chain interactions (Figure 5-10) 

[90], This unique arrangement is consistent with the fiber dimensions determined by 

electron microscopy and neutron scattering experiments. 

The /3-sheet secondary structure is energetically dependent not only on the hydrogen 

bonding interactions between individual strands, but also on the ability of the resulting 

sheet to twist, bulge, and fold into multifaceted conformations [91-94], Consequently, 

amino acid propensities have proven to be highly dependent on context, greatly compli¬ 

cating the design of /3-structure peptides and proteins [95, 96], Most problematic howev¬ 

er are the intermolecular interactions which compromise solubility, the infamous feature 
of the many amyloid diseases [85, 97], In the block co-polymer 2, the energetics of self¬ 

association of amyloid peptides dominate the paracrystalline /3-sheet structure in the core 

of the fibril array while the C-terminal polyethylene glycol, localized on the surface of 

the fibril, ensures solubility. The surface-localized PEG, much like the polar phosphates 

of the nucleic acid polymers, enforces an overall amphiphilic character of the fiber 

strand. 
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Figure 5-10 (A) The fiber is composed of peptides arrayed in a parallel /3-sheet with residues in 

register. (B) Up to six /3-sheets can be laminated together to define the fiber thickness with the pep¬ 

tides oriented perpendicular to the direction of growth of the fiber. Side chain-side chain interac¬ 

tions stabilize the lamination. 

The interior of the DNA duplex is organized by hydrogen bonding and aromatic base 

stacking interactions while the charged backbone ensures a micellar-like orientation to 

the overall structure. In contrast, inter-strand hydrogen bonding stabilizes the extended 
backbone /3-conformation while side chain interactions, hydrophobic side chain interdig- 

itation, aromatic stacking, and salt bridge formation contribute to tertiary structural sheet 

and lamination stability (Figure 5-10). The orientation of these interactions are different, 

with both the peptide backbone and side chains contributing to inter-strand stability, but 

the end result is remarkably similar. The individual amino acids stack in register along 

the sheet, suggesting a template capable of dictating sequence-specific ligation. The 

extent to which these structures can serve in template directed ligation will depend on 

many factors that have still to be established. 

5.5 Ligation 

The elegant simplicity of the DNA double helix [98] has provided inspiration to bioor- 

ganic chemistry since its discovery in 1953. DNA templates for ligation reactions were 

suggested [99, 100], but not experimentally explored until 1966 [2], Deoxyadenosine 

oligomers were shown to template the ligation of short thymidine oligomers (5- and 6- 

mers) with carbodiimide activation to the 10- and 12-mer products in 3% and 5% yields, 

respectively [2], The first demonstration that a template of defined sequence could cata¬ 

lyze the formation of its complementary strand was shown by Orgel et al. using nucle- 
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oside 5'-phosphoimidazolides as activated monomers [3-5], Under non-enzymatic con¬ 

ditions, dCCGCC templated the synthesis of dGGCGG in 18% yield from a mixture of 
activated guanosine and cytidine monomers [5], 

This oligomerization was shown to be enantioselective by demonstrating that the l- 

enantiomer terminated the oligomerization of the D-enantiomer. Under these conditions, 

h-DNA, containing the six-membered hexitol ring frozen in a single 5'-endo-like confor¬ 

mation, was more enantioselective than DNA or RNA templates [101, 102], Since 
duplex structure does correlate with sugar pucker, 2'-endo for B-DNA and 5'-endo for 

A-DNA [103], the effectiveness of the ligation on the hexitol template has led to the 

suggestion that an A-DNA structure provides a better template. This suggestion is also 
supported by the observation that addition of Co3+ ions, known to induce a B-DNA to 

A-DNA transition [104], improves the ligation effectiveness. 
von Kiedrowski achieved the first successful molecular replication with the self-com¬ 

plementary hexamer dGGCGCC [7], This template catalyzed the ligation of two comple¬ 

mentary trimer substrates using carbodiimide as the dehydrating reagent. The system 
allowed for each newly assembled strand to be identical to the template, demonstrating 

autocatalysis, but the hexamer did not allow for exponential amplification. The com¬ 

bined yield after four days was less than 12%, and product duplex dissociation was lim¬ 
iting. In 1994, the system was expanded to include four templates, two complementary 

and two self-complementary, which through cross-catalytic self-replication, compete for 

the common trimeric precursors [8]. The replication efficiency was similar with both 

complementary and self-complementary templates. 
In an attempt to exploit the thermodynamics of template association, an imine, formed 

by reversible condensation (Figure 5-11), was synthetically incorporated in the DNA 

[Template: HO-dGCAACG-OH[ 

Figure 5-11 The reversible imine-coupling reaction. The modifications were designed to main¬ 

tain equivalent numbers of atoms in the linking domain. 
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backbone [105, 106]. The equilibrium constants in Figure 5-12, Kj_4, were determined 

directly from ’H- and 1?N-NMR experiments [107], The relative concentration of the 

duplex to the free inline single strand, expressed as a function of K2!KA, was 105 or high¬ 

er. Under reducing conditions, the rates of reduction were dominated by this large differ¬ 

ence in concentration, and significant fidelity was achieved when the complementary 
amine was allowed to compete with non-complementary substrates [105]. The model 

shown in Figure 5-6 argued that linker flexibility was critically destabilizing and that the 

more rigid imine, containing two sp2 centers and significantly fewer degrees of confor¬ 

mational freedom, should form a more stable duplex [72], 

Figure 5-12 The thermodynamic 

cycle for DNA-directed imine forma¬ 

tion and the measured equilibrium 

constants for each step (adapted from 

[107]). 

This approach of using a reversible initial ligation was extended in the coiled-coil pep¬ 

tide templates [108-112], The amide synthesis strategy, shown in Figure 5-13 [113], is 
sufficiently chemoselective to allow utilization of peptide fragments without side chain 

protection. A thioester at a peptide C-terminus appears to undergo rapid exchange of thi¬ 

ol that is trapped by a spontaneous intramolecular condensation with the amine of the N- 

terminal cysteine. The generated thioester is not observed as a discrete intermediate 

because of the rapid S,N-acyl rearrangement through a five-membered-ring transition 

state to give the peptide bond. 

By this strategy, a-helical segments based on the leucine-zipper motif catalyzed tem¬ 

plate directed ligation of the complementary peptides. The rearrangement step was rela¬ 

tively slow, t\/2 > 1 min, probably retarded by conformational requirements of the reac¬ 

tion occurring on the template [109]. Nevertheless, the ligation gave rate enhancements 

of 103 over the uncatalyzed reaction. The parabolic growth observed under replicating 

conditions was attributed to product inhibition [ 109], 

Other catalysts, sensitive to environmental conditions [110-112], were designed by 

placing ionic residues at the e and g positions of the helical heptad repeats of the coiled 

coil. With glutamic acids at these positions, the duplex is stable under acidic conditions. 

Under physiological conditions, the side chain acids are negatively charged and the 

coiled coil is destabilized. With lysine residues at these positions, either basic conditions, 
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-'N/v-C—NH—CH— 

; 
SH 

Figure 5-13 A thioester at the C-terminus of one pep¬ 

tide serves as the electrophile for bimolecular condensa¬ 

tion with the thiol side chain of an N-terminal cysteine 

residue. The S,/V-acyl intramolecular rearrangement forms 

the native amide bond. 

or neutral conditions with high salt, allowed for template directed ligation [ 111 ]. A four- 

fragment auto- and cross-catalytic peptide system under these conditions enhanced rep¬ 
lication efficiency [112]. but the rate constants derived from this system once again high¬ 

lighted the inherent contradiction plaguing template directed ligation: a stable tem¬ 

plate-substrate complex suffers product inhibition, while a weak template-substrate 
complex reduces catalytic rate. 

5.6 Product Dissociation 

Protocols based on cycling the temperature or other environmental parameters capable 

of melting the product-template duplex after each cycle shown in Figure 5-2, provide a 

general approach to avoid product inhibition [3, 105, 106]. Encoded enzymes provide 

this function in natural genomes and physically melting the duplex product at the end of 

each cycle controls the polymerase chain reaction [114]. In both cases, exponential 

growth of the template is possible. However, several synthetic variations have also been 

suggested to overcome product inhibition. 

Luther et al. have circumvented product inhibition by attaching the template to the sur¬ 

face of a solid support [115]. Two complementary DNA 14-mers, immobilized irrever¬ 

sibly on the support, templated the ligation of four 7-mer DNA substrates. After the cou¬ 

pling step, the product strands were released by denaturation, and subsequently immobi¬ 

lized on fresh support to become a template for the next reaction cycle. This procedure 

requires several steps, but allows exponential amplification of oligonucleotide templates. 

In a separate approach, the nucleotide template was expanded to a double-helical 

structure [116]. The Hoogsteen pairing in the triple helix is relatively weak, thus facili- 
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tating release of the newly generated strand from the double-helical template. An 

increase in pH or the addition of excess substrate destabilizes the product complex. The 

approach requires symmetrical sequences in order to regenerate the template and one of 
the strands must be all purine for triplex formation. Still, three successive replication 

cycles were demonstrated giving roughly a five-fold increase in the total amount of the 

initial 24-mer duplex. Hoogsteen pairing was further employed as a triplex-directing 

template with a circular DNA [117]. This pyrimidine-rich circular template (44-mer) 

gave improved thermodynamics of substrate binding (6-mer + 11-mer homopurine); 
quantitative ligation vs. 51% yield using linear DNA, and a 23-fold rate increase. Thus, 

this single-turnover ligation on the circular template through triplex formation was 

shown to be more efficient compared to the linear template. It may be possible with fur¬ 

ther structural modifications to extend this system to multiple turnovers. 

As suggested above, modifications in the linker domain have a dramatic effect on 
duplex stability and have suggested other strategies to avoid product inhibition. The 

addition of a reduction step in the imine cycle is shown in Figure 5-14. While the fidel¬ 

ity of the process will be limited by the ratio of the equilibrium constants, K2/K4, prod¬ 
uct inhibition is controlled by the relative duplex stability of the amine product relative 

to the imine substrate. Based on the model in Figure 5-6, the amine product could be 

predicted to be less stable than the imine, and indeed, the product duplex 1 was found to 

be significantly less stable (> 106-fold), hence product inhibition was avoided. With 0.01 

molar equivalents of DNA, the turnover number was 13 min"1 and there was no effect of 

Figure 5-14 Full cycle for 
the DNA-catalyzed reductive 
ligation of amine and aldehyde 
fragment (adapted from [107]). 
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product concentration, at least through the first half-life where the product/template ratio 
exceeds 50:1. Therefore, the rigidity and resulting stability of the imine duplex, togeth¬ 
er with the flexibility and instability of the product amine duplex, allow this small nucle¬ 
ic acid template to function as an efficient catalyst [107, 41]. 

The reaction itself, however, is more similar to a biological translation reaction, con¬ 
verting a phosphate backbone into an amine backbone. The question posed in Figure 5- 
15 is whether this translation product, which can be prepared with significant amplifica¬ 
tion, could be used to aid in the replication of the original template. This strategy is dif¬ 
ferent from the natural system in that the translated product serves as the template cata¬ 
lyst for construction of its phospho-linked parent. The aminoethyl linkage is more flex¬ 
ible than that of the phosphate [72], and therefore should less effectively pre-organize the 
substrates than does DNA. However, catalysis of phosphodiester formation with this 
template was comparable with that of a DNA template and this effect was attributed to 
the hydrophobic character of the alkylamine [72], This assertion was supported by sub¬ 
stitution of the nitrogen with alkyl groups, a modification that significantly increased 
both the hydrophobic character and the catalytic efficiency of the template [118]. 

Overall, the first step in Figure 5-15 can give greater than 106-fold amplification and 
the product can provide an effective ligation catalyst to reconstruct its parent DNA tem¬ 
plate. If viewed as a single replication cycle, products far in excess of the exponential 
growth seen in a single turn of the biological cell cycle are obtained. Extensions of this 
design for replication systems that achieve greater than exponential growth should be 
possible. 

Another hypothetical extension has emerged in the amyloid area. The simplified 
scheme shown in Figure 5-2 predicts that any material capable of increasing the effective 
molarity of properly oriented molecules along its surface could catalyze template direct¬ 
ed ligation. While the association energy for fibrillogenesis has not been quantified, it 
must be large to generate the peptide arrays that exist in the fibers. Both the backbone 

Figure 5-15 Two-stage replication. 
The initial phospho-linked template is 
translated into amine product with 
amplification. The translated prod¬ 
uct-template catalyzes the synthesis 
of the original phospho-linked strand. 
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and the side chains participate in strand-strand association, and, the residues in A/3 

(10-35), are aligned in register along the entire length of the peptide. The PEG block 
copolymer solves the most critical limitation of sheet structures, that of solubility. There¬ 

fore, the minimal scheme shown in Figure 5-2 can be modified to that shown in Figure 

5-16. 

Figure 5-16 Template 

directed synthesis on a /3- 

sheet template. The dyad 

template, consisting of n 

strands, organizes the 

fragments SI and S2 

through molecular recog¬ 

nition. Each ligation 

cycle produces a new /3- 

sheet template, consist¬ 

ing of 71 + 2 strands. 

The product dissociation step is removed from the cycle entirely and the products are 

recovered after many cycles by disrupting the large soluble fibril arrays. The template is 

predicted to organize fragments S1 and S2 on both sides of the template such that each 

turn of the cycle would generate two new strands. For a proposed higher-ordered lami¬ 

nated structures, this stoichiometry should be scale as the number of laminae. The extent 

to which this strategy can be exploited is unknown and will depend on the mechanism of 
association of the peptides, the fidelity of the ligation, and the solubility of the fibril. 

There is clearly now sufficient synthetic flexibility to allow these variables to be opti¬ 

mized and exploited for template directed ligation or polymerization. 

5.7 Summary 

Intermolecular associations capable of templating specific reactions are central to both 

biological catalysts and to present-day catalyst design. The nucleic acid polymers have 

high association energies, well defined topologies, and encode information at an 

extremely high density. It is equally clear that they are able to catalyze a wide range of 

chemical reactions. However, oligonucleotide catalysts that use base pairing for molec¬ 

ular recognition are destined to be turnover-limited in the replication cycle of Figure 

5-2. Turnover rates are increased by introducing mismatches and shortening recognition 

sequences [119], or by insertion of mutations that weaken tertiary interactions [120], but 

such changes lower fidelity and necessitate catalysts of higher molecular weight. 

Evolutionarily, in an RNA world scenario where no proteins exist, an autonomous 

RNA template could encode ribozymes as co-catalysts to provide the origin of self-rep- 
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Heating entities. Product saturation limits the known ribozyme catalysts [121-122], and 

ribozymes capable of melting duplex structures are certainly required for efficient repli¬ 

cation. In addition, oligonucleotide biopolymers appear less adept than proteins in orga¬ 
nizing functional groups within active sites for catalysis. This limitation results first from 

the scarcity of catalytic functional groups in these polymers but, more critically, is a con¬ 

sequence of the phosphate backbone. While this backbone has greater degrees of free¬ 
dom than the protein backbone, the necessity to shield the anionic phosphate groups 

enforces an extended conformation and prevents close packing within the structure. This 

stabilization is readily achieved in the tertiary and quaternary folds of proteins, for exam¬ 
ple. by creating local environments of low effective dielectric [42], The solvation equire- 

ments in oligonucleotides limit folding into tertiary and quaternary structures that can 
function cooperatively during catalysis [42], 

On the other hand, in a minimal catalytic model system, the ribozymes have advantag¬ 
es over protein enzymes. Even short oligonucleotides can effectively use duplex forma¬ 

tion to bind substrates and the known ribozymes are generally smaller than their protein 
counterparts. This substrate recognition through secondary structure is not a common 

feature of protein binding sites, where tertiary structural folds are necessary to optimize 

close packing of residues distant in primary sequence [42], 

As least conceptually, nucleic acid backbone modifications replacing the phosphate 
have the potential of both extending the functional groups needed for catalysis and 

allowing for more densely packed structures with well defined binding pockets. Such 

hybrid molecules can store information, serve as catalysts for template directed ligation, 
and be selected for catalytic function. Nature may have evolved the division of labor 

between the different classes of biopolymers as the genomes became larger and more 

specialized, but the opportunity for synthetic chemists to develop new materials capable 

of encoding information that can be translated, replicated, and selected for function is 

rich indeed. From the information now available, it should be possible to construct new 
autonomous genomes based on entirely different structural skeletons. We are currently 

limited only by our structural imagination and synthetic capability. 
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6 Biomimetic Reactions Directed 
by Templates and Removable Tethers 

Ronald Breslow 

6.1 Introduction 

Enzymes are remarkable both for their catalytic effectiveness and for their selectivities. 
Rate accelerations of 10000000000 or more are not unusual, and most enzymes show 

selectivity toward the substrates they act on, and toward the specific products they form 

from those substrates. The challenges in the construction of artificial enzymes are to 
achieve those rate accelerations and those specificities. 

In some respects achieving the product specificities is the most important goal. Substrate 

specificity is critical in the soup of components found in a biological cell, but chemical 
reactions can usually be performed on pure substrates where substrate specificity of a cat¬ 

alyst is irrelevant. However, the ability of an enzyme to achieve selective reactions on a 

particular section of the substrate (regioselectivity) and with specific stereochemical con¬ 

sequences (stereoselectivity) are features to be admired and imitated in chemical systems. 
Selectivity in simple chemical reactions is normally a reflection of the intrinsic reac¬ 

tivity of the substrate. For example, an oxidation would be performed by a relatively 

unselective reagent attacking the most easily oxidized part of the substrate. If that is not 

the desired position, it might be temporarily blocked, or the desired position might be 

activated in some way. This is not what enzymes do. 

Selectivity in enzymatic reactions is normally achieved by imposing the geometric 

control of an enzyme-substrate complex in which the catalytic group of the enzyme is 

held near the substrate so as to direct reaction to a specific spot, whether that spot is par¬ 

ticularly reactive or not. For example, in the biosynthesis of cholesterol three methyl 

groups attached to saturated carbons in lanosterol are oxidized and removed even though 

there are much more reactive double bonds and a hydroxyl group in the molecule. This 

occurs because the substrate is held next to metalloporphyrin catalytic groups of the 

enzymes so that only the otherwise unreactive methyl groups are within reach. 

Many years ago, we set out to develop such methodology for synthetic chemistry, 

imposing strong geometric control on reactions that would otherwise show little selectiv¬ 

ity, or would show undesired selectivity. We called this approach “biomimetic”, non- 

enzymatic chemistry designed to mimic the biological chemistry performed by enzymes 

[1], In some cases, we imposed the desired geometric control by use of a direct tether 

between the reagent and the substrate, in other cases we used molecular complexing as a 

closer analogue to the enzyme- substrate complexing that determines biochemical selec¬ 

tivity. In this account of the field, we will describe both approaches. Although space lim- 
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itations prevent a full account of related work from other laboratories, such related work 

is described more fully in some of the reviews we have written previously [1-30], par¬ 

ticularly in references [4, 10, 15, 16, 19, 24, 26, 30], 

6.2 Biomimetic Reactions Using Covalently Linked Tethers 

and Templates 

6.2.1 Photochemical Functionalizations by Tethered Benzophenones 

The first example in which a temporarily tethered reagent was directed to attack un¬ 

activated C-H bonds remote from the tether point was a study of the products from pho¬ 

tolysis of esters of benzophenone-4-carboxylic acid 1 carrying long-chain alkyl groups 
(Scheme 6-1) [31 ]. The n-tetradecyl ester was attacked over carbons 8-13, with half the 

Scheme 6-1 Photochemical remote functionalization of long-chain alkyl esters with a tethered 
benzophenone. 
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product from insertion of the benzophenone carbonyl into carbon 12. Products were 

determined by dehydration of the resulting carbinols and oxidation to produce carbonyl 
groups at the reaction point, and hydrolysis removed the benzophenone reagent and its 

tether from the functionalized alkanol. With longer chains, up to 20 carbons, the products 
indicated attack over greater distances, but again with significant insertion at C-12. The 

flexibility of the alkyl chains prevented the reactions from being fully selective, but the 

product distribution furnished information about the conformations of the flexible 

chains. This was examined further in subsequent studies, to be described. 

Steroids are rigid substrates without this flexibility problem, and whose selective 
functionalization is of considerable practical interest. Thus benzophenone-4-propionic 

acid was attached to 3a-cholestanol and the ester 2 was photolyzed (Scheme 6-2) [32]. 
The only methylene group attacked was that at carbon 12 of the steroid, so ester cleav¬ 

age, dehydration, and olefin oxidation afforded 12-keto-3a-cholestanol 3 as the only 

ketonic product. However, carbonyl insertion had also occurred at the methine C-H of 

carbon 14 of the steroid, revealed by lead tetraacetate cleavage and hydrolysis to form 
A14-3a-cholestenol 4 and A8( l4)-3a-cholestanol 5. Some of the A14-3a-cholestenol 4 was 

also formed on simple hydrolysis of the tethered reagent, as the result of direct dehydrog¬ 

enation of the steroid by benzophenone excited-state triplet. Such direct dehydrogena¬ 

tion was later achieved completely selectively with a tethered benzophenone having dif¬ 

ferent geometry, as described below. 

Scheme 6-2 Photochemical remote functionalization of 3a-cholestanol using a tethered benzo¬ 

phenone. 
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The introduction of a 9( 11) double bond into steroids is of practical interest, since such 

olefins can be converted to the 9-fluoro-11-hydroxy grouping found in most useful cor¬ 
ticosteroids. Ester 6 had a benzophenone-4-hexanoic acid tethered to the hydroxyl group 

of androstan-17/Tol that curled under the steroid ring and photochemically inserted into 

the C-9 a-hydrogen, forming product 7 with a 9(11) double bond after lead tetraacetate 

cleavage of the carbinol product and hydrolytic cleavage of the tether (Scheme 6-3) [33]. 

A product with a 14,15 double bond was also produced. 

7 

Scheme 6-3 Introduction of double bonds into steroids by remote functionalization. 

In a full paper describing this and other functionalizations of steroids tethered to 

benzophenones [34], it was revealed that the 3a-cholestanol ester 8 of benzophenone-4- 

acetic acid afforded, after hydrolytic removal of the tether, Al4-3a-cholestenol 4 as the 

product along with the diphenylcarbinol from reduction of the benzophenone. The short 

tether did not permit insertion into the C-14-H bond, so after the oxygen atom of excit- 
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ed benzophenone removed the C-14 hydrogen, the resulting steroid radical inverted to 
bring the C-15 hydrogen within reach of the benzhydryl radical; it was selectively 

removed to afford the observed products. In a subsequent study [35], a deuterium was 
specifically placed in the 15a-position of the steroid, and it was demonstrated that this 

was indeed the atom that becomes attached to the carbonyl carbon of the benzophenone 

reagent. It was also found that a small amount of insertion of the benzophenone occurred 
into C-H bonds at C-12 and C-7 in addition to the previously reported 14-15 dehydrog¬ 
enation. 

The products found in these studies indicated attack on the steroid at a predictable dis¬ 
tance from the attachment point, except with highly flexible tethers, but the tether still 

permitted attack along an arc pivoting around the attachment point. This is a problem 
that was addressed in later work, to be described. 

6.2.2 Free-radical Halogenations by Tethered Reagents 

In the course of carrying out the benzophenone photochemistry described in the previous 
section, we noted that the use of CC14 as solvent led to the formation of some chlorinat¬ 

ed steroid products. Therefore we examined such halogenations further [36], and found 

that the simple free-radical chlorination of cholestanyl acetate with phenyliodine dichlo¬ 

ride afforded the 9-chloro- and 14-chlorosteroids as the major products. Similar results 
were seen in bromination by bromotrichloromethane. We extended such selective radical 

halogenations to suppress reactions other than at C-9 and C-14 by appropriate substitu¬ 

ent effects, but more significantly we used tethers to achieve essentially complete selec¬ 
tivity in the halogenations [36]. 

Attachment of phenyliodine dichloride with a m-carboxy group as an ester 9 of 3a- 

cholestanol led to selective intramolecular chlorination at C-9 (Scheme 6-4). Hydrolysis 

of the ester led to HC1 elimination, affording the A9( 11 '-cholestenol 10 as the main prod¬ 

uct, along with a little of the 14-15 olefin from intermolecular reaction. By contrast, 

attaching p-iodophenylacetic acid to 3a-cholestanol, then converting it to the dichloride 

11, led to intramolecular chlorination at C-14, with a small amount of more random inter¬ 

molecular halogenation as well. This demonstrated that free-radical chlorination could 

be directed geometrically by the use of appropriate tethers. Furthermore, the chemical 

preference of the intermediate Ar-I-Cl radical for hydrogen abstraction from tertiary 

positions meant that the position of preferred attack was completely determined by the 

tether length, and unaffected by the ability of the reagent to swing in an arc about its 

attachment point. That is because the tertiary carbons with hydrogens on the a-face are 

all at quite different distances from C-3. 
In this work a reagent, an aryl iodide dichloride, was directly attached to the substrate 

through a tether, but it had disadvantages. With such a scheme only stoichiometric 

amounts of the reagent could be used, and the reactions led to some recovered starting 

material. Thus we considered whether a new process was possible in which we would 

use both a tether and a template to direct halogenations. We decided to try to invent what 

we called a “radical relay” process. 
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Scheme 6-4 Examples of free-radical halogenations of steroids by tethered reagents. 

6.2.3 Free-radical Reactions Directed by Tethered Templates - 
the Radical Relay Mechanism 

In the above halogenations, an iodophenyl group was attached to the steroid substrate, 

and then converted to the aryl iododichloride with Cl2 before the free-radical chain pro¬ 

cess was performed. We wondered whether we could generate the intermediate Ar- I-Cl 

radical that removes the substrate hydrogen by transferring a chlorine atom to the 

attached aryl iodide from an external reagent. That is, we wondered whether we could 

relay a chlorine atom from an external reagent to the iodine atom on the attached aryl 

iodide and thence to the hydrogen atom within reach. Such a process would be the ana¬ 

logue of throwing a baseball to the catcher who then reached down with it to tag the run¬ 

ner, or of kicking a soccer ball to a player near the goal who then propelled it into the goal 

itself. The chlorine atom radical relay was similarly successful. 

We irradiated a solution of phenyliodine dichloride with the m-iodobenzoate ester 12 

of 3«-cholestanol and found that C-9 chlorination occurred selectively, while no such 

selectivity was seen without the iodine atom on the benzoate ester [37]. Various controls 

established that we were not simply converting the attached iodoaryl template to its 
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dichloride, but were instead performing the desired radical relay process. That is, the free 

phenyliodine dichloride in solution was converted on photolysis to the Ph-l-Cl radical, 
and this then transferred its chlorine atom to the template iodobenzoate group to form an 

attached Ar-l-Cl radical, as shown (Scheme 6-5). As expected from this, when the teth¬ 

ered template was the />iodophenyl acetate, the process afforded the 14-chloro steroid 

product. Similar results were obtained when the solution chlorinating agent was S02C12, 
and the solution radical was S02C12. 

Since this study led to a number of extensions, it is desirable to explain why the pro¬ 

cess works, and what its advantages are. The rate advantage of a radical relay process is 

that the hydrogen abstraction is intramolecular, rather than the intermolecular abstraction 

that would occur without the relay by the template. However, this explains it only in part, 

since the relaying of a chlorine atom from the radical in solution to the iodine of the tem¬ 

plate is of course an intermolecular process. Why is the two-step sequence - intermolec¬ 

ular chlorine atom transfer, then intramolecular hydrogen abstraction - faster than an 

intermolecular hydrogen abstraction by the free radical in solution? The answer is relat- 
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ed to the reason why many enzymes carry out two-step sequences in hydrolysis reac¬ 

tions. That is, the serine proteases first attack an amide bond with a serine hydroxyl of 
the enzyme, then bring in a water molecule to hydrolyze the resulting serine ester. Why 

not simply use the water molecule directly to attack the amide bond? 
The advantage of the two-step process with serine proteases has to do with translation¬ 

al entropy [38]. In the first step, attack of an enzyme serine hydroxyl on the amide, the 

peptide is converted to an ester and the amine is released from the enzyme and recovers 
some of the translational entropy the substrate lost on binding to the enzyme. Then a 

water molecule is bound, losing entropy, but that is after the rate-determining step so it 

is irrelevant. If the second step were rate-determining, as it is when serine proteases 

hydrolyze esters instead of amides, the entropy lost by the water molecule would still 
have been compensated by the previous entropy gain from the released leaving-group 

fragment. 
In the radical relay chlorination of steroids, related arguments apply. Chlorine atom 

transfer to the large reactive iodine atom of the template from a radical in solution is rel¬ 

atively fast and easy, probably not rate-determining, and after the transfer the Phi is free¬ 

ly moving. The otherwise difficult attack at a hydrogen atom in the substrate is fast 

because it is intramolecular and template directed. The steroid radical then removes a 
chlorine from the solution reagent, regenerating the solution radical, but this is a fast 

intermolecular step that is not rate-determining. The result is that the template directed 

process dominates any random attack by solution radicals, and the reaction is thus posi¬ 

tionally selective. 
The practical advantages of the radical relay process over the use of a tethered arylio- 

dine dichloride reagent are several. First of all, an excess of the solution chlorinating 
agent can be used, so complete conversion of the substrate to product is achieved. Sec¬ 

ondly, there is no need to premake an attached aryl dichloride by using Cl2, so sensitive 

substrates can be used. Finally, other templates can be used that can capture and relay a 

chlorine atom but cannot themselves be converted to dichloride reagents. These will be 

described later. 

It is important to note that in all of the chlorinations described above a chlorine atom 

is selective for the removal of a tertiary hydrogen atom, so the templates tethered on the 

a-face of the steroids can be positionally selective. That is, the tertiary hydrogens at C- 

5, C-9, C-14, C-17, and in the side chain are all at different distances from C-3, where the 
tether is attached. Thus with a tether of defined length the intramolecular hydrogen 

attacks are quite selective. However, it is possible to design non-selectivity into the teth¬ 

ers. Models indicated that a m-iodophenyl acetate tether should be able to direct chlori¬ 

nation to both C-9 and C-14, and this was found experimentally [37], Both with the pre¬ 

made tethered aryliodine dichloride and with the radical relay process, an essentially 

equal mixture of C-9 and C-14 halogenation occurred. This is of course not a useful 

result, but it does indicate the extent to which molecular modeling can be used to predict 

the products in these reactions. 

We examined this further with molecular mechanics computer calculations [39]. The 

calculations accounted well for our experimental findings, including some we have not 

yet described here. However, the high selectivities we observed could only be accounted 
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for if we required that the collision of a chlorine atom bound to the iodine of a template 

had to occur essentially in line with the C-H bond being broken. This is not a general 

requirement of molecular mechanics calculations, and we suggested that it may reflect a 

requirement of the dynamics of the process. That is, we argued that collisions are effec¬ 
tive only if their energy can be converted into vibrations of the substrate along the reac¬ 

tion direction, and that a more or less linear collision is required for effective energy 
transfer. 

We used our radical relay functionalization of C-9 in steroids to perform a synthesis of 
cortisone 13 (Scheme 6-6) [40]. The Ay(11) double bond in the steroid was hydroborated 
to allow an oxygen functionality to be placed at C-11, characteristic of corticosteroids. In 

more practical applications, the double bond can be epoxidized and opened to afford 

oxygen at C-ll and fluorine at C-9, as in many of the newer corticosteroid pharmaceuti¬ 

cals. We also used other templates to direct chlorination to C-17, where the cholesterol 
side chain is attached [41]. Further reactions permitted the removal of that side chain; a 

full paper summarized such aryl iodide template directed reactions in detail [42]. Subse¬ 

quently we found that template methods could be used both to introduce oxygen at C-ll 
and to permit very effective removal of the steroid side chain [43]. Related to this, a teth¬ 

ered template with two chlorine binding atoms - a bipyridine or an iodophenylpyridine 

- was able to carry out the simultaneous chlorination of both C-9 and C-17, making 
approaches to corticosteroids even more attractive [44]. Later work [45] also permitted 

cleavage of the side chain so as to retain an acetyl group at C-17, and with a template 

tethered to the 6/3-position of steroid 14 we were also able to chlorinate directly into the 

side chain at C-20, as an alternative method to product such 17-acetyl steroids by partial 

side chain removal. 
This work built on our earlier finding [46] that benzophenone photochemical insertion 

into the side chain could be achieved when the benzophenone was tethered to the /3-face 

of the steroid. The findings, along with X-ray crystal structure data [46], made it clear 

that the nominally free rotation of the steroid side chain is in fact strongly restricted by 

steric constraints; the hydrogen on C-20 is pointed to the steroid /3-face and requires a 

/3-linked tether to permit its functionalization. 

Atoms other than iodine can also serve as chlorine binders in radical relay reactions. 

The sulfur atom of tethered diaryl sulfides can capture and relay a chlorine atom with 

predictable geometric control [47], However, in contrast to the iodine atom templates, 

the sulfur templates could not capture and relay a chlorine from a free phenyliodochlo- 

ride radical, only from the more reactive S02C1 species produced when S02C12 is the 

chlorinating reagent. Interestingly, phenyliodine dichloride was able to act as the chlo¬ 

rine atom source in a radical relay mechanism using the sulfur atom of a thioxanthone 

tethered template in 15 [48]. 
We also attached three steroid substrates to an iodophenyl template in 16 (Scheme 6-7) 

using a tris-silyl ether link, and saw that the template could direct selective radical-relay 

chlorination to all three tethered substrate species; in the same work we reported a simi¬ 

lar finding when a thiophene ring was the triply tethered template [49]. Thus the sulfur 

atom of thiophene can perform radical relay. In these triple catalytic functionalizations, 

the more reactive sulfuryl chloride was the preferred reagent. 
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15 

Scheme 6-6 Radical relay functionalization in the synthesis of cortisone 13 and with a thioxan- 

thone tethered template. 
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Si—O-cholestanyl 

O-cholestanyl 

Scheme 6-7 Radical relay functionalization with a triply tethered template and with a tethered 

pyridine template. 

Chlorine atoms would complex with benzene rings, but the geometry and stability 

were not sufficient to allow a simple phenyl group to be used as the relay template. The 

same was not true with pyridine rings. Radical relay processes were successful with teth¬ 

ered templates containing pyridine rings, as in 17. The process involved attachment of 

the relayed chlorine atom coordinated to the nitrogen atom and in the pyridine plane [50, 

51]. The results indicate that the pyridine-based tethered templates were superior to those 

based on aryl iodides or thioethers. Theoretical calculations and spectroscopic measure¬ 

ments indicate the nature of the complex between a pyridine ring and a chlorine atom 

[52], Specifically, the chlorine atom is held to the pyridine nitrogen by a three-electron 

bond - two pyridine electrons, one chlorine odd electron - which with two bonding and 

one antibonding electron is weaker than an ordinary covalent bond, and thus able to 

transfer the chlorine atom to an available hydrogen attached to carbon in the radical relay 

process. 
A further study examined fused pyridine rings, in quinoline and acridine, as tethered 

templates [53]. Although the chlorine atom complex might have had a different structure 
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from that of the simple pyridine complex, these fused pyridines were also effective tem¬ 

plates for the selective chlorination of steroids. 
Some variants on the simple template-directed chlorination were also developed. For 

example, a steroid carrying a tethered iodophenyl group was chlorinated by electrolysis 

of a solution carrying chloride ion [54]. In this case, the electrolysis furnished Cl2 in 

solution to carry a radical relay process and electrolysis also initiated the radical process 

by one-electron oxidation of the iodophenyl group. As another variant, the radical relay 

mechanism requires that it be a chlorine atom that attaches to the iodine or pyridine or 

sulfur to abstract hydrogen, since a complexed bromine atom is not reactive enough, but 
the new bond to the substrate does not have to be a carbon-chlorine link. That bond is 

formed by untemplated attack of the substrate carbon radical on a reagent in solution 

and, with an appropriate sequence of tandem reactions, other atoms can be linked to the 
substrate. 

We showed that radical relay in the presence of phenyliodine dichloride but with an 
excess of CBr4 afforded the bromosteroid, with bromine at the point that is normally 

chlorinated [55]. When (SCN)2 was the additive, rather than CBr4, an SCN group was 

formed [55], The mechanism shown (Scheme 6-8) involves a bromine atom transfer to 

Scheme 6-8 Mechanism of formation of a bromosteroid by radical relay functionalization. 
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the steroid radical to form the bromosteroid and CBr3, but this radical then abstracts Cl 

from the solution PhICl2 so as to form the phenyl iodochloride radical, which transfers 
its Cl to the template to permit hydrogen abstraction and complete the cycle. In the 

thiocyanate case it is the SCN radical that removes Cl from PhICl2 in solution to permit 
a chlorine radical relay process. 

We have largely been describing reactions on steroid substrates, which are conforma- 

tionally rigid and permit selective functionalizations by appropriate tethered templates. 

However, when the templates are linked to flexible chains, the results can be used to 

learn about the conformational preferences of such flexible chains. In one study [56], we 
examined the positional selectivities of insertion reactions into flexible chains by 

attached benzophenone units, a process we had also examined earlier [31], and compared 
the results with those from the intramolecular chlorination of such flexible chains by 

attached aryliodine dichlorides. The results were complementary. In another study [57] 

we used long-chain alkyl esters of nicotinic acid in radical relay chlorination, and saw 
some interesting selectivities reflecting conformational preferences in these nominally 

flexible cases. 

A study [58] on the use of non-tethered templates to direct the radical relay mechanism 
will be described in a later section of this chapter. 

6.2.4 Selective Intramolecular Epoxidations Directed 
by Removable Tethers 

Sharpless [59] had extended earlier observations [60] on the selective epoxidation of the 

double bonds in allylic alcohols catalyzed by metals that coordinate to the hydroxyl 

groups. We decided to extend this by using a template to bring a coordinating hydroxyl 

group near in space to an otherwise remote double bond. Thus we showed that we could 

promote the epoxidation of a double bond in ring D of a steroid with a template tempo¬ 

rarily attached to ring A in 18 (Scheme 6-9) [61], The reaction was selective for such an 

accessible double bond even if the substrate had an additional double bond allylic to the 

point at which the template was attached. In the absence of the template, the allylic dou- 

Scheme 6-9 Template directed epoxidation. 
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ble bond was epoxidized, while with the attached template, the remote ring D double 

bond was the reactive one. 
This template directed functionalization of double bonds within reach was also used to 

determine the conformational preferences of some terpene polyenes [62], As in the pre¬ 

viously described work with attached benzophenone reagents, the selective template- 

directed epoxidations revealed the details of chain folding in flexible molecules. 

6.3 Selective Reactions Directed by Non-covalently 

Linked Templates 

6.3.1 Selective Aromatic Substitution Directed 
by Cyclodextrin Complexing 

The chlorination of anisole by HOC1 in aqueous solution produces both p- and o-chloro- 

anisole, in a ratio of 60:40 [63], By contrast, in the presence of a-cyclodextrin (cyclo- 
hexaamylose) the para chlorination dominates, so that with 10 mM cyclodextrin the 

product is 96% p- and 4% o-chloroanisole. In water solution anisole binds into the cyclo¬ 

dextrin cavity. The simplest idea would be that this binding blocks chlorination at the 

ortho positions, which are inside the cavity, while the para position of the anisole is still 

exposed to solution. The true situation is more interesting. When the reaction shows 96% 

selectivity for para chlorination, the anisole is only 72% bound, so the bound anisole 
must be more reactive, not just more selective, than that in solution. The data indicate 

that ortho chlorination is indeed completely blocked for the anisole/cyclodextrin com¬ 

plex, but that the para position is 5.6±0.8 times more reactive in the complex than in 

solution. It was suggested that the chlorine was being delivered to the para position of 

bound anisole by a hydroxyl group of the cyclodextrin, which had been converted to a 
hypochlorite group (Scheme 6-10). Later work confirmed this idea. 

Cl 

alpha-cyclodextrin 

Scheme 6-10 Selective para-chlorination of anisole complexed by a-cyclodextrin. 

In the full study [64], it was found that a lesser but similar effect was seen with /j- 

cyclodextrin (cycloheptaamylose), which has a larger cavity in which anisole is both 

more weakly and more flexibly bound. Within this looser complex, ortho chlorination is 
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still completely blocked, but para chlorination has the same rate as it has in free solution. 

With 10 mM /3-cyclodextrin anisole is only 59% bound, not 72%, and the para/ortho 

chlorination ratio becomes only 3.8:1, not 21.6:1 as with a-cyclodextrin. Thus, the 

catalysis of para chlorination in the a-cyclodextrin complex is promoted by rigid inclu¬ 
sion of the anisole into a tight-fitting cavity. 

Kinetic studies revealed something very striking: the rate of chlorination in the com¬ 

plex of anisole with a-cyclodextrin had a first-order dependence on HOC1, but in free 
solution the rate depended on [HOC1]2. Thus, different species perform the chlorination 

in the two situations. In solution it is known that the [HOC1]2 dependence indicates that 
the true chlorinating species is C120, which is formed from two HOC1 molecules. HOC1 

itself is too unreactive for the intermolecular chlorination to proceed rapidly, so the more 

reactive C120 is used even though there is little of it. However, in the complex with 
cyclodextrin the HOC1 rapidly and reversibly forms a hypochlorite ester with a cyclo¬ 

dextrin hydroxyl group, and this then delivers the chlorine atom to the accessible para 

position of bound anisole. An alkyl hypochlorite is not a strong chlorinating agent, but 

the intracomplex character of the reaction makes the rate fast enough. As expected, the 
kinetic advantage of such an intracomplex reaction is greater with the tight anisole com¬ 

plex in a-cyclodextrin than with the looser complex in /3-cyclodextrin. The resemblance 

of this mechanism to that of the template directed chlorinations described previously is 

obvious: the OH group of cyclodextrin performs (non-radical) relay chlorine transfer 
from a solution reagent to the substrate. 

When /?-methylanisole 19 (Scheme-6-11) was used as substrate, only the positions 

ortho to the methoxyl group were chlorinated, whether a-cyclodextrin was present or 

not, but reaction occurred only in free solution. Added a-cyclodextrin simply slowed the 

reaction by complexing the substrate. On the other hand, /?-cresol 20 was of course also 
chlorinated ortho to the oxygen substituent, but in this case the a-cyclodextrin accelerat¬ 

ed the reaction. The polar hydroxyl group projects from the cavity so that the ortho posi¬ 

tions are now within reach of a cyclodextrin hypochlorite group, and intracomplex chlo¬ 

rine delivery occurs. 
As a test of this mechanism, the coupling of p-benzenediazonium sulfonate 21 with 

phenol was examined. In solution it couples in the para position, but a-cyclodextrin 

N 

19 20 21 

Scheme 6-11 The chlorination of 19 and 20 and the coupling of 21 with phenol was investigated 

in the presence of a-cyclodextrin. 
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simply inhibits the reaction. The diazonium electrophile cannot be delivered by a cyclo¬ 

dextrin hydroxyl group, in contrast with such a delivery of a chlorine atom. 

One interesting feature of this work is that the enzyme chlorinase also can chlorinate 

anisole in water solution, but it gives a random mixture of ortho and para products [65], 

Apparently the enzyme merely makes a chlorinating reagent, probably HOC1, and this 

then acts on the unbound anisole in free solution. However, the selectivity seen in our 

anisole complex chlorination is typical of that seen in other enzymes that do indeed 

direct reactions by geometric control within an enzyme-substrate complex. 
The anisole chlorination was examined further with two modified a-cyclodextrin 

derivatives [66], In one we prepared the dodecamethyl derivative, in which all the pri¬ 
mary hydroxyls and all the C-2 secondary hydroxyls of the a-cyclodextrin were blocked 

by methyl groups. This was an even more effective catalyst for the direct chlorination of 

anisole in its para position, and less than 1 % of ortho product could be detected with the 

catalyst at 10 mM. The extra methyl groups make anisole binding even stronger, account¬ 

ing for the improved efficiency. Also, this work established that the C-3 hydroxyl group 
on the secondary face of the cyclodextrin could serve as the catalytic group in chlorine 

transfer. Of course, if the other hydroxyls were not blocked, as in the unmethylated cat¬ 

alyst, they might also serve to relay chlorine from solution to the bound substrate. 

In other work described in the same publication, a-cyclodextrin was converted to a 
solid polymer by reaction with epichlorohydrin, and this was used in a reactor to perform 

the flow reaction of anisole with HOC1. The product was completely para-chlorinated, 

and the reactor could be used repeatedly. Thus, the binding of substrate to an immobi¬ 

lized template has potential for practical synthesis with geometric control of selectivity. 

Since this early work, other laboratories have reported selective aromatic substitution 

reactions in cyclodextrin cavities. In most cases the cyclodextrin does not serve as a tem¬ 
plate, but simply blocks some otherwise reactive spots. These cases have been reviewed 

[30], 

6.3.2 Photochemical Functionalizations by Complexed Benzophenones 
and Chlorinations Directed by Ion-paired Templates 

Benzophenone-4-carboxylic acid 22 complexes with other carboxylic acids in non-polar 

media by double hydrogen bonding. We examined the functionalization of hexadecanol 

by converting it to its hemisuccinate 23 and irradiating this in CC14 solution with ben- 

zophenone-4-carboxylic acid (Scheme 6-12) [67], The products from insertion of the 

keto carbonyl group into the hexadecane chain were dehydrated and the resulting olefin 

was ozonized to afford, after saponification to remove the tether, a mixture of ketohexa- 

decanols. The distribution reflected the conformational accessibility of substrate carbons 
in the tethered complex. 

Selectivity was seen when a similar process was performed on the hemisuccinate 24 
of 3a,5a-androstanol. The only ketonic product, formed in 21% yield, was 16-keto- 

3a,5a-androstanol 25, indicating a rather good selectivity at the most remote carbon 

from the point of attachment of the removable tether. Because the hydrogen bonding 
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Scheme 6-12 Photochemical functionalizations of alkyl and steroidal esters by complexed ben- 

zophenones. 

association of reagent with the tether is reversible, the yield was improved by using an 
excess of reagent to drive the reaction to completion. 

Benzophenones carrying carboxylate groups attached para either directly or at the end 

of two-, three-, or four-methylene chains were used to functionalize sodium dodecylsul- 
fate (SDS) and cetyl trimethylammonium bromide (CTAB) chains in micelles, with the 

hope that the micellar structure might fix chain conformations so that positionally selec¬ 

tive functionalizations would occur [68]. It was seen that the chains in the micelles were 

flexible enough for several positions to be attacked by the triplet benzophenone unit, but 

very interesting conformational information was obtained. It was seen that the shorter 

benzophenone derivatives attacked further into the micellar chains, contrary to simple 

expectation. This indicates that the chains being attacked are curled back so that their 

nominally remote ends are actually closer to the micelle surface. This is apparently the 

way the chains can fill a spherical region: some chains extend all the way to the center of 

the micelle, while others curl back so as to fill the interchain spaces that would be creat¬ 

ed if all chains were fully extended. It is the latter curled chains that the benzophenone 

probes were attacking. 
Amphiphiles with two chains per head group can form vesicles, not simple micelles, 

and we used our probes to determine whether they had greater conformational order and 

could direct functionalizations more selectively [69]. We found that spherical vesicles 

showed evidence of conformational disorder comparable to that we had seen in micelles, 

but that flat vesicles showed considerable order, with attack largely at the expected dis- 
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tance from the surface if the chains were fully extended. Of course such probes may 

accentuate the amount of disorder in such systems, either by inducing the disorder or by 

reacting preferentially in disordered regions. However, the overall results of these stud¬ 

ies indicated that we had interesting tools for probing structures of micelles and vesicles, 

but that the flexible chains were not well enough organized to permit synthetically use¬ 

ful selective functionalizations. 
To fix the geometries of flexible chains in such reactions, straight-chain a,&>-dicarb- 

oxylic acids were used as substrates along with benzophenones that could bind to both 

carboxyl groups [70], The benzophenones carried a binding group on the meta position 
of each ring, either trimethylammonium or carboxyl groups. The two cationic trimethyl- 

ammonium groups in 26 stretched the chain of decanedioic acid dianion 27 across the 

benzophenone carbonyl, and directed 93% of the functionalization to the two equivalent 

central methylene groups of the substrate (Scheme 6-13). With the longer dodecanedio- 

ic acid there was more randomness, since the chain is not fully extended in the doubly 

ion-paired complex. The selectivity for the central carbons of the shorter octanedioic 
acid was slightly less, 81%, when it was complexed by hydrogen bonds to the benzo- 

phenonedicarboxylic acid. When there were only single linkage points in related mole¬ 

cules no functionalization occurred under the conditions used, so the double-ended com- 

plexing both promoted reaction and directed it selectively in the cases where the sub¬ 
strate and reagent had exactly the correct fit. 

Scheme 6-13 The doubly ion-paired template 26 gives high regioselectivity in the photochemi¬ 
cal functionalization of 27, whereas the single ion-pairing substrates 28 and 29 are not functiona¬ 
lized with high specificity. 
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Ion pairing was also examined as a way to bind an iodophenyl template to a steroid to 

direct radical relay chlorination [58], If successful, such a process could in principle use 
the template in only a catalytic amount. Cholestane carrying a 3a-trimethylammonium 

group (compound 28) was paired with iodophenyl sulfonates or carboxylates, and 3a- 
cholestanyl sulfate 29 was ion-paired with iodophenyl templates carrying trimethyl- 

ammonium groups. Indeed, radical relay chlorination did occur with these templates, and 

not in appropriate control reactions, but the positional selectivities were not as great as 

with the covalently tethered templates described previously. Apparently ion pairing does 

not define the relative geometries of template and substrate well enough. 

6.3.3 Oxidations Directed by Metalloporphyrin 
and Metallosalen Templates 

Heme (30), an iron porphyrin complex (Scheme 6-14), is the catalytic group in many 

oxidizing enzymes, including the cytochrome P-450s. Thus there has been a serious 

effort to mimic various aspects of these enzymes using metalloporphyrins. In the gener- 

31 with 4 bound Cu2+ 

O O 

32 

Scheme 6-14 Catalytic epoxidation of 32 
directed by coordination to the CulI1) com¬ 
plex 31 in the presence of an oxygen transfer 
reagent. 
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al scheme, an iron or manganese derivative of a synthetic porphyrin unit is used to cata¬ 
lyze the transfer of an oxygen atom from an oxidizing reagent such as iodosobenzene, 

hypochlorite ion, etc., to a substrate. With appropriate substituents to stabilize the por¬ 

phyrins, some very high catalytic turnovers have been seen. Thus we set out to extend the 

geometric control ideas described above into this area. 
In our first study [71], we synthesized an iron porphyrin 31 carrying 8-hydroxyquino- 

line units at the four meso positions, and used Cu2+ to bind substrate 32 carrying two 

nicotinate ester groups, one at each end (Scheme 6-14). The result was to stretch the sub¬ 
strate across the porphyrin so as to leave a double bond of the substrate directly above the 

iron in the porphyrin. We saw that the linkage of catalyst and substrate by their mutual 

binding to the Cu2+ ions led to selective epoxidation of the bound substrates relative to 

analogous cases without such Cu2+ linkages. There was also catalytic turnover, as the 

bound product was replaced by more substrate. 
In the same publication, we also reported a similar study using the Mn3+ complex 33 

(Scheme 6-15) of the tetradentate ligand salen as the catalytic group. There were some 

differences from the porphyrin results, but auxiliary metal ions were also used to bind the 
catalyst and substrate in the salen case. 

r~\ 

Scheme 6-15 A metallosalen template for catalytic epoxidations. 

Not all potential substrates can easily have nicotinate groups attached to both ends. 

Thus we set out to use hydrophobic binding into cyclodextrins in water as the mecha¬ 

nism for inducing formation of a complex between catalyst and substrate with geometric 

control and catalytic turnover. In the earliest work we have nonetheless attached groups 

to the substrates to solubilize them and promote their binding into cyclodextrins. 

We made porphyrins carrying four phenyl groups attached to the meso positions in 

which we were able to attach four /Tcyclodextrin units to the para position of each phe¬ 

nyl (34), or two cyclodextrins attached to the para positions of neighboring phenyls (35) 

or of those on opposite sides of the porphyrin unit (36) (Scheme-6-16) [72], The three 
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Scheme 6-16 Porphyrins 

34-36 with appended /3- 

cyclodextrins catalyze the 

epoxidation of double bonds 

in substrates with hydro- 

phobic termini which are 

bound in the cyclodextrin 

cavities. 
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porphyrin derivatives, as their Mn3+ complexes, were examined as catalysts for the 

epoxidation of double bonds in substrates that had hydrophobic ends to bind into cyclo¬ 
dextrin rings in water solution. We found that good catalysis and selectivity were seen 

when the catalyst carried two cyclodextrins on opposite sides of the ring (Mn3+ deriva¬ 

tives of 34 or 36), but not when they were on neighboring phenyls (Mn3+ derivative of 

35). Thus the prediction from molecular models that the substrates would be attacked 

only if they stretched across the porphyrin ring was borne out. For convenience, the cat¬ 
alyst based on 34 with four cyclodextrins was used for most of the studies, on the 

assumption that its productive complex was the one in which the substrates would bind 

to cyclodextrins on opposite sides so as to stretch the substrate across the porphyrin ring. 

As in the Cu2+ linked systems described above, we saw that there was selective turn¬ 

over epoxidation of those substrates with hydrophobic ends that, would bind to the cyclo¬ 

dextrins. 
These catalysts were then examined in the selective hydroxylation of saturated unac¬ 

tivated carbons in steroids [73, 74], Androstane-3,17-diol 37 was converted to a diester 

38 carrying tert-butylphenyl binding groups and sulfonate solubilizing groups, and oxi¬ 

dized in water solution with iodosobenzene catalyzed by the Mn3+-porphyrin 39 carry¬ 
ing a /Tcyclodextrin attached to the para position of four phenyls on the porphyrin meso 

positions (Scheme 6-17). The steroid was hydroxylated only on the 6a-position to pro¬ 

duce 40, and with about four turnovers. This was hydrolyzed to the androstanetriol 41. 
Control studies in which the tert-butylphenyl groups were not present on the substrate 
showed that there was no oxidation at all under the same conditions, so binding is 

required. A cholestanol carrying only one binding group was hydroxylated, but to a mix¬ 

ture of products. When the catalyst contained Fe2+ rather than Mn3+ similar results were 
obtained, but with much less turnover. 

Catalytic turnover is limited by the oxidative destruction of the porphyrin, and prior 

work showed how to diminish this problem. It had been found [75] that electron-with¬ 

drawing groups on the porphyrin carbons stabilized it to oxidation, and in particular por¬ 

phyrins carrying pentafluorophenyl groups in the meso positions were much more stable 

than those with unsubstituted phenyls. Thus we synthesized a new catalyst 42 with fluo- 

rinated phenyls (Scheme 6-18) [76]. The synthesis was particularly convenient, since we 

found that the readily available porphyrin 43 carrying pentafluorophenyl groups on each 

meso position reacts with /Tcyclodextrinthiol to replace a para fluorine in each phenyl 

ring, easily attaching a cyclodextrin in its place and forming 44. Its Mn3+ complex 42 
still showed the same selectivity as that of the unfluorinated compound, but now with 
187 turnovers before the catalyst was destroyed. 

Further work is under way in this area. Substrates are being examined that directly 

bind with defined geometry into our catalysts, without the need to attach binding groups. 

Geometries are being varied in order to carry out other selective steroid hydroxylations, 

including those of direct pharmaceutical interest. Other oxidants, and still more stable 

catalysts, are being explored. Catalysts with more than two-point binding, and with an 

ability to hydroxylate unactivated carbons even in the presence of sensitive double 

bonds, are being examined. The potential of these biomimetic oxidizing catalysts seems 
quite substantial. 
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o 

Scheme 6-17 Regio- 

selective hydroxylation 

of androstane-3,17-diol 

(37) catalyzed by the 

Mn ^-porphyrin 39 in 

the presence of iodoso- 

benzene. 



182 6 Biomimetic Reactions Directed by Templates and Removable Tethers 

Scheme 6-18 The highly 

stabilized catalyst 42 is 

readily prepared from 43 
via 44. 
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The transfer of oxygen atoms by porphyrin catalysts is of course quite appealing, but 
it occurred to us some time ago that selective insertion of nitrogen atoms into substrates 

could also be useful, and accomplished in the same way. Thus we examined the nitrogen 

analogue of iodosobenzene, tosyliminoiodobenzene 45 [77]. It was able to insert the 
tosylamine group into cyclohexane solvent to form 46, catalyzed by manganese or iron 

tetraphenylporphyrin (Scheme 6-19). In a collaborative study, it was found that even 

some isozymes of cytochrome P-450 were able to catalyze that reaction [78], This work 
has stimulated others to take up the use of tosyliminoiodobenzene and related com¬ 
pounds for nitrogen functionalization reactions. 

Scheme 6-19 N-atom transfer catalyzed by manganese or iron tetraphenylporphyrin. 

6.3.4 Other Reactions Catalyzed by Coordinated Template Catalysts 

Intramolecular catalyses of cleavage reactions at carboxylic acid derivatives are well 

known, and outside the scope of this book. However, cleavage reactions can also be cat¬ 

alyzed by species that bind to the substrate and carry out a selective reaction that depends 

on the geometry of the mixed complex. Since this is in the spirit of the rest of what has 

been described, it will be briefly included here. Such reactions imitate enzymatic cleav¬ 

age processes, so they are “biomimetic” in the same sense that selective functionaliza¬ 

tions within mixed complexes are biomimetic [ 1]. The work using cyclodextrin binding 

has been extensively reviewed recently [30]. 

Esters can be cleaved by template catalysts that use a metal ion as both a binding group 

and part of the catalytic system [79-81], However, metal ion catalysis has also been 

extended to cases in which the principal substrate binding involves cyclodextrin inclu¬ 

sion; indeed, the first catalyst described as an artificial enzyme was such an example 

[82]. A cyclodextrin dimer 47 with a bound metal ion between the two cyclodextrins is a 

particularly effective hydrolytic catalyst for esters that can bind into both cyclodextrin 

units (Scheme 6-20) [83, 84], 
Esters can also be cleaved by reaction with the hydroxyl group of cyclodextrin within 

a complex [85-91]. Some very high rates have been observed, and calculations account 

for the geometric preferences in such reactions. 
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48 49 50 

Scheme 6-20 Coordinated template catalyst 47 and cofactor analogues attached covalently to 

cyclodextrins in biomimetic catalysis. 

Phosphate esters can be cleaved by template catalysts, especially those with cyclodex¬ 

trin binding groups and linked catalytic groups. Catalysis of the hydrolysis of a bound 

cyclic phosphate by ribonuclease mimics has been extensively studied [92-98], as has 

catalysis by enzyme mimics carrying bound metal ions [99-102], 
When a coenzyme is linked to a binding group, sometimes with additional catalytic 

groups, interesting enzyme mimics result. A mimic carrying linked thiazolium ions 48 
can perform reactions like those catalyzed in enzymes that use thiamine pyrophosphate 

[103, 104], while mimics carrying pyridoxamine (49) and pyridoxal (50) units mimic the 

amino acid biochemistry that uses pyridoxal phosphate and pyridoxamine phosphate as 

coenzyme [105-115], Mimics of enzymes that use coenzyme B-12 have also been made 

[116, 117], as well as aldolase mimics [118-121], The double binding of substrates into 

two cyclodextrin rings that is involved in a number of catalytic systems has also been 

examined in itself, in studies directed at determining binding constants [122-124], 

Remarkably, the chelate effect that leads to very strong binding in these cases was found 

to be caused by an advantage in enthalpy, not entropy, relative to singly binding ana¬ 

logues [123], 

The use of tethers and templates in the chemistry described above can furnish valuable 

information about the conformations of flexible molecules, and in appropriate cases can 

lead to selective functionalization reactions, including those at unactivated positions. 

Thus these reactions are “biomimetic,” imposing geometric control over the normal sub¬ 

strate reactivity control. It remains for the future to develop such reactions, and catalysts, 

to the point at which they take their place in the tools of synthesis for research and man¬ 

ufacturing. However, such progress seems likely, judging from the progress that has been 

made to date. 
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7 Regio- and Stereoselective Multiple 
Functionalization of Fullerenes 

Frangois Diederich, Roland Kessinger 

7.1 Introduction 

The synthesis of multiple adducts of C60 has attracted much attention in recent years [1], 
Investigations of covalent derivatives with varying degrees and patterns of addition 

make it possible to explore how characteristic fullerene properties are affected by func¬ 

tionalization-induced changes in the conjugated 7r-chromophore [2], Furthermore, high¬ 
er adducts of C60 represent an unprecedented family of three-dimensional building 

blocks for molecular scaffolding targeting advanced fullerene materials and technologies 

[3], The direct sequential multiple functionalization of the carbon sphere, however, is 
problematic in most cases, and isolation of a pure higher adduct usually requires tedious 

chromatographic isomer separation [4-6], Moreover, a great diversity of interesting 

addition patterns is not accessible by sequential derivatization. Therefore, we proposed 

in 1994 a more general approach to the regioselective formation of multiple adducts of 
C60 by taking advantage of tether-directed remote functionalization techniques [7], Such 

strategies had been initially developed by Breslow and co-workers for the selective func¬ 

tionalization of steroids and long-chain alkanes (see Chapter 6) [8], Here, we illustrate 

how the application of non-covalent and covalent templates provides access to a great 

diversity of three-dimensionally functionalized fullerene building blocks. Templated 

synthesis now serves as a powerful tool for chemists interested in exploiting the out¬ 

standing technological potential of fullerenes and their covalent derivatives. 

7.2 Anthracenes as Reversible Covalent Templates 

Among the most versatile reactions in fullerene chemistry is the Bingel cyclopropana- 

tion with 2-bromomalonate in the presence of base [9]. The problematics of regioisomer- 

ic product formation in nucleophilic additions to C60 is illustrated in the following, using 

this reaction as an example. By sequential double Bingel addition, Hirsch and co-work¬ 

ers obtained seven (1-7) out of eight possible bis-adducts named as cis-1-3, eface and 

£edge (these two bis-adducts are identical if the two addends are identical), and trans-1-4 

(Scheme 7-1) [ 10, 11], which could be separated by high-performance liquid chromatog¬ 

raphy (HPLC). Only the cis-1 bis-adduct was not formed in detectable quantities due to 

steric interactions between the addends which are forced into close proximity. The e (3) 
and trans-3 (5) bis-adducts are the major products in the sequential double addition, 
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which is kinetically controlled. The coefficients of the two nearly degenerate lowest 

unoccupied molecular orbitals (LUMO and LUMO + 1) of the monomethanofullerene, 

which are accepting the electron density from the incoming nucleophile, determine the 

product ratio of the bis-adducts. These orbitals have their highest coefficients at the e and 

trans-3 positions [12, 13]. 

A 
®edge 

®/ace 

B 
1 
2 
3 
4 
5 
6 
7 

(c/'s-2); 0.9% 
(c/s-3); 2.5% 
(e); 15.5% 
(trans-4); 3.7% 
(trans- 3); 12.0% 
(trans-2); 5.3% 
(trans-1); 0.8% 

Scheme 7-1 (A) Position notation for bis-adducts of C60 according to Hirsch et al. [10]. (B) 

Products isolated from the second Bingel addition to bis(diethoxycarbonyl)methanofullerene 

[C61(COOEt)2] [10], a) Diethyl 2-bromomalonate, NaH, toluene, 20 °C. 

Upon further functionalization, the regioselectivity of the additions becomes remark¬ 

ably enhanced. A third di(ethoxycarbonyl)methano addend is preferentially introduced 

(40%) into the equatorial (e) position. Starting from <?,e,e-tris-adduct, a remarkable 

sequence of stepwise e additions, with regard to the previous addends, affords hexakis- 
adduct 8 [12], This compound features a pseudo-octahedral addition pattern and can also 

be directly obtained in 14% yield by reacting C60 with 8 equiv of diethyl 2-bromomalo- 

nate/l,8-diazabicyclo[5.4.0]undec-7-ene (DBU) [12]. 

Hirsch and co-workers subsequently discovered that the yield of hexakis-adducts such 

as 8 or 9 can be greatly increased and their separation from side products substantially 

facilitated, if 9,10-dimethylanthracene (DMA) is used as a template (Scheme 7-2) [14, 

15]. Anthracene derivatives such as DMA are well known to undergo reversible 

Diels-Alder additions with fullerenes at ambient temperature [16-18]. After addition to 

the fullerene, the template directs diethyl malonate addends in the Bingel addition regio- 

selectively into e positions, ultimately yielding the hexakis-adducts with a pseudo-octa¬ 

hedral, all-e addition pattern. The templated activation of e 6-6 bonds (bonds between 

two six-membered rings) is also efficient starting from C60 mono-adducts, and several 

examples are shown in Scheme 7-2. Thus, bis(alkynyl)methanofullerene 10 [19] reacted 

with diethyl 2-bromomalonate/DBU (8 equiv) and DMA (12 equiv) to provide hexakis- 
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adduct 11 in 28% yield [20], Without a template, the yield was only 12% and the target¬ 

ed product was contaminated with an inseparable impurity. Also, mono-adduct 12 was 
transformed in 35% yield into hexakis-adduct 13 [21], the precursor for the Ptn directed 

self-assembly of a dinuclear cyclophane of the molecular-square type [22], containing 

two appended fullerenes. Other examples for the use of this template activation method 
include the formation of hexakis-adducts 14-16 [14, 23, 24], with compound 16 provid¬ 

ing an interesting example of a dendrimer with a fully buried fullerene core [25-27]. 

8 X = C(C02Et)2 

9 X = C(C02C17H35)2 

^ DMA (10 equiv.), DBU (8 equiv.), 
C60 

BrCH(C02R)2 (8 equiv.), PhMe, 20 °C 

DMA (10 equiv.), DBU (20 equiv.), 
CH2(C02R)2 (10 equiv.), 

^60 

CBr4 (10 equiv.), PhMe, 20 °C, 12 h 

8 (23%) [ref. 14] 

8 (48%) [ref. 15] 
9 (40%) [ref. 15] 

DMA (10 equiv.), DBU (10 equiv.), 

BrCH(C02R)2 (8 equiv.), PhMe, 20 °C, 5 d 

10 Y= C- 

12 Y= C- 

-SiMe3] 

\\ N 

— 11 X = C(C02Et)2 (28%) [ref. 20] 

— 13 X = C(C02Et)2 (35%) [ref. 21 ] 

:x 

14-16 X = C(C02Et)2 

14 Y = 

N ^CHpCC^Me 
15 Y= l\T N 

\ / 

b 

[ref. 23] 

[ref. 23] 

[ref. 23] 

Scheme 7-2 Templated synthesis of hexakis-adducts 8 [14,15], 9 [15], 11 [20], 13 [21], 14 [23], 

15 [23] and 16 [24] using 9,10-dimethylanthracene (DMA) as a template. DBU = 1,8-diazabicyclo 

[5.4.0]undec-7-ene. 
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A spectacular example for a solid-state template effect was reported by Krautler et al. 

[28]. In their elegant preparation of trans-1 bis-anthracene adduct 17, the crystal packing 

provided the molding effect characteristic of a template. Heating a sample of crystalline 

mono-adduct 18 at 180°C for 10 min afforded 48% each of C60 and bis-adduct 17, 
resulting from a topochemically controlled, regioselective intermolecular anthracene- 

transfer reaction (Scheme 7-3). The two anthracene addends in 17 were subsequently 
used as covalent templates in further solution conversions [29]. The two residues regio- 

selectively directed four new malonate addends regiospecifically into the e positions, 

yielding hexakis-adduct 19. Thermal removal of the anthracene templates eventually 
provided tetrakis-adduct 20, with all four malonate addends aligned along an equatorial 

belt on the carbon sphere [29, 30]. 

19 X = C(C02Et)2 (95%) 20 X = C(C02Et)2 (88%) 

[ref. 29] 

Scheme 7-3 Topochemical solid-state synthesis of bis-adduct 17 [28] and templated formation 

of tetrakis-adduct 20 [29]. 

7.3 Tether-directed Remote Functionalizations of C60 

Prior to the development of tether-directed functionalization methods, regioisomerically 

pure higher adducts of C60 usually were obtained by additions of transition metal com¬ 

plexes [31-33] or radical halogenations [34, 35]. These reactions either occur under 

thermodynamic control or lead to the precipitation of the least soluble derivative. Iso- 

merically pure higher adducts of C60 sometimes are also readily isolated out of more 

complex product mixtures [36], Tether-directed remote functionalization of C60 allows 

the construction of fullerene derivatives with addition patterns that are difficult to obtain 

by thermodynamically or kinetically controlled reactions with free untethered reagents. 

Since the description of the first such reaction in 1994 [7], which is the subject of Sec¬ 

tion 7.3.1, an increasing variety of such regioselective functionalization protocols have 
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been developed, as documented in this overview. Of course, a tether-directed remote 

functionalization should only be called a template-directed reaction if the tether is 

removable, and this criterion is met by nearly all the examples described below. The ben¬ 

efits of these synthetic developments for the advancement of fullerene chemistry have 
been enormous. Thus, the availability of a great diversity of multiple adducts allowed a 

detailed investigation of the changes in the unique properties of parent C60 that occur 
with increasing degree of covalent functionalization and concomitant reduction of the 

fullerene chromophore [2, 37-39]. Similarly, effects of the nature of the addition pat¬ 

terns and the nature of the addends on fullerene properties could be probed as well. 

Examples of properties that change profoundly upon increasing the functionalization of 
C60 are the facile reversible electrochemical reducibility [2,40,41], the efficiency in 

singlet oxygen photosensitization [2, 42, 43], or the reactivity of the carbon sphere 

against nucleophilic attack [2], Furthermore, higher adducts of C60 are finding increas¬ 
ing application in the construction of supramolecular advanced materials [3], They also 

have been of great importance in the exploration of the different origins of fullerene chi¬ 

rality [44-46], In line with the topic of this monograph, the following chapters will 

mainly focus on the preparative aspects of tether-directed remote functionalizations and 
the reader is referred to the cited literature for more details on the physico-chemical 

investigations made possible by these synthetic methodology developments. 

7.3.1 The First Tether-directed Multiple Functionalization of C60: 
Formation of Higher Adducts with Novel Addition Patterns 

To achieve the regioselective formation of an e bis-adduct of C60, methano[60]fulleren- 
ecarboxylic acid 21 as an anchor was reacted with the tether-reactive group conjugate 22 

(Scheme 7-4) [7, 47], The particular reactive group in conjugate 22 was chosen since 2- 

substituted buta-1,3-dienes are known to readily undergo irreversible Diels-Alder addi¬ 

tions with C60 at 6-6 bonds [48]. The design of the tether was based on molecular mod¬ 
el examinations and semi-empirical PM3 calculations (PM3 = parametric method 3) [49, 

50] which suggested that mono-adduct 23, in which conjugate 22 had been attached to 

anchor 21, would readily differentiate in a Diels-Alder addition between the desired 

position <?face (Scheme 7-1) and adjacent positions such as the cis-3, eedge, and trans-4 

bonds. In these calculations, the selection criterion was the relative heat of formation of 

the various possible regioisomeric products; more elaborate computer modeling led to 

similar predictions [51]. Coupling of 21 to anchor 22 by esterification afforded the wine- 

red methanofullerene 23 which, upon heating, underwent the predicted Diels-Alder 

addition at the eface 6-6 bond to give the rather insoluble, orange-brown Cs-symmetrical 

bis-adduct 24 in 23% yield. Chromatographic analysis revealed that no other regioiso- 

mer had formed and that the rather low yield of 24 was due to a rapid ‘02-ene reaction 

of the fused cyclohexene ring in the presence of light and 02, with the fullerene deriva¬ 

tive itself acting as efficient photosensitizer [52, 53], Fullerene derivatives with fused 

cyclohexene rings require careful handling under rigorous exclusion of light and air in 

order to avoid this undesirable side reaction. 
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tether 
reactive 

'60 

anchor 
C tether reactive 

''MeOvW,' 9T B, 25 

DBU, PhMe, 20 °C 

2. PhMe, 110°C, 39 h 

..anchor 

J CcK tether 

/^°Y°X 
V + V27 1. DBU (1 equiv.), 
\ J PhMe, 20 °C, 3h 

y reactive 
group 2. PhMe, reflux, 3 h 

(2 equiv.) 

BrCH(C02Et)2 (5 equiv.), 28 BrCH(C02Et)2 (10 equiv.), 
DBU (5 equiv.), PhCI,20 °C^ - DBU (10 equiv.), PhCI, 20 °C 

29 X = C(C02Et)2 (72%) 30 X = C(C02Et)2 (73%) 

Scheme 7-4 Preparation of bis-adducts 24 [7, 47] and 26 [41, 47] and tris-adduct 28 [7, 47] by 
tether-directed remote functionalization. A sequence of e attacks starting from 28 gives hexakis- 
adduct 30 with a pseudo-octahedral addition pattern [7, 47], DCC = MA?,'-dicyclohexylcarbodi- 
imide, HOBT = 1-hydroxy-l//-benzotriazole, DMAP = 4-(dimethylamino)pyridine. 

For the synthesis of a more soluble e bis-adduct, the preformed anchor-tether-reac¬ 

tive group conjugate 25 was attached in a Bingel reaction to magenta-purple C60 and 

subsequent heating of the formed wine-red mono-adduct in toluene for 39 h led to the 

desired brown product 26, which was isolated in 50% yield as the only regioisomer 

formed (Scheme 7-4) [41, 47], Similarly, conjugate 27 underwent the sequence of Bin- 
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gel attachment followed by double Diels-Alder addition at the two e positions on oppo¬ 

site sides of the carbon sphere to yield the orange-brown tris-adduct 28 in 60% yield with 

complete regioselectivity [47], The C2v-symmetrical tris-adduct 28 can be readily pre¬ 
pared in multi-gram quantities; its addition pattern cannot be accessed by stepwise, 

non-tethered reaction sequences. Starting from tris-adduct 28, sequential malonate addi¬ 

tions (excess of 2-bromomalonate, DBU) to e 6-6 bonds provided novel tetrakis-(29), 
pentakis-, and, eventually, yellow-colored hexakis-adducts such as 30 (Scheme 7-4) in 

which the fullerene 7T-chromophore is reduced to a benzenoid cubic cyclophane-type 
substructure [54], The reactivity and physical properties of these higher adducts have 

been investigated in great detail [47, 55, 56]; also, the corresponding endohedral 3He 

compounds were prepared and their ^-electron ring-current effects studied by 3He-NMR 
[37]. 

After advantage had been taken of the e-directing cyclohexene rings in the preparation 
of tetrakis- to hexakis-adducts, it was of interest to develop a method for removing these 

rings together with the p-xylylene tethers, thereby transforming the tether-directed 

remote functionalization into a true template-directed reaction. However, a direct removal 
of the cyclohexene rings in tetrakis-adduct 29 or hexakis-adduct 30 by retro-Diels-Alder 

reaction was not successful [57], Therefore, an elegant alternative procedure, introduced 

by Rubin and co-workers [52, 53], was applied. When a solution of 30 containing C60 as 
'02 sensitizer was irradiated while a stream of 02 was bubbled through, the '02-ene 

reaction (the Schenk reaction [58]) at the two cyclohexene rings yielded a mixture of iso¬ 

meric allylic hydroperoxides 31 with endocyclic double bonds (Scheme 7-5) [2, 30]. In- 

situ reduction of 31 with PPh3 gave a mixture of isomeric allylic alcohols 32 which was 
subsequently heated in toluene together with toluene-4-sulfonic acid (TsOH) and dime¬ 

thyl acetylenedicarboxylate (DMAD). Under these conditions, 32 was dehydrated to the 

corresponding bis(cyclohexa-1,3-diene) derivative which, via a Diels-Alder retro- 

Diels-Alder sequence, afforded tetrakis-adduct 33 in 42% overall yield starting from 30. 
Transesterification with K2C03 in EtOH/THF yielded the octakis(ethyl ester) 20, which 

was characterized by X-ray crystallography. By a similar approach, the novel C2v-sym- 

metrical tris-adduct 35 was prepared starting from pentakis-adduct 34 [2], Compounds 

such as 20 are of interest since physical studies showed that the location of multiple all- 

methano addends along an equatorial belt, as in 20, leads to the smallest possible pertur¬ 

bation of the fullerene /r-chromophore. Thus, the electronic properties of 20 do not dif¬ 

fer much from those in C60 whereas those of tetrakis-adducts with the functional groups 

placed all around the carbon sphere differ substantially from those of the parent fullerene 

[2, 30]. Furthermore, tetrakis-adduct 20 provides a versatile intermediate for further 

molecular nanoscaffolding. It contains two reactive 6-6 bonds at the two poles activat¬ 

ed by the four malonate addends in e positions around the equator. Thus, addition of 

20 equiv of dialkynyl bromide 36 afforded hexakis-adduct 37 and, after deprotection, 

tetrakis-ethynylated 38 as an interesting novel building block for molecular construction 

[57], 
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30 

PPh3, PhCI, |— 31 R = OOH 
1 h, 20 °C L— 32 R = OH (90%) 

X = C(C02Et)2 

K2C03, THF,|— 33 R = Et, R)_= 
EtOH, 3.5 h, 
80% 

20 R = R' = Et >= 

( 7 

MeO20 C02Me 

EtO O 

1. hv, 02, C60, PhCI, 2 h 
2. PPh3, PhCI, 3 h 
3. DMAD, TsOH, PhMe, A, 5 h 

4. K2C03, THF, EtOH, 3.5 h 

34 X = C(C02CH2C02Et)2 35 (34%) [ref. 2] 

EtO O Br 

Me3Si SiMe3 
36 (20 equiv.), 

CH2CI2, Me2SO, 
DBU (20 equiv.) 

TBAF, THF, 
1.5 h, 20 °C, 
84% 

[ref. 57] 

r— 37 R = SiMe3 (32%) 
38 R = H 

X = 0(CO2Et)2 

Scheme 7-5 Removal of the cyclohexene moieties and p-xylylene tethers in 30 and 34 provides 

tetrakis-adduct 20 [2, 30J as precursor to the tetraethynylated hexakis-adduct 38 [57] and tris- 

adduct 35 [2], respectively. 

7.3.2 The Bingel Macrocyclization 

The simplest, most versatile method for the preparation of covalent bis-adducts of C60 

with high regio- and diastereoselectivity is the macrocyclization between C60 and 

bismalonate derivatives in a double Bingel reaction (Scheme 7-6) [25, 59, 60]. As a gen¬ 

eral protocol, diols are first transformed into bis(ethyl malonyl) derivatives. Subsequent- 
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ly, the corresponding bis(bromomalonate)s are prepared and subjected to the Bingel 
reaction with C60 in toluene in the presence of DBU (variant A). By the even shorter var¬ 

iant B, bis(iodomalonate)s are prepared in situ [59, 62], and the one-pot reaction of C60, 

bis(ethyl malonate), and DBU in toluene at 20 °C generates the macrocyclic bis-adducts 
in yields usually between 20 and 40% and high regio- and diastereoselectivity. 

Variant A 

[tether] 
O O 

EtC> O Cf^OEt 

Scheme 7-6 General protocols for the Bingel macrocyclization reaction [25, 59, 60]. 

Scheme 7-7 First observation of the Bingel macrocyclization reaction [60]. 
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42 (Cs, 33%) [ref. 59] 

(S,S?A)-44 (C2, 20%) 

d.e. > 97% [ref. 64] 

cis-3 

(R,R,fC)-44 (C2, 24%) 

d.e. >97% [ref. 64] 

trans-4 

cflD O O O 

47 (f Cs, 9%) [ref. 25] 

Scheme 7-8 Examples of C60 bis-adducts directly produced by the Bingel macrocyclization 

reaction (Scheme 7-6). For each compound, the molecular symmetry and the preparation yield are 

given. 
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trans-3 

(±)-49 (Ci, 20%) in-out [ref. 25] 

trans-1 ph 

(±)-53 (C2, 15%) [ref. 66] 

Scheme 7-8 (Continued). 

The B ingel macrocyclization was first observed during attempts to prepare poly (tri¬ 

acetylene) oligomers [63] with laterally pendant C60 spheres as advanced materials with 

promising electronic and optical properties. When (E)-hex-3-ene-l,5-diyne 39, a direct 

precursor, after silyl group deprotection, to the desired PTA oligomers, was prepared by 

double Bingel reaction between two C60 molecules and bis(bromomalonate) 40, the 

cyclophane-type Cj-symmetrical cis-2 bis-adduct (±)-41, resulting from Bingel macro¬ 

cyclization, was obtained with complete diastereoselectivity as a significant side product 

(Scheme 7-7) [59, 60]. This observation led to a first comprehensive study [60] which 

demonstrated the enormous versatility of the new tether-directed bis-functionalization. 

With the exception of cis-1, all possible bis-addition patterns (Scheme 7-1) have been 
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obtained today and some interesting examples (42-54) [25, 59, 60, 64-68] for the vari¬ 

ous functionalization patterns are presented in Scheme 7-8. 

7.3.2.1 Formation of cis-2 bis-adducts 

In theory, each macrocyclic isomer could be formed as a mixture of diastereoisomers, 

depending on how the EtOCO residues at the two methano bridge C-atoms are oriented 
with respect to each other (in-in, in-out, and out-out stereoisomerism) [69], However, 

with the exception of the in-out isomer (±)-49 (Scheme 7-8), out-out stereoisomers 

have been obtained exclusively until now. The out- out geometry of cis-2 bis-adduct 42 

with an o-xylylene tether was proven by X-ray crystallography [59]. 
The Bingel macrocyclization has been increasingly exploited in the construction of 

molecular building blocks for supramolecular systems. For this purpose, cis-2 bis- 

adducts, such as 43 with a m-xylylene tether (Scheme 7-8), have been particularly use¬ 

ful. Thus, bis-adducts 55 [70], a fullerene-glycodendron conjugate, and 56 [71] were 

shown to form stable Langmuir monolayers at the air-water interface (Scheme 7-9). 

57 [ref. 25] 58 R = C12H25 [ref. 75] 

Scheme 7-9 Examples of functional supramolecular systems containing C60 cis-2 bis-adducts 
prepared by the Bingel macrocyclization. 
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59 R = C8H17 [ref. 73] 

Scheme 7-9 (Continued). 

Other examples include the fullerene dendrimer 57 [61] with a molecular mass of 
7344 Da, dendrimer 59 featuring a bis(l,10-phenanthroline)copper(II) core and 16 
peripheral fullerene groups (molecular mass 31601 Da) [72, 73], and porphyrin deriva¬ 
tives with two [74] and four (58) [75] appended fullerenes. 

Higher adducts are also accessible in a regiospecific way. Thus, starting from cis-2 
bis-adduct 61, which was prepared by Bingel macrocyclization of 60, a clipping reaction 
yielded tetrakis-adduct 62 with an all-cA-2 addition pattern along an equatorial belt 
(Scheme 7-10) [25]. It is evident that by a judicious combination of tethers, a rich varie¬ 
ty of higher adducts of C60 with original addition patterns should become accessible. A 
first example suggests that the malonates can also be replaced by other groups. Thus, the 
tethered bis(/3-keto ester) 63 was used to prepare the cis-2 bis-adduct 64 [76 a] and the 
addition of tethered bismalonamides found application in the formation of a fullerene- 
calixarene conjugate [76b], It is clear that the full scope of the Bingel macrocyclization 
remains yet to be explored. 
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THPO 

[ref. 25] 

63 64 (Cs, 13%) [ref. 76a] 

Scheme 7-10 Extensions of the Bingel macrocyclization: preparation of a higher adduct of C60 

[25] and use of tethered bis(/3-keto esters) instead of tethered bismalonates [74], THP = 3,4,5,6- 

tetrahydro-2//-py ran-2-y 1. 

73.2.2 Formation of cis-3 bis-adducts 

Since cis-3, trans-3, and trans-2 bis-adducts of C60 with identical addends are chiral as a 

result of inherently chiral functionalization patterns [10, 44-46], it was of interest to 

explore whether Bingel macrocyclizations with bismalonates bridged by non-racemic 

tethers would provide an enantioselective synthesis of these compounds. An overall 

enantioselective synthesis of optically active C60 bis-adducts had been achieved previ¬ 

ously by asymmetric Sharpless bis-osmylation [77]; however, this sequential bis-func- 

tionalization lacks the regioselectivity of the Bingel macrocyclization, and therefore 

requires tedious regioisomer separations. 

A sequence of a highly diastereoselective Bingel macrocyclization using a non-racem- 

ic tether, followed by removal of the tether via transesterification, indeed provided an 

enantioselective synthesis of optically active cis-3 bis-adducts in which the chirality 

results exclusively from the addition pattern [25, 46, 59]. Starting from (R,R)-65 and 

(S,S)-65, which were prepared from the corresponding optically pure diols, the two enan¬ 

tiomeric cis-3 bis-adducts (R,R,fA)-66 and (5,5,fC)-66 were obtained with high dia- 

stereoselectivity (diastereoisomeric excess d.e. >97%) (Scheme 7-11). In each macro¬ 

cyclization, two diastereoisomeric out-out cis-3 bis-adducts are possible due to the 

chiral addition pattern; however, the high asymmetric induction by the optically active 

tether in the second intramolecular Bingel addition led to the formation of (R,R,fA)-66 
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and (5,S,fC)-66 only. The simple stereochemical descriptors fC and fA (f = fullerene, 
C = clockwise, A = anticlockwise) have been introduced to specify the configurations 

of chiral fullerenes and fullerene derivatives with a chiral functionalization pattern [44]. 

Similarly, the cis-3 adducts (R.R,fC)-44 and (S,S,fA)-44 (Scheme 7-8) were formed with 
a d.e. exceeding 97% (HPLC) starting from the corresponding optically active tethered 

bismalonates [64], Transesterification of (R,R,fA)-66 and (S,S,fC)-66 yielded the cis-3 

tetraethyl esters (fA)-2 and (fC)-2 with an enantiomeric excess (e.e.) higher than 99% 
[(fA)-2] and 97% [(fC)-2] (HPLC), reflecting the e.e.s of the corresponding commercial 

starting diols. The absolute configurations of these optically active fullerene derivatives 

could be assigned from their calculated circular dichroism (CD) spectra [46], The fact 
that the tethers in (R,R,fA)-66 and (S,S,fC)-66 could be readily removed by transesterifi¬ 

cation makes them true covalent templates. 

K2CO3, 

EtOH/THF, 
r.t., 1.5 h 

(Ft,Ft)-65 (Ft,Ft,'A)-66 (C2,15%) (A)-2 (C2, 83%) 

[ref. 59] 

K2CO3, 

EtOH/THF, 
r.t., 1.5 h 

OEt 

(S,S)-65 (S,S,fC)-66 (C2, 13%) (fC)-2 (C2, 40%) 

[ref. 59] 

Scheme 7-11 Enantioselective synthesis of (fA)-2 and (fC)-2 by diastereoselective tether-direct¬ 

ed bis-cyclopropanation of C60, followed by transesterification [25, 46, 59]. 

Of substantial interest were the chiroptical properties of these enantiomeric C60 deriv¬ 

atives with chiral functionalization patterns: the mirror-image CD spectra of (fC)-2 and 

(fA)-2 displayed large Cotton effects between 250 and 750 nm with Ae values approach¬ 

ing 150 cm2 mmol-1 [25, 59]. These intensities of the CD bands are of similar magnitude 

to those measured for inherently chiral fullerenes (such as D2-C16 [78] and their deriva¬ 

tives [79]) but are much larger than those measured for non-racemic fullerene derivatives 

in which the chirality only results from the addends [25]. 
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73.23 Other bis-functionalization patterns 

The e bis-adducts 45 (Scheme 7-8) and ent-45 (not shown) provide examples for optical¬ 

ly active fullerene derivatives in which the chirality originates only from the optically 

active tether, and the intensities of their CD bands (Ac values < 30 cm2 mmol-1) are 
smaller than those of (fC)-2 and (fA)-2 (Scheme 7-11) with inherently chiral functional¬ 

ization patterns [25]. 
The Bingel macrocyclization is not completely regioselective in each case [25, 59]. As 

an example, the use of a tether derived from l,10-phenanthroline-2,9-dimethanol yield¬ 

ed both e bis-adduct (±)-46 and trans-4 bis-adduct 47. 
By the Bingel macrocyclization, organic chromophores or receptor sites can be pre¬ 

cisely positioned in close proximity to the fullerene surface, thus offering the potential 

for inducing changes in the physical properties of the carbon allotrope. This was exploit¬ 
ed in the construction of the C60-containing catenane (±)-67 • 4PF6 starting from the 

trans-4 crown ether (±)-48 [65]. The formation of (±)-67 • 4PF6 by self-assembly, follow¬ 

ing the elegant strategy developed by Stoddart and co-workers [80], is depicted in 

Scheme 7-12. With the fullerene moiety acting as an electron acceptor, (±)-67 -4PF6 fea¬ 

tures an unprecedented intramolecular A-D-A-D-A stack (A = acceptor, D = donor). 

Scheme 7-12 Preparation of (±)-67 -4PF6 by self-assembly [65], 

The Bingel macrocyclization with a bismalonate bridged by a large tether derived 

from 2,9-bis[4-(hydroxymethyl)phenyl]-l,10-phenanthroline provided, as already men¬ 

tioned in Section 7.3.2.1, the only example so far of the formation of both stereoisomer- 

ic in-out trans-3 ((±)-49) and out-out trans-3 ((±)-50) bis-adducts [25], Steric consid¬ 

erations based on molecular model examinations and computer modeling indeed had 

indicated that the large tether would lead to the formation of the two diastereoisomers 

with similar calculated steric strain energy. The formation of in-out (±)-49 was fully 

confirmed by transesterification under cleavage of the tether leading to the known tetra¬ 
ethyl ester (±)-5 [10], 
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Substantial perturbations of the electronic structure of the fullerene were observed 

when an alkali metal cation was bound to the crown ether moieties in trans-2 bis-adduct 

(±)-51 or trans-1 bis-adducts (±)-53 [66], In these compounds, the crown ether receptor 
site is positioned closely and tightly on the fullerene surface. Upon complexation of 

alkali metal ions to this site, the first fullerene-based electrochemical reduction process 

becomes significantly facilitated due to the stabilization of the formed fullerene radical 
anion by the cationic center bound in close proximity. This was the first ever observed 

effect of cation complexation on the redox properties of the carbon sphere in fullerene - 

crown ether conjugates [81-86], By transesterification of (±)-53 with Cs2C03 in anhy¬ 
drous 1-hexanol/THF, the tether was removed under formation of the corresponding 

D2h-symmetrical tetrakis(hexyl ester) (34%) [66], thereby providing a versatile entry 

into diverse molecular scaffolding using trans-1 bis-adducts from C60. 

Porphyrin-fullerene conjugates attract wide attention for their intramolecular energy 
and electron transfer properties [87, 88]. By attachment of the poiphyrin to two points 

on the C60 surface, the interchromophoric spatial relationship in the cyclophane-type 

molecular dyads trans-2 (±)-52 [67] and trans-1 54 [68] (Scheme 7-8), which controls 
both energy and electron transfer, is rigorously defined. In the two systems, as well as in 

the fullerene-poiphyrin conjugate 58 [75] (Scheme 7-9), the close proximity between 

fullerene and porphyrin chromophore leads to a nearly complete quenching of the por¬ 
phyrin luminescence, presumably as a result of efficient energy transfer between the por¬ 

phyrin donor and the fullerene acceptor. 

7.3.3 Formation of Bis-adducts by Double Diels-Alder Addition 
of Tethered Bis(buta-l,3-diene)s to C60 

The double Diels-Alder addition [89, 90] of a tethered bis(buta-1,3-diene) to C60 has 

been used for the regioselective formation of a trans-1 bis-adduct by Rubin and his group 

in their highly original program targeting the creation of large holes in the shell of C60 

and the formation of endohedral metallofullerenes [91]. These researchers prepared the 

tethered bis(cyclobutene) 68 as a mixture of stereoisomers (Scheme 7-13). Upon reflux¬ 

ing 68 with C60 in toluene, ring-opening of the cyclobutenes occurred and the resulting 

1,3-diene underwent cycloaddition regioselectively to afford the trans-1 derivative 69 in 

30% yield. Upon treatment with TsOH, the tether is eliminated under formation of a 

fullerene containing two fused cyclohexa-1,3-dienes, which each undergo a rearrange¬ 

ment sequence [92] consisting of a photochemical [4 + 4] cycloaddition followed by a 

thermal [2 + 2 + 2] retro-cycloaddition to yield the mixture of stereoisomers 70 and 71 
which have not yet been separated. 

Nishimura and co-workers used bis(o-quinodimethanes) connected by a.o+dioxa- 

methylene tethers for the regioselective bis-functionalization by double Diels-Alder 

addition (Scheme 7-14) [93]. The tethered bis(o-quinodimethanes) were intermediately 

formed by heating the bis(bromomethyl) derivatives 72a-d together with C60 in toluene 

in the presence of KI and [18]crown-6 [90]. With an 0-(CH2)2-0 tether (72a), the 

cis-2 and cis-3 bis-adducts 73a and (±)-74a were isolated in 10% and 8% yield, respec- 
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70 (Cs) [ref. 91] (±)-71 (C2) 

(52% (70 + (±)-71)) 

Scheme 7-13 Preparation of trans-1 bis-adduct 69 and elimination of the tether followed by 

rearrangement to the mixture of stereoisomers 70 and (±)-71 [91]. 

tively. Compound 72b, with an 0-(CH2)3-0 tether, showed a higher regioselectivity, and 

the cis-2 bis-adduct 73b was isolated in 20% yield in addition to cis-3 bis-adduct (±)-74b 
as a minor product (9% yield). Interestingly, the reaction of 72c, with an 0-(CH2)4-0 
tether, displayed hardly any regioselectivity whereas the conversion of 72d, with the 

longest 0-(CH2)5-0 tether, proceeded with high regioselectivity and yielded the e bis- 

adduct (±)-75 in 30% yield with the yield of other regioisomers, which were not isolat¬ 

ed, not exceeding a total of 2-3%. 

The tethers were subsequently readily removed by ether cleavage with BBr3 in ben¬ 

zene, providing the corresponding bis(phenols) 76, (±)-77, and (±)-78 in nearly quantita¬ 

tive yield. The racemic mixtures (±)-74a, (±)-74b, (±)-77, and (±)-78 were successfully 

resolved by HPLC on a chiral stationary phase (CHIRALCEL OD®) [94], In agreement 

with other findings [25, 45, 59], the CD spectra of non-racemic 74a and 77 featured very 

intense Cotton effects due to the strong chiroptical contributions of their chiral function¬ 

alization patterns. In contrast, the functionalization patterns in 74b and 78 are achiral and 

their enantiomers displayed much weaker CD bands. With tetrabromide 79, featuring an 

optically active tether, the double Diels-Alder addition yielded one single diastereoiso- 

meric cis-3 bis-adduct, presumably 80, with complete diastereoselectivity besides cis-2 
bis-adduct 81 as the major product (Scheme 7-14). 

An interesting templated bis-functionalization was reported by Shinkai and co¬ 

workers, who introduced two boronic acid groups regioselectively via Diels-Alder addi¬ 

tion onto the fullerene using saccharides as “imprinting” templates (Scheme 7-15) (for 

the concept of molecular imprinting, see Chapter 2) [95,96]. The formation of cyclic 

boronate esters between boronic acids and carbohydrates has in recent years been 

elegantly applied by Shinkai and his group to carbohydrate recognition, transport, and 

sensoring [971. They now use saccharides as templates to “imprint” into the surface of 
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fullerenes two boronic acid groups, with their relative position on the surface of the car¬ 
bon sphere being directly related to the structure of the templating saccharide. After 

cleavage of the boronate esters, the resulting bis(boronic acid)-substituted fullerene 

should provide a specific recognition site for the sugar that served as the initial sugar 
template. 

[ref. 93] 

Scheme 7-14 Regioselective bis-functionalizations by double Diels-Alder addition of tethered 

bis(o-quinodimethanes) to C60 [93, 94]. 
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Br 

Scheme 7-15 Regioselective bis-functionalization of C60 using a saccharide as imprinting tem¬ 

plate [95, 96], 

Thus, compound 82 containing 3-0-methyl-D-glucofuranose as a template underwent 

a double Diels-Alder addition with C60 providing as the major product the trans-4 bis- 

adduct 83 [95], Removal of the saccharide template yielded boronic acid 84, which is a 

potentially selective receptor for the initial template saccharide molecule. Preliminary 

recognition studies indeed showed that 84 retains the memory for the initial template. 
Protection of the boronic acid residues afforded 85 (42% yield, HPLC) which was trans¬ 

formed into diol 86 by treatment with H202. Scheme 7-15 shows the structure of an 

alternative trans-4 diol 87 with Cs symmetry that could potentially also be formed in the 

reaction sequence starting from 82; an unambiguous assignment of the exact structure of 

83 and the following bis-adducts 84-86 remains yet to be reported. There is little doubt 

that the concept of molecular imprinting in homogeneous solution on surfaces such as 
those of a fullerene bears exceptional fundamental and technological potential. 
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7.3.4 Double [3+2] Cycloaddition of Tethered Vinylcarbenes 

Nakamura and co-workers synthesized the oligomethylene-tethered bis(cyclopropenone 

acetals) 88a-c to generate by thermolysis minute amounts of nucleophilic vinylcarbenes 

which subsequently underwent two-fold [3 + 2] cycloadditions to 6-6 bonds of C60 

(Scheme 7-16) [98, 99], Thus, reagent 88a, with a -(CH2)3- tether, afforded the Cs-sym- 

Li x - o>-dihaloalkane 

(CH2)n^ 

A""A A A 
88a n = 3 
88b n = 4 
88c n = 6 

A A 

acidic hydrolysis 

91 (quant.) 92 (quant.) [ref. 98,99] 

A,A = =0 A,A = =0 

O Me 

O Me 

molecular sieves 
(4 A),_ 

1,2-CI2C6H4, 

72 h, 150 °C A,A 
Me 

Me 

Scheme 7-16 Regioselective bis-functionalization by double [3 + 2] cycloaddition of tethered 

vinylcarbenes to C60 [98, 99]. 



210 7 Regio- and Stereoselective Multiple Functionalization of Fullerenes 

metrical cis-1 bis-adduct 89a in 14% yield together with the Cs-symmetrical cis-2 bis- 

adduct 90 which was formed as the major regioisomer in 23% yield. Upon acidic hydrol¬ 

ysis of the acetal groups, the corresponding diketones 91 and 92 were obtained in quan¬ 

titative yield. Interestingly, 88b, with the longer -(CH2)4- tether, provided the Cs-sym- 

metrical cis-1 bis-adduct 89b as the only formed regioisomer in 16% yield. Apparently, 

the conformational strain of the tether moiety in the transition state of the second addi¬ 
tion, rather than product stability, controls the regioselectivity of the attack, and compu¬ 

tational studies were undertaken to elucidate the origin of this selectivity [99]. The 

reagent with the longest-(CH2)6- tether, 88c, afforded in high yield (41%) the C2-sym- 

metrical cis-3 bis-adduct (±)-93, which could also be quantitatively transformed by acid 

hydrolysis into the corresponding diketone. Preliminary results obtained with 94, with an 
optically active tether, showed that a single non-racemic cis-3 stereoisomer (95) was 

obtained in a highly diastereoselective way. 

7.3.5 Double [3+2] Cycloadditions of Tethered Bis-azides 

The addition of azides, followed by extrusion of dinitrogen, leading to aza-bridged fulle¬ 

renes, provides a versatile method for the functionalization of C60. Numerous reports 
have appeared since this conversion was first described in the literature [100], and the 

reader is referred to a recent review by Hirsch [101]. In order to control the regioselec¬ 

tivity of bis-adduct formation, tethered bis-azides have been used by Luh and co¬ 

workers (Scheme 7-17) [102-104], When bis-azides 96a/b, tethered by a -(CH2)2- or 

-(CH2)3- bridge, were reacted with C60, bis-aza-fullerenes 97a/b were obtained in 

which two aza bridges are positioned at two open 6-5 junctions of a fluorene moiety of 

C60 (Scheme 7-17) [102], When C60 was treated with 2,2-dibenzyl-l,3-diazidopropane 
(98) in refluxing chlorobenzene for 8 h, the three products 99, 100, and 101 were isolat¬ 

ed in 18, 24, and 11% yields, respectively [104], Whereas compound 101, similarly to 

97, possesses two aza bridges at the open 6-5 junctions of a fluorene moiety in C60, the 

structures of the two other compounds are remarkably different. The bis-azide had 

undergone [3+2] cycloaddition to two neighboring 6-6 bonds in a six-membered ring 

(cis-1 addition pattern) to yield 100. Compound 99 also features a cis-\ addition pattern 

with two fused aziridine rings at neighboring 6-6 bonds in a six-membered ring. Ther¬ 

molysis of 100 in refluxing benzene gave a 40:54:6 mixture of 99,101, and C60, respec¬ 

tively, in quantitative yield, clearly showing that compound 100 is an intermediate in the 

formation of 99 and 101. Mechanisms for these interesting conversions were proposed 

by Luh and co-workers [105], Finally, the reaction of C60 with the optically active bis- 

azides 102a/b yielded the enantiomerically pure bis-aza-fullerenes 103a/b with an addi¬ 
tion pattern as in 97a/b [103]. 
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96a (n = 1) 
96b (n = 2) 

[ref. 102] 97a (n = 1, Cs, 53%) 
97b (n = 2, Cs, 31%) 

n^Cn3 
Bn Bn 

(1.5 equiv.) 

98 

Bn 

Bn 

Bn 

Bn 

[ref. 104] 

101 (Cs,11%) 

R Me Me R 
Me^ V^Me PhCI, reflux, 

0-,r0 6-8 h 

N3 n3 

(1.5 equiv.) 

102a (R = Me) [ref. 103] 

102b (R = Ph) 
103a (R = Me, Ct.54%) 
103b (R = Ph, C-|, 56%) 

Scheme 7-17 Regioselective bis-addition of tethered bis-azides to C60 [102-104], 

7.4 Conclusions 

Templated synthesis approaches are currently revolutionizing the covalent chemistry of 

fullerenes. They provide elegant, imaginative protocols to highly functionalized fulle- 

rene building blocks for three-dimensional molecular scaffolding. There is much room 

for innovation in this emerging area. The variety of reactions that can be used to attack 

the fullerene is large and the number of structural and functional templates seemingly 

unlimited. A particularly exciting aspect of this research is related to the high stereose¬ 

lectivity observed in the preparations of chiral cis-3 bis-adducts described above. With 

non-racemic tethers acting as chiral auxiliaries, highly diastereoselective bis-additions 
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occur and, after tether removal, overall enantioselective syntheses of doubly functional¬ 

ized fullerenes are accomplished. It is becoming clear that the curved surface of the car¬ 

bon sphere imposes substantial stereoelectronic restraints which restrict the number of 
energetically favorable reaction pathways and transition states in tethered bis-function- 

alizations. By imprinting the precise alignment of functional groups and ligands for met¬ 

al ions onto fullerene surfaces, new generations of reagents and catalysts for asymmetric 

reactions in homogenous solution may emerge. Covalent derivatives of fullerenes prom¬ 

ise fascinating applications as advanced materials in diverse advanced technologies such 
as energy and information storage and transport, sensorics, or microfabrication. Only the 

continued invention of functionalization methodology such as that described in this 

chapter will ensure that these desirable objectives are reached in the future. 

7.5 Experimental Procedures 

7.5.1 Preparation of Hexakis-adduct 11 using DMA as a Template 
(Scheme 7-2) [20] 

A solution of 10 [19] (145 mg, 0.156 mmol) and DMA (323 mg, 1.56 mmol) in dry 
toluene (14.5 mL) was degassed and subsequently stirred at 20 °C for 2 h. Diethyl 2- 

bromomalonate (210 pL, 1.24 mmol) and DBU (280 pL, 1.87 mmol) were successively 

added, and the dark red solution was stirred for 5 d at 20 °C, then diluted with CH2C12 

(100 mL), washed with H20 (3x 10 mL), and dried (MgS04). Evaporation of the sol¬ 
vent, flash chromatography (2x; SiO2H, cyclohexane/AcOEt 7:3, then Si02, CH2C12/ 

cyclohexane 4:1) gave 11 (75 mg, 28%) as a yellow solid. M.p. > 240 °C. 

7.5.2 Preparation of Bis-adduct 24 by Reaction 
of Methano[60]fullerenecarboxylic Acid 21 with the 
Tether-Reactive-group Conjugate 22 (Scheme 7-4) [47] 

To 21 (100 mg, 0.128 mmol) in PhBr (20 mL) was added sequentially DCC (26.5 mg, 

0.128 mmol), HOBT (17.4 mg, 0.128 mmol), DMAP (15.7 mg, 0.128 mmol), and 22 

(48.4 mg, 0.256 mmol). After stirring at 20 °C for 19 h, the mixture was loaded directly 

onto column and chromatographed (Si02, PhMe/hexane 2:1), yielding a wine-red solu¬ 

tion of mono-adduct 23 which was evaporated to remove the hexane and then diluted 

with toluene to a total volume of 500 mL. The resulting solution was deoxygenated by 

purging with Ar for 10 min, further degassed by two freeze-pump-thaw cycles and then 

heated under Ar to 80 °C for 44 h. After concentration to 100 mL, the orange-red solu¬ 

tion was chromatographed under exclusion of air and light (Si02, PhMe/hexane 2:1) to 

afford one main product which was recrystallized from CS2/MeOH then from CST/hex- 

ane and dried to give 24 (27.7 mg, 23%) as a black solid. M.p. > 270 °C. 
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7.5.3 Preparation of Tris-adduct 28 by Addition 
of the Anchor-Tether-Reactive-group Conjugate 27 to C60 
(Scheme 7-4) [47] 

To a solution of C60 (2.753 g, 3.82 mmol) and 27 (1.0 g, 1.91 mmol) in toluene 

(700 mL), DBU (320 mg, 2.10 mmol) in toluene (50 mL) was added over 5 min. After 
3 h, the mixture was concentrated to 100 mL, diluted with hexane (100 mL), and chro¬ 

matographed (Si02, toluene/hexane 1:1 then 2:1) to give the wine-red monomethano- 

fullerene. After evaporation of hexane, toluene was added to give a total volume of 
2.5 L, then the solution was deoxygenated by purging with Ar for 1.5 h and heated to 

reflux for 36 h. Concentration and column chromatography (Si02, toluene), followed 

by recrystallization from CHCl3/MeOH and drying gave 28 (1.335 g, 60%) as a brown 
solid. M.p. > 270 °C. 

7.5.4 Formation of Tetrakis-adduct 20 by Removal of the Tether 
in Hexakis-adduct 30 and Transesterification (Scheme 7-5) [2] 

A solution of 30 (200 mg, 0.122 mmol) and C60 (102 mg, 0.142 mmoL) in chloroben¬ 

zene (160 mL) was irradiated in a Pyrex photochemical reactor at 20 °C for 2 h with a 

medium-pressure Hg lamp, while a stream of 02 was bubbled through. The mixture con¬ 
taining 31 (Rf = 0.43, TLC, Si02, CH2Cl2/AcOEt 9:1) was then transferred into a flask 

and deoxygenated by inserting a stream of Ar. and PPh3 (320 mg, 1.221 mmol) in chlo¬ 

robenzene (5 mL) was added. After stirring at 20 °C for 1 h under Ar, plug filtration 

(Si02) with toluene to remove chlorobenzene and C60, then with CH2Cl2/AcOEt 19:1 

and then 9:1, yielded 32 which was precipitated out of CH2C12 by addition of hexane: 

183 mg (90%). TsOH (54 mg, 0.1285 mmol) and DMAD (135 mg, 0.950 mmol) were 

added to a solution of the isomeric mixture 32 (159 mg, 0.095 mmol) in deoxygenated 

toluene (200 mL), and the mixture was refluxed for 4.5 h in the dark. Column chroma¬ 

tography (Si02, CH2C12 followed by CH2Cl2/AcOEt 49:1 then 24:1) yielded 33 as a 

yellow-green product, that was precipitated from CH2C12 by addition of hexane: 86 mg 

(47%) of a bronze solid. To a solution of 33 (30 mg, 0.0156 mmol) in anhydrous 

EtOEl/THF 1:1 (30 mL) was added K2C03 (155 mg, 1.123 mmol), and the mixture was 

stirred at 20 °C under Ar for 3.5 h. After filtration and evaporation, column chromatog¬ 

raphy (Si02, CH2Cl2/AcOEt) afforded 20 which was precipitated from CH2C12 by addi¬ 

tion of hexane: 17 mg (80%) of a bronze solid. M.p. > 270 °C. 

7.5.5 Bingel Macrocyclization: Synthesis of cis-2 Bis-adduct 42 Starting 
from Benzene-1,2-dimethanol (Scheme 7-8) [25] 

Ethyl 3-chloro-3-oxopropanoate (ethyl malonyl chloride, 2.3 mL, 18.09 mmol) was add¬ 

ed to a stirred solution of benzene-1,2-dimethanol (1.00 g, 7.24 mmol) and pyridine 

(1.5 mL, 18.09 mmol) in CH2C12 (100 mL) at 0°C. The solution was allowed to slowly 
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warm to 20 °C (over 1 h) and then stirred for 3 h. The mixture was washed with saturat¬ 

ed aqueous NH4C1 solution (2x), dried (MgS04), and evaporated to dryness. Column 
chromatography (Si02, CH2Cl2/MeOH 97:3) yielded l,2-bis{[(ethoxycarbonyl)acet- 

oxy]methyl(benzene (1.81 g, 68%) as a colorless oil. DBU (0.4 mL, 2.496 mmol) was 
added at 20 °C to a solution of C60 (300 mg, 0.416 mmol), I2 (211 mg, 0.832 mmol) and 
l,2-bis{[(ethoxycarbonyl)acetoxy]methyl}benzene (152 mg, 0.416 mmol) in toluene 

(600 mL). The solution was stirred for 5 h. The crude material was filtered through a 

short plug (Si02) eluting first with toluene (to remove unreacted C60) and then with 
CH2C12. Column chromatography (Si02, CH2Cl2/hexane 2:1) and recrystallization 

(hexane/CHCl3) provided 42 (151 mg, 33%) as a dark red solid. 

7.5.6 Enantioselective Synthesis of cis-3 Bis-adduct (C)-2 
by Bingel Macrocylization of (S,S)-66 with C60 Followed 
by Transesterification (Scheme 7-11) [25] 

DBU (0.25 mL, 1.662 mmol) was added at 20 °C to C60 (200 mg, 0.277 mmol), I2 
(155 mg, 0.609 mmol), and (-)-(4S,5S)-bis{[(ethoxycarbonyl)acetoxy]methyl}-2,2-di- 

methyl-l,3-dioxolane (5,5)-65 (119 mg, 1.662 mmol) in toluene (400 mL), and the mix¬ 
ture was stirred for 8 h. The crude material was filtered through a short plug (Si02), elut¬ 

ing first with toluene to remove unreacted C60 and then with CH2Cl2/MeOH 97:3. Col¬ 

umn chromatography (Si02) eluting with CH2Cl2/hexane 9:1 yielded the corresponding 

cis-2 bis-adduct which was precipitated from CHCl3/hexane (61 mg, 20%), and eluting 

with CH2Cl2/MeOH gave cis-3 bis-adduct (S,S,fC)-66 which was precipitated from 
CH2Cl2/hexane (41 mg, 13%) to give a brown solid. K9C03 (260 mg, 1.886 mmol) was 

added to (S,S,fC)-66 (21 mg, 0.019 mmol) in THF/EtOH 1:1 (28 mL), and the mixture 

was stirred at 20 °C for 1.5 h, then filtered and evaporated to dryness. Column chroma¬ 

tography (Si02, toluene) followed by precipitation from CH2Cl2/hexane yielded (fQ-2 
(8 mg, 40%) as a brown solid. M.p. > 250 °C. 
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8 Template Controlled Oligomerizations 

Ken S. Feldman, Ned A. Porter, Jennifer R. Allen 

8.1 Introduction 

The synthesis of repeating molecular units with control of stereochemistry has been the 
subject of much research in the natural products arena, and significant advances have 

emerged from both traditional ionic chemistry and free-radical chemistry [1], For exam¬ 

ple, (-)-lardolure (1), the aggression pheromone of Lardoglyphus konoi, contains four 
identical units, as emphasized by the abbreviated and equivalent representation 1', 

Scheme 8-1. Both enantiomers of lardolure have been synthesized using a linear 

approach by the groups of Mori and Yamamoto [2, 3], In addition, controlled-length oli¬ 

gomers can be found within the backbone of the polyene macrolide antibiotics, natural¬ 
ly occurring 1,3-polyols that constitute an important class of clinically valuable antifun¬ 

gal agents. A recent synthesis of filipin III (2) exemplifies the stepwise, iterative 

approach that defines current art in the construction of targets containing these repeating 

molecular segments [4]. 

.J J.i.i OCHO 

1 (-)-lardolure V 

OH OH OH OH OH OH 

Scheme 8-1 Representative oligomeric natural products. 

An attractive and powerful feature of free-radical addition sequences is their ability to 

create multiple carbon-carbon bonds in a single reaction [5J. In order for this methodol¬ 

ogy to be successful in the synthesis of repetitive molecular fragments such as those not¬ 

ed above, two general considerations must be addressed: (1) control of stereochemistry, 

and (2) control of the number of iterative units which become incorporated. 

There has been intense interest in the control of stereochemistry of free-radical addi¬ 

tion reactions by use of chiral auxiliaries [6] and, even more recently, using enantioselec- 

tive catalysis [7-12]. As a result, the current understanding of stereochemical control 

has clearly progressed to the point where this obstacle can be overcome. There have also 

been reports of strategies that simplify telomer distribution in free-radical oligomeriza- 
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tions [13]. While simple adjustment of the monomer/chain transfer reagent ratio can pro¬ 

vide a crude measure of dispersity control, this approach is only satisfactory for the low¬ 

est telomers. 
Two distinct but related strategies that rely on templates to control the number of 

monomers incorporated into an oligomeric product can be envisioned. One of these 
approaches, shown in Scheme 8-2, relies on templated radical macrocyclization reac¬ 

tions to control telomer size [14, 15]. This strategy requires attachment of all of the 

monomer units to the template backbone and uses macrocyclization, which faces com¬ 

petition from intermolecular chain transfer, to control the telomer length. The chain 

transfer agent T-T (i.e., telomerization terminator) is not attached to the template. 

3 4 

Scheme 8-2 Oligomerization control via template-bound monomers. I* = radical initiator, T- T = 
chain transfer agent. 

The second approach, shown in Scheme 8-3, relies on attachment of both the radical 
initiating and radical terminating functionalities, but none of the monomer units, onto a 

rigid backbone [16-18], Upon initiation, intermolecular chain growth proceeds until the 

growing telomer spans the length of the template backbone and intramolecular termina¬ 

tion (macrocyclization) becomes feasible. Thus, the distance between the initiating end 

and the terminating end defines the number of monomer addition steps that can occur 
before termination. 

Scheme 8-3 Oligomerization control via template-bound initiator and terminator. I = radical 

initiator, T = radical terminator. 
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8.2 Controlled Oligomerizations with Tethered Monomers 

One approach to oligomer control in a free-radical polymerization utilizes bound 
monomers and relies on templated radical macrocyclization reactions. Successful execu¬ 

tion of this strategy requires that cyclotelomerization effectively compete with intermo- 

lecular chain transfer. Scheme 8-2 in Section 8.1 depicts this chemistry schematically 
wherein radical addition (A), cyclization (C), and chain transfer (T) provide an n = 3 

telomer. The key macrocyclizations (cyclotelomerizations) must precede chain transfer. 

These transformations are well precedented by systematic investigations of free-radical 

macrocyclizations that appeared in the 1980s [19-23] and by the seminal contributions 
of Kammerer, Scheme 8-4 [24-34], 

8.2.1 Templates for n = 2 Telomers 

An investigation into the preparation of n = 2 telomers was successful in showing 

that the ACT strategy with templates of type 14 is a viable means for producing isotactic 

1,3 stereocenters as exemplified in the production of 16 (n = 2) (Scheme 8-5). The 

oxazolidine unit has documented success as a stereocontrol element in acyclic radical 
reactions [35-37], and thus its incorporation into this template provides, in effect, a 

chiral auxiliary to control the configuration of new stereogenic centers formed in the 

sequence. 
Exposure of 14 (m- 3, R = tert-Bu) to cyclohexyl iodide, allyltributylstannane, and 

AIBN leads to a macrocycle 15 with two new stereogenic centers. The allyl group pro¬ 

vides additional functionality for further transformations and also creates a new stereo¬ 

center in the process. In order to effect the desired macrocyclization, addition of the first- 

formed radical to the proximal acrylamide moiety must be faster than addition to the 

chain transfer agent allyltributylstannane, a requirement that can be fulfilled under 

appropriate reaction conditions. Premature chain transfer in this particular system, under 

conditions that discourage bimolecular reaction between two templates, leads to two 

simple n = 1 products (vide infra). 
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Scheme 8-5 The ACT reaction with templates of type 14 leading to n = 2 telomers. 

The combination of components within the covalent template assembly 14 that gave 

the best overall performance was identified through systematic variation in the length of 
the tether separating the template from the monomer, the configuration at the site of the 

auxiliary attachment, the auxiliary blocking group R, and the rigid base compound. It 

was found that each of these variables had a profound influence on the performance 

of the template assembly in obtaining n = 2 telomers 16. Impressively, in these studies 16 
(.n = 2) could be obtained as 87% of all of the telomers formed with a diastereoselectivity 

as high as 20:1. The telomer distribution histogram for reaction of 14 (tn = 3, R -tert- 
Bu) is shown in Scheme 8-6. 

S* 
8J 

E 
_o 
O) 
H 

o 

Telomer number, n 

COOMe 

HnC& 

16 R= allyl 
17 R=H 

Scheme 8-6 Telomer distribution for reaction of template 14 (m = 3, R = tert-Bu) with allyltribu- 
tylstannane and cyclohexyl iodide. 
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8.2.2 Templates for n = 4 Telomers 

It is of some interest to inquire if this template strategy can be applied to the construction 

of telomers with n>2. This point is of some practical importance since the smaller 
oligomer units can be approached by efficient synthetic sequences that do not rely on 

templated chemistry. As the telomer length increases, non-template strategies become 

tedious and time-consuming, while the template approaches may provide a more direct 
route to oligomers of defined length. A strategy for achieving n = 4 telomers is shown in 

Scheme 8-7. A template that has four attached monomers can serve, via intramolecular 

macrocyclizations, to control the telomer length. After addition of an initiating radical to 

one of the monomers, three consecutive macrocyclizations followed by chain transfer 
would yield the desired n = 4 polycycle 21. Any deviation from the sequence (e.g., three 

consecutive cyclizations followed by chain transfer) would not lead to the desired n- 4 

telomers. Competing processes that are available include failure to cyclize prior to chain 
transfer, intramolecular chain transfer by a hydrogen atom abstraction process, or inter- 

molecular addition reactions of templates. It is recognized that the last deviation gives 

rise to the possibility of obtaining telomers higher than n = 4, while premature chain 

transfer gives telomers smaller than n= 4. 

Scheme 8-7 An approach to n = 4 telomers with control of stereochemistry. 

In analogy to the n = 2 template 14, template 24 was prepared according to Scheme 8-8. 

This compound was prone to light initiated polymerization when left concentrated and 

therefore was stored as a stock solution typically on the order of 1.0 m in benzene. The 

n-4 base was synthesized starting from protocatechuic acid. Bis-ester formation was 
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achieved by protection of the phenolic functionalities (TBDMS) followed by conversion 

of the free acid to the corresponding acid chloride [38] and coupling with ethylene gly¬ 

col. Deprotection of all four silyl ethers with HF gave the tetraphenol 22. Tetraetherifi- 

cation of this tetraphenol with an excess of the known oxazolidine acrylamide 23 gave 

24 in 45% yield. 

24 

Scheme 8-8 Synthesis of the n = 4 template 24. Key: (a) K2C03, catalytic [18]crown-6, 30% 

DMSO, acetone, reflux, 18 h. 

The ACT sequence with template 24 was expected to give a complex mixture of prod¬ 

ucts. Success in obtaining n-4 telomers by this sequence is obviously dependent on the 
balance between the rate of chain transfer, the rate of cyclization, and the rate of intermo- 

lecular addition. Formation of the n = 4 product requires three consecutive macrocycliza- 

tions prior to chain transfer. If the rate of chain transfer is too high, premature quenching 

of intermediate radicals will lead ultimately to smaller telomers. It is clear that cycliza¬ 

tion can be promoted, in part, by lowering the concentrations of allyltin (Sn) and tem¬ 
plate (T), provided that intermolecular reactions remained suppressed. 

For analysis, the crude ACT reaction mixtures were subjected to a standard telomer 

assay as follows [14, 15]. The tin products were removed by chromatography and treat¬ 

ment with KF. The resulting macrocyclic mixtures were then hydrolyzed under acidic 

conditions to yield the corresponding acrylic acid telomers. Hydrolysis of the desired 

n = 4 macrocycle is shown in Scheme 8-9. Esterification of the reaction mixture with 

diazomethane gave the methyl acrylate telomers 26 that were then readily identified by 

gas chromatography/mass spectrometry. 

A simple template-free methyl acrylate telomerization was conducted using the cyclo¬ 

hexyl iodide/allyltributyltin system in order to identify retention times for the telomers 

26 from the ACT reactions. Telomerization of methyl acrylate (900 mM) with 120 mM 

cyclohexyl iodide and 300 mM allyltributyltin gave 27% of the n= 4 telomers, Scheme 8-10. 

Under the best GC conditions found, only four different n = 4 telomers, out of a possible 

16, were observed in this product mixture. This experiment gives a baseline value for telo¬ 

mer distribution obtained without the use of a template. It is clear that simple template- 

free telomerization is not useful for the preparation of an oligomer of a specific length. 
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Scheme 8-9 Assay procedures for analysis of ACT reactions giving n = 4 products. 

^\/SnBu3 

C6Hi i I 

<^COOMe --CgtC 
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2 3 4 5 6 
Telomer number, n 

26 

Scheme 8-10 Histogram for template-free methyl acrylate telomerization with 900MA/1207300 'vSn 

The reagent ratios chosen for initial studies with template 24 were based on previous 

work on the templated ACT reaction: 2.5 mM in 24, 80.0 mM in cyclohexyl iodide (I), 

and 200.0 mM in allyltin (abbreviated from this point forward as 2.5T/80V200Sn). The 

product histogram acquired for this reaction, following the standard telomer assay, is 

shown in Scheme 8-11 a. The results obtained were promising in some aspects. First, the 

desired n = 4 product was the major telomer formed, at 35%. Secondly, only two n-4 

isomers in a ratio of 8.5:1 were detected by GC analysis. For comparison, the n -2 iso¬ 

mers that are easily separated were found in a ratio of 17 :1. Lastly, no telomers 26 high¬ 

er than n = 4 were detected, an observation consistent with suppression of bimolecular 

reactions. Based on these results, ACT with 24 was investigated under conditions with 

lower ratios of both template/initiator and chain transfer agent/initiator. The results 

obtained from ACT under 1.0T/80Vl00Sn conditions are shown in Scheme 8-11 b. In con¬ 

trast to the product distribution obtained under the conditions described in Scheme 8-11 a, 

more of the longer telomers is formed at the expense of the shorter ones. In addition, 

50% of all of the telomers formed had n-4. Under these conditions, four n = 4 stereo- 
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isomers were detected by GC analysis in a ratio of 1.0:2.1:21.9:1.0. One complication 

in this reaction, however, was the production of telomers that were terminated by hydro¬ 
gen atom abstraction instead of by addition to the chain transfer agent allyltributylstan- 

nane. These products are shown in the product histograms as the darker portions in the 

stacked columns and, in this reaction, make up 10% of the total oligomers formed. The 

formation of these H-terminated species was also seen in the previous studies with tem¬ 

plate 14 and presumably results from an intramolecular process [39]. 

1 2 3 4 5 6 

Telomer number, n 

Scheme 8-11 Product histogram for ACT of 24 under (a) 2.5T/80‘/200Sn; (b) 1.0T/80Vl00Sn con¬ 
ditions. 

A further attempt was made to optimize tetramerization with this template system. 

However, the results for the ACT of 24 with a 2.5T/80Vl00Sn ratio of components were 

rather disappointing. The major telomer formed under these conditions was the n = 3 spe¬ 

cies and not the desired n = 4 oligomer. In addition, a small amount of the higher n- 5 

and 6 telomers were seen in these experiments, but no products resulting from hydrogen 

atom abstraction were detected. Clearly, adjusting the chain transfer agent’s concentration 

to maximize cyclotelomerization and minimize side reactions is difficult with this system. 

The feasibility and practicality of the ACT sequence in obtaining diastereomerically 

pure n = 4 telomers were investigated using the optimum conditions determined for tem¬ 

plate 24. The possibility of isolation of the desired n = 4 template from all of the other 

reaction products by the use of HPLC was explored. In a standard template-free stereo¬ 

random methyl acrylate telomerization, three peaks are observed for the n = 3 telomers 

by normal-phase HPLC and three more broad peaks are separated for the n = 4 telomers. 

Each of these latter peaks represents a mixture of isomers as determined by GC analysis. 

An ACT reaction with 225 mg of 24 under 1.0T/8()'/100Sn conditions was performed, 

the resulting mixture was subjected to the telomer assay procedure, and the oligomeric 

products were then purified by HPLC (Scheme 8-12). Only one peak was observed for 

the n- 3 and n = 4 telomers, although the n = 4 peak exhibited a slight shoulder. Gas 



8.2 Controlled Oligomerizations with Tethered Monomers 227 

chromatography, high-resolution mass spectrometry and two-dimensional 'H-NMR 
spectroscopy all revealed that the compound isolated, 27, was a single n = 4 diastereo- 

mer. HETCOR analysis showed this compound to be all isotactic, as described below 

and shown in 27. The isolated 10 mg of 27 represents a 20% overall yield starting from 
24. In addition, 6 mg of an all-isotactic n- 3 telomer was isolated. 

^^SnBu3 

(lOOmM) 

24 CgH-|-|l (80mM) 

(I.OmM) Benzene 
AIBN 
80 °C 

4N HCI 

dioxane 
water 
100 °C 

CH2N2 

Et20 
0 °C 

prep. 

HPLC 

CO CO CO CO 

I 
o 

I X X 
o o o 

CVJ CM C\J CM 

o o o o 

27 20% 

28 isotactic 29 syndiotactic 

Scheme 8-12 ACT reaction maximizing formation of the n = 4 isotactic telomer. 

Much literature precedent supports the assignment of tacticity in methyl acrylate poly¬ 
mers using NMR techniques [40, 41], In the ’H-NMR spectrum, the shift of the methyl¬ 

ene protons is sensitive to dyad stereochemistry. For example, in an isotactic (meso) 

dyad 28, the methylene protons are chemically non-equivalent and appear as two sepa¬ 

rate sets of signals, whereas in a syndiotactic (racemic) dyad 29, the methylene protons 

are equivalent. The 'H-NMR spectrum of 27 showed multiplets at 1.89 and 1.5 ppm due 

to the two diastereotopic methylene protons of the isotactic dyad. The rest of the spec¬ 

trum is consistent with the structure of the n- 4 tetrad 27. A racemic dyad structure 

would have been expected to give resonances of intermediate shift to that of the two res¬ 

onances observed for the telomer 27. This evidence strongly implies that 27 has the all¬ 

isotactic configuration shown in Scheme 8-12. 

Two-dimensional techniques (HETCOR) also give information about triad and tetrad 

configuration [42], The ’H multiplets at 1.89 and 1.5 ppm couple to three secondary car¬ 

bon atoms at 34.94, 34.23, and 33.42 ppm in the l 3C spectrum. These methylene carbons 

do not show crosspeaks with any other region in the proton spectra. Thus, these results 

show that the major isomer isolated from the ACT reaction of 24 is all isotactic. Although 

this characterization does not allow determination of the absolute stereochemistry of 27, 

the tentative assignment shown is consistent with expectations based upon previous 

work done with chiral oxazolidine auxiliaries. 

The results presented herein show that the ACT strategy to obtain higher telomers has 

some promise. ACT sequences with templates designed to obtain n = 4 telomers have 

been successful, as the desired product is isolated from these reactions in 20% overall 
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yield. It is clear, however, from the concentration studies that optimization of this system 

is complex, most expectedly because of the requirement for three consecutive macro- 
cyclizations. Making these macrocyclizations more efficient would offer a potential 

solution and could make the ACT sequence more useful. 

8.2.3 Ether-based Templates 

Templates based on ether tethers also have been examined. Improvements in product 

yield may be anticipated from the reduced steric congestion in the cyclization step due to 

the substitution of an -O linkage for a -CH2 linkage [43], In addition, such oxygenated 
tethers might serve as crown-ether type substrates, sequestering ions that in turn serve to 

promote macrocyclization. The beneficial effect on macrocyclization rates by complex- 
ation of this type has precedent in the work of Mandolini and Illuminati [44], 

The synthesis of the requisite glycol tethers is shown in Scheme 8-13 and starts from 

diethylene glycol (30). Hydroxyl monoprotection within 30 as a tert-butyldimethylsilyl 

ether was followed by oxidation of the remaining OH unit to give the corresponding 
aldehyde 31. This oxidation reaction was very problematic in that all other oxidants 

examined gave the ester corresponding to oxidation of the hemiacetal product resulting 

from starting alcohol attack on product aldehyde. The Dess-Martin reagent [45-47], 

however, was outstanding in obtaining 31 without the formation of side products. Reac¬ 
tion of 31 with methylmagnesium bromide gave the carbinol, and subsequent oxidation 

with PCC gave the ketone 32. This ketone was converted to the requisite oxazolidine 

acrylamides 33 and 34 by the same procedure as was utilized in the synthesis of 14. 
These diastereomeric species were easily separable using flash column chromatography. 
The first-eluting tethers typically have the methyl and auxiliary anti to one another 

whereas the second eluting isomer has the alternative syn arrangement. 

32 R=TBDMS 

r 33 R=TBDMS 

p. 35 R=H 

V 37 R=Tos 

Scheme 8-13 Synthesis of ether-based tethers. Key: (a) TBDMS-C1, imidazole, DMF, 93%; (b) 

Dess-Martin reagent, CH2C12, 100%; (c) MeMgBr, Et20, 0 °C, 81%; (d) PCC, CH2C12, mol sieves, 

90%; (e) S-valinol, benzene, cat. TsOH, 80 °C then acryloyl chloride, Et3N, cat. DMAP, 69% com¬ 

bined; (f) Bu4NF, THF, 0°C, 100%; (g) TsCl, pyridine, CH2C12, 85%. ' 
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The corresponding n = 4 polyether template 40 was synthesized according to Scheme 

8-14. Coupling of the methyl ester of protocatechuic acid (39) with two equivalents of 
the diastereomerically pure tosylate 38 gave 40 in 83% yield. 

COpM e 

Scheme 8-14 Preparation of template 40 with ether-based tethers. 

It should be noted that the ACT sequence and the standard telomer assay were 

employed to study oligoselectivity with this template and thus the products analyzed are 

the same methyl acrylate telomers identified in the previous studies. The ACT reaction 

of 40 under standard conditions with cyclohexyl iodide and allyltributyltin 
(2.5T/80I/200Sn), without the aid of a counter-ion, showed interesting results. The prod¬ 

uct histogram obtained with 40 after telomer assay is presented in Scheme 8-15. 

Scheme 8-15 Product histogram for ACT of 40 
Telomer number, n under 2.5T/80V200Sn conditions. 

Although 96% of the telomers formed were the desired n-2 species, a significant 

amount (30%) were terminated by hydrogen atom abstraction to give 42 rather than by 

reaction with allyltributyltin to furnish 16 (n = 2) (Scheme 8-16). While intervention of 

this competing chain transfer process has been seen in previous work (vide supra), in this 

sequence it appears to be extreme. Modifying the tethers to include an oxygen atom 

apparently promotes a more facile intramolecular hydrogen atom abstraction. 
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CO2M6 
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Scheme 8-16 Proposed H-atom abstraction in the chain transfer sequence. 

A possible source of the abstracted hydrogen atom is indicated in Scheme 8-16 [48], A 
1,5-abstraction as shown is analogous to “back-biting” reactions found in polymer chem¬ 

istry and therefore it would not be surprising if these abstractions were operating in the 

ACT reaction. Chain transfer of the intermediate carbon radical in 41 to the methylene 

adjacent to the tether oxygen would continue the chain, and work-up would lead to prod¬ 

uct 42. The hydrogen atom source has not, however, been unambiguously identified. 
As a first impression, these results were somewhat promising because they showed 

that replacing a carbon atom with an oxygen atom in the tether did enhance the macro- 
cyclization. For example, in the analogous five-atom system with carbon (e.g., 14, m = 3, 

R = tert-Bu), the same conditions resulted in 80.5% of the n = 2 telomer compared to 95% 
in the system with the glycol tethers. This enhancement is not surprising because of the 

reduced transannular interactions in the glycol system. The drawback in this system 

remains, however, the significant amount of hydrogen atom abstraction rather than chain 

transfer (30%). Complexing an appropriate ion within the macrocycle might alter these 
product ratios. Telomerizations carried out in the presence of potassium tetraphenylbo- 

rate and other tetraarylborate salts did not result in any change in the product histograms, 

nor were any changes observed in the ^-NMR spectrum of the starting template 40, 
even at high temperatures. A systematic investigation of these templates with a variety of 

Lewis acids may lead to an appropriate system for this free-radical transformation. This 
work remains for the future. 

8.3 Controlled Oligomerizations 
with a Polynorbornane-based Template 

The template approach to controlling oligomerization described in the preceding section 

requires prior attachment of the monomer units to a (semi-)rigid backbone. An alterna¬ 

tive strategy relies on template-bound initiating and terminating functionalities that 

spatially define the reactivity loci for simple unattached monomers (Scheme 8-3). 

Upon initiation, intermolecular chain-growth polymerization proceeds until the growing 

telomer bridges the template backbone and intramolecular termination via macrocycliza- 
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tion becomes feasible. Thus, the size of the template-bound oligomer produced by this 

sequence should, in principle, correlate with the size of the initiator-terminator gap of 

the template. This approach to oligoselective polymerization is described in this section. 

8.3.1 Template Design and Synthesis 

The synthesis of rigid rod templates with the general structure 7 is predicated upon two 

key observations: (1) Norbornadiene (NBD, 43) can be polymerized under nickel(0) 
catalysis to give predominantly trans-anti-trans disposed oligomers [49], and (2) nor- 

bomene is an effective dienophile in anthracene-based Diels-Alder reactions [50]. From 

this foundation, templates with appropriately positioned functionality featuring either 
13, 17, or 24 A gaps spanning putative initiator and terminator units can be assembled. 

In each case, issues of stereoisomer separation and stereochemical assignment must be 

addressed before oligomerization studies start. In addition, reagent compatibility while 
selectively manipulating chemically disparate initiator and terminator moieties, and an 

overarching concern about solubility of intermediates and the final templates, all demand 

attention. The resolution of these issues en route to the preparation of a family of 

(NBD)„-based templates of potential use for controlling oligomer length in polymeriza¬ 
tion reactions is described below. 

The nickel(O)-mediated polymerization of norbornadiene developed by Pruett and 

Rick at Union Carbide represents one of the simplest and most efficient protocols for 

accessing functionalized, rigid rod molecules of approximately nanometer length. This 

process could, in principle, provide a broad mixture of oligomeric polynorbornadiene 
products. However, concentration/solvent regimes can be identified under which a phys¬ 

ical property, solubility, imposes a stop-message on the polymerization. Thus, reaction of 

a concentrated solution of norbornadiene in 1,4-dioxane with 0.2 mol% of NiCOD2 pre¬ 

catalyst leads to a solid residue from which the trans dimer 44, the trans-anti-trans 

trimer 45 and the trans-anti-trans-anti tetramer 46 can be isolated in pure form by 

sequential fractional sublimation and then recrystallization from isopropanol (z-prOH) 

(Scheme 8-17). The final recrystallization removes small amounts of diastereomeric oli¬ 

gomers. It is noteworthy that the dimer/trimer/tetramer suite of products accounts for 

94% of the starting norbornadiene. NBD tetramer insolubility severely limits further 

reaction. Structurally similar rigid rod spacers have been prepared through an iterative 

linear synthesis by Warrener and Butler [51, 52], These species are formed as single iso¬ 

mers by this stepwise approach without the need for a tedious separation, but at the cost 

of overall efficiency. For the planned oligomerization scouting studies, rapid access to 

43 44 57% 45 34% 46 3% 

Scheme 8-17 NiCOD2-catalyzed norbornadiene oligomerization. 
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large amounts (> 1 g) of template was deemed essential, and so the Union Carbide 

group’s “shotgun” oligomerization approach was preferred. 
A high-lying HOMO for the strained alkene in norbornene and, presumably, the high¬ 

er oligomers 44-46, makes it an attractive partner for an electron-deficient diene such as 

methyl 9-anthracenecarboxylate (47) (Scheme 8-18). High yields of a 1:1 stereoisomer- 

ic mixture of the double Diels-Alder cycloaddition products 48/49 and 50/51 emerged 

from combination of 45 and 46 with 47, respectively [171. In both cases, the diastereo- 
meric products were separated cleanly by chromatography. The Cs 48 and C2 49 (NBD)3 

isomers could be distinguished by their characteristic 'H-NMR signals (48: Ha^Hb, <5 

1.73, 1.63; 49: Ha=Hb, 5 1.67). The (NBD)4 templates 50 and 51 were more difficult to 

differentiate, but eventual recourse to the derived Mosher esters 52 and 53, respectively, 
permitted unambiguous assignment. Thus, the diester 52 prepared from the C2 symmet¬ 

ric diester 50 exists as two diastereomers that could be separated by HPLC, whereas its 
counterpart 53, derived from the Crsymmetry diester 51, is a single compound that dis¬ 

plays two distinct OCH3 signals. 

Scheme 8-18 Template synthesis via double Diels-Alder cycloaddition of anthracene endcaps 
to norbornadiene oligomers. 
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Access to an even longer template formally derived from an NBD hexameric spacer 

can be achieved via the mono Diels-Alder adduct 54 (Scheme 8-19). This species, avail¬ 

able through incomplete reaction of 45 with 47, can be photodimerized under the influ¬ 

ence of (CuOTf)2 to furnish the (NBD)6-containing templates 55/56 in modest yield as 

an inseparable mixture of diastereomers. No further studies were performed with this 
material, as a pure sample of the required C2 isomer was not forthcoming. 

Scheme 8-19 Synthesis of an (NBD)6-based template by photodimerization of a norbornene 
precursor. 

The majority of the exploratory template functionalization reactions were pursued 

with the Cs-symmetric (NBD)3-based template 48. A series of related templates designed 
to arrest free-radical alkene polymerization, 63-66, were prepared from diester 48 
through straightforward chemistry (Scheme 8-20) [17]. A trichloroacetyl initiator was 

chosen based on the documented utility of this species in methacrylate polymerizations, 

especially graft polymerizations [53]. The choice of terminator moiety required some 

deliberation, given the absolutely critical role that this unit will play in stopping the poly¬ 

merization. The methacrylate derivatives 63-66 were selected for two attributes that 

might predispose this template construct towards oligoselectivity: (1) They should be 

intrinsically more reactive to a methacryloyl radical than the monomer methacrylate, and 

(2) they feature an effective radical leaving group appropriately positioned to serve as a 

“stop-message” upon radical addition to the alkene terminus. 

Similar functionalization chemistry with the (NBD)4-derived diester 50 afforded the 

trichloroacetyl, phenylthiomethacrylate-bearing template 67 whose initiator-terminator 

pair spans an approximately 17 A gap (Scheme 8-20). Single-crystal X-ray analysis of 

the phenylthio-containing species 63 provided a detailed glimpse of the fully functional¬ 

ized template (63', Scheme 8-20). The anthracene-derived endcaps appear bowed slight¬ 

ly away from the apical exo hydrogens of the proximal norbornane units, as predicted by 

the molecular mechanics-based structural model 63". These distortions are unlikely to 

have any consequence for the planned chemistry. 

Template-imposed oligoselectivity in (anionic) group transfer polymerization was 

also of interest with this template system. A suitable initiator-terminator pair for effect¬ 

ing this chemistry was proposed to be the trimethylsilylacetate/fluoromethacrylate spe¬ 

cies shown in the (NBD)3-derived template 69 (Scheme 8-21). Under fluoride catalysis, 
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Scheme 8-20 Synthesis of initiator-terminator functionalized templates for controlling the free 

radical polymerization of activated alkenes. 

70 R = H 

Scheme 8-21 Synthesis of an initiator-terminator functionalized template for controlling the 

group transfer polymerization of methacrylate. 
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silylacetates have been reported to initiate the group transfer polymerization of methac¬ 

rylates [54], Termination of the silicon transfer oligomerization was anticipated to result 
from living-end silyl ketene acetal addition to the template-bound fluoromethacrylate 

unit, leading to fluoride ejection. The construction of these initiator and terminator units 

followed the strategy described earlier and is detailed in Scheme 8-21. 

8.3.2 Measuring the Initiator-Terminator Gap in Molecular Terms 

o 

The measured span between initiator and terminator attachment points (e.g., 13 A with 

48) does not accurately represent the distance that must be traversed by a growing poly¬ 
mer chain as it bridges the initiator-terminator gap. Both the conformational preferenc¬ 

es and the steric demands of the growing substituted hydrocarbon chain will surely con¬ 

spire to trace a non-least-motion path of substantially greater length. Thus, prediction of 

oligomer size for any given template will not be straightforward. One approach to empir¬ 
ically measuring the “molecular size” of the initiator-terminator span utilizes bis-lacton- 

ization reactions with the (NBD)3 template diol 68. In this experiment, the diol 68 is con¬ 

densed with either the bis-acid chlorides 71-76 (DMAP catalysis) or with the corre¬ 

sponding bis-acids 77-82 (Steglich/Keck conditions [55]) to furnish bis-lactones 84 
(Scheme 8-22). Assuming that the rate of initial ester formation (e.g., 83) is independent 
of the chain length n, the yields of bis-lactone 84 will scale with the rate of macrolacton- 

68 + xoc- (CH2)n- -cox - 

71 n = 7, X = Cl 77 n = = 7, X = OH 
72 n = 8, X = Cl 78 n = = 8, X = : OH 
73 n = 9, X = Cl 79 n = = 9, X = : OH 
74 n = 10, X = CI 80 n = = 10, X = OH 
75 n = 11, X = CI 81 n = = 11,X = OH 
76 n = 12, X = Cl 82 n = = 12, X = OH 

Scheme 8-22 Bis-lactonization experiments to “measure” the effective initiator-terminator gap 

in the (NBD)3-derived template. 
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ization. In turn, this macrolactonization rate will be sensitive to the chain dynamics and 
chain length of each activated diacid. Thus, to a first approximation, the highest-yielding 

macrolactonization should reveal the optimal chain length for the corresponding alkene 

oligomerization process. The data are presented in Scheme 8-22. Under both sets of reac¬ 

tion conditions, a clear preference for macrocyclization when n = 9 is observed. This 
chain length translates into the expectation that three olefinic monomer units should opti¬ 

mally fit between the initiator and terminator units of templates 63-66. 

8.3.3 Model Studies for Optimizing Terminator Performance 

Preliminary scouting experiments were conducted prior to actual oligomerization stud¬ 

ies in order to explore the effect of the radical leaving group X (cf. 86-91) in the key 
coupling step (Scheme 8-23). The halogen-containing model terminators were not effec¬ 

tive partners for a chloroacetate-derived radical. In contrast, all of the chalcogen-based 

terminators performed with acceptable efficiency. Examination of relative radical leav¬ 
ing group abilities [56] (Scheme 8-23) does not lend any support to hypotheses that 

attempt to correlate reaction efficiency with X' departure rates. While these experiments 

permitted exclusion of halogen-based terminators from further consideration, at this 

juncture the basis for choosing between the chalcogen variants was not evident. A final 

model experiment (Scheme 8-23) revealed that the trichloroacetate template moiety 85 

and the chalcogen-based terminator template 90 indeed serve as an effective initia¬ 
tor-terminator pair for the uncontrolled oligomerization of methyl methacrylate. 

oH 
CCI, 

85 88 X = SnBu3 
89X = SPh 
90 X = S02Tol 
91 X = SePh 

PhH 

Mo(CO)6 

0% 
0% 
51% 
69% 
50% 
59% 

Scheme 8-23 Model experiments designed to test the effectiveness of various terminating func¬ 
tionalities in free-radical polymerizations. 
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8.3.4 Template Controlled Oligomerization Studies 

These encouraging preliminary results prompted extensive optimization studies of the 

template controlled oligoselective free-radical polymerization of methyl methacrylate 

(MMA) using the family of templates 63-65 (Scheme 8-24) [16]. Early experiments 

with the sulfonyl terminator system 64 led, for the first time, to isolation of small quan¬ 
tities of macrocyclized material 94 - template controlled oligomerization had been 

achieved! Initial explorations of the effect of concentration, reagent ratio, and tempera¬ 

ture variations on product 94 yield for the sulfonyl-based system led to the following 

optimized parameters: a 10-fold excess of monomer MMA and a 1.2-fold excess of 
Mo(CO)6 over template in benzene (10 mM in template) at 150 °C. These optimized con¬ 

ditions resulted in isolation of ca. 16% of the desired MMA-trimer-bound template 94 

along with 25% of recovered template 64 and an equal amount of uncontrolled oligomer. 
Solvent characteristics also play an important, if ill-defindd, role in maximizing the yield 

of macrocyclized material. Limited template solubility necessarily constrained the sol¬ 

vent choices, but successful template controlled oligomerization of MMA with template 

64 proceeded in benzene, ethyl acetate, and isopropanol. Benzene appeared to be the sol¬ 
vent of choice among these options. Further examination of the influence of leaving 

group X on controlled oligomer formation revealed a substantial improvement with the 

thiophenyl-based species 63, whereas the PhSe analogue 65 offered little advantage over 

the sulfonyl case. Lower temperatures and longer reaction times also contributed to 
improved yields of macrocyclized product, and eventually as much as 47% of the MMA 

trimer species 94 could be isolated when the reaction was run under optimized condi¬ 

tions. A brief look at the effect of solvent variation on macrocycle 94 yield with the 

Scheme 8-24 Oligoselective free-radical polymerization of MMA with the (NBD)3-derived 

template: effects of variation in solvent and radical leaving group. 



238 8 Template Controlled Oligomerizations 

superior thiophenyl-bearing template 63 provided results consistent with the earlier stud¬ 

ies using 64. Careful examination of the cyclization mixtures did not afford any evidence 

for formation of macrocyclized material with other than three MMA monomers bridging 

the initiator-terminator gap. Inspection of this (MMA)3 linker segment reveals that the 

n - 9 prediction from the macrolactonization experiments was precisely borne out. 
The stereochemical outcome of this oligoselective polymerization is of some interest. 

In principle, eight stereoisomeric macrocycles 94 can be formed. However, HPLC anal¬ 

ysis of the cyclized material revealed that only six of these possibilities are represented 

in the product mixture. In benzene as solvent, over half of the product mixture is a single 
stereoisomer, whereas in methyl isobutyrate as solvent the diastereomers are more even¬ 

ly distributed. Preliminary attempts to ascertain the relative stereochemistry of the major 

isomer within 94 via DNOE NMR measurements did not allow unambiguous assign¬ 

ment. Without this structural information in hand, further speculation on the relationship 
between chain stereochemistry and cyclization efficiency within 99 (see Scheme 8-27) is 

not warranted. Nevertheless, there must be some influence, given the non-statistical dis¬ 

tribution of isomers. In comparison, the 'H-NMR spectrum of the pMMA portion of 

uncontrolled oligomer 95 is superimposable with that of atactic (i.e., random stereo¬ 
chemistry) pMMA. 

Exploration of the template controlled free-radical oligomerization of other activated 

olefins began with standard monomers utilized in bulk polymer synthesis and the tem¬ 

plate 63. Vinyl acetate and acrylonitrile led only to uncontrolled polymerization, while 
vinylene carbonate did not react under the standard experimental conditions. More exot¬ 

ic monomers, such as vinyl trifluoroacetate and tert-butyl acrylate, were also unsuccess¬ 

ful. Only methyl acrylate polymerization was arrested by template 64 to provide the 

macrocyclized product 96 in modest yield as a mixture of five diastereomers (Scheme 

8-25). Subsequent studies with the more effective thiophenyl-bearing template 63 at 

lower temperatures improved this yield to 35%. The diastereomer distribution was rem¬ 
iniscent of the methyl methacrylate-derived product, although no stereochemical assign¬ 
ments were made in this case either. 

Attempts to extend the template mediated free-radical oligomerization of MMA to the 

longer (NBD)4-derived template 67 did not afford unequivocal results (Scheme 8-26). 

Scheme 8-25 Oligoselective free-radical polymerization of methyl acrylate with the (NBD)3- 
derived template 63. 
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Scheme 8-26 Oligoselective free-radical polymerization of MMA with the (NBD)4-derived 
template 67. 

Treatment of template 67 with 10 equivalents of MMA and 1.2 equivalents of Mo(CO)6 

in benzene at 70 °C furnished a 21% yield of material which appeared by 'H-NMR spec¬ 

troscopy to consist of a mixture of diastereomeric template-bound MMA tetramers. 
Unfortunately, all attempts to confirm this molecular composition by mass spectral anal¬ 

ysis were not fruitful. 

Finally, the ability of the silylacetate, fluoromethacrylate-bearing template 69 to 

enforce oligoselectivity on the group transfer polymerization of MMA was examined. 

However, no fluoride-initiated polymerization conditions could be identified which led 
to template-bound oligomer. Typically, off-template initiation (F'+MMA?) furnished 

uncontrolled polymer. In these cases, the template 69 suffered simple desilylation to 

deliver the acetate 70. Perhaps a template-bound silyl ketene acetal initiator would have 

performed in a more desirable manner, but that species remained elusive. 

8.3.5 Mechanistic Studies: 
Probing Bimolecular Termination and Solvent Effects 

The maximum yield of the MMA trimerization product 94 from template 63 was 47%. 

In addition to this macrocyclic product, ca. 10% of unreacted template was recovered. 

The fate of the remaining ca. 40% of the original template was of some concern. An addi¬ 

tional 20-25% of the template appeared to have a pMMA chain extending by about nine 

monomer units, on average (‘H-NMR integration), from the initiator, and an intact ter¬ 

minator (cf. 100). The terminal functionality on the pMMA chain could not be identified, 

but no evidence for termination by the phenylthiomethacrylate moiety of a second tem¬ 

plate (i.e., bimolecular termination) could be found. At present, candidates for this radi¬ 

cal quenching species include Cl and PhS (from Ph2S2 formed as the reaction progress¬ 

es). Thus, the intervention of bimolecular termination as a significant yield-limiting pro¬ 

cess is called into question. 
This curious observation refocuses concerns about yield loss to a critical choice that a 

template-bound pMMA radical 99 faces: macrocyclization to afford the controlled- 
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length oligomer 94 vs. addition of a fourth monomer to lead ultimately to 100 
(Scheme 8-27). Furthermore, the energetics of these diverse reaction channels seem to 

be influenced by some characteristic of the solvent, as the aromatic solvent benzene 

apparently differentially favors the former path over the latter one compared to other 

non-aromatic solvents. Additional insight into the role (or lack thereof) of bimolecular 
termination in limiting macrocycle yield, and also into the effect of solvent on the 

options available to radical 99, was sought through the series of terminator challenge 

experiments discussed below. 

Scheme 8-27 Presumed mechanistic course of the template mediated oligoselective polymeriza¬ 
tion of MMA. 

Varying amounts of two competing terminators, the simple methyl ester 106 and the 

template model ester 107, were introduced into the standard MMA oligomerization 

experiment with template 63 (Scheme 8-28) [18]. Both of these exogenous terminators 

were of comparable intrinsic reactivity in combination with a simple methacryloyl radi¬ 
cal, as seen by the model reaction 101 + (102 + 103) -» 104 + 105 shown in Scheme 

8-28. The yield of macrocycle 94 was monitored as a function of the amount of 106 or 

107 added in both the optimum solvent benzene and, independently, in a solvent chosen 
to resemble the growing pMMA chain, methyl isobutyrate. 
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Scheme 8-28 Terminator challenge experiments: relative reactivity of the two probes 106 and 

107 (as modeled by 102 and 103), and presumed role as bimolecular terminators in a controlled 

oligomerization experiment. 

These four experiments were designed to test two related hypotheses: (1) in an actual tem¬ 

plate system, bimolecular termination is suppressed as a consequence of the demanding 
steric environment about the terminator moiety. Observation of greater macrocycle yield 

with the bulkier terminator 107 present compared with the smaller analogue 106 in either 

solvent, given that these species have equivalent intrinsic reactivity with a small radical, 

would support this premise. (2) More pronounced solvent-solute interactions in benzene 

as compared to non-aromatic solvents contribute to favoring intramolecular termination 

(—> 94) over bimolecular monomer addition (—> 100) for radical 99. Observation of rela¬ 

tively greater macrocycle yield as either terminator concentration is increased in benzene 

compared to the same reaction in methyl isobutyrate is consistent with this hypothesis. 

The results of these studies are presented in complementary graphical form in 

Schemes 8-29 and 8-30. Scheme 8-29 displays the consequences of increasing termina¬ 

tor concentration on macrocycle yield independently for each solvent. In both benzene 

and methyl isobutyrate, the yields of macrocycle 94 were greater when 107 was present 

compared with 106. Presumably, the bulkier model template terminator 107 is less effec¬ 

tive than the smaller methyl ester analogue 106 at intercepting radical intermediates 

en route to 94. Given the intrinsic reactivity equivalency between these two species 

with an unencumbered radical (Scheme 8-28), it is reasonable to conclude that the bulk 

of the template-oligomer construct 99 and the bulk of the terminator moiety in 107 are 

responsible for the differential reactivity observed. The differences are not large in either 

solvent (~ 10%), but they can contribute to the surprising lack of substantial bimolecular 

termination in the polymerizing system. 
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equiv terminator equiv terminator 
benzene solvent methyl isobutyrate solvent 

Scheme 8-29 Template macrocycle 94 yield as a function of added terminator 106 or 107 in ben¬ 

zene and, independently, in methyl isobutyrate solvent. 

These data can be recast to expose the differing effects of solvent on yield suppression 
with each terminator (Scheme 8-30). With either 106 or 107, the yield of macrocycle 94 
was greater in benzene than in methyl isobutyrate. Thus, intermolecular trapping of an 

intermediate template-bound radical is less significant in benzene than in methyl isobu¬ 

tyrate. In these experiments, the differences are large (-20%) and suggest that a tem¬ 
plate-bound radical (e.g., 99) is not as accessible to either added terminator, 106 or 107, 
in benzene as it is in methyl isobutyrate. 
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Scheme 8-30 Template macrocycle 94 yield as a function of solvent (benzene or methyl isobu¬ 

tyrate) in the presence of increasing amounts of the added terminators 106 and 107. 
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Taken together, these results support an interpretation of the template controlled free- 

radical oligomerization of MMA in benzene that cites a solvent-induced steric effect in 
favoring intramolecular termination over bimolecular reaction. Specifically, a solvo¬ 

phobic effect [57-60] may force the growing hydrocarbon-like pMMA chain against the 

hydrocarbon-like template in benzene. This solvent enforced proximity of reactive 

entities in 99 may then contribute to an unexpected acceleration of macrocycliza- 
tion compared with the alternative of further monomer addition. Consistent with this 

hypothesis, Endo et al. have shown that the relative energy of interaction between two 

phenyl rings is substantially larger than the energy of interaction of a phenyl ring with a 
hydrocarbon chain (Table 8-1) [60]. Thus, benzene’s affinity for itself may lead to 

“sequestering” of the hydrocarbon portions of 99, and in so doing enhance intramolecu¬ 
lar reaction compared with a non-aromatic solvent. 

Table 8-1 Relative interaction energies between a phenyl ring and various hydrocarbon species 

(the more negative the value, the stronger the interaction) [60] 

Solvent Relative energy of interaction with a phenyl ring (kcal/mol) 

Anisole -1.51 
Benzene -1.32 
Cyclohexane -0.44 
n-Hexane -0.04 
/7-Octane 0.00 

Finally, the diastereomer distribution for macrocycle 94 was examined in each of the 

experiments reported in Schemes 8-29 and 8-30. While some variation was observed 

from run to run, no meaningful trends could be discerned. There is no evidence that cer¬ 

tain stereoisomers of radical 99 are intrinsically slower to cyclize and hence would be 

more susceptible to trapping by 106 or 107. 

8.4 Concluding Remarks 

The successful demonstration of oligoselective free-radical polymerizations of acrylate 

and methacrylate monomers by the template constructs 14, 24, 40, 63, and 64 establish¬ 

es the feasibility of this venture. In each case, optimization of both reaction parameters 

and template attributes led to very low-dispersity oligomers incorporating by design 

either n- 2, n = 3, or n = 4 monomer units. Yields were tolerable, given the number of 

new C-C bonds formed and the complexity of the transformations. Furthermore, differ¬ 

ing strategies for stereocontrol revealed that stereoselective and oligoselective polymer¬ 

izations are within reach. These preliminary experiments hint at the possibility that 

future studies may advance these techniques to the point where they will be valuable as¬ 

sets in the synthesis of stereodefined repeating molecular segments of target molecules. 
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8.5 Experimental Procedures 

8.5.1 (2R,4S)- and (2S,45)-2-(5-Bromopentyl)-2-methyl-3-acryloyl- 
4-ter/-butyl oxazolidine (23) 

7-Bromo-2-heptanone (208 mg, 1.08 mmol) and tert-leucinol (189 mg, 1.61 mmol) 

were dissolved in benzene (10 mL). Catalytic TsOH was added, and the mixture was 

refluxed, with a Dean-Stark trap containing molecular sieves, for 18 h. The reaction 

solution was cooled to rt, solid NaHC03 was added, and the mixture was poured into sat¬ 

urated NaHC03 solution (200 mL) and extracted with ether (2x200 mL). The organic 

extracts were dried over Na2S04, filtered, and condensed to a pale yellow oil which was 
dissolved in CH2C12 (5.0 mL) and used in the next step. The solution was cooled to 0 °C, 

triethylamine (0.24 mL, 1.7 mmol) and DMAP (3 mg) were added, followed by freshly 

distilled acryloyl chloride (0.123 mL, 1.51 mmol). The mixture was allowed to warm to 
rt over 12 h, diluted with CH2C12 (50 mL) and washed with saturated NaHC03 solution 

(3x 10 mL). The organic layer was dried over Na2S04 and condensed to a yellow oil 

which was purified by column chromatography (10% EtOAc/hexane) to give a com¬ 

bined yield of 195 mg (52%) of two diastereomers. First eluting diastereomer: Rf 0.20 

(20% EtOAc/hexanes); ]H-NMR 8 6.51 (dd, J= 16.6, 10.0 Hz, 1H), 6.33 (dd, 7= 16.6, 
1.9 Hz, 1H), 5.60 (dd, J= 10.0, 1.9 Hz, 1H), 4.40 (d, minor rotamer), 3.99 (d, 1H), 3.89 

(m, 1H), 3.75 (d, 1H), 3.45 (t, 2H), 2.42 (m, 1H diastereotopic), 1.85 (m, 2H), 1.68 (s, 

3H), 1.6-1.2 (b, 5H), 0.95 (s, 9H), 0.92 (s, minor rotamer); 13C-NMR 8164.90, 130.69, 

127.36, 98.24, 65.38, 64.80, 35.89, 34.65, 33.82, 32.68, 28.29, 27.67, 27.32, 23.98; 
GC/CIMS (CH4/NH3) m/z 347 (MH+). Second-eluting diastereomer: R{ 0.10 (20% 

EtOAc/hexanes); !H-NMR 8 6.51 (dd, 7=16.6, 10.0 Hz, 1H), 6.34 (dd, 7=16.6, 1.9 Hz, 
1H), 5.63 (m, 1H), 4.1-3.7 (set of 3 multiplets, 3H), 3.38 (t, 2H), 2.58 (m, 1H diastereo¬ 

topic), 1.85 (m, 2H), 1.51 (s, 3H), 1.6-1.2 (b, 5H), 0.95 (s, 9H); 13C-NMR 8 165.05, 

130.76, 127.30, 98.04, 65.12, 64.64, 39.05, 35.70, 33.79, 32.61, 28.42, 27.68, 23.58, 
19.69; GC/CIMS (CH4/NH3) m/z 347 (MH+). 

8.5.2 l,2-Bis-[3,4-bis-(5-(2/?-methyl-3-acryloyl-4S-terf-butyl- 
2-oxazolidinyl)-pentyloxy)]-ethane (24) 

The following procedure is representative for the synthesis of the n = 4 templates. Tetrol 

22 (110 mg, 0.33 mmol) and 23 were dissolved in acetone (3.5 mL) and distilled DMSO 

(1.5 mL). The solution was charged with K2C03 (273 mg, 1.98 mmol) and catalytic 

[18]crown-6 and brought to reflux for 18 h. The reaction mixture was cooled, extracted 

with ether (2x50 mL) and washed with saturated NaCl solution (2xl00mL). The 

organic extracts were pooled, dried over Na2S04, filtered, and condensed to a viscous oil 

which was purified by column chromatography (50% EtOAc/hexane) to give 24 as 

204 mg (44%) of a colorless oil: R{ 0.32 (50% EtOAc/hexanes); ^-NMR 8 7.61 (dd, 

7=8.1, 1.5 Hz, 2H), 7.49 (d, 7= 1.5 Hz, 2H), 6.81 (d, 7=8.4 Hz, 2H), 6.52 (dd, 7= 16.6, 

9.9 Hz, 4H), 6.33 (dd, 7= 16.6, 1.8 Hz, 4H), 5.64 (dd, 7=9.9, 1.8 Hz, 4H), 4.59 (s, 4H), 
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4.00-3.87 (m, 16H), 3.79-3.69 (m, 4H), 1.80-1.53 (b, 16H), 1.71 (s, 12H), 1.45-1.30 

(b, 16H), 0.93 (s, 36H, major), 0.90 (s, minor); 13C-NMR 8 166.25, 164.91, 153.26, 

148.42, 130.77, 129.72, 127.30, 123.81, 114.24, 111.90, 98.31, 69.07, 68.70, 64.79, 

62.41, 39.63, 35.91, 34.78, 29.15, 27.69, 27.35, 24.05. Analysis: Calcd. for 
C80Hi22Oi6N4: C, 68.83; H, 8.81; N, 4.01. Found: C, 69.08; H, 8.71; N, 3.74%. 

8.5.3 Typical conditions for ACT reaction (2.5A/80V200Sn) 

From a benzene stock solution of template 14 (m = 3, R = tert-Bu), 0.0625 mmol (87 mg) 

of 14 was delivered to a reaction flask charged with cyclohexyl iodide (0.258 mL, 
2.0 mmol, 32 equiv) and allyltributylstannane (1.55 mL, 5.0 mmol, 80 equiv) and the 

reaction diluted to a total volume of 25 mL in benzene. The reaction flask was purged 

with argon for 30 min, and then the mixture was brought to reflux. An initial portion of 
AIBN (2 mg, 0.0125 mmol, 0.2 equiv) was added upon reflux, a second portion was add¬ 

ed after 2 h, and reflux was maintained for another 10 h. The mixture was cooled to rt 

and the solvent carefully removed under reduced pressure. The residual oil was subject¬ 

ed to column chromatography using gradient elution (100% hexanes —> 5%, 10%, 15%, 

25%, 50%, 75% —> 100% EtOAc), and the isolated products were dissolved in ether 
(50 mL) and stirred overnight over an aqueous 10% KF solution (50 mL). The layers 

were separated, and the organic layer was dried over MgS04, condensed to a mixture of 

oils and solids, redissolved in EtOAc (5.0 mL), refiltered, and condensed to an oil. 

8.5.4 Telomer assay 

The isolated oil was mixed with 1 M HC1 (3.0 mL) and p-dioxane (3.0 mL) and refluxed 

at 100 °C for 12 h. The reaction mixture was poured into 1 M KOH (100 mL) and washed 

with ether (50 mL). The aqueous layer was cooled in an ice bath and acidified with cone. 

EiCl (approximately 10 mL), followed by stirring for 2 h with ether (50 mL) while satu¬ 

rating the aqueous layer with NaCl. The layers were separated, and the aqueous layer 

was further extracted with ether (2 x 25 mL). The pooled ethereal layers were dried over 

MgS04, filtered, condensed to a total volume of approximately 5.0 mL, and treated with 

an excess of diazomethane (generated from 0.5 g Diazald). Excess diazomethane was 

quenched with a minimum amount of glacial acetic acid and the solution was washed 

with saturated NaHC03, dried over MgS04, and filtered. The filtrate was analyzed by 

GC (1.0 min at 80 °C, ramp at 15 °C/min to 300 °C, and hold for 5.0 min; calibrated vs. an 

authentic mixture of methyl acrylate telomers) and assignments were confirmed by GC/MS. 

8.5.5 Synthesis of Template Diester 48 

A solution of norbornadiene (43) (85.4 g, 927 mmol) and NiCOD2 (1.3 g, 4.73 mmol) in 

100 mL of 1,4-dioxane was stirred at rt for 22 h, leading to deposition of a white precip¬ 

itate. A second charge of norbornadiene (85.4 g, 927 mmol) was added, and the hetero- 
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geneous reaction mixture was warmed to 50-55 °C for 48 h and then at 40 °C for 16 h. 

Concentration of the reaction solution and fractional sublimation of the residue at 

0.05 Torr afforded 96.6 g of dimer 44 at 60-70 °C (57%), 59.2 g of trimer 45 at 

155-165 °C (34%), and 5.8 g of tetramer 44 at 240 °C (3%). The trimer was recrystal¬ 

lized from hot isopropanol to furnish 47.8 g of 45 as fluffy white crystals; m.p. 

198-201 °C (lit. [49] m.p. 201 °C); IR (CDC13) 3035, 1610 cm”1; JH-NMR (200 MHz, 

CDC13) 8 5.93 (s, 4H), 2.59 (s, 4H), 1.89-1.12 (m, 16H); 13C-NMR (90 MHz, CDC13) 

8 135.3, 44.2, 41.8, 41.6, 40.6, 28.9; MS m/z (relative intensity) 276 (100, M+). 
A solution of NBD trimer 45 (11 g, 40 mmol), methyl 9-anthracenecarboxylate 

(47) (20 g, 85 mmol), and 3-6?rr-butyl-4-hydroxy-5-methylphenyl sulfide (20 mg, 

0.06 mmol) in 50 mL of benzene was heated to 170 °C in a steel-walled medium-pres¬ 
sure reactor. After 200 h, the solution was cooled, concentrated in vacuo, and the residue 

was purified by flash chromatography on Si02 with 3:1 benzene/hexane as eluent to 

afford 12.5 g (43%) of the Cs template diester 48 and 13.5 g (47%) of the template C2 

diester 49. Both solids decomposed upon heating (48: 256 °C, 49: 338 °C). 48: IR 
(CDC13) 1730 cm”1; *H-NMR (200 MHz, CDC13) 8 7.51-6.96 (m, 16H), 4.17 (d, 

7=2.2 Hz, 2H), 4.05 (s, 6H), 2.04-1.05 (m, 22H), -0.61 (d, J= 10.2 Hz, 2H); 13C-NMR 

(90 MHz, CDC13) <5172.7, 143.7, 142.7, 141.6, 139.1, 126.5, 126.2, 126.0, 125.5, 124.3, 

124.0, 123.0, 121.8, 58.8, 51.9, 49.4, 48.6, 48.4, 47.1, 47.0, 42.6, 42.30, 42.28, 41.5, 

41.3, 41.2, 29.0, 27.6; FAB MS m/z (relative intensity) 747 (22, M-H+). 

8.5.6 Controlled Oligomerization of Methyl Methacrylate with Template 63 

A solution of 63 (80 mg, 0.078 mmol), Mo(CO)6 (25 mg, 0.10 mmol), and MMA 

(84 pL, 0.78 mmol) in 8 mL of benzene in a heavy-walled vessel equipped with a Teflon 

stopcock was deoxygenated by three freeze-pump-thaw cycles and placed in a 70 °C 

oil bath for nine days. At that time, the reaction was poured into 5 mL of 1 M HC1, and 

the aqueous layer was extracted with 4 x 10 mL of CH2C12. The combined organic layers 

were washed with brine and dried over Na2S04. Filtration, concentration, and purifica¬ 

tion of the residue by flash chromatography on Si02 with 2% Et20/CH2C12, 4% 

Et20/CH2C12, 6% Et20/CH2C12 as eluent gave 43 mg (47%) of the template-bound 

MMA trimer 94 as a mixture of six isomers. This material could be further purified by 

HPLC (Si02, 2% Et20/CH2C12 eluent) to furnish six separate diastereomers of 94. 94 
(major diastereomer): IR (CC14) 1725 cm”1; 'H-NMR (400 MHz, CDC13) 5 7.2-6.9 (m, 

16H), 6.13 (d, 7= 1.0 Hz, 1H), 5.80 (d, 7= 11.4 Hz, 1H), 5.74 (d, 7= 11.3 Hz, 1H), 5.34 

(s, 1H), 4.91 (d, 7= 11.7 Hz, 1H), 4.88 (d, 7= 12.0 Hz, 1H), 4.17 (m, 2H), 3.65 (s, 3H), 

3.60 (s, 3H), 3.53 (s, 3H), 3.06 (d, 7= 14.4 Hz, 1H), 2.48 (d, 7= 14.9 Hz, 1H), 2.41 (d, 

7= 13.4 Hz, 1H), 2.34 (d, 7= 13.2 Hz, 1H), 2.07 (d, 7= 14.2 Hz, 1H), 2.00 (d, 

7= 14.2 Hz, 1H), 1.9-1.2 (m, 24H), 1.00 (s, 3H), 0.93 (s, 3H), 0.92 (s, 3H), -0.32 (m, 

2H); 13C-NMR (100 MHz, CDC13) <5 177.1, 175.9, 175.6, 167,9, 165.9, 145.1, 144.9, 

143.6, 142.8, 142.7, 142.6, 141.3, 140.8,137.3,128.3, 126.3, 126.2, 126.0, 125.7, 125.6, 

125.5, 125.4, 124.6, 124.5, 123.3, 121.0, 120.8, 120.5, 83.0, 66.4, 62.5, 56.6, 53.2, 52.7, 

52.2, 51.9, 51.6,48.4, 48.2,48.1,47.9, 47.8, 47.7,47.6,47.5,47.4,47.2, 46.9, 45.6, 44.5, 



References 247 

44.3, 42.6, 42.3, 42.1, 42.0, 41.9, 41.4, 39.8, 39.6, 29.0, 28.5, 28.3, 17.7, 16.7, 16.2; 

FAB MS m/z (relative intensity) 1172, 1171, 1170, 1169, 1168 (6, 9, 8, 9, 2M+,M++1). 
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9 Templated or Not Templated, 
That is the Question: 
Analysis of Some Ring Closure Reactions 

Alois Fiirstner 

9.1 Introduction 

Searching for the entries “template” or “templated” in the common chemical databases 

makes clear that these expressions are widely used but very ill defined. If we understand 
a template as a molecular device which shapes a given substrate and thereby provides 

bias for a certain pathway over a competing one, and which is removed once it has exert¬ 

ed its function, we will have no problem in calling many ring closure reactions “templat¬ 

ed” ones. A prototype example of a cyclization using a covalently linked template is the 
Corey-Nicolaou method for macrolide synthesis (Scheme 9-1) [1], This transformation 

takes advantage from the polyfunctional character of thiopyridyl esters which (i) activate 

the acid part, (ii) help to bring the reacting sites in proximity by an acid-base interaction, 

and (iii) activate the -OH group if a reactive conformation is adopted. Similarly classi¬ 

cal is crown ether formation by intramolecular substitution reactions, where a cation of 

appropriate size coordinates to the heteroatoms of the incipient ring and thereby allows 

cyclizations to occur at concentrations that are much higher than usual for systems of this 
size (Scheme 9-2) [2], Finally, the cyclotrimerization of butadiene pioneered by Wilke 

and co-workers should be mentioned as an illustrative example of a catalytic, templated 

ring closure which crucially depends upon the assembly of the monomer units within the 

coordination sphere of a nickel template that changes its oxidation state and coordination 

number while running through the catalytic cycle (Scheme 9-3) [3]. 

In generalizing the latter examples one may be tempted to assume that all metal-assist¬ 

ed cyclization and cross coupling reactions are templated processes. This viewpoint, 

however, not only sets an impractically wide scope for a review, it may even be incorrect. 

Therefore, the present article does not try to cover all potentially “templated” ring clo¬ 

sure reactions [4], but presents just a very limited and personal selection of metal-assist¬ 

ed or metal-catalyzed cyclizations based on C-C coupling reactions. They are analyzed 

with the intention to deduce more accurately what the phenomenological effect of tern- 

plating refers to. 
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9.2 Possible Pitfalls 

It is common knowledge that the preparation of medium-sized rings is a formidable chal¬ 

lenge because unfavorable entropic and enthalpic factors impede their formation [5]. 
Therefore, many successful entries into this series rely on templates which lock the flex¬ 

ible substrate in a suitable conformation for ring closure and thereby increase the prob¬ 

ability of encounters of the reacting sites. With this notion in mind, the surprising effi¬ 
ciency of the catalytic ring expansion depicted in Scheme 9-4, a key step in a recent total 

synthesis of the immunosuppressive alkaloid streptorubin B [6], might be ascribed to the 
well-known affinity of Pt11 toward alkenes and alkynes which fosters the desired forma¬ 
tion of the 10-membered ring in a cooperative manner. This analysis, though seemingly 

reasonable, is probably incorrect. During an in-depth study of the reaction mechanism it 

was found that the same transformation can also be effected in respectable yield with 

protons (!) instead of PtCl2. Therefore one must conclude that the efficiency of this par¬ 

ticular ring expansion mainly results from the geometrical constraints of the substrate 
rather than from a preorganization mediated by the catalyst. If any template effect is 

operative, it accounts only for the slightly higher efficiency of the PtCl2-catalyzed over 

the proton-induced pathway. 

Ts 

Scheme 9-4 

Even in cases where the topology of a given substrate renders cyclization a priori rath¬ 

er unlikely, it is potentially misleading to invoke a template effect without appropriate 

control experiments. An illustrative example was reported by Negishi and co-workers 

(Scheme 9-5) [7]. Intramolecular carbopalladation reactions of m-haloallenes provide a 
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potentially general method for the synthesis of common, medium, and large rings. There¬ 

fore the efficiency of the conversion of substrate 3 into the eight-membered ring com¬ 
pound 6 could be attributed to coordination-induced proximity: oxidative insertion of 

Pd° into the aryl halide provides an arylpalladium(II) species which coordinates the 
allene entity and thereby facilitates the C-C-bond formation despite of the unfavorable 

size of the incipient ring. 

[a] PdCI2(PPh3)2 (5 mol%), K2C03. EtOH/DMF, 100°C 

Scheme 9-5 

This scenario, however, does not explain why the cyclization of the corresponding co- 

haloalkene 7 is terribly inefficient, although it might follow a similar course (Scheme 

9-6); simple dehalogenation of the substrate rather than ring closure becomes the major 

pathway. This outcome indicates that factors other than the template effect of Pd11 foster 

the allene case, which are not operative with the alkene. One may speculate whether 

kinetic parameters such as the generally higher reactivity of allenes toward organopalla- 

dium reagents caused by their higher strain energies, or if thermodynamic features such 

as the stability of the resulting /r-allylpalladium species 5 formed by an irreversible 
C-C-coupling process drive the conversion of 3 —> 6. 

[a] PdCI2(PPh3)2 (5 mol%), K2C03, EtOH/DMF, 100°C 

Scheme 9-6 
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These examples pinpoint the notions that 

(i) one must be very prudent in ascribing the performance of ring closure reactions to a 

template effect if the substrate contains any element of structural preorganization. 

The same caution applies - maybe even to a larger extent - to all cyclizations in¬ 
volving kinetically favorable ring sizes [8]; 

(ii) control experiments are mandatory in order to distinguish between a possible tem¬ 

plate effect and other, more conventional incentives for ring closure. 

In searching for templated cyclization reactions it is therefore best to look at substrates 
which are as flexible as possible in order to rule out any potentially misleading influence 

of simple geometrical constraints. For the same reason, macrocycle syntheses rather than 

the formation of five- to seven-membered rings are generally more suitable for studying 

a possible template effect, since the proximity of the reacting sites in the required precur¬ 
sors is a priori less likely [9], Therefore the following discussion is restricted to some 

examples of ring closure reactions by metal-induced C-C-bond formation which meet 

these criteria and for which direct rather than presumptive evidence is available that a 
template effect is in fact operative. 

9.3 Titanium-induced Intramolecular Carbonyl 

Coupling Reactions 

The reductive coupling of carbonyl compounds by means of low-valent titanium [Ti], a 

process which is generally referred to as the McMurry reaction in honor of one of its pio¬ 

neers, has attracted considerable attention over recent decades [10]. One of its major 

advantages stems from the fact that this transformation makes it possible to form carbo- 
and heterocycles of any ring size, including medium and macrocyclic ones. This feature 

is witnessed by a considerable number of elegant syntheses of natural and non-natural 

products and has often been ascribed to the template effect exerted by the polar surface 

of the low-valent titanium reagents used. Several pieces of evidence - in fact - support 

this argument. 

Specifically, McMurry et al. [11] and Baumstark et al. [12] have systematically inves¬ 

tigated the intramolecular coupling of a homologeous series of conformationally flexible 

dicarbonyl compounds by means of [Ti] derived from either TiCl3/Li or TiCl3/LiAlH4. 

These early studies have shown that the yield of the cycloalkenes formed is essentially 

independent of the ring size (Table 9-1), an outcome that is in clear contrast to the pro¬ 

file of most other classical cyclization reactions. For comparison, the Dieckmann con¬ 

densation of diesters or the Thorpe-Ziegler dinitrile method fail to afford medium-sized 

rings in reasonable yields and perform only poorly in the macrocyclic series [13, 15], 

Even the acyloin condensation [14], which was one of the first reasonable entries into 

products with 8-11 ring atoms, does not show the same striking uniformity as the titani¬ 

um mediated process. 
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Table 9-1 Effect of the ring size on intramolecular, low-valent titanium-induced carbonyl cou¬ 
pling reactions. 

R1 R2 n Yield (%) Ref. 

Ph Ph 2 61 [12] 
3 62 [12] 
4 60 [12] 
6 61 [12] 
7 53 [12] 
8 49 [12] 

10 61 [12] 
H H 10 76 [11] 

12 71 [11] 
14 85 [11] 

Ph Me 4 79 [11] 
c5h„ c5hu 6 67 [11] 

7 68 [11] 
c4h9 c4h9 8 75 [11] 

9 76 [11] 
c3h7 c3h7 11 65 [11] 
Et Et 12 75 [11] 
Ph H 13 80 [11] 
Me Me 14 90 [11] 

20 83 [11] 

The experiments mentioned above have been carried out under high dilution, i.e., con¬ 

ditions which are known to favor cyclization over competing intermolecular reactions 

[15, 16]. Even more surprising are reports on McMurry-type macrocyclizations which 

deliberately disregard the “Ziegler-Ruggli dilution principle” [15, 16] but still provide 

good to excellent results. One of the most striking examples is the formation of a 36- 

membered ring depicted in Scheme 9-7, where the conformationally flexible substrate 9 
is converted into product 10 in 90% yield when exposed to a refluxing slurry of commer¬ 

cial titanium powder activated by TMSC1 even if its concentration is as high as 0.02 M 

[17]. This outcome indicates an exceptional preference for ring closure which must be 

attributed to a preorganization of the diketone by the chemically activated titanium sur¬ 

face [18]. 

Similar observations have been made during a study on the formation of crowno- 

phanes such as 14 (Scheme 9-8) which proceed smoothly even in rather concentrated 

solutions [19]. In this particular case, photochemical control experiments provide strong 

evidence that the titanium mediated process benefits from a significant template effect. 

Whereas the photoinduced intramolecular pinacolization of diketone 11 to diol 12 in 

0.002 M solution is rather inefficient (=29%) [20], treatment of the same substrate with 
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O 

commercial Ti-powder, TMSCI 

dimethoxyethane, reflux 

90% 

Scheme 9-7 10 

O 

[Ti] 

255 

Scheme 9-8 14 
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[Ti] leads to the desired 20-membered ring 14 in 57-83% yield by deoxygenation of an 

intermediate titanium pinacolate 13 at concentrations >0.02 m! One may, however, 

object that this outcome is not due to a template effect of [Ti] but rather to the consider¬ 

able amounts of (alkali) metal salts such as KC1, LiCl, MgCl2, ZnCl2, or A1C13 accumu¬ 
lating in the reaction mixture during the preparation of the [Ti] reagent from TiCl3 or 

TiCl4 and Li, K, Mg, Zn, LiAlH4, etc.; these salts may preorganize the polyether sub¬ 

strate as shown in Scheme 9-9 and thereby facilitate the cyclization process. 

[Ti] 

A series of experiments, however, using (i) different [Ti] species, including titanium 

activated under “salt-free” conditions (Ti/TMSCl) [17, 18], and (ii) different substrates 
with and without polyether chains, made it possible to distinguish between the effect of 

[Ti] and that of the admixed salts. From the results summarized in Table 9-2 it must be 

deduced that [Ti] is largely responsible for the smooth cyclizations, whereas the admixed 

salts play only a minor role. The much more intricate question, however, of how this 
striking property of [Ti] can be explained on the molecular level, is largely unsolved. The 

heterogeneous character of McMurry reactions makes spectroscopic investigations 
rather difficult, and all mechanistic studies are further hampered by the fact that [Ti] 

exhibits a much more complicated inorganic chemistry than was previously anticipated 

[21]. 
One can, however, safely pretend that the pronounced oxophilicity of titanium is the 

chemical basis for the observed template effect. As mentioned above, the coupling of 

carbonyl compounds, which proceeds via ketyl radical anions as the actual intermedi¬ 

ates, occurs smoothly in an inter- as well as an intramolecular manner and is largely 

unaffected by the ring size formed. In stark contrast, the titanium mediated coupling of 

allylic alcohols is only productive as an intermolecular process, whereas the intramolec¬ 

ular variant fails to afford reasonable amounts of macrocyclic products (Scheme 9-10) 

[22]. This difference can probably be explained by assuming that free allyl radicals are 

formed in the latter case which cannot stick to [Ti] as they lack the oxygen atom of their 

ketyl analogues. Rather than being preorganized in a favorable conformation for ring 

closure on the oxophilic surface of the reagent, they diffuse freely in solution and get 

reduced by hydrogen abstraction from the ethereal medium. 
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Table 9-2 Probing the template effect of low-valent-titanium [Ti] and admixed alkali halides 

[19]. 

Product [Ti] 

TiCl3/2 C8K 

TiCl3/2 Na 

Ti/TMSCl 

TiCl3/2 C8K 

TiCl3/2 Na 

TiCl3/2 C8K 

Ti/TMSCl 

Admixed salt Yield (%) 

KC1 81 

NaCl 83 

- 57 

KC1 86 

NaCl 86 

KC1 63 

_ 60 

Scheme 9-10 17 
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9.4 Zinc versus Samarium Mediated Reformatsky Reactions 

According to a general definition, the Reformatsky reaction can be taken as subsuming all 

enolate formations by oxidative addition of a metal or a low-valent metal salt into a carbon- 

halogen bond activated by a vicinal carbonyl group, followed by reaction of the enolates 

thus formed with an appropriate electrophile [23], The insertion of metallic zinc into a-halo 

esters is historically the first and still the most widely used form of this process although 
Zn may be beneficially replaced but other metals and reducing metal salts in certain cases. 

A particular advantage of the Reformatsky reaction stems from the fact that the site of 

reaction is strictly determined by the halogen moiety. This feature can be advantageous¬ 
ly used for regioselective enolate formations in polycarbonyl compounds which are dif¬ 

ficult to achieve by proton abstraction methods. As a consequence, this transformation 

has seen a renaissance over recent decades and has found many elegant uses, particular¬ 

ly in intramolecular variants [23]. 
The traditional zinc mediated process, though well suited for the formation of five- 

and six-membered rings, performs rather poorly in the more challenging macrocyclic 

series [24]. This limitation, can be overcome by replacing Zn by Sml2 as the reagent 

[25], Comparative data using the conformationally flexible substrate 18 show that the 

latter provides excellent yields whereas Zn does not afford preparatively useful results 
(Scheme 9-11). This outcome probably stems from the high oxophilicity and the flexible 

coordination geometry of the Sm3+ counterion to the enolate, which acts as a template 

and coordinatively binds the aldehyde group in a much tighter transition state than Zn2+ 

does. Applications to the synthesis of complex natural products such as ferrulactone [26], 
octalactin A21 [27], and Taxol® [28] (Scheme 9-12) witness the truly remarkable effi¬ 

ciency of such intramolecular Sml2 mediated Reformatsky variants. From the examples 

compiled in this and the previous sections one must conclude that the affinity of certain 

transition metals towards oxygen-containing functional groups can be macroscopically 
expressed as a template effect in ring closure reactions. 

Scheme 9-11 19 
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1. Smlp, THF 

2. Ac20 

60% 
Ferrulactone I 

(-)-Octalactin A 

Scheme 9-12 

9.5 Macrocycle Syntheses by Ring Closing Metathesis (RCM) 

Formally speaking, the cyclization of a dicarbonyl compound to a cycloalkene via a 

McMurry coupling closely resembles the ring closing metathesis (RCM) of a 1 ,&)-diene, 

although these reactions have nothing in common as to their mechanisms (Scheme 9-13) 

[29, 30]. Whereas the former has recently been recognized as a very efficient entry into 

macrocycles due to the inherent template effect of [Ti] discussed in Section 9-3, the lat¬ 

ter transformation has long been thought to be inappropriate for the formation of large 

rings, except for systems which are a priori strongly biased for ring closure by a rigid 

conformation of the diene substrate [31). 

This assumption, however, has been totally revised in recent years: surprisingly 

enough, RCM turned out to be among the best entries into macrocycles even with con- 

formationally flexible diene substrates, provided that a few basic parameters are proper¬ 

ly assessed [32], These key features indicate that a subtle template effect is responsible 

for the effectiveness and scope of RCM-based ring closure reactions. 
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Scheme 9-13 

Specifically, the entirely different behavior of dienes 21 and 23 (Scheme 9-14) shows 

that the presence of a polar functional group in the substrate is a fundamental require¬ 
ment for productive macrocyclization [32], In addition, the distance of the polar substit¬ 

uents from the dienes to be metathesized turned out to be another decisive factor, as can 

be gleaned from Scheme 9-15 [32], 

[a] (Cy3P)2CI2Ru=CHCH=CPh 2, 4 mol% Scheme 9-14 
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[a] (Cy3P)2CI2Ru=CHCH=CPh 2, 5 mol% 

Scheme 9-15 

These observations are best rationalized in terms of coordination of the emerging car- 

bene and/or metallacyclic intermediates of the metathesis reaction with the polar “relay” 

substituents of the substrate [32], Such a Lewis-acid/Lewis-base interaction assists in 
assembling the reacting sites within the coordination sphere of, e.g., the ruthenium cata¬ 

lyst and hence provides the necessary bias for cyclization as formally depicted in Scheme 

9-17. If, however, such an intermediate becomes too stable, as might be the case for some 

five- or six-membered chelate structures (e.g., structures B and C or similar), the catalyst 

is sequestered in an unproductive form and the conversion is likely to cease. Yet, the 

stability of the assumed intermediates is not only defined by geometric parameters such 

as distance and relative orientation, but will also be very strongly influenced by the af¬ 

finity of the “soft” Ru center to the heteroatom. This explains why the presence of sul- 

fur(II), amino and cyano groups usually stops RCM events catalyzed by standard Grubbs- 

type complexes such as (PCy3)2Cl2Ru = CHR (R = Ph, CH = CPh2) (Scheme 9-16) [33, 

34 d]. 

Although the experimental data summarized above provide convincing evidence that 

a subtle and transient template effect resulting from a finely tuned Lewis-acid/Lewis- 

base interaction is operative in productive RCM-based macrocyclizations, it should be 

emphasized that a detailed spectroscopic characterization of the key intermediates 

involved has not yet been achieved. Therefore structure A represents just a mnemotic 

device indicating that polarity, distance, and affinity are key issues in such transforma¬ 

tions but does not imply any structural information [32]. 

Although this “relay model” is rather simple, it provides a safe guidance for retrosyn- 

thetic planning and its predictive capacity has been successfully tested in numerous 

applications. Scheme 9-18 compiles some of the targets which have been obtained in our 

laboratory so far [34], which are supplemented by many additional examples from other 
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27 28 

no reaction 

[a] (Cy3P)2CI2Ru=CHCH=CPh 2 (cat.) 

Scheme 9-16 

L 

ABC 

Scheme 9-17 

groups [35]. The synthesis of (-)-gloeosporone is particularly informative, as it forced 

us to address and overcome a potential limitation of RCM-based macrocyclization pro¬ 

cesses [36]. 
(-)-Gloeosporone 31 is a germination self-inhibitor produced by the fungus Colleto- 

trichum gloeosporoides, which has attracted attention because of its interesting structu¬ 

ral and biological properties [37], While all previous syntheses of 31 are based on mac- 

rolactonization strategies, RCM might enable a conceptually new and unprecedentedly 

short approach to this macrolide as depicted in Scheme 9-19. 
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Scheme 9-18 

A more detailed assessment of this retrosynthetic scheme, however, reveals a potential 

difficulty, if the “relay model” outlined above is valid. Assuming that the catalyst attacks 

the 4-pentenoate entity of the envisaged cyclization precursor 34, a fairly stable six- 

membered chelate structure may be obtained which can intercept the catalyst in an 

unproductive form. 
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In fact, diene 34, which is easily obtained in enantiomerically pure form from cyclo- 
heptene, fails to afford any cyclized product on exposure to catalytic amounts of the 

ruthenium carbene (PCy3)2Cl2Ru=CHPh. We reasoned that it is necessary to destabilize 

the likely unproductive chelate responsible for this outcome and/or to activate the cata¬ 

lyst. Either goal might be achieved by running the reaction in the presence of a Lewis 
acid which competes with the evolving carbene for the Lewis-basic ester group and/or 

will interact with (PCy3)2Cl2Ru=CHPh, e.g., by abstraction of a basic phosphine ligand. 

The additive, however, must not destroy the catalyst, should cause a minimum of acid 

catalyzed side reactions, and - most importantly - should undergo a kinetically labile 
coordination to the ester. 

We identified Ti(OiPr)4 as a candidate which meets these stringent criteria. Gratifying- 

ly, exposure of diene 34 to a mixture of catalytic amounts of (PCy3)2Cl2Ru=CHPh and 

substoichiometric amounts of Ti(0/Pr)4 in refluxing CH2C12 effects a smooth cycliza- 

tion reaction (Scheme 9-20)! The resulting product 35 is then oxidized to v/c-diketone 36 
with KMn04 in Ac20, which on cleavage of the silyl protecting group during the aque¬ 

ous workup cyclizes to (-)-gloeosporone 31. This approach delivers enantiomerically 

pure 31 in only eight synthetic operations with excellent overall yield starting from 

cycloheptene; moreover, the chosen route is highly flexible and can be easily adapted to 

the synthesis of analogues of this bioactive target. 

Although the precise mode of action of the binary RCM catalyst (i.e., 

(PCy3)2Cl2Ru=CHPh+Ti(0/Pr)4) remains to be elucidated, its key role within the 

gloeosporone synthesis gives further credence to the notion that a transient and kinetical¬ 

ly labile chelate complex acts as a crucial template which shapes the diene precursor and 
thereby provides internal bias for ring closure. 
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9.6 Macrocycles via Tsuji-Trost Allylation 

The comparison of intramolecular carbopalladation reactions of allenes and alkenes out¬ 

lined in Schemes 9-5 and 9-6 illustrates that not every transition metal catalyzed ring clo¬ 

sure necessarily involves a template effect. Others, however, clearly benefit from it. A 

prototype example is the palladium catalyzed cycloisomerization of alkenyl epoxides 

carrying distal pre-nucleophiles [38, 39], representing one variant of the famous 

Tsuji-Trost allylation [40]. 

This particular transformation cleverly exploits the polyfunctional character of the 

reacting units. It starts with an oxidative insertion of Pd° into the allylic moiety leading 

to the formation of a dipolar 7T-allylpalladium species. This step usually occurs with par¬ 

ticular ease since the strain of the epoxide ring is released. The resulting alkoxide adja¬ 

cent to the 7T-allyl unit acts as a base and deprotonates the pre-nucleophile if the substrate 

adopts a suitable conformation. Charge attraction then keeps the emerging nucleophile in 

the proximity of the electrophilic /r-allylpalladium entity, thereby greatly enhances the 
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chance of reactive encounters, and strongly favors the formation of the desired cyclic 

product. This intrinsic stabilization of the properly shaped conformer is macroscopically 

expressed in the ease of cyclization ascribed to a “template effect”. An additional advan¬ 
tage of this methodology stems from the fact that the hydroxyl group liberated during the 

oxidative insertion step directs the entering nucleophile to the distal position of the 

7T-allylpalladium complex and therefore efficiently controls the regioselectivity of the 

reaction [38-40]. 
It should be mentioned, however, that high dilution is still mandatory in order to obtain 

high yields [15, 16], which can be achieved either by low feeding rates of the substrate 

into the solution containing the catalyst or by exploiting the “pseudo-dilution effect” of 

polymer bound Pd° [41], This experimental requirement shows that the palladium center 

itself does not shape the substrate but just stabilizes the reactive conformation once it is 

adopted (Scheme 9-21). Therefore the observed “template effect” must be largely attrib¬ 
uted to electrostatic attraction and/or favorable ion pairing properties of the intermedi¬ 
ates. 

The key step of a recent total synthesis of roseophilin 41, a structurally unique alka¬ 

loid with promising cytotoxic activities, constitutes a characteristic example illustrating 

the performance of this process (Scheme 9-22) [42], Thus, treatment of compound 38 

with catalytic amounts of Pd(PPh3)4 and dppe in refluxing THF leads to the formation of 
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the highly functionalized 13-membered ring 39, which can be converted into the macro¬ 

tricyclic ketopyrrole core 40 of the target in a few operations. It is interesting to note that 
the same compound has also been made by a ring closing metathesis route [43], with the 

yields of the palladium- and the RCM-based approaches being almost identical. 

A conceptually closely related approach to medium-sized and large rings has been 

recently reported, in which the cyclization is triggered by a hydropalladation of an allene 

rather than by oxidative addition of Pd° into a vinyl epoxide (Scheme 9-23) [44], In this 

case, however, the addition of an external base as well as of a proton source are neces¬ 

sary in order to generate the nucleophilic entity and the required palladium hydride cat¬ 

alyst, respectively. 4-Dimethylaminopyridine (4-DMAP) and HO Ac turned out to be the 

best combination for this purpose. One may assume that the hydroacetate formed exerts 

a bifunctional catalysis and simultaneously acts as an effective template that shapes the 

conformation of the cyclization precursor. This interpretation is particularly tempting as 

such reactions proceed smoothly even at rather high concentrations. A straightforward 

synthesis of the 10-membered product 44, a promising endopeptidase inhibitor, illus¬ 

trates the convenience of this elegant new methodology (Scheme 9-24) [44, 45]. 
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B-B, HX 

Pd(0) cat. 

X9 

B—B: denotes a compound with 2 basic sites 

Scheme 9-23 

E E O Pd(0) cat., 4-DMAP HOAc 

42 (E = COOEt) 

9.7 Summary 

Although the few examples compiled in this review provide by no means a comprehen¬ 

sive picture, their analysis highlights a few general notions concerning templated ring 

closure reactions. They show beyond doubt that a “template effect” is not a uniform phe¬ 

nomenon and no simplistic global picture can be drawn. The effect may be thermody- 
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namic or kinetic in nature and may derive from pronounced chemical affinities, from ion 

pairing and/or electrostatic attraction of the reacting sites, from coordination induced 

proximity, from the polarizability of a metal cation or from a specific coordination geom¬ 

etry, etc. Moreover, it can be rather difficult to distinguish between a “template effect” 

and other yet more conventional incentives for ring closure. This is particularly true if 
the substrate contains structural elements that favor cyclization over competing intermo- 

lecular reactions (e.g., rigid backbones, multiple chiral centers affecting its conforma¬ 

tion, strong internal hydrogen bonds, ge/77-dimethyl groups) [46] or if ring closure is a 

priori kinetically highly favorable. Therefore a less prolific use of the terminology “tem¬ 
plate” seems appropriate which should always be based on a set of appropriate control 

experiments ruling out more trivial arguments. 

9.8 Experimental Procedures 

9.8.1 Synthesis of 15,16-Diphenyl-l,4,7,10-tetraoxa(10.2)[20]- 
paracyclophan-15-ene (14, Scheme 9-8) by an Intramolecular 
McMurry Coupling under “Salt Free” Conditions [19] 

A suspension of commercial titanium powder (325-mesh) (2.06 g, 43 mmol) in DME 
and chlorotrimethylsilane (TMSC1) (6 mL) was refluxed for 48 h under Ar. A solution of 

diketone 11 (298 mg, 0.584 mmol) in DME (8 mL) was added at once and reflux was 

continued until TLC showed complete conversion of the substrate (ca. 8 h). The slurry 

was cooled to ambient temperature, diluted with THF (20 mL), and filtered through a 

pad of silica, the insoluble residues were washed with THF (20 mL in several portions), 
the combined filtrates were evaporated, and the crude product was purified by flash 

chromatography (silica, hexanes/ethyl acetate = 2:1) to afford product 15 as colorless, 

hygroscopic crystals (158 mg, 57%), m.p. (DSC) = 184.6 °C. 

9.8.2 Synthesis of Oxacyclohexadec-ll-en-2-one (22, Scheme 9-14) 
via RCM [32] 

A solution of diene 21 (298 mg, 1.12 mmol) in CH2C12 (100 mL) was slowly added via 

a dropping funnel to a solution of (PCy3)2Cl2Ru = CHCH=CPh2 (40 mg, 4 mol%) in 

CH2C12 (100 mL) under Ar. After being stirred for 30 h at ambient temperature, the sol¬ 

vent was evaporated and the crude product purified by flash chromatography (silica, 

hexanes/ethyl acetate = 100:1) affording lactone 22 (E/Z=46:54) as a colorless syrup 

(219 mg, 79%). 

9.8.3 Palladium-catalyzed Alkenyl Epoxide Cyclization: 
Synthesis of Macrocycle 39 (Scheme 9-22) [42] 

To a refluxing solution of Pd(PPh3)4 (23 mg, 0.02 mmol) and dppe (16 mg, 0.04 mmol) 

in THF (100 mL) was added a solution of substrate 38 (108 mg, 0.20 mmol) in THF 
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(40 mL) dropwise over a period of 6 h. The reaction mixture was refluxed for an addi¬ 

tional 10 h, cooled to ambient temperature, and extracted with H20/ethyl acetate, and the 

organic layer was dried over Na2S04. After evaporation of the solvent, the crude prod¬ 

uct was purified by flash chromatography (Si02, hexanes/ethyl acetate = 3 :1) affording 

product 39 (92 mg, 85%, mixture of diastereoisomers) as a pale yellow foam. 
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10 Use of the Temporary Connection 
in Organic Synthesis 

Liam R. Cox, Steven V. Ley 

10.1 Introduction 

Classical methods of bond formation invariably involve intermolecular processes. A 

number of problems, however, are associated with this type of bond-forming event. 

These often include unacceptably low levels of regio- and stereoselectivity. One 

approach which helps to circumvent some of these problems is to temporarily intramo- 

lecularize [1] a reaction. This exploits the advantages associated with intramolecular 
transformations, while still affording an end-product which is the net result of the desired 
intermolecular process. 

The advantages of intra- over intermolecular transformations are manifold. By 
increasing the proximity between reacting centers, activation entropy is reduced. This 

facilitates bond formation, often allowing the intramolecular reaction to proceed under 

milder conditions than its intermolecular counterpart. Intramolecularization also affects 

the kinetics of the process, which often equates to an increase in the rate of the desired 

reaction relative to reagent-consuming side reactions: in kinetically controlled reactions, 

this improves the yield of the required product at the expense of troublesome side prod¬ 
ucts. By bringing together the reacting centers about a uniting template, additional con¬ 

formational constraints are imposed on the reacting system resulting in more defined 

transition states (T. S.) and concomitant increased levels of regio- and stereoselectivity 

in the end-products. 
One of the more successful methods of achieving intramolecularization is to use the so- 

called temporary connection [2]. Using this concept, the reactants are covalently attached 

to one another through an atom or series of atoms, which function as a disposable tether. 
For this approach to be successful, a number of design criteria need to be satisfied. Intro¬ 

duction of the tether must be facile. It should be of sufficient length and flexibility so as 

not to hinder reaction - by increasing strain in the T. S. - but it should not be so long that 

unfavorable entropic factors become dominant once more. Similarly it is also undesirable 

for the tether to be so short and rigid that approach of the reacting centers is hindered, or 

causes excessive buildup of strain in the T. S. The tether should also be appropriately 

designed to act as a template about which the reacting groups are pre-organized to react 

through a defined T. S. This can lead to high levels of stereo- and regiocontrol which may 

enhance, or in some cases reverse, the inherent controlling bias in the corresponding inter¬ 

molecular reaction. Upon completion of the reaction, the tether should be readily removed 

or allow further manipulation in subsequent transformations (Figure 10-1). 
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w x 
tether 

formation 
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W' 

X' 

release product 
from tether 

Figure 10-1 Use of the temporary 
connection in bond formation. 

Incorporating asymmetry into the tether also creates the potential for effecting stereo¬ 

chemical transcription where stereochemical information can be relayed in a defined 

manner from existing sites to the newly generated stereogenic center(s). 
This chapter will concentrate on examples of templated synthesis where the template 

takes the form of a temporary, covalent tether. The intermediate molecule containing 

both reacting species is in all cases isolable (or potentially so). This distinguishes this 

intra molecularization approach from substrate-directed stereoselective synthesis. In this 

case, the template, most frequently a metal, is used in a much more transient sense allow¬ 
ing the potential for developing catalytic systems, which is obviously not possible using 

a covalently bound template. 
The guiding concept of pre-organizing reagents by covalent attachment to a template 

is quite general. It has been successfully applied to a wide range of important reaction 

types using an array of tethers. This alone bears testimony to the utility of this approach 

in facilitating reaction and providing regio- and stereocontrol. This chapter will not pro¬ 

vide an exhaustive list of tethered reaction systems [3], Instead, we have chosen to con¬ 

centrate on highlighting the variety of tethers and transformations which have benefited 

from the concept of using a temporary connection. Emphasis will be laid on areas where 

this tethering approach has provided unique advantages over the analogous intermolec- 
ular reaction. 

The examples of temporary tethering strategies discussed in Section 10.2 all involve 

cycloaddition reactions, which is where this approach to controlling both regio- and 

stereoselectivity has found most success. The rest of this chapter will endeavor to illus¬ 

trate the diversity of reaction types which have also benefited from the use of a tempo¬ 

rary connection to bind together reacting fragments. In most cases, the reactions will 

involve tethers which have been already described. Consequently their preparation and 

removal will not be discussed in detail; rather we will concentrate on highlighting the 

advantages of using the tethering approach for achieving stereo- and regiocontrol over 
the analogous intermolecular systems. 
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10.2 Cycloaddition Reactions 

10.2.1 [4 + 2] The Diels-Alder Reaction 

The reaction between a 4/r-(diene) and a 2 ^-system (dienophile), otherwise known as 

the Diels-Alder reaction, is undoubtedly one of the most important reactions for the 
construction of six-membered rings. Since up to four adjacent stereogenic centers can be 

generated in a single step, this reaction has become particularly valuable in synthesis. A 

wide variety of systems have been investigated and in the case of polarized diene/dieno- 

philes, excellent levels of stereo- and regiocontrol can be observed. However levels of 

regiocontrol, and sometimes stereocontrol, drop significantly in less polarized systems, 
rendering the reaction less useful. 

By joining the diene and dienophile together through a tether, the intramolecular var¬ 

iant provides an entry into polycyclic systems [4], Significantly, the intramolecular 
Diels-Alder (IMDA) reaction differs from its intermolecular counterpart in that levels 

of stereocontrol, and especially regiocontrol, are usually appreciably higher, even for 

non-polarized systems. The tether linking the reacting ^-systems increases steric and 
geometrical constraints by minimizing, for example, transannular and A'^-interactions. 

This serves to reduce the number of possible low-energy T. S.s, accounting for the 
improvements in both regio- and stereocontrol. 

Two variants of the IMDA reaction may be recognized. In the first, the so-called Type I 

IMDA, the dienophile is joined to a terminal position of the diene, producing relatively 

strain-free bicyclic products. In the Type II IMDA [5], the dienophile is linked to an 
internal position of the diene. Cyclization in this case results in the formation of a more 

strained system containing a bridgehead double bond (Figure 10-2). 

Figure 10-2 The two variants of the IMDA. 

If the all-carbon tether is replaced by a connection which may be removed after reac¬ 

tion, then the IMDA can be used to construct six-membered rings with high levels of 

stereo- and regiocontrol, which would otherwise be impossible or very difficult to pre¬ 

pare using the analogous intermolecular reaction. A wide variety of tethering systems 

have been examined and proved to be successful in the formation of highly functional¬ 

ized cyclohexanes. 
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10.2.1.1 Type IIMDA reactions 

Silicon tethers 

Silyl acetals 

Silyl acetals are attractive tethering agents owing to the ease with which they may be 
removed after reaction. Craig and co-workers were the first to report the use of such a 

connecting group in an IMDA reaction [6]. Triene 1 was prepared by the addition of 

equimolar amounts of dienol 2 and hydroxy enoate 3 to a cooled solution of Ph2SiCl2 

and Et3N in CH2C12 (Scheme 10-1). The desired mixed silyl acetal 1 was isolated in 
moderate yield after purification by column chromatography on Florisil®, together with 

small amounts of the symmetrical acetals resulting from double addition of each starting 

alcohol. Attempted formation of the dimethylsilyl analog proved problematic owing to 

its greatly increased sensitivity towards hydrolysis. 

PhMe, 

160 °C, 168 h, 

62% 

Scheme 10-1 Thermolysis of silyl acetal 1 provides a single IMDA product. 

Despite the moderate yields in preparing the starting triene, the subsequent IMDA 

reaction proved very successful. Thermolysis of 1 in toluene at 160°C for 168 h afford¬ 

ed a 13:87 mixture of the starting material and a single, bicyclic product 4 (Scheme 10-1). 

Cyclization was completely regio- and stereoselective and may be accounted for by 

invoking an exo T. S. (Figure 10-3). Cleavage of the silyl tether was effected by acidic 

methanolysis and provided hydroxylactone 5 as a single stereoisomer. The structure of 5 

was confirmed by X-ray crystallographic analysis. 

The importance of the tether in enabling such high stereo- and regiocontrol was fur¬ 

ther exemplified upon investigation of the analogous intermolecular reaction [6 a, d]. 

Exposing silyl ethers 6 (diene) and 7 (dienophile) to similar reaction conditions provid¬ 

ed a mixture of all four possible regio- and stereoisomers in the ratio 3 :2 :2:1 (Scheme 

10-2). 
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Ph 

Figure 10-3 Triene 1 reacts through an exo T. S. 

l'''"'OSiPhzMe 

^'kJ',,/OSiPh2Me 
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O OMe 
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PhMe, 

O 
155 °C,145h 

MePh2SiO^ 
'OMe 

'''^OSiPh2Me 

,OMe 

MePh2SiO/ ° MePh2SiO^ ° 

Scheme 10-2 Intermolecular reaction of 6 and 7 is neither stereo- nor regioselective. 

Perhaps the greatest drawback with this tethering approach is the relatively poor yield 

in the formation of the triene IMDA precursor 1, although the reaction was not opti¬ 

mized. Fortin and co-workers have reported an improved procedure for the efficient for¬ 

mation of unsymmetrical di-terf-butylsilyl acetals using 'Bu2Si(Cl)OTf, which is readi¬ 
ly prepared from the corresponding chlorosilane [7]. Successive incorporation of the die- 

nophile and diene is possible by exploiting the different reactivity of silyl triflates and 

chlorides towards nucleophilic substitution (Scheme 10-3). 

'Bu. „OTf H0^^C02E! 

'Bu S'VCI Py’ ™F' bu -20 °C to 0 °C, 

2h, 85% 

'Bu, vOs ^.COpEt ^ ^ QTMS, 

/ MeLi, 

'Bu THF, DMF, 

0 °C,4h 

'Bu 

'Si 

^ No 

r0x/^c°2Et 

Scheme 10-3 Successive displacement of triflate and chloride allows preparation of mixed di- 
tert-butylsilyl acetals. 

Thermolysis of triene 8 in xylene at 160-180 °C afforded a 9:1 mixture of cyclization 

products in excellent yield, with the major product 9 resulting from an endo T. S. Regio- 

control, however, was complete with the formation of exclusively the “head to tail” iso¬ 

mer (Figure 10-4). 
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8 

EtOzC 
exoT.S. disfavored 

major product 

9 

Figure 10-4 Steric interactions between the tether and diene are responsible for the observed 

stereoselectivity. 

This result provides a good example in which the presence of the tether reverses the 

inherent regiochemical bias of the diene/dienophile system. Both the diene and dieno- 
phile are strongly polarized systems. As a result, the corresponding intermolecular reac¬ 

tion proceeds with excellent regiocontrol to afford exclusively the “head to head” isomer 

as a roughly 1:1 mixture of endo and exo isomers [7], The tether not only exerts a com¬ 

plete regiochemical reversal, but also improves the level of stereoselectivity. Steric inter¬ 

actions between one of the bulky ?Bu groups in the tether and the diene account for the 

adoption of an endo T. S. (Figure 10-4). 
One of the best tests for any synthetic methodology is in its application to the prepar¬ 

ation of biologically important compounds. Posner et al. recently reported the use of a 

silyl acetal tether in an IMDA reaction for the preparation of the 2-fluoroalkyl analog 10 
of 1,25-dihydroxy vitamin D3 11 (Figure 10-5) [8]. 

A Lewis acid-promoted, IMDA cycloaddition between an electron-poor pyrone and an 

electron-rich silyl enol ether was used to prepare the A ring. The requisite triene 12 was 

synthesized from alcohol 13 and chlorodiisopropylsilyl enol ether 14. Subsequent 
ZnBr2-promoted cyclization of 12 allowed slow conversion to the Diels-Alder adducts 

15 and 16 in 46% and 12% yields, respectively (Scheme 10-4). The major, endo adduct 

15 was subsequently elaborated into fluoroalkyl-vitamin D3 analog 10. 

ii 

1,25-dihydroxyvitamin D3 

10 F 

Figure 10-5 Analogs of 

1,25-dihydroxyvitamin D3 are 

important biological targets. 
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ZnBr2, 

2:1 PhMe-Et20, 

-10 °C, 10 d 

Scheme 10-4 Cyclization proceeds stereoselectively in a stepwise fashion. 

The key feature in this IMDA approach was the incorporation of a stereogenic center 

into the tether, allowing the possibility to control the absolute stereochemical outcome of 
the cyclization. The use of (S)-l ,3-butanediol in the tether gave the best results - cycliza¬ 

tion proceeded with excellent asymmetric induction affording only two (exo and endo 

products) out of the possible four 4,5-cis diastereoisomers. It is also noteworthy that this 

cyclization must proceed in a stepwise fashion since the starting dienophile has a trans 

geometry while the products possess a cis substitution pattern at C (4) and C (5). 

Vinyl and dienyl silyl ethers 

The use of silyl acetals as tethering groups in the IMDA reaction is often hampered by 

the relatively poor yields observed in the formation of unsymmetrical systems. Howev¬ 

er, the preparation of the triene precursors can be facilitated if only one of the ^-systems 

is linked through a silyl ether connection, while its reacting partner is attached directly to 

the silicon tether [9], 

Dialkyl vinylsilyl halides are readily prepared, for example, by hydrosilylation of acet¬ 

ylenes; indeed, the most simple dimethyl- and diphenylvinylsilyl chlorides are now com¬ 

mercially available. Substitution of the halide with the appropriate hydroxydiene then 

generates the desired triene precursor. Vinyl silyl ethers are also much more stable than 

silyl acetals, especially towards hydrolysis; nevertheless, a number of mild methods are 

still available for subsequent removal of the tether. 

Stork et al. prepared the two isomeric vinyl silanes 17 and 18, differing only in the 

double bond geometry of the dienophile [10]. Cyclization was readily effected in excel- 
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lent yield on heating a benzene solution for 4-6 h at 80 °C. In both cases, the short length 

of the connecting tether enforced absolute control of regiochemistry. Cyclization also 

proceeded with complete stereocontrol through an endo addition mode, as evidenced by 

the formation of the cis- and frarcs-fused bicycles 19 and 20 from 18 and 17, respective¬ 

ly (Scheme 10-5). 

CIMe2Si^C02a 
'C02Et 

SiMe2CI 

Et3N, THF 

22 23 21 

Scheme 10-5 A short tether ensures complete regio- and stereocontrol with vinyl silyl ethers 

Subsequent tether cleavage is also readily achieved. 

Removal of the tether was realized in two ways. Oxidative cleavage of an activated 

C-Si bond has been shown to proceed with retention of configuration [11], Thus treat¬ 

ing 19 and 20 with 1 equiv of TBAF and a 30% solution of H202 in DMF at 55 °C for 

2 h afforded the diastereoisomeric diols 21 and 22, respectively, both in 80% yield. Alter¬ 

natively hydrodesilylation could be achieved using 2 equiv of TBAF in DMF at 60 °C for 

4 h. In the case of the cA-fused, bicyclic Diels-Alder adduct 19, the basic conditions of 
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the reaction led to complete epimerization of the ester substituent onto the less hindered 
convex face, and the isolation of exclusively alcohol 23 (Scheme 10-5). 

Sieburth and Fensterbank have studied the effect of tether length on the efficiency of 

vinyl silyl ether IMDA reactions [12a]. Trienes with tethers of three or four atoms react¬ 

ed with equally high efficiency providing good yields of the TMS-substituted alcohols 
upon workup with MeLi (Scheme 10-6). Extending the tether length by one additional 

atom, however, resulted in a much slower reaction, presumably owing to entropic fac¬ 

tors, and after 20 h at 190 °C appreciable quantities of the triene starting material 
remained (Scheme 10-6). 

i) PhMe, 

20 h, 190°C 

ii) MeLi, rt 

R = Me, n = 1 

R = H, n = 2 

R = H, n = 3 

2:1 (68%) 

1:1 (72%) 

ratio not determined (25%) 

Scheme 10-6 Effect of tether length on the efficiency of IMDA reactions. 

In the cases of dimethylsilyl IMDA precursors, the exo/endo selectivity was poor. 

However, this ratio could be readily and quite dramatically influenced by varying the 
alkyl substituents on the silicon template [12], Thus with dienol 24, tether formation with 

dimethylvinylsilyl chloride and subsequent IMDA reaction afforded a 4:1 mixture of 

exo/endo products (Scheme 10-7). The ratio could be further improved to 10:1 by using 

a diphenylsilyl tether, and when bulky 'Bu groups were used, a single stereoisomer, 

resulting from exo addition, was observed. This example once more illustrates the poten¬ 

tial for tuning the stereoselectivity of the reaction by varying the steric interactions with 

the tether. 

R R 

24 
exo 

R = Me 

R = Ph 10:1 

R = 'Bu >20:1 

Scheme 10-7 The steric bulk of the dialkylsilyl tether can influence exo/endo selectivity. 



284 10 Use of the Temporary Connection in Organic Synthesis 

Dienylsilyl ethers have been less widely investigated in spite of the fact that this teth¬ 

ering pattern provides one of the first examples of a silyl-tethered IMDA reaction [13, 

14]. Tamao, Ito, and Kobayashi demonstrated that 1,7-diynes undergo stereospecific 
Ni°-catalyzed hydrosilylation generating the corresponding 1,2-dialkylidenecyclohex- 

anes possessing a (Z)-vinylsilane moiety [13]. A variety of silanes could be used to effect 

this transformation, among them (diethylamino)dimethylsilane. The resulting dienyl- 

amino silane 25 allowed further functionalization by nucleophilic displacement of the 

labile amino functionality with cinnamyl alcohol (Scheme 10-8). Triene 26 then under¬ 

went a smooth IMDA reaction on heating a xylene solution at reflux for 40 h. Oxidative 

cleavage of the C-Si bond afforded diol 27 as a single stereo- and regioisomer. 

H-SiMe2(NEt2) 

1 mol% Ni(acac)2, 

2 mol% DIBALH, 

PhH, 50 °C, 6 h 

|^^^SiMe2(NEt2) 

25 

52%, Z: E = 94:6 

Me 

OH 
1 30% H202, KF, 

Me-Si-0 

^ l } 
KHCO3, nrY 

v^"ph THF-MeOH, 

50 °C, 18 h 

27 
75% (from 25) 

xylene, 

reflux, 

40 h 

Scheme 10-8 Dienylsilyl ethers can also be used in IMDA reactions. 

Acetal tethers 

The use of an acetal to tether the diene and dienophile has been investigated by Craig and 

co-workers [15]. Preparation of the unsymmetrical acetal precursor was best achieved 

via the corresponding enol ether. For example, the isopropylidene-linked triene 28 was 

synthesized in two steps from acetate 29. Tebbe methylenation of 29 afforded enol ether 

30, which was used directly in a Pdn-catalyzed addition of the dienophile 3 to form 28 
(acid-catalyzed addition with pTSA proved inferior). Thermolysis of 28 in toluene at 

165 °C allowed a remarkably facile and completely regiospecific cyclization to take 

place. Acidic methanolysis of the Diels-Alder adducts resulted in cleavage of the tether 

and isolation of a 2.7:1 mixture of lactones 31 and 32 in 72% yield (Scheme 10-9). 

The reactivity of triene 28 was greatly increased compared to the analog bearing a sin¬ 

gle methyl group in the acetal tether, which required 27 h for complete reaction [14]. 

This may be attributed to the greater degree of alkyl substitution at the acetal center 

reducing the population of unreactive, distal conformers which experience unfavorable 

non-bonding interactions between the diene and/or dienophile and the additional methyl 

group. 
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Scheme 10-9 Acetal tethers facilitate 

Diels-Alder cyclization. 

OH 
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Comparison with the analogous silyl acetal-tethered systems also reveals a number 

of interesting features. The Diels-Alder precursors (e.g., 28) linked through a carbon- 

acetal tether are appreciably more reactive than the analogous silyl acetals (vide supra). 

This is most probably a result of the shorter C-0 bond length (1.43 A compared with 
1.64 A for Si-O) increasing the local concentration of the dienophile at the reacting 

diene. On the downside, the use of an acetal tether results in much poorer stereocontrol 

when compared with the almost complete exo selectivity observed with the correspond¬ 

ing silyl acetals: the reduced length of the carbon acetal tether provides a more compact 

T. S., in which steric interactions between the exo diene and dienophile methylene group 
are increased, disfavoring this addition mode [15]. 

Boeckman et al. used an acetal tether in a racemic synthesis of the cyclohexene sub¬ 

unit of tetronolide 33 [16]. Although it had previously been recognized that a 

Diels-Alder strategy could provide rapid entry into this highly functionalized six-mem- 
bered ring, some of the earlier reported intermolecular reactions suffered from relatively 

poor reactivity and regio- and stereocontrol [17]. It was anticipated that an intramolecu¬ 

lar variant would overcome some of these problems (Scheme 10-10). 

Formation of the acetal-tethered triene 34 was achieved by selective nucleophilic dis¬ 

placement of the secondary alkyl bromide in 35 with hydroxydiene 36. Subsequent ther¬ 

molysis at 145 °C for 70 h resulted in completely regiospecific cycloaddition with the 

formation of two out of the possible four diastereoisomers 37 and 38 in a 2.5-3 :1 ratio 

(Scheme 10-11). The presence of a stereogenic center in the tether provides the source of 

stereocontrol - the products derive from exo and endo T. S.s in which the bromomethyl 

group in the tether occupies a pseudo-equatorial position (Scheme 10-11). Small differ¬ 

ences in non-bonding interactions between the tether and pyruvate ester most probably 

account for the slight exo selectivity. The separated major product was further elaborat¬ 

ed, and finally the tether was cleaved under reductive conditions to provide the advanced 

cyclohexene intermediate 39. 
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Scheme 10-11 Cyclization of 34 proceeds with complete regiocontrol and moderate stereoselec¬ 
tivity. 
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Ether tethers 

An early example of an IMDA reaction using an ether linkage to connect the diene and 

dienophile was provided by Funk et al. in their preparation of the hexahydronaphthalene 

fragment of the important hypocholesterolemic agent, compactin 40 (Scheme 10-12) 
[18]. 

Scheme 10-12 An IMDA reaction can be used to prepare the lower half of compactin. 

Formation of the requisite triene 41 was readily achieved by alkylation of hydroxy- 

diene 24 with l-bromobut-2-yne (Scheme 10-13). The stereospecificity of the concerted 
Diels-Alder reaction required a cA-configured dienophile to react through the sterically 

less demanding exo T. S. to afford the desired product 42. A chemoselective hydrobora- 

tion/protonolysis sequence on propargylic ether 43 allowed access to the desired cis ole¬ 

fin 41 in good yield. Subsequent thermolysis at 165 °C in toluene afforded a 4:1 mixture 
of stereoisomers with the major product being the desired exo isomer 42. Unactivated 

primary alkyl ethers are rarely used as tethers, owing to the relatively harsh reaction con- 

78% (2 steps) 41 

165 °C, 2 d, 

PhMe, 69% 

TMSI, 

quinoline, 

70% 

Scheme 10-13 Ether-linked triene 41 has been elaborated to the hexahydronaphthalene portion 

of compactin. 
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ditions required for their subsequent cleavage. In this case, however, the use of a more 

labile ester tether proved problematic in the Diels-Alder step owing to a facile elimina¬ 

tion side reaction [18]. Fortunately the ether tether, which did not suffer this side reaction 

in the cycloaddition reaction, was readily cleaved regioselectively using TMSI in the 

presence of quinoline (Scheme 10-13). 
Craig and co-workers have investigated the use of benzylic and tertiary alkyl ethers as 

temporary tethers in IMDA reactions [19]. Both these functionalities are more readily 

cleaved under a variety of conditions. A convergent and highly flexible approach was 

used to prepare the triene precursors. Thus treating acetone or benzaldehyde with TMS 

ethers under TMSOTf activation afforded the corresponding acetals, which were then 

used in a Sakurai coupling reaction with 5-trimethylsilylpenta- 1,3-diene. The two steps 
were best accomplished in a one-pot process providing excellent yields of the ether- 

linked trienes (Scheme 10-14). 

TMSO C02Me 

+ TMSOTf, 

O CH2CI2, 

r,ArI -78-c 

R1 = Ph, R2 = H, 98% 

Scheme 10-14 Ether-linked trienes have been prepared in a convergent and flexible manner. 

Cyclization studies were carried out in sealed tubes in toluene solutions at 165 °C and 

provided excellent yields of the corresponding bicyclic cycloadducts in 5-9 h. Reac¬ 

tions of tertiary alkyl ethers showed moderate to complete trans selectivity. This selec¬ 
tivity was observed even for inherently cA-directing systems and may be attributed to the 

gem-dimethyl group in the ether tether: comparison of the reacting conformations lead¬ 

ing to cis- and trans-fused decalins reveals, in the cis case, an unfavorable non-bonding 

interaction between the axial methyl group and H-C(3) of the diene (Scheme 10-15). 

1 

S02Ph 

-£b 
^ran^rroducVfavorecJ 

trans: cis 6:1 

inherently 
c/s-directly 
substrate 

/ 

total yield 84% 

Scheme 10-15 Trienes linked through a tertiary alkyl ether are trans-selective. 
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The presence of an additional stereocenter in the ether linkage of PhCHO-derived 

trienes provides the possibility for additional stereocontrol. Thus thermolysis of triene 44 
afforded a 2:1 mixture of decalin products 45 and 46 in excellent yield. These arise 

respectively from endo and exo addition of the diene to the same diastereoface of the 

dienophile via a T. S. in which the phenyl substituent in the tether is pseudo-equatorially 
disposed (Scheme 10-16). 

Ph 

44 

Scheme 10-16 Triene 44 linked through a benzylic ether tether also undergoes a stereoselective 

IMDA reaction. 

As a result of the excellent diastereocontrol observed in these reactions, it was envis¬ 

aged that the use of chiral ether linkages might impart a degree of absolute stereocontrol 

on the IMDA reaction [19b]. Preliminary results were encouraging. For example, the 

menthone-derived triene 47 provided a 10:1 mixture of two (out of a possible four) dia- 

stereoisomers with proposed structures 48 and 49 in 94% yield (Scheme 10-17). 

Cleavage of the tethers was achieved in a number of ways affording a variety of prod¬ 

ucts, ripe for further elaboration (Scheme 10-18). 

Scheme 10-17 Asymmetry in the ether linkage can impart absolute stereocontrol on the cyclo¬ 

addition. 
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Scheme 10-18 Cleavage of the ether tethers after cycloaddition. 

Boron tethers 

The use of a boron atom as a covalent template for intramolecularizing the Diels-Alder 
reaction has been relatively little investigated [20-22]. However Narasaka et al. have 

reported the use of a boronate template to control regio- and stereoselectivity in an 

IMDA reaction between anthrone 50 and methyl 4-hydroxybut-2-enoate 3 [20a], Forma¬ 

tion of the boronate tether was achieved by simply heating an equimolar mixture of 

phenylboronic acid with the diene and dienophile at reflux in pyridine with azeotropic 

removal of water. After 5 h, a single cycloadduct 51 was obtained in 81% yield. The teth¬ 
er was readily removed oxidatively affording the corresponding diol 52 in excellent yield 

(Scheme 10-19). 

Scheme 10-19 A boronate tether has been used to control the regio- and stereoselectivity of a 
Diels-Alder reaction. 
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Although the boronate-tethered triene intermediate was not isolated, its formation can 

be implied by the lack of any reaction under the same conditions in the absence of 

PhB(OH)2. The tether also enforces a complete reversal in the regioselectivity of the 
reaction compared with the analogous intermolecular reactions of acrylates with 
anthrone [23]. 

The same group also applied boron reagents to trap reactive dienes and used them in a 
subsequent IMDA reaction [20b]. o-Quinodimethanes are useful dienes since they allow 

rapid access to the tetralin skeleton. However, they are fairly unstable and only undergo 

cycloaddition with reactive dienophiles; in the presence of less reactive dienophiles, the 
diene isomerizes or dimerizes preferentially. 

It was envisaged that a suitable boron reagent could be used to intercept an a- 

hydroxy-o-quinodimethane and form a mixed boronate with a hydroxyl-containing dieno- 
phile. Tether formation would not only ensure a completely regioselective cycloaddition, 

but would also prevent isomerization of the reactive diene moiety. Thexylborane was 

found to be a useful source of the boron template. A solution of the borane, cyclobutanol 

53 and dienophile 3 in THF was stirred for 1 h to allow tether formation. The solvent was 
then exchanged for m-xylene and the reaction mixture heated at reflux for 3 h. Cycload¬ 

duct 54 was isolated in 59% yield after hydrolytic workup as an unreported mixture of 

stereoisomers (Scheme 10-20). The opposite regioisomeric product was not observed, 
indicating the participation of a boron-tethered intermediate. The intermolecular reaction 

would, once again, be expected to provide the opposite regioisomer to that formed. 

m-xylene, 

reflux, 3h 

OH OH 

54 

59% 

Scheme 10-20 Linking the benzocyclobutane and dienophile through a boron tether to form 55 
allows interception of the reactive diene formed on ring opening for use in a regioselective IMDA 

reaction. 
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Inspired by these results, Nicolaou et al. used a temporary boronate tether to overcome 

the undesired regiochemical bias in the intermolecular Diels-Alder reaction of diene 56 
and dienophile 57, required for their approach to the C-ring of taxol 58 [21a, b, 24], 

Thermolysis of a benzene solution of 56 and 57 in the presence of PhB(OH)2 under 
dehydrating conditions provided the cycloadduct 59 in 79% yield (77% conversion) after 

transacetalization of the boron tether with 2,2-dimethylpropane-l,3-diol and intramolec¬ 

ular acyl transfer to the less strained [4.3.0]bicyclic system. This was further elaborated 

to an advanced intermediate in the ultimately successful synthesis of taxol (Scheme 10- 

21) [21c]. 

Scheme 10-21 Nicolaou et al. used a boron-tethered cycloaddition to construct the C-ring of 

taxol. 

Sulfonate tethers 

Metz et al. have investigated the use of sulfonates as covalent tethers in IMDA reactions 

[25]. The sulfonate group not only acts as a covalent tether, but if directly attached, can 

also be used to activate the dienophile. Vinyl sulfonyl chloride is readily prepared [26], 

and nucleophilic displacement of the chloride functionality by a hydroxy-containing 

diene effects tether formation. Although the triene precursor can be isolated, the sulfo¬ 

nate functionality is hydrolytically sensitive and generally it is more convenient to carry 

out the IMDA reaction directly. Vinyl sulfonates exhibit high reactivity in Diels-Alder 

reactions and cyclization sometimes proceeds at or below room temperature. In the case 

of triene 60, a highly diastereo- and regioselective IMDA reaction occurred within 2-3 h 

at 0°C [25b] with the observed exo cycloadduct 61 being formed as the thermodynamic 

product. A two-step oxidative cleavage protocol was employed to effect tether cleavage: 

a-lithiation of the sultone with "BuLi followed by trapping with 2-methoxy-4,4,5,5- 

tetramethyl-l,3,2-dioxaborolane generated the corresponding boronate, which was oxi- 
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datively decomposed with mCPBA affording y-hydroxyketone 62 in excellent yield 

(Scheme 10-22). The net result of this reaction is a completely regio- and stereoselective, 
formal [4 + 2] cycloaddition of ketene to a cyclopentadiene. 

Scheme 10-22 A sulfonate tether affords cycloadducts stereo- and regioselectively. 

Recently, Winterfeldt and co-workers used a similar strategy as a key step in the prep¬ 

aration of myltaylenol 63 [27]. It was envisaged that diene 64, readily prepared in enan- 

tiopure form, could be used in an IMDA reaction with a dienophile, temporarily attached 

via the hydroxy functionality, to incorporate the remaining two stereogenic centers. Teth¬ 

ering the dienophile would control the facial selectivity of the cycloaddition with attack 

proceeding onto the sterically more hindered, but desired, a-face of the diene. Interest¬ 

ingly, although a number of tethering strategies were investigated, only the sulfonate 

produced satisfactory results. Treatment of 64 with vinyl sulfonyl chloride proceeded 

uneventfully affording sulfonate 65 in excellent yield. Subsequent thermolysis in toluene 

at 110 °C for 20 h ensured complete conversion to cycloadduct 66 in which the predict¬ 

ed a-attack of the diene was realized (Scheme 10-23). An oxidative cleavage strategy 

was required for further manipulation to the target. However, the sterically very hindered 

center at the sultone carbon necessitated a modification of the conditions reported by 

Metz [25b]. After appreciable experimentation it was found that molecular oxygen could 

be used to trap the lithiated sultone generated using *BuLi at -78 °C [28]. A large excess 

of the base was crucial for efficient conversion to the desired hydroxyketone 67. This 

was further elaborated into the first enantioselective synthesis of myltaylenol. 

Metz et al. have also demonstrated the use of sulfonate tethers in the preparation of the 

bicyclic sesquiterpene lactone, ivangulin 68 [25f]. The sulfonate derived from vinyl sul¬ 

fonyl chloride and diene 69 underwent smooth IMDA reaction affording a mixture of exo 

cycloadducts 70 and 71 in a 1:1.4 ratio. Heating this mixture in toluene at reflux allowed 
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equilibration, via a retro Diels-Alder-Diels-Alder process, to an improved ratio of 9.5:1 
in favor of 71, which is thermodynamically favored owing to the equatorially disposed 

methyl substituent (Scheme 10-24). This major cycloadduct was separated and further 

elaborated to advanced intermediate 72 in which all three stereogenic centers had been 

successfully incorporated. This time, cleavage of the sultone was achieved reductively 

using dissolving-metal conditions, affording tetrasubstituted olefin 73 as the major prod¬ 

uct, which was readily manipulated into ivangulin 68. 

Scheme 10-23 A sulfonate tether strategy was used in Winterfeldt’s synthesis of myltaylenol. 

PhMe, reflux, 

70:71 (1:9.5), 

69 70 

atO °C; 70 : 71 (1:1.4) 

Scheme 10-24 A reductive cleavage strategy has been used to remove the sultone tether. 
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10.2.1.2 Type IIIMDA reactions 

The Type II variant of the IMDA reaction usually requires more forcing conditions to 
effect cyclization than its more frequently encountered Type I analog. This is a direct 

consequence of the higher-energy T. S. associated with the formation of products con¬ 

taining a strained, bridgehead double bond. This intramolecular variant of the Diels- 
Alder reaction has been most intensively studied by Shea and co-workers who have shown 

that it can be used in a variety of highly regio- and stereocontrolled cyclizations [5, 29]. 

Ester tethers 

In an early paper, Shea used a readily prepared ester tether to connect the diene and die- 

nophile [29a, 30]. The effect of tether length on cyclization was investigated and was 

shown to be an important criterion for efficient cyclization. Just as in the Type I IMDA 
reaction, increasing the number of bridging atoms between the diene and dienophile pro¬ 

vides a reaction which increasingly resembles the corresponding bimolecular process 

and the entropic gain from intramolecularization is expected to diminish. However, the 

strain energy contribution to the enthalpy term is expected to be much more important in 
the Type II IMDA reaction, with a longer tether being expected to reduce strain energy 

and facilitate cyclization. 

A series of trienes were prepared [29 a], In the case of a four-atom tether, reaction was 
not possible, presumably as a result of highly unfavorable non-bonding interactions in 

the T. S. Increasing the tether length by one atom allowed reaction to proceed: in all cas¬ 

es, thermolysis in xylene at 185 °C afforded a single regioisomeric product in good yield 

(Scheme 10-25). Cyclization was even more facile in the case of a six-atom bridge, as 

illustrated by the reduced temperature required for cyclization: thus, thermolysis of 

triene 74 at 130 °C afforded a 92: 8 ratio of cycloadducts 75 and 76. This is presumably 

R1 = H, R2 = H 

R1 = H, R2 = C02Me 

R1 = C02Me, R2 = H 

O 

n = 1, no reaction, 
n = 2, 40-60 %, single regioisomer 

n = 3 O 

74 75 92:8 76 

Scheme 10-25 Ester groups can be used as the temporary connection in Type II IMDA reactions. 

Tether length affects the facility and regioselectivity of reaction. 
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a consequence of reduced strain and non-bonding interactions in the T. S. However, 

while reaction becomes more facile, the increased flexibility of a longer tether diminish¬ 

es slightly the level of regiocontrol. Isolation of the minor cycloadduct 76 and saponifi¬ 

cation of the lactone bridge afforded a 1,4-disubstituted cyclohexene which correspond¬ 
ed to the major product of the analogous intermolecular Diels-Alder reaction. The regio¬ 

control of 2-alkyl-substituted 1,3-dienes in Diels-Alder cycloadditions is generally low 

although it usually favors the “para” cycloadduct [31]. Tethering the diene and dieno- 

phile therefore not only increases regioselectivity, but also overrides the inherent regio- 

chemical bias of this reaction. 

Silicon tethers 

Shea and co-workers have also investigated the use of silyl ethers and silyl acetals as 

temporary connecting groups in the Type IIIMDA reaction [29i, j, 1-n], Moreover, they 

have demonstrated that efficient stereochemical transcription is possible by incorporat¬ 
ing asymmetry into the linker [291, m]. An elegant illustration of the power of this meth¬ 

odology for stereo- and regioselective bond construction is their recent synthesis of the 

adrenalcorticosteroid (+)-adrenosterone 77 [29m], Their retrosynthesis is outlined in 
Scheme 10-26. 

Scheme 10-26 Shea’s retrosynthesis of adrenosterone incorporating a Type II IMDA reaction. 

The diene precursor 78 is readily accessed in a few steps from the Wieland-Miescher 

ketone 79, which also provides the A- and B-rings of the steroid skeleton. Furthermore, 

the presence of an axial methyl group at C(19) (steroid numbering) allows the possibil¬ 

ity of controlling the absolute stereochemical outcome of the key cycloaddition used to 
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install the C-ring. Preparation of the tethered Diels-Alder precursor 80 was achieved in 

a highly efficient manner (Scheme 10-27): kinetic deprotonation of ketone 78 with 

KHMDS and subsequent trapping of the enolate with Ph2SiCl2 generated the corre¬ 

sponding diphenylchlorosilyl dienol ether. Chloride substitution with glycol ester 81 
afforded silyl acetal 80. This was used directly, without purification, in the Diels-Alder 

reaction, from which a 1:10 mixture of diastereoisomers 82 and 83 was isolated in an 

excellent 90% yield from ketone 78. Cyclization was not only completely regioselective, 
but both diastereoisomers resulted from an endo mode of addition. However, the major 

product proved to be that derived from /3-attack of the dienophile, so the hoped-for a- 
directing effect of the C( 19) methyl group was not realized. 

90% [from 78 (50% conversion in Diels Alder step)] 

Scheme 10-27 Triene formation and subsequent IMDA reaction proceeds with high efficiency 

and selectivity. 

A modified tether, incorporating (-)-hydrobenzoin instead of glycol, was readily pre¬ 

pared from ketone 78 as before, anticipating that steric interactions between substituents 
at these new stereogenic centers and the diphenylsilyl group would rectify the problem 

of ^-facial selectivity in the cycloaddition. Thermolysis of triene 84 at 200 °C in toluene 

for 18 h afforded a 3 :2 mixture of cyclized products 85 and 86 respectively, in which the 

major diastereoisomer resulted from the desired a-approach of the dienophile (Scheme 

10-28). Subsequent manipulation generated (+)-adrenosterone in a total of only seven 

steps from enone 78. 

In Shea’s approach to the polyhalogenated cyclohexane 87, derived from a red marine 

alga, Plocamium sp., a Type II IMDA reaction utilizing a disposable (allyl)silyl tether 

was used as a key step [29nJ. The triene cyclization precursor 88 was readily prepared 

and underwent Diels-Alder reaction in 74% yield with the expected, complete regiocon- 

trol affording exclusively bicycle 89. The rigid, bicyclic framework of the cycloadduct 
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was then exploited to ensure a completely selective exo-syn chlorination of the bridge¬ 

head double bond with iodobenzene dichloride, which installed the desired cis relative 
configuration between chlorine and bromine. An interesting, reductive cleavage strategy 

was used to remove the tether: treatment of 90 with DIBALH not only effected ester 

reduction, but also installed the exo methylene group by elimination of the bridgehead 

chloride. Subsequent manipulations provided ready access to the monoterpene 87 
(Scheme 10-29). 

Scheme 10-28 A modified tether incorporating asymmetry provides the desired ^-facial selec¬ 
tivity. 

Scheme 10-29 A Type IIIMDA strategy was used to prepare the terpenoid marine natural prod¬ 
uct 87. 

The work, by the Shea group in particular, exemplifies the power of the temporary 

connection in Type II IMDA reactions not only for controlling the regiochemical out¬ 
come of the cyclization but also for exerting absolute stereocontrol. 
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10.2.2 Other Cycloadditions 

The problems of controlling the regio- and stereochemical outcome in cycloaddition 

reactions are obviously not only restricted to the Diels-Alder reaction; the strategy of 
utilizing a temporary connection between reacting n systems to dictate the outcome of 

the reaction has also been applied to a variety of cycloadditions, including [2 + 2], [3 + 2], 

and [5 + 2] reactions. Since most of the tethering strategies resemble those used in the 

Diels-Alder reaction, only a few examples will be discussed here - a more comprehen¬ 
sive list of work can be found in the references. 

10.2.2.1 Use of temporary tethering strategies in [2 + 2] photocycloaddition 

The [2 + 2] photocycloaddition between two olefin systems is the most efficient method 

for the preparation of cyclobutane rings [32-34]. In the first asymmetric synthesis of 

stoechospermol 91, Koga and co-workers employed a tethering strategy to control the 

absolute stereochemical outcome of a key [2 + 2] photocycloaddition, which installed the 
correct stereochemistry at the two ring junctions [35]. By linking the two reacting olefins 

through an ester tether [32], it was anticipated that the cyclopentene derivative would be 

forced to react on the more hindered face of the enantiomerically pure butenolide, which 

is derived from (S)-glutamic acid. This would provide a route to the stereoisomeric 
cycloadducts obtained through the analogous intermolecular process in which cyclopen¬ 

tene derivatives had been previously shown to attack the butenolide anti to the hydroxy¬ 

methyl substituent [36], 
Formation of the ester cyclization precursor 92 was readily achieved as a 1:1 mixture 

of diastereoisomers and, upon irradiation, afforded a 1:1 mixture of cyclobutanes 93 dif¬ 
fering only in the stereochemistry of the silyloxy substituent. The tether had therefore 

controlled both the regio- and stereoselectivity of the cycloaddition event. Subsequent 

manipulations afforded the desired natural product (Scheme 10-30). 

Scheme 10-30 An ester tether was used to control the outcome of a [2 + 2] cycloaddition in 

Koga’s synthesis of stoechospermol. 

A similar tethering strategy was more recently used by Inouye et al. in their formal, 

racemic synthesis of precapnelladiene 94 [37], The reacting enone and cyclopen¬ 

tene were linked through an ether tether. Irradiation of 95 in hexane effected cyclization, 
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generating a single product 96 in which the tether had governed the relative stereochem¬ 

istry at the ring junction and the initial stereocenter in the cyclopentene. Retro aldol fis¬ 

sion of the 6-4 ring system provided an elegant entry into the desired bicyclo[6.3.0]- 

undecane ring skeleton. Treatment with TMSI in benzene generated TMS enol ether 97, 
which was converted directly into diketone 98 by radical deiodination. Further manipu¬ 

lation into ketone 99 provided an interesting formal synthesis of precapnelladiene 

(Scheme 10-31). 

95 

' hv, 

hexane, 

70% 
(based on recovered 

starting material) 

BusSnH, 

98% from 96 

precapnelladiene 

94 99 98 

Scheme 10-31 Inouye et al. used a [2 + 2] cycloaddition/retro aldol cleavage strategy in their 

formal synthesis of precapnelladiene. 

10.2.2.2 An efficient synthesis of (-)-detoxinine using a tandem [4 + 2]/[3 + 2] 
reaction 

Recent reports from the Denmark group have demonstrated the high synthetic utility of 

tandem [4 + 2]/[3 + 2] nitroalkene cycloaddition reactions in the preparation of pyrroliz- 

idine alkaloids [38], This methodology was recently applied to the synthesis of the 

unusual amino acid detoxinine 100 [39], which provides the central core in the detoxins, 

a family of depsipeptides displaying detoxifying activity against the nucleoside antibio¬ 

tic blasticidin S. It was envisaged that a two-atom silyl tether between the heterodiene 

(nitroalkene) and dipolarophile would be ideal for controlling the outcome of the intra¬ 

molecular [3 + 2] cycloaddition in the tandem step. Furthermore, the silyl tether would 

not only serve as a protecting group for the secondary alcohol on the pyrrolidine but 

would also provide a masked alcohol functionality for the pendant side chain. Oxidative 

cleavage of the tether would release this diol functionality at a late stage in the synthesis 

(Scheme 10-32). 
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O 
intermolecular 

[4+2] 

"°-n-°Y°r 
hV 

Me02C—^ p 

'^~Si 

'Pr 'Pr 

R* = chiral auxiliary 
(provides absolute stereocontrol) 

Scheme 10-32 A silyl tether can control the stereochemical outcome of the tandem [4+2]/[ 3 + 2] 

reaction for application to the synthesis of detoxinine. 

Formation of the silyl tether 101 was achieved in a highly efficient manner (Scheme 
10-33). A silyllithium reagent, prepared from 'Pr2PhSiCl. lithium, and CuCN, was react¬ 
ed with methyl (£)-/3-iodoacrylate, affording the coupled product in excellent yield and 
with complete retention of configuration. Subsequent dearylation was best achieved with 
dry HC1 in CHC13 at 80 °C, providing the silyl chloride 102 in almost quantitative yield. 
Reaction with the potassium enolate of nitroacetaldehyde then afforded the tethered 
cycloaddition precursor 101. In spite of bulky isopropyl substituents, 101 underwent 
hydrolysis during all purification attempts and was consequently used directly in the key 
tandem process. 

Ph ,C\ 

X 
Pr 'fPr 

i) Li, CuCN HCI(g), CHCI3, 

"> '^co2Me ,fXpr 80 »C, 98% 

95% 

CI'Si^C°2Me 0,N^°'K' 
'Pr'1 

'Pr 

102 

Scheme 10-33 Preparation of the silyl tether was achieved in excellent yield. 

Optimum conditions in the crucial tandem cycloaddition reaction involved the addi¬ 
tion of the bulky aluminum Lewis acid, MAPh, to a cooled (-78 °C) solution of the silyl 
species 101 and the enantiomerically pure vinyl ether 103 followed by slow warming to 
-15 °C over 14.5 h (Scheme 10-34). Nitroso acetal 104 was then obtained in good yield 
as an inseparable 27:1 mixture of diastereoisomers. The major product derives from 
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initial exo addition of the s-trans conformer of the vinyl ether onto the si face of the nitro- 

alkene. The subsequent [3 + 2] cycloaddition is controlled completely by the silyl tether 

with addition of the nitronate to the same face to which the tether is attached [40], An 
endo-disposed tether also forces an exo orientation of the ester functionality of the dipo- 

larophile (Scheme 10-34). Hydrogenolysis of the nitrosoacetal provided hydroxylactam 

105 in 51% yield. With the silyl tether protecting the requisite diol functionality, selec¬ 

tive removal of the superfluous alcohol functionality was facile using a radical deoxy¬ 

genation protocol. Finally oxidative cleavage of the silyl tether - which proved surpris¬ 

ingly easy in spite of the bulky isopropyl groups - and hydrolysis of the lactam provid¬ 
ed (-)-detoxinine in ten steps and 13% overall yield from commercially available 
'Pr2SiCl2 (Scheme 10-34). 

MAPh, 

-78 °C to -15 °C, 

14.5 h, 

60% 

Si-O 

104 (major product) 

Ra Ni, 

100 psi H2 

51% 

O 

'Pr 

105 
(tether cleavage) 

72% (2 steps) 
detoxinine 100 

Scheme 10-34 The tandem [4+2]/[3 + 2] cycloaddition proceeded with excellent stereocontrol 
and allowed facile elaboration to (-)-detoxinine. 
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10.2.2.3 Sulfur tethers in [5 + 2] cycloaddition 

The [5 + 2] cycloaddition reaction provides an interesting and potentially versatile entry 

into densely functionalized, seven-membered rings. However, it remains relatively unex¬ 

plored. The reaction between 5-hydroxy-4-pyrones and alkenes has been shown to pro¬ 
ceed only efficiently in the intramolecular cycloaddition mode [41]; cycloaddition in the 

analogous intermolecular variant either fails completely, or provides a mixture of stereo¬ 

isomers. Mascarenas, Mourino, and co-workers chose to investigate temporary tethering 
strategies to overcome the problems associated with this bimolecular reaction [42], 

Commercially available kojic acid 106 provides a convenient [5/r] precursor since it 

contains a primary alcohol functionality as a suitable site for attaching the [2 k] reacting 
partner. A number of tethers were investigated, among them a sulfide linker. The starting 

thioether 107 was readily prepared by standard procedures [42a], Thermolysis of 107 in 

toluene at 145 °C for 40 h provided a single exo cycloadduct 108 in good yield. Treat¬ 
ment of the cycloadduct with Raney nickel effected desulfurization and rearrangement to 

ketone 109 in 70% yield (Scheme 10-35). The net result is equivalent to a formal inter¬ 

molecular cycloaddition between an unactivated alkene and a-deoxykojic acid, a trans¬ 

formation which cannot be achieved by the bimolecular process. 

kojic acid 107 108 109 

106 

Scheme 10-35 A sulfide tether allows [5+2] cycloaddition between an unactivated alkene and a 

pyrone. 

The success of the sulfide tether encouraged the investigation of related tethers [43], 

A sulfoxide tether was readily accessed by mCPBA oxidation of sulfide 107. Since the 

sulfoxide provides a stereogenic center in the tether, it was envisaged that this might 

induce a degree of diastereofacial selectivity in the cyclization. Indeed, thermolysis of 

110 in 1,2-dichloroethane provided a separable 3:1 mixture of diastereoisomers in excel¬ 

lent yield (Scheme 10-36). Although the degree of asymmetric induction is modest, it 

once more illustrates the potential of using asymmetry in the disposable tether for 

imparting stereocontrol in the cyclization. It is also noteworthy that reaction with the sul¬ 

foxide tether proceeded at a more rapid rate at reduced temperature than with the corre¬ 

sponding sulfide. This result was attributed to a Thorpe-Ingold effect: increasing the 

substitution at the sulfur atom - by using a sulfone - would therefore be expected to 

facilitate the reaction further. This prediction was realized with cyclization of sulfone 111 
proceeding readily at only 90 °C, again in excellent yield (Scheme 10-36). 



304 10 Use of the Temporary Connection in Organic Synthesis 

ill 

Scheme 10-36 Sulfoxide and sulfone tethers can also be used in [5 + 2] cycloadditions. 

10.2.2.4 Azomethine ylides 

Garner and co-workers have investigated the use of azomethine ylide cycloadditions 

[44] for the preparation of the 3,8-diazabicyclo[3.2.1]octane substructure of the bioxa- 
lomycins [45], a group of natural products which exhibit potent antimicrobial and anti¬ 

tumour activity (Scheme 10-37). To incorporate the desired absolute and relative stereo¬ 

chemistry into the bicyclic product, cycloaddition would necessitate an endo T. S. with 

re-face attack on the olefin dipolarophile. Since the intermolecular reaction provided the 

exo addition product with no diastereofacial selectivity, it was envisaged that linking the 

two reacting systems through a temporary tether would force the reaction to proceed 

through the desired endo T. S. and also provide some control over the facial selectivity. 

NMe 

bioxalomycin (32 

re-face 
attack 

temporary connection 
ensures endo selectivity 

Scheme 10-37 An intramolecular azomethine ylide cycloaddition can access the 3,8-diazabicy- 
clo[3.2.1]octane structure of the bioxalomycins. 
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The most simple method for connecting the two reacting fragments would be to com¬ 

bine the aldehyde and alcohol functionality into an ester. An aziridine acrylate precursor 

was readily prepared although all attempts to effect cyclization failed presumably owing 
to an unfavorable conformation adopted by the ester tether [45a], A more flexible acetal 

functionality would possibly overcome these problems. Consequently, acetal 112 was 

synthesized as a 1:1 mixture of diastereoisomers in 77% yield by treating alcohol 113 
with methoxyallene in the presence of mild acid. This time, photolysis of a dilute solu¬ 
tion (0.001 m) of 112 in MeCN led to the isolation of a single stereoisomer 114 in 42% 

yield whose structure was confirmed by X-ray crystallography and was consistent with 

the desired endo-re mode of cyclization (Scheme 10-38) [45a, c]. Interestingly, only 
one of the acetal stereoisomers reacts; reaction of the other presumably requires a pro¬ 

hibitively high-energy T. S. to cyclize and instead is lost to non-productive side reac¬ 

tions. The outcome of this reaction was in accord with the group’s T. S. model where the 
endo-re addition mode allowed the tether to adopt a conformation in which the control¬ 

ling stereogenic center could place the smallest group (hydrogen) in the plane of the 

imide system, thereby minimizing A1 3-strain and also allowing minimal distortion of the 

tether [45 a, c]. 

42% 

Scheme 10-38 An acetal tether allows the desired endo-re cyclization to occur. 

Examination of the X-ray crystal structure of the cycloadduct, not surprisingly, 

revealed appreciable strain in the molecule since the generated eight-membered ring 

contains a trans amide functionality. It was therefore anticipated that a longer, achiral 

tether would provide a better cyclization precursor. A rational design approach was 

taken to discover the optimal tether length [45b]. Initially, different tether lengths com- 
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prising sp3-carbon atoms were evaluated using computational modeling of the two com¬ 

peting (endo-si and endo-re) diastereoisomeric T. S.s. These results suggested that 

short tether lengths favored the desired endo-re cycloaddition mode, while the endo-si 

product would be formed preferentially at increased tether length. More refined T. S. 

modeling using the elements in the real tether supported these results. A number of dif¬ 

ferent silicon tethers of varying length were prepared and the computational results were 
validated. Thus, with the formation of a nine-membered ring (from 115), the ret si ratio 

was 16:1 (Scheme 10-39), while an increased tether length producing a 13-membered 

ring gave a reversal in selectivity with the endo-si product being the predominant spe¬ 

cies (re/si, 1:12) (Scheme 10-39). Tether cleavage was readily accomplished using stan¬ 
dard protocols. 

115 16 1 

(64%) 

hv, MeCN 

NMe 

Scheme 10-39 Varying the length of the silyl tether allows access to either endo-re or endo-si 
products. 

Garner and co-workers have once again illustrated the power of tether-mediated syn¬ 

thesis. In their example, the intermolecular reaction gave the undesired exo cycloadducts 

with no diastereofacial selectivity. Connecting the two reacting systems provided access 

to endo addition products. With further refinement of the tether length, the re/si dia¬ 
stereofacial selectivity was successfully addressed. 



10.3 Temporary Tethering Strategies in Radical Cyclization Reactions 307 

10.3 Temporary Tethering Strategies 
in Radical Cyclization Reactions 

10.3.1 Introduction 

The bimolecular reaction between a radical and radical acceptor such as an unsymmetri- 

cally substituted, non-activated double bond, is an inefficient process and only in special 

circumstances is it regio- or stereoselective. However, when the radical and radical 
acceptor are connected through a tether, the ensuing intramolecular reaction is much 

more efficient, and frequently exhibits high levels of regio- and stereoselectivity, espe¬ 

cially when small rings (e.g., five- and six-membered rings) are generated [46], Such 
radical cyclizations have been investigated in detail and now find widespread application 

in organic synthesis as a versatile route to carbocycles. 

The high levels of control obtained in radical cyclization reactions may be exploited 

for acyclic regio- and stereocontrol by the use of a temporary connection, a strategy 
which was first investigated over a decade ago by Nishiyama and Stork, among others, 

and is now one of the most important applications of this method of intramoleculariza- 

tion. Of all the possible tethers which were discussed in the previous section on cycload¬ 

ditions, silyl ethers, and to a lesser extent silyl acetals, have found most widespread use 
in radical cyclization reactions, primarily owing to their ease of formation and ready 

cleavage post-cyclization. 

Before examples of this form of templated synthesis are discussed, it is noteworthy 
that the presence of a silicon atom in the connecting tether can have a profound effect on 

the outcome of the cyclization. Baldwin has provided a series of rules which may be used 
to predict the relative ease of ring formation when a carbon-centered radical adds to a 

double or triple bond which is connected to the starting radical through a carbon chain 

[47]. For example, with the 5-hexenyl radical, cyclization proceeds almost exclusively 

through the 5-exo mode providing a cyclopentane product (Scheme 10-40). Wilt and co¬ 

workers have shown that by replacing one of the methylene groups with a dimethylsilyl 

group, dramatic changes to both the 5-exo 16-endo ratio and the rate of reaction are 

observed [48], In particular, they found that with 2- and 3-silahex-5-enyl radicals, the 6- 

endo cyclization mode was favored (Scheme 10-40). A number of factors are responsible 

for these changes in reactivity, including charge-stabilizing effects of the silyl group and 

the increased length of the C-Si bond (1.89 A; cf. 1.54 A for C-C), which brings the 

radical center into closer proximity with the terminus of the double bond. 

The following discussion on the application of the temporary connection to radical 

cyclizations will be divided into five sections. In the first, a silyl ether is used as the teth¬ 

er in which one of the alkyl groups attached to the silicon possesses the radical precursor 

(usually a halogen). In the second section, it is the radical acceptor which is introduced 

on silyl ether formation. The third section concerns the use of silyl acetals as a temporary 

connection and in the fourth other templating strategies which do not fall into any of the 

aforementioned areas will be discussed. The final section is a discussion of the use of 

some of these strategies in C-glycosylation. 
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favored 
pathway 

Scheme 10-40 2- and 3-silahex-5-enyl radi¬ 

cals preferentially undergo 6-endo cyclization 

(values in parentheses refer to the rate con¬ 

stants measured at 25 °C [10~4 s_l ]). 

favored 
pathway 

favored 
pathway 

10.3.2 Silyl Ethers Containing the Radical Precursor 

10.3.2.1 The a-(bromomethyl)dimethylsilyl ether in radical cyclizations 

(Bromomethyl)dimethylsilyl chloride is the most widely investigated and important 

reagent for incorporating a radical precursor into a silyl tether. It is commercially avail¬ 

able and readily introduced as a silyl ether under standard conditions. Moreover, the 

facile cleavage of the silicon tether under a variety of conditions after reaction yet further 

enhances its synthetic utility. 

Radical cyclization onto a double bond 

Nishiyama et al. first introduced the (bromomethyl)dimethylsilyl ether group in a new 

method for the synthesis of 1,3-diols from allylic alcohols [49]. Silyl ethers of a number 

of acyclic, allylic alcohols were readily prepared and, in a one-pot operation, heating a 

benzene solution with Bu3SnH/AIBN at reflux effected radical formation, and cycliza¬ 

tion onto the double bond provided the cyclic products. These were exposed directly to 

a Tamao oxidation [11], generating diols in good to excellent yields. The 5-exo-tng 

cyclization mode was found to predominate; only with terminally unsubstituted allylic 

systems were 1,4-diol products, derived from a 6-endo cyclization, observed (Scheme 

10-41). The stereoselectivity of the process was also probed. For example, radical 

cyclization of (ZTl-allylic silyl ether 116 afforded an 84:16 mixture of threo/erythro diol 

products 117 and 118, respectively, while the corresponding (Z)-isomer 119 generated 

the threo product 117 exclusively and in excellent yield (Scheme 10-41). These results 

are in accord with the Beckwith-Houk model for radical cyclization [50]. 
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Scheme 10-41 Synthesis of 1,3- and 1,4-diols from (bromomethyl)dimethylsilyl ethers. Re¬ 

agents and conditions: i) Bu3SnH, AIBN, PhH, reflux; ii) 30% H209, DMF, KF, 60 °C; iii) 30% 

H202, MeOH, THF, Na^O^ reflux. 

Stork and co-workers extended this work with the application of the radical cycliza¬ 

tion reaction to polycyclic systems, in particular steroids [51]. Nishiyama had already 

shown that cyclization onto a cyclohexene generated exclusively the c/v-fused bicycle 

120 and the corresponding dv-l,2-disubstituted cyclohexane 121 on oxidative tether 

cleavage (Scheme 10-42) [49]. In this example, the quenching of the cyclized radical by 

H-abstraction would not affect the outcome of the reaction. However, with cholestenol 

derivatives 122 and 123, H-abstraction by the cyclized radical could provide either a 

trans- or a c/v-fused A-B ring junction [51b]. This question was addressed by Stork: 

with the 3/3-alcohol, silyl ether formation and subsequent radical cyclization afforded, 

after reductive desilylation, the trans-fused product 124 in 75% yield, while the epimer- 

ic precursor 123 provided the civ-fused A-B ring junction 125 in similarly excellent 

yield and stereoselectivity (Scheme 10-42). In both cases, methylation occurred cis to the 

alcohol and H-abstraction occurred trans to the starting alcohol. This therefore amounts 

to a trans hydromethylation across the allylic olefin with the tether controlling the initial 

facial selectivity of the radical cyclization. The cupped nature of the generated polycycle 

provides sufficient steric differentiation between the two faces such that H-abstraction 

proceeds from the less sterically demanding convex face. 
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120 121 
75% (2 steps) 

122 

125 
80% 

Scheme 10-42 Radical cyclization and reductive desilylation allows stereospecific methylation 

of steroids and formation of a cis or a trans ring junction. 

Formation of a trans-fused 5,6-ring junction can sometimes also be achieved selec¬ 

tively. In an early example from Stork, radical cyclization of silyl ether 126 proceeded in 

36% yield but with complete stereoselectivity affording the trans-fused hydrindane 

system [51a], In this case, the methyl and OrBu groups presumably reinforce the direct¬ 

ing effect of the convex, newly formed silatricycle and H-abstraction is forced to occur 

from the sterically less hindered face (Scheme 10-43). 

trans 

addition 
only 

36% 

Scheme 10-43 A tra/75-fused ring junc¬ 

tion can be prepared selectively. 

However, with other systems, the outcome of the final H-abstraction is less stereose¬ 

lective. Jenkins and Wood have investigated the intramolecular radical cyclization onto 

cyclopentenols derived from glucose [52], Two epimeric alcohols were prepared by 

reduction of enone 127 with either NaBH4/CeCl3 (a/p ratio 1:8) or L-selectride (a/fi 
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ratio 8:1). Subsequent reaction with (bromomethyl)dimethylsilyl chloride afforded the 

corresponding silyl ether radical precursors 128 and 129. Radical cyclization of the [3- 
silyl ether 128 provided the m-fused 5,6-ring junction where H-abstraction had proceed¬ 

ed, as before, trans to the alcohol functionality. However, in the case of a-silyl ether 129, 
radical cyclization provided a mixture of products 130 and 131 in an unspecified ratio 

(Scheme 10-44). In this case, radical cyclization proceeds stereospecifically as normal, 
generating the c/s-fused bicycle. If H-abstraction then occurs from the a-face {trans 

addition), a product possessing an energetically unfavorable trans-fused 5,6-ring junc¬ 

tion is produced. As a result, the normally less favorable cis addition pathway leading to 
a cA-fused 5,6-ring junction can compete, leading to a more stable product. 

Scheme 10-44 H-abstraction is not always stereoselective. Reagents and conditions: i) NaBH4, 

CeCl3, 25 °C, 95%, then separate diastereoisomers; ii) (BrCH2)Me2SiCl, Et3N, CH2C12, 89%; iii) 
Bu3SnH, A1BN, NaCNBH3, 'BuOH, 90 °C; iv) L-selectride, 9~1%. 

Controlled radical cyclization directly onto a ring junction is less easy. Lejeune and 

Lallemand envisaged that a tethered radical cyclization of a (bromomethyl)dimethylsilyl 

ether onto an allylic double bond could be used to incorporate a hydroxymethyl function¬ 

ality into an angular position at the ring junction of a decalin system [53]. This would 

then provide an interesting entry into a variety of natural products containing this skele¬ 

tal functionality, such as the insect antifeedant clerodin 132 (Scheme 10-45). 

Two diastereoisomeric allylic silyl ethers 133 and 134 were first investigated and in 

both cases, the desired radical cyclization products were not observed. In the case of 133, 
cyclization proceeded exclusively in a 6-endo mode, affording diol 135 after oxidative 

cleavage of the silyl linker. The preference for 6-ring formation was attributed to the con¬ 

formational rigidity of the allylic system and the less hindered nature of the distal sp2- 
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132 angular hydroxy¬ 
methyl group 

Br 

Scheme 10-45 A silyl-tethered radical cyclization could be used to incorporate angular hydroxy¬ 

methyl functionality at a ring junction. 

carbon atom. Reaction was even less successful with silyl ether 134 and only the TMS- 

ether reduction product 136 was isolated, albeit in excellent yield. Thus, even with the 
advantages of intramolecularization, the desired radical addition cannot be guaranteed if 

the geometry is too rigid. The desired 5-exo cyclization mode could only be achieved by 

modifying the radical acceptor in 133. Enone 137 underwent stereospecific cyclization 

onto the more hindered ring junction in quantitative yield, affording the thermodynami¬ 

cally less stable cis decalin product 138 after tether cleavage (Scheme 10-46). In the case 
of 133 and 137, the axially oriented silyl ether allows the adoption of a pseudo-chair T. S. 

with axial attack on the olefin. This is not possible in the case of equatorially disposed 

silyl ether 134, rendering cyclization much less efficient. 

Temporary tethering of radical precursors has found other applications in natural prod¬ 

uct synthesis. Crimmins and O’Mahony utilized a silyl ether temporary connection to 

direct a hydro-hydroxymethylation of enol ether 139 in their synthesis of talaromycin A, 

140 [54], Since talaromycin A is susceptible to acid-catalyzed isomerization to the ther¬ 

modynamically more stable talaromycin B in which the hydroxymethyl substituent is 

equatorial, the use of the essentially neutral conditions of a radical cyclization to install 

the requisite axial hydroxymethyl group would avoid any potential isomerization prob¬ 

lems. Formation of enol ether 139 was achieved in five steps from (47?)-4-ethylvalerolac- 

tone 141. Exposure of 139 to Bu3SnH in benzene at reflux in the presence of AIBN as 

initiator effected radical cyclization with delivery of the radical to the same face to which 

the ether tether was attached. Tamao oxidation proceeded uneventfully, furnishing the 
desired natural product (Scheme 10-47). 

In most cases the radical generated after cyclization is quenched by H-abstraction. 

However, another possibility is to utilize the cyclized radical in another C-C bond-form¬ 

ing event. Fraser-Reid and co-workers utilized a silyl-tethered radical cyclization of the 

(L)-rhamnal-derived silyl ether 142 to generate the anomerically stabilized radical 143, 
which could be trapped in the presence of an excess of acrylonitrile to generate acetate 

144 after tether cleavage and peracetylation (Scheme 10-48) [55a], This reaction 

sequence occurred with complete regio- and stereoselectivity. The same group has also 

used an acetal tether (vide infra) to effect similar transformations [55 b, 56]. 
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Scheme 10-46 Modification of the radical acceptor and appropriate choice of configuration of 

directing alcohol are necessary to ensure 5-exo cyclization. 
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Scheme 10-47 Crimmins and O’Mahony used a silicon-tethered radical cyclization in a synthe¬ 

sis of talaromycin A. 
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Scheme 10-48 Fraser-Reid showed that the cyclized radical could be trapped with acrylonitrile. 
Reagents and conditions: i) 0.1 eq. Bu3SnCl, 2eq. NaCNBH3, AIBN, CH2=CHCN, 'BuOH, reflux, 
18h; ii) H202, KHC03, KF, THF, MeOH, reflux, 12h; iii) Ac20, py, rt, 8h, 51% from (L)-rhamnal. 

The potential for sila-hexenyl radicals to undergo 6-endo cyclization has already been 
alluded to. Mayon and Chapleur have shown that conformationally restricted exo- and 

endocyclic allylic (bromomethyl)silyl ethers derived from carbohydrate precursors react 

exclusively through the 6-endo mode of cyclization [57]. Koreeda and co-workers have 

also exploited this mode of cyclization to provide stereocontrolled routes to 22-hydrox- 
ylated steroid side chains [58]. 16a-(Bromomethyl)silyl ether 145 underwent radical 

cyclization and subsequent conversion to diol 146 in 66% overall yield. Similarly, the 

epimeric 16/3-radical precursor 147 reacted in good overall yield to give diol 148 
(Scheme 10-49). Again, reaction through the 6-endo cyclization mode may be ration¬ 
alized on the basis of reduced substitution at C(20) compared with C(17), and the con¬ 

formational rigidity of the allylic system predisposing radical attack at the distal position 

of the olefin. It is also noteworthy that clean transcription of chirality is observed in the 

generation of two new stereocenters - net cis addition in the 16a-product and net trans 

addition in the 16/3-isomer. Of further interest, the (bromomethyl)silyl ethers of the iso- 

Br 

cyclization cleavage 

/ 

148 

Scheme 10-49 6-Endo cyclization allows the stereocontrolled synthesis of 22-hydroxylated 
steroids. 
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meric (Z)-allylic alcohols afforded predominantly reduction products, suggesting the 

orientation of the methyl group at C(20) in these cases obstructs attack of the radical onto 
the olefin. Factors affecting the mode of cyclization have been investigated in more 

detail by the same group [59]. Wicha and co-workers have also demonstrated the utility 

of silyl-tethered radical cyclizations in functionalizing steroidal side chains [60]. 

Koreeda and Hamann have reported the use of silyl tethers in stereocontrol led synthe¬ 
ses of branched-chain 1,4-diols and 1,5-diols [61]. Exposure of (bromomethyl)silyl 

ethers prepared from the corresponding homoallylic alcohols with Bu3SnH in the pres¬ 

ence of AIBN allowed smooth conversion to the corresponding cyclic siloxanes, from 
which diol products were obtained using standard, oxidative cleavage protocols. While 

monosubstituted olefin 149 selectively underwent 1-endo cyclization, di- and trisubsti- 

tuted olefins 150 and 151 preferentially reacted through the 6-exo mode with complete 
stereocontrol, affording the diol products 152 and 153, respectively (Scheme 10-50). 

_^Si.__ Br OH OH 

Scheme 10-50 Silyl-tethered radical 

cyclizations may be used to prepare 

branched-chain 1,4- and 1,5-diols. 

Reagents and conditions: i) Bu3SnCl, 

NaCNBH3, AIBN, 'BuOH, reflux; ii) 30% 

H202, KHC03, THF, MeOH, reflux. 

The regio- and stereoselectivity may be rationalized in terms of the relative stability of 

the three possible T. S. conformations, which permit a 107-109° approach trajectory of 

the radical onto the sp2 center. Of the two T. S.s leading to 6-exo cyclization products, the 

one with a pseudoequatorially disposed olefinic group, is favored, leading to the ob¬ 

served 1,3-m-disubstituted siloxanes. The regioselectivity of the cyclization is also 

noteworthy. The authors suggest that the preference of terminally unsubstituted olefins 

to undergo 1-endo cyclization reflects the increased stability of the secondary radical 

intermediate over the primary radical which would result from an exo cyclization. 

Radical cyclization onto a triple bond 

In a competition study, Malacria and co-workers have shown that a 5-exo-dig cyclization 

is appreciably faster than the 5-exo-trig process [62], The same group has exploited this 
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efficient cyclization using the (bromomethyl)silyl ether group as a radical precursor. In 

some early work, they demonstrated a simple use of this reaction in an efficient synthe¬ 
sis of 2-[(trimethylsilyl)methyl]prop-2-en-l-ol (154) [63], which has found use as a pre¬ 

cursor of trimethylenemethane in the palladium-catalyzed [3 + 2] cycloadditions investi¬ 

gated principally by Trost [64], Formation of silyl ether 155 from propargyl alcohol pro¬ 

ceeded uneventfully. Subsequent radical cyclization provided exclusively the 5-exo-dig 

product 156, which was not isolated owing to its instability; instead, treatment with 

MeLi generated the desired product 154 in 70% overall yield (Scheme 10-51). 

Br 

155 

Scheme 10-51 

Ph3SnH, 

AIBN, PhH 

reflux, 
lOh 

>rr o-J 
MeLi 

Me3Si 

HO 

156 

70% 

154 

Formation of 2-[(trimethylsilyl)methyl]prop-2-en- l-ol (154). 

When the triple bond is terminally substituted, 5-exo-dig cyclization and subsequent 

H-abstraction generate a trisubstituted double bond. Malacria and co-workers have 

shown that the configuration of the double bond can be controlled by varying the nature 

of the terminal substituent, thus providing a novel entry into stereodefined trisubstituted 

double bonds [65], which are not always easy to access via more conventional protocols. 
With alkyl substituents (e.g., 157), the reaction is highly stereoselective, giving rise to 

the (£)-olefin product 158 (Scheme 10-52). H-abstraction proceeds syn to the sterically 

more demanding substitution site. Since inversion of the cyclized radical proceeds more 
rapidly than H-abstraction, quenching will occur on the vinyl intermediate in which A1,3- 

interactions are minimized. Interactions between the H-donor and allylic substituents are 
not important in this case, owing to the angular nature of the radical. 

When the triple bond is substituted with a trimethylsilyl or a phenyl group (e.g., 159), 
stereoselectivity is reversed and now kinetically controlled, with H-abstraction provid¬ 

ing predominantly the (Z)-olefinic product 160 (Scheme 10-52). This difference in reac¬ 

tivity may be attributed to a linear vinyl radical intermediate which is conjugatively sta¬ 

bilized by the terminal substituent removing A‘^-interactions. Now, unfavorable steric 

interactions between the H-donor and the allylic substituents are product-determining. 

Radical cyclization reactions have found widespread use in the preparation of polyqui- 

nanes. A highly functionalized diquinane framework was prepared by Malacria and co¬ 

workers using a radical cascade process [66], It was anticipated that the (bromomethyl)- 

silyl ether 161 would serve as a suitable radical trigger. Thus, a solution of Ph3SnH and 

AIBN was added over 5 h to a benzene solution of 161 and 10 equiv of acrylonitrile at 

reflux. Further heating for 5 h followed by Tamao oxidation of the crude product mixture 

allowed isolation of diquinane 162 in 51% yield as a single stereoisomer (by ‘H-NMR) 
(Scheme 10-53). 

More recently, the same group reported a route to linear triquinanes starting from 

acyclic precursors [67], Once more, a (bromomethyl)silyl ether was used as the radical 
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Scheme 10-52 Terminal substitution of the alkyne acceptor affects the stereochemical outcome 

of the product olefin. 

trigger. Previous attempts at effecting such a cascade process had been thwarted by the 

propensity for an intermediate radical to undergo intramolecular H-abstraction. How¬ 

ever, in a carefully developed sequence, cyclization of 163 afforded the triquinane 164 in 

50% yield (Scheme 10-54). 

10.3.2.2 Other (haloalkyl)dimethylsilyl ethers 

a-(Bromomethyl)silyl ethers are useful precursors for incorporating a one-carbon 

branch via a tethered radical cyclization. Koreeda and George have shown that this meth- 
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single stereoisomer 

Scheme 10-53 Radical cyclization can be used to prepare diquinane 162 from an acyclic precur¬ 

sor. 
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Scheme 10-54 Careful planning has allowed the preparation of triquinane 164 from an acyclic 

precursor. 

od may be extended to incorporating longer alkyl chains with the preparation of (22R)- 

22-hydroxycholesterol 165 from the allylic alcohol 166 (Scheme 10-55) [68]. The requi¬ 

site (a-bromoalkyl)silyl chloride 167 was prepared from 4-methylpentyne. Silylcupra- 

tion with (PhMe2Si)2CuLi-LiCN afforded the (£>vinylsilane 168 after aqueous workup. 

Regioselective hydroboration, oxidation, and bromination then furnished the a-bromo- 
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silane 169 in excellent overall yield. Although aryl silanes are stable to a wide variety of 
reagents, they are susceptible to halodesilylation and may therefore be considered 

masked silyl halides. Treatment of 169 with IC1 effected in situ generation of the desired 

silyl chloride 167, which allowed preparation of silyl ether 170 (Scheme 10-55). 

Scheme 10-55 Koreeda’s synthesis of (22R)-22-hydroxycholesterol by tethered radical cyclization. 

Reagents and conditions: i) (PhMe2Si)2CuLi • LiCN, THF, 0 °C, 96%; ii) BH3 • THF, THF, 0 °C to rt, 

then H202, 3M NaOH, 60 °C, 82%; iii) Ph3PBr2, MeCN, 0 °C to rt, 81%; iv^v) IC1, CH2C12, reflux, 

then 166, Et3N, CHC13, 0 °C to rt, 98%; vi) Bu3SnH, AIBN, slow addition, PhH, reflux, 65%; vii) 

purify by recrystallization; viii) KOH, DMSO, 60 °C, 65%; ix) 70% H202, KHC03, MeOH, THF, 

reflux, 75%; x) 2,6-dimethoxyphenyl chlorothionocarbonate, py, DMAP, CH2C12, 0 °C, 88%; xi) 

TMSC1, py, 90%; xii) Bu3SnH, AIBN, PhMe, reflux, 91%; xiii) pPTS, EtOH, THF, 60 °C, 90%. 
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Radical cyclization of (a-bromoalkyl)silyl ether 170 afforded a 4:1 mixture of 6-enclo 

cyclization products in addition to a small quantity of directly reduced product. The 

major diastereoisomer 171 was readily purified by recrystallization. Oxidative cleavage 

of the tether proved to be much more difficult than was initially anticipated, probably 

owing to steric blocking by the isoamyl group. It was found that the electrophilicity of 

the siloxane could be increased by treatment of 171 with KOH/DMSO, affording 172 as 
a 1:1 mixture of stereoisomers in 65% yield; this then underwent smooth oxidative 

cleavage. Selective deoxygenation at C( 16) exploited the slightly increased reactivity of 

this alcohol towards acylating reagents. Radical deoxygenation of the 22-TMS-ether 

derivative 173 proceeded smoothly in 91% yield providing (22/?)-22-hydroxycholesterol 

165 (Scheme 10-55). 

Tamao et al. have investigated (dichloromethyl)dimethylsilyl ethers as radical cycliza¬ 
tion precursors [69]. Silyl ether 174 was readily prepared from the commercially avail¬ 

able silyl chloride and isophorol. 5-£xo-trig cyclization could be effected under high- 

dilution conditions, affording the bicycle 175 as a 6:4 mixture of stereoisomers. Subse¬ 
quent oxidative tether cleavage afforded 2-formyl alcohols 176 and 177 where unfortu¬ 

nately, the presence of base caused partial epimerization of the center a to the formyl 

group (Scheme 10-56). 

isophorol 176 15:85 177 

epimerized 
product 

Scheme 10-56 A (dichloromethyl)dimethylsilyl ether can be used as a formyl radical equivalent. 

Reagents and conditions: i) (Cl2CH)Me2SiCl, Et3N, Et20; ii) Bu3SnH (1.2 eq.), AIBN, PhH, slow 

addition, 80 °C; iii) 30% H202, KF, KHC03, THF, MeOH, rt, 51% from isophorol. 

The retention of a halo-substituent after radical cyclization means that this tether may 

also be used as a hydroxymethylidene equivalent. A cis hydrindane ring structure could 
be formed from silyl ether 178 by treatment with 2.4 equiv of Bu3SnH under high-dilu¬ 

tion conditions. Two successive 5-^vo-trig cyclizations provided tricycle 179 and a 4:1 

mixture of stereoisomeric diols after oxidative cleavage of the silyl tether (Scheme 10- 

57). The cis ring junction may be accounted for by the first H-abstraction proceeding 

from the convex face of the initially formed bicycle, and the major stereoisomer is a 

result of the second 5-exo cyclization occurring with attack on the terminal olefin from 
the concave face with an exo-oriented olefin (Scheme 10-57). 

A trans hydrindane system was also accessible by trapping the radical intermediate 

resulting from the first cyclization with an allyl group with net trans addition across the 

double bond establishing the desired trans ring junction (Scheme 10-57). 
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Scheme 10-57 Two radical cyclizations are possible with a (dichloromethyl)silyl ether tether. 

Radical cyclization of (/f-chloroethyl)silyl enol ethers has been investigated by Walk- 

up et al. [70], Cyclization in all cases proceeded through the 6-endo addition mode, 

affording y-silyl alcohols in moderate yield after workup with MeLi. Net trans addition 

across the olefin double bond provides the major diastereoisomer. 

10.3.2.3 Dimethylsilyl ethers possessing alkenyl and aryl radical precursors 

Tamao, Ito, and co-workers have investigated the use of silyl ether tethers in the radical 

cyclization of vinyl radicals [71]. (l-Bromovinyl)dimethylsilyl chloride was used to 
prepare the corresponding silyl ether 180 of isophorol. Radical cyclization using 

Bu3SnH/AIBN in benzene (0.4 m) provided the two possible cyclization products 181 
and 182, with the 5-exo product 181 predominating, along with the direct reduction 

product 183 (181/182/183 25:2: 73). Formation of the reduction product could be sup¬ 

pressed using high-dilution conditions (0.02m) (181/182/183 80:8:12). When tri- 

butylborane was used in place of AIBN as a radical initiator, a slight improvement in the 

5-exo/6-endo ratio was apparent (181/182/183 76:5:19). The 5-exo product was formed 

stereoselectively in accord with previous examples with a net trans addition across the 

double bond. Tether cleavage was effected in a variety of manners, allowing elaboration 

of the major 5-exo product into the corresponding hydroxy ketone, homoallylic alcohol, 

and hydroxy vinyl bromide or silane (Scheme 10-58). 
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Scheme 10-58 Radical cyclization of (l-bromovinyl)dimethylsilyl ethers proceeds primarily 

through a stereoselective 5-exo pathway. Reagents and conditions: i) Bu3SnH, Bu3B, PhH, 25 °C, 

products not isolated; ii) H202, KF, KHC03, MeOH, THF, rt, 62 % from 180; iii) 'BuOK, DMSO, 

H20, rt, 62% from 180; iv) NBS, DMF, 0 °C to rt; v) Br2, CC14, 0 °C then KHF2, MeOH, rt, 30% 

from 180; vi) MeLi, Et20, 52% from 180. 

When the (Z)-enriched 2-substituted vinylsilyl ether 184 was investigated in the same 

radical cyclization, only one cyclization product 185 was obtained with a (Z)-configured 

vinyl silane [71]. This may be accounted for by a rapid equilibration of the vinyl radical 

prior to cyclization. While reaction of the (Z)-isomer is favorable, in the corresponding 

(^-isomer, interactions between the terminal hexyl substituent and the cyclohexane ring 
render cyclization much less efficient (Scheme 10-59). 

\ / 

oh o 

50% (from 184) 

Tamao 

oxidation 

(Z)-isomer only 

Scheme 10-59 Substituted vinylsilyl ether 184 reacts stereoselectively in a radical cyclization. 

In an example from the Curran group, a silyl tether provides a method of incorporat¬ 

ing a radical precursor into a molecule at a site remote from where it is desired [72], 1,5- 
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H-abstraction is generally a facile process, which often competes with desired transfor¬ 

mations. However, in this case it can be utilized favorably to translocate the radical to the 

desired position for further reaction. The radical precursor in 186 is just a modified 

phenyldimethylsilyl ether and is much more readily incorporated than the alternative 
product, which would possess the radical precursor at the site of cyclization. Exposure of 

(o-bromophenyl)dimethylsilyl ether 186 to Corey’s catalytic tin hydride conditions [73] 
formed cyclopentane 187 as a 1:1.1 mixture of cis/trans isomers, in addition to some 
directly reduced product 188 (Scheme 10-60). 

\ / 
Bu3SnCI, AIBN, 

NaCNBH3, 

'BuOH, reflux 

direct 
reduction 

OSiMe2Ph OSiMe2Ph 

188 22:78 187 

61% (isolated yield) 

Scheme 10-60 A silyl tether provides a more readily prepared radical precursor for effecting 

cyclization. 

10.3.3 Silyl Ethers Containing the Radical Acceptor 

Previous examples of silyl-tethered radical cyclizations have involved the incorporation 

of the radical precursor during the formation of the silyl ether tether. An alternative 

would be to incorporate the radical acceptor. A number of suitable silyl chlorides are 

commercially available which facilitate the preparation of such cyclization precursors. 
In an early example, Hiemstra, Speckamp, and co-workers demonstrated the synthet¬ 

ic utility of this form of tether-directed radical cyclization in a formal synthesis of the /3- 

hydroxy-y-amino acid, statine 189 [74], Diacetate 190 was readily prepared in three 

steps from (S')-malic acid. Under normal circumstances, treatment of 190 with a Lewis 

acid effects formation of the corresponding A-acyliminium intermediate which may be 

trapped intermolecularly with a nucleophile, preferentially from the less hindered face, 

affording a /ranv-substituted lactam (Scheme 10-61). For the purposes of a synthesis of 

statine however, a m-substitution pattern was desired. It was envisaged that this might 

be achieved using a tether-directed radical cyclization. To that end, incorporation of a 

thiophenyl radical precursor was achieved by transacetalization. Subsequent deacetyla¬ 

tion and silyl ether formation using aminosilane 191 generated the radical cyclization 

precursor 192. Radical cyclization proceeded exclusively in the 5-exo mode affording 
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the cA-fused bicycle as an inconsequential 3:2 mixture of stereoisomers. Subsequent 

reductive cleavage of the silyl ether allowed conversion into lactam 193 which had been 

previously converted to statine 189 by Johnson and co-workers (Scheme 10-61) [75]. 

ho2c co2h 

(S)-malic acid 

BF3*OEt2 

95% 

intermolecular alkylation 
provides the trans product 

190 

PhSH, 

pTSA, 

80% 

i) EtOH, EtONa (cat.) 

ii) Me2C=CHSi(Me)2NMe2 
191 

38% (2 steps) 

i) TBAF, CsF, THF 

ii) Na, NH3(I) 

72% (2 steps) 

statine 189 193 

Scheme 10-61 A tether-directed radical cyclization provided the key step in the formal synthe¬ 

sis of statine 189 by Hiemstra, Speckamp, and co-workers. 

C-branched nucleosides have been found to possess a number of biological properties, 

including antibacterial, antitumour, and antiviral activity. This has fueled a drive for pre¬ 

paring novel analogs of such molecules. Chattopadhyaya and co-workers have published 

extensively on the manipulation of nucleosides using intramolecular radical cyclizations 

[76], which are carried out under mild and, importantly, neutral conditions, making them 

compatible with a range of functionality. 

In an early example, the incorporation of phenylseleno functionality into the deposi¬ 

tion of a number of thymidine nucleosides allowed the stereoselective preparation of 3'- 

C-branched derivatives (Scheme 10-62) [76a]. An ester tether was used to connect the 

radical acceptor olefin functionality to the 5'-hydroxy group. Radical cyclization of 194 
under high-dilution conditions using Bu3SnH/AIBN in benzene at reflux afforded the 

corresponding 5-lactone bicyclic products 195. In all cases, retention of configuration 

was observed at the site of radical generation with the formation of cA-fused bicycles. 

Furthermore, only products resulting from a 6-exo cyclization mode were isolated. 

Cyclization through a chair-like T. S. with a pseudo-equatorially disposed substituent 

accounts for the observed stereoisomer. Hydrolytic cleavage of the tether proceeded 

efficiently with aqueous ammonia, generating the corresponding hydroxy acids 196 in 

excellent yield (Scheme 10-62). 
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T = thymine 
R = H 10% 

R = Me 50% 

R = Pr 53% 

R = Me 95% 

R = Pr 94% 

Scheme 10-62 Tethering the radical acceptor and precursor through an ester linkage allows 

stereoselective radical cyclization of 3'-phenylseleno thymidine nucleosides. 

The same group have also investigated the incorporation of the radical acceptor moie¬ 

ty via a silyl ether tether [76b], A phenylseleno substituent was stereospecifically incor¬ 
porated into either the 2'- or 3'-position of four thymidine nucleosides, followed by 

incorporation of an olefinic radical acceptor into the vicinal hydroxyl group by reaction 

with (allyl)dimethylsilyl chloride. In all cases, only products resulting from a 1-endo 
cyclization mode were isolated after treatment with Bu3SnH/AIBN. 

The stereochemical outcome of the reaction depended on the configuration of the 

(allyl)silyl ether group. In the cases of 197 and 198, regardless of whether the radical was 

generated at the 2'- or 3'-position, cyclization onto the allyl group on the a-face provid¬ 

ed single diastereoisomeric cA-fused bicyclic products 199 and 200 in good yields. 
However, when the radical was trapped on the /3-face, reaction either afforded a 1:1 mix¬ 

ture of cis- and tram-fused bicycles in the case of 201, or the unusual tetracyclic product 

202 resulting from further reaction with the proximal thymine base (Scheme 10-63). 

Oxidative cleavage of the silyl tether afforded the corresponding 1,5-diol products in 

good yields. 
Chattopadhyaya and co-workers have also demonstrated that alkynyl groups can be 

used as radical acceptors when linked through a silyl ether [76c]. Radical cyclization and 

subsequent oxidative cleavage of the tether provided access to 2'- and 3'-C-branched a- 

keto-/3-D-ribonucleosides, usually in good to excellent yields. 

In a more recent study on the use of silyl-tethered radical cyclizations for the prepara¬ 

tion of 4'-a-C-branched-2'-deoxyadenosines, Shuto, Matsuda, and co-workers observed 

an interesting dependence of the apparent mode of cyclization on the reaction conditions 

[77], The known 4'-phenylseleno derivative 203 of 2'-deoxyadenosine was readily con¬ 

verted to the 3'-vinylsilyl ether 204 using standard conditions. Treatment of 204 
with 3 equiv of Bu3SnH at 80 °C in benzene, using AIBN as radical initiator followed 

by oxidative tether cleavage, provided a 2:1 diastereoisomeric mixture of diols, 205 
being derived from a 5-exo cyclization mode (Scheme 10-64). However when the 

Bu3SnH/AIBN was added slowly over 4 h to a solution of 204 at 110°C, maintaining a 

low concentration of Bu3SnH, a reversal in regioselectivity was observed with the diol 

206 being obtained after Tamao oxidation (Scheme 10-64). The results suggested that the 
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T 

198 

radical 

cyclization, 
69% 

TamaO' 

oxidation, 
81% 

Tamao 
-► 
oxidation 

45% 

Scheme 10-63 The stereochemical outcome in the silyl-tethered radical cyclization of nucle¬ 

osides is dictated by the configuration of the silyl ether group. 

formation of the 6-endo product 207 was under thermodynamic and not kinetic control, 

since the endotexo ratio would not be expected to change upon varying the concentration 
of Bu3SnH if the reaction was kinetically controlled. 

A mechanism was proposed which may account for these observations (Scheme 10- 

65). In both cases, radical cyclization proceeds in the normal 5-ejco-trig mode affording 

the intermediate radical 208. At low concentrations of Bu3SnH, rearrangement to the 

more stable secondary radical 209 is possible and this species is then quenched by H- 

abstraction. The precise mechanism of the rearrangement is not known although it may 

proceed via a fragmentation-recombination process or through a silicon-bridging inter¬ 

mediate. 
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NHBz 

A = adenosine 

DMT rO —, A 

HO 
HO 

^SiPh2CI, 
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DMTrO-^, 

HO Ho” 
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Scheme 10-64 The concentration of Bu3SnH can be crucial in determining the product outcome. 

at high cone, of Bu3SnH, 

radical trapped before it 

can rearrange T 

Scheme 10-65 A possible mechanism to account for isolation of a 6-endo addition product. 

10.3.4 Silyl Acetals 

Silyl acetals have been investigated by Hutchinson and co-workers as tethers in radical 

cyclization reactions [78], A number of commercially available dialkyldichlorosilanes 

were investigated as tether precursors although 'Pr2SiCl2 was found to be the most suit- 
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able, providing a compromise betw een hydrolytic stability and ease of introducing the 

second alcohol group. 2-Bromoethanol was used as the radical precursor throughout the 

study while the radical acceptor was varied. The unsvmmetrical silyl acetal unit was best 

prepared in a stepw ise procedure: treating Pr:SiCl2 with a three-fold excess of 2-bro- 

moethanol allow ed isolation of the monochlorosilane 210 by distillation in 60rc yield. 

Subsequent reaction w ith a variety of radical acceptors (hydroxyalkenes and lithium 

enolates) generated the silyl acetals in good to excellent yield (Scheme 10-66). 

Precis + HOv^~Br 

EtsN. 
CH,C12. 

62=o 

Prs 
Pr' S 

o 

Br 

EtsN. DMF. 

86°o 
a 

210 

Br 4 
THF. 

82°o 

Scheme 10-66 Stepw ise preparation of silyl acetals. 

Radical cyclization using standard Bu,SnH/AIBN conditions revealed a preference 

for the formation of the larger of the two possible rings via an em/o-trig cyclization. 
although in some cases it was possible to induce the exo-trig cyclization by polarizing the 

radical acceptor (Scheme 10-67). The preferential 7-e/n/o-trig cyclization is in contrast 

with the 6-exo trig cyclization observed with silyl ethers (vide supra). In some cases, a 

reduction product w as also obtained. Deuteration studies using Bu-SnD indicated that 

this product arose from a competing intramolecular H-abstraction. Cleavage of the 

tether was possible using standard acidic hydrolysis or by treatment with TB AF (Scheme 

10-67). 
The preparation of medium-sized rings can be problematic: however, in this case there 

are a number of factors which may account for the observed facility of ring formation 

and regioselectivity. These include the relatively long Si-0 bond, large O-Si-O bond 

angle (Si-0 bond 1.64 A: O-Si-O angle 149°) and silicon anomeric effects. Further¬ 

more. the presence of two oxygen atoms in the ring reduces unfavorable transannular 

interactions. 

A highly convergent approach was taken by Myers and co-workers in their elegant 
synthesis of tunicamvcin V. 211 [79]. In a key step, a silyl acetal tether-directed radical 

cyclization was used to unite the uridine nucleoside with the disaccharide fragment, 

which contains an unusual "trehalose" glycosidic linkage. The silyl acetal radical precur¬ 

sor was prepared in a single operation from the ally lie alcohol 212 and uridine 5'-alde- 

hyde 213. Thus 3 equiv of pyridine w ere added dropwise to a toluene solution of the 

aldehyde (2 equiv) and PhSeH (3 equiv) and this mixture was then added to a solution of 

Me2SiCl2 (20 equiv) in pyridine. After 4.5 h at 23 CC. removal of the volatiles provided 
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cyclization, 
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8-endo 7: 93 7-exo 

Scheme 10-67 Radical cyclization of silyl acetals proceeds preferentially via the endo-trig mode. 

the crude monochloride. Addition of the allylic alcohol 212 in pyridine to a solution of 

the intermediate monochloride in toluene effected rapid conversion to the silyl acetal 

214, which could be isolated in a very impressive 81% yield after purification by flash 
column chromatography (Scheme 10-68). 

The protecting groups on the 2'- and 3'-hydroxyI groups of the ribonucleoside were 

found to have a marked influence on the configurational outcome at the C(5') stereocen¬ 

ter in the radical cyclization. In all cases investigated, use of Bu3SnH with Et3B as a rad¬ 
ical initiator allowed efficient conversion to the desired cyclic siloxane; however, the use 

of sterically bulky TBS ethers on C(2') and C(3') gave rise to the undesired stereochem¬ 

istry at C(5')- This was attributed to destabilizing steric interactions between the glucos¬ 
amine residue and the 3r-silyl ether in the T. S. leading to the desired product, which 

were not present in the T. S. leading to the epimeric product. Consequently, the radical 
cyclization was ultimately carried out on the free diol 215 (Scheme 10-69). It was antic¬ 

ipated that the diminished size at C(2') and C(3') would not only reduce unfavorable ster¬ 

ic interactions but the desired T. S. would even be preferred owing to the presence of a 

hydrogen bond between the C(3')-hydroxyI group and the glucosyl amide oxygen atom. 

Cyclization in toluene at 0°C provided the desired product 216 with the correct config¬ 

uration at C(5') (7.5:1 ratio). Use of the silyl acetal not only ensured highly efficient 

coupling of the two fragments but subsequent cleavage of the siloxane tether could also 

be achieved under very mild conditions using KF • 2H20 in MeOH, affording the sensi¬ 

tive tetraol 217 in an excellent yield of 60% from 215 (Scheme 10-69). Subsequent 

manipulations allowed the preparation of tunicamycin V [79b], 
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213 R = C(0)0CH2CH=CH2 
py 

o 

Scheme 10-68 Preparation of the key silyl acetal tether in one step, during the synthesis of tuni- 

camycin V. 

7.5:1 

Scheme 10-69 Radical cyclization on the 2',3'-diol provided the desired configuration at C(5') 

and allowed elaboration to tunicamycin V. 
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10.3.5 Acetal Tethers in Radical Cyclizations 

Although the (bromomethyl)silyl ether connection has been more extensively utilized in 

radical cyclizations, Stork also introduced, at a similar time, the use of a mixed acetal 
function [51a, 73b, 80], This tether differs in that a two-carbon unit is introduced on the 

proximal carbon atom of the olefin, whereas the silyl tether allows the incorporation of 

only one carbon atom. The chemistry of this tether is dominated by 5-exo-trig cycliza¬ 
tions onto allylic double bonds which proceed with the usual degree of high stereoselec¬ 
tivity. 

Two examples in natural product synthesis will serve to illustrate the regio- and ster¬ 
eodirecting ability of this tether system. In the first example, Stork and co-workers used 

an acetal tether to direct a radical cyclization for incorporating the trans relationship 

between the pendant chains in prostaglandin F2a [81]. Treatment of enantiomerically 
pure monosilyl ether 218 with ethyl vinyl ether in the presence of NIS provided the 

mixed iodoacetal radical precursor 219 in excellent yield. Introduction of the “lower” 

side chain was then approached in two ways. In the first, radical cyclization of 219 was 
effected using the Bu3SnCl/NaCNBH3/AIBN system and the cyclized radical was 

trapped with tert-butyl isocyanide, providing nitrile 220 in 71 % yield as a single stereo¬ 

isomer (Scheme 10-70). In accord with the radical cyclization of a-(bromomethyl)silyl 

ethers, 5-exo-trig cyclization produced the bicyclic intermediate radical which was then 
trapped exclusively from the convex face with tert-butyl isocyanide. The presence of the 

a-silyl ether group enhances the trans selectivity by further blocking the concave face of 

the bicycle. Subsequent introduction of the rest of the side chain proceeded uneventful¬ 

ly with reduction of the nitrile to the corresponding aldehyde followed by Wads- 

worth-Emmons homologation using the Masamune-Roush conditions [82], In a second 
approach, 2-(trimethylsilyl)oct-l-en-3-one was used as the radical trap, enabling incor- 

OH 

O 
TBSO 

218 

^QEt. 

NIS, 
96% 

TBSO 
219 

radical 

cyclization 

'Bu-NC 
Saegusa 
oxidation 

58% (from 219) 

Scheme 10-70 Use of two radical traps to incorporate the “lower” side chain of prostaglandin 

p2a- 
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poration of the whole side chain in one step. The presence of the a-(trimethylsilyl) group 

was crucial for ensuring regioselective re-incorporation of the enone functionality. Rad¬ 

ical cyclization proceeded efficiently as before with the expected excellent regio- and 

stereoselectivity to give, after thermal rearrangement, TMS-enol ether 221, which 
allowed regioselective incorporation of the olefin functionality with a Saegusa oxidation 

(Scheme 10-70) [83], Enone 222 was obtained in 58% yield over the three steps. 
Completion of the synthesis was readily achieved. Diastereoselective reduction of the 

ketone was accomplished with (S)-BINOL/LiAlH4. Then, removal of the tether by acid¬ 

ic hydrolysis, which also effected silyl ether deprotection, afforded dihydroxy lactol 223 

allowing introduction of the final side chain using a Wittig reaction (Scheme 10-71). 

HCI/THF, 

98% 

prostaglandin F2a 

Scheme 10-71 Stork’s synthesis of prostaglandin F2a. 

Another example of the use of mixed acetal functionality to direct a radical cyclization 

is found in Rama Rao’s synthesis of the C(l)-C(9) fragment of the antitumor macrolide 

antibiotic rhizoxin 224 [84]. In this case, Rama Rao utilized a 6-exo radical cyclization 

to generate the desired 1,3-syn relationship between the substituents on the 5-lac- 

tone 225. Starting from alcohol 226, treatment with ethyl vinyl ether in the presence of 

NBS produced the radical precursor. Stereoselective radical cyclization produced exclu¬ 

sively the 6-exotrig addition product 227. The stereochemical outcome of the reaction 

may be accounted for by cyclization proceeding through a chair-like T. S. with pseudo- 

equatorially disposed substituents generating the desired syn relation. Subsequent 

manipulations including hydrolysis of the tether and oxidation of the resultant lactol pro¬ 

vided the desired lactone product 225 (Scheme 10-72). 
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Scheme 10-72 Synthesis of the C(l)-C(9) fragment of rhizoxin in which Rama Rao used an 
acetal tether to direct a radical cyclization. 

10.3.6 Tether-directed Radical Cyclization Approaches to the Synthesis 
of C-Glycosides 

Stork first demonstrated the use of the temporary silicon connection in stereospecific C- 

glycoside synthesis [2]. (Phenylethynyl)silyl ethers were prepared from a number of 

phenylseleno glycosides. Generating the anomeric radical by treatment with Bu3SnH/ 

AIBN in benzene at reflux effected efficient radical cyclization onto the tethered alkynyl 

group in a highly stereocontrolled manner. Thus, a f3-C-glycoside could be obtained by 

tethering the radical acceptor to a /Toriented hydroxyl group, while tethering to an a- 

oriented hydroxyl group allowed access to the corresponding a-C-glycoside (Scheme 

10-73). 

In all three cases outlined in Scheme 10-73, cyclization proceeds in an exo mode. For 

the 2-substituted glucoside 228, 5-exo-dig cyclization was extremely efficient, providing 

the desired a-C-glucoside 229 in an excellent 83% yield after silyl deprotection with 

TBAF. Attaching the radical acceptor to the 3-hydroxyl group allowed an efficient 6-exo- 

dig cyclization to proceed, generating alcohol 230 in 73% yield. The high yield of this 

process is particularly noteworthy since the sugar must undergo a conformational change 

in which the 3-silyloxy group adopts an axial orientation to ensure close proximity to the 

radical generated at the anomeric center. When the radical acceptor was attached to the 

6-hydroxyl group, slow addition of the Bu-,SnH was required to maintain a good yield of 

the less favorable 1-exo-dig cyclization product. Once again the reaction was complete¬ 

ly stereospecific, generating the /3-C-glucoside 231. In all cases examined, an (£)-styryl 

group was produced as the major product, often with excellent stereocontrol. 
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231 
54% (2 steps) 

Scheme 10-73 Intramolecular radical cyclization provides a stereospecific route to a- and /3-C- 

glycosides. Reagents and conditions: i) Bu3SnH, AIBN, PhH, reflux, 0.01 M, (syringe pump used 

in 6-exo cyclization); ii) TBAF, THF. 

The introduction of an olefin at the anomeric position is synthetically interesting as it 

permits, via ozonolytic cleavage, access to the anomeric aldehyde, useful for further 

manipulations. Furthermore, the cleavage of the tether after cyclization releases one 

hydroxyl group selectively, which may be used chemoselectively in subsequent reac¬ 

tions. This reaction was also shown to be applicable to furanose sugar derivatives [2], 

Sinay and co-workers have extended this type of reaction to the preparation of C- 
disaccharides [85]. These molecules are conformationally similar to normal disaccha¬ 

rides but since the interglycosidic oxygen is replaced with a methylene group, hydroly¬ 

sis of the glycosidic linkage is prevented. A 9-endo-thg radical cyclization of silyl acetal 

232, which had previously been shown to be viable by Hutchinson et al. [78], was used 

to prepare the methyl a-C-disaccharide 233 (Scheme 10-74) [85a], A stepwise procedure 

was used to prepare the radical cyclization precursor: an excess of Me2SiCl2 was first 

added to the lithium salt of phenylseleno glycoside 234 at low temperature. After warm¬ 

ing to room temperature and removing the volatiles (including the excess Me2SiCl2) in 

vacuo, a solution of the primary alcohol 235 and imidazole in THF was added, allowing 

formation of the second silyl ether linkage. This procedure allowed isolation of silyl ace¬ 

tal 232 in an impressive 95% yield. Slow addition of Bu3SnH and AIBN to a solution of 

232 maintained a low concentration of tin hydride and provided the cyclization product 
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233 as a single diastereoisomer in 40% yield after cleavage of the silyl tether (Scheme 

10-74). (Spectroscopic analysis of 233 suggested that the C-glucosyl moiety deviates 
from the 4C, chair form - hence its depiction in the Haworth representation in the 
scheme.) 

234 

i) Bu3SnH, AIBN, 
slow addition, 
PhH, reflux 

ii) HF, THF 

TFiF, imidazole, 

2 h 

95% 

Scheme 10-74 9-endo-trig radical cyclization used by Sinay in the synthesis of methyl a-C-mal- 

toside 233. 

The same group used a ketal tether as an alternative connecting group in the synthesis 

of the 1,4-linked C-disaccharide 236 [85b]. Tebbe methylenation of acetate 237 provid¬ 

ed the corresponding enol ether 238, which upon treatment with alcohol 235 in the pres¬ 

ence of CSA at -40 °C in acetonitrile, furnished linked disaccharide 239 in 81% yield. 

Subsequent radical cyclization, acidic hydrolysis of the tether and peracetylation provid¬ 
ed the D-mannose-containing C-disaccharide 236 as the major product in 35% yield from 

239 (Scheme 10-75). Cyclization was not completely stereoselective and a small amount 

of the [3-C-manno isomer was also isolated (a/(3 10:1). This result is in contrast to 

similar studies on tether-directed /1-O-mannoside syntheses (vide infra) where a much 

shorter tether attached to the axial 2-hydroxyl group forces obtention of the desired /3- 

configuration. 
The C-glycosylation strategy described above is, in principal, quite general and has 

been alikened to an enzymatic reaction in which the tether provides the pre-organizing 

role of an enzyme (a C-glycosyl transferase), the seleno glycoside is the glycosyl donor, 

and the exo-methylene sugar the glycosyl acceptor. The Bu3SnH plays the role of co¬ 

enzyme and initiates the reaction. 

Although phenylseleno sugars have been most frequently used as radical precursors, 

their preparation requires the use of odorous phenylselenol. Furthermore, formation of 

the anomeric radical usually requires Bu3SnH, which is also unpleasant to work with. An 
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CH3CN, -40 °C, 

81% 

Scheme 10-75 A ketal tether was used in a 9-endo-trig radical cyclization to prepare C-disaccha- 

ride 236. 

alternative and more environmentally friendly approach to the same goal, of generating 

a radical at the anomeric position of a sugar, is to use single-electron transfer from 

samarium diiodide to anomeric sulfones. Anomeric phenyl sulfones have been investi¬ 

gated as radical precursors by Sinay and co-workers and shown to participate in efficient 
radical cyclizations similar to those described above [85c], One disadvantage of using 

phenylsulfones however, is the need for the carcinogenic cosolvent HMPA to increase 

the reducing potential of the Sml2. Fortunately Skrydstrup, Beau, and co-workers have 

shown that the more readily reduced 2-pyridyl sulfones circumvent the need for adding 

HMPA - reaction proceeds in THF alone [86]. Using this methodology, they prepared 

methyl a-C-isomaltoside 240 in 48% yield from the tethered precursor 241 (Scheme 10- 

76). In this example, a short tether length ensured exclusive formation of the a-C-glyco- 
side. 

i) Sml2, THF 

ii) TBAF, THF 

iii) Pd/C, H2 

iv) Ac20, py 

48% 

Scheme 10-76 A 5-exo-dig cyclization initiated by the action of SmU on 2-pyridyl sulfone 241 
allowed the preparation of a-C-isomaltoside 240. 
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10.4 Use of the Temporary Connection in O-Glycosylation 
and Nucleosidation 

10.4.1 Tether-Directed O-Glycosylation 

The last decade has seen a resurgence in oligosaccharide chemistry. This has been fueled 

by an increasing realization of the important role oligosaccharides play in a wide varie¬ 
ty of biological processes ranging from viral and bacterial adhesion to cells, protein traf¬ 

ficking, and intercellular recognition [87], Access to complex oligosaccharides from nat¬ 

ural sources is possible, although usually only in small quantities. One method of provid¬ 
ing larger quantities of these important molecules is through chemical synthesis. 

Although the field of carbohydrate chemistry has been intensively studied, regio- and 

stereoselective glycosylation remains a difficult problem which usually relies on elab¬ 
orate protecting group strategies for controlling regioselectivity (i.e., reaction at the 

appropriate hydroxyl group) and the use of an array of activation strategies for perform¬ 
ing the actual glycosylation reaction, which all too frequently give a mixture of a- and 

/3-anomers requiring tedious separation. Stereocontrolled glycosylation where either a- 

or /Tanomer linkage is obtained in a predictable manner remains an important area of 
research [88]. 

Synthesis of the /Tmannopyranoside linkage is notoriously difficult since the axial 

hydroxyl group in the 2-position favors the formation of the a-anomer on both steric and 
electronic grounds. This problem is compounded by the fact that it is an important gly- 

cosyl linkage found in the pentasaccharide core 242 of all asparagine-linked glycopro¬ 

teins (Figure 10-6); efficient and stereoselective routes to the synthesis of this linkage are 

therefore highly desirable. 

\ Figure 10-6 The pentasaccharide core 

of all asparagine glycoproteins contains 

a /3-mannoside linkage. P-1,4-linkage 242 

The groups of Hindsgaul and Stork addressed this problem using a temporary connect¬ 

ing group to force intramolecular delivery of the glycosyl acceptor to the /3-face of the 

mannosyl donor. Barresi and Hindsgaul chose to use an acetal tether to connect the react¬ 

ing partners [89a]. For example, formation of the mixed acetal 243 was achieved by 

reacting enol ether 244 with glucosyl acceptor 245 in the presence of catalytic pTSA. 

Subsequent glycosylation was initiated by NIS, affording exclusively the desired /3- 
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linked disaccharide 246 in 42% yield. It was later found that the addition of 4-methyl- 
2,6-di-terf-butylpyridine (4-Me-DTBP) improved the yield further, especially in the case 

of less reactive secondary alcohols, presumably by preventing decomposition of the ace¬ 

tal tether prior to the glycosylation step [89b]. With these modified conditions, disaccha¬ 

ride 246 could be obtained in a very respectable 77% yield, again as a single stereoiso¬ 

mer (Scheme 10-77). 

BnO—, 

Bn° OMe 

245 

cat. pTSA, 

CH2CI2, 

-40 °C, 20 min, 

57% 

5 eq. NIS, 

5 eq. 4-Me-DTBP, 

-5 °C to rt, 16h, 

77% 

246 

Scheme 10-77 Tethering the glucosyl acceptor through an acetal to the 2-OH of the mannosyl 

donor affords exclusively the /3-1,4-linked mannoglucoside. 

The proposed mechanism of reaction is outlined in Scheme 10-78. Activation of the 

anomeric group is followed by intramolecular delivery of the glycosyl acceptor from the 

/3-face through a five-membered ring affording intermediate 247, which upon aqueous 

workup provides the desired product. The intramolecularity of the reaction combined 

with delivery through a small ring ensures the excellent levels of stereocontrol. 

247 

Scheme 10-78 Proposed mechanism for intramolecular glycosylation from a tethered acceptor. 

The concerted nature of the reaction was further probed by performing the glycosyla¬ 

tion in the presence of 1 equiv of methanol [89a, c]. In the case of mixed acetal 248, the 
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yield of the /3-1,6-linked disaccharide 249 was found to be unchanged by the presence of 

MeOH. However, with acetal 243, the addition of 1 equiv of MeOH resulted in a 

decrease in the yield of disaccharide 246 which reflects the reduced reactivity of secon¬ 
dary alcohols in sugars. Transfer of MeOH was responsible for the only other product 

isolated. However, the presence of only the /3-methyl mannopyranoside 250 suggested 
that this too was formed by intramolecular delivery. Transacetalization with MeOH to 

form 251 would account for the observance of exclusively this product (Scheme 10-79). 

248 

NIS, CH2CI2, 

1 eq. MeOH, 

0 °C to rt 

delivery of 6-OH group 
unaffected by presence 

of MeOH 

61% - same yield 
in absence of MeOH 

NIS, CH2CI2, 

1 eq. MeOH, 

0 °C to rt 

BnO—,HO BnO^ 

BnB°oX^O^\ 

246 

BnO A—^ 

Bn0 OMe 

intramolecular 

delivery 

11% 

+ 

250 

40% 

Scheme 10-79 The addition of MeOH did not affect the stereospecificity of the glycosylation. 

Although the reaction clearly provides a solution to the synthesis of /3-mannopyrano- 

sides, its execution is non-trivial and appreciable optimization is required to achieve 

good results [89b, c]. This is especially true when preparing more complex oligosaccha¬ 

rides or when low-reactivity secondary hydroxyl sugars are used as glycosyl acceptors. 

These reactions then require much longer reaction times, allowing product-consuming 

side reactions to compete with the desired process. 

Stork and co-workers investigated silyl acetals as the tether-directing group for pre¬ 

paring the difficult /3-mannopyranoside linkage [90], The desired mixed silyl acetal pre¬ 

cursor was initially prepared in a stepwise fashion analogous to that described earlier, by 
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first reacting the glycosyl donor with Me2SiCl2 to form the chlorodimethylsilyl ether and 

then adding the glycosyl acceptor to complete formation of the silyl acetal. Oxidation of 

the phenylthio group with mCPBA provided the sulfoxide which was used in the glycos- 

ylation reaction according to the procedure of Kahne et al. (Scheme 10-80) [91]. It was 
later found that if coupling with a secondary hydroxyl group was desired, the silyl acetal 

tether could be formed directly by simply mixing an equimolar mixture of the preformed 

sulfoxide donor and glycosyl acceptor with Me2SiCl2, thus circumventing the need for 

manipulating the sensitive silyl chloride intermediate [90b]. 

mCPBA, 

-25 °C to 0 °C 

Scheme 10-80 Linking the mannosyl donor with the glucosyl acceptor via a silyl acetal allows 

stereospecific /3-mannoside formation. 

The outcome of the glycosylation is in accordance with the results observed by Barre- 

si and Hindsgaul and is suggestive of intramolecular delivery of the glycosyl donor from 

the /3-face. Both a- and /3-sulfoxides give the same result - the stereochemical outcome 

is controlled only by the axial orientation of the 2-hydroxyl tether. Using a silyl acetal 

tether, it was possible to form 0-glucosyl /3-mannopyranosides at the 2-, 3-, and 6-posi- 

tions in good to excellent overall yields [90]. Formation of the 4-O-glucosyl /3-manno- 

pyranoside 246 by intramolecular delivery, however, proved to be much more prob¬ 

lematic and proceeded in a low yield of 12% (this is in contrast to the analogous acetal 

tether; vide supra) [90b], The major product from this reaction was found to be the 1,6- 

/3-disaccharide 252 in which the silyl acetal bridge remained intact and debenzylation 

of the 6-hydroxyl group had occurred allowing formation of the observed 1,6-linkage 

(4% of the a-anomer was also isolated) (Scheme 10-81). A similar observation has been 

noted by Bols [92d], 

Bols has also investigated the use of silyl acetals in intramolecular O-glycosylation 

[92]. In early work, he showed that a-glucosides could be readily prepared stereospe- 

cifically by attaching the glycosyl acceptor through a dimethylsilyl acetal to the 2-posi- 
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tion of phenyl 3,4,6-tri-O-acetyl-l-thio-a-glucopyranoside [92a, c], Activation of the 

anomeric group using NIS in the presence of TfOH effected rapid conversion to the cor¬ 

responding a-glucoside (Scheme 10-82). Several observations were suggestive of intra¬ 
molecular delivery of the glycosyl acceptor. Stereocontrol was in all cases excellent, 

with exclusive formation of the a-anomer - analogous intermolecular reactions gave the 

expected mixture of a- and /Tanomers. The yields and rates of reaction were also not 

dependent on the steric hindrance of the aglycon; thus octanol and tert-butanol were both 
transferred with similar efficiency (Scheme 10-82) [92a, c]. Finally, in a competition 

experiment between intramolecular transfer of terf-butanol and intermolecular reaction 

with the TMS ether of octanol, the major product was the a-glucoside resulting from 

addition of the more sterically demanding alcohol. 

Tf20, DTBP, 

CH2CI2-Et20, 

-100 °C tort 

BnO 

BnO 
BnO 

3-A1? BnO-~ 

Bn0 OMe 
246 

12% 

\ 

-Si BnO 

OMe 

252 

82% 

Scheme 10-81 Formation of the [5- 1,4-linkage using a silyl acetal tether proved problematic. 

NIS, TfOH, 

CH2CI2, 

25 °C, 10 min 

(CH2)7CH3 

NIS, TfOH, 

CH2CI2, 

25 °C, 10 min 

Scheme 10-82 a-Glucosidation is possible through intramolecular transfer. 

Silyl acetals were also employed in the preparation of disaccharides containing a-glu- 

co and a-galacto linkages [92b, d]. The conditions used in the glycosylation were found 

to be important in achieving the desired coupling products (Scheme 10-83). When silyl 

acetal 253 was treated with NIS in the presence of TfOH, only 19% of the desired a-glu¬ 

coside 254 was isolated; the major product resulted from cleavage of the tether. Clearly 
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the presence of TfOH, required to effect reaction on such a deactivated glycosyl donor, 

was cleaving the tether more rapidly. Fortunately it was found that by changing the sol¬ 

vent from CH2C12 to the more polar nitromethane, heating at 100 °C, allowed glycosyla- 

tion to proceed without the need for acid and provided 254 in very good yield and as a 

single anomer [92b, d]. 

Scheme 10-83 The use of nitromethane circumvents the need for TfOH and allows the forma¬ 

tion of disaccharide 254. 

In previous studies, including those of Stork and Hindsgaul [89, 90], the glycosyl 

acceptor was tethered to the 2-hydroxyl group of the donor. The short tether length (three 

atoms between reacting centers) and intramolecularity of the reaction ensures complete 
stereocontrol. Bols and Hansen have also investigated the use of more remote hydroxyl 

centers for tethering a simple aglycon, octan-l-ol, to the glycosyl donor [93], Thiogluco- 
sides 255, 256, and 257 were prepared uneventfully and subjected to glycosylation using 

NIS as activator in nitromethane. The results are outlined in Scheme 10-84. When the 

aglycon was attached to the 3-hydroxyl group, reaction was not stereoselective, afford¬ 

ing a 1:4 mixture of a/p anomers in a low yield of 22%. Tethering to the 4-position 

proved more successful, providing the a-glucoside 258 exclusively, in 45% yield. The 
stereoselectivity of this reaction is interesting since it requires a conformational change 

in which the silyl linker assumes an axial position to allow delivery of the aglycon to the 

anomeric position. Finally, attaching the aglycon to the 6-position provided the /Tgluco- 

side 259 with complete stereocontrol although the major product from this reaction was 

tribenzyl-levoglucosan 260 (Scheme 10-84). This very brief study demonstrates that 

more remote tethers can be used for stereoselective glycosylation although yields are 
usually poorer and levels of stereocontrol not always good. 

The use of the so-called aglycon delivery method provides the most reliable method of 

forming the /3-mannoside linkage. However, the tethers discussed so far are fairly limit¬ 

ed in their compatibility with other standard manipulations carried out during oligosac¬ 

charide synthesis. Ogawa and co-workers have recently introduced an alternative which 

possesses a number of advantages over the previously investigated silyl acetal and 

dimethylacetal tethers [94], They realized that a /7-methoxybenzyl (PMB) ether, a com¬ 

monly used protecting group in oligosaccharide chemistry, could be used as a latent teth¬ 

ering unit. This protecting group is readily cleaved under oxidative conditions by treat¬ 

ment with DDQ or CAN. If a glycosyl acceptor containing a free hydroxyl group is 

present during the “deprotection” reaction, then the intermediate oxonium species may 

be intercepted, resulting in the formation of an acetal tether (Scheme 10-85). Thus, treat- 
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NIS, MeN02, 
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25 °C, 

45% 
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OBn 

70% 

OBn OBn 

260 

Scheme 10-84 Remote tethers are less useful for stereoselective intramolecular glycosylation. 

ing the 2-PMB-protected mannosyl donor 261 with DDQ in the presence of molecular 

sieves and the glucosamine acceptor 262, tethered intermediate 263 could be formed. 
Without the need for isolation, activation of the anomeric linkage with silver tri- 

flate/tin(II) chloride provided exclusively the (5-1,4-mannopyranoside 264 in 40% yield 

(Scheme 10-85). A variety of solvents were investigated, and of those surveyed only 

toluene proved to be unsuitable; reaction in this case was sluggish, probably owing to 

poor stabilization of the cationic intermediate, and gave a mixture of products. 

This methodology has been applied to a number of important oligosaccharides, in¬ 

cluding the core pentasaccharide structure of asparagine-linked glycoproteins shown in 

Figure 10-6 [94b, f], Glycosylation is not restricted to the use of anomeric fluorides as 

glycosyl donors; thioglycosides have also been used [94b, c]. The /3-mannoside reaction 

has recently been optimized and, with a suitable choice of protecting groups, can be per¬ 

formed in yields around 80% [94e], 

The application of solid supports in oligosaccharide synthesis has received much 

attention in recent years [95], one of the main reasons for this being the facilitated pur¬ 

ification of the products. Ito and Ogawa have shown that their intramolecular aglycon 

delivery strategy can be applied to a polymer-supported system in a novel approach to 

“clean” glycosylation [94d], A modified PMB ether protecting group was used to attach 

a mannosyl thioglycoside to a poly(ethylene glycol) (PEG) support. Treatment of 265 

with DDQ in the presence of an excess of the glycosyl acceptor 266 allowed tether for¬ 

mation as before. The tethered intermediate now attached to PEG was then precipitated 

with tert-butyl methyl ether, and washing allowed facile purification and recovery of the 
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Scheme 10-85 /3-Mannosides may be produced by intramolecular aglycon delivery using a 

PMB acetal tether. 

excess glycosyl acceptor. Redissolution in 1,2-dichloroethane and activation of the thio- 

glycoside with MeOTf/MeSSMe in the presence of 4-Me-DTBP effected glycosylation. 
By using a polymer-bound tether, only the product resulting from tether cleavage - i.e., 

the desired disaccharide 267 - would enter the solution phase, leaving by-products 
resulting from hydrolysis or elimination of the thio group still attached to the PEG sup¬ 

port. Simple aqueous workup and facile chromatographic purification provided the 

desired disaccharide 267 in good yield (Scheme 10-86). 

Fructofuranosides are widespread in nature and, with few exceptions, are ^-linked. 

The use of the PMB intramolecular aglycon delivery strategy developed by Ogawa and 

Ito has also been successfully applied to the stereospecific synthesis of /TD-fructofuran- 

osides by Krog-Jensen and Oscarson [96]. They showed that preparation of the PMB 

acetal was possible with the PMB ether attached to either the glycosyl donor 268 or 

acceptor 269. Further improvements to this step were made by adding the DDQ solution 

dropwise to a solution of the PMB ether and free alcohol over 2 h and by quenching the 

reaction by the addition of Et3N. Of a range of different activating agents investigated, 

dimethyl(methylthio)sulfonium trifluoromethanesulfonate (DMTST), iodonium colli¬ 

dine perchlorate (IDCP) and iodonium collidine triflate (IDCT) all proved superior to the 

conditions originally reported by Ogawa. NIS was also useful, although in this case the 

relatively nucleophilic succinimide anion intercepted the intermediate cationic interme¬ 

diate and provided the corresponding (V,(9-acetal product 270, albeit in good yield and 

with complete /^-selectivity at the new anomeric linkage (Scheme 10-87). 
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Scheme 10-86 Use of a polymer-supported glycosyl donor provides a “clean” approach to /3- 
mannosylation. 

The use of bis-ester tethers in remote intramolecular glycosylation has been investi¬ 

gated by a number of groups. In contrast to the short tethers used by Stork, Hindsgaul, 

and Ogawa, these more remote tethers provide a much less predictable outcome and as a 

result they remain less synthetically useful. Another difference between the short tethers 
and remote bis-ester tethers is that the reacting alcohol functionality is not masked in the 

tether but is already free to react as soon as the anomeric center is activated. 

Valverde and co-workers have investigated the use of bis-ester tethers derived from 

phthalic and succinic acids in remote glycosylation reactions [97], Formation of the teth¬ 

er was achieved in a stepwise fashion from phthalic or succinic anhydride. For example, 

reaction of phenyl 2,3,4-0-acetyl-]-thio-/3-D-glucopyranoside with phthalic anhydride, 

followed by treatment of the intermediate carboxylic acid with SOCl2, generated the 

acid chloride 271. This was then reacted with glycosyl acceptor 272 with complete regio- 

selectivity at the 2-OH position using a known procedure [98], providing the tethered 

glycosylation precursor 273. The presence of two free hydroxyl groups in the acceptor 

sugar now presents the further complication of regiocontrol in addition to that of stereo¬ 

control at the anomeric linkage. Reaction at the 3-OH position would provide a 13-mem- 

bered ring while a 14-membered macrocycle would result from glycosylation using the 

4-OH group as the nucleophile. It was hoped that geometrical constraints imposed in the 

different reacting cyclic T. S.s would control both the regio- and the stereochemical out¬ 

come of the reaction. Activation of the thioglycoside 273 with NIS/TfOH at room tem¬ 

perature effected rapid reaction, providing a single stereo- and regioisomer 274 in excel¬ 

lent yield (Scheme 10-88). The use of a more flexible succinyl tether gave the same 

result, albeit in slightly diminished yield; reaction occurred exclusively at the 3-hydrox- 
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Scheme 10-87 A PMB acetal tether can be used to prepare /3-fructofuranosides. 

yl position providing the /f-anomer 275 (Scheme 10-88). Changing the protecting groups 

on the glycosyl donor from acetates to ethers, which cannot participate in the reaction 

(methyl or benzyl), provided the same regiochemical outcome but stereocontrol was 

reduced, with up to 15% of the a-anomer also being isolated. Nevertheless, the fact that 

the major product was the 3-/f-glycoside suggests that the tether remains instrumental in 

governing the outcome of the reaction. 

By changing the anchoring sites of the bis-ester template, it is possible to reverse com¬ 

pletely the regioselectivity of the coupling [97b]. For example, when a phthalyl tether 

was used to link the 2-OH of a glucosyl acceptor to the 6-OH of a mannosyl donor to 
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274 

80% 
p-anomer only 

Scheme 10-88 Use of phthalyl and succinyl ester tethers provides another approach to regio- 

and stereocontrolled glycosylation. 

form 276, glycosylation proceeded with complete regioselectivity (and stereoselective- 

ly), with reaction occurring exclusively at the 3-OH. Alternatively, if the glucosyl accep¬ 

tor was tethered through the 6-OH affording precursor 277, treatment with NIS/TfOH 

provided exclusively the regioisomeric 4'-a glycoside 278 (Scheme 10-89). 

Ziegler and co-workers have also investigated the use of phthalyl, succinyl, and mal- 

onyl ester tethers in a wide variety of intramolecular glycosylation reactions although 

they have only concentrated on controlling the stereochemical outcome of the glycosy¬ 

lation reaction [99]. They used this approach to prepare /3-L-rhamnoside linkages [99a], 

which, like /3-D-mannosides, are notoriously difficult to prepare owing to the presence of 

an axially oriented oxygen at C-(2). A number of ethylthio and phenylthio a-rhamnosyl 

donors were linked through the 2-OH to the 3-OH of a glucosyl acceptor by a phthalyl, 

succinyl, or malonyl spacer group. The prearranged saccharides were then treated with a 

variety of activators, in a range of solvents and at different temperatures, affording good 

to excellent yields of the glycosylation product as a mixture of a- and /3-anomers. The 

best results were obtained with the rhamnosyl derivative 279, which uses a flexible sue- 
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Scheme 10-89 Different anchoring sites can be used to vary the regioselective outcome in cyclo- 

glycosylation. 

cinyl spacer: activation of the anomeric position with NIS/TMSOTf in acetonitrile at 

-30°C for 10 min provided a 16:84 mixture of a/f3 anomers 280 and 281 in excellent 

overall yield (Scheme 10-90). 

NIS, TMSOTf, 

MeCN, -30 °C, 

10 min, 90% 

Scheme 10-90 Careful choice of tether 

rhamnoside. 

OBn 

280 ° 16 : 84 281 

and reaction conditions allows the formation of a /3-l- 

The presence of a 2-acyl group in the rhamnosyl donor would be expected to give rise 

to high a-selectivity in the product. The solvent is also very important in the reaction 

outcome - only when MeCN is used does the reaction show any signs of useful stereo¬ 

control in favor of the desired product. Force-field calculations (using Insight II) on the 



10.4 Use of the Temporary Connection in O-glycosylation and Nucleosidation 349 

two products revealed that the desired /3-anomer was around 10 kcal mol-1 more stable 
than the a-anomer analog. This is, at least in part, a result of a more favorable staggered 

conformation of the methylene groups in the succinyl tether found in the /3-anomer. 

This and other investigations into the synthesis of difficult glycosidic linkages illus¬ 
trate that the use of a bis-ester tether offers distinct advantages over the corresponding 

intermolecular reaction in terms of improved levels of stereocontrol. However, to obtain 

the best results requires appreciable optimization involving variation of the length and 
type of tether, in addition to the anchoring sites to the reacting sugars - very small con¬ 

formational changes in a large cyclic T. S. can have a profound effect on the stereochem¬ 
ical outcome of the reaction. Although the reaction outcome is clearly influenced by the 

nature of the bis-ester bridging group, other effects such as solvent, method of activation, 
and temperature are crucial in controlling the reaction. 

Takahashi and co-workers have used molecular mechanics calculations in designing a 
suitable tether for a synthesis of the branched trisaccharide 282 [100], It was envisaged 

that appropriate tethering of the glycosyl fluoride donor to the disaccharide acceptor, 
which has three sites for reaction, would impart a high degree of regio- and stereocontrol 

in the key glycosylation reaction. Succinyl and phthalyl tethers attached in both cases to 

the 6-position of the disaccharide acceptor and to the 2- and 3-positions of the fluoride 
glycosyl donor provided four possible glycosylation precursors. Monte Carlo (MC) con¬ 

formational searches were performed on all isomers generating a number of low-energy 

conformations for each isomer. These were further minimized using the AMBER force- 
field implemented in MacroModel. Subsequent analysis of a Boltzmann distribution of 

all these conformers at 25 °C revealed that the anomeric carbon of the glycosyl donor 

was close to the 4-OH group of the glycosyl acceptor in 90% of the total conformer pop¬ 

ulation. In particular, isomer 283 seemed to possess the most favorable arrangement (in 
o 

the ground state) with a distance of 3.59 A between the C(4)-oxygen atom and the react¬ 

ing anomeric carbon atom. Similar conformational analysis and energy minimization of 

the cyclized products revealed that this precursor linked by a phthalyl ester between the 

2-OH position of the donor and the 6-position of the acceptor also provided the most 

stable product. With these results in hand, the isomer predicted to be most favorable for 

cyclization was prepared and subjected to glycosylation. The expected trisaccharide 284, 

where glycosylation had indeed proceeded on the 4-OH group affording a /3-linkage, was 

isolated in 37% yield. The analogous intermolecular reaction was also investigated to pro¬ 

vide a measure of the utility of the tether. This produced a mixture of trisaccharides in 

poor yield, where reaction had occurred at the 2-OH and 3-OH positions only. This clearly 
demonstrates that intramolecularization using a tether not only improves the yield, but also 

ensures that reaction occurs exclusively at the least reactive 4-OH group (Scheme 10-91). 

Huchel and Schmidt have used a remote glycosylation strategy to prepare the cellobi- 

oside 285 [101]. In this case, they utilized a bis-ether linkage prepared from a,a'-dibro- 

mo-m-xylene to pre-organize the glycosyl donor and acceptor. It was found that a link¬ 

age through the 6-position of the donor and the 3-position of the acceptor gave the best 

result. Treatment of 286 with NIS/TMSOTf provided the 14-membered macrocycle 

disaccharide 287 in excellent yield as a single anomer (Scheme 10-92). Global debenzy- 

lation followed by peracetylation provided the desired cellobioside 285. 
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Scheme 10-91 Molecular mechanics can be used to design tethers for remote glycosylation. 
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Scheme 10-92 A bis-ether tether was used in a stereoselective synthesis of cellobioside 285. 

Remote glycosylation strategies using bis-ester and ether tethering strategies can pro¬ 

vide useful levels of regio- and stereocontrol which are not always possible using analo¬ 

gous intermolecular reactions. Levels of stereocontrol are not always as high as when 

the shorter tethers discussed earlier are used. Nevertheless, the stereoselective synthesis 

of /3-L-rhamnoside and /3-D-mannoside linkages is illustrative of the potential of this 

approach. The tethered precursors are relatively easy to prepare, stable to the glycosyla¬ 

tion conditions, and readily varied, allowing fine tuning of the reactive conformation for 

improving or varying selectivity. However, the major drawback with this approach is 

the difficulty in predicting the outcome of the reaction - the much larger cyclic T. S.s 

require fairly complicated molecular mechanics computational studies for understanding 

favored reactive conformations. 
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All the examples of tether-directed intramolecular glycosylation discussed so far have 

involved connecting the two reacting partners through the hydroxyl substituents around 
the sugar rings. An alternative site of attachment for the glycosyl acceptor is through the 

anomeric leaving group of the donor [102-104]. This method of glycosylation has 
received less attention but is potentially more versatile. Since the glycosyl donor leaving 

group is also the glycosyl acceptor, the need for preparing potentially unstable donor pre¬ 

cursors is circumvented. Furthermore, the protecting group strategy is less affected by 
the need to form a tether. 

Ideally, the reaction would proceed stereospecifically through an SNi-type mechanism, 
where the configuration of the starting material would dictate that in the product glyco¬ 
side. The concept is outlined in Scheme 10-93. 

L = leaving group 

Y = linker 

A = glycosyl acceptor 

R = protecting group 

Scheme 10-93 Leaving group-based intramolecular glycoside bond formation is an attractive 
route to stereoselective glycosylation. 

Behrendt and Schmidt provided an early example of this approach [102], Reaction of 

O-glycosyl trichloroacetimidates 288 and 289 with cyclohexanecarboxylic acid proceed¬ 

ed with inversion of configuration, providing the corresponding anomeric carboxylic 

esters 290 and 291, respectively. Subsequent aldol reaction with benzaldehyde provided 
the /3-hydroxy carboxylates 292 and 293 as a mixture of diastereoisomers. When /3-con- 

figured 292 was reacted with the 6-O-triflate of methyl 2,3,4-tri-O-benzyl-a-D-gluco- 

pyranoside in the presence of NaH and 15-crown-5 at 0 °C, the disaccharide 294 was iso¬ 

lated in 68% yield as a 10:1 mixture of /3/a anomers. Reaction of the a-configured pre¬ 

cursor 293 under similar conditions but at -30 °C, provided 295 in 81% yield as a 1:2 

mixture of /3/a anomers in addition to small quantities of products arising from retro- 

aldolization and O-alkylation (Scheme 10-94). 

The isolation of a /3-lactone product 296 suggests a possible reaction mechanism 

(Scheme 10-95). Reaction of NaH/15-crown-5 with the aldol product generates the cor¬ 

responding alkoxide 297. As a result of steric crowding, this is not directly alkylated - 

instead, cyclization onto the ester functionality and trapping of this alkoxide provides an 

intermediate orthoester 298. Relief of strain by 1,3-glycosyl transfer then furnishes the 

observed products (Scheme 10-95). It is also interesting to note that the stereoselectivity 

in the reaction depends on the configuration of the starting material, as is desirable in this 

type of transformation: thus the /3-carboxylate precursor provides the /3-anomer prefe- 
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Scheme 10-94 Leaving group-based intramolecular glycosylation. 

rentially, while the a-isomer generates the a-glycoside preferentially. These ratios 

exhibit a temperature dependency; they are improved at low temperature. 

An alternative linker which can serve as both a leaving group and a latent glycosyl 

acceptor is a mixed carbonate [103], In this case, suitable activation with a Lewis acid 

causes extrusion of carbon dioxide and formation of the reactive glycosyl acceptor, 

which can then be trapped by the glycosyl donor. The mixed carbonate precursor 299 for 

this decarboxylative glycosylation strategy was prepared as a mixture of stereoisomers 
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Scheme 10-95 Formation of an orthoester followed by 1,3-glycosyl transfer are possible steps in 
the mechanism. 

in a stepwise fashion by treating the glycosyl donor 300 with the activated carbonate 301 
(Scheme 10-96). Of the Lewis acid activation systems which were examined, TMSOTf, 

SnCl4/AgC104, and Cp2HfCl2/AgC104 proved to be most useful. However, the results 

suggest that the tether has relatively little effect on the stereochemical outcome of the 

reaction, which is more dependent on the structure of the glycosyl donor, the solvent, and 

the temperature. 
This apparent lack of tether-directing stereocontrol in the decarboxylative glycosyla- 

tion strategy highlights an important caveat in all such reactions where the nucleophile is 

generated as the tether is being broken. The tether is only likely to provide good levels of 

stereocontrol if the bond-breaking and bond-forming events proceed at a very similar 

time. This seems to be the case in the short acetal and silyl acetal tethers of Stork, Hinds- 

gaul, and Bols (vide supra). If the reaction is non-concerted, it more closely resembles an 

(toluene a:|3 32:68) 

Scheme 10-96 Formation of a mixed carbonate allows a decarboxylative glycosylation pathway. 
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intermolecular process and as such will be affected by the usual external variables such 

as solvent and mode of activation. Indeed, Scheffler and Schmidt have performed the 
appropriate competition experiments, suggesting that the decarboxylative glycosylation 

procedure, at least in the case of silyl triflate activation, proceeds through an intermolec¬ 
ular, non-concerted pathway [ 105], and as such, this strategy shows little or no advantage 

over more conventional intermolecular glycosylation protocols. 
In summary, the increasing interest in oligosaccharides necessitates improved meth¬ 

ods for their synthesis in diastereoisomerically pure form. One strategy which has been 

investigated for controlling the outcome of the glycosylation reaction is the use of a tem¬ 
porary connection. This has provided some of the best synthetic routes to date for the 

synthesis of difficult linkages such as /3-L-rhamnosides and /3-D-mannosides. However, 

there remains appreciable scope for improvement. The silyl acetal and acetal tethering 

methodology developed primarily by Stork, Hindsgaul, and Bols become much less effi¬ 

cient when they are applied to the synthesis of anything larger than a disaccharide and 
then require appreciable optimization. Ogawa’s PMB-acetals are perhaps the most prom¬ 

ising tethers in this family. The remote glycosylation strategies using bis-esters and 

ethers are more robust but the lack of simple rules for predicting the stereochemical out¬ 
come of the glycosylation event hinder their more widespread use. Leaving group-based 

glycosylation is an attractive alternative to the substituent tethers. However, ensuring a 

concerted reaction is paramount to obtaining high levels of stereocontrol in these reac¬ 

tions - for the most part, this problem has not been solved. 

10.4.2 Directed Nucleosidations 

One of the most frequent ways of preparing nucleosides is to use the Vorbriiggen modifi¬ 

cation of the Hilbert-Johnson reaction in which a silylated base reacts with an activated 

sugar to form the nucleoside linkage [106]. The stereoselectivity of this process is high¬ 

ly dependent on the substitution pattern at the 2'-position of the sugar. In the case of ribo¬ 

sides containing a 2'-a-acyloxy group, neighboring group participation ensures that the 

/Tanomer is formed almost exclusively. However, in the absence of this functionality, 

nucleosidation is much less stereoselective and a mixture of a- and /Tanomers is usual¬ 
ly obtained. 

Modified nucleosides have been shown to exhibit a range of biological properties and 

are attracting increasing attention as therapeutic agents. Efficient methods for the stereo¬ 

selective synthesis of these compounds, in particular controlling the anomeric linkage, 

are therefore desirable. The groups of Jung [107] and Sugimura [108] have both 

addressed the problem of anomeric selectivity in the preparation of 2'-deoxyribonucleo- 

sides by intramolecular delivery of the base through a temporary attachment to the 5'- 

position of the riboside. The geometry of the tetrahydrofuran ring then ensures that the 

base is delivered exclusively to the /Tface, providing the desired /Tanomer after hydrol¬ 
ysis of the tether (Scheme 10-97). 

Jung and Castro prepared 2'-deoxyuridine 302 using this strategy [107]. Reaction of 

the potassium salt of ribal 303 with 2-methylthiopyrimidone 304 incorporated the base. 
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Scheme 10-97 Intramolecular delivery of the nucleoside base provides a solution to the problem 

of stereocontrol in 2'-deoxyribonucleosides. 

Subsequent hydration of the enol ether followed by BOM-deprotection and formation of 

the anomeric acetate provided the nucleosidation precursor 305. In situ silylation of the 

pyrimidone and activation of the anomeric group with TMSOTf gave the desired 2'- 

deoxy-3'-(9-methyluridine 302 in moderate yield after basic hydrolysis of the tether with 

no contaminating a-anomer (Scheme 10-98). A similar strategy was used by Sujino and 

Sugimura to prepare similar compounds [ 108], 

10.5 Tether-mediated Nucleophile Delivery 

The tether directing strategies for C- and O-glycosylation are one subset of a much wid¬ 

er area of using the temporary connection for controlling the regio- and stereochemical 

outcome in the reaction of nucleophiles with an electrophilic substrate. Some examples 

of this form of tether-mediated synthesis will be illustrated with some applications to 

natural product synthesis [109]. 
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Scheme 10-98 Intramolecular Vorbriiggen coupling allows stereoselective synthesis of /3-2'- 

deoxyribonucleosides. 

10.5.1 Synthesis of (+)-Hydantocidin 

The spironucleoside hydantocidin 306 exhibits a number of interesting properties, 

including herbicidal and plant growth regulatory activities. All possible diastereoisomers 

have been synthesized and only the naturally occurring isomer was shown to display sig¬ 

nificant biological activity [110]. The most challenging task in a synthesis of 306 was 

correct installation of the stereochemistry at the anomeric center. Furthermore, since the 

a-nitrogen is thermodynamically more stable than the /3-isomer, it was not possible to 

rely on thermodynamic equilibration to install this key stereocenter. 

In Chemla’s approach, it was decided to tether a suitable nitrogen nucleophile to the 6- 

position of the sugar moiety to ensure /3-facial selectivity in the key nucleosidation-type 

reaction [111]. Hydroxylamine 307, readily prepared from D-fructose, was treated with 

p-methoxybenzyl isocyanide to afford the corresponding urea derivative 308 in excellent 

yield (Scheme 10-99). Treatment with the Lewis acid TMSOTf effected smooth cycliza- 

tion to isoxazolidine 309, installing the correct stereochemistry at the anomeric position. 

Oxidation and removal of the PMB protecting group generated the tricyclic isoxazoli¬ 

dine hydantocidin 310, which just required cleavage of the hydroxylamine tether and 

removal of the acetonide protecting group to reveal the desired compound. A number of 

reducing agents were examined for cleaving the N-0 bond, of which Mo(CO)6 proved 

to be the reagent of choice. Acid-catalyzed deprotection of the acetonide then provided 

hydantocidin 306. 
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Scheme 10-99 Intramolecular delivery of a nitrogen nucleophile provides the correct stereo¬ 
chemistry at the anomeric position for a synthesis of hydantocidin. 

10.5.2 Synthesis of Lincomycin 

Knapp and Kukkola have reported a synthesis of the antibiotic lincomycin 311 (Scheme 

10-100) [112]. Earlier synthetic approaches to this molecule had revealed that the C(6) 
position was very hindered precluding efficient incorporation of the amino functionality 

via conventional intermolecular protocols. To circumvent this problem they chose to 

deliver a nitrogen nucleophile intramolecularly from a tether at C(4). It was anticipated 

that epoxide opening would proceed regioselectively in a 6-exo manner, incorporating 

the desired stereochemistry at both C(6) and C(7) positions. To this end, epoxy alcohol 

312 was synthesized in good overall yield from commercially available methyl a-D- 

galactopyranoside. After some experimentation, treatment of the sodium alkoxide of 312 
with dimethylcyanamide created the isourea tether which underwent spontaneous, ster¬ 

eospecific epoxide ring opening furnishing, after rearrangement, oxazoline 313 in 95% 

yield. Benzylation of the 4-OH and subsequent hydrolysis of the tether generated amino 

alcohol 314, which was subsequently converted into lincomycin 311. 

10.5.3 Intramolecular Allylation - 
Use in the Synthesis of Tricyclic /3-Lactam Antibiotics 

The stereoselective allylation of aldehydes is one of the most important, and intensively 

investigated, reactions in synthetic chemistry [113]. Nowadays, one of the most efficient 
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Scheme 10-100 Intramolecular delivery of a nitrogen nucleophile allows stereospecific incorpo¬ 

ration of the amino functionality at the sterically hindered C(6) position. 

ways of carrying out this transformation is to use a chiral Lewis acid in the presence of 

an allylstannane [114], or to use chiral ligands on the allyl metal reagent [115]. Howev¬ 

er, prior to the development of these methodologies, substrate control was widely used to 

achieve asymmetric induction in the reaction. Reetz and co-workers have made a num¬ 

ber of important studies into the effect of a- and /3-stereocenters on the addition of nucle¬ 

ophiles to carbonyl functionality. In one such investigation, the sense of 1,3-asymmetric 

induction using a tethered allylsilane was shown to be highly dependent on the choice of 

Lewis acid [116]. They found that reaction with TiCl4 proceeded in excellent diastereo- 

selectivity, providing predominantly the syn product 315. This observation is in agree¬ 

ment with an intramolecular transfer of the allyl nucleophile through an eight-membered 

T. S. in which the /3-silyl ether and aldehyde form a chelated structure outlined in 

Scheme 10-101. The intramolecularity of the reaction was proved by a series of cross¬ 

over experiments. The result is complementary to that obtained using SnCl4 as the Lew¬ 

is acid, where the anti diol product predominates. This reaction was shown to be an inter- 
molecular process. 

Allylation using tethered nucleophiles has been investigated by other groups and has 

been shown to typically exhibit excellent levels of stereocontrol [117], which in some 

cases are complementary to those obtained in the corresponding intermolecular process. 

A Glaxo group used such an approach in the synthesis of a key intermediate for the prep¬ 

aration of tricyclic /3-lactam antibiotics [118]. 
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Scheme 10-101 Intramolecular allylation provides the complementary stereochemical result to 
the analogous intermolecular process. 

Preparation of the temporary connection was achieved by reaction of acetoxy lactam 
316 with allyl(chloro)silane 317, generating the /V-silyl species 318. Exposure to 

TMSOTf at 0 °C effected in situ formation of the /V-acyliminium species, which was 
trapped by the pendant allyl nucleophile, providing two out of the possible four dia- 

stereoisomeric cyclized products, 319 and 320 in a 4:1 ratio (Scheme 10-102). Formation 

of the two products may be accounted for by cyclic T. S.s where addition occurs onto the 
re face of the azetinone, anti to the sterically demanding silyl ether group through a 
chair-like or boat-like conformation. 

10.5.4 Synthesis of Corticosteroids 

A variety of different covalent tethering strategies have been used in stereo- and regio- 

selective manipulations of the side chains of steroids. Livingston et al. utilized a tempo¬ 
rary connection for nucleophilic delivery in a facile synthesis of corticosteroids from 

readily available androst-4-ene-3,17-dione 321 [119]. Reaction of 321 with KCN pro¬ 

ceeded chemoselectively at the 17-ketone, providing a mixture of cyanohydrins, from 

which the 17/Tcyanohydrin 322 could be obtained after equilibration and recrystalliza¬ 

tion. Conversion to the (chloromethyl)silyl ether 323 provided the additional carbon 

required for homologation. Treatment of 323 with LDA effected deprotonation of the 

chloromethyl group and cyclization onto the nitrile providing 21-chloroketone 324 in 

93% yield from 323 after acidic workup (Scheme 10-103). Reductive dehalogenation or 

nucleophilic displacement of the chloride with KOAc afforded 17a-hydroxyprogeste- 

rone 325 and cortexolone acetate 326 respectively, both in quantitative yield. Although 

the homologation may be achieved using standard intermolecular reactions, the 

described sequence is noteworthy in that there is no need to protect either alcohol or 

3-keto functionality. 

10.5.5 Synthesis of (-)-o'-Kainic Acid 

Kainic acid 327 exhibits an array of biological properties, including insecticidal, anti- 

thelmic, and neuroexcitatory activity. One of the challenging aspects to the synthesis of 



360 10 Use of the Temporary Connection in Organic Synthesis 

OTBS SiMe2CI 

OTBS 

TMSOTf, MeCN, 

0 °C then Et3N, MeOH 

A=? 1 7^1 

%
 

N
z
>

. 
/

 
1

_
 + 

ATT 
Or * 

re- chair re-boat 

s/-addition 
T.S.s not shown 

Scheme 10-102 Tether-directed allylation provides a diastereoselective route to precursors in 

the synthesis of tricyclic /1-lactam antibiotics. 

such a trisubstituted pyrrolidine is the formation of the cis relationship between the C(3) 

and C(4) positions. Bachi and Melman showed that a potential precursor 328 could be 

prepared in enantioselective form [120], To complete the synthesis of kainic acid, it just 

remained to carry out a formal SN2 substitution of the tosylate with an acetic acid resi¬ 

due. Attempts to do this using an intermolecular reaction were hampered by the steric 

hindrance at the reacting site and facile elimination involving the particularly acidic 

hydrogen at C(2). To overcome these problems, an intramolecular nucleophile delivery 

strategy was devised (Scheme 10-104) [120]. Addition of the sulfenyl chloride 329 
derived from methyl mercaptoacetate to the isopropenyl group proceeded with complete 

regio- and stereocontrol affording 330, and subsequent oxidation with mCPB A provided 

the corresponding sulfone 331. The use of a sulfone tether instead of the simple sulfide 
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Scheme 10-103 Intramolecular nucleophile delivery provides an efficient route to biologically 

important corticosteroids. 

was found to be necessary since, under the basic conditions used to prepare the enolate 
nucleophile, elimination of the sulfenyl chloride to the isopropenyl precursor 328 was 

observed. Additional advantages of the sulfone tether include its increased stability and 

a more acidic a-proton which allows the use of milder reaction conditions to generate 

the enolate nucleophile. The desired stereospecific intramolecular substitution was 

achieved in good yield upon treatment of 331 with potassium methoxide in THF. Samari¬ 

um diiodide proved to be the reagent of choice for cleaving the temporary connection, 

and after global deprotection provided kainic acid 327. 

10.6 Silicon-tethered Ene Cyclization 

Robertson and co-workers have investigated a Type II intramolecular version of the ene 

reaction in which the reacting partners, an olefin possessing an allylic hydrogen and an 

aldehyde, are tethered at an internal site [121]. In analogy with intramolecular variants in 

which the reactants are linked through an all-carbon tether [122], this reaction was antic- 
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Scheme 10-104 Synthesis of kainic acid in which Bachi and Melman used intramolecular nucle¬ 

ophile delivery. 

ipated to proceed with high levels of stereocontrol but with the added advantage of pos¬ 
sible cleavage of the silicon bridge at a later stage providing acyclic products. 

A number of routes were investigated for synthesizing the tethered precursors. The 

first involved the sequential addition of organometallic nucleophiles to Me2SiCl(NMe2) 
[121a]. However, this suffered from a number of drawbacks, including the limited avail¬ 

ability of substituted propionaldehyde homoenolates, and the need to work with the 

highly reactive aminosilyl chloride. Two new routes have recently been reported [121b]. 

Both utilize the reaction of propenyllithium with oxasilacyclopentanes which are readi¬ 

ly prepared in two ways, namely, a 5-exo-trig radical cyclization of (bromomethyl)silyl 

ethers or intramolecular hydrosilylation of an allylic double bond (Scheme 10-105). 

Treatment of 332 or 333 with MeAlCl2 at -78 °C effected reaction providing the 

cyclized products with excellent levels of stereocontrol. The observed products can be 

rationalized by invoking the T. S.s outlined in Scheme 10-106 in which the alkyl sub¬ 

stituent occupies an equatorial site in the chair conformation and the aldehyde is axial. 

Reaction was found to be significantly slower than the all-carbon analogs; this may be 

attributed to the longer C-Si bond length (1.89 A; cf. 1.54 A for C-C) and the 

reduced ability for silicon to stabilize any buildup of positive charge on the a-carbon 

atom. 
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10.7 Intramolecular Hydrosilylation and Related Reactions 

10.7.1 Hydrosilylation of Olefins 

The intramolecular hydrosilylation of terminal olefins and acetylenes is a highly efficient 

reaction when activated silanes (e.g., HSiCl3) are used in the presence of a metal catalyst 

(e.g., [H2PtCl6 • 6H20]) [123], In this case, the reaction is normally highly regioselec- 

tive with silyl addition proceeding onto the less hindered terminal position. Reaction of 
trialkylsilanes is appreciably less efficient and often does not proceed at all. Hydrosily¬ 

lation of internal olefins is also problematic - they exhibit reduced reactivity, allowing 

side reactions such as catalyst-mediated double bond isomerization to become signifi¬ 

cant. Furthermore, regioselectivity is also difficult to address. 
One solution to these problems is to temporarily tether the hydrosilylating reagent to 

the substrate. The ensuing intramolecular reaction has been shown to be highly efficient 

and, in certain cases, proceeds with excellent selectivity (intramolecular hydrogermyla- 

tion [124] and hydroboration [125] reactions have also been investigated). Tamao, 

Ito, and co-workers provided some of the earliest studies [126] and have also investigat¬ 
ed the mechanism of the reaction [127], Treatment of a number of allylic and homoallyl- 

ic alcohols with (Me2HSi)2NH provided the corresponding silyl ethers, which on expo¬ 

sure to 0.1 mol% of Wilkinson’s catalyst [(PPh3)3RhCl] or hexachloroplatinic acid 

[H2PtCl6 • 6H20], underwent hydrosilylation. Subsequent oxidative cleavage of the 
silyl tether afforded the corresponding diol products in good overall yield (Scheme 

10-107). In the case of cyclic systems, e.g., 334, reaction proceeds with excellent stereo- 

and regiocontrol, providing the syw-diol product. Acyclic systems provide more vari¬ 

able results; the outcome is highly dependent on the presence of additional stereocen¬ 
ters and the position and substitution pattern of the reacting olefin. The alkyl substituents 

on the silicon tether can also influence the stereochemical outcome: use of cyclohexyl- 

silyl hydrides generally provides greater stereoselectivity than in the case of dimethyl- 

silyl analogs [128]. a-Hydroxy enol ethers can be used to provide stereoselec¬ 

tive routes to 1,2,3-triols, although in these cases the neutral Karstedt catalyst, 

[Pt{ [(CH2 = CH)Me2Si]20}2] has to be used to prevent decomposition of the acid-labile 

substrate [126c]. Bosnich and co-workers have shown that dihydrosilanes in the pres¬ 

ence of an [Rh(Ph2PCH2CH2PPh2)]+ catalyst form the silyl ether tether in situ, provid¬ 
ing the cyclized siloxanes directly from the corresponding allylic alcohol [129]. 

A variety of oxidative tether cleavage protocols have also been evaluated which allow 

regioselective monoprotection of the resulting 1,3-diol products, facilitating differentia- 

-► 
Scheme 10-107 Homoallylic and allylic silyl ethers undergo efficient hydrosilylation. Reagents 

and conditions: i) (HMe2Si)2NH, NH4C1 cat.; ii) [(PPh3)3RhCl] (0.1 mol%), 100 °C; iii) 30% 

H202, NaHC03, MeOH, THF, 60 °C; iv) [H2PtCl6 • 6H20] (0.1mol%), rt to 60 °C; v) 

[Pt{[(CH2=CH)Me2Si]20]2] (0.1 to 0.5 mol%), 60 °C; vi) 30% H202, 15% KOH, MeOH, THF, 

rt; vii) (cyclohexyl)chlorosilane, Et3N, DMAP; viii) {[Rh(Ph2PCH2CH2PPh2)]+C104~], Ph2SiH2. 

a Yields are based on the starting alcohols. 
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tion of the two alcohol functionalities, and further enhancing the synthetic utility of this 

hydroxylation protocol (Scheme 10-108) [126b]. 
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Scheme 10-108 Different tether cleavage strategies provide access to monoprotected diols. 

Reagents and conditions: i) MeCOCl, ZnCl2 cat., rt; ii) KF, KHC03, MeOH. THF then 30% H202, 

it; iii) MOMC1, CsF, MeCN, rt; iv) 30% H702, KHC03, MeOH. rt to 50 °C; v) DIBALH. Et20, 0 

°C to 60 °C; vi) TBSC1, Et3N, DMAP, CH2C12; vii) 30% H202, NaHC03, MeOH, THF, 60 °C. 

Curtis and Holmes provided an early display of the synthetic utility of the intramolec¬ 
ular hydrosilylation in their synthesis of the trans-diol 335, an intermediate in their 

approach to obtusenyne 336 [130]. The allylic silyl ether 337 was prepared from the cor¬ 

responding alcohol using an excess of 1,1,3,3-tetramethyldisilazane in the presence of a 

catalytic amount of ammonium chloride, and then used without purification. A wide 

variety of catalysts were investigated with the rhodium complex [Rh(acac)(norborna- 

diene)] providing the best results in terms of stereoselectivity {transIds >95:5) (Scheme 

10-109). Unfortunately, partial loss of the silyl group under the reaction conditions 

resulted in a moderate yield of the diol product which was not improved when the corre¬ 

sponding diisopropylsilyl ether was used. 

Hale and Hoveyda have also produced an interesting synthesis of the C(27)-C(33) 

fragment of the potent immunosuppressant, rapamycin, using the siloxane 338, generat¬ 

ed from intramolecular hydrosilylation, in remote acyclic stereocontrol (Scheme 10-110) 

[131]. Reaction of homoallylic silyl ether 339 gave a 4:1 mixture of siloxane products 

and further manipulation of the major stereoisomer 338 provided Weinreb amide 340. 
Osmylation of the adjacent double bond not only proceeded with excellent diastereose- 

lectivity, but also with complete rearrangement of the siloxane to an internal position, 

serving as an efficient method for in situ differentiation of the two newly generated sec¬ 

ondary hydroxyl groups. Further reactions provided the correct stereochemical relation 
of stereocenters found in the C(27)-C(33) fragment of rapamycin. 

An enantioselective version of the hydrosilylation reaction would greatly extend its 

synthetic utility. The reaction mechanism of this catalytic asymmetric process has been 

investigated in great detail and shown to be extremely complicated [132], Nevertheless, 
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rapamycin. 

a number of catalyst systems have been developed based on rhodium(I) complexes with 

chiral diphosphines, and excellent levels of enantiocontrol have been achieved. 

Hydrosilylation of allylic amines proceeds under platinum catalysis with the opposite 

regioselectivity to their oxygen analogs [133]. The intermediate l-aza-2-silacyclobu- 

tanes resulting from a 4-exo-trig addition are thermally stable and may be purified by dis¬ 

tillation. Alternatively, direct oxidation using the Tamao conditions provides the corre¬ 

sponding 1,2-amino alcohols with excellent syn selectivity (Scheme 10-111). 
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Or no 

SiMe2H 

72% 

Scheme 10-111 Pt-catalyzed intramolecular hydrosilylation of allylic amines provides 1,2-ami¬ 

no alcohols. Reagents and conditions: i) BuLi, Me2SiHCl, Et20; ii) [Pt[[(CH2=CH)Me2Si]20}2], 

rt; iii) EDTA • 2Na, hexane, rt then 30% H202, KF, KHC03, MeOH, THF, rt. 

10.7.2 Hydrosilylation of Acetylenes 

The attachment of a silyl hydride reagent to homopropargylic alcohols provides a good 

method for hydrosilylating triple bonds. The temporary attachment again allows regiose- 

lective cis hydrosilylation of internal acetylenes with products resulting from an exo-dig- 

cyclization mode being observed (Scheme 10-112) [134], A number of variations have 
also been reported, including silylformylation [135] and cyanosilylation [136], which 

also exploit the regio- and stereocontrol from the intramolecular reaction. 

78%a 

Scheme 10-112 Intramolecular hydrosilylation of homopropargylic acetylenes proceeds with 

excellent stereo- and regiocontrol. Reagents and conditions: i) [H2PtCl6 ■ 6FEO] (0.1 mol%), 

CH2C12, rt; ii) 30% H202, KF, KHC03, MeOH, THF, 30 °C; iii) Br2, 0 °C then KHF2, MeOH, rt. 

Yield based on allylic amine, syn : anti ratio >99:1 in all cases. 
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10.7.3 Directed Bis-Silylation Reactions 

The bis-silylation of olefins and acetylenes is a potentially desirable reaction on account 

of the fact that two C-Si bonds are generated in one step. Intramolecular versions would 

also be attractive. The reaction is analogous to the tethered hydrosilylation described 
above but has received less attention. One of the major problems which had to be over- 
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Scheme 10-113 Intramolecular bis-silylation followed by oxidative tether cleavage provides a 

stereoselective route to 1,2,4-triols. Reagents and conditions: i) Pd(OAc)2, 1,1,3,3-tetramethylbu- 

tyl isocyanide, toluene; ii) TFA then H202, KF, KHC03, KHF2; iii) Ac20, Et3N, DMAP; iv) K0,_ 

Bu, DMSO then H202, KF, KHC03, KHF2; v) TFA then H202, TBAF, KHC03; vi) H202, KF, 

KHC03, MeOH, THF; vii) 2-methoxypropene, CSA, acetone; viii) TBAF, THF then H-,02, 

KHC03, MeOH; ix) diimide, EtOH; x) KO'Bu, DMSO then TBAF, KHC03, H202. 
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come was finding a suitable catalyst system. Ito and co-workers made the major break¬ 

through by finding that Pd(OAc)2 in the presence of an excess (with respect to Pd) of 
1,1,3,3-tetramethylbutyl isocyanide was a highly efficient catalyst system for the bis-sil- 

ylation of homoallylic olefins and acetylenes [137], Although the precise nature of the 

active species is not known, it is most probably a palladium(O) species with coordinated 

isocyanide groups since no reaction was observed in the absence of the isocyanide. A 

variety of disilanyl ethers were readily prepared under standard conditions for silylation 

and reacted with high efficiency with terminal olefins and many types of acetylenes. 
Internal olefins proved more difficult although the use of phenyl substituents on the sili¬ 

con atom proximal to the ether tether provided a solution to this problem [137e], The 

reaction is stereospecific with syn addition across the reacting group, and also stereose¬ 

lective. The stereoselectivity of the addition is usually excellent and may be explained by 

invoking a chair-like T. S. Oxidative cleavage of the silyl ether tether provides an inter¬ 
esting route to 1,2,4-triols - the reaction may therefore be viewed as a directed stereose¬ 

lective glycolation (Scheme 10-113) [137c], When a trisilanyl ether is used in the bis-sil- 

ylation of double bonds, the difference in reactivity towards oxidation allows a stepwise 

oxidation of each C-Si bond (Scheme 10-113) [138]. 
The bis-silylation reaction has found application in the synthesis of the antifungal 

metabolite (-)-avenaciolide [139] and in the enantioselective preparation of (£')-allylsi- 

lanes [140], The use of chiral isocyanides prepared from the terpenoid (-i-)-ketopinic acid 

has also been investigated in an enantioselective bis-silylation of olefins, although the 
levels of enantioselectivity are, in most cases, modest [141]. 

10.7.4 Intramolecular Hydrosilylation of Ketones 

The anti- 1,3-diol motif is widespread among biologically important natural products, 

and efficient routes towards this unit are desirable. Davis and co-workers have investi¬ 

gated the possibility of using a silyl ether tether to connect a hydridic nucleophile to a 15- 

hydroxy ketone substrate [142], Reaction of commercially available 'Pr2SiHCl with a f5- 

hydroxy ketone provided the stable silyl ether product 341 in good yield. Subsequent 

exposure to a variety of Lewis acids effected a highly stereoselective, intramolecular 

reduction of the ketone group providing the anti- 1,3-diol protected as a silyl acetal 342, 
which was sufficiently stable to be used as a protecting group for the diol functionality, 
yet could also be readily removed with aqueous HF in MeCN (Scheme 10-114). SnCl4 

gave the best results although a wide variety of Lewis acids and Brpnsted acids were 

effective (the use of TBAF and zinc Lewis acids gave poor results). The observed 

stereochemical outcome can be accounted for by invoking a chair-like T. S. in which 

diaxial interactions with the bulky silyl substituents are minimized. 

The reaction is not chelation-controlled and does not involve hydride transfer to the 

Lewis acid since BF3 ■ OEt2, which can only be four-coordinate, also gives excellent anti 

stereoselectivity. Tethering the reagent and intramolecularizing the process is also 

important for the rate of reaction - the analogous intermolecular process was found to be 

sluggish, even at 0 °C. Rhodium(I) complexes also catalyze the reduction reaction. Burk 
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Scheme 10-114 Intramolecular hydrosilylation of /3-hydroxy ketones provides 1,3-anh-diols. 

and Feaster have used chiral diphosphine ligands to provide an enantioselective version 

of the reaction using a-hydroxy ketones as precursors [143]. 

The reaction could be extended to /3-hydroxy esters (Scheme 10-115) [144], In this 
case, TBAF proved the most effective reagent for providing an almost quantitative con¬ 

version to the corresponding alkoxysiladioxanes. Activation of the acetal functionality 

was best achieved with the superacid [TfOFIjEKOTf)^], and trapping with allyltrime- 

thylsilane provided the anti diol products in excellent yield and stereoselectivity. The 
outcome is in accord with chelation-controlled intermolecular addition with axial attack 

of the nucleophile onto the cationic oxonium intermediate. 
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Scheme 10-115 Intramolecular hydrosilylation of /3-hydroxy esters and reaction with allyl silane 
provides anti- 1,3-diol products. 

10.8 Olefination 

The complex structure of the macrolide bryostatin 1, 343, in addition to its activity 

against various forms of cancer, has made it the subject of a number synthetic studies 

[145]. One of the more difficult functionalities to incorporate in a stereoselective fashion 

into the molecule are the two trisubstituted exocyclic unsaturated esters. Evans and Car- 

reira addressed this problem in a novel way by using a tethered phosphonate in a macro- 

olefination reaction (Scheme 10-116) [146]. 
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Scheme 10-116 The correct choice of tether length ensures stereoselective macroolefination. 

Preliminary studies on a model system suggested that a six-carbon tether, which 

would produce a 14-membered ring, would be optimal in minimizing transannular inter¬ 

actions and satisfying the stereoelectronic requirements of the ester groups (Scheme 10- 

116). Additional computer modeling enabled low-energy conformations of the two dia- 
stereoisomeric enoates obtained using such a tether to be evaluated more quantitatively. 

It was pleasing to see that the desired enoate product was around 10 kcal mol-1 more 
stable than the alternative geometry and the two ester functionalities adopted the pre¬ 

ferred s-cis conformation. The calculated enoate dihedral angle (0 = C-C=C) of 165° 
also implied additional stabilization through conjugation. Horner-Wadsworth-Emmons 

olefination of the model compound 344 provided the desired macrocycle 345 in 86% 

yield and as a single diastereoisomer. Subsequent basic methanolysis resulted in facile 

tether cleavage, providing the corresponding hydroxy ester 346. 
A similarly tethered phosphonate was used to prepare the exocyclic olefin in 

Danishefsky’s synthesis of calicheamicinone 347 [147], Chemoselective acylation of the 

advanced intermediate 348 provided the olefination precursor 349, and subsequent 

cyclization gave 5-lactone 350, enforcing the desired stereochemistry of the double 

bond. The additional conjugative stabilization of the “exocyclic” olefin with the ester 

also facilitated subsequent transformations of the azide to the methyl carbamate func¬ 

tionality, and further manipulations ultimately led to the first synthesis of calicheamici¬ 

none 347 (Scheme 10-117). 
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347 

Scheme 10-117 A short tether ensures stereoselective incorporation of the exocyclic olefin func¬ 

tionality in calicheamicinone. 

10.9 Ullmann Coupling 

The Ullmann coupling and related reactions provide a useful route to biaryl ring systems 
[148], which occur in a number of biologically important natural products. Restricted 

rotation about the C-C bond connecting the two aryl rings leads to the formation of atro- 

pisomers, which are frequently configurationally stable even at elevated temperatures. 

As a result, biaryl systems have also become an extremely important source of chiral 

ligands for use in asymmetric catalysis. Methods for selectively preparing one atropiso- 

mer directly would circumvent the need for a tedious resolution of the racemate, which 

is the typical method for obtaining enantiomerically pure compounds. A number of 

research groups have tackled this problem by using a chiral, covalent tether to connect 

the two reacting aryl groups, thereby taking advantage of the intramolecularization of the 

process to transmit the asymmetry in the tether to the key C-C bond construction 

[149-153]. Clearly, if this approach is to compete with resolution protocols, tether for¬ 

mation and subsequent cleavage must be facile and high yielding, and the stereochemi¬ 

cal transcription excellent. 

Lipshutz and co-workers used a variety of readily available chiral diols to tether brom- 

onaphthyl precursors through a bis-ether linkage [149a]. The nature of the tether was 

found to be crucial for achieving high asymmetric induction. BINOL 351 was prepared 

using three different tethers with varying degrees of success (Scheme 10-118). Using a 
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lactic acid-derived tether (352), the binaphthyl product 353 was formed in 66% e.e., 

while a tether derived from mandelic acid (354) provided 355 in an improved 80-90% 
e.e. It was anticipated that increasing the gauche interactions in the tether, which were 

assumed to account for the stereochemical transcription, would increase the level of 

asymmetric induction. Diol 356, derived from tartaric acid, was therefore twice coupled 

to 1-bromo-2-naphthol using Mitsunobu reactions, to form the tethered precursor 357. 
Dilithiation with 'BuLi and treatment with CuCN presumably led to the formation of the 

higher-order cyanocuprate 358, which on exposure to 02 at 0 °C underwent oxidative 

coupling, providing a single diastereoisomeric product 359 in 78% yield. Benzylic oxi¬ 

dation with NBS followed by the addition of KOH solution accomplished tether cleav¬ 
age, providing enantiomerically pure BINOL351 (Scheme 10-118). 

352 R = Me 

354 R = Ph 
353 R = Me, 66% d.e. 

355 R = Ph, 80-90% d.e. 

Scheme 10-118 Appropriate choice of tether provided enantiomerically pure BINOL. 
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Iwasaki and co-workers have used a similar approach to prepare unsymmetrical bi¬ 

aryls [150], Although they did not address the issue of enantioselectivity, their use of sali- 
cyl alcohol 360 as the temporary connection illustrates a number of desirable features in 

good tether design. The different nucleophilicity of a phenolic, compared with a benzyl- 

ic, OH group allows the possibility for sequential, regioselective acylation of differently 

substituted 2-iodobenzoyl chlorides. For example, acylation of 360 with the benzoyl 
chloride 361 at low temperature proceeded regioselectively on the phenolic position but 

underwent complete acyl transfer on warming to room temperature to afford ester 362. 
Without isolation, addition of the benzoyl chloride 363 to the reaction mixture at -20 to 

-30 °C provided the diester 364 in 84% yield (Scheme 10-119). Intramolecular Ullmann 

coupling also proceeded in excellent yield when a dilute solution of the diester 364 in 
DMF was added to a suspension of copper powder in DMF at reflux. Regioselective and 

sequential cleavage of the ester groups might be a desirable process if separate elabora¬ 

tion of each released acid functionality was necessary. Hydrogenolysis proved to be most 
effective in selectively cleaving the benzylic ester, providing monoester 365 in 82% 

yield (Scheme 10-119). The salicyl alcohol template has proved to be highly efficient for 

the synthesis of a wide variety of unsymmetrical diphenic acid derivatives in addition to 

heterobiaryls [150]. 

Scheme 10-119 Salicyl alcohol is a useful template for the preparation of unsymmetrical biaryls. 
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10.10 Use of the Temporary Connection in Carbenoid Chemistry 

Marsden and co-workers have recently used a-diazo esters tethered through a silyl ether 

in stereoselective C-H insertion reactions to provide a novel route to 1,2,4-triols [154], 
For example, treatment of a-diazo silyl ether 366 with Rh11 octanoate generated the cor¬ 

responding carbenoid species, which underwent 1,5 C-H insertion exclusively into the 

equatorial C-H bond, providing oxasilacyclopentane 367 after reduction of the ester 

functionality with DIBALH (Scheme 10-120). It is noteworthy that the initially formed 

bicycle possesses a trans ring junction, whereas entry to similar systems using radical 
cyclization almost exclusively provides the cis product. This may be attributed to the 

avoidance of steric interactions between the cyclohexyl ring and the bulky rhodium cat¬ 

alyst in the insertion reaction. The silicon tether which had served to direct the insertion 

reaction then had to be unmasked to reveal the desired alcohol functionality. Standard 

protocols for achieving oxidative tether cleavage led to a competing Peterson-type 
olefination. Fortunately, the use of hot DMF as solvent alleviated this problematic side 

reaction, allowing triol 368 to be isolated in 35% yield from silyl ether 366 (Scheme 10- 
120). 

Et2SiCI2, Et3N, 

cat. DMAP, THF,' 

0 °C 

n2 

ii) LiTMP, -78 °C 

70% (from alcohol) 

Et .0. 

N2^'C02Et 

' Si — Et 

r^'-r 

368 

35% from 366 

Scheme 10-120 a-Diazo silyl ethers can be used in stereoselective 1,5 C-H insertion reactions. 

A similar tethering system was used to functionalize the A-ring of a number of steroid¬ 

al derivatives regio- and stereoselectively. However, attempts to extend the reaction to 

acyclic systems were less successful, providing mixtures of diastereoisomers. 

Transition metal-catalyzed carbenoid insertion into the n system of aryl compounds 

followed by ring expansion of the resultant [4.1,0]bicyclohepta-2,4-diene provides the 
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best route to tropylidenes. Sugimura and co-workers have shown that a chiral pentane- 
2,4-diol linker can be used to connect a diazo carbenoid precursor with a phenolic sub¬ 

strate to control the regio- and stereochemical outcome of the initial cyclopropanation 

reaction [155], Phenol-derived diazo ester 369 reacted in the presence of [Rh2(OAc)4] 

with complete regio- and stereocontrol, providing cyclopropane 370. This rearranged 
stereospecifically to a single, diastereoisomeric cycloheptatriene product 371, which was 

isolated in 80% yield after column chromatography (Scheme 10-121). The same group 
have used the same chiral linker to control the regio- and stereochemical outcome of oth¬ 

er reactions including a met a arene-alkene photocycloaddition and a diastereodifferen- 
tiating E-Z photoisomerization of cyclooctene [156], 

371 

Scheme 10-121 A chiral pentane-2,4-diol tether provides a diastereoselective route to tropyli¬ 
denes. 

10.11 The Temporary Sulfur Connection 

It would be impossible to write a chapter on the use of the temporary connection in 

organic synthesis without discussing the Eschenmoser sulfide contraction developed by 

the Eschenmoser group during their pioneering studies towards the total synthesis of 

vitamin B12 [157, 158]. Disconnecting the corrin nucleus of the vitamin B12 precursor, 
cobyric acid 372 revealed two similarly sized fragments 373 and 374 (Scheme 10-122). 

The most convergent route to the preparation of the thioamide fragment 374 entailed 

cleavage of the vinylogous amidine. The low reactivity of possible reaction partners ren¬ 

dered an intermolecular approach to this bond formation difficult and unviable. Eschen¬ 

moser elegantly by-passed this problem by constructing a sulfide bridge between the two 

reacting centers, bringing them into close proximity and enabling this crucial bond for¬ 

mation [157], 
There are two versions of the so-called sulfide contraction although both use a thio¬ 

amide as the source of sulfur (Scheme 10-123). In the alkylative version [159d, e], the 

thioamide behaves as a nucleophile, displacing a suitable leaving group a to a ketone 

and providing thioimino ester 375. In the presence of a suitable base, enolization can 

occur, allowing nucleophilic attack on the proximal electrophilic imine and generating 

an episulfide intermediate 376. Treatment with a thiophilic phosphine or phosphite caus¬ 

es extrusion of the sulfur tether, providing vinylogous amide 377, which is readily con- 
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Scheme 10-122 Partial retrosynthesis for vitamin B12. 

verted to the corresponding vinylogous amidine 378. The alternative procedure employs 

an oxidative coupling protocol to form the sulfide tether [159a, c]. Treatment of thio- 

amide 379 with benzoyl peroxide provides either the disulfide or thiolactam-S-oxide. 
Whichever is produced, the net result is to make the sulfur sufficiently electrophilic for 

it to be attacked by the enamide 380, providing the key sulfide intermediate 381. Heat¬ 

ing in the presence of a phosphine effects C-C bond formation and sulfur extrusion in 

one step (Scheme 10-123). In the actual synthesis of amidine 374, the oxidative coupling 

protocol was used, providing a highly efficient and convergent approach to this key 

intermediate in the synthesis of the corrin nucleus of cobyric acid 372 [159a], 

The ease with which C-S bonds are reductively cleaved makes a sulfide connection 

an attractive single-atom tether. Moyano, Pericas, and co-workers have used such a link¬ 

er in their synthesis of (+)-/Tcuparenone 382 [160]. It was envisaged that the cyclopen- 

tanone framework could be accessed using a Pauson-Khand reaction in which the acet¬ 

ylene and alkene components would be tethered through a sulfide bridge. Achiral auxil¬ 

iary attached to the olefin would impart diastereocontrol on the cyclization, forming a 

bicyclic product, and the sulfide tether would intramolecularize the process, facilitating 

the cyclization. The cupped shape of the resulting bicycle would then be exploited in a 

conjugate addition of a nucleophile from the less hindered convex face, installing the key 

stereocenter. Reductive cleavage of the sulfur bridge would unmask two methyl groups, 

with the third being incorporated using standard manipulations. Reaction of enyne 383 

with [Co2(CO)8] using NMO as a promoter gave an 8:1 diastereoisomeric mixture of 
bicycles with the desired (4/?,5S)-stereoisomer 384 predominating (Scheme 10-124). 



10.11 The Temporary Sulfur Connection 379 

alkylative sulfide 
contraction 

S O 

Anh * 
I 

375 

YY 
N HN 

"R1 
378 

YYY r3p 
^NH O 

377 R3P=S 

oxidative sulfide 
contraction 

BzOOBz 

\ 

or 

s' 
o 

A NH 

379 

Scheme 10-123 The two versions of the Eschenmoser sulfide contraction. 
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Scheme 10-124 A sulfide tether was used in the synthesis of /Tcuparenone. 
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Conjugate addition of a cuprate generated from p-MePhLi and Cul also proceeded with 

complete stereocontrol as predicted. Subsequent cleavage of the sulfide bridge with 

Raney nickel (Ra-Ni) revealed two of the three methyl groups, and further manipulations 

led to the synthesis of /3-cuparenone 382. The same group used a similar approach in the 
preparation of c/s-bicyclo[5.3.0]decan-8-ones and czT-bicyclo[6.3.0]decan-9-ones, pro¬ 

viding an entry into the guaiane and homoguaiane classes of natural products [161]. 

10.12 Metathesis 

Ring closing metathesis (RCM) has emerged as an important addition to the arsenal of 

methodologies used in modern organic synthesis and the introduction of readily handled 
ruthenium catalysts, e.g., 385, by Grubbs and co-workers, has further increased the 

synthetic utility of this reaction [162], Not surprisingly, the use of temporary tethering 

protocols in combination with the high efficiency of forming large rings (> 12) by RCM, 
has been explored (see Chapter 9). 

In a recent example, Grubbs wished to create an all-carbon analog of the cysteine dim¬ 

er 386, which contains a disulfide bridge [163], Intermolecular metathesis on (S)-C- 

allylglycine proved ineffective, even under forcing conditions. Once again, the use of a 
temporary connection proved to be an efficient solution to the problem. By connecting 

the amino acid monomers to a catechol template 387, RCM proceeded with good effi¬ 

ciency providing the 12-membered macrocycle 388 as a mixture of olefin isomers. 

Reduction of the olefin mixture and ester hydrolysis led to the desired amino acid analog 
389 (Scheme 10-125). 
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i) Pd / C, H2, 96% 

ii) 3N HCI - dioxane (1:1), 100 °C 

iii) propylene oxide, EtOH, 80 °C (95% two steps) 

0 O 

HC 

OH 

389 

Scheme 10-125 A catechol template makes possible the synthesis of a cysteine-dimer analog 
using RCM. 
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Evans and Murthy used RCM of enantiomerically enriched allylic alcohols tethered 
through a silicon atom to prepare the reduced carbohydrate D-altritol 390 [164], Treat¬ 

ment of diphenylsilyl acetal 391 with Grubbs’ catalyst 385 in CH2C12, heating at reflux, 

provided the CVsymmetrical silacycle 392 in excellent yield. Dihydroxylation of the cis- 

olefin and simple manipulations led to a facile, expeditious route to D-altritol (Scheme 
10-126). 
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Scheme 10-126 RCM provides a rapid synthesis of D-altritol. 

The mild conditions and high chemoselectivity of the metathesis reaction ensures that 

a wide variety of temporary connection strategies are compatible, and it is envisaged that 
this strategy will find increasing use in the future. 

10.13 Dotz Benzannulation 

The benzannulation reaction is a versatile method for the formation of polysubstituted 

aromatic compounds such as naphthoquinones. This three-component coupling involves 

the reaction between an a,/3-unsaturated Fischer carbene, an acetylene, and a CO ligand, 

and initially proceeds by cycloaddition of the alkyne with the carbene complex. The 

regioselectivity of this step is highly dependent on the substituents on the acetylene 

moiety and is usually low in the case of internal acetylenes. 

To overcome potential problems, Semmelhack et al. employed a tethered disubstitut- 

ed acetylene to control the regioselectivity of the synthesis of the internal six-membered 

ring in his synthesis of deoxyfrenolicin 393 [165]. Fischer carbene complex 394, bearing 

a pendant acetylene, was reacted in Et20 at 35 to 37 °C for 64 h, and after oxidative 
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workup with DDQ, provided the quinone 395 in 51% yield as a single regioisomer with 

the correct substitution pattern for subsequent conversion to deoxyfrenolicin (Scheme 

10-127). 

deoxyfrenolicin 

393 

steps 

5N H2S04, MeOH, 6 d 

OMe OH O 

Scheme 10-127 A tethered acetylene ensures the correct regioselectivity in the benzannulation 

reaction. 

10.14 Miscellaneous 

Moeller and co-workers have shown that electrochemically initiated oxidative cycliza- 

tion between enol ethers and between enol ethers and vinyl or allyl silanes proceeds with 

high stereoselectivity (Scheme 10-128) [166], They envisaged that the use of a tempo¬ 

rary tether to connect the reacting partners would provide a stereoselective route to qua¬ 

ternary centers in an acyclic system. A silicon tether was deemed most appropriate since 

it could be incorporated into one of the reacting partners as a vinylsilane. Accordingly, 

oxidation of precursor 396 provided a single isomeric product 397 in good yield, demon¬ 

strating the compatibility of the silicon tether to the electrolysis conditions (Scheme 10- 

128). 

In a related study, intramolecular oxidative coupling of enolate derivatives has been 

investigated by Schmittel and co-workers [167]. The intermolecular version of this reac¬ 

tion provides a useful route to 1,4-dicarbonyl compounds but typically suffers from low 

levels of stereoselectivity. Furthermore, in mixed systems, the desired heterocoupling 

products are often accompanied by appreciable amounts of homocoupling products. It 

was hoped that the use of a single metal for both enolate precursors with concomitant 

intramolecularization of the bond-forming event might overcome some of these problems. 
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Scheme 10-128 Electrochemical oxidative cyclization provides a route to stereodefined quater¬ 
nary centers. 

The silyl and titanium bis-enolates 398 and 399 were prepared and treated with a 
variety of single-electron transfer reagents. In the case of silyl bis-enolate 398, oxidation 

with [Fe(phen)3]3+ provided diketone 400 in moderate yield and good d.e. (Scheme 10- 
129). The titanium analog 399 reacted much more rapidly (1 min; cf. 12 h for 398) under 

similar conditions - which is in accord with its lower redox potential - but provided a 

1:1 mixture of meso/dl products. This result once more emphasizes the importance of 

the nature of the tether when C-C bond formation and tether cleavage both occur during 
the reaction. C-C bond formation occurs prior to tether cleavage only in the case of silyl 

enol ether 398, illustrating the increased levels of diastereocontrol typical of an intramo¬ 

lecular process. 

\ / 

O' 

398 

Cpx Cp 

.TL 

''x^Ph Ph'^/ 

2 eq. [Fe(phen)]3+, 

12 h, 57% 

2 eq. [Fe(phen)]3+, 

1 min, 39% 

399 

400 10:1 

Ph 

Ph 

Scheme 10-129 Intramolecular coupling of silyl bis-enolates occurs with good diastereocontrol. 
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The rigid, well defined structures of functionalized steroids provide a cheap and read¬ 

ily available source of chiral templates for use in a variety of molecular recognition pro¬ 
cesses. Maitra and Bandyopadhyay have used methyl 7-deoxycholate as a template in a 

stereoselective synthesis of the lj'-binaphthyl derivative 401 [168]. The two hydroxy 

groups at C-3 and C-12 are suitably sited for attaching naphthyl coupling precursors via 

ester linkages 402. Oxidative coupling between the naphthol units in 402 was best 

achieved using [Mn(acac)3] in MeCN, providing the binaphthyl product 403 in 65% 

yield and 65% d.e. Reductive cleavage and in situ acetylation then gave the enantiomer- 

ically enriched binaphthyl compound 401 (Scheme 10-130). Thus the steroidal template 
imparted a moderate degree of diastereoselection on the coupling reaction although fur¬ 

ther modification of the reaction conditions and the use of different steroid templates 

could improve the degree of asymmetric induction. The same group have also reported 
an enantioselective synthesis of Troger’s base using a similar templating strategy [169]. 

HO 

403 402 

Scheme 10-130 Methyl 7-deoxycholate provides a chiral template for the enantioselective syn¬ 

thesis of the binaphthyl compound 401. 

10.15 Concluding Remarks 

In this review we have tried to give some idea of the importance of the concept of using 

a temporary connection between two compatible reacting components for organic syn¬ 

thesis. This process of intramolecularizing an event often gives considerable advantages 

over its intermolecular counterpart and is a fairly established tactic for synthesis. How¬ 

ever, although a wide variety of methods are now available for linking the two reactive 

centers together and, similarly, for eventual removal of the temporary connection, we are 

not yet using the full power of this method as a primary design feature in synthesis; rath¬ 

er it is more commonly used to overcome problems encountered during the execution of 

the initially designed pathway. Nevertheless, as our knowledge increases and more meth¬ 
ods become available, we can consider using more imaginative routes based upon the use 

of the temporary connection. The whole area continues to grow and will become a cru¬ 

cial part of the synthetic planning process in the future. 
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10.16 Experimental Procedures 

10.16.1 Use of an Acetal Tether in Diels-Alder Reactions: 
IMDA Reaction of Dimethyl Acetal 28 (Scheme 10-9) [15] 

10.16.1.1 Tether formation 

Tebbe's reagent (1.35 mL of a 0.50 M solution in PhMe, 0.68 mmol) was added dropwise 

over 5 min to a solution of acetate 29 (87 mg, 0.62 mmol) in PhMe (0.93 mL), THF 

(0.31 mL), and pyridine (10 pL) at -40 °C. After 15 min, the solution was warmed to rt 
over 2 h and then stirred for a further 2 h. The reaction mixture was cooled to -10 °C and 

NaOH (0.19 mL of a 15% aqueous solution) was carefully added. The mixture was 

warmed to rt and stirring continued until no effervescence was observed. Et20 (8 mL) 
was then added and the reaction mixture dried (Na2S04) and filtered through Celite®. 

Removal of the Et20 in vacuo provided an orange solution, which was further diluted 
with pentane (30 mL). Filtration through Celite® and removal of the pentane in vacuo 

provided a yellow solution of the vinyl ether 30 (ca. 0.3 M solution in PhMe) which was 
used directly in the next step. A solution of methyl 4-hydroxybut-2-enoate 3 (60 mg, 

0.52 mmol) in PhMe (1 mL) and [Pd(COD)CL] (35 mg, 0.12 mmol) were added sequen¬ 

tially to the solution of 30, and the resulting mixture was stirred at rt for 24 h. Pyridine 
(20 pL) was then added. The mixture was diluted with Et20 and filtered through Celite®. 

Removal of the solvent in vacuo provided a yellow oil which was purified by flash col¬ 
umn chromatography [Et20/petroleum ether (40-60 °C boiling point fraction), 1:4] to 

yield the triene 28 as a colorless oil (112 mg, 71%). 

10.16.1.2 IMDA reaction and tether cleavage 

A solution of triene 28 (100 mg, 0.39 mmol) in Et20 was filtered through an alumina col¬ 

umn, dried by azeotroping with PhMe (3x 10 mL) and then redissolved in dry PhMe 

(15 mL). The resulting solution was degassed by the freeze-pump-thaw technique and 
then heated at 165 °C for 2.5 h in a sealed tube. Removal of the solvent in vacuo provid¬ 

ed a mixture of diastereoisomeric cycloadducts (ratio 2.7 :1, 94 mg, 94% mass recov¬ 

ery). Concentrated HC1 (two drops) was added to a solution of the cycloadducts in 

MeOH (10 mL) and the reaction mixture stirred for 2 h. Solid NaHC03 was then added 

until effervescence ceased. The solid was removed by filtration and the residue washed 

with CH?CL. The combined organic fractions were concentrated in vacuo and purifica¬ 

tion of the residue by flash column chromatography [EtOAc/petroleum ether (40-60 °C 

boiling point fraction), 3:17] provided the hydroxy lactones 31 and 32 (2.7 :1, 76 mg, 

72%). 
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10.16.2 Use of a Boronate Tether in Diels-Alder Reactions: 
IMDA Reaction between Anthrone 50 
and Methyl 4-Hydroxybut-2-enoate 3 (Scheme 10-19) [20a] 

10.16.2.1 Tether formation and IMDA reaction 

A solution of methyl 4-hydroxybut-2-enoate 3 (20 mg, 0.17 mmol) in pyridine (1.5 mL) 

was added to a solution of anthrone 50 (33 mg, 0.17 mmol) and PhB(OH)2 (22 mg, 
0.18 mmol) in pyridine (1.5 mL). The resulting solution was then heated at reflux for 5 h 

with azeotropic removal of H20. Removal of the solvent in vacuo and purification of the 

residue by preparative thin layer chromatography (hexane/EtOAc, 3:1) provided the 

Diels-Alder adduct 51 (55 mg, 81%), m.p. 218 °C. 

10.16.2.2 Tether cleavage 

A solution of the boronate 51 (38 mg, 0.10 mmol) in THF (3 mL) was added to hydrogen 

peroxide (30% solution, 5 mL) and the mixture was stirred at rt for 12 h. NaHS04 (1 g) 

was then added and the product was extracted with CH2C12 (2x25 mL). The combined 

organic extracts were washed with brine and dried (Na2S04). Removal of the solvent in 
vacuo and purification of the residue by preparative thin layer chromatography (hexane/ 

EtOAc, 3:1) provided the diol 52 (27 mg, 90%), m.p. 136 °C. 

10.16.3 Use of the (Bromomethyl)dimethylsilyl Ether Group in a Radical 
Cyclization in the Synthesis of Talaromycin A, 140 [54] 

10.16.3.1 Tether formation 

Et3N (40 pL, 0.29 mmol) and imidazole (20 mg, 0.29 mmol) were added to a solution 

of (4/?,8/?)-8-ethyl-4-hydroxy-l,7-dioxaspiro[5.5]undec-2-ene (38 mg, 0.29 mmol) in 
DMF (2 mL) and the resulting solution was stirred for 5 min. (Bromomethyl)dimethyl- 

silyl chloride (40 pL, 0.29 mmol) was then added and the reaction was stirred for 3 h. 

The reaction was quenched by the addition of NaHC03 solution (satd) and diluted with 

Et20. The organic layer was washed with brine, dried (MgS04) and then concentrated in 

vacuo. Purification of the residue by flash column chromatography (EtOAc/hexane, 

1:1) provided the silyl ether 139 as a labile, colorless oil (62 mg, 93%). 

10.16.3.2 Radical cyclization and tether cleavage (Scheme 10-47) 

A solution of Bu3SnH (60 pL, 0.21 mmol) and AIBN (9 mg, 0.05 mmol) in benzene 

(1 mL) was added via syringe pump over 2 h to a solution of silyl ether 139 (62 mg, 

0.18 mmol) in benzene (4 mL, degassed) heated at reflux. The reaction mixture was 

heated for a further 5 h and then concentrated in vacuo to provide the crude silacycle, 

which was used directly: the crude product was added to a mixture of H202 (30% solu¬ 

tion, 0.2 mL), NaHC03 (30 mg), MeOH (2 mL) and THF (2 mL) and the mixture heat- 
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ed at reflux for 12 h. After cooling to rt, the mixture was diluted with H20, NaHS03 

(10% solution) and NaHC03 (10% solution) and then placed in a continuous extractor 

and extracted with Et20 for 4 h. Concentration of the Et20 layer and purification by flash 

column chromatography (EtOAc/hexane, 1:9 to neat EtOAc) afforded talaromycin A, 
140 (34 mg, 84%). 

10.16.4 Use of Acetals in Intramolecular O-glycosylation: 
Synthesis of ethyl 2,3,6-Tri-O-benzyl-4-0-(3,4,6-tri-0-benzyl- 

/3-D-mannopyranosyl)-a-D-glucopyranoside 246 (Scheme 10-77) 
[89c] 

10.16.4.1 Tether formation 

pTSA • H20 (5 mg, 0.028 mmol) was added to a cooled (-40 °C) solution of vinyl ether 

244 (374 mg, 0.699 mmol) and alcohol 245 (325 mg, 0.699 mmol) in CH2C12 (15 mL). 
The progress of the reaction was carefully monitored by thin layer chromatography and 

quenched by the addition of Et3N (0.1 mL) when the product spot was major. Concentra¬ 
tion of the reaction mixture and purification of the residue by flash column chromatog¬ 

raphy (EtOAc/hexane, 18 : 82 + 0.1 % Et3N) provided the acetal 243 as a colorless syrup 

(397 mg, 57%). The product decomposed after extended periods (>24 h) unless stabi¬ 
lized in an organic solvent (CH2C12 or EtOAc/hexane) with added Et3N (0.5%) (shelf- 

life >2 months). 

10.16.4.2 Glycosylation and tether cleavage 

4-Me-DTBP (56 mg, 0.028 mmol) was added to a solution of acetal 243 (55 mg, 

0.055 mmol) in CH2C12 (5 mL) at 0 °C. NIS (62 mg, 0.280 mmol) was then added in one 

portion and the reaction mixture was allowed to warm to rt. After 18 h, Na2S203 (3 mL 

of a 0.5 M solution) was added. CH2C12 (10 mL) was then added and the resulting solu¬ 
tion was washed with H20 (2x 10 mL). The phases were separated and the organic 

fraction dried (MgS04), filtered, and concentrated. Purification of the residue by flash 

column chromatography (EtOAc/hexane, 2: 3) provided the disaccharide 246 as a clear 

syrup (38 mg, 77%). 
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