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CHAPTER 1 

GENERAL INTRODUCTION 

1.1 INTRODUCI'ION 

Knowledge of the molecular action of èomplex biological systems has increased 

vastly over the last few decennia. Research bas vshown that the phenomenon of self

assembly is playing a crucial role in the specific and selective action of 

biomacromolecules. The most striking example may well be the double-helix structure of 

DNA, due to intermolecular hydrogen bonding between two DNA strands. This and many 

other examples found in nature have triggered research on the topic of macromolecular 

systems, which derive their specific functional properties from their (supra)molecular 

architecture. 

Recently, the synthesis and development of suprarnolecular complexes have lead to 

new concepts in material research. One of the oldest and most elegant examples of a 

functional organic material is the liquid crystal. Liquid crystals owe their properties from 

secundary interactions in the oriented pbase1• Other examples include the self-assembly 

through hydrogen bonding in cyanuric acid/melamine complexes2 and hydrogen-bonding 

control of molecular aggregation in the solid starel. A high degree of organized disorder, 

in combination with provided self-assembly, should allow better insight into the action 

and mechanism of molecular matenals with interesting electrical, magnetic, optical, or 

mechanical properties. On the other hand, research on these kinds of matenals can lead to 

a better onderstanding of the action and mechanism of natura! systems. By synthesizing 

and studying these complex structures an effort to close the gap between, on the one 

hand, (supra)molecular arrangement and, on the other hand, functional properties is 

made. 

One of the most intriguing developments in the preparation of molecular matenals 

with one-dimensional architectural features is found in the synthesis of conjugated poly

mers via ring-opening metathesis polymerization (ROMP) of olefins, giving rise to 

polymers with an accurately defined molecular weight and a narrow molecular weight · 

distribution4• The effectiveness of this metbod is elegantly illust~ted by the synthesis of 

polyacetylene via the Durham roureS (see Figure l.l) .. This metbod also shows the appli-
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cation of another important strategy in the preparation of specialty polymers, i.e., the so

called precursor :route. Using this approach, a soluble precursor polymer is synthesized, 

e.g., by ROMP or by Ziegler-Natta polymerization, after which the polymer is subjected 

to reaction in which certain fragments are eliminated, hence, giving the desired polymer. 

The main advantage of using a precursor route lies in the fact that many conjugated 

polymers are intraetabie materials, thus limiting the processing into useful shapes and 

morphologies. Use of a precursor route allows p:rocessing to take place at the soluble 

precursor polymer, after which conversion to the desired polymer is brought about. 

ROMP Ä~~·©C 
n 

Figure 1.1: The synthesis of polyacetylene via the Durham route. 

Extension of the one-dimensional specialty polymers into two dimensions cati. be 

accomplished by preparation of ladder polymers. Two-dimensional, ribbOn-type conju

gated polymer structures are known to exhibit better thermal stability and higher rigidity 

than their one-dimensional analogues. The synthesis of defect-free ladder polymers is a 

demanding tásk which has attracted the attention of many research groups6• The main 

synthetic strategies for the prepariltion of these materials romprise the utilisation of repeti

tive cycloaddition reactions and, more recently, a two-step approach in which a linear 

polymer is subjected to polymer-analogoos ring-ciosure reaelions under the formation of 

ladder structures. Typical examples are linear rulenes (see Figure 1.2). 

R R 

Figure 1.2: Structure of linear rulenes. 
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Recently, progress in the research on two different classes of three-dimensional 

molecular materials has caught much attention. The first case comprises the preparation 

and characterization of a class of new carbon allotropes, fullerenes. Considering their 

structure, the synthesis of fullerenes is amazingly simple. Macroscopie amounts of the 

compound c60 (the most abundant fullerene), along with mixtures of other c2n species, 

were isolated from soots produced by vaporization of graphite7• The nowadays commonly 

accepted structure for fullerenes, i.e., hollow, spheroidal shells of carbon, and C60, i.e., 

a truncated icosahedron, was predicted by Kf9tO, Smalley, and their co-workers as early 

as 19858• The availability of relatively easily prepared and purified samples of c60 has 

started an avalanche of work designed to elucidate the structure of the compound and its 

analogues. Besides that, much attention has been paid to the preparation and characteriz

ation of several derivatives of C60• Both heavy-metal derivatives and alkali-metal interca

lates have been studied. Among the latter the potassium derivatives have been accorded 

most attention. Solid C60 adds potassium and rubidium to form the series MxC60 (x = l-
6) with the metal cations places at interstitial sites9• The adducts with x < 6 are conduc

tors with maximum conductivity at composition M3C60• Superconductivity was shown to 

take place with MxC60 <Tc = 18 K for M = K and Tc = 28 K for M = Rb)10• An 

interesting example of heavy-metal derivatives of C60 comprises LaC60, a compound 

whose structure is very different from those of the alkali-metal intercalates and, in fact, 

carries the metal ion inside the cage11 • 

Another class of structures which has attracted increasing attention recently consti

tutes highly branched polymers, more generally known as dendrimers. Dendrimers are 

strongly branched macromolecules with a precisely defined number of branching points 

and end groups, synthesized via a stepwise, repetitive reaction sequence12. The typical 

molecular structure of dendrimers results in some remarkable properties. De Gennes et aL 

showed that a dendrimer series should reach a so-called limit generation beyond which 

branchlog can no longer occur in an ideal fashion13• More recently, it has been shown 

that advancemant to higher-generation dendrimers ultimately leads to this new critical 

branching state14• At this critically branched generation, an apparent surface association 

occurs to yield solvent-tilled spheroids, which are believed to be excellent cavities to 

effect host-guest complexes. Moreover, it has been shown that dendrimer surfaces exhibit 

fractal characteristics15. To date, a large varlation of dendritic structures have been 

prepared, including dendrimers containing complexating agents, metallo-organic 

dendrimers, biochemically active dendrimers, liquid crystalline dendrimers, and chiral· 

dendrimers16• One particularly remarkable example is the coupling of a dendritic wedge 

with c60 by the groups of Fréchet and Wudl17, thereby combining two actual topics in 

the field of molecular materials. 
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All in all, exciting new developments on the topic of (supra)molecular chemistry 

and the relationship between (supra)molecular arrangement and functional properties are 

continuing to expand. Eventually, learning to use the smallest bUilding blocles known, 

i.e., molecules, as souree and carrier of information will open complete new possibilities. 

1.2 OUTLINE OF THE THESIS 

The thesis focuses on the synthesis and characterization of materials possessing 

new architectural features. The construction of these new materials requires novel syn

thetic routes, eventually leading to strategies applicable to other classes of, compounds. 

Insight in their characteristic behaviour may possibly be extended to other,. likewise, 

systems, thereby contributing in closing the gap between the issue of molecular structure 

and of macroscopie architecture. 

Cbapter 2 deals with our attempts for the synthesis of 3,3-diethynyl-1,4-

pentadiyne (tetraethynylmethane), a possible precursor for .the preparation of new carbon 

allotropes. Two different synthetic approaches were investigated. The fust approach 

oomprises a strategy in which. all four substituents are manipulated simultaneously. An 

important intermediate in this strategy is 3,3-diethenyl-1,4-pentadiene (tetravinylmethane), 

which could be synthesized from diethyl 3-oxopentanedioate (diethyl acetonedicarbo

xylate) in an improved yield as compared to the literature18• Subsequent efforts in the 

multiple bromination/dehydrobromination of tetravinylmethane all failed, however, 

possibly due to the instability of tetraethynylmethane itself19. The seco~d approach 

constitutes a strategy using consecutive manipulation of the various substituents. This 

approach was shown to be viabie for the synthesis of tetravinylmethane. Introduetion of 2-

bromoethenyl or 2,2-dibromoethenyl moietes, as required for the preparation of 

tetraethynylmethane, faltered, presumably because of steric reasons. All further attempts 

for the preparation of tetraethynylmethane were abandoned when Feldman et. al. reported 

its successful synthesis19• 

Cbapter 320 describes the synthesis and characterization of several ethenyl-substi

tuted polyacetylenes via a precursor route. By Ziegler-Natta polymerization of suitable 0-

trimethylsilylbut-3-yn-1-ol derivatives (RCH(OSiM~)CH2C aCH), the corresponding 

polyacetylenes were obtained. A desilylation/dehydration Se<fuence was feasible for R 

being small and unsaturated. In the case of R = CH=CHCH3 and R = CH=CH2, 

dehydration and activation with iodine fumished a semiconducting material for R = 
CH=CHCH3 and a non-conducting material for R = CH=CH2• Pyrolysis at elevated 

temperatures resulted, after activation with iodine, in a conducting material for R = 
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CH=CHCH3 and a semiconducting material for R = CH=CH2. 

Chapter 421 •22•23 deals with the synthesis of ebiral dendrimers, of which the 

chirality is based on constitutionally different branches attached to an essentially non

ebiral core. This type of dendrimers should allow insight into the relationship between 

chirality and conformational flexibility. The dendritic wedges were synthesized via the 

convergent route24, while attachment of these wedges to the pentaerythritol core was 

effected by a newly developed route, using selective proteetion and deprotection. This 

resulted in a thirteen-step synthesis for ebiral dendrimers like l in their racemie forms. 

Efforts for the resolution of the dendrimers comprised chromatographic, enzymatic, and 

chemical methods, all of which failed to give the desired enantiomèrically pure 

dendrimers. 
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Cbapter 521• 22• 23 adresses the topic of degree of chirality in dendrimers. By 

assessing the relative difference in weight between the various wedges, it can be con

cluded that our dendrimers beoome increasingly achiral with inc~sing size. However, 

this argument only bears validity in the case of complete conformational freedom. 1H

NMR spectra of dendrimer 1 and its higher generation analogue suggest this assumption 

to be true for these low-generation cases. 1H-NMR spectroscopy in various solvents 

revealed dendrimer 1 to possess a ebiral shape, while for the higher generation equivalent 

the same condusion could not be drawn. The question remains what behaviour of the 

higher generation equivalents will show as the situation of restricted mobility will be 

reached. Moreover, a complete 1H- and 13C-NMR assignment for precursors of the 

dendrimers 1 and 2 was possible by means of variotis 2D-NMR experiments. 
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CHAPTER2 

THE ATIEMYfED SYNTHESIS OF 

TETRAETHYNYLMETHANE 

Abstract 

The synthesis of tetraethynylmethane (3,3-diethynylpenta-1,4-diyne) was investigated by two 

different synthetic approaches. These approaches oomprise the all-in-one method, in which all 

substituents are ttansformed simultaneously, and the step-by-step method, in which the substituents 

are manipulated consecutively. The all-in-one approach proceeded via 3,3-bis(carboxymethyl)

pentanedioic acid and tetravinylmethane (3,3-diethenylpenta-1,4-diene). A yield of 9.6 % could be 

obtained in the fitleen-step synthesis of ca. 90 % pure tetravinylmethane. Subsequent bromination 

and dehydrobromination of tetravinylmethane fatled to give any tetraethynylmethane, probably due. 

to the instability of tetraethynylmethane itself. The step-by-step approach was investigated through 

the synthesis of a multi-substituted pentaerythritol derivative. Repeated deprotection, oxidation of 

the resulting alcohol, and Wittig reaction was shown to be a viabie route by the use of 

methyltripbenylphosphorane, yielding the corresponding vinyl derivatives. Ho wever, the introdue

tion of several bromo-substituted alkene fragments by means of bromo-substituted methyltri

phenyl-phosphoranes faüed to show any significant reaction, because of steric effects. Further 

efforts towards the synthesis of tetraethynylmethane were abandoned when its synthesis was 

described in the literature by the group of Feldman (J. Am. Chem. Soc. 115, 3846 (1993)). 

2.1 INTRODUeTION 

Chemists have synthesized a massive !J.mount of hydrocarbon compounds, based on 

the formation of stabie C-C bonds. A longstanding interest to produce hydrocarbons with 

a decreasing H vs. C ratio was triggered by the beautiful molecular structures of carbon 

allotropes. Until recendy, diamond and graphite have been the only well-defined carbon 

allotropes obtainable in macroscopie quantities. Both compounds have an enormous 

interest in various applications. Diamond is well known for its unique mechanical prop

erties, which are unequalled by hardly any other compound. Graphite, on the other hand, 

is of interest because of its thermic and electrical properties. 

Only a few years ago, a complete new class of carbon allotropes was discovered. 

Researchers of the Exxon Research Laboratones discovered in 1984 that laser-induced 
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Fig. 2.1: The molecular structure of the jive fullerenes isolated in a pure form. 

vaporization of graphite produced exclusively carbon clusters contaioing an even number 

of carbon atoms, all in the range of C40-<;oo 1• In 1985 Kroto and Smalley iexplained the 

presence of these clusters by the formation of a whole class of compounds with a cagelilre 

carbon structure containing a central cavity2. Especially the extraordinary slability of a 

C60 species in these mixtures prompted them to propose the nowadays commonly 

accepted structure of ~. being the already mentioned cageJike carbon slre1eton having a 

truncated icosahedral shape (see Figure 2.1). They designated these compounds as 

fullerenes, while C60 was named buck:minsterfullerenel, the general definition of fulle

renes being molecules of composition Cw+zm containing 12 five-membered and m six

membered rings. This publication induced many researchers to. predict the three-dimen

sional structure and properties of several fullerenes theoretically. The calculated IR-spec

trum4 of C60 proved to be essential for its discovery, after which Krii.tscbmer et al. 

isolated considerable amounts of ~ from soot, arising from resistance induced heating 

of graphite under an inert atmosphereS. Tagether with C60 four other fullereoes could be 

isolated and characterized in a pure form, i.a., chiral fullerenes as shown in Figure 

2.12.5·6• Moreover, a number of higher fullerenes could be isolated and characterized as 
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mixtures 7,8. 

Parallel with the research on fullerenes, the search for carbon allotropes derived 

from polymer-like systems has witnessed an increasing attention9• The design, prepara

tion, and study of n~ molecular and polymerie carbon-allotropes have become of major 

importance, leading to a substantial increase in the basic knowledge of carbon-composed 

materials. A large variety of structures has been proposed. However, besides in synthetic 

organic chemistry, relatively little attention has been given to the synthesis of these 

materials, probably due to the postulated thermadynamie instability, compared to diamond 

and grapbite. But, the thermadynamie instability of C60 is considerable (4Hl 9.08 

kcallmol per C-atom10, the value for graphite is 0.0 kcal/mol and for diamond 0.4 

kcallmol) and yet C60 is a kinetically stabie compound under ambient conditions. It is 

therefore reasonable to argue that synthetic carbon allotropes will show this kinetic 

stability as well, thus making their synthesis feasible, as is shown by the synthesis of 

linear acetylenic carbon (the "sp" carbon allotrope)11• 

Of all the structures imaginable, carbon networks derived from acyclic acetylenes 

as monomeric precursors oompose the most important and interesting class. The two

dimensional, planar carbon nets 1 and 2, for instance, both originating from 

"tetraethinylethene" (3,4-diethynylhex-3-ene-1,5-diyne) 3, are typical examples12• Among 

the possible three-dimensional carbon networks is 4, whose structure is based on the 

carbon skeleton of allene 5. Remarkable are the two orthogonal polyene ebains consisting 

entirely of sY-carbon atoms. The most intriguing example, however, is the three-tiimen

sional diamondoid carbon network ei, originating from "tetraethynylmethane" (3,3-

diethynylpenta-1,4-diyne) 7 as monomer13
• lts interest sterns from the fact that 6 shows 

lack of extended acetylenic ..--conjugation and therefore should be relatively stabie oom

pared to other two- and three-dimensional carbon networks. Although its structure looks 

quite simple, monomer 7 has been elusive for a long time, in contrast to tetraethy

nylsilane, -tin and -germanium14• 

2.2 TBE DIFFERENT SYNTBETIC APPROACHES TO TETRA
ETBYNYLMETIIANE 

Principally the synthesis of tetraethynylmethane 7 can be approached by two 

different synthetic pathways. These strategies oomprise an all-in-one approach, in which· 

all substituents are manipulated simultaneously, and a step-by-step approach, in which the 

different substituents are manipulated one after another. 
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The flrst synthetic èffort towards tetraethynylmethane was undertaken by Alberts 

and Wynberg15• Their synthetic strategy was based on the step-by-step approach with 

various ethynyl substituents already present in the molecule before construction of the 

complete carbon skt<leton, as is shown in Scheme 2.1. The key intermediate in this 

approach is triethynyl methanol 10. This was synthesized from the secondary alcohol16 8 

by oxidation with potassium dichromate-sulfuric acid, providing ketone 9, foliowed by the 

addition of (trimethylsilyl)ethynyllithium to yield 10. Subsequent attempts to quatemize 

the central carbon atom in 10 by various methods failed however15•17. 

8 

K2Crpp~S04 
acetone, 10 •c 

Scheme 2.1 

9 

J 
UC""""CSiMe3 
hexane, rt 

10 

Our attempts to synthesize tetraethynylmethane are described in the next Sections. 

Firstly, the synthesis of tetraethynylmethane via the all-in-one approach will be discussed 

and, secondly, efforts employing the step-by-step approach will be presented. 

2.3 THE SYNTHESIS OF TETRAETHYNYLMETIIANE VIA THE 

ALL-IN-ONE APPROACH 

As mentioned before this Section deals with the synthesis of tetraethynylmethane 

using the all-in-one approach. An example of this strategy is the synthesis of tetraethynyl

methane 7 via "tetravinylmethane" 11 (3,3-diethenylpenta-1 ,4-diene)13• The idea bebind 

this strategy is the fact that double bonds can be converted into triple bonds quite easily 

via a bromination/dehydrobromination procedure. The flrst synthesis of tetravinylmethane 

was publisbed by Berger et al. 18 in 1963. Departing from 1 ,4-pentadiene, they syn-
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thesized tetravinylmethane in an overall yield of 2.5% (see Sçlteme 2.2). The main advan

tage of this metbod is the limited number of reaction steps needed in the synthesis. The 

drawbacks, however, are, on the one hand, the relatively low yields, caused by the 

formation of substantial amounts of the sideproducts 13b and 15b and, on the other hand, 

the difficult separation of these side products from the main products. Another route to 

tetravinylmethane is the metbod of Gleiter et al. 19, based on work of Ingold and 

Nickolls20 and of Backer21• The key compound in this synthesis is 3,3-bis(carboxy

methyl)pentanedioic acid. In the following Sections we describe our attempts to synthesize 

tetravinylmethane by this metbod and subsequent efforts in the bromination/dehydro

bromination of this compound in order to obtain tetraethynylmethane. 

2.3.1 The synthesis of tetravinylmethane 

As mentioned in the preceding Section our fust goal was to synthesize tetravinyl

meiliane by a modification of the metbod of Gleiter et al.19•20•21 as is showh in Scheme 

2.3. Starting compound is diethyl 3-oxopentanedioate Ui, which was subjeeled to reaction 

by the carefut actdition of phosphorus pentachloride, followed by hydralysis with hydro

chloric acid to yield 3-chloropent-2-enedioic acid 17 in a yield of 69 %. Subsequent 

esterification with ethanoVsulfuric acid gave the corresponding diethyl ester 18 in a yield 

of 71 %. Reaction of 18 with the sodium salt of diethyl malonate, subsequent hydrolysis 

and decarboxylation of the intermediate with boiling hydrochloric acid, followed by 

esterification with ethanoVsulfuric acid, respectively, resulted in triester 19 (70 % ). 

Michael-addition of the sodium salt of ethyl cyanoacetate to 19, followed by hydrolysis 

and decarboxylation with sulfurie acid gave tetraacid 20, which was obtained as a colour

less crystalline solid in 53 % yield after recrystallization from water. 

Having obtained the desired acid 20, we focused our attention towards the remaio

der of the synthesis of tetravinylmethane (see Scheme 2.4). Esterification of 20 with eth

an(}l and sulfurie acid gave the corresponding tetraethyl ester 21 in 89 % yield21 • Reduc

tion with lithium aluminum hydride in THF subsequently yielded tetraol 22 .as a white 

crystalline solid after recrystallization from acetonitril (61 %). 

In order to get access to tetravinylmethane via a multiple bromination/dehydro

bromination procedure we modified the Gleiter procedure, carrying out the elimination 

experiments with the tetraiodide derivative, as the use of iodide as nucleofuge promotes 

elimination, compared to bromide and mesylate. Consequently, tetraol 22 was converted 

into tetramesylate 23 and, subsequently, into tetraiodide 24. Tetramesylate 23 was pre

pared by reacting tetraol 22 with methanesulfonyl chloride in anhydrous pyridine at 5 oe 
(77 % ). Conversion of tetramesylate 23 into tetraiodide 24 was accomplished by reaction 
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with sodium iodide in refluxing 2-butanone (80 %). 1H-NMR experiments, using 24 as 

substrate, with a number of bases and solvents (e.g., applying DBU, LiO-ter~-Am, NaO

tert-Am, and KO-tert-Bu as base and pyridine, DMSO, toluene, THF, and 

diethyleneglycol as solvent, carrying out the reaelions at different temperatures) showed 

eliminalion to occur most effectively in DMSO with KO-tert-Bu as base at room tempera

ture. Therefore, we chose to carry out the eliminalions under these condilions on a 

preparalive scale. Eliminalion was achieved in almost quanlitalive yield, resulling in 
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tetravinylmethane 11 with a purity of approximately 90 %, the other I 0 % probably 

consisting of material resulting from nucleophilic substitution. It should be noted, how

ever, that the yield of the elimination was influenced by the amount of substrate used. 

The almost quantitative yield was only reached when approximately one gram of substrate 

was used. Carrying out the elimination with larger amounts of substrate had a negative 

effect on both the yield of the elimination and the purity of the product. The overall yield 

for tetravinylmethane from diethyl acetonedicarboxylate 17 amounted to 9.6 %, an 

improvement compared to yields reported in the literature19•20•21 • 

2.3.2 Halogenation experiments 

With the desired tetravinylmethane in hand, our next aim now was to study its 

behaviour in brominationldehydrobromination experiments, as this is the basic reaction 

sequence for the transformation a double bond into a triple bond and, hence, for the 

conversion of the four ethenyl groups of tetravinylmethane into ethynyl moieties. Scheme 

2.5 depiets theideal reaction sequence for the formation of tetraethynylmethane. 

bromination elimination 

11 25 7 

Scheme 2.5 
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The brommation of an olefine can be effected in several ways. The most common 

metbod is bromination witb bromine at 0 oe in an apolar solvent such as carbon tetra

chloride. Another metbod, which according to tbe literature shows high yields, is bromi

nation witb copper(Il) bromide in a po lar solvent such as acetonitril22• To delermine the 

most suitable metbod, model experiments with 3,3-dimetbylbut-1-ene, trimetbylvinyl

silane, and tetravinylsilane were carried out. 

Firstly, bromination of 3,3-dimethylbut-1-ene was effected via botb methods. 

Comparison of tbe yields clearly showed, in our case, the metbod employing bromine to 

be superior to tbe metbod using copper(Il) bromide (98 % vs. 73 % ). Applying the same 

procedure to trimethylvinylsilane, a compound which is isosteric witb 3,3-dimetbylbut-1-

ene, resulted at first instanee in an unforeseen product. Not the expected (1,2-

dibromoethyl)trimethylsilane was formed, but instead we obtained a crystalline solid, 

being trimethyl(1,1,2-tribromoethyl)silane, as was proven by 1H-NMR spectroscopy and 

elemental analysis. A possible explanation for the formation of this product is given in 

Figure 2.2. Initially, the expected dibromo derivative (1,2-dibromoetbyl)trimetbylsilane is 

indeed formed. The presence of a small excess of bromine and, hence, a small amount of 

bromine radicals then induces a radical reaction, resulting in the perceived product. This 

explanation is supported by the observation that (1,2-dibromoethyl)trimethylsilane (witb a 

purity of ca. 80 %) is formed if the bromination is performed with very slmy addition of 

bromine to the reaction mixture. 
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Figure 2.2: A possible explanation for the formation of 

trimethyl(l, 1 ,2-tribromoethyl)silane upon reaction of trimethylvinyl

silane with bromine. 



The last model compound we used was tetravinylsilane, a compound which is 

isosteric with tetravinylmethane. earrying out the bromination with bromine in an apolar 

solvent at 0 oe furnished a white, crystalline solid, recrystallizable from acetonitril, in an 

excellent yield (98 ~). 1H-NMR spectroscopy and elemental analysis demonstrated this 

solid to be pure tetrakis(l,2-dibromoethyl)silane. No evidence for the occurrance of a 

radical reaction was found, probably caused by the precipitation of the product upon its 

formation, leaving no opportunity for the bromine radicals to react with the product. All 

in all, these model experiments indicated that the best metbod for the bromination of 

tetravinylmethane comprised the addition of bromine to a solution of the substrate in 

carbon tetrachloride at 0 oe. 

4.50 PPM 3.50 

Fig. 2.3: The1H-NMR spectrum ofthe product obtained by bromination of 

tetravinylmethane. 

Prompted by the successful brominations of the model compounds, we employed 

the same metbod for the bromination of tetravinylmethane. eonsequently, bromine was 

added to a cooled (icelsalt bath) solution of tetravinylmethane 11 in carbon tetrachloride, 
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after which the solvent and the excess bromine were evaporated in vacuo. This procedure 

resulted in a semi-solid, showing no characteristic 1H-NMR resonances of alkene moi

eties. Instead a pattem of peaks as is shown in Figure 2.3 was observed. The complexity 

of the 1H-NMR spectrum originates from two sources. The first and most important 

reason lies in the fact that derivative 25 exists as a mixture of several stereoisomers and, 

moreover, as several conformational isomers, as rotation around the various C-C bonds 

will be severely hindered by the bulky groups present in the molecule. The second reason 

for the complex 1H-NMR spectrum can be found in the fact that the purity of 

tetravinylmethane as used by us was only 90 % (see previous Section). The 1H-NMR 

resonances of these impurities are located at about the same chemieal-shift area as the 

resonances of octabromo derivative 25. Other available analytical techniques for the 

determination of the identity of the obtained compound, such as elemental ~ysis and 

mass spectroscopy, were not appropriate as these techniques require a minimium purity 

which, in our case, could not be obtained. Nevertheless, as determined by the disap

pearance of the vinylic 1H-NMR resonances and by the smooth bromination of 3,3-

dimethylbut-1-ene, it can be safely assumed that a certain amount of 25' was indeed 

formed. These problems can be circumvented by distilling tetravinylmethane in a 

Kugelrohr apparatus prior to the bromination procedure, a possibility not available to us 

at the time. Still, the obtained, contaminated octabromo derivative 25 was !tested in an 

elimination procedure in order to asses the validity of our route. 

2.3.3 Dehydrobromination experiments 

The last step in our synthesis towards teraethynylmethane via the all-in-one 

approach comprised the eightfold elimination of hydrogen bromide from 25. Again, 

several test reaelions were carried out to determinate a suitable elimination procedure. 

Choosing the same procedure as for the synthesis of tetravinylmethane, all test com

pounds were reacted with potassium ten-butoxide in anhydrous DMSO at room tempera

ture. 

This procedure was applied to 1,2-dibromo-3,3-dimethylbutane, distilling off the 

product from the reaction mixture after completion of the reaction. 1H-NMR spectroscopy 

of the reaction mixture clearly showed complete conversion into 3,3-dimetllylbut-1-yne. 

However, only a yield of 56 % was reached after distillation: This disappointilng yield can 

be explained by two effects. Fîrstly, a relatively low proportion of product distilled off at 

all, even after extraction of the reaction mixture with heptane and subsequent distillation. 

Secondly, the tett-butanol formed during the reaction distills off together with the desired 

product and could only be removed by washing the crude product with water, foliowed by 

28 



redistillation. Nevertheless, these problems are not expected to be of the same importance 

in the case of tetraethynylmethane as its higher boiling point allows extraction of the 

reaction mixture with a low boiling solvent (e.g., pentane) foliowed by distilllation. 

Attempts for the dehydrohalogenation of the bromination product of 

trimethylvinylsilane and tetravinylsilane did not yield the expected ethynyltrimethylsilane 

and tetraethynylsilane, respectively. Instead, the corresponding bromosilane and vinyl 

bromide derivatives were formed. Thus, ( 1, 1 ,2-tribromoethyl)trimethylsilane produced 

bromotrimethylsilane and 1,1-dibromo-ethene, while tetrakis(l,2-dibromoethyl)silane pro

duced tetrabromosilane and bromoethene. Clearly, these silyl analogues aren't good model 

compounds for the elimination procedure of 3,3-dimethylbut-1-ene and tetravinylmethane, 

since no elimination takes place at all, but instead cleavage of the silicon-carbon bond 

occurs. 
With this in mind we performed dehydrohalogenation experiments at the product 

of the bromination of tetravinylmethane. After reaction with potassium ten-butoxide in 

anhydrous DMSO at room temperature, no acetylenic resonances could be detected at all 

in the 1H-NMR spectrum, even after repetitive attempts. Unclear at that moment, the 

reason for this phenomenon became apparent only much later after the publication of 

Feldman et al. 23, in which they describe the succesfut synthesis of tetraethynylmethane. 

From their results it is concluded that tetraethynylmethane is only stabie in dilute solution 

at lower temperatures. Consequently, the stability of tetraethynylmethane is not sufficient 

enough under the reaction conditions of the dehydrobromination to give a product in 

which acetylenic rooieties are still present. 

2.4 TBE SYNTIIESIS OF TETRAETHYNYLMETHANE VIA A 

MULTI-SUBSTITUTED PENTAERYTHRITOL DERIV ATIVE 

2.4.1 Synthesis of the multi-substituted pentaerythritol derivative 

After abandoning the approach as described in the previous Section and before the 

Feldman route towards tetraethynylmethane was disclosed, we turned our attention 

towards the second synthetic strategy for the synthesis of tetraethynylmethane, being the 

step-by-step approach. This metbod makes use of the possibility of synthesizing a multi

substituted pentaerythritol derivative containing various protecting groups. The idea is to 

remove the protecting groups selectively, after which the resulting alcohol is oxidized to 

the corresponding aldehyde. The resulting aldehyde is subjected to Wittig reacrions in 
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order to yield its alkene analogue. The use of a Wittig procedure at this stage allows the 

introduetion of a nurober of different alkene rooieties, e.g., ethenyl, 2-:brorooethenyl, and 

2,2-dibromoethenyl groups, while the application of a consecutive strategy enables con

version of the broroo-substituted alkene rooieties into ethenyl groups and subseq~ent 

proteetion of the ethynyl rooieties during interroediate stages of the synthesis. 

The pentaerythritol derivative we used to accoroplish this contained a MEM 

protecting group, two discriminabie TBDMS protecting groups and an aldehyde moiety 

30 



(31). This compound rould "be prepared via a procedure partly described by Vik24 (see 

Scheme 2.6). Diethyl (ethoxymethylene)malonate (26) was treated with sodium ethoxide 

in absolute ethanol at 45 oe to give diethyl (diethoxymethyl)malonate 27 (78 % ). Treat

ment of 27 with pota_ssium carbonate and paraformaldehyde in anhydrous DMF produced 

diethyl (diethoxymethyl)(hydroxymethyl)malonate (28) in 82 % yield. The alcohol moiety 

of 28 was proteeled as its MEM ether using MEM chloride and DIPEA in anhydrous 

dichloromethanel' (81 %). Lithium aJuminurn hydride reduction of the malonate diester 

then smoothly furnished diol 30 (86 %). Subsequent proteetion of the diol as the bis 

TBDMS-ether by treatment with TBDMS chloride and imidazole in anhydrous DMF26, 

foliowed by acid-catalyzed hydrolysis of the acetal functionality (using a catalytic amount 

of p-toluenesulfonic acid monohydrate in refluxing acetone for 15 minutes) to furnish 

aldehyde 31 in moderate yield. 

In the next Section, the behaviour of aldehyde 31 in various Wittig reactions in 

order to assess the feasibility of this route in the synthesis of tetraethynylmethane will be 

described. 

2.4.2 Critical Wittig reactions 

In initia! experiments we performed a Wittig reaction at 31 using methyltriphe

nylphosphonium bromide and butyllithium in anhydrous diethyl ether, producing alkene 

32 (65 %; see Scheme 2.7). At this stage of the synthesis we aimed at removal of the 

MEM protecting-group by reaction with anhydrous, powdered zinc(Il) bromide in 

dichloromethanel'. However, carrying out this reaction did not cleave the MEM group, 

but instead one of the two TBDMS groups was removed selectively to give alcohol 33 in 

good yield. This reaction is believed to proceed via the build-up of a zinc(II) complex in 

which the various oxygen atoms act as ligands. Breakdown of the complex is accom

plished by cleavage of the weakest bond, being one of the two silicon-oxygen bonds. 

Oxidation of 33 with PDC in anhydrous dichloromethane, furnishing aldehyde 34 (63 % ), 

and another Wittig reaction using methyltriphenylphosphonium bromide and butyllithium 

gave diene 35 in moderate yield. Basically, this procedure of deprotection, oxidation and 

Wittig reaction can be repeated until all four bubs are transformed into ethenyl moieties, 

rendering tetravinylmethane (11). However, as described in the previous Section, it is 

virtually not possible to transform tetravinylmethane into tetraethynylmethane. Therefore, 

we introduced a modification at the Wittig stage of the synthesis to gain access to 

halogen-substituted alkenes. 

Conversion of aldehydes into bromoethenyl and dibromoethenyl groups is well 

documented. This route leaves the possibility of partial ronversion · into alkyne moieties 
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during intermediale stages of the synthesis. If necessary, possible trimethylsilyl proteetion 

of the alkyne moieties can be taken into account via this procedure. Firstly, aldehyde 31 

was subjected to tbe Corey-Fuchs version of the Wittig reaction27• The aim of this 

reaction was to obtai!l derivative 36, containing a 2,2-dibromoethenyl substituent, as it is 

known that 2,2-dibromoethenyl groups can be transformed into ethynyl moieties by treat

ment with butyllithlum in THF27• Repetitive attempts to synthesize compound 36 failed to 

show any reaction, however, leaving us only witb starting material. 

Alternatively, aldehyde 31 was subjeeted toa Wittig reaction with bromomethyltri

phenylphosphonium bromide and potassium tert-butoxide as base28, with the aim of trans

forming the aldehyde moiety into a 2-bromoethenyl substituent (37). Again, however, 

repetitive attempts failed to give a successful reaction. A possible explanation for the 

reluctance of 31 to convert into 36 or 37 originates from steric effeets. The build-up of a 

betaine structure containing one or two bromo atoms is severely hampered by the pres

enee of the two bulk:y TBDMS proteeting-groups. 

Altogether, this strategy did not prove to be successful. The possibility of design

ing a similar synthesis, using different proteering groups or using the same proteeting 

groups in a different order, may be an answer to this problem. Further attempts in thîs 

direction were deserted, however, when Feldman et al. reported the successful synthesis 

of tetraethynylmetbane23. 

2.5 CONCLUSIONS 

By a modification of lirerature procedures19•20•21 tetravinylmethane could be syn

thesized with a purity of ca. 90 % and an overall yield of 9. 6 %, superseding the yields 

previously reported18•19•20•21 • Bromination of tetravinylmethane was, according to reac

rions with model compounds, best carried out with bromine in carbontetrachloride at 0 

°C. According to the disappearance of the vinyl proton resonances in the 1H-NMR 

spectrum, conversion of the double bonds took place. No definite condusion could be 

drawnon the formation of octabromo compound 25 beeause of the complexity of the 1H

NMR spectrum. Elimination experiments with 25 revealed conversion to take place, but 

no evidence of formation of triple bonds was found at all, according to 1H-NMR spectro

scopy. The explanation for this was found in the workof Feldman et al.23, who were able 

to synthesize tetraethynylmethane. They found tetraethynylmethane to be stabie only in 

dilute solutions at lower temperatures. Hence, the route proposed by us may yield 

tetraethynylmethane, but due to its instability immediately degrades, thus making it 

impossible to synthesize tetraethynylmethane via this route. 
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Another synthetic route to tetraethynylmethane comprised the preparation of a 

multi-substituted pentaerythrititol derivative. The idea of consecutive deprotection, oxida

tion, and Wittig reaction . was shown to be viable. However, the desired reaction 

sequence, proceeding via 2-bromoethenyl or 2,2-dibromoethenyl derivatives, was not suc

cessful as the corresponding Wittig reaelions did not proceed at all, probably due to 

crowding in the bulky substrate. 

Further attempts towards the synthesis of tetraethynylmethane were abandoned 

when Feldman et al. 23 successfully reported its synthesis. This elegant route, using bis

ethynyl ketone 38 as starting compound, is an example of the step-by-step approach. The 
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key steps oomprise the acid-mediated Johnson orthoester variant of the Claisen rearrange

ment and an acetylene-synthesis step via a modification of a procedure reported by 

Shibuya29 as is shown in Scheme 2.8. 

2.6 EXPERIMENT AL SECTION 

All chemieals used were of the purest grades commercially available and pur

chased either from Fluka or from lanssen Chimica. Anhydrous dichloromethane was 

prepared by distillation from K2C03, anhydrous DMF by vacuum distillation after stand

ing on BaO for 72 hrs, and anhydrous THF by distillation from lithium alominurn 

hydride. Dry diethyl ether was prepared by standing on CaCl2 and subsequent drying with 

sodium wire. All reactions employing anhydrous solvents were routinely carried out under 

an argon atmosphere. 
1H-NMR spectra were measured on a Bruker AM-400 spectrometer at 400.13 

MHz. 13C-NMR spectra were run at the same apparatus at 100.62 MHz with proton noise 

decoupling. All NMR samples were routinely dissolved in CDCI3, unless otherwise 

stated, and all 3 values are given in ppm downfield from tetramethylsilane. 

Boiling points are given uncorrected. Melting points are given uncorrected as well 

and were measured on a Linkam THMS 6000 hot stage, using a Linkam TMS 91 control

ler. TLC was performed with Merck 60 F254 silica-gel plates and compounds were visual

ized with 12 vapours or under UV light (À = 254 nm). Column chromatography was 

accomplished with Merck silica gel60, 70-230 mesh ASTM. 

2.6.1 Synthesis 

3-Chloropent-2-enedioic acid (17). 

Diethyl 3-oxopentanedioate 16 (45. 7 g; 0.23 mol) and phosphorus pentachloride 

(48.0 g; 0.23 mol) were mixed as rapidly as the brisk evolution of hydrogen eh ride 

allowed, keeping the temperature below 50 oe. After the reaction had ceased, the eac

tion mixture was poured into ice/water (800 ml). Extraction of the aqueous phase with 

diethyl ether (3x300 ml), drying of the organic phase (MgS04), and evaporation the 

solvent yielded a red oil, which was treated with 6 N hydrochloric acid (180 ) by 

boiling under reflux. Evaporation of the hydrochloric acid, addition of diethyl ether (250 

ml), drying of the organic phase (CaCl2), and evaporation solvent yielded the desi acid 

in a yield of 25.5 g (69%). 1H NMR (CD3CN): ó 4.03 (s, 2H, CHz), 6.29 (s, lH, H). 
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13C NMR (CD3CN): o 41.9 (CHz), 122.5 (CH), 148.6 (CCI), 165.5 and 169.4 (carbo

nyl). 

Diethyl khloropent-2-enedioate (18). 

A mixture of 17 (24.8 g; 0.15 mol), ethanol (150 ml), and concentraled sulfurie 

acid (7 ml) was heated in a flask provided with a 10 cm fractionating column attached to 

a condensor. The mixture was kept at its boiling point while ethanol vapour was passed in 

from another flask until ca. 350 ml had colleeled in the receiver. Addition of water (400 

ml), extraction of the aqueous phase with diethyl ether (3x300 ml), washing of the com

bined organic layers with aqueous sodium carbonate (3x300 ml), drying (MgSO~ and 

evaporation of the solvent yielded the pure ester in a yield of 59.1 g (65%). 1H NMR: o 
1.28 (t, 6H, CH3, 3JHH = 7.0 Hz), 3.46 (s, 2H, CH2CC1), 4.20 (q, 4H, Ocll2, 3JHH = 
7.0 Hz), 6.20 and 6.26 (ds, lH, CH). 13C NMR: ö 13.9 and 14.4 (CH3), 41.4 (CHz), 

60.6 and 61.2 (OCHz), 120.0 and 121.9 (CH), 140.9 and 146.8 (CCl), 164.0 and 167.7 

(carbonyl). 

Diethyl 3-[(ethoxycarbonyl)methyl]pent-.1-enedioate (19). 

To a salution of sodium ethoxide in absolute ethanol (prepared from .sodium {5.5 

g; 0.24 mol) and absolute ethanol (500 ml)) was added dropwise diethyl malonate (41.1 

g; 0.26 mol). This was stirred for 30 mins and diester 18 (42.2 g; 0.19 mol) was added 

dropwise during 1 hr, after which the reaction mixture was heated on a steam bath for 

another 30 mins. The mixture was then · cooled down to room temperature and 

subsequently poured into water (1 1). The resulting liquid was extracted with jfiethyl ether 

(3x500 ml) and the organic layer was separaled, dried (MgSO~, and concentraled in 

vacuo to give an oilish liquid. The oil was heated at 125 °C under a pressure of 0.02 

Torr to remove all volatile contaminations and, subsequently, hydrolysed by boiling with 

6 N hydrochloric acid (400 ml) for 48 hrs, after which the reaction mixture was concen

traled in vacuo. Diethyl ether (500 ml) was added, the organic layer seMfaled, dried 

(CaClz) and concentraled in vacuo. The crude product was esterified with i ethanol and 

concentraled sulfurie acid as described for 18. The yield of triester was 35.8 g (70 %). 
1H NMR: ö 1.26 (m, 9H, CHJ), 3.29 and 3.87 (ds, 4H, CCHz), 4.15 {m, 6H, OCHz), 

5.96 (s, lH, CH). 13C NMR: ö 14.2 (CH3), 36.8 and 44.0 (CHz), 60.2, 60.9, and 61.2 

(OCHz), 122.6 (monosubstituled unsaturaled carbon), 146.2 (disubstituled unsaturated 

carbon), 165.6, 169.7, and 170.1 (carbonyl). 

3,3-Bis(carboxymethyl)pentanedioic acid (20). 

To a salution of sodium ethoxide in absolute ethanol (prepared from sodium (2.8 
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g; 0.12 mol) and absolute ethanol (150 mi)) was added dropwise ethyl cyanoacetate (14.8 

g; 0.13 mol). This was stirred for 30 mins after which a solution of triester 19 (17.7 g; 

0.065 mol) in absolute ethanol (70 ml) was added dropwise during 1 hr. The reaction 

mixture was boiled under reflux for 5 hrs, after which the gelatinous product was mixed 

with 6 N hydrochloric acid (500 ml). This was subsequently extracted with diethyl ether 

(4x300 ml) and the combined organic layers were wasbed with aqueous sodium carbonate 

(4x300 mi) and water (3x300 ml), respectively. Drying and evaporation of the solvent 

gave the crude cyano ester. The crude ester was mixed with concentraled sulfurie acid (40 

ml) and stirred at room temperature for 16 hrs, after which water (40 mi) was added. The 

reaction mixture was then boiled under reflux for another 14 hrs and cooled to room 

temperature. The resulting crystals were fittered off and wasbed with 1 M hydrochloric 

acid. Purification was accomplished by recrystallization from water and yielded pure 20 

(8.5 g; 53 %), m.p. 243.5-246 oe (lit.21 : m.p. 248°C). 1H NMR (CD30D): o 2.82 (s, 

8H, CH~, 4.91 (s, 4H, OH). 13C NMR (CD30D): ó 35.4 (quaternary carbon), 40.3 

(CH~, 174.9 (carbonyl). Anal. Calcd. for ~H1208 : C, 43.56; H, 4.87. Found: C, 

44.31; H, 4.87. 

Diethyl 3,3-bis[(ethoxycarbonyl)methyl]pentanedioate (21). 

Tetraacid 20 (16.2 g; 65.1 mmol), ethanol (150 mi), and concentraled sulfurie acid 

(27 ml) were mixed in a flask provided with a 10 cm fractionating column attached toa 

condensor. The mixture was kept at its boiling point while ethanol vapour was passed in 

from another tlask until ca. 750 ml had colleeled in the receiver. The contentsof the flask 

were ponred onto ice/water (600 mi) and the resulting mixture was extracled with diethyl 

ether (3x600 ml). The combined organic layers were wasbed with aqueous sodium car

bonate (3x300 ml) and brine (3x150 ml), respectively, dried (MgS04), and concentraled 

in vacuo to give pure tetraester 21 in a yield of 21.9 g (93%). 1H NMR: ó 1.24 (t, 12H, 

CH3, 3JHH = 6.9 Hz), 2.80 (s, 8H, CH~, 4.10 (q, 4H, OCH2, 3Jllli = 6.9 Hz). 13C 

NMR: ó 14.2 (CH3), 35.6 (qnaternary carbon), 39.9 (CHz), 60.4 (OCHz), 171.4 (carbo

nyl). 

3,3-Bis(2-hydroxyethyl)pentane-1,5-diol (22). 

To a suspension of lithium alnminurn hydride (35.0 g; 0.92 mol) in anhydrous 

THF (400 ml) was added dropwise a solution of tetraester 21 (21.4 g; 70.3 mmol) in 

anhydrous THF (75 ml). This mixture was boiled under reflux for 100 hrs, after which 

water (35 ml), aqueous sodium hydroxyde (15% m/v; 35 ml), and, again, water (105 mi) 

were added carefully. The resulting solid was filtered off by means of a sintered glass 

filter. Soxhlet extraction of the resulting solid with 2-propanol (650 mi) for 20 hrs, 
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evaporation of the solvent, and recrystallization from acetonitril yielded the pure com

pound in a yield of 7.6 g (56 %), m.p. 102.5-103.5 oe. 1H NMR (eD30D): a 1.56 

(deceptively simple AA'BB', SH, eH2), 3.64 (deceptively simpte AA'BB', 8H, HOCH2), 

4.90 (s, 4H, OH). 13e NMR (eD30D): a 36.3 (quaternary carbon), 40.8 (eH:z>, 58.8 

(HOCH2). Anal. ealcd. for c;H200 4: e, 56.36; H 10.74. Found: e, 56.23; H, 10.49. 

3-[ (Metbanesulfonyl)oxy]-2,2-bis[[ (metbanesulfonyl)oxy ]metbyl)propyl metbanesulfo

nate (23). 

A solution of tetraol ll (4.5 g; 24 mmol) in anhydrous pyridine (90 ml) was 
cooled to -5 oe by means of an icelsalt bath. To this solution was added dropwise 

methanesulfonyl chloride (21.7 g; 190 mmol) at such a rate that the temperature did not 

rise above 5 oe. The reaction mixture was stirred foranother 25 hrs at 4 oe, after which 

it was poured into 1.5 M hydrochloric acid (500 ml). The resulting suspension was 

filtered, yielding almost pure tetramesylate 23. Purification was accomplished by 

recrystallization from methanol, resulting in pure tetramesylate 23 (11.2 g; 94 %), m.p. 

111-112.5 oe. 1H NMR (eD3eN): a 1.86 (deceptively simpte AA'BB', 8H, CH2), 3.04 

(s, 12H, CH3), 4.29 (deceptively simple AA'BB', 8H, MsOCH2). 13e NMR (eD3CN): a 
36.0 (eH2), 36.9 (quaternary carbon), 37.4 (eH3), 67.6 (Ms0CH2). Anal. Calcd. for 

e 13H280 12S4: C, 30.94; H, 5.59. Found: e, 31.20; H, 5.30. 

3,3-Bis(2-iodoethyl)-l,5-düodopentane (24). 

A solution of tetramesylate 23 (3.5 g; 6.9 mmol) and sodium iodide (16.4 g; 109 

mmol) in 2-butanone (150 ml) was boiled under reflux for 120 hrs, after which the 

reaction mixture was poured into water (600 ml). Extraction of the mixture with 

dichloromethane (3x250 ml), washing of the combined organic layers with water (3x100 

ml), drying (MgSO~, and evaporation of the solvent fumished crude tetraiodide 24. 

Purification was accomplished by means of recrystallization from chloroform and gave 

3.5 g of the pure compound (80%), m.p. 236-237 oe. 1H NMR: a 1.91 (m, SR, eH2), 

3.04 (m, 8H, IeH2). 13e NMR: ó 29.7 (quatemary carbon), 30.9 (eH2), 48.7 (ICH2). 

Anal. Calcd. for <;H16I4: e, 17.11; H, 2.67. Found: C, 16.99; H, 2.55. 

Tetravinylmetbane (ll). 

To a solution of 24 (1.0 g; 1.6 mmol) in anhydrous DMSO (25 ml) was added 

potassium ten-butoxide (1.9 g; 16 mmol). The reaction mixture was stirred for 40 .hrs 

and, subsequently, poured into water (100 ml), foliowed by extraction of the aqueous 

phase with pentane (3x75 ml). The combined organic layers were wasbed with water (50 

ml), dried (MgSO~ and concentraled in vacuo without heating to give tetravinylmethane 
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in a purity of ca. 90 %. Yield: 0.2 g (100 %). 1H NMR: ö 4.98-5.13 (AB part of ABX, 

8H, alkene eH2, 
2
JHH = 1.4 Hz, 3

JHH, cis = 10.5 Hz, 3
JHH, trans = 17.5 Hz), 5.77 (X 

part of ABX, 4H, alkene eH, 3
JHH, cis = 10.5 Hz, 3

JHH, trans 17.5 Hz). 13e NMR: o 
40.6 (quatemary carbon), 115.0 (eH2), 141.2 (eH). 

3,3-Bis(l,2-dibromoethyl)-l,2,4,5-tetrabromopentane (25). 

A solution of tetravinylmethane 11 (0.2 g; l. 7 mmol) in anhydrous carbon 

tetrachloride (15 ml) was cooled by means of an icebath. A solution of bromine (1.5 g; 

9.4 mmol) in anhydrous carbontetrachloride (10 ml) was added dropwise during 4 hrs and 

the solution was stirred at room temperature for another 40 hrs. The reaction mixture was 

then concentraled in vacuo, which resulted in 0.43 g of a semisolid. The 1H- and 13e

NMR spectra could not be interpreled satisfactorily (see Section 2.3.2 for more details). 

Dietbyl (diethoxymethyl)malonate (27). 

Toa solution of sodium ethoxide in absolute ethanol (prepared from sodium 2.0 g; 

0.087 mol) and absolute ethanol (1 1)) was added diethyl (ethoxymethylene)malonate 26 

(129.5 g; 0.60 mol). This was stirred at 50 oe for 4 hrs, after which the mixture was 
neutralized with glacial acetic acid to neutrality. After evaporation of the ethanol, the 

residue was taken up in dichloromethane (500 ml). Washing of the dichloromethane with 

water (2x150 ml), drying (MgSO,V, and evaporation of the solvent gave the crude prod

uct, which was purified by means of distillation in vacuo, b.p.0.08 86-88 oe. Yield: 122.6 

g (78 %). 1H NMR: ó 1.19 (t, 6H, eH3 ester, 3JHH = 7.1 Hz), 1.27 (t, 6H, eH3 acetal, 
3JHH = 7.1 Hz), 3.58-3.78 (m, 5H, OCH2 acetal and eH(e02Et)z), 4.21 (q, 4H, OCH2 

ester, 3JHH = 7.1 Hz), 5.11 (d, lH, eH(OEt)2, 3JHH = 8.6 Hz). 13e NMR: ö 13.9 

(eH3 ester), 15.2 (eH3 acetal), 57.1 (CH(e02Eth), 61.4 (OCH2 ester), 63.2 (OCH2 

acetal), 100.9 (eH(OEt):z), 166.0 (carbonyl). 

Diethyl (diethoxymethyl)(hydroxymethyl)malonate (28). 

A mixture of diethyl (diethoxymethyl)malonate 27 (122.1 g; 0.465 mol), powdered 

potassium carbonare (7.2 g; 0.028 mol), paraformaldehyde (23.9 g; 0.796 mol), and 

anhydrous DMF (400 ml) was stirred at room temperature for 48 hrs. To the reaction 

mixture was added water (1 I) and the mixture was extracted with dichloromethane 

(3x500 ml). Washing of the combined organic layers with water (6x400 ml), drying 

(MgSO,V, and evaporation of the solvent gave the crude product, which was distilled in 

vacuo, b.p.o.o7 107-109 oe. Yield: 111.1 g (82 %). 1H NMR: o 1.21 (t, 6H, eH3 ester, 
3JHH = 7.0 Hz), 1.26 (t, 6H, eH3 acetal, 3JHH = 7.1 Hz), 3.21 (t, lH, OH, 3JHH = 

6.9 Hz), 3.7()..3.92 (m, 4H, OCH2 acetal), 4.17-4.25 (m, 6H, OeH2 ester and HOCH~, 
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5.19 (s, lH, CH(OEt)~. 13C NMR: o 13.9 (CH3 ester), 15.2 (CH3 acetal), 61.3 (OCH2 

ester), 61.5 (HOCH~, 63.4 (quatemary carbon), 66.9 (OCH2 acetal), 105.2 (CH(OEt)~, 

167.3 (carbonyl). 

Diethyl (dietboxymethyl)[[ (2-methoxyethoxy)methoxy ]methyl]malonate (29). 

A solution of MEM chloride (49.3 g; 0.40 mol), alcohol 28 (77.5 g; 0.27 mol), 

and diisopropylamine (70 ml) in anhydrous dichloromethane (170 ml) was stirred until 

TLC analysis showed complete conversion (ca. 6 hrs, eluent: hexane/ethyl acetate 2:1 

v/v). Washing of the reaction mixture with aqueous, saturated sodium bicarbonate (3x300 

ml), drying of the organic phase over MgS04, and evaporation of the solvent gave the 

crude product which was distilled in vacuo, b.p.0.os 139-142 "C. Yield: 81.2 g (81% ). 
1H NMR: ó 1.21 (t, 6H, CH3 ester, 3JHH = 7.0 Hz), 1.26 (t, 6H, CH3 aeetal, 3JHH = 
7.1 Hz), 3.40 (s, 3H, OCH3), 3.54-3.84 (m, 8H, OCH2 acetal and OCH2CH20), 4.11 (s, 

2H, MEMOCH~, 4.18-4.26 (m, 4H, OCH2 ester), 4.71 (s, 2H, OCH20), 5.04 (s, lH, 

CH(OEt)2). 13C NMR: o 13.9 (CH3 ester), 15.1 (CH3 acetal), 58.9 (OCH3), 61.1 (OCH2 

ester), 63.7 (quatemary carbon), 66.0 (OCH2 acetal), 66.6 and 71.7 (OCH2CH20), 67.2 

(MEMOCH~, 95.8 (OCH20), 103.0 (CH(OEt)~, 167.6 (carbonyl). 

l-(Diethoxymethyl)-2-[[ (2-methoxyethoxy)metboxy ]methyl]propane-193-diol (30). 

To a suspension of lithium aluminum hydride (19.1 g; 0.50 mol) in anhydrous 

diethyl ether (500 ml) was added dropwise diester 29 (78.8 g; 0.21 mol) at such a rate 

tbat gentie reflux of the diethyl ether was maintained. during the reaction: The mixture 

was allowed to stand at room temperature for another hour, after which water (20 ml), 

aqueous sodium hydroxide (15 % m/v; 20 ml), and, again, water (60 ml) were added 

carefully. Piltration of the resulting suspension and evaporation of the ~lvent yielded 

32.8 g of the pure product (86%) as a colourless liquid. 1H NMR: ó l.Û (t, 6H, CH3 

acetal, 3JHH = 7.1 Hz), 2.86 (br s, 2H, OH), 3.39 (s, 3H, OCH3, 3.53-3.92 (m, l4H, 

OCH2 acetal, OCH2CH20, HOCH2, and MEMOCH~, 4.64 (s, lH, CH(OEt)~, 4.72 (s, 

2H, OCH20). 13C NMR: ó 15.4 (CH3 acetal), 48.4 (quatemary carbon), ,58.9 (OCH3), 

62.3 (HOCH~, 66.4 (OCH2 acetal), 66.9 and 71.7 (OCH2CH20), 67.7 (MEMOCH2), 

95.6 (OCH20), 106.1 (CH(OEt)~. 

2.2-Bis[[ (tert-butyldimethylsilyl)oxy ]metbyl]-3-[ (2-metboxyethoxy)metboxy)propanal 

(31). 

A solution of 30 (4.4 g; 15 mmol), imidazole (6.1 g; 89 mmol), and TBDMS 

chloride (6.7 g; 44 mmol) in anhydrous DMF (15 ml) was stirred for 24 hrs, after which 

1he reaction mixture was taken up in water (75 ml). Extraction with diethyl ether (2x70 
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mi), washing of the combined organic layers with water (3x50 ml), drying (MgSO~, and 

evaporation of the solvent yielded the bis-silyl derivative of 30 as an oil (contaminated 

with a little ten-butyldimethylsilanol). A solution of p-toluenesulfonic acid monohydrate 

(0.83 g; 4.4 mmol) and the crude oil in acetone (80 ml) was boiled under reflux for 15 

mins. The reaction mixture was cooled down to room temperature and aqueous sodium 

bicarbonate was added (5 % w/v; 50 mi), after which the acetone was removed on a 

rotary evaporator. Diethyl ether (100 mi) was added to the resulting mixture and the 

organic layer was separated from the aqueous layer. The organic phase was then extracted 

with aqueous, saturated sodium bicarbonate (3x75 ml), dried (MgS04), and concentraled 

in vacuo to give the crude aldehyde, which was purified by column chromatography with 

hexane/ethyl acetate 6:1 v/v as eluent Qy = 0.31). This gave a colourless liquid in a 

yield of 3.4 g (50%). 1H NMR: ö 0.05 (s, 12H, Si(CH3h), 0.87 (s, 18H, SiC(CH3))), 

3.39 (s, 3H, OCH3), 3.53-3.66 (m, 4H, OCH2CH20), 3.73 (s, 2H, MEMOCH2}, 3.83 

(m, 4H, TBDMSOCHv, 4.68 (s, 2H, OCH20), 9.69 (s, IH, aldehyde proton). 13C 

NMR: ó -5.7 (Si(CH3)v, 18.1 (SiC(CH3)J), 25.7 (SiC(CH3)J), 57.6 (quatemary carbon}; 

59.0 (OCH3), 60.3 (TBDMSOCHv, 65.3 (MEMOCHv, 66.7 and 71.6 (OCH2CH20), 

95.8 (OCH20), 204.8 (carbonyl). 

3,3-Bis[[ (tert-butyldimethylsilyl)oxy ]methyl]-4-[ (2-methoxyethoxy)methoxy ]but-1-ene 

(32). 

To a suspension of methyltriphenylphosphonium bromide (2.9 g; 8.0 mmol) in 

anbydrous diethyl ether (50 ml) was added butyllithium (4 ml of a 2.5 M salution in 

hexane), which resulted in a deep red solution. This was stirred for 2 hrs, aftet which a 

solution of aldehyde 31 (3.2 g; 7.2 mmol) in anhydrous diethyl ether (25 ml) was added, 

resulting in a light brown suspension. After boiling the mixture under reflux for 17 hrs, 

pentane (75 mi) was added. Piltration of the resulting suspension, washing of the salution 

with brine (3x75 mi), drying (MgSO~, and evaporation of the solvent gave the crude 

alkene. Column chromatography with hexane/ethyl acetate 8: I v/v as eluent (R_r = 0.33) 

gave the pure product as a colourless liquid in a yield of 2.3 g (71 %). 1H NMR: ö 0.02 

(s, 12H, Si(CHJ)z), 0.88 (s, 18H, SiC(CH3))), 3.40 (s, 3H, OCH3), 3.54-3.69 (m, lOH, 

TBDMSOCH2, MEMOCH2, and OCH2CH20), 4.70 (s, 2H, OCH20), 5.09-5.17 (AB 

part of ABX, 2H, alkene CH2, 
2
JHH = 1.5 Hz, 3

JHH, cis = 11.3 Hz, 3
JHH, trans = 18.0 

Hz), 5.84 (X part of ABX, lH, alkene CH, 3JHH, cis 11.3 Hz, 3
JHH,trans = 18.0 Hz). 

13C NMR: 3 -5.6 (Si(CH3)z, 18.2 (SiC(CH3)J), 25.9 (SiC(CH3)J), 47.7 (quatemary 

carbon), 59.0 (OCH3), 63.3 (TBDMSOCH2), 66.5 and 71.7 (OCH2CH20), 68.8 

(MEMOCHv, 96.0 (OCH20), 114.9 (alkene CHv. 139.2 (alkene CH). 
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2-[[ (tert-butyldimethylsilyl)oxy ]methyl]-2-[[ (2-methoxyethoxy)methoxy ]methyl]but-3-

eo-l-ol (33). 

To a vigorously stirred solution of alkene 32 (2.0 g; 4.5 mmol) in anhydrous 

dichloromethane (15 ml) was added dry, powdered zinc(ll) bromide (4.0 g; 18 mmol). 

The reaction mixture was stirred well until TLC showed complete conversion (eluent: 

chloroform/ethyl acetate 17:3 v/v; ca. 48 hrs), after which diisopropyl ether (75 ml) was 

added. Washing of this mixture with aqueous, saturated sodium bicarbonate (2x75 ml) 

and brine (2x75 mi), respectively, drying (MgSO,.), and evaporation of the solvent gave 

crude 33, which was purified by means of column chromatography (eluent: 

dichloromethane/ethyl acelate 17:3 v/v; ~ = 0.30). Yield: 0.9 g (64 %). 1H NMR: ö 
0.05 (s, 6H, Si(CH3):V, 0.88 (s, 9H, SiC(CH3)J), 2.91 (t, lH, OH, 3JHH = 7.0 Hz), 

3. 71 (s, 3H, OCH3), 3.53-3.74 (m, lOH, TBDMSCH2, MEMCH2, HOCH2, 

OCH2CH20), 4.69 (s, 2H, OCH20), 5.08-5.17 (AB part of ABX, 2H, alkene CH2, 2JHH 

= 1.6 Hz, 3JHH, cis = 11.5 Hz, 3JHH, trans = 18.1 Hz), 5.84 (X part of ABX, 1H, 

alkene CH, 3JHH, cis = 11.5 Hz, 3JHH, trans = 18.1 Hz). 13C NMR: ö -5.6 (Si(CH3)z, 
18.1 (SiC(CH3h), 25.9 (SiC(CH3h), 46.6 (quatemary carbon), 59.1 (OCHJ), 63.6 

(TBDMSOCHz), 65.4 (HOCHz), 66.6 and 71.7 (OCH2CH20), 67.9 (MEMOCHz), 95.9 

(OCH20), 114.6 (alkene CHz), 139.5 (alkene CH). 

l-[[(tert-botyldimethylsilyl)oxy]methyl]-l-[[(2-methoxyethoxy)methoxy]methyl]bot-3-

enal (34). 

To a suspension of pyridinium dichromate (2.2 g; 4.6 mmol) in anhydrous 

dichloromethane (10 ml) was added a solution of alcohol 33 (0. 72 g; 2.2 mmol) in 

anbydrous dichloromethane (10 ml). Stirring was continued until the reaction was com

plete, as determined by TLC (eluent: chloroform/ethyl acetate 17:3 v/v). piethyl ether 

(50 ml) was added and the mixture was filtrated. Addition of diethyl ether (50 ml) to the 

intraetabie residue and ftltration were repeated twice. The resulting solution was concen

traled in vacuo and the crude product was redissolved in diethyl ether (75 ml). Piltration 

of this solution through a short magnesium sulfate column was foliowed by evaporation of 

the solvent. Purification was accomplished by column chromatography (eluent: 

hexane/ethyl acetate 4: 1 v/v; ~ = 0.27) and furnished pure 34 in a yield of 0.45 g (63 

%). 1H NMR: ö 0.06 (s, 6H, Si(CH3)z), 0.88 (s, 9H, SiC(CHJ)J), 3.40 (s,1 3H, OCH3), 

3.53-3.78 (m, 8H, TBDMSOCH2, MEMOCH2, and OCH2CH20), 4.69 (s, 2H, 

OCH20), 5.06-5.16 (AB part of ABX, 2H, alkene CH2, 2JHH = 1.5 Hz, 3JHH, cis. = 

11.4 Hz, 3JHH, trans = 18.1 Hz), 6.01 (X part of ABX, 1H, alkene CH, 3JHH, cis = 11.4 

Hz, 3JHH, trans = 18.1 Hz), 9.70 (s, lH, aldehyde proton). 13C NMR: ö -5.6 (Si(CH3)z, 

18.3 (SiC(CH3)J, 25.9 (SiC(CH3)J), 57.4 (quaternary carbon), 59.0 (OCH3), 60.5 
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(TBDMSOCHz), 65.9 (MEMOCH2), 66.6 and 71.7 (OCH2CH20), 115.3 (alkene CH2), 

139.4 (alkene CH), 204.5 (carbonyl). 

3-[[ (tert-butyldimethylsilyl)oxy ]methyl]-3-[[ (2-methoxyethoxy )met.h oxy] methy I] penta-

1,4-diene (35). 

To a suspension of methyltriphenylphosphonium bromide (0.61 g; 1. 7 mmol) in 

anhydrous diethyl ether (50 ml) was added butyllithium (1.0 ml of a 2.5 M solution in 

hexane), which resulted in a deep red solution. This was stirred for 2 hrs and a solution 

of aldehyde 34 (0.45 g; 1.4 mmol) in dry diethyl ether (25 ml) was added, resulting in a 

light brown suspension. After boiling the mixture under reflux for 17 hrs it was diluted 

with pentane (75 ml). Piltration of the solution, washing with brine (3x75 mi), drying 

(MgSO.a), and evaporation of the solvent gave the crude diene, which was purified by 

column chromatography (e1uent: hexane/ethyl acetate 6: l v/v; R_r 0.29). 1H NMR: ö 

0.02 (s, 6H, Si(CH3)z), 0.87 (s, 9H, SiC(CH3)]), 3.40 (s, 3H, OCH3), 3.53-3.70 (m, 

8H, TBDMSOCH2, MEMOCH2, OCH2CH20), 4.70 (s, 2H, OCH20), 5.09-5.17 (AB 

part of ABX, 4H, alkene CH2, 2JHH = 1.4 Hz, 3JHH, cis = 11.3 Hz, 3JHH, trans = 18.0 

Hz), 5.84 (X part of ABX, 2H, alkene CH, 3JHH, cis = 11.3 Hz, 3JHH, trans = 18.0 Hz). 
13C NMR: à -5.6 (Si(CH3)z, 18.2 (SiC(CH3)], 25.9 (SiC(CH3)), 47.8 (quatemary car

bon), 59.0 (OCH3), 63.2 (TBDMSOCHz), 66.4 (MEMOCHz), 68.7 and 71.7 

(OCH2CH20), 96.0 (OCHzO), 114.9 (alkene CHz), 139.2 (alkene CH). 

Attempted synthesis of 1,1-Dibromo-3,3-bis[[ (tert-butyldimethylsilyl)oxy ]methyn-4-l (2-

methox:yel:hoxy)methoxy]but-1-ene (36). 

A mixture of zinc (0. 73 g; 11.2 mmol), triphenylphosphine (2.9 g; 11.1 mmol), 

and tettabromomethane (3.7 g; 11.2 mmol) in anhydrous dichloromethane (25 mi) was 

stirred for 24 hrs, after which a solution of aldehyde 31 (2.5 g; 5.5 mmol) in anhydrous 

dichloromethane (10 ml) was added. Stirring was continued for another 20 hrs, after 

which pentane (65 mi) was added. The resulting suspension was filtrated and the dichloro

methane/pentane mixture was evaporated in vacuo. The insoluble fraction was reworked 

by three additional cycles of dichloromethane extraction (25 ml each) and pentane precipi

tation (75 ml each). The combined organic layers were evaporated in vacuo to leave a 

liquid, which, after chromatographic separation (eluent: hexane/ethyl acetate 6: 1 v/v; R1 
= 0.31) proved to hestarting material, according to the 1H- and 13C-NMR spectra. 

Attempted synthesis of 1-Bromo-3,3-bis[[(tert-butyldimethylsilyl)oxy]methyl]-4-[(2-me

thoxyethoxy)methoxy ]but-1-ene (31). 

A suspension of bromomethyltriphenylphosphomium bromide (3.1 g; 7.1 mmol) in 
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anhydrous THF (50 mi) was cooled to -78 oe by means of a dry-ice bath, after which 

potassium ten-butoxide (0.81 g; 7.2 mmol) was added. Stirring was continued for 30 

mins and aldehyde 31 (2.7 g; 6.0 mmol) in anhydrous THF (25 ml) was added dropwise. 

After stirring the reaction mixture for 24 hrs, the dry-ice bath was removed and the 

mixture was allowed to warm up to room temperature. Addition of pentane (150 ml), 

tiltration of the reaction mixture, washing of the resulting solution with brine (3x75 ml), 

drying (MgSO~, and evaporation of the solvent yielded a compound, which after column 

chromatography with hexane/ethyl acetate 6:1 v/v <Rt = 0.31) tumed out to be starting 

material, according to the 1H- and 13C-NMR spectra. 
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CHAPTER 3 

PRECURSOR ROUTE TO ETHENYL-SUBSTITUTED 
POLYACETYLENES VIA HOMOPOLYMERS OF 

0-TRIMETHYLSIL YLBUT-3-YN-1-0L DERIVA TIVES* 

Abstract 

Poly(O-trimethylsilylbut-3-yn-l-ol)s were prepared from trimethylsilyl ethers of 

RCH(OH)CH2C•CH (R = H, CH3, C6H5, CH=CHCH3, CH=CH2) via Ziegler-Natta poly

merization (Fe(acac)31A1Et3 in toluene, 20-35 •q of the terminal triple bond. The polymers were 

obtained as yellow amorphous solids (10-23%, the polymer with R = H was a viscous gum) 

showing trans/transoid or trans/cisoid microstructures, as determined by 13C-NMR spectroscopy, 

and soluble in apolar solvents. The polymers with R CH=CHCH3 and R = CH=CH2 could 

be desilylated quantitatively with potassium fluoride. Elimination of water at 200-250 •c from 

films of these deprotected polymers gave a semiconducting material for R = CH=CHCH3 (a 

104 Slem) and a non-conducting material for R = CH=CH2 (a less than 10·10 Slem) after doping 

with iodine. Heating of tlie undoped films for 10-20 minutes at 650 •c in a nitrogen atmosphere 

gave brittie ftlms with silvery-black lustre, intrinsically conducting (a = 10·2 Slem) for R = 

CH=CHCH3 and intrinsically non-conducting (a less than 10·10 Slem) for R = CH=CH2 . 

Activation with iodine enhanced the conductivity toa= I01-Io2 Slcmfor R = CH=CHCH3 and 

to u = 104 -10·3 Slem for R = CH=CH2. In both cases high conductivity was notpersistent in 

ambient atmosphere. 

3.1 INTRODUCTION 

The homopolymer of acetylene is one of the most efficient synthetic metals known 

to date1• Poor mechanical properties and extreme sensitivity towards autoxidation in 

ambient atmosphere have barred practical application. Attempts to stabilize the material 

*Part of this Chapter bas been published: P. Ansems, J.A. Kremers, A.H. Alberts, 
Symh. Met. 45, 249 (1991). 
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by protecting the polyenic backbones with bulky substituents or by replacing olefinic units 

by phenyl, thienyl, etc., functions have invariably led to loss of conductivity. Ethynyl, 

carbonyl, and amide moieties impair electron mobility in polymer ebains to an even 

higher extent. Naturally, non-aromatic (fulvenyl) and anti-aromatic units (cyclobutadienyl, 

benzocyclobutadienyl) lead in theory to narrow bandgap hydrocarbon conductors. How

ever, all these structures are expected to be sensitive to oxygen. In the (n)-phenylene 

series (alternating annelated phenyl and cyclobutadiene units) the silylated )>C!mtamer was 
reported as a deep-red, extremely air-sensitive compound and the hexamer could oot be 

prepared2• Instability of polyacenes at the pentamer-hexamer level is well documente<f. 

The polyfulvene and polyvinylene fulvene, for which band-gaps of 0.87 and 0.96 eV were 
calculated4 , are predestined to be air-sensitive. Thus, the development of chemical 

methods to stabilize synthetic hydrocarbon metals is of prime importance. From a syn

thetic point of view, the design and synthesis of a fully interconnected non- or even anti

aromatic sp2-polyenic three-dimensional network seem to offer a viabie answer to tbe 

problem5• Stabilization of electrooie properties can be envisioned to occur eventually by 

passivation via a protecting 'oxide' (cf. carbonylic) coating on the surface strands6• 

3.1.1 Polyacetylenes with side-chain functionalities 

Grubbs and coworkers have recently demonstrated the accessibility of structures 

hearing one side chain for every eight carbon atoms by ring-opening metathesis 

polymerization of several substituted cyclooctatetmenes7• Conductivity of soluble poly

mers was shifted to the metallic regime after doping with ~; however, chenûcal stability 

was not improved8• The possibility of incorporating one side chain per ~ ~-carbon 
atoms via 1,4-polymerization of conjugated monosubstituted enynes bas sarcely been 

explored9• Russian workers have reported 1,4-addition polymerization of vinylacetylene 

and its 1- and 3-phenyl-substituted derivatives and have claimed high con-ductivity after 

doping with FeCI3
10• The initially formed polyallenic structure was suggested to 

isomerize to a polyacetylene. 

Other workers reported vinylacetylene polymerization in the presence of excess 

butyllithium to a material in which triple bonds are intact11 • The influence of triple bond 

substituents on polymerization modes and electrooie properties has been evaluated in 

considerable detail. Cyanoacetylene and dicyanoacetylene were reported to give risè to 

conducting solids (er= 10 Slem, unaffected by dopants1b). Selective 1,2-polymerization of 

tbe tenninal triple bond in butadiynyltriethylsilane gave a dark-brown solid after treatment 
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Figure 3.1: The structure ofpolyacerylene and several derivatives. 

with fluoride (80 % desilylation, u = 10·8 Slem undoped, with iodine a = w-5 Slem). 

An intrinsic conductivity of 7.8x10·1 Slem was observed after heat treatment (at 800 °C} 

of this polymer12• Anionic polymerization of 4-(but-1-en-3-ynyl)trimethylsilane (mono

silylated vinylacetylene) produced a non-condueting ethynyl-flanked polyethylene13• 

Silylated 1, 1-diethynylethene was· found to undergo rapid thermal polymerization 

exclusively via the double bond to a yellow non-conjugated material, dark-brown after 

desilylation (u = 10"' Slem, 12 dopant)14• The polymerization mode of the analogues of 

1,1-diethynylethene in whieh the silyl groups are replaced by pbenyl or ten-butyl 

substituents and of the unsubstituted 1,1-dîethynyletbene is presently unknown14• The 

homopolymer of isopropenylacetylene was obtaîned as an orange sulid, which was poorly 

conducting (u = 10·9 Slem) after doping with FeCI3
15• Polymerization of cyclohexenyl

acetylene was described in the patent literature without experimental data concerning 

spectroscopical and/or electrical properties of the produet16• In Figure 3.1 the structures 

of polyacetylene and several derivatives is depicted. Polyacetylenes with si -CH=C

substituents have not been reported yet and in this Chapter we describe the first examples 

of ethenyl-substituted polyacetylenes. 

3.1.2 Ethenyl-substituted polyacetylenes 

In this Chapter, the attention is focused on new polyacetylenes with small unsatu-
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rnted side ebains incorpornted in a regular fasbion, with one side-chain per repeating unit. 

With this approach we are aiming at (i) the definition of the conditions for an optimal 

oompromise between cbemical stabilization with substituents and retention of electrooie 

properties and (ü) the development of precursor routes to essential polyenic 'knots' for a 

3-D net, i.e., to study the possible application of a precursor route in the preparation of 

configurntions of the type as shown in Figure 3.2. 

Figure 3.2: A. possible cotifiguration for polyenic 3-D III!IS. 

Polyacetylenes with ethylenic side-chain substituents are expected to be accessible 

via a precursor route. Retrosynthetic analysis of these polymers (target molecule 1 in 

Scbeme 3.1) shows that the side-chain double bond can be deduced from. a secondary 

alcohol, thus giving target molecule 2. Subsequent breakdown of target molecule 2 into 

monomeric units by a C-C disconnection reveals the required monomers to be 

but-3-yn-1-ol derivatives (target molecule 3). This, on its turn, can be broten down into 

two readily available starting matenals (propargyl bromide and a suitable aldehyde) by a 

1,1 C-C disconnection. However, direct polymerization of substituted but-3-yn-1-ol 

derivatives is oot feasible as free hydroxyl groups are not compatible with Ziegler-Natta 

catalysts. Besides that, the use of monomers containing free hydroxyl moieties presumab

ly wiJl lead to solubility problems during polymerization and, as a result, to polymers of 

relatively low molecular weights. Therefore, proteetion of the hydroxyl moieties prior to 

polymerization is essential. For this purpose the but-3-yn-1-ol monomets were 

polymerized as their 0-trimethylsilyl ethers. 

Consequently, the precursor route to ethenyl-substituted polyacetylenes may be 

considered to occur in four steps. These four steps oomprise the synthesis of the 
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0-protected monomers, (Ziegler-Natta) polymerization, deprotection (desilylation), and 

dehydration of the polymers, respectively. The resulting synthesis is described in the next 

Sections. 

1M1 

OH 
I 

RCC~C.......CH 
I 
H 

1M3 

lM: tatget molecule 

Scheme 3.1 

3.2 S~IS OF THE MONOMERS 

1M2 

The synthesis of the monomers 2a-2e basically comprises two steps, consisting of 

a modified Reformatsky reaction and 0-silylation, respectively. Por the monomers 2a and 

2b the corresponding alcohols la and lb are available commercially, hence, the synthesis 

in these cases is reduced to (J...silylation (see Scheme 3.2). 

The racemie but-3-yn-l-ols RCH(OH)CH2C=CH, lc (R = C6Hs), ld (R = 
CH=CHCH3) and le (R = CH=CHv were prepared from propargyl bromide and 

benzaldehyde, crotonaldehyde, and acroleine, respectively, via a modified Reformatsky 

reaction in THF stimulated by ultrasound 11• In a well-ventilated hood, the carbonyl 
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TM 1 

TM3 

TM: target molecule 

Scheme 3.2. 

TM2 

0 
11 

RCH + BrC~C!!!!!!!!(;H 

compound and propargylbromide (in a 2:3 ratio; ca. 500 mmol scale at maximum) were 

dissolved in distilled THF. The reaction flask was îmmersed in an ultrasound bath filled 

wîth water, after which unactivated zinc dust was added. Disappearance of the colour of a 

few dissolved iodine crystals indicated the start of the :reaction wben the stirrer and the 

ultrasound were switched on. Stirring and ultrasound stimulation were maintained for 1-2 

bours, after wbich the temperature was brought to 45-50 oe, allowing the reaction to 

continue under these circumstances for another 2 bours. This :reaction time proved to be 

sufficient to consume the aldehyde completely, as monitored by 1H-NMR spectroscopy. 

Acidic work-up, extraction with dicblorometbane, washing of the extracts to neutrality 

and evaporation of the solvent yielded the crude alcohols lc-le, whicb were purified by 

distillation in vacuo (see Table 3.1). After distillation, however, the alcobols lc-le were 

still contaminated with allenic material (2-7%; 1H-NMR multiplet at 4.8-5.2 ppm). Appa

rently, the boiling points of the alcohols Ie-le and their allenic counterparts are similar, 

thus rendering their separation by distillation difficult. Removal of this impurity, as a 
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slightly less polar component, could be accomplished by column chromatography (silica 

gel, eluent: hexane/ethyl acetate 4:1 v/v), as monitored by analytica! TLC and 1H-NMR 

spectroscopy. For preparalive purposes the allenic impurity was not removed as it did not 

prove to hamper the isolation of pure polymers. 

Table 3.1: Boiling points and yields of but-3-yn-1-ol derivatives Ic-Ie. 

Compound 

lc 

ld 

le 

Boiling point CC) (Pressure (Torr)) 

86-88 (0.3) 

60-61 (9) 

48-51 (10) 

Yield (%) 

48 

59 

42 

0-Trimethylsilylbut-3-yn-l-ols RCH(OSiM~)CH2ü=CH, 2a (R = H) and 2b (R 

= CH3), were prepared by 0-silylation of commercially available but-3-yn-1-ol (la) and 

pent-4-yn-2-ol (lb; racemic) with chlorotrimethylsilane in anhydrous diethyl ether in the 

presence of 1.5 equivalents of pyridine during 3-4 hours at ambient temperature18. The 

same procedure was applied to alcohols lc-le and yielded 0-trimethylsilylbut-3-yn-1-ols 

RCH(OSiM~CH2CsCH 2c (R = C6H5), 2d (R = CH=CHCH3) and 2e (R = 

CH=CHz). All silyl ethers were purified by distillation (Table 3.2). lt should be noted, 

however, that 2a could not be purified efficiently by straightforward distillation, due to 

azeotrope formation with pyridine. Predistilling the mixture with heptane allowed removal 

of the last traces of pyridine. All monomers prepared by this metbod were of sufficient 

purity to allow smooth Ziegler-Natta polymerization. 

Table 3.2: Boiling points and yieldsfor 0-trimethylsilylbut-3-yn-1-ol derivatives 2a-2e. 

Compound Boiling point ("C) (pressure (Torr)) Yield (%) 

2a 121-125 (760) 61 

2b 61-62 (22) 64 

2c 53-55 (0.04) 57 

2d 63-65 (15) 63 

2e 41-43 (9.0) 47 

53 



3.3 SYNTBESIS OF TI:IE BOMOPOLYMERS 

Literature on the catalyzed polymerization of monosubstituted polyacetylenes 

mainly deals with alkylacetylenes not containing any heteroatoms. Therefore no straight 

parallel can be drawn with the polymerization of our silicon- and oxygen-containing 

monoroers (see Scheme 3.3). From a structural point of view, the best "alkyl" model of 

monosubstituted 0-trimethylsilylbut-3-yn-1-ols is 4-methylhex-1-yne. This monomer was 

polymerized to a high molecular weight linear polyolefinic polymer by Cardielli via the 

Ziegler-Natta type catalytic system Fe(acac)J/Al(i-Bu)3 (iron(lll) acetylacetonateltriiso

butylaluminium)19. As triethylaluminium is more active then triisobutylaluminium, it was 

decided to test the catalytic system Fe(acac)J/AIEI3 for its activity in the polymerization 

of our monomers. 

OSiMe3 
I 

RCC~C""".CH 
I 
H 

2a R=H 
2bR=C~ 

2c R= Ph 
2d R = CH=CHCH3 

2eR=~ 

R 

_F_e(.:_aca___;.c>a=--__.,. i;· 
0

0SiM.e3 
AIEia 
toluene 

Scheme 3.3. 

3a R=H 
3bR=CH3 

3cR=Ph 
3d R = CH=CHC~ 
3a R = CH=CH:z 

Other Ziegler-Natta type catalytic systems for the polymerization of acetylenes 

discussed in the literature are V(acac)J/A1Etl0, Ti(OC4~)4/~, and (Cslf6hTiC12 (di

cyclopentadienyltitanium chloride)/AI~21 • However, these catalytic systems apply to the 

polymerization of phenylacetylene, which, due to the strong electron-withdrawing nature 

of the substituent, is very different from the polymerization of our monomers. Since it is 

k:nown that phenylacetylene can be polymerized by iron(lll) .acetylacetonate complexes, it 

was decided to test their catalytic activity on our monoroers as well. 

It bas also been reported that addition of a so-called third component can be 

beneficial in Ziegler-Natta polymerizations22• We investigated some polymerizations with 

the catalytic system Fe(acac)J/ AlElJ in the presence of a. third component. The yields 
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found in different test polymerizations, using 0-trimethylsilylhept-5-ene-1-yn-4-ol as 

monomer, are summarized in Table 3.3. 

Table 3.3: Results of dijferents test polymerizations, using 0-trimethylsilylhept-5-ene-1-yn-

4-ol as monomer (R CH=CHCH~. 

Catalytic system 

Fe(acac)J/ AIEt3 

Fe(acac)3/ AlEt:J/anisole 

Fe(acac)J/ AlEt3/dioctylphtalate 

Fe(acac)]/ Affif:J/trimethoxyvinylsilane 

Fe(acac)J/ AlEt3/ethylbenzoate 

Fe(acac)J/ Al(i-Bu)J 

Fe(napht)3/ A1Ef:J 

Fe(napht)J" Al(i-Bu)3 

V(acac)J/ AlEt3 

TI(OBu)4/ AlEf:J 

(Cs~ TiC12/ AlEt:J 

MoCJs 

RhCl[(C6H5)JPh 

Yield (%)a Appearance 

19 yellow solid 

46 yellow solid 

52 yellow solid 

64 yellow solid 

54 yellow solid 

<5 brown dust 

<2 brown dust 

<1 yellow dust 

<1 yellow dust 

wrhe yields are based on recovered material after termination/trituration in meth

anol and Soxhlet extraction with chloroform. 

It is evident from Table 3.3 that the catalytic system Fe(acach/A1Et3 is most 

suitable for polymerization of our class of monomers. Addition of a third component 

increases the yields substantially. However, we did not decide to use a third component in 

our polymerizations as some of these components have been reported to cause a decrease 

in the achieved molecular weigbtll. Consequently, polymerization of the monomers 2a·2e 

was carried out with a Ziegler-Natta catalyst derived from Fe(acac)J and AlEt3 (Fe/Al 

ratio 1:4, Felmonomer ratio 1:30) under nitrogen in dry toluene at 20-35 oc19• 
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Polymerization conditions, yields, molecular weights, and melting behaviour of the pre

pared polymers are listed in Table 3.4. The polymerization was terminaled by pouring the 

brown-black reaction mixture in excess methanol. Trituration was continued for 20 hours 

at 20 oe until solidification of the crude product was complete. The polymers were 

purified by Soxhlet extraction with chloroform and reprecipitation in methanol. 

Polymerization of 0-trimethylsilylbut-3-yn-l-ols 2a-2e, as monitored by 1H-NMR 

spectroscopy, took place selectively via the terminal triple bond. The sharp signals of the 

monomers at 69.9 and 81.1 ppm, attributed to the acetylenic carbon atoms, reappeared as 

broad signals in the olefmic region at 125-128 ppm, as can be seen in Figure 3.3. The 

signals of the CH2CHR(OSiM~) side chain manifested as broad signals ·at 42-46 ppm 

(CH~, 74-76 ppm (CHRO) and 0.2-0.4 ppm (0Si(CH3h) with R = CH=CHCH3• Sharp 
13C-NMR signals at 34.2 and 129.9 ppm were assigned to small arnounts of trimer. The 
13C-NMR signals in the vinylic region clearly indicate trans-transoid andlor trans-cisoid 

microstructures for all polymers24•25• FT-IR spectroscopy proved tlie: absence of 

carbonylic impurities24• The highest yield was realized in the case of the parent 

0-silylated but-3-yn-1-ol (2a). The polymer 3a was obtained as an orange-yellow gum, 

completely soluble in chloroform. The polymers 3b-3e were isolated after Soxhlet extrac

tion/reprecipitation in moderate yields (10-23%) as yellow solids (combUstion analyses 

within 2% from theoretical values). 

Table 3.4: Homopolymers ofO-trlmethylsilylbut-3-yn-1-ols 3a-3e. 

Polymer T (OC) Time (h) Yield (%) Tm/Tdec (oC) Mw (kg/mol) 

3a 40-45 la 95 syrup n.m. 

3b 18-20 12 24 l85b 80 

3c 18-20 20 15 175/250 129 

3d 18-20 20 19 250b 148 

3e 18-20 20 30 120/270 69 

aExothermic reaction. 

bphase transition. 
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(a) 

(b) 

I 11 

120 100 80 60 40 20 0 

120 100 80 60 40 20 

Figure 5.3: 13C-NMR spectra of (a) 2d in CDCl3 and (b) 3d in CD2Cl2. Solvent 

peaks at 77.0 and 53.8 ppm, respectively 
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3.4 DESILYLATION OF THE HOMOPOLYMERS 

The next step in our study towards a satisfying route to ethenyl-substituted 

polyacetylenes consisted of removal of the trimetbylsilyl protecting group. Therefore, 

desilylation of 3a-3e was carried out in a well-stirred two-phase system of dilute hydro

cbloric acidlmethanoi/KF and chloroform in the presence of a catalytic amount of 18-

crown-6 at ambient temperature (see Scheme 3.4). The removal of tbe trimethylsilyl 

group was monitored by 1H-NMR spectroscopy. 

R 

~iM~ 
3aR=H 

3bR==CI'fa 
3cR=Ph 

3d R == CH=CHCH3 

3e R= CH=C~ 

KF, 18-crown-6 
methanol 
hydrochloric acid 
chloroform 

Scheme 3.4. 

4aR=H 
4bR=~ 
4eR: Ph 

4d R = CH=CHCI-I;, 

4eR=CH=~ 

Polymer 3a (R = H) could be desilylated readily (2()..30 minute$) to give a 

greenish gum (cf. oily polymers from propargyl alcohol1S,. Polymer 3b (R =T CH:Jl could 

only be deprotected partially to afford a material containing approximately 55-60% 

alcohol groups at every chain (2-3 days). The remaining 4()..45% of the side-chain groups 

contained unconverted 0-silyl ethers. Polymer 3e (R = C~ resisted desilylation com

pletely under the given conditions. AltemptS .to desilylate 3d (R = CH=CHCHy and 3e 

(R = CH=CH2,) gave rise within 12-16 hours to a yellow solid, insoluble in water, 
chloroform and methanol. These polymers could be reprecipitated from pyridine salution 

in methanol and were characterized as the desilylated polymers 4d and 4e by Ff-IR 

spectroscopy (broad intense absorption around 3406 cm·1) and oombustion analysis. 1H

NMR spectroscopy indicated more than 99 % desilylation with an accuracy of 1%. 13c
NMR spectroscopy gave a sharp signal at 18 ppm for the CH3 group (of 4d), broad sig

nals at 7().. 74 ppm for CHROH and at 43-47 ppm for CH2• The vinylic region was 
obscured by tbe presence of solvent peaks (pyridine-ds). 
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The partial desilylation of polymer 3b is probably due its limited solubility, 

causing the formation of a yellow precipitate before desilylation is complete. The reluc

tance of polymer 3c towards desilylation is proposed to rest on steric bindrance of the 

bulky phenyl substituent, which decreases the accessibilty of the trimethylsilyl group by 

the desilylating agent. 

3.5 DEHYDRATION AND PYROLYSIS 

Having obtained desilylated homopolymers 4a, 4d and 4e, our aim was to study 

the behaviour of these polymers in dehydration and pyrolysis experiments. This was done 

in order to evaluate the influence of the side-chain substituents, i.e., to find an optimal 

oompromise between chemical stabilization and retention of electtonic properties. In 

Scheme 3.5 the idealized reaction for dehydration is shown. 

4d R = CH=CHC~ 
4e R= CH=CH2 

250 ·c 
N2 atmosphere 

Scheme 3.5. 

Sd R = CH=CHCH3 

5e R= CH=C~ 

Dehydration experiments with desilylated 4a gave rise to incoherent black powder 

and this polymer was not studied in further detail. TOA of 4d and 4e (Figure 3.4) showed 

that for 4d a distinct fragment corresponding to a weight loss of one equivalent of water 

was expelled at 200-222 oe under nitrogen flow. Por 4e the same phenomenon was 

observed at somewhat lower temperatures, although the weight loss did not correspond 

entirely to the loss of one equivalent of water. 

Thermolysis of glass-supported films, cast from pyridine solution (15-20 mg/cm2) 

of 4d and 4e below 260 oe (1-2 hours), gave rise to the formation of an insoluble trans

parent yellow-brown film for both polymers, dehydrated and partially annealed as sug-
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Figure 3.4: Thennogravimetric diagram of (a) polymer 4d and (b) polymer 4e. 
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Figure 3_5: IR spectrum of 4d (a) before and (b) after heat treatmeru at 200 oe jor 

2 hours. 
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gested by the change in IR spectrum for 4d (see Figure 3.5). The material obtained from 

4d had an intrinsic conductivity of w-8-10·7 Slem. Activation in iodine atmosphere raised 

this level to 104 -10·3 Slem within 5-6 hours. The material obtained from polymer 4e had 

an intrinsic conductivity of less than 10·10 Slem. In this case conductivity could not be 

enhanced by treatment with iodine: the conductivity remained at the same level after 

activation in iodine atmosphere for 1-2 hours. Apparently, ethenyl s~-eH substituents 

flanking the polyene in an alternating 1,3-fashion do not conjugate with the polyene 

backbone and impair coplanarity on the polyene backbone as well. However, in the case 

of 2d-3d-4d with R = eH =eHeH3 and 2e-3e-4e with R = eH =eH2, a complete poly

merization-desilylation-dehydration sequence to idealized structures 5d and Se is traetabie 

and can be applied to other monomers2·3•4 • 

Prompted by three reports of enhanced conductivity in carbon solids obtained after 

heat treatment of polymers at elevated temperature, i.e., laser irradiation of imide films26 

and therrnal treatment of oxidatively coupled diviny1benzene-type polymers27, and by the 

results of Khemani and Wudl on the pyrolysis of polyketene giving rise to an oxygen

containing annelated network with an intrinsic conductivity higher than that of graphire28, 

we decided to study the properties of the films of 4d and 4e after pyrolysis at elevated 

temperatures. TOA indicated a gradual weight loss over the 250-600 oe region for both 

polymers. Heat treatment of the glass-supported films of 4d at 650 oe for 10-15 minutes 

gave a 50-60 % yield of interconnected pieces of a silvery black lustrous material (Ff -IR: 

broad undefined bands). Intrinsic conductivity in air was determined to be 10·2 Slem. 

When impended in iodine atmosphere, the brittie films were rapidly activated (5-6 

hours) to a conduetivity of 101-1o2 Slem, one power of ten above the commercial PAN

based carbon fibre we used as reference in DC conductivity measurements. We assume 

some graphitization bas taken place during heat treatment. The highest conductivity of 

doped films of pyrolyzed 4d was not persistent in ambient atmosphere (two powers of ten 

decrease in 2-3 days), indicative of partial retention of the polyenie eharacter of the 

materiaL Heat treatment and doping of desilylated polymer 4e produced films showing 

inferior conductivity (a less than 10"10 Slem for the undoped material, after doping with 

iodine a = 104 -10"3 Slem). With the present knowledge we do not have an adequate 

explanation for the difference in conductivity found for 4d and 4e. Probably the possibil

ity of generating allylic radicals in 4d are a prerequisite to come to two- or three-dimen

sional structures with enhanced properties. In Table 3.5 a summary of the different 

conduetivities obtained after heat treatment of the polymers is given. 
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Table 3.5: Conductivities (Slem) for polymers 4d and 4e aft er heat treatment. 

260 oe (doped with I2) 650 oe 650 oe (doped with Iû 

4d 

4e 

3.6 CONCLUSIONS 

w-4-w-3 
< 10-to 

w-2 

< w-w 

Ziegler-Natta polymerization of monoroers ReH(OSiM~)eH2e =eH could be 

accomplished with the aid of the catalytic system Fe(acac)]/A1Et3• Analogous to previous

ly developed examples of precursor routes to polyacetylene and other conducting poly

mers29, complete characterization of soluble intermediales prior to conversion to intrae

tabie conducting materials was possible29. In the case of R eH =eHeH3 (crotyl), this 

route to side-chain substituted polyacetylenes gave rise to a moderately conducting glass

supported film after desilylation, dehydration at 200-250 oe and doping with iodine. An 

intrinsic conductivity of 10·2 Slem was achieved after heat treatment of the undoped film 

at 650 oe for 10-20 minutes. Doping with iodine activated the material up to lol Slem. 

This level of conductivity was not persistent in ambient atmosphere. In the case of R = 
eH=eH2 the polymerization/desilylation/dehydration sequence was feasible as well, 

however in this case yielding material with inferior conducting properties. From the 

present knowledge, the structural requirements for a successful precursor route to an 

ethenyl-substituted polyacetylene may be delineated. R in 3 should be smal! and unsatu

rated to allow a· traetabie desilylation and dehydration sequence. The possibility of 

selective polymerization of numerous monomers, i.a. accessible from acetylene, vinyl

acetylene, cyclooctatetraene, etc., coupled with the facile hydrolysis of 0-Si and Si-C 

bonds and the possibility of thermal crosslinking at moderate temperatures14, via eneyne, 

diethynylethene, fulvene, etc., offers a rich synthetic repertoire to three-dimensional 

polyenic nets. 

3.7 EXPERIMENT AL SECTION 

Pyridine was dried by distillation from KOH and stored over molecular sieves (4 

Á). THF was freshly distilled from LiAl~. Dry diethyl ether was prepared by standing 
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on CaCI2 and subsequent drying with sodium wire. Toluene, used in polymerization 

experiments, was freshly distilled from sodium. Before use, the toluene was deoxygenated 

by altemating application of atmospheric and vacuum pressure under an atmosphere of 

argon. Propargyl bromide was distilled in vacuo. Iron(III) acetylacetonate (Fe(acac)3) was 

prepared by adding FeC13.6H20 to 3 equivalentsof acetylacetone in methanol, whereafter 

3 equivalents of sodium acetate were added to the stirred solution. The red solution was 

heated briefly on a hot plate, cooled to room temperature and placed in a refrigerator 

ovemight. The subsequently formed red crystals were filtered off, recrystallized twice 

from water/methanol (1:1 v/v) and dried in a vacuum desiccator. All other chemieals 

were used as received. 
1H-NMR spectra were measured on a Broker AM-400 spectrometer at 400.13 

MHz. 13C-NMR spectra were run at the same apparatus at 100.62 MHz with proton noise 

decoupling, using a relaxation delay of 10 s. All ó valnes are given in ppm downfield 

from tetramethylsilane. 

IR spectra were recorded on a Perkin-Elroer 1600 FT-IR. Elemental analyses were 

performed on a Perkin-Elroer 240 Elemental Analyzer. Boiling points are given uncor

rected. 

DSC-analyses were recorded on a Perkin-Elroer DSC-7 against indium standard, 

while TGA-analyses were performed on a Perkin-Elroer TGA-7 apparatus. Pyrolysis 

experiments were carried out in a nitrogen flow in a quartz or pyrex tube in a cylindrical 

oven thermostated by a Fe/Cu/Ni or Rh/Pt thermocouple. 

Molecular weights were estimated from analytica! gel-permeation chromatograms 

obtained on a 30 cm-styragel loS/104/IoJ À column with THF as solvent at 0.9 mUmin, 

using polystyrene samples for calibration. 

DC-conductivity of glass-supported films was measured by the two-point probe 

method, using copper-wire contacts with colloidal Ag-epoxy glue, either in ambient 

atmosphere or under nitrogen in a Schlenck-vessel with iodine crystals. Specific conduc

tivity was calculated after removal of the films from the glass support, estimating the 

density of the material to be approximately 1.9 g/cm3, the value measured for commercial 

carbon-fibre (PAN-based). 

3.7.1 Synthesis 

1-Phenylbut-3-yn-1-ol (Ie). 

To a mechanically stirred mixture of anhydrous THF (200 mi), benzaldehyde 
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(28. 7 g; 0.27 mol), unactivated zinc powder (35.0 g; 0.54 mol), and iodine (6.1 g; 24 

mmo!) was added dropwise a solution of propargyl bromide (48.1 g; 0.41 mol) in 

anbydrous THF (20 mi). The reaction mixture was submitted to ultrasound by means of 

an ultrasound water bath. After a few minutes the iodine lost its colour, indicating the 

formation of propargylzinc bromide. After 1-2 hrs the ultrasound bath was tilled with 

warm (50 oq water, after whicb the reaction was allowed to continue foranother 2 hrs. 

Disappearance of tbe aldehyde peak in the 1H-NMR spectrum indicated the reaction to be 

complete in this span of time. Subsequently, tbe greyish-green reaction mixture was 

poured into 15 % (v/v) acetic acid in water (400 mi). Extraction of the aqueous phase 

with dichloromethane (3x750 ml), washing of the combined extracts witb saturated 

aqueous sodium bicarbonate (3x100 ml) and water (3x100 ml), respectively, drying 

(K2C03), and evaporation of tbe solvent gave the crude alcohol. This was distilled in 

vacuo, b.p.0•3 86-88 oe, to afford lc in a yield of 19.0 g (48%). 1H NMR (CDC13): o 
2.09 (t, IH, acetylenic CH, 4JHH = 2.7 Hz), 2.24 (br s, lH, OH), 2.61 (m, 2H, CH2), 

4.77 (t, lH, CH, 3JHH = 7.2 Hz), 7.28-7.46 (m, 5H, aromatic protons). 13C NMR 

(CDC13): o 30.1 (CH~, 70.3 (acetylenic CH), 72.8 (CH), 80.9 (acetylenic C), 125.6, 

127.5, 128.2, 143.4 (aromatic carbons). IR (neat): 3401 cm·1 (s, OH stretch), 3311 cm·1 

(s, acetylenic CH stretch), 3076 cm·1 and 3011 cm·1 (w, aromatic CH stretch), 2920 cm·1 

(m, aliphatic CH stretch), 2125 cm·1 (w, acetylenic CC stretch). 

Hept-S-en-1-yn-4-ol (1d). 

Compound 1d was prepared according to the procedure described for lc, b.p.9 

60-61 °C, in a yield of 59%. 1H NMR (CDCI3): o 1.72 (m, 3H, CH3), 2.07 (t, lH, 

acetylenic CH, 4JHH = 2.7 Hz), 2.19 (br s, lH, OH), 2.44 (m, 2H, CH2), 4.23 (m, 2H, 

CHRO), 5.53-5.81 (m, 2H, olefinic CH). 13C NMR (CDCI3): o 17.6 (CH3), 27.5 (CH2), 

70.6 (acetylenic CH and CHRO), 80.6 (acetylenic C), 127.9 (olefinic CH2), 131.9 

(olefinic CH). IR (neat): 3354 cm·1 (s, OH stretch), 3304 cm·1 (s, acetylenic CH stretch), 

3088cm·1 and 3021 cm·1 (w, olefinic CH stretch), 2918 cm·1 (m, aliphatic CH stretch), 

2123 cm·1 (w, acetylenic CC stretch). 

Hex-1-en-5-yn-3-ol (1e). 

Compound 1e was prepared according to the procedure described for lc, b.p. 10 

48-51 °C in a yield of 42%. 1H NMR (CDC13): o 2.08 (t, lH, acetylenic CH, ~JHH = 
2.7 Hz), 2.13 (br s, lH, OH), 2.46 (m, 2H, CH2), 4.29 (m, lH, CHRO), 5.28 (m, 2H, 

olefinic CH~, 5.96 (m, lH, olefmic CH). 13C NMR (CDC13): o 27.5 (CH~, 70.3 
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(acetylenic CH), 71.4 (CH), 80.8 (acetylenic C), 116.3 (olefinic CH~, 138.9 (olefinic 

CH). IR (neat): 3350 cm-1 (s, OH stretch), 3299 cm-1 (s, acetylenic CH stretch), 3084 

cm-1 and 3013 cm-1 (w, olefinic CH stretch), 2913 cm·1 (m, aliphatic CH stretch), 2119 

cm·1 (w, acetylenic CC stretch). 

0-Trimethylsilylbut-3-yn-1-ol (2a). 

To a magnetically stirred solution of but-3-yn-1-ol (42.6 g; 0.61 mmol) and 

anhydrous pyridine (60 mi) in dry diethyl ether (200 ml) was added dropwise a solution 

of chlorotrimethylsilane (72.6 g; 0.67 mmol) in dry diethyl ether (75 mi); immediately a 

white precipitate formed. The reaction mixture was stirred for another 4 hrs, after which 

it was poured into aqueous, saturated sodium bicarbonate (300 mi). The organic layer was 

separated and wasbed with aqueous, saturated sodium bicarbonate (2x200 ml) and water 

(3x200 ml), respectively. Drying (MgSO.J, evaporation of the solvent, and coevaporation 

with toluene (3x75 mi) and dichloromethane (3x75 mi), respectively, produced the crude 

silyl ether. Purification was accomplished by predistilling the mixture with heptane four 

times (50 ml each time) and distillation to afford the pure product (52.4 g; 61 %), b.p. 

121-125 "C. 1H NMR (CDCI3): l> 0.10 (s, 9H, Si(CH3)3), 1.95 (t, IH, acety1enic CH, 
4JHH = 2.7 Hz), 2.38 (dt, 2H, CH2, 3JHH = 7.1 Hz, 4JHH = 2.7 Hz), 3.68 (l, 2H, 

CH20, 3JHH = 7.1 Hz). 13C NMR (CDC13): l> 0.0 (Si(CH3)J), 22.6 (CH2), 61.0 

(acetylenic CH), 69.4 (CH20), 81.3 (acetylenic C). IR (neat): 3297 cm·1 (m, acetylenic 

CH stretch), 2949 cm·1 (m, aliphatic CH stretch), 2104 cm·1 (w, acetylenic CC stretch). 

0-Trimethylsilylpent-4-yu-2-ol (2b). 

Compound 2b was prepared according to the procedure described for 2a. 
Purification was accomplished by distillation in vacuo, b.p.22 61-62 "C. Yield: 64%. 1H 

NMR (CDCIJ): l> 0.11 (s, 9H, Si(CH3)J, 1.42 (d, 3H, CH3, 3JHH = 7.2 Hz), 1.97 (t, 

IH, acetylenic CH, 4JHH = 2.7 Hz), 2.40 (m, 2H, CH2), 3.97 (m, IH, CH). 13C NMR 

CDC13): l> 0.0 (Si(CH3)J, 24.9 (CHJ), 27.3 (CH~, 63.2 (acetylenic CH), 70.8 (CH), 

81.3 (acetylenic C). IR (neat): 3304 cm·1 (m, acetylenic CH stretch), 2954 cm·1 (m, 

aliphatic CH stretch), 2110 cm·1 (w, acetylenic CC stretch). 

1-Pbenyl-0-trimethylsilylbut-3-yn-1-ol (lc). 

Compound lc was prepared according to the procedure described for 2a. 
Purification was accomplished by distillation in vacuo, b.p.0_04 53-55 "C. Yield: 57%. 1H 

NMR (CDC13): l> 0.11 (s, 9H, Si(CH3)J), 1.98 (t, lH, acetylenic CH, 4JHH = 2. 7 Hz), 
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2.55 (m, 2H, CH2), 4.81 (t, lH, CH, 3JHH = 7.2 Hz), 7.31-7.48 (m, 5H, aromatic 

protons). 13C NMR (CDCI3): ó 0.0 (Si(CH3))), 30.7 {CH2), 69.9 (acetylenic CH), 73.5 

(CR), 81.5 (acetylenic C), 125.8, 127.5, 128.1, 143.7 ( aromatic carbons). IR (neat): 

3319 cm·1 (m, acetylenic CH stretch), 3078 cm·1 and 3012 cm· 1 (w, aromatic CH 

stretch), 2934 cm·1 (m, aliphatic CH stretch), 2132 cm·1 (w, acetylenic CC stretch). 

0-Trimetbylsilylhept-1-en-5-yn-4-ol (2d). 

Compound 2d was prepared according to the procedure described for 2a. 

Purification was accomplished by distillation in vacuo, b.p. 15 63-65 "C. Yield: 63%. 1H 

NMR (CDC13): ó 0.11 (s, 9H, Si(CH3)J), 1.70 (m, 3H, CH3), 1.98 (t, IH, acetylenic 

CH, 4JHH = 2.7 Hz), 2.35 (m, 2H, CH2), 4.20 (m, 1H, CH), 5.47-5.69 (m, 2H, olefinic 

CH). 13C NMR (CDCI3): ó 0.1 (Si(CH3)J), 17.4 (CH3), 28.3 (CH2), 69.2 (acety1enic 

CH), 71.8 (CH), 81.3 (acetylenic C), 126.3 (olefinic CH2), 132.8 (olefinic CH). IR 

(neat): 3314 cm-1 (m, acetylenic CH stretch), 3088 cm·1 (w, olefinic CH stretch), 2961 

cm·1 (m, aliphatic CH stretch), 2129 cm·1 (w, acetylenic CC stretch). 

0-Trimethylsilylbex-1-en-5-yn-3-ol (2e). 

Compound 2e was prepared according to the procedure described for 2a. 

Purification was accomplished by distillation in vacuo, b.p.9 41-43 "C. Yield: 47%. 1H 

NMR (CDCIJ): ó 0.15 (s, 9H, Si(CH3)J), 2.00 (t, IH, acetylenic CH, 4JHH = 2.7 Hz), 

2.38 (m, 2H, CH0, 4.26 (m, lH, CH), 5.19 (m, 2H, olefinic CH0, 5.91 (m, IH, 

olefinic CH). 13C NMR (CDC13): ó 0.2 (Si(CH3)J), 28.3 (CH2), 69.9 (acetylenic CH), 

72.1 (CH), 81.4 (acety1enic C), 114.9 (o1efinic CH0, 139.7 (olefinic CH). IR (neat): 

3312 cm·1 (m, acetylenic CH stretch), 3082 cm·1 (w, olefinic CH stretch), 2958 cm·1 (m, 

aliphatic CH stretch), 2123 cm·1 (w, o1efinic CC stretch). 

Ziegler-Natta polymerization of tbe monomers 2a-2e: general procedure. 

In a small reaction vesse1 which was connected to a vacuum pump, a nitrogen 

supply, and a bubb1er, Fe(acac)J (0.57 mmol) was dissolved in anhydrous, deoxygenated 

toluene (3 ml). While stirring, a 1.9 M solution of A1Et3 in toluene (1.2 ml) was added 

via a syringe; immediately heat evolved and a black solution was formed. This mixture 

was allowed to "age" for halfan hour, whereafter silylated monomer (16.5 mmol) was 

added. As consequently some heat evolved, the reaction vessel was placed in an ice-bath. 

The already viscous black solution was allowed to react for 4 hrs. Subsequently, the 

polymerization was terminaled by pouring the contents of the vessel. into excess methanol 
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(ca. 100 ml) and triturated until complete solidification of the crude product had occurred 

(ca. 20 hrs). The precipitate was fittered off by means of a sintered glass fllter and was 

subjected to Soxhlet extraction with chloroform in order to extract the non-gelated 

fraction of the product. The solvent was evaporated and the polymer was redissolved in 

chloroform (5 mi). The resulting solution was added dropwise to methanol (100 mi) in 

order to reprecipitate the polymer, whlch was fittered off by means of a sintered glass

mter and dried thoroughly in a vacuum desiccator. 

Polymer 3a (R = H): 95% yield (as an orange gum). 13C NMR (CD2Cl:z): a 0.6 

(Si(CH3))), 38.9 (CH:z), 70.7 (CH20), 131.6, 134.1 (olefinic carbons). Anal. Calcd. for 

(C7H140Si)n: C, 59.10; H, 9.92. Found: C, 60.7; H, 10.3. 

Polymer 3b (R = CHJ): 24% yield. 13C NMR (CD2CI:z): ó 0.6 (Si(CH3)J), 25.2 

(CH3), 40.9 (CH:z), 71.9 (CH), 131.9, 134.3 (olefinic carbons). Anal. Calcd. for 

(CgH160Si)n: C, 61.48; H, 10.32. Found: C, 61.8; H, 10.5. 

Polymer 3c (R = C6H5): 15% yie1d. 13C NMR (CD2Cl2): o 0.9 (Si(CHJ)3, 45.5 

(CH2), 75.1 (CH), 125.9, 127.6, 128.2, 134.2, 144.0 (olefinic and arorriatic carbons). 

Anal. Calcd. for (C13H190Si)n: C, 71.18; H, 8.73. Found: C, 70.9; H, 8.6%. 

Polymer 3d (R = CH=CHCH3): 19% yield. 13C NMR (CD2Cl:z): ó 0.7 

(Si(CH3))), 18.3 (CH3), 42.4 (CH:z), 73.1 (CH), 125.1, 134.2, 135.1 (olefinic carbons). 

Anal. Calcd. for (C10H180Si)n: C, 65.87; H, 9.95. Found: C, 65.5; H, 9.8,. 

Polymer 3e (R = CH=CH:z): 30% yield. 13C NMR (CD2CI:z): ó 0.8 (Si(CH3)J), 

42.3 (CH2), 73.6 (CH), 114.2, 134.9, 142.5 (olefinic carbons). Anal. Calcd. for 

(C9H160Si)n: C, 64.23; H, 9.58. Found: C, 64.2; H, 9.6. 

Desilylaüon of the homopolymers 3a-3e: general procedure. 

Silylated polymer (1.7 mmol) was added toa mixture of potassium fluoride (17.2 

mmol), 18-crown-6 (0.38 mmol), methanol (5 mi), chloroform (50 mi), ,water (45 mi), 

and concentraled hydrochloric acid (5 mi). This two-phase system was stirred for 20 hrs. 

In case of appearance of a yeUow precipitate, thls was fittered off by means of a sintered

glass filter and subsequently wasbed thoroughly with water (50 m1) and chloroform (50 

mi). The yellow solid was dissolved in pyridine (5 mi) and the solution added dropwise to 

water (100 ml), causing precipitation of the polymer. The precipitate was fütered off by 

means of a sintered glass-filter and dried thoroughly in a vacuum desiccator. 

Desilylation of polymer 3a (R = H): 96% yield (as a greenish gum). 13C NMR 

(C5D5N): o 29.1 (CH:z), 68.9 (CH20), 131.9, 142.7 (olefinic carbons). 

Desilylation of polymer 3b (R = CH3): In this case the 1H-NMR· spectrum of the 
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yellow precipitate showed the characteristic resonance of the trimethylsilylgroup (0.1 

ppm) with an intensity of about 40-45 % of the maximum intensity possible, indicating 

uncomplete desilylation under these circumstances. Longer reaction times did not prove to 

be effective. 

DesUylation of polymer 3c (R = e 6H5): No appearance of a precipitate. 1H 

NMR of recovered material revealed the presence of the characteristic resonance of the 

trimethylsilyl group (0.1 ppm), indicating the Jack of reaction. 

DesUylation of polymer 3d (R = eH=eHeH3): 86% yield. 13e NMR (e5D5N): 

o 18.2 (CH3), 31.5 (eH~, 71.1 (eH), 127.2, 128.7, 134.8 (olefinic carbons). Anal. 

Calcd. for (e7H100)0 : C, 76.33; H, 9.15. Found: e, 72.6; H, 8.5. 

Desilylation of polymer 3e (R = eH=eH2): 55% yield. 13e NMR (e5D5N): ö 
31.2 (eH2), 71.7 (eH), 113.6, 128.4, 143.3 (olefinic carbons). Anal. ealcd. for 

(e6H80)0 : e, 74.97; H 8.39. Found: e, 75.3; H, 8.0. 

Dehydration and pyrolysis of polymers 4d and 4e. 

Dehydration and pyrolysis experiments of polymers 4d and 4e were conducted 

with glass-supported films cast from a pyridine solution of the polymers (15-20 mg 

polymer per cm3 of solution). For dehydration purposes the films were heated at 260 oe 

in a nitrogen atmosphere for 1-2 hrs. This gave rise for both polymers to an insoluble 

transparent yellow-brown ftlm. Pyrolysis experiments were carried out by heat treatment 

of the films at 650 oe in a nitrogen atmosphere for 10-15 mins and gave a 50-60% yield 

of interconnected pieces of a silvery-black lustrous metal. 
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CHAPTER4 

THE SYNTHESIS OF CHIRAL DENDRIMERS 

DERIVED FROM PENTAERYTHRITOL * 

Abstract 

Via a newly developed, general route to a multisubstituted pentaerythritol core, ebiral dendrimer I 

could be synthesized in its racemie form. The chirality of this macromolecule, with a molecular 

weight of 2831, is basedon the attachment of four dendritic substituents of different generation to . 
the already mentioned pentaerythritol core. Moreover, dendrimer 2, having a molecular weight of 

6015, was synthesized in its racemie form via a slight modification of this route, using less 

reaction steps. By variadon of the last step of this route dendrimer l was synthesized in a some

what better yield. Resolutîon of the dendrimers by means of HPLC with ebiral stationary phases 

was not successful, probably due to the substantial conformational freedom present in the 

dendrimers. Techniques for the resolution of l and 2, performed during the synthesis included 

chemicaland enzymatic methods. However, in none ofthe cases any resolution could be achieved. 

4.1 INTRODUCTION 

Sfnce over a decade dendritic macromolecules have received considerable interest 

fn organic, supramolecular, polymer, and coordinative chemistry due totheir unique well

defined three-dimensional branching architecture. Dendrimers emanate from a central core 

and have a well-defined number of generations and end gtoups. The research on 

dendrimers was initiated by the group of Vögtle in 1978, synthesizîng a small cascade 

molecule by assembly of branch upon branch1 (see Scheme 4.1). Possibly due to prob

lems in the synthesis and disappointing yields, no subsequent reports on this work: could 

be found and only in the mid SO's the first publications by Tomalia2 and Newk:ome3 of 

the synthesis of highly branched cascade polymers appeared in the literature. 

*a) J.A. Kremers, E.W. Meijer, J. Org. Chem. 59, 4262 (1994); b) J.A. Kremers, E.W. 
Meijer, Reactive Polymers, in press; c) J.A. Kremers, E.W. Meijer,Macromolecular 
Symposia, submitted for publication. 
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Scheme 4.1 

CH2=CHCN 

AcOH. 24 h 

The syntheses described sofar are either divergent or convergent of character or a 

combination of both4• The divergent approach is based on multiplicative growth starting 

from a central core which extends outwards aftereach subsequent step. Two variants can 

be distinguished, differentiating from eachother in the building blocks used to construct 

the dendrimer. The first variant uses linear building blocks containing one multivalent 

functional group, while the . other one uses branched building blocks containing several 

monovalent functional groups. Of course, a combination of both variants is possible. In 

the case of the convergent approach, as introduced by Fréchet et al.4f,4j, growth begins at 

what wil1 become the periphery of the final dendrimer and proceeds inwards, the final 

reaction being the attachment to a polyfunctional core. The coupling of a single site of the 

growing molecule with two sites of the monomer is involved in every generation growth, 

which is in sharp contrast to the divergent approach, where growth must involve simulta

neous additions at a progressively increasing number of sites. Figures 4.,1 and 4.2 sche

matically illustrate both approaches. Both methods have drawbacks. The main disadvan

tages of the divergent metbod are the fact that at higher generations incomplete reaction 

of the terminal end groups can lead to imperfections or failure sequences in the next 

74 



z z 

z 
etc . ,6, -·,A 

z z 

.. 

Figure 4.1: Schematic illustration of the divergent growth approach. 
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Figure 4. 2: Schematic illustration of the convergent growtli approach. 
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generatons and the fact that in order to prevent side-reactions and to force reaction to 

completion, extremely large excess amounts of reagents are required in latter stages of 

growth, causing difficulties in purification. The biggest limitation of the convergent 

metbod is its susceptibility to steric hindrance, as the larger the macromolecules becomes, 

the more the functional group at the focal point get masked, hence, the lesser the reactiv

ity will be. 

If the convergent approach is compared with the divergent method, two significant 

differences can be distinguished. Firstly, in case of the convergent metbod growth begins 

at the periphery of the macromolecule, the final reaction being altachment of the dendritic 

wedges to a polyfunctional core, while in case of the divergent metbod grQwth starts at 

the centre of the dendrimer. Secondly, for the convergent approach each generation 

growth step requires only a limited number of reactions instead of an exponentially 

increasing number of reactions, conducted at one molecule at the same time, for the 

divergent approach. Consequently, the convergent approach can be controlled in such a 

way that it is possible (i) to prepare dendritic macromolecules with controlle€1 number and 

placement of functional end groups4j, and (ii) to prepare different dendritic wedges which 

can be selectively coupled toa central core. 

4.1.1 Chirality in dendrimers 

Cbiral dendritic structures can be subdivided into five classes, according to 

Seebach et al. 5. These classes oomprise structures ha ving ( 1) a ebiral core with non-chiral 

branch units, (2) a non-ebiral core with ebiral branch units, (3) a ebiral core as well as 

ebiral branch units, (4) constitutionally different branches attached to a ebiral core, and 

(5) constitutionally different branches attacbed to a non-ebiral core. A variety of ebiral 

dendrimers has been synthesized using one of these methods5•6. However, almost all 

examples presenled sofar are representatives of the abovementioned classes 1-3. Most 

attention has been paid to ebiral dendrimers containing a ebiral building block in the last 

generation, wbilst no peculair optica! properties have been presented. The cbifality in 

these dendrimers is based on inherently ebiral building blocks, in other words the 

chirality in the molecule solely depends on the fact that these core molecules or building 

blocks are chiral, no matter which groups or generations are incorporated in the 

dendrimer. 

The convergent method, however, offers a possibility to construct a dendrimer, in 

which the chirality is based on the fact that each group connected to the stereocenter is a 

dendritic wedge of different generation. The main requirement to realize this is to find a 

core molecule to whicb the various wedges can be coupled one by one, i.e., to find a 
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multi-substituted core molecule that can be deprotected selectively and, hence, to which 

the different dendritic wedges can be joined in a step-by-step fashion. In this Chapter we 

describe two variants of the synthesis of such a core molecule, being a multi-substituted 

pentaerythritol derivative, and the subsequent selective coupling of the dendritic wedges, 

giving the chiral dendrimers 1 and 2 in their racemie forms. Attempts to synthesize the 

dendrimers in an enantiomerically pure form will be reported as wel!, but none of them 

has been successful yet. 

1 
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4.2 SYNTHESIS OF THE DENDRITIC WEDGES 

In order to synthesize dendrimers 1 and 2, the dendritic wedges have to be syn

thesized first. Por this purpose we chose to use the aromatic-ether dendritic wedges as 

introduced by Hawker and Fréchet4f,4P. Their synthesis is shown in Scheme 4.2. Starting 

compound is methyl 3,5-dihydroxybenzoate 3, which is benzylated using benzyl bromide, 

powdered potassium carbonate, and a catalytic amount of 18-crown-6 in refl~xing acetone 
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under vigorous stirring, rendering methyl 3,5-dibenzyloxybenzoate 4 in reasonable yield. 

Subsequent lithium aluminum hydride reduction of the ester moiety smoothly gave the 

corresponding benzyl alcohol 5 (93 % ). The role of alcohol 5 is twofold. On the one 

hand, monoroer 6 is prepared from it by catalytic debenzylation in methanol using 

palladium on activated carbon as catalyst (88 %). On the other hand, it is employed as 

starting point for the construction of the dendritic wedges. Therefore, 5 was converted 

into 3,5-dibenzyloxybenzyl bromide 7 by reaction with phosphorous tribromide (91 %). 

Bromide 7 is employed in the coupling of dendritic wedges to the core molecule as well. 

Having obtained the correct building blocks, the next generation was synthesized 

by reaction of 3,5-dibenzyloxybenzyl bromide ([G-1]-Br) 7 with monoroer 3,5-dihydroxy

benzyl alcohol 6 in the presence of powdered potassium carbonate and 18-crown-6 in 

refluxing acetone, providing [G-2]-0H 8 in reasonable yield. Conversion of alcohol 8 into 

the corresponding bromide [G-2]-Br 9 by reaction with tetrabromomethane and triphenyl

phosphine in anhydrous THF tb.us fumished the next wedge suitable for coupling to the 

core molecule. Dendritic wedges of higher generations (10-13) were prepared by repeat

ing the reaction sequence, being reaction of a suitable bromide with 5, powdered potas

siurn carbonate, and 18-crown-6 in refluxing acetone and subsequent conversion of the 

obtained benzylic alcob.ol into tb.e corresponding bromide with tetrabromomethane and 

triphenylphosphine in anhydrous THF. In this way dendritic wedges of higher generations 

(i.e., [G-3 and [G-4]) were synthesized. The next Sections describe the synthesis of 

racemie ebiral dendrimers 1 and 2 by build-up of an appropriate core molecule and 

subsequent combination of this core molecule with the various dendritic wedges. 

4.3 INITIAL SYNTHESIS OF DENDRIMER 1 

The next step in the synthesis of our ebiral dendrimers was the construction of an 

appropriate core molecule and the subsequent coupling of the dendritic wedges to this 

core. As mentioned before we selected a multisubstituted pentaerythritol derivative for 

this purpose. The syntb.esis of this derivative is partially based on the metbod described 

by Vil21 and on the metbod already mentioned in Chapter 2 (see Scheme 4.3). 

Starting compound was diethyl (ethoxymethylene)malonate 14, which was con

verted into diethyl (diethoxymethyl)malonate 15 in 78 % yield by reaction with sodium 

ethoxide in absolute ethanol at 50 oe for 4 hours. The introduetion of a hydroxyl group 

by means of an aldol condensation was effected by treating compound 15 with potassium 

carbonate and formaldehyde in anhydrous DMF, rendering alcohol 16 in 82 % yield. 

Proteetion of the hydroxyl moiety of 16 was accomplished by a standard method, using 
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21 

MEM chloride and diisopropylethylamine in anhydrous dichloromethane9 to give MEM 

ether 17 (81 %). Subsequent reduction of theester rooieties of 17 with lithium aluminum 

hydride in anhydrous diethyl ether furnished diol 18 in excellent yield. Subsequently, diol 

18 was converted into the bis TBDMS-ether by silylation with TBDMS chloride and 
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imidazole in anbydrous DMF10, foliowed by acid-catalyzed hydrolysis of the acetal 

moiety to give aldehyde 19 (53 % for both steps). Finally, aldehyde 19 was reduced with 

so11ium bomhydride in 1 ,4-dioxane, thus rendering alcohol 20 in 82 % yield. 

Having a free hydroxyl group, alcohol 20 is suitable for coupling with the first 

dendritic wedge. At this stage we chose to use benzyl bromide, as this results in the 

smallest and simplest dendrimer possible. Consequently, alcohol 20 was subjeeteel to a 

Williamson ether synthesis,. using sodium hydride as base, anhydrous THF as solvent, and 

benzyl bromide as the dendritic wedge, fumishing 21 in 70 % yield. In order to syn

thesize a dendrimer with four different generations attached to the core, it was necessary 

to remove only one of the two equivalent TBDMS groups. A metbod accomplishing this, 

using anbydrous ZnBr2 in dichloromethane, was found by accident in our attempts to 

remove the MEM group9• Speetral elucidation of the product by 1H- and 13C-NMR 

spectroscopy unambiguously revealed that ebiral alcohol 22 was formed (77 %). This 
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reaction is assumed to take place via the build-up of a zinc complex, in which the various 

oxygen atoms act as ligands. Breakdown of this complex is then accomplished by cleav

age of the weakest bond, in this case the oxygen-silicon bond, to produce 22. This 

procedure, however, did not show any enantioselectivity, as was demonstrated by 

NMR experiments with a ebiral shift reagent (europium(III) tris[3-(heptafluoropropyl)

(hydroxymethylene)-d-camphorato]). 

Scheme 4.4 shows the remaining part of the synthesis of 1, comprising the con

secutive coupling of the core with the wedges, alternated with the deprotection of the 

remaining protecting groups. Consequently, 22 was subjected to another Williamson ether 

synthesis under the same conditions as described for 20, this time using [G-1]-Br as the 

dendritic wedge, thus providing 23 in 78 % yield. In the next step the remaining TBDMS 

group was smoothly removed with tetrabutylammonium fluoride in THF10 (92 %). A next 

coupling step, using [G-2]-Br as the dendritic wedge, produced 25 in another Williamson 

ether synthesis in 96 % yield. The cleavage of the MEM ether of 25 was not as straight

forward as we anticipated. Using a host of cleavage reagents (e.g., ZnBr2
9, TiCI/, 

butyllithium/hexane at -78 oe foliowed by Hg(0Ach11 , and (i-PrS)]B12) either no reac

tion took place or substantial degradation of the substrate occurred. Eventually, 

deprotection, furnishing 26, was accomplished in good yield with B-chlorocatecholborane 

in anhydrous dichloromethane13•14• The final step in our synthesis consisted again of a 

Williamson eoupling, this time using [G-3]-Br as the dendritic wedge, yielding racemic, 

ebiral dendrimer l (74 %). After chromatographic purification the dendrimer was 

obtained in a purity of more than 99 % as deterrnined by means of HPLC with silica 

Lichrosorb 60 as stationary phase and dichloromethane as eluent. An overall yield of 4.6 

% was obtained in the foorteen-step synthesis of l from diethyl (ethoxymethylene)

malonate 14. 

4.3.1 Chiral HPLC experiments with dendrimer 1 

As we have shown, the synthesis of ebiral dendrimer I in its racemie form was 

realized by a foorteen-step synthesis, starting with diethyl (ethoxymethylene)malonate 14. 

However, the study of the chiroptical properties of this (macro)molecule demands the 

synthesis of the dendrimer in an enantiomerically pure form or, at least, with some 

degree of enantiomeric excess. With dendrimer l in hand our first attempts for the 

resolution of I comprised HPLC experiments with ebiral stationary phases. The employed 

ebiral stationary phases included: microcrystalline cellulose triacetate, (-)-TAPA impreg

naled on 5 ~m silica, Pirkle phase ((R)-DNBPG covalently bonded to 5 ~m silica), and 

( + )-poly(triphenylmethyl)methacrylate eovalently bonded to 5 ~m silica. In all cases, 
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however, we observed a single Gaussian peak for racemie 1, while no resolution was 

obtained. Possibly, the resolution of 1 by means of ebiral HPLC is hampered by the 

substantial conformational flexibility present at room temperature. 

4.4 MODIFIED SYNfHESIS OF DENDRIMERS 1 AND 2 

As was mentioned in Section 4.3.1, the conformational flexibility of 1 proved to 

be a severe problem in its resolution by means of HPLC with ebiral stationary phases. It 

is foreseen that reduction of the conformational freedom may facilitate the resolution of a 

ebiral dendrimer. This decrease in flexibility can be obtained by increasing the crowding 

of the different groups in the molecule. Hence, we decided to synthesize a dendrimer with 

higher generations attached to the core. This dendrimer (2) was prepared by a small 

modification of the metbod described in Section 4.3, resulting in a shorter synthetic route 

with slightly better yields (see Scheme 4.5). 

Key compound in this synthesis is diol 18. lts synthesis is described in Section 

4.3. A metbod for discrimination between the two apparently simHar alcohol 

functionalities is described by McDOugal et al. in their paper for the monosilylation of 

symmetrie l,n-diols15• In this metbod the diol is dissolved in anhydrous THF and treated 

with one equivalent of sridium hydride,. upon which a voluininous white precipitate is 

formed. Addition of one equivalent of silylating agent (TBDMS chloride) then causes the 

disappearance ·of the solid under formation of monoprotected product in excellent yields. 

The authors· explain ·this phenomenon by assuming the· formed voluminous precipitate to 

be an aggregate of the rilonosodium alkoxide salt. Upon the addition of silylating agent a 

small amount of still dissolved alkoxide salt is silylated. As more salt slowly goes into 

solution, the rate of silylation of the monosodium alkoxide salt is faster than the rate of 

proton transfer between the monosodium alkoxide salt and the already formed silyl 

alcohol. The sluggishness of proton transfer is believed to be at least partially due to the 

low concentration of alkoxide. However, upon addition of one equivalent of sodium 

hydride to diol 18 in anhydrous THF we did not observe the formation of a precipitate as 

the reaction mixture becarne only slightly turbid. Nevertheless, we chose to add silylating 

agent (TBDMS chloride) to the reaction mixture, resulting in substantial heat evolution. 

Stirring for l hour, extractive work-up, and chromatographic purification of the crude 

product gave the desired monosilylated alcohol 27 in 65 % yield. Although this yield is 

not as high as is reported in the literature for l,n-diols15, it still supersedes the yield that 

is to be expected if a statistical mixture would be obtained. It is therefore reasonable to 

argue that the relatively slow rate of proton transfer between the àlkoxide salt and the 
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already formed silyl alcohol is not due to the slow dissolution and, hence, the low con

centration of the alkoxide salt. It should be noted that in this reaction the stereocenter was 

introduced and 1H-NMR experiments with a ebiral shift reagent (europium(III) tris-[3-

(heptafluoropropyl)(hydroxymethylene)-d-camphorato]) showed the obtained 27 to exist as 

a racemie mixture. 

With the desired monosilylated (racemic) alcohol 27 in hand, the remainder of the 

synthesis comprised the coupling of the various dendritic wedges to the core molecule, 

altemated with the deprotection of the various protecting groups. Clearly, 27 possesses a 

free hydroxyl moiety and is therefore ,suitable for coupling with the first dendritic wedge. 

For this purpose we selected [G-1]-Br, as this leaves the possibility to synthesize two 

different dendrimers by varlation of the last step in the synthesis. Consequ~ntly, 27 was 

subjected to a standard Williamson ether synthesis, using sodium hydride as base, 

anhydrous THF as solvent, and [G-1]-Br as the dendritic wedge, rendering 28 in excellent 

yield. The first deprotection we chose to perform was desilylation, as the necessary 

conditions for desilylation are perfectly compatible with the other protecting groups 

present in the molecule. Consequently, the TBDMS group in 28 was smoothly removed 

by treatment with tetrabutylammonium fluoride in THF, providing alcohol 29 in excellent 

yield. Repetition of the procedure as described for 27, i.e., a Williarnson ether synthesis 

using [G-2]-Br as the dendritic wedge, fumished 30 (76 %). Subsequently, the acetal 

moiety was hydrolyzed by treatment with a catalytic amount of p-toluenesulfonic acid 

monohydrate in refluxing acetone for 30 minutes, followed by sodium bomhydride 

reduction of the resulting intermediate aldehyde, thus giving alcohol 31 (78 % for both 

steps). Again, the free hydroxyl group was used for the coupling with another dendritic 

wedge in a Williamson ether synthesis, in tbis case [G-3]-Br, rendering 32 in good yield. 

Cleavage of the last protecting group, funlishing 33, could be accomplished in good yield 

using B-chlorocatecholborane in anhydrous dichloromethane within a few hours13 (56 % ). 

The last step in our synthesis consisted again of a Williamson ether synthesis to conneet 

the remaining wedge to the pentaerythritol core. The wedges used in this step oomprise 

[G-0]-Br and [G-4]-Br, yielding the ebiral dendrimers 1 and 2, respectiv~ly, in their 

racemie forms in reasonable yield. Starting from diethyl (ethoxymethylene)malonate 14, 

an overall yield of 4.9 % {or 1 and an overall yield of 4.5 % for 2 was reached in this 

thirteen-step synthesis. 

4.4.1 Chromatographic behaviour of dendrimer 2 

The chrornatographic behaviour of the dendrimers prepared in general and of 2 in 

particular shows some peculiarities. Blution with pure dichloromethane gives rise to very 
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high retention times (k' = ca. 50) for 2, while most contaminations have relatively short 

retention times (k' = 1-4). Addition of only very small amounts of a polar co-eluent 

capable of forming relatively strong hydrogen-bonds (e.g., 1-3 % tert-butylmethyl ether, 

100 ppm water) markedly reduces the retention time of 2 (k' approaches to 0). The 

addition of polar, aprotic acetonitrile as co-eluent, however, gives rise to an intermediate 

retention time (k' = ca. 3), resulting in ca. 99 % pure dendrimer. Obviously, a specific 

cooperative interaction between dendrimer and polar stationary phase is present in the 

absence of hydrogen-bond breaking solvents. 

Furthermore, attempts to resolve dendrimer 2 were performed by means of HPLC 

using chiral stationary phases. The stationary phases employed this time comprised 

microcrystalline cellulose triacetate, Pirkle phase ((R)-DNBPG covalently bonded to 5 ~tm 

silica), and 13-cyclodextrin covalently bonded to 5 ~tm silica. However, justas in the case 

of 1, no evidence for the resolution of 2 was found as only a single Gaussian peak was 

observed in every experiment. 

4.5 RESOLUTION EXPERIMENTS ON PRECURSORS 

In order to synthesize enantiomerically pure dendrimers, resolution experiments 

were performed with the dendrimers 1 and 2 and with several precursors of our 

dendrimers. These experiments included chromatographic, chemica!, and enzymatic 

methods. Section 4.3.1 and Section 4.4.1 describe the chromatographic resolution of 1 

and 2, applying chiral stationary phases. This Section deals with the possibility of obtain

ing resolution of several precursors of our dendrimers by chemical and/or enzymatic 

methods. 

At first instance, we tried to effect resolution by synthesizing several 

diastereomeric derivatives, aiming at the separation of these diastereomers with 

chromatographic techniques. Scheme 4.6 shows the selected diastereomeric derivatives 

and their synthesis. Initially, alcohol 27 was reacted with (-)-camphanic acid chloride, 

producing ester 34 as a 1:1 diastereomeric mixture (95 %). Moreover, 34 was desilylated 

with tetrabutylammonium fluoride in anhydrous THF, giving alcohol 35 (92 %). Alterna

tively, the diethyl acetal moiety of 29 was converted into a chiral derivative by 

reacetalization with d-(-)-(2R, 3R)-butane-2,3-diol and a catalytic amount of PPTS in 

refluxing benzene, yielding 36a in a 1:1 ratio of both diastereomers (89 %). Efforts to 

synthesize the diethyl 1-tartrate derivative 36b by the same procedure proved to be fruit

less. Attempts for the chromatographic separation of the diastereomeric mixtures 34, 35, 

and 36a, using silica gel as stationary phase and employing various eluents, showed, how-
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27 

(-~amphanic acid chloride 
pyridine 
diethyl ether 

34 

t~·· 

0~ 
c~o 

MEMOC~--t-cH(OEtk 

C~OH 

35 

CH20H C~OH 

MEMOCH2+CH(0Eth _;.P_P-'--TS-"-, _be""'nz=en;.;.;.e"""", 6.;___--ill- MEMOC~+; OOX,RR 
(-)-(2R, 3R)-butane-2,3-diol 

C H20[G-1] or diethyl/-tartrate C H20[G-1] 

29 

Scheme 4.6 

36a R= Di, 
36b R= C02Et 

ever, no resolution at all. 

Another approach for the resolution of the dendrimers is suggested by the fact that 

bis TBDMS-ether 21 can be cleaved selectively into mono TBDMS-ether 22 by treatment 

with anhydrous ZnBr2 in dichloromethane (see Section 4.3). Obviously, no preferenee for 
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NaH, [G-1]-Br 

MEMOCH2+CH20H 
THF,ó 

CH202C4H7 CH202C4H7 

39 38 

Scheme 4.7 

one of the two TBDMS groups can be detected, as the complex is symmetrie. If a chiral 

auxiliary is added to the reaction, it may be possible to build up a chiral complex and 

thus cleave one of the two TBDMS ethers enantiospecifically. For this purpose several 

ebiral amines were selected, i.e., (-)-brucine, (-)-sparteine, and (-)-quinine. The procedure 

comprised the addition of one equivalent of chiral amine to a mixture of the substrate and 

anhydrous ZnBr2 in anhydrous dichloromethane. The addition of these amines, however, 

turned out to inhibit the reaction completely, as virtually no product was formed at all. 

Possibly, the selected amines form too strong complexes with zinc(II) bromide, thus 

disabling the formation of a complex with the substrate. 

Moreover, it was tried to take advantage of the fact that enzymes exhibit 

enantiospecific behaviour in their catalytic activity. The class of enzymes we selected to 

test comprised the so-called lipases. These enzymes are capable of cleaving fatty-acid 

esters into the corresponding alcohols enantiospecifically. Consequently, the compounds 

we chose to test consisted of butyryl-esier derivatives of diol 18. Scheme 4. 7 depiets 

these compounds and their synthesis. Diol 18 was esterified with butyryl chloride and 

pyridine in anhydrous diethyl ether, rendering diester 37. The acetal functionality was 

hydrolysed with a catalytic amount of p-toluenesulfonic acid monohydrate in refluxing 

acetone to give the intermediale aldehyde, which was subsequently reduced to alcohol 38 

with sodium borohydride. Coupling of the first dendritic wedge, namely [G-1]-Br, to 38 

89 



then fumished compound 39 in good yield. The enzymatic experiments were carried out 

with compounds 37 and 39 with the aim of obtaining enantiomerically pure mono-ester 

alcohols 40 and 41, as is shown in Scheme 4.8. 
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37 R = CH(OEth 

39 R = CH20[G-1) 

CH2CI2, ~0 

buffer, li pase 
pH= 8 

Scheme 4.8 

CH2C02C3H7 

MEMOCH2'"'·l·",R 

CH20H 

(or enantiomer) 

40 R = CH(OEth 

41 R = C~O[G-1) 

Table 4.1: Employed enzymes in the enantiospecific hydrolysis of 37 and the 

results (* indicates no reaction at all after 7 days, ** indicates a neglegible 

amount of reaction after 7 days, and *** indicates a reasonable or substantial 

amount of reaction after 7 days). 

Enzyme 

Rhizopus Aarhizus 

Rhizopus Delemar 

Rhizopus Japonicus 

Humicolo Lanuginos 

CE-10 

A-6 

AY-30 

D-20 

N-CONC 

FAP-15 

MJL 

Amount 

of 

reaction 

* 

** 

* 

* 

*** 

** 

** 

* 

** 

** 

* 

Enzyme 

L-502 

L-1754 

Alcalase 

Chrombacterium Viscosurn 

a-Chymotrypsine 

PGE 

Lipozyme 

CAL 

ANL 

RNL 

PPL 

Amount 

of 

reaction 

** 

*** 

** 

** 

** 

** 

** 

** 

** 

*** 



Consequently, the selected butyryl esters were added to a vigorously stirred 

mixture of dichloromethane and water, to which a small amount of Iipase was added (the 

pH was kept at a value of 8 throughout the experiment), following the progress of the 

reaction by means of TLC. In case of compound 39 no reaction was observed at alL In 

case of compound 37, Table 4.1 shows the results of the enzyme experiments. Most 

enzymes failed to show even moderate conversion after seven days. In one case consider

able conversion took place after two days (L-1754). However, in this case, mono-ester 

alcohol 40 was formed together with substantial amounts of diol 18 in initial stages of the 

reaction. Two other enzymes, CE-10 and PPL, gave rise to reasonable conversion after 

seven days, while no sign of formation of diol 18 was found. Determination of the 

presence of enantiomeric excess was performed by extractive work-up of the reaction 

mixture, chromatographic purification of 40, and 1H-NMR analysis employing a ebiral 

shift reagent (europium(III) tris-[3-(heptafluoro)(hydroxymethylene)-d-camphorato]). In 

both cases, no evidence for the formation of enantiomerically pure mono-ester alcohol 40 

was found. 

4.6 CONCLUSIONS 

With . the aid of the convergent synthesis for dendrilners, using the aromatic-ether 

dendritic wedges as introduced by. Hawker and Fréctret4f·4j, ebiral dendrimers 1 and 2 

could be synthesized in their racemie forms. The chirality in these dendrimers is based on 

the fact that dendritic wedges of different generation are attached to the core molecule. 

This core, being a multisubstituted pentaerythritol derivative, was synthesized by two 

slightly different variations of the method of Vik for the synthesis of tris(hydroxymethyl)

acetaldehyde8. Selective deprotection of this pentaerythritol core, alternaled with the 

coupling of the various dendritic wedges, resulted in a thirteen-step synthesis for the 

dendrimers 1 and 2 with an overall yield of 4.9 % and 4.5 %, respectively. Moreover, 

this newly developed metbod for the selective deprotection of a multisubstituted 

pentaerythritol derivative can, more generally, be used in the synthesis of quaternary 

compounds containing four different substituents. 

Attempts to prepare the dendrimers in an enantiomerically pure form were under

taken via chromatographic, chemical, and enzymatic techniques. In all cases, no evidence 

for resolution could be detected. As judged from their behaviour in HPLC experiments 

with ebiral stationary phases, it is assumed that these dendrimers possess significant 

conformational flexibility at room temperature. 

As will be explained in further detail in Chapter 5, the presence of this 
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conformational flexibility in 1 and 2 is supported by 1H-NMR experiments. These results 

give rise to a discussion on the degree of chirality of our dendrimers and will be dealt 

with in further detail in Chapter 5. 

4.7 EXPERIMENTAL SECTION 

Anhydrous dichloromethane was prepared by distillation from K2C03, anhydrous 

DMF by vacuum distillation after standing on BaO for 72 hrs, and anhydrous THF by 

distillation from lithium aluminum hydride. Dry diethyl ether was. prepared by standing 

on CaC12 and subsequent drying with sodium wire. All reactions employing anhydrous 

solvents were routinely carried out under an argon atmosphere. All chemieals were 

purchased from lanssen Chimica or from Merck and were used as received. 
1H-NMR spectra were measured on a Broker AM-400 spectrometer at 400.13 

MHz. 13C-NMR spectra were run at the same apparatus at 100.62 MHz with proton noise 

decoupling. All ó values are given in ppm downfield from tetramethylsilane. The follow

ing abbreviations are used: Ar refers to aromatic rings derived from 3,5-dihydmxybenzyl 

alcohol and Ph refers to aromatic rings derived from benzyl alcohol. For NMR spectra 

obtained in deuterated benzene, no. 13C-NMR assignments between 125 and 130 ppm are 

given due to the presence of large solvent peaks. 

Boiling points are given uncorrected. Melting points are given uncorrected as welt 

and were measured on a Linkam THMS 6000 hot stage, using a Linkam TMS 91 control

ler. TLC was performed with Merck 60 F254 silica-gel plates and compounds were visual

ized with 12 vapours or under UV light (À = 254 nm). Column chromatography was 

accomplished with Merck silicagel 60, 70-230 mesh ASTM. Flash chromatography was 

performed with Merck silica gel 60, 230-400 mesh ASTM. Preparative .and analytical 

HPLC was achieved on with a Pharmacia/LKB HPLC-system consisting of a Model 2252 

LC-controller, two Model 2248 pumps, a Model 2510 uvicord SD detector operating at 

254 nm, and a Spark marathon autosampler. The flowrate was 1 milmin for analytical 

samples and 8 milmin for preparalive samples. 

4. 7.1 Synthesis 

Methyl 3,5-dibenzyloxybenzoate (4). 

A mixture of methyl 3,5-dihydroxybenzoate 3 (155.2 g; 0.92 mol), benzyl bro

mide (317.0 g; 1.85 mol), powdered potassium carbonate (256.4 g; 1.86 mol), and 18-
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crown-6 (9.1 g; 34 mmol) in acetone (1000 ml) was heated at reflux for 72 hrs while 

stirred vigorously. The reaction mixture was cooled down to room temperature and 

poured into water (2.5 1). Extraction of the resulting mixture with diisopropyl ether 

(3x1000 ml), drying (MgSO~, and concentration in vacuo of the combined organic layers 

yielded a yellow oil, which was treated with hot methanol (2. 7 l). eooling down of the 

methanoltoroom temperature gave pure 4 as white crystals in a yield of 160.6 g (50%), 

m.p. 78-80 oe (lit. 16: 77.5-79.5 °C). 1H NMR (eDel3): ó 3.90 (s, 3H, OCH3), 5.06 (s, 

4H, ArOCH2Ph), 6.80 (t, lH, ArH, 4JHH = 2.2 Hz), 7.30 (d, 2H, ArH, 4JHH = 2.2 

Hz), 7.33-7.43 (m, lOH, PhH). 13e NMR (eDel3): ó 52.22 (OCH3), 70.24 

(ArOCH2Ph), 107.21, 108.35 (ArCH), 127.53, 128.08, 128.58 (PheH), 132.02, 136.43, 

159.76 (ArC and PhC), 166.72 (carbonyl). Anal. ealcd. for e 22H200 4: e, 75.85; H, 

6.36. Found: e, 75.66; H, 6.48. 

3,5-Dibenzyloxybenzyl alcohol (5). 

To a suspension of lithium aluminum hydride (16.7 g; 0.44 mol) in anhydrous 

diethyl ether (500 ml) was added dropwise a solution of methyl 3,5-dibenzyloxybenzoate 

4 (157.4 g; 0.45 mol) in anhydrous diethyl ether (1750 ml) at such a rate to ensure gentie 

reflux. The reaction mixture was subsequently boiled under reflux for another hour. 

Work-up was accomplished by carefully adding water (16.7 ml), 10 % (w/v) aqueous 

sodium hydroxide (16. 7 ml), and, again, water (50.1 ml). The solid inorganic salts were 

then removed by filtration, and the solution was concentrated in vacuo to give the crude 

product as white crystals. Recrystallization from methanol/water (95:5 v/v; 400 ml) 

furnished pure 3,5-dibenzyloxybenzyl alcohol 5 in a yield of 135.3 g (93%), m.p. 86-87 

oe (litP: 85-86 oq. 1H NMR (eDei3): ó 4.59 (br s, 2H, HOCHz), 5.01 (s, 4H, 

ArOeH2Ph), 6.54 (t, lH, ArH, 4JHH = 2.2 Hz), 6.61 (d, 2H, ArH, 4JHH = 2.2 Hz), 

7.28-7.42 (m, lOH, PhH). 13e NMR (eDel3): ó 65.22 (HOCH2l, 70.02 (ArOCH2Ph), 

101.24, 105.67 (ArCH), 127.49, 127.97, 128.56 (PheH), 136.78, 143.41, 160.11 (Are 

and PhC). Anal. ealcd. for e 21H200 3: e, 78. 72; H, 6.29. Found: e, 78.90; H, 6.15. 

3,5-Dihydroxybenzyl alcohol (6). 

3,5-Dibenzyloxybenzyl alcohol S (31.5 g; 98.2 mmol) was dissolved in methanol 

(350 ml) and hydrogenated in a Parr-apparatus, using palladium on activated carbon (5 % 

w/w; 1.0 g) as the catalyst. Upon completion of the reaction the catalyst was filtered off 

through a short Florisil column and the resulting solution was concentrated in vacuo to 

give 6 as a red solid. Purification was accomplished by recrystallization from acetonitril 

(ca. 200 ml), furnishing pure 6 as light-red crystalline material in a yield of 12.1 g (88 

%), m.p. 190-191 oe (lit. 18: 189°C). 1H NMR (eD30D): ó 3.55 (brs, 3H, OH), 4.42 (s, 
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2H, HOCHiJ, 6.13 (t, lH, ArH, 4JHH = 2.2 Hz), 6.27 (d, 2H, ArH, 4JHH = 2.2 Hz). 
13e NMR (eD30D): o 64.94 (HOCH2), 102.21, 106.19 (AreH), 145.77, 159.58 (ArC). 

Anal. ealcd. for e 7H80 3: e, 60.00; H, 5.04. Found: e, 60.35; H, 4.89. 

3,5-Dibenzyloxybenzyl bromide ([G-1]-Br) (7). 

To a cooled solution (ice/salt bath) of 3,5-dibenzyloxybenzyl alcohol S (110.5 g; 

0.34 mol) in anhydrous diethy1 ether (1.6 1) was added dropwise phosphorus tribromide 

(29.8 g; 0.11 mol dissolved in 400 ml of anhydrous diethyl ether). The reaction mixture 

was stirred ovemight and poured onto ice/water (ca. 2 1). The organic layer was separated 

and the aqueous layer was extracted with diethyl ether (3x350 ml). The combined organic 

layers were wasbed with aqueous, saturated sodium bicarbonate (2xl000 ml) and water 

(1000 m1), respectively, dried (MgS04), and evaporated to dryness to give crude 7 as a 

crystalline solid, which was purified by recrysta11ization from hexane (ca. 2 1), m.p. 93-

94 "e (lit.17: 92-93 "C). Yield: 120.3 g (91 %). 1H NMR (eDe13): o 4.40 (s, 2H, 

BreHiJ, 5.01 (s, 4H, ArOeH2Ph), 6.54 (t, lH, 4JHH = 2.2 Hz, ArH), 6.63 (d, 2H, 

ArH, 4JHH = 2.2 Hz), 7.29-7.43 (m, 10H, PhH). 13e NMR (eDei3): o 33.51 (BrCHiJ, 

70.12 (ArOeH2Ph), 102.13, 108.12 (ArCH), 127.55, 128.06, 128.60 (PheH), 136.58, 

139.75, 160.04 (ArC and PhC). Anal. ealcd. for e 21H19Brü2: e, 65.81; H, 5.00. 

Found: C, 65.63; H, 5.17. 

[G-2]-0H (8). 

A mixture of 3,5-dibenzyloxybenzyl bromide 7 (104.6 g; 0.27 mol), 3,5-

dihydroxybenzyl alcohol 6 (17.0 g; 0.12 mol), powdered potassium carbonate (42.5 g; 

0.31 mol), and 18-crown-6 (5.7 g; 21.6 mmol) in acetone (750 ml) was hrated at reflux 

for 96 hrs while stirred vigorously. The reaction mixture was allowed to cool down to 

room temperature and subsequently concentraled in vacuo. The residue was partitioned 

between water (1.5 1) and dichloromethane (1.2 1). Both layers were separated and the 

aqueous layer was extracted with dichloromethane (3x750 ml). The combined organic 

layers were dried (MgS04l and concentraled in vacuo to yield crude 8. Purification was 

accomplished by recrystallization from toluene/hexane 3:1 v/v (325 ml) and furnished 

50.8 g of pure 8 (56% based on 3,5-dihydroxybenzyl alcohol) as a white crystalline so1id, 

m.p. 109.5-111 oe (lit.4f: 110-111 °C). 1H NMR (eDel3): o 4.60 (br s, 2H, HOeHiJ, 

4.95 (s, 4H, ArOCH2Ar), 5.01 (s, 8H, ArOeH2Ph), 6.50 (t, 1H, ArH, 4JHH = 2.2 Hz), 

6.55 (t, 2H, ArH, 4JHH = 2.2 Hz), 6.57 (d, 2H, ArH, 4JHH = 2.2 Hz), 6.65 (d, 4H, 

ArH, 4JHH = 2.2 Hz), 7.26-7.40 (m, 20 H, PhH). 13e NMR (eDel3): ó 65.26 

(HOeH2), 69.91, 70.08 (ArOCH2Ar and ArOeH2Ph), 101.30, 101.52, 105.71, 106.30 

(AreH), 127.53, 127.97, 128.55 (PheH), 136.72, 137.24, 143.40, 160.01, 160.15 (ArC 

94 



and PhC). Anal. Calcd. for C49H440 7: C, 79.01; H, 5.95. Found: C, 79.24; H, 5.87. 

[G-2]-Br (9). 

Toa solution of [G-2]-0H 8 (50.1 g; 67.3 mmo!) and tetrabromomethane (28.1 g; 

84.6 mmol) in anhydrous THF (350 ml) was added triphenylphosphine (22.2 g; 84.4 

mmol), after which the reaction mixture was stirred for 60 mins. The mixture was 

subsequently poured into water (1.5 1) and extracted with dichloromethane (3x750 mi); 

the combined extracts were dried (MgSO~ and evaporated to dryness, furnishing crude 9, 

which was purified by recrystallization from toluenelhexane 4:1 v/v (500 ml) to give a 

white crystalline solid, m.p. 128-130 oe (lit.4f: 129-130.5 °C). Yield: 28.0 g (52%). 1H 

NMR (CDC13): ö 4.40 (s, 2H, BrCH2), 4.95 (s, 4H, ArOCH2Ar), 5.02 (s, 8H, 

ArOCH2Ph), 6.51 (t, lH, ArH, 4JHH = 2.2 Hz), 6.57 (t, 2H, ArH, 4JHH = 2.2 Hz), 

6.60 (d, 2H, ArH, 4JHH = 2.2 Hz), 6.67 (d, 4H, ArH, 4JHH = 2.2 Hz), 7.31-7.43 (m, 

20H, PhH). 13C NMR (CDC13): ö 33.59 (BrCH2), 69.98, 70.09 (ArOCH2Ar and 

ArOCH2Ph), 101.57, 102.15, 106.33, 108.14 (ArCH), 127.55, 128.00, 128.57 (PhCH), 

136.69, 138.99, 139.73, 159.90, 160.13 (ArC and PhC). Anal. Calcd. for C49H43Brü6: 

C, 72.86; H, 5.36. Found: C, 73.02; H, 5.41. 

[G-3]-0H (10). 

A mixture of [G-2]-Br 9 (6.7 g; 8.2 mmol), 3,5-dihydroxybenzyl alcohol 6 (0.57 

g; 4.1 mmol), powdered potassium carbonate (1.4 g; 10 mmol), and 18-crown-6 (0.24 g; 

0.91 mmol) in acetone (25 mi) was heated at reflux for 72 hrs while stirred vigorously. 

The reaction mixture was allowed to cool down to room temperature and subsequently 

concentrated in vacuo. · The · residue was partitioned between water (100 ml) and 

dichloromethane (100 mi). Both layers were separated and the aqueous layer was 

extracted with dichloromethane (3x75 ml). The combined organic layers were dried 

(MgSO~ and concentrated in vacuo to give crude 10. Purification was accomplished by 

means of column chromatography (eluent: hexaneldichloromethane 1:9 v/v; ty 0.22), 

giving pure 10 as a white foam in a yield of 5.6 g (84 %). 1H NMR (CDCI3): ó 4.54 (br 

s, 2H, HOCH2), 4.90 (s, l2H, Ar0CH2Ar), 4.97 (s, 16H, ArOCH2Ph), 6.33 (m, 3H, 

ArH), 6.37 (t, 4H, ArH, 4JHH = 2.2 Hz), 6.40 (d, 2H, ArH, 4JHH 2.2 Hz), 6.45 (d, 

4H, ArH, 4JHH = 2.2 Hz), 6.48 (d, 8H, ArH, 4JHH = 2.2 Hz), 7.25-7.39 (m, 40H, 

PhH). 13C NMR (CDCI3): ö 65.08 (HOCHz), 69.82, 69.86, 69.98 (Ar0CH2Ar and 

ArOCH2Ph), 10l.l3, 101.50, 105.61, 106.30 (ArCH), 127.50, 127.91, 128.49 (PhCH), 

136.67, 139.15, 139.26, 143.37, 159.98, 160.05 (ArC and PhC). Anal. Calcd. for 

C105~2015 : C, 79.12; H, 5.82. Found: C, 79.03; H, 5.90. 
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[G-3]-Br (11). 

Toa solution of [G-3]-0H (5.5 g; 3.4 mmol) and tetrabromomethane (1.7 g; 5.1 

mmol) in anhydrous THF (40 ml) was added triphenylphosphine (1.3 g; 5.0 mmol), after 

which the reaction mixture was stirred for 60 minutes. The mixture was subsequently 

poured into water (200 ml) and extracted with dichloromethane (3x75 ml); the combined 

extracts were dried (MgSO,.) and evaporated to dryness, fumishing crude 11, which was 

purified by column chromatography (eluent: hexane/dichloromethane 1:3 v/v; R_r · 0.30). 

Yield: 3.3 g (58 %). 1H NMR (CDC13): o 4.33 (s, 2H, BrCH2), 4.89 (s, 4H, 

ArOCH2Ar), 4.91 (s, 8H, Ar0CH2Ar), 4.97 (s, 16H, ArOCH2Ph), 6.51 (m, 3H, ArH), 

6.54 (t, 4H, ArH, 4JHH = 2.2 Hz), 6.59 (d, 2H, ArH, 4JHH = 2.2 Hz), 6.63 (d, 4H, 

ArH, 4JHH = 2.2 Hz), 6.65 (d, 8H, ArH, 4JHH = 2.2 Hz), 7.25-7.39 (m, 40 H, PhH). 
13C NMR (CDC13): ó 33.55 (BrCHv, 69.88, 69.98, 70.04 (ArOCH2Ar and ArOCH2Ph), 

101.48, 101.58, 102.05, 106.27, 106.34, 108.11 (ArCH), 127.50, 127.93, 128.50 

(PhCH), 136.69, 138.98, 139.13, 139.74, 159.88, 159.98, 160.08 (ArC and PhC). Anal. 

Calcd. for C10s~1Br014 : C, 76.12; H, 5.72. Found: C, 76.04; H, 5.68. 

[G-4]-0H (12). 

A mixture of [G-3]-Br (1.8 g; 1.1 mmol), 3,5-dihydroxybenzyl alcohol 6 (0.07 g; 

0.5 mmol), powdered potassium carbonate (0.20 g; 1.4 mmol), and 18-crown-6 (0.05 g; 

0.2 mmol) in acetone (20 ml) was heated at reflux for 72 hrs while stirred vigorously. 

The reaction mixture was allowed to cool down to room temperature and subsequently 

concentrated in vacuo. The residue was partitioned between water (50 ml) and dichloro

methane (50 mi). Both layers were separated and the aqueous layer was· extracted with 

dichloromethane (3x30 ml). The combined organic layers were dried; (MgSO,.) and 

concentraled in vacuo to give crude 12. Purification was accomplisheq by means of 

column cbromatography (eluent: tolueneldiisopropyl ether 15:1 v/v; R_r = 0.29), giving 

pure 12 as a wbite foam in a yield of 1.4 g (83 %). 1H NMR (CDCI3): ó 4.52 (br s, 2H, 

HOCHv, 4.90 (s, 28H, Ar0CH2Ar), 4.98 (s, 32H, ArOCH2Ph), 6.51-~.56 and 6.62-

6.65 (m, 45H, ArH), 7.26-7.38 (m, 80H, PhH). 13C NMR (CDCI3): ó 65.02 (HOCH2), 

69.88, 70.01 (Ar0CH2Ar and ArOCH2Ph), 101.14, 101.59, 105.73, 1
1
06.33 (ArCH), 

127.51, 127.94, 128.55 (PhCH), 139.77, 139.16, 139.23, 143.55, 159.99, 160.06, 

160.24 (ArC and PhC). Anal. Calcd. for ~17H188031 : C, 79.17; H, 5.76. Found: C, 

79.06; H, 5.89. 

[G-4]-Br (13). 

To a solution of [G-4]-0H (1.3 g; 0.41 mmol) and tetrabromomethane (0.30 g; 

1.0 mmol) in anhydrous THF (10 ml) was added triphenylphosphine (0.26 g; 1.0 mmol), 
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after which the reaction mixture was stirred for 60 mins. The mixture was subsequently 

poured into water (75 mi) and extracted with dichloromethane (3x40 mi). The combined 

extracts were dried (MgSO~ and evaporated to dryness, furnishing crude 13, which was 

purified by column chromatography (eluent: toluene/dich1oromethane 1:1 v/v; R1 = 0.27) 

to give pure 13 as a white foam in a yield of 1.1 g (77 %). 1H NMR (CDCI3): o 4.31 (s, 

2H, BrCH2), 4.88, 4.91 (both s, 28H, ArOCH2Ar), 4.97 (s, 32H, ArOCH2Ph), 6.48 (t, 

2H, ArH, 4JHH = 2.2 Hz), 6.50 (t, 5H, ArH, 4JHH = 2.2 Hz), 6.53 (t, SH, ArH, 4JHH 

= 2.2 Hz), 6.56 (d, 2H, ArH, 4JHH = 2.2 Hz), 6.61-6.64 (m, 28H, ArH), 7.26-7.38 

(m, 80H, PhH). Be NMR (eDCI3): ó 33.58 (BrCH2), 69.97, 70.08 (ArOeH2Ar and 

ArOeH2Ph), 101.63, 102.19, 106.40, 108.28 (AreH), 127.54, 127.98, 128.56 (PheH), 

136.79, 139.11, 139.24, 159.94, 160.06, 160.09, 160.16 (ArC and Phe). Anal. Calcd. 

for e:mH187Br030: e, 77.70; H, 5.61. Found: e, 77.89; H, 5.55. 

Diethyl (dletboxymethyUmalonate (15). 

To a solution of sodium ethoxide in absolute ethanol (prepared from sodium (2. 0 

g; 0.087 mol) and absolute ethanol (1000 m1)) was added diethy1 (ethoxymethy1ene)

malonate 14 (129.5 g; 0.599 mol). This was stirred at 50 oe for 4 hrs, after which the 

mixture was neutralized with glacial acetic acid. After evaporation of the ethanol, the 

residue was taken up in dichloromethane (500 ml). Washing of the organic phase with 

water (2xl50 ml), drying (MgS04), and evaporation of the dichloromethane gave the 

crude product, which was purified by means of distillation in vacuo, b.P-o.os 86-88 oe. 

Yield: 122.6 g (78%). 1H NMR: ó 1.19 (t, 6H, eH3 ester, 3JHH = 7.1 Hz), 1.27 (t, 6H, 

eH3 acetal, 3JHH = 7.1 Hz), 3.58-3.78 (m, 5H, OCH2 acetal and eH(e02Eth), 4.21 (q, 

4H, OCH2 ester, 3JHH = 7.1 Hz), 5.11 (d, lH, eH(OEth, 3JHH = 8.6 Hz). Be NMR: 

o 13.88 (eH3 ester), 15.00 (eH3 acetal), 57.04 (CH(e02Eth), 61.32 (OeH2 ester), 

63.13 (OCH2 acetal), 100.90 (eH(OEt)z), 165.98 (carbonyl). 

Diethyl (dlethoxymethyl)(bydroxymethyl)malonate (16). 

A mixture of diethyl (diethoxy-methyl)malonate 15 (122.1 g; 0.465 mol), pow

dered potassium carbonate (7.2 g; 0.052 mol), and paraformaldehyde (23.9 g; equivalent 

to 0. 796 mol of formaldehyde) in anhydrous DMF (400 mi) was stirred at room tempera

ture for 48 hrs, after which the reaction mixture was poured into water (1000 ml). 

Extraction with dichloromethane (3x500 ml), washing of the combined organic layers 

with water (6x400 m1), drying (MgSO~, and evaporation of the dichloromethane gave the 

crude product, which was purified by distillation in vacuo, b.P-o.o? 107-109 oe. Yield: 

111.1 g (82%). 1H NMR: Ö 1.21 (t, 6H, eH3 ester, 3JHH = 7.0 Hz), 1.26 (t, 6H, CH3 

acetal, 3JHH = 7.1 Hz), 3.21 (t, IH, OH, 3JHH = 6.9 Hz), 3.70:-3.92 (m, 4H, OeH2 
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acetal), 4.17-4.25 (m, 6H, OCH2 ester and HOCH2), 5.19 (s, 1H, CH(OEt)z). 13C 

NMR: ó 13.89 (CH3 ester), 15.17 (CH3 acetal), 61.33, 61.49 (OCH2 ester and HOCH2), 

63.38 (quatemary carbon), 66.89 (OCH2 acetal), 105.12 (CH(OEt)z), 167.30 (carbonyl). 

Diethyl (diethoxymethyl)[[ (2-metboxyethoxy)methoxy )methyl)malonate (17). 

A solution of alcohol 16 (77.5 g; 0.27 mol), MEM chloride (49.3 g; 0.40 mol), 

and N,N-diisopropylethylamine (70 ml; 0.73 mol) in anhydrous dichloromethane (170 ml) 

was stirred until TLC analysis showed complete conversion (eluent: hexanelethyl acetate 

2:1 v/v; ca. 6 hrs). The reaction mixture was diluted with dichloromethane (300 ml) and 

wasbed with aqueous, saturated sodium bicarbonate (3x300 ml). The organic layer was 

dried (MgS04) and concentraled in vacuo to give the crude product, which was distilled 

in vacuo to fumish pure 17 as a colourless liquid, b.p.0.05 139-142 °C. Yield: 81.2 g 

(81 %). 1H NMR: ó 1.21 (t, 6H, CH3 ester, 3JHH = 7.0 Hz), 1.26 (t, 6H, CH3 acetal, 
3JHH = 7.1 Hz), 3.40 (s, 3H, OCH3), 3.54-3.84 (m, 8H, OCH2 acetal and OCH2CH20), 

4.11 (s, 2H, MEMOCHz), 4.18-4.26 (m, 4H, OCH2 ester), 4.71 (s, 2H, 'ocH20), 5.04 

(s, IH, CH(OEt)z). 13C NMR: ó 13.88 (CH3 ester), 15.08 (CH3 acetal), 58.93 (OCH3), 

61.07 (0CH2 ester), 63.69 (quatemary carbon), 66.02, 66.64, 67.15, 71.64 

(OCH2CH20, OCH2 acetal, and MEMOCH2), 95.83 (OCH20), 103.01 (CH(OEt)z), 

167.60 (carbonyl). 

2-(Diethoxymetbyl)-2-[[ (2-metboxyetboxy)metboxy ]metbyl]propane-1,3-diol (18). 

To a suspension of lithium aluminum hydride (19.1 g; 0.50 mol) in anhydrous 

diethyl ether was added dropwise diester 17 (78.8 g; 0.21 mol) at such a rate to ensure 

gentie reflux. The mixture wasthen allowed tostirat room temperature f?r another hour, 

after which water (20 mi), aqueous sodium hydroxide (3 g of sodium hydroxide in 20 ml 

of water) and, again, water (60 mi) were added carefully. The resulting inorganic salts 

were removed by flitration and the solvent was removed in vacuo to leave pure diol 18 as 

a colourless liquid. Yield: 52.8 g (86%). 1H NMR (CDC13): ó 1.24 (t, 6H, CH3 acetal, 
3JHH = 7.1 Hz), 2.86 (br s, 2H, OH), 3.39 (s, 3H, OCH3), 3.53-3.92 (m, 14H, OCH2 

acetal, OCH2CH20, HOCH2, and MEMOCH2), 4.64 (s, lH, CH(OEt)z), 4. 72 (s, 2H, 

OCH20). 13C NMR (CDCI3): o 15.35 (CH3 acetal), 48.41 (quaternary carbon), 58.92 

(OCH3), 62.28 (HOCH2), 66.37, 66.89, 67.67, 71.72 (OCH2CH20, OCH2 acetal, and 

MEMOCH2), 95.62 (OCH20), 106.15 (CH(OEt)z). 

2,2-Bis-([ (terl-butyldimethylsilyl)oxy ]metbyl]-3-[ (2-metboxyetboxy)methoxy ]propanal 

(19). 

A solution of 18 (45.6 g; 0.154 mol), imidazole (63.2 g; 0.93 mol), and TBDMS 
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chloride (67.2 g; 0.45 mol) in anhydrous DMF (150 ml) was stirred for 24 hrs. Subse

quently, the reaction mixture was taken up in water (400 ml). Extraction with diethyl 

ether (3x200 mi), washing of the combined organic layers with water (5xl50 ml), drying 

(MgS04), and evaporation of the solvent yielded the crude bis-silyl derivative of 18 as an 

oil. A solution of this oil and p-toluenesulfonic-acid monohydrate (9.0 g; 47 mmol) in 

acetone (900 ml) was boiled under reflux for 15 mins. After cooling down of the reaction 

mixture to room temperature, aqueous sodium bicarbonate (5% w/v; 150 ml) was added 

and the acetone was removed in vacuo. Diethyl ether (500 ml) was added, both layers 

separated, ans the organic layer was washed water (3x200 ml). Drying (MgS04) and 

evaporation of the solvent yie1ded the crude aldehyde, which was purified by column 

chromatography (eluent: hexanefethyl acetate 6:1 v/v; R1 = 0.31), giving pure 19 as a 

colourless liquid in a yield of 37.0 g (62%). 1H NMR (CDC13): o 0.05 (s, 12H, 

Si(CH3)z), 0.87 (s, 18H, SiC(CH3h), 3.39 (s, 3H, OCH3), 3.53-3.66 (m, 4H, 

OCH2CH20), 3.73 (s, 2H, MEMOCH2), 3.83 (m, 4H, TBDMSOCH2), 4.68 (s, 2H, 

OCH20), 9.69 (s, lH, aldehyde proton). 13C NMR (CDCI3): ó -5.69 (Si(CH3)z), 18.15 

(SiC(CHJ>3, 25.75 (SiC(CH3h, 57.59 (quaternary carbon), 59.01 (OCH3), 60.31 

(fBDMSOCHz), 65.37, 66.74, 71.66 (OCH2CH20 and MEMOCH2), 95.86 (OCH20), 

204.74 (carbonyl). 

2,2-Bis[[ (tert-butyldimethylsUyl)oxy ]methyl]-3-[ (2-methoxyethoxy)metboxy] propan-l-ol 

(20). 

To a solution of aldehyde 19 (15.4 g; 34.2 mmol) in 1,4-dioxane (150 ml) was 

added sodium borohydride (1.0 g; 26.4 mmol) in smal! portions, after which the mixture 

was stirred foranother hour. Addition of water (600 ml), extraction with dichloromethane 

(3x200 ml), drying (MgS04l, and evaporation of the solvent yielded the crude alcohol. 

Purification was accomplished by means of column chrornatography (eluent: nexane/ethyl 

acetate 3:1 v/v; Rt = 0.29). Yield: 15.2 g (85%). 1H NMR (CDC13): ó 0.04 (s, 12H, 

Si(CH3)z), 0.88 (s, 18H, SiC(CH3)J), 3.01 (t, lH, OH, 3J88 '= 6.0 Hz), 3.39 (s, 3H, 

OCH3), 3.52 (s, 2H, MEMOCHz), 3.54-3.58 and 3.66-3.70 (m, 6H, OCH2CH20 and 

HOCHz), 3.62 (s, 4H, TBDMSOCH2), 4.68 {s, 2H, OCH20). 13C NMR (CDC13): ó 

5.69 (Si(CH3)z), 18.15 (SiC(CH3)J), 25.81 (SiC(CH3)]), 45.41 (quaternary carbon), 

59.00 (OCH3), 63.06 (TBDMSOCH2), 65.63, 66.70, 67.58, 71.74 (OCH2CH20, 

MEMOCH2, and HOCHz), 95.87 (OCH20). 

1-(Benzyloxy)-2,2-bis[( (tert-butyldimethylsilyl)oxy ]methyl)-3-[ (2-methoxyethoxy )

methoxy]propane (21). 

To a salution of alcohol 20 (5.0 g; 11.1 mmol) in anhydrous THF (40 ml) was 
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added pentane-washed sodium hydride (0.42 g; 17.5 mmol). After stirring for 1 hr, 

benzyl bromide (2.69 g; 15.7 mmol) was added and the reaction mixture was boiled 

under reflux until TLC showed complete conversion (eluent: hexane/ethyl acetate 3:1 v/v; 

ca. 20 hrs). Addition of water (250 ml), extraction of the aqueous phase with 

dichloromethane (3xl00 mi), drying (MgS04), and evaporation of the solvent yielded the 

crude product, which was purified by means of column chromatography (eluent: 

hexanelethyl acetate 10:1 v/v; R1 = 0.28). Yield: 4.2 g (70%). 1H NMR (CDCI3): ö 0.01 

(s, 12H, Si(CH3):z), 0.87 (s, 18H, SiC(CH3))), 3.37 (s, 3H, OCH3), 3.40 (s, 2H), 3.48-

3.53 and 3.62-3.66 (m, 6H) (OCH2CH20, MEMOCH2, and [G-O]OCH2), 3.55 (s, 4H, 

TBDMSOCH:z), 4.46 (s, 2H, coreOCH2Ph) and 4.68 (s, 2H, OCH20), 7.25-7.35 (m, 

5H, PhH). 13C NMR (CDC13): ö -5.62 (Si(CH3):z), 18.23 (SiC(CH3)), 25.86 (SiC(CH3)), 

46.41 (quaternary carbon), 58.98 (OCH3), 60.87 (TBDMSOCH2), 66.29, 66.35, 68.56, 

71.74 (OCH2CH20, MEMOCH2, and core0CH2Ph), 73.31 ([G-OJOCH:z), 95.94 

(OCH20), 127.23, 127.30, 128.17 (PhCH), 138.92 (PhC). 

rac-3-(Benzyloxy)-2-[[(tert-butyldimethylsilyl)oxy]methyl]-2-[[(2-methoxyethoxy)

methoxy ]methyl]propan-1-ol (22). 

Toa solution of 21 (3.3 g; 6.0 mmol) in anhydrous dichloromethane (30 ml) was 

added hourly dry, powdered zinc(ll) bromide in portions of 1 g. This was continued until 

TLC showed complete conversion (eluent: hexane/ethyl acetate 2:1 v/v; ca. 17 hrs, a total 

of 6.95 g (31 mmol) was consumed). Addition of diisopropyl ether (150 nil), extraction 

of the organic phase with aqueous; saturated sodium bicarbonate (2x100 ml) and brine 

(2x100 ml), respectively, drying (MgSO~, and evaporation of the solvent gave the crude 

alcohol. Column chromatography (eluent: hexane/ethyl acetate 2:1 v/v; R1 = 0.28) 

yielded the pure compound as a racemie mixture in a yield of 2.0 g (77%). 1H NMR 

(CDC13): a 0.04 {s, 6H, Si(CH3h), 0.88 (s, 9H, (SiC(CH3))), 2.94 (t, lH, OH, 3JHH = 
6.0 Hz), 3.38 {s, 3H, OCH3), 3.50 (s, 2H), 3.51-3.54 {m, 2H), 3.57 (s, 2H), 3.64-3.67 

(m, 4H) (OCH2CH20, MEMOCH2, TBDMSOCH2, and [G-O]OCH:z), 3. 72 (d, 2H, 

HOCH2, 3JHH = 6.0 Hz), 4.49 (s, 2H, coreOCH2Ph), 4.68 (s, 2H, OCH20), 7.27-7.38 

{m, 5H, PhH). 13C NMR (CDC13): a -5.69 (Si(CH3h), 18.15 (SiC(CH3lJ), 25.80 

(SiC(CH3)J), 45.12 (quaternary carbon), 58.99 (OCH3), 63.43 (TBDMSOCH:z), 65.55, 

66.69, 67.64, 70.46, 71.72, 73.55 (OCH2CH20, MEMOCH2, HOCH2, [G-O]OCH2, and 

coreOCH2Ph), 95.78 (OCH20), 127.44, 127.54, 128.32 (PhCH), 138.27 (PhC). 

rac-3-(Benzyloxy )-1-[[3,5-bis(benzyloxy)benzyl]oxy ]-2-{[ (tert-butyldimethylsilyl)oxy ]

methy•]-2-[[ (2-methoxyethoxy)methoxy ]methyl]propane (23). 

To a solution of alcohol 22 (1.9 g; 4.5 mmol) in anhydrous THF! (30 mi) was 
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added pentane-washed sodium hydride (0.14 g; 5.8 mmol). After stirring for l hr, [G-1]

Br 7 (2.1 g; 5.4 mmol) was added and the reaction mixture was hoiled under reflux until 

TLC showed complete conversion {eluent: hexane/ethyl acelate 2:1 v/v; ca. 12 hrs). 

Addition of water (250 ml), extraction with dichloromethane (3xl00 mi), drying 

(MgSO~, and evaporation of the solvent yielded the crude product, which was purified 

by means of column chromatography (eluent: hexane/ethyl acelate 5: 1 v/v; R_r = 0.26), 

rendering pure 23 in a yield of 2.5 g (78 %). 1H NMR (CDCI3): ó 0.02 (s, 6H, 

Si(CH3h), 0.88 (s, 9H, SiC(CH3h), 3.29 (s, 3H, OCH3), 3.43-3.45 (m, 2H), 3.47 (s, 

2H), 3.48 (s, 2H), 3.59 (s, 2H), 3.60-3.63 (m, 4H), 3.64 (s, 2H) (0CH2CH20, 

MEMOCH2, TBDMSOCH2, [G-O]OCH2, and [G-l]OCH2), 4.40 (s, 2H), 4.46 (s, 2H) 

(coreOCH2Ph and coreOCH2Ar), 4.67 (s, 2H, OCH20), 4.96 (s, 4H, ArOCH2Ph), 6.51 

(t, IH, ArH, 4JHH = 2.2 Hz), 6.57 (d, 2H, ArH, 4JHH = 2.2 Hz), 7.18-7.39 (m, 15H, 

PhH). 13C NMR (CDC13): a -5.70 (Si(CH3n. 18.08 (SiC(CH3))), 25.74 (SiC(CH3)J), 

45.72 (quaternary carbon), 58.75 (OCH3), 61.26 (TBDMSOCH2), 66.24, 66.47, 68.77, 

68.87, 69. 78, 71.55, 73.11, 73.13 (OCH2CH20, MEMOCH2, [G-O]OCH2, [G-1 ]OCH2, 

coreOCH2Ar, coreOCH2Ph, and ArOCH2Ph), 95.70 (OCH20), 100.67, 106.09 (ArCH), 

127.09, 127.35, 127.78, 128.06, 128.38 (PhCH), 136.74, 138.68, 141.21, 159.76 (ArC 

and PhC). 

rac-l-[(Beozyloxy)metllyl)-3-[[3,5-bis(benzyloxy)benzyl)oxy]-l-[[(l-methoxyethoxy)

methoxy]methyQpropan-l-ol (24). 

Compound 23 (2.5 g; 3.4 mmol) was desilylated with tetrabutylammonium fluor

ide (10 ml of a 1 M solution in THF). After completion of the reaction (ca. 48 hrs), 

water (200 mi) was added. Extraction of the aqueous phase with diisopropyl ether (3x75 

ml), drying (MgS04), and evaporation of the organic solvent produced the crude product. 

Column chromatography (eluent: hexanelethyl acelate I: I v/v; R_r = 0.26) gave the pure 

alcohol in a yield of 2.0 g (92%). 1H NMR (CDCI3): a 2.84 (t, lH, OH, 3JHH = 6.1 

Hz), 3.34 (s, 3H, OCHJ), 3.48-3.66 (m, lOR, OCH2CH20, MEMOCH2, [G-O]OCH2, 

and [G-l]OCH2l, 3.72 (d, 2H, HOCH2, 3JHH = 6.1 Hz), 4.42 (s, 2H), 4.48 (s, 2H) 

(coreOCH2Ar and coreOCH2Ph), 4.67 (s, 2H, OCH20), 5.00 (s, 4H, ArOCH2Ph), 6.51-

6.56 (m, 38, ArH), 7.27-7.43 (m, 15H, PhH). 13C NMR (CDCI:J): 6 44.82 (quatemary 

carbon), 58.95 (OCHJ), 65.23, 66.73, 67.72, 70.01, 70.63, 70.69, 71.69, 73.39, 73.48 

(OCH2CH20, MBMOCH2, HOCH2, [G-O)OCH2, [G-l]OCH2, coreOCH2Ar, 

coreOCH2Ph, and ArOCHzPb), 95.68 (OCH20), 101.03, 106.30 (ArCH), 127.35, 

127.52, 127.96, 128.32, 128.55 (PhCH), 136.80, 138.24, 140.79, 159.97 (ArC and 

PhC). 
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rac-2- [ (Benzyloxy)methyl]-3-[[3,5-bis(benzyloxy) benzyl]oxy ]-1-[[3 ,5-bis[[3,5-bis

(benzyloxy)benzyl]oxy ]benzyU oxy ]-2-[[ (2-methoxyethoxy)methoxy ]methyl]propane 

(25). 

To a solution of alcohol 24 (1.9 g; 3.0 mmol) in anhydrous THF (20 ml) was 

added pentane-washed sodium hydride (0.10 g; 4.2 mmol). After stirring for 1 hr, [G-2]

Br 9 (3.2 g; 4.0 mmol) was added and the reaction mixture was boiled under reflux for 

19 hrs. Addition of water (200 ml), extraction with dichloromethane (3x100 mi), drying 

(MgSO,J, and evaporation of the solvent yielded the crude product, which was purified 

by means of column chromatography (eluent: hexane/ethyl acetate 3:2 v/v; :ty = 0.28), 

rendering pure 23 in a yield of 4.0 g (96 %). 1H NMR (CDC13): ö 3.40 (s, 3H, OCH3), 

3.42-3.46 and 3.61-3.64 (m, 4H, OCH2CH20), 3.55 (s, 2H), 3.56 (s, 2H), 3.57 (s, 2H) 

([G-O]OCH2, [G-1]0CH2, and [G-2]0CH~, 4.44 (s, 2H), 4.46 (s, 2H), 4.50 (s, 2H) 

(coreOCH2Ar and core0CH2Ph), 4.70 (s, 2H, OCH20), 4.92 (s, 4H), 4.96 (s, 4H) 

(ArOCH2Ar and Ar0CH2Ph), 5.01 (s, 8H, Ar0CH2Ph), 6.49-6.58 (m, 8H, ArH), 6.67 

(d, 4H, ArH, 4JHH = 2.2 Hz), 7.21-7.45 (m, 35H, PhH). 13C NMR (CDC13): ö 45.24 

(quaternary carbon), 58.84 (OCH3), 66.43, 66.85, 69.65, 69.74, 69.82, 69.89, 70.00, 

71.63, 73.17, 73.21 (OCH2CH20, MEMOCH2, [G-O]OCH2, [G-1]0CH2, [G-2]0CH2, 

core0CH2Ar, core0CH2Ph, ArOCH2Ar, and Ar0CH2Ph), 95.76 (OCH20), 100.81, 

101.46, 106.11, 106.32 (ArCH), 127.15, 127.25, 127.50, 127.87, 127.93, 128.18, 

128.48, 128.51 (PhCH), 136.71, 136.83, 138.73, 139.27, 141.29, 141.33, 159.72, 

159.80, 158.86, 160.08 (ArC and PhC). 

mc-2-[(Benzyloxy)methyl]-2-[[[3,5-bis(benzyloxy)benzyl]oxy]methyl]-3-[[3,5-bis[[3,5-

bis(benzyloxy)benzyl]oxy ]benzyl]oxy] propan-l-ol (26). 

Removal of the MEM group was accomplished by treating compou~d 25 (1.2 g; 

0.92 mmo1) with an equimolar amount of B-chlorocatecholborane (142 mg; 0.92 mmol) in 

anhydrous dichloromethane (10 mi) during 30 mins, after which water (4 ml) was added 

and the reaction mixture stirred for another 20 mins. Addition of dichloromethane (75 

ml), washing of the organic phase with 10% (w/v) aqueous sodium hydroxide (2x40 ml) 

and brine (2x40 ml), respectively, drying (MgSO,J, and evaporation of the organic 

solvent gave crude 26, which was purified by means of column chromatography (eluent: 

dichloromethane/diethyl ether 50:1 v/v; :ty = 0.25). Yield: 0.87 g (76% ). 1H NMR 

(CDC13): ö 2.82 (t, 1H, OH, 3JHH = 6.0 Hz), 3.54 (s, 2H), 3.55 (s, 2H), 3.56 (s, 2H) 

([G-O]OCH2, [G-1]0CH2, and [G-2]0CH2), 3.76 (d, 2H, HOCH2 , 3JHH = 6.0 Hz), 4.40 

(s, 2H), 4.42 (s, 2H), 4.46 (s, 2H) (core0CH2Ar and coreOCH2Ph), 4.91 (s, 4H), 4.94 

(s, 4H) (Ar0CH2Ar and ArOCH2Ph), 5.00 (s, 8H, Ar0CH2Ph), 6.47-6.54 (m, 6H, 

ArH), 6.55 (t, 2H, ArH, 4JHH = 2.2 Hz), 6.65 (d, 4H, ArH, 4JHH = 2.2 Hz), 7.20-7.42 
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(m, 35H, PhH). 13C NMR (COCI3): ö 45.06 (quaternary carbon), 65.95, 69.87, 69.95, 

70.04, 70.76, 70.92, 73.37, 73.47 (HOCH2, [G-O]OCH2, [G-l]OCH2, [G-2]0CH2, 

coreOCH2Ar, coreOCH2Ph, ArOCH2Ar, and ArOCH2Ph), 101.07, 101.51, 106.23, 

106.33 (ArCH), 127.32, 127.51, 127.54, 127.92, 127.97, 128.34, 128.52, 128.55 

(PhCH), 136.72, 136.80, 138.24, 139.25, 140.82, 140.93, 159.88, 159.95, 160.11 (ArC 

and PhC). 

mc-2-[(Benzyloxy)methyl]-2-[[[3,5-bis(benzyloxy)benzyl)oxy]metbyl)-3-[(3,S-bis([3,5-

bis(benzyloxy)benzyl]oxy)benzyl]oxy]-1-[(3,5-bis[[3,5-bis[[3,5-bis(benzyloxy)benzyl]

oxy]benzyl]oxy]benzyl]oxy]propane (1). 

To a solution of alcohol 26 (0.48 g; 0.38 mmol) in anhydrous THF (5 mi) was 

added pentane-washed sodium hydride (20 rog; 0.83 mmol). After stirring for I hr, [G-

3]-Br 11 {0. 75 g; 0.45 mmol) was added and the reaction mixture was boiled under reflux 

for 19 hrs. Addition of water (75 mi), extraction with dichloromethane (3x40 rol), drying 

(MgSO,.), and evaporation of the solvent yielded the crude dendrimer. Purification was 

accomplished by means of preparative HPLC (eluent: dich1oromethane/acetonitril 99:1 

v/v) with Silica Lichrosorb SI-60 5 1-'ffi (column dimensions: 100xl6 mm lD; detection 

with UV light at >.. = 254 nm) as stationary phase to give pure, racemie dendrimer l in a 

yield of0.80 g (74 %). 1H NMR (CDC13): ö 3.54 (s, 2H), 3.56 (s, 6H) ([G-Ö]OCH2, [G

l]OCH2, [G-2]0CH2, and [G-3]0CHz), 4.39 (s, 2H), 4.40 (s, 4H), 4.44 (s, 2H) 

(coreOCH2Ar and coreOCH2Ph), 4.80 (s, 4H), 4.82 (s, 4H), 4.85 (s, 4H), 4.87 (s, 8H), 

4.91 (s, 8H), 4.96 (s, 16H) (ArOCH2Ar and ArOCH2Ph), 6.41-6.61 (m, 25H, ArH), 

6.63 (d, 8H, ArH, 4JHH = 2.2 Hz), 7.18-7.40 (m, 75H, PhH). 13C NMR (CDCI3): o 
45.71 (quatemary carbon), 69.27, 69.41, 69.75, 69.79, 69.83, 69.86, 69.94 69.99, 

73.15, 73.20 ([G-O]OCH2, [G-l]OCH2, [G-2]0CH2, [G-3]0CH2, coreOCH2Ar, core

OCH2Ph, ArOCH2Ar, and Ar0CH2Ph), 100.84, 101.45, 101.51, 105.99, 106.01, 

106.28, 106.34 (ArCH), 127.13, 127.23, 127.49, 127.52, 127.84, 127.92, 127.94, 

128.20, 128.46, 128.50, 128.52 (PhCH), 136.71, 136.84, 138.80, 139.15, 139.29, 

141.37, 141.42, 141.46, 159.77, 159.80, 159.84, 159.95, 160.03, 160.07 (ArC and 

PhC). 

rac-3,3-Diethoxy-2-[[(tert-butyldimethylsilyl)oxy)metbyl)-3-[(2-methoxyetboxy)met

hoxy]-propan-1-ol (27). 

To a solution of diol 18 (17.6 g; 59.5 mmol) in anhydrous THF (90 rol) was 

added pentane-washed sodium hydride (1.43 g; 59.6 mmol). This was stirred for 60 mins 

(there was no sign of a precipitate at thls stage), after which TBDMS chloride (8.97 g; 

S9.S mmol) was added. The reaction mixture was stirred for another 60 mins and 
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subsequently diluted with diethyi ether (500 mi). The resulting mixture was wasbed with 

aqueous potassium carbonate (10% w/v; 200 mi) and brine (200 mi), respectively, dried 

(MgSO,.), and evaporated to dryness to give crude alcohol 27, which was purified by 

means of column chromatography (eluent: hexane/ethyl acetate 2: I v/v; R_r = 0.32), 

yielding 15.2 g (65%) of pure 27. 1H NMR (C6D6): o 0.04 and 0.05 (ds, 6H, Si(CH3h), 

0.94 (s, 9H, SiC(CH3h), 1.02 and 1.03 (dt, 6H, CH3 acetal, 3JHH = 7.0 Hz), 3.13 (s, 

3H, OCH3), 3.16 (t, lH, OH, 3JHH = 6.2 Hz), 3.24-3.37 and 3.51-3.64 (m, 8H, 

OCH2CH20 and OCH2 acetal), 3.89 (m, 2H), 3.96 (m, 2H) (MEMOCH2 and 

TBDMSOCH~, 4.09 (m, 2H, HOCH~, 4.61 (m, 2H, OCH20), 4.65 (s, 1H, CH(OEt)z). 
13C NMR (C6D6): o -5.60 (Si(CH3)z), 15.49 (CH3 acetal), 18.41 (SiC(CH3)J), 26.04 

(SiC(CH3)]), 49.42 (quatemary carbon), 58.63 (OCH3), 62.77, 63.53, 66.25, 66.29, 

67.22, 67.24, 72.14 (OCH2CH20, HOCH2, MEMOCH2, TBDMSOCH2, and OCH2 

acetal), 96.24 (OCH20), 106.24 (CH(OEt)z). 

rac-1-[[3,5-Bis(benzyloxy)benzyl]oxy]-2-[[(tert-butyldimethylsilyl)oxy]methyl)-3,3-

diethoxy-2-[[ (2-methoxyethoxy)methoxy ]methyl]propane (28). 

To a solution of alcohol 27 (3.2 g; 7.9 mmol) in anhydrous THF (30 ml) was 

added pentane-washed sodium hydride (0.21 g; 8.8 mmol). After stirring for 1 hr, [G-1]

Br 7 (3.5 g; 9.1 mmol) was added and the reaction mixture was boiled under reflux until 

TLC showed complete conversion (eluent: hexane/ethyl acetate 3:1 v/v; ca. 20 hrs), after 

which water (250 ml) was added. The aqueous phase was then extracted with 

dichloromethane (3x100 ml). The combined organic layers were dried (MgS04) and 

concentraled in vacuo to give crude 28, which was purified by means of coLumn chroma

tography (eluent: hexane/ethyl acetate 3: 1 v/v; R1 = 0.33) to give pure 28 a* a colourless 

oil in a yield of 4.6 g (82 %). 1H NMR (C6D~: ó 0.11 (s, 6H, Si(CH3)~ •• 1.01 (s, 9H, 

SiC(CH3)]), 1.12 (t, 6H, CH3 acetal, 3JHH 7.0 Hz), 3.12 (s, 3H, OCH3), 3.36-3.45 

and 3.61-3.74 (m, 8H), 3.88 (m, 2H), 4.02 (m, 2H), 4.07 (s, 2H) (OCH2CH20, 

MEMOCH2, TBDMSOCH2, OCH2 acetal, and [G-1]0CH2), 4.45 (s, 2H, coreOCH2Ar), 

4.70 (s, lH, CH(OEt)~, 4.77 (s, 2H, OCH20), 4.79 (s, 4H, ArOCH2Ph), 6.64 (t, 1H, 

ArH, 4JHH = 2.2 Hz), 6.79 (d, 2H, ArH, 4JHH = 2.2 Hz), 7.06-7.31 (m, IOH, PhH). 
13C NMR (~D6): ó -5.40 (SiCH3)z), 15.73 (CH3 acetal), 18.55 (SiC(CH3h), 26.16 

(SiC(CH3h), 49.68 (quatemary carbon), 58.63 (0CH3), 62.94, 65.9I, 65.99, 67.11, 

68.13, 70.01, 70.56, 72.20, 73.69 (OCH2CH20, MEMOCH2, TBDMSOCH2, [G

l]OCH2, OCH2 acetal, coreOCH2Ar, and Ar0CH2Ph), 96.45 (OCH20), 101.34 (ArCH), 

105.91 (CH(OEt)~, 106.72 (ArCH), 137.65, 142.14, 160.61 (ArC and PhC). 
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rac-2-[[[3t5-Bis(benzyloxy)benzyl]oxy]methyl]-3,3-diethoxy-2-[[(2-methoxyethoxy)

methoxy]methyUpropan-1-ol (29). 

TBDMS ether 28 (4.5 g; 6.4 mmol) was desilylated with tetrabutylammonium 

fluoride (20 ml of a l M solution in THF). The solution was stirred until TLC showed 

the reaction to be complete (eluent: hexane/ethyl acetate 3: l v/v; ca. 48 hrs), after which 

dichloromethane (250 ml) was added. The resulting solution was washed with water 

(3x100 ml) and the combined organic layers were dried (MgS04) and concentraled in 

vacuo. Subsequent extraction of the residue with diisopropyl ether (3x75 ml) and evapo

ration of the solvent produced crude 29. Column chromatography (eluent: hexane/ethyl 

acetate 1:1 v/v; lY = 0.26) fumished pure 29 in a yield of 3.4 g (91 %). 1H NMR 

(C6D6l: ó 1.01 and 1.02 (dt, 6H, CH3 acetal 3JHH = 7.0 Hz), 3.11 (s, 3H, OCH3), 3.21 

(t, lH, OH, 3JHH = 6.3 Hz), 3.23-3.36 and 3.49-3.64 (m, 8H), 3.84 (m, 2H), 3.98 (m, 

2H) (OCH2CH20, OCH2 acetal, MEMOCH2, and [G-l]OCH2), 4.19 (d, 2H, HOCH2 
3JHH = 6.3 Hz), 4.34 (m, 2H, coreOCH2Ar), 4.64 (m, 2H, OCH20), 4.70 (s, lH, 

CH(OEt)v, 4.78 (s, 4H, ArOCH2Ph), 6.65 (t, lH, ArH, 4JHH = 2.3 Hz), 6.73 (d, 2H, 

ArH, 4JHH = 2.3 Hz), 7.06-7.31 (m, lOH, PhH). 13C NMR: ó 15.53 (CH3 acetal), 

49.09 (quatemary carbon), 58.63 (OCH3), 63.81, 66.23, 66.31, 67.28, 67.45, 70.03, 

70.31, 72.16, 73.66 (OCH2CH20, OCH2 acetal, MEMOCH2, HOCH2, [G-l]OCH2, 

coreOCH2Ar, and ArOCH2Ph), 96.16 (OCH20), 101.56 (ArCH), 106.16 (CH(0Et)2), 

106.75 (ArCH), 137.58, 141.59, 160.67 (ArC and PhC). 

mc-2-[[[3,5-Bis(benzyloxy)benzyl]oxy]methyl]-3-[[3,5-bis([3,5-bis(benzyloxy)benzyl]

oxy]benzyl]oxy]-1,1-diethoxy-2-[[(2-methoxyethoxy)methoxy]methyl]propane(30). 

To a solution of alcohol 29 (3.4 g; 5.7 mmol) in anhydrous THF (40 ml) was 

added pentane-washed sodium hydride (0.18 g; 7.5 mmol). After stirring for 1 hr, [G-2]

Br 9 (5.4 g; 6.7 mmol) was added and the reaction mixture was hoiled under reflux until 

TLC showed complete conversion (eluent: hexane/ethyl acetate 1: 1 v/v; ca. 20 hrs), after 

which water (250 mi) was added. The aqueous phase was extracted with dichloromethane 

(3xl00 rnl). The combined organic layers were dried · (MgS04l and concentrated in vacuo 

to give crude 30, which was purified by means of column chromatography (eluent: 

dichlorome-thane/diethyl ether 20:1 v/v; IY = 0.33) to give pure 30 as a co!ourless oil in 

a yield of 5.7 g (76 %). 1H NMR (C6D6): ó 1.11 (t, 6H, CH3 acetal, 3JHH = 7.0 Hz): 

3.10 (s, 3H, OCH3), 3.35-3.43 and 3.59-3.73 (m, SH), 3.98 (m, 4H), 4.10 (s, 2H) 

(OCH2CH20, OCH2 acetal, MEMOCH2, [G-l]OCH2, and [G-2]0CH2), 4.47 (s, 2H), 

4.48 (s, 2H) (core0CH2Ar), 4.71 (s, SH, ArOCH2Ph), 4.74 (s, 4H, ArOCH2Ar), 4.77 

(s, 3H, OCH20 and CH(OEt)z), 4.80 (s, 4H, Ar0CH2Ph), 6.62 (t, IH, ArH, 4J88 = 
2.2 Hz), 6.65 (t, 2H, ArH 4JHH = 2.2 Hz), 6.74 (t, lH, ArH, 4JHH = 2.2 Hz), 6.77 (d, 
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4H, ArH, 4JHH = 2.2 Hz), 6.80 (d, 2H, ArH, 4JHH = 2.2 Hz), 6.86 (d, 2H, ArH, 4JHH 

= 2.2 Hz), 7.04-7.29 (m, 30H, PhH). Be NMR: ö 15.77 (eH3 acetal), 49.33 

(quaternary carbon), 58.63 (OeH3), 66.02, 67.17, 68.40, 69.98, 70.04, 70.08, 71.01, 

72.20, 73.64, 73.67 (OeH2eH20, OeH2 acetal, MEMOCH2, [G-l]OeH2, [G-2]0eH2, 

coreOeH2Ar, ArOeH2Ar, and ArOeH2Ph), 96.38 (OeH20), 101.41, 101.50, 101.99 

(ArCH), 105.84 (eH(OEth), 106.61, 106.63, 106.67 (AreH), 137.49, 137.67, 140.18, 

142.22, 142.38, 160.62, 160.65, 160.73 (ArC and PhC). 

mc-2-[[[3,5-Bis(benzyloxy)benzy1]oxy]methyl]-3-[[3,5-bis[[3,5-bis(benzyloxy)benzyl]

oxy ]benzyUoxy ]-2-[[ (2-methoxyethoxy)methoxy ]methyJ]propan-1-ol (31). 

A solution of compound 30 (5.6 g; 4.2 mmol) and p-toluenesulfonic acid 

monohydrate (0.10 g; 0.53 mmol) in acetone (50 ml) was boiled under reflux for 30 

mins, after which the mixture was allowed to cool down to room temperature. 

Subsequently, aqueous sodium bicarbonate (10 ml; 5 % w/v) was added, after which the 

acetone was evaporated. This was foliowed by the addition of water (40 ml) and extrac

tion of the aqueous phase with diethyl ether (3x50 ml). The combined organic layers were 

then dried (MgSO~ and concentrated in vacuo to give 5.7 g of a yellow oil (intermediate 

aldehyde), which was dissolved in 1 ,4-dioxane (35 ml). To this solution was added 

sodium borohydride (0.20 g; 5.3 mmol) and the resulting suspension was stirred until 

TLe showed complete conversion (eluent: hexane/ethyl acetate 3:2 v/v; ca. 1 hr). Water 

(300 ml) was added and the aqueous phase was extracted with dichloromethane (3x100 

ml). The combined organic layers were dried (MgSO~ and concentrated irt vacuo, ren

dering crude 31. Purification was accomplished by means of column chroinatography 

(eluent: hexane/ethyl acetate 9: 11 v/v; ~ = 0.29), fumishing pure 31 in a yield of 4.1 g 

(78 %). 1H NMR (e6D6): o 2.92 (t, 1H, OH, 3JHH = 6.1 Hz), 3.06 (s, 3H, OeH3), 

3.24-3.27 and 3.49-3.52 (m, 4H, OeH2eH20), 3.65 and 3.66 (both s, 4H, [G-l]OeH2 

and [G-2]0CHv, 3.76 (s, 2H, MEMOeH2), 3.95 (d, 2H, HOCH2, 3JHH = 6.1 Hz), 

4.34, 4.36 (both s, 2H, coreOeH2Ar), 4.53 (s, 2H, OeH20), 4.72 (s, 8H, ArOCH2Ph), 

4.75 (s, 4H), 4.82 (s, 4H) (ArOeH2Ar and ArOeH2Ph), 6.63 (t, lH, ArH, 4JHH = 2.3 

Hz), 6.64 (t, 2H, ArH, 4JHH = 2.3 Hz), 6.70 (d, 2H, ArH, 4JHH = 2.3 Hz), 6.74-6.78 

(m, 7H, ArH), 7.06-7.29 (m, 30H, PhH). Be NMR (e6D6): ö 45.59 (quaternary car

bon), 58.57 (OCH3), 64.36, 67.16, 67.80, 70.00, 70.02, 70.08, 72.05, 73.48, 73.52 

(OeH2eH20, MEMOCH2, HOeH2, [G-l]OeH2, fG-2]0eH2, coreOeH2Ar, 

ArOeH2Ar, and ArOeH2Ph), 95.77 (OeH20), 101.61, 101.71, 101.97, 106.60, 106.66 

(ArCH), 137.44, 137.55, 140.10, 141.64, 141.78, 142.07, 160.61, 160.63, 160.70 (Are 

and PhC). 
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mc-2-[[(3,5-Bis(benzyloxy)benzyl)oxy)methyl)-3·[[3,5-bis[[3,5-bis(benzyloxy)benzyl]

oxy )benzyl]oxy]-1-[[3,5-bis[[3,5-bis[[3,5-lis(benzyloxy) benzyl]oxy ]benzy u oxy] benzy n
oxy )-2-[[ (2-methoxyetboxy)metboxy ]methyl)propane (32). 

To a solution of alcohol 31 (1.0 g; 0.82 mmo!) in anhydrous THF (10 ml) was 

added pentane-washed sodium hydride (31 mg; 1.3 mmol). After stirring for 1 hr, [G-3]

Br 11 (1.5 g; 0.91 mmol) was added and the reaction mixture was boiled under reflux 

until TLC showed complete conversion (eluent: dichloromethane; ca. 20 hrs), after which 

water (100 mi) was added. The aqueous phase was then extracted with dichloromethane 

(3x75 ml). The combined organic layers were dried (MgSO,V and concentrated in vacuo 

to give the crude 32, which was purified by means of flash chromatography (eluent: 

dichloromethaneldiisopropyl ether 20:1 v/v; R1 = 0.20) to give pure 32 as a colourless 

oil in a yield of 1.5 g (64 %). 1H NMR (C6D6): o 3.09 (s, 3H, OCH3), 3.32-3.36 and 

3.61-3.66 (m, 4H, OCH2CH20), 3.74 (s, 4H), 3.76 (s, 2H) ([G-l]OCH2, [G-2]0CH2, 

and [G-3]0CH0, 3.89 (s, 2H, MEMOCH0, 4.40 (s, 4H), 4.43 (s, 2H) (core0CH2Ar), 

4.68 (s, 4H), 4.69 (s, 16H), 4. 72 (s, 8H), 4. 74 (s, 10H), 4. 77 (s, 4H), 4. 78 (s, 4H) 

(OCH20, ArOCH2Ar, and ArOCH2Ph), 6.59 (t, 1H, ArH, 4JHH = 2.3 Hz), 6.61 (t, 2H, 

ArH, 4JHH = 2.3 Hz), 6.62 (t, 4H, ArH, 4JHH = 2.3 Hz), 6.70 (t, lH, ArH, 4JHH = 

2.3 Hz), 6.71-6.78 (m, 19H, ArH), 6.80 (d, 4H, ArH, 4JHH = 2.3 Hz), 7.03-7.27 (m, 

70H, PhH). 13C NMR (C6D~: o 45.90 (quaternary carbon), 58.59 (OCHJ), 67.16, 

67.72, 69.61, 69.66, 70.03, 70.08, 72.13, 73.41, 73.48, 73.52 (OCH2CH20, 

MEMOCH2, [G-1]0CH2, [G-2]0CH2, [G-3]0CH2, core0CH2Ar, ArOCH2Ar, and 

ArOCH2Ph), 96.14 (OCH20), 101.46, 101.57, 101.61, 102.04, 106.61, 106.72 (ArCH), 

137.46, 137.60, 139.98, 140.12, 140.28, 141.97, 142.12, 160.54, 160.69 (ArC and 

PhC). 

mc-2-([[3,5-Bis(benzyloxy)benzyl]oxy ]methyl]-2-[[[3,5-bis[[3,5-bis(benzyloxy) benzyl]

oxy ]benzyl]oxy ]metbyl]-3-[[3,5-bis[[3,5-bis{[3,5-bis(benzyloxy)benzyl]oxy ]benzyl]oxy ]

benzyl)oxy]propan-1-ol (33). 

Toa solution of 32 (1.3 g; 0.45 mmol) in anhydrous dichloromethane (10 ml) was 

added B-ch1orocatecholborane (76 mg; 0.49 mmol). This solution was stirred until TLC 

showed complete conversion (eluent: dichloromethane; ca. 30 mins). Aqueous sodium 

bicarbonate (5 % w/v; 5 mi) was added and stirring was continued for another 30 mins. 

Subsequent addition of dichloromethane (30 ml), removal of the aqueous layer, washing 

of the organic phase with aqueous sodium hydroxide (lO % w/v; 2x10 ml) and brine 

(2x10 ml), respectively, drying (MgS04), and concentration in vacuo fumished,crude 

alcohol 33, which was purified by means of flash chromatography (eluent: toluenelethyl 

acetate 40:1 vlv; ~ = 0.09). Yield: 0.97 g (78 %}. 1H NMR (C6D6): ó 3.61, 3.63, 3.64 
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(all s, 6H, [G-l]OCH2, [G-2]0CH2, and [G-3]0CH2), 3.96 (s, 2H, HOCH2), 4.29, 4.33 

(both s, 6H, core0CH2Ar), 4.69 (s, 24H), 4.71 (s, 4H), 4.74 (s, 8H), 4.76 (s, 4H), 4.78 

(s, 4H) (ArOCH2Ar and ArOCH2Ph), 6.60 (t, lH, ArH, 4JHH = 2.3 Hz), 6.62 (t, 2H, 

ArH, 4JHH = 2.3 Hz), 6.63 (t, 4H, ArH, 4JHH = 2.3 Hz), 6.67 (d, 2H, ArH, 4JHH = 
2.3 Hz), 6.71-6.75 (m, 20H, ArH), 6.80 (d, 4H, ArH, 4JHH = 2.3 Hz), 7.05-7.25 (m, 

70H, PhH). 13C NMR (C6D6): ö 45.79 (quaternary carbon), 65.52 (HOCH2), 70.07, 

70.13, 70.75, 70.83, 73.47, 73.54, 73.60 ([G-1]0CH2, [G-2]0CH2, [G-3]0CH2, 

core0CH2Ar Ar0CH2Ar, and ArOCH2Ph), 101.78, 101.83, 102.09, 102.13, 106.67, 

106.71, 106.76 (ArCH), 137.50, 137.59, 140.00, 140.12, 140.29, 141.60, 141.76, 

160.66, 160.74 (ArC and PhC). 

rac-2-[[[3,5-Bis(benzyloxy)benzyl]oxy]methyl]-2-[[[3,5-bis[[3,5-bis(benzyloxy)benzy1]

oxy ]benzyJ]oxy ]methyl]-3-[[3 ,5-bis[[3,5-bis[[3,5-bis(benzyloxy)benzyl]oxy]benzyUoxy ]

benzyl]oxy ]-1-[[3,5-bis[[3,5-bis[[3,5-bis[[3,5-bis(benzyloxy) benzyUoxy ]benzyl]oxy ]

benzyUoxy]benzyl]oxy]propane (2). 

To a solution of alcohol 33 (0.42 g; 0.15 mmol) in anhydrous THF (5 ml) was 

added pentane-washed sodium hydride (7 mg; 0.3 mmol). After stirring for 1 hr, [G-4]

Br 13 (0. 72 g; 0.22 mmol) was added and the reaction mixture was boiled under reflux 

until TLC showed complete conversion (eluent: dichloromethane; ca. 20 hrs), after which 

water (50 ml) was added. The aqueous phase was then extracted with dichloromethane 

(3x25 ml). The combined organic layers were dried (MgSO~ and concentrated in vacuo 

to give crude, racemie 2. Purification was accomplished by means of preparative HPLC 

(eluent: dichloromethane/acetonitril 99:1 v/v) with Silica Lichrosorb SI-60 5 1-'m (column 

dimensions: 100x16 mm ID; detection with UV light at À = 254 nm) as stationary phase. 

Yield: 0.65 g (70 %). 1H NMR (CDCI3): o 3.54 (br s, 8H, [G-l]OCH2, [G;2]0CH2, [G-

3]0CH2, [G-4]0CHv, 4.35 and 4.37 (both s, 8H, coreOCH2Ar), 4.69, 4.70, and 4.71 

(all s, 12H), 4.75 (s, 16H), 4.81 (s, 16H), 4.82 (s, 8H), 4.86 (s, 16H), 4.89 and 4.90 

(both s, 36H) (Ar0CH2Ar and Ar0CH2Ph), 6.37 (t, 2H, ArH, 4JHH = 2.2 Hz), 6.39 

(m, 2H, ArH), 6.41-6.50 (m, 30H, ArH), 6.53 (t, 8H, ArH, 4JHH = 2.3 'Hz). 6.55 (d, 

4H, ArH, 3JHH = 2.2 Hz), 6.57 (d, ·16H, ArH, 3JHH = 2.2 Hz), 6.58 (d, 16H, ArH, 
3JHH = 2.2 Hz), 7.22-7.33 (m, 150H, PhH). 13C NMR (CDC13): ö 69.33, 69.70, 69.77, 

69.83, 69.87, 69.92, 69.96, 73.09, 73.17 ([G-1]0CH2, [G-2]0CH2, [G~3]0CH2 , [G-

4]0CH2, core0CH2Ar ArOCH2Ar, and ArOCH2Ph), 100.86, 101.51, 105.93, 106.32, 

106.40 (ArCH), 127.35, 127.47, 127.52, 127.71, 127.80, 127.92, 128.43, 128.47, 

128.51 (PhCH), 126.73, 136.84, 139.17, 139.30, 139.37, 141.38, 141.49, 159.80, 

159.84, 159.90, 159.95, 160.00, 160.03, 160.06 (ArC and PhC). 
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roc-2-[(Benzyloxy)methyl]-2-[[[3,5-bis(benzyloxy)benzyl]oxy]methyl]-3-[[3,5-bis[[3,5-

bis(benzyloxy)benzyl]oxy]benzyl]oxy]-1-[[3,5-bis[[3,5-bis([3,5-bis(benzyloxy)benzyl]

oxy ]benzyl]oxy ]benzyl]oxy]propane (1). 

Chiral dendrimer 1 was obtained in the racemie form by reaction of 33 (0.48 g; 

0.38 mmol) with benzyl bromide ([G-0]-Br) (0. 75 g; 0.45 mmol) as described for 2 in a 

yield of 0.80 g (77%). Purification was accomplished by means of preparative HPLC 

(eluent: dichloromethanelacetonitril 99:1 v/v) with Silica Lichrosorb SI-60 5 ~m (column 

dimensions: 100xl6 mm ID; detection with UV light at !.. = 254 nm) as stationary phase. 
1H NMR (CDC13): ó 3.54 (s, 2H), 3.56 (s, 6H) ([G-1]0CH2, [G-2]0CH2, [G-3]0CH2, 

[G-4]0CHv, 4.39 (s, 2H), 4.40 (s, 4H), 4.44 (s, 2H) (coreOCH2Ar and coreOCH2Ph), 

4.80 (s, 4H), 4.82 (s, 4H), 4.85 (s, 4H), 4.87 (s, 8H), 4.91 (s, 8H), 4.96 (s, 16H) 

(ArOCH2Ar and ArOCH2Ph), 6.41-6.61 (m, 25H, ArH), 6.63 (d, SH, ArH, 4JHH = 2.2 

Hz), 7.18-7.40 (m, 75H, PhH). 13C NMR (CDC13): ó 45.71 (quaternary carbon), 69.27, 

69.41, 69.75, 69.79, 69.83, 69.86, 69.94 69.99, 73.15, 73.20 ([G-O]OCH2, [G-1]0CH2, 

[G-2]0CH2, [G-3]0CH2, coreOCH2Ar, core0CH2Ph, ArOCH2Ar, and Ar0CH2Ph), 

100.84, 101.45, 101.51, 105.99, 106.01, 106.28, 106.34 (ArCH), 127.13, 127.23, 

127.49, 127.52, 127.84, 127.92, 127.94, 128.20, 128.46, 128.50, 128.52 (PhCH), 

136.71, 136.84, 138.80, 139.15, 139.29, 141.37, 141.42, 141.46, 159.77, 159.80, 

159.84, 159.95, 160.03, 160.07 (ArC and PhC). 

3,3-Diethoxy-2-[[ (te.rt-bntyldimetbylsilyl)oxy ]methyl]-2-[[ (2-methoxyethoxy )metho

xy]methyl]propyl (-)-camphanate (34). 

A solution of alcohol 27 (1.0 g; 2.5 mmol) and anhydrous pyridine (0.50 mi) in 

anhydrous diethyl ether (15 ml) was cooled by means of an ice bath, after which (-)

camphanic acid chloride (0.82 g; 3.8 mmol) was added. The reaction mixture was stirred 

for 30 mins and, after removal of the ice bath, foranother 18 hrs. Subsequently, diethyl 

ether (85 ml) was added and the reaction mixture was filtered and wasbed with aqueous, 

saturated sodium bicarbonate (2x75 ml) and water (2x75 ml), respectively. Drying 

(MgSO~ and evaporation of the solvent gave pure 34 in a yield of 1.4 g (95 %). 1H 

NMR (CDC13): o 0.03 and 0.04 (ds, 6H, Si(CH3)z), 0.88 (s, 9H, SiC(CH3))), 0.96 (s, 

3H, CH3), 1.09 (s, 3H, CH3), 1.13 (s, 3H, CH3), 1.24 (t, 3H, CH3 acetal, 3JHH = 7.0 

Hz), 1.55-1.64 (m, lH), 1.92-2.05 (m, 2H), 2.40-2.49 (m, lH) (CH2), 3.35 (s, 3H, 

OCH3), 3.55-3.97 (m, 12H, OCH2CH20, MEMOCH2, TBDMSOCH2, and OCH2 

acetal), 4.31-4.45 (m, 2H, camphanoyiOCHv. 4.62 (s, lH, CH(OEt)v. 4.66-4.70 (m, 

2H, OCH20). 13C NMR (CDCI3): o -5.69 (Si(CH3)z), 9.30 (CH3), 15.10 (CH3 acetal), 

16.24 (CH3), 16.32 (CH3), 18.25 (SiC(CH3)3), 25.78 (SiC(CH3))), 28.49 (CHv, 30.24 

(CHv. 47.31 (quaternary carbon of core), 53.66 (quaternary carbon of camphanoyl), 

109 



54.34, (quatemary carbon of camphanoyl), 58.54 (OCH3), 61.13, 61.80, 66.01, 66.06, 

66.21, 66.30, 66.48, 71.21, (OCH2CH20, MEMOCH2, TBDMSOCH2 , OCH2 acetal, 

and camphanoylOCH2), 90.88 (tertiary carbon of camphanoyl), 95.54 (OCHp), 105.01 

(CH(OEth), 166.69, 177.81 (carbonyl). 

2-(Diethoxymethyl)-1-hydroxy-2-[[(2-methoxyethoxy)methoxy]methyl]propyl (-)-cam

phanate (35). 

A mixture of 34 (1.4 g; 2.4 mmol) and a 1 M solution of tetrabutylammonium 

fluoride in THF (7.5 ml) was stirred ovemight, after which water (200 ml) was added. 

Extraction of the aqueous phase with diisopropyl ether, drying (MgS04), and evaporation 

of the solvent gave crude 35. Purification was accomplished by means of column chroma

tography (eluent: dichloromethane/methanol 98:2 v/v; R1 = 0.33) to give pure 35 in a 

yield of 1.0 g (92 %). 1H NMR (CDC13): ó 0.96 (s, 3H, CH3), 1.07 and 1.08 (ds, 3H, 

CH3), 1.12 (s, 3H, CH3), 1.22 and 1.23 (dt, 6H, CH3 acetal, 3JHH = 7.0 Hz), 1.56-1.63 

(m, 1H), 1.92-2.07 (m, 2H), 2.41-2.49 (m, 1H) (CH2), 3.39 (s, 3H, OCH3), 3.53-3.91 

(m, 12H, OCH2CH20, MEMOCH2, HOCH2, and OCH2 acetal), 4.29-4.42 (m, 2H, 

camphanoylOCH2), 4.61 (s, 1H, CH(OEth), 4.67-4.70 (m, 2H, OCH20). 13C NMR 

(CDC13): ó 9.28 (CH3), 15.03 (CH3 acetal), 16.27 (CH3), 28.51 (CH2), 30.26 (CH2l, 

47.23 (quatemary carbon of core), 53.67 (quatemary carbon of camphanoyl), 54.35, 

54.37 (quatemary carbon of camphanoyl), 58.53 (OCH3), 61.59, 63.58, 66.10, 66.17, 

66.31, 66.42, 66.60, 71.30 (OCH2CH20, MEMOCH2, HOCH2, OCH2 acetal, and 

camphanoylOCH2), 90.84 (tertiary carbon of camphanoyl), 95.49 (OCH20), 104.97 

(CH(OEth), 166.73, 166.79, 177.77 (carbonyl). 

2-[[[3,5-Bis(benzyloxy)benzyl]oxy]methyl]-3-[(4R, SR)-4,S-dimethyl[1,3]dioxolan-2-yl]-

2-[[ (2-methoxyethoxy)methoxy ]methyl] propan-l-ol (36a). 

A solution of 29 (1.5 g; 2.5 mmol), (2R, 3R)-(-)-butane-2,3-diol (1.0 ml; 11 

mmol), and PPTS (0.10 g; 0.40 mmol) in anhydrous benzene (15 ml) was boiled under 

reflux until TLC showed the reaction to be complete (eluent: hexane/ethyl acetate 1:1 v/v; 

ca. 15 hrs). Dichloromethane (85 ml) was added and the resulting mixture was wasbed 

with water (3x75 ml). Drying (MgSO~ and evaporation of the solvent gave crude 36a, 

which was purified by means of column chromatography (eluent: hexane/ethyl acetate 1:1 

v/v; ~ = 0.23) to fumish pure 36a in a yield of 1.3 g (89 %). 1H NMR (C6D6): ó 0.87 

and 0.92 (both dd, 6H, CH3 acetal, 3JHH = 5. 7 Hz), 3.06 (br s, lH, OH), 3.10 (s, 3H, 

OCH3), 3.23-3.27 (m, 2H), 3.32-3.36 (m, 2H), 3.59-3.62 (m, 2H), 3.82-4.06 (m, 4H) 

(OCH2CH20, MEMOCH2, [G-1}0CH2, and OCH acetal), 4.15 (br s, 2H, HOCH2l, 4.37 

and 4.38 (both s, 2H, coreOCHv 4.62 (m, 2H, OCH20), 4.78 (s, 4H, Ar0CH2Ph), 5.38 
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and 5.39 (both s, lH, CH), 6.63 (t, IH, ArH, 4JHH = 2.3 Hz), 6.72 and 6.73 (both d, 

2H, ArH, 4JHH = 2.3 Hz), 7.08-7.32 (m, IOH, PhH). 13C NMR (C6D6): ó 16.56, 17.29 

(CH3 acetal), 47.09 (quaternary carbon), 58.58 (OCH3), 63.29, 63.31, 66.79, 66.92, 

67.20, 69.76, 69.90, 70.01, 72.10, 73.65, 78.51, 79.76, 79.78 (0CH2CH20, 

MEMOCH2, [G-1]0CH2, HOCH2, OCH acetal, coreOCH2, and OCH2Ph), 96.06 

(OCH20), 101.66 (ArCH), 104.05 (CH), 106.54 (ArCH), 137.63, 141.58, 160.64 (ArC 

and PhC). 

Attempted synthesis of 2[[[3,5-bis(benzyloxy)benzyl]oxy]methyl]-3-(4R, SR)-4,5-bis

(ethoxycarbonyl)[l,J]dioxolan-2-yl]-2-[[(2-methoxyethoxy)methoxy]rnethyl]propan-l-ol 

(36b). 

A solution of 29 (0.47 g; 0.78 mmo1), diethyll-tartrate (1.0 ml; 40 mmol), and 

PPTS (0.05 g; 0.20 mmol) in anhydrous benzene (5 ml) was boiled under reflux for 16 

hrs. Dichloromethane (95 mi) was added and the resulting mixture was washed with water 

(3x75 mi). Drying (MgSO~ and evaporation of the solvent produced a visrous oil, which, 

according to analytica! TLC and 1H-NMR spectroscopy, did not contain any appreciable 

arnount of 36b. 

2-[(Butyryloxy)methyl]-3,3-dietboxy-2-[[(2-methoxyethoxy)methoxy)metbyl]propyl 

butyrate (37). 

A mixture of diol 18 (10.1 g; 34.0 mmol), anhydrous pyridine (7.5 ml), and 

anhydrous diethyl ether (100 mi) was cooled by means of an ice bath, after which butyryl 

chloride (8.0 g; 75.1 mmol) was added dropwise during 1 hr. Subsequently, the ice bath 

was removed and the reaction mixture was stirred for another 3 hrs. Filtration, washing 

of the organic solution with aqueous sodium carbonate (10 % w/v; 3xl00 ml), drying 

(MgSO~, and evaporation of the solvent gave 37 contaminated with butyric acid. To 

remove the butyric acid the residue was dissolved in a mixture of methanol (250 mi) and 

water (20 mi). Aqueous sodium carbonate (10 % w/v; 20 ml) was added dropwise and 

the mixture was stirred for 30 mins. The methanol was evaporated and the resulting 

aqueous phase extracted with hexane (2x250 ml). Washing of the combined organic Iayers 

with aqueous sodium carbonate (10 % w/v; 2xl00 mi), drying (MgSO~, and evaporation 

of the solvent gave nearly pure 37 in a yield of 11.8 g (79 %). 1H NMR (CDCI3): I) 0.95 

(t, 6H, CH3 butyryl, 3JHH = 7.4 Hz), 1.19 (t, 6H, CH3 acetal, 3JHH = 7.1 Hz), 1.65 

(m, 4H, {j-CH2 butyryl), 2.27 (t, 4H, a-CH2 butyryl, 3JHH = 7.5 Hz), 3.39 (s, 3H, 

OCH3), 3.46-3.85 (m, lOH, OCH2 acetal, OCH2CH20, and MEMOCH~, 4.24 (m, 4H, 

butyrylOCH~, 4.52 (s, 1H, CH(OEth), 4.66 (s, 2H, OCH20). 13C NMR (CDCI3): I) 

13.64 (CH3 butyryl), 15.32 (CH3 acetal), 18.31 (ft-CH2 butyryl), 36.19 (a-CH2 butyryl), 
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46.85 (quatemary carbon), 58.97 (OCH3), 65.31 (butyrylOCH2), 66.29 (OCH2 acetal), 

66.69, 67.07, 71.64 (OCH2CH20 and MEMOCH2), 95.89 (OCH20), 104.43 

(CH(OEth). 

2-[(Butyryloxy)methyl]-3-hydroxy-2-[[(2-methoxyethoxy)methoxy]methyl]propyl buty

rate (38). 

A solution of 37 (11.1 g; 25.5 mmol) and p-toluenesulfonic acid monohydrate (1.1 

g; 5.7 mmol) in acetone (110 mi) was boiled under reflux for 20 mins. The mixture was 

allowed to cool down to room temperature, after which aqueous, saturated sodium bicar

bonare was added (20 mi). The resulting mixture was concentrated in vacuo. Diethyl ether 

(250 ml) was added to the residue and the organic phase was washed with aqueous, 

saturated sodium bicarbonate (2x100 mi) and water (2x100 mi), respectively. Drying 

(MgS04) and evaporation of the solvent gave the crude intermediate aldehyde. To a 

solution of this aldehyde (5.6 g; 15 mmol) in 1,4-dioxane (75 mi) was added sodium 

bomhydride (0.50 g; 13 mmol) in 5 portions. The mixture was stirred ovemight and 

subsequently concentraled in vacuo. Addition of water (100 mi), extraction of the aqueous 

phase with diethyl ether (3x50 mi), drying (MgS04), and evaporation of the diethyl ether 

fumished crude 38. Purification was accomplished with column chromatography (eluent: 

hexane/ethyl acetate 1:1 v/v; R1 = 0.27), fumishing pure 38 in a yield of 5.4 g (58 %). 
1H NMR (CDC13): o 0.95 (t, 6H, CH3 butyryl, 3JHH = 7.4 Hz), 1.65 (m, 4H, i3-CH2 
butyryl), 2.31 (t, 4H, a-CH2 butyryl, 3JHH = 7.5 Hz), 2.91 (br s, lH, OH), 3.40 (s, 

3H, OCH3), 3.54-3.70 (m, 8H, OCH2CH20, MEMOCH2, and HOCH2) 4.11 (s, 4H, 

butyrylOCH2), 4.69 (s, 2H, OCH20). 13C NMR (CDC13): o 13.58 (CH3 butyryl), 18.34 

(13-CH2 butyryl), 36.01 (a-CH2 butyryl), 43.88 (quatemary carbon), 58l94 (OCH3), 

61.39, 62.23, 66.27, 66.90, 71.65 (OCH2CH20, MEMOCH2, HOCH2, iand butyryl

OCH2), 95.8 (OCH20). 

3-[[3,5-bis(benzyloxy)benzyl]oxy]-2-[(butyryloxy)methyl]-2-[[(2-methoxyetboxy)metho

xy]methyl]propyl butyrate (39). 

To a solution of alcohol 38 (2.3 g; 6.3 mmol) in anhydrous THF (25 mi) was 

added pentane-washed sodium hydride (0.20 g; 8.3 mmol). After stirring for 1 hr, [G-1]

Br 7 (3.0 g; 8.9 mmol) was added and the reaction mixture was boiled under reflux for 

20 hrs, after which water (250 mi) was added. The aqueous phase was then extracted 

with diethyl ether (3x100 ml). The combined organic layers were dried (MgS04) and 

concentraled in vacuo to give crude 39, which was purified by column chromatography 

(eluent: dichloromethane/diethyl ether 20:1 v/v; R1 = 0.30) to give pure 39 as a colour

less oil in a yield of 3.0 g (71 %). 1H NMR (CDC13): o 0.91 (t, 6H, CH3 butyryl, 3JHH 
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= 7.4 Hz), 1.60 (m, 4H, ~-CH2 butyryl), 2.25 (t, 4H, a-CH2 butyryl, 3JHH = 7.5 Hz), 

3.34 (s, 3H, OCH3), 3.44 (s, 2H), 3.48-3.53 (m, 2H), 3.57 (s, 2H), 3.61-3.64 (m, 2H) 

(OCH2CH20, MEMOCH2, and [G-1]0CH~, 4.15 (s, 4H, butyryl0CH2), 4.40 (s, 2H, 

coreOCH2Ar), 4.66 (s, 2H, OCH20), 5.02 (s, 4H, ArOCH2Ph), 6.54 (s, 3H, ArH), 

7.28-7.43 (m, lOH, PhH). 13C NMR (CDC13): o 13.53 (CH3 butyryl), 18.25 (~-CH2 
butyryl), 35.95 @-CH2 butyryl), 43.09 (quatemary carbon), 58.84 (OCH3), 62.67, 

66.16, 66.61, 68.35, 69.87, 71.52, 73.15 (OCH2CH20, MEMOCH2, [G-l]OCH2, 

coreOCH2Ar, ArOCH2Ph, and butyrylOCH~, 95.63 (OCH20), 100.92, 106.22 (ArCH), 

127.40, 127.64, 128.43 (PhCH), 136.71, 140.50, 159.84 (ArC and PhC). 

General procedure for the attempted enantiospecific hydralysis of 21. 

To a vigorously stirred solution of substrate 21 (0.2 g; 0.4 mmol) and an 

equimolar amount of ebiral amine in anhydrous dîchloromethane (10 ml) was added dry, 

powdered zinc(II) bromide (0.09 g; 0.4 mmol). Stirring was continued for 7 days, after 

which TLC (eluent: hexanelethyl acetate 2:1 v/v) showed no conversion at all. After this 

period, addition of another portion of zinc(II) bromide (0.09 g; 0.4 mmo!) did not result 

in any conversion of 21 either. The employed amines comprised (-)-brucine, (-)-sparteine, 

and (-)-quinine. 

General procedure for the attempted enzymatic resolution of 37 and 39. 

A mixture of substrate (37 or 39; 0.3 g), Iipase (0.25 g), dichloromethane (5 ml), 

and aqueous Tris buffer (25 mi; pH = 8.1) was stirred vigorously, monitoring the pH 

with a pH-meter and keeping the pH at a value of 8.1 with 0.01 N aqueous sodium 

hydroxide throughout the reaction. The course of the reaction was monitored by analytica! 

TLC (eluent: hexanelethyl acetate for compound 37 and dichloromethane/diethyl ether 

15:1 v/v for compound 39). Compound 39 showed no conversion at all in any case. The 

results of compound 37 are given in Table 4.1. In case of reasonable or substantial 

conversion after 7 days, dichloromethane (50 ml) was added to the reaction mixture. The 

organic phase was wasbed with aqueous, saturated sodium bicarbonate (3x30 mi), dried 

(MgSO,.) and concentraled in vacuo, after which compound 40 was purified by means of 

column chromatography (eluent: hexanelethyl acetate 2:1 v/v; ~ = 0.38). 
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CHAPTERS 

NMR ANALYSIS OF CHIRAL DENDRIMERS 

AND THEIR INTERMEDIATES 

Abstract 

Chiral dendrimers consisting of four different generations attached to a pentaerythritol 

core, resulting in one central ebiral carbon atom, were analyzed with concern to their degree of 

chirality. Examination of the relative ditterenee in weight between the various generation present 

in one molecule revealed this parameter to converge to a limit, showing the degree of chirality to 

decrease with increasing size of the generations. In this approach the assumption of complete 

conformational freedom is made, thus neglecting the possibility of restricted mobility at higher 

generations. 1H-NMR Spectroscopy of the dendrimers 1 and 2 in different solvents showed 1 to 

contain a ebiral shape in solution, while the same conclusion could not be drawn for 2. Hence, the 

NMR experiments confirm the analysis made by assessing the relative ditterences in weight 

between the various dendritic wedges, indicating the absence of any restricted rnobility in these 

dendrimers. A detailed analysis of the 1H- and 13C-NMR spectra of the dendrimers' synthetic 

intermediates by means of 2D-NMR allowed the complete assignment of all but two precursors. 

5.1 INTRODUCTION 

In the previous Chapter the synthesis and characterization of the ebiral dendrimers 

1 and 2 in their racemie forms has been presented. All attempts for resolution failed, 

however. An interesting feature of these dendrimers may be the possession of an overall 

chral shape. A powerfut tooi for determining the presence of ebiral shapes is found in 

NMR spectroscopy, especially 1H-NMR spectroscopy. 

NMR has been a prominent metbod for the characterization of several dendritic 

systems. Hawker and Fréchet used 1H- and 13C-NMR spectroscopy to confirm the pres

enee of a single surface functionality in dendritic macromolecules1 and to determine the 

relative number and position of different building blocks in dendritic block copolymers2• 

Furthermore, they were able to fully characterize aromatic polyether dendrimers and to 

demonstrate the absence of starting matenals and/or side products with these techniques3. 

Structural defectsin poly(propyleneimine) dendrimers were observable with 1H- and 13C-
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NMR spectroscopy4. Tomalia et al. have demonstraled by means of NMR-relaxation 

measurements that smal! organic molecules can penetrate into the interior of a 

poly(amidoamine) dendrimer5, while Newkome et aL used 2D-DOSY NMR to calculate 

the hydrodynamic radii of acid-terminated dendrimers at different pH values6. Recently, 

the first example of natoral abondance 15N-NMR spectroscopy in the observation of 

individual generations in poly(propyleneimine) dendrimers was reported7. The exterior of 

amino-acid modificated poly(propyleneimine) dendrimers was proven to possess solid-like 

properties, as determined by NMR-relaxation experiments8 

An extensive NMR study towards our chiral dendrimers and their precursors has 

been conducted, as 1H NMR spectroscopy is an excellent tool for the study of the degree 

of chirality in dendrimers 1 and 2 and their precursors. The question arises whether the 

chirality of the dendrimers and that of their precursors manifests itself in the NMR 

spectra. 
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5.2 THE ISSUE OF THE DEGREE OF CHIRALITY 

An issue of direct concern to the ebiral dendrimers · 1 and 2 (and, of course, to 

their larger analogues) deals with the question: which dendrimer is "more chiral", 1 or 2? 

Many theoretical studies are devoted to the degree of chirality on molecules9• However, 

none of them is dealing with well-organized macromolecules with their atoms restricted in 

a confined space. This problem seems to be related to the effect of compression by 
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branching in saturated hydrocarbons, thus limiting sharply the number of permissible 

structures (the so-called "excluded volume" problem)10• Analogously, the series of 

compounds 1, 2, ... etc. has a natural limit, eventually resulting in a ebiral body with 

restricted mobility at higher generations. 

To decide whether the degree of chirality in our series of dendrimers decreases or 

increases with an increasing number of generations, the transparent example of 

H(CH2) 8 CHD(CH2)
8
D can be considered by way of background11 . The degree of 

chirality of this molecule obviously deercases with an increase in n. However, the abso

lute difference .!l in, say, weight between the two branches, H(CH2)
8 

and (CH2)
0
D, 

remains constant as n increases. That is, .!l is the same for H(CH2)8CHD(CH~nD and for 

H(CH2)8+ 1CHD(CH~n+ID. Hence, .!l gives absolutely no information on relatîve 

degrees of chirality in this series. In contrast, the relative difference in weights, given by 

the ratio R = (CH~8D/H(CH2ln• decreases and approaches unity as n approaches infin

ity. In other words the trend in R's is informative because it shows that the molecule 

beoomes increasingly achiral with an increase in n. 

Nevertheless, our case appears to be more complicated as the absolute difference 

in weight between pairs of substituents increases and does not remain constant in going 

from 1 to 2, from 2 to (hypothetical) 3, and so forth12• 1t can be shown, however, that it 

is the i:elative difference that matters13• The four substituents in the dendrimers can be 

indexed by a characteristic n such that the number of benzene rings in each substituent is 

given by N8 = 28~1. Thus, n(l) = 1, 2, 3, 4 and Nn(l) = 1, 3, 7, 15; n(2) = 2, 3, 4, 5 
and N8 (2) = 3, 7, 15, 31; n(3) = 3, 4, 5, 6 and N8 (3) = 7, 15, 31, 63; and so forth. 

The absolute difference between the N's of substituents n and n+ l does indeed increase 

indefmitely: A = Nn+ 1-N8 = zn. On the other hand, the relative difference is given by 

the ratio R = (Nn+ 1-N8 )/(Nn+ 1 + N8 ). Thus, R(l) = 0.50, 0.40, 0.36; R(2) = 0.40! 

0.36, 0.35; R(3) = 0.36, 0.35, 0.34; and so forth. In the limit, R( oo) = l/3, l/3, l/3. 

Hence, the series of ratios R converges to a limit, just as in the example of 

H(CH~8CHD(CH2)8D. The trend in R's shows that the dendrimers become increasingly 

achiral with an increase in n and N8 • In other words, from a molecular point of view the 

differences of the four constitutionally different substituents decrease. 

In this analysis the obvious problem of excluded volumes is ignored. This 

approach seems to be completely . valid for the relatively small dendrimers 1 and 2. 

However, this problem will become an important factor when the situation of Tomalia's 

"sterically induced stoichiometry" arises. In that situation a chiral body with restricted 

mobility is reached. At the moment the behaviour of ebiral dendrimers large enough to 

show sterically induced stoichiometry is still unclear. According to the above mentioned 

analysis the degree of chirality in these high generation dendrimers should be significantly 
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smaller than the degree of chirality in 1 and 2. However, the issue of increasing chirality 

due to crowding of the different substituents remains intriguing. 

The degree of chirality in 1 and 2, as well as the validity of ignored excluded vol

ume, was studied by means of several 1H-NMR experiments, as is described in the next 

Section. 

5.3 1H-NMR STUDIES OF THE DENDRIMERS 

In order to study the dendrimers 1 and 2, 1H-NMR spectra in various solvents and 

at different temperartures were acquired. The 1H-NMR spectrum of 1 in CDC~ shows an 

interesting feature for the resonances of the benzylic protons, revealing: the stratified 

structure of the dendrimer. As can be seen in Figure 5.1, these resonances consist of a set 

of six singlets, centered around ó = 4.9 ppm, with an intensity ratio of 16;8:8:4:4:4 and 

of a set of four partially overlapping singlets near ó = 4.4 ppm with an intensity ratio of 

2:2:2:2. The strongest signa! (a) arises from the outermost benzylic protons of the largest 

dendritic wedge ([G-3]), being the only signa! with an intensity of sixteen protons. The 

two singlets with an intensity of eight (b,c) are interpreted as originating from the outer

most benzylic protons of the one but largest dendritic wedge ([G-2]) and the one but 

outermost benzylic protons of the largest dendritic wedge ([G-3]). Furthermore, the three 

singlets with an intensity of four (d,e,f) are ascribed to the benzylic protons in. the next, 

more inwardly positioned, layer of the dendritic wedges [G-3], [G-2], and [G-1]. Finally, 

the benzylic protons directly attached to the pentaerythritol core appear as the four partial

ly overlapping singlets near ó = 4.4 ppm (g). Moreover, the pentaerythrityl protons 

appear as an ill-resolved resonance at 8 = 3.5-3.6 ppm (h). By recording the 1H-NMR 

spectrum in C6D6 and C6D5N, respectively, a remarkable difference in chemical shift for 

the pentaerythrityl protons (C~~ or for the most inner benzylic protoqs (C5D5N) is 

observed (see Figure 5.1); both signals appear as four resolved singlets in a 2:2:2:2 ratio 

in the abovementioned solvents. The difference in structure of the two larg~ substituents 

in 1, i.e, [G-2] and [G-3], is 17 a-bonds apart from the pentaerythrityl protons and 15 a

bonds apart from the most inner benzylic protons, being too far from the core to differen

tlate between the various methylene groups in electrooie properties. Therefore, we pro

pose that dendrimer l can adopt an overall ebiral shape in solution, which structure 

strongly depends on the solvent andlor complexation of 1 with solvent. 

These features of the 1H-NMR spectra are significantly less evident for dendrimer 

2. The differences between the 1H-NMR signals in CDC13 of the various benzylic protons 

are still observable, but less pronounced, giving rise to partially overlapping peaks. No 
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Figure 5.1: Ether region ofthe 1H-NMR spectrum ofdendrimer I in CDC/3, Ct/)6, 

and Csf>5N, respectively. 

assignments could be made in this case. In C6D6 and C5D5N the difference for the reson

ances of the inner protons was not observed and, hence, no condusion on the presence of 

a ebiral shape was drawn in this case. These ol>servations are in agreement with the con

dusion in Section 5.2 on the degree of chirality, which states that the chirality is more 

explicit in the smaller dendrimer 1 than in the higher generation case of dendrimer 2. 

Another interesting feature of the 1H-NMR spectra of our dendrimers, and in 

particular of dendrimer 1, is the sharpness of the peaks, compared to the size of the 

molecules. Recording the spectra at lower temperatures (CD2Cl2) resulted in considerable 

peak broadening only at temperatures below 230 K. The reason for this is found in the 

substantial conformational freedom present in the molecule. Clearly, a situation in which 

crowding of the various aromatic moieties takes place is not encountered here. In other 

words, a situation comparable to Tomalia's sterically induced stoicbiometry (or, for that 
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matter, a situation romparabie to the excluded volume problem) will only be experienced 

with higher generation dendrimers. 

No evidence has been found for the existence of a preferred conformational 

rotamer and no diastereotopic protons could be detected. Recording the 1 H-NMR spectra 

of 1 and 2 with the addition of ebiral shift reagent did not show any separation of 

diastereomeric complexes. 

5.4 NMR ANALYSIS OF THE INTERMEDIATES 

As mentioned in Section 5.1, an extensive NMR study towards the synthetic 

precursors of the dendrimers 1 and 2 bas been conducted. Speetral elucidation by various 

means, among which 2D-NMR experiments, were carried out for the intermediates 5-9, 

while the NMR spectra, especially the 13C-NMR spectra, of 10 and 11 were too complex 

to allow complete interpretation. Consequently, the NMR assignments of these two 

compounds are not included here. A full explanation of the assignments made for 6 is 

given bere, while for the intermediales 5 and 7-9 the assignments are listed in the various 

Tables. It should be noted that all spectra were recorded in C6D6, as this turned out to be 

the only solvent in which the various NMR signals showed sufficient .chemical-shift 

variations for the different nuclei to allow (at least almost) complete interpretation. 

C~OSi(CH3hC(CH3h 

CH30CH2C~OC~OC~+H(OC~CH3h 
CH20[G-1] 

6 

90ia-(Q) 
. [G-1]: CH,--Q 

oc~-(Q) 

Considering the 1H- and 13C-NMR spectra of 6, there are a number of trivial 

assignments. In the 1H-NMR spectrum, the singlets appearing at 0.11 and 1.01 ppm were 

ascribed to the methyl and the tert-butyl protons, respectively, of the TBDMS protecting 
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2R= [G-4) 

10 

Scheme 5.1 
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group. The signal apparently consisting of a triplet at 1.11 ppm is in fact the X part of a 

double ABX3 pattem. This subspectrum originates from both ethyl groups of the acetal 

fragment, each ethyl group giving a separate ABX3 pattern. The AB part can be assigned 

to the (in each methylene group diastereotopic) methylene protons, while the X part arises 

from the methyl protons. Straightforward analysis showed JAX and JBx to be equal to 7.0 

Hz and JAB to -9.1 Hz in both ABX3 subspectra, whereas the values for oA are 3.65 ppm 

in both cases, for ~ 3.40 and 3.41 ppm, and for óx 1.11 ppm in both cases. The singlet 

at 3.12 ppm clearly belongs to the methoxy moiety of the MEM protecting group. The 

pattem that originates from the OCH2CH20 moiety of the MEM group appears as an 

AA'BB' subspectrum, although essentially it oomprises an ABCD pattem, due to the 

diastereotopy of each set of methylene protons. The singlet at 4.45 ppm is assigned to the 

benzylic protons directly attached to the pentaerythritol core. Furthermore, the three 

neighbouring singlets at 4.7-4.8 ppm could be distinguished by looking at their intensity. 

The singlet with an intensity of one (o = 4. 70 ppm) clearly arises from the methyne 

proton (CH(OEth. The singlet with an intensity of two (o = 4.77 ppm) was ascribed to 

the methylene-acetal protons present in the MEM protecting group. The last singlet of this 

group, having an intensity of four (o = 4. 79 ppm), sterns from the outermost benzylic 

protons of the dendritic wedge. Following this are two resonances originating from the 

aromatic protons of the branching point of [G-1]. Figure 5.2 shows the numbering of 

these specific protons and carbon atoms. The triplet at 6.64 ppm belongs to H-4, while 

the doublet at 6.80 ppm is associated with H-2, the coupling constant between these 

protons being 2.3 Hz, typical for a coupling over four bonds. Finally, the complex 

multiplet between 7.18 and 7.33 ppm was assigned to the aromatic protons of the outer

most aromatic rings (H-6, H-7, and H-8). 
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tons and carbon atoms in a dendritic wedge (in this case [G-2]). 



For the 13C-NMR spectrum, the first signa! is found at -5.38 ppm, arising from 

the methyl groups of the TBDMS moiety. Further signals from this protecting group can 

be found at 18.56 ppm (the eental carbon of the ten-butyl part) and at 26.18 ppm (the 

methyl carbons of the ten-butyl part), respectively. The resonance at 15.74 ppm was 

assigned to the methyl carbons of the diethyl-acetal moiety. Next, the signa! at 49.70 ppm 

was ascribed to the centra!, quatemary carbon atom at the core of the molecule. Further

more, the methoxy carbon of the MEM protecting group appeared at 58.65 ppm. The 

ensuing trivia! assignment comprised the peak at 96.47 ppm and was assigned to the 

methylene-acetal carbon atom of the MEM protecting group. The signal at 105.92 ppm 

could be ascribed to the methyne carbon (CH(OEt)z). The only trivia! assignments left 

now comprised the aromatic carbon-atoms of the various phenyl groups of the dendritic 

wedges and were carried out using 13C chemieal-shift increments for monosubsittuted 

benzene derivatives14• The resonance at 101.35 ppm was assigned to C-4, while the 

signa! at 106.73 ppm was ascribed to C-2. The substituted carbon atom of the outermost 

aromatic rings appeared at 137.66 ppm (C-5). The peak at 142.16 ppm was interpreted as 

originating from C-l and that at 160.62 ppm as originating from C-3. All 13C-NMR 

resonances located between ca. 125 and 130 ppm (signals belonging to C-6, C-7, and C-

8) were obscured by the solvent signal and are therefore not reported. 

Several 13C-NMR peaks could be assigned with the aid of a 13C-1H correlated 20-

NMR spectrum15. An expansion of this 20 spectrum of 6 is shown in Figure 5.3. The 

AB part of the double ABX3 pattem in the 1H-NMR spectrum is correlated with 2 peaks 

in the 13C-NMR spectrum at 65.92 and 66.00 ppm, while the 1H-NMR signals belonging 

to the OCH2CH20 correlate to the carbon resonances at 67.13 and 72.27 ppm. Moreover, 

the innermost benzylic proton resonance of the [G-1] group, lying at 4.45 ppm, corre

sponds with the carbon resonance at 73.70 ppm and the outermost benzylic methylene

proton resonance of the [G-1] group correlates with the 13C-NMR peak at 70.02 ppm. 

However, there were still several signals which could not be assigned correctly. 

The solution was found in the so-called COLOC 20-NMR experiment16. With this tooi 

carbon-proton correlations over three bonds are detectable. Figure 5.4 shows an expan

sion of the COLOC 2D-NMR spectrum of 6. From this spectrum it can be seen that the 
1H-NMR singlet at 4.77 ppm (OCH20) correlates with the 13C-NMR peak at 68.14 ppm, 

indicating this signa! to originate from the CH20MEM carbon. A cross peak at 4.45 ppm 

in the proton spectrum and at 70.57 ppm in the carbon spectrum shows this carbon peak 
to be the CH20[G-U signa!. Moreover, the two OCH2CH20 carbon resonances could be 

distinguished by means of the COLOC experiment. The peak at 67.13 ppm was ascribed 

to the methylene carbon on the inner side of the MEM group and the peak at 72.27 ppm 

could be interpreled as originating from the methylene carbon on the outer side (nearest 
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Figure 5.3: Expansion ofthe 2D 13C-1H correlated NMR spectrum of6. 

to the methoxy) of the MEM group. All these assignments left only one peak in the 13C

NMR spectrum unassigned, namely the peak at 62.95 ppm in the carbon spectrum. Thus, 

this peak was ascribed to the CH20TBDMS carbon. 

Having interpreted the complete 13C-NMR spectrum, all remaining unassigned 

signals in the proton spectrum could be assigned by using the 13C-1H correlated 2D-NMR 

spectrum again. Thus, the AB multiplet centered at 4.02 ppm was ascribed to the 

diastereotopic CH20MEM protons. The chemica! shift amounted to 4.00 and 4.04 ppm, 

while JAB equalled -9.8 Hz. Another AB multiplet, located more upfield (óA = 3.89 

ppm, ~ = 3.87 ppm, and J AB = -9.1 Hz), was shown to origin~te from the 

126 



2.8 

• ' 3.2 

3.6 

4.0 ' . • 

• 4.4 

•• 4.8 

80 70 60 50 PPM 

Figure 5.4: Expansion ofthe 2D-COLOC NMR spectrum oj6. 

diastereotopic [G-l]OCH2 protons. Furthermore, the downfield part of the AA'BB' 

pattem is correlated with the carbon peak at 67.13 ppm (CH30CH2CR2), while the 

upfield part of this subspectrum is correlated with the carbon resonance at 72.27 ppm 

(CH30CH2CH0. Finally, a cross peak between the carbon peak at 62.95 ppm and the 

singlet at the proton spectrum at 4.07 ppm proved this singlet to stem from the 

CH20TBDMS protons. The complete interpretation of the 1H- and 13C-NMR spectra of 6 

is summarized in Table 5.1 and Table 5.2. 

The NMR assignments of all other compounds were performed in the same way as 

mentioned above, i.e., first determining the trivial assignments, subsequent identification 

of carbon peak:s by means of a 13C-1H correlated 20-NMR spectrum, obtaining a com

plete interprétation of the 13C-NMR spectrum with the aid of a COLOC 20-NMR experi

ment, and, fmally, assigning the complete proton spectrum by using the 13C-1H correlated 

20-NMR spectrum again. The interpretations of the NMR spectra of the compounds 5 

and 7-CJ are shown in the Tables 5.3 through 5.10. 
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Table 5.1: 1 H-NMR assignments for 6. 

Chemica! shift Appearance Intensity Assignment Coupling 

(ppm) constants (Hz) 

0.11 6H Si(CH:Jh 

1.01 9H SiC(CHJ)3 

1.11 double ABKJ 6H CH3 acetal JAX = lsx 7.0 

3.12 3H OCH3 

3.40 & 3.65 JAB -9.1 

double ~X3 2H OCH2 acetal 

3.41 & 3.65 JAX = JBX 7.0 

3.41 AA'BB' 2H CH30CH2CH2 JAB = JA'B' 6.1 

]AB, JA'B 4.0 

3.72 AA'BB' 2H CH30CHzCH2 JAA' "'JBB. 

3.87 & 3.89 AB 2H [G-1]0CH2 JAB -9.1 

4.00&4.04 AB 2H MEMOCH2 JAB -9.8 

4.07 s 2H TBDMSOCH2 

4.45 s 2H coreOCHzAr 

4.70 s lH CH(OEt)z 

4.77 2H OCH20 

4.79 4H ArOCH2Ph 

6.64 IH H-4 JAX 2.3 

6.80 d 2H H-2 JAX 2.3 

7.18-7.33 m 10H PhH 

Table 5.2: 13C-NMR assignmenrsfor 6. 

Chemical shift (ppm) Assignment Chemica! shift (ppm) Assignment 

-5.38 Si(CHJ>J 70.57 [G-l]OCH2 

15.74 CH3 acetal 72.27 CH;OCH2CH2 

18.56 SiC(CHJ)3 73.70 coreOCH2Ar 

26.18 SiC(CH3)3 96.47 OCH20 
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Table 5.2: 13C-NMR assignmenls for 6. (Cominued) 

Chemica! shift (ppm) Assignment Chemica! shift (ppm) Assignment 

49.70 quaternary carbon 101.35 C-4 

58.65 OCH3 105.92 CH(0Et)2 

62.95 TBDMSOCH2 106.73 C-2 

65.92 & 66.00 OCH2 acetal 137.66 C-5 

67.13 CH30CH2CH2 142.16 C-1 

68.14 MEMOCH2 160.62 C-3 

70.02 ArOCH2Ph 

Table 5.3: 1H-NMR assignments for 5. 

Chemica! shift Appearance lntensity Assignment Coupling 

(ppm) constants (Hz) 

0.04&0.05 ds 6H Si(CH3)2 

0.94 9H SiC(CH~ 

1.02 & 1.03 double ABXJ 6H CH3 acetal 1Ax = 1sx 7.0 

3.13 s 3H OCH3 

3.16 ABK lH OH JAx 6.7, J8x 6.1 

3.28 & 3.56 JAX = lsx 7.0 

doubleABX3 4H OCH2 acetal 

3.33 & 3.57 JAB ·9.1 

3.34-3.37 AB~ 2H CH30CH2CH2 

3.60-3.63 MCD 2H CH3ocH2CH2 

3.83 & 3.96 AB 2H MEMOCH2 JAB ·9.4 

3.93 & 4.00 AB 2H TBDMSOCH2 JAB -9.6 

JAB -ll.l 

4.09 & 4.11 ABX 2H HOCH2 
lAx 6.7, J8x 6.1 

4.62 & 4.63 AB 2H OCH20 J AB -6.5 

4.65 lH CH(OEt)z 
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Table 5.4: 13C-NMR assignments for 5. 

Chemical shift (ppm) Assignment Chemical shift (ppm) 

-5.60 Si(CH3n 63.53 

15.49 CH3 acetal 66.24 & 66.29 

18.40 SiC(CHy3 67.22 

26.04 SiC(CHy3 67.24 

49.41 quaternary carbon 72.14 

58.63 OCH3 96.24 

62.77 TBDMSOCH2 106.24 

Table 5.5: 1 H-NMR assignments for 7. 

Chemical shift 
Appearance lntensity Assignment 

(ppm) 

1.01 & 1.02 double ABXa 6H CH3 acetal 

3.11 3H OCH3 

3.21 dec. simple ABX lH OH 

3.26 & 3.53 

doubleABX3 4H OCHz acetal 

3.29 & 3.54 

3.35 AA'BB' 2H CH30CH2CH2 

3.62 AA'BB' 2H CH30CHzCH2 

3.80& 3.88 AB 2H [G-l]OCH2 

3.95 & 4.01 AB 2H MEMOCH2 

4.19 dec. simple AJ!X 2H HOCH2 

4.33 & 4.35 AB 2H coreOCHzAr 

4.63 & 4.64 AB 2H OCH20 

4.70 lH CH(OEth 

4.78 s 4H ArOCHzPh 

6.65 lH H-4 

6.73 d 2H H-2 

7.05-7.29 m lOH PhH 
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Assignment 

HOCH2 

OCH2 acetal 

CH30i'::'H:2CH2 

MEMOCHz 

CH30CH2CH2 

OCH20 

CH(OEt)z 

Coupling 

constaats (Hz) 

JAX = Jax 7.0 

JAX + JBX 12.6 

JAB·9.1 

JAB = JA'B' 6.2 

JA'B = JAB, 3.8 

JAA, "" laa• 

JAB -8.9 

JAB -9.4 

1 AX + JBX 12.6 

JAB ·12.3 



Table 5.6: 13C-NMR assignmentsfor 7. 

Chemica! shift (ppm) Assignment Chemica! shift (ppm) Assignment 

15.53 CH3 acetal 72.16 CHPCH2CH2 

49.09 quaternary carbon 73.66 coreOCH2Ar 

58.63 OCH3 96.17 OCH20 

63.81 HOCH2 101.56 C-4 

66.23 & 66.31 OCH2 acetal 106.16 CH(OEth 

67.28 CH30CH2CH2 106.75 C-2 

67.45 MEMOCHz 137.58 C-5 

70.03 Ar0CH2Ph 141.59 C-1 

70.31 [G·l)OCHz 160.69 C-3 

Table 5. 7: 1 H-NMR assignments for 8. 

Chemical shift Appearance Intensity Assigmnent Coupling 

(ppm) constants (Hz) 

1.11 double ABX:! 6H CH3 acetal JAX J8x 7.0 

3.10 3H OCH3 

JAB -9.1 

3.38 & 3.63 double @X3 4H OCH2 acetal 

JAX J8x 7.0 

3.37 AA'BB' 2H CH30CH2CH2 JAB JA'B' 6.1 

JA'B = JAB' 4.0 
3.70 AA'BB' 2H CH30CH2CH2 JAA. "' JBB' 

3.96 & 3.97 [G-l]OCH2 JAB ·9.2 
double AB 4H and 

3.97 & 3.98 [G-2]0CH2 lAB ·9.1 

4.09 2H MEMOCH2 

4.47 & 4.48 ds 4H 
coreOCH2Ar 

([G-2) and [G·l)) 

4.71 SH Ar0CH2Ph ([G-2)) 

4.75 4H ArOCH2Ph ([G-IJ) 

4.76 3H OCH20 and CH(0Et)2 . 
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Table 5. 7: 1 H-NMR assignments for 8. (Continued) 

Chemica! shift Appearance Intensity Assignment Coupling 

' (ppm) constant (Hz) 

4.80 4H ArOCH2Ar' ([G-2)) 

6.62 1H H-4 JAX 2.3 

6.65 2H H-4' ([G-2]) JAX 2.3 

6.74 1H H-4 JAX 2.3 

6.77 d 2H H-2 JAX 2.3 

6.80 d 4H H-2' ([G-2]) JAX 2.3 

6.86 d 2H H-2 JAX 2.3 

7.08-7.30 m JOH PhH 

Table 5.8: 13C-NMR assignmentsfor 8. 

Chemica! shift (ppm) Assignment Chemica! shift (ppm) Assignment 

15.76 CH3 acetal 101.51 C-4 

49.44 quaternary carbon 102.01 C-4' 

58.63 OCH3 105.84 CH(OEt)z 

67.16 CH30C~Clf:2 106.64 C-2 

68.40 MEMOCH2 106.66 C-2 

70.00 ArOCH2Ph ((G-1]) 106.69 C-2' 

70.06 ArOCH2Ph((G-2]) 137.49 C-5 ([G-2]) 

70.09 Ar0CH2Ar' ((G-2]) 137.66 C-5 ((G-1]) 

71.00 & 71.01 (G-1]0CH2 and [G·2]0C~ 140.18 C-1' 

72.19 CH30Clf:2CH2 142.21 C-l 

73.65 coreOCH2Ar 142.36 C-1 

73.68 coreOCH2Ar 160.62 C-3 

96.38 OCH20 160.64 C-3 

101.44 C-4 160.73 C-3' 
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Table 5. 9: 1 H-NMR assignments for 9. 

Chemica] shift 
Appearance Intensity Assignment Coupling constants (Hz) 

(ppm) 

2.92 dec. simple ABX lH OH JAx+lsx 6.1 

3.06 s 3H OCH3 

3.26 AA'BB' 2H CH30CH2CH2 JAB = JA'B' 6.2 

JA'B JAB' 3.3 
3.51 AA'BB' 2H CH30CH2CH2 JAA. "" Iss· 

3.65 &. 3.66 ds 4H 
[G-l)OCH2 

and [G-2)0CH2 

3.75 2H MEMOCH2 

3.94 dec. simple ABX 2H HOCH2 JAx + lsx 6.1 

4.34 2H core0CH2Ar 

4.36 2H coreOCH2Ar 

4.53 s 2H OCH20 

4.72 s 8H ArOCH2Ph ([G-21) 

4.75 s 4H ArOCH2Ph ([G-1 J) 

4.82 s 4H ArOCH2Ar' ([G-2]) 

6.63 lH H-4 JAX 2.3 

6.64 2H H-4' JAX 2.3 

6.70 d 2H H-2 JAX 2.3 

6.79 &. 6.80 ABz 3H H·2 and H-4 JAB 2.3 

6.81 d 4H H-2' JAX 2.3 

7.06-7.29 m 35H PhH 

Table 5.10: 13C-NMR assignments for 9. 

Chemieal shift (ppm) Assignment Chemica! shift (ppm) Assignrnent 

45.60 quaternary carbon 101.61 C-4 

58.58 OCH3 101.72 C-4 

64.37 HOCH2 101.98 C-4' 

67.17 CHpC112CH2 106.60 & 106.66 C-2 and C-2' 
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Table 5.10: 13C-NMR assignmentsfor 9. (Continued) 

Cbemical shift (ppm) Assignment Chemica! shift (ppm) Assignment 

67.81 MEMOCH2 137.45 C-5 ({0-11) 

70.00 ArOCH2Ph ({0-ll) 137.56 C-5 (10·21) 

70.03 ArOCHzPh ((0-2]) 140.10 C-1' 

70.08 ArOCH2Ar' (10-2)) 141.64 C-l 

70.54 (O-I]OCH2 and (0-2)0CH2 141.79 C-1 

72.05 CH30CHzCHz 160.61 C-3 

73.49 & 73.52 coreOCH2Ar 160.64 C-3 

95.78 OCH20 160.70 C-3' 

5.5 CONCLUSIONS 

The degree of chirality in our series of dendrimers 1, 2, ... etc. was assessed by 

determination of the relative difference in weight of the various generations present in the 

molecule. The number of aromatic rings in each generation can be written down as Nn = 
2n-1, while the relative difference between the number of aromatic rings is given by the 

ratio R = <Nn+l·NJ/(Nn+l+Nn) = 2n/(3*2n·2). This gives in the limit R(oo) = 113. 

Hence, the series of R converges to a limit and this trend shows that the dendrimers 

beoome increasingly achiral with an increase in n. However, this approach assumes 

complete conformational freedom and thus neglects the possibility of restricted mobility at 

higher generations. 

To test this hypothesis several 1H-NMR experiments were performed. The 1H

NMR spectrum of l in various solvents showed some interesting features. Using CDCI3 

as solvent, the stratified structure of dendrimer l was clearly shown in the resonances of 

the benzylic protons, while the pentaerythritol protons appeared as an ill-resolved reson

ance. By changing the solvent to C6D6 or C5D5N, a remarkable difference in chemical 

shift for the pentaerythritol protons (C6D6) or for the most inner benzylic protons 

(C5D5N) was observed, indicating the existance of an overall ebiral shape. These differ

ences in chemica! shift for the benzylic and pentaerythritol protons are significantly less 

evident (benzylic protons) or even absent (pentaerythritol protons) in the NMR specta of 

higher generation dendrimer 2. Therefore, no condusion on the presence of a ebiral shape 
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was drawn in this case. Clearly, these experiments are in agreement with the conclusion 

as determined by assessing the relative difference in weight between the denditic wedges, 

demonstrating that a situation in which crowding of the aromatic substituentS occurs is not 

faced here. Moreover, the conforrnational flexibility of 1 and 2 was confirmed by the 

sharpness of the peaks in the 1H-NMR spectrum, especially for 1. Considerable peak 

broadening occurred at temperatures only below 230 K. 

Furthermore, a detailed analysis of the 1H- and 13C-NMR spectra of the synthetic 

intermediales of our dendrimers was conducted. A complete assignment of all peaks by 

means of 13C-1H correlated and COLOC 2D-NMR spectroscopy was feasible for com

pounds 5-9, while no complete interpretation was possibe for compounds 10 and 11. 

5.6 EXPERIMENT AL SECTION 

1H-NMR spectra were measured on a Broker AM-400 spectrometer at 400.13 

MHz. All spectra were acquired with a dataset of 32k: points, applying Gaussian mul tipii

cation and zero filling to 128k data points of the FID prior to Foorier transformation. 
13C-NMR spectra were run at the same apparatus at 100.62 MHz with proton noise 

decoupling. A dataset of 32k points was used, zero filling the FID to l28k data points 

before the FID was Fourier transformed. All 6 values are given in ppm downfield from 

tetramethylsilane. 
13C-1H Correlation 2D-NMR spectra were Obtained using a standard Broker pulse 

program17 with ~~ = 3.57 m's and ~2 "; 1.79 ms15• COLOC 2D-NMR spectra were 

obtained using a standard Broker pulse program17 with ~~ = 83.3 ms and A2 = 41.6 

ms16• Optimization of the ~1 and ~2 delays was accomplished by means of refocussed 

INEPT experiments18• All 2D-NMR spectra were acquired using 512 experimentsof 40 

scans each, zero filling the Fl dimension to Ik. Each experiment was acquired with 2k 

data points, while no zero fllling was applied in the F2 dimension. 2D Fourier transform

ation was accomplished with a squared sine bell window in both dimensions; all window 

parameters were settoa value of 4. 
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Summary 

This thesis deals with investigations conceming the synthesis and properties of 

several organic materials. The properties of advanced organic matenals are determined 

both by their architecture and their functionalities. The construction of these new 

materials requires novel synthetic routes, eventually leading to strategies applicable to 

other classes of compounds. Insight in their characteristic behaviour may possibly be 

extended to other, likewise systems, thereby contributing in closing the gap between the 

issue of molecular architecture and macroscopie properties. 

In Chapter 2 the attempted synthesis of 3,3-diethynylpenta-1,4-diyne ("tetraethy

nylmethane"), a possible precursor for three-dimensional carbon networks, is described. 

Carbon networks can be regarded as organic synthetic analogues of carbon allotropes. 

The synthesis of tetraethynylmethane was investigated by two different synthetic 

approaches. The first strategy comprised a metbod in which all substituents are manipu

lated simultaneously. Ttlls strategy proved to be successful for synthesizing 3,3-

diethenylpenta-1,4-diene ("tetravinylmethane") in an improved yield compared to litera

ture prOcedures. The subsequent bromination/dehydrobromination sequence failed to give 

any tetraethynylmethane, caused by the instability of tetraethynylmethane itself, as was 

reported by Feldlnan et al. later. The second approach proceeded via a metbod in which 

the various substituents are manipulated one after another. The introduetion of bromo

substituted alkene fragments, as required for the synthesis of tetraethynylrnethane, were 

fruitless, due to steric bindrance in the substrate. All atternpts to synthesize 

tetraethynylmethane were abandoned when its first synthesis was reported in the literature 

by Feldman et al .. 

Related to the issue of carbon networks is the topic of ethynyl-tlanked 

polyacetylenes (Chapter 3). Investigations regarding these polymers are expected to give 

insight into the definition of the conditions for an optimal campromise between chemica! 

stabilization and retention of electrooie properties and to contribute to the development of 

precursor routes to essential polyenic 'knots' for a three-dimensional network. Soluble 

precursor polymers were obtained by Ziegler-Natta polymerization of suitable monoroers 

( 0-trimethylsilylbut-3-yn-1-ol derivatives). A complete polymerization-desilylation-dehy

dration procedure was feasible for but-3-yn-1-ol monoroers containing a small, unsatu

rated substituent. From DC conductivity measurements (doped as well as undoped) of 

dehydrated and pyrolyzed polymers it is concluded that sp2-CH substituents tlanking the 

polyene in an altemating 1 ,3-fashion do not conjugate with the polyene backbone effec-
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tively and impair coplanarity on the polyene backbone as welt. Moreover, the possibility 

of generating allylic radicals in the polyene side-cbain seems to be a prerequisite to come 

to two- or three-dimensional structures with enbanced properties. 

In Chapter 4 the syntbesis and characterization of ebiral dendrimers derived from 

pentaerythritol is described. These dendrimers contain only one stereocenter and are 

foreseen to offer detailed insigbt in the conformational flexibility of this type of macro

molecules. The chirality is based on the attachment of four dendritic substituents of 

different generation to a pentaerythritol core. Two dendrimers of different size were syn

thesized in their racemie form in a thirteen-step procedure, making use of a newly devel

oped, general route to multi-substituted pentaerytbritol derivatives. Attempts to resolve 

our dendrimers by cbromatograpbic, chemical, and enzymatle techniques were not suc

cessful. As judged from their bebaviour in HPLC experiments employing ebiral stationary 

phases, it is assumed that these dendrimers possess significant conformational flexibility at 

room temperature. 

In Chapter S the ebiral dendrimers are analyzed with concern to their degree of 

chirality. Exarnination of the relative difference in weigbt between · the various generations 

present in one molecule revealed this parameter to converge to a · limit, showing the 

degree of chirality decrease with increasing size of generations. In this approach the 

assumption of complete conformational freedom is made, thus neglecting the possibility of 

restricted mobility at higher generations. 1H-NMR spectroscopy of the dendrimers in 

different solvents silowed the smallest dendrimer (bearing the generations [G-0] 

through[G-3]) to contain a ebiral shape in solution, while the same condusion could not 

be drawn for the larger dendrimer (bearing the generations [G-1] througb [G-4]). These 

experiments confirm the analysis made by assessing the relative differenfes in weight 

between the various dendritic wedges. This condusion is supported by vari~ble tempera

ture 1H-NMR experiments and confirms tbe behaviour observed in the HPLC experiments 

of Cbapter 4. 
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Samenvatting 

Dit proefschrift beschrijft het onderzoek naar de synthese en eigenschappen van 

veschillende nieuwe organische materialen. De eigenschappen van geavanceerde organi

sche materialen worden bepaald door hun architectuur en hun functionele groepen. De 

bereiding van deze materialen vereist nieuwe syntheseroutes die mogelijk leiden tot stra

tegieën ook toepasbaar op andere klassen van verbindingen. Inzicht in hun karakteristieke 

gedrag kan mogelijk uitgebreid worden naar andere, soortgelijke systemen en daarbij een 

bijdrage leveren aan het overbruggen van de kloof tussen moleculaire structtur enerzijds 

en macroscopische architectuur anderzijds. 

In Hoofdstuk 2 worden pogingen tot de synthese van 3,3-diethynylpenta-1,4-diyn 

("tetraethynylmethaan"), een mogelijke precursor voor driedimensionale koolstofnetwer

ken, beschreven. Koolstofnetwerken kunnen beschouwd worden als de organisch synthe

tische equivalenten van koolstofallotropen. De synthese van tetraethynylmethaan is onder

zoebt door middel van twee verschillende synthetische benaderingen. De eerste strategie 

omvatte een methode waarin alle substituenten tegelijkertijd omgezet werden. Met deze 

methode bleek 3,3-diethenylpenta-1,4-dieen ("tetravinylmethaan") met een beter rende

ment gesynthetiseerd te kunnen worden dan bekend was in de literatuur. De daaropvol

gende bromering/dehydrobromering van tetravinylmethaan leverde echter geen tetrae

thynylmethaan op. De reden hiervoor ligt in de instabiliteit van tetraethynylmethaan zelf, 

zoals later door Feldman et al. werd beschreven. De tweede benadering verliep via een 

methode waarin de verschillende substituenten na elkaar worden omgezet. De introductie 

van broom-gesubstitueerde alkeenfragmenten, vereist voor de synthese van tetraethynyl

methaan, waren niet succesvol, door de aanzienlijke sterische hindering aanwezig in het 

substraat. Alle pogingen tot de bereiding van tetraethynylmethaan werden· gestaakt toen de 

eerste synthese gepubliceerd werd door Feldman et al .. 

Verwant aan het onderwerp van koolstofnetwèrken zijn de ethynyl gesubstitueerde 

polyacetylenen (Hoofdstuk 3). Verwacht wordt dat onderzoek naar deze polymeren 

inzicht geeft m de definitie van de condities nodig voor een optimaal compromis tussen 

chemische stabiliteit en behoud van electtonische eigenschappen. Bovendien kan een 

bijdrage geleverd worden aan de ontwikkeling van precursor routes naar polyeen 'knopen' 

voor een driedimensionaal netwerk. Oplosbare precursorpolymeren werden verkregen 

door Ziegler-Natta polymerizatie van geschikte monomeren (0-trimethylsilylbut-3-yn-1-ol 

derivaten). Een volledige polymerizatie-desilylering-dehydratatie procedure kon gerealis

seerd worden voor but-3-yn-1-ol derivaten met een kleine, onverzadigde substituent.. Uit 

geleidbaarheidsmetingen (zowel gedoopt als ongedoopt) van gedehydrateerde en gepyro-
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lyseerde polymeren blijkt dat alternerend l ,3-gesubstituteerde sp2-CH substituenten niet 

effectief conjugeren met de hoofdketen, waarbij tevens de hoofdketen niet planair geori

en~rd is. Bovendien schijnt de mogelijkheid om allylische radicalen te genereren een 

voorwaarde te zijn om twee- of driedimensionale structuren met verhoogde eigenschappen 

te verkrijgen 

In Hoofdstuk 4 wordt de synthese en karakterisering van chirale dendrimeren 

afgeleid van pentaerythritol beschreven. Deze dendrimeren bevatten slecht één stereo

centrum en bieden mogelijk gedetailleerd inzicht in de conformationele flexibiliteit van dit 

type macromoleculen. De chiraliteit is gebaseerd op de aanhechting van vier dendritische 

substituenten, alle van een verschillende generatie, aan een pentaerythritol kern. Twee 

dendrimeren van verschillende grootte konden gesynthetiseerd worden als racemaat in een 

dertienstaps synthese, waarbij gebruik gemaakt is van een nieuw ontwikkelde, algemene 

synhteseroute naar multigesubstitueerde pentaerythritol derivaten. Pogingen tot resolutie 

van de dendrimeren met behulp van chromatografische, chemische en enzymatische 

technieken bleken niet succesvol te zijn. HPLC experimenten, waarbij gebruik wordt 

gemaakt van chirale stationare fasen, toonde aan dat deze dendrimeren aanzienlijke 

conformationele vrijheid bezitten bij kamertemperatuur. 

In Hoofdstuk 5 worden de chirale dendrimeren geanalyseerd met betrekking tot 

hun chiraliteitsgraad. Analyse van het relatieve verschil in gewicht tussen de verschillende 

generaties aanwezig in één molecuul toont aan dat deze parameter naar een limiet conver

geert. Hieruit blijkt dat een toenemende grootte van de generaties leidt tot een afname in 

de chiraliteitsgraad. Bij deze benadering wordt aangenomen dat het dendrimeer volledige 

conformationele vrijheid bezit, waarbij de mogelijkheid van een beperkte mobiliteit bij 

hogere generaties verwaarloosd wordt. 1H-NMR spectroscopie laat zien dat het kleinste 

dendrimeer in oplossing een chirale vorm bezit, terwijl dezelfde conclusie niet getrokken 

kon worden voor het grotere dendrimeer. Deze experimenten bevestigen de hierboven ge

noemde analyse die uitgaat van volledige conformationele vrijheid. Deze conclusie wordt 

ondersteund door variabele temperatuur NMR metingen en bevestigt de waarnemingen die 

gedaan zijn naar aanleiding van de HPLC experimenten in Hoofdstuk 4. 
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Curriculum Vitae 

De schrijver van dit proefschrift werd geboren te Melboume (Australië) op 20 juli 

1965. Na het behalen van het Gymnasium-/3 diploma aan het Sint-Thomascollege te Venlo 

in 1983, begon hij in datzelfde jaar met de studie Scheikundige Technologie aan de 

Technische Universiteit Eindhoven. Het afstudeerwerk werd verricht in de vakgroep 

Organische Chemie, en in februari 1988 werd het doctoraal examen met lof afgelegd. 

Vanaf 1 maart 1988 was hij als assistent in opleiding werkzaam binnen de 

vakgroep Organische Chemie aan bovengenoemde Universiteit. In eerste instantie was hij 

werkzaam op het gebied van de fosfolipiden onder leiding van prof. dr. H.M. Buck. In 

november 1990 begon hij aan het onderzoek zoals beschreven in dit proefschrift, 

aanvankelijk onder begeleiding van dr. A.H. Atberts en later onder leiding van prof.dr. 

E. W. Meijer. 
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Nawoord 

Een terugblik op de nu afgesloten periode leert dat mijn proefschrift slechts 

dankzij de medewerking en steun van een groot aantal mensen tot stand kon komen. Deze 

laatste bladzijde wil ik dan ook opdragen aan allen die hebben bijgedragen aan het 

uiteindelijke resultaat. 

Allereerst wil ik dr. A.H. (Appie) Alberts en prof.dr E.W. (Bert) Meijer noemen, 

die door hun enthousiasme en steun mij door moeilijke tijden heen hebben geholpen en 

zonder wie dit proefschrift nooit tot stand was gekomen. Verder wil ik de afstudeerders 

ir. Maurice Husson, ir. René Nijssen, ir. Jurgen Altena, ir. Patricia Ansems, ir. Toine 

Biemans en ir. Pier·Jan Hettema bedanken voor al het werk dat zij hebben verricht. 

Tevens heb ik de samenwerking en omgang met alle medewerkers en ex·medewerkers van 

de vakgroep Organische Chemie als aangenaam ervaren. Voorts ben ik dr. Jef Vekemans 

erkentelijk voor de vele leerzame wetenschappelijke discussies. Verder ben ik dank 

verschuldigd aan ing. Joost van Dongen voor zijn wezenlijke bijdrage aan de HPLC 

experimenten en Henk Eding voor zijn hulp bij het vervaardigen van de illustraties. 

Tenslotte wil ik iedereen noemen buiten mijn werkkring die de afgelopen jaren tot 

een aangename en plezierige tijd heeft gelriaakt. 
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Stellingen 

behorende bij het proefschrift 

The synthesis and characterization of 

several high carbon-content materials 

1. De bewering van McDougal et aL dat de selectieve monosilylering van 1 ,n-diolen 

met behulp van ten-butyldimethylsilylchloride en natriumhydride in THF uitsluitend 
veroorzaakt wordt door de geringe oplosbaarheid van het mononatriumalkoxide is 
onjuist. 

P.G. McDougal, J.G. Rico, Y.-l. Oh, B.D. Condon, J. Org. Chem. 51, 3388 (1986). 

Hoofdstuk 4 van dit proefschrift. 

2. Het verkrijgen van polymeren met lage polydispersiteiten in de ADMET polymeri
satie van 2,5-diheptyl-1,4-divinylbenzeen betekent niet per definitie dat de polymeri
satie verloopt via een levend mechanisme. 

E. Thom-Csányi, P. Kraxner, Macromol. Rapid Commun. 16, 147 (1995). 

3. De symmetrie van bepaalde dendrimeren veroorzaakt niet alleen problemen in de 

daadwerkelijke structuuropheldering, maar ook in het weergeven van de juiste struc
tuur op papier. 

P.M. Bayliff, W.J. Feast, D. Parker, Polymer Bulletin 29, 265 (1992). 

S.C.E. Backsoli, P.M. Bayliff, W.J. Feast, A.M. Kenwright, D. Parker, R.W. Richards, Macromol. 

Symp. 77, 1 (1994). 

A.W. van der Made, P.W.N.M. van Leeuwen, J.C. de Wilde, R.A.C. Brandes, Adv. Mater. 5, 466 

(1993). 

A.W. van der Made, P.W.N.M.van Leeuwen, J. Chem. Soc., Chem. Commun., 1400 (1992). 

4. De bewering van Eaton en Eaton et al. dat C60 radicaalanionen niet de oorzaak zijn 
van het "scherpe" ESR signaal dat vaak waargenomen wordt bij reductie van C60, 

getuigt niet van een "brede" kijk op dit nog onbegrepen fenomeen. 

M.M. Khaled, R.T. Carlin, P.C. Trulove, G.R. Eaton, S.S. Eaton, J. Am. Chem. Soc. 116, 3465 

(1994). 



5. Het verdient aanbeveling om studies naar de fotofysische eigenschappen van 'lr-gecon
jugeerde polymeren in oplossing onder strikt zuurstofvrije condities uit te voeren. 

C. Botta, S. Luzzati, R. Tubino, A. Borgbesi, Phys. Rev. B ~. 13008 (1992). 

C. Botta, S. Luzzati, R. Tubino, D.D.C. Bradley, R.H. Friend, Phys. Rev. B 48, 14809 (1993). 

R.A.J. Janssen, N.S. Sariciftci, A.J. Heeger, J. Chem. Phys. 100, 8641 (1994). 

6. De ophef gemaakt bij het onderzoek naar polymere aggregaten als gevolg van inter
moleculaire waterstofbrugbindingen gaat voorbij aan reeds lang bekend staande struc
turen. 

S.J. Geib, C. Vicent, E. Fan, A.D. Hamilton, Angew. Chem. 105, 83 (1993). 

7. De kans op acceptatie van ingediende manuscripten in bepaalde genmommeerde we
tenschappelijke tijdschriften wordt aanzienlijk vergroot indien deze worden aangebo
den aan een symposiumeditie van de desbetreffende tijdschriften. 

S. Abdei-Baly, R.W. Giese, J. Chromatogr. 608, 159 (1992). 

8. Het analyseren van een racemisch mengsel met behulp van een chirale stationaire 
fase vormt de beste methode om een integratiesysteem voor chromatografische data
analyse te testen. 

9. De voetbalverslaggeving in de Volkskrant getuigt van hoofdstedelijke! arrogantie. 

Joho Kremeis Eindhoven, 23 mei 1995 


