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Abstract

Hydrophilic ribbon molecules are produced directly from the reaction of cyclobutene epoxide BLOCKs
with norbornene dipolarophiles or indirectly by chemical modi®cation of substituents in preformed lipophilic
ribbon molecules. The formation of di- and tetra-acid chloride epoxides holds the key to the formation of
ester, acid and amide BLOCKs which are active in 1,3-dipolar cycloadditions with norbornene dipolarophiles,
thereby delivering a wide range of substituents into the ribbon molecules and opening up combinatorial
opportunities at each step. # 2000 Published by Elsevier Science Ltd.
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BLOCK coupling techniques based on Diels±Alder and 1,3-dipolar cycloaddition reactions
have made a strong impact on the synthesis of ribbon molecules,1 since their introduction in
1997.2 In particular, it is now possible to couple small `LEGO' BLOCK components3 into rigid
arrays in which the design elements of separation distance, framework topology and e�ector
group orientation can all be addressed. Foremost in these BLOCK protocols has been the use of
the ACE reaction,2 which involves the in situ trapping of the 1,3-dipole 2, formed by ring-opening
of a cyclobutene epoxide 1, with norbornene dipolarophiles 3 to produce rigid [n]polynorbornane
ribbon molecules 4 capable of carrying e�ector groups R1 and R2 (Scheme 1).
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We reported in our initial disclosure2 that a feature of the ACE reaction was the high exo,exo-
stereoselectivity of the coupling step when norbornene, norbornadiene and benzonorbornadiene
dipolarophiles 3 were employed. We now show that this stereoselectivity can be modulated in
benzonorbornadiene dipolarophiles 5±8 by introducing substituents at the 7-position of the
norbornadiene ring. Most change occurs by the introduction of isopropylidene or oxygen bridges,
while exo,exo-stereoselectivity can be retained by using nitrogen or substituted nitrogen dipolar-
ophiles.1d This control is advantageous not only in modulating the topology of ribbon molecules
(Scheme 2) but also the polarity of the ribbon products, since the heteroatom bridges increase the
hydrophilicity of these systems, whereas the carbon-based bridges promote lipophilicity. Thus,
reaction4 of epoxide BLOCK 92 with 7-oxabenzonorbornadiene 5 gave the exo,exo-isomer 105

(51%) as well as a signi®cant proportion of the turn-frame isomer 115 (13%). In a similar fashion,4

the 7-isopropylidene-benzonorbornadiene 6 gave the extended-frame stereoisomer 12 (48%)
together with the turn-frame product 13 (16%). In contrast, the N-benzyloxycarbonyl-7-aza-
benzonorbornadiene 72 reacted4 stereoselectively with 9 to produce only the extended-frame
adduct 14. The parent 7-azabenzonorbornadiene 8 can be used to access the NH-bridged compound
15 by reaction with 9; however, the inclusion of triethylamine is advised to stop ring-opening of 8
to naphthylamine by-products.

Our philosophy in developing the `LEGO' BLOCK coupling protocol has been to achieve the
synthesis of target molecules, replete with e�ector groups, directly at the assembly step, rather
than conduct modi®cations on the ribbon molecule post coupling. To this end, we have shown
that a wide range of e�ector groups can be introduced in this way, with some being provided by
the alkene BLOCK and others by the epoxide BLOCK.1aÿf In this respect, we were aware that the
coupling process always introduced methyl ester groups at the bridgehead and that such groups
had chemical potential for modi®cation, but that would require post coupling modi®cation in
contravention of our philosophy. Consequently, we turned our attention to modi®cation of the
ester substituents in the BLOCK reagents themselves. The ®rst indication of success came with
the observation (Scheme 3) that cyclobutene-1,2-bis(tert-butyl) ester 18d5 (produced6 byRu-catalysed
addition7 of di(tert-butyl)acetylene dicarboxylate 17d to naphthonorbornadiene 16) could be
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converted to the epoxide BLOCK 19d (tert-BuO2H, tert-BuO^) and that ACE coupling with
norbornadiene gave the corresponding ribbon molecule 22d (Scheme 4). We now prefer, however,
to prepare derivatives of 18 by ester exchange on the methyl ester 18a (ROH, H2SO4), in cases
where the esters are acid stable.

The next advance came through our ability to remove the tert-butyl groups from the epoxide
19d to generate the epoxydiacid 19e and to establish that ACE coupling with norbornadiene 21
gave the ribbon molecule 22e. As this and related ribbon molecules derived from 19e contain
carboxylic acid groups at the bridgehead, so their hydrophilicity is improved, especially at high
pH. For the ®rst time, we were in a position to produce ribbon molecules with substituents at the
bridgehead other than methyl esters. The quantum breakthrough came with the realisation that
ester-substituted cyclobutene epoxides were far more robust than their simple epoxide counterparts
and would tolerate both acidic (as above) and basic conditions.8 The stability of the epoxide to
base was forcefully illustrated by the saponi®cation of the methyl ester groups of 19a to the corres-
ponding dicarboxylic acid 19e in 90% yield by re¯uxing overnight in aq. KOH in methanol/
THF. Conversion of diacid 19e to the diacid chloride 20 by treatment with oxalyl chloride or
thionyl chloride provided a wonderful springboard to epoxyester BLOCKs 19a±d or epoxyamide
BLOCKs 239 by reaction with alcohols or primary or secondary amines, respectively. Further, the
amide BLOCKs 23 derived from primary amines, or amino acid esters reacted with norbornadiene
to a�ord the amide-substituted ribbon molecules 24. Thus, the opportunity to control lipophilic
properties using peptide side chains is also now a viable option. The range of simple alcohol or amine
displacement reactions which can be used in the conversion of the acid chloride 20 to derivatives
19 or 23, together with the variety of norbornene dipolarophiles that can participate in the coupling
protocol, has opened the way for the preparation of combinatorial libraries of ribbon molecules.
The use of this methodology for complex ribbon molecule synthesis is strengthened by some

preliminary results on the known dual cyclobutene epoxide BLOCK 27a.2 Hydrolysis to the tetracid

Scheme 3.

Scheme 4.

4673



25, conversion to the tetra(acid chloride) 26 and transformation to the tetra-ester 27b or the tetra-
amide 28 was achieved in an analogous fashion to that used for the corresponding reactions on 20
discussed above. The application of these dual epoxides 26±28 to ribbon molecule synthesis is
typi®ed by the reaction of tetra-acid bis-epoxide 25 with naphthonorbornadiene 16 to form the
[5]polynorbornane tetracarboxylic acid 29.
Conversion of the cyclobutene-1,2-diesters 18 to their epoxides 19 (Scheme 3) required a

nucleophilic epoxidising agent, a transformation previously conducted using tert-butyl hydro-
peroxide and 1 equivalent of methyllithium at ^78�C.2 It has now been found that this step can be
achieved in better yields and without the complications associated with by-product formation
using tert-butyl hydroperoxide and potassium tert-butoxide as the base. Under these new condi-
tions, the reaction can be conducted at room temperature using catalytic amounts (10 mol%) of
potassium tert-butoxide and yields >80% are achieved.
Finally, the need for electronic stabilisation of the intermediate 1,3-dipolar intermediate 2

means that not all substituents can be delivered via the ACE assembly protocol. Accordingly, we
report brie¯y on ester group modi®cation in the ribbon molecules, appreciating that such trans-
formations are subject to the chemical tolerance of the e�ector groups present in the system.
Reduction (LAH in THF) of the two ester groups in 22a (or related diester derivatives) produced
the bis-hydroxymethyl system 305 thereby increasing the hydrophilicity of the ribbon molecule
(Scheme 5). Other transformations include hydrolysis of the ester groups in 22a to the dicarboxylic
acid 22e, formation of the di(acid chloride) 31 with oxalyl chloride, and its conversion to glycine
ester amide 24f by reaction with ethyl glycinate and selective ester hydrolysis of 24f in base to form
the N-acylated glycine 32 (Scheme 6). The latter compound 32 is suitable for the introduction of
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peptide linkages at the original ester bridgehead positions of the ribbon molecule and such
transformations, and their potential application to peptide and protein chemistry, are currently
being explored in our laboratories.
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