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As the complexity and specificity of supramolecular structures 
continue to grow, so the need for new structural elements in 
molecular design becomes more acute. In the arena of spacer 
molecules, there are now a number of alternative types available,' -2 

including the binane class which we described some years ago.2a 

These and related polyalicyclic systems form rigid molecular racks 
(molracs)3 which have proved to be versatile spacer molecules, 
finding wide application in the study of energy transfer4 and also 
as templates for the control of polymerization.5 As a further 
extension of the molrac concept, we now report on the synthesis 
of a new range of rigid rods based on the [/t] ladderanes.6 

The individual topology of exo.exo-fused [n] ladderanes is 
revealed by molecular modeling, where the straightness of their 
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alicyclic framework sets them aside from the curved binanes and 
[/i]polynorbornanes. This is apparent in Figure 1, which shows 
minimum energy configurations" for the three protype molracs: 
[10]ladderane (1), the 10cr binane 2a, and [5]polynorbornane 
(3). The curved nature of binane spacers is well illustrated in the 

[10]ladderane 

CxWXM) 10o binane 
2a R=H; 2b R=CO2Me 

[5]polynorbornane 

3 

Figure 1. Minimum energy configurations for spacer molecules (a, top) 
[10]ladderane (1), (b, middle) lOcrbinane (2a), and (c, bottom) [5]-
polynorbornene (3). 

recently reported X-ray structure for a "ball and chain" Buck-
minsterfullerene12 and is completely in agreement with X-ray 
data obtained from the IOCT binane 2b.13 X-ray structures for 
[4]ladderane 1013 and [5]ladderane 16 (Figure 2) confirm the 
rodlike corrugated backbone which fully accords with the modeling 
predictions for [njladderanes. 

Our approach to the synthesis of these rodlike [n] ladderanes 
required a stereocontrolled assembly which ensured exo,exo-fusion 
of the cyclobutane framework. This was achieved using the 
tandem cycloaddition protocol shown below, whereby archetype 
[n] ladderane 4 is extended by one cyclobutane ring in the [27r + 
2ir] cycloaddition step to form 5 and by two cyclobutane rings 
by [4TT + 27r] cycloaddition of cyclobutadiene (CBD) to form 6.14 

DMAD 

RuH2CO(PAr3J3 

CO2Me 

CO2Me 

CBDFa(CO)3 

CAN"" 

\ 
CO2Me 

CO2Me 

This protocol provides a complete range of rods differing in length 
by 1.30 ± 0.01 A (cf. [2]staffanes, 4.28 A), l b which allows fine 
tuning in the construction of bifunctionalized spacer molecules. 

Thus the norbornane-fused cyclobutene 3,4-diester 716 (Scheme 
1) is reacted (0 0C, THF) with CBD, generated in situ by CAN 
oxidation of the CBDFe(CO)3 complex.18 This reaction is both 
facially specific and highly stereoselective in yielding a 9:1 mixture 
of adducts 8 and 9.19 The major Alder adduct 8 has the olefinic 
resonances at 8 6.23 owing to shielding by the juxtaposed ester 
carbonyls; the minor isomer 9 lacking this shielding occurs at 6 
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, I c »a io E ., JE H 
7 A T f B 1 E I 1 1 E E 56.25 

E-CO2M* H 

MeN-C0 

COjL^ ^, DMAD ( 

14 

M e N - C O MeN. c o 

E CBD Br 
15 

6.53. This chemical shift difference is used as an NMR probe 
for stereochemical assignment in this series. 

The major isomer 8 is reacted with excess DMAD (5 equiv) 
in the presence of RuH2CO(PAr3)S (Ar = p-fluorophenyl) (0.25 
equiv) at 50 0C in benzene for 5 days to produce the [v2 + ir2] 
cycloaddition product 10, mp 162-163 0C, in 52% yield. This 
Ru°-catalyzed [2T + 2ir] cycloaddition of DMAD toacyclobutene 
ir-bond is without precedent.20 The crystal structure of [5]-
ladderane 16, shown in Figure 2, indicates that ew-specificity 
occurs in each of the tandem cycloaddition processes. 

Continued application of the tandem sequence to cyclobutene 
diester 10 yields in turn: [6]ladderane 11, mp 164-165 0C, 50% 
yield; [7]ladderane 12, mp 176-177 0C, 61% yield; [9]ladderane 
13, mp 180-182 0C, 77% yield. Essentially none of the anti-
Alder isomer (ratio > 10:1) was detected in the reactions leading 
to 11 or 13. The exo-stereochemistry was supported by vinylic 
proton chemical shifts in 11 of 8 6.25 and in 13 of 8 6.26. 

As part of a program to prepare key spacer units as building 
blocks,3 the dibromo compound 16 was identified as a target 
[5]ladderane.22 It was produced by subjecting the known bicyclo-
[2.2.0]hexene 1423 to a single tandem cycle. The cyclobutene 15, 
mp 162-163 0C, was produced from 14 by treatment with 
DMAD/Ru° (benzene, 50 0C, 4 days) in 52% yield. Cycload­
dition of CBD onto 15 yields a 5:1 mixture of 1:1 adducts:major 
isomer 16, mp 163-164 0C, 38% yield, vinylic proton resonance 
at S 6.26; minor isomer 17,8% yield, vinylic proton resonance at 
S 6.41. The X-ray crystal structure of [5]ladderane 16 not only 
confirms the exo-stereochemistry of the products 15 and 16 but 
also allows the stereochemistry of the starting material 14 to be 
deduced. 

End-functionalization of the [«]ladderane can be achieved at 
any stage of the elongation procedure. This is illustrated both 
by the conversion of [3]ladderane 8 to the pyridazine 18 (mp 
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Figure 2, Pluton diagrams based on X-ray structure analysis of [5]-
ladderane (16). 

184-185 0C, 50% yield) by treatment with 3,6-di(2'-pyridyl)-
s-tetrazine24 followed by dehydrogenation (DDQ) and by the 
conversion of the [4]ladderane 10 to an 8:1 mixture of cycloadducts 
19 (mp 160-161 0C) and 20 (mp 165-167 0C)25 by treatment 
with cyclopentadiene (CDCl3, 60 0C, 3 h, 79% yield). 

In conclusion, it has been shown that serial application of CBD 
and DMAD/Ru° cycloadditions can form exo.exo-fused poly-
cyclobutanes with a range of cyclobutenoid starting materials. 
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