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Abstract

Construction of covalently bonded molecular arrays, composed of inearly fused cyclic rmgs of varying shape and size
and of nanometnic lengih continues to attract synthenc chenusts around the world More recently, ‘supramolecular’
equivalents of such molecular arrays have aso drawn aitention We have devised a one-step approach to [n}-
ladderanes, Linearly fused assembly of cyclobutane rings, through cascade cycloadditions m an appropriately subst-
tuted cyclobutadiene synthon Following this strategy, 1t has been possible to access [#]-ladderanes of record length

(n=13) and of n a regio- and manner Reactions of our cyclobutadiene synthon
with several mnteresung olefins have been stadied to generate sysiems i which electron and energy tansfer can oceur
with facility We have also sought and designed equivalent of the molecular ladders 1 the

solid state In this context, trans-1, 2-diphenyl-1-cyclobutene-3, 4-diol dmtrate has been found to be a promismg tec-
ton which readily self-assembles n the solid state 1 an infinte ladderane motif as revealed by X-ray crystallography

Keywords: [n} 1,2 h cascade dd supra-
molecular ladderanes

1. Introduction

One of the enduring interests and curiosities m organic synthesis 15 the design and constriction
of new molecular arrays that are archttecturally novel, aesthetically pleasing and endowed with
some uscful functional attributes In this context, construction of covalently fused multicyche
nngs of different shape, size and numbers has been recerving considerable attention from syn-
thetic chermsts as the resuling molecular entiies are not only expected to display wnusual
physico-chemucal characteristics but wath tactical functionahization and modifications can also
funcuon as molecular hosts, ‘smart’ matenials and devices for futuristic applicaons More re-
cently, supramolecular equivalents of the fused ring arrays too have aroused mterest

Early efforts towards the construction of Linearly fused cyclic mng systems, guite under-
standably, focused on the assembly of six-membered rings as they could be readily accessed
through the imagimative deployment of the well-established Diels—Alder reaction 1n a repetitive
fashion, both 1 mter- and mtramolecular modes In recent years, research groups led by Stod-
dart!, Muller, Mullen®, Schulter®, Alder® and Cory®, among others’, have reported the syntheses
of a range of lmear arrays of fused six-membered nngs, e g 1-4, with variations 1 the number
of mngs, degrees of unsaturation, levels of functionalization and the presence of addinonal
bridges, rings, etc This 15 just a window-selection from a number of such systems that have
surfaced i the literature n recent years Some of these systems have been regarded as promis-
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mg lead compounds towards developing molecular connectors (‘rods’) and ‘spacers’ for mo-
fecular electronics ™~

Additional connectivities and elaboration have generated molecular'lines’ (wires), e g 5of
nanometric dunension (510 nm) * Lehn ez af ® have recently described a supramolecular vari-
ant 6, retated to 8, through a sclf-assembling process wherein a network of complementary
hydrogen bonds plays a ptvotal role m sustainng a rigid rod-hke motif Further fillip to en-
deavors towards the design of fused six-membered systems has been provided by theoretical
studies on infinite linear polyacenes, which, besides predicting umportant praperties associated
with them, also pomnted out the potential advantage of their cyclic vanants® An example of
such a maximally unsaturated entity 15 (9)-cyclacene 7 and quite terestmgly this moiety has
also been recogmzed™ as a key sub-structure in C5-Cyg-fullerene  However, no cyche polya-
cene of any size has been synthesized so far, although advanced precursors, ¢ g 8, among oth-
ers, of (8)-cyclene have been preparcd ¢
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Conung to the next nng size, nterest 10 the large arrays made up of fused five-membercd
rings (polyquinanes) began 1o receive particular attention wn the 70s and 80s as dodecghedrane
9,"% the ‘supercyclopentanotd” with 12 five-membered rings, emerging as a challenging syn-
thetic objective along wath myriad natural products bearing polycyclopentanord framework "'
Many new cyclepentannulation methodologies, mcinding those mvolving multiple and cascade
cychizatons, have been developed during the past two decades and 1t 1s now possible to access
polyquinanes Iike 10" and 11 1n a relatively straightforward manner Higher polyquinanes,
e g 12, may adopt helical or loop-like shape and are worthwhile objecuves as they could ex-
hibst some unusual characlenstics However, efforts in that direction ace still awaited
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In companson to their six- and five-membered counterparts, polycarbocyclic frame-
works composed exclusively of lmearly fused four-membered nings (polyquadrancids),
eg 13 have recetved much less attention, although cubane (4-pnsmane) was synthesized™
m the carly 60s and 1ts higher homologues continue to engage attention. Lastly, while mults-
ple ring systems made up exclusively of three-membered nings are concervable, e g 14, the
prohibitive angle stcan that 15 likely to busld-up puts them beyond the realm of realization for
the present.
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We were aitracted by the prospect of creating a framework hke 13, through a general,
flexible and modular approach as very litle was known about these systems n literature
Herein, we describe our successful efforts towards rapid and efficient generatron of a range of
linearly fused and covalenty bonded polyquadrancids Attempts towards the creation of thewr
supramolecular equivalents are also detatled.

2. Results and discussion

[n}-Ladderanes 1s a name given to molecular arrays composed entirely of linearly fused cy-
clobutane rings (polyquadrancids) Thus, bicyclo[2.2 Olhexane, tncyclo[42 0 0*Joctane and
tetracyclol6 2 0 0*7.0°C]decane are [2]-, [3}- and [4)-ladderane, respectively Ladderanes can
have exther a cus, syn, cis-15 or cus, anfi, c1s-16 ring fusion In addition, ladderane architecture
can also be generated at supramolecular level through weak, non-covalent interactions, e g 17

15 cis-syn-cis 16 cis-anti-cis 17

Smce [n]-ladderanes are considerably stramed, nigid, and amenable to modular design, they
have the potential to serve as excellent spacers for energy and electron transfer between two
objects, see 18. Furthermore, as cyclobutanes are known to undergo metathetic nng opemng,
mduction of a ‘cascade’ cycloreversion process, driven by strain mitigation, could lead to the
‘wiring’ of the two objects as shown (18-19) [r]-Ladderanes fused 1n cis, ants, ci1s manner are

YO = @10

umquely constructed such that substituents on alternate carbons of the lmear assembly project
along the two opposite faces of the molecule Thus, 1t 15 possible to mduce facial amphiphilic-
ity 1 the ensemble, with clearly defined polar and non-polar domans as 1 20, through judi-
cious selection of substituents It 15 also reasonable to expect that a linear assembiy of cyclobu-
tane rings hke 13 will unfold 2 varety of deep-seated and interesting rearrangements on expo-
sure to heat, light or protic acids Despite such tempting possibilitres, hugher [r]-ladderanes
(n>4) have remamed elusive'®'” and their maccessibility has precluded explortation of theiwr
nich chermstry This has been primarily due to the relatrve dearth of methodologres for cyclobu-
tannulation and the susceptibility of the developing polycyclobutanoid framework to dismte-
grate during various reaction regumes Prior to our efforts™® in the area, 1t had not been possible
to assemble a linear array of more than four cyclobutane nings and only a handful of [4]-
ladderanes were known Therefore, our first concern was to devise a simple, workable, strategy
to rapidly access a range of higher {n}-ladderanes, preferably of nanometenc dimension (n > 8)
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20 bolar group —0
hydrophobic chain VVAAA

While considenng vanous strategies for the construction of array 13. we recogmzed
that just as squares serve as versatile bwilding blocks for shapes mn art and architecture,
an appropuately substituted cyclobutadiene could be an effective molecular module for
the rapid assembly of {n]-ladderanes Thus, controlled cycloaddition cascade from a suitably
functionalized cyclobutadiene should constitute a short, modular route to diverse ladderanes
However, a literature search revealed that parent cyclobutadiene and some of 1ts derivatives
only dimerize tn the absence of a trapping agent and show Iittle melmation towards unfoldmg
a cycloaddition cascade leading to higher ladderanes ' In order to overcome this reluctance
of cyclobutadiene towards cascade cycloaddrtions, we decided to evaluate the frontier orbitals
1mvolved mn this process Consequently, HOMO-LUMO energy gaps for the 4+2-cycloaddition,
leading to dimenzation and formation of 3]-ladderanes, in several subsiuuted cyclobutadienes
were calculated at AMI level and are displayed m Scheme 1 % The HOMO-LUMO energy
gaps for the dumenzauon m all these cases are m the nomal range of FMO controlled
4+2-cycloadditions To test this predicton, we prepared the corresponding cyclobutadiene pre-

HOOC COOH Ph H,COC. COCH 4

o oo

(846) 312 (730) @®85) 329

ScaevE 1 HOMO-LUMO encrgy gaps (eV)

Five cyclobutadiene wontncarbonyi complexes 21-25 were synthesized eather through new
routes or by the modification of existing procedures (Scheme 2)*' They were 41l subjected to
delegation following standard protocols  cenic ammomum nitrate, CAN, 1n acetone or NMMO

Ph Ph QMG H,COo0C
#

N\
Fe(O), ™ Fe(CO), Feco), OHC  Feco), HaCOCC Feco),

21 22 23 u =

SCHEME 2
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1 DCM) However, only 1n the case of 25, it was possible to 1solate 2 senes of charactenzable
products To our dehight, we observed that 1n the case of cyclobutadiene diester hiberated from
25, the deswed cycloaddition cascade had fully unfolded to furmsh as many as six odd-
numbered ladderanes 26-31 m about 60% yield (Scheme 3)'® All the ladderanes 26~31 were
sharp-melting sohds and amenable to ready chromatographic separation They were fully char-
acterrfed on the basis of extensive and mcisive analyses of the spectral data In particular,
FAB-MS and high-field "H NMR (NOESY and 1 O e) and °C NMR data were decisive 1
elucidating the complete stereostrutures of 26-31
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Several features assocrated with the ready acquisition of ladderanes 26-31 from 25 deserve
spectal mention Firstly, as many as i3 cyclobutane nings are acquired 1n a single pot reaction
and the ensemble created 15 of record length and nanometeric dimension We are not aware of
any carbocyclic system having as many as 13 fused nngs Secondly, the cycloaddition cascade
proceeds 1n a completely regio- and stereoselective manner While the selectivities in the first
cycloaddition between the two cyclobutadiene moleties are controlled mawmly through secon-
dary orbital interactions to generate a cis, syn, cis pattern, stercoselectivities m the subsequent
cycloaddition are under steric control to furmsh the s, ansr, cis stereochemstry It is interest-
ng to note that the ladder grows through regio-controlled cycloadditions on the more(tetra)-
substituted cyclobutene double bond Lastly, we cons:der the efficiency of the process to be
quite satisfactory, thus making 1t amenable to scaling-up We have also camed out ‘end-
correction’ maneuvers on 28-31 and studied their deep-seated thermal reorgamzations'®*? We
do not fully understand the dramat:c success with 25 while encountermg failures with 21-24
Thus aspect has been briefly addressed to m our earlier paper

Having developed an efficient and straightforward entry into [r]-ladderanes from a sumple
and readily available precursor, our next concemn was to explore the possibility of grafting the
ladderane moiety on to other frameworks as depicted m 18 This could be accomphished by
delegating 25 m the presence of several diverse olefins like norbomene 32, Hedaya-Paquette
ester 33 and Cg.fullerene 34, among others, to furnish ladderane hybrids 35, 36 and 37, re-
spectively (Scheme 4)1%23%

25
-
32
25
¢ ol
E
E
33
25
o
34 37

SCHEME 4
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ScuEmME 3

Thus, it proved to be a relatively stmple matter to wstall an object on one of the termun of
the ladder For further evolution to 18, we sought to exploit the dienophilic character residing
at the other end of the ladder Tndeed, reaction between 35 and a cyche diene hke cyclopenta-
diene proceeded with great facihity 1o furnish 38 and 39 m which the Jadderanc mocty 1s
“capped’, at the ¢thur end, by different molecular objects (Scheme §), A distinguishung feature
of the molecular assemblies 35, 36, 38 und 39 1s that they are dipolarofacial with amphsphihe-
ity antsing out of 1y drogen atoms located on the top-face and the polar ester groups projecttng
on the bottom-fuce This aspect of the ladderane architecture has been alluded to the above

The successful design and construction of molecular (or covalent) ladders gave us the wmpe-
tus 10 seek their supramolecular vanants Supramolecular ladderanes can be visualized as an
ensemble, whereie the four-membered bulding blocks are held by weak C-H O and/or n~n
miteractions in infinete fadder-like patterns (Scheme 6)

While such an architecture can be visualized both m solution as well as i solud state, we
mtialty sought to Jook for fadder-like arrangement 1n the solid state It occurred to us that a
cyclobutane ning, preferably a planar cyclobutenc rmg, which 15 appropriately embeliished wath
doner and acceptor groups al wo ot all the four comers and having positional and stereo-
chemical complementanty should be a good supramolecular tecton to self-assernble i the solid
state to generate a ladderane motif (Scheme 7) Several functionahties that may proroote C—
H O and/or 7—n mieractions are also indicated 1n this scheme A CSD search indicated that
crystal structure of a cyclobutene denvative bearmg the functionalization pattern indicated i
Scheme 7 has not been determined previously®

Our search for a surtable tecton to self-assemble a supramolecular ladder motif converged
on the highly crystallme Cp-symmetrtc tetrasubstituted cyclobutene denvative 40, readily
avalable from the cycloaddend 4% of diphenyl acctylene (tolan) and dichloroxetene as shown
m Scheme 8

The phenyl groups m 40 are expected to function both as donor groups i C-H O type
wteractons and also promote sclf-assembly through m-—n stacking The chowce of the
nitrate groups was somewhat of a gamble as little was known about their abthty to sustain
supramolecular interacions Indeed, a CSD search revealed that very few crystal structures
with covalently bonded mitrate groups are known m lterature®™ However, mitrate groups




GOVERDHAN MEHTA ANDR UMA 185

X X M X H x H
X =
L= 7 —
H H o X H X H X
H
H X H X
XX?I = =
X H X H
H
X H X H x H
X
X 7 — 7
H o X H o X H o X
it
Hl
X X X
bs X H
7
Al at xH
X X X
H
o H xH
X
X X
X X H
A7
H H
" H X
X
X X
)H:j K:FX TJ:/
H
't H x

SCHEME 6

with their three oxygen atoms suitably disposed can act as a mdentate acceptor and thus pro-
vide considerable latitude 1n terms of the mieractzons it can generate Thus. 40 appeared to pos-
sess adequate functional attributes to sustan supramolecular ladderane architecture i the sohd
state
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The Cp-symmetric 40 crystallizes mn centrosymmetric space group Cofe m a racemic form,
with enantiomers forming a centrosymmetric par A single-crystal X-ray structure analysis
(Fig la) revealed that each monomeric umt 1s involved m four mtramolecular short contacts,
through the O2 and O3 of the mirate with H8 cycloalkyl and H2 aryl protons, C8-H8 02,
d=2367 A, 0=90 88", C2-H2 03,d=2886 A. 8= 107 19, respecnvely, see, (1) and (11) m
Fig 1b The packing pattem m the ab plane reveals that the tecton 40 1s involved in four nter-
molecular C-H O hydrogen bonds (C6-H6 O1, d=2716A, 8= 140.54°"", with Ol of the
trans-disposed mitrate groups as the two accepung sttes and the H6 protons of the phenyl rings
as the two donating sutes [t may be noted that the interactions mvelving the H6 ary! protons
(disposed m opposite directions) are facilitated by the twist of =7.1° present i the cis-sulbene
motety, as shown 1n Fig 1b As an cutcome of donor—acceptor complimentarity, the molecules
of 40, consisting exclustvely of a single enanomer in the ab plane, are aligned as shown m Fig
2 and are invelved in four key C-H O mteractions as indicated below

ia) The O1 projecung downwards with the H6 proton on the phenyl ring of the nearest
neighbor below 1t, see (u1) wm Fig 1b
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Fig 1 (a) ORTEP diagram of 40, (b) Short contacts m Cy-symmetric 40. (1) C8-H8 02 d=23674, 6= 90 88°
(Intra), (1) C2-H2 03 =2 886A, 6= 107 19° (Intra), () C6-H6 O1 =2 716A, 8= 140 54° (Inten)
(b) The OT projecting upwards with the H6 proton on the phenyl ring of the nearest neigh-
bor above 1t, see (1) n Fig 1b
(¢) The H6 aryl proton disposed downwards with the Q1 on the nitrate of the nearest neigh-
bor below 1t, see (im) i Fag 1o
(d) The H6 aryl proton disposed upwards with the Q1 on the nutrate of the nearest neighbor
above it, see (1) n Fig Ib

As aresult of these extensive meeractions, each monomernc umt of 40, disposed as shown 1n
Fig 2, acts as a scaffold and positons the neighboring units so as to enable the growth of cy-
clobutene columas along @ axzs Fig 2} Thus, the tecton 48, wih 15 Cp-symmetncally dis-
posed complementary acceptmg and donatmg sites generates several mteresting ‘nibbon-like’
hydrogen bonding patterns (Fig 2)

When viewed along the C axis, the adracent planes having epanhomenc relanonshp are
held by - stacking of the pheny] rng (distance 3 82 A) along the a axis which 1s the shortest
crystallographic axis (Fig 3) The C-H Q hydrogen bondimg m twa adjacent eb planes has
opposite directionality which 1s a direct consequence of therr bemg constituted of enantiomers
or mverston-related molecules. Thus, 1t 1s the combination of C-H O and n—x stacking which
18 mamly responstble for the self-assembly 1 40 1o gencrate mfinite supramolecular ladderanes
(Fig 2)

Another interesting aspect of the crystal packing m 40 15 that all the hydrophilic nitrate
groups are aligned and so are the hydrophobic phenyl rings whach alternate with respect to each
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other giving rise to dlternate hydropuhic and hydrophobic columns, when viewed down the
C axis This arrangement also leads to supramolecular host cavities, with aromatic walls and
mtrate group occupying the periphery of the cavity to form mfintte channels (Fig 3) The
snccess with tecton 40 m generating the supramolecular ladderane architecture forebodes well
for the application of crystal engineermg tools for the creation of new polycyclobutanoid
assemblies

3. Conclusion

In short, we have shown that by employmg carefully crafted bullding blocks, 1t is possible to
generate covalent arrays of linearly fused cyclobutane rings (r-ladderanes) of record length as
well as infimte network of ‘supramolecular ladderanes’ in the solid state
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