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Abstract 

Canstrucrmn of covalently bonded molecular mys, cnmposed of Itnearly hwed cychc nnpr of varymg shape and m e  
and of nanomcmc lengh contmuer to attract rynther~c chermsts mu.und Ulc world More recently, 'supmolecular' 
eqvlvdcntr of such molecular mays have aiso drawn anemon We have dewed a one-step approach to ["I- 
IadAaanri, lmearly fused assembly d cyclobutane mgs, fhrough cascade cyclonddiuons m an appropnarely substl- 
tuted cyelobuladlenc synthon Pollowlng Gxs smtegy. ~t has bem posrbie to access In]-ladderanes of record IengUl 
(" = 13) arid of nanomemc dimens~on m a rcgm and srereoselecnve mannu Reactioni of ow cyclobutadiene ~ynUlon 
with ~everal mteresung alefins have been smdled ro generate aysrems m whch electron and energy wmfer can occur 
wxth facilny We have also sought and successfully des~gned supramolecular equrvdent of the molecular ladders m Be 
sohd stare In Ulls context, trm-I. 2-&phcnyl~l-cyclobutene-3, 4-dm1 dmitmte has been found to be a prormsmg kc- 
ton wluch r&ly ~elCasiembleq m the soltd stare m an lnflrufeladderane matrf as revealed by X - q  crjalallagraphy 

Keywords. [nlNaddmes, 1,2~&carbomcboxy-cyclclbutadene, cascade cycload&uons, nano-arch~tecture, supra- 
molecular l a d d m e s  

1. Introduction 

One of the endunng interests and cunosms m organic synthesis 1s the deslpn and consmctlon 
of new molecular G a y s  that are architecturaily novel, a&ehcally pleasmiand endowed with 
some useful functional aimbntes In thls context. construchon of covalentlv fused mult~cvchc 
nngs of Mferent shape, slze and numbers has been recelvlng considerable attenhon from syn- 
thetlc chcmsts as the resulllng molecular enhtles are not only expected to d~splay unusual 
physlco-chenncal charactenshcs but wth  tachcal functlonaluation and modlficahons can also 
funcuon as molecular hosts, 'amart' matenali and d e v ~ ~ e a  for futunsttc apphcahons More re- 
cently, supramolecular equwalents of thc fused nng arrays too have aroused Interest 

Early efforts towards the consmctlon of linearly fused cychc nng systems, quite under- 
standably, focused on the assembly of SIX-membered nngs as they could be read~ly accesscd 
through the unagmahve deployment of the well-established D~els-Alder reachon m a repehuve 
farhion, both in mter- and ~ntramolecular modes In recent years, research p u p s  led by Stod- 
dart1, Mde?, Mullen', SchulteS, ~ l d e r '  and cow6, among others', have reported the syntheses 
of a range of hear arrays of fused six-membered nngs, e g 1-4, wlth variations m the number 
of nngs, degrees of unsamauon, levels of funchonal~zatlon and the presence of addihonal 
bndges, nn& etc T h s  is just a wndow-selecnon from a number of &h systems that have 
surfaced in the l~teraturc tn recent years Some of these systems have been regaded as proms- 



1 R = TEDMS, SiMeatBu 2 

6 

mg lead cunrpo~rnds towards dwelopmg niolemlar connectors ('rods') and 'spacers' f o ~  mo- 
lecular electrolucs I-' 

Addltlonal connecuvltles and elaburatron bwe genaated molecular'hnes'(wwes), e g 5 of 
nanonietnc d~mcnalon (5-10 nnl) ? Lehn et a1 ' have recently deucnbed a supran~olccular ran- 
ant 6 ,  related to 5, through a self-assembl~ng process whcrem a network of complementary 
hydrogen bonds plays a pivotal role m sushmng a ngid rod-hke mutrf Further Gllrp to en- 
deavors towards the deslgn of fused six-membered systems has been pl~lvlded by thwret~cd 
smd~es on Infinite linear polyaccne?, which, bes~des predictmg Important propenles associated 
with them, also pointed out the potentral advantage of ther cyclic vanants ' An exaroplc ol 
such a manmally unsaturated entlty is (9)-cyclacene 7 and quite mntcrcst~ngly lp~s  moiety has 
also hem r e c ~ ~ n m d ' ~  as a key sub-stlucture in C3-C7n-fullerene However, no cycllc polya- 
cene of any size has been synthedzed so far, although advanced precursors. e g 8, among oth- 
en, of (8)-cyclene have been prepared 
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Commg to the ncxt nng sxe, interest I n  the large arrays made up of hszd five-rnernhercd 
rrngs (polyrli~manesl hegm lo receive partxxlar anentlon m the 70s and 80% as dodecahdrane 
9,IkC. thc '~upercycliqicnlano~d' alth I? fivc-mcmherrd nnga, emergmg as a challmgmg syn- 
thetlc objzctlve along wlth myriad natural products bemng polycyclopentmo~d fiamcwork " 
Many new cyclcpenlannulatiori melhodolog~es, mcluding those mvolving multlple and cascade 
cyc lmtm~r ,  have been developed dur~ng thc p a t  iiw dcca~lc'i and rt 1s now possible to access 
polgqu~lianes Ike  10'' and 11'' In a relatlvcly shalghtforwud rnanncr IIrghar pulyqumanzb. 
c g 12. may dopt  h e l d  or loop-Ilke shape and are worthwhile objectlvu as thcy could ex- 
hib~t somc UDUSWA~ characlcnrtlca However. cffoits in that drection are st~ll awa~ted 

In cornpanson to thelr ur- and fwc-membered countzrpxts, polycarhircyclrc frame- 
works composed cxcluls~vely of ilnearly fused four-inembered nngs ipolyquadia~otds), 
e g 13 have received much leis atlentmn, alhuugh cubane (4-pnslnanc) was ymthealredl' 
m rhc carly 60s and 11s higher homologues cuntmue to engage attention." Lastly, whrle mulu- 
ple ring. systems made up exclus~vely of three-memnbe~ed nngs are conceivahle, e g 14, the 
pmhbnive anglc Wam thdt 1s l~kelg to bruld-up puts them beyond the redm of real~rdt~on R,I- 
the present 



We were attracted by the prospect of creating a framewofx like 13, through a general, 
flex~ble and modular zpproach as very l~ttle was known about these systems in literature 
Herein, we descnbe our successful efforts towards rap~d and efficrent generat~on of a range of 
hneariy fused and covalendy bonded polyquadrano~ds Attempts towards the creatlon of therr 
supramolecular eqn~valents are also detailed. 

2. Results and discussion 

[nl-Ladderanes IS a name given to molecular mays  composed entirely of l~nearly fused cy- 
clobutane nngs (polyquadranoids) Thus, brcyclo[2.2 Olhexane, mcyclo[4 2 0 ~~,j]ocrane and 
tetracydo[6 2 0 0~~'.0"~]decane an [2]-, [3]- and 141-ladderane, respectively Ladderanes can 
have ather a CLS ~ y n ,  CIS-15 or CZS, anh, as-16 nng fusron In addition, ladderane architecture 
can also be generated at supramolecular level through weak, non-covalent mteracnons, e g 17 

ci9-8yn-ci8 l6 cis-anti-cis 17 

Smce [nl-laddemes are cons~derably stramed, n g ~ d ,  and amenable to modular deslgn, they 
have the potential to serve as excellent spacers for energy and electron transfer between two 
objects. see 18. Funhermore, as cyclobutanes are known to undergo metathetic nng opening, 
Induction of a 'cascade' cycloreversion process, drivcn by stram mitigation, could lead to the 
'wdng' of the two objects as shown (18-19) In]-Ladderanes fused m as, on& cts manner are 

unrquely constructed such that substituents on alternate carbons of the :near assembly project 
alone the two omosite faces of the molecule Thus. lt is ooss~ble to Induce fac~al am~hmhihc- . . . . 
ity In the ensemble, wth  clearly defined polar and non-polar domams as m 20, through pd1- 
cmus szlect~on of substrluents It is also reasonable to expect that a lmear assembly of cyclobu- 
tanc nngs l k e  13 w ~ l l  unfold a vanety of deep-seated and mieresting rearrangements on expo- 
sure to heat, hght or protic acids Desp~te such temptrng possib~hties, h~gher [nl-laddcranes 
(n >4)  have remaned e l u s ~ v e " ~ ~  and thelr maccessibility has precluded explodmon of their 
nch chermstry T h ~ s  has been pnmanly due to the relahve dearth of methodologies for cyclobu- 
tannulation and rhe susceptibibty of the developmg polycyclobutano~d framework Lo dismte- 
ga te  dunng vatious reaction reglmes Pnor to our effortsI8 m the area. ~t had not been possrble 
to assemble a h e a r  array of more than four cyclobutane nngs and only a handful of [4]- 
Izddera~es were known Therefore, our first concern was to dev~se a s~mple, workable, strategy 
to rap~dly access a range of hgher [nl-ladderanes, preferably of nanometenc dimension (n > 8) 



20 polar group -0 
hydrophob~c chan .Yvv. 

Wbde cons~denng vanous strategies for the ConstNctm of array 13. ri.e recognized 
that just as squares sene as versatile build~ng blocks for shapes in arr and arch~tecture. 
an appropriately s u h ~ u t e d  cycloburadiene o d d  be an effectne molecular module for 
the rapd assembly of Inl-ladderailes Thus, contrdled cycloaddmon cascade from a suitably 
funcnonallzed cyclobutad~ene should constitute a sholt modular route to dwersc ladderanes 
However, a hterature search revealed that parent cyclobutamene and some of its denvat~ves 
only dmenze III the absence of a trapplng agent and ahow lmle ~nclrnahon towards unfolding 
a cycloadd~tion cascade leading to lugher ladderanes '' In order to overcome this reluctance 
of cyclobutad~ene towards cascade cycloadd~hons, we decided to evaiuate the Frontier orb~tals 
mvdved m this process Consequenlly, HOMO-LUMO energy gaps for the 4+2-cycloadd1hon, 
leadmg to dlmenzat~on and fonnahon of 131-ladderanes, in several subsirtuted cyclobutad~enes 
were calculated at AM1 level and are drsplayed ~n Scheme 1 The HOMO-LNO energy 
gaps for the dimenranon m all these cases are In the normal range of FMO controlled 
4+kycloadd1hons To test this predvhon, we prepared the comspondmp cyclobutadtene pre- 
CWOfS 

Rve cyclobutad~ene ~ronlxicarbonyl complexes 21-25 werc synthes~zed either thmugh new 
rodtes or by the mod~ficalron of exlstme ~rocedures (Scheme 21>' Thev were dl1 ~ b ~ e c t e d  to ". . , 
delegahon followng standard protocols ( cenc armonlum nitrate. CAN, m acetonc or NMMO 
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~n DCM 1 However, only ID the case of 25, a was poss~ble to Isolate a senes of characterizable 
products To our del~ght, we observed that m the case of cyclobutadlene drester liberated from 
25, the desired cycloadd~hon cascade had Fully unfolded to furn~sh as many as six odd- 
numbered ladderanes 2631 m about 60% yield (Scheme 3)'' All the ladderanes 26-31 were 
sharp-melhng sollds and amenable to ready chromatographc separation They were fully char- 
actenzed on the basrs of extenwe and incurve analyses of the spectral data In pmcular, 
FAB-MS and high-field 'H NMR (NOESY and 11 0 e) and I3C NMR data were decisive m 
elucldahng the complere stereost~uturzs of 2631 
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Several features assoc~ated mlh the ready acqu~sit~on of ladderanes 26-31 from 25 deserve 
special menhon Firstly, as many a9 13 cyclobutane nngs are acqu~red m a smgle pot reactlon 
and the znsemble created is of record length and nanometerlc dmens~on We are not aware of 
any carbocycl~c sysrem havlng as many as 13 fused nngs Secondly, the cycloaddrt~on cascade 
proceeds m a colnpletely regm and stereoselect~ve manner Whde the selechvltres In the first 
cvcloadd~t~on between the two cvs!obut~ene moleues are controlled ma~nlv throueh secon- . " 

dary orbital interactions to generate a CLT, .syn, cls pattern, stereoselectlvlhes In the subsequent 
cycloaddmon are under stenc control to fumlsh the C I S ,  anh, c ~ s  stereochem~stry It is Interest- 
ing to note that the ladder grows through reglo-controlled cycloadd~t~ons on the more(tetra)- 
substituted cyclobutene double bond Lastly, we cons:der the efficiency of the process to be 
qu~ie sahsfactory, thus making lt amenable to scalmg-up We have also camed out 'end- 
correcbon' maneuvers on 28-31 and studled therr deep-seated thermal r e ~ r ~ a n i z a h o n s ' ~ ~ ~ ~ '  We 
do not fully understand the dramarc success w~th 25 wh~le encountering fa~lmes w ~ t h  21-24 
T h ~ s  aspect has been briefly addressed tom our earlier paper 

H a v q  developed an efficient and stra~ghtfomard entry into [n]-laddemnes from a simple 
and readdy available precursor. our next concem was to explore the poss~bd~ty of graftnig the 
ladderane mo~ety on to other frameworks as depicted in 18 Tlus could be accomplished by 
delegating 25 in the presence of several dlverse olefins 11ke norbomene 32, Hedaya-Paquette 
ester 33 and C&llerene 34, among others, to fum~sh ladderane hybnds 35, 36 and 37, r e  
spechvely (Scheme 4)'8b,"'.w 
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Srlrur 5 

Thi~s, it p i e d  to bc s rcl~l~vcly s~~nple  mattcr to ~nstall an object on one of :he tennrnr of 
the lauiicr Por fi:i!ce? evnlutvm to 16. we sought to eqloir the d~enoph~hc character rcaidlng 
;ti the oihci el,, oi tbc laddm 11n&xd, rexlwr, belwezri 35 and a cyclic d ~ i n e  hkc cyclupcni;i- 
d~enc poccedcd wiih gist lacihty to fumili 38 an11 39 In wh~ch Ihc laddcranc nrolcty la 

'cdppcd'. i t  !hc .: ;h;i ccd, hy LikiTcicot mdccular ohjccih (Scheme 5) .  A diaungo~slring fcdture 
of the ~no:eculat aiwmhlizs 35. 36, 38 r n d  39 IS that they are d~polaroidc~al w~th  arnphrphrl~- 
rry aniing 01x1 ill i t )  Jiogen atoms located on tlic top-hce and tin polar ester groups projccttng 
on thc burtc,i~i-kc This aspect of the ladderanc archltecturc hds bcen alluded to Ihc above 

The snccesstul cies1i-n and construction of moleculm (or covalent) lddera gave us the rmpe- 
tus to seeh their sqiamolecular vanants S~ipnmiolcculx lddderanes can bc i ~ s u d i ~ e d  as im 
enaenrhic. *herein the four-nlembercd heldfng block iiie held by weak C-H 0 andlor x-n 
mteractlona in mfinite iadder-hke patlelns (Schcmc 61 

Whdc such an architecture can bc visual!zcd both in solutron us wel! as m solld state. we 
inmaliy sought to look for ladder-l~ke armgement In the solid state It occuned to us th.11 a 
cgclobutane rag. prcfcmbly aplanu cyckbutenc nng. which IS appropriately embeillahcd wlth 
dunm and acceptor groups al twn i,r all the four comers and liavwg pout~unal 2nd slercu- 
chemlcsl con~plen;cntwly should he a good sup~ami~lccolx lecton to \elf-asrernhlc an thc d i d  
sia!~ to generate a laddaane niot~F (Scheme 71 Several li~nction~~l~tiea that may promaiz C- 
H 0 wdlor n-n ~n:cract~x~s are al?o ~ndicatcd ~n this ichernc A CSD sexcb indicated that 
crystal srmcturc of 3 cyilobulene denvativs bearing the fui~ct~onaliratmn patteln mdzcated m 
Scheme 7 har not heen determined pre\iously25 

Our s a a h  for a suddble tecton to self-aasemble a snprrmo:ecuia; ladder motif con\,erged 
on the highly ~rysralimc C,-synrnttlic letrusubslllutcd cyclubufene c!eiiveiwc 40, red&!). 
available fmni Uie cycloaddcnd 41 01 dlphenyi acctylmc (lolan) and dlchloroietene ar rhown 
m Schcmc S 

The phenyl groups 10 10 are expected to h n c t m  borh as donor goups ~n C-H 0 typc 
intcractmns and also promote sclt-aaembly through n-n stacking The chorce of thc 
nlhate gmllpb was someil,hdt of a gamble as llttle IVZ known about the~r abilaty ro wstnn 
suprdmolecu!sr interacuona Indeed, a CSD rearch revealed that very few cr).sta! sD-uctuzs 
w~th covaienrly bondcd mtrate groups are known In hteraiure" Iiowever. nrtratc goups 



w~th their three oxyCen atoms suitably d~sposed can acr as a mdenfale dcccptor and thoa pro- . . . . 
b ~ d e  consldemble lautudc ~n terms 01 the mleraclmos It can gmmele Thus. 40 appeared to pos- 
sess adequate funcbunal atll~bules LO sustam su~~amoiccula~ ladderane mch~tecturc in the solid 
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Tne C2-symmetric 40 cqstallnes In cent~osyrnmctnc space group Cl/c m a racernlc Tom, 
with enannomers Mmung a centrosymrnetnc par; A s~ngle-crystal X-ray structure a n a l j ~ x  
(Fig la) rewaled that each monomeric unit is imulved In four mtramolecular shon contacts, 
th roqh  the 02 and 0 3  oi the tuuate with HE c]cloalk>l 8nd H2 aryl protons. C8-HE 0 2 .  
d =  2.367 4 ,  8 =  90 88'. C2-H2 03. d = 2 886 .A. 8 = 107 19'. r e sp r r t~~e ly ,  see, !I) and (11) ~n 
Fig l b  The packing pattern ?n !he ab plane re~ea l s  that the tectoo JO is :n\ol>ed in four intei- 
m~lecu!ar C-H 0 hldrogen bonds (C6-Hh 0 1 .  d = ?  7164. 8 =  14054")". i ~ t h  0 1  of !he 
trans-disposed nitrate groups as the two acceprlng sltes and the Hh pmtons ofthe p h e q l  nngi 
as the t\+o donalmg sites It may be noted that the lnteracrions mvolvlng ihe I16 aryl protons 
(dlrposed ~n ogposne duecnons) are fac~litated by thc twis~  df -7 1" prciert m the cis-stllbene 
moiety, as shown in F I ~  Ib AS an omcorne of donor-acceptor co;nplirentmty, !he molecules 
of 40. consisting sxcluurely of a slngle enariomer In the ab plane, are aligned as shown m Fig 
2 and are ~ w o l r e d  111 four keg C-H 0 ~ntciacr~ons as mdma:ed below 

la) The 0 1  projecnng donnrrards airh h e  H6 proton on the phenyl nng  of the nearest 
nerghbor below n, see (iii) in R g  l b  



ra) Ibl 

R g  I (a) ORTEP diagram of 10, Cb) Short comets m Cs-symmemc 40. (i) C8-HB 02 d=2367A. B =  90 86' 
(Inwa), (10 C2-HZ 03 d=2886A, 8= 107 19" (Intra), (ill)C6-H6 01 d=2716A, a=  14054" (Inter) 

(b) The 01 projecting upwards with the H6 proton on the phenyl nng of the nearest ne~gh- 
bor above ~ t ,  see (m) ~n Rg lb 

(c) The H6 aryl proton disposed downwards w~th  the 01 oo the nxtrate of the nearest ne~gh- 
bor below it, see (111) m Fig l b  

(dl The H6 dlyl proton msposed upwards w~th the 01  on the nlt-ate of the nearest naghbor 
abo\,e ~ t ,  see (ui) in Fig Ib 

4 s  a result of these extensive mterdctlons, each rnonomenc umt of 40, msposed as shown In 
Kg 2, acts as a scaffold and posluons the nelghbonng umts so as to enable the growth of cy- 
clobutene coldms along o ms ( F I ~  2 )  TJrus, the tecton 40, w& 1 s  C2-symme$nc;llly d m  
posed complementary accepong and donating sltes generates several ~nrerest~ng 'nbbon-llke' 
hydrogen bondrng patterns (Fig 2) 

When vrewed along the C  ax^, the adjacent planes hamng enmilomem relanunhhy aare 
held by %-~staclung of the phenyl nng (distance 3 82 A) along the a axis wbch IS the shoncst 
crystallograph~c a n s  (Fig 3) The C-H 0 hydrogen bondmg in twn adlacent ah planes has 
opposlte duect~onal~ty wh~ch 1s a duect consequence oC lhe~r bemg consatuted of enant~omers 
or inversion-related molecules. Thus, ~t 1s the comb~nation of C-H 0 and 11-n staclung ~ihlch 
1s m d y  respons~ble for the self-assembly ID 40 to generate mfinlte suprarnolecular ladderanes 
(Rg 2) 

Another lnterestlng aspect of the crystal paclung m 40 IS that all the hydroph~l~c nitrate 
groups are allgned and are the hydrophob~c phenyl nngs il4uch alternate w~th respect to each 



other gwing nse to alternate hydroph~hc and hydrophohlc columns, ahen viewed down the 
C axis This dnangement also leads to suprnmolecular host cavlues, with aromabc walls and 
nitrate group occupying the peripheq of the ca?lty to form infinlte channels (Fig 3) The 
mccess w~th tecton 40 m generatmg the supramolecular ladderane architecture forebodes well 
for the appllcat~on of cryml eng~neenng tools for the naat~on of new polvcyclobutano~d 
assemblies 

3. Conclusion 

In short, we have shown that by employrug carefully crafted bulldmg blocks. ~t 1s poss~ble to 
generate covalent m y s  of linearly fused cyclobutane nngs (n-ladderanes) of record length as 
well as mfinrte network of 'supramolecular ladderanes' m the sohd state 
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