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ABSTRACT: An essential feature of the concept of aromaticity has been the stability and lack of reactivity of
aromatics relative to that of other unsaturated compounds. Contrary to this general experience, high and unusual
reactivity is encountered when simple, monocyclic benzene rings are bent by short bridges into a boat-shaped
conformation, as is the case in smai] paracyclophanes(< 8) and h]metacyclophanes\(< 7). This is illustrated,

mostly with examples taken from the authors’ own work, for thermal and photochemical behavior and reactions with
electrophiles, nucleophiles and dienophilgs1998 John Wiley & Sons, Ltd.
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INTRODUCTION benzene rings of these cyclophanes and to discuss the
factors which cause this enhanced reactivity.

Towards the middle of the 19th century, chemists started The definition of ‘small’ for cyclophanes is somewhat

to realize that a certain class of unsaturated organicarbitrary and depends on the category: finjetacyclo-

compounds, often isolated from fragrances and thereforephanes 1), significant bending of the benzene ring and

called ‘aromatic,’ had the common property of being concomitant strain are usually encountered when the

unusually unreactive in comparison with ‘normal’ bridge contains seven or fewer links <€ 7), whereas for

unsaturated compounds such as olefins. Thus, aromaticgn]paracyclophanes 2, where the bridgeheads are

in general, and benzene in particular, are surprisingly further apart, this occurs far< 8.

resistant towards addition reactions such as hydrogena-

tion or halogenation and, if reactions do occur, they

proceed predominantly by substitution rather than by

addition, signaling a high tendency of the unsaturated SYNTHESES AND STRUCTURES

aromatic nucleus to regain its original ‘aromatic’ state.

Even after Kekuldnad proposed his famous oscillating  Although this review is primarily concerned with the
cyclohexatriene structure for benzehdt was this reactions of small cyclophanes, a brief survey of their
unreactivity of benzene which for a long time caused syntheses and structures seems appropriate. As has been
considerable problems and even retarded the generabliscussed elsewhere in more defatie usual strategy for
acceptance of Kekule formula; in fact, it took nearly  the synthesis of cyclophands. the closure of a bridge
100 years of search and struggle to understand fully theacross theneta or para-positions of the benzene ring, is
special aromatic properties of benzene on the basis ofnot applicable to small representatives because the ‘ends
quantum theory. will not meet;’ the result is polymerization rather than

Against this background, it appears understandablering closure. Therefore, one has to construct a precursor
that after the discovery of high and unusual reactivity in that already contains the bridge, together with an entity
small and strained cyclophanes, it was originally (but having an energy content high enough to allow subse-
erroneously) believed that their aromaticity was reduced quently conversion into a (bent and strained) benzene
in favor of a cyclohexatriene-like structutd his review ring. Different groups have developed different strategies
is intended to illustrate, mostly on the basis of work from to meet these goafsin our approacH, often a 1,2-
our own group, the exceptional reactivity of the bent bismethylene substituted cyclic compound sucl3 &sr

an acyclic equivalent to be cyclized at an intermediate
stage) is the starting point to prepare either the propellane
*Correspondence toF. Bickelhaupt, Scheikundig Laboratorium, Vrije 4 for the synthesis ol, or the Dewar benzen® which

universitell De Boelelaan 1083, NL-1081 HV Amsterdam. The can be converted int@ by heating or by irradiation

Dedicated to Prof. Dr Maitland Jones, Jr, on the occasion of his 60th (Scheme 1). o
birthday. From x-ray crystal structure determinati6hsof
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severalerivativesof 1 and2 {seein particularScheme?
for data on 8,11-dichloro[5lmedcyclophane (6: 1,
A =CH,; X =Cl)® and also from theoretical calcula-
tions ¢ it appearedo our initial surprisethatin spite of
substantiaboat-shapedistortion,thebondlengthsin the
benzenerings of such small cyclophanesare fully
delocalized and thus ‘aromatic’ according to this
criterion. This seemedto be in contradictionto their
high reactivity and‘cyclohexatrieneike’ behaviorto be
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describedbelow. Equally compelling, the secondim-
portantcriterion for aromaticitywasalsofulfilled: NMR
spectroscopimvestigationgrovedthe presencef aring
currentwhich was (at least) equalto that of analogous
planar benzenederivatives'®’ Obviously, these com-
poundswerefully aromatic,andfactorsotherthanlossof
aromaticitywereresponsibldor their high reactivity. We
presenthere a number of representativeexamplesof
unusualreactionsanddiscusshe factorsinvolved.

REACTIONS OF SMALL CYCLOPHANES
Thermal, catalytic and photochemical reactions

As expected, the thermal stability of cyclophanes
decreasewith decreasingridgelength.While [6]meta-

150 °C
—
1

7
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cyclophane (Scheme 1: 1, A=CH,CH,, X=H) is
reasonably stable® [5]metacyclophane(l, A =CH,,
X =H) slowly polymerizeson standingat room tem-
perature’ and [4]metacyclophane(l, A=-) is too
unstableto be isolated, so that its intermediacycould
only be demonstratetby interceptionreactions'® Corre-
spondingly, the [n]paracyclophane® (n=8 or 7) are
stableunderordinary conditions;[6]paracyclophanés a
borderlinecase;[5]paracyclophanenust be kept below
—20°C;** [4]paracyclophanecan be interceptedunder
specialconditiond? andis stableonly at —196°C;*3 and
[3]paracyclophanés sounstablehatattemptgo prepare
it by variousmethodshavefailed sofar; instead jndanes
wereformedin somecasesbutthereis nosolid evidence
for theformationof [3]paracyclophanevenasafleeting
intermediate*

Whenheatedn solutionto 150°C, [5]metacyclophane

0 1998JohnWiley & Sons,Ltd.

rearrangedto its ortho isomer 7 (Scheme 3); the
mechanismof this processhas not beeninvestigated.
Under flash vacuum thermolysis (FVT) conditions at
temperaturedetween200 and 600°C, the small para-
cyclophaneg undergoradical cleavageat the benzylic
carbon—carborbond of the bridge to form the inter-
mediatediradical 8, which closesthe ring to form the
spirocompoundd; this processs reversiblewhenn > 7,
andascompound® areeasilypreparedoy otherroutes,
this opensan attractive alternative accessto the ‘less
small’ membersof 2.4

A reactionthat clearly demonstrateghe differencein
stability betweennormal and bent benzenerings is
catalytic hydrogenationOther than alkenes,benzends
stable when treatedwith Pd/H,; it requiresa stronger
catalyssuchasplatinumor rutheniunto behydrogenated.
In contrast,small cyclophanesare readily hydrogenated

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 362—-376(1998)



UNUSUAL REACTIVITY OF HIGHLY STRAINED CYCLOPHANES 365
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with Pd/H, atroomtemperaturé? Thus,Li andJone$®?
reportedhat[7]paracyclophanés reducedo the stageof
the (very) hyperstableolefin A; further reductionto B is
extremelyslow (Schemet). Recentlywe discoveredhat
if the hydrogenationof [6]- or [5]metacyclophanes
performedunderverymild conditiongroomtemperature,
hydrogeratatmospheripressur@ndareactiontime of 1
min), thereactioncanbestoppedattheintermediatestage
of thehyperstabl®lefins10; afteraboutl5 min, complete
reduction to the perhydro derivatives 11 is achieved
(Scheme 4).2®® This again underlines the extreme
reactivity of this type of bentbenzeneaing.

Not only in the thermal behavior, but also on
irradiation, there appeardo be a dichotomybetweenl
and 2 (Schemeb5). As in the thermal reaction, the
preferredprocesson irradiation of [S]metacyclophanés
rearrangemento the ortho-isomer7.*® Labeling studies
in the caseof 8,11-dichloro[5]metacyclopmne 6 indi-
catedthat this photochemicafrearrangemenapparently
proceedsvia the benzvalendntermediatel2, asin the
rearrangegbroductl13, the chlorinesubstituentemained
attachedo the labeledcarbonatom,whereasn anionic
(electrophilic) process(cf. Schemes7 and 8), the two
would havebeenseparatedsshownin 13a*®

In contrasttheirradiationof small[n]paracyclophanes
2 leadsto the establishmendf a photodynamicstationary
statebetween2 andits Dewarisomer5, the position of
which seemsto be related to the strain: high strain
disfavors2. Thus,for 2 (n = 6), the stationarystatelies at
aratio 2:5=75:25" whereasfor n=5, it is aslow as
7:93 (Scheme6).**!* In the caseof the [5](1,4)para-
naphthalenophand4 with its more flexible aromatic
nucleusthe aromaticsystemsufferslessfrom strainand
consequentlyin the photodynamicstationarystate,the
14:15 ratio is 35:65, the highestobservedso far for a
[5]paracyclophané®

Two remarkableaspect®f this photochemistrshould
be pointed out. First, the approachfrom the Dewar
isomer,unfavorableasthe photostationaryatio may be,
hasin fact so far beenthe only synthetic pathwayto

0 1998JohnWiley & Sons,Ltd.

[5]paracyclophanes.Second, although photochemical
conversionof aromaticcompoundsnto Dewarisomers
havebeenknownfor sometime, the easeandextentwith
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whichthe[5]paracyclophanesanbeconvertednto their
Dewarisomersare without analogyin the photochemi-
stry of planar aromaticcompoundsit obviouslyreflects
thehigh strainin thearomaticisomer,becaus¢he Dewar
form is not morestrainedthanordinaryDewarbenzenes,
since the bridge can be attachedto the 1,4-positions
without (much)additionalstrain.

Reactions with electrophiles

Whereag6]metacyclophanseemso berelatively stable
towards rearrangementafter electrophilic attack™®

0 1998JohnWiley & Sons,Ltd.

[5]metacyclophaneare sensitive;thus, protonsor silver
ions causerearrangemenbf [5lmetacyclophando its
ortho isomer 7,%° and bromination occurs surprisingly
mildly without a catalystandat —75°C, butagainoccurs
with (Wagner—Meerweintype) rearrangemento the
brominatedortho isomer16 (Scheme7).2*°

The mechanisnproposedn Schemer is supportedy
the product formation from the trifluoroacetic acid
treatmenibf 6. Owingto the electron-withdrawig effect
of thechlorinesubstituentsthis reactionproceedednore
slowly thanthatof theunsubstitutegharentcompoundat
roomtemperature3 h and1 min, respectively)landgave
rise to the three ortho annelatedproducts18-20; with
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deuterotrifluoroaetic acid,[D] 18 wasobtainednsteadof
18 (SchemeB) 2°

A differentsubstitutionpatternin therearrangeartho
isomeris observedvhenthe (atfirst sightminor) change
is madeof replacingthe CI-11 in 6 by fluorineasin 21
Acid treatmentbf 21 leadsto 22 (Scheme9), involving a
triple Wagner—Meerweishift of thealkyl bridge!*° The
reasorfor this deviatingbehaviorapparentlystemsfrom
the inability of fluorine in the intermediaterearranged
cation 23 either to migrate in a 1,2-shift, eventually
leadingto theoriginally expecte®4 (cf. 20in Schemes),
or to departas a (formal) fluorine cation which would
havefurnished18.

[n]Paracyclophaes have an analogoustendencyto
rearrangeon protonationto the lessstrainedmetaand/or
ortho isomers. Thus, [6]paracyclophanegave a 1:3

0 1998JohnWiley & Sons,Ltd.

mixture of its meta and ortho isomers (Scheme10),
presumablybecauseat the intermediate stage of 25,
deprotonatiorto the relatively unstrained6]metacyclo-
phane competes with a second Wagner—Meerwein
rearrangemento 26 which on deprotonationyields
benzocyclooctené7).*°

Surprisingly different is the courseof reactionwhen
[4]paracyclophanepbtainedby irradiation of its Dewar
isomer,is interceptedby acid (Schemel1)*?! Instead
of an analogousrearrangemento the ortho isomer
tetralin, 1,4-addition products were observed,as illu-
strated by the reaction with trifluoroacetic acid in
methanolor THF which, via the intermediatecarbonium
ion 28, led to the adducts29 or 30/31, respectively;
apparently the reactivity of 28 is so high thatit accepts
any basefrom the solventratherthanundergoa second
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Wagner—Meerweirshift to 32, which would rearrange
andbe deprotonatedo give tetralin. A detailedcalcula-
tional analysi§® revealed that the susceptibility of
[4]paracyclophando protonationis extremelyhigh, as
expressedy the calculatedpK, =51 for 28, which, of

0 1998JohnWiley & Sons,Ltd.

course,is not the resultof any specialbasicity of the 7-
systemof [4]paracyclophanebut rather a (symbolic!)
measuref thelargegainin energyon protonationwhich
changeghe hybridizationof a bridgeheadcarbonfrom
(ideal)sp? to sp® andleadsto concomitantelief of bridge
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strainin 28. [5]Paracyclophanehowsan intermediate
behavior in yielding both 1,4-adductsand the ortho
isomerbenzocycloheptene-

Reactions with nucleophiles

In this category,a diverse group of reactionswill be
describedvhich, eachin its ownright, hasno counterpart
in the chemistryof planararomaticanalogues.

It is a classicalexperiencdan aromaticchemistrythat
nucleophilic substitutions,in contrastto their electro-
philic counterparts,do not occur unlessthe aromatic
nucleusis activated by strongly electron-withdrawing
groupssuch as the nitro group. However, 6 is readily
attackedby alkoxideions at the ipso carbonatom 11 to
give the Meisenheimercomplex 33 and hence the
substitution products34. Hydroxide ion attacksat the
bridgeheadcarbon atom 6 to furnish 35, which is
convertednto 36 asshownin Schemel 241622

The reactionis slowerwhenthe electron-withdrawing

0 1998JohnWiley & Sons,Ltd.

chlorineatposition8 is missing,andit is facilitatedwhen
thehalogenatpositionl1is fluorine,whichisin line with
the proposal that the reaction proceedsby a direct
Sv2(Ar) mechanism(Scheme12)*¢1%22 |n the latter
case,a wealth of unexpectedeactionswas encounter-
ed ¢ of which only a selectioncan be presentechere.
Thus, 37, like 6, reactedwith alkoxidesby additionat C-
11tofurnish38, butthesubsequertourseof thereaction
was different: whereas33 ‘finished’ the Meisenheimer
substitution by extrusion of chloride ion to give 34
(Schemel2), the correspondingntermediate38 addeda
protonto give the 1,2-adduct39 (Schemel3).

Even more surprising was the reaction of 37 with
hydroxideion. In contrasto 6, 37 wasattackedhotatthe
bridgeheadcarbonC-1, but at C-11 (Schemel3). The
intermediate40 did expel fluoride ion (possibly after
deprotonationjeadingto the highly strainedphenol41,
whichrearrangedo give 42. Apparently,the strainin 41
is higherthanthe loss of aromaticresonancenergyon
tautomerizatiorio 42, which makesthecouple41/42 one
of the few examplesvherethe keto form is more stable
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thanthe correspondinghenol**° Although the transfor-
mation to 42 reducesthe strain considerably, the
compoundis certainly not strain-free;this explainswhy
onstandingn contactwith water,andmorerapidly under
acid catalysis42 underwenf spectacularearrangement
to the spirodienonet4, which is rationalizedasshownto
proceedby protonationto 43, followed by two con-
secutiveWagner—Meerweiype alky! shifts**¢

Another exampleof the unprecedentegdusceptibility
of [5]metacyclophanet undergonucleophilicattackat
the benzenering is the transformation of the 3-
aza[5]metacyclophee 45 to the strained, tricyclic
dihydroindole derivative 46 on heatingin DMSO at
120°C (Schemel4) *8°|t is suggestethatthefirst stepin
this transformationis the nucleophilic attack of the
tosylamidenitrogenon theipso carbonC-11to form 47;
in view of the extremelyweak basicity of this nitrogen
lone pair, the reactionis remarkablendeed.Subsequent
hydrolysisof 47 yields 46, which hassomeinterestof its
own as being an aniline derivativewith a nitrogenlone
pair forcedinto anorientationparallelto the z-systemof
the benzeneing; incidentally,the ring systemof 46 is a
nitrogenanalogueof astrainechydrocarborfirst reported
by Rapoportand Pasky> (cf. 50 in Schemel5).

Organolithiumreagentarealsonucleophilesut often
show a reactivity different from that of normal nucleo-
philes. Their behavior towards halogen-substituted
[5]metacyclophaneslependsin a dramatic fashion on
thenatureof thehalogenasshownin Schemel5. With 6,
adirectsubstitutiorof thechlorineat C-11by atert-butyl

group occurs with formation of 48; this reaction is

unusualfor organolithiumsput parallelsthe behaviorof

the alkoxidesdepictedin Schemel2 andis believedto

follow the samedirect Sy2(Ar) mechanisnt® Replacing
the chlorine at C-11 by bromineasin 49 leadsto ring

closurewith formation of 50, which is the all-carbon
analogof 46 (Schemel4) andthe chloro derivative of

Rapoport and Pasky’s hydrocarborf> This reaction
probably proceedsby a radical pathway;in supportof

this interpretation,the same conversionwas achieved
with NaH-Ni(OAc), a reagentwhich reducesaromatic
halides via aryl radical intermediates* When both
chlorines of 6 are replacedby bromine as in 51, the
expectedhormal bromine—lithiumexchangeoccurs,and
it doessoeventwice with formationof 52; it is of interest
that52 wasdeuteratedo give 53, the?H NMR spectrum
of which furnished compelling evidencefor the intact
ring currentof its bentbenzenesystem’ The difference
in behavior between49 and 51 has been tentatively
explained as follows:'® with 49, obviously a single
electrontransfer/radicamechanisris operativeleading
to an intraannularradical attack at C-3 followed by

radicalring closureto give 50, whereaswith 51, first the
easilyaccessibléoromineat C-8 undergoeshe normally
very fast bromine—lithium exchange reaction with

formation of 54; the negative charge associatedwith

the organolithiumfunctionality in 54 counteracts rapid
single electrontransferto the benzenering so that the
second bromine—lithium exchange has a chance to

proceedasnormal,resultingin the formationof 52,
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Finally, two examplesf base-inducedeactivity from
two differentclasse®f [5]metacyclophanesiay serveto
demonstratdurther the unforeseerbut often rewarding
chemistry one may encounterin this area. First, ring
openingreactionof the 3-sila[5]metacyclophags55and
56 to form 57 and 58, respectively**® are remarkable
insofar as (cyclic) silanesare normally stabletowards
baseattack unlessthe ring is small and strained,as in
silacyclobutane$® Scheme16 shows a tentative me-
chanismstartingwith attackof the strongbaseon silicon
to furnish the pentacoordinatedilicate intermediate$9
or 60. Whereass9 opensthe heterocyclicring to yield a
primary p-phenylethyl carbanion in statu nascendi

0 1998JohnWiley & Sons,Ltd.

which is protonatedby DMSO to give 57 anda dimsyl
anion, the analogousring cleavagein 60 createsa
correspondinganionic center in the vicinity of the
chlorine subsituentwhich may be abstractedwith the
formation of a new anionic centerat C-11 and a /-
chloroethyl substituentto form 61, which finally is
transformedto 58 as shown (the introduction of two
deuteriumsatthe benzylicpositionof 58is a subsequent,
normalbase-catalyzedxchangeaeaction)*4°

A secondcaseof nucleophilicattackonabentbenzene
ring of a [5]Jmetacyclophanentermediatewas presum-
ably encounteredh anattemptto synthesizehedichloro
derivative63of [1,1]metacyclophané2; notethat62 and
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63 comprisetwo [5]metacyclophaneinits (Schemel?).
A previousattemptto obtain the unsubstitutedparent
compounde?2 from 64awith potassiuntert-butoxidein
DMSO hadfurnished65, the mono-Dewalisomerof 62,
instead?® It wasexpectedhat64b would leadto 63, and
aspreviousexperiencenadshownthat chlorine substitu-
tion stabilizes [5]metacyclophane®:*® we had hoped
that 63 might prove to be isolable. Probably 63 was
indeedformed, but underthe reactionconditionsit did
not survive becauset was further transformedby the

strongbaseto give 66 and67 in about10%yield.?’ The

formation of 66 can easily be explainedas shownin

Schemel7: attack of base,in casuinevitable tracesof

OH™, at one of the bridgehead positions (cf. the

transformatior6 - 35in Schemel?2), followed by ring

openingandformationof abenzyliccarbanioreventually
gives66; on the basisof this mechanistiaceasoningthe

structureof 66 formsgoodevidenceor theintermediacy
of 63. Therationalizationof the formationof 67 is more
speculative Labeling of 64b with carbon-13(*) at the

positionsindicatedin Schemel7 proved that the two

centralcarbongetainedthe positionsexpectedn 63, i.e.

theywereconnectedy the centralcarbon—carbobond;

obviously, it is not carbonbut the chlorine substituent
which (somehow) underwent a (formal 1,4) shift.

Whateverthe exactmechanismmay be, mostlikely the

centralbond is formedin a nucleophilic attack by the

negativechargen onering onthe otherring, asindicated
in Schemel72’

Diels-Alder reactions

1,3-Dienes,andin particularcyclic derivativessuchas
cyclopentadieneor cyclohexadieneg(68), are classical
substrateor the Diels—Alder[4+2] reaction;in analogy
with the transformation68 — 69, one would expecta
(localized)cyclohexatriene’0 to undergoa Diels—Alder
reactionto give 71 (Schemel8). In theabsencef special
stericeffects(whichareknownto influencethereactivity
strongly), the very fact that benzeneis inert towards

(CHy)4 (CHp)q
A 72
St R e +
P> =
72 73 (CHj)4
(CHy)4
75
(o]
E\(O CF3C=CCl5
(]
[0]
CFs3
o]
CF;
76 (o] 77
Scheme 19
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Diels—Alderreactionspunlesshighly reactivedienophiles
or drasticconditionsare applied?® is generallyconsid-
eredto be a consequencef the stabilizationassociated
with its non-cyclohexatene-like,delocalizednature.

Again, strainedmetacyclophaneseactwith unprece-
dentedease gvenwith relatively unreactivedienophiles;
asbriefly mentionedn the Introduction,this phenomen-
on initially gave rise to the hypothesisthat with
decreasingoridge length, bent benzenerings gradually
wereforcedto give up thedelocalizedaromaticstructure
in favor of cyclohexatriene-likdocalization® The most
reactive member of the metacyclophaneseries is
[4Jmetacyclophand73), which was too unstableto be
isolated, but instead was intercepted by its Dewar
precursor72 under the conditionsof its generationin
anampoulein pentanesolutionat about150°C (Scheme
19)19?°The primary productswere 74 and 75, differing
onlyin therelativeorientationof thebridgesin the Diels—
Alder reaction; note that the formation of 74 and 75
involves a Diels—Alder reaction of a benzenering as
dienewith the completelyunactivateddoublebondof a
Dewarbenzenesdienophile!ln the presencef maleic
anhydrideor hexafluoro-2-butynethe adducts76 or 77,
respectivelywere obtainedinstead.

In additionto 74 and75, anddependingnthereaction
conditions,a numberof otherproductswerealsoformed
in low yield, of which 80 and81 arethe mostnoteworthy
(Scheme20); in particular,81, a[4,4]paracyclophands
astoundingat first sight: how can a paracyclophande
formed from meta precursorssuch as 72 or 73? A
thoroughdiscussionof the details of the mechanismis
beyondthe scopeof this review; sufficeit to saythata
consistent rationalization can be found as briefly
indicatedin Scheme20 by assumingthat startingfrom
74/75, consecutivering opening and intramolecular
Diels—Alder reaction lead to the cage compounds78
and 79, respectively;two correspondingretro-Diels—
Alder reactions involving the alternative, horizontal
bondsof the centralcage(dottedin 79) finally yield 80
and 81, respectively***® which are stable end-points
with strain-free planarbenzenaings.

In comparisonwith [4]metacyclophanethe Diels—
Alder reactivity of [5]metacyclophanés clearlyreduced,
but in comparisorwith normal aromaticcompoundsit
still is spectacularWith ‘standard’ dienophilessuchas
maleic anhydride,it reactsinstantaneousiyto give 82
(Scheme21). With the lessreactivedimethyl maleate,
77% of 83 was obtainedafter 25h at 65°C; only with
cyclopentenethe non-activateddouble bond of which
may be similarly unreactiveasthatin 72 (Schemel9),
did areactionnot occur.

Within the group of [5]metacyclophanesl, the
propensityto undergoa Diels—Alder reactiondecreases
in theorderA = CH, > NTos> C=0>> SiMe,, asshown
in Scheme22 for the reactionwith maleic anhydride;
severalotherdienophileshavebeeninvestigatecandthe
results supportthesetrends. The relative rates kg are

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 362—-376(1998)



374 F. BICKELHAUPT AND W. H. DE WOLF

+
o
o

C};&

_—_
(CHys 0 (CHy)s
82
MeOOC
MeOOC
MeOOC /
MeOOC
(CHp)s (CHy)s
83
A
- A
(CHp)s (CHy)s
Scheme 21
0
X
o)
(0]
8 X
9 . R
10 + o) —— oy /
11 10
11 X
X o)
A A
1 84

Relative rates kg:

A =CHj; > NTos > C=0 >> SiMe,

X=H>>Cl

Scheme 22

qualitative in the sensethat they are basedon total
reactiontimesor competitionexperimentsln generalthe

experimentallyobservedrderisin line with expectation:

strain and high electron density in the benzenering
increasethe reactionrate. Thus,the dichloro-substitutd
derivativeq1, X = CI) reactmoreslowly thantheir parent
compounds(l, X = H),3>18:¢d2%hacaysethe chlorine

0 1998JohnWiley & Sons,Ltd.

substituentswithdraw electron density and lower the
HOMO energy;this experimentalobservationindicates
that the Diels—Alder reactionsdescribedhere belongto
the classof normal electrondemandreactions.Further-
more, it is evident that strain plays a major role in
activating the benzenering, probably for two reasons.
First, the strain-inducedbending of the benzenering

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 362—-376(1998)



UNUSUAL REACTIVITY OF HIGHLY STRAINED CYCLOPHANES 375

raisesthe HOMO and increaseselectron density and
orbital coefficientsin the hollow region of the boat,
which is the side where the dienophile attacks'*"16?
Secondthe strainis considerablyreducedin the Diels—
Alder adducts which have less severe anti-Bredt
character at the bridgehead position. This can be
visualizedby the (admittedly incorrect) oversimplifica-
tion of consideringthe benzenering in its cyclohexa-
triene representationthe ‘anti-Bredt double bond’ C-
10—C-11in 1 hasbeenreplacedby the doublebondC-
9—C-10in 84; althoughthe latter is alsoat a bridghead
position,it is muchmorecomfortablebeingtransin a10-
memberedring. The concomitantreleaseof strain will
undoubtedlybe operativein the transitionstateandhelp
to increasethe reactionrate.

However,whenlooking at closerdetails,the order of
reactivity doesposesomepuzzles.Not surprisingly,the
largerbridgelengthin 1 (A = SiMe,), which stemsfrom
the two long C—Si bonds, confers propertieson this
compoundwhich makeit moresimilar to [6]metacyclo-
phanethanto [5]metacyclophandl, A = CH,), so that
the Diels—Alder reactivity is considerablyreduced-*
The sameholdsto alesserextentfor 1 (A = C=0)¥90On
theonehand,its bridgeis shorterowing to the two sp3—
sp2 bondsto the carbonylcarbonat position3, butonthe
other, the naturally larger sg” angle of 120° at this
positionmakesthe bridge ‘wider’ andreducegshe angle
strain; apparently, the latter factor is dominant, as
indicatedby the reductionof the reactionrateby a factor
of about 20 comparedwith 6. Even less clear is the
situation for the 3-aza[5]metacyclophang (A =NTos,
X =ClI). In comparisonwith [5]metacyclophangeit has
two shorterC— N bondsin thebridgeinsteadof two C—
C bondswhichwill increasehestrain;indeed the x-ray
crystalstructure revealinga slightly more bentbenzene
ring, andtheoreticalcalculationsndicatethe moleculeto
bemorestrained Neverthelessheazaderivativeis 5-10
times lessreactivethan 6.1 This indicatesthat for the
fine tuning of thereactivity, additionalfactors,which are
notwell understoodt the moment mustalsoplay arole.

CONCLUSION

From the chemical behavior of small, strainedcyclo-
phanestwo specialaspecteemerge.The first is a rich,
diversereactivity full of surpriseswhich appeargto be
utterly untypical of aromatic compounds.Second,all
structuralandspectroscopicriteria andtheorytestify of
thetruly aromaticcharacteiof thesecompounds.

Both aspectseemcontradictoryat first sight, but can
be reconciledby consideringthat the considerablestrain
in thesecompoundsabout180 kJ mol™ in [5]metacy-
clophane (MNDO,*¢:2%":22 density functional calcula-
tions'), is largelyreleasedn all thereactionsonsidered,
be they hydrogenation,addition of electrophiles or
nucleophilesto the one-carbonbridge (position 11) or

0 1998JohnWiley & Sons,Ltd.

Diels—Alderreactiongpositions8 and11). This holdsnot
only for the (primary) productsof the reactions,where
the formal s hybridizationis changedto spg?, which
makesbridgeattachmengeasierputalsofor thetransition
statesprecedingthem, which causeghesereactionsto
proceedapidly andto completion.Oneof the additional
factorsis the deformationof the = -electroncloud of the
benzeneging, whichraisegsheHOMO, lowersthe LUMO
and causesa high electrondensityat the inner, concave
sideof thebenzeneing, thusfacilitating attackfrom this
side.

Finally, anold lessorhasprovento betrue onceagain:
(lack of) reactivity is not necessarilya reliable indicator
of the ground-statestructureof a molecule!
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