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Chapter One

Aromaticity: Criteria, Manifestations, and Structural Limitations

I.I Introduction.

When an important compound's discov¢_ dates back as far as 1825, one would

imagine that every facet of its chemical and physicalproperties has been illuminatedin the

meantime. Benzene, however, has not ceased to challenge the chemist's notion of

structure and bonding since its first isolation by Michael Faraday.I Mitscherlich's

" detem_ation of C6H6 as the molecular formula,2 along with the fact that benzene and its

derivatives react by substitution rather than addition, conflicted with the already dogmatic

tetravalency3 of carbon, posing an insurmountabledilemn_ for 19th century chemists in

_eir efforts to present conclusive structural proposals. Kekuld, in a lucky case of

inspirationalday dreaming,4 was the first to suggest the cyclic framework of benzene5 as

an equilibratingmixture of 1,3,5-cyclohexatrienes.6 Earlyattempts to explain the peculiar

stabilityof"aromatic"compoundson electronicgroundsweremade byRobinson7 and

Ingold,8 who associatedthepresenceofan"aromaticsextet"ofelectronswithtypical

bcnzenoidbehavior.PaulingandWheland,9togetherwithHtickelI0eventuallyprovideda

quantummechanicalfootingfortheobservedpropertiesandmade theresonance-based

pictureofbenzene(la,Ib)aswidelyacceptedasitistoday.

lb

Direct structural proof for its highly symmetrical D6h structure was derived by

Ingold from vibrational analysis of benzene and he.erie-d611 and was further supported

by evidencegatheredfrom diffractionexperiments.12,13Computationalgeometry

optimizationsathighabinitiolevels14confirmIngold'soriginalfinding.



While the dispute over constitution and geometry of benzene appears to be settled

in a satisfactory fashion, the reasons for why this compound shows D6h symmetry are a

matter of current debate. On the basis of valence bond principles,15 it was generally

argued that the symmetric equilibrium structure is enforced by resonance between the two

dominating Kekul(_forms la and lb, pointing at the g electrons as principal contributors

to the equality of CC bond lengths. Recent theoretical studies,16 however, provide

evidence that challenges this view, suggesting instead that the o rather than the g system is

responsible for the symmetric structure. This thesis will elaborate on this topic in greater

detail in chapter 2.

The development of the Htickel method10allowed the classification of co_ugated,

cyclic molecules according to simple book=keeping rules. Thus, a compound containing

cyclic arraysof (4n+2!_relectrons are labelled"aromatic", while those with (4n)_rcircuits

are termed "antiaromati¢".17 Cyclobutadiene (2), t8 the prototype of the latter class of

compounds, for long eluded experimentalscrutiny,but its dibenzo-derivativebiphenylene

(3), a molecule combining aromatic and antiaromatic _ electronic arrangements within a

single molecular framework, was extensively studied. 19The concept of juxtaposing these

two antipodal electronic features by constructing compounds with alternating four- and

six-membered

2 3 4(N=3,4.5) 5(N=3)
6(N=4,5)

_lgs was furtherdeveloped by VoUhardt,who synthesized linearly(4)20 and angularly($,

6)21 extended homologs of 3 and named this novel class of compounds [N]phenylenes,

according to their number of benzene rings. One of the most remarkable and, in the

context of the present thesis, most important characteristicof angular[3]phenylene (5) is



its degr¢_ of CC bond alternation around the central six-membered ring. 21a The presence

of such CC bond length variations, resembling that of an idealized 1,3,5-cyclohexatriene,

was subsequently shown to prevail to an even greater extent in the benzenoid core of a

hexasilylated derivative of triangular [4]phenylene (7). 22a

I

7 _ 8 9 10

Both, strain and _ electronic effects can be invoked to explain this phenomenon and an ab

initio studyofmodelcompounds8 -I0,aimedat understandingtherelativecontribution

ofthesefactorstotheobservedtopologiesisdelineatedinchapter4.Alsoincludedarcthe

resultsofa computationalinvestigationofchromiumtricarbonylcoordinationto8 - 10,a

projectpromptedby theobservationthatthebarriertorotationaroundthemetalarene

axiscan be relatedtothedegreeof _ delocalizationinthefreehydrocarbon.23 Fh-st

experimentaldatainvolvingthecorrespondingcomplexof524and thoseofderivativesof

7 havebeenreponed. _

The strikingdissimilarityinthechemicalpropertiesofI and7 isborneoutbythe

casewithwhichthelattercanbe hydrogenated,26whereasthearomaticbehaviorofthe

formeristypifiedby therequirementof more drasticconditions.27The therrncxiynamic

parametersof the conversionof 7 to itshexahydrogenatedderivativehave been

determinedandarediscussedintheconceptualframeworkof"swain"and"aromaticity"in

chapter3.

The adventof buckminsterfullereneC_ (11)_, a novel,sphericalallotropcof

carbon,has rekindledinterestin non-planar,polycyclic,aromatichydrocarbons,as



evidenced by two recently developed routes into the large-scale preparation of

cor-annu/ene (12), 29 originaUy synthesized by Banh and Lawton. 30 The unique bowl-

shaped topology3t of this molecule motivated our own entry into this field of research and

results of synthetic and computational efforts pertaining to cup-shaped hydrocarbon 13 are

presented in chapter 5.

I

/ ;J

11 12 13

The remainder of chapter 1 will focus on current notions of m'omaticity,

approaches to the quantification of the latter, and an exploration of the effects of swain on

the benzene nucleus. A brief introduction into natural bond orbital (NBO) analysis32 and

natural resonance theory (NRT), 33 crucial quantum mechanical tools employed in the

course of the investigations, forms the last section of this chapter.



1.2 Aromaticity, Resonance Energy, and _ Delocalization.

"In discussing any scientific problem, it is highly desirable that all the words and

terms employed should be capable of precise definition. The expression "aromatic

character" unfortunately does not satisfy this desideratum, for it is used in different

connotations corresponding to different individual interests".34 Although the notion of

arornaticityhas evolved considerably from its original conception as being related to the

pleasant (aromatic) fragranceof certain compounds, little progress has been made toward

a generally applicable definition or an unambiguous quantification of this term since

Robinson's apt remark in 1959. Soon after the discovery of benzene, aromatic behavior

was associated with enhanced chemical stabilityof these compounds, as evident fromtheir

reluctance to take part in reactions with reagents like cold sulfuric add and radical

initiators, and their tendency to undergo substitution rather than addition. The original

tenet, to correlate the rate of reaction with the degree of aromaticity was invalidatedby

modem thermodynamics,35in which reaction ratesare associated with the free energyof a

transition state, hence precluding a priori conclusions about the ground state phenomenon

of aromatic stabilization. Over the years, however, a few criteria have emerged that do

allow, usually within narrowlydefined limits, a classification of compounds into arotmtic

or non-aromatic (or pseudo-aromatic or antiaromatic36) categories.37It should be kept in

mind that, depending on which indicator is used, a particularmolecule can fall into any of

those categories. Some of the more important criteria for aromaticity, particularly those

withrelevanceto thisthesis,areoutlined below.

1.2.1 Resonance Energy. 38

The term "resonance energy" (RE) was originally introduced to describe the extra

energetic stability of a resonance hybrid over a non-delocalized reference state that is the

main contributor to the overall structure of this molecule.39 It thus follows that this

resonance energy, referred to as "vertical resonance energy",4° is not an observable



property, but can only be approximated invoking theoretical and/or experimental

u_chniques.In the case of benzene, the model from which to derive this quandt_ is the

hypothetical 1,3,5-cyclohexau'iene with non-delocalized, "ethylemc" CC double bonds.

Simple Hiickel molecular orbital (HMO) treatments 10 of benzene result in a resonance

stabilization of 2_ with respect to this reference, a quantity equivalent to the energy

required for the IBlu-lAlg (lowest 7r..ox*)electronic transition of this molecule. The

corresponding UV absorption band appears at 207 ran41a.bor roughly 138 kcal tool"l,

assigning a value of-69 kcal tool"I to [3.Other approximations#la yield estimates of -16 to

- 56 kcal rnol"t leaving wide margins for speculation.

The desire to rely on a less fictitious benzene m(xtel than 1,3,5--cyclohexatriene,

along with the inadequacies of the Htickel method, led to the development of Dewar's

perturbation molecular orbital (PMO) theory.'t2This approachconsiders the formation of

extended conjugated _ systems as perturbations of smaller, acyclic fragments that can be

joined either intra- or intennolecularly. Even altemant hydrocarbons, for example, ca_ be

derived from union of two odd altemant radicals. In this case, the first-order change in

energy 8E (i.e., the energy of bond formation) is proportional to twice the sum of the

products of the coefficients ai of the non-bonding molecular orbital (NBMO) at the

in_.racting centers (eq 1.1).

8E = 2(Zai) [3 (1.1)
I

The procedure can be illustrated by the interaction of two allyl radicals, leading to either

1,3,5-hexatriene or benzene, dependingon the numberof unions. (Figure 1.1). Given an

N'BMO coefficient of a = 1/'_2,a comparisonof 8E in the consu'uctionof these molecules

reveals that benzene has a resonance energy of j3with respect to the open chain polyene.

PMO analysis of cyclobuta_ene (2) formationfrom allyl and methyl radicals (O), on the

other hand, predicts no change in energy (Figure 1.2). Inspection of the corresponding8E



7

orion...-" _ _=2a_
a -a

-a_ a o._s-_._ _ _=44_
Figure 1.1 PMO Treatment of Benzene and 1,3,5-Hexatriene.

values reveals that 2 is destabilized with respect to 1,3-butadiene, a finding corroborated

by the exceedingly high reactivity of the former.18a'eThe PMO extension of HMO theory

one union/-'* _ 8E = 2al3

a _ =a

_ gE = 0two unions

Figure 1.2 PMO Treatmentof Cyclobutadieneand 1,3-Butadiene.

is able to overcome some of the problems associated with the latter, such as the failureto

explain the aromatic behavior of the (4n)_ system pyrene (14). In addition, PMO

14

theory successfully validates Htickel's (4n+2) rule.43 Within Dewar's theoretical

framework, however, the original definition of resonance energy has shifted, now

employing isoconjugate, acycLic polyenes as reference compounds. Although it is

advantageous that these are generally synthetically accessible, the problem of assigning a



valueto resonanceintegr_[3remains.Itshouldalsobe notedthattheoutcome of

energeticevaluationsof largepolycyclicsystemscridcaUydependson the choiceof

fragmentarybuildingblocks._

In attemptsto furtherquantifyaromaticstabilization,Dewar and de Llano44

deviseda sernicrnpiricalSCF-LCAO-MO (PPP) method to constructnon-delocalized,

"conjugated",cyclicpolyencsfromCC bond incrementsderivedfromtheirlinear,acyclic

counterparts.Resonanceenergiesfordelocalizedmoleculescanthenbedeterminedasthe

differencebetweenthe heatsof atomization(an observablequantity)of the cyclic,

conjugatedhydrocarbonsand computed valuesfortheirnon-resonating,cyclicmodel

compounds.Itcouldbc demonstratedthatsignand magnitudeof the energiesthus

obtainedcanserveascriteriaforaromaticityina chemicalsensewithsufficientaccuracy

inmostcases.The so-called"Dewar resonanceenergy"ofbenzeneamountsto-20kcal

tool"I,considerablylowerthanthethcrmochemicalmeasure45 of-36 kcaltool"I(vide

infra).Thisdiscrepancyisrationalizedby thefactthatthepartialdoublebondcharacterof

CC "single"bonds in open chainpolyenesis incorporatedintothe cyclicmodel

compounds.

Hessand Schaad46appliedDewar'smethodofbondincrementstoHMO theory

and,inanefforttomake moleculesofvarying% electroncountmore comparabletoone

another,suggestedtheuse ofresonanceenergyper electron(REPE) asa measurefor

aromaticity.Assumingavalueof-32.74kcaltool"lfor13,46btheseauthorsestimateREPE

forbenzenetobeofthemagnitude-2.22kceltool"l,whereascyclobutadieneispredicted

tobcdestabilizedbyaREPE of8.79kcaltool"I.

Dewar'sconceptof resonanceenergyalsogave impetusto and forms the basisOf

Randic'sgraphtheoreticaltreatmentofaromaticity,themodelofconjugatedcircuits.47In

thistheory,thevariousKekuldstructuresofanygivenconjugated,cyclichydrocarbonare

decomposed intoallpossible(4n+2)and (4n)_cycles,whicharethenassignedenergy

values,whose signandmagnitudedependson thenumberof_ electrons(TableI.I).



Table 1.1 Energy Contributions of Individual n Circuits. 47d

Circuit Type Number of rc electrons Energy [eV]

4n + 2 6 -0.869

10 -0.247

14 -0.100

4n 4 0.781

8 0.222

12 0.090

Resonance energies are then calculated by simply adding increments of individual

circuits, followed by normalization according to the number of Kekul_ structures and

electrons. This procedure is illustrated in an analysis of angularly fused

benzodicyclobutadiene 15 (Figure 1.3), a compound whose structural and electronic

features will be discussed in more detail in chapter 4. The five neutral resonance hybrids of

15 are depicted in Figure 1.3, together with their contributing _ circuits. Employment of

energy increments from Table 1.1 furnishes a resonance energy of 0.981 eV per Kekul_

form, reflecting destabilization of the 10_ electron system by virtue of antiaromatic,

cyclobutadienoid substructures. Analogous treatment of the linear isomer 16 yields a more

16

favorable value of 0.445 eV, clearly at odds with chemical intuition that would pre_ct less

stability for 16 if compared to 15. This discrepancy has its origin in equally weighing

contributions from all Kekuld structures, even highly unlikely ones such as 15c or 15d.

While delocalization energies can thus be obtained for a wide range of compounds

without the need to resort to elabon_te computational techniques, it is evident from the

above example that the model of cor,i,!satcd circuits can only be approximate.



I0

15a 10_ 2×8n: 6g

15b 6¢c 4_ 4_c

15c 8,'1: 4_ 4_

l$d I0_ 4_ 411:

Figure 1.3 Application of the Model of ConjugatedCircuits to Benzodicyclobutadiene15.

Advances in quantum mechanics and computational resources led to calculations

of resonance energies with ab iaitio methods. 48 Working with localized wavefuncdons

from double zeta basis sets, KoIImar49 determined the resonance stabilization of benzene

to be -25.7 kcal tool "I. Other approachesl')_0 employed homodesmotic equations,S1 in

which bond types and atom hybridizations are balanced to account for contributions from

the c) frame, thereby essentially maintaining Dewar's polyenes as reference structures (eq

1.2). Resonance energies of the annulene AN under consideration can then be obtained by

difference between the total energy of AN and the sum of the energies of the acYClic

hydrocarbons (eq 1.3). Depending on the level of theory and the exact form50bof the

n/2 H2C=CH-CH--CH 2 - AN + n/'2 H2C=CH 2 (1.2)

RE(A N) - AH;(AN) - n[AH; (H2C=CH2) - AH;(H2C--CH-CH--CH2) ] (1.3)
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homodesmotic equation, the calculated values for benzene range from -33.3 kcal mot"t

(RHF/4-31G*)s0a to-22.6 kcal me1"l (MP3/6-31G).14 Although delocalizadon energies

of some otherbenzenoid and nonbenzenoid hydrocarbonshave been investigatedl4,g9,50in

that fashion, the computational demands of ab initio calculations are generally so highthat

only relatively smaUmolecules can be studied.

Consideration of homodesmotic equations provides the opportunity to focus

entirely on experimental data in the estimation of stabilization energies. Using only

published values for the heats of formation of 1,3-butadiene, benzene, and ethylene for the

quantities of eq 1.3, George et al.51a calculated what he named "homodesmotic

stabilization energy" for benzene to be -21.2 kcal reel-x, in exceUent agreement with ab

initio predictions.14,'t4,50bApplications of this approach seem to be limited ordyby the

availabih'ty of therrnochemical data52 and the formulation of appropriatelybalanced

homodesmotic equations.

Precomputational attempts to estimate resonance energies from experimentally

derived energy contributions relied mainly on measurements of heats of combustion or

heats of hydrogenation.39b,52Compilation of data obtained by the formermethod allowed

the assignment Of energy increments to individual types of bonds,s3 whose sum is then

used for comparison with the determinedAH_ of the conjugated molecule and the energy

content _,E of a non-resonating reference state (eq 1.4).

AH; = _E + RE (1.4)

Differences arethen attributedto what is called an "empirical resonance energy", which, in

the case of benzene, amounts to a stabilization of-36 kcal mol'I. 39bBesides the deliberate

choice of incremental bond energy terms, data obtained in this fashion generally suffer

from the fact that relatively small values are estimated from large, experimentally derived

numbers. For example, an error of 1% in the heat of combustion of benzene39b
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(789.1 kcal mol-1) translates into 7.9 kcal tool-1, a substantialunccr_mt7 comparedto 36

kcal mol'l quoted above.

The absolute rnagnimdeof experimentalerrors is somewhat _shed if heat of

hydrogena6on data39b_2,54 are used to assess the degree of resonance smbilizadon.The

empirical resonance energy is then expressed as the difference between the AH H of the

cyclicconjugatedmoleculeunderconsiderationandthatofa"suitable"modelcompound.

AsexemplifiedforbenzeneinTable1.2,thepointofreferenceisabsolutelycritical.Thus,

RE valuesforbenzenerangefrom-48.6kcalmol"I(reference:ethylene)to-25.9kcaltool"

I(reference:1,3-butadiene),dependingonthenatureofthemodelcompoundemployed

(notethatmostcommonlythecyclohexene-basedRE valueisused).InvokingAHH data

as a measure for the molecular propertyof resonance stabilizationbears the problem that,

in addition to the necessarily arbitrarychoice of referencecompounds, the

Table 1.2 AH H Data for Selected Unsaturated Hydrocarbons.a

Compound AHHb REc

benzene -49.8 -

ethylene -32.8 -48.6
c/a-2-butene -28.6 -36.0

1,3-butadiene -57.1 -25.9

c/s- 1,3,5-hexatriene -80.5 -30.7

cyclohexene -28.6 -36.0

1,3-cyclohexadiene -55.4 -33.3

(a)Valuesinkcaltool"I.(b)Takenfromref54.

(¢)RE = [AHH(model)In]x3-AH_nzene), wherenequalsthenumberofformal

doublebondsinthemodel.

unavoidableinclusionofchangesindelocalization-independantcontributions(e.g,strain,

rehybfidization,h_onjugation)38d,55mightobscurepure _ electroniceffects.

Considerationsofthiskindaxefurtheralludedtoinchapter3.
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1.2.2 Bond Equalization and Planarity.

The notion that delocalizing interactions between adjacent 7rsystems have an effect

on the geometries of conjugated molecules was firmly established by valence bond and

molecular orbital theory 9b in their correct prediction of the symmetric D6h structure of

benzene. II'I3 HiickeI's classification scheme I0 provided the basis to associate aromatic

character of cyclic, conjugated (4n+2)_ hydrocarbons with almost equal CC bond lengths

(e,g., - 1.40 ,_, in benzene), whereas antiaromatic (4n)x species were viewed to exhibit

alternating CC bonds of lengths in the typical range56 for isolated single (-1.54 ,/_) and

- double (-1.33/l,) bonds. This concept was borne out by X-ray crystallographic analyses of

monocyclic g systems, such as the cyclobutadiene derivative 17, 57 benzene (I), II.13

cyclooctatetraene (18), 58 arl its dianion 59 (Figure 1.4). Thus, benzene and the aromatic

I0_ system 182. reveal CC bonds of equal lengths within Oeir respective frameworks,

o
17 is is2- 19

Rcc(short) 1.344_ 1.398_ 1.362_ 1.406]_ 1.382,_
Rcc(long) 1.58S_ 1.398]_ 1.465_, 1.406,_ 1.419,_

Figure 1.4 CC Bond Lengths of Armulene Perimeters in Selected Conjugated

Hydrocarbons in ,_,.

centering around 1.40 ,/_. Species with formally antiaromatic 7relectron count like

17 and 18, on the other hand, show alternating single and double bonds with internuclear

CC distances from 1.326 ,_ (1.34,4,&,) to 1.465 ,/_ (1.588 ,_) in 18 (17). In addition, 18

adopts a tub conformation in the solid state to minimize unfavorable _ interactions.
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While the relation between _rdelocalization and bond length appears to hold for

the smaUer annulenes, discrepancies seem to exist between the various criteria for

aromaticity when applied to [18]annulene (19). Structure elucidation by X-ray

crystallography disclosed two distinct CC bond lengths of 1.352 ,_, and 1.419,_, 60 a

surprising result, since 19 was initially judged to conform with Htickel's rule by ,

spectroscopic evidence such as IH NMR data 61 (cf. section 1.2.3). The phenomenon of

bond alternation in large cyclic polyenes, regardless of their 7t electron count, was

predicted computationally by Longuett-I-Iiggins 62 and Dewar, 63 whose work points at a

threshold of n = 26 in the size of the [n]annulenes, after which g delocalization effects are

supposed to break down entirely. This assumption could be co_ in the IH NMR

spectroscopic investigation of tridehydro[26]annulene and pentadehydro[30]annulene, 64

none of which are able to sustain a diamagnetic ring current (cf. section 1.2.3), thereby

failing to qualify as aromatic molecules by this criterion. Strucua'al data derived from X-

ray diffraction of [n]annulenes with n>l$ could not be obtained, a fact that, in light of

borderline cases as 19, reflects the impracticality and overall insufficiency of this measure

of aromaticity. Furthermore, knowledge about the relative positions of the nuclei in a

given molecular framework does not autornaticaUy allow conclusions regarding their

electronic interactions (e.g., 7t delocalization). For a discussion of the geometrical

dependence of 7tdelocalization, see section 1.2.3 and chapters 2 and 4.

To overcome some of the shortcomings of bond alternation as a criterion for

aromaticity, Binsch and Heilbronner 37b,65 devised the theoretical concept of "second-

order bond fixation", in which they propose bond alternation to be predictable by

inspection of the eigenvalues _.i and eigenvectors di of the bond-bond polarizability matrix,

consisting of the second partial derivatives of the _ electron energy with respect to bond

lengths. The most favorable bond distortion is given by those di belonging to the largest

eigenvalue _Lmax. Should this quantity exceed a critical value _:rit=l.22 _o"I, the o

compression energy can be overcome and the molecule will show second-order bond
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fixation,eitherdynamicorstaticinnature.On thisbasis,itwassuggestedthatconjugated

systemsshouldIx)calledaromaticiftheyshow "neitherstrongfirst-ordernorsecond-

orderbondfixation".65¢ThisdefinitionsccrnstoaccommcxJatcthestabilitiesofsimple

hydrocarbonsincludingazulcne(20)andcorrccdypresetstheinstabilitiesofpcntalenc

(21)andhcptalcne(22)(Figure1.5).However,theconceptfailstoexplaintheobserved

bondalternationin19,65btherebyrevealingalackofgeneralitythat,inconjunction

CCC ,0.791 0.744 0.728

20 21 22
1.108 3.154 2.592

FigureI.$Sex:end-OrderBondFixationinSelectedHydrocarbons.

Valuesarc_maxinunitsof[3oandarctakenfromlet's65b,c.

withthearbitrarychoiceof_ritandthesp_ulativ¢meaning oftheexpression"strong

bondfixation",mighthavepromptedHcilbronncr'ssarcasticexcusetohaveinitiatedsuch

aproposal(cf.discussionsinrcf37b,pp35and235).

Planarityofconjugated• systemswas longconsidereda prerequisiteforeffective

dclocalizationandhencearomaticity.Butstructuralandspectroscopicinvestigationof

23

compounds like 1,6-methano[lO]annulcne (23),_ [lglannulene (19),(_ c_'annulene

(12),30,31 and buclm_nsterfullerene (11)67 suggest that even in cases of _nsiderable

deviation from planarity staNlizing _ interactions are Ol_rational (cf. section 1.3.2),
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rendering these molecules aromatic by various other criteria, among them UV and NMR

spectroscopy. It thus appears that concepts that regard aromaticity as a purely structural

phenomenon result in too narrowlydefined terms that fail to include a large variety of

compounds.

1.2.3 Magnetic Properties.

Early investigations of the magnetic properties of organic compounds68 indicated

large magnetic susceptibilities of cyclic conjugated g systems, an effect whose origin was

" difficult to explain in light of the behavior of other saturated or unsaturatedmolecules.

Pauling69 was able to rationalize the observed diamagnetic anisotropy of aromatic

hydrocarbons by postulating the presence of x electronic currents inducedby an external

magnedc field (Figure 1.6). Although the natureof these ring currents has been an issue of

debate,70 this model forms the basis of a variety of magnetic criteriaby which to judge

aromaticbehavior.

Ho

s

i

,4,, ,
i

Figure 1.6 Effect of ExternalMagnetic Field on Benzene: The Ring CurrentModel.

Since anisotropies are exceedingly difficult to measure directly, Dauben et al.7t

suggested the use of the more easily determined molar magnetic susceptibility Xm-He

proposed as a criterion of aromaticitythe exaltation A, defined as the differencebetween
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the observed Xm and the value _m', estimated from bond increments 72 of a cyclic polyene

of the same structure (eq 1.5).73 Measurements have been made for a large variety of

A --Xm"Xm' (1.5)

compounds,71cgenerallyresultinginsizableexaltationsformoleculestypicallyconsidered

aromatic(e.g.,benzene:A = 13.7;napthalene:A = 30.5),whereasnegligiblysmallvalues

areinterpretedasindicationsofnon-aromaticcharacter(e.g.,cyclooctatetraene(18):A =

-0.9;fulvene:A = 1.1;heptalene(22):A = -6).Thismethodprovedtobesuccessfulinthe

classificationofseveraldistortedsystems,suchas23 andthe[9]paracyclophane(24,n-----9)

(seealsosection1.3.2),noneofwhichexhibitexaltationssignificantlydifferentfromthose

ofthecorrespondingunperturbedcounterpartsnaphthaleneand

23 24(r_9)
A = 36.8 A = 15

benzene.The problemsassociatedwiththeuseofbond incrementsderivedfrommodel

compounds become apparentinthe treatmentof heterocyc!es,whose exaltationsare

_cessible,butlessreliable.Thus,no predictioncanbe made withcertaintyregardingthe

relativedegreeofammaticityinthiophene(A = 13.0),pyrrole(A = 10.2),andfuran(A =

• 8.9).Likewise,destabilizingantiaromaticeffectsarenotreadilydetected,thoughsome

negativevaluesforA have been observed.However, the immenselybroadrangeof

applications,and theeasewith which dataare obtainedand interpreted,renderthe

diamagneticsusceptibilityexaltation,at leastqualitatively,one of the more useful

measuresofaromaticity.
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Perhaps the most readily observed indicatorfor diamagneticring currents is the

influence they exhibit on the NMR chemicalshifts of protons (but also other magnetically

active nuclei) in the vicinity of cyclic, conjugated x systems. 74 _specfion of Figure 1.6

suggests that in (4n+2)x systems the induced magnetic field outside the peripheryof the

ring is aligned with the appliedone, whereas that inside the cycle is opposed to it. Thus,

outside ring hydrogens are deshielded and experience a downfield shiftrelative to purely

olefinic protons (cf. those of cyclohexene: 8 5.5 ppm), while those insideare shieldedand

resonate upfield. This concept is illustrated in the IH NMR spectra of cyclophane 2575

and annulene 1976 (Figure 1.7). The magnetic behavior of (4n)_ systems on the other

hand, is dominated by paramagneticring currents77 arising from low lying elecurmically

excited states. The resulting reversal of the above correlation between chemicalshift and

relative location in space is illustrated in the specmal damof [16]annulene (26)78

25 19 26

8fill): -4.03 ppm -2.99 ppm 10.56 ppm
_rI-I2): 6.86 ppm 9.28 ppm 5.33 ppm

Figure 1.7 Selected IH NMR Chemical Shiftsof Some Cyclic ConjugatedMolecules

DemonstratingtheirMagnetic Anisotropy

(a) CDCl3, 25 C. (b) THF.,_S,-60 C. (c) 20% CS2/80% THF-as, -130 C.

(Figure 1.7), where endocycfic protons clearly resonate downfield compared to exocyclic

ones. This apparentlyunambiguousrelation prompted Elvidge and Jaclamn"_9to propose

IH NMR chemical shifts as a quantitativemeasure for aromaticitT.It was soon realized,

however, that structural features (e.g., strain, hybridization, bond alternation), not only

par'a=or diamagnetic ring currents may contribute importantly to the nuclearmagnetic
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properties of conjugated molecules, thus in many cases prohibiting the unequivocal

classification of the latter [cf., for example, the discussion21C,25,80 surrounding the NMR

spectroscopic behavior of biphenylene (3)].

In order to circumvent some of the caveats mentioned above, Mitchell81 devi:w,d a

system that allows to probe the relative ability of two structural subunits to sustain

diamagnetic ring currents. The hydrogens of the internal methyl groups of

I

27 28 29 30

8(CH3): -4.25 ppm -1.62 ppm -0.4.4 ppm -2.78 ppm

Cr(CO) 3

. 31 32 33

_(CH3): -0.98 ppm -3.17 ppm -4.23 ppm

Figure 1.8 IH NMR Chemical Shifts of Internal Methyl Groups in Dihydredin_thyl-

pyrene Derivatives.

dihy_thylpyrene 27 are strongly shielded (5 -4.25 ppm) due to effective 7t

delocalization along the periphery of this forum1 [14]annulene (Figure 1.8). The chemical
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shift of these protons is very sensitive to the magnitude of the ring current, which in turn is

influenced by the presence of a second conjugated 7t system fused to the pyrene nucleus.

Thus, incorporation of highly delocalized fragments, such as benzene in 28, results in

diminished _ electronic fluctuation in the pyrenoid substructure, as the ring current

induced in the additional aromatic sextet interferes wi_ the one along the peripheryof

unperturbed27. Suppression of _ delocalization along the pyrene core is apparent from

the chemical shift of the methyl protons in 28 (8 -1.62 ppm), which appear significantly

downfield form the corresponding absorption in 27 (8 -4.25 ppm). Using chemical shift

changes caused by fusion of the benzene nucleus as a reference, Mitchell was able to

compare what he calls the "effective aromaticity"81g of various conjugated systems

(Figure 1.8). Annelation of a naphthaleneunit to 27, for example, furnished29 and 30,

both of which reveal effective suppression of the diamagnetic ring current along the

[14]annulene substructure. The influence of linear fusion on the chemical shift of the

methyl protons is considerablylarger than that exerted by angulararrangement. This is

evident from the corresponding resonances of 29 (8 -0.44 ppm), which appear

considerably downfield from those of 30 (8 -2.78 ppm) This result is in complete

agreement with Clar's rule,S2which predicts a maximizationof aromaticity in the least

annelated (i.e., file terminal)benzene rings of polybenzenoidhydrocarbons.Preferencesof

this type prevent extended _ delocalization in 30. An example for a metal-complexed

benzannuleneis compound 31,8If which shows methyl proton resonances at -0.98 ppm

and -0.87 ppm, downfield from those in uncoordinated28 (8 -1.62 ppm). Since anisotropy

effects of the Cr(CO)3 at the location of the methyl groups were shown to be negligible

over such a distance, it was concluded that benzenechromiumtricarbonyl has a greater

degree of ammaticity than benzene itself. It should be noted, however, that other factors

such as depletion of electron density or rehybridizationeffects may have to be considered

to explain the observed behavior.In the non-alternant cyclopentadienylanion-fused32 the

upfield resonance of the methyl protons in 32 (8 -3.17 ppm) relative to those in 28 (_- 1.62
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ppm) suggeststhattheformerislessdclocaliz_(i.e.,lessaromatic)thanbenzcne,glga

finding that is supported by results from various other methods. Of particular interest in

the context of this thesis is the implication that angular strain imposed on cycLic

conjugated _ systems by snail-ring fusion is not sufficient to reduce the extent of their

. diamagnetic ringcurrent. Thus, the diagnostic chemical shift in the cyclobutene derivative

3381c (8 -4.23 ppm) is only marginallydifferent from that in unsubstituted 28 (8 -1.62

ppm), indicating unperturbed_ delocalization despite manipulationsof the o frame. This

argument will be furthercorroboratedin the analysisof the effects of four-memberedring

fusion to the benzene nucleus (chapter4).

It is evident that the proton chemical shift provides a versaRletool to gain insight

into the electronic natureof delocalized it systems, although this observable is liable to and

difficult to segregate from influences originati_.,from factors not necessarily associated

with aromaticity. Alternative NMR methods83 relying on coupling constants rather than

chemical shift data to evaluate the degree of _ delocalization will not be discussed here.

1.2.4 Hindered Rotation of the Cr(CO) 3 Tripod.

Whilecoordinationof the Cr(CO)3 tripod to hydrocarbonscontaining the benzene

nucleus has long interested scientists from bond theoretical, structural,and lately synthetic

points of view,84the prediction that the barrier to rotation around the metal arene axis

34a 34b 34a

could serve as a probe for the degree of _ delocalization in the latter is of relatively recent

origin. Experimental data85 point at a negligibly small activation energy for degenerated

tripod rotation in benzenechromiutn tricarbonyl (34), but results from extended Hiickel
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techniques 23a suggest an increase of this quantity to sizable 19.4 kcal tool -t in case of fully

localized benzcnoid_ electrons.

Synthesisand structuralcharacterizationof angular[3]phenylcnc(5)21a and

triangular[4]phenylene(7)22aprovidedcompounds withwhichtotestthecomputational

prediction.IftheobserveddeclineinbondequalizationalongtheseriesI _ 3 _ 5 _ 7

(Figure1.9)can be directlyrelatedtotheamount of _ delocalizationintheannelatcd

benzenecore,one wouldexpectincreasing

! 3 $

Rcc(short): 1.398 ,_.12b 1.372 _86 1.345 ,_21a 1.333 ,_22a

Rcc(long): 1.398 ,_ 1.426 ,_, 1.449 _ 1.502 ._

Figure1.9 CC Bond LengthVariationsinBenzocyclobutadienologsofBenzene.Values

Shown Representthe ExpcrinmnmilyDeterminedHighlightedLongest

(Shortest)InternuclearDistancesinthe Most AnnelatedBenzeneCores.

Datafor7 arethoseofits2,3,6,7,10,11-Hexakis(trimcthylsilyl)dcrivative.

barrierstotripodrotationoftheircorrespondingCr(CO)3 complexes.Whereasactivation

energiesofCr(CO)3 rotationin34 and 35 werecalculatedtobe prohibitivelysmall(0.3

kcaltool"Ifor3423aand 0.8kcaltool"Ifor3587by exzndcdHtickelmethods)topermit

experimentalscrutiny,dynamicNMR studieson compounds 36-3824,25.88(Figure1.10)

disclosedrotationalbarriersof8.2kcaltool"l(36),89 11.5kcaln_l"l(37),and 9.7kcal

tool"I(38),therebyconfmningtheoreticalpredictions.The obtainedvaluesarerelatively

low compared to the calculatedstanda_'dfor localize._34 (AG: 19.4kcalmol'l),

suggestingthatsignificantx delocalizationisstilloperationalin36-38,despitethehighly



23

distorted geometries of their central six-member_ rings. Simple bond order-bond length

relationships 9e indicate uncomplexed 38 (36) to be 77% (53%) localized with respect to

an idealized 1,3,5-cyclohexatriene. Application of these percentages to AG* of 34 leads to

an estimated barrier of 14.9 kcal tool"1 (10.3 kcal mol"1) for 38 (36), obviously larger than

the observed one. The inconcistencies in the above

34 35 36

AG* 0.3kcaltool"Ia 0.8kcaltool"Ib 8.2kcaltool"Ic

SiMe 3

/_SiM%
Me 3Si _-. .,,/,,. /

BuCOz/'x,x._, Me3Si"'_=_ g_=-__
c (co),

37 38 _SiM%
SiMe_

AG) 11.5 kcal tool "1 d 9.7 kcal mo1-1 d,e

Figure 1.10 Barriers to Rotation of the Cr(CO) 3 Tripod Complexed to Benzene and

some Bcnzocyclobutadieno-fused Derivatives. (a) Results from Extended

Hiickel Calculations. 23a,87 (b) Results from Extended Hiickel Calculations. 87

(c) See ref 89. (d) Ref 25. (e) Only the Barrier of C,¢ntrally Eound Cr(C0)3

Could be Determined.

correlation are at least partly attributable to the fact that structural changes associated

with localization of benzene have not been considered in the derivation of AG* for 34.

While the fluxional behavior of Cr(CO) 3 in its arene complexes is sensitive to their degree
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of _ delocalization, the need for better model systems that more closely reflect the

geometrical features of 36 to 38 is apparent.This conclusion has provided impetus for the

ab initio investigation of Cr(CO)3 coordination to benzenes fused to four-membered rings,

the results of which aredelineated in chapter4.

1.3 Exploration of Structural Limitations of g Deiocalization in Benzene.

The realization that a high degree of planarity and CC bond length equality is a

prerequisite (and/or a manifestation) of effective 7t delocalization in conjugated systems

provides the basis of extensive research aimed at exploring the structmal Limitationsof

aromatic behavior in the benzene nucleus. To this end, geometrical deformations are

conceivable to occur either in-planeor out-of-planewith respect to the six-membered ring.

Examples for both types of distortions will be discussed below.

1.3.1 In-Plane Distortions of the Benzene Core: Small.Ring Fusion.

Based on simple geometrical arguments, Mills and Nixon90 explained observed

differences in the product distributionobtained in electrophilic substitution experimentsof

indane (39) and tetralin with a preferential_ electronic arrangementin the former in the

sense of 39a.

39a 39b

Although subsequent work91 proved the conclusions drawn from the original data

erroneous, the so-caUed "Mills-Nixon (MN) effect", now more broadlydefined as strain-

induced _nzenoid CC bond alternation, has fueled a long-standing debate pertaining to its

existence and origin, and inspired the synthesis of a variety of small-ring annelated

' benzenes. Initial support for the Mills-Nixon postulate was derived from theoretical
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studies92 and from NMR spectroscopic investigations93 that suggested ring current

reductions in 39 (40) to about 70% (40%) compared to that of benzene. These findings,

however, could not be substantiated by susceptibility exaltation measurements,71c

inspectionof 4JHHcoupling constants,9_ or byX-ray crystallographicanalysisof 4095 that

revealed no significant bond alternation of the benzene core. Consexluendy, synthetic

efforts turned to further decreasing the size of the annlated ring, resulting in the

preparation of the highly strained benzocyclobutenes 41, 42, and 8.96 Surprisingly,

su'ucmralinvestigation of 4196b showed no indication of an appreciable MN effect,

thereby assigningpivotal roles to X-ray diffractionstudies of 42 and in particularof 8, for

which varioustheoretical methods predicted substantialbondalternation.97

3 _ 3 21

41 42

R1.2 1.391 A,a 1.402 Ab 1.415 Ab,c

e2.3 1.385A 1.385A 1.391k

Figure 1.11 Selected Benzenoid CC Bond Lengthsof Benzocyclobutenes 41, 42, and8.
(a) Ref 96b. (b) Ref 25. (c) Values arethose of one of the two Independent

Molecules Present at 125 K.

Onlyveryrecentlycouldcomputationalandexperimentalresultsbebroughttoagreement

(FiguseI.II).Crystallographicanalysisof42 and825,98disclosedbenzenoidCC bond

alternationsstronglyinidicativeofthepresenceofMN distortions.Itisnoteworthythat

theobservedstructuralvariationsoriginatepfinm,ilyfrom pertm'bationsof the ¢_

frameworkanddo nota prioriallowconclusionsregardingthex electronicdistribution.

The hypothesisthattheo"andx systemsaretoafirstapproximationindependentofeach

other,mightexplainwhy theobservedbondalternationin8 doesnotenforceolefinic

reactivity patterns25 nor is it reflected in the NMR, UV, IR, and mass
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Figure 1.12 XX Deformation Electron Densities of Benzocyclobutenes 4196b (Top),

4225 (Center), and 825 (Bottom).
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spectroscopic dam of 8,96g all of which implying unperturbedaromatic_ delocalization

(cf. the discussion of angularstrain effects, section 1.2.3, and chapter4).

XX deformation electron density studies on 41, 42, and 825,96b.95(Figure 1.12)

" reveal that strain, caused by cyclobutene fusion to the benzene nucleus,manifestsitself in

the formation of bent bonds. To accomnxxiate bond angle deviations from unstrained

values, the maxima of electrondensity areshifted exocyclic in peripheralbonds involved in

ring fusion, whereas those common to both substructures show endocyclic departures

from their respective internuclearaxes.

Both structuraleffects, bending and length alternationof bonds, can be explained

at the atomic level with rehybridization schemes, first proposed by Fxnneganand

Streitwieser99 (Figure 1.13). They suggest that in order to retain effective overlap in

binding to their neighbors, the carbons at the ring junctions make use of the more

directional orbitals of higher p character in bonds to atoms in the smallerring, leaving

hybrids of increased s content for bonds adjacent to the site of fusion. Thisrehybridization

model has received supportfrom several theoretical studies.97a,d,e

increased

s character ""
increased p character

11'

Figure 1.13 The Stteitwieser-Finnegan Model of Rehybridizationin StrainedAromatic

Systems.

The effects of strain do have a direct bearingon the observed geometryof the phenylenes

5 and 7 (cf. Figure 1.9, section 1.2.4). In these systems, the benzene nucleus h

incorporated into extensively delocalized _ networks via fo_r-membered rings, raising the
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possibility of enhanced bond alternation to minimL_ antiaromadc, cyclobutadienoid

interactionsas in 7b. The relative contribution of a and _ effects to the topology of these

( ('"7a 7b

compounds is subjected to computationalscrutiny as outlined in chapter4.

Among the most highly strained members of small-ringannelated benzenes are

certainlythose involving cyclopropene.100In this case, the strainenergy is so high (about

68 kcal tool-1 in 43101) that fusion of more than one three-rnemberedring appears to

exceed the currentlimit of stabilityof these compounds. One of therecord holdersin this

respect is presumably 44,102a recently synthesized by Billups et al. Structural

detem_ation of 43, 44,100b,103 and numerousother cycloproparenest00.t03bshow that

without exception the bond common to three-memberedrings is always shortest, thereby

preventing benzenoiddistortionsin a MN sense. Furthermore,the bondsadjacentto the

(>
43

site of fusion in 43 are also contracted with respect to benzene, in apparent mismatch to

geometries associated with either one of the two Keku16forms. Since reactivity studies 104

and NMR data10°show no clear indication for ring current reduction, it was concluded 105

that the concept of n electronic localization, as judged by internucleardistances, is of little

value.
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1.3.2 Out-of-Plane Distortions of the Benzene Core.

Three-dimensional benzene distortions are most prominently exemplified in the

para-cyclophanes 24,106 a class of compounds where the aliphadc tether enforces a boat

conformation of the six-membered ring. Since the extent to which the benzene core

deviatesfromplanatitycriticallydepends

24 (n=6-14,16)

on the number of atoms in the bridge,attempts were made to explore the limitsof stability

by decreasing the chainlength. While thereareclaims107for the interrnediacyof a [5]para-

cyclopbane (24, n = 5), the next higher homolog 24(n = 6) appears to be the smallest

isolablemolecule of this type.108X-ray diffractionstudies109on a crystallinederivativeof

24(n -- 6) revealed that the benzenoid carboncenters attached to the alkyltether are bent

19.4° out of the plane defined by the four remaining six-membered ring atoms. The

strained nature of this compound is reflected in its chemical reactivity,109 that is

dominated by typical olefmic behavior (e.g, facile hydrogentation, cis-l,2-bromination,

etc.). Ground state properties of 24 (n = 6), on the other hand, such as those inferredfrom

NMRI09 or photoelectron spectroscopic data,106ecannot be interpreted as being due to

• lossofaromadcity.

Anotherclassofout-of-planedistortedbenzenesarethosethatarehexasubstimted

by bulkygroups.If0.111Most of thesestericaUycongestedmoleculesadoptboat

conformationsIf0inthesolidstate,whereastherecentlypreparedhexakis(trimethyl-

gerrnyl)benzenelllband itshexakis(=imethylsilyl)analog111c45 prevailas chair

structures,withaveragebenzenoidtorsionanglesof9.8° inthelatter.As inthepara-

cyclophanes, the distortional strain in 45 gives rise to increased photo- and

thermochemical reactivity, the thermolytic disruptureof the benzenering at temperatures
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SiMe 3 SiMe3

Me3Si_ SiMe3 > 200 ° C. Me3Si_ C_''SiMe3
Me3Si Y "SiMe 3 Me3Si C_,,/Si Me3 .

SiMe 3 /SiMe3
45 46

above 200o(2 to yield hexasilylated bis_ene 46 being a remarkable example. Again, this

chemistry is in apparent contrast to NMR spectroscopic evidence, which shows no

indication of a breakdown in _ delocalization in 45, the chemical shifts of all magnetically

active nuclei being well in the range for other planar, aromatic hydrocarbons. 74

The fact that even polycycllc aromatic hydrocarbons are liable to non-planar

deformations has been aptly demonstrated in the synthesis of the helicenes 112 (e.g., 47), in

which helical structures arise from non-bonded repulsions between layers of ortho-fused

benzene rings. A computational investigation by Herndon et al.113 led to the conclusion

thatdeviationfromplanarityisindeedanabundantgeometricalfeatureofcam-condensed

polybenzenoids,ofwhichthehelicenesarea sub-group.A recentexampleforthebreadth

of structuralvariationsisprovidedin the characterizationof hydrocarbon48,I14 a

moleculerevealingalongitudinallytwistedanthracenen_iety.

( .

47 48

This distortion amounts to a torsional angle of 65.7 ° end to end with roughly equal

contributions from each of the three benzenoid rings. In view of these severe

deformations, the compound proved to be surprisingly stable. Lack of reactivity to air,
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fight,a_:Is,or bases,inconjunctionwhh unre_ble spectroscopicdata,indicatethe

presenceofarelativelyunperturbed_ system.

The same incongruity between geometryof the o frameand_ electronicproperties

is borne out in the chemical and physical behavior buckminsterfullerene(11)]15 and

. corannulene (12)29,30 molecules currentlyenjoying much of the limelight.Despite their

spherical (11) or bowl-shaped (12) topology, both compounds can only be classified

aromaticby all applicablecriteria.

11 12

This brief survey of geometrical distortions of the benzene nucleus clearly

documents the system's reluctance to diminish its degree of ammaticity. Thus. the

contentions of Shalk and I-fibcrty16 that dispute the role of x delocalization as a driving

force in chemistryareof particularinterest andare subjectof the following chapter.

• 1.4 Natural Bond Orbital Analysis and Natural Resonance Theory.

The way synthetic chemists visuafize (and rationalize)molecularpropertiesdiffers
,i

considerably from the views employed by most quantumchemists. Whereas the laner

often derive informationabout the electronic structureof a molecule from analysisof a

calculated molecular orbital wavefunction, the former group uses valence bond based

"electron-pushing" schemesto explain geometries and reactivity. Natural bond orbital

(NBO) analysis32 was designed to bridge the gap by providinga "chemist's basis set''32b

that allows the computationaldescriptionof molecules in termsof Lewis (dot) structures
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of localized bonds and lone pairs. Since portions of this thesis rely strongly on the NBO

method, some of its characteristicfeatures arepresented below.

The essence of NBO analysis is the occupancy-weighted symmetric

orthogonalizationprocedure,thatallows transformationof the first-orderdensity matrixto

a localized bond orbitalbasis, whose elementsfulfill the requirementof orthonormalityand

maximumoccupancy by electrons. This last criterion is of particularimportance,since it

leads to the identificationof the orbitals that best reflect the components of an idealized

Lewis structure. Density representations in form of the NBO basis permit the

characterizationof one-center elements (i.e., core orbitals and lone paL-s)and two-center

vectors (the bond orbi_Is 0). It has been demonstrated32b that these three

comlmtadonaUyderivedconstitutive elements of Lewis stmctmestypically describemore

than 99% of the total electrondensity.

Bonding properties can be further evaluated by decomposing bond orbital o_

into normalizedhybridcontributionshAand hB, the naturalhybridorbitals(NHOs).3za

OAB= cAhA+ cah B (1.6)

The hybrid hA (hB) reflects, for example, the exponent _, in the hybridizationsp_.of the

bond orbital A (B) uses when binding to B (A). Strain-induced rehybridizationcan then be

determined by examinationof the NHOs of the correspondingatoms, and bond bending is

revealed in the deviations of the hybridvectors from the internuclearaxes. This method

was employed in the investigationof small-ringannelatedbenzenes (chapter4).

Decomposition of NBOs according to eq 1.6 concurrently leads to orbitals of

anfibondingcharacter(eq 1.7), which can be used to describe departuresfrom covalency,

i.e., delocalization. The energycontent associated with these antibondscan be

OAB"fficBhA - CAbB (1.7)
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assessed by deleting the corresponding NBOs from the basis set and recalculating the total

energy of the wavefuncfion. Similarly, the influence of delocalizing deviations from

covalency on su'uc_ features of a molecule can be demonstrated by geometry

reoptimization with respect to the energy of the truncated wavefuncdon. Possibilities of

this soll will prove useful in the course of investigations delineated in chapters 2 and 4.

The fact that the IVBO routine searches for Lewis structures that best describe the

total elecu'on density distribution, opens the oppon_i_ to evaluale conp'ibutions of

various resonance forms to the wavefuncdon. This concept was implemented in the

development of natural resonance theory (NRT), 33 which is based on the I_TBOmethod.

Density operator J_ is def'med (eq 1.8) as the sum over the idealized density operators _a

of the ath resonance su'ucmre, scaled by the resonance weights (00a}.

(Z

While _a is olxained _m quantifies of the NBO analysis of the full wavefunaion

(vide supra), (o_) are calculated within the constraints of eq 1.9 by variational opdmi-

zalion to best represent NBO occupancies.

o0cx=1; a_O (1.9)
(I

This f_ will be used to gain insight into the _ electronic disu'ibudon of distorted

' andsmall-ringannelated _nzenes (chapter2 and4).
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Chapter Two

The Role of Delocalization in Benzene

2.1 Introduction

The electronic factors leading to a symmeu'ic D6h benzene of equivalentCC bond

lengths were thought to be dominated by _ delocalization since the seminal work by

Pauling, Wheland,and H_keL9,10 Based on valence bond principles,15,39 the equilibrium

structure of benzene (1) was viewed as being caused by resonance mixing of the two

Kekul_ forms la and lb, leading to a carbon frame with internuclear distances

in_x_dmtc between those of idealized single and double bonds. This traditionalpicture

of benzene was recentlychallenged by Shalk,Hibeny, and coworkers,16who attributed

O Q
la lb

the observed equality of CC bond lengths to properties of the _ rather than the

electrons. Support for this alternativeviewpoint was derivedfrom computational studies

of individualo and_ contributionsto the total energies on performingin-planedistortions

of 1. It was found that, in contrast to the o component, the (yet to be defined) _ energyis

stabilizedby imposing bond alternatinggeomemes on l, implyingthat x delocalizationis

not a driving force but instead "a byproductof the o imposed geometric constraints".16e
t

Shaik and Hiberty pointed out that their approachprovidesexplanationsfor the distortive

tendencies of a variety of species with _ components isoelect_nic to that of I. The

findingsthat hexagonalH6 (49) is instable with respect to 3 H2,116whereas the clusterLi6

(50) resists such fragmentation,16d,l16a,t17were seen to represent extremes of atomic

properties, those of carbon ranging between the two. Furthermore, the elusiveness of
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hexaazabenzene ($1) 118 was interpreted as another piece of evidence for the prediction

that "only atoms that form weak two-electron bonds with low-lying triplet excitation

H U s,,,NH. ",H Li•".Li N_
' , , , I Ii

H'H'H U u'U N..,
49 ,50 51

energy can generate delocalized species that are stable toward a localizing distortion". 16e

Schleyer's remark that "there is no magic in six electrons", 119 aptly summarizes this

hypothesis.

While this subject has been an issue of some debate, 120 results obtained from

analysis of fimilar energy partitioning schemes are in qualitative agreement with the above

conclusions.62a, 121-123 Jug and K6ster 121 evaluated energy components during Shaik-

type deformations of I and several other delocalized, heterocyclic compounds, observing

in each case that the behavior of the _ contributions indicates the preference for

alternating geometries. Stanger and VoHhardt, l_ using a different distortion, examined

benzene with HCC angles increasingly bent in a pairwise fashion, ultimately resulting in a

highly strained structure 52 that exhibits significant CC bond alternation in accord with

H H

H H

52a 52b

52a. Again, their analysis of the x contribution to changes in the total energy indicate a

electronic stabilization relative to energies of the symmetric D6h su'uct_-¢.

These conclusions conflict with those derived from localized orbital analysis, a

method employing r_n-delocal_ed wavefunctions that axe consu'ucted, for example, by

replacing bcnzenes' three dclocalized x orbitals by a set of non-resonating, "ethylenic"
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ones. Using a simple, localized 7relectron wavefuncuon, Mulliken and ParrTM estimated

that benzene favorsa geometry with alternatingCC bond lengths by roughly37 kcal rr_l"I

over the moresymme_'icD6h su'ucture.Thus, their analysissuggests, at least qualitatively,

that • delocalizationis responsible for the equilibriumgeometry. More recently, Koilmar49

reexamined benzene at the ab in/do level, calculating that in the absence of

delocalization, a bond ahemafing structure is preferred by 30 kcal tool"l, thereby

supporting the conclusions of Mullikenand Parr. Evidently, discrepancy exists between

the findings obtained from localized wavefunctions and those derived from o-_ energy

partitioninganalyses. This chapter will present a comparisonstudy of benzene applying

both of these methods to two differenttypes of distortion,in aneffort to gain insight into

the nature of _ delocalizafion and its role with regard to geometry. All calculations

reported here were perfonn_ by either GAUSSIAN 90125 or GAMESS126at the SCF

level of theory with the split-valence6-31G* basis.48,127

2.2 Description of Benzene Distortions.

As outlined above, the .wo inherentlydifferent benzene deformationsemployed previously

both lead to alternating CC bond lengths (R l, R2) around the ring. The quantity d is

conveniently used as a measurefor the degree of alt_mation, d = 0 therebyreferringto the

equilibriumgeomem/with equivalentbond lengths.

d = R! - R2 (2.1)

The first distortion, initially investigated by Shaik and Hiberty, 16e arld hence

denoted dsH, centers arounda geometry dSH = O in whichR1 = R2 = 1.40 ,_. Structures

with dSH _ O arise from variations in R I, R2 within the constraint that the nuclear

repulsions contribution to the total energy remains constant, equal to that of the

equilibriumgeometry (for an explanationof this restriction, see section 2.4). Clearly,this

requirementleads to bond alternation($3): R 1 necessarily lengthens,for example, to
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ds H _ &

1 53

compensate for increased nuclear repulsions as R 2 shortens (Table 2.1). The most
=

distorted geometry investigated along dsH has alternating bond lengths of 1.240 II, and

1.579 J_ (dsH = 0.339 JQ with all other internal coordinates constrained to standard values

(RcH = 1.08 _, ZHCC -- 120°). The nuclear repulsions energies for each point are

" included as reference in Table 2.1, demonstrating invariance of this quantity within 0.2

kcal mol"I (0.0003 a.u.).

Table 2.1 Benzene Geometries Along the dSHand dsv Distortion Coordinates.a

dsH Rcc(long ) Rcc(short) vnn b

O.O(XX} 1.4000 1.40 202.96786

0.0403 1.4203 1.38 202.96786

0.0811 1.4411 1.36 202.96783

O.1224 1.4624 1.34 202.96781

O.1644 1.4844 1.32 202.96777

0.2070 1.5070 1.30 202.96771

0.2502 1.5302 1.28 202.96796

0.2941 1.5541 1.26 202.96767

0.3388 1.5778 1.24 202.96741

dsv Roe(long) Roe(short) ZHCC

0.0000 1.3862 1.3862 120

0.0376 1.4076 1.3702 110

0.0939 1.4468 1.3529 100

0.2002 1.5290 1.3288 90

(a) Bond lengths in ,_, angles in degrees. (b) Nuclear repulsions energy in a.u.
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The second distortion, dsv, was originally examined by Stanger and Vollhardt,122 and

centers around a geometry dsv = 0 corresponding to benzene optimized at the RHI:/6-

31G* level of theory (R I = R2 = 1.386 A). Variations of dsv arise from decreasing the

HCC bond angle,s in a palrwise fashion from their equilibrium value of 120° to highly

strained 90° in 52, with all other internal coordinates optimized (Table 2.I).

H H H

H H
1 52

As demonstrated previously,97d'f.105this procedure induces bond alternationwithin the

ring due to rehybridizationof the carbon centers. In 52, for example, the optimized

geometry has CC bond lengthsof 1.329A and 1.529 A (dsv = 0.200 A).

It is to these two benzene distortions that localizing orbital and o'-Trenergy

partitioningmethods will be applied.

2.3 Localized Orbital Analysis.

The effect of x delocalization in benzene can be assessed by comparing the

properties of the delocalized SCF wavefunction with those of a localized Kekuh_system.

This is the approach previously taken by Mulliken, Parr, and Kollmar.49,124

Computationally, localizing the benzene wavefunction is a three step procedure: (i)

transformationof the g MOs to an orthogonal set of symmetryequivalentatomic hybrids,

(ii) construction of the localized _rorbitals from the in-phase combination of adjacent

hybrids, and (iii) substitutionof the localized orbitals into the SCFwavefunction. Step (i)

is well-defined for minimalbasis sets containing only one Pz functionper carbon. But for

an extended basis set with two or more such functions per carbon ( such as 6-31G*), the

transformation is not straightforward.NBO analysis32 assists here by calculatingthe 2p_
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hybrids of maximum occupancy (i.e., the set of hybrids that best reflects the _ electron

distribution, cf. section 1.4). It is important to realize that the localization procedure (i) -

(ii) has absolutely no influence on the form of the a orbitals, but effectively mixes part of

the virtual _: space into the set of occupied _ orbitals. As a result, the energy of the

. localized system, E(loc), is greater than the variational SCF energy Eo, raised by an amount

equivalent to the vertical resonance energy40 (cf. section 1.2. I).

Eo = E(loc) + E(del_) (2.2)

Inspection of Table 2.2 (Table 2.3) and Figure 2.1 (Figure 2.2) reveals that benzene,

at its equilibrium geometry is strongly stabilized by a _rdelocalization energy E_(deloc) of-

143 kcal raol"1 (. 147 kcal tool"1) These values compare favorably with that

Table 2.2 Relative Energies of Benzene Along the dsH Distortion Coordinate:

dsH Eo E(Ioc)b Elt (SI-I)¢ E= (_) d E=(SV)e

0.000(3 0.0 143.29 0.00 0.00 0.00

0.0403 0.59 125.56 -1.26 -3.64 -0.69

0.0811 2.42 111.12 -5.06 -14.46 -2.70

0.1224 5.67 100.04 -11.32 -32.00 -6.09

0.1644 10.56 92.39 -19.88 -55.46 -10.73

0.2070 17.36 88.26 -30.54 -83.95 -16.19

0.2502 26.38 87.76 -43.11 -116.57 -22.78

" 0.2941 37.94 91.02 -57.38 -152.56 -30.06

0.3388 52.36 98.19 -73.18 -191.25 -38.09

(a)Distortionsin,_kngstroms,energiesinkcaltool-I.Fora definitionofindividualenergy

contributions,seetext.(la.u.= 627.5kcaltool-I).(b)RelativetoEo = -230.70188a.u.(c)

RelativetoE_($1"I)----6.35865a.u.(d)RelativetoE_(5K)= -9.30336a.u.(e)Relativeto

En(SV)= -I.14870a.u.

obtainedfrom HMO analysisofUV absorptionbandsof benzene(E_(del°c)= -138kcal

rr_I'l;cf.section1.2.I)andalso,toa lesserextent,totheverticaldelocalizationenergies
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computedby Kollmar49 (E_(deloc)= -96.4 kcal tool"l) and Mull]kenand Parr124(E_(deloc)

= -73 kcal rzx_l-1).Results from localized orbitalanalysis for benzene geometriesalong the

dSH distortion coordinate (Table 2.2) are graphicallydepicted in Figure 2.1. The lower

curve shows energyEo of the delocalized SCF wavefunction,whereasthe two upperones

representE0OC)of the two localized Kekul¢ structures that are degenerateat dsH = 0. For

a specified geometry, the delocafizafion energy Ex(deloc)corresponds to the difference

between the Eo and EOoc) curves. As anticipated, E,_(de_) is most stabilizing at the

symmetricgeometry and monotonically weakens as the carbonframeworkis increasingly

distorted. However, it is particular noteworthy that deloc_zation is effective in all

geometries, even highly deformed ones. For instance, at dSH = 0.207 ,_ [/?Cc(Shon) =

1.300 ,_; Rcc(long) = 1.507 ,_; Table 2.1], a geometry that topologically resembles an

idealized 1,3,5-cyclohexatriene,Ex(del°c)still amounts to -71 kcal rr_l"l, a reduction by

only a factor of 2 over E_(deloc)in unperturbedbenzene. It thus appears misleading to

judge resonance effects based on geometric grounds, a conclusion that is consistent with

results fromNRT analysis (cf. section 1.4) of distorzed53. The resonance weights to the

53a 53b

overall x electronic distributionin benzene shift from 50:50 at the equilibrium geometry

dSH = 0 to 76:20 at dSH= 0.21 _ in favor of 53a, therebyrevealing that the contribution

of the less importantKekul_ form remains sizable even in deformed fra_works (cf.

discussion in sections 1.3 and4.1.3).

Also apparent from Figure 2.1 is the fact that E(loc) is minimized near dSH = -+0.23

[Rcc(shon) - 1.29 _; ECC(long) - 1.52 ,/_], an indication that benzene favors bond

alternationin the absence of x delocal_tion.



43

Similarconclusionscanbederivedfromlocalizexlorbitalanalysisalongthedsv

distortion coordinate (Table2.3; Figure 2.2). In this case, bendingof HCC angles leads to

a more rapid increase in Eo as compared to the analogous behaviorof this quantity along

dsH. Again, E_(d_loc)is demonstrated to have a stabilizing influence throughout the range

of deformation, showing a declining trend in magnitude as the degree of distortion

increases. Similar to observations described for dsH, one finds a reductionof E_(del°c)at a

Table 2.3 Relative Energiesof BenzeneAlong the dsv Distortion Coordinate.a

b e,,(sa) d
0.0000 0.00 147.13 0.00 0.00 0.00

0.0376 14.82 146.67 2.36 -4.50 -0.63

0.0939 61.34 170.77 12.65 -23.46 -2.26

0.2002 143.95 218.48 41.21 -82.85 -5.71

(a) Energies in kcal mol"1.Fora definition of individual energy contributions, see text.
(1 a.u. = 627.5 kcal mol"1) (b) Relative to Eo -- -230.70314 a.u. (c) Relative to Es(SlO =

-6.40980 a.u. (d) Relative to ETt(_c)- -9.29506 a.u. (e) Relative to Ex(sv) = -1.15920 a.u.

cyclohexatrienoid topology [dsv = 0.200 ]k;Rcc(short) = 1.329 ,_,;Rccflong) = 1.529

Table 2.1) by a factor of 2 relative to the value of the equilibrium structure at dsv = 0.

This seems to indicate that the degree of _ dclocalization at this particulargeometry of the

carbon frame is independent from the type of distortion. Tho minimumin the localized

wavdunction for dSV is less pronounced than that found for dSH, the former pointing at a

geometry near dSV = :t-0.02A [Rcc(short) -1.38 A; Rcc(long) - 1.40 .A,;Z HCC -

115°].

To investigate the effect of _ delocalization further,a full geometry re,optimization

of benzene (D3hsymmetryconstraints imposed) with respect to E0OC)was performed. The

resulting structure exhibits significant bond alternation [Rcc(short) = 1.307 A; Rcc(long)

= 1.565 A] with slightlydistorted HCC bond angles (ZI-ICC = 114.9°). The energy of the
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localizedwavefuncdonatthisgeometryis63 kcsltool"Ilessthanatdsv = O,a large

energydifference that must be overcome by delocalizafion m stabilize the lattergeometry.

Thus, in contrast to the contentions of Shaik and Hibeny,16 localized orbital

analysis suggests that g delocalization is an important symmen'izingforce in benzene and

is at least in pan responsiblefor its D6hequilibriumstructure.

2.4 Energy Partitioning Analysis.

An alternativeapproachfor analyzingbenzene is based on the energy partitioning

schemes of Shaik andHiberty, 16 Jug and KOster,121and Stanger and VoUhardt.122 These

methods decompose the total energy, Eo, into separateo and g electroniccomponentsand

a nuclear repulsions termVnn(eq 2.3). Althoughin-plane (o) andout-of-plane (g)

L:o=Ee+E,c+V.. (2.3)

character of canonical benzene MOs are easily identified, the Coulomb and exchange

interactions of electrons occupying orbitals of differing symmetry prevent the unique

separationof these energies into o and g contributions. Despite this complication,several

partitioningschemes have been proposed.

Approaches of this type have generally been limited to _e analysis of single

configuration, restricted Hartree-Fock (RI-W)wavefunctions.128 (Extensions that include

configurationinteractionhave been made,16ebut will notbe consideredhere.) At this level

of theory, the total energy is given by eq 2.4, where hii is the

Eo = _ (hii + ¢i) + Vnn (2.4)
I

core Hamikonian (i.e., electronic kinetic energy and nuclearattractiontitres) and ¢i is the

orbitalenergy of the ith MO, often expressed in terms of Coulomb andexchange integrals

Jij and Kij, respectively (eq 2.5).
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_i ffihii + _ ( 2Jq. Kii ) (2.5)
¥

The partitioning scheme developed by Shaik and Hiberty assigns all a,

interaction terms (i.e., Coulomband exchange integrals of the form J_ and K_) to the x

component. Thus, these authors define a and x energies as shown in eq 2.6, where the

summations are restricted to MOs of the specified symmetry type. The energy associated

O @ !1

E(estO = _.,(h u + ei)- _(2J# - K#) (2.6a)
i i )

X ¢I t

E_stO = _.j(hu + _i) + Z_(2J# - K#) (2.6b)
i i j

with nuclearrepdsions, Van, (eq 2.3) is not incorporated into the electronic contributions

(eq 2.6), necessitating separate consideration of the former quantity when analyzing

energetic changes.To circumventthis problem,Shaik and Hibertychose to investigate the

dSHdistortion, along which Vanremainsconstant.

Jug a_ulK/Sster121proposed an alternativeway to decompose the total energyEo.

They evenly distribute the interaction terms Jij, Kij between Eo and E_ and partitionVan

according to the formal numberof o and x electrons, (ne, nn) on each atomic center A,B,

separatedby a distance RAI; (eq 2.7).

' _ar' = _,*_,a( R_ +'2" RAa ) (2.7a)

R_ + "2" R_ ) (2.7b)
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The resultingenergycomponentscanbe writteninthesimpleformof eq 2.8.

Eo (JK) " _.,(hii + Ei) + vcrnn (2.8a)
i

E (JK) = _(hi i + £i) + vgnn (2.8b)
i

Thisprocedureallowsa moreconsistent_atment of electronsand nucleiand,inadd/non,

removesthe needfor geometricalrestrictionsin the as_sment of energeticchangeson

distortion.However, an importantpoint of criticism is that the phenomenonof

clelocalizacion,whichthispartitioningschemeis meantto investigate,is a purelyelectronic

effectthatmaypotentiallybeobsc_ bynuclearrepulsions.

A thirdway to decompose the total energy is that employedby Stangerand

Vollhardt,122whocalculatedEg(sv)as thesumof orbitalenergies,indirectanalogytoa

(2.9)
I

Walsh-type analysis.t2._ALl other energy conwibutions,includingthe _-type core

Hamiltonianterms of eqs 2.Oband 2.8b are assignedto the o system. As a result,this

methodcanbejudgedinferiortOthosedescribedabove,but hasits meritin its simplicity

and is consideredherefor comparisonwith earlierwork. The n_m_ericalvalues of Eg

olxalne.dfromapplicationof these partitioning schemes to the total energy along the dSH

anddsv distortioncoordinatesareListedinTables2.2 and2.3, respectively,with graphic

representationsin Figures2.3 and2.4

Energyanalysisof benzenedeformationsaccordingto Sharkand Hibeny, d_,

_.ambiguouslyshow that Eg is n,.aximizedat the symmetricgeometryfor each of the

partitioningmethodsconsidered('Figure2.3). Thus, dist_g benzeneto increasingly

bondalternatinggeometriesresultsin a monotonicdecreaseof the total = energy.This

behaviorled to the suggestiont_;that the _ systemfavorscyclohexatrienoidstructmes,
/

andhenceto castdoubton thep61eof delocalization.Themagnitudeof thevariationinEg
//'

dependscriticallyon itsunderlyingdefinition.Forexample,thiscomponentis diminished
/,/

/,
/

+/'

/,'
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Figure2.4 GeometryDependenceof the ToW EnergyEo (filledCircles)and the rc

Energy ComponentsE_(SV) (Circles), Ex(SI0 (Squares),_ E_(Jx)

(Pluses)Alongthedsv DistortionCoordinate.
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by 38 (g_c(SV)),73 (E_¢(SH)),and 191 (En(.lX))kcal tooL-! at the most distorted geometry

(dsl.I ,, 0.3388 ,tL)relative to D6hbenzene.

Differences in the behaviorof En are even more dramatic along the dsv distortion

" coordinate (Figure 2.4). While E_¢(/x) and E_¢(sv) again possess maxima at the

unpermrl_ benzene geometry dsv - 0, E_¢(SI-I)is minimized at this point! Based on their

analysis of dSv deformations, Stanger and Vollhardt122supported the views of Shaik and

Hitxm7,16 who limited their investigation to dSH. Although the trend in En(Sv) along dSV

and that of E_¢(SlOalong dSl-Iare in qualitative agreement with one another, the more

direct comparison of these two components in Figure 2.4 reveals opposite behavior.

Clearly,conclusions derivedfrom energy partitioninganalysesdependcriticallyon

the method selected to decompose the total energy and on the details of the geometry

distortion. It is intriguing, however, that with only one exception, the g energy favors

bond alternating geometries. However, the quantity E_ should not be confused with g

delocalization, which was conclusively shown to stabiliT_ benzene's D6h symmetric

structure. Interpretations that judge the influence of x delocalization based on such energy

partitioning schemes can therefore be misleading. To further corroborate this view, the

relationship between orbital localization and energy decomposition analyses win be

examined below.

2.5. Comparison of Localized Orbital and Energy Partitioning Methods.

Direct comparison of the two procedures employed to investigate the role ofa

delocalization in benzene is provided by applying a partitioningscheme to the energy of

the localized wavefunction, E0OC).The preferredscheme of those presented in section 2.4

is the one devised by Shaik and Hiberry, since it affords a simplification from the

assignment of all o-_ interactions to the _ componenL Thus, E(I°c)can be decomposed

E0OC)=Ea(loc) + E1¢(Ioc)+ Vnn (2.10)
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into o and _ contributionsaccordingeq 2.10. Because the localizationprocedurehas no

influence on the form of the o orbitals (vide supra), Ea(loc)is equivalent to Eo(SH)in eq

2.6a_Using this equivalence and substitutingeq 2.I0 into eq 2.2 resultsin eq 2. II.

Eo = Eo(Sl'l)+ E_OOc)+ E_(Cl_loc)+ vnn (2.11)

Comparison of the latter with eq 2.3 reveals thatthe 7t component of the Shaik and

Hiberty method has a contribution from the localized part of the SCF wavefunctionin

additionto the entiredelocalization component.

Ex(SH)= Extloc)+ Ez(deice) (2.12)

A priori, there is no reason to anticipate that the geometry dependence of Ex(SH)should

be fully associatedwiththe energy term of _ delocalization, Ex(del°c)and indeed, an

importantcontributionof E_Ooc)to the formeris calculated (Table 2.4; Figure2.5).

Table 2.4 Shaik Hibeny Analysisof Localized Benzene Wavefunctions.a

dSH E_(SH)b E_(deZoc)c E_Ooc)d

0.0000 0.t30 -143.29 143.29

0.0403 -1.26 - 124.97 123.71

0.0811 -5.06 - 108.70 103.64

0.1224 -11.32 -94.37 83.05

0.1644 -19.88 -81.83 61.95 .

0.2070 -30.54 -70.90 40.36

0.2502 -43.11 -61.38 18.27

0.2941 -57.38 -53.08 -4.30

0.3388 -73.18 -45.83 -27.35

(a) Distances in A, energies in kcal tool"1.(b) Values takenfi'omTable 2.2.
(c) Calculated as E_(deloc)= Eo - E0OC)with values fromTable 2.2.

(d) Calculatedas E_OOc)= E_(SH). E_(deloc).
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The localized _ electronic energy rapidly decreases with inc_asing distortion of the

benz_ne ring, a trend that is not entirely unexpected. This energy corresponds to that of

thethreeethylenic_ orbimlsofthelocalizedKekul_structure,decreasingasthecarbon

centersof theseorbitalsapproacheachother.For comparison,theCC bond length

dependenceofEx(SH)forethyleneisshowninFigure2.6.Becausethe_ systemofthis

moleculeislocalized(E_(deloc)= 0),theplottedvaluesrepresentEx(loc).Itfollowsthat

even intheabsenceof delocalizarion,decreasingtheCC bond lengthresultsina

stabilizationofthe_:component.ThemndencyforEz($1"l)tofavorshortbondlengthsis

similarto the behaviorof the electronicenergyof the H2 molecule,showing

asymptoticallydecreasingvaluesastheinternucleardistanceapproachestheunitedatom

limit(cf.,forexample,theportionof theMorsepotentialof H2 dominatedby the

Coulombattractionterm).

This analysis demonstrates that the _ energy as defined by Shaik and Hiben7

cannot serve as a meaningfulcriterionby which to judge the role of _ delocalization. The

behaviorof E_(sH)on benzene deformations along dSHis dominatedby contributions from

portions of the localized wavefunctions, which in themselves are geometry dependent and

potentially obscure delocalization effects.. The importance of the latter was shown by

investigating energetic and geometric changes of benzene on complete localization. The

' resultssuggestthat_ delocalizationisanimportantsynuncu'izingforce,aviewinaccord

withclassicalresonancetheory.



54

Chapter Three

The Thermochemical Properties of Benzocyclobutadienologs

3.1 Introduction.

In discussing the dynamic behavior of chromium arene complexes (section 1.2.4),

it was pointed out that successive fusion of benzocyclobutene moieties on the benzene

nucleus leads to structures with increasing degrees of bond alternation in the o frame

(Figure 1.9). The culmination of this trend is revealed in the X-ray crystallographic

analysis 22a of 2,3,6,7,10,11-hexakis(trimethyIsilyl)triangular [4]phenylene (54), showing

bond lengths around the central six-membered ring typically associated with CC single and

double bonds. 130

SiMe 3

Me 3Si [/J,_ 1.333A 1.345 A

SiMe 3

-silo,....
..J,,._ _J 54 1.502A 1.449A

Me3 Si- y
SiMc 3

Figure 3.1 Illustration of the Degree of Bond Alternation Observed in Angular Phenylenes.

Topologically, this renders 54 and hence its unsubstituted parent 7 derivatives of the

hitherto elusive 1,3,5-cyclohexatriene, the classical reference model for no'n-delocalized

benzene. The olefinic nature of the central double bonds in 7 and 54 also becomes

apparent from the ease with which they take part in addition reactions. 25,26 Thus, 7

readily undergoes stereoselective cyclopropanation, 25 epoxidation, 25 and hydrogenation 26
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to furnish the correspondingafl-cis-cyclohexanederivatives 55 - 57, whose

stereochemistrywas ascertainedby X.ray diffractionstudies.

H2CV _ $6,,
Common su'ucun'alfeaturesof these compounds are their cup-shapedtopologies and the

planarity of the central six-membered rings, both imparted by fusion of strained

benzocyclobutenemoieties {Figure3.2).

. Figure 3.2 X-Ray Structureof all-cb-Tris(bcnzocyclobuta)cyclohexane.

While planar cyclohexane structures have been observed previously,132 the

superior amount of ring strain in $7 is highlighted by an unprecedented degree of bond

alternation around the central six-memlm'ed ring (1.599 A along, 1.511 A adjacent to the

four-membered rings) and by the fact that unraveling the cyclohexane unit
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_ermoehemically is a facile, stereospecific, disrotatory process.26This behavioris in stark

contrasttothethermalstabilityofitsdebenzorelative,ds-tris[2.2.2]-a-homobcnzene.133a

Furthermore,inadisubstitutedderivativeofthislattermoleculethefour-memberedrings

aretwistedinthesolidstatetoallowachairconformationofthesix-memberedring,133b

whereasin57,thebenzofusionenforcesfour-andthereforesix-ringplanarity.

The crystalstructureof angular[3]phenylene($)shows similar,but less

pronouncedcyclohexatrienoidcharacterinthecentralsix-membere,dring21a(Figure3.1).

Althoughthechemistryof$ hasbeenlessthoroughlyexploredthanthatofitshigher

homologue7,theformercouldlikewisebesmoothlyconvertedintoitshexahydrogenated

derivative,whichwas assignedtheall-cisstereochemistrybasedon NMR spectroscopic

evidence.21a _,

The bond alternating 1,3,5-cyclohexatriene moieties of $ and 7 are unique

structural features that have associated with them electronic properties of fundamental

interest in relation to the resonance stabilizationof benzene (cf. section 1.2.1). Therefore,

the heats of hydrogenation (AHH) of these compounds have been determined in

collaboration with Prof. Donald Rogers, Long Island University, New York. In addition,

relevantheatsofformation(AH_')dataof$and7 wereobtainedbycombustionanalysisin

cooperationwithProf.ChristophRUchardt,Universityof Freiburg,Germany.The

synthesisofthematerialnecessaryforthesestudieshasbeenpreviouslydescribed22a.25

and is summarized in Scheme 3.I.

3.2 AHHand AHf Data of Angular [3]- and Triangular [4]Phenylene.

From theoutsetofthiswork,itwasexpectedthatthestrainimposedon thecentralsix-

mem_ ring in $ and 7 in conjunction with _ electronic effects would sufficiently

diminishthedegreeofdelocalization(i.e.,aromaticity),resultingina AH H significantly

moreexothcrmicthanthevalueof-49.8kcaltool"lobtainedforbenzene.54Thisnotion

was indeedco_ calorimctrically.The experimentalAH H values136of-66.8+ 1.2
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kcal tool"I and -71.6 :t: 2.1 kcal tool"I for $ and 7, respectively, seem to suggest that

neither molecule benefits to a large extent from aromatic stabilization. However, in light of

the thermochemical outcome of hydrogenation

Scheme 3.1 a
" R R

_ R

::]_Br a c R,,

Br 28%_ YI "_" 39%
iiI 'R

R
R R

e[25% b = R =SLMe3 R=SiMe3(S4)

R=H d= R = H (7,77%)

R

Br I _ R

cBr a
B, 6s-----¢ : ----*56%

Br R two steps'I
R

b= R=SiMe3RS d = R=SLMe3= R = H (_ 86%)

a (a)Me3SiCCH; Cul;Pd(PPh3)2CI2;Et3N;110°C;18h.Co)KF-2H20; DME; 18-crown-

• 6;r.t.;15 rain.(c)BTMSE; CpCo(CO) 2 ;hv;A; 18h.(d)CF3COOH; CHCI3;r.t.;18h.

(e)NH2NH 2 (80% inH20);EtOH; A;3d(ref135a).

experimentsinvolvingtrieneslikeds-1,3,5-hexatriene(58)54 or tricyclo[4.4.2.01,6]-

dodeca-2,4,8-triene($9)13"](Figure3.3),onewouldanticipateAH H foranapparentlynon-

delocalizedcyclohexatrienesuchas7 toexceed80kcalrnol't.Furthermore,thedifference

inthemeasuredreactionenthalpiesforthehydrogenationof5 and7 issurprisinglysmall

indicating an increase of this quantity in irregular increments along the series 1_3_5-,7.
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$8 59 41

_r H -80.554 -81.8137 .54.0139

Figure 3.3 Experimental Heats of Hydrogenation of Selected Trienes in kcal mol'l.

Unfommately, AHH data for biphenylene (3), necessary to support this assumption, could

not be obtained, because attempts to devise a catalytic system that would selectively

hydrogenate one six-member_ ring of 3 were unsuccessful, 25 contrary to literature

clalms.z3S

o
1 3 ' $ '

H

H H H
H H •

H H H
H

60 61 62

Figure 3.4 Benzocyclobutadienologs and their Hexahydrogenated Derivatives.

Satisfactory explanations of the observed enthalpies have to address the degree of

7r delocalization and the amount of ring swain in both reactants and hydrogenation

products. The latter effect on calorimetric AHH determinations is evident from comparison
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of _ent datafor benzene54 (I, AHtl =-49.8 kcal tool"I)andbenzocyclobutene139(41,

AHH = -54.0 kcal rnol't), for which there are no clear crystallographic96b or

spectroscopic96aincLicadonsof perturbationsin the_ system(cf. section1.3.[). Hence,

themoreexothermicvaluefor 41 canbe solelyattributedto straininducedby small-ring

fusion.In anattemptto shedfurtherfightonthesematters,thecyc]ohexamenederiv_ves

1, 3, 5, and 7 as well as their hexahydrogenaxedcounterparts60 - 62, and 57 have been

subjectedto computationalscrutiny(Figure 3.4, Tables 3.1, 3.2, and 3.3).

Comparisonof the.computed geometries with availableexperimentaldam shows

that the molecules underinvestigationare satisfactorilyreproducedby both, empiricaland

semiempiricalmethods (Tables 3.1 and 3.2). The force fieldas well as the PM3 parameter

set confirm the observed bond alternationin the phenylenes,albeit to varying degrees of

accm-acy.Whereasthe latter tends to overesdmaxethe di_ betweenjuncture carbon

atoms (e.g, RI.2), the formerhas difficulties in repficadngthe contracu_ bonds adjacentto

Figure 3.5 PM3 OptimizedGeometriesofHexahydrogenazedBiphenylene(61) and

Angular[3]Phenylene(62).
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the site of fusion(e.g., R I.6). Bothcomputationaltechniqueslocatethe stronglycup-

shaped structure of 57, with extreme CC length variations in the planarcyclohexane unit,

as minima on the potential energy surfaces, almost matching X-ray crystallographic

results. This findinglends credibilityto the predicted twist-boat conformationsof 61 and

62 (Figure3.5), which have not been structurallycharacterized.

Table 3.1 CC Bond Lengths of Most Annelated Six-membered Rings in Cyclohexa-
triene Derivatives I, 3, 5, and 7.a

H i j i _L I I, ,III ' I I , I ,,,, I H I I I ,, III ,m ..... ,,,,,,,

Ib 3c 5d 7e
illl i, H I I I II I I,,, I ,,ll II " ll,,,,,I I HL

exp 1.398 1.426 1.449 1.495

RI.2 MMX 1.40 1.42 1.45 1.47
PM3 1.391 1.452 1.486 1.525iiiiiiiii

exp 1.398 1.372 1.348 1.333

RI.6 MM 1.40 1.37 1.37 1.35
PM3 1.391 1.357 1.349 1.325

exp 1.398 1.372 1.345 1.338

R2.3 MMX 1.40 1.37 1.35 1.35
PM3 1.391 1.357 1.331 1.325

exp 1.398 1.423 1.449 1.486

R3.4 MX 1.40 1.43 1.44 1.47

PM3 1.391 1.423 1.486 1.525

exp 1.398 1.385 1.348 1.335 e

R4.5 MX 1.40 1.40 1.37 1.36

PM3 1.391 1.377 1.349 1.325

exp 1.398 1.423 1.446 1.502

R5.6 MMX 1.40 1.43 1.45 1.47

PM3 1.391 1.423 1.449 1.525

(a) Values in Angstroms. For numberingscheme, see Figure 3.4. (b) Experimentalvalues

from ref 12b. (c) Experimentalvalues from ref 86. (d) Experimentalvalues from ref 21a.

(e)Experimentalvaluesarethoseof54takenfromref22a.
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Table3,2 CC Bond Lenr,hs of Most AnneLatedSLx-memberedPingsin Cyclohex_e
Derivatives60-62,.-.id$7.a

i ,

60b 61 62 $7c

exp 1.528 - - 1.599

RI.2 MMX i.54 1.60 1.60 1.59

PM3 1.521 1.602 1.600 1.599
i,iLJ i i i ,,,i ,fit,

exp 1.528 - - 1.511

RI.6 MMX 1.54 1.53 1.53 1.52

PM3 1.521 1.518 1.511 1,502

exp 1.528 - - 1.511

R2.3 MMX 1.54 1.53 1.52 1.52

PM3 1.521 1.521 1.506 1.502

exp 1.528 - - 1.599

R34 MMX 1.54 1.54 1.60 1.60

PM3 1.521 1.518 1.603 1.600
iti, ,lli ,,lJH

exp 1.528 - - 1.511

R4.5 MMX 1.54 1.54 1.52 1.52

PM3 1.521 1.518 1.512 1.503

exp 1.528 - - 1.599

R5.6 MMX 1.54 1.54 1.54 1.60

PM3 1.521 1.518 1.520 1.600
,, =, ,,,,,ql, ,, , i , ,,,,,, ,-,,,,

(a)Valuesin,_,ngsu'oms.Fornumberingscheme,seeFigure3.4.(b)Experimentalvalues

fromref142.(c)Experimentalvaluesfromref26.

The discrepancy between MMX and PM3 is much more dramatic in their

description of the molecules' energy contents (Table 3.3). Generally, force field derived

heats of formation are lower than the corresponding PM3 data for the unsaturated

molecules 1, 3, 5, and 7, while the opposite is observed in case of the hexahydrogenated

compounds.The assumptionthatMMX valuesareofhigheraccuracyissupportedby

comparisonof enthalpiesstemmingfrom PM3 calculationswith thoseobtained

experimentally.141e,bIt is foundthatthe semiempiricalMO treatmenttendsto

overestimateenergiesofunsaturatedmolecules,butarrivesatvaluestoolowinthecases
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ofsaturatedatomicassemblies.Thefactthatds//_'dataderivedfromMMX optimization

of I,3,$,and60 areinexcellentagreementwithcombustionresultsisnotsurprising,

since these compoundshave most certainly been used to pararnetrizetheforce field. 140

Table3.3 HeaLsofFormationandHydrogenationofCyclohexan'ienesI,3,5,and7.a

_b'_',calc. _t/_,,exp. _Vu,calc.b _-/,,exp.

MMX c PM3 d MMXC PM3d

I 19.7 23.5 19.8_.I e -49.2 -54.5 -49.8/

3 99.7 109.8 99.9±0.8e -56.1 -73.1 -

$ 181.2 193.0 173.7±1.0_ -67.0 .90.5 -66.8±1.2

7 263.2 274.3 -61.2 -98.4 -71.6_.2.1
iii iiiiiiii I ii - i iillll i i ii iiiiiii iirll iiiii i ii - [_

(a)Valuesinkcaltool"t.(_)Obtainedbydifferencebetween_r_',calc.(products)and

_/-/_',calc.(reactants).A/-/_valuesfor60 -62,and$7 are-29.5(-31.0),43.6(36.7),

114,2(I02.5),and202.1(175.9)kcaltool"IascalculatedbyMMX (PM3).(c)Ref140.

(d)Ref14I.(e)Ref52b.(/')Ref54.(OThiswork.

However, the notion that these parameters can be unreservedlyapplied to the

higher phenylenes and their hydrogenation products is rather tenuous in Lightof the

notoriously difficult computational treatment of strained rings and the structural (and

electronic) novelty of the systems investigated here. Therefore,the theoretical predictions

were further calibrated by determining the AH_' of $ from combustion analysis and

measurementof its heats of sublimation.As inspection of Table 3.3 reveals, none of the

employed computational methods is able to correctly reproduce this datum, the MMX

value exceeding the experimentallydetermined one by 7.5 kcal tool"I, while the PM3

calculations overestimate AH_' of $ by almost 20 kcal n_l "I. Nevertheless, both

theoretical tools areuseful to investigate trendsalong the series I -4, 3 _ 5 -+ 7 and their

correspondinghydrogenationproducts.

Heats of hydrogenation can be estimated by taking the difference between the

corresponding AH_'dataof products and reactants.A priori, there is no reason to expect
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complete congruity of experimental and calculated AHH values, because the former are

usually determined in solution, while the latter refer to an ideal gas phase, free of

intermolecularinteractions. Solvation effects typically range in the order of several kcal

tool"1. For example, the solvation energy of methane in cyclohexane144amounts to 3.4

• kcal tool"1,and the heat of hydrogenation of benzocyclobutene (41) was found to be 3.7

kcal tool"1 more exothetxtlic139,145than the initially reported value,146 when solvation

effects were taking into account. In light of these considerations, the accurate

reproductionof calorimetricAHH data for I and S by MMX is gratifying, but appearsto

be rather serendipitous(Table 3.3). Indeed, there is absolutelyno agreementin the case of

the AHHof triangular[4]phenylene(7), for which the force fieldarrivesat a value roughly

10 kcal tool"1 lower than that obtained experimentally.On the other hand, the divergent

trends in the heats of formationof reactants and productscalculatedby PM3 (vide supra)

leads to large overestimates in the hydrogenation enthalpiesof the phenylenes.Yet, both

computationaltechniquescorrectlypredictdeclining incrementsin AH H along the series3

--, $ _ 7 without, however,providing ad hoc explanations for such behavior.

In order to gain insightinto the effects of sequentialbenzocyclobutenefusion to l,

changes in AH_'along the series 1, 3, 5, 7 and 60 - 62, 57 were examined(Scheme 3.2). It

was found that along the phenylene series, the MMX calculated AH_' values increase by

almost constant increments (ca. 81 kcal n'_l't), whereas the correspondingdata of the

cyclohexane derivatives exhibit a sharp rise upon fusion of the third benzocyclobutene

. moiety (87.9 kcal tool"1from 62 to 57, compared to ca. 72 kcal tool"l each step from 60

to 62). PM3 evaluation of successive smaU-ring armelation,on the other hand, reveals

decLiningmcrementsalong the phenylene series, from 86.3 kcal r_l "1on fusion of the

first, to 81.3 kcal tool"1 on attachment of the third benzocyclobutene unit. Although less

pronounced than impLiedby force field results, the PM3 derived values of the cyclohexane

derivatives parallel those obtained by MMX, also pointing at the severe energetic

requirementsof locking57 into a planar, bond alternating conformation.It thus appears
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Scheme 3.2 a

s6.3) 3 5

73.t 87.9
(67.7)_ (65.8)__ (73.4_) ' _ H

H H HH60 61 62

(a) Changes in AH_' with successive benzocyclobutene fusion. Values shown are in kcal

tool "1computed by MMX (PM3) and taken from Table 3.3.

that the cyclohexane nucleus retains to some extent its conformational flexibility

throughout the f'_rsttwo annelations, but that fusion of the third szrm_U-ringfragn_nt leads

to a rigid framework of high energy. This interpretation is supported by the geometries of

61, 62, and 57 ('Figutt;s 3.2 and 3.5), suggesting significant strain contribtudons from 57

to the unexpectedly low AHHof 7.

The importance of strain on the thermochernical outcome of hydrogenation

experiments of the phenylenes can be further demonstrated by investigating model

compounds that are void of potentially interfering ;t electronic effects. Palrwise distortion

of benzene's HCC angles to 90' has been used previously 122 to induce bond ahemation

similar to that observed in 7 (chapter 2). Employing the PM3 parameter set, this approach

was extendedtomimicone-andtwofoldfour-memberedringfusionasin3 and5 andalso

toincludestructuraldeformationsofthecyclohexanenucleiin61,62,and57 (Table3.4,

Figure3.6).Comparisonbetweenthegeometriesofthemodel compoundsand thoseof
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the fully, annelated systems (Tables 3.1 and 3.2) reveals good agreement, the less

pronounced bond alternation of the former being am'ibutabl¢ to restriction of the

distortionangleto90°,whereas85°areobservedintheparentmolecules.21a,22a,26

Figure3.6PM30p_mizedGeometries ofDistortedCyclohexanes65-67(LefttoRight).

Table3.4 EnergiesandCC BondLengthsofDis_ BenzenesandCyclohexanes.a

1 63 64 52

AH_' 23.5 58.3 91.2 122.8

Rt.2 1.391 1.456 1.418 1.501

Ri.6 1.391 1.359 1.352 1.329

R2.3 1.391 1.359 1.333 1.329

R3-4 1.391 1.415 1.418 1.501

R,,.5 1.391 1.380 1.352 1.329

R5-6 1.391 1.415 1.435 1.501

60 65 66 67

Z_f-/_ -31.0 -13.5 -0.6 18.I

RI-2 1.521 1.576 1.576 1.570
!

RI.6 1.521 1.513 1.507 1.494

R2.3 1.521 1.508 1.498 1.494

R3-4 1.521 1.517 1.577 1.570

R4-5 1.521 1.518 1.507 1.494

R5.6 1.521 1.518 1.520 1.570

(a)PM3 values.Energiesinkcaltool"I,bond lengthsin/lmgstroms.For numbering

scheme,seeScheme3.3.
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The bent cyclohexancsshow twist-boat conformations(65, 66) and a planarD3h structure

(67) consismntwith the geometriesof the bcnzocyclobutene-fusedcompounds.

Of particular interest are the energy changesassociatedwith stepwisedistortion of

HCC }_'mdangles in the models (Scheme 3.3). Along the benzeneseries,it is evident that

L_/_ is raised by slightly decreasing increments, from 34.8 kcal tool-1 on bending of the

first pair of HCC angles to 31.6 kcal tool"1 for the third. The greater ability of the

cyclohexanes to accommodate angular strain is reflected in the smaller magnitude of A

_T./_ upon distortion, increasing by only 17.5 kcal tool-I on going from 60 to 65.

" Introduction of a second set of bent bonds is energetically even less demanding,

Scheme 3.3 =
H H

34.8 32.9 31.6

4 6 HH
1 63 64 52

H

H
H

60 65 66 67

(a) Energetic changes in benzene and cyclohexane upon palrwise restricting HCC angles

to 90 °. Values shown are AtUr_' in kcal rnol"I obtained from PM3 calculations.

(12.9 kcal rr_l'l), while distortion of the third pair of HCC angles (66 --, 67) requires an

additional energy of 18.7 kcal mot -t, indicative of the increasing rigidity of the six-

rnembered ring. Hence, the last two steps in the cyclohexane series show a trend in AAHf

that is opposed to that found in the benzenes.
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From the above analysis, it is apparent that the energetic behavior of benzene and

cyclohexane on distortion coincides with that of the fully armelated systems, irrespective

of the presence of _ electronic effects in the latter. While lacking accuracy in reproducing

the heats of hydrogenation of the phenylenes, the employed computational tools thus

allow to confidently conclude that the AHH data are greatly influenced by (if not

dominated) strain in the products of the reaction. Exact quantification of such steric

constraints imposed on the respective o frames presents a formidable challenge, but a

general idea about the magnitudes involved can be obtained from the foUowing

considerations.

Numerous studies have addressed the dynamics of the various cyclohexane

conformers, 147 but none of them discusses distorted geometries as those ebserved (or

predicted) for 61, 62, and 57. Variable temperature IR spectroscopy on solid cyclohexane

established the twist-boat conformation to be 5.5 kcal nx_l"1higher in energy than the

chair ground state.148 Optimizations of the former geometry at high ab irtitio levels147

(DZP basis set on carbon, D2 symmetry imposed) pi'edict differences in CC bond lengths

of only 0.007/_,, a value easily surpassed in the structure of 65 (R1.2 - R1.6 = 0.063 ,_,).

Accordingly, PM3 calculations arrive at ener_ increases of 17.5 kcal tr_l"1 on distortion

of 60 to 65, and 30.4 kcal mol"1on deformation to 66. Since planar (D6h)cyclohexane is a

saddle point of higher order on the potential energy surface, this geometry has received

less attention. 149Employing semiempirical MINDO/2 calculations,149adifferences in the

, enthalpy of the D3d (chair) and D6h structures of 60 were computed to amount to 15.5

kcal tool-1. The authors note, however, that this parameter set is notorious in

underestimating bending-force constants and strain energies. Ab initio studies with

minimal basis sets 149b indicate an energy increase of 40.2 kcal rnol "1 on going from D3d to

D6h. Considerations of the severe geometric restrictions in 67 (wiht its bond alternating

D3h structure) leads to strain energies of 49 kcal tool"1with PM3, and 76.8 kcal rr_1-1at

the SCF/6-31G* level of theory. 150

!

I



68

Dea.nh of experimental data also exists along the benzene (phenyiene) series.

Biphenyler_ (3) was shown to be endowed with ring strain amounting to 64.3 kcal tool"I

relative to biphenyl.151Based on the corresponding model compound, 63, PM3 predicts

about half of that, the energy increasing by only 34.8 kcal tool "1 from 1 to 63. Similarly,

the semiempirical MO method seems to underestimate the strain inherent in 52 (99.3 kcal

mol'l), for which SCF/6-31G* calculations yield a value of 14,4.0kcal tool "1 (chapter 2,

Table 2.3).

Considering only data derived at the latter level of theory, one obtains a release in

strain energy of 67.2 kcal tool"1 when 52 is transformed into 67, a result on the same order

of magnitude as &J'/H for 7. It thus appears that andaromatic (cyclobutadienoid)

interactions across the four-memb_ed rings in the phenylenes are only minor contributors

to the observed heats of formation, the major ones being ring strain effects. Certainly,

conclusions with respect to _ electronic interactions (e.g., aromaticity, resonance

stabilization) cannot be drawn from the calorimetric results without reservation, rendering

interpretations of tff/H data in terms of "empirical resonance energy" speculative. The

relative contributions of o" (strain) and _ (delocalizafion) effects on the geometries of

models compounds of 5 and 7 are subject of the investigation outlined in the following

chapter.
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Chapter Four

Ab Initio Study of Benzenes Fused to Four-Membered Rings

4.1 Rehybridization, Delocalization, and Antiaromaticity.

4.1.1 Introduction.

The long-standing dispute regarding the presence of CC bond length variations

along the perimeter of benzene nuclei fused to small rings has recently been settled by X-

ray crystallographic analysis25.98 of tricyclobutabenzene (8, section 1.3.1, Figure I.I I),

disclosing small, but significant distortions in the sense originally proposed by Mills and

Nixon. 90 More pronounced 1,3,5-cyclohexatrien¢ moieties have been observed in the

benzocyclobutadieno-fused benzenes biphenylene (3), s6 angular [3]phenylene (S),21a and

triangular [4]phenylene (7),22a the degree of CC bond length alternation increasing along

the series. In these systems, the benzene nuclei are incorporated into extensively

delocalized _ networks via four-membered rings, raising the possibility of enhanced

differences in bond length to minimize antiaromatic, cyclobutadienoid interactions.

Strain is certainly one of several contributors to the observed bond alternation in annelated

benzenes. Depending on the nature of the fused carlxx:ycle, conjugative or

hy_conjugative interactions between the substituents and the benzenoid g system may

simultaneously enforce structural variations in the o frame. The notion that o strain alone

would suffice to reduce the D6h symmetry of benzene to D3h has been supported by model

H H

tt

52

studies97f, 122 involving pairwise bending of HCC angles from an optimal value of 120° to

highly strained 90°, (52), thereby mimicking fusion to four-membered rings. As delineated
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in chapter 2, a: delocalization in 52 remains substantial, even at this distorted geometry.

Thus, formation of the cyclohexatrienoid topology may be attributed mainly to a

rehybridization effects induced by the strained carbon framework. 97f Rehybridization has

been invoked previously 99 to explain reactivity patterns in fused benzenes, and recently

was the subject of a computational investigation aimed at understanding the origin of the

Mills-Nixon effect. 97d These interpretations, however, are either based on empirical

reasoning or on the application of maximum overlap methodology 153 and do not take into

account 7tresonance and hyperconjugative interactions. It was further suggested 97f that

the "flexibility" of the electronic distribution at the benzene substituents is responsible for

the degree of bond alternation and that the formation of bent bonds I_t prevents certain

systems from adopting a cyclohexatrienoid geometry.

4 _1 8 4_8 l 8
6 i i

41 (C2v) 68 (D2h) 42 (C2v) 8 (D3h)
//

$ __ 10 ,, 3 10 _ $ 1 J le I0

69 (C2v) 70 (D2h) 71 (C2v) 9 (O3h)

4 _8 _8 8 8

72 (C2v) 16 (D2h) 15 (C2v) 10 (D3h)

Figure 4.1 Numbering Scheme and Symmetries of Benzocyclobutencs Considered in

this study.
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In order to elucidate the effects of four-membered ring fusion on the swactural and

electronic characteristics of the benzene nucleus, a comprehensive ab in/do study was

conducted on appropriately functionalized benzocyclobutenes, whose geometries reflect

the salient features of 3, 5, and 7 (Figure 4. I). Inspection of the optimized structures of

these model compounds provides insight into the effect of various degrees of strain and )r

conjugation (or hyperconjugation) on the geometry of the benzene fratne. Applying

natural bond orbital (NBO) 32 analysis (cf. section 1.2.4) to the computed wavefunctions

of the benzocyclobutenes allows discrimination between such o arid x electronic effects.

All calculations reported in this chapter were peffo_ by either GAUSSIAN 90125 or

GAMESS 126 at the SCF level of theory, with the split valence 3-21G 155 basis, unless

otherwisestated.Geometriesare optimizedwithindesignatedsymmetryconstraints

(Figure4.I).

4.1.2 Geometries and Rehybridization in Benzocyclobutenes.

In light of the great interest the MiUs-Nixon effect has received over the years, the

amount of experimental data on the molecules depicted in Figure 4.1 is surprisingly small.

Several of the unsubstituted compounds are known, 96,156 but crystallographic data are

available only for the cyclobutabenzene series 41, 68, 42, and 8.25,96b,t57 Comparison

with ab initio optimized structures (Table 4.1) reveals good agreement. In the 3-21G

calculated geometries, the CC bond lengths within the six-membered rings are slightly

smaller by an average of 0.012 A. The discrepancy is somewhat larger in the cyclobutene

substructure (over_stirnadon by 0.016 A on average), a region in which highly extended

basis sets are necessary to account for the "strained" electronic distribution. 48

The effect of fusion to four-membered rings is apparent in the structural variation of

the benzene frame (Table 4.1). Generally, the common bond (C1-CR) is elongated, whereas

the adjacent benzcnoid bond is contracted with respect to unsubstituted benzene. Hence,

thequantityAR, definedasthedifferencebetweenthesetwobondlengths(cq4.1),



72

AR =RI.2-RI.6 (4.1)

isa usefulmeasureofthedegreeofbondahemationandisconsideredthroughoutthe

followingdiscussion.

The geometryofthebenzenenucleusalongtheseries41,68,42,and8 isonly

weaklyperturbedbyfour-memberedringfusion.Thus,AR increasesfrom0.004A in41

toonly0.047]kin8,afindingthatreproducesreasonablywelltheobservedMiUs-Nixon

effect.Thisinterpretationisfurthercorroboratedinthehybridizationsofthebcnzenoid

carbons(Table4.2).Itisevidentfromthehybridsatthecenterof annelationinthe

cyclobutabenzenesthatsmall-ringfusionleadstosomeredistributionofp-characteralong

thecarbon-carbonbonds,thelongerbondsshowinghigherpercentagep-characterthan

theshorterones[cf.h(l-2)= sp2.21withh(l-6)= sp1-58in41].However,the

unsubstitutedcarbonsin41,68,and42usehybrids[h(6-1)andh(6-5)rangingfromsp1.85

tosp1.92]essentiallyidenticaltothoseofbenzene(spi.88),suggestingthattheamountof

ringstraintransmittedalongthe_ frameworkisnegligible.The usefulnessof the

hybridizationconceptinexplainingthegeometricalchangesassociatedwithfusionof

cyclobutcnetothebenzenenucleushasmcantlybeendemonstratedby Maksicet al.97d

Comparisonofthecarbonhybridsderivedfromthemaximum overlapmethod93dwith

thoseobtainedfrom NBO a_alysisrevealsexcellentagreementbetweenthesetwo

inherentlydifferentapproachesand allowscorrelationof molecularpropertieswith

computedhybridizationswithareasonabledegr_ofcertainty.155

•
The benzeneisomer3,4-dimcthylenecyclobutene(73)159hasattracteda greatdealof

atter,tiondue toitsintriguingelectronicpropertiesthathavebeenborneoutby both

theoryand experiment.160Basedon HMO resonanceenergies,thiscompound was
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Table 4.1. Energiesand CC Bond Lengthsof Annelated Benzenes.a

41b 68b 42c 8c

energy -305.846455 -382.276199 -382.2732244 -458.699833
R(1-2) 1.386 (1.391) 1.390 (1.399) 1.397 (1.402) 1.408 (1.408)
R(I-6) 1.370 (1.385) 1.382 (1.394) 1.372 (1.392) 1.361 (1.390)

R(1-7) 1.538 (1.518) 1.538 (1.521) 1.540 (1.518) 1.538 (1.528)
R(2-3) 1.370 (1.385) 1.382 (1.394) 1.361 (1.385) 1.361 (1.391)

- R(2-8) 1.538 (1.518) 1.538 (1.521) 1.536 (1.518) 1.538 (1.525)
R(3-4) 1.396 (1.400) 1.382 (1.394) 1.397 (1.402) 1.408 (1.415)
R(4-5) 1.386 (1.399) 1.390 (1.399) 1.372 (1.392) 1.361 (1.391)
R(5-6) 1.396 (1.400) 1.382 (1.394) 1.408 (1.413) 1.408 (1.412)

R(_7-8)....... 1.600 (1.576) ........1.596 (1.575) ......!.599 (1.582) 1.598 (1.579)
69 70 71 9

energy -381.111513 -532.807635 -532.803494 -684.495982
R(1-2) 1.398 1.405 1.410 1.424
R(1-6) 1.370 1.381 1.372 1.359
R(1-7) 1.504 1.502 1.504 1.498
R (2-3) 1.370 1.381 1.359 1.359
R(2-8) 1.504 1.504 1.501 1.498

R (3-4) 1.396 1.381 1.410 1.424
R(4-5) 1.389 1.405 1.472 !.359

R(5-6) 1.396 1.381 1.408 1.424
R(7-8) 1.530 1.528 1.530 1.531
R(7-9) 1.312 1.312 1.312 I.309

R(8-I0) 1.312 1.312 1.312 1.309

72 16 15 10

energy -304.611533 -379.791546 -379.819669 -455.039433
R(1-2) 1.426 1.392 1.484 1.524
R(1-6) 1.399 1.381 1.326 1.309
R(1-7) 1.546 1.568 1.519 1.503
R (2- 3) 1.339 1.381 1.313 1.309

• R(2-8) 1.546 1.568 1.519 1.503
R (3-4) 1.438 1.381 1.484 1.533

, R(4.-5) 1.358 • 1.392 1.326 1.309
R(5-6) 1.438 1.381 1.487 1.524

R(7-8) 1.337 1.331 1.343 1.341

(a) SCF/3-21G values. Energies are given in Hartrees, bond lengths in ,/_ngstroms. Cf. CC

bond length of benzene (3-21G): 1.385/_,. For numbering scheme, see Figure 4.1.

(b) Experimental values (in parentheses) from ref 96b. (c) Experimental values in

parentheses from ref 25. Those for 8 correspond to one of two independent molecules

present in the unit cell at 125 K. For details, see refs 25 and 98.
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Table 4.2. NHO Characterof Selected CarbonCenters.a
i .,,,H i, ,m..,

_ 41 68 42 8
-h(i-2) 2.21 (2.28) 2.16 (2.19) 2.21 2.28 (2.19)
h(l-6) 1.58 (1.61) 1.60 (1.61) 1.56 1.55 (1.66)
h(1-7) 2.34(2.21) 2.36 (2.28) 2.37 2.31 (2.22)
h(2-1) 2.21 (2.28) 2.16 (2.19) 2.27 2.28 (2.19)
h(2-3) 1.58 (1.61) 1.60 (1.61) 1.57 1.55 (1.66)
h(2-8) 2.34 (2.21) 2.36 (2.28) 2.28 2.31 (2.22) .
h(6-1) 1.88 (1.80) 1.91 (1.94) 1.85 1.55 (1.66)

_ h(6-5) 1.91 (2.00) ...... 1.91 (!.94) 1.92 2.28 (2.19)
69 ........ 70,,, 71 9

h(1-2) 2.33 2.30 2.35 2.45
h(1-6) 1.55 1.51 1.54 1.54
h(1-7) 2.26 2.25 2.27 2.17
h(2-1) 2.33 2.30 2.42 2.45
h(2-3) 1.55 1.51 1.56 1.54
h(2-8) 2.26 2.25 2.17 2.17
h(6-1) 1.91 1.94 1.87 1.54
h(6-5) 1.91 1.94 1.92 2.45

72 ...... 16 15 10
h(1-2) 2.44 2.15 2.35 3.01
h(1-6) 1.40 1.51 1.54 1.33
h(1-7) 2.34 2.53 2.27 2.12
h(2-1) 2.44 2.15 2.82 3.01
h(2-3) 1.40 1.51 1.37 1.33
h(2-8) 2.43 2.53 2.19 2.12
h(6-1) 1.80 1.93 1.69 1.33
h(6-5) 2.04 ...... 1.93 2.17 2.12

(a) Values Listed(SCF/3-21G) are the exponents k of the sp_ hybrids.Hybridh(A-B) is

centered on A, directed toward B. For comparison, k = 1.88 in benzene. Values in

parentheses are taken from ref 97d and converted from %s character to Sl_ hybridization
using k - (%s)-1-1. For numberingscheme, see Figure 4.1.

classified to maintain some aromatic character, 160bopening the opporttmity to juxtapose

aromatic and antiaromatic substructures within one molecular framework by fusing 73

onto benzene. This design found its realization in the synthesis of 69 by Cava and

Mitchell,156e but high reactivity prevented rigorous structural characterization and

presumably discouraged attempts to synthesize the higher homologs 70, 71, and 9.
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Comparisonof thecalculatedgeometriesof69-71 and 9 withthoseofthecyclobuta-

benzeneseries(Table4.I)revealsthattheeffectofannelating3,4-dimethylenecyclobutene

is_ly small.Thus,AR increasesfrom0.028.A,in69 toonly0.065._,in9,a trendnot

significantlydifferentfromthatfoundalong41,68,42,and8.One possibleexplanation

fortheslightlyhigherdegreeofbond alternationintheformergroupofmoleculesreliese

on thegreaterextentofrehybridizationatthecentersofannelation.The bondconnecting

thetwo orthosubstiments(R7.8)issomewhat shorterinthedimethylenecyclobuteno-

fusedseries(cf.R7.8= 1.600,_in41 andRT.8= 1.530,_in69),resultinginincreasedring

" swainimposedon thebenzeneframe.Thisstrainin turnmanifestsitselfingreater

rehybridizationatthecarboncenters,asevidentfrom inspectionofTable4.2.Hence,to

maximize overlapwith neighboringcarbons,the annelatedcentersof dimethylene-

cyclobuteno-fusedbenzenesconsistentlyuse hybridsof higherpercentagep-character

alongCI-C2 and ofhigherpercentages-characteralongCI-C6 relativetothehybridsof

41,68,42,and 8.An alternativeexplanationfortheenhancedbondalternationin69-71,

and 9 isbasedon antiaromaficinteractionsacrossthefour-memberedrings,a possibility

thatwillbefurtherexploredbelow.However,analysisofthegeometriessuggeststhat3,4-

dimethylenecyclobutene(73)possessesonlyweak antiaromaticcharacter.

The smallincremenlalincreaseofringstrainresultingfromstepwisedimethylene-

cyclobutenefusionto benzenealong the seriesis reflectedin the changes of

rehybridization.Thus,thehybridofcenterI directedalongthesiteofannelafion[h(l-2)]

rangesfromsp2.33in69tosp2.45in9,whereasa hybridofnearlyfixedspI._characteris

usedtoformtheshorterbenzenoidbondCI-C6.Again,theunsubstitutedcarbonsin69-

72remainlargelyunaffectedbyannelation[cf.h(6-I)andh(6--5)],indicatingthatfusionof

up to two dimethylenecyclobuteneunitsdoes not causeseriousdistortionsof the

skeleton.

A completely different picture arises when benzene is fused to cyclobutadiene (2),

the antiaromatic species par excellence. Here, bond alternation is already evident with
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annelafion of the first ring (AR = 0.087 ._ in 72) and reaches a maximum in

u-icyclobutadienobenzene(AR = 0.215 ,_ in 10) with bcnzenoid bond lengthsof 1.534/_

and 1.309 ,_, respectively. Although it is tempting to attribute the cyclohexatrienoid

geometry entirely to interactions between the ethylenic pan of the molecule and the yc

system of the six-membered ring, one should also recognize that the dramaticallyshon

cyclobutadiene bond C7-C8 (RT.8 = 1.337 ,_ in 72) severely perturbs the o framework.

Shortening of RT.8 induces a compression of bond angle C2-CI-C7 (88.4° in 72 as

opposed to 94.0 ° in 41), resultingin increased rehybridizationat the centers of annelation.

Accordingly, fusion of one cyclobutadiene moiety causes redistributionof p-character

from sp1.88 in unsubstituted benzene to sp2._) [h(I-2)] and spI._ [h(l-6)] in 72. The

extent of rchybridizationis even greater in angularlyfused I$ (sp2.82and sp1.37at center

2) and reaches extreme values of sp3.01and sp1.23in trisannelatedI0. In contrast to the

cyclobuteno- and dimethylenecyclobuteno-fusedseries, the effect of ring strain is also

apparent in the hybrids of unsubstitutedcarbon centers. Thus, h(6--l) and h(6-5) in 72

(sp1.80and sp2.04, respectively) show an appreciabledeviation from the carbon hybridsin

benzene, the strain-inducedrehybridizafionbeing even more pronouncedin 15 [h(6-I) ffi

sp1-69,h(6-5) = sp2.17]. In linearlyfused 16, on the other hand, the symmetryequivalent

bondsCI-C6andC5-C6areequallystrained,leadingto hybrids(sp1.93)atcenter6that

arc onlymarginallydifferentfrom thoseof benzene.Note thatNBO analysisof

rehybridizationeffectsinannelatedbcnzenesisinfullaccordwith,andtherebyprovidesa

quantummechanicalbasisfor,earlierhybridizationmodels.99

Comparisonofthecalculatedgeometriesof72,15,and10withthoseof3,865,21a

and722aclearlyshowslesspronouncedbondalternationinthelatterseriesofmolecules

asone mightanticipateinlightofthedifferentextentstowhicho and_ effectsare

operational.Inthecyclobutadieno-fusedsystems,bondsbetweencarbons7 and8 (Table

4.1)aresignificantlyshorterthantheanalogousbondsin3,5,and7 (cf.1.426/_,1.413

_, andca.1.405_,respectively),resultinginreducedstrainimposedonthecentralring
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of the phenylenes. In addition, andaromatic interactionsare largely attenuatedby strong

delocaUzationin the terminalbenzene rings(vide infra). It is clear, on the other hand, that

dimethylenecyclobuteno-fused benzenes (69, 71, and 9) do not serve as good model

compounds for 3, 5, and 7, the former systems showing nearly unperturbedbenzene

nuclei.
s

Stanser has am'ibuted the remarkabledifferenceof bond alternationin 8 and 10 in

part to the increased "flexibility" of sp3 hybridizedsubstituent carbons of the former,

whichenables the system to effectively evade angularstraininherent in the four-membered

rings by formingbent bondsto the benzene nucleus.9"ifIndeed, such electron densityshff'_s

have been observed in XX deformation studies of benzocyclobutenes 41, 42, and 8

(section 1.3.1, Figure 1.12). Sumger's conclusion, although intuitively appealingbecause

of the more dhffuseelectronic distributionaroundsp3 carbonscannot be substantiated

the present quantum mechanical calculations. Inspection of bonding properties of

trisannelated benzenes reveals nearly identical degrees of bond bending, clearly

independentfromthe extent of bond alternation(Table 4.3). Forexample, the deviationof

Table 4.3 Deviations of the Electron Density Maxima between CI and C7 from the
InternuclearAxes.a

--i , i

8 9 10

NHOb 19.4 19.4 19.4

ECc 9.4 10.6 11.6

BCPd 2.5 2.7 3.1

(a) SCF/3-21G values in degrees. (b) Naturalhybridorbital h(1-7). (c) Electroniccentroid

fom_ from hybridsh(1-7) and h(7-1). (d) Bondcritical points, see ref 161:

h(1-7) from the internuclear axes is almost invariantalong the series 8 (19.4°), 9 (19.4°),

and I0 (21.5°). While differingin absolute magnitude, evaluation of the locations of

electronic centroids and bond critical points161likewise point at the irrelevanceof bond

bending to length variations in the benzene core. Furthermore,Stanger tacitly impliesthat
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all benzenes annelated by sp2 carbons should exhibit pronounced bond alternation, a

conclusion obviously at odds with the calculated geometry of 9. Instead, the above

analysissuggests that the C7-C8 distance in the four-memberedring is largelyresponsible

for rehybridizationat the centers of annelafionand thereby contribute importantlyto the

degree of bond alternationin the benzene nucleus,pameularlyin cyclobutadieno-fused 10.

In addition to these swain arguments, 10 has to acconun_ate x electronic effects that

should reinforce the cyclohexalrienoid structure in accord with the original MiUs-Nixon

postulate. Both of these contributions are std_icientlydiminished in 8, leading to nearly

" equal CC bond lengths in the six.membered ring. The importanceof x delocalizafionfor

the benzene geometry will be addressedbelow.

4.1.3 Natural Resonance Theory Analysis of Benzocydobutenes.

In order to evaluate resonance contributions to the wavefunctions of the various

benzocyclobutenes, the naturalresonance theory (NRT)33 formalismwas employed, which

is based on the N'BO method (cf. section 1.4). The discussion will be restricted to the two

dominantKekuldforms A and B in the annelatedbenzenes with C2v andD3h symmeuies

(Table 4.4). Compounds 68, 70, and 16 are of D2h symmetry, for which the two

resonancestructuresareidentical.

From the data presented, it is apparent that the x electronic distribution generally favors

structure A with bcnzenoid double bonds adjacent to the site of fusion, thus supporting the
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original prediction made by Mills and Nixon. This preference, however, is rather small in

41, 42, 8, and 69 with the ratio of the weights of resonance forms A and B barely

exceeding unity. Introducing antiaromatic, cyclobutadienoid substructures into the atomic

assembly, such as in 72, 15, and I0 suppresses the resonance contributions of B, the ratios

Table4.4 NRT AnalysisofAnnelatedBenzenes.a

41 42 8

COA 51.1 53.5 56.5

46.2 44.3 43.3

oM cob I. I 1.2 1.3

69 71 9

_A 47.3 44.4 43.2

o>B 42.4 35.1 29.0

¢0A/COB 1.1 1.3 1.5

72 15 10

¢.0A 59.5 71.3 64.5

COB 22.3 11.6 4.4

o_a/COB 2.7 6.1 14.7

(a) Values given are percentage weights _A and o B for the dominant resonance forms A

and B (see text). Dipolar structures account for the residual resonance weights.

ranging from 2.7 in the monoannelated case to a dramatic 14.7 in trisannelated 10.

Obviously, the relative resonance weights of the two Kekul_ forms reflect the degree of

bond alternation in these molecules, although it has been noted that the relationship

. between bond length and order can be misleading if strained ring systems are

involved. 101,105,162Further support for the predominance of A in cyclobutadieno-fused

benzenes is obtained by comparing the energies of linear and angular isomers of

bisannelated benzene.s (Scheme 4.1). Whereas angular 42 and 71 are destabilized with

respect to their corresponding linear analogs by 1.9 kcal tool"1 and 2.6 kcal tool-l,
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Scheme 4.1a

68 42

_ + 2.6 kcal / mol
70 71

16 15

aEnergiesarecalculatedfromdatagiveninTable4.1(Ia.u.=627.5kcalmol'l).

respectively,cyclobutadieno-fused15isstabilizedby 17.6kcaltool"Irelativetoitslinear

isomer.The lowerenergycontentof 15 clearlyarisesfrom itsabilityto avoid

cyclobutadienoidresonanceforms,theslightdestabilizationof42 and71 presumably

originates from increased strain caused by angular fusion. In light of these findings, it is

surprising that 74163,the only tricyclic benzodicyclobutadiene derivativeknown, is linearly

fused.

Ph
p

74 10a

It is noteworthy that NRT analysis of the cyclobutadieno-fused bcnzencs shows no

evidence for contributions by resonance forms with a radialenic arrangement of double
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bonds, as depicted in I0_, lending support to conclusions derived from X-ray data of

derivatives of 72.157 The ease with which metal fragments like CpCo and Fe(CO)3

coordinate in an 114fashion to the cyclobutadiene moiety of 72 and 16164 therefore seems

to derive fi'om a x electronic distribution in accord with resonance strttctu_s A rod/or B.

4.1.4 Delocalization and Hyperconjugation in Trisannelated Benzenes.

The above discussion geometries and hybfidizatiom developed the concept that the

¢_skeleton of the benzene frame responds to imposed swain in a bond alternating fashion.

In addition to such o effects, four-member_ ring fusion to the benzene nucleus also gives

rise to hyperconjugative (41, 6_, 42, and 8) and conjugative (69-72, 9, 10, 15, and 16)

interactions. The presence of hyperconjugafion between the benzenoid _ system and

methylene group orbitals165 (l::igu_ 4.2) of appropriate symmewy (r,,CH.x*CH) has been

established by photoelectron spec_opy.%g. 166

__,&

"¢1
'P)

Figure4.2 ConstructionofGroupOrbitalsofMethylene.16ya
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Similarly,indirncthylenecyclobutcno-andcyclobutadieno-fusedbcnzenes,resonanceform

B is susceptible to antiaromaric interactions within the four-membered ring, thereby

favoring the double bond arrangement of A. It thus appears that hyperconjugation,

delocalization, and o effects do have an important influence on the geometry of the

benzene nucleus, but quantification of each of these contributions remains speculative. The

NBO method lends itself to an assessment of such conjugative effects by geometry

reoptimization with suppression of selected interactions (cf. section 1.4). Because

pcrnu-bation of the benzene nucleus by external groups ks of main concern, all _ type

interactions between those and the bcnzenoid substructures were deleted, while

maintaining "aromatic" _ delocalization in the latter. For reasons of computational

economy and because bond alternation is most pronounced in trisannelated benzcnes,

attention will be focused on 8, 9, and I0 (Table 4.5).

Table 4.$ Bond LengthsofTrisannelatedBenzenesRe.optimizedwithSelectedNBO

Deletions.a

8 9 10

NBO deletion b _--'Id-_*; _-_*CI-I x- x* _- _*

R(I-2) 1.381 (-0.027) 1.377 (-0.047) 1.448 (-0.076)

R(I-6) 1.380 (+0.019) 1.385 (+0.026) 1.329 (+0.020)

R(1-7) 1.590 (+0.052) 1.570 (+0.072) 1.627 (+0.124)

R(7-8) 1.595 (-0.003) 1.514 (-0.017) 1.319 (-0.022)

R(7-9) 1.309 (_+0)

R(7-H) 1.077 (-0.004) 1.066 (_+0)

AR 0.001 (-0.046) 0.007 (-0.058) 0.119 (-0.096)

(a) SCF/3-21G values in _ngstroms. Bond length changes with respect to the fully

optimizedstructuresofTable4.1arelistedhaparentheses.For numberingscheme,see

Figure4.I.(b)Fordetailsregardingthetypeofdeletion,seetext.

Geometry reoptimization with deletion of pertinent 7t type interactions between the

cyclobutene and the benzene moieties generally results in significandy reduced bond
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alternation in the six-member_ ring. In the absence of r,.CU-g*CCand _CC-:t*C8

interactions between the methylene groups and the benzene frame, 8 reoptimizes to a

structure with essentially equal benzenoid carbon bond lengths, indicating that bond

alternation in delocalized 8 is caused by hyperconjugation rather than angular strain.

Likewise, when 9 is reoptimized with deletion of _ delocalization between the exoeyclic

double bonds (i.e., C7-C9) and those of the benzene frame, AR diminishes to from 0.065

A in the fully delocalized system to only 0.007 A, demonstrating that 7t-_* interaction is

responsible for bond alternation in 9. The residual AR (after reoptimization) is only

marginallylarger than that of 8, suggesting that the increase of ring strain, going from the

cyclobuteno-fused benzenes to the dimethylenecyclobuteno-annelated series, is minimal.

The importance of antiaromatic interactions in cyclobutadieno=fused 10 becomes

apparent when _ conjugation between the ethylenic double bonds and the central ring is

deleted. In this case, reopdmization leads to a AR of 0.119 A that is greatly diminished

from that of the fully delocalized system (AR --=0.215,3,).Therefore, the _ delocalizationof

10 (or its propensity to minimize antiaromaticity) contributes roughly half (56%) of the

calculated bond alternation, the remainder being attributable to strain (rehybridization)

effects.

In conclusion, NBO analysis of annelated benzenes reveals that perturbations of

the a frame (i.e., strain effects) are less severe than usually anticipated. The main sources

- ofbcnzenoidbondalternationappeartobehypcrconjugationandg delocalizationwithin

thefusedringsystems,althoughstraininducedchangesinthehybridizationareimportant

indeterminingthegeometryofhighlystrained10.

4.2. Chromium Tricarbonyl Complexation to Trisannelated Benzenes.

Extended Hiickel calculations by Hoffmann et al.23a suggest increasing rotational

barriers of the chromium tricarbonyl tripod complexed in an 1"16fashion to arenes with

decreasingdegreesof_ delocalization.Thisexpectationwas experimentallyfialfiiledby
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dynamic NMR studies of Cr(CO) 3 coordination to the central six-membered rings of

angular [3]phenylene ($)24 and derivatives of triangular [4]phenylene (7)25. 88 (cf. section

1.2.4). However, the measured barriers to rotation around the metal arene axes (8.2 kcal

tool"I for coordinated 5, 11.5 kcal tool "1 for 2,3-bis(butoxycarbonyl)-substimted,

coordinated 7) are far lower than Hoffmann predicted for Cr(CO) 3 attached to localized

benzene (19.4 kcal tool"1).23a

Explanations for the incongruity between theory and experiment either point at

substantialresidual_ delocalizationinthephenylenes[afeaturesupportedby ab initio

investigationsofdistortedbenzenes(chapter2)andbenzocyclobutenes(videsupra)]orat

the inadequacyof thereferencesystemindescribingtheobserveddynamicbehavior.

Clearly,usingbenzencchromiumtricarbonyl(34)as a model compound forCr(CO)3-

coordinatedphenylenesleavesunaddressedthegeometricdistortionsofthebenzenecore

arisingfromfour-mcmbcredringfusion.

To rectify this situation, calculations were performed at the ab initio level on

complexes 34, and 75-77. A compromise between computational economy and

accommodation of the complex bonding pattern of transition metal coordination

compoundswas achieved by using MIDI basis sets167 on C, H, and O, and a chromium

34 75 76 77

basis set [equal to [lls7p4d]/(5s3p2d)] developed by Williamson and Hal/. 1_ All

geometries are fully optimized within C3v symmetry constraints at the SCF level. Limited

computational resources for these formidable calculations prohibited examinations of

harmonic vibrational frequencies. Two conformations, referred to as "endo" and "exo",
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are considered for each of the systems 75-77 (Figure 4.3). The one in which the carbonyls

reside directly above the four-membered rings is labeled "endo", whereas the

conformation with COs bisecting the non-annelatexi benzenoid bonds is denoted "exo".

/

_._ staggered _ eclipsed

Figure 4.3 Conformations in Chromium Arene Complexes.

The terms "staggered" and "eclipsed" refer to the relative orientation of the C._CO) 3

tripod and the formal double bonds in the benzene substructure as depicted in Figure 4.3.

Energetic differences between the endo/exo conformations correspond to rotational

barriers around the metal arene axis. In addition, their sensitivity to the degree of

delocalization can bc assessed by NBO analysis of the computed wavefunctions.

4.2.1 Geometries of Chromium Arene Complexes.

In light of the large number of electrons, the multitude of electronic states, and the

various n'gxies of bonding available to late transition metals, computational treatment of

systems involving chromium is notoriously difficult. 169Due to the size of the calculations

• at ab initio levels, they have to be confined to moderately extended basis sets 168 that less

accurately reproduce the geometries usually encountered in, for example, SCF/6-31G*

optimizations of hydrocarbons. 48 However, structures of the chromium complexes agree

reasonably well with available data 170 as can be seen from the corresponding values listed

in Table 4.6.



86

Table 4.6 Energies and Selected Geometrical Parameters of Arenechrvmium Tdcarbonyl

_Complexes.a
34 75 76 77

endo exo endo exo endo exo

cncl'gy .1607.4011 -1836.5829 -1836.5800 -2062.3112 -2062.3112 -1832.9382 -1832.9174

R(1-2) 1.409 1.428 1.408 1.447 1.426 1.512 1.522

R(1-6) 1.389 1.368 1.368 1.364 1.383 1.326 1.318

R(1-7) 1.532 1.532 1.497 1.498 1.506 1.503

R(7-8) 1.600 1.600 1.519 1.521 1.344 1.346

R(7-9) 1.313 1.313

R(Cr-Bz)b 1.824 1.860 1.828 1.867 1.817 1.988 2.374

R (c,-co) 1.871 1.850 1.856 1.871 1.879 1.859 1.842

R(C-O) 1.148 1.152 1.151 1.148 1.147 1.150 1.153

(a) SCT values using MIDI on C, H, O, and a Wllliamson/HaU168 basis set on Cr. Energies

in a.u., bond lengths in Angstroms. For numbering scheme, see Figure 4.1. (b) Distance of

chromium to the center of the benzenoid six-membered ring.

The controversy over whether or not attachment of Cr(CO) 3 to benzene reduces

the local symmetry of the latter from D6h to D3h 171,172has been brought to an end by the

low temperature X-ray study of 34,173 revealing regular bond alternation between 1.402 ,_

and 1.418 ,_,. This experimental finding is well reproduced by the present ab initio

calculations that predict two distinct CC bond lengths of 1.389 ,_ and 1.409 ,_,. Applying

bond length-bond order relationships 9c to this (preferred) conformation allows its

denomination as staggered. 174Larger deviations from the crystal structure of 34 are found

in the ligand-metal distances, particularly in that between chromium and the center of the .)

benzene ring (RCr.Bz), whose value is overestimated by 0.1 ,/_ in the calculations. The

computed bond lengths involving the carbonyl groups are, with RCr.CO = 1.871 ,_, and

RC.O = 1.148 _, in better agreement with data observed in the solid state (Rcr.CO = 1.842

,/_; RC.O = 1.157 ,_,). Geometry optimizations of chromium attached to trisannelated

benzenes (75-77) generally find endo orientations between tripod and arene to be the most
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stable conformations, completelyin Linewith results from structuredeccrminacioasof 3557

and 36175 (Figure4.4). NRT analysisof the uncompiexexthydrocarbons(section 4.1.3)

Figure4.4 X-RayS_s ofBiphenylenech_miumTricarbonyl(35)87andAngular

[3]PhenylenechromiumTricarbonyl(36).175

predictsdominant7telecu'onicarrangementsofbenzenoiddoublebondsexocyclicwith

respectto the annelatedfour-memberedrings.By analogy,mol_'ularorbital

considerationsof3587rationali_theprexlictedendo-staggeredconformation,revealing

thatthestrongestbindinginteractionsoccurbetweenregionsofhighelectrondensityof

thebiphenyleneligand(I_a,2xa,2r,,s)and empty2c orbitalson Cr(CO)3 thatarc

staggeredrelativetothethreecarbonyls.

Comparisonofchromium-arenedistancesin75-77withavailableexperimental

data170againshowstheformervaluestobelargelyoverestimatedbythepresentabinitio

calculations.WhereasX-rayderivedvaluesrareiyexceed1.76,_,thosecomputedfor75-

77 rangefrom 1.817_ (exo76) to 2.374,/k(exo77).Interestingly,intheexo

conformationsof75and76thech.nmmumnucleiHeclosertothehydrocarbonthaninthe

cndoorientations,despitethelowerenerg_ofthelatter.Sinceshortbondsarccommonly
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associated with strong binding interactions, the calculated equilibrium geometries of 75

and 76 suggest contributionsfrom interferingfactors, e.g. steric or electrostaticrepulsions

emanating from the four-memberedrings. In case of cyclobutadieno-fused77, the metal

center is extremely remote from the benzene core (RCr.Bzof 1.988 _ and 2.374 ,_, for

endo and exo conformers), implyingonly weak bonding between chromiumand the more

localized hydrocarbon. Apparently, the distance is large enough to override repulsive

interactions, leadir,g to a largerRCr.Bzvalue than expecte_ for the less stable exo form.

Inspection of Tables 4.6 and 4.7 reveals that the arenes generally experience

elongation of benzenoid CC bondlengths upon cornplexationwith Cr(CO)3, a u'endalso

observed for 3587 and 361"/5with respect to 386 and $,21a indicative of the depletion of

electron density from the coordinated hydrocarbon. Geometric changes are more

pronouncedin the transformationsof the uncomplexed benzenoidsto the endo confo,-mer,

reflecting stronger interactions between metal center and organic ligand. Comparisonof

the geometries of uncomplexed arene and endo orientations of 75 and 76 shows that

lengths of the long bonds (R 1-2)are increasedby larger amounts (0.028 ,_ ) than those of

the shortones (e.g., 0.005 _ in 7_;).

Table4.7.CC BondI._ngthsofUncomplexedA_,neLigands.a

34 75 76 77

R(1-2) 1.384 (+0.025) 1.400 (+0.028) 1.419(+0.028) 1.518 (-0.006)

R(1-6) 1.384 (+0.005) 1.363 (+0.005) 1.361 (+0.003) 1.311 (+0.015)

R(1-7) 1.533 (-0.001) 1.495 (+0.002) 1.500 (+0.006)

R(7-8) 1.602 (-0.002) 1.523 (-0.004) 1.348 (-0.004)

R(7-9) 1.3!4(+0.001)

(a)SCF/MIDIvaluesin]_ngstroms.Fornumberingscheme,seeFigure4.1.Changesupon

Cr(CO)3 coordinationwithrespecttothemore stableendoconformersaregivenin

parentheses.
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The peculiarelectronic propertiesof 77 are highlightedby the reversalof the trend

delineated above for 75 and 76. Thus, R I. 2 of the uncoordinated hydrocarbonsuffers

contractionby 0.006 ,_, while bonddistanceR 1.6is increa._ by 0.015 ,_. As borneout by

• ab initio investigations of tricyclobutadienobenzene(I0) in section 4.1, the molecule's

features differ considerably from those of related benzocyclobutenes (e.g., 8 and 9),

foreshadowing the dissimilarities of the computed geometries of 75,76, and 77.

4.2.2 Barriers to Rotation Around the Metal Arene Axis.

Rotational barriers AE in compounds 75-77 are defined as energy differences

between their respective exo and the morestableendo conformations (eq 4.2).

AE = E,,o- E,,,_, (4.2)

To judge thesensitivityof thismeasureto delocalizadonin the _ ligand,the barrierswere

reevaluatedwith all or someorbital interactionsdeletedfromthe SCFwavefuncdons(cf.

sccdon1.4).

Two typesof delocalizations,referredto asinternal(i) andexternal(e), contribute

importandy in trisannelated benzenes. The former concerns n-_* interactions within the

six-membered rings, while the latter focuses on departuresfrom covaJencybetween the

benzenoid_ system and orbitaIsof appropriatesyraz_try in the annelatedrings.Thereare
1

two ways to delete internaldelocalizadon (i and i'), each corresponding to one of the

Kekul_ forms A and B (section 4.1.3), leading to staggered or eclipsed orientations

between double bonds and carbonyls. Energy differences between localized _d

delocalized wavefuncdons resulting from the former type of N'BO deletions are labeled

AEd'_ (i), while those of the latterare designatedAE_'_(i ') (Table 4.8). The analysisof

rotationalbarriersin34,and75-77is summarized,inTable4.9,whosevaluesarerelated

tothedelocalizationenergiesthrougheq4.3,whereAE istherotationbarrierforthefully
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delocalized molecule and d_E(x) that for the (x)-Iocalized systems, with (x) corresponding

to the type of NBO deletion.

(x)-= t_E:_ (x) + AE (4.3)

Inspection of Table 4.8. shows that the energeticchangesupon localizing the

wavefunctions of 34, and 75-77 are in fuji agreement with results from NRT analysis of

the uncoordinated hydrocarbons (section 4.1.3). Generally, AE_'_(i ') is larger than

AE '_(i), suggesting that localization of benzenoid g orbitals along CC bonds exocyclic

with respect to the fused four-membered rings is energetically more favorable than in the

opposite direction. The differences are larger in the endo conformations of 75 and 76

where (i) deletions create a staggered orientation of double bonds and carbonyls with

stronger bonding interactions. Accordingly, energetic changes between (i) and (i')

localizations are somewhat attenuated along the exo series, because orbital overlap

between metal ard arene is greater with ethylenic g systems along the site of fusion. Quite

remarkable are the enormous energetic changes of 77 with respect to localization pattern

(i'), reflecting the destabilizing, antiaromaric effect of cyclobutadienoid interactions. NBO

deletions according to (i) result in far lower delocalization energies, regardless of Cr(CO) 3

orientation.

The fact that interactions between the benzenoid g system and the four-membered rings

are sizable is demonstrated by the large AE_(e) values, ranging from 62.9 kcal tool"t in

endo-7$ to 103.9 kcal mol"I in exo-77. Not surprisingly, their magnitude suggests that

hyperconjugation (in 75) is less stabilizing than )t-_* delocalization (as in 76, 77). Since

"aromatic" conjugation within the benzene frame remains unaffected, AE_'_(e) is

essentially independent from conformations of the chromium tripod. Stere(x:hemical

aspects become more important when combinations of external and internal deletions (el

and ei') are applied. In analogy to (i, i') localizations, it is found that the value of
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Agd'_(ei) is smallerin the endo than in the exo forms, whereasthat of AE"_(ei ')

suggestsgreaterstabilizationof the exoconformersof 75and76.

Table 4.8,Del_,_zadon Encr_eS,,0f ChromiumAten¢Complexes.a .....................
34 75 76 77

endo exo endo exo endo exo
, ,,,,,,,,.m._,,,_ - l ,,,,J H, ,.,r, ...... ...... ,, ,, f ,,: , ,,,

AEOn(i) 102.8 95.5 121.7 81.6 103.7 35.4 35.9

AE_(i ') 135.9 153.6 119.1 153.5 118.0 215.1 257.5

AEon(e) 62.9 63.9 102.9 103.1 93.2 103.9

AE"_(ei) 158.46 186.7 190.6 216.8 155.2 172.0

AEd'_ (el') 227.6 191.8 277.5 237.0 331.7 343.0

(a)SCF valuesinkcaltool"IusingMIDI onC,H,O andaWiiliamson/Hall168basisseton

Cr. Delocalization energies AEd'_ are calculated as E(x) - E for the respective

conformations(x referingto the type of NBO deletion,see text).

Although by definition cyclobutadienoid interactions are not operational in 77, its exo

orientationstillhas a dclocalization energy AE_'_ (el') morethan10 kcal mol"1 largerthan

the alternative rotamer, indicative of unfavorable _ orbitalarrangement along the long

(R 1-2 = 1.522 ,/_)annelated bonds.

The stereochemicalpreferencesoutlined above are borne out in the corresponding

rotationalbarriersof34,and75-77Listedin Table 4.9.Despiteoverestimatingchromium-

arene distances, the present ab initio calculations predict a negligiblysmallAE value of 0.3

kcal tool"l for 34, completely in line with extended H_ickel and, more importantly,

experimental results,85 thereby lending support for the outcome of the ene,'gy evaluations.

Similarto 34, the rotation_ barriersof 75 and 76 are estimated to be below the threshold

of detectability by dynamic NMR spectroscopy, 176a finding that compares well with the

corresponding value of 3.5 kcal reel"l computed for benzocyclobutene (41).87 Only the

dynamic processes of 77 appear to be amenable to experimental scrutiny with a predicted

AE of 13.0 kcal tool-t. This result meets expectations derived from comparison with
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coordinatedphenylenes24,25,88 whichconveysthat77 shouldhavea sLightlylarger

rotationalbarrierbecauseofenhanced0 strainand_ delocalizadoneffects(cf.section

4.1.2).
Q

Table4,9RotadonalBarriersinCI___omiumA_.neComplexes.a _

34b 75 76 77............................................ - .............. ,i,, ,,, - .± _:_ J , , ,,,,,, ,,, ,, , ,, -- _

AE 0.3 1.6 O.0 13.0

AE(i) 33.1 27.8 22.1 13.6

AE(i') -32.9 -35.5 55.5

AE(e) 2.6 0.2 23.7

AE(ei) 29.8 26.3 29.8

.....AE(ei')..............................-34.5 ....-.40.5.................24.3....

(a) SCF values in kcal tool"1using MIDI on C, H, O, and a Wdliamson/Hal1168basis set

on C.r.Rotational barriersAE are calculated as Eexo - Eeado (except for M). For details

regarding the type of localization (e, i, or i'), see text. (b) AE calculated as the energy

difference between the staggered conformation and that in which the COs eclipse the
benzene carbons.174AE(i)= E(i')- E(i).

Deletion of aromatic interactions in the benzene units leads to greatly increased

rotational barriers. In case of 34, AE(_) amounts to 33.1 kcal mol"t, clearly larger than

Hoffmann's value23aof 19.4 kcal tool"1. Along the series 75-77, AE (i) declines from27.8

kcal tool"1 in 75 to 13.6 kcal tool"1 in 77, the latter value seemingly unaffected by the

localization procedure. Imposing a benzenoid double bond arrangement in the opposite

sense leads to "antibarriers"in 75 [AE(i') = -32.9 kcal tool"1]and 76 [AE(i') = -35.5 kcal

rnol'l|, reflecting the greater _mbilitiesof their respective exo conformers. Antiarcmatic

substructuresin the correspondingKekul_forms of 77 result in a hugeAE(i') of 55.5 kcal

rr_l'l because of the molecule's pronounced endo preference.

Marginal increasesof the AE(e) values for 75 and 76 (and a relatively moderate

one in case of 77) witi_:_spect to AE suggest that suppression of delocalizadon between

cyclobutene and benzenoid parts of the molecules leaves the rotational barriersessentially
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unaffected. When the systems are localized externally as well as internally,differences

between the _ ligands vanish almost entirely, leading to AE(ei) values between 26.3 kcal

tool"1(76) and 29.8 kcal tool"1(75, 77). These data deviate only slightly from AE(i) of 34

(33.1 kcal tool"l), suggesting thatstructuraldeformationsof the benzenenucleusplayonly

a minorrole in the dynamicbehaviorof the Cr(CO)3 tripod. Comparingthe numbersof
9

AE(ei) with the experimentallydetermined ones for the triangular[4]phenylenederivatives
i

(e.g., 11.5 kcal mol"lfor 37) clearlyestablishes the presence of extensive delocalization in

the latter, despite the_ topologically cyclohexatrienoid benzene frames. Again, imposing

alternative double bond arrangements in the arenes (ei') leads to "antibarriers"in 75 (A

E(ei') - -34.5 kcal tool"1)and 76 (AE(ei') - -40.5 kcal mol'l), and to a (positive)

rotationalbarrierin 77 (AE(ei') - 24.3 kcal tool-l).

Ab initio evaluationsof the energies associated with the dynamicpropertiesof 34

and 75-77 nicely reproducetheexperimentalobservationsmade on the phenylenesystems.

Rotational barriersin the latter appear to be dominated by sizable delocalizationeffects

ratherthan by geornc_c deformationswithin their respective benzene nuclei.
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Chapter Five

Non.Planar Polycyclic Aromatic Hydrocarbons

$.1 Introduction.

The excitement generated by the investigation of the now readily available

buck:minsterfullerene (11) 28.177 has sparked interest in the construction of non.planar,

polycyclic, aromatic hydrocarbons that constitute cross-sections of soccerball C_ These

bowl-shaped molecules could serve as a reference wigh which to model some of the

fullerene's physical ,and chemical properties, such as aromatic behavior, strain effects, and

endohedral178 ccm_plexation.

11 12 13

Deviation from planarity in spherical carbon clusters is achieved by the

introduction of pentagons into the atomic assembly. Fusion of each five-membered ring to

only _n_ne nuclei rather than to a second cyclopentadienyl provides for

themgdynamic stabih'ty in the fuUerenes. The structural prototype for this connectivity

pattern is corannulene (12), 29,30 whose cup-shaped topology was co_ X-ray

crystallographically. 31 Another example of cyclopentadienyl-induced d_arture f_:gn

planarity can be envisaged in the molecular framework of triindeno-[4,3,3a,2,1-

cde_4',3',3a',2',l'-ijkl:4"',3"',3a",2",l"-opqr]triphenylene (13), wh¢_3e bowl-shape

should be enforced by virtue of the three five-membered rings. McKee and Herndonl_9
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proposed the carbon skeleton of 13 as a suitableprecursorfor a rationalsynthesisof C_

since dimerizationof appropriatelyorientedmoleculesof 13 (molecularformulaC30H12)

would result in a compound with the correct numberand arrangementof carbonatoms.

- Because of the anticipated unusual structural (and hence electronic) features and its

prmnise as a building block for the fuUerenes,the properties of 13 were investigated by
D

of semiempiricalMO calculations, and synthetic entries to its carbon framework

were sought. The results of bothof these effortsare describedin the following sections.

$.2 Semiempirieal Calculations.

Geometry optimizationof 13 (Cysymmetry constraint imposed) using the MNIX)

parameterset14t clearly predicts the cup-shaped topology to be a n_inann on the C30H12

potential energy surface (Figure 5.1), with deviation from planarity of 39°. This clearly

surmounts the degree of non-planarity in corannulene (26.80)31 and is close to the value

found for C60 (310)67a.The planarC3hstructureof 13 is estimated to be 77.3 kcal tool"1

Figure 5.1 MNDO OptimizedGeometryof 13.

higher in energy than the equilibrium C3 geometry (Table 5.1), thereby essentially

excluding bowl-inversion along this pathway. In fact, frequency analysis of the C3h

conforn_on disclosed three negative eigenvalues, characteristic for a saddle point of

higherorder. Interestingly, the correspondingprocess for corannulenewas e_ntaily
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det_ed 180to have an activation energy of only 10.2 kcal tool-I and is believed to

proceed through a planar transition state.29b This t'mding, well reproduced

computafionally at various levels of theory,29b,181suggests that it is the larger degree of

pyramid_liT_tion182of central ring carbons in 13 that enforces its superior rigidity relative

to 12.

Table $.1 Energies and Selected Bond Lengthsof Hydrocarbons13 and 78.a

$

13 _ 78b

;
9

AH_ 252-5c 344"0d

R(1-2) 1.385 [-0.027/0.001] 1.411 [-0.043/-0.015]

R(1-6) 1.430 [-0.027/-0.004] 1.432 [-0.043/-0.027]

R(1-12) 1.452 [-0.027/0.001] 1.478 [-0.043/-0.015]

R(2-3) 1.470 [0.001/-0.003] 1.470 [-0.015/-0.021 ]

R(3-4) 1.395 [-0.003/0.021] 1.400 [-0.021/0.060]

R(4-5) 1.467 [0.021/-0.040] 1.462 [0.060/-0.027]

R(5-6) 1.414 [-0.040/-0.004] 1.417 [-0.027/-0.027]

R(5-7) 1.442 [-0.040/-0.022] 1.443 [-0.027/-0.010]

R(6.10) 1.466 [-0.004/-0.024] 1.464 [-0.027/-0.044]

R(7-8) 1.392 [-0.022/-0.078] 1.392 [-0.010/-0.052]

R(8-9) 1.442 [-0.078/-0.009] 1.443 [-0.0052/0.029]

R(9-10) 1.383 [-0.009/-0.024] 1.385 [0.029/-0.044] -

R(10-11) 1.505[-0.024/-0.003] 1.502[-0.044/-0.021]

.............. 1.827/[0.507]

(a)MNIX) values(C3-symmetryconstraintimposed.Heatsofformationinkcaltool"I,

, bondlengthsR(A-B)in._mgstroras,atomiccharges[A/B]inelectron-units.Cf.CC bond

lengthinD6h-benzene(MNDO): 1.407._[-0.059e].Forreasonsofclarity,thenumbering

schemedeviatesfromIUPAC recomn_ndations.(b)ConvexcoordinationofLi+ to13.(c)

_d-/}ofC3hconformation:329.8kcaltool-I.(_ _r./_ofconcaveisomer:.389.3kcal

mol-I. (e) Distance between Li and midpoint of the centralbenzene ring. (f) Corresponding
value of concave isomer: 2.048 _.
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Inspection of CC bond lengths of 13 (Table 5.1) reveals that its strained carbon

framework can be expected to exhibit bond alternation in the central benzenoid ring, with

bonds calculated to be elongated along the side of five-membered ring fusion and

" contractedadjacenttoit.Thus,RI.2 (1.385_) iscomputedtobe0.0671_shorterthan

RI.12(1.452]_),whichcomparestoa MNDO valueforunperturbedbenzeneof1.407]_,

in_te betweentheformertwo. Shnilarpatternshavebeen observedin(orare

predictedfor)othersmall-ringannelatedbenzenes(cf.sections1.3.1and4.1.2),and are

alsopresentinthepolybenzenoidhydrocarbonstriphenylene183(bondlengthsof 1.411]_

and 1.470 ]_ in the centralbenzenering),C6067b(1.388]_ and 1.432 1_),and

corannulene31(CC distancealongsix-sixjuncture:1.391_;alongsix-fivejuncture:1.413

A).Thus,theextenttowhichbond alternationispredictedtooccurin13 significantly

exceedsthevaluesobservedinrelatedcompounds,andalthoughMNDO calculationstend

to slightly overestimate aromatic internuclear dis_'lces, they are a potential source for

novel, strain-driven chemistry (cf. chapter 3 and ref 67).

The longest bonding internuclear distance is that between carbon centers 10 and 11

(and symmetry-equivalent positions), whose computed value of 1.505 ]_ implies mainly

single bond character and hence only marginal transmission of ycelectron density along this

path. Whereas the relatively long value for R2. 3 (1.470 ]k) renders neutral Kek-ul(_

structures with a radialenic double bond arrangement as in B (Figure 5.2) unlikely,
qt

I ) I I I" >" I I

4- 4.
4-

4.

A B C D

Figure5.2 SelectedResonanceStructuresof13.
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examinalion of the atomic charge distributionof the carbon skeleton of 13 (Table 5.1)

indicates thatmulfipolarresonance forms like C and D mightcontributeimportantlyto its

overall electronic description.For example, the large negativechargeon C8 (-0.078 e) in

conjunction with positive carbon center 4 (0.021 e) clearly point at a _ electronic

distributionin accord with resonance structure C. Alternatively,tripolarforms like D are

less likely because of charge concentration in the central benzene ring, a conclusion

supportedby the value of R2.3 (vide supra) and anahnost electroneutralcarboncenter2.

The hemisphericalgeometry of 13 offers two topologic_y differentcoordination

sites and thereby provides the opportunity to mimic exo-67 and endohedra1184metal

complexes of C60. Of the possible _-unique locations for ligandattachn_nt, only

those along the molecule's C3 axis were examined c,ompulalionallyby coordinating Li+ to

13 (Table 5.1). Sta'g_ingly, it was found thatcomplexationfrom the outside of the bowl

as in 78 (Figu_ 5.3) is favored by 44.7 kcal mol-I over the tltemalive concave

arrangement,

®

Figure 5.3 Convex Isomerof 78.

in which the metal resides insidethe hemisphere.Since the interactionbetween l.i+ and 13

is purely electrostatic, this result implies that the electron density is greateron the outside
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of the bowl than on the inside. Preferentialconvex coordination can thus be explained by

pyramidalization (or rehybridization)of central ring carbons in a fashion that increases the

spatial extensions of the p-type atomic orbitals on the outside of the bowl. This

" phenomenon has its aliphafic analogon in alkenes of facial differenciality such as

norbornene, where exo attack by electrophiles is favored over endo addition.185 Along

these lines, weak bondingbetween IA+ and 13 in the concave configm'ationis revealed by

the long distance between the metaland the midpoint of the centralbenzenering (RLi.Bz:

2.048 A). In the more stableconvex coordinationof 78 Li+ is located only 1.827 A away

" from the arene, indicative of stronger binding interactions. Under the imposed symmetry

constraints, the geometric changes upon metal complexationare largestfor carbon centers

1,2, and 12, where depletionof electrondensity causes an increasein their respective bond

lengths. Concurrently, the atoms accumulate more negative charge relative to 13 to

counterbalance the cationic characterof the metal, which retainsthe equivalent of half an

electron in the complex. Su'ucturaleffects at locations moreremote from the coordination

site areonlyminor.

Interestingly, a similarpreferredLithiumcomplexation patternhas been observed in

teu-alithiatedcorannulene,186in which case calculatiom support spectroscopic evidence

for four Li cations attached to the convex side of the bowl. Thus, synthesis of a metal

fragment coordinated to cup-shaped hydrocarbons in a concave fashion appears to be a

• formidabletask.

5.3 Synthetic Approaches to Triindenotriphenylene.

It is evident fromthe discussion above that 13 holds greatpromisefor a fascinating

chemistry,and henceitssyntheticaccessibilitywas explored.Retrosyntheticanalysis

_y points at tzibenzo[c,i,o]triphenylene(79)187 as a suitable starting point, since

threefold oxidative CC bond formation155along its peripherywould directly provide 13.

Alternatively,thetargetmoleculecan be envisagedtobe derivedfrom1,3,5-ms(2'-
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ethynylphenyl)benzene(80), where triple [4+2] cycloadditionbetween alkyncmoieties and

biphenyl substructures should generate the required carbon connectivities of the

framework of 13. Results obtained from pursuing both pathways are presented below.

79 80

5.3.1 Tribenzo[¢,i,o]triphenylene Route to Triindenotriphenylene.

Synthesis of wibenzo[c,/,o]triphenylene,as outlined in Scheme 5.1, followed a

modification of the original procedure by Laa_oven and van Broekhoven.189 Thus,

methyl ester 81 was generated in moderateyield by Perkin-condensation190of l-naphthyl-

acetic acid with 2-naphthaldehyde followed by esterification with methanol. Photo-

cyclization of 81 furnished benzochrysene-derivafive 82, which was subsequently

transformed to aldehyde 83 via a LiA]H4-reduction, Swern-oxidation191 sequence.

Attempts to reduce 82 directly to 83 with diisobutylaluminum hydride192 at low

temperatures were unsuccessful, resulting in a mixture of the corresponding benzylic

alcohol and starting material. Employing Wit'fig methodology,193 83 was convened to

stilbene 84 which then was photocyclized accordingto Katz et al.194 to furnish79 in 40%.

This relatively low yield in the last step is caused by competing photoreactions of 84 to

form a side product, which l.aarhoventS"/assumed to be 12-phenylnaphtho[2,1-b]pyrene

(85). This impurity was present to variable amounts (typically between 20% and 50%of

the convened material) and had to be separated from 79 by multiple column
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chromatography and HPLC. The identity of 79 was established by comparison of its

spectral data with those rcporte,d.157 Most notable are the characteristic chemical shifts of

Scheme $.1 a

CHO a,b i,47 %
81

M• O 2 "-¢x"_

c ]_ _ d,c

_- I),

90% 75%

•82 83

!

f g ).

8a% _ 40% ,

84 79

a (a) Acetic anhydride, Et3N; 150° C; 12h. (b) MeOH, toluene, H2SO4, cat.; A; 24h. (c) h

v (300 nm), C6H12, 12, cat.; r.t.; 70h. (d) LiA1H4, THF; 0° C; 60 rain. (e) (COC1)2,

MeqSO, CH2C12; -78 ° C; 30 rain. (O [PhCH2PPh3]+B r', BuLi, THF; A; 60 rain. (g) hv

(350 nm), C6I-I6, propylen¢ oxide, I2; 10° C; 10h.
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hydrogens connected to C4 and C5 (and symmetry-equivalent positions), which are

projected toward the bay regions of the molecule and hence exhibit low field absorptions

of 8 8.96 ppm and 5 8.93 ppm that are split into sets of doublets (or pseudo-doublets).

Wtth tribenzo[c,i,o]triphenylene at hand, its reactivity under various

cyclodehydrogenation conditions was investigated (Table 5.2). Initial attempts aimed at

introducing three five-membered rings into the carbon framework of 79 were encouraged

by findings of Studt and W'm,188e who transformed benzo[c]phenanthrene (86) to

bertzo[,g,h,Ofluoranthene (87) by simply pyrolysing the former in the presence of a

. platinum_atalyst on carbon support (Scheme 5.2).

Scheme $.2

86 87

It was hoped that analogous treatment of 79 would generate desired hydrocarbon 13,

possibly in a stepwise process as delineated in Scheme 5.3. However, exposm'e of 79 to

Scheme ._.3

:1

IS, '_ 7

13 12 9

79 88 89 13
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reaction conditions employed by Studt and Win resultezi only in the isolation of doub}y

dehydrogenated product 88 in 25% yield, while some evidence for tetradehydrogenated 89

indicate its presence in only trace amounts. None of hexadehydrogenated 13 was

detectable in the reaction mixture. Similar product distributions were obtained in attempts

to convert 79 to 13 by means of Lewis acid mediated, inwamolccular SchoU-coupling

" reactions 188a involving AICl3 and CuCI2 in refluxing CS2. In the absenc,¢ of oxidizing

copper salts, no conversion of 79 to wactable cyclodehydrogenafion products was

observed. Likewise, flash vacuum pyrolysis of 79 (up to 800 °C) led to essentially

quantitative recovery of starting material, thereby demonstrating Rs thermal stability.

,Table S.2 Results of Cyclodehydrogenation ExPeriments of 79. a ..... _

79b 88 89 13

_onC

400 ° C; 60 rain 13% 25% trace -

sealed tube

FVPC

800* C; 95% - - -

0.05 ton"

AICI3/NaC1

eutectic mix 72% - - -

110° C; 2h

AIClyCuCl2

• ,, CS2;..A;10h .... 35% , ,, 28% ,,,, trace -

(a) Percentages are isolated yields. (b) Recovered starting material. (c) Flash vacuum

pyrolysis.

Symmetry reduction from C3 (79) to C1 (88, 89) in the course of the

cyclodehydrogenation, together with only minute amounts of the material obtained,
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prevented rigorous structu_ characterization of the latter two compounds. The

assumption of a single five-membered ring in 88 is backed by its IH NMR spectrum, most

notablybyaprominentsingletat8 8.49ppm thatcanbeattributedtoanisolatedhydrogen

adjacent to the newly formed ring juncture. IH NMR data for 89 revealed only two

complex multiplets of equal integration centereO around 7.72 and 7.55 ppm. Further

spectroscopic support for the strucumtl assignments of 89 and 89 was assembled as

follows: (i) High resolution mass spectroscopy established C30H16 (88) and C30H14 (89)

asthemolecularformulae;(ii)thelowresolutionmass spectraof88 and 89 (Figure5.4)

revealno appreciablefragmentationundertheionizationconditions,a behaviorinaccord

withotherpolycyclicaromatichydrocarbons;195(iii)UV spectraofcompounds79,88,

and 89(Figure5.5)exhibita bathochromictrendofXmaxfrom404 nm (loge:3.19)in79,

over414 nm (loge:3.24)in88,to462 nm (loge:1.84)in89,a trendconsistentwith

increasingringstrainalongtheseries.96g,196Furthernmre,thedramaticdeclineinthe

logarithmsoftheextinctioncoefficientsfi'om88 to89 canbeinterpretedasevidencefora

significantdeviationfromplanarity197inthelatter,a conclusionstronglysupportedby

computationalgeometryoptimizationsofthetwo molecules(videinfra,Figure5.6).

Althoughsingleand doublecyclodehydrogenationof 79 can be confidently

postulatedinlightof theargumentspresentedabove,itshouldbe notedthatskeletal

rearrangementsinthecourseofLewisacidcatalyzedreactionsofthistypeareknown.198

To providea rationalizationfortheunexpecteddifficultiesinachievingthethird

and crucialringclosure,79 and itsdehydrogenationproductswere subjectedto

computationalscrutinyemployingtheMNDO parameterset(Figure5.6,Table5.3).

Geometry optimizationof79 leadsto a propeller-like(chiral)conformationinthegas

phaseat0 K. At room temperature,however,themolecule'sequilibratingmobilityis

large,asevidencedby itssimpleIH NMR specman and as furthercorroboratedby

dynamicNMR studiesofitssmallerre_tive,bcnzo[c]phenanthrene(86).199Incorporation
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ofonefive-mcmber_ringintotheframeworkof79 forceslargeregionsofthecarbon

skeletonof88 toadopta planarorientation.Onlywiththesecondcyclodehydrogenation

step,leadingto 89,themoleculeislockedintoa non-planarconformation.These

theoreticallypredictedgeometricchangeson successiveringclosureareparalleledinthe

. msIx_tive UV spectraof 79, 88, and 89 (vide supra,Figure 5.5).

Table 5.3 Energies and Selected Internuclear Distances of 79 and its Cyclodehydro-

genafionProducts.a

79b 88 89 13b

AH_ 155.1 155.5 194.1 252.5

R(4-5) 3.060 1.491 1.501 1.502

R(10-1I) 3.060 3.257 1.506 1.502

R(16-17) 3.060 3.252 3.470 1.502

(a)MNDO values.Energiesinkcaln_l"I,internucleardistancesinAngstroms.For

numberingscheme,basedon79,seeScheme5.3.(b)C3.symmetryconstraintimposed.

Thermodynamically,the reaction sequence leading from 79 to 13 is feasible, the

driving force being the stepwise release of dihydrogen. Not unexpectedly, the third ring

closure from 89 to 13, which brings the out-of-plane distortion of the carbon framework

to completion, is energetically the most demanding.Of majorsignificancefor the outcome

of the cyclodehydrogenation experiments with 79 are changes in the non-bonding

• distances of remaining bay region carbon centers while connecting a pair in a different

region of the molecule. Thus, ring closure of 79 along (=4 and C5 leads to 88, where

carbons 10, 11, and 16, 17 are spread by more than 3.25 A, an increase of almost 0.2 A

with respect to 79. This effect becomes even more dramatic with introduction of the

second five-memberedring, which enforces a non-bonded distance between the remaining

unconnected carbon centers 16 and 17 of 3.470 A, thereby presumably preventing the

third CC bond formation.
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Clearly, either functionatizationof the bay regions of 79 or a precursor with greater

structural flexibilityis warrantedfor the successful synthesis of 13. An example for the

lattertype of approachis described in the following.

. 5.3.2 1,3,$.Tris(2'.ethynylphenyl)benzene Route to Triindenotriphenylene.

Threefoldinwamolecular[4+2]cycloadditionbetweenthealkyneandbiphenylene

moietiesof 80 providesa conceptualalternativein theconstructionof thecarbon

frameworkof13.Giventhereluctanceofboth,unactivatedCC triplebondstoserveas

dienophilesandbiphenylenestoreactasdienesinthermallyinducedDiels-Alderreactions,

attemptstomaterializeScheme5.4constitutea ratherdaringeffort,althoughsome

conversionsofthistypeareknown.189,200

Scheme 5.4

)
4

80 13

Initially,syntheticapproachesto80 were based on thefortuitousdiscoverythat

thedianionofphenylacetylene(90),generatedbydeprotonationwithSchlosser'sbase,201

canbe regioselectivelymonostannylatedtofurnish91 inmoderateyield(Scheme5.5).

AlthoughallstartingmaterialwasconsumedinthecourseofthePalladium-catalyzed202

couplingreactionbetweentin-arene91 and 1,3,5-u-ibromobenzene(92),theproduct

defiedalleffortstoitsisolation,polymerizingontheSiO2surfaceofthechromatography
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Scheme $.5a

a L b 4b

90 91

a (a) 2 eq. B_Li, 2 eq. _uOK, Me3SnCl; -78 ° 12;60 rain. (b) 1,3,5-tri_omobenzene (92),

Pd(PPh3) 4, dioxane; A; 5d.

column.Attemptstou'isilylatetheu-ianionresultingfromdeprotonationof(postulated)80

withu-imcthylsilylchloridepriortothereactionwork-upweremetwithnosuccess.

Sinceprotectionof thereactivealkynesunitswithsilylgroupspromi_d a less

cumbersome productseparationfrom the reactionmixture,95 was preparedwith

methodologypreviouslydevelopedby Diercksand Vollhar&21a (Scheme5.6).Thus,

ortho-bromoiodobenzene(93)was alkynylamdto give94, which,upon lithium-halide

exchangeandtreatmentwithMe3SnCI furnished95 inayieldof87%.

Scheme $.6a

_-SiMe3 /H_,..SiMe 3 SiMe

I a ._ b

93%-

93 94 95 M e 3S'_6

a (a) Me3SiCCH, PdC12(PPh3)2, Et3N, CuI; r.t.; 2.5d. (b) 1. BuLl, THF 2. Me3SnC1,

TFIF; -78 ° C; 15 rnin. (c) 92, Pd(PPh3) 4, dioxane; A; 5d.

Unfortunately, subjection of 95 and 92 to Stille-ty_ coupling conditions did not generate

the desired product 96, resulting only in catalyst decomposition after 5d at reflux.



III

Synthesis of 96 was ultimately achieved in 28% yield by palladium-catalyz_

threefold stannylation of 92 with hexamcthylditin, 203 followed by reaction of thus

obtained 1,3,5-tris(trimcthylstannyl)benzene (97) with 94 (Scheme 5.7). With material

appropriately functionalized for intramoleculai" Dials-Alder reactions at hand, the behavior

. of 96 on exposuretoelevatedtemperatureswas investigated.Disappointingly,neither

heatingofa CDCI 3solutionof96to180°C ina sealedtube,norflashvacuumpyrolysis

Scheme $.7a

Br SnMe 3 'SiMe3_ _,,

lk 69% Me3S SnMe_ 28%

92 99 M e_Si"_ _ i

a (a) Me6Sn 2, Pd(PPh3)4, toluene; A; 60 rain. (b) 94, Pd(PPh3)4, dioxane; A; 5d.

(800°C,0.05tort)resultedinanydetectableconversionofsta.ningmaterial.Attemptsto

remove thetrin_thylsilylprotectinggroupsledtopolymerizationofthefreetrialkyne,

similartoobservationsmade whileperformingthereactionsequencedelineatedinScheme

5.5.

CIeaHy,a successfulstrategyfortheconstructionof13 alongthisroutecritically

• dependson thepossibilitytoobtain80 inpureform.Even more promising,however,

appearstobeanactivationofitsalkyneunitsbyelectron-withdrawingsubstituentssuchas

alkoxycartxmylgroupswhich areknown to facilitatethenmIlyinitiated[4+2]cyclo-

additions.
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ChapterSix

ExperimentalDetailsand Input Decks

General

Unlessotherwisenoted,allmaterialswereobtainedfromcoral suppliersand

usedwithoutfurtherpurification.Tetrahydrofuran(THF),diethylether(Et20),1,4-

dioxane,1,2-dimethoxyethane(DME),benzene,andtolueneweredistiUedfromsodium

benzophenoneketylimmediatelypriortouse.Dimethylsulfoxide('DMSO)wasdriedover

molecularsieves(4,_),distilledinvacuoandstoredundernitrogen.Carbondisulfidewas

pressedthrougha shortcolumnofneutralalumina,andtriethylamine(NEt3),methylene

chloride(CH2CI2),andchloroform(CHCI3)wererefluxedoverCall2.Aceticanhydride

wasdistilledfromsodiumacetateandstoredundernitrogen.ButyUithiumsolutionswere

titratedwith diphenylaceticacid.The compounds trimethylsflylethyne,204

bis(trimethylsilyl)ethyne,205 1,2,3,4-tetrabromobenzene,135a orrho-bromoiodobenzene

(93),206tetrakis(triphenylphosphine)palladium[Pd(PPh3)4],207bis(_phenylphosphine)-

palladium dichloride[Pd(PPh3)2CI2],208 cyclopentadienylcobaltdicarbonyl

[CpCo(CO)2],209and1-bron'z_2-(trimethylsilylethynyl)benzene(94)21aweresynthesized

accordingtoliteratureprocedures.Triangular[4]phenylene('/),usedinthecourseofthe

calorimetricstudiesdescribedinchapter3,wasgenerouslyprovidedbyDebbieMolder.

Allreactionsinvolvingoxygen-sensitivereagentsemployeddegassedsolvents.Transferof

thesematerialswas carriedoutina glovebox,viasyringe,orusingstandardSchlenk

techniques,andthereactionmixturesweremaintainedundernitrogenuntilworkup.

PhotocyclizationswereperformedinquartzorVycorglasstubespreviouslyrinsed

withhexamethyldisilazaneinaRayonetphotoreactorRPR 100equippedwithlampsofthe

appropriatewavelengthrangeandacryostatasanexternalcoolingdevice.Irradiationin

thecourseofcobalt-mediatedcyclizationswaseffectedbya SylvaniaELH 300W slide

projectorlamp,poweredbyavariabletransformeratanappliedpotentialof40-60V.
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Thin-layerchromatographywasdoneonEM ReagentsKieselgel60 I::254orEM

Reagents neutral aluminum oxide 60 F254 sheets (0.2 rnm coating). Flash chromatography

refers to the method of Still et al.210 and was conducted on EM Scientific SiO2 (230-240

mesh). Column chromatography used Baker SiO2 (60-200 mesh) or Alpha AI20 3 (60

mesh). High pressure liquid chromatography (HPLC) employed an IBM LC/9533

instrument equipped with and LC/9522 fixed wavelength (254 nm) detector. For semi-

preparative separations, two sequentially connected columns were used, each 25 crn x 10

rnm ID and packed with Microsorb 5 I,tm silica. Gas-liquid chromatography (GLC) was

perfonn_ with a Hewlett-Packard 5880 instrument on a 6 ft x 2 mm ID glass column

containing 3% OV-101 on Chromosorb W-HP (80/mesh).

Melting points were determined in open capillaries with a Thomas-Hoover Uni-

melt apparatus and are uncorrected. A Hewlett-Packard 8450 diode array spectrometer

wasusedfortherecordingofUV-Visspectra,a Perkin-Elnm"nx:xlel681instrumentfor

analysisintheIRrange.IHNMR and13C{IH}NMR spectrawerecollectedontheUCB-

300 instrument,consistingof CryomagnetSystem magnet,Nicolet293A pulse

programmer,andNicoletModel 1280 datacoIlecteionsystem.Dataarereportedas

follows: chemical shifts hl parts per million (ppm) relative to internal tetramethylsilane or

residual solvent peaks (multiplicity, coupling constant in Hertz, number of hydrogens).

The multiplicities observed are indicated as s (sing,let), d (doublet), m (multiplet), and td
1)

(triplet of doublets).

- Mass spectra and elemental analyses were provided by the Microanalytical

Laboratory,operatedby the College of Chemistry,University of Californiaat Berkeley.
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SiMe 3

SiMe 3

[]j "SiMe,
SiMe3

1,2,3,4-Tetrakis(trimethylsilylethynyi)benzene. 25 Trimethylsilylethyn¢ (7.89 g, 11.3

mL, 80.28 mmol) and 1,2,3,4-tetrabromobenzene (2.74 g, 6.96 retool) together with

catalytic amounts of Pd(PPh3) 4 (0.56 g, 0.80 nmml) and Cul (0.05 g, 0.30 retool) were

dispersed in triethylamine (100 mL) in a Fisher-Porter bottle equipped with a Teflon

stopcock. The closed reaction vessel was heated in a sand bath to 100 °C for 36 h, after

which it was cooled to room temperature. Volatiles were distilled at ambient under

reduced pressure and the residual material chromatographed on SiO2 (ca. 120 g) using 5%

CH2CI2 in hexanes. The last eluting band fm'nished the product as pale yellow flakes (1.23

g, 38%) after crystallization from ethanol: mp 124 - 125 "C; IH NMR (300 MHz, _3)

8 7.26 (s, 2H), 0.25 (s, 18H), 0.22 (s, 18H). Lit. 25 nap 128 °C; UV-Vis (hexanes) Xmax

(log e) 217 (3.82), 227 (3.83), 258 (4.68), 273 (4.86), 287 (4.69), 296 (4.47), 307 (4.74)

nag IR (CHCI3) 3004, 2957, 2891, 2141, 1461, 1387, 1251, 1013, 945, 873, 833, 695,

6,41 cm'l; MS (70 eV) m/z (rel. intensity) 462 (M+, 5), 428 (6), 355 (9), 327 (9), 239

(20), 73 (100); IH NMR (300 MHz, CDCI3) 8 7.29 (s, 2H), 0.27 (s, 18H), 0.24 (s, 18H);

13C{IH} NMR (75.5 MHz, CDC13) 8 131.31, 128.44, 125.85, 103.55, 102.57, 101.14,

100.61, 0.09, -0.03. HRMS Calcd for C26H38Si4: 462.20507. Found: 462.20400.
q

SiMe3

M% S_siMe3
_ "SiMe,

2,3,8,9-Tetrakis(trimethylsilyl) Angular [3]Phenylene. 25 A solution of 1,2,3,4-

tetrakis(trimethylsilylethynyl)benzene (0.51 g, 1.11 rnmol), KF.2H20 (6.87 g, 79.7 ran_l),
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and18-crown-6(0.178g,0.67retool)inD/VIE(120mL) wasstirredatroomtemperature

for 15 rain.The liquid was decanted into a 100 mL pear-shaped flask scaled with a rubber

scpturn and then degassexlby flushing the system with argon. To this solution, CpCo(CO)2

(250 pl, 1.96 retool) was added via syringe. After completion, the resulting deep red

mixture was injected by means of a syringe pump over a period of 8 h into degassed,

r,_luxing bis(trimethylsilyl)ethyne (100 mL) contained in a 500 mL round-bottom flask

equipped _with condenser under argon. During the addition and for 10 h thereafter, the

vessel content was irradiated by an external slide projector lamp, while maintaining reflux.

After cooling to room temperature, the DME was distilled by rotary evaporation and

excess bis(trimethylsilyl)ethyne revovered by vacuum transfer. The resulting brown

residue was subjected to flash chromatography on SiO2 (ca. 50 g), eluting with 2%

CH2CI 2 in hexanes. The first colored bandfurnishedthe product as brightyellow crystals

(0.39 g, 68%): rnp 188 - 190 *C; 1H NMR (300 MHz, _3) 8 7.24 (s, 2H), 7.17 (s,

2H), 6.18 (s, 21-1),0.40 (s, 18H), 0.35 (s, 18H). Lit.25 nap 190 *C;UV-Vis (hexanes) _'max

(log ¢) 206 (4.49), 228 (4.61), 245 (4.52), 277 (4.33), 287 (4.67), 292 (4.65), 301 (4.88),

310 (4.54), 316 (4.54), 326 (4.90), 366 (3.84), 388 (3.82), 410 (3.73) mm IR (CHC13)

2949, 1402, 1253, 1054, 851,823, 684, 636 era'l; MS (70 eV) m/z (tel. intensity) 517 (8),

516 (29), 515 (55), 514 (lVl+, 100), 499 (7), 483 (9), 442 (6), 411 (7), 74 (8), 73 (97); 1H

NMR (300 MHz, CDCl3) 8 7.25 (s, 2H), 7.18 (s, 2H), 6.16 (s, 2H), 0.37 (s, 18H), 0.35

(s, 18H); 13C{1H} (75.5 MHz, CDC13) 8 150.19, 149.76, 148.62, 148.49, 147.87,

• 137.26, 125.05, 123.97, 114.58, 2.64, 2.58. HRMS Calcd for C30H42Si4:514.23637.

Found: 514.23530.
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Angular [3]Phenylene (S). 12,25 Trifluoroaceficacid (20 mL) was added to a solution of

2,3,8,9-tetrakis(trimethylsilyl)angular[3]phenylene (1.34 g, 2.60 retool) in CHCI3 (I00

mL). The reaction mixtme was ailowed to stir at room temperature for 18 h, then

successively washed with water (2 × 100 niL), saturated aqueous sodium bicarbonate

solution (2 × 100 mL), and again with water (2 × 50 mL,). The organic layer was dried

over MgSO4. Filtration and rotary evaporation of solvent was followed by column

chromatography on silica (ca. 70 g), eluting with 20% CH2CI 2 arid left 5 (0.50 g, 85%) as

yellow needles: mp 184 - 185 °C; IH NMR (300 MHz, CDCI3) 8 6.83 - 6.95 (m, 8H),

6.12 (s, 2H). Lit.21a rap 185 °C; 1H NMR (300 MI-lz, CDCI3) 8 6.92 (m, 8I-1),613 (s,

2H).

l-Mehtoxycarbonyl.l.(a.naphthyl).2.(_-naphthyl)ethylene(81).A solutionof 2-

naphthaldehyde(I0.00g,64.03retool)andl-naphthylaceticacid(I1.92g,64.03retool)in

aceticanhydride(20mL) andtriethylarnine(10mL) was heatedtorefluxina nitrogen

atmospherefor12 h. The reactionmixturewas cooledto room temperatureand

hydrolyzeAwithconcentratedhydrochloricacid(20mL).The resultingprecipitatewas

filtered,washedwithwater(3x 150rnL),driedinvacuo,andcrystallizedfromglaci'al

aceticacidtoyield11.90g oflightyellowcrystals.Thematerialwasdissolvedintoluene

(I00mL) andheatedtorefluxtogetherwithmethanol(80rnL)andconcentratedsulfuric

acid(5mL) for8 h.Aftercoolingtoroom temperature,thelayerswereseparated,the

organicphasewassuccessivelywashedwithwater(20mL),aqueoussodiumbicarbonate

solution(5%,20 mL),andagainwater(20mL),thendriedoverMgSO 4.Filtrationand
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evaporation of solvent left 10.08 g of crude material that was crysmll_zexl from ethanol to

yield81 aspaleyellowcrystals(9.56g,47%):mp 116 - 117°C;UV-Vis (cyclohexane)X

max (logE)223 (4.89),262 (4.57),270 (4.56),308 (4.37)nm; IR (CH2CI2)2953,1714,

1641,1437,1361,1313,1293,1280,1243,1194,I172,1157,1127,983,854,818cm'1;

MS (70eV) m/z(tel.intensity)338(M+,29),307 (8),279 (69),212 (99),181(100),152

(84); IH NMR (300 M]-_, CDCI3) 8 8.29 (s, IH), 7.87 (d, J = 5.9 Hz, 2H), 7.83 (d, J =

5.9 I-Iz,2H), 7.60 - 7.25 (m, 7H), 6.77 (d, J = 1.3 Hz, 1H), 6.73 (d, J = 1.3 Hz, 1H), 3.75

(s, 6H); 13C{ IH} (75.5 MHz, CDC13) 8 168.49, 142.14, 133.83, 133.61,133.19, 132.71,

131.91, 131.86, 131.79, 130.53, 128.39, 128.36, 127.58, 127.27, 127.23, 126.94, 126.40,

126.27, 126.09, 126.01,125.70, 124.92, 52.36. Anal. Calcd for C24Ht802: C, 85.18; H,

5.36. Found: C, 85.03; H, 5.37.

13-Methoxycarbonyl-benzo[clchrysene (82). A solution of 81 (4.00 g, 11.82 mn_l) and

iodine (150 rag, 0.59 retool) in cyclohexane (800 mL) was irradiated at a frequency range

centered around 300 nm at room temperature. The reaction was monitored by thin-layer

chromatography,which,after70 h,indicatedthatallstarringmaterialhadbeenconverted.

Rotaryevaporationofthesolventleft4.45g ofa brown materialthatwas crystallized

fromethanoltoafford82 asyellowcrystals(3.58g,90%): mp 156 - 157 °C;UV-Vis

• (hcxanes)_max (loge)205 (4.68),233 (4.32),298 (4.73),321 (4.31)run;IR (CH2CI2)

2954,1724,1223,1214,1164,1102cm'l;MS (70eV) tWz(tel.intensity)336 (M+,100),

305 (77),277 (82);IH NMR (300MHz, (E)CI3)8 8.91(d,J = 8.9Hz, IH),8.25(rn,

IH),8.15(s,IH),7.89-7.78(m,4H),7.65-7.59(m,6H),3.98(s,3H);13C{IH}(75.5

MHz, CDCI3)8 172.29,134.11,132.17,129.78,129.56,129.16,129.03,128.70,128.69,

128.66,128.63,128.54,128.27,127.88,126.87,126.78,126.71,126.60,126.23,125.64,

52.76.Anal.CalcdforC24H1602:C,85.69;H,4.79.Found:C,85.72;H,4.76.
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13,.Hydroxymethylbenzo[c]chry_ne. To a solution of 82 (1.51 g, 4.49 retool) in THF
m

(30 mL) was added dmpwise via syringe a solution of IAAItt4 in Et20 (2.5 mL, 1M, 2.5

mmol) under nitrogen while cooling from the outside with an ice bath. Stirring was

continued at 0 *C for 30 rain. The bright orange reaction mixture was hydrolyzed with

water (5 mL), transferred into a separatory funnel and extracted with Et20 (2 x 50 mL).

The combined organic phases were dried over MgSO4. Filtration and removal of solvent

left 1.38 g of crude material, which was flash chromatographed on silica (ca. 75 g) eluting

with CH2CI2. Crystallization of the res'.itltingpale yellow oil from hexanes/2-propanol

furnished the product as fine white needles (1.13 g, 81%): nap 130 - 131 *C; UV-Vis

(acetonitrile) _nnax(log e) 235 (4.28), 298 (4.52), 317 (4.19), 338 (3.21) nm; IR (KBr)

3379, 1033, 828, 806, 746, 712 era'l; MS (70 eV) m/z (rel. intensity) 308 (M+H, 100),

289 (36), 276 (41); IH NMR (300 MHz, _3) 8 8.6 (m, 2H), 7.8 - 7.7 (m, 5H), 5.04

(s, 21-I);t3C{IH} NMR (75.5 MHz, CDC13)8 135.42, 133.29, 132.22, 129.91, 129.85,

129.78, 129.38, 128.62, 128.39, 128.33, 128.25, 127.92, 127.41,127.36, 127.08, 126.72,

126.02, 125.89, 125.84, 125.77, 125.64, 125.31, 65.81. Anal. Caled for C23H160: C,

89.58; H, 5.23. Found: C, 89.47; H, 5.10.

13.Benzo[e]chry_n_rbaldehyde (11.3).To a solution of ox,alylchloride (0.32 mL, 3.63

retool) in CH2CI2 (5 mL), cooled to -78 oC, was added d_pwise DMSO ([I.56 mL, 7:27

mrnol) diluted with Ctt2CI2 (5 mL). After 2 rain, 13-hydm×ymethylben_[c]chrysene

dissolved in C-7-I2C12(10 rnL) was slowly introduced via syringe. Stirring was continued

for 30 min at that temperature, before triethylamine (3 mL) was canulated into the

reaction mixture. The solution was allowed to warm to room temperature. After
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hydrolysiswithwater(50mL),thernixturcwas transferredintoa scparatoryfunneland

extractedwithCH2CI2 (2 x 50 mL). The combinedorganicphaseswere successively

washed withwater(20 mL), dilutehydrochloricacid(5%, 10 mL), water(20 mL),
b

aqueoussodiumbicarbonatesolution(5%, 10mL), and againwithwater(20 mL) then

driedoverMgSO4. Filtrationand rotaryevaporationofthesolventleft1.05g ofa solid

rnamrialwhichwas crystallizedfromethylacetatetoyieldbrightyellowneedlesof83

(0.90g,93%):nap155- 156°C;UV-Vis (THF) kmax (log¢)221 (4.40),236 (4.31),292

(4.59),301 (4.63),352 (3.89),410 (3.18)nm; IR (KBr)3173,1686,828,814,789,746,

712 cm'l;MS (70eV) m/z(rd.intensity)306 (M+,I00),277 (59),153(6),138 (34);IH

NMR (300MHz, CDCI 3)8 10.64(s,IH),8.94(d,J = 9.2Hz, IH),8.44(s,IH),7.7-7.9

(m,51-I);13C{IH}NMR (75.5MHz, CDCI 3)8 182.81,134.45,133.22,132.46,130.23,

129.97,129.88,129.44,129.21,129.07,128.98,128.63,128.38,128.22,127.79,127.25,

127.17,127.05,126.44,126.42,126.37,126.26.Anal.CalcdforC23H140:C,90.17;H,

4.6I.Found:C,90.08;H, 4.58.

13.(2.Phenylethylene)benzo[c]chrysene(84).ButyUithiurn(1.87mL, 2.01M inheptane,

3.75 nmml) was slowly added via syringe to a cooled (0 °C) solution of benzyl-

• triphenylphosphoniumbromide(1.63g,3.75rnmol)inTHF (20mL) undernitrogen.After

thedeepredsolutionhad bccnstirredforI0 rainatthattemperature,a solutionof83

(l.00g,3.26retool)inTHF (20 mL) was addeddropwise.The reactionmixturewas

rcfluxedfor60 min,cooledtoroom temperature,andhydrolyzedwithwater(50mL).The

layerswereseparatedand theaqueousphasewas extractedwithEt20 (2x 50 mL). The

combinedorganicphaseswere washed withwater(3x 20 mL) and driedoverMgSO4.
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Filtration and rotary evaporation of the solvent left 2.29 g of an orange, viscous oil which

was flash-chromatographed on silica (ca. 77 g), eluting with 50% CH2CI2 in hexanes to

afford yellow crystals of 84 (1.17 g, 94%) as a 1:1 mixture of cis/trans isomers (as
m

detem_ed by 1H NMR): UV-Vis (hexanes)),max (log ¢) 208 (4.69), 233 (4.56), 254

(4.32), 307 (4.79), 343 (4.24) nm; IR (CH2CI2) 3029, 1422, 1269, 1258, 895, 834, 814,

758, 719, 701 cm'l; MS (70 eV) m/z (reL intensity) 380 (M+, 100), 303 (84), 190 (7), 151

(15); IH NMR (300 MHz, £DCI3) 8 9.37 (d, J = 9.02 I-lz, 1H), 9.00 - 8.85 (m, 4H), 8.78

(d, J = 8.19 I-lz, 114),8.04- 7.04 (m, 33H), 6.88 (d, J = 11.92 I-Iz, 1H); 13C{IH} NMR

(75.5 MHz, CIY213) mixture of cis/trans isomers showed 40 partly overlapping

absorptions between 137.74 and 125.18 ppm. Anal. Calcd for C301-120:C, 94.70; H, 5.30.

Found: C, 94.59; H, 5.04.

Tribenzo[cj, o]triphenylene (79). t#7 A solution of 84 (0.65 g,1.71 retool) and iodine

(0.43 g, 1.71 mmol) in benzene (1000 mL) was degassed by flushing the system with

argon for 30 rain at 10 °C. Propylene oxide (32 mL, 0.45 nm_l) was added and the purple

mixnue irradiated at a wavelength range centered around 350 nm at 10 °C for 15 h, after

which the color had turned yellow. Rotary evaporation of the solvent left 1.26 g of yellow

material that was chromatographedon a column of neutralalumina(ca. 80 g), eluting with

20% CH2CI2 in hexanes, to afford 380 mg of a mixnae of 79 and a second compound,

tentatively identified as 85.187 Furtherpurificationwas achieved byHPLC (serialassembly

of SiO,2 and AI203 columns, 20% CH2CI2 in hexanes as the eluent system, flow rate 6 mi

rain-1) to furnish 79 (250 rag, 40%) as a pale yellow amorphous solid: mp 232 - 233 °C;
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L_-Vis (CH2C12)_max(log e) 228 (4.20), 240 (4.25), 264 (4.34), 326 (4.70), 404 (3.19)

nm; MS (70 eV) m/z (rel. intensity) 378 (M+, 100), 302 (18), 189 (22); IH NMR (300

MHz, CI:_13) 8 8.96 (d, J = 4.39 Hz, 3H), 8.93 (d, J = 8.91 Hz, 3H), 8.06 (m, 3H), 7.96

" (d,J= 9.01Hz,3H),7.68(m,6H);13C{IH}NMR (75.5MHz, CDCI3)8 133.04,129.88,

!29.09,128.04,127.97,127.74,126.46,126.14,125.88,125.71.Lit.187mp 233-234

°C;UV-Vis(MeOH) andIH NMR (100MHz, CS2)spectrapresentedinref.187arein

satisfactoryagreementwiththedataobtained.

Cyclodehydrogenation of 79 on Pt/C. Tribenzo[c,i,o]triphenylene(79) (80 mg, 0.21

nunol) was thoroughly mixed with Pt on carbon (40 nag, 10%) in an agate mortar and

transferredinto a Pyrexglass tube that was sealed underreducedpressure.Its lower part,

containing the reaction material,was immersedinto a sandbath that was graduallyheated

to 400 °C and kept at this temperaturefor 60 rain.After cooling to room temperature, the

glass tube was crushed into a round-bottom flask and the soluble materialextracted with

CHCI3 (50 mL). Filtrationand evaporationof solvent left 70 mg of orangematerial which

was subjected to column chromatographyon alumina (ca. 20 g). The first fraction was

eluted with 5% CH2CI2 in hexanes and afforded starting material (10 rag, 13%), as

ascertained by IH NMR spectroscopy. Increasing the polarity of the solvent system to

30% CH2CI2 in hexanes furnisheda second, red-orange solid (20 rag, 25%) that was

tentatively identified as 88 and showed the following physical properties: UV-Vis

(CH2C12))'.max(log 8) 228 (3.50), 265 ( 3.63), 327 (3.72), 340 (3.78), 395 (3.21), 414

(3.24) nm; MS (70 eV) m/z (tel. intensity) 376 (M+, 100), 187 (29), 149 (19), 111 (15),

97 (20), 71 (48); IH NMR (300 MHz, CDCI3) 8 9.37 (d, J = 8.1 Hz, 1H), 9.33 (d, J = 9.1

Hz, 1H), 9.22 (d, J = 7.5 Hz, 1H), 9.06 (d, J = 9.0 Hz, IH), 8.49 (s, 1H), 8.24 - 8.03 (m,

6H), 7.87 - 7.60 (m, 5H). HRMSCalcd for C30H16:376.1262. Found:376.1246.

A third fraction couldbe elutedwith50% CH2CI2 in hexanesand affordedminute

amounts(lessthan5rag)ofaredcompoundwhichwastentativelyassignedstructure89
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based on the following physical properties:UV-Vis (CH2CI 2) _-max (log ¢) 231 (2.74),

268 (2.54), 315 (2.52), 329 (2.47), 395 (2.22), 462 (sh, 1.84); MS (70 eV) m/z (tel.

intensity) 374 (M+, 100), 187 (41), 149 (36), 112 (24), 97 (33), 85 (32); IH NMR (300
¢,

MHz, CIX213)8 7.72 (m), 7.55 (m). HRM$ Calcd for C30H14: 374.1093. Found:

374.1097.

Attempted Cyciodehydrogenation of 79 by Flash Vacuum Pyrolysis. Tribenzo[c,i,o]-

triphenylene (79) (80 rag, 0.21 retool)was placed in a quartz tube whose opposite end was

connected to an oil pump via a Schlenk line vacuum system and whose central part was

surroundedby a pyrolysis furnace.The tube was evacuated to 0.05 tort and the furnace

gradually heated to 800 °C. Sublimationof the organic material was accelerated by

wrapping the outside end of the tube with heating tape and slowly increasing its

temperature to ca. 60 °C. After several minutes, condensation of yellow materialat the

cooler end of the quartzrobe behind the furnacewas observed. After all star_g material

had disappearedfrom its original location, the system was cooled to room temperature,

then vented with nitrogen. The material that had passed through the heated part of the

tube was directly washed from the quartz walls into an NMR tube with CDCI3 while

maintaininga continuous flow of nitrogenthroughout the system. Recordingof IH NMR

spectral datarevealed that only startingmaterialhad been collected. The recoverywas 75

mg (95%).

Attempted Cyclodehydrogenation of 79 using a Eutecti¢ Mix of AICI3 and NaCi. An

equimolarmixture (3g) of anhydrousAICI3 and NaC1was thoroughly mixed with 79 (50

rag, O.13 retool). The resultingpowder was placed in a round-bottom flaskundernitrogen

that was graduallyheated to I00 °C and kept at this temperature for 2 h. After cooling to

room temperature, the black solid was quenched with water (30 mL) and the solution

extracted with Et20 (2 × 10 mL). The combined organic layers were dried over MgSO4.
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I

Filtration and evaporation of solvent left a yellow material (36 rag) whose identity was

established to be 79 by IH NMR spectroscopy. The recovery was 72%.

Cyclodehydrogenation of 79 using AICI3 and CuCI 2 in CS 2. Anhydrous aluminum

trichloride (0.40 g, 2.60 retool) and copper dichloride (tip of a spatula) were added to a

solution of 79 (50 rag, 0.13 retool) in CS 2 (5 mL). The solution, which had turned deep

blue immediately after addition, was heated to reflux for a period of 10 h. After cooling to

room temperature, the solution was hydrolyzed with dilute hydrochloric acid (5%, 20 mL)

and extracted with CH2CI2 (2 × 20 told). The combined organic Myers were washed with

water (2 × 20 mL) and dried over MgSO4. Filtration and evaporation of solvent left a dark

red material that was subjected to column chromatography on neutral alumina (ca. 50 g),

eluting initially with 20% CH2CI2 in hexanes. The first fraction contained a yellow solid

which was identified as starting material based on its IH NMR spectrum (18 rag, 35%

recovery). The second band furnished a red orange compound (14 rag, 28%) of identical

physical properties as those described for 88. A third, bright yellow fraction eluted with

50% CH2CI2 in hexanes, affording minute amounts (ca. 2 rag) of a red material which

showed the same spectral data as those reported for 89.

,w

l.Ethynyl.2-trimethylstannylbenzene (91). A solution of potassium t-butoxide (12.34

• g, 0.11 tool) in THF (60 mL) was cooled to -78 °C before butyllithium (69 mL, 1.6 M in

heptane) diluted with THF (50 mL) was added dropwise via syringe. Ethynylbenzene

(5.11 g, 0.05 rnol) was slowly introduced and stirring of the resulting green slurry

continued for lh at -78 °C, before a solution of trimethyltin chloride (21.92 g, 0.11 tool) in

THF (50 mL) was injected into the mixture by syringe. The white suspension was allowed

to warm to room temperature, then hydrolyzed with water (100 mL). The aqueous phase
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was extracted with Et20 (2 x 50 mL) and the combined organic layers were washed with

water ( 3 x 100 rnl.,) and dried over MgSO4. Filtration and evaporation of solvent left a

yellow oil (7.48 g) which was subjected to column chromatography on SiO2 (ca. 50 g),

during with hexanes, to furnish 91 as a colorless oil (6.66g, 50%): UV-Vis (hexanes) _.

max (log t) 208 (4.51), 241 (4.02), 252 (3.97), 274 (2.46), 280 (2.42) run;IR (CH2CI2)

3308, 2921, 1459, 1436, 1194, 1114, 782 era'l; MS (70 eV) m/z (tel. intensity) 251 (M+-

CH3, 100), 221 (51); 1H NMR (300 MHz, CI_I 3) 8 7.47 - 7.39 (m, 2I-1),7.24 - 7.19 (m,

21-I),3.03 (s, liB, 0.31 (s, JSn-l-I= 56.0 Hz, 9[-I);13C{1H} NMR (75.5 Ml-Iz, CIX_I3)8

146.29 (Jsn-c = 447.0 l-Iz), 135.52 OSn.C = 32.7 l-lz), 132.12 (JSn-C= 30.9 Hz), 129.32

(JSn-C= 25.2 I-Iz), 128.16 (JSn..C= 9.0 Hz), 127.98 (Jsn-C = 41.5 Hz), 85.85, 77.72, -

8.89. Anal. Caled for CIIHI4Sn: C, 49.87; H, 5.33. Found: C, 49.95; H, 5.28.

1-Ethynyl-2-tributylstannylbenzenecould be synthesized in a similar fashion to give a

colorless oil (55%): IH NMR (300 MHz, _3) 8 7.56 (m, 2H), 7.30 (m, 3I-I), 3.12 (s,

1H), 1.60 (m, 6H), 1.41 (m, 6H), 1.35 (m, 6H), 0.97 (t, J = 7.25 Hz, 9ID;13C{IH} NMR

(75.5 MHz, CI_ 3) 8 146.70, 136.17 (JSn-C= 26.5 Hz), 132.31, 129.63 (ISn-C- 514.7

Hz), 127.87, 127.83, 86.29, 77.11, 29.19 (JSn-C-- 17.7 Hz), 27.41 (JSn-C= 59.4 Hz),

13.70, 10.08 (Jsn-C = 345.1 Hz).

Palladium.Mediated Coupling of 91 with 1,3,5.Tribromobenzene. A solution of 91

(4.60 g, 17.36 nm_l), 1,3,5-tribromobenzene (0.91 g, 2.89 nmml) and Pd(PPh3)4 (1.00g,

0.87 nmml) in 1,4-dioxane (30 told) was heated to reflux under argon. After 5 d, GLC

analysis indicted that all starting material had been consumed. The dark reaction mixture

was cooled to room temperature and filtered througha ceramicfritte covered with a pad

of celite. Dilution with hexanes (50 mL,)precipitateda pale yellow solid (Ph3PO) that was

separated by vacuum filtration. Evaporation of solvents left a dark brown oil that was

subjected to column chromatography on SiO2 (ca. 30 g), using hexanes as the eluent.



125

Upon elurlon, the column materialadopted a bright yellow color. Changing the solvent

system successively from hexanes to benzene, to chloroform, to acetone, and finally

extracting the columncontent with a mixtureof MeOH and CH2CI2 (I:I) did not produce
o.

any identifiablecompound.

_iMel

__nMe_

1.Trimethylsilylethynyl.2.trimethylstannylbenzene(95).1-Bromo-2-n'irnethylsilyl-
e.

ethynylbenzene(94)(I.00g,3.95rental)dissolvedinTHF (5rnL)wasaddedtoacooled

solution(-78°C)ofbutyUidlium(2.7mL, 1.6M inhepmne,4.34mrnol)inTHF (5rnL)

viasyringe.Stirringofthedeepyellowreactionmixturewascontinuedfor15rain,before

Irirnethykinchloride(0.86g,4.34retool)inTHF (5mL) wasinjected.The sysmmwas

allowedtowarm toroom temperature,dilutedwithEt20(20mL),andhydrol_ with

aqueousammoniumchloride(I0%,50 mL).Theorganiclayerwaswashedwithwater(2

x 50mL) anddriedoverMgSO4.Filtrationandremovalofsolventslehayellowoil(1.36

g) whichwas subjectedtocolumncb.romamgraphyon SiO2 (ca.30 g),elutingwith

hexanes,tofurnish95 asa colorlessoil(I.18g,87%):bp (0.2tort)141°C;UV-Vis

(hexanes)_'max(loge)253 (4.2),265 (4.15)nm;IR (CHCI3)2964,2157,1457,1434,

1255,872,848cm'1;MS (70eV)m/z(tel.intensity)323(M.-Me, i00),293(29),173

(64), 73 (52); IH NMR(300 MHz, CDCI3) 8 7.50 (m, 2H), 7.30 (m, 2H), 0.32 (s, Jsn-H=

55.8 Hz, 9H), 0.22 (s, JSi-H= 6.9 Hz); t3C{tH} NMR (75.5 MHz, (X)C13)8 145.90 (Jsn-

C = 454.2 Hz), 135.41 (Jsn-C= 36.4 Hz), 131.91 (JSn-C= 34.0 Hz), 130.41 (Jsn-C= 2_,.6

Hz), 128.14, 127.72 (Jsn-C= 44.0 Hz), 107.36, 94.24, -0.04, -8.92 (JSn-C= 717.2 Hz).

Anal. Calcd forCI4H22SiSn:C, 49.88; H, 6.58. Found: C, 50.35; H, 6.64.

Attempted Palladium.Mediated Coupling of 95 with 1,3,$.Tribromobenzene. A

solution of 95 (2.24 g, 6.64 mmol), 1,3,5-tribromobenzene(0.35 g, 1.11 nm'_l), and
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Pd(PPh3)4 (0.13 g, 0.11 mn_l) in degassed t,4-dioxane (30 mL) was heated to reflux

under argon. The reactionwas monitored by GLC analysiswhich,even afterfive days, did

not show _y appreciableconsumption of starting material.Afteran additionalperiodof 2

weeks, the solution had turned dark brown and none of the starting materialscould be

detected,Them/xturewascooledtoroomtemperature,andfilteredthroughcelite.Rotary

evaporationofthesolventleftadarkbrownoff(2.95g)whichwassubjectedtocolumn

chromatographyon SiO2 (ca.200 g),elutingwith5% ethylacetateinhexanes.Inthe

collectedfractions,onlythedecompositionproductstriphenylphosphineoxideand

trimethyltin_e couldbeidentified.

/SiMe_

SiMe 3

1,3,.q-Tris(2'.trimethylsilyleth_aylphenyl)benzene (96). A solution of 1,3,5-u'is-

(trimethylstannyl)benzene(99) (0.48 g, 0.85 mn'_l), 1-_2-(trin_thylsilylethynyl)-

benzene (94) (1.29 g, 5.10 mmol) and Pd(PPh3)4 (0.15 g, 0.13 mmol) in degassed 1,4-

dioxane (10 mL) was heated to reflux under argon. The reaction was monitoredby GLC

analysis which, after 5 d, indicated that all starting mat.._'ialhad been consumed. The

reaction mixture was allowed to cool to room temperature,and filteredthrougha pad of

celite. Evaporation of the volatiles was f'trstperformed on a rotaryevaporator,then in an

oil pump vacuum at room temperatureover night. The pin,tining darkoil (1.55 g) was

subjected to column chromatographyon SiO2 (ca. 80 g). The first two fractions,

containing excess aryl halide and an unidentified, but non-sflylatedproduct, were eluted

with hexanes. The solvent was gradually changed to 10% ethyl acetate in hexanes to

collect a third fraction that furnisheda brown-yellow oil (0.22 g) which was shown by

GLC to consist of two compounds. Column chromatographyof this material on neutral
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al_ (ca. 30 g), eluting with 5% CH2CI 2 in hexanes, afforded 96 as yellow crystals

(140 mE, 28%) that could be obtained in analyticallypure form by sublimation(50 °C,

0.05 ton): nip 155 - 156 °C; UV-Vis (hexanes) ;_nax (lo8 e) 232 (5.21), 258 (4.87), 303

- (4.23), 326 (3.77) run; MS (70 eV) m/: (tel intensity)594 (M+, 12), 521 (M+ - SiMe3,

41), 506 (19), 491 (17), 475 (9), 447 (25), 433 (63), 417 (33), 351 (I0), 73 (100); IH

NMR (400 MHz, CD2C12)8 8.03 ($, 3H), 7.59 (dd, J = 6.5 Hr.,J = 1.2 Hz, 3H), 7.57 (dd,

J = 6.7 Hz, J = 1.1 Hz, 3H), 7.42 (td, J -- 7.5, 1.4 Hz, 3H), 7.31 (td, J = 7.6, 1.3 Hz, 3H),

-0.03 (S, 27H); 13C{IH} NMR (100 MHz, CD2Q2) 8 143.89, 139.69, 133.99, 129.96,

129.71, 129.18, i27.38, 121.70, 105.09, 98.15, -0.39. Anal. Calcd for C39I-_2Si3:C,

78.73; H, 7.11. Found:C, 78.79; H, 7.16.

Attempted Cyclization of 96 under Flash Vacuum Pyrolysis Conditions.

Tris(trinzthyisilylethynylphenyl)benzene96 (30 rag, 0.05 mmol) was placed in a quartz

tube whose opposite end was connect_l w an oil pump via a Schlenk linevacuum system

and whose cenu'alpan was surroundedby a pyrolysis furnace.The robe was evacuated to

0.05 ton"and the furnacegraduallyheated to 800 °C. Sublimatim of the organicmaterial

was accelerated by wrapping the outside end of the robe with heating rope and slowly

increasing its temperatureto ca. 60 °C. After 1.5 h, condensation of pale yellow material

at the cooler end of the quartz robe behind the furnace was observed. After all starting

material had disappearedfrom its original location, the system was cooled to room

temperature,then vented with nitrogen.The materialthat had passed throughthe heated

pan of the tube was directlywashed from the quartzwalls imo an NMR robe with _3

while maintaininga continuous flow of nitrogenthroughout the system. Recordingof 1H

NMR spectraldata revealed that only starting materialhad been collected. The recovery

was 28 mg (95%).
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SnMe I

1,3,S-Tris(trlmethylstannyl)benzene(99). A solutionof 1,3,5-tribromobenzene(I.00 g,

3.18 retool), hexamethylditin(11.09 g, 11.44 retool), and Pd(PPh3)4 (0.20 g, 0.17 retool)

in degassed toluene was heated to reflux for 60 rain under argon. The reaction mixture

was allowed to cool to room temperature, then filtered through a pad of celite.

Evapm'ationof the vola_leswas first perfomzd in the vacuum of a rotary evaporator,

thenffter in an oU pump vacuum to yield a colorless oil (1.56 8) that was subjectedto

" column chromatographyon SiO2 (ca. 60 g), using hexanes as eluenLCollection of the first

fraction furnished,after removal of the solvent, 99 as a colorless oil (1.24 g, 69%): MS

(70 eV) m/: (tel. intensity) 551 (M+- Me, 100), 521 (13), 491 (12), 389 (41), 268 (17),

165 (23); IH NMR (300 MHz, CI:_ 3) 8 7.66 ($, 3H), 0.40 (s, JSn.H= 54.7 Hz, 27H);

13C{lH} MR (75.5 MHz, (X_ 3) 8 143.12 (Jsn-C= 30.7 I-Iz), 141.97 (Jsn-C= 151.0

Hz, JSn-C = 31.5 Hz),-9.42 (Jsn-C = 321.8 Hz). Anal C.alcdfor CtsH30Sn4: C, 31.80; H,

5.34. Found: C, 32.29; H, 5.17.
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$
PM3 PP_C_SE LOCAL:SE UONDS T-2400H
b_phenylene
d2h

C 0.000000 0 0.000000 0 0.000000 0 0 0 0
C 1.422894 1 0.000000 0 0.000000 0 1 0 0
C 1.376E27 1 122.2748_g 1 0.000000 0 2 1 0
C 1.422874 1 122.281588 1 -0.388258 1 3 2 1
¢ 1.356631 1 115.561331 1 0.313395 1 4 3 2
C 1.451995 1 122.i57007 1 -0.075457 1 S 4 3
C 1.486237 1 89.987370 1 179.974443 1 6 $ 4
C 1.451747 1 90.011441 1 0.025757 1 7 6 5
C 1.356694 1 122.177809 1 179.930044 1 8 7 6
C 1.422805 1 115.546298 1 0.054891 1 9 8 7
C 1.376738 1 122.282472 1 -0.014$82 1 10 g 8
C 1.422836 1 122.277092 1 -0.039840 1 11 10 g
B 1.092737 1 123.46487$ 1 -179.898432 1 1 E 5
H 1.095274 1 110.123733 1 180.022859 1 2 1 E
R 1.0g5275 1 119.605475 1 179.791231 1 3 2 1
a 1.09273$ 1 120.959395 1 -179.74874E 1 4 3 2
R 1.092730 1 123.481902 1 180.026775 1 9 8 7
H 1.095280 1 118.114253 1 179.959E37 1 10 9 8
B 1.0g5271 1 11g.60SlSg 1 179.975315 1 11 10 9
B 1.092733 1 120.991345 1 180.039879 1 12 11 10
0 0.000000 0 0.000000 0 0.000000 0 0 0 0

t
PM3 PI_.ICCZSE_,OC,_ZSE IONDS T-2400N
anq_ala:[3]
¢2v
C 0.000000 0 0.000000 0 0.000000 0 0 0 0
C 1.4_8744 1 0.000000 0 0.000000 0 _ 0 0
C 1.379607 1 122.329439 1 0.000000 0 2 1 0
C 1.419067 1 122.184017 1 0.1137ES 1 3 2 1
C 1.359952 1 115.641086 1 -0.105913 1 4 3 2
¢ 1.449394 1 122.179323 1 0.047829 1 S 4 3
C 1.482415 1 90.876876 1 179.968860 1 6 5 4
C 1.486479 1 88.912337 1 -0.02427g 1 7 6 5
C 1.331165 1 117.397641 1 179.974238 1 8 ? 6
C 1.486305 1 117.602065 1 0.051900 1 9 8 ?
C 1.3488gS 1 124.717078 1 -0.092182 1 10 9 8
C 1.448562 1 117.726477 1 0.0588?6 1 11 10 9
C 1.482262 1 88.923790 1 190.012751 1 10 9 8
C 1.449508 1 90.879630 1 0.003974 1 13 10 9
C 1.359934 1 122.156317 1 179.979234 1 14 13 10
C 1.419157 1 115.644894 1 -0.025927 1 15 14 13 "
C 1.379631 1 122.184986 1 0.031042 1 16 15 14
C 1.418733 1 122.337124 1 -0.027531 1 17 16 15
H 1.092832 1 123.269176 1 179.979861 1 1 6 5
H 1.095394 1 118.211176 1 _7g.979801 1 2 1 6
H 1.095287 1 119.539623 1 180.055084 1 3 2 1
H 1.0_2859 1 121.085470 1 1_9.90404$ 1 4 3 2
H 1.093069 1 122.825708 1 180.033094 1 11 10 g
H 1.093038 1 119.406405 1 179 998461 1 12 11 10
H 1.:92859 1 123.285181 1 1_9 987264 1 15 14 13
H 1.095280 1 118.308246 ; -279 954334 1 16 15 14
H 1.095394 1 119.449782 _ Ig_ 002130 1 17 16 15
H 1.092810 1 121.046705 1 _0 00_269 1 18 17 16
0 0.000000 0 0.000000 0 0 000000 0 0 0 0
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$CONTRL SCFTYP-RHF TIMLIM-100000 RUNTYP-OPTIMIZE COOKD-ZMT $-ND
$BASIS GBASIS-N21 NGAUS-3 SEND
DSNBO ARCHIVE RESONANCE SEND
SDEL NOSTAR SEND
$DATA

triscyclobutanobenzene ... rhf/3-21G//rhf/3-21G
Dnh 3

C
C 1 1.4074808
C 2 1.3611968 1 120.0000000
C 3 1.4074808 2 120.0000000 1 0.0000000 0
C 4 1.3611968 3 120.0000000 2 0.0000000 0
C 5 1.4074808 4 120.0000000 3 0.0000000 0
C 1 1.5375586 2 93.5540334 3 180.0000000 0
C 2 1.5375586 1 93.5540334 6 -180.0000000 0
C 3 1.5375586 4 93.5540334 5 -180.0000000 .0
C 4 1.5375586 3 93.5540334 2 -180.0000000 0
C 5 1.5375586 6 93.5_40334 ! -180.0000000 0
C 6 1.5375586 5 93.5540334 4 -180.0000000 0
H 7 1.0808324 1 114.9320705 6 -65.0022023 0
H 7 1.0808324 1 114.9320705 6 65.0022023 0
H 8 1.0808324 2 114.9320705 3 -65.0022023 0
H 8 1.0808324 2 114.9320705 3 65.0022023 0
H 9 1.0808324 3 114.9320705 2 -65.0022023 0
H 9 1.0808324 3 114.9320705 2 65.0022023 0
H I0 1.0808324 4 114.9320705 5 -65.0022023 0
H i0 1.0808324 4 !!4._32C_05 5 65.0022023 0
H ii 1.0808324 5 114.9320705 4 -65.0022023 0 .

H ii 1.0808324 5 I14._320795 4 65.0022023 0
H 12 1.0808324 6 114.9320705 1 -65.0022023 0
H 12 1.0808324 6 114.9320705 1 65.0022023 0
SEND
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$CONTRL SCFTYP-RHF RUNTYg-ENERGY COORD-ZMT SEND
SBASIS GBASIS-N21 NGAUSS-3 SEND
$NBO RESONANCE $END
SDATA

iris (methylenecyclobuta) benzene ... rhf/3-21g//rhf/3-21g
Dnh 3

C
C 1 1.4244306
C 2 1.3582869 1 120.0000000
C 3 1.4244306 2 120.0000000 1 .0000000 0
C 4 1.3582869 3 120.0000000 2 .0000000 0
C 5 1.4244306 4 120.0000000 3 .0000000 0
C 1 1.5005680 2 92,0042357 3 -180.0000000 0
C 7 1.3123326 1 136.4629382 6 .0000000 0
C 2 1.5005680 1 92.0042357 6 180.0000000 0
C 9 1.3123326 2 136.4629382 3 .0000000 0
C 3 1.5005680 4 92.0042357 5 -180.0000000 0
C 11 1.3123326 3 136.4629382 2 .0000000 0
C 4 1.5005680 3 92.0042357 2 -180.0000000 0
C 13 1.3123326 4 136.4629382 5 .0000000 0
C 5 1.5005680 6 92.0042357 1 180.0000000 0
C 15 1.3123326 5 136.4629382 4 .0000000 0
C 6 1.5005680 5 92.0042357 4 -180.0000000 0
C 17 1.3123326 6 136.4629382 1 .0000000 0
H 8 1.0725027 7 121.5231289 1 .0000000 0
H 8 1.0728805 7 121.4304519 1 -180.0000000 0
H i0 1.0725027 9 121.5231289 2 .0000000 0
H I0 1.0728805 9 121.4304519 2 180.0000000 0
H 12 1.0725027 II !2!.5231289 3 .0000000 0

.. H 12 !.0728805 II 12!.4304519 3 180.0000000 0
H 14 1.0725027 13 121.5231289 4 .0000000 0
H 14 1.0728805 13 121.4304519 4 180.0000000 0
H 16 1.0725027 15 121.5231289 5 .0000000 0
H 16 1.0728805 15 121.43C4519 5 180.0000000 0
H 18 1.0725027 17 121.=231289 6 .0000000 0
H 18 1.0728805 17 12!.4334519 6 180.0000000 0
Send
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1]

_M3 _._EC_SE SYM_METRY T-24COM

e3
XX 0.00000O 0 0.C00000 0 0.CO0GOO 0 0 0 0

C 1. 391492 1 0. 000000 0 0.00O000 0 1 0 0

XX I. 000000 0 90. 000000 0 0. 000000 0 1 2 0

C 1. 391492 0 90. 000000 0 120. 000000 0 1 3 2
C 1.391492 0 90.000000 0 -120.000000 0 1 3 2

C 1. 421164 1 90. 000000 0 -58. 404819 1 1 3 2

C 1. 421164 0 90. 000000 0 120.000000 0 1 3 6

C 1.421164 0 90.000000 0 -120.000000 0 1 3 6
C 1.420482 1 119.529888 1 139.869845 1 2 6 5

C 1.420482 0 1!9.529888 0 139.869845 0 5 8 4
C 1.420482 0 119.529888 0 139.869845 0 4 7 2

C 1.442959 1 109.738835 1 -150.049281 1 9 2 6

C 1.442959 0 109.738835 0 -i.=0.049281 _ i0 5 8
C 1.442959 0 109.738835 ; -150.049281 0 II 4 7

C I. 394910 1 120. 840026 1 8.205119 1 9 2 6

C 1.394910 0 120. 840026 0 8.205119 0 !0 5 8

C 1.394910 0 120.840026 0 8.205119 0 11 4 7

C 1.453801 1 109.682887 _. 143.3!1765 1 7 2 6
C 1.453801 0 109.682887 J !43.31i765 0 6 5 9

C 1.453801 0 109.682887 0 143.311765 0 8 4 7

C 1.376642 1 !18.703444 i -'5:.S!_324 1 18 7 2

C 1.376642 0 !18.703444 0 -'51.218324 0 19 6 5

C 1.376642 0 118.703444 0 -i51.318324 0 20 8 4

C i. 369901 1 116. 188000 1 174. 606629 1 12 9 2
C 1. 369901 0 116. 188000 0 "74. 606629 0 13 10 5

C !. 369901 0 116. 188000 0 !74. 606629 0 14 II 4
C i. 424373 1 1!8. 361804 1 -2. 979608 ! 24 12 9

C I. 424373 0 118. 361804 0 -2. 979608 0 25 13 I0

C 1. 424373 0 lIB. 36!B04 0 -2. 979608 0 26 14 II

. Z 1.424015 1 113.846179 ' -'74.503212 1 15 9 2
C !.424015 0 113.846179 O -!-4..=032_2 0 16 I0 5
c 1.424015 0 1_3._4617_. _ -!-4.5_32"2 0 17 _..: 4

H 1.095610 1 120.309724 1 "79.488165 1 21 IS 7

" H 1.095610 0 120._09724 _ ""9.483165 0 22 19 6

H 1.095610 0 120.809724 '3 "'9.488165 0 23 20 8
H 1.094251 1 121.877219 1 ""9.358821 1 24 12 9

H 1.094251 0 121.877219 _ " "9.358821 0 25 13 !0
H 1.094251 0 121.377219 ." "_9.858821 0 26 !4 II

H 1.095936 1 117.523521 l "76.31!452 1 27 24 12

H i .095936 0 117. 523521 -" ""6. 311452 0 28 25 13

H 1.095936 0 117.523521 3 176.3!1452 0 29 26 14
H 1.095132 1 119.313087 i -i'3._03292 1 30 15 9

H 1.095132 0 119.313087 _ -'73._03292 0 31 16 I0

H 1.095132 0 119.313087 " -''3._03292 0 32 17 !!
0 0.000000 0 0.0000 ''_,_,, "._'._00 0 0 0 0
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IS

$CONTRL TIMLIM-30000 SCFTYP-RHF RUNTYP-ENERGY COORD-ZMT
SBASIS GBASIS-N21 NGAUSS-3 SEND
SNBO ARCHIVE RESONANCE SEND
$DEL NOSTAR SEND
$DATA

me_ a-biscyclobu_enobenzene.., rhf /3- 21g//rhf /3-21 g
Cnv 2

C
C 1 1.4870512
C 1 1.3255418 2 117. 3205485
C 2 1.3255418 1 117.3205485 3 0.0000000 0
C 3 1.4840753 1 124.7323014 2 O.0000000 0
C 4 I.4840753 2 124. 7323014 1 0.0000000 0
C 3 1.5186796 5 87.1761236 1 -180.0000000 0
C 4 1.5186796 6 87.1761236 2 180.0000000 0
C 5 1.5187556 3 87.5140098 1 180.0000000 0
C 6 1.5187556 4 87.5140098 2 -180.0000000 0
H 1 1.0713715 2 119. 0940298 4 -180.0000000 0
H 2 1.0713715 1 119. 0940298 3 180.0000000 0
H 7 1.0655037 3 133.5693549 5 -180.0000000 0
H 8 I.0655037 4 133. 5693549 6 180.0000000 0
H 9 1.0652996 5 133.5962967 3 180.0000000 0
H 10 1.0652996 6 133.5962967 4 180.0000000 0
SEND

16

# rhf/3-21g nosymm

para-biscyclobu_enobenzene.., rhf/3-21g//rhf/3-2 lg

0 1
C
C 1 1.3924154
C 2 i. 3804965 1 123. 9228279
C 3 1.3804965 2 112.1543441 1 0.0000000 0
C 4 i. 3924154 3 123. 9228279 2 0.0000000 0
C 5 1.3804965 4 123.9228279 3 0.0000000 0
C 1 1.5677499 2 88. 8725997 3 -180.0000000 0
C 2 1.5677499 1 88. 8725997 6 -180.0000000 0
C 4 i. 5677 499 5 88. 8725997 6 180.0000000 0
C 5 1.5677499 4 88.8725997 3 -180.0000000 0
H 3 I. 0703106 2 123. 9228279 1 -180.0000000 0
H 6 i. 0703106 5 123. 9228279 4 180.0000000 0
H 7 1.0652360 1 134.1478238 2 -180.0000000 0
H 8 1.0652360 2 134.1478238 1 -180.0000000 0
H 9 1.0652360 .4 134.1478238 5 -180.0000000 0
H I0 1.0652360 5 134.1478238 4 180.0000000 0
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Cr(CO)j

34

. $CONTRL SCFTYP-RHF RUNTYP-ENERGY SEND
$SCF ETHRSH-0.05 DAMP- .TRUE. SEND
$GUESS GUES S-MOREAD SEND
$DATA

" Benzene chromium _ricarbonyl... rhf/wh-midi (s_aggered)
Cnv 3

CR 24.0 .0000000000 .0000000000 -.1342012447
S 4 1.00
1 8177.5259 0.0175418

• 2 1232.1457 0.1228663
- 3 279.03868 0.4428574

4 74.9971539 0.5508633
S 3 1.00
I 112. 48983 -0. 1050867
2 12.095476 0.6289352
3 5.0748415 0.4407752
S 2 1.00
1 9.8410604 0.2125861
2 0.99637093 -1.074982
P 4 1.00
1 319.61171 0.0295675
2 74.341057 0.1874726
3 22.609200 0.5097071
4 7. 5085800 0. 4507294

2 1.00
1 2.5272179 0 .5017207
2 0.75067260 0.5991726
P 1 1.00
1 0.10700000 1. 0000000
D 3 1.00
1 8.5924219 0.1648948
2 2.0666439 0.4996142
3 0.46640362 0. 6203377

" D 1 1.00
I 0.15000000 1.0000000

• C 6.0 I.5676094333 .0000000000 -i. 1563916540
MIDI

O 8.0 2.5659436621 .0000000000 -1.7233750739
M._DI

C 6.0 1.2086226177 -.7047061631 1.6907107088
MIDI

H 1.0 2.1392303699 -" .2397574762 1.6925433788
MID_

SEND
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$CONTRL SCFTYP-RHF RUNTYP-ENERGY COORD-ZMT SEND
SBASIS GBASIS-N21 NGAUSS-3 SEND
SNBO RESONANCE $END
SDEL NOSTAR SEND
SDATA

Benzocyclobutene...rhf/3-21g//rhf/3-21g
Cnv 2

C
C 1 1.5997199
C 1 1.5376867 2 86.0181598
C 2 1.5376867 1 86.0181598 3 0.0000000 0
C 3 1.3704115 4 122.2226762 2 180.0000000 0
C 4 1.3704115 3 122.2226762 1 -180.0000000 0
C 5 1.3964047 3 116.2289496 4 0.0000000 0
C 6 1.3964047 4 116.2289496 3 0.0000000 0
H 1 1.0807870 3 115.0017716 4 114.8141281 0
H 1 1.0807870 3 115.00177!6 4 -114.8141281 0
H 2 1.0807870 4 115.00177!6 3 114.8141281 0
H 2 1.0807870 4 115.0017716 3 -114.8141281 0
H 5 1.0718693 3 123.0271442 4 -180.0000000 0
H 6 1.0718693 4 123.0271442 3 180.0000000 0
H 7 1.0720611 5 119.3767394 3 180.0000000 0
H 8 1.0720611 6 119.3767394 4 -180.0000000 0
SEND
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I

#N rhf/3-21g

meta-biscyclobu_abenzane.., rhf/3-21g/I rhf/3-2 !g

0 1
C
C 1 CCa
C 1 CCb 2 alfa
C 2 COb 1 alfa 3 0. 0
C 3 CCc I beta 2 0. 0
C 4 CCc 2 beta 1 0. 0

C 3 CCd 5 gama 6 180. 0
C 4 CCd 6 gama 5 180. 0
C 5 CCe 3 dl_a 1 180. 0
C 6 CCe 4 dl_a 2 180. 0
H .i CHa 2 epsn 4 180. 0
H 2 CHa 1 epsn 3 180. 0
H 7 CHb 3 zeta 5 eta 0
H 7 CHb 3 zeta 5 -eta 0
H 8 CHb 4 zeta 6 e_a 0
H 8 CHb 4 zeta 6 -eua 0
H 9 CHc 5 th_a 3 kapa 0
H 9 CHc 5 _hta 3 -kapa 0
H !0 CHc 6 _hta 4 kapa 0
H I0 CHc 6 _h_a 4 -kapa 0

CCa I. 408
CCb 1. 3717
_C_ i. 397

. CCd 1.5395
CCe i. 5364
CHa I. 0723
CHb I. 0809
CHc 1.0809
alfa 117.753 "
beta 123. 9452
gama 93.56
-41,,,ua 93 9593

epsn 120.2782
zeta 115.018
eta 114.8831
_h_a 114.932

kapa i14. 9381



140

$?
w

PM3 T-2400M PREC'SE

trlangulene - hexahydro, planar

C 0.000000 0 0.000000 0 0.0C3000 0 0 0 3

C 1. 407900 1 0.000000 0 0,333000 0 1 0 0 !
C I. 386958 1 121. 925804 1 0. 000000 0 2 1 9
C i. 408092 1 121. 847444 1 0. 023742 1 3 2 1

- C 1.369387 1 116.027346 1 -0.582744 1 4 3 2
C 1.416075 1 122.136454 1 0.593544 1 5 4 3
C 1.514521 1 93.471804 1 177.068259 1 6 5 4
C 1.599143 1 86.556257 1 0.079829 1 7 6 5
C 1.501912 1 120.030502 1 121.818547 1 8 7 6
C I.600256 1 120. 073833 1 I. 679084 1 9 8 7
C 1.503018 1 119.822125 1 -1.932222 1 10 9 8
C 1.599615 1 120.076743 1 0.852525 1 11 I0 9
C 1.514821 1 86.454480 1 -123.494280 ! i0 9 8
C I. 416378 1 93. 519546 1 0,679371 1 13 10 9
C 1.369495 1 122.133992 1 -177.671648 1 14 13 13
C 1.407900 1 115.9881i4 1 -0.432752 1 15 14 13
C 1.386737 1 121.886537 ! 0.630073 1 16 15 14
C I. 407633 1 121. 827186 ! -0.,_76806 1 17 16 .'
C 1.514552 1 86.5629_0 ! -121. 803141 1 12 Ii I:
C 1.416363 1 93.43_595 ! -0.215054 1 19 12 I"
C 1.369341 1 122.C88952 1 -!76.970130 1 20 19 !2
C i. 407696 1 116. 030939 ! -0. 702967 1 21 20 19
C 1.386793 1 121.898775 1 0.599344 1 22 21 2:
C 1.408023 1 121.780698 1 0.082352 1 23 22 21

. . , ,9.8!2 _ ,8 l 1 6 :H 1 093737 1 122 6a932! 1 __ -"
H !.095091 1 118.7=9557 ! -179.,:C6948 1 2 1
H 1.095058 1 !!9.4_2='_3 ! "79.953917 1 3 2 ".
H 1.093697 1 121.29_=-_3 " "79,''''31 1 4 3 .
H 1.113034 1 !24.33_1 _'_ 1 _'3.729370 1 7 I! -:
H I _12909 1 __3 2':_123 " "26 294_74 1 8 7 ". .. . Q = _ ,,,w _ • e .

a

H i 113296 1 10 _ "'_==" " "29._84133 ! 9 8 "
H I.I126S9 1 "iC.36a5.:4 1 !25.199321 1 !0 9 .:
H i. 112998 1 108. 3663" :3 1 128. 709852 1 II A0 ._
H 1.113064 1 110.222634 1 :27.341130 1 12 II I"
H 1.093724 1 122.681=43 1 179.948812 1 15 14 "_
H 1.095124 1 I18.7131=3 I -179.445345 1 16 15 14
H 1.095087 1 I19.39":12 1 179.866400 1 17 16 I'=
H 1.093727 1 !21.2S4-:_ 1 179.817407 1 !8 17 " "
H 1.093766 1 122.69._2_2 1 "79.8!1517 ! 21 20 i._
H 1.095!_4 1 118.73_'.'1 i --'79.429301 1 22 21 .=
H 1.095055 1 I19.39_2:" 1 1,_0.C09856 1 23 22 2"
H !.093744 ! !21.2_.:'" ' " "79._39537 ! 24 23 2"
0 0.000000 0 0.3'_''. . O.':OCOOO 0 0 0 0
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_0

PH3 PI_CZSE T--2400H
chaJ.z cycJ.ohexane
ct3d

. C 0.000000 0 0.000000 0 0.000000 0 0 0 0
C 1. 521036 1 1.000000 0 0.000000 0 1 0 0
C i.521001 1 110.969640 1 0.000000 0 2 1 0
C 1.520682 1 111.069254 1 -55.940612 1 3 2 1

" ¢ 1. 520836 1 111. 059230 1 55.911631 1 4 3 2
C 1.521032 1 110.982616 1 -55.936324 1 5 4 3
R 1.108305 1 109.843033 1 65.540212 1 1 6 5
ll 1.106935 1 110.072197 1 -178.258293 1 1 6 5
11 1.106799 1 110. 080600 1 178.164982 1 2 1 6
B 1.108244 1 109. 851846 1 -65. 618384 1 2 1 6
K 1.108275 1 109.816076 1 65.741524 1 3 2 1
R 1.106843 1 110.066500 1 -178.098753 1 3 2 1
H 1.106841 1 110.046401 1 178.050897 1 4 3 2
B 1.108278 1 109. 835462 1 -65.783981 1 4 3 2
a 1.108202 1 109.85897"/ 1 65.730018 1 5 4 3
8 1.106782 1 110.074995 1 -178.054397 1 5 4 3
a 1.106897 1 110.069736 1 178.183925 1 6 5 4
a 1.108072 1 109. 856150 1 -65.641990 1 6 5 4
0 0.000000 0 0.000000 0 0.000000 0 0 0 0

H
PH3 PKECZSE T-240_
bJ.phenyLene_.h6 61

C 0.000000 0 0.000000 0 0.000000 0 0 0 0
C 1. 601733 1 1. 000000 0 0.000000 0 1 0 0
C 1.511524 1 118.728506 1 0.000000 0 2 1 0
C 1.517939 1 113.607468 1 -19.752349 1 3 2 1
C 1. 518183 1 110. 572996 1 50.609534 1 4 3 2
C 1.518044 1 110.816822 1 -68.730259 1 5 4 3
C 1.516447 1 86.384908 1 120.975403 1 1 2 3
C 1. 416571 1 93.512627 1 -1.576968 1 7 1 2
C 1.368564 1 122.208477 1 -179.176440 1 8 7 1

" C 1.408542 1 115.901076 1 -0.256385 1 9 8 7
C 1.386942 1 121.908760 1 0.035165 1 10 9 8
C 1. 408785 1 121. 874712 1 0.161161 i 11 10 9

. H 1. 109337 1 110. 929062 1 109. "/43577 1 1 6 5
H 1.111381 1 111.359295 1 134.009058 1 2 1 6
H 1.108941 1 108.90"/377 1 101.900702 1 3 2 1
H 1.10"/601 1 109.149095 1 -143.086806 1 3 2 1
H 1.10"/195 1 109.623102 1 172.393330 1 4 3 2
H 1.108032 1 110.456476 1 -71.383978 1 4 3 2
H 1.108110 1 110.007447 1 53.692560 1 5 4 3
H 1. 107293 1 110. 182344 1 169.894732 1 5 4 3
H 1.107470 1 109.586933 1 1"/4.948622 1 6 5 4
H 1.109163 1 109.323648 1 -70.088575 1 6 5 4
H 1.092994 1 122.701072 1 179.648569 1 9 8 7
H 1.095139 1 118.738121 1 180.024423 1 10 9 8
H 1.095109 1 119.377557 1 -179.915779 1 11 10 9
H 1.092928 1 121.336317 1 179.672787 1 12 11 10
0 0.000000 0 0.000000 0 0.000000 0 0 0 0
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H
47

PM3 PRECISE T-2400M GEO-OK

cyclohexane :mimic t=iang_h6

C 0,000000 0 0.000000 0 0.000000 0 0 0 0
C i.569759 1 i,000000 0 0. 000000 0 1 0 0
C 1.493546 1 119. 996851 1 2.000000 0 2 1 0
C 1.570294 1 120.075073 1 -0,185265 1 3 2 1
C I. 494319 1 119. 889557 1 0.316457 1 4 3 2
C 1.569605 1 120. 038590 1 -0.260426 1 5 4 3
H 1.108674 1 90.000000 0 -119.112062 1 1 2 3
H 1.102262 1 110.508902 i 130.385827 I i 2 3
H 1.108573 1 90.000000 0 0.000000 0 2 1 7
H 1.102294 1 Ii0.482339 I -130.392925 1 2 I 6
S 1.108549 i 90.000000 0 -118.942561 1 3 4 5
H 1.102370 1 Ii0. 425852 1 130. 657559 I 3 4 5
H 1. 108509 1 90.0C_00 0 0.000000 0 4 3 11
S 1,102125 1 110.54_485 1 -130.130871 1 4 3 2
S 1.108613 1 90.000000 0 -119.063117 1 5 6 1
H 1.102325 1 110.481669 1 130.451754 1 5 6 i
H 1.108616 1 90.000000 0 0.000000 0 6 5. 15
H 1.101996 1 110,475958 1 -130.346526 1 6 5 4
0 0.000000 0 0.000000 0 0,000000 0 0 0 0

l
L

68

# :hf/3-21g nosymm

para-biscyclobutenobenzene.,.:hf/3-2!_//:hf/3-21g

,J

C
C 1 1,3924154
C 2 1.3804965 1 123.9228279
C 3 1.3804965 2 !12.1_4344! 1 _.0000000 0
C 4 1.3924154 3 123.922_279 2 0.0000000 0
C 5 1.3804965 4 123._2292_9 3 0.0000000 0

1 1.5677499 2 88.$72_97 3 -180.0000000 0
C 2 1.5677499 1 9@.3"2_97 6 -180.0000000 0
C 4 1.5677499 5 98.8T25_97 6 180.0000000 0
C 5 1.5677499 4 88.B_25997 3 -180.0000000 0
H 3 1.0703106 2 123._229279 1 -190.0000000 0
H 6 1.0703106 5 123._229279 4 i_0.0000000 0
H 7 1.0652360 1 134.'_'_238 2 -180.0000000 0
H 8 1.0652360 2 134.'4":239 i -!80.0000000 0
H 9 1.0652360 4 134," "':_3 5 -i_0.0000000 0
H I0 1.0652360 5 134 ";'-'_ = 4 180.0000000 0



" $CONTRL SCFTYP-RHF RUNTYP-ENERG¥ COORD-ZMT SEND
SBASIS GBASIS-N21 NGAUSS-3 SEND
$NBO RESONANCE SEND
$DEL NOSTAR SEND
SDATA

Cl0HS...me_hylenebenzocyclobu_abenzene ...chf/3-21g//chf/3-21g
Cnv 2

C
C 1 1.5301849
C 1 1.5039284 2 87.4727396
C 2 1.5039284 1 87.4727396 3 0.0000000 0
C 3 1.3703146 4 122.2129670 2 180.0000000 0
C 4 1.3703146 3 122.2129670 1 -180.0000000 0
C 5 1.3962757 3 116.0234137 4 0.0000000 0
C 6 1.3962757 4 116.0234137 3 0.0000000 0
C 1 1.3118818 2 135.3568137 4 -180.0000000 0
C 2 1.3118818 1 135.3568137 3 180.0000000 0
H 5 1.0711092 3 123.0018692 4 -180.0000000 0
H 6 1.0711092 4 123.0018692 3 180.0000000 0
H 7 1.0721683 5 119.3294317 3 -180.0000000 0
H 8 1.0721683 6 119.3294317 4 180.0000000 0
H 9 1.0731620 1 121.3033652 2 0.0000000 0
H 9 1.0726213 1 121.6890203 2 180.0000000 0
H 10 1.0731620 2 121.3033652 1 0.0000000 0
H 10 1.0726213 2 121.6890203 1 -180.0000000 0
SEND
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70

#n rhf/3-21g

para-bis (dimethylenecyclobuta) benzene

0 I
x
× i 1.0
c 1 cx 2 90.0
c 1 cx 2 90.0 3 180.0 0
c 3 cca 1 a!fa 2 90.0 0
c 3 cca 1 alfa 2 270.0 0
c 4 cca 1 a!fa 2 90.0 0
c 4 cca 1 alfa 2 270.0 0
c 5 ccb 3 beta 6 180.0 0
c 6 ccb 3 beta 5 180.0 0
c 7 ccb 4 beta 8 180.0 0
c 8 ccb 4 beta 7 180.0 0

c 9 ccd 5 gama 3 O.0 0
c i0 ccd 6 gama 3 0.0 0
c 11 ccd 7 gama 4 0.0 0
c 12 ccd 8 gama 4 0.0 0
h 1 cha 2 90.0 3 0.0 0
h 1 cha 2 90.0 4 0.0 0
h 13 chb 9 epsi 5 0.0 0
h 13 chc 9 ze__a 5 IBO.O 0

h 14 chb I0 epsi 6 0.0 0
h 14 chc I0 zeta 6 180.0 0

h 15 chb ll epsi 7 0.0 0
h 15 chc ll zeta 7 180.0 0
h 16 chb 12 epsi 8 0.0 0
h 16 chc 12 zeta 8 180.0 0

CX 1.470B
cca 1.3914
ccb i. _0i7
ccd 1.2122
cha 2. _411
chb 1.C729
chc I .073
alfa 56.2" 43
beta 143.._65
gama 136.7S17
epsi !21. 6372
zeta 121.37_.S

Snbo resonance Send



147

%
7!

#n =hf/3-21g

" meta-bis (dimethy!enecyclcbu_a) benzene

0 1
• c

c 1 ca
c 1 cb 2 alfa
c 2 cb 1 al fa 3 O.0
c 3 cc 1 beta 2 180.0
c 4 cc 2 beta 1 180.0
c 5 cd 3 gama 1 O.0
c 6 cd 4 gama 2 O. 0
c 3 ce 1 delta 2 O. 0
c 4 ce 2 delta 1 O. 0
c 9 cf 3 epsi 1 180.0
c I0 cf 4 epsi 2 180.0
c 11 cg 9 zeta 3 180.0
c 12 cg 10 zega 4 180.0
h 1 ch 2 teta 4 180.0
h 2 ch 1 teta 3 180.0
h 7 cha 5 kapa 3 O. 0
h 7 chb 5 the_a 3 180.0

h 8 cha 6 kapa 4 O.0
h 8 chb 6 the_a 4 180.0
h 13 chc 11 omega 9 180.0
h 13 chd 11 sigma 9 0.0
h 14 chc 12 omega i0 180.0
h 14 chd 12 sig"ma !0 0.0

ca ! .4084
cb 1.3717
cc 1.5038
cd 1.3122
ce 1.4103
cf i .501
cg 1.3121
ch 1.0714
cha 1.0728
chb I. 073
chc 1.0729
chd 1.0726
alfa 117. 7798
beta 143. 7606
gama 136. 8203
del_a 124.13 98

epsi 92.4724
zeta 136. 6121
teta 120. 2721

kapa 121. 6005
the_a 121. 4204
omega 121.389"
sigma 121. 564"
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SCONTRL SCFTYP-RHF RUNTYP-ENE._GY COO._D-ZMT SEND
$BASIS GBASIS-N21 NGAUSS-3 SEND
$NBO RESONANCE $END
$DEL NOSTAR SEND
SDATA

Benzocyclobutadiene... rhf/3-21g//rhf/3-21g
Cnv 2

C
C 1 1.3366400
C 1 I. 5457380 2 91. 6503960
C 2 i. 5457380 1 91. 6503960 3 0.0000000 0
C 3 1.3392387 4 122.6283277 2 180.0000000 0
C 4 1.3392387 3 122.6283277 1 -180.0000000 0
C 5 1.4376416 3 115.6561309 4 0.0000000 0
C 6 1.4376416 4 115.6561309 3 0.0000000 9
H 1 I. 0653921 3 133. 8832975 4 180.0000000 0
H 2 1.0653921 4 133.8832975 3 -190.0000000 0
H 5 1.0711256 3 "23.8680886 4 -190.0000000 0
H 6 1.0711256 4 123.8680886 3 190.0000000 0
H 7 1.0718648 5 118.5506162 3 180.0000000 0
H 8 1.0718648 6 "18.5506162 4 !20.0000000 0
SEND



149

C_(CO)I

$CONTRL SCFTYP-RRF RUNTYP-ENERGY SEND
$SCF DIRSCF=.FALSE. ETHRSH-0.01 DAMP-.TRUE. SEND
SGUESS GUESS-MOREAD SEND
SDATA

Triscyclobu_abenzene chromium_ricarbonyl (s_aggered)
" Cnv 3

CR 24.0 .0000000000 .0000000000 -.6785369289
S 4 1.00
1 8177.5259 0.0175418
2 1232.1457 0.1228663
3 279,03868 0.4428574
4 74,9971539 0.5508633

" S 3 1.00
1 112.48983 -0.1050867
2 12.095476 0.6289352
3 5.0748415 0.4407752
S 2 1.00
1 9.8410604 0.2125861
2 0.99637093 -1.074982
P 4 1.00
1 319,61171 0.029567_
2 74.341057 0.1874726

3 22.,60_00 0.5097071
4 7.5085800 0.4507294
P 2 1.00
1 2.5272179 0.5017207
2 0.75067260 0.5991726
P 1 1.00
I 0.10700000 1.0000000
D 3 1.00
1 8.5924219 0.1648948
2 2.0666439 0.4996142
3 0.46640362 0.6203377
D 1 1.00
1 0.15000000 1.0000000

C 6.0 1.5631152321 .0000000000 -1.6672441285
, MIDI

O 8.0 2.5955381443 .0000000000 -2.1787817732
MIDI

C 6.0 1.2018631005 -.7139511858 1.1818498838
MIDZ

C 6.0 2.7301105893 -.7999999170 1.2557277634
MIDI

H 1.0 3.1080015005 -1.2416408650 2.1704336404
MIDI

H 1.0 3.2193674064 -1.2498997324 .4014362351
MIDI

SE_TD
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$CONTRL SCFTYP_iq,JIF R_YP*£HERGY SEND
$SYSTZM MLqORYolS00000 SEND
$SCF D2RSCF-. FA.T,,SE. ETHRSE_0. 01 DJU41D-.TRUE. SEND
SG_'IE:SS GUESS-MoIUr,._ SEHD
SDATA

T:is(cLime_hylene)cyclobutabenzene c_omium _:icaz_=nyl (s_aqqered}
:)iV 3

CR 24.0 0.0000000000 0.0000000000 -0.9260990379
S 4 1.00
I 0177.5259 0.0175418
2 1232.1457 0.i2286G3
3 279.03868 0.4428574
4 74.9971539 0.5508433
S 3 1.00
1 112.48903 -0.1050867
2 12.095476 0.6289352
3 5.0?4|415 0.440?752
S 2 1.00
1 9.8410604 0.2125861
2 0.99637093 -1.074902
P 4 1.00
1 319.61171 0.02956?5
2 74.34105? 0.18?4726
3 22.609200 0.50g70?1
4 ?.5085800 0.450?294
P 2 1.00
1 2.5272179 0.501?20?
2 0.7506?260 0.5991726
P 1 1.00
I 0.10700000 1.0000000
O 3 1.00
1 8.5924219 0.1640948
2 2.0666439 0.4996142
3 0.46640362 0.620337?
D 1 1.00
I 0.15000000 1.0000000

C 6.0 1.5630684692 0.0000000000 -1.9541776036
MIDZ

O 8.0 2.5500543857 0.0000000000 -2.5399340315
MIDZ

C G.0 1.2052473387 -0.7234416438 0.9412240624
HZDI

C 6.0 2.7006582445 -0.7596772583 0.9970947790
MIDI

C 6.0 3.6172052987 -1.6987364549 1.0431602866
MIDI

H 1.0 3.3564400738 -2.7421798141 1.0338738038
MIDI

H 1.0 4.6650482288 -1.4588111270 1.08576?7943
MIDI

SEND
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(CO)s
??

$CONTRL SCFTYP-RHF R_'NTYP-ENERGY SEND
$SCF DIRSCF- .FALSE. ETHRSH-O .01 DAMP-. TRUE. SEND
$GUESS GUES S-MOREAD SEND
$DATA

Triscyclobu_enobenzene chromium _ricarbonyl (eclipsed)
Cnv 3

CHROMIUM 24.0 .0000000000 .0000000000 .7639421185
S 4 1.00
1 8177.5259 0.0175418
2 1232.1457 0.1228663

• 3 279.03868 0.4428574
4 74. 9971539 0. 5508633
S 3 1.00
1 112. 48983 -0. 1050867
2 12.095476 0.6289352
3 5.0748415 0.4407752
S 2 1.00
1 9.8410604 0.2125861
2 0.99637093 -1.074982
P 4 1.00
1 319.61171 0.0295675
2 74.341057 0.1874726
3 22.609200 0.5097071
4 7.5085800 0.4507294
P 2 1.00
1 2.5272179 0.5017207
2 0. 75067260 0.5991726
P 1 1.00
I 0. 10700000 1.0000000
O 3 1.00
1 8.5924219 0.1648948
2 2.0666439 0.4996142
3 0.46640362 0. 6203377
O 1 1.00
i 0.15000000 1.0000000

CARBON 6.0 -1. 5581361086 .0000000000 I.7779921325
MIDI

OXYGEN 8.0 -2.5372622725 .0000000000 2.3.812091817
MIDI

CARBON 6.0 1.2555767017 .6627275458 -1.2243117748
MIDI

CARBON 6.0 1.9334971344 2.0045154329 -1.3194023241
MIDI

HYDROGEN 1.0 2. 9618974979 2.2993641075 -1.3599641683
MIDI

SEND
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7|
HNDO CHARGE-1 PRECIS. SV.HMETRY T-2400H
semibuckminsce=fullerene - c30h12
c3

XX 0.000000 0 0.000000 0 0.000000 0 0 0 0
C 1.414241 1 0. 000000 0 0.000000 0 I 0 0

XX 1.000000 0 90.000000 0 0.000000 0 1 2 0
C 1.414241 0 90.000000 0 120.000000 0 1 3 2

. C 1.414241 0 90.000000 0 -120.000000 0 1 3 2
C 1.450307 1 90.000000 0 -58.415886 1 1 3 2

- C I.450307 0 90. 000000 0 120.000000 0 1 3 6
C 1.450307 0 90.000000 0 -120.000000 0 1 3 6
C 1.437143 1 119.556067 1 139.506609 1 2 6 5
C I. 437143 0 119. 556067 0 139.506609 0 5 8 4
C 1.437143 0 119.556067 0 139.506609 0 4 7 2
C 1.467993 1 109.907015 I -151.663265 1 9 2 6
C 1.467993 0 109.907015 0 -151.663265 0 10 5 8
C 1.467993 0 109.907015 0 -151.663265 0 11 4 7
C I. 418685 I 120. 786090 1 ii.726069 1 9 2 6
C 1.418685 0 120. 786090 0 11. 726069 0 I0 5 8
C 1.418685 0 120. 786090 0 11.726069 0 11 4 7
C !.477721 1 109. 908840 1 143.291125 1 7 2 6
C 1.477721 0 109.908840 0 143.291125 0 6 5 9
C 1.477721 0 109.908840 0 143.291125 0 8 4 7
C 1.401518 1 117. 452681 I -154.312693 1 18 7 2
C 1.401518 0 117. 452681 0 -154.312693 0 19 6 5
C 1.401518 0 117.452681 0 -154.312693 0 20 8 4
C 1.385955 1 114. 691118 1 -177.821107 1 12 9 2
C 1.385955 0 114. 691118 0 -177.821107 0 13 I0 5
C 1.385955 0 114._91118 0 -177.821107 0 14 II 4
C I. 444070 1 118. 647099 1 -5.229299 1 24 12 9
C 1.444070 0 118. 647099 0 -5.229299 0 25 13 10
C I.444070 0 118. 647099 0 -5.229299 0 26 14 11 .
C 1.443747 1 112.360399 1 178.416768 1 15 9 2
C 1.443747 0 112. 360399 0 178.416768 0 16 I0 5
C 1.443747 0 112.360399 0 178.416768 0 17 11 4
H 1.091636 I 120. 493685 I -174.541386 1 21 18 7
H 1.091636 0 120. 493685 0 -174.541386 0 22 19 6
H 1.091636 0 120. 493685 0 -174.541386 0 23 20 9
H 1.090127 I 122. 456590 1 176.483292 I 24 12 9
H 1.090127 0 122. 456590 0 176.483292 0 25 13 13
H 1.090127 0 122. 456-=90 0 176.483292 0 26 14 1!
H 1.092750 1 117. 100503 1 176.848823 1 27 24 12
[4 1.092750 0 117. 100503 0 176.848823 0 28 25 13
H 1.092750 0 117.100503 0 176.848823 0 29 26 14
H 1.090808 1 119. 673302 ! -172.282491 1 30 15 9
H 1.090808 0 119. 673332 0 -172.282491 0 31 16 13
H 1.090808 0 119. 673332 0 -172.282491 0 32 17 Ii

Li 2.047561 1 90.000_ _ : _ -90.000000 0 1 2 4
0 0.000000 0 0.000_'" _, 0.000000 0 0 0 0
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PM3 PIRIECZSES_FBul]£TRYT-2400H
¢30h18
¢3

XX 0.000000 0 0.000000 0 0.000000 0 0 0 0
¢ 1.4285_3 1 0.000000 0 0.000000 0 1 0 0

• XX 1.000000 0 90.000000 0 0.000000 0 i 2 0
¢ 1.428563 0 90.000000 0 120.000000 0 I 3 2
¢ 1.4285_3 0 90.000000 0 -120.000000 0 i 3 2
¢ 1.414577 I 90.000000 0 -Sg.0S7871 I I 3 2
¢ 1.414577 0 90.000000 0 120.000000 0 1 3 6
C 1.41457? 0 90.000000 0 -120.000000 0 I 3 6
¢ 1.455448 1 117.741302 1 -173.00586S 1 2 6 S
¢ 1.455448 0 117.741302 0 -173,005865 0 S 8 4
C 1.455448 0 117,741302 0 -173.005865 0 4 7 2
C 1.416E84 1 123.780822 1 153.977900 1 9 2 6
C 1.41668( 0 123.780822 0 153.977900 0 10 5 8
¢ 1.416616 0 123.780822 0 153.977900 0 11 4 ?
C 1.408559 1 119.380589 1 -21.063293 1 9 2 6
C 1.408559 0 119.380589 0 -21.063293 0 10 5 8
C 1.408S59 0 119.350S|9 0 -21.063293 0 11 4 ?
C 1.437667 1 119.683399 1 164.9S0303 1 ? 2 6
C 1,437667 0 119.683399 0 164,950303 O 6 5 8
¢ 1.4376S7 0 119.683399 0 164.9S0303 0 8 4 7
C 1.353648 1 122.414544 1 -173.924404 1 18 7 2
¢ 1.353648 0 122.414564 0 -173.924404 0 19 6 S
C 1.353_48 0 122.414564 0 -173.924404 0 20 8 4
C 1.3747_9 1 121.652976 1 179,09G380 1 12 9 2
C 1.374789 0 121.652976 0 179.096380 0 13 10 5
C 1.374789 0 121.652976 0 179.096380 0 14 11 4
C 1.404918 1 120.591222 1 0.306?24 1 24 12 9
C 1.404918 0 120.591222 0 0.306724 0 25 13 10
C 1.40_918 0 120.591222 0 0.306724 0 26 14 11
C 1.413497 1 121.03_912 1 -176.916661 1 15 9 2
C 1.413497 0 121.035912 0 -176.916GG1 0 16 10 5
C 1.413497 0 121.035912 0 -176.91G661 0 17 11 4
H 1.098330 1 119.602427 1 -1.988812 1 12 9 2
H 1.098330 0 119.602427 0 -1.988812 0 13 10 S
H 1.098330 0 119.602427 0 -1.988812 0 14 11 4
H 1.098620 1 118.868054 1 2.596655 1 18 7 2
H 1.098620 0 218.865054 0 2.596655 0 19 6 S
H 1.098620 0 118.868054 0 2.596655 0 20 8 4
H 1.095842 1 121.232882 1 175.801124 1 21 18 7
H 1.095842 0 121.232882 0 175.801124 0 22 19 6
H 1.095842 0 121.232882 0 !75.801124 0 23 20 8

• H 1.095158 1 120._51429 1 179.919006 1 24 12 9
H 1.095158 0 120.051429 0 179.918006 0 25 13 10
H 1.095158 0 120.051429 0 179.918006 0 26 14 11
H 1.094657 1 120.817161 1 179.994598 1 27 30 15
H 1.094657 0 120.817161 0 179.994598 0 28 31 16
H 1.094657 0 120.817161 0 179.994598 0 29 32 17
H 1.096185 1 119.049844 1 1_6._63918 1 30 15 9
H 1.096185 0 119.049844 0 1_6._63918 0 31 16 10
H 1.096185 0 119.049844 0 1_6._63918 0 32 17 11
0 0.000000 0 0.000000 0 _.0_000 0 0 0 0
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Ill
PM3 PRECISE T-2400M
c30h16
cl
C 0.000000 0 0.000000 0 0.000000 0 0 0 0
C 1.446701 1 1.000000 0 0.000000 0 1 0
C 1.423536 1 123.662768 1 2.000000 0 2 1 ]
C 1.453584 1 i_8.743265 1 -3.313591 1 3 2 1
C 1.353662 1 118.179895 1 -1.975109 i i 2 3

• C 1.371786 1 113.260198 _ 7.035272 i 4 3 2
C 1.460630 1 132.444363 I -173.302317 1 4 3 2
C 1.422364 1 123.084242 1 -168.952776 1 7 4 3
C 1.415994 1 121.387030 1 176.330377 1 6 4 3
C 1.373083 1 126.783237 1 -2.007503 1 9 6 4
C 1.428933 1 118.825173 1 15.841919 1 7 4 3
C 1.357036 1 122.319222 1 -177.391452 1 Ii 7 4
C 1.424518 1 120.246286 1 • 3.858543 1 12 11 7
C 1.409378 1 119.277727 1 -5.719664 1 13 12 II
C 1.415635 1 119.978734 1 173.030458 I 13 12 11
C 1.371382 1 120.445267 1 -176.217643 1 15 13 12

• C 1.418060 1 117.067380 1 173.983801 1 14 13 12
C 1.407389 1 119.418721 1 1.028922 1 16 15 13
C 1.415627 1 107.656521 1 176.680169 1 9 6 4
C 1.381773 1 121.459569 I -!77.984073 1 19 9
C 1.437514 1 114.717947 1 0.413368 1 20 19
C 1.374690 1 122.593497 1 -0.494057 1 21 20 19
C 1.43_026 1 110.738769 1 0.649578 1 19 9 6
C 1.369854 1 115.971033 i -179.523665 1 23 !9 9
C 1.424829 1 118.237378 1 0.175685' 1 24 23 19
C 1.420249 1 114.308527 1 179.488203 1 20 19
H 1.095247 1 119.333205 1 178.965110 1 1 2 3
C 1.411361 1 117.740526 1 173.779871 1 3 2 l
C 1.375566 1 121.679670 1 3.581463 1 28 3 2
C 1.402423 1 120.325584 1 -0.412901 1 29 28 3
C 1.374485 1 119.5678"18 1 -1.906106 1 30 29 2_
H 1 .098507 1 118. 716491 I 5.181991 1 11 7 4
H 1.098276 1 119.565838 1 -175.366552 1 28 3 2
B 1.095118 1 120.160503 1 179.838173 1 29 28 2
H 1.094721 1 I19.82C553 1 178.914070 1 - 30 29 2_
H 1.096750 1 119.853644 I -178.510672 1 31 30 29
H 1.096248 1 120.934015 1 -177.392605 1 12 11 7
H 1.096097 1 118 .906905 I 3.219024 1 15 13 !2
H 1.094560 1 12C 351733 1 -179.909324 1 16 15 13
H 1.098155 1 119.657848 i -174.709861 I 17 14 !_
H 1.095106 1 119.237613 1 177.404863 1 18 16 I:
H 1.095788 1 117.717052 1 178.869937 1 21 20 !9
H 1.098591 1 118.358736 1 178.504023 1 22 21 2C
H 1.093978 1 122.063917 1 180.011463 1 24 23 1_
H 1.096042 1 I17.18744" i -179.B12668 1 25 24 2]
H 1.094710 1 I19.6380 "_ l 179.699227 1 26 20 I_
0 0.000000 0 O.O00C'" _ 0.000000 0 0 0 0
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It
HNDO 15CF BONDS PRECZSE T-2400M

c30h14
cl

C 0.000000 0 0•000000 0 0.000000 0 0 0 0
- C 1.477315 1 1.000000 0 0.000000 0 1 0 0

C 1•412338 1 118. 329827 1 2•000000 0 2 1 0
C 1.422663 1 120.065605 1 3.212219 1 3 2 1
C 1.392418 1 121. 670279 1 1. 939948 1 1 2 3
C 1.388228 1 119.915489 1 -4.2900"/6 1 4 3 2
C 1. 433041 1 111. 931161 1 -187. 516273 1 4 3 2
C 1.408823 1 123.098901 1 1.z8. 096186 1 7 4 3
C 1.4312"/3 1 118.829654 i -152. 384261 1 6 4 3
C 1.409443 1 126. 313851 1 0.024258 1 9 6 4
C 1. 474828 1 108.762366 1 -7. 104508 1 7 4 3
C 1.368063 1 114.9927"/3 1 176.422551 1 11 7 4
C 1. 4680./6 1 119. 616573 1 1. 161638 1 12 11 7
C 1.467781 1 112.016256 1 179.392812 1 8 7 4
C 1.430823 1 118.543457 1 174.250643 1 13 12 11
C 1.389492 1 121.730418 I -177.836132 1 18 13 12
C 1. 428229 1 123. 094369 I -164. 863047 1 14 8 7
C 1. 416167 1 119. 618678 1 0.802574 1 16 15 13
C 1.434759 1 103.238689 1 162.027971 1 9 6 4
C 1,400588 I 120,010166 I -172.738971 I 19 9 6
C 1. 454518 1 114. 102071 i 1. 778632 I 20 19 9
C i. 457551 1 109. 988975 1 169• 776183 1 i0 9 6
C 1.468812 i 111.571865 I -1.752832 1 19 9 6
C 1.381872 1 114.929827 I -178.069763 1 23 19 9
C 1.442352 1 119.074197 1 1.767535 1 24 23 19
C 1.438950 I 113.886051 I 178.066272 1 20 19 9
H 1.090108 1 117.327413 i 176.496416 1 i 2 3
C 1,453128 1 129. 941789 I -157.107111 1 3 2 1
C 1.385334 1 114.040725 I -13.260518 1 28 3 2
C 1.441199 I 118.414305 1 2.833253 1 29 28 3
C 1. 439442 1 129. 711290 I -169. 694324 1 2 1 3
H 1,089104 1 122.63_334 I -178.886500 1 29 28 3
H 1.092474 1 116.948207 1 -178,048204 1 30 29 29
H 1.090410 1 119.865263 1 -14,349234 1 31 2 1

. H 1.090372 1 121.754960 i -173.121731 1 12 II 7
H 1,092035 1 119.324692 1 1,648823 1 15 13 12
H 1.090317 1 120. 603336 1 -179,896400 1 16 15 13
H 1.089938 1 119.974505 1 3•118122 i 17 14 8
H 1.090694 1 119.594753 1 178.057319 1 18 16 15
H 1.091782 1 117• 640505 i -177.863366 1 21 20 19
H 1.089924 1 119.294595 1 176.216009 1 22 i0 9
H 1.089570 1 122.216203 1 -179.312893 1 24 23 19
H 1.092179 1 117.090394 1 -178.702654 1 25 24 23
H 1.090097 1 I19.850342 1 177.058437 1 26 20 19
0 0.000000 0 0.000000 0 0.000000 0 0 0 0
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