Introduction to Aromaticity

Reading from Vollhardt and Schore
¥ Sections 15-1, 15-2, and 15-6

Suggested Text Exercises from Vollhardt and Schore
¥ Chapter 15: 12, 15, 18, 19, 39, 64

Lecture Supplement
¥ Introduction to Aromaticity (Lecture Supplement pages 44D55)

Concept Focus Questions
1. In 1825,Michael Faradayisolateda pleasantlyaromaticliquid from illuminating gas.
Analysis suggesteca molecularformula of CH,. Draw and namefive isomeric

structures for this compound, including the correct structure.

2. Treatmentof Dewar benzenewith sulfuric acid affords KekulZ benzeneWhat are
two important driving forces for this reaction?

3. Explainhow eachof thefollowing empiricalobservationsuggesthatbenzenes not
an alkene.
(a) Benzene does not react with.Br
(b) The x-ray crystal structureof benzeneshowsall the CDCbondsto be equalin
length.
(c) The heatof hydrogenatiorof benzends 36 kcal mol* lessthanthreetimesthe
heat of hydrogenation of cyclohexene.
4. Discuss the resonance model predictions for the structure of benzene.

5. 1,3-Cyclobutadiendasthe samel:1 carbonto hydrogenratio asbenzeneyet unlike
benzene it is very reactive. Explain.

6. 1,3,5,7-Cyclooctatetraerfeasthe samel:1 carbonto hydrogenratio asbenzeneyet
unlike benzene it reacts like a normal alkene. Explain.

7. Define aromaticity.
8. List four structural features necessary for a molecule to be considered aromatic.

9. Classify each structure shown below as aromatic or not aromatic. Explain.

Benzene  1,3,5-Hexatriene Furan Cyclopentadienyl cation
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Concept Focus Questions Solutions

1L [ 4 @: H,C—C=C—C=C—CH, @

Dewar benzene Prismane Fulvene 2,4-Hexadiyne KekulZ benzene

2. The reactionis driven by the releaseof a significant level of ring strain (two
cyclobutene rings in Dewar benzene) and the formation of an aromatic product.

3. (a) A normal alkene such as ethyleneg@HCH,) reacts readily with Brto form the
additionproductl,2-dibromoethanéBrCH,CH,Br). Becausebenzenas inert to
Br,, benzene cannot be a normal alkene.

(b) If the actualstructureof benzenecontainedalternatingsingle and doublebonds
thesebondswould also alternatein length. The x-ray crystal structuredoesnot
agree with this prediction, so the CBC bonds in benzene cannot be simple alkenes.

(c) If benzenaverea normalalkene,with threenormal C=C bonds,thenthe heatof
hydrogenatiorfor benzenewould be threetimesthe heatof hydrogenatiorfor
cyclohexeneThefact thatthe heatof hydrogenatiorfor benzenas 36 kcal mol*
lower than three times the heat of hydrogenationfor cyclohexeneindicates
benzenas more stablethanexpectedor threecyclohexene-typeloublebonds.
So, benzene cannot be a normal alkene.

4. The resonance hybrid that best describes the actual structure of benzene is:

H

|
H C H
Co o0
H/ \‘C’/ \H

H

Evaluationof this resonancéybrid suggestshe following structuralfeaturesfor

benzene:

¥ All CBC bonds are equal, and halfway between a CBC and C=C in length.

¥ Al CBCBC bond angles are equal, and all HDCBC bond angles are equal at 120
¥ All CPH bond lengths are equal.

¥ Each carbon isg hybridized, forming a continuous loop of pi electron density.

5. 1,3-Cyclobutadienés so muchmorereactivethanbenzenéecauset doesnot have
the aromaticstability of benzeneExaminationof the pi molecularorbital description
of this moleculesuggestst is a diradical(a specieswith two unpairedelectrons)and

therefore very reactive.
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The moleculeOs high ring strain also contributes to its reactivity.

6. 1,3,5,7-Cyclooctatetraeng not planar.(Whenplanarit hasspecialinstability called
antiaromaticity.)Thereis no overlap betweenp, orbitals on terminal carbonsof
adjacentarbon-carbomoublebonds.Becausdhesepi bondscannotshareelectrons
via resonance, these C=C groups behave as normal, isolated alkenes.

7. Aromaticity: The extrastability possesselly a moleculethat meetsthe criteriagiven
in the next question.

8. The four predictors for aromaticity are:

¥ The pi bonds of the aromatic system must all lie within a cyclic structure.

¥ Eachatomin thecycle musthavea p orbital, forming aloop of p, orbitals.(Atoms
in the loop are most alwagg’.)

¥ All p, orbitalsin the loop mustoverlap.This meansatomsforming the p, loop
must be planar (or very close to it).

¥ This orbital arrangemeniustresultin a lowering of energy.This occurswhen
there are 4n + 2 pi electrons(n is an integer:0, 1, 2....) in the loop. This
requirement is called HYckel's Rule.

9. BenzeneAll threepi bondslie within a six-membereding. Eachatomof thisring is
sp#, forming a continuousoverlappingloop of p, orbitals. Torsionalstrain doesnot
preventthis moleculefrom beingplanar.It hassix pi electrong4n+ 2 =6;n=1; the
most common case). Therefore benzene is predicted to be aromatic.

1,3,5-HexatrieneThis moleculedoesnot have a closedloop of p, orbitals, so it
cannot be aromatic.

Furan:The oxygenmustbe sp hybridizedto contributea p, orbital, and so that the
ring may be flat. Thenwe seethatfuran meetsall the requirementdor aromaticity,
including six pi electrons.The secondlone pair on oxygenis in an sg orbital,
perpendiculatto the ! electroncloud. This lone pair cannotbe involved in the pi
electron cloud.

Cyclopentadienytation This carbocatiorhasonly four pi electronssoit cannotbe
aromatic.

OWLS Problems

1. List at leasttwo significant similarities and at leasttwo significant differences
between conjugated and aromatic molecules.

2. Label each molecule as aromatic or not aromatic. If not aromatic, briefly explain.
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Phenanthrene Pyrrole Tryptophan
H
—
b d N
® 1 @ [ o
H
Dewar benzene Oxazole [10]-Annulene

Hint: build a model

Draw at leasttwo examplemoleculesin eachcase.Do not use moleculesfound
elsewhere on this page.

(a) An aromatic molecule with exactly two C=C bonds and no formal charge;
(b) An aromatic molecule with exactly one C=C bond.

. Theelectronicstructureof benzenas sometimes:alledOarelectronbagel.OMakea )
sketch that illustrates this, and briefly discuss the origin of the Oelectron bagel.O

. 5-Fluorouracilis a potentanticancedrug that interfereswith an enzymeneededor

DNA synthesis.

(a) Draw the resonanceontributorfor 5-fluorouracilthat moststrongly resembles
KekulZ benzene.

(b) Is this benzene-like resonance contributor aromatic?

(c) What is the single most important resonance contributor for 5-fluorouracil?

O
O)\N
H

5-Fluorouracil

Practice Problems

1. Thereare 328 possiblestructuredor the formula C;H,. Draw at leastthreethat are

not shown in the Introduction to Aromaticity Lecture Supplement.
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2. We might view aromaticity as a form of Osupeconjugation.QWith this in mind,
answer these questions.
(a) Are all conjugated molecules aromatic?
(b) Are all aromatic molecules conjugated?

3. (a) Does ring strain prevent aromaticity?
(b) Draw anaromaticmoleculethathasexactlythreecarbonatomsandany number
of hydrogen atoms. No other elements may be included.

4. Classify the following as aromatic or not aromatic. Briefly explain your reasoning.

N CH3
. 'Y
| Oy S

N /
N H
(a) Pyridine (d) Phenol (g) Dimethylbenzimidazole
HO 6]
Q_ HNT N |
\—/
HO (6]
(b) Cyclopentadienyl aniol (e) Imidazole (h) Squaric acid
+
(c) Naphthalene (f) Tropylium cation

5. By adding,subtractingor transmuting(changinginto anotherelement)up to three
atoms, redraw the tropylium ion so that it is not aromatic.

6. Is the molecule shown below aromatic or not aromatic? Hint: build a model.

2+ oéN
)

7. Are the following statements true or false? If false, explain why.
(a) Every aromatic moleculeis conjugated,and every conjugatedmoleculeis
aromatic.
(b) Everyaromaticmoleculehasresonanceandeverymoleculethathasresonances
aromatic.
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8. Cyclohexenandbenzenarebothsix-memberedingscontainingpi bonds.Catalytic
hydrogenatiorof cyclohexeneccursreadilyatroomtemperaturevith alow pressure
of hydrogen.Similar reductionof benzeneaequiresheat,high pressureanda more
reactive catalyst:

H2 (200 atm)
Pt/C Ni, heat
(a) Offer an explanation for this difference in reactivity.
(b) In oneexperimentthe hydrogenatiorof benzenavasinterruptedoeforetheall the
benzenehad reacted.Analysis of the reaction mixture gave the following

composition: benzene47%, 1,3-cyclohexadien%, cyclohexenel%, and
cyclohexane 50%. Account for the relative ratios of the three reduction products.

9. (a) Recall from our previous studies of resonance that the resonance contributor
preferenceulesarebasedon the hypotheticalstability of resonanceontributors:
the lessstablea resonancesontributoris, the lesscontributionit makesto the
resonancdybrid. Usethis conceptto write a resonanceontributorpreference
rule concerning loss of aromaticity.

(b) Draw three more resonance contributors for the benzyl carbocation.

+
CH,

Benzyl carbocation

(c) Use your new resonancecontributor preferencerule to rank the relative
importance of the benzyl carbocation resonance contributors.

Practice Problems Solutions

1. As statedin the problem,thereare hundredsof possiblestructures Any legitimate
Lewis structure of the formulas8, is acceptable. Some examples are shown here.

H,C=—=C=—=CH
| > \
HC=—=C==CH,

2. (a) All conjugated molecules are not aromatic. It is possible for a molecule to have
three,parallel,contiguous orbitalsbut not havea closedloop of p orbitalsor the
right number of pi electrons.

(b) The requirementhat all aromaticmoleculeshavea closedloop of p orbitalsis
sufficient for conjugation,so we concludethat all aromatic moleculesare
conjugated.
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3. (a) Aromaticity may be prevented by torsional strain or steric strain, because these
caninterferewith p orbital overlap.Ring strainusuallydoesnot interferewith p
orbital overlap, and so it usually does not prevent aromaticity.

by [>

4. Pyridine: Pyridinehas4n + 2 (n = 1) pi electronsfrom threedoublebonds.Like
furan,the nitrogenhybridizationis suchthatthe nitrogenlone pair is notin a position
to contributeto the pi electroncloud. This moleculeis planar,andhasa closedloop
of p, orbitals, so we expect pyridine to be aromatic.

Cyclopentadieny&nion: The cyclopentadienyanionhas4n + 2 (n = 1) pi electrons:
four from the two C=C and an additionlone pair from the negativechargein a p,

orbital. Thision hasa closedloop of p, orbitalsandis planar,sowe expectthision to

be aromatic.

NaphthaleneNaphthalenés aromaticbecausét meetsall therequirements4n + 2 pi
electrons (n = 2) and a continuous planar loop, ofbitals.

Phenol:The OH group of phenolis acyclic, so the lone pairs of the oxygenatom
cannot participate in aromaticity. This leaves only a "normal” aromatic benzene
ring, so phenol is therefore aromatic.

Imidazole: Imidazole hasa continuousloop of p, orbitals becauseboth nitrogen
atomsaresyp hybridized.It hassix pi electrons(a HYckel4n + 2 number).Four of
theseelectronscomefrom the C=C andC=N bonds,andthe othertwo from thelone
pair on the nitrogen bearing the hydrogen. Therefore this molecule is aromatic.

Tropylium cation Every atomin the ring is s hybridized,so the structurehasa
closedloop of p orbitals. The ion hassix pi electrons(n = 1). Torsionalstraindoes
not prevent this molecule from being planar. This molecule appears to be aromatic.

DimethylbenzimidazoleThe nitrogen bearingthe hydrogenhasfour attachments
(onehydrogen two carbonspnelone pair) andthuswould normally be sp® so asto
havethe leastelectronrepulsion(the optimal geometry).An sp’ nitrogen cannot
participatein aromaticitybecausdt hasno p orbital. If this nitrogenwassyg there
would be more electronrepulsionbut the moleculecould be aromatic.Aromaticity
usuallywins out (unlessthetorsionalstrainis severeasin the caseof [10Jannulene),
sothis nitrogenis spf andthe closedloop of p orbitalsrequirements met. The closed
loop containsfour doublebonds(3 x C=C, 1 x C=N), eachof which contributeswo
pi electronsfor atotal of eightpi electronsThis is nota 4n + 2 number.If the sp’
nitrogenlone pairis in a p orbital it canparticipatein the pi electroncloud aswell.
ThreeC=C andoneC=N (eightpi electrons)plusonelonepairin a p orbital = tenpi
electrons(n = 2). The 4n + 2 requirementis met. This moleculeappearsto be
aromatic.
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Squaricacid: Eachcarbonof the four-membereding is s so the moleculehasa
closedp, orbital loop. Torsionalstrainandstericstraindo not appeartto be sufficient
to force the moleculeout of planarity. The moleculehastwo pi electrons(from the
C=C) so it meetsthe 4n+2 pi electronrequirement(Both atomsof eachcarbonyl
grouparenot part of the p, orbital loop sothe carbonylpi electronsare not counted
towardsthe 4n+2 pi electroncount.) Thereforewe predict that squaricacid is
aromatic.

5. The structurecan be varied in many ways so that one or more of the criteria for
aromaticity (previous question) is no longer met. Two examples are shown below.

This molecule (cyclohepatrienylanion) has eight pi electrons,so it cannotbe

aromatic.

i

The arrow pointsto a carbonthatis sp’. The molecule(1,3,5-cyclohepatrienejoes
not have a closed loop pforbitals and thus cannot be aromatic.

6. Whenanatomis partof two doublebondssuchasthe oxygenof C=0=N,thedouble
bondsmustbe perpendicularThis is becausef the limitations on orbital geometry
imposedby hybridization. (Build a model of allene, H,C=C=CH,, to seethis.)
Thereforetwo of thesepi electronscanbein the p orbital closedloop, andthe other
two lie in the planeof the ring and cannotbe in the closedloop. The moleculeis
guestion has only four pi electrons in the closed loop and so it is not aromatic.

7. (a) The statement Oevery aromatic molecule is conjugatedO is true because an
aromaticmoleculemusthaveat leastthreeadjacentparallelp, orbitals.However,
the statemeneveryconjugatednoleculeis aromaticQs a false generalization.
For example,the moleculewith resonancenight be acyclic, a conditionwhich
precludes aromaticity.

(b) The statementOeveryaromatic molecule has resonance@ true becausean
aromaticmoleculemusthaveat leastthreeadjacentparallelp, orbitalsoccupied
by at leasttwo pi electrons.This allow for resonanceHowever,the statement
Oeverymoleculethat hasresonancés aromaticQs a false generalizationFor
example,the moleculewith resonancamight be acyclic, a condition which
precludes aromaticity.
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8.

9.

(a) Addition of hydrogen to benzene is energetically expensive, because it disrupts
aromaticity. Thus, hydrogenationof benzenes slower than hydrogenationof
cyclohexene.

(b) The productratioscanbe takenasan indicationof how quickly stepswithin the
overallprocesccur.Thelow concentrationsf cyclohexadienandcyclohexene
meanthatthesearereducedqjuickly. The higherconcentratiorof cyclohexadiene
is expectedasreductionof cyclohexadieneneansalossof conjugation.Thereis
no such loss for reduction of cyclohexene,so it reactsmore rapidly than
cyclohexadieneReductionof benzendo cyclohexadienés the sloweststepin the
process, so the greatest amount of benzene remains.

(a) Aromaticity is a stabilizing feature, so resonance contributors that are avoidably
nonaromatic are less important than resonance contributors that retain aromaticity.

(b) @j&—[z - <__;>:CH2 -~ +<i>:c|—12 -~ @:(mz
A B C C

(c) Only contributorA is aromatic,so contributorA makesa greatercontributionto
the resonance hybrid than contributBED.
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