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ABSTRACT: The absolute proton affinity@) of aromatic carbons of monosubstituted naphthalenes witf) OH,

CHO, NG, and ClI substituents was calculated at the MP2(fc)/6—31G**//HF/6—-32@PVE(HF/6—31G*) level of

theory. Increments corresponding to unsubstituted positions within the naphthalene skeleton were estimated. They
can be used in estimatingAs of polysubstituted naphthalenes by using a simple additivity rule based on the
independent substituent approximation (ISA). It is shown that increments are good indicators of the electrophilic
substitution reactivity. The proton affinities of a large number of polysubstituted methylnaphthalenes was examined
employing the additivity equation. It was found that the protonated forms, which exhibit the |B#ygstorrespond

to arenium ions observed by NMR spectroscopy in superacid media. Copyrigg99 John Wiley & Sons, Ltd.

KEYWORDS: proton affinity; substituted naphthalenes

INTRODUCTION theory in leading to reliablPAs. One way is given by the
use of the DFT formalism with large basis séfsAn
The absolute proton affinityP@) is one of the most  alternative pathway is based on the HF/6-31G* optimi-
fundamental thermodynamic properties of bases. It is zation of structures followed by the single-point MP2
intimately related to the intrinsic (gas-phase) basicity, calculation, as will be discussed lafet’ Our relatively
providing valuable hints about the electrophilic reactivity simple theoretical model gave results in excellent
at the same time. Hence, gathering of informatiorPdés accordance with the best available experimental data
is an important but not always easy task. Both experimentfor the first-row atoms. Furthermore, we have been able
and theory face some limitations in providing accurate to show thaPAs in heavily substituted benzenes follow a
PAs of large(r) molecules. The measured values aretransparent rule rooted in the independent substituent
commonly obtained either by the bracketing (equili- approximation (ISA):! Preliminary results obtained for
brium) procedurt or from the metastable proton some disubstituted naphthalenes strongly indicate that a
complexes (kinetic procedure) of two related basgs. similar additivity rule holds in these aromatic systems
In many cases theAs estimated by these two approaches too?*3The purpose of the present work was twofold: (1)
differ significantly beyond the error margtivioreover, to provide PA increments for monosubstituted naphtha-
experimental measurements offer the relative proton lenes involving some of the most important functional
affinity (RPA), as a rule being related to the most reactive groups in organic chemistry, which in turn will describe
site only. On the other hand, theory is capable of the variation in the proton affinity as a function of the
providing very accurat®As by the G2 method, but only  position within the naphthalene perimeter, and (2) to
for small(er) molecule® Unfortunately, G2 and related illustrate the use of the ISA model in estimating fas
methods cannot be applied to large molecules of of polysubstituted naphthalenes. The closely related
chemical interest. However, there are simpler theoretical electrophilic reactivity of these compounds will also be
models, which represent a good compromise betweenbriefly discussed.
accuracy and reliability on one side and feasibility on the
other, thus extending the range of applications of the
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where(AE.), =[E(B) — E(BH,")] and (AZPVB,=
[ZPVEB) — ZPVEBH, )] are the electronic and the
zero-pointvibrationalenergycontributionsto the proton
affinity, respectively.ln our caseB representfiaphtha
lene and BH," is its conjugate acid produced by
protonationat position o. We have shownthat the PA
can be obtainedfrom the additivity equationwithout a
significantlossin accuracy:

PA(subst.naphth), = PA(naphth),, + 17 (X,,), (2)

wherepdenoteghe positionof the substituentand v the
protonation site. Summation is extended over all

substituentsX within a molecule, whereasincrements
I7(X,),, reflecta changein the PA at positionv, relative
to the free naphthalenevalue, due to a substituent
attachedo the carbonatomC,,. For example:

wherechlorineis placedat the z-position1.
Themodelof choicein ourinvestigationsof thePAsin

aromatics is denoted by MP2(fc)/6—-31G**//H-/6—
31G* + ZPVE(HF/6-31G}). It implies optimization of
all independenstructuralparametersat the HF/6-31G*
level. Minima onthepotentialenergysurfaceareverified
by the vibrational analysesThe correspondindgrequen-
ciesare usedin estimatesof the zero-pointvibrational
energiesapplyinga commonweightingfactor of 0.89*
Finally, a single-pointMP2(fc) calculationis carriedout
employing the 6—-31G** basis set. This model in a
shorthandhotationwill be denotedas MP2. Finally, the
Gaussiar94 progrant® wasutilized throughoutthis work.

RESULTS AND DISCUSSION

Total molecularand zero-pointvibrational energiesof
studiedbaseslenotecho andnf (n = 1-5)anddepictedn
Fig. 1, are summarizedn Table 1. The corresponding
valuespertainingto their protonatedormsarealsogiven.
A striking featureof the datapresenteds given by the
fact that ZPVE contributionsto the PA valuesdenoted
AZPVEs are fairly constant. They cluster around
6.5kcalmol* with an averageabsolutedeviation of
only 0.2kcalmol™. (1kcal=4.184kJ). It should be
mentioned that singular deviations never exceed
0.8kcalmol™t. Employing the energiespresentedin
Tablel andtheprotonaffinitiesof the parenthaphthalene
(194.8 and 190.5kcalmol~* for « and § sites, respec-
tively*®) one candeduceincrementsl (X, for alarge
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Figure 1. Schematic representation of - and f-substituted
naphthalenes

selectionof widely different substituentencompassing
CHs, OH,CHO,CN, NO,, FandCl. Theyarecollectedin
Table2. In thisconnectiorit shouldbementionedhatwe
did not considelipso protonation becauseéhis requiresa
separatetreatment:® The reasonbehind the different
behavior of the ipsoprotonatedforms is given by a
changein the modeof interactionbetweenthe aromatic
fragment and the out of the molecular plane shifted
substituent(group). A good exampleis provided by F
atomin fluorobenzenewhereipso protonationproduces
puckeringof the benzeneing, which in turn cannotbe
neglected® However, the methyl group representsa
notable exception as evidenced by the ipsoproton
affinity of toluene.lt is only by —0.9kcalmol™* lower
thanthe PA valueof freebenzené.’ Indeed calculations
have revealedthat the out-of-planeshift of the methyl
group in toluene leadsto a negligible ring puckering
dihedral angle (0.8°), which is compatible with the
‘inertness’ of the CHz group. Consequentlythe ipso
protonationof a C atombondedo a methylgroupcanbe
treatedasany otherpositionwithin the aromaticmoiety
to a good approximation.lt appearghatincrementsfor
theipso-protonatedr-methyl-and f-methyl-naphthalene
are —0.8 and —1.2kcalmol™?, respectively,thus being
comparable to the 17(CHg)ipso in toluene of
—0.9kcalmol™*. Theseincrementswill be usedlaterin
considering the protonation of highly methylated
naphthalenes.

A surveyof theincrementsliscloses picturewhichis
in harmonywith chemicalexperienceyainedin studiesof
the electrophilic reactivity of aromaticsin generaland
benzenen particular*® This is not unexpectedecause
theprotonaffinity is agoodindicatorof the susceptibility
towardselectrophilicsubstitution.For instancewe have
conclusivelyshownthatthe PAvaluesreproducevell the
selectivityin the electrophilicreactionsof benzendused
to small strainedrings (Mills—Nixon effect), in good
accordancewith numerousexperimentalfindings®—*
We shall show in the forthcoming discussionthat the
proton affinity is closely related to the orientational
properties of various substituents, attached to the
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Table 1. Total molecular energies E (a.u.) at the HF and MP2 levels of theory and zero-point
vibrational energies [ZPVE (kcal mol~")] of molecules no and np (n=1-5) and their ring-protonated

species

Molecule E(HF) ZPVE E(MP2) Molecule E(HF) ZPVE E(MP2)

1u —422.39084 105.0 —423.86288 15 —422.39284 104.8 —423.86334
1oy —422.72527 112.0 —424.18321 15, —422.73778 111.3 —424.19354
1oy —422.72854 111.3 —424.18481 A —422.72067 111.8 —424.17622
los —422.72259 1115 —424.17987 183 —422.72810 111.3 —424.18299
Loy —422.73542 1114 —424.19165 1p, —422.72999 111.3 —424.18765
los —422.72906 111.6 —424.18599 105 —422.73000 111.3 —424.18770
lug —422.72113 1114 —424.17981 1fs —422.72987 111.2 —424.18371
1o —422.72450 111.4 —424.18006 15, —422.72448 111.2 —424.18120
lug —422.72850 1114 —424.18783 1fg —422.73376 111.2 —424.18938
20 —458.21027 91.0 —459.71262 2p —458.20950 90.8 —459.71107
20, —458.56086 98.2 —460.04972  2f; —458.56709 98.1 —460.05338
203 —458.53745 97.5 —-460.02774 2p3 —458.54935 97.7 —460.03607
204 —458.56944 98.3 —460.05725 2f,4 —458.53864 97.3 —460.03092
205 —458.55374 98.2 —460.03435 2fs —458.54150 97.2 —460.03435
20 —458.53431 97.1 —460.02866 2fs —458.55510 97.9 —460.03927
207 —458.55005 97.7 —460.03458  2p, —458.53580 97.8 —460.02779
20g —458.54519 97.4 —-460.03794 2fs —458.55645 97.8 —460.04272
3u —496.08212 94.4 —497.70068 3p —496.08631 94.2 —497.70274
3o, —496.39264 100.4 —497.99910 3f; —496.40368 100.5 —498.00985
303 —496.39719 100.5 —497.99955  3f; —496.40582 100.6 —498.00862
304 —496.39672 100.5 —498.00476  3f4 —496.40823 100.5 —498.00991
3o —496.40017 100.5 —498.00704  3fs —496.41081 100.6 —498.01231
3o —496.39881 100.6 —498.00000 3fs —496.40061 100.4 —498.00527
307 —496.39381 100.4 —497.99976 3 —496.40498 100.5 —498.00507
3ug —496.40542 100.7 —498.00843  3fig —496.40764 100.5 —498.01258
Ay —586.81895 90.6 —588.66587 48 —586.82741 90.5 —588.67090
do, —587.11681 96.7 —588.95740 4f; —587.13115 96.9 —588.96835
o3 —587.12640 96.9 —588.95999  4p; —587.13257 96.9 —588.96592
doy —587.12124 96.5 —588.96470  4f, —587.13784 96.8 —588.96762
Ao —587.13340 96.8 —588.96921  4fs —587.14155 96.8 —588.97132
dog —587.12654 96.7 —588.95894  4f, —587.12686 96.5 —588.90395
o7 —587.12573 96.7 —588.96121  4p, —587.13418 96.7 —588.96298
dog —587.13924 96.9 -588.97154  4fg —587.13702 96.7 —588.97270
5o —842.25294 82.8 —843.70034 5p —842.25512 82.7 —843.70064
50, —842.57655 89.3 —844.01389 5§, —842.58498 89.3 —844.02108
503 —842.57207 89.2 —844.00549 5f; —842.57711 89.2 —844.00990
S04 —842.58271 89.3 —844.02104 5p, —842.57703 89.1 —844.00985
S0 —842.58039 89.2 —844.01479 5ps —842.58026 89.1 —844.01328
S0 —842.57132 89.4 —844.00556 5f —842.57828 89.1 —844.01173
507 —842.57455 89.1 —844.00829  5p; —842.57342 90.0 —844.00580
Sog —842.58146  89.2 —844.01604  5fg —842.58365 89.2 —844.01759

naphthalenemoiety, in controlling the electrophilic
attack. More specifically, higher PA values indicate
higher yields of products in kinetically controlled
reactions.

We commencadliscussiorwith the methyl substituent.
It is usefulto give PA incrementof toluenefor the sake
of comparisonthey are 6.3, 3.0 and 7.4kcalmol~* for
ortho, meta and para protonation, respectively** and
represené closesimilarity with thecorrespondingalues
in «-methylnaphthaleneand for the C(1) and C(3)
positionsin f-methylnaphthalendTable 2). It is well
known that basicity of methylbenzenegncreaseswith
increasingnumberof CH; groups?? This wasconfirmed
by a very good linear relationshig* betweenthe proton

CopyrightO 1999JohnWiley & Sons,Ltd.

affinity of thefamily of methylatedbenzenesybtainedby
theadditivity rule, andthe measuredelativebasicitiesof
Brown and Brady?*® Higher basicity implies enhanced
electrophilic reactivity. It is found, for instance,that
tolueneis 10* times more reactivein the chlorination
reactionthan benzeneunderthe sameconditions®* By
the sametokenonewould expectincreasedasicityand
consequenthamplified electrophilicreactivity of «- and
p-methylnaphthalerse  According to the calculated
increments positions2 and 4 should be more reactive
in o-methylnaphthalen¢éhan other carbonatomsof the
ring. Similarly, position 1 should be by far the most
reactivesite in -methylnaphthalen€This is indeedthe
case Alcorn andWells*® foundthat nitration takesplace

J. Phys.Org. Chem.12, 597-604(1999)
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Table 2. Increments I*(Xp)l, (in kcal mol™") for monosubstituted naphthalenes
where p represents either the a-or S-position®

Substituent
Protonationsite  Positon CH; OH CHO CN NO, F Cl
C(2) o 5.2 138 -9.2 -12.0 -146 20 -0.2
C(3) 1.9 08 -9.1 -116 -11.7 —-47 -54
C(4) 5.1 143 -10.1 -12.2 -149 24 -0.1
C(5) 15 -01 -8.7 -10.0 -126 -34 -39
C(6) 2.0 1.7 -89 -11.7 -12.7 -43 -56
C(7) 2.1 48 -88 -103 -134 -31 -3.6
C(8) 2.7 29 -8.0 -10.0 -116 -31 -3.1
C(1) B 6.0 127 -84 -115 -13.7 11 -03
C(3) 3.6 6.5 -50 -104 -123 -26 -29
C(4) 22 -06 -83 -14.0 -132 -69 -7.2
C(5) 2.3 1.7 -69 -11.3 -10.7 —-41 -5.0
C(6) 4.1 83 -6.9 -105 -123 -09 -17
C(7) 2.6 1.2 -71 -120 -11.3 -44 -6.3
C(8) 3.4 6.3 -6.7 —-10.1 -93 -16 -24

& The absoluteproton affinities are obtainedby addingeachincrementto the PA of the parent
naphthaleneThelattervaluesare194.8and190.5kcal mol~* for positionsl and2, respectively.

predominantlyat position 4 in the former compound
followed by NO, substitutionsat positions 2 and 8
dependingon the methodapplied.In g-methylnaphtha-
lene position 1 is by far the most favorable®® Further,
brominationof «-methylnaphthalengields 70%of the 4-
bromo derivative?® Analogously, bromination of f-
methylnaphthalemgivesthe 1-bromoderivativeasfound
by AdamsandBinder?’

The hydroxy group is another substituent which
activatesvirtually all carbon atoms belongingto the
naphthaleneperimeter with two notable exceptions:
positions 5 and 4 in «-and p-methylnaphthalenes,
respectively.Deactivationof thesecarbonsrelative to
the parent naphthaleneis almost negligible. More
importantly, the variation in incrementsrelatedto the
OH groupis muchmorepronouncedhanfor the previous
CHs substituent.This leads to a stronger directional
effect. Early work showedthat 2-naphtholupon chlor-
ination yields 1-chloro-2-naphthof® More recentquan-
titative measurementf the distribution of isomers
obtained by nitration are related to methoxynaphtha-
lenes?® Theseresultsare expectedto hold for hydro-
xynaphthalenesalso, in view of the same mode of
interaction between OH and OCH; groups with the
aromaticfragment.The underlyingmechanismis that of
lone pair back-bondingof the oxygen atom, which
donatessomeelectrondensityto the z-aromaticmani-
fold. This effectis strongerfor the OCHs; groupowing to
the additionalreservoirof electrondensity provided by
the methyl group, but essentialof the interactionare
qualitatively and persistentlythe same.Gas chromato-
graphicanalyseshave shownthat the 4-nitro-x-methox-
ynaphthalenéerivativeappearedh amountdbetween’5
and 90%. For -methoxynaphthalenthe 1-NO, isomer
wasproducedn 70%yield, whereaghe remaining30%

Copyright( 1999JohnWiley & Sons,Ltd.

of products was distributed over 6-NO, and 8-NO,
derivatives”® These findings are in agreementwith
calculatedncrementof the OH group(Table2). Finally,
it shouldbe pointedout thatthe protonatedorms 1-H" -
B-naphtholand 4-H*-«-naphtholhave beenobservedn
superacidsdy Olah et al.>°

Formyl, cyanoandnitro groupsbelongto a family of
strongly electron-withdrawig substituentswhich con-
siderablydeactivatean aromaticnucleus'® This is also
evident from inspection of their increments, which
assumdow negativevalues.lt is generallybelievedthat
thesesubstituentsetardthefirst ring muchmorethanthe
unsubstitutedring.3* This conjectureis not completely
correct,asevidencedy the presentedncrementswhich
do not exhibit appreciablevariation. In fact, they are
almostuniformly distributedover both rings, with very
few exceptions.Hence one can safely say that the
substitutionreactionsin generalwill occur with con-
siderably more difficulty than in a free naphthalene.
Nevertheless,some regiospecific selectivity can be
observedas determinedby the least deactivatedsites.
As anillustrative examplewe mentionthatnitration of -
nitronaphthalenegives 1,8- and 1,5-dinitronaphtha-
lenes®® Further, it was found that both «- and f-
formylnapththalenegive 8-NO, derivatives:? in accor-
dancewith the correspondingncrements.Nitration of
position3 in g-formylnaphthaéneis obviouslyunfavor-
ableowingto the proximity of the CHO andNO, groups.

F and Cl atoms exhibit ambivalentbehavior. They
mildly deactivatecarbonatomsof the naphthaleneing,
with a few notable exceptions.The latter encompass
positions2 and4 in o-fluoronaphthalenandpositionl in
p-fluoronaphthalendt is thereforenot surprisingthatthe
protonatedspeciesvere capturedwith the protonalmost
exclusively at position 4 in «-halonaphthalenesind

J. Phys.Org. Chem.12, 597-604(1999)
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position1 for -fluoronaphthalene® Similarly, nitration
of f-halonaphthalenemkesplaceat position1.3*

In the lastsectionwe considerthe reactivity of di- and
multi-substitutednaphthalenesin order to obtain the
resulting combinedincrements,one makesuse of the
additivity rule. For example,examinationof the total
incrementsin 1-nitro-f-methylnaphthaleneshows that
the largestincrementof —8.2kcalmol™? is relatedto
position8. Additional nitration of this compoundgivesa
derivative with the secondNO, attachedto the C(8)
carbon! Analogously dinitration of -hydroxynaphtha-
leneyieldsthedinitro derivativewith NO, groupsplaced
at positions 1 and 6 in accordancewith increment
analysis.

Sulfonation of tri- and tetramethylnaphthalen&s
yields the mostabundantderivativein accordancevith
the sumof the CH; groupincrementsyivenin Table2 in
all but two cases:1,4,5-trimethyl-and 1,6,7-trimethyl-
naphthalene.In these systems the —HSO; group
apparentlyprefersa benzendragmentpossessingnore
CHs substituentsowing to a specific interaction. Ipso
sulfonation does not take place since the positive
increment of one methyl group would be lost and
replacedby small but negativeincrementfor the proton
ipso attack(seeabove).

Finally, we considerhere the most stable protonated
forms of methylated naphthaleneswhich have been
studied in superacidmedia by NMR spectroscopy®
Absoluteprotonaffinities obtainedby the additivity Eqn.
(2) are given in Table 3. Values correspondingo the
areniumions observedin experimentsare markedwith
asteriskslt appeardhat the ionic form occurringunder
the experimental conditions upon protonation corre-
spondsto the largest absolute proton affinity, as one
wouldintuitively expect.Therearesomecasesvheretwo
(or more) different protonated speciesof the same
compoundare identified. They again correspondo the
highestPA valuesfor that molecule.Only one discre-
pancy was found for 1,4,6,7-tetramethylnaphalene.
Herethe ipso protonationat positions1 and4 becomes
competitive, but this was not corroboratedby experi-
ments.Moreover,thelargestPA valueis associatedvith
position 5, which was not identified either. The origin
behindthis discrepancys not clear,but eachrule hasits
exceptionsWe notein passingthat the highestPA and
related basicity are found in heptamethylnaghalene.
The positionmostsusceptibldo the protonattackis the
unsubstitutedcarbon atom C(8) for reasonsdiscussed
above.A slightly lower proton affinity is estimatedin
octamethylnaphtilene. The data presentedn Table 3
nicely illustrate that basicity increaseswith increasing
number of methyl groups. It is remarkablethat the
theoreticalresultsobtainedfor isolatedmoleculesreflect
much of the electrophilicreactivity found in condensed
phasesexhibiting strong polar medium effects. This
finding deservedurther theoreticalefforts in estimating
explicitly the solvent effects in these systems.lIt is

CopyrightO 1999JohnWiley & Sons,Ltd.

gratifying thatthe gas-phaseesultsoffer usefulinforma-
tion onthereactivityin solventsatleastatthequalitative
level.

CONCLUSION

The calculatedabsoluteproton affinity of monosubsti-
tutednaphthalenepertainingto the carbonatomsof the
ring exhibits variationswhich strongly dependon the
nature of the substituent. They are much more
pronouncedfor electrodative than for electrocaptive
substituentsChangesn PA valuesrelative to naphtha-
lene takenas the referencecompoundare conveniently
describedby incrementsl *(X,),. They dependon the
position of the substituenton the naphthaleneskeleton
and on the site of the proton attack. According to
incrementsthe studied substituentscan be divided in
three groups: (1) those which activate practically all
naphthalenecarbon atoms except the ipso position,
typical representativedeing electron-releasinggroups
suchasCHs; andOH; (2) substituentsvhich deactivatall
ring positionsbecauseof their considerables- and 7-
electronwithdrawingpower,asexemplifiedoy CHO,CN
andNO,; and(3) theambivalenthalogenF andCl atoms,
which are strong ¢-acceptorsand weak n-electron
donors. Hence it appearsthat presentresults are in
harmonywith a rich empirical knowledge'® However,
distributionsof the PA incrementsover the naphthalene
framework offer more quantitative information. It is
shown that incrementsin mono- and disubstituted
naphthalenesgenerally reflect the regioselectivity of
substituentsn electrophilicreactionsln particular,they
are able to predict the most abundantproductin these
reactionsasarule, if thelatterarekinetically controlled.
It shouldbe keptin mind, however that the distribution
of resultingisomersin electrophilicreactionssometimes
dependscritically on the type of reactants? It is shown
that arenium ions producedby protonation of poly-
substituted methylnaphthaless and experimentally
observedare those isomerswhich correspondto the
highest PA values. Theoretical predictions are in
accordanceavith NMR measurementsf thesepersistent
cations identified in superacidmedia®®3® Hence PA
incrementcanbeemployedjf handledwith duecare,in
predicting sites of electrophilic attack in substituted
methylnaphthalenetn particular thereshouldbeaclose
linear relationship betweenthe PAs estimatedby the
additivity rule andthe basicity of thesecompounds.

As afinal commentarelationto theearlyconcepbf a
cationlocalizationenergyL, " shouldbe mentionedThe
latter wasintroducedby Wheland”’ asa reactivity index
relatedto the formation of g-complexesin electrophilic
reactions.It can be shownthat L;" and L,*, e.g.in
naphthaleneassumevalues2.30(3) and2.48(5), respec-
tively within the HMO model®® Since smaller L, "
energy implies less severe perturbationof the initial

J. Phys.Org. Chem.12, 597-604(1999)
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Table 3. Proton affinities (in kcal mol™") as obtained by the additivity Egn. (2)?

Molecule Atom-H"  PAL Molecule Atom-H"  PAL
o c)  196.7 Cc(l)  204.2*
2 g C2)  197.8 m  C(2)  191.9
C(3)  194.4 C(3) 1982
CO C(4)  201.4* C(4)  199.3
c(l)  203.0* Hy c() 1955
s c2) 1929 c2)  197.7
CCC C(5) 2005 OO C(E) 1945
H, c)  197.2 C(4)  202.6*
Hs
C(l)  200.0 C(l)  204.9*
Cc2) 1945 w C(2) 1934
i, C(3) 1960 m C(3)  196.7
CH C(4) 202.1*  y C(4) 200.4
(1) 5 1986
c(6)  196.6
c(7)  195.2
C(8)  200.9
H; c)  199.1* " c@a)  196.2
c2)  197.6 C(2)  199.3
OO C(5) 199.0 CO C(3) 191.2
c(6)  194.6 ’ C(4)  205.9*
B g c(5)  199.7
c)  195.1
c(7) 1967
c(8)  199.8
cl)  196.3 Cc(l)  205.1*
" c2)  199.8 Hy C2)  196.4
Cc(3)  195.0 cH c(3)  201.2
C(4)  203.3* C(4)  201.3
c(5)  202.3 C(5)  201.3
HC C(6) 191.3 H, C(6) 198.7
c(7)  196.2 c(7)  197.2
c@8)  199.7 c(8)  202.4
c)  197.4 Cc()  200.6
. c(2) 1984 Hy C(2)  199.6
e ' C(3)  196.5 c(3)  199.7
: C(4)  202.2* OQ C(4)  201.8
Cc(5) 1985 Cc(5)  198.2
c)  196.1 w b c(6)  199.8
c(7)  191.4 c(7) 1965
C(8)  203.5* Cc(8)  204.1*
cx) 2022 c) 1977
u c2)  198.1 23 Cc(2)  201.3
o C(3)  194.8 C(3)  193.3
C(4)  208.1* C(4)  208.6*
- C(5)  202.0 cHy Cc(5)  198.9
: c(6)  199.2 " c(6)  200.3
c(7)  199.3 C(7)  198.6
Cc(8)  203.2 C(8)  204.6
c(l) 2004 Cc(1)  209.3
o CH, C(2) 2034 H, C(2)  204.1
C(3) 1953 o, C(3) 2026
OO C(4)  210.1* C(4)  210.7*
CH; C(5) 204.0 mc CH; C(5) 210.7*
1 c(6)  202.2 1, c(6)  200.1
Cc(7) 2038 C(7)  204.9
c(@8)  204.1 C(8)  206.9
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Molecule Atom-H™  PAL Molecule Atom-H™  PAL
H; Cc@) 201.1 H, C@@) 213.0*
H;C C(2) 203.9 HC CH; C(2) 206.7
CO C(3) 197.4 C(5) 212.9
Hs C@4) 210.6* wnc CHs C(6) 203.7
H; H;
C(l) 20458 C(l) 2145
Hy C(2)  204.3* Hy c(2)  208.7
Hy c(G) 2072 cu, C(3) 2088
SO - ool I
HiC HiC CHj C(5) 2121
" " Cc(6) 2075
c(7) 205.6
Cc(8)  218.0*
Hs C@) 207.3* H; CH; C@@) 217.2*
CHj C(2) 200.0 HC Hy C(2) 210.8
C(5) 204.7 OO
CH; C(6) 201.3 He CH,
H; H; CHs
oy Cl)  209.4
e cH,  C(2) 2069
OO C@3) 2036
HiC Hs C(4) 216.5*
Hs

2 The proton affinity of naphthalenéds 194.8kcalmol~* and correspondso the «-proton attack.
-Protonationyields a lower value of 190.5kcalmol ™.
The protonatedsitesobservedn NMR experimentsare markedwith asterisks.

n-system,it follows that the electrophilic reactivity of

position1 in naphthalenés more pronouncedThis is in

accordancewith the reactivity studiesand the proton
affinity valuesPA(1) andPA(2). In principle, onecould
make a comparisonbetweenL™(X,), valuesin sub-
stituted naphthalenesand the correspondingPA incre-
ments. The problem is that heteroatomshave to be
parametrizedn the HMO model, which is alwaysmore
or lessarbitrary. It is possibleto selectparameterdor

various substituentssuch that L*(X,), valuesbecome
compatiblewith incrementsi*(X,,),, but suchan effort

would not pay off since both semiempirical and
simplified ab initioc modelsarefeasiblein large systems
nowadays.
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