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ABSTRACT: The problem of thépso protonation of toluene and its predominantly disubstituted derivatives was
considered by the MP2(fc)/6-31@&HF/6-31G+ZPE(HF/6-31G) theoretical model. The substituents involved
covered a wide range of different donor—acceptor capabilities. It is shown that the calculategh9dp2oton
affinities of substituted toluenes follomutatis mutandithe same additivity rule which was found earlier to be
operative in polysubstituted benzenes, naphthalenes and biphenylenes. The additivity equation is both intuitively
appealing and useful, being able to offer quantitative estimates of the proton affinity by very simple calculation. It is
based on the concept of the increment, which in turn describes the influence of a single substituent on the proton
affinity. Any substituent behaves as a rule as if the other were non-existent, thus giving rise to the independent
substituent approximation (ISA). The performance of the additivity rule of thumb is very good, as evidenced by the
average absolute deviation of 1 kcal mblLarger deviations are possible, but they rarely occur, being indicative of a
difference in interactions between substituents in the initial neutral base and in the final cationic conjugate acid.
Finally, it follows as a corollary of the present analysis that protonatfmso to the CH group is never
thermodynamically the most favourable site of proton attack in the benzene ring, provided that there is a single
unsubstituted carbon atom within the aromatic moiety. The relevaripsafrotonation in persubstituted benzenes is
briefly discussedd 1998 John Wiley & Sons, Ltd.
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INTRODUCTION is therefore not surprising that the proton affinity is the
subject of continuous research interest and that a lot of
Notwithstanding its small size, the proton occupies a very effort is devoted to its determination both in gas and
prominent position in organic chemistry and biochem- liquid phases by experimental® and theoretical meth-
istry, playing an important role in ubiquitous proton ods. The latter also proved useful in describing features
transfer reactions, catalysis, charge and mass transpordf the very strong bases called the proton sporges.
processes in membranes, in determining the acid—basdrecently, we have conclusively shown that the MP2(fc)/
properties of compounds, etc® The intrinsic absolute or 6-31G**//HF/6—31G*-ZPE(HF/6-31G*) model repro-
‘dilute gas-phase’ experimental proton affinitig3AE) duced the experimentdAs of a number of aromatic
serve as useful probes of the electronic structure andcompounds such as benzene, naphthalene, biphenylene
charge density distribution in molecules. In particular, and their monosubstituted derivativEs Moreover, it
PAs are closely related to the notion of the electrophilic appears that thBA of polysubstituted aromatics follows
substitution reactivity of aromatic compounds. Recently, a simple additivity rule based on the independent
we have shown that theA is an indicator of the effect  substitutent approximation (ISA) mod®t.?? This im-
exerted on the aromatic nucleus by the annelated smallplies that the PA of a multiply substituted aromatic
rings in the so-called Mills—Nixon and in reversed Mills— compound is easily retrieved if the effect of monosub-
Nixon system$® Finally, comparison of the intrinsic  stitutions is known in advance, which in turn are
PAs with those measured in solutions provides some embodied in the corresponding increment. A high
information on the extent of the solvent-solute effects. It quantitative performance of this rule is remarkable for

*Correspondence toM. Eckert-Maksi¢ Division of Organic Chem all positions within the ring except thipsoposition. The
istry and Biochemistry, Laboratory of Physical Organic Chemistry, latter requires a separate treatment In_volvmg a defl_n|t|on
‘Rudjer Bokovi€’ Institute, P.O.B. 1016, 10000 Zagreb, Croatia. of a new origin of the scale measuring the substituent
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effects.To be morespecific,the origin of the scaleof PA
valuesof polysubstitutedbenzeness the protonaffinity
of afree parentbenzeneln the caseof ipso protonation,
e.g.at the C—F bondin multiply substitutedoenzenes,
howeverthereferencdevelis givenby theipsoPAvalue
of fluorobenzené® In otherwords,incrementsf various
othersubstituentsare measuredelative to the PAj,s, of
monofluorobenzenen this way the additivity rule is
restoredandactuallyworks very well in polysubstituted
fluorobenzene®® In the presentwork we examinedthe
ipso proton affinity of tolueneand its polysubstituted
derivativesinvolving F, CN, OH and CHO groupsas
substituentswhich exhibit widely different electronic
demands.It should be strongly pointed out that we
considethereonly theipsoprotonattackin thering. This
should be kept in mind becausethe most favorable
protonatedspeciessometimesinvolve protonationsat
heteroatomssin the caseof CN and CHO groups.

THEORETICAL MODEL AND BASIC RELATION-
SHIPS

All calculationswerecarriedout by utilizing MP2(fc)/6—
31G**//HF/6—-31G*-ZPE(HF/6—-31G*)approach(MP2
model),which happenedo be a very good compromise
betweenfeasibility, economiccostsand reliability.* 23
Initial basesandtheir conjugateacidswereoptimizedat
the HF/6—31G* level and the minima on the potential
energysurfacewereverified by vibrationalanalysis.The
correspondingrequencieswere usedin estimatingthe
zero-pointvibrationalenergiesZPE,. The Hartree—Fock
valuesare scaledby the customarycommonfactor of
0.89.1t shouldbe pointedout that, oncethe theoretical
modelhasbeenchosentheresultsareindependentf any
experimental ladder of PA values existing in the
literature.Theipsoprotonaffinity of substitutedoluenes
were computedoy employinga generalequation:

PA(Ti) = (AEe); — (AZPE)), (1)

The concept of the PA incrementis pivotal. It
describesa changein the ipso PA of toluenedueto a
particular substituentplacedat the specific position on
the aromaticring. For example:

H CHs H FHs

CH3 { CHs
@ | Q 1o Ole
Y Y

Here the subscriptp denotesthe para position of the
substituentY, relative to the CHz group attachment,
which coincideswith the site of protonationat the same
time. Analogousexpressionshold for ortho and meta
locationsof substituentsi-ollowing the standardanalysis
availableelsewheré?®*3oneobtains

0 1998JohnWiley & Sons,Ltd.

PA(substtolueng; = PA(tolueng; + Nl a(Xo);
+nmlpa(Ym)i + Nplga(Zp); + A(X, Y, 2) (3)

wheren,, ny, andn, denotenumbersof ortho, metaand
para substituentsgespectively Deviationfrom the strict
additivity is givenby A(X, Y, Z). Analysisof thisentityis
interesting.Let us supposethat toluene has only two
substituents{, andY .. ThenA(X,, Y is givenby the
differenceA(Xo,Ym) = 6(Xo, Ym) — 67 (X6, Ym), Whered
andé ™" aredefinedby the homodesmigeaction®

CH3 CH3 CHs © CHs
X X
. = + + O (Xy,Y)
¥ v 4)
and
H,_CHs H_ CHs H, CHs H,_CHs
X X .
Q0 Q- U QL e
v v (5)

It appearghat § and §" are usually small and positive
entitesasa rule, implying thattheir differenceis aneven
smaller number, thus contributing to the very good
performance of the simple additivity Eqn (3). All
computationsvere performedusingthe GAUSSIAN 94
program?*

RESULTS AND DISCUSSION

The increments for the ipso protonation of singly
substitutedoluenesarecomparedvith thecorresponding
incrementsof monosubstitutedbenzenesin Table 1.
Similarity of thesetwo setsof datais apparentbutit is
importantto notethat 135(Y); areusuallyslightly higher
thantheirIgA(Y) counterpartsin this context,oneshould
point out that the PA of toluene protonatedat the ipso
position is 0.9kcalmol™* (1kcal=4.184 kJ) lower
[PA(toluene) = 179.0kcalmol™] than the PA of ben-
zene,which is 179.9kcalmol~*.*° We note in passing
that the latter value is in excellent accord with the
most recent experimental result which yields PA
(benzene¥ 180.0kcalmol *° The close similarity
betweenthesetwo PAs is a consequencef the fact that
the out-of-plane shift of the CHs; group on ipso
protonationdoesnot destroythe planarityof the benzene
ring. A surveyof theincrementshowsthattherearetwo
typesof substituentsThe first group, consistingof OH
and CHs substituentsactivatesthe ipso protonationof
toluene, this being particularly pronouncedif they are
placedat the ortho and para positions.This featureis
easily rationalized by the electron density releasing
propertyalias n-back-donatiorof the OH groupand by
the well known hyperconjugativeability of the CHs
group.The seconcclassof substituentsnvolvesCN and

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 663—-669(1998)



ABSOLUTE PROTONAFFINITIES OF SUBSTITUTEDTOLUENES

665

Table 1. Comparison of increments of the PA of monosubstituted benzenes with the corresponding entites related to the jpso
protonated singly substituted toluenes as offered by the MP2 model (in kcal mol™")

X Y PAX = CHj); lpa (V)i PAXX'=H) IPa (Y)
X
Y

CHzorH F 178.9 -0.1 179.4 -0.5
CN 166.5 -125 166.8 -13.1

OH 192.0 13.0 193.0 13.1

CHO 173.3 -5.8 172.7 -7.2

CHs 185.1 6.1 186.2 6.3

X
Y

CHzorH F 172.0 ~7.0 172.5 ~7.4
CN 163.4 -15.6 164.0 -15.9

OH 179.1 0.1 179.9 0.0

CHO 170.4 -8.6 171.8 -8.1

CHs 182.1 31 182.9 3.0

CHzorH F 181.2 2.2 181.6 1.7
CN 166.0 -13.0 166.7 -13.2

OH 195.1 16.1 195.5 15.6

CHO 170.6 -8.4 171.6 -8.3

CHs 186.4 7.4 187.3 7.4

CHO groups, which are strongly electron-demanding
fragmentsthusdeactivatingheipsopositiontowardsthe
protonor, betterexpressedp electrophilicsubstitutiorin
general.This featureis particularly pronouncedor the
CN group,whichis a very strongacceptorof both s-and
n-electrons.A borderlinecaseis provided by fluorine,
which weakly activatesthe para position and strongly
deactivatesthe meta positioned CH; group. These
characteristicgletermingheselectivityof thesubstituted
toluenedowardsprotonation(seelater). Beforeproceed-
ing further, it is worth mentioningthat the absolutePAs
of monosubstitutethenzenesrein excellentagreement
with the mostrecentexperimentatlata.This is described
anddiscussedn Ref. 18 andwill notbe repeatechere.
The absolute PAs of some disubstituted toluenes
undergoingipso attack calculatedby the MP2 model

0 1998JohnWiley & Sons,Ltd.

arecomparedvith theadditivity valuesobtainedoy using
Eqn(3) in Table2. The degreeof compatibility of these
datais surprisingly high, as evidencedby the average
absolutedeviation from the additivity [A (Y, Z)|ay=

IPAIMP2) — PA(add)|.,=1.0 kcalmol™. It follows

thattheipsoPA of disubstitutedoluenescanbe obtained
by a very simple calculation.Althoughthe averageerror

|A (Y, Z)|avis aslow as1kcalmol™?, it is in somecases
large, ca 3 kcalmol™*. Thesesystemsare particularly
interestingandwill be discussedater. The performance
of the additivity equationcanbe somewhaimprovedby

the least-squarestting procedure:

PA(MP2) = 8.8 + 0.952PA(add in kcal/mol (6)

Thestraightline (Fig. 1) hasa standarddeviationo = 0.9
and a correlationcoefficientr =0.998. The high corre-
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Figure 1. Linear correlation between the jpso proton affinity
of polysubstituted benzenes as obtained by the MP2 model
and the additivity rule

lativity shows that additivity of the PA is a genuine
property. The incrementsgiven in Table 1 and the
additivity Eqn (3) providedirecthintsasto how onecan
increasehe susceptibilityof the ipso positionof toluene
towards electrophilic substitution. For instance, the
largestPA in disubstitutectoluenesis predictedin 2,4-
dihydroxytoluene By the sametokenone can consider-
ably diminish the ipso reactivity by a deliberatechoice
and distribution of substituentsaround the aromatic
fragment, e.g. in 2,5- and 3,4-dicyanotoluer& More-
over,employingthe incrementgor benzeneandtoluene

CH3

I3,1(C Ho)olrs = 12.2

I54(CHs)nls = 7.2

(Table 1), it is possibleto determinethe mostreactive
sites in disubstituted toluenes towards electrophilic
substitution. A couple of typical examplesare given
for illustrative purposes.Consider 2,3-dihydroxytol-
uene, which has one of the highestipso PA values
[PA(add) = 192.1].1t appearshatall otherunsubstituted
carbon atoms of the aromatic ring have appreciably
higherPAs: PA (C-4)=200.4,PA (C-5)=198.5and PA
(C-6)=201.8kcalmol™t. Their variation is less pro-
nounced, implying that interplay of substituentscan
sometimes substantionally decrease regioselectivity.
Similarly, in 2,3-bis(formyl)tduenethe PAs for C-1, C-
4, C-5 and C-6 are 164.6, 172.0, 166.5 and
169.8kcalmol™, respectively, as predicted by the
additivity rule. Again, the ipso positionis lessfavorable
thanothercarbonatomsif thosesubstitutedy the strong
electron-withdrawig groupsare excluded(viz. the ipso
protonationof fluorobenzenés), presumablypecausef
the benzenering puckeringcausedby the out-of-plane
shifts of the electronegativegroup. The reasonwhy the
ipso positionof tolueneis lessenergeticallyprofitableis
easy to understand.The methyl group considerably
activatesall positions(Table 1) exceptthe ipso position,
wherethe changdn thePAinducedby ipsoattackis very
small, being 0.9kcalmol™ [PA(toluene)=179.0kcal
mol™1]. In contrastthe CH; groupstabilizesortho, meta
and para carbons by 6.3, 3.0 and 7.4kcalmol ™1,
respectively. It is therefore not surprising that ipso
protonationin monosubstitutedbenzenewccursonly on
rare occasions,one of them being in benzosilané&®
However,theipsoprotonationis importantin, e.g.,acid-
catalyzedisomerizationreactionsof arylalkanes’ Ob-
viously, the ipso protonationoccursin persubstituted
benzenesvhereheteroatomsre not the mostfavorable

CH;

I34(CHy)ylr = 12.1

Scheme 1. Increments for the jpso protonation of fluorobenzene due to the ortho-, meta- and para-positioned methyl group

(in kcal mol™™"

PA=158.7

PA=176.3

CH;

PA=157.6

PA=163.3

Scheme 2. Proton affinities of pentafluorinated toluene as estimated by the additivity equation (in kcal mol~")
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Table 2. Comparison of proton affinities of some disubstituted toluenes as obtained by the MP2 ab initio model and the
additivity rule of thumb: deviations from the strict additivity A(Y, Z) are decomposed into (Y, Z) and §7(Y, Z) energies of
interference (all entities in kcal mol™")

X Y Z PA(X); PA(add) A(Y, 2Z) &Y, 2) 5T(Y, 2)
X

Y

Z
CHs; F F 171.9 171.9 0.0 4.7 4.7
CN CN 153.5 150.9 2.6 3.7 1.0
OH OH 192.6 192.1 0.5 -1.1 -1.7
CHO CHO 167.6 164.6 3.0 5.4 2.3
CH; CHs 188.7 188.2 0.5 15 0.9
F CN 164.1 163.3 0.8 2.1 1.2
F OH 177.7 179.0 -1.3 0.6 1.9
CN F 160.7 159.5 1.2 1.9 0.7
CN OH 167.2 166.6 0.6 -1.3 -1.9
OH F 184.9 185.0 -0.1 0.4 0.4
OH CN 177.7 176.4 1.3 -1.3 —-2.8

X

Y
CHs; F F 180.8 181.1 -0.3 0.7 1.0
CN CN 155.5 153.5 2.0 2.8 0.7
OH OH 205.6 208.1 -2.5 0.6 3.0
CHO CHO 166.1 164.8 1.3 1.1 -0.3
CHs; CHs; 192.1 192.5 -0.4 0.0 0.4
F CN 166.2 165.9 0.3 1.1 0.8
F OH 194.3 195.0 -0.7 0.2 0.9
CN F 168.8 168.7 0.1 1.1 0.9
CN OH 182.6 182.6 0.0 0.0 0.0
OH F 193.4 194.2 -0.8 0.3 1.0
OH CN 178.7 179.0 -0.3 -0.1 0.0

X
Y
Z
CHs3 F F 1721 171.9 0.2 1.2 1.0
CN CN 152.2 150.9 1.3 2.1 0.7
OH OH 192.0 192.1 -0.1 1.2 1.2
CHO CHO 166.0 164.6 14 1.1 —-0.4
CHs CHs 187.9 188.2 -0.3 0.1 0.4
F CN 163.9 163.3 0.6 0.7 0.0
F OH 179.1 179.0 0.1 1.1 1.0
CN F 159.8 159.5 0.3 0.7 0.3
CN OH 166.8 166.6 0.2 —-0.4 -0.7
OH F 185.4 185.0 0.4 1.0 0.5
OH CN 176.0 176.4 0.4 -0.4 -0.2
Continued
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Table 2. cont'd.

X Y z PAX); PA(add) A(Y, 2) (Y, 2) §°(Y, 2)
X
Z Y
CHs F F 178.3 178.8 ~05 1.1 1.5
CN CN 156.3 154.0 2.3 2.9 0.5
OH OH 202.8 205.0 22 1.0 3.1
CHO CHO 169.6 167.4 2.2 3.8 1.7
CH, CH, 191.8 191.2 0.6 1.4 0.8
F CN 165.0 166.4 ~1.4 ~1.0 0.3
F OH 191.5 191.9 0.4 1.3 1.5
CN OH 180.7 179.5 1.2 0.7 ~0.7
X
Y
y4
CHs F F 1747 174.2 0.5 4.7 41
CN CN 151.8 150.4 1.4 2.9 1.3
OH OH 196.9 195.2 1.7 1.1 2.8
CHO CHO 162.9 162.0 0.9 3.9 2.9
CH, CHs 188.7 189.5 ~0.8 0.1 0.8
F CN 160.3 159.0 1.3 2.1 0.8
F OH 189.1 188.1 1.0 0.5 ~0.6
CN F 166.5 165.6 0.9 2.1 1.1
CN OH 180.8 179.5 1.3 ~1.3 27
OH F 179.0 181.3 —2.3 0.5 2.8
OH CN 167.4 166.1 1.3 1.0 —0.4
X
Vs Y
CHs F F 165.3 165.0 0.3 0.7 0.4
CN CN 149.1 147.8 1.3 2.8 1.4
OH OH 179.9 179.2 0.7 0.3 —0.4
CHO CHO 163.3 161.8 1.5 1.0 ~0.7
CH, CH 184.7 185.2 ~05 0.3 0.2
F CN 156.6 156.4 0.2 1.1 0.7
F OH 172.0 172.1 ~0.1 0.4 —0.4
CN OH 163.6 163.5 0.1 0.1 ~0.1
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sitesof attack,asfor examplen pentafluorinatedbluene.

Let usconsidetthis casein moredetail. For this purpose,
we need the influence of the CHsz group on ipso

protonationin the C—F fragment. The corresponding
incrementd s (CHy)r, aregivenin Schemel.

It is noteworthythat CH; groupsignificantlystabilizes
the ipso protonationof the C—F carbonatom, particu-
larly if it is attachedat the ortho and para positions.
Employing increments given in Table 1 and those
published earlier?® one can easily deducethe proton
affinities of pentafluorotoluendy using the additivity
rule of thumb.TheresultingPAs aregivenin Scheme2.

It appearghat the energeticallymost profitable ipso
protonationoccurs at the methyl group, as intuitively
expected. Interestingly, one can easily deduce that
protonationin pentamethylfluorobenzemneill takeplace
at the C—F carbonatom, which is a counter-intuitive
result, the correspondingPA being 207.4kcalmol ™,
whereagheipsoprotonattackat ortho-, meta andpara-
situatedCH; groupsyieldsPA valuesof 198.6,194.7and
199.6kcalmol™?, respectively.It is worth mentioning
that protonation of some alkyl-substitutedphenolsin
magic acid solutionsmay take placeboth at the alkoxy
groupandat the alkyl-substituteccenter®®

Finally, ageneracommenibontheadditivity isin place
here. Perusalof the datain Table 2 shows that the
deviationsfrom additivity A (Y, Z) are small because
5(Y, Z) ands* (Y, Z) areof the samesignasarule, thus
cancelling out to considerableextent. If they are of
oppositesigns,then larger deviationsmight occurasin
the caseof 2-hydroxy-3-cyantoluene.

CONCLUSION

It has been shown that the MP2(fc)/6—-31G**//H-/6—
31G*+ZPE(HF/6-31G*)model satisfactorily describes
theipsoprotonaffinity of tolueneandsomeof its di- and
polysubstitutedderivatives. The calculated PA (MP2)
valuescan be successfullyreproducedoy the additivity
rule basedon theindependensubstituengpproximation
(ISA), which performssurprisinglywell asevidencedy
a large numberof earlier applicationd®23 and by the
presentresults. The averageabsolute deviation from
additivity is 1 kcalmol ™. Largerdeviationsarepossible,
buttheyrarely occur,beingindicative of a differencein
interactionsbetweensubstituentsin the initial neutral
base and in the final cationic conjugate acid. An
important outcome of the present analysis is the
conclusionthat protonationipso to the methyl groupis
never thermodynamicallythe most favorable site of
attack within the aromatic moiety, if a single unsub-
stitutedcarbonatomis availablewithin thebenzeneing.
However,ipso protonationis very importantin persub-

0 1998JohnWiley & Sons,Ltd.

stituted benzenesand in acid-catalyzedisomerization
reactionsof arylalkanes’.’
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