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ABSTRACT: Infrared spectra of all isomers of polymethyl-substituted benzoic acids were recorded in the carbonyl
and hydroxyl regions in tetrachloromethane at various concentrations and interpreted in terms of conformation.
According to a plot of�(C=O) of the monomeric form vs Hammett substituent constants�, these compounds may be
classified into two classes. Derivatives with none or only one methyl group in theorthoposition are concluded to exist
in an equilibrium of two planar conformations, unless the equilibrium is degenerate. Derivatives with twoortho-
situated methyl groups are concluded to take up one non-planar conformation. These findings are supported by the
shape of the hydroxyl and carbonyl bands, which are unsymmetrical in the former class, although they could not be
reliably separated into bands pertinent to the individual conformers. This conclusion is at variance with the common
interpretation which has invariably ascribed to these and similarortho derivatives non-planar conformations with a
variable torsional angle. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Methyl-substituted benzoic acids have served as classical
model systems to demonstrate and evaluate steric
effects.1,2 Most studies have identified the steric effect
with the steric hindrance to resonance and its intensity
has been assumed to depend on the torsional angle
f = �O=C—C=C. For instance, the NMR chemical
shifts,3,4 the dissociation constants in water,5–7 the
electronic spectra4,7 and the dipole moments of esters8

were explained in terms of the value of the anglef,
which increases with steric hindrance. Some typical
values off are given in Table 1. The torsional angle
seemed to be affected not only byortho methyl groups
but also by those in themetaposition: this was called the
buttressing effect.9 The anglef was also estimated10 or
calculated at different levels: MM23 or CI PPP.11 Only in
the cases of dissociation constants was an alternative
interpretation presented in which the steric hindrance to
resonance was replaced by the primary steric effect and
possible steric hindrance to solvation.12

The theory of hindered resonance and variable
torsional angle probably finds its origin in the interpreta-
tion of the electronic spectra of substituted benzalde-
hydes and acetophenones.13 When applied to benzoic

acids, it is evidently correct, at least in a qualitative sense,
for compounds with a strong steric effect, e.g. 2,6-
dimethylbenzoic acid (15) (Scheme 1) (f = 53° in the
crystalline phase14) and other sterically congested
molecules. However, we have challenged15–17this theory
in the case of 2-methylbenzoic acid and possibly other
compounds with less steric hindrance. For example, 2-
methyl-5-nitrobenzoic acid has a planar conformation in
the crystalline state,17 and the gas-phase acidities15,16and
the enthalpies of formation18 are better understood in
terms of an equilibrium between the two planar forms,7a
and7b (Scheme 1). This view was supported by simple
AM1 calculations16 (Table 1).

The present study was undertaken with the assumption
that planar and non-planar conformations of benzoic
acids can be distinguished by IR spectroscopy in the
C=O and O—H regions, either by the occurrence of two
bands in the case of equilibria like that shown previously
(7a� 7b) or by correlations with constants� or similar
parameters. Previous IR studies22 of these compounds in
the solid state dealt only with the band assignment and
did not address the conformation.

EXPERIMENTAL

Materials. A number of the methyl-substituted benzoic
acids (1–20) (Table 2) were characterized in our previous
work15,23 and the remaining ones were prepared and
given to us by Dr P. Jime´nez and co-workers.18
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Spectral measurements. Infrared absorption spectra
were recordedon a Bruker IFS 88 FT-IR spectrometer
in tetrachloromethaneat concentrations of 0.003
(d = 1mm), 0.0006and0.00012mol lÿ1 (d = 1cm). The

dimericform prevailsat thehighestconcentrationandthe
monomericform at the lowestconcentration.Separation
of the carbonyl bandswas achievedby the standard
program24 which enablesonly the numberof resulting

Table 1. Torsional angles f = � O=CÐC=C (°) in some methyl-substituted benzoic acids as deduced from various approaches

Compound
Methyl
position UV (Ref. 7 or 4)

13C NMR
(Ref. 4) MM2 (Ref. 3)

CI-PPP
(Ref. 11)

AM1
(Refs15, 16)

X-ray
(Refs14,17,19,20)

7 2 38 36 21 29 37 0 0a

8 2,3 53 42 27 29 42 0 10
15 2,6 70 62 51 55 60 33 53
17 2,4,6 — 58 — 55 53 31 48
19 2,3,5,6 76 70 51 — 65 75 73

a Concerns5-nitro-2-methylbenzoicacid;17 anx-ray structureof 2-methylbenzoicacid21 wasnot sufficientlyprecise.

Scheme 1. Numbering of compounds according to Table 2

Table 2. The � (OÐH) and � (C=O) monomer frequencies of methyl-substituted benzoic acids (in CCl4)

�(O—H) (cmÿ1) �(C=O) (cmÿ1)

Apparent D� 1
2

Asymmetry Apparent Asymmetry

Compound Methyl position AFa ab AFa ab

1 H 3540.3 27.5 1 ÿ2 1742.5 2 ÿ7
2 3 3541.0 26.4 1 ÿ2 1740.5 1 ÿ3
3 4 3542.1 26.4 0 ÿ2 1738.9 1 ÿ3
4 3,4 3542.0 26.3 0 ÿ2 1737.5 0 ÿ3
5 3,5 3541.2 26.7 0 ÿ2 1738.9 2 ÿ3
6 3,4,5 3542.8 24.1 0 ÿ2 1736.7 2 ÿ5

7 2 3539.6 31.0 5 ÿ7 1740.2 11 ÿ18
8 2,3 3537.7 32.3 5 ÿ6 1738.4 3 ÿ11
9 2,4 3541.4 29.1 5 ÿ9 1736.1 10 ÿ18

10 2,5 3539.6 31.3 7 ÿ12 1738.5 6 ÿ20
11 2,3,4 3539.0 32.1 5 ÿ8 1734.9 6 ÿ11
12 2,3.5 3537.7 32.5 4 ÿ6 1735.0 ÿ5ÿ �22c

13 2,4,5 3540.9 33.8 4 ÿ9 1735.0 9 ÿ20
14 2,3,4,5 3538.7 30.5 5 ÿ8 1732.6 ÿ3ÿ �2

15 2,6 3517.2 27.4 1 ÿ2 1746.1 1 ÿ3
16 2,3,6 3515.8 26.1 1 ÿ1 1747.1 1 ÿ3
17 2,4.6 3519.1 27.3 0 ÿ2 1742.1 1 ÿ5
18 2,3,4,6 3516.4 26.4 0 ÿ1 1743.8 1 �2
19 2,3,5,6 3514.3 24.1 0 ÿ1 1749.6 6 ÿ20d

20 2,3,4,5,6 3514.6 24.1 1 ÿ1 1746.8 8 ÿ6

a A factor measuringtheasymmetryin % (seeDiscussion).
b The anglea(°) expressingthe asymmetry(seeFigure1 andDiscussion).
c Asymmetryin reversedirection,causedby anadditionalbandat 1747cmÿ1, not belongingto the monomer�(C=O).
d Additional bandat 1738cmÿ1, not belongingto the monomer�(C=O).
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bandsto be predeterminedbut their position,half-width
andshape(Gauss/Lorentzratio) areobtainedunambigu-
ouslyandcannotbe controlled.A Fourierself-deconvo-
lution24 beforeseparationwasalsoattemptedbut did not
improve these results. Attempted deconvolution of
asymmetrichydroxyl bands,showingno shoulder,was
completelyunsuccessful:satellite bandswere obtained
whosenumberandpositiondependedonly on thechosen
valueof the reductionfactor (range1.1–1.5).

With the resolutionused(2cmÿ1), the ATS 89B pro-
gramdoesnot allow an interval of wavenumberreading
finer than 0.64cmÿ1. Therefore,we used a graphical
procedureand obtained the apparentmaxima of the
�(C=O) and�(O—H) bandsasthe point of intersection
of the bandaxis with the spectralcurve.With sufficient
enlargement,theaccuracyof thereadingwasbetterthan
0.1cmÿ1. The two ad hoc measurementsof asymmetry
suggestedhere were determinedfrom the samegraph
(Figure1).Onemeasure,calledtheasymmetryfactorAF,
is definedasthedifferencebetweenthewavenumberfor
the maximum(�M) and the wavenumbercorresponding
to thecentreof thehalf-width(�c) dividedby thevalueof
thehalf-width (D� 1

2). This measurementis expressedasa
percentage:

AF � 100��M ÿ �C�=��1=2 �1�
The other possiblemeasurementis the value of the

anglea betweenthe bandaxis andthe vertical direction
asdepictedin Figure1.

RESULTS AND DISCUSSION

We followed two lines of investigation.One approach
(which might becalledclassicalspectroscopy)consisted
of searchingbandswhichcouldbeassignedto individual
rotamers.In this study, we focusedon the numberof
bands in the C=O and O—H regions. The other
approach, correlation analysis, entailed plotting the
C=O or O—H frequenciesagainstvarious substituent
constantsor otherphysicalquantities.We believedthat
planarand non-planarmoleculesshouldshow different
patternsin theseplots.

Separation of carbonyl and hydroxyl bands

At the concentrationsused,two bandswereobservedin
the carbonyl region, belonging to the monomericand
dimeric formsof theacid.Theywerewell separatedand
could be readily distinguished.However, no further
splittings attributable to the presenceof rotamers in
equilibrium were observed. The bands of certain
compoundsweresimply moreor lessunsymmetrical.In
the caseof compounds7–14, with one ortho methyl
group,we assumedthat they existedastwo rotamersin
equilibrium (e.g. 7a� 7b). The remainingcompounds
(Table2) wereexpectedto showonly onebandsincethey
areeithersymmetrical(1,3,5,6), slightly unsymmetrical
with little differencebetweenthe conformers(2, 4) or

Figure 1. The carbonyl band of 2-methylbenzoic acid (7) and evaluation of its asymmetry according to the asymmetry factor AF
and the angle a
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exist in onenon-planarconformation(15–20). However,
we were unable to resolve the C=O bands of the
monomericforms satisfactorily(Table2). Oneproblem
thatarosewasadditionalbandsnotrelatedto thecarbonyl
bond. In somecases,thesecould be revealedby their
independenceof concentrationwhile truecarbonylbands
are controlled by the monomer� dimer equilibrium.
Two examplesof thesebandsaregivenin thefootnotesto
Table2. Theorigin of thesebandswasnot assignedand
not all suchbandswerediscovered.However,the main
problemevidentlylies in theinsufficientseparationof the
bands.AttemptedresolutionusingtheGaussian–Lorent-
zianprogram24 is describedin theExperimentalsection.
Although two bandswereformally obtainedin all cases
where their presencewas assumed,the resolutionwas
impreciseand someparametersof the resolvedbands
were physically unrealistic.Moreover,similar apparent
resolutionswerepossibleevenin thecaseof compounds
which cannot exist in two conformations: real and
apparentcasescouldnot bedistinguishedwith certainty.

For this reason,wedecidedto restrictfurtherstudiesto
distinguishingsymmetricalandasymmetricbandsandit
was necessaryto give an at least semiquantitative
characterto the term asymmetry.As shownin Figure1
anddescribedin theExperimentalsection,we suggested
two measurementsto do so.Thesearedefinedhereasad
hoc orientation characteristicsand are given no strict
physicalmeaning.Theso-calledasymmetryfactorAF is
related to the distanceof the band maximum to the
wavenumberof the centreof the half-width [equation
(1)]. Its valueis evidentlyzerofor asymmetricalbandand
the theoreticallyhighestbut not realizablevalueis 50%.
The highestvalue observedis 11% (Table 2). Another
measurementof the asymmetrycould be the angle a
(Figure1). This is alsozero for symmetricalbandsand
the highestobservedvalue is 22°. Table 2 revealsthat
thesetwo measurementsare generallyhigher for 7–14,
assumedto existasanequilibriumof two rotamers,than
for the remaining compounds. When studying the
�(C=O) frequency,the results for AF and of a were
notalwaysconsistentandseveralunexplainedexceptions
wereencountered.Whenwegavesomearbitrarylimits to
AF and a (e.g. 3% and 10°, respectively),most com-
poundscould be classifiedcorrectly with a few excep-
tions such as 14 (misassignedas existing in one
conformation),19 and20 (apparentlyin two conforma-
tions). The case of 19 can be explained (Table 2,
footnote). For 12, the positive value of the angle a
correspondsto the satellite bandon the side of higher
frequencies(Table 2) causedby an additionalbandnot
related to the carbonyl bond. On the other hand,
assignmentof the two bands of 7–14 assumedto
representthe two conformersmay be fairly safe. The
stericeffect of anortho-situatedmethyl groupraisesthe
�(C=O) frequency,as can be proved particularly by
comparisonwith paraderivatives,e.g.7 and3. It follows
that thesp rotamer(7a) shouldshowa higherfrequency

than the ap rotamer(7b), sincethe steric effect on the
carbonylbond is evidently greater.An oppositeasign-
ment in the caseof the correspondingester25 was only
tentativeandcannotbeconsideredto beproved.Accord-
ing to our assignment,the side bandrepresentsthe ap
rotamerandthemainbandthesprotamer.Thisstatement
doesnot agreewith the reportedconformationof the
correspondingester basedon the intensity of the �16

band.26 However,it is very stronglysupportedby AM1
calculations15,16andby thepreferredconformationin the
crystallinestate.17,19Thedipolemomentof theesterwas
alsointerpretedin favourof theprevailingspform.27 It is
true that the two conformersdiffer little in energyand
their equilibriummaybesubjectto theconditionsof the
experiment.

More significant results were obtained from the
analysisof theO—H band.Althoughnoreasonableband
separationwasachievedevenin this case,the measure-
mentsof asymmetryareconvincingandthe compounds
can be classifiedsafely (Table 2). All compoundswith
two conformers (7–14) have AF� 4% and a� 6°.
Compoundsexisting only in oneconformation(1, 3, 5,
6, 15–20) or in two conformationsdiffering only in the
meta position (2, 4) exhibit AF = 0 or 1% and a� 2°.
Interestingly,eventhehalf-widthD� 1

2 couldbesufficient
for a classification:in the caseof compoundswith two
conformersit is >29cmÿ1, whereasit doesnot exceed
27.5cmÿ1 in othercases.Assignmentof bandsto thetwo
rotamersis in agreementwith that madefrom �(C=O).
The steric effect now lowers the frequency.Hencethe
side band at lower frequencies(i.e. more displaced)
shouldbeassignedto 7b in whichtheO—H bondis more
influential.Thesp rotamerstill prevails.

Further frequenciesrelatedto the carboxyl group of
compounds1–20 are collected in Table 3. They were
assignedtentativelybut their pertinenceto themonomer
or dimer is unambiguousaccordingto the concentration
dependence.Only in the1290–1180cmÿ1 regiondid the
absorptionby the solvent not allow the use of a cell
thicker than1mm andthe dependenceon concentration
wasnot followed. Assignmentof thebandsof thedimer
of 14, 19 and 20 is tentative in this region. For other
compounds,ourassignmentagreeswith thatof Arenaset
al.22 basedonly on solid statespectra.

Correlation analysis

In thisapproach,the�(C=O) and�(O—H) or evenother
frequencies were used and plotted against various
parameterscharacteristicof the structure.The Hammett
constants�, expressingthe substituentpolar effects,28

appearedmost appropriate.For meta-and para-substi-
tutedbenzoicacids,with substituentsmorepolarthanthe
methyl group, a good linear dependenceon � was
observedfor both the C=O29 and O—H30 frequencies.
Onecouldexpectthatfor congestedderivatives,thesteric
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effect of the substituentwould be manifestedby a
deviationfrom the straightline definedfor purely polar
effects.For theacids1–20,theHammettequationcanbe
usedin the form of theequation

� ÿ �0 � ���i �2�
wherethe summationextendsover positions2–6 on the
benzenering and the reactionconstant� is incmÿ1; �0

relatesto benzoicacid.
Theadditivity of substituenteffectsis not a necessary

consequenceof the Hammettequationandis valid only
asanapproximation.Nevertheless,for methylderivatives
thisapproximationis verygood.31 More importantin our
caseis a necessaryextensionof the Hammettequation,
valid principallyonly for metaandparasubstituents,also
to ortho substituents.Any chosen value for the �o

constantof themethylgroupmustbeof restrictedvalidity
only in a specific region, either only for some IR
frequenciesor for someparticular compounds.28 From
several possibilities,32 we chose the value �o = 0.10,
determinedfrom IR spectroscopy,viz. from the inten-
sitiesof substitutedbenzonitriles.33 Figure2 revealsthat
goodlinearity wasobtainedwith the�(C=O) frequency
for 1–14. The remaining compoundsdeviated very
distinctly. In our opinion, this graph is proof that all
methyl-substitutedbenzoicacidscanbedividedinto two
classesthat arestructurallydifferent.Furtherinterpreta-
tion, in terms of conformation, is supportedby the
following reasoning.The higher frequencyof �(C=O)
for 15–20 indicates hindered conjugation with the

benzenering, and hencea non-planarconformationas
shownin structure15. This hinderedresonancemay be
quantified by the deviation of these points from the
straightline in Figure2.Thisdeviationis notconstantbut
dependson the number of methyl groups in the 3,5-
positions(buttressingeffect). In energyunits, it amounts
to 0.1–0.2kJmolÿ1, comparedwith the entire effect of
resonancewhich may be estimatedto be 0.5 kJmolÿ1

from comparisonof thecarbonylfrequenciesof aromatic
andaliphaticcarboxylicacids.We previouslystressed15

that the theoryof hinderedresonanceshouldalwaysbe
tested by commparing the energy of assumedsteric
hindrancewith the entireresonanceenergy.In our case,
theresonanceenergyobservedin spectroscopyrepresents
the differencebetweengroundandexcitedstatesand is
muchlessthanthewholeresonanceenergyin theground
state,estimated15 to be15 kJmolÿ1. It shouldbepointed
out that the resultfrom Figure2 doesnot dependon the
somewhatproblematicchoice of the constant�o. For
alternativepossiblevalues,32 a very similar graphwould
beobtained.

A similar plot for the hydroxyl frequency(Figure 3)
supportstheaboveconclusionbut is morecomplex.The
benzoic acids are separatedinto three groups: 1–6
without any ortho substituentare situatedalong a line
pertinent to meta and para substituentswith stronger
polar substituents,30 7–14 with one ortho methyl group
are displacedslightly downwardsand 15–20 with two
ortho methyl groupsaremarkedlydisplaced.In the last
case,thedisplacementis of thesameorderof magnitude

Table 3. Other carboxyl vibrational frequencies of methyl-substituted benzoic acids in the 1800±
1100cmÿ1 region (cmÿ1, in CCl4)

Monomer Dimer

Compound b(COH) �(C—O) �as(C=O)a b(COH)� �(C—O)

1 1351 1172 1696 1416 1288
2 1358 1164 1696 1412 1280,1308
3 1361,1318 1170 1696 1419 1286
4 1365,1331 1164,1127 1694 1424 1273,1308
5 1338,1370 1158,1170 1696 1415 1245,1310
6 1342 1141 1692 1422 1247,1311

7 1341 1179 1695 1407 1270
8 1325 1128,1169 1694 1402,1437 1299,1274
9 1335 1184,1147 1691 1408 1275,1307

10 1337 1162,1151 1694 1414 1268,1302
11 1336 1126,1173 1691 1412,1399 1297,1268
12 1341 1159,1121 1691 1414,1405sh 1306,1251
13 1347,1325 1115,1135 1688 1412 1268,1308
14 1338 1134 1689 1405 1303,(1254)

15 1328sh 1107,1168 1697 1433,1394 1289
16 1326 1124,1167 1699 1425 1293
17 1332 1153 1698 1437,1395 1292
18 1320 1129 1698 1410 1287
19 1323 1137 1699 1417 1310,(1258)
20 1327 1139 1698 1428 1311,(1281)

a Apparentmaximum.
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as in Figure 2 but in the oppositedirection. From the
slopefor polar substituents,30 it canbe determinedthat
conjugationwith thebenzenering (anelectron-releasing
effect) makesthe O—H bond less polar and stronger.
Hencea hindranceto resonancemakesthis bondweaker

andthe�(O—H) frequencylower.Fromthedifferencein
�(O—H) betweenaliphaticandaromaticacids,theeffect
of resonancemaybeestimatedto be0.5 kJmolÿ1, equal
to that of �(C=O).

We attemptedmany othercorrelationsbut they were

Figure 2. Hammett plot of the carbonyl stretching frequency of methyl-substituted benzoic acids vs the sum of substituent
constants �. Molecules with (*) no or one and (*) two ortho methyl groups. The dashed line was derived in Ref.29 for meta and
para substituents with stronger polar effects

Figure 3. Hammett plot of the OÐH stretching frequency of methyl-substituted benzoic acids vs the sum of substituent
constants �. Molecules with (*) no, (�) one and (*) two ortho methyl groups. The dashed line has the slope derived in Ref.30

for meta and para substituents with stronger polar effects
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less indicative. The �(C=O) frequenciesof the dimer
revealed a similar dependenceon � to that of the
monomer.Correlationof �(C=O), dimer vs monomer,
maybeof interest(Figure4) sinceit is basedentirelyon
direct spectroscopicquantitiesanddoesnot refer to any
empiricalconstant.Classificationof compoundsinto two
classesis evidentbut thephysicalmeaningdoesnotstem
directly from the graph. No dependencewas found
betweenthe frequencies�(C=O) and�(C—O) although
it hasbeenreportedfor a seriesof carbonylderivatives
moredifferent in structure.34

Using a similar procedure to the above, we can
reinterpretthe13C NMR shiftsof theC-4carbonatomof
methyl-substitutedbenzoicacids.Theseshifts werefirst
correctedin a complexway to obtainthe reducedshifts
D�i, which werethenexplainedin termsof the variable
anglef.4 However,the derivativeswith a para-situated
methyl groupcould not be treatedin this way sincetoo
largeangleswerepredicted.A plot of D�i vs� (Figure5)
gaveadifferentresult:thecompoundscanbedividedinto
the sameclassesas in Figures2–4, viz. without steric
hindrance,with asmallsterichindranceandwith astrong
hindrancedisturbingthecoplanarity.

CONCLUSIONS

Convincingspectralproof hasbeenpresentedshowing
thatmethyl-substitutedbenzoicacidscanbedividedinto
two different classes.We interpretthis fact in termsof
conformationand steric hindranceto conjugation.The
acidsof oneclassareconcludedto existasanequilibrium
of two planarconformerswhereasthoseof the second
classexistasonenon-planarconformation.Theconcept
of variableconformation13 with a continuouslyincreas-
ing torsionalanglef wasbasedon wrong assumptions
andshouldbeabandonedin thecaseof aromaticcarbonyl
compounds.It is not excludedthat it mayhold for some
othercompounds.

Correlation analysis using � constantshas again
provedto beanefficient tool for structureinvestigations
basedon spectroscopicdata. It can complementthe
classicalspectroscopicreasoningbasedessentiallyonthe

Figure 4. Plot of the C=O stretching frequencies of methyl-
substituted benzoic acids, dimer vs monomer. Molecules
with (*) no or one and (*) two ortho methyl groups

Figure 5. Plot of the corrected substituent-induced shifts of 13C (4) in methyl-substituted benzoic acids (Ref.4) vs the sum of
substituents constants ��. Molecules with (*) no, (�) one and (*) two ortho methyl groups
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number of bands and their shifts with solvent or
temperature.The necessarypreconditionis a sufficient
numberof structurallysimilar compounds.
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