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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 o/(C=0) of the monomeric form vs Hammett substituent constantisese compounds may be
classified into two classes. Derivatives with none or only one methyl group ortheposition are concluded to exist

in an equilibrium of two planar conformations, unless the equilibrium is degenerate. Derivatives withthgo

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 siroit#o derivatives non-planar conformations with a
variable torsional angld] 1998 John Wiley & Sons, Ltd.
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INTRODUCTION acids, it is evidently correct, at least in a qualitative sense,

for compounds with a strong steric effect, e.g. 2,6-
Methyl-substituted benzoic acids have served as classicadimethylbenzoic acid 15) (Scheme 1) ¢ =53 in the
model systems to demonstrate and evaluate stericcrystalline phas¥) and other sterically congested
effects? Most studies have identified the steric effect molecules. However, we have challeng&d” this theory
with the steric hindrance to resonance and its intensity in the case of 2-methylbenzoic acid and possibly other
has been assumed to depend on the torsional angleeompounds with less steric hindrance. For example, 2-
¢ =/0=C—C=C. For instance, the NMR chemical methyl-5-nitrobenzoic acid has a planar conformation in
shifts>* the dissociation constants in wafef, the  the crystalline staté’ and the gas-phase acidittés®and
electronic spectfa’ and the dipole moments of estérs the enthalpies of formatidfi are better understood in
were explained in terms of the value of the angle terms of an equilibrium between the two planar forifes,
which increases with steric hindrance. Some typical and7b (Scheme 1). This view was supported by simple
values of¢ are given in Table 1. The torsional angle AM1 calculations® (Table 1).
seemed to be affected not only bytho methyl groups The present study was undertaken with the assumption
but also by those in thenetaposition: this was called the  that planar and non-planar conformations of benzoic
buttressing effect. The anglegp was also estimaté8or ~ acids can be distinguished by IR spectroscopy in the
calculated at different levels: MM2r CI PPP: Only in C=0 and O—H regions, either by the occurrence of two
the cases of dissociation constants was an alternativebands in the case of equilibria like that shown previously
interpretation presented in which the steric hindrance to (7a= 7b) or by correlations with constantsor similar
resonance was replaced by the primary steric effect andparameters. Previous IR studiésf these compounds in
possible steric hindrance to solvatith. the solid state dealt only with the band assignment and

The theory of hindered resonance and variable did not address the conformation.

torsional angle probably finds its origin in the interpreta-
tion of the electronic spectra of substituted benzalde-
hydes and acetophenon€sWhen applied to benzoic

EXPERIMENTAL

*Correspondence toO. Exner, Institute of Organic Chemistry and
Biochemistry, Academy of Sciences of the Czech Republic, 16610

Praha 6, Czech Republic. Materials. A number of the methyl-substituted benzoic
tPresented in part at the VIth International Conference on Correlation ggj —20 (Table 2) were characterized in our previ
Analysis in Chemistry, Praha, 5-9 September 1994. ac dksl5(|,'23 0 (d a?} e2) e. e.C aracterized in our p ed OUSd
Contract/grant sponsor:Grant Agency of the Czech Republic; V\{OI’ and the rem?-'n'ng ones were prepared an
contract grant number203/96/1658. given to us by Dr P. Jifmeez and co-workers
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142 P.FIELDER AND O. EXNER

Table 1. Torsional angles ¢ = 7 O=C—C=C (°) in some methyl-substituted benzoic acids as deduced from various approaches

Methyl 3¢ NMR CI-PPP AM1 X-ray
Compound  position UV (Ref. 7 or 4) (Ref. 4) MM2 (Ref.3) (Ref.11) (Refs15,16) (Refs14,17,19,20)
7 2 38 36 21 29 37 0 0*
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

& Concernss-nitro-2-methylbenzoiacidl” an x-ray structureof 2-methylbenzoiacid?* wasnot sufficiently precise.

! " \
N C,O SN 050
CHg\@/C Hs i CHy;  =—= ©/CH3
15 Ta 7b

Scheme 1. Numbering of compounds according to Table 2

Table 2. The v(O—H) and v(C=0) monomer frequencies of methyl-substituted benzoic acids (in CCl,)

(O—H) (cm™) »(C=0) (cm %)
Apparent Avi w Apparent Asymmetry
Compound  Methyl position AF? P AF? P
1 H 3540.3 27.5 1 -2 1742.5 2 -7
2 3 3541.0 26.4 1 -2 1740.5 1 -3
3 4 3542.1 26.4 0 -2 1738.9 1 -3
4 34 3542.0 26.3 0 -2 1737.5 0 -3
5 3,5 3541.2 26.7 0 -2 1738.9 2 -3
6 3,45 3542.8 24.1 0 -2 1736.7 2 -5
7 2 3539.6 31.0 5 —7 1740.2 11 -18
8 2,3 3537.7 32.3 5 -6 1738.4 3 -11
9 2,4 3541.4 29.1 5 -9 1736.1 10 -18
10 2,5 3539.6 31.3 7 -12 1738.5 6 -20
11 2,34 3539.0 321 5 -8 1734.9 6 -11
12 2,3.5 3537.7 325 4 -6 1735.0 -5 +22°
13 2,45 3540.9 33.8 4 -9 1735.0 9 -20
14 2,3,4,5 3538.7 30.5 5 -8 1732.6 -3 +2
15 2,6 3517.2 27.4 1 -2 1746.1 1 -3
16 2,3,6 3515.8 26.1 1 -1 1747.1 1 -3
17 2,4.6 3519.1 27.3 0 -2 1742.1 1 -5
18 2,3,4,6 3516.4 26.4 0 -1 1743.8 1 +2
19 2,356 3514.3 24.1 0 -1 1749.6 6 —20°
20 2,3,4,5,6 3514.6 24.1 1 -1 1746.8 8 —6

& A factor measuringhe asymmetryin % (seeDiscussion).

b The anglea(°) expressinghe asymmetry(seeFigure1 andDiscussion).

¢ Asymmetryin reversedirection,causedby anadditionalbandat 1747cm™
9 Additional bandat 1738cm™2, not belongingto the monomer,(C=0).

1 not belongingto the monomery(C=0).

Spectral measurements. Infrared absorption spectra  dimericform prevailsatthehighestconcentratiomndthe
were recordedon a Bruker IFS 88 FT-IR spectrometer  monomericform at the lowestconcentrationSeparation
in tetrachloromethaneat concentrations of 0.003 of the carbonyl bandswas achievedby the standard
(d=1mm), 0.0006and 0.00012mol1~* (d=1cm). The progrant* which enablesonly the numberof resulting
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Figure 1. The carbonyl band of 2-methylbenzoic acid (7) and evaluation of its asymmetry according to the asymmetry factor AF

and the angle «

bandsto be predeterminedut their position, half-width
andshapeg(Gauss/Lorentzatio) are obtainedunambigu-
ously and cannotbe controlled.A Fourierself-deconvo-
lution®* beforeseparatiorwasalsoattemptecbut did not
improve these results. Attempted deconvolution of
asymmetrichydroxyl bands,showingno shoulder,was
completely unsuccessfulsatellite bandswere obtained
whosenumberandpositiondependeanly onthe chosen
valueof the reductionfactor (rangel.1-1.5).

With the resolutionused(2cm™?), the ATS 89B pro-
gramdoesnot allow aninterval of wavenumbereading
finer than 0.64cm*. Therefore,we used a graphical
procedureand obtained the apparentmaxima of the
v(C=0) andv(O—H) bandsasthe point of intersection
of the bandaxis with the spectralcurve. With sufficient
enlargementthe accuracyof the readingwasbetterthan
0.1cm™*. The two ad hoc measurementsf asymmetry
suggestechere were determinedfrom the samegraph
(Figurel). Onemeasurecalledtheasymmetryfactor AF,
is definedasthe differencebetweerthe wavenumbefor
the maximum(vy,) andthe wavenumbercorresponding
to thecentreof the half-width (v.) dividedby thevalueof
the half-width (Av). This measuremeris expresse@sa
percentage:

AF = 100vm — vc)/Avyyp (1)

The other possiblemeasuremenis the value of the
anglea betweenthe bandaxis andthe vertical direction
asdepictedin Figurel.

0 1998JohnWiley & Sons,Ltd.

RESULTS AND DISCUSSION

We followed two lines of investigation.One approach
(which might be called classicalspectroscopygonsisted
of searchingbandswhich could be assignedo individual

rotamers.In this study, we focusedon the number of

bands in the C=0 and O—H regions. The other
approach, correlation analysis, entailed plotting the

C=0 or O—H frequenciesagainstvarious substituent
constantor other physicalquantities.We believedthat

planarand non-planarmoleculesshould show different

patternsin theseplots.

Separation of carbonyl and hydroxyl bands

At the concentrationsised,two bandswere observedn
the carbonyl region, belongingto the monomericand
dimeric formsof the acid. They werewell separateénd
could be readily distinguished.However, no further
splittings attributable to the presenceof rotamersin
equilibrium were observed. The bands of certain
compoundsvere simply moreor lessunsymmetricalln
the caseof compounds7-14 with one ortho methyl
group,we assumedhat they existedastwo rotamersin
equilibrium (e.g. 7a = 7b). The remainingcompounds
(Table2) wereexpectedo showonly onebandsincethey
areeithersymmetrical1, 3, 5, 6), slightly unsymmetrical
with little differencebetweenthe conformers(2, 4) or

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 141-148(1998)



144 P.FIELDER AND O. EXNER

existin onenon-planarconformation(15-2Q. However,
we were unable to resolve the C=0 bands of the
monomericforms satisfactorily(Table 2). One problem
thatarosewvasadditionalbandsotrelatedio thecarbonyl
bond. In somecasesthesecould be revealedby their
independencef concentratiorwhile true carbonylbands
are controlled by the monomer= dimer equilibrium.
Two exampleof thesebandsaregivenin thefootnotedo
Table2. The origin of thesebandswasnot assignecand
not all suchbandswere discoveredHowever,the main
problemevidentlyliesin theinsufficientseparatiorof the
bands Attemptedresolutionusingthe Gaussian—Lorent-
zianprogrant* is describedn the Experimentalsection.
Although two bandswereformally obtainedin all cases
where their presencewas assumedthe resolutionwas
impreciseand some parameterf the resolvedbands
were physically unrealistic. Moreover, similar apparent
resolutionswere possibleevenin the caseof compounds
which cannot exist in two conformations:real and
apparentasesould not be distinguishedwith certainty.
Forthisreasonwe decidedo restrictfurtherstudieso

distinguishingsymmetricalandasymmetricoandsandit
was necessaryto give an at least semiquantitative
characterto the term asymmetry As shownin Figure 1
anddescribedn the Experimentakection,we suggested
two measurement® do so. Thesearedefinedhereasad
hoc orientation characteristicsand are given no strict
physicalmeaning.The so-calledasymmetryfactor AF is
related to the distanceof the band maximum to the
wavenumberof the centre of the half-width [equation
(2)]. Its valueis evidentlyzerofor asymmetricabandand
thetheoreticallyhighestbut not realizablevalueis 50%.
The highestvalue observedis 11% (Table 2). Another
measuremenbf the asymmetrycould be the angle o
(Figure 1). This is also zerofor symmetricalbandsand
the highestobservedvalue is 22°. Table 2 revealsthat
thesetwo measurementare generallyhigher for 7-14,
assumedo existasan equilibrium of two rotamersthan
for the remaining compounds. When studying the
v(C=0) frequency,the resultsfor AF and of « were
notalwaysconsistenandseveralunexplainedgexceptions
wereencounteredVhenwe gavesomearbitrarylimits to
AF and o (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 and 20 (apparentlyin two conforma-
tions). The case of 19 can be explained (Table 2,
footnote). For 12, the positive value of the angle «
correspondgo the satellite band on the side of higher
frequencieqTable 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 an ortho-situatedmethyl groupraisesthe
v(C=0) frequency,as can be proved particularly by
comparisorwith paraderivativesg.g.7 and3. It follows
thatthe sprotamer(7a) shouldshowa higherfrequency

0 1998JohnWiley & Sons,Ltd.

than the ap rotamer(7b), sincethe steric effect on the
carbonylbond is evidently greater.An oppositeasign-
mentin the caseof the correspondingestef® was only
tentativeandcannotbe consideredo be proved.Accord-
ing to our assignmentthe side band representshe ap
rotamerandthemainbandthe sprotamer.This statement
doesnot agreewith the reportedconformationof the
correspondingester basedon the intensity of the v¢
band?® However,it is very strongly supportecby AM1
calculation$®*®andby the preferredconformationin the
crystallinestate!”*° The dipole momentof the esterwas
alsointerpretedn favourof theprevailingspform.?’ It is
true that the two conformersdiffer little in energyand
their equilibrium may be subjectto the conditionsof the
experiment.

More significant results were obtained from the
analysisof the O—H band.Althoughno reasonabl&and
separatiorwas achievedevenin this case the measure-
mentsof asymmetryare convincingandthe compounds
can be classifiedsafely (Table 2). All compoundswith
two conformers (7—14 have AF > 4% and o > 6°.
Compoundsexisting only in one conformation(l, 3, 5,
6, 15-2Q or in two conformationgdiffering only in the
meta position (2, 4) exhibit AF=0 or 1% and o < 2°.
Interestingly eventhe half-width Av: could be sufficient
for a classification:in the caseof compoundswith two
conformersit is >29cm ™, whereasit doesnot exceed
27.5cm ™t in othercasesAssignmenof bandsto thetwo
rotamersis in agreementvith that madefrom v(C=0).
The steric effect now lowers the frequency.Hencethe
side band at lower frequencies(i.e. more displaced)
shouldbeassignedo 7b in whichthe O—H bondis more
influential. The sprotamerstill prevalils.

Further frequenciesrelatedto the carboxyl group of
compoundsl—20 are collectedin Table 3. They were
assignedentativelybut their pertinenceo the monomer
or dimeris unambiguousccordingto the concentration
dependenceOnly in the 1290-118@m™* regiondid the
absorptionby the solvent not allow the use of a cell
thicker than 1mm andthe dependencen concentration
washot followed. Assignmenbf the bandsof the dimer
of 14, 19 and 20 is tentativein this region. For other
compoundspur assignmenagreeswith thatof Arenaset
al.?? basedonly on solid statespectra.

Correlation analysis

In this approachthe v(C=0) andv(O—H) or evenother
frequencies were used and plotted against various
parametersharacteristiof the structure.The Hammett
constantss, expressingthe substituentpolar effects?®

appearedmost appropriate.For metaand para-substi-
tutedbenzoicacids,with substituentsnorepolarthanthe

methyl group, a good linear dependenceon o was
observedfor both the C=0?° and O—H3° frequencies.
Onecouldexpecthatfor congestedierivativesthesteric

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 141-148(1998)
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Table 3. Other carboxYI vibrational frequencies of methyl-substituted benzoic acids in the 1800-

1100cm™" region (cm™", in CCly)

Monomer Dimer
Compound B(COH) v(C—0) vadC=0)? B(COH)+ v(C—0)
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)

& Apparentmaximum.

effect of the substituentwould be manifestedby a
deviationfrom the straightline definedfor purely polar
effects.For theacids1-20,the Hammettequationcanbe
usedin the form of the equation

v—1°0 = pXo; (2)

wherethe summationextendsover positions2—6 on the
benzeneing and the reactionconstanty is incm™*; 1°
relatesto benzoicacid.

The additivity of substitueneffectsis not a necessary
consequencef the Hammettequationandis valid only
asanapproximationNeverthelesdpr methylderivatives
this approximatioris very good>! More importantin our
caseis a necessarextensionof the Hammettequation,
valid principally only for metaandparasubstituentsalso
to ortho substituents.Any chosenvalue for the o4
constanbf themethylgroupmustbeof restrictedvalidity
only in a specific region, either only for some IR
frequenciesor for some particular compounds$® From
several possibilities®®> we chose the value ¢,=0.10,
determinedfrom IR spectroscopyyiz. from the inten-
sitiesof substitutedbenzonitriles®® Figure2 revealsthat
goodlinearity wasobtainedwith the v(C=0) frequency
for 1-14. The remaining compoundsdeviated very
distinctly. In our opinion, this graphis proof that all
methyl-substitutedbenzoicacidscanbedividedinto two
classeghat are structurallydifferent. Furtherinterpreta-
tion, in terms of conformation,is supportedby the
following reasoning.The higher frequencyof v(C=0)
for 15-20 indicates hindered conjugation with the

0 1998JohnWiley & Sons,Ltd.

benzenering, and hencea non-planarconformationas
shownin structurel5. This hinderedresonancenay be
quantified by the deviation of these points from the
straightline in Figure2. Thisdeviationis notconstanbut
dependson the number of methyl groupsin the 3,5-
positions(buttressingeffect). In energyunits, it amounts
to 0.1-0.2kJmol ™%, comparedwith the entire effect of
resonancevhich may be estimatedto be 0.5 kJmol™*
from comparisorof the carbonylfrequencief aromatic
andaliphatic carboxylicacids.We previouslystressetf
that the theory of hinderedresonanceshouldalwaysbe
tested by commparingthe energy of assumedsteric
hindrancewith the entireresonancesnergy.ln our case,
theresonancenergyobservedn spectroscopyepresents
the differencebetweengroundand excited statesandis
muchlessthanthewholeresonancenergyin theground
state estimated® to be 15 kJmol™. It shouldbe pointed
out thatthe resultfrom Figure2 doesnot dependon the
somewhatproblematic choice of the constanto,. For
alternativepossiblevalues®? a very similar graphwould
be obtained.

A similar plot for the hydroxyl frequency(Figure 3)
supportghe aboveconclusionbutis morecomplex.The
benzoic acids are separatedinto three groups: 1-6
without any ortho substituentare situatedalong a line
pertinentto meta and para substituentswith stronger
polar substituent$® 7-14 with one ortho methyl group
are displacedslightly downwardsand 15-20with two
ortho methyl groupsare markedlydisplaced.n the last
casethedisplacemenis of the sameorderof magnitude

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11,141-148(1998)
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Figure 2. Hammett plot of the carbonyl stretching frequency of methyl-substituted benzoic acids vs the sum of substituent
constants o. Molecules with (O) no or one and (@) two ortho methyl groups. The dashed line was derived in Ref.?° for meta and

para substituents with stronger polar effects
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Figure 3. Hammett plot of the O—H stretching frequency of methyl-substituted benzoic acids vs the sum of substituent
constants . Molecules with (O) no, (®) one and (@) two ortho methyl groups. The dashed line has the slope derived in Ref 3°

for meta and para substituents with stronger polar effects

asin Figure 2 but in the oppositedirection. From the
slopefor polar substituents? it can be determinedthat
conjugationwith the benzeneaing (an electron-releasing
effect) makesthe O—H bond less polar and stronger.
Hencea hindranceto resonancenakesthis bondweaker

0 1998JohnWiley & Sons,Ltd.

andthev(O—H) frequencylower. Fromthedifferencein
v(O—H) betweerrliphaticandaromaticacids,the effect
of resonancenay be estimatedo be 0.5 kJmol %, equal
to that of v(C=0).

We attemptedmany other correlationsbut they were

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 141-148(1998)
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Figure 4. Plot of the C=0 stretching frequencies of methyl-
substituted benzoic acids, dimer vs monomer. Molecules
with (O) no or one and (@) two ortho methyl groups

less indicative. The v(C=0) frequenciesof the dimer
revealed a similar dependenceon o to that of the
monomer.Correlationof v(C=0), dimer vs monomer,
may be of interest(Figure4) sinceit is basedentirelyon
direct spectroscopigjuantitiesand doesnot referto any
empiricalconstantClassificatiorof compoundsnto two
classess evidentbut the physicalmeaningdoesnot stem
directly from the graph. No dependencewas found
betweerthe frequencies/(C=0) andv(C—O) although
it hasbeenreportedfor a seriesof carbonylderivatives
moredifferentin structure®*

Using a similar procedureto the above, we can
reinterprethe **C NMR shiftsof the C-4 carbonatomof
methyl-substitutedenzoicacids. Theseshifts werefirst
correctedin a complexway to obtainthe reducedshifts
Aé;, which werethenexplainedin termsof the variable
angle¢.* However,the derivativeswith a para-situated
methyl group could not be treatedin this way sincetoo
largeangleswerepredicted A plot of Aé; vs o (Figure5)
gaveadifferentresult:thecompoundganbedividedinto
the sameclassesas in Figures2—4, viz. without steric
hindrancewith asmallsterichindranceandwith a strong
hindrancedisturbingthe coplanarity.

CONCLUSIONS

Convincing spectralproof has beenpresentedshowing
thatmethyl-substitutedenzoicacidscanbedividedinto
two different classesWe interpretthis fact in termsof
conformationand steric hindranceto conjugation.The
acidsof oneclassareconcludedo existasanequilibrium
of two planarconformerswhereasthoseof the second
classexistasonenon-planarconformation.The concept
of variable conformatiort® with a continuouslyincreas-
ing torsionalangle ¢ was basedon wrong assumptions
andshouldbeabandoneth the caseof aromaticcarbonyl
compoundsilt is not excludedthatit may hold for some
othercompounds.

Correlation analysis using o constantshas again
provedto be an efficienttool for structureinvestigations
basedon spectroscopicdata. It can complementthe
classicakpectroscopiceasoningpasedessentiallyonthe

345 .
| O X
O O“
245
6+ O} o .5
3
GC(‘:) 2845 © O 0o o
PP™ L 25
234 © 62
L 235 @
4 23
246
P
ol 23458 )
@ @ 2345 ® 6
@236
- o
2356
| ] ] 1 1 1 1 1 1 1 1
-1 -05 268 mp 0

Figure 5. Plot of the corrected substituent-induced shifts of 3C ) in methyl-substituted benzoic acids (Ref.?) vs the sum of
substituents constants o . Molecules with (O) no, (®) one and (@) two ortho methyl groups
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number of bands and their shifts with solvent or
temperatureThe necessarypreconditionis a sufficient
numberof structurallysimilar compounds.

Acknowledgements

We are thankful to Dr. P. Jimenez, Madrid, for kindly
providinguswith samplef sevenmethylbenzoi@acids.
This work wassupporteddy grant203/96/1658rom the
GrantAgencyof the CzechRepublic.

REFERENCES

1.
2.

~No o1 b

(o]

0 1998JohnWiley & Sons,Ltd.

C. K. Ingold. Structureand Mechanismin Organic Chemistry,
Chapt.46e.Cornell University Press]thaca,NY (1953).

H. C.Brown,D. H. McDanielandO. Héfliger. in Determinationof
Organic Structuresby PhysicalMethods,editedby E. A. Braude
andF. C. Nachod,p. 567. AcademicPressNew York (1955).

. A. L. BaumstarkP. BalakrishnanM. Dotrong,C. J. McCloskey,

M. G. OakleyandD. W. Boykin. J. Am. Chem.Soc.109, 1059
(1987).

. J. Guilleme, E. Diez andF. J. Bermejo.Magn. Reson.Chem.23,

449 (1985).

.J. F. J. Dippy, S. R. C. HughesandJ. W. Laxton. J. Chem.Soc.

1470(1954).

. B. Liining. Acta. Chem.Scand.14, 321 (1960).
. J.M. Wilson,N. E. Gore,J.E. SawbridgeandF. Cardenas-Crud.

Chem.Soc.852(1967).

. G. Hallas,J. D. Hepworth,D. A. IbbitsonandD. E. Thornton.J.

Chem.Soc.,Perkin Trans.2 1587(1975).

. F. H. Westheimerin Steric Effectsin Organic Chemistry,edited

by M. S.Newman,p. 523. Wiley, New York (1956).

.M. Charton.Prog. Phys.Org. Chem.8, 235 (1971).

.Y. G. SmeyersandC. Sieiro. Theor.Chim. Acta 28, 355(1973).
. T. FujitaandT. Nishioka.Prog. Phys.Org. Chem.12,49 (1976).
.E. A. Braude,F. SondheimeandW. F. Forbes.Nature (London)

173,117 (1954).

.R. Anca, S. Martinez-Carreraand S. Garcia-Blanco. Acta

Crystallogr.23,110(1967).

P.FIELDER AND O.
15.
16.
17.

18.

19.
20.
21.

22.

23.

24,
. S.S.Gitis, E. G. Kaminskaya]. M. Gershkovich)u. D. Grudtsyn

26

27.
28.
29.
30.
31.
.M. T. Tribble and J. G. Traynham.J. Am. Chem.Soc.91, 379
33.

34.

EXNER

M. DecouzonP. Ertl, O. Exner,J.-F.Gal andP.-C.Maria. J. Am.
Chem.Soc.115,12071(1993).

M. Decouzon,J.-F.Gal, P.-C.Maria, S. Bohm, P. Jimenez,M. V.
RouxandO. Exner.NewJ. Chem.21, 561 (1997).

B. Tinant, J.-P. Declercq, M. Van Meersscheand O. Exner.
Collect. Czech.Chem.Commun53, 301 (1988).

M. Colomina,P.Jimanez,M. V. RouxandC. Turrion. An. Quim.,
Ser.A 82,126(1986);M. Colomina,P. Jimenez,M. V. Rouxand
C. Turrién. J. Chem. Thermodyn.16, 1121 (1984); 19, 1139
(1987); M. Colomina,P. Jimenez,R. Paez-OssorioM. V. Roux
andC. Turrion. J. Chem.Thermodyn20, 575 (1988).

P. Smith, F. Florencioand S. Garcia-Blanco.Acta Crystallogr.,
Sect.B 27,2255(1971).

V. Benghiatand L. Leiserovitz.J. Chem.Soc.,Perkin Trans. 2
1778(1972).

C. KatayamaA. Furusakiandl. Nitta. Bull. Chem.Soc.Jpn. 40,
1293(1967).

J.F.Arenas S.Montero,J.Morcillo andJ.L. NGfiez. An Quim. 69,
311(1973);J. Morcillo andJ. L. N@fiez. An. Quim. 73, 334,623
(1977).

M. DecouzonQ. Exner,J.-F.Gal andP.-C.Maria. J. Chem.Soc.,
Perkin Trans.2 475 (1996).

Bruker ATS89BMenuProgram,pp. 26 and49. Bruker,Karlsruhe.

andA. Ya. Kaminskii. Vopr. StereokhimResp.MezhvedNauch.
Sh.5, 89 (1976)Ref.Zh. 20Zh14(1976).

. A. R.Katritzky, M. V. Sinnott,T. T. Tidwell andR. D. Topsom.J.

Am.Chem.Soc.91, 628 (1969).

B. Tinant,J.-P.Declercq,V. VSetekkaandO. Exner.J. Phys.Org.
Chem.4, 721(1991).

O. Exner.Correlation Analysisof ChemicalData, Chapt.2.2 and
4.3.PlenumPressNew York (1988).

C. LaurenceandM. Berthelot.J. Chem.Soc.,Perkin Trans.2 98
(1979).

O. ExnerandE. Svaek. Collect. Czech.Chem.Commun36, 534
(1971).

J. ShorterandF. J. Stubbs.J. Chem.S0c.1180(1949).

(1969);R.E.HessC.D. SchaeffeandC. H. Yoder.J. Org. Chem.
36,2201(1971).

H. W. Thompsonand G. Steel. Trans. Faraday Soc. 52, 1451
(1956).

E. L. VarettiandP. J. Aymonino. SpectrochimActa, Part A 27,
183(1971).

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11,141-148(1998)



