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ABSTRACT: The 13C cross-polarization magic angle spinning NMR spectra ofN-(2'-hydroxybenzylidene)-2-
hydroxyaniline (1), N-(2'-hydroxybenzylidene)-4-nitroaniline (2) andN-(4'-dimethylaminobenzylidene)-2-hydroxy-
aniline (3) indicate a keto–hydroxy tautomerism of1 but not of 2. This was confirmed by a single-crystal x-ray
diffraction study of1, which revealed that the two distinct molecules in the unit cell are linked by intermolecular
hydrogen bonding. The presence of this bonding may explain the occurrence of the keto–hydroxy tautomerism.
Copyright  1999 John Wiley & Sons, Ltd.
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INTRODUCTION

Molecules with the general formula>C=N—Ph are
known as Schiff bases.1 They have wide application in
organic synthesis and exhibit thermochromism and
photochromism.2,3 They constitute an interesting model
for theoretical studies of intra- and/or intermolecular
hydrogen bonding.

Different proton transfer phenomena can occur even in
the solid state and diffraction methods are able to
distinguish between the various tautomers. Studies4 of
phenol–imine and keto–amine tautomers show the C—O
bond to be much longer in the former (1.341 A˚ ) than in
the latter (1.234 A˚ ). The aniline ring is not coplanar with
the second ring in the keto–amine tautomer, and the
nitrogen atom completing the hydrogen bond has largely
sp3 character.

13C and15N cross-polarization magic angle spinning
(CP/MAS) NMR spectroscopy is a complementary
technique for the detection of the possible dynamic
processes. The methods for the determination of
tautomeric equilibrium5 are based on an arbitrary choice
of the model compounds for both tautomers.1H, 13C and
15N chemical shifts or various coupling constants have
been proposed for the estimation of the tautomer content.
The results of such an approach have been published for
the HO-bearing benzylideneanilines and azo derivatives
in solution.6–10 The proposed structures showed an
H…N intramolecular hydrogen bond, with the proton

located near the oxygen atom in phenyl derivatives but
near the nitrogen atom in naphthyl or heterocyclic
compounds.

In this work, three benzylidene anilines with anortho
OH substituent at one of the aromatic rings or both (see
Fig. 1) were examined using13C CP/MAS NMR
spectroscopy, IR measurements, x-ray diffraction
(XRD) and semi-empirical MO calculations. The aim
was to acquire structural information on hydrogen
bonding and possible keto–hydroxy tautomerism in the
benzylideneanilines. The most interesting features of the
hydrogen bonding in1 and2 are the variations of the H-
atom position in the intramolecular hydrogen bridge and
the interaction of the second OH group with the adjacent
molecules in1 (see Fig. 2). The electron-withdrawing
substituent in2 should increase the stability of a keto
tautomer. The derivative3 could be a model of the
chemical shifts for a hydroxy tautomer, forming only an
intermolecular hydrogen bond. The electron-donating
substituent in thepara position was expected to stabilize
such a form. The structure of1 in the solid state has
already been established by XRD.11 The structure was
refined in theC2/cspace group, with the resultR1 = 0.09.
There were two different molecules in the independent
part of the unit cell, and in one of those molecules both
oxygen atoms were disordered between two positions.
The structure extracted from our x-ray study is different
to those determined previously.

EXPERIMENTAL

The three compounds studied were synthesised as
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Figure 1. Benzylideneanilines 1±3

Figure 2. Hydrogen-bonded chains of 1
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describedearlier.12 13C NMR spectrawererecordedon a
Varian Unity 200MHz spectrometerin DMSO. 13C
CP/MASNMR spectrawererecordedon a BrukerMSL
300 instrumentat 75.5MHz. Powderedsampleswere
packedinto a ZrO2 rotor andspunat about10 KHz. A
contact time of 5 ms, a repetition time of 6 s and a
spectralwidth of 20KHz wereusedfor theaccumulation
of 800–1200scans.The dipolar dephasedspectrawere

recordedwith a 50ms delay before acquisition. The
chemical shifts were calibrated indirectly through the
glycine CO signal observedat 176.3ppm relative to
TMS.

Semi-empiricalcalculationswereperformedusingthe
PM3 programasimplementedin MOPAC 6.0.

X-ray diffraction measurementswere made on a
KUMA diffractometer with graphite-monochromated

Table 1. Crystal data and structure re®nement for 1

C13H11NO2 F(000)448
Mr = 213.23 Thetarangefor datacollection:3.87–85.24°
Triclinic Index ranges:ÿ11� h� 10,ÿ12� k� 12, 0� l � 14
P-1 Reflectionscollected:4395
a = 8.985(2)Å a = 69.43(3)° Independentreflections:4201[R(int) = 0.0577]
b = 10.052(2)Å b = 89.91(3)° Refinementmethod:full-matrix least-squareson F2

c = 12.255(2)Å 
 = 77.01(3)° Data/restraints/parameters:4201/0/330
1006.1(3)Å3 Goodness-of-fiton F2: 1.051
Z = 4 Final R indices[I >2�(I)]: R1 = 0.0540,wR2 = 0.1605
Dx = 1.408mg mÿ3 R indices(all data):R1 = 0.0656,wR2 = 0.1701
m = 0.778mmÿ1 Extinction coefficient:0.0118(15)
� = 1.54178Å Largestdifferencepeakandhole:0.348andÿ0.278e Aÿ3

T = 293(2)K

Figure 3. 13C CP/MAS NMR spectra of solids 1±3
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CuKa radiation at room temperature,using!ÿ2� scan
techniques.Theintensityof thecontrolreflectionsvaried
by lessthan5%andalinearcorrectionfactorwasapplied
to accountfor this effect. The data were correctedfor
Lorentzandpolarizationeffectsandfor absorption.13The
structurewas solved by direct methods14 and refined
usingSHELXL.15 Thenon-hydrogenatomswererefined
anisotropically,whereasthe H atoms were placed in
calculatedpositionsand their thermal parameterswere
refinedisotropically. Positionaland thermalparameters
wererefinedonly for thosehydrogenatomsinvolved in
hydrogenbonding.Atomic scatteringfactorsweretaken
from the International Tables.16 Crystal data and
structurerefinementfor 1 aregiven in Table1.

All positional,geometricandthermalparametersand
the observedandcalculatedfactorsaredepositedat the
CambridgeCrystallographicDataCentre(CCDCIdenti-
ficationNumber133285).

The solid-state IR spectra were recorded in dry
potassiumchlorideusinga Nicolet 10MX FTIR spectro-
meterat 2 cmÿ1 resolutionwith 60 scans.

RESULTS AND DISCUSSION

NMR spectra

The13C CP/MASNMR spectraof 1–3 areshownin Fig.
3. Thedetailedassignmentsweremadefrom thedipolar-

dephasedspectra,which reveal the resonancesfrom
quaternaryandmethylcarbonatoms,andby comparison
with the spectrain solution.The spectraof structurally
relatedcompounds6–10and2D NMR spectraof 1H–13C in
solutionwerealsohelpful. Theassignmentsaregiven in
Table2.

The examinationof the spectrumof 1 indicatesthat
therearesignificantdifferencesbetweencarbonsC2 and
C2'. In particular,the signalsin solution are locatedat
150.97ppm for C2 andat 160.62ppm for C2', whereas
theresonancesof thesolidsampleweredeterminedto be
at 150.1and175.7ppm, respectively.This is indicative
of significantdifferencesin electronicstructure,i.e. the
C2'—OH group is better representedas C2'=O…H
becauseof the protontransfer.This is confirmedby the
single-crystalXRD studyof 1 in which theprotonof the
C(2')—OH groupis locatedcloserto the nitrogenatom
than to oxygen. Such a structure is stabilized by the
intermolecularhydrogenbonding systemillustrated in
Fig. 2. For the derivative2 this protontransferdoesnot

Table 2. 13C NMR chemical shifts of 1±3 in solids and in DMSO (1, 2) and CDCl3 (3) solution (in parentheses)

No. C(1) C(2) C(3) C(4) C(5) C(6) C(7) C(1') C(2') C(3') C(4') C(5') C(6')

1 124.56 150.11 118.00 129.39 119.23 116.86 153.87 116.86 175.74 113.84 138.44 116.86 135.78
(134.96) (150.97) (116.60) (127.88) (119.52) (119.56) (161.61) (119.46) (160.62) (116.47) (132.69) (118.62) (132.17)

2 150.99 119.75 124.32 145.02 124.32 119.75 164.25 119.20 160.27 115.54 128.71 115.54 135.52
(154.50) (122.33) (124.90) (145.33) (124.90) (122.33) (165.43) (119.31) (160.16) (116.66) (132.31) (119.31) (134.16)

3 134.44 153.20 108.49 127.03 118.88 127.05 153.20 122.42 134.44 114.02 153.20 114.02 134.44
(136.64) (152.67) (114.37) (119.90) (115.62) (127.32) (157.12) (124.02) (130.52) (111.55) (151.92) (111.55) (130.52)

Figure 4. The displacement ellipsoids of 1A and 1B
Figure 5. A perspective drawing of the packing arrangement
of 1
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takeplaceandthe chemicalshifts of C2' in the solution
andin thesolid arealmostequal.

The next striking differencebetweenthe solutionand
the solid is the changein the chemicalshifts for the C7
atom.Theresonanceof theC7atomin 1 movesto higher
field by 7.4ppm, closer to the limit for the ketoamine
tautomer.The spectraof 2 and 3 contain significantly
fewer peaks than the number of chemically distinct
carbon sites in the molecules. It is possible that a
‘flipping’ motion of aromaticrings occurswhich results
in equivalenceof the resonancesof the ortho andmeta
pairs. Residual splitting could be observed for the
resonanceof the dimethylaminogroup in the spectrum
of 3, due to the dipolar coupling of the carbon atom
linked to the quadrupolar 14N nitrogen atom. This
splittingwasnotobservedfor theremainingC—N atoms.

X-ray diffraction

Compound1 crystallizesin thespacegroupP-1 with two
molecules(1A, 1B) in the independentpart of the unit
cell aspresentedin Fig. 4. Figure2 showsthatchainsof
moleculesarestabilizedby the intermolecularhydrogen
bonds,andthepackingschemeis illustratedin Fig.5.The

bondlengthsandvalenceanglesaregivenin Table3.The
apparentrigidity of the benzylidenemoiety and non-
planarity of the aniline moiety [the torsion angle is
9.7(3)°] are increasedby the strong intramolecular
hydrogenbonding betweenthe parent molecules,and
alsoby thehydrogenbondingwith adjacentmoleculesin
a perpendicularchain.The hydrogenatomof the C2'—
OH group(seeFig. 1) is localizednearthenitrogenatom
and the system is stabilized by the intramolecular
hydrogenbond N—H…O. Structuralparameterschar-
acterizingthehydrogenbondsarelisted in Table4.

TheC2'—O bondis shortenedanddifferssignificantly
from thetypically singletheC2—Obond,indicatingthe
keto–amineconformationof the molecule1. The O…N
distanceis longer(by 0.064Å) in theanilinemoietythan
the benzylidene moiety, and the hydrogen atom is
localized near the oxygen atom. Consequently,this
hydrogenatom is engagedin intermolecularH-bonding
with theoxygenatomof theO—C2' groupin anadjacent
molecule.The quasi-aromaticring N1…H…O—C2'—
C1'—C7, formed as a result of the intramolecular
hydrogenbond, deviatesonly slightly from planarity.
The hydrogenbondsare fairly strongand the energies
calculated on the basis of the empirical equation
E = 468.9exp[4.338(0.957ÿROH)]17 are given in Table

Table 3. Bond lengths (AÊ ) and selected valence angles (°) for 1

Bond lengthsof 1A Bond lengthsof 1B

C(1)—C(2) 1.388(2) C(1)—C(2) 1.384(2)
C(1')—C(2') 1.422(2) C(1')—C(2') 1.420(2)
C(2')—C(3') 1.403(2) C(2')—C(3') 1.411(3)
C(2)—C(3) 1.377(2) C(2)—C(3) 1.379(2)
N(1)—C(7) 1.288(2) N(1)—C(7) 1.284(2)
C(1)—C(6) 1.378(2) C(1)—C(6) 1.373(2)
C(1')—C(6') 1.401(2) C(1')—C(6') 1.400(2)
C(3)—C(4) 1.369(2) C(3)—C(4) 1.361(3)
C(3')—C(4') 1.359(3) C(3')—C(4') 1.347(3)

Valenceanglesof 1A Valenceanglesof 1B

C(2)—C(1)—N(1) 117.05(13) C(2)—C(1)—N(1) 116.78(14)
C(2')—C(1')—C(7) 120.86(15) C(2')—C(1')—C(7) 120.60(14)
O(2)—C(2)—C(1) 117.26(15) O(2)—C(2)—C(1) 117.81(15)
O(2')—C(2')—C(1') 121.29(15) O(2')—C(2')—C(1') 121.71(15)
N(1)—C(7)—C(1') 123.21(14) N(1)—C(7)—C(1') 122.93(14)
C(7)—N(1)—C(1) 127.24(13) C(7)—N(1)—C(1) 126.97(13)
C(3')—C(2')—C(1') 116.76(16) C(3')—C(2')—C(1') 115.99(15)
C(3)—C(2)—C(1) 119.52(15) C(3)—C(2)—C(1) 119.05(15)

Table 4. Crystal data for the hydrogen bonds in the molecules of 1A and 1B

Distance(Å)

Calculatedenergiesof hydrogenbond
(kJmolÿ1)

Valenceangles(°)
intra molecular inter molecular intra molecular

Molecule NH…O C(2')—O C(2)—O C(2)OH…O NH…OC(2') C(2)OH…O N-H…O

1A 1.760(4) 1.286(2) 1.343(2) 1.715(4) 14.40(0.06) 17.50(0.07) 144.5(5)
1B 1.799(4) 1.278(2) 1.339(2) 1.607(4) 12.16(0.05) 27.96(0.12) 140.5(5)
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4. Both phenyl rings vary in aromaticity. We observe
‘equalization’of thebondlengthsin theaniline ring and
all bondlengthsareslightly shorterthanthe ideal bond
length of 1.388 Å. The HOMA parameter18 describing
aromaticity,which hasa valueof 1.000for benzene,is
equal to 0.951 for 1A and 0.926 for 1B. In the
benzylidene moiety bond alternation is evident: the
HOMA indexfor 1A is 0.844andfor 1B it is 0.797.Such
a differencein aromaticityof two benzenerings in one
moleculeis causedby different substituents(HO—C in
onecaseandO=C in theother).

IR spectroscopy

Thebenthydrogenbridgeformedin thecrystallinestate
is reflectedin the IR spectrumof 1, where the broad
stretchingvibrationbandis locatedat 2575cmÿ1 andthe
overtone of the bending vibration band appearsat
1900cmÿ1. The observedbroadbandof the stretching
vibration gOH with a maximum at 3450cmÿ1 in the
spectraof 1 and 2 and at 3335cmÿ1 in that of 3 is a
characteristicfeature of hydrogen-bondedcompounds.
The larger shift towards lower wavenumbersand the
increasein theintensityoccurringin thespectrumof 3 are
in line with theformationof strongerhydrogenbonding.

Semi-empirical MO calculations

The calculationson 1 indicate that the key differences
betweentheproposedstructuresaretheorientationof the
hydroxylgroupswith respectto theC7—Nlinking bond,
andthe positionof the hydroxyl protons.It appearsthat
conformerswith theirOH groupsonoppositesidesof the
C7—Nbond,thestructures1 and1' in Fig. 1, areslightly
less stable (the difference in heats of formation is
9.4kJmolÿ1). The stability of the conformersincreases

by 12kJmolÿ1 as the location of the hydroxy group
enhancesthepossibilityof intramolecularhydrogenbond
formation. It is worth mentioningthat, accordingto the
PM3 level of theory,moleculeswith a carbonylgroupin
the benzylidenemoiety are not preferred.It seemsthat
the formation of the intermolecularhydrogenbonding
with the adjacentmoleculeresultsin an effective low-
energystructure.This structure,with two perpendicular
molecules,was calculatedand we found that heat of
formationwasstabilizedby 31kJmolÿ1 comparedwith
the two independentmolecules.
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