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ABSTRACT: The site of protonation of carboxylic and non-carboxylic amides (whether the amido nitrogen or an
atom in the acyl group, generally oxygen) was investigated through quantum chemical calculations and heteronuclear
NMR measurements. The relative energies of the various ions deriving from protonation at each site were calculated
both in the gas phase and in water, and NMR properties of the involved heteronuclei (nuclear shielding and electric
field gradient) were also calculated and compared with chemical shifts and relaxation rates experimentally measured
in 14N, 17O and 31P spectra. It is shown that such a combination of theoretical and experimental tools allows
the reliable prediction of spectral parameters and ultimately of the protonation site. In general, amides are proton-
ated at the acyl group, with the exception of (a) when the parent acid is strong (for which the preference is
not marked), (b) the protonation site of sulfinamides may easily shift from N to O as a result of slight structural
changes and (c) sulfenamides behave as substituted amines and are nitrogen bases. Copyright 2000 John Wiley &
Sons, Ltd.
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INTRODUCTION

Owing to their structure, all amides may in principle
undergo protonation at the nitrogen or at the acyl group1,2

[e.g. RC(O)— for carboxylic acids, RSO2— for sulfonic
acids, —NO2 for nitric acid). For example, for carbox-
amides this implies the alternative formation of R—
C(O)—NHR2

� or R—C(OH)—NR2
�.1–3 However, ex-

cept for this classical problem, the protonation site of
amides other than carboxylic has been scarcely investi-
gated.1

We showed previously4–7 that a powerful means to
solve this problem is the analysis of the changes in the
NMR longitudinal relaxation times (T1) of all nuclei
which can act as ionization sites, coupled with suitable
quantum chemical calculations.4–9 In this paper we
review the scope of this approach, including the
calculation of nuclear shieldings, and also the relative
stabilities, of all ionic species than can conceivably be
formed from protonation at each basic site. Structures,
energies and electric field gradients (efg) were calculated
at the MP2/6–31��G(d,p)//HF/6–31��G(d,p) and
MP2/6–311��G(d,p)//HF/6–311��G(d,p) levels.4–9

Nuclear shielding calculations were carried out with the

GIAO-HF method.10,11 Moreover, since solvent effects
will affect the relative stability of ions, energies in
water were calculated with the HF-IPCM continuum
solvent method.12 Subsequently we shall compare the
relative energies of the possible ionic species in the
gas phase (DEg, determined from MP2 calculations) and
in water (DEaq, calculated through a combination of
MP2 and IPCM energies by means of a Born–Haber
cycle).4

The comparison of calculated and experimental NMR
properties is presented as follows. The relaxation time of
quadrupolar nuclei such as14N and17O is proportional to
the effective nuclear quadrupolar coupling constant
weff = w2(1� Z2/3), wherew and Z depend on the efg at
the nucleus in question, so that 1/T1 / weff.

4 We then
compare the calculated values ofweff(BH�)/weff(B) with
the experimental counterpartT1(B)/T1(BH�). Hence a
decrease inT1 (i.e. an increase in relaxation rate) upon
protonation will result inT1(B)/T1(BH�) >1, and vice
versa.

Calculated shieldings (s) are reported as the change of
the isotropic component of the shielding tensor from
neutral to protonated from [D� = s(B) ÿs(BH�)], which
is comparable to the experimentally determined
D� = �(BH�) ÿ�(B). The theoretical level adopted was
previously shown to be successful in modeling the
chemical shifts of neutral amines, amides4 and sulfur
compounds.13
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Speciesa
DEg

(kcalmolÿ1)
DEaq

(kcalmolÿ1) Exptlb

Carboxylicamides

0.0 0.0

�14.5 �7.2

Sulfenamides

0.0 0.0

ÿ22.3 ÿ27.4

S-Alkylsulfinamides

0.0 0.0

�9.6 ÿ3.4

S-Aryl sulfinamides

0.0 0.0

�0.7 ÿ7.2

Speciesa
DEg

(kcalmolÿ1)
DEaq

(kcalmolÿ1) Exptlb

Sulfonamides

0.0 0.0

ÿ2.8 ÿ12.4

Nitrosamides

0.0 0.0

�10.3 �9.7

Nitramides

0.0 0.0

�2.6 ÿ1.9

Cyanamides

0.0 0.0

�22.4 ÿ1.9
(NH2); (NH2);
ÿ11.7 ÿ26.5

(NMe2) (NMe2)

Table 1. Theoretical and experimental data for the protonation of amides at the acyl group or nitrogen
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RESULTS AND DISCUSSION

Using the IPCM method to model the basicity of
amines

Theanomalousbasicityorderingof alkylaminesin water
(Me2NH >MeNH2 >Me3N > NH3) with respectto the
gasphase(Me3N >Me2NH >MeNH2 > NH3) is dueto
the competition betweeninductive effects and solva-
tion.14 In orderto testwhethertheIPCM methodyieldsa
correctaqueousbasicityordering,we comparedrelative
energies,calculatedwith the abovemethodsin the gas
phaseandin water,with experimentalDG(g) andDG(aq)

values.
MP2 calculationsyield the typical gas-phaseordering

(py > PhNH2 >Me3N >Me2NH >MeNH2 > NH3)
whereasthe IPCM methodyields the basicity order py
< PhNH2< NH3<Me3N<Me2NH<MeNH2 in water.
Hencethis approachcorrectlymodelsthemajor features
of amine basicity: (a) the large gas-phasebasicity of
aniline and pyridine is lower than that of alkylamines

(albeit reversedin order); and (b) Me3N is correctly
predicted to be the weakest among methylamines.
However, since MeNH2 is incorrectly predictedto be
strongerthan Me2NH, it seemsthat the IPCM method
overestimatesthestabilizingeffectof hydrogenbonding
(as confirmedby the strongerbasicity of PhNH2 than
pyridine). Hencecomparisonsbetweenbaseswith very
differentdegreesof alkylationmustbemadewith caution
(seebelow).

Changesin NMR propertiesarealsoreliably modeled.
The protonationshift at nitrogen15 is reproducedby the
GIAO-HF methodto within 1–3ppm for MeNH2 and
PhNH2, and not very well for pyridine (a differenceof
64ppm), but the characteristicinversion in the sign of
D�15 is correctlymodeled.The effect of protonationon
theefg andassociatedT1 is very large,asprotonationor
alkylationat nitrogenis knownto causea largedecrease
in efg.5,6,9,15,16 The calculatedweffs decreaseby 4–7
orders of magnitude, whereas the correspondingT1

values decreaseby only 10–100-fold. In any event,
nitrogenprotonationis clearly revealedby the largeand
predictablechangein efg or T1.

Amides

Wepresentbelowtheresultsobtainedfor severaltypesof
amidebases,obtainedby theapproachoutlinedabove,i.e
(a)comparisonof gas-phaseandaqueousenergiesand(b)
comparisonof calculatedand experimentalchangesin
NMR properties,for the tautomericions deriving from
protonation at the alternative protonation site in the
amide(nitrogenor acyl group).Theresultsarepresented
in Table1, wherenumbersin normalandbold typerefer
to changesin weff (or 1/T1) and nuclear shielding (or
chemicalshift), respectively.

Carboxylic amides and thioamides4,5,8,9

According to calculations, O-protonation is always
favored over N-protonation. The oxygen is strongly
shieldedby O-protonation,whereasN-protonationcauses
a similar but oppositeshift in the 17O spectrum.Hence
17O chemicalshiftsshouldbeasensitiveprobeof thesite
of protonation.Shieldingchangesatnitrogenaresmaller,
butN-protonationcausesa largeefgdecreaseatnitrogen.
The experimentallymeasuredchemical shift changes,
and also the failure to observeany decreasein 14N
relaxationrate,agreeonly with thecalculateddatafor O-
protonation,as expected.A similar picture holds for
thioamides(S-protonation).

Sulfenamides4,6,8,9

N-Protonationis alwaysfavored,especiallyin water, in

Table 1. Continued

Speciesa
DEg

(kcalmolÿ1)
DEaq

(kcalmolÿ1) Exptlb

Phosphorousacid triamides

0.0 0.0

cr

�3.7 �3.7

Phosphoricacid triamides

0.0 0.0

�11.0 ÿ4.4
(NH2); (NH2);
�3.7 �0.2

(NMe2) (NMe2)

a Numbersin normal and bold type refer to electric field gradient
[weff(BH�)/weff(B)] and nuclearshielding [s(B) ÿs(BH�)] changes,
respectively(seetext).
b Numbersin normalandbold typerefer to 1/T1 [T1(B)/T1(BH�)] and
chemicalshift [�(BH�) ÿ�(B)] changes,respectively(seetext). The
protonationsite, as determinedby the methodpresentedherein, is
highlightedin bold.
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agreementwith the weak hydration of sulfonium ions.
Protonationat eithersite causesa moderatedeshielding
of nitrogen,whereasthesulfur is deshieldedonly uponN-
protonation (however, such 33S signals are undetect-
able13). Nitrogen shifts are not a suitableprobeof the
protonationsite,butN-protonationis clearlyborneoutby
the increasein 14N T1.

Sul®namides4,6,8,9

S-Protonationis unfavorableenergetically8 andwill not
be considered.The behavior of S-alkyl and S-aryl
sulfinamidesis different. Thus,althoughfor both types
O-protonation should be favored, this preferenceis
overturned in water, in favor of N-protonation (for
MeSONH2 this may be relatedto the overestimationof
thestability of MeSONH3

�, asseenbefore).
Nitrogenshieldingis not diagnostic.A largedeshield-

ing of 17O is predicted if protonation takes place at
nitrogen, a smaller change being predicted for O-
protonation.The efg at N undergoesthe typical large
decreaseuponN-protonation,butremainsalmostconstant
otherwise.Experimental14N results (constantT1) are
consistentwith O-protonation.Hence,althoughsulfina-
mideshavea small preferencefor eithersiteof protona-
tion, which mayswitchfrom O to N in responseto slight
structural or solvent changes, in all cases studied
experimentallythedataareconsistentwith O-protonation.

Methanesulfonamide4,8,9

MeSO2NH2 is predictedto be a nitrogenbaseunderall
conditions. Experimentally, the 14N signal is slightly
deshieldedupon protonation,and its relaxation rate is
halved; this decreaseindicates that MeSO2NH3

� is
formed, although the increaseis much smaller than
expected.Thus,N-protonationis borneout but the data
may indicateO-protonationto someextent.

N,N-Dimethylnitrosamide4,8,9

The most basicsite of Me2NNO is predictedto be the
oxygenatomin both gasandwaterphases.Theoryalso
predicts large shielding changes upon protonation,
especiallyat O, while efg and relatedT1 changesare
not helpful. Experimentally(for Et2NNO), the 17O and
14N (NEt2) chemicalshift changesmatchthe predicted
valuesfor Me2NNOH�, stronglysuggestingO-protona-
tion.

N,N-Dimethylnitramide4,8,9

Thebasicsitesof Me2NNO2 arevery similar in strength,

andNMR parametersfor the two ions areonly slightly
different.Furthermore,experimentswerecomplicatedby
thefastdecompositionin triflic acid,which preventedus
from obtaining a T1 for the NO2 signal; 17O measure-
mentswerenotattempted.Theincompletedataavailable
seemconsistentwith protonationoccurringat both sites
to a comparableextent, although we cannot rule out
interferencefrom decompositionproducts.

Cyanamides4,8,9

NH2CN and Me2NCN. behave differently, since
NH2CNH� and Me2NHCN�, respectively,are favored
in the gas phase.However, while IPCM calculations
equalize the basicity of the two sites in NH2CN,
Me2NHCN� remainsthe most stableion also in water.
The NMR spectralchangesaresimilar for both species.
However,we couldnot obtainsatisfactory14N spectrain
acids, owing to fast decomposition even at low
temperature, and our best calculated estimate for
Me2NCN is protonationat theaminogroup.

Phosphorous acid triamides4,8,9

Thestability of theN- andP-protonatedformsis similar,
but P-protonation is always preferred.The only sig-
nificantchemicalshift is atP,which is shiftedin opposite
directionsby thetwo processes.AlthoughN-protonation
leadsto the usual large efg decreaseat the quaternized
nitrogen,afteraveragingwith theothertwo only a small
decreaseresults;however,no weff changeat nitrogenis
expecteduponP-protonation.Experimentally,the14N T1

remains constant and the 31P signal is shielded, as
expectedfor P-protonation.This is alsoconfirmedby the
T1 decreaseand the multiplicity of the 31P signal
(doublet).

Phosphoric acid triamides4,8,9

A major experimental complication is due to their
possiblediprotonation.17 Theseareoxygenbasesin the
gas phase,but for PO(NMe2)3 the preferenceis only
slight. In water, for PO(NH2)3 the preference is
unaffected,whereasfor PO(NMe2)3 the two ions have
almostthesameenergy.This againpointsout thestrong
solvation of the primary amino groups. Calculated
changesin NMR propertiesfor N are not significant,
and for P they changein the sameway uponmono-or
diprotonation.17O shieldingschangeto arelativelysmall
extent. The efgs are also little affected, except at O,
whichis expectedto decreaseonly by N-protonation.The
parametersfor the diprotonatedion are also not very
different. NMR measurementswere carried out for
PO(NMe2)3 (also 17O-enriched),and are complicated
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by hydrolysisandpartial diprotonation.17 Thesmall 17O
shift seemsto indicate an averageof both protonated
forms, whereas trends in 31P and 14N shifts are
inconclusive. The efg change at 14N disagreeswith
theoretical predictions, and is probably due to an
incomplete compensationof viscosity. On the other
hand, the 17O T1 is consistentwith O-protonation.In
summary,trendsin 17O T1s indicateO-protonation,but
thechemicalshift changeis alsocompatiblewith partial
N-protonation.

CONCLUSION

Calculationsin water(with theIPCM method)alter,and
often reverse,the stability order of structurally related
ions in the gas phase, and such calculations are
mandatoryif a reliable estimateof the protonationsite
is sought.Calculatedshieldingandefg changesareoften
large, but not readily predictable or amenable to
generalization,even for closely related species,hence
theneedto collectdatafor speciesassimilar aspossible
to thosestudiedexperimentally.17O chemicalshiftsand
14N relaxationtimes(or linewidths)are the mostuseful
data, being sensitiveto protonationin a selectiveand
predictableway.

In general,amidesareprotonatedat theacylgroup,but
with severalexceptions:(a)whentheparentacidis strong
(sulfonic, nitric) the preferenceis not marked; (b) the
protonationsite of sulfinamidesmay easilyshift from N
to O as a result of slight structural changes;and (c)
sulfenamidesarenitrogenbases.
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