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Review Commentary
Acyl group vs nitrogen protonation of carboxylic and
non-carboxylic amides in the gas phase and water
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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 2N, O and P 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. Cap3@igkibhn Wiley &

Sons, Ltd.
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INTRODUCTION GIAO-HF method:%** Moreover, since solvent effects
will affect the relative stability of ions, energies in
Owing to their structure, all amides may in principle water were calculated with the HF-IPCM continuum
undergo protonation at the nitrogen or at the acyl gtéup ~ solvent method? Subsequently we shall compare the
[e.g. RC(O)— for carboxylic acids, RS6- for sulfonic relative energies of the possible ionic species in the
acids, —NQ for nitric acid). For example, for carbox- gas phaseAE®, determined from MP2 calculations) and
amides this implies the alternative formation of R— in water (AE?% calculated through a combination of
C(O)—NHR," or R—C(OH)—NR".> However, ex-  MP2 and IPCM energies by means of a Born-Haber
cept for this classical problem, the protonation site of cycle)?
amides other than carboxylic has been scarcely investi- The comparison of calculated and experimental NMR
gated* properties is presented as follows. The relaxation time of
We showed previousfy’ that a powerful means to  quadrupolar nuclei such &N and*’0 is proportional to
solve this problem is the analysis of the changes in thethe effective nuclear quadrupolar coupling constant
NMR longitudinal relaxation timesTy) of all nuclei et = 2%(1+ n?3), wherey andy depend on the efg at
which can act as ionization sites, coupled with suitable the nucleus in question, so thafT1/x e We then
quantum chemical calculatiofs? In this paper we compare the calculated values yek(BH™)/xex(B) with
review the scope of this approach, including the the experimental counterpaft(B)/Ti(BH"). Hence a
calculation of nuclear shieldings, and also the relative decrease i, (i.e. an increase in relaxation rate) upon
stabilities, of all ionic species than can conceivably be protonation will result inT,(B)/T1(BH") >1, and vice
formed from protonation at each basic site. Structures, versa.
energies and electric field gradients (efg) were calculated Calculated shieldingss§ are reported as the change of
at the MP2/6-3%++4G(d,p)//HF/6-3%+G(d,p) and the isotropic component of the shielding tensor from
MP2/6-31%+G(d,p)//HF/6-31%+G(d,p) levels*™ neutral to protonated fromA\p = ¢(B) —a(BH™)], which
Nuclear shielding calculations were carried out with the is comparable to the experimentally determined
Aé§=6(BH") —§(B). The theoretical level adopted was
*Correspondence toA. Bagno, Centro CNR Meccanismi Reazioni previously shown to be successful in modeling the

agg&rgfzhcﬁb?'pggti@frggdﬂacn'gfa Organica, Universitadova,  pomical” shifts of neutral amines, amifieand sulfur
E-mail: alex@chor.unipd.it compound§.3
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Table 1. Theoretical and experimental data for the protonation of amides at the acyl group or nitrogen

AEY ABM AES AB
Specied kcalmol™®)  (kcalmol™* Exptl® Specied kcalmol™)  (kcalmol™* Exptl®
p p p
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1.0 19 5 0 0
H_ -216 -245 -35 2]
\o o P OAH 3 \‘»H
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o™ \T " HsC r\’l+24 HaC 1N1\_H 05
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12
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y o
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u A5y, 1145 +7.2 Hye™ N 0002
He” N H H
|
H
Nitrosamides
Sulfenamid f o -1
o ulfenamides ) | os 58~ 17
- P 09 O -554 29
Hag _ H 0.0 0.0 P 2 it ¥ a3 0.0 0.0 N
SN + N
4 T NE=H 0.2 IR £t g g Et
"‘1‘ 3 HaC™ CH,
0.02 12
- N
+2633 “n _223 _274 | 58 +103 +97
/S N=H NET0.03
H Mo ™ en
H H5;C 3
S-Alkylsulfinamides Nitramides
14 13 11 4 01000
H\O-12 H\JZS (;76 c’) T 32
1.1 0.0 0.0 0.9 -43 0.0 0.0 -68
‘s‘ -8 HS -2 +38 Y N o4
He” NH, ph \D 05%[ HsC CH,
N
HiG” CH,
0.9
+125 71-0
o o _,+52
o, 9.6 —3.4 NWEE0E 106 ~1.9
Hse” N 0.01 ‘ -3
LW 1 W G2
H He?  CHs
” S-Arylsulfinamides o 1a Cyanamides
H. +26 ' 0.4 HsC.
~o 7% we, g
I 029 0.0 0.0 Ph™” T NHPh /’N—CEN—H 0.0 0.0 H3C/
s._” +8
Ph/ \D H3C 06
22.4 -1.9
HaC 1.5 +
i O 485 (NHo); (NHy);
o /N—CEN -11.7 —-26.5
| w 0001 +0.7 -7.2 H +26 (NMey) (NMey)
Ph/s\rll +18 0.1
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Table 1. Continued

AE® AE?9
Specied (kcalmol™)  (kcalmol™) Exptl®
Phosphorouscid triamides
H 2127 (n=1.2)
-66 P
P - NMe
M| N 0.0 0.0  "Nh
HN A5 1.0
1.0 cr
+65 "
HQN/T\y/aV_ w6 137 +3.7
HoN H\H av.0.8
Phosphoricacid triamides
09 H 0.2
-30 0/ 15 o ca.0
+
| & 0.0 0.0 L= 14
HNT | TNH2 Me,N” | NMe,
HN 6 Me,N ca. +10
0.9
0.2
w6 ovi +11.0 —4.4
\ (NHy); (NHp);
HzN/T\N/ +3.7 +0.2
HaN F_:“\H (NMeyp) (NMey)
av. +2
av. 0.6

& Numbersin normal and bold type refer to electric field gradient
[xe(BH ) xe(B)] and nuclearshielding[¢(B) —a(BH™')] changes,
respectively(seetext).

® Numbersin normalandbold type referto 1/T; [T1(B)/Ty(BH)] and
chemicalshift [§(BH™) —&(B)] changesrespectively(seetext). The
protonationsite, as determinedby the method presentecherein, is
highlightedin bold.

RESULTS AND DISCUSSION

Using the IPCM method to model the basicity of
amines

Theanomalousasicityorderingof alkylaminesin water
(Me,NH > MeNH, > MesN > NH») with respectio the
gasphasgMesN > Me,NH > MeNH, > NHy) is dueto
the competition betweeninductive effects and solva-
tion.>* In orderto testwhetherthe IPCM methodyieldsa
correctaqueoudasicity ordering,we comparedelative
energiescalculatedwith the abovemethodsin the gas
phaseandin water,with experimentaAGg) and AGaq)
values.

MP2 calculationsyield the typical gas-phaserdering
(py > PhNH, > MesN > MeoNH > MeNH, > NHa)
whereasthe IPCM methodyields the basicity order py
< PhNH: < NH3 < MesN < MesNH < MeNH, in water.
Hencethis approactcorrectlymodelsthe major features
of amine basicity: (a) the large gas-phasébasicity of
aniline and pyridine is lower than that of alkylamines

Copyrightd 2000JohnWiley & Sons,Ltd.

(albeit reversedin order); and (b) MesN is correctly
predicted to be the weakest among methylamines.
However, since MeNH, is incorrectly predictedto be
strongerthan Me,NH, it seemsthat the IPCM method
overestimateshe stabilizing effect of hydrogenbonding
(as confirmed by the strongerbasicity of PhNH, than
pyridine). Hencecomparisonsbetweenbaseswith very
differentdegree®f alkylationmustbemadewith caution
(seebelow).

Changesn NMR propertiesarealsoreliably modeled.
The protonationshift at nitrogert® is reproducedy the
GIAO-HF methodto within 1-3ppm for MeNH, and
PhNH,, and not very well for pyridine (a differenceof
64 ppm), but the characteristidnversionin the sign of
A8 is correctly modeled.The effect of protonationon
the efg andassociated, is very large,asprotonationor
alkylation at nitrogenis knownto causea largedecrease
in efg>®9151®The calculated ye¢s decreaseby 4-7
orders of magnitude, whereasthe correspondingT,
values decreaseby only 10-100-fold. In any event,
nitrogenprotonationis clearly revealedby the largeand
predictablechangein efg or T;.

Amides

We presenbelowtheresultsobtainedor severatypesof
amidebasespbtainedoy theapproacloutlinedabovej.e
(a) comparisorof gas-phasandaqueougnergiesand(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, wherenumbersn normalandbold typerefer
to changesin yes (or 1/T,) and nuclear shielding (or
chemicalshift), respectively.

Carboxylic amides and thioamides**3*°

According to calculations, O-protonation is always
favored over N-protonation. The oxygen is strongly
shieldedby O-protonationwhereadN-protonationcauses
a similar but oppositeshift in the 'O spectrum Hence
10 chemicalshiftsshouldbe a sensitiveprobeof the site
of protonation Shieldingchangest nitrogenaresmaller,
butN-protonationcauses largeefg decreasat nitrogen.
The experimentallymeasuredchemical shift changes,
and also the failure to observeany decreasein N
relaxationrate,agreeonly with the calculateddatafor O-
protonation, as expected.A similar picture holds for
thioamideg(S-protonation).

Sulfenamides*%3°

N-Protonationis alwaysfavored,especiallyin water,in
J. Phys.Org. Chem.2000;13: 574-578
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agreementwith the weak hydration of sulfonium ions.

Protonationat either site causesa moderatedeshielding
of nitrogen whereaghesulfuris deshielde@nly uponN-

protonation (however, such *3S signals are undetect-
able”). Nitrogen shifts are not a suitable probe of the

protonatiorsite,but N-protonations clearlyborneout by

theincreasen N T;.

Sulfinamides**®-8°

S-Protonationis unfavorableenergeticall§ andwill not
be considered.The behavior of Salkyl and Saryl
sulfinamidesis different. Thus, althoughfor both types
O-protonation should be favored, this preferenceis
overturnedin water, in favor of N-protonation (for
MeSONH this may be relatedto the overestimatiorof
the stability of MeSONH;™, asseenbefore).
Nitrogenshieldingis not diagnostic A largedeshield-
ing of *’O is predictedif protonationtakes place at
nitrogen, a smaller change being predicted for O-
protonation.The efg at N undergoeghe typical large
decreaseponN-protonationputremainsalmostconstant
otherwise. Experimental**N results (constantT,) are
consistentwith O-protonation.Hence,althoughsulfina-
mideshavea small preferencdor eithersite of protona-
tion, which may switchfrom O to N in responseo slight
structural or solvent changes,in all cases studied
experimentallthedataareconsistentvith O-protonation.

Methanesulfonamide*2-°

MeSGO:NHs> is predictedto be a nitrogenbaseunderall
conditions. Experimentally, the **N signal is slightly
deshieldedupon protonation,and its relaxationrate is
halved; this decreaseindicates that MeSQ,NH5 " is
formed, although the increaseis much smaller than
expectedThus, N-protonationis borneout but the data
may indicate O-protonationto someextent.

N,N-DimethyInitrosamide®®*°

The most basicsite of Me,NNO is predictedto be the
oxygenatomin both gasandwater phasesTheoryalso
predicts large shielding changes upon protonation,
especiallyat O, while efg and related T, changesare
not helpful. Experimentally(for Et,NNO), the *’O and
1N (NEt,) chemicalshift changesmatchthe predicted
valuesfor Me,NNOH™, strongly suggestingD-protona-
tion.

N,N-Dimethylnitramide®®°

The basicsitesof Me,NNO, arevery similar in strength,

Copyright0 2000JohnWiley & Sons,Ltd.

and NMR parameterdor the two ions are only slightly

different. Furthermoreexperimentsverecomplicatecoy

thefastdecompositiorin triflic acid, which preventedus

from obtaininga T, for the NO, signal; ‘O measure-
mentswerenot attemptedTheincompletedataavailable
seemconsistentwith protonationoccurringat both sites

to a comparableextent, although we cannotrule out

interferencefrom decompositiorproducts.

Cyanamides*3?

NH,CN and Me,NCN behave differently, since
NH,CNH" and Me,NHCN™, respectively,are favored
in the gas phase.However, while IPCM calculations
equalize the basicity of the two sites in NH,CN,
Me,NHCN" remainsthe moststableion alsoin water.
The NMR spectralchangesare similar for both species.
However,we could not obtainsatisfactory**N spectran
acids, owing to fast decomposition even at low
temperature, and our best calculated estimate for
Me,NCN is protonationat the aminogroup.

Phosphorous acid triamides*®°

The stability of the N- andP-protonatedormsis similar,
but P-protonationis always preferred. The only sig-
nificantchemicalshiftis at P, whichis shiftedin opposite
directionsby the two processesAlthough N-protonation
leadsto the usuallarge efg decreaset the quaternized
nitrogen,after averagingwith the othertwo only a small
decreaseesults;however,no y.s changeat nitrogenis
expectediponP-protonation Experimentallythe N T,
remains constantand the 3'P signal is shielded, as
expectedor P-protonation.Thisis alsoconfirmedby the
T, decreaseand the multiplicity of the 3P signal
(doublet).

Phosphoric acid triamides*®°

A major experimental complication is due to their
possiblediprotonationt’ Theseare oxygenbasesn the
gas phase,but for PO(NMe); the preferenceis only
slight. In water, for PO(NH,)s; the preference is
unaffected,whereasfor PO(NMe&)s the two ions have
almostthe sameenergy.This againpointsout the strong
solvation of the primary amino groups. Calculated
changesin NMR propertiesfor N are not significant,
andfor P they changein the sameway upon mono-or
diprotonation*’0 shieldingschangeto arelatively small
extent. The efgs are also little affected, exceptat O,
whichis expectedo decreasenly by N-protonationThe
parameterdor the diprotonatedion are also not very
different. NMR measurementsyere carried out for
PO(NMe); (also *’O-enriched),and are complicated

J. Phys.Org. Chem.2000;13: 574-578
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by hydrolysisand partial diprotonation*’ The small*’O

shift seemsto indicate an averageof both protonated

forms, whereas trends in 3P and N shifts are
inconclusive. The efg changeat **N disagreeswith
theoretical predictions, and is probably due to an
incomplete compensationof viscosity. On the other
hand, the *’O T, is consistentwith O-protonation.In
summary,trendsin *’O T;s indicate O-protonation,but
the chemicalshift changes alsocompatiblewith partial
N-protonation.

CONCLUSION

Calculationsn water(with the IPCM 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 changesreoften
large, but not readily predictable or amenable to
generalization,even for closely related species,hence
the needto collectdatafor speciesassimilar aspossible
to thosestudiedexperimentally}’O chemicalshifts and
1N relaxationtimes (or linewidths) are the mostuseful
data, being sensitiveto protonationin a selectiveand
predictableway.

In generalamidesareprotonatedhttheacyl group,but
with severakxceptions(a) whentheparentacidis strong
(sulfonic, nitric) the preferenceis not marked; (b) the
protonationsite of sulfinamideanay easily shift from N
to O as a result of slight structural changes;and (c)
sulfenamidesre nitrogenbases.

Copyright0 2000JohnWiley & Sons,Ltd.

A. BAGNO

1

12.

13.
14.
15.

16.
17.

REFERENCES

. Stewart R. The Proton: Applications to Organic Chemistry

AcademicPressNew York, 1985.

. BagnoA, ScorranoG, More O’Ferrall RA. Rev.Chem.Intermed.

1987;7: 313.

. PerrinCL. J. Am.Chem So0c.1986;108 6807,andreferencesited

therein

. BagnoA, Bujnicki B, BertrandS, ComuzziC, Dorigo F, JanvierP,

ScorranoG. Chem.Eur. J. 1999; 5: 523, and referencescited
therein

. BagnoA, ComuzziC, ScorrandG. J. Chem.Soc.,Perkin Trans.2

1993;283.

. BagnoA, EustaceSJ, Johanssorn., ScorranoG. J. Org. Chem.

1994,59: 232.

. BagnoA, ComuzziC, ScorranoG. J. Am.Chem.S0c.1994;116

916.

. BagnoA, ScorranoG. J. Phys.Chem.1996;100: 1536.
. BagnoA, ScorranoG. J. Phys.Chem.1996;100: 1545.
.Wolinski K, Hinton JF, Pulay P. J. Am. Chem.Soc.1990; 112

8251.

. Frisch MJ, Trucks GW, SchlegelHB, Gill PMW, JohnsonBG,

RobbMA, CheesemadR, Keith T, PeterssorGA, Montgomery
JA, RaghavacharK, Al-Laham MA, ZakrzewskiVG, Ortiz JV,
ForesmanJB, Cioslowski J, Stefanov BB, NanayakkaraA,
ChallacombeM, Peng CY, Ayala PY, Chen W, Wong MW,
AndresJL, ReplogleES,GompertsR, Martin RL, Fox DJ, Binkley
JS,DefreesDJ, BakerJ, StewartJP,Head-GordorM, GonzalezC,
Pople JA. Gaussiarf4, Revision C.2. GaussianPittsburgh,PA,
1995.

ForesmanlB, Keith TA, Wiberg KB, SnoonianJ, Frisch MJ. J.
Phys.Chem 1996;100 16098.

BagnoA. J. Mol. Struct.(THEOCHEM)1997;418 243.

Taft RW. Prog. Phys.Org. Chem.1983;14: 247.

Levy GC, Lichter RL. Nitrogen-15Nuclear MagneticResonance
SpectroscopyWiley-InterscienceNew York, 1979.

MasonJ (ed). Multinuclear NMR. PlenumPressLondon,1987.
BagnoA, ScorranoG. J. Am.Chem.So0c.1988;110: 4577.

J. Phys.Org. Chem.2000;13: 574-578



