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ABSTRACT: Protonated 3- and 4-nitropyrazoles were subject to collisional activation and neutralization—
reionization mass spectrometric studies using a large scale tandem mass spectrometer. The gas phase basicities of
and 4-nitroimidazoles were determined by means of Fourier transform ion cyclotron resonance spectroscopy. These
and other neutral and protonated molecules were studiedbligitio methods up to and including the CCSD(T)/6—

31+ G* level. This information was used to assess the site of protonation of 3-nitro- and 4-nitropyrazole in the gas
phase: at the equilibrium these compounds protonate on the heterocyclic nitrogen rather than on the oxygen of the
nitro group. Copyrightl 1999 John Wiley & Sons, Ltd.
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788 J.-L.M. ABBOUD ETAL.

Mass spectrometry

The spectrawererecordedon a large-scaldandemmass
spectrometerof E;B,;00E,[ Es;B,[0E, geometry (E
standsfor electric sector,B for magneticsectorand O
for the collision cells installed in various field-free
regions,Micromass,Autospec6F)® Typical conditions
were 8 kV acceleratingsoltage,1 mA emissioncurrent,
70eV ionization electronenergyand 200°C ion source
temperature Chemicalionization was performedusing
either methaneor methanolas the reagentgas at an
estimated0.5-1Torr ion sourcepressureThe samples
were introducedwith a direct insertion probe or via a
heated(180°C) septuminlet device.

The collisional activation(CA) spectrawere obtained
by presurizingthe collision cell locatedin front of Es
with oxygen (ca 70% transmittance)and scanningthe
field of E3; thefragmentsvererecordedwith an off-axis
photomultiplier detector in the fifth-free region. In
neutralization—renization (NR) experiments, the colli-
sionwith oxygenwasprecededy collision with xenon
(also 70% transmittance) the residual non-neutralized
ionsbeingremovedrom thefastneutralbeamby floating
at 9 kv an intermediate calibration source situated
betweenthe neutralizationandreionizationcells.

ResolvedCA spectrawere recordedusing a linked
scanning of the fields EsB,E,4, the fragments being
detectedby the final off-axis photomultiplier.

FT-ICR mass spectrometry

Gas-phasdasicitieswere determinedfrom equilibrium
proton-transfereactionsconductedn a modifiedBruker
CMS-47Fouriertransformion cyclotronresonancérFT-
ICR) massspectrometef** The gas-phaséasicitiesof
compounds$ and4 weredeterminedhroughthe studyof
the positionof equilibrium (1), whereB is the compound
of unknownbasicity(3 or 4) andB,¢ is areferencebase:
BH"(g) + Brer(9) = B(9) + BrefH"(9) Kp, 6GB (1)
K, is the equilibrium constant,and ¢ GB is given by 6
GB= —RT In K,, beingthe differencebetweenthe gas-
phasebasicitiesof B andB,et. Thegas-phasbasicityof a

baseB is the standardGibbsenergychangefor reaction
(2):
BH"(g) = B(g) + H"(9) (2)

The experimentadetailsof thesemeasurementlave
beengivenelsewheré? We presentn Tablel theresults
leadingto the determinatiorof the GB valuesof 3 and4.

Computational details

Standardab initio anddensityfunctionaltheorycalcula-
tionswerecarriedoutby meanof the Gaussian-94eries
of programs? at severallevelsof the theory, B3LYP/6—
31G* B3LYP/6-311+G* and CCSD(T)/6-31+
G*.1%21The geometrieof the systemsncludedin this
study were optimized using the B3LYP density func-
tional method®2* together with 6-31+G* basis set
expansionThis level of theory hasbeenfoundto yield
reliable geometriesfor a wide variety of chemical
compound$?~28The correspondingibrational frequen-
ciesaswell asthe zero point energy(ZPE, not scaled)
corrections were evaluated at the same level. The
minimum energystructurefor the cationsprotonatedon
the nitro grouphasthe O—H protondirectedtowardsthe
secondoxygen.

We assesghe importanceof high-order correlation
contributions to energy, as they may play a non-
negligible role both for azolesand the nitro group. For
this purposewe carriedout CCSD(T)/6-31+ G* single
point calculationg® for somesuitablecaseghatmightbe
controversialln all thesehigh-correlateatalculationghe
B3LYP/6-31+ G* optimizedgeometriesvereused.

RESULTS AND DISCUSSION
Collisional activation mass spectrometry

Although the electron ionization mass spectrometry
(EIMS) of nitrodiazoles was studied in a series of
remarkablepapersby Luitjen and van Thuijl,*°~33 the
behaviour of the protonatedmolecules generatedby
chemicalionization (CIMS) hasnot, to the bestof our

Table 1. Experimental results pertaining to the determination of the gas-phase basicities of 2-nitroimidazole (3) and 4-

nitroimidazole (4)?

Compound Reference GB (Brey)® 6 GB GB (compound) GB (compoundaverage)
(CoHs)2S 827.0 6.1 833.1
8 (n—C3H).S 834.9 -0.7 834.2 833.7+08
(CHsCO),CH, 836.8 4.1 840.9
4 (n—C4Hg),S 842.1 0.1 842.2 841.6+0.9

a Al valuesin kamol™.

b Al the GB valuesfor the referencebasesaretakenfrom HunterandLias >’

Copyright0 1999JohnWiley & Sons,Ltd.
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4-NITROPYRAZOLE 789

knowledge receivedmuch attention>* In fact, only the
CA spectraof protonatednitrobenzeneshave already
beenstudiedandinterpretedon the basisof preferential
protonationat the nitro groups>> Before looking at the
nitropyrazolesye thereforenvestigatedhe CA/NR data
of nitrobenzeneétself 7 asa modelfor oxygenprotona-
tion.

The CA spectrumof protonatednitrobenzene,7H"
(m/z124),is shownin Fig. 1 (a). This spectrumfeatures
threeintensepeaksat m/z107,94 and 77 corresponding
to the lossesof HO", NO* and HNO,, respectively.In
fact, without the presenceof the collision gas, two
unimolecularreactionchannelsaareoperatingthelossof
NO™ andthelossof NO," [metastableéon (MI) spectrum:
m/z94/m/z78 = 2.1]. Theseslow reactionsarethusmost
probably rearrangementeactionsand do not therefore
requirering protonation.Thermodynamicallythe losses
of NO" andof NO," are also predictedto be the easiest
reactions:> AH; =813kJmol * (ionized phenol plus
NO’) and 1009kJmol~* (ionized benzeneplus NO,")
comparedwith 1021kJmol~* (ionized nitrosobenzene
plusHO") and1047kJmol~* (phenylcationplus nitrous
acid)3® From proton affinity measurementhe heat of
formationof protonatechitrobenzendiasbeenestimated
as789kJmol 1.3

Upon neutralization—renization[Fig. 1 (b)], a weak,
but significant,recoverysignalis detectedat m/z124for
‘survivor ions’. The peaksfor the lossesof NO* and
HNO, arestill intense while the peakscorrespondingo
the unimolecular dissociationsare now of very low
intensity. Such a behaviouris not unexpectedas it is
usuallyadmittedthatmoreaveragesnergyis depositedn

77
@)

107

Azl ]

()

mz

Figure 1. CA (O,) (@ and NR (Xe/O,) (b) spectra of
protonated nitrobenzene (m/z 124)

Copyright0 1999JohnWiley & Sons,Ltd.

the ions in NR than in CA, thus favouring simple
cleavageover rearrangementeactions.The disappear-
anceof the chargestrippingsignalin NRMS (m/z62) is
alsoexpectedandattributedto a lower probability of M
—. M?" doubleionizationcomparedvith theM™* —. M?"
single ionization seenin the CA spectrum.Another
significantdifferencebetweernthe CA andNR spectras
alsoobservedat m/z30 correspondingo thereionization
of NO' lostin themetastabléragmentationNO, " is also
observedput its intensityis surprisinglylower.

Takentogetherthesedataclearlyindicatepreferential
protonation of the nitro group over ring protonation.
Diagnostic peaks appearsto be the collision-induced
losses of a hydroxyl radical and nitrous acid. The
recoverysignalin theNR spectrunis tentativelyascribed
to the productionof a nitroxide in the gasphase.

* o} N 0
+/°  CHOH, oy /
N N N
\ . \ \
o OH R OH

7H

The Ml and CA data of the isomeric protonated
nitropyrazolesarecollectedin Table2. Justasin thecase
of protonatednitrobenzene7H", the CA spectrumof
2H™ featuresavery stronglossof HO" in agreementvith
preferentialoxygen protonation.All other peaksare of
low intensity (lessthan 10%). Among thesepeaks,the
lossof 46 Da (m/z68, lossof NO,) is worthy of noteand
could be interpreted as the result of ring nitrogen
protonation. However, in contrast to the case of
nitrobenzene,the loss of OH  is the less energy-
demandingreaction (base peak of the Ml spectrum,
Table2).

Upon neutralization—reionizatioiiFig. 2), the loss of
HO' remainsa prominentprocessand new peaksare
observed at m/z 46 and 30 correspondingto the
reionization of the neutrals lost in the unimolecular
fragmentationgdMI spectra).The recoverysignal is of
low intensity and could be associatedagain with the
productionof a nitroxide.

CiH O\H
l.\*l§o N N\d
N/ \ N/ \S
\N R \'il
N H

2bH*

The behaviour of protonated 3-nitropyrazole 1H"
appeardo be intermediatebetweenthoseof protonated
nitrobenzenend 4-nitropyrazoé. The main unimolecu-
lar reactionsareagainthelossesof NO,” andNO', buta
peak for an HO" is also detected.Upon collisional
activation, this last reaction is strongly enhanced,
pointing to the occurrenceof a simple cleavagereaction
andthus protonationon the oxygen.Anothersignificant

J. Phys.Org. Chem.12, 787—795(1999)



790 J.-L.M. ABBOUD ETAL.

Table 2. Ml and CA (O,) spectra of the protonated 3-nitro- and 4-nitropyrazoles (m/z 114) (m/z 98-57 regions; abundances

relative to the most intense peak)

m/z 98 97 84 70 68 67 66 57°
1H* MI 15 36 100

CA 24° 95 12 1 100 16° 6° 1
2H* M 100 3 14

CA <1P 100 <1 4 10 40 2° 2
& Chargestripping peaks.

b Shoulders.

reactioninducedby collision is the loss of 16 Da (O),
which is more probably ascribedto a ring nitrogen
protonatedspecies.

Upon neutralization—renization, the loss of HO
remainsvery intense but the peaksat m/z98, 84 and 68
disappearThe intensepeaksdetectedat m/z30 and 46
are due to reionizationof NO* and NO," lost in the
metastablaeactions.lt emergesrom theseresultsthat
protonationof 3-nitropyrazolecould yield a mixture of
O- andring N-protonatedspeciesThespeciegprotonated
on oxygencouldberesponsiblef the observatiorof the
weakrecoverysignalandthelossof 17 Da, while the N-
protonatedspeciescould generatean unstableneutral
dissociating spontaneoushbetweenthe neutralization
and reionization cells with, in fine formation of new
intensefragmentsseenat m/z66, 51 and40.

o o
W | N -
N~on N~oH ~o
/ \ - / A /_ :
N R T/ hllf
|
H H H
1bH*

If theseconclusionsreally apply, one can predictthe
behaviourof the protonatedl-methyl 3- and4-nitropyr-
azolesuponcollisional activation:a very intenseloss of
HO" for 5H andanincreasedntensity of the lossesof
NO," andO for 6H". Thatis effectively the caseshown
in Fig. 3 by the peaksat m/z82 and 112 for 5H*, and
peaksof very low abundancen the caseof 6H™.

In summary,nitrobenzeney, protonateson the nitro
group(thatis, ontheoxygen)with formationof the 7bH™
cation. The nitropyrazoles,1 and 2, protonatepreferen-
tially alsoon the nitro groups resultingin the 1bH™ and
2bH™ cations butthereis possiblya small proportionof
protonationon the azole (N-protonation)which leadsto
laH' and2aH" cations.This secondkind of protonation
is clearly more important for 3-nitro- than for 4-
nitropyrazoles.

FT-ICR mass spectrometry

To have more experimental data for the following
Copyright0 1999JohnWiley & Sons,Ltd.

section,the gas-phasdasicitiesof two nitro-imidazoles
which are known to protonateon the imidazole, were
measured: 2-nitroimidazole (3), GB=833.9+

0.4kJmol™%, and 4-nitroimidazole (4), GB=841.8+

0.8kJmol~. In this work, we do not takeinto account
the annulartautomerismof 3(5)-nitropyrazoleand 4(5)-

nitroimidazolebecausdothtautomershavevery similar

energies:” in any case,the tautomersdepictedare the
moststable TheotherexperimentalGB valuesof Table3

arefrom HunterandLias .’

Theoretical calculations

FT-ICR techniquesprovide accuratevaluesfor the gas-
phasebasicitiesof the systemsdnvestigatedput unfortu-
natelydo not provideanyinformationon the protonation
site. Hence,in order to assesawhich is the preferred
protonationsite of the nitropyrazolesunderinvestigation
we havecarriedout somepreliminarycalculationsat the
B3LYP/6—-31+ G* level. The calculationsindicate that
the cationsformeduponprotonationat the ring nitrogen

97
(a)

67
30«
A / % 70 114
e h——— Tz,l
97
(b)
40
30
66
46
114
= v

Figure 2. NR spectra (xenon/oxygen) of protonated 4- (a)
and 3- (b) nitropyrazoles (m/z 114)

J. Phys.Org. Chem.12, 787—795(1999)



4-NITROPYRAZOLE 791
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Figure 3. CA (O,) spectra (partial) of protonated 1-methyl-3-
nitro (a) and 1-methyl-4-nitro (b) pyrazoles (m/z 128) (linked
E/B/E scans)

of the azolesare more stable than thoseformed upon
protonationat the oxygenatom of the nitro group (see
Table Al in the appendix).Although the energy gap
betweenboth forms is quite large for nitroimidazoles,
theseresultscannotbe takenas conclusivefor nitropyr-
azolessincethegapis of the sameorderof magnitudeas
the errors associatedwith this level of theory. An
alternativeway to look into the problem would be to
establisha correlationbetweenexperimentalvaluesand
theoreticalestimatesjncluding systemswhoseprotona-
tion site is unambiguouslyknown. For this purposewe

have considereditrobenzeneand nitromethane Unfor-

tunately, the linear correlation found for those com-

poundswhichprotonateatthenitro group,hasadifferent

slope and a different interceptthan that found for the

azoles(seeFig. 4). Furthermoreusingthe experimental
gas-phasebasicity of 3- and 4-nitropyrazoles, and
assuminghatboth correlationswerecorrect,oneshould
concludethat thesecompoundsshould protonateat the

nitro groupratherthanat the ring nitrogen.

At thispointit seemsiecessaryo find alevel of theory
which brings both correlationsto a single one. For this
purposewe havedecidedeitherto significantly enlarge
thebasissetusedn theB3LYP calculationsprtoinclude
high-order correlation effects in standard ab initio
calculations through the use of CCSD(T) formalism
togetherwith a 6-31+ G* basissetexpansionThe raw
computationakesultsat levels B3LYP/6-311+ G* and
CCSD(T)/6—-31+ G* are givenin the Appendix. These
datawere usedto computethe GB valuesof the various
species studied in this work as well as those of
nitromethane, nitrobenzene,pyrazole and imidazole,
taken as appropriate references. These results are
presentedin Table 3 togetherwith the experimental
results.

GB[B3LYP/6-311+ G*|/kJ mol™*

= —(72+ 34) + (1.08 4 0.04)GB(exp) /kJ mol*
n=8R?>=0991 SD=6.4 (3)
GB[CCSD(TY6-31+ G*]/kJ mol™*

= —(102+ 18) + (1.11+ 0.02)GB(exp) /kJ mol™*
n=8R?>=0998 SD=34 (4)

Inspectionof theseresultsindicatesthat both compu-

Table 3. Experimental and computed gas-phase basicities of the various molecules studied in this work?

GB[CCSD(T)/6-31+G*] GB (experimental)

Compound GB[B3LYP/6-311+G*]

leadingto 1aH" 783.5
1

leadingto 1bH™" 758.3

leadingto 2aH* 782.6
2

leadingto 2bH™ 759.6

leadingto 3aH" 824.3
3

leadingto 3bH™ 755.2

leadingto 4aH"* 829.9
4

leadingto 4bH™ 777.1

Nitromethane 697.5

Nitrobenzene 766.9

Pyrazole 859.4

Imidazole 907.1

776.4

789.0
743.8
776.1

788.7
746.2
824.3

833.F
737.0
828.7

841.6
761.7
693.8 721.6
748.4 769.5
849.6 860.5'
903.7 909.%

a Al valuesin kamol™t.

® From Abboudet al.*? and Notario et al
° This work.

4 From3’

I.,38

Copyright0 1999JohnWiley & Sons,Ltd.

re-scalecaccordingto HunterandLias®”
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Figure 4. Plot of B3LYP/6-31 + G* calculations against experimental GB values. Open circles correspond to the protonation on
the ring nitrogen (a cations). Open squares correspond to the protonation on the nitro group of nitroazoles (b cations)

925

900 A

875

850

825

800

775

GB [B3LYP/6-311+G*}/kJ mol™!

750

725

700

Nitrobenzene O

o Nitromethane

Pyrazole

Imidazole

675

e

700

720

T T

740

LI

760

T

780 800

GB(exp)/kJ mol

820

840

860

LI 2 g

880

900 920

-1

Figure 5. Plot of B3LYP/6-311 + G* calculations against experimental GB values. Same conventions as in Fig. 4
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Figure 6. Plot of CCSD(T)/6-31 + G* calculations against experimental GB values. Same conventions as in Fig. 4

tationalmethodsperformwell in the sensehata unique
linear correlationincluding oxygen-and nitrogenproto-
natedspecieshasbeenfound[eqns(3) and(4) andFig 5
andFig 6]. Both levelsof theory confirmthat 3- and4-
nitropyrazoleshouldprotonateatthering nitrogen,even
though the energy gap with respectto the nitro-
protonatedspeciesis much smaller than that typically
foundfor theimidazoleanalogues.

The mostsignificantdiscrepancybetweenboth linear
correlationscorrespond$o nitromethaneActually, if the
pointcorrespondingo nitromethanes removedandEqn.
(3) is used,the estimatedgas-phasebasicity of nitro-
methaneis 704kJmol™t, while if Eqn. (4) is used,the
estimatedvalue is 718kJmol™, much closer to the
experimentalalue (721.6kJmol™?).

This discrepancymight indicatethe existenceof some
additional problem, as a tautomerismof the protonated
form of nitromethanenot taken into accountin our
analysis.Neverthelesswhenthis point is removedfrom
bothlinearcorrelationspur previousconclusiongemain
unchangedalthoughthe correlation basedon B3LYP
calculationamproves[eqgs(5) and(6)].

GB[B3LYP/6-311+ G*]/kJmol™*
= (20+ 29) + (0.98+ 0.04)GB(exp) /kJ mol~*
n=7R?>=0994 SD=42 (5)

Copyright0 1999JohnWiley & Sons,Ltd.

GB[CCSD(T)6-31+ G*]/kJ mol™*
= (75+ 17) + (0.92+ 0.02)GB(exp) /kJ mol™*
n=7R>=0997 SD=27 (6)

CONCLUSIONS

Theseresultsstrongly suggesthat compoundsl and 2
protonateon the heterocyclicnitrogen,ratherthanon the
oxygen of the nitro group. Notice, however, that the
differencesin stabilitiesof the coupleslaH"/1bH" and
2aH"/2bH™" are modest,in the range 25-30kJmol ™.
Thesevaluesare sufficiently small to easily allow the
formation of 1bH" and 2bH" under conditionsof mild
excitationand thusrationalize the behaviourof the CA/
NR experiments An intriguing possibility openedby
these experimentsis the possibility of finding other
heterocyclic systemswherein protonationof the nitro
group could be favoured thermodynamically, under
equilibrium conditions,over the protonationof the aza
nitrogen(s).
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Table A1. Calculated differences in stability (in kJ mol™")

J.-L.M. ABBOUD ETAL.

Compound B3LYP/6-31+ G* + ZPE B3LYP/6-311+ G* +ZPE  CCSD(T)/6-34 G* + ZPE
laH"/ 1bH* 16.1 24.6 31.9
2aH'/ 2bH" 135 22.3 29.2
3aH"/ 3bH™" 63.1 68.6 89.3
4aH"'/ 4bH" 45.2 52.5 66.7

Table A2. Summary of the computational results of this work (all values in hartees)?

B3LYP/6-311+ G*

CCSD(T)/6-31+ G*

Compound Eo Hagg Gaos Eo Haog Gaos

1 —430.74351 —430.73651 —430.77431 —429.52370 —429.51670 —429.55450
laH*t —431.05183 —431.04451 —431.08272 —429.82932 —429.82200 —429.86021
1bH™ —431.04247 —431.03533 —431.07314 —429.81715 —429.81001 —429.84782
2 —430.74633 —430.73935 —430.77699 —429.52637 —429.51939 —429.55703
2aH" —431.05408 —431.04671 —431.08507 —429.83165 —429.82429 —429.86264
2bH™ —431.04558 —431.03837 —431.07630 —429.82052 —429.81331 —429.85125
3 —430.76170 —430.75475 —430.79225 —429.54049 —429.53354 —429.57105
3aHt —431.08548 —431.07837 —431.11620 —429.86430 —429.85719 —429.89502
3bH* —431.05931 —431.05210 —431.08990 —429.83118 —429.82397 —429.86177
4 —430.76354 —430.75655 —430.79425 —429.54383 —429.53684 —429.57453
4aH" —431.08965 —431.08257 —431.12036 —429.86949 —429.86240 —429.90019
4bH™" —430.06964 —431.06250 —431.10025 —429.84406 —429.83692 —429.87467
Nitromethane —245.03842 —245.03400 —245.06423 —244.33601 —244.33159 —244.36182
NitromethaneH™" —245.31203 —245.30656 —245.33927 —244.60990 —244.60442 —244.63713
Nitrobenzene —436.76439 —436.75667 —436.79555 —435.47674 —435.46903 —435.50791
NitrobenzeneH" —437.06583 —437.05778 —437.09767 —435.77110 —435.76306 —435.80295
Pyrazole —226.18967 —226.18251 —226.21349 —225.50280 —225.49564 —225.52662
PyrazoleH* —226.52431 —226.51930 —226.55082 —225.83371 —225.82871 —225.86022
Imidazole —226.20404 —226.19931 —226.23032 —225.51762 —225.51290 —225.54390
ImidazoleH™ —226.55946 —226.55474 —226.58580 —225.87178 —225.86705 —225.89812

a1 hartree= 2625.50kdmol L.

(projectnumbersPB 96-0001-C03-03PB 96-0927-C02-
01 andPB96-0067)and VAT (SAF 97-0044-C02)The
Mons laboratory thanks the Fonds National de la
Recherché&cientifigue(FNRS)for its financialcontribu-
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