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Characterization of lonized Heterocyclic
Carbenes by lon-Molecule Reactions
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1,2-Hydrogen shift isomers of ionized pyridine, thiazole and imidazole are readily characterized by the
study of their associative ion-molecule reactions with dimethyl disulfide in the quadrupole collision cell of a
new hybrid sector-quadrupole-sector mass spectrometer. Efficient trapping reactions of C§$ radicals are
indeed observed and the actual structure of the adduct [Mi- CH3S]" ions is clearly indicated by their high-
energy collisional activation mass spectra. These trapping reactions are not observed for the ‘conventional’
pyridine, thiazole and imidazole molecular ions, which only react by charge exchange producing/z 94,
[CH3SSCHy] ™, ions. Copyright © 1999 John Wiley & Sons, Ltd.
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The chemistry of heterocyclic carbenes witnessed a revival the generation of pyridine-2-ylid radical catior&"(), the

in 1991 with the isolation and structural characterization of so-called Hammick intermediat8 These ions were charac-
crystalline compound 1 (R = 1-adamantylBuch carbenes  terized by collisional activation (CA) and were differen-
are now readily accessible and show rich reaction tiated from the molecular ions of pyridin@)(on the basis of
chemistry, as ligands in organometallic catalysts for them/z28:m/z26 peak branching ratio. Actually, isom@&t
example® Theoretical calculations have confirmed that is characterized by a ratio of 0.86, whereas fewer HCNH
such carbenes possess aromatic stabilizatitowever, ions (M/z 28) are generated from ionized pyridin@{,
these molecules have stable nonaromatic counterparts suchatio = 0.41)'° The neutral carbene was generated by one-
as compoune (R = t-butyl).* The successful isolation of electron reduction of the radical cations in an NRMS
carben& has been ascribed to kinetic reasons (in contrast to experiment.

1) and is thus critically dependent on the bulk of the R

substituent. . .
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As far as the unsubstituted parent compounds are The generation and the structural characterization of the
concerned, the absence of steric hindrance rules out kineticwhole set of the hydrogen shift isomers of ionized pyridine
stabilization and so prevents such species being isolablehas very recently been achieved by collisional activa-
under normal conditions. Matrix-isolation techniques have tion.***?It was shown that, based on labelling experiments,
proved to be very efficient for detecting such moleciles. kinetic energy release analyses and collisional activation
Thiazol-2-ylidene 8) was isolated in a matrix following studies, four isomers are clearly distinguishable. Of
photochemical-induced extrusion of @@om thiazol-2- particular importance were the minor but structure-indica-
carboxylic acid 4).° Neutralization-reionization mass tive differences in the CA mass spectra, the most critical of
spectrometry (NRMS) is an alternative powerful technique these being again the/z28:m/z26 ratio and the doubly
for studying molecules that are sensitive to intermolecular charged ion intensitie¥.
isomerization, but relatively stable toward unimolecular ~ We report here successful attempts for the characteriza-
rearrangement as the experiments are performed on solitarytion of ionized heterocyclic carbenes by performing
gaseous speciédmidazol-2-ylidene {, R = H) and thiazol- associative ion-molecule reactions in a radio frequency
2-ylidene @) radical cations were generated by dissocia- (rf)-only quadrupolar collision cell inserted within electric
tive ionization of imidazole-2-carboxaldehyti¢5) and and magnetic sectors. The radical cations of azacyclo-
acetyl-2-thiazol®(6), respectively. Both ions were reduced hexadien-2-ylidene&("") and pyridine were first selected as
in the NRMS experiments and the gas-phase stability of thethe target ions. Some experiments on ionidédnethyl
corresponding neutral counterparts was establi§ffed. azacyclohexadien-2-ylidend @), the carbenic isomer of

The dissociative ionization of 2-picolinic acid)(leads to picolines, have also been performed. The associative
*Correspondence to: R. Flammang, Organic Chemistry Laboratory bimolecular ChemiStry- of the mOIGQUIar lons Of- two >
Universrt)y of Mons-Hainaut, 19 Avenue Maistriau, 7000 Mons, m(imbered heterocyclic carbenes, imidazol-2-ylidefie (
Belgium. R =H) and thiazol-2-ylidene3) radical cations, was also
Contract/grant sponsor: Fonds de la Recherche Scientifique, Belgium.investigated.
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EXPERIME NTAL

The spectrawere recordedon a large scaletancem mass
spectraneter(MicromassAutoSpec6F, Manchester UK) of
E1B.“ E,q° E3B,E, geomety (E standdor electricsector,
B for magretic sector,© for the collision cells usedin the
preentwork andq for a rf-only quadrupaé collision cell).
Gereralcondtionsof experimens arethesameaspreented
in previouspapers:>~*® In this hybrid secor-quadupole-
sectorconfiguration, the spectraneterallows the study of
assodtive ion-mdecule reactionsat nearthermaltransla-
tional energies andthe conseutive collisional acivation of
the reacceleated(8 keV) produd ions'® Briefly, beamsof
mass-selectd ions(with thefirst threesectorE, B, E,) were
deceleatedto ca. 5eV and focusedinto the quadrupoé
collision cell pressurizd with the reagent gas (102 Torr
esimated pressurg The reacton produds were then
reaceleratel to 8 keV and separatd by scanting the field
of the secondmagnet (B,). The CA spectrumof a specific
ion-molecule product can also be recordedby a linked
scaniing of EsB,E, after collisional activationin the cell
locatedin front of Es.

All the samplesusedin this work were commecially
avaiable (Reso Trade-Adrich) exceptfor 2-methythio-
pyridinel7a(13) and2-acetyimidazole17b(21) whichwere
synthesizedfollowing literatureindications.

RESULTS AND DISCUSSION
Pyridine (9" and pyridin-2-yl id (8"") radical cations

As reportecdearlier,8" radicalcationsarereadilygeneated
following disociative ionization (loss of CO,) of 2-
picdlinic acid® (7) or dissocative ionizaion (loss of
ketene) of 2-acetylpyridine (11) (Schane 1). The meso-
meric structure8a’" of theseions is clearly distonic®
Dimethyl disulfide (CH3SSCH, DMDS) is a very useful
neutal reagnt to probe the distonic characterof radical
ions® In contras to converional radical cations which
usualy undego fastchargeexchangewith DMDS, distonic
radical caions abstra¢ CH;S from DMDS®

The 8" radical caions react with DMDS in the
guadupole collision cell by abstration of CHzS (m/z
126, 75%) andby charge exchange(m/z94, 25%) (Scheme
2, Fig. 1(a)). The signalat m/z52 arisesfrom unimdecular
dissociation (lossof CHN) of the mass-slectedmetasable
ions As expeded, the readion betwee the molecuar ions
of pyridine9" andDMDS:iis different, the chargeexchange
readion being the dominart process(99.5%). In order to
obtan moreinformation abouttheactualstructureof them/z
126 ions, their CA massspectrun at high kinetic enegy
(8 keV)wasrecordedFig. 1(b)). This spectumwasfoundto
beverysimilarto the CA spectrun of anauthenticsampleof
protonated2-methylthbpyridine (127) geneated by che-
mical ionization of 2-methylthigpyridine (13) usingmetha-
nol as the reagent gas. The main collisionally induced
fragmentatonsleadto thelosesof CHsS (m/z79)andCHs’
(m/z111):

CH,SSCH, H'
Q /CH3 CI(CH OH) /CH3
N3 IT]-‘- 5 3 N

S

H gate H 12t 13

Scheme2.
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Figure 1. Reactionbetweer8"" (m/z79) andDMDS in the Qcell: (a)
massspectrumof the ion-moleculereactionproductsand (b) CA(O,)
massspectrumof the generatedn/z126 cations.

The identification of the 12t ions by these CA
experimens unambigiously confirms that the m/z79 ions
generatedby dissociaive ionization of 2-picolinic acidor 2-
acetylpyriine havethe carlenic structure8a'.

Lavoratoetal. haveperformedheoreti@l calculationson
this systent? and, from their results, the enthalpy of
formation of 8" canbe estimatedo be 995 kJ/mol, while
the ionization enegy (IE) of 8 amounts to ca. 6.8eV.°
Basedon the reportal heatof formaion of protorated 2-
methylthopyridine ?° it is therebre possble to estimae the
enthalpy of the readion 8" + DMDS - 12" + CHsS
which revealsan exothernicity of 110 kJ/mol. Moreover,
the charge exchange reaction, 8" + DMDS -
8+ DMDS™, is found to be endohermic by 115 kJ/mol
[IE (DMDSY°™E (8)]. This figure contrass with the
exothermgity of the chargeexchangeeactionin the caseof
the pyridine molecuar ions, 9", 120 kJ/mol?° All these
theoreti@al figures are thus in good accord with the
experimendal results.

Picoline (17") and N-methylpyridin-2-ylid (107" radical
cations

The chemical ionization-ollisiond acivation (CI-CA)

Copyright © 1999JohnWiley & Sons,Ltd.
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sequace applied to genera¢ the radical cations of
azagclohexaden-3(4-ylidene"*?wasadaptedo produe
10" (Schene 3). Chemica ionization of 2-chloopyridine
(14) using methyl iodide as the Cl gasleads to nitrogen
methyltion?* The strucure of the cationsproduced(15")
was probedby collisional activation. Theseions are then
mass-slectedandsubjectedto collision with O,. Theyield
of the dechlorhation reactionis highly depenént on the
natue of the collision gas.Oxygen andnitric oxide arethe
besttargetsto perform this reaction;the yield decreasg
dramatcally if heliumis usedasthetarget. Thepeculia role
of oxygenin high-enegy coII|S|onaI acivation has been
stresed on severaloccasios 22 Unde theseconditions the
collisionally excited ions intensdy expela chlorine atom
andthe resultingradicalcatons (10"") arefocusedinto the
quaduopolar collision cell pressurzed with DMDS. The
interaction of the 10" ions with dimethyl disulfide leads
(Fig. 2), as expeded, to the produdion of N-methyl-2-
thiomethylpyidine ions (16%, m/z 140) by CH5S abstac-
tion, besdes chaige exchange(m/z 94). Again, signhals
obsewed at m/z65, 66 and67 arisefrom fragmentgions of
the sekctedm/z93ions’

Although direct identification of the actual structureof
the 16" cationsby collisional actvation was not feasble
for sensivity reasms, the fact that ionized 2-, 3- and
4-picolines (17") only react with DMDS by chage
exchange strangly suppots the formation of the ionized
cartenel0".
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Figure 2. Reactionbetween10"" (m/z93) and DMDS in the Qcell:
massspectrumof the ion-moleculereactionproducts.
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Figure 3. Reactionbetweer3*" (m/z85) andDMDS in the Qcell: (a)
massspectrumof the ion-moleculereactionproductsand (b) CA(O,)
massspectrumof the generatedn/z132 cations.

Thiazole (18") and thiazol-2-ylidene (3*) radical
cations

The lossof keteng(CH,=C=0) from themolecuar ionsof
2-acetylthiazole (6) leadsto the produdion of thiazol-2
yIid ene(3") radical catons. The carbenic structureof the
ions formed was estabished by McGibbon et al. by
collisional activation expeiments? Actually, collisionally
excited 3" radical caions deconpose inter alia by
produdéng HNCS"" ions (ethyne elimination). The corre-
spondig sigral is not observedn the CA spectrum of the
thiazole radical catons (18").
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( )\ CH2 - ( ) CH@\; L
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Scheme4.
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Figure 4. Reactionbetweenl™" (m/z68) andDMDS in the Qcell: (a)
massspectrumof the ion-moleculereactionproductsand (b) CA(O,)
massspectrumof the generatedn/z115 cations.

Two ion specesareprodu@din goodyieldswhenthe3*
ions interact with DMDS in the quadupola collision cell
(Fig. 3(a)). The signal at m/z 132 correspond to cations
genentedby CHsS abstactionfrom neutal DMDS, while
molecdar ions of DMDS (m/z 94, 84%) are producedby
chage exchange (Scheme4). As expected 18" radical
caionsread exclusivel with DMDS by chaige exchange.
From the calculationsof McGibbon et al., the adiabatic
ionizationenergyof the neutralspecies3 wasestimatedo be
about8.1eV.° Theionizationenergyof thiazoleis available
from the literature(9.08eV).?° It is not surprising therefore,
thatchargeexchanges avery efficient processn bothcases,
giventhe lower ionization energyof DMDS (8.0eV).2%"

The CA massspectum of them/z132cationsis shownin
Fig. 3(b). The lossof CH3" (m/z117) constituesthe most
intensefragmentation of the collisionally excited ions. The
correspondingsigral is also very intensein the case of
protonated2-methylthiopyridine (127). However,while the
lossof CH5S is thebasepeakof the CA spectrum of the 12"
ions (Fig. 1(b)), theintensity of the correspondingsigral in
the CA spectrun of 19" (m/z 85) is signficantly less
intense This different behavior is not unexpeted if
calculated formation enthalpies of 8", 3™ are compare
(995" against1115 kJ/mo).

Rapid CommunMassSpectrom13, 1707-1711(1999)

Imidazole (20*") and imidazol-2-ylidene (1*") radical
cations

Imidazok2-ylideneradicalcations(1™) havebeenprepaed

by dissocative ionization of imidazole-2-caboxaldehye

(5).2 In the presenwork, the 1 radicalionshavehowever

beenprodued stating from 2-acetyimidazole (21) which,

after ionization, readly expelsketeneto genera¢ m/z 68

ions. For the sakeof comparisonthe CA spectrun of these
ions hasbeencomparedwith the CA spectrum of imidazole

molecularions (20"). In accordwith the literature® both

spectraare readily differentiatedby the sigral correspond-
ing to the extrusion of ethyne(formation of carbodiimde,

H—N=C=N-H, radical caions), this signalbeing comple-
tely absemin the CA spectrun of 20",

The 1" radicalionsreactwith neutralDMDS by charge
exchanggm/z94) andby CHsS abstration (m/z115), as
shownin Fig. 4(a). Thereadion leadingto m/z115ionsis
not obsewved during the interacton between 20" and
DMDS, produds of the chargeexchangerocesseingthe
soleions detectedEl (20) = 8.81eV?9).’

The main collisionaly inducedfragmentdion (Fig. 4(b))
of them/z115 cationsis the lossof the methyl radical (m/z
100) and, besidesthis deconposition, the most chalacter-
istic reactionis the loss of CHsS leading back to the
precurso carkenicions.

CONCLUSIONS

Trapping reactionsof CHsS radicals by ionized hetgo-
cyclic carbtenesfrom neutraldimethyl disulfide are of high
structurd diagnostic value as their ‘convenional’ hetgo-
cyclic isomes only reactby chargeexchangewith thesame
reagentSimilar studiesarein progressin our laboratoryto
extendthis type of expeimentto carkeneionsor ylid ions
derivedfrom 1,2,4-triaoles®° It is alsoworthy of notethat
all the experimentsdescriked in this work were performed
on a singe mas spectraneterof sector-quadrupolesector
configuration.
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