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ABSTRACT: In the direct investigation of reactive intermediates it is particularly valuable to use a combination of
several spectroscopic techniques. This commentary highlights recent examples, using primarily flash vacuum
thermolysis for the generation of the intermediates, and matrix IR spectroscopy in conjunction with gas-phase mass
spectrometric methods for their identification. The examples include nitrile imines, nitrile ylides, nitrile sulfides and
selenides, dinitrogen sulfide and several novel cumulenes (X=C=C=Y, RN=C=C=C=X). 1998 John Wiley & Sons,
Ltd.
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INTRODUCTION

When writing a short commentary like this, it will be easy
to offend numerous researchers whose work will not be
mentioned; therefore, we immediately apologize for
presenting a highly personal view of the very diverse
area of research into reactive intermediates. We are
focusing here on some intermediates partaking in
important classes of organic chemical transformations,
namely the nitrilium betaines (important in 1,3-dipolar
cycloaddition reactions) and extended cumulenes (highly
reactive ketene analogs). Although flavored by our
personal interests, these examples illustrate what is
currently achievable using a combination of (tandem)
mass spectrometry and matrix isolation infrared spec-
troscopy.

DISCUSSION

Generation and identi®cation of reactive inter-
mediates

Many methods are available for the generation of the
reactive species of interest. Some of the most common
are thermolysis [flash vacuum thermolysis (FVT)],
photolysis (static or time resolved) [laser flash photolysis
(LFP)], microwave discharge, x-ray irradiation (ioniza-

tion) and bombardment with atoms, ions, nuclei,
electrons, etc. In our group we are mainly concerned
with FVT and matrix photolysis.

Although it is in principle a simple matter to generate
reactive intermediates, the main task is to do so as
selectively as possible and to identify the species formed
securely. The selectivity depends on the choice of
precursor. It can be advantageous to use one or more
different precursors of the same intermediate. In FVT
work, the success or otherwise depends on contact times,
pressure, flight distance, etc. We use a short quartz tube
(5–10 mm) installed in the high vacuum of the mass
spectrometer or matrix isolation equipment, with only a
few centimeters flight distance to the ion source or cold
target, respectively.1 It should be mentioned that the
alternative technique of pulsed pyrolysis2 offers a
reduced contact time and the advantage of rapid cooling
of the products in a free jet expansion; it often results in
appreciably improved resolution in matrix isolation IR
spectra, but also requires sufficient volatility of the
sample to achieve a usable concentration of the
compound seeded in argon, at an overall stagnation
pressure of a few atmospheres. The work described in this
paper was carried out using the FVT technique.

The reader is referred to more detailed texts and
reviews for a comprehensive treatment of the matrix
isolation technique and the spectroscopic methods used.3

Theoretical calculations [ab initio and density functional
theory (DFT)] are becoming increasingly important as an
adjunct to spectroscopy, so that it is now almost
inconceivable to report the spectroscopic identification
of a novel reactive species without theoretical support.
The isolation of a derivative (trapping product, dimer,
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etc.) remains a highly desirable means of chemical
identification.

Justasit canbehazardousto rely onasingleprecursor,
it can be dangerousto rely on just one type of
spectroscopyfor the identification of a reactive inter-
mediate. In our laboratorieswe tend to use a highly
successfulcombinationof matrix infraredandgas-phase
massspectrometricmethods,wheneverpossibletogether
with chemical trapping experiments and theoretical
calculations of spectra, energies and structures. In
particular,theuseof moderntandemmassspectrometric
methodssuch as collisional activation (CA), MSn and
neutralization–reionization (NR) gives valuable and
detailedinformationandpermitsveryprecisemonitoring
of FVT reactions.Suchcombinationsof techniquesare
virtually indispensablewhen studying reactions with
cascadesof different reactive intermediates.Where
relevant, matrix UV–visible, ESR and photoelectron
spectroscopy(PES)arealsoemployed.

1,3-Dipoles

Nitrile imines, R—C�N�—Nÿ—R', are well known
reactive intermediatesin cycloadditionchemistry,nor-
mally requiring matrix isolation for their direct IR and
UV spectroscopicidentification.Thegas-phasemassand
photoelectronspectrahavealsobeenreported.4 However,
by using proper (large) substituents,nitrile imines can
becomeisolableat ordinarytemperatures.This work has
beenreviewedrecently.5 Similarly, nitrile ylides, R'—
C�N�—CÿR2, areusuallyreactiveintermediates,amen-
able to low-temperaturespectroscopy,6 but stablederi-
vatives can be obtainedby using steric and electronic
stabilization.7 Recently, the unsubstitutedformonitrile
iminehasbeenobservedby bothneutralization–reioniza-
tion massspectrometry8 and matrix IR spectroscopy,9

using different precursorsfor the two observational
methods(Scheme1). Thematrix photochemicalconver-
sion of formonitrile imine to diazomethane,carbodii-
mide,cyanamide,andthenitrenecomplexH—N���H—
C�N hasbeendescribed.9 High-level ab initio calcula-
tions indicate that an allenic (bent and non-planar)
structureis preferredfor nitrile imine.10 This hasbeen
confirmed by x-ray structureanalysisof severalsub-
stituted derivatives5 and by low-temperature NMR
spectroscopyin solution. The bent and non-planar

structurerendersthe nitrile imine chiral, as manifested
in an enantioselectivecycloaddition reaction in solu-
tion.11 The relative energies of the various CH2N2

isomershavealsobeenevaluatedby thoroughab initio
calculations.5,10,12

The unsubstitutedformonitrile ylide, H—C�N�—
CH2

ÿ, has likewise been detected by the NRMS
techniqueandby matrix IR spectroscopy(Scheme2).13

In the latter case it is best generatedby nitrogen
eliminationfrom the thermodynamically leaststable3H
tautomerof 1,2,4-triazole,which is itself generatedby
FVT of thetriazole.Theinterrelationshipsof formonitrile
ylide, vinylnitrene,azirine,ketenimine,acetonitrileand
isocyanomethanehavebeendiscussed.13b

Of theremainingnitrilium betaines,thenitrile oxides,
R—C�N�—Oÿ, are sometimesstable, albeit highly
reactive, compounds (the mesityl derivative being
isolable),14 but many have the characterof reactive
intermediates.15 Theycanoftenbegeneratedby FVT of
thedimers,furoxans,or a-chlorooximes.Thethoroughly
investigatedcyanogenoxide,NCCNO, is an example.15

The parent compound,fulminic acid, HCNO, is most
convenientlypreparedby FVT of 3-methyl- or -aryl-4-
oximinoisoxazol-5(4H)-one.16

The nitrile sulfides,R—C�N�—Sÿ are short-lived
intermediates,oftendetectedby low-temperatureUV but
seldom by matrix IR spectroscopy.17,18 PhCNS and
MeCNS,generatedby FVT of the appropriateoxathia-
zolones and 5,5-bis(trichloromethyl)oxathiazoles
(Scheme3), havebeenidentifiedby both massspectro-
metry (NRMS) and matrix IR spectroscopyand differ-
entiatedfrom theisothiocyanate(RNCS)andthiocyanate
(RSCN) isomers.19 The simplest nitrile sulfide, H—

Scheme 1.

Scheme 2.

Scheme 3.
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C�N�—Sÿ (Scheme3) was also identified by NRMS,
but so far it hasnot beendetectedsecurelyby anyother
spectroscopicmethod.A variety of new nitrile sulfides,
RCNS(R = NC,H2N, halogen)havebeengeneratedfrom
4,5-disubstituted1,2,5-thiadiazolesandidentifiedby CA
and NR massspectrometry(Scheme4).20 Recently,a
new method of generatingnitrile sulfides in the gas
phase,viz. sulfuration of nitriles using CS3

� cation
radicalsin a massspectrometerhasbeenreported:20,21

Rÿ C� N� CS��3 ! �Rÿ C� Nÿ S��� � CS2

The CA and NR mass spectra of these species,
including the unsubstitutedHCNS, are identical with
those obtained using the more conventionalmethods
describedin Schemes3 and4.

Nitrile selenides,R—C�N�—Seÿ, can be generated
in thesamemannerasnitrile sulfidesfrom selenadiazoles
(Scheme5) and identified by the CA and NR mass
spectra.22 Thereis alsoevidencefor matrix isolation/IR
spectroscopyof the phenyl derivative in particular
(PhCNSe,2200cmÿ1; N2, 20 K).23 Most interestingly,
seleniumatom transferto other nitriles is possible,and
HCNSe,CH3CNSeandPhCNSeweregeneratedin this
manner and identified by their CAMS and NRMS
fragmentationpatterns.22

Thediazoniumanalogsof thenitrilium betainesarethe
azides, diazo compounds,nitrous oxide (N2O) and
dinitrogen sulfide (N2S). The first three are essentially
stable compoundswhereasN2S is a highly unstable
intermediate.Nevertheless,it can be generatedvery
efficiently by FVT of several1,2,3,4-thiatriazoles,along
with the requisite nitrile or cyanate (R—O—CN)
(Scheme 6). This linear NNS molecule has been
thoroughly characterizedby meansof its matrix and
gas-phaseIR spectra,24–26 its massspectrum24 and its
photoelectronspectrum.27 It decomposesin thegasphase
to S2 andN2.

18,24,27Advancedabinitio calculationsof its
structureand spectrahave beenreported.25,28 N2S has

alsobeenproduced,togetherwith NS,NS2 (two isomers)
and NSSS by microwave discharge of an argon–
nitrogen–sulfur vapor mixture,29 and it has been
suggestedas a decompositionproduct, together with
NCSÿ, of the thiatriazolethioneanion in a flowing
afterglowexperiment.30 Dinitrogenselenideis unknown,
andit canbeexpectedto bearatherephemeralmolecule.

Cumulenes

In this sectionwe will be concernedprimarily with the
oxides of carbon and their analogs,X=Cn=Y (X and
Y = O, S, NR). In general,heterocumuleneswith anodd
number of cumulatedatoms are more stable than the
even-numberedones. Thus, O=C=C=O remains un-
known, althoughits cation can be generatedin a mass
spectrometer.31 Similarly, the cation radicals of the
monoimines, RN=C=C=O� (R = H or CH3) can be
generatedin the massspectrometerbut do not survivea
neutralizationexperiment.32 However, the monoxime,
HO—N=C=C=O,hasbeengeneratedby matrix photo-
lysis of severalprecursors(Scheme7) andobservedby
IR spectroscopy(CCO stretchat 2074cmÿ1).33 Photo-
lysisat290nmcausedfragmentationto COand(mainly)
isocyanicacid, HNCO. Interestingly,an isomerof this
monoxime,nitrosoketene,ON—CH=C=O,is reportedly
formed on thermolysis of hydroximino-Meldrum’s
acid,34 andits gas-phaseIR (2146cmÿ1; w) andchemical
ionization ([M � 1]� = 72 u) massspectrometricobser-
vationhasrecentlybeenasserted,alongwith a lifetime of
ca 4 h at 90°C and10ÿ4 Torr (1 Torr = 133.3Pa).35 Our
own extensiveexperimentsmakeus scepticalaboutthis
identification:althoughan ion with thecorrectcomposi-
tion (C2HNO2, m/z 71) is observedin the electron
ionization mass spectrum of hydroximino-Meldrum’s
acid, thereis no evidencethat the correspondingneutral
speciesis formedonFVT, andall attemptsatFVT/matrix

Scheme 4.

Scheme 5.

Scheme 6.

Scheme 7.
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isolation/IR spectroscopyof nitrosoketenefrom this
precursorwereeithernegativeor producedat bestvery
weaksignalsin theketeneregion.36

The monothione37a O=C=C=S and the iminoethe-
nethiones37b RN=C=C=S (R = CH3 or H) have been
identified in the gas phase by NRMS (Scheme8).
HN=C=C=S isomerizesto thioformyl cyanide,HCS—
CN, on FVT.37b The matrix synthesisof O=C=C=Sby
photochemicalcombinationof CO andCS(� = 254nm;
reversedat 313nm; Ar, 10 K) wasreportedrecently.37c

Ab initio calculationsand the isotopicshift observedin
the IR spectrumwhen using 13C-labeledCO indicatea
linear triplet groundstatemolecule(Scheme8).

Ethenedithione,S=C=C=S,hasbeengeneratedfrom a
variety of precursorsusing FVT, matrix photolysisand
mass spectrometric fragmentation methods (Scheme
8)38–40 and by a Tesla coil dischargeof an Ar–CS2

mixture (generating CS and C3S2 predominantly).41

SCCShasbeenthoroughlyidentifiedby NRMS andby
argon matrix IR and UV spectroscopy.38–41 Extensive
theoreticalcalculationsindicatethat the moleculehasa
singlet ground state (but not far below the triplet)42

although a triplet ground state was first predicted.43

Attemptsto observeanESRspectrumof thetriplet have
beenunsuccesful.39 SCCSsurvivesgenerationby FVT at

temperaturesashighas1000°C aslongasahighvacuum
and short contacttimes (millisecondrange)are used.40

When the collision number is increasedby using a
pressurehigher than 0.01 Torr, the moleculevanishes,
andCSis formedin its place.40 Accordingly,agas-phase
IR spectrumhassofar not beenobtainable.Theisolated,
neat SCCS is extremely reactive, polymerizing on
warming above60 K.39,40 SCCSis reversibly cleaved
to two CS molecules on photolysis in the matrix
(dissociationat>320nm; associationat 254nm).39–41

The groupsof Maier and Schwarzin particularhave
generateda largenumberof othercarbonoxides,sulfides
andoxysulfidesandinvestigatedthemby argonmatrix IR
andmassspectrometry(NRMS), respectively.44,45Thus,
all the speciesCnO (n = 1–4), CnO2 (n = 1 and 3–5),
CnOS (n = 1–5), CnS2 (n = 1–5) and CnS (n = 1–4) are
now known,andC7O2 andC6O havealsobeenmade.46

Particularly noteworthy is the stability of C5O2

(O=C=C=C=C=C=O)in solution at room temperature,
the sulfur analog, C5S2, is stable in solution below
ÿ30°C.44

Our grouphasbeenengagedin detailedstudiesof the
characterizationand chemistry of the iminopropadie-
nones,RN=C=C=C=O,in recentyears.Although these
compoundscan be regardedas derivatives of carbon
suboxide,C3O2, theyarefor themostpartlessstable.The
bisimine and thione derivatives, RN=C=C=C=X
(X = NR' or S) are even more elusive, having the
characterof reactive intermediates.47,48 The iminopro-
padienonesaregeneratedby FVT of suitablysubstituted
isoxazolopyrimidinones (1) (for aryl-NC3O) or Mel-
drum’s acid derivatives (for aryl- and alkyl-NC3O)
(Scheme 9), whereby the dimethylaminomethylene-
Meldrum’sacidprecursors(2) arepreferredastheytend
to give thehighestyields.Thesefragmentationreactions
havebeenmonitoredby NRMS andmatrix IR methods,
permitting the observationof the ketenimineintermedi-
ates4.49 The fragmentationof 1 and2 arevery efficient

Scheme 8.

Scheme 9.
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processes,giving high andsyntheticallyusefulyields of
the iminopropadienones.The methylthio (3) and meth-
oxy analogsalsogenerateRNC3O, but now in competi-
tion with the formation of imidoylketenes and
oxoketenimines,themselvesdetectableby MS and/or
IR spectroscopy(Scheme10).50 The RNC3O cumulenes
are characterized by intense absorptions around
2240cmÿ1, accompaniedby very weakabsorptionsnear
2140cmÿ1.49c Thearyl derivativesarestableenoughfor
investigationof their chemicalreactionsat temperatures
betweenÿ60°C andambient.Theyundergonucleophilic
addition reactionspreferentially, first to the ‘ketene’
carbonatomandthen,moreslowly, to the ‘ketenimine’
carbonatom.Recently,the mesityl derivativehasbeen
isolatedat room temperature,andits chemistryis under
activeinvestigationin our group.51

In contrast,thealkyl derivativesRNC3O areunstable.
CH3NC3O hasbeeninvestigatedby matrix isolation IR
spectroscopy,massspectrometryand nucleophilic trap-
ping reactions.49ab,51,52 The isopropyl and tert-butyl
derivatives can be detectedby matrix IR and mass
spectrometrybut undergoa very facile retro-ene-type
fragmentation resulting in an efficient synthesis of
cyanoketene,itself a highly reactivemolecule(Scheme
10).53 All thespeciesshownin Scheme10aredetectable.
The reactions describedhere, involving cascadesof
differentketene,ketenimineandcumuleneintermediates,
couldhardlyhavebeenelucidatedsecurelyusingjustone
spectroscopicmethodand thus illustrate the convergent
useof IR andMS techniques.
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