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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=0=1¢98 John Wiley & Sons,

Ltd.
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INTRODUCTION tion) and bombardment with atoms, ions, nuclei,
electrons, etc. In our group we are mainly concerned
When writing a short commentary like this, it will be easy with FVT and matrix photolysis.
to offend numerous researchers whose work will not be  Although it is in principle a simple matter to generate
mentioned; therefore, we immediately apologize for reactive intermediates, the main task is to do so as
presenting a highly personal view of the very diverse selectively as possible and to identify the species formed
area of research into reactive intermediates. We aresecurely. The selectivity depends on the choice of
focusing here on some intermediates partaking in precursor. It can be advantageous to use one or more
important classes of organic chemical transformations, different precursors of the same intermediate. In FVT
namely the nitrilium betaines (important in 1,3-dipolar work, the success or otherwise depends on contact times,
cycloaddition reactions) and extended cumulenes (highly pressure, flight distance, etc. We use a short quartz tube
reactive ketene analogs). Although flavored by our (5-10 mm) installed in the high vacuum of the mass
personal interests, these examples illustrate what isspectrometer or matrix isolation equipment, with only a
currently achievable using a combination of (tandem) few centimeters flight distance to the ion source or cold
mass spectrometry and matrix isolation infrared spec-target, respectively.It should be mentioned that the
troscopy. alternative technique of pulsed pyrolysioffers a
reduced contact time and the advantage of rapid cooling
of the products in a free jet expansion; it often results in
DISCUSSION 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 tised.
Theoretical calculationsap initio and density functional
theory (DFT)] are becoming increasingly important as an
*Correspondence toC. Wentrup, Chemistry Department, University —adjunct to spectroscopy, so that it is now almost

Generation and identification 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-
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Brussels), 94 of a novel reactive species without theoretical support.
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etc.) remains a highly desirable meansof chemical
identification.

Justasit canbehazardouso 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
successfutombinationof matrix infraredandgas-phase
massspectrometrienethodswhenevempossibletogether
with chemical trapping experimentsand theoretical
calculations of spectra, energies and structures. In
particular,the useof moderntandemmassspectrometric
methodssuch as collisional activation (CA), MS" and
neutralization—rnization (NR) gives valuable and
detailedinformationandpermitsvery precisemonitoring
of FVT reactions.Suchcombinationsof techniquesare
virtually indispensablewhen studying reactions with
cascadesof different reactive intermediates. Where
relevant, matrix UV-visible, ESR and photoelectron
spectroscopyPES)arealsoemployed.

1,3-Dipoles

Nitrile imines, R—C=NT—N"—R’, are well known
reactiveintermediatesn cycloadditionchemistry,nor-
mally requiring matrix isolation for their direct IR and
UV spectroscopiaentification.The gas-phasenassand
photoelectrorspectrehavealsobeenreported! However,
by using proper (large) substituentshitrile imines can
becomesolableat ordinarytemperaturesThis work has
beenreviewedrecently® Similarly, nitrile ylides, R—
C=N"—CR,, areusuallyreactiveintermediatesamen-
able to low-temperaturespectroscopy, but stablederi-
vatives can be obtainedby using steric and electronic
stabilization’ Recently, the unsubstitutedformonitrile
imine hasbeenobservedy bothneutralization-reioniza-
tion massspectrometry and matrix IR spectroscopy,
using different precursorsfor the two observational
methodsSchemel). The matrix photochemicatonver-
sion of formonitrile imine to diazomethanecarbodii-
mide, cyanamideandthe nitrenecomplexH—N- - -H—
C=N hasbeendescribed. High-level ab initio calcula-
tions indicate that an allenic (bent and non-planar)
structureis preferredfor nitrile imineX° This hasbeen
confirmed by x-ray structure analysisof severalsub-
stituted derivativeS and by low-temperature NMR
spectroscopyin solution. The bent and non-planar

P _
N —— [HONNH]" ——
H -HCN 0,

H-CN*-NH

185 or 193 nm/Ar, 12 K

————————— » H-CN"NH
or FVT 800 °C/Ar, 12 K

N N:N‘
) ES N~
AN,N H/L\N, H
H

Scheme 1.
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structurerendersthe nitrile imine chiral, as manifested
in an enantioselectivecycloaddition reaction in solu-
tion** The relative energiesof the various CH,N,

isomershavealso beenevaluatedby thoroughab initio

calculations> %12

The unsubstitutedformonitrile ylide, H—C=N"—
CH,™, has likewise been detected by the NRMS
techniqueand by matrix IR spectroscopyScheme2).*®
In the latter case it is best generatedby nitrogen
eliminationfrom the thermodynamicajyl leaststable3H
tautomerof 1,2,4-triazole ,which is itself generatecby
FVT of thetriazole.Theinterrelationship®f formonitrile
ylide, vinylnitrene, azirine, ketenimine,acetonitrileand
isocyanomethankavebeendiscussed=’

Of the remainingnitrilium betainesthe nitrile oxides,
R—C=N"—O", are sometimesstable, albeit highly
reactive, compounds (the mesityl derivative being
isolable)** but many have the characterof reactive
intermediates® They canoften be generatedy FVT of
thedimers,furoxans,or a-chlorooximesThethoroughly
investigatedcyanogeroxide, NCCNO, is an example!®
The parentcompound,fulminic acid, HCNO, is most
convenientlypreparedoy FVT of 3-methyl- or -aryl-4-
oximinoisoxazol-5(#)-one®

The nitrile sulfides,R—C=N"—S" are short-lived
intermediatespftendetectedy low-temperaturdJV but
seldom by matrix IR spectroscopy’*® PhCNS and
MeCNS, generatecby FVT of the appropriateoxathia-
zolones and  5,5-bis(trichloromethybxathiazoles
(Scheme3), havebeenidentified by both massspectro-
metry (NRMS) and matrix IR spectroscopyand differ-
entiatedirom theisothiocyanat¢RNCS)andthiocyanate
(RSCN) isomers'® The simplest nitrile sulfide, H—

N-S
| o FVT
R/AO): <CO,
R-CN*-§"
N-8 ccl ﬁ;
X - (Cl,C)CO
R™>0" ca,
R = Ph, CH,
N-S - o
—— [HON'§ H-CN*-S
A =0 [H-ON"-5'] S
o] 2
-CO,
Scheme 3.
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C=N"—S" (Scheme3) was alsoidentified by NRMS,
but sofar it hasnot beendetectedsecurelyby any other
spectroscopienethod.A variety of new nitrile sulfides,
RCNS(R = NC, H,N, halogenhavebeengeneratedrom
4,5-disubstituted,,2,5-thiadiazoleandidentifiedby CA
and NR massspectrometry(Scheme4).?° Recently,a
new method of generatingnitrile sulfidesin the gas
phase,viz. sulfuration of nitriles using CS;* cation
radicalsin a massspectrometehasbeenreported??*

R-C=N+CSj* - [R-C=N-5"+CS

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

Nitrile selenidesR—C=N"—Se ", canbe generated
in thesamemannermsnitrile sulfidesfrom selenadiazoles
(Schemeb) and identified by the CA and NR mass
spectr&®? Thereis also evidencefor matrix isolation/IR
spectroscopyof the phenyl derivative in particular
(PhCNSe,2200cm™*; N,, 20 K).2® Most interestingly,
seleniumatom transferto other nitriles is possible,and
HCNSe,CH;CNSeand PhCNSewere generatedn this
manner and identified by their CAMS and NRMS
fragmentatiorpatterns’?

Thediazoniumanalogof thenitrilium betainesarethe
azides, diazo compounds, nitrous oxide (N,O) and
dinitrogen sulfide (N,S). The first three are essentially
stable compoundswhereasN,S is a highly unstable
intermediate. Nevertheless,t can be generatedvery
efficiently by FVT of severall,2,3,4-thiatriazolesalong
with the requisite nitrile or cyanate (R—O—CN)
(Scheme 6). This linear NNS molecule has been
thoroughly characterizedby meansof its matrix and
gas-phasdR spectr&*2® its massspectrumi* and its
photoelectrorspectrunt’ It decomposem thegasphase
to S, andN.,.'®?*2’Advancedabinitio calculationof its
structureand spectrahave beenreported?>?® N,S has

NC ON
)I \< El +e Xe + Qn-
N. N —— [NC-CN-Se] NC-CN*-Se
Se -e 0,
- NCCN
lR-CN
Xe
[R-CN-Se] ** R-CN*-Se”
O,
R = H, CHy, CgHs
Scheme 5.

0 1998JohnWiley & Sons,Ltd.

N-N FVT
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R 5

R = aryl; C¢HsO

Scheme 6.

alsobeenproducediogethemwith NS,NS, (two isomers)
and NSSS by microwave discharge of an argon—
nitrogen—sulfur vapor mixture?® and it has been
suggestedas a decompositionproduct, together with
NCS™, of the thiatriazolethioneanion in a flowing
afterglowexperiment® Dinitrogenselenidds unknown,
andit canbeexpectedo bearatherephemeramolecule.

Cumulenes

In this sectionwe will be concernedprimarily with the
oxides of carbonand their analogs,X=C,=Y (X and
Y =0, S,NR). In general heterocumulenewith an odd
number of cumulatedatoms are more stable than the
even-numberedones. Thus, O=C=C=0 remains un-
known, althoughits cation can be generatedn a mass
spectrometef? Similarly, the cation radicals of the
monoimines, RN=C=C=0" (R=H or CHg) can be
generatedn the massspectrometebut do not survivea
neutralizationexperimenfﬁ2 However, the monoxime,
HO—N=C=C=0,hasbeengeneratechy matrix photo-
lysis of severalprecursorgdScheme?7) and observedoy
IR spectroscopy{CCO stretchat 2074cm™1).>® Photo-
lysis at290nm causedragmentatiorto CO and(mainly)
isocyanicacid, HNCO. Interestingly,an isomer of this
monoxime,nitrosoketeneDN—CH=C=0,is reportedly
formed on thermolysis of hydroximino-Meldrums
acid*andits gas-phaséR (2146cm™*; w) andchemical
ionization (M + 1]* = 72 u) massspectrometricobser-
vationhasrecentlybeenassertedalongwith alifetime of
ca4h at90°C and10 “ Torr (1 Torr= 133.3Pa)>® Our
own extensiveexperimentsnakeus scepticalaboutthis
identification:althoughanion with the correctcomposi-
tion (CoHNO,, m/z 71) is observedin the electron
ionization mass spectrumof hydroximino-Meldrums
acid, thereis no evidencethat the correspondingeutral
speciess formedonFVT, andall attemptsat FVT/matrix

N-OH
o
i/
l 366 nm N-OH
o
hN-OH HO\
- . (e -— /.
o 366 nm N=C=C=0 366 nm
2074, 3583 cm’”
Scheme 7.
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isolation/IR spectroscopyof nitrosoketenefrom this
precursormwere either negativeor producedat bestvery
weaksignalsin the keteneregion°

The monothioné’® O=C=C=S and the iminoethe-
nethioned’”® RN=C=C=S (R=CHs or H) have been
identified in the gas phase by NRMS (Scheme 8).
HN=C=C=Sisomerizesto thioformyl cyanide,HCS—
CN, on FVT.3"® The matrix synthesisof O=C=C=Sby
photochemicatombinationof CO andCS (A =254nm;
reversedat 313nm; Ar, 10 K) was reportedrecently37C
Ab initio calculationsandthe isotopic shift observedn
the IR spectrumwhen using *3C-labeledCO indicatea
lineartriplet groundstatemolecule(Schemes).

EthenedithioneS=C=C=S hasbeengeneratedrom a
variety of precursorausing FVT, matrix photolysisand
mass spectrometric fragmentation methods (Scheme
8)**~4% and by a Tesla coil dischargeof an Ar-CS,
mixture (generating CS and CsS, predominantly)f*
SCCShasbeenthoroughlyidentified by NRMS and by
argon matrix IR and UV spectroscopy® ** Extensive
theoreticalcalculationsindicate that the moleculehasa
singlet ground state (but not far below the triplet)*
although a triplet ground state was first predicted®
Attemptsto observean ESRspectrunof thetriplet have
beenunsuccesfuf® SCCSsurvivesgeneratiorby FVT at

0 1998JohnWiley & Sons,Ltd.

temperatureashighas1000°C aslongasa highvacuum
and short contacttimes (millisecond range)are used?°
When the collision number is increasedby using a
pressurehigher than 0.01 Torr, the moleculevanishes,
andCSis formedin its place®® Accordingly,agas-phase
IR spectrumhassofar not beenobtainable Theisolated,
neat SCCS is extremely reactive, polymerizing on
warming above 60 K.3%4° SCCSis reversibly cleaved
to two CS molecules on photolysis in the matrix
(dissociationat >320nm; associatiorat 254 nm) 3941

The groupsof Maier and Schwarzin particularhave
generated largenumberof othercarbonoxides,sulfides
andoxysulfidesandinvestigatedhemby argonmatrix IR
andmassspectrometrfNRMS), respectively***>Thus,
all the speciesC,O (n=1-4), C,0, (n=1 and 3-5),
C.0S (n=1-5), C,S; (n=1-5) and C,S (n=1-4) are
now known, and C,O, and CsO havealsobeenmade*®
Particularly noteworthy is the stability of Cs0,
(O=C=C=C=C=C=0)in solution at room temperature,
the sulfur analog, CsS,, is stable in solution below
-30°Cc*

Our grouphasbeenengagedn detailedstudiesof the
characterizationand chemistry of the iminopropadie-
nones,RN=C=C=C=0,in recentyears.Although these
compoundscan be regardedas derivatives of carbon
suboxide C30,, theyarefor themostpartlessstable The
bisimine and thione derivatives, RN=C=C=C=X
(X=NR" or S) are even more elusive, having the
characterof reactive intermediate4’*® The iminopro-
padienonegregeneratedy FVT of suitablysubstituted
isoxazolopyrimidinoes (1) (for aryl-NC;0) or Mel-
drum’s acid derivatives (for aryl- and alkyl-NC30)
(Scheme 9), whereby the dimethylaminométylene-
Meldrum’s acid precursorg2) arepreferredastheytend
to give the highestyields. Thesefragmentatiorreactions
havebeenmonitoredby NRMS and matrix IR methods,
permitting the observationof the ketenimineintermedi-
ates4.%° The fragmentatiorof 1 and2 arevery efficient

Ar o Ar O o
. ArN
7 NH  FVT ey NH x,
N | ) e —— NH
‘o P J )
07N J
0N

N

HNCO

Me2N>_§: >< @;
-Me,NH™ RN= ><—>RNccco
MezCO
Q FVT
HNR >< -MeSH
Mes” [o]
O3

J HCN

4 l NuH

N.R:.:}Nlh
H

' Nu,H

R<
N O

|
Nu, /I\/U\Nu

2 1

Scheme 9.
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processeggiving high andsyntheticallyusefulyields of
the iminopropadienonesThe methylthio (3) and meth-
oxy analogsalsogenerateRNC;0, but now in competi-
tion with the formation of imidoylketenes and
oxoketenimines themselvesdetectableby MS and/or
IR spectroscopySchemel0)>° The RNC;0 cumulenes
are characterized by intense absorptions around
2240cm 1, accompaniedby very weakabsorptionsiear
2140cm 1.%°° Thearyl derivativesarestableenoughfor
investigationof their chemicalreactionsat temperatures
between-60°C andambient.Theyundergonucleophilic
addition reactions preferentially, first to the ‘ketene’
carbonatomandthen, more slowly, to the ‘ketenimine’
carbonatom. Recently,the mesityl derivative hasbeen
isolatedat room temperatureandits chemistryis under
activeinvestigationin our group>*

In contrastthe alkyl derivativesRNC;0 areunstable.
CH3NC30 hasbeeninvestigatedby matrix isolation IR
spectroscopymassspectrometryand nucleophilictrap-
ping reactions!®®*5152 The jsopropyl 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
cyanoketeneitself a highly reactivemolecule(Scheme
10) >3 All thespecieshownin SchemelOaredetectable.
The reactions describedhere, involving cascadesof
differentketeneketenimineandcumulendntermediates,
couldhardlyhavebeenelucidatedsecurelyusingjustone
spectroscopienethodand thusillustrate the convergent
useof IR andMS techniques.
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