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ABSTRACT: Electron affinities and ionization potentials were calculated for a number of carbenes and compared
with the carbene philicity scalemCXY defined by Moss. It is suggested that a two-dimensional rather than a one-
dimensional scale is used to classify the carbenes. Examples of extremely electrophilic carbenes with electron
affinities above 2 eV are difluorovinylidene with a singlet ground state and 4-oxo-2,3,5,6-tetrafluorocyclohexa-2,5-
dienylidene with a triplet ground state. The reactivity of these carbenes towards small molecules under the conditions
of matrix isolation is discussed. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

The reactivity of carbenes is governed by the spin state
which is involved in the reaction and by the philicity of
the carbene. The philicity of a series of singlet carbenes
with substituents X and Y has been quantified by Moss on
the basis of the relative rates (selectivities) of the
cyclopropanation of electron-rich vs electron-poor ole-
fins.1,2 The empirical carbene philicity scalemCXY obeys
an empirical linear free energy relationship with the Taft
substituent parameterssR

� and sl. A very good
correlation was found which allows one to calculate the
philicity of carbenes R2C: which are not experimentally
accessible:

mCXY � ÿ1:10
X
X;Y

�R
� � 0:53

X
X;Y

�l ÿ 0:31

Only singlet ground state carbenes bearing at least one
electronegative substituent (halogen, OR or NR2) have
been used to define this philicity scale, which limits the
range of carbenes investigated and in particular excludes
highly electrophilic carbenes. Most of the highly electro-
philic carbenes have triplet ground states, and if not are
extremely reactive species which are expected to react in
a diffusion-controlled manner with olefins and even
rapidly with saturated solvents. ThemCXY scale cannot be
extended to the extremely electronegative carbenes, since
these carbenes react unselectively, and it is therefore
desirable to have another measure for the philicity which
can be applied to the whole range of carbenes.

Moss and co-workers used the FMO theory and
correlated differences in HOMO and LUMO energies
of carbenes and olefins with the philicity scalemCXY.3

Although this method has been fairly successful, a
problem is that orbital energies are not observable, and
particularly the calculated LUMO energies depend
considerably on the level of theory used. In principle,
the HOMO and LUMO energies are related to the
ionization potentials (IP) and electron affinities (EA),
respectively, via Koopmans’ theorem.4 SinceIP andEA
have been determined for a number of carbenes and can
be readily calculated by standard quantum chemical
procedures,5 we used these quantities to evaluate the
philicity of carbenes and as a guide for the search of
extremely electrophilic carbenes.

SUBSTITUENT EFFECTS ON THE IP AND EA OF
CARBENES

An obvious way to increase the electron demand of
carbon centers is to introduce electronegative substitu-
ents, especially fluorine. However, according to the
philicity scale, difluorocarbene (1) is only amphiphilic
and less electrophilic than methylene or even dichlor-
ocarbene. This is rationalized by the short CF distance
resulting in an efficient overlap of the lone pairs at the
fluorine atoms with the vacantp-orbital at the carbon
atom, which in turn leads to an increase in the LUMO
energy. On the other hand, the lone pair at the carbon
atom is strongly stabilized by thes-electron-withdrawing
capability of the fluorine atoms, which results in a
decrease in the HOMO energy. Hence F2C: is expected to
be neither strongly nucleophilic nor electrophilic. TheEA
of H2C: and F2C: was determined to be 0.630 and
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0.179eV, respectively,6 indicating the stabilizing influ-
enceof fluorinesubstitutionasdiscussedabove.

Fluorine substitutioncan only increasethe electro-
philicity of a carbeneif the p-overlap is not possible
either for reasonsof symmetryor becausethe distance
betweenthe carbenecenterandthe fluorine atomis too
large.In vinylidenesthe vacantp-orbital at the carbene
centeris locatedin themolecularplane,andtheelectron
deficiencyat the carbenecenterincreaseswith fluorine
substitution.The EA of the parentvinylidene H2C=C:
increases substantially from 0.490 to 2.255eV in
F2C=C: (2).7

DFT calculationshavebeenshownto reliablydescribe
the propertiesof carbenes,8,9 andwe thereforeusedthe
B3LYP method in combination with a large 6–
311��G(d,p)basisset to calculatesubstitutioneffects
onEAandIP of carbenes.TheEA is thedifferencein the
energiesof the carbeneand the correspondingradical
anion,and thereforedependson the geometriesusedin
the energy calculations.This can be clearly seen by
comparingthe EA calculatedfor the relaxedgeometries
of carbeneand radical anion [EA (adiabatic)]with that
obtainedby usingthecarbene[EA (vertical,carbene)]or
radical anion [EA (vertical, anion)] geometriesfor the
energy calculations(Table 1). The largest effect was
found for CF2 with a differencebetweenEA (vertical,
carbene)andEA (vertical,anion)of 1.27eV. This results
from thewidely differentFCFbondanglesin thecarbene
and the anion. In the vinylidenesthe differencesin the
geometriesare smaller and the carbenecenter is less
affected,andconsequentlyEA (vertical,carbene)andEA
(vertical, anion) differ by only a few tenths of an
electronvolt.There are smaller deviationsbetweenEA

(vertical, carbene)and EA (adiabatic),and both values
are in reasonableagreement(within the error of the
theoreticalmethod)with theexperimentaldata,although
in the experimentsthe adiabatic EA was determined
(Table1). Sincethecalculationof EA (vertical,carbene)
is lesstimeconsuming,which is of importanceespecially
for the largercarbenes,we only usethesevaluesin the
following discussionof thepropertiesof carbenes.

It is interestingto studytheinfluenceof substituentsX
and Y on the EA and IP of the carbenesXYC: and
XYC=C: and compare these values with the mCXY

values(Table2). TheEA of thecarbenesinvestigatedin
this study vary betweenÿ0.6 and�3.6eV and the IP
between12 and 7 eV, covering the whole rangefrom
electrophilicto nucleophiliccarbenes.For halocarbenes
(X, Y = F,Cl, Br) EAandmCXY arenicelycorrelated,and
Br2C: with EA= 1.84eV shows the smallestvalue of
mCXY = 0.65. F2C: is much less electrophilic with
EA=ÿ0.02eV (experimental value 0.18eV) and
mCXY = 1.47.The IP increasesfrom 9.65eV in Br2C: to
12.31eV (experimentalvalue11.4eV) in F2C:, andif IP
is takenasameasurefor thenucleophilicityof acarbene,
F2C: is not only less electrophilic but also less
nucleophilicthanBr2C:. This shouldresult in anoverall
lower reactivity towardsbothelectron-richandelectron-
poor olefins,which is not reflectedin mCXY, sincethis
only measuresthe relativerates.

The substituentsRO and R2N are more efficient in
reducingEA than halogen,and in most casesnegative
values are predicted for these carbenes. With
EA=ÿ0.62eV the smallest value is observed for
(MeO)2C:, andwith EA=ÿ0.44eV (Me2N)2C: is fairly
close.A muchlargerdifference,however,is foundfor IP,
which in (Me2N)2C: is only 7.1eV, almost2 eV lessthan
in (MeO)2C:. This is in line with the observedhigh
nucleophilicityof carbenesof Arduengo/Wanzlick type,
which is morepronouncedthanthat of alkoxycarbenes.

As mentionedabove,the EA of H2C=C: increases
substantiallyon fluorination, and chlorine is almost as
effective as fluorine. In contrast, the IP is almost
unaffectedby fluorination (11.4eV in both H2C=C:
and2) anddecreasesonly slightly on chlorination.Thus,
vinylideneandits halogenatedderivativesshouldexhibit
a very low nucleophilicity and the halogenatedderiva-
tivesshouldbeextremelyelectrophilic.Substitutionwith
NH2 reducesbothEAandIP by severalelectronvolts,and
(H2N)2C=C: is predictedto be more nucleophilic than
electrophilic. However, this vinylidene shows a large
deviation from C2v symmetry caused by a strong
interaction of one of the nitrogen lone pairs with the
vacantp-orbital at thecarbenecenter.

A compilation of the calculatedEA and IP values
allowsseveralclassesof carbenesto beidentified(Table
2, Fig. 1). (i) Stronglynucleophiliccarbeneswith large
mCXY values are found at the bottom left part of the
diagram.Thesecarbenesexhibit a small or negativeEA
and a low IP. Substitutionwith NR2 results in an IP

Table 1. Calculated and experimental electron af®nities (EA)
of selected carbenesa

Carbene Experimentb
B3LYPc

adiabatic

B3LYPc

vertical,
carbened

B3LYPc

vertical,
anione

FHC: 0.56 0.80 0.47 1.20
Cl2C: 1.60 1.89 1.46 2.45
F2C: (1) 0.18 0.55 ÿ0.02 1.25
H2C=C: 0.49 0.66 0.56 0.76
HFC=C: 1.72 1.96 1.98 2.33
F2C=C: (2) 2.26 2.53 2.16 2.95

a EA in eV.
b Negativeion photoelectronspectroscopy.6,7

c B3LYP/6–311��G(d,p).
d EA at thegeometryof theneutralcarbene.
e EA at thegeometryof the radicalanion.
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Table 2. Electron af®nities (EA)and ionization potentials (IP) of a series of carbenes

EA (eV) IP(eV)

Carbenea No. Symmetry B3LYPb Exp.c B3LYPb Exp.c mCXY
d

S-3 Cs',
1A' 3.61 9.71

T-3 C2v',
3B1 3.32 9.82

T-5 C2v',
3B1 3.08 9.02

S-4 Cs',
1A' 2.35 8.47

T-4 C2v',
3B1 2.05 10.05

F2C=C: 2 C2v' 2.16 2.26 11.42
Cl2C=C: C2v' 2.11 10.37
Br2C: C2v' 1.84 9.65 0.65
FHC=C: Cs' 1.62 1.72 11.92

6 C1 1.61 9.24 0.29

PhClC: C1 1.52 8.18
Ph2C C1 1.48 6.77 0.46
Cl2C: C2v' 1.46 1.60 10.16 9.27 0.97

7 Cs' 1.40 10.06

H2C: C2v',
1A1 1.20 10.54 ÿ0.31

H2C: C2v',
3B1 0.23 0.63 10.45 10.4

8 C1 1.19 8.67

PhFC: C1 1.11 8.59 0.89
ClFC: Cs' 0.84 11.08 10.7 1.22
ClMeC: C1 0.68 9.16 0.58

9 C2v' 0.57 9.34

H2C=C: C2v' 0.56 0.49 11.38
FHC Cs' 0.47 0.54 10.70 10.1 0.58
(H2N)2C=C=C: C2 0.16 8.69
FMeC: C1 0.00 9.71 0.84
F2C: 1 C2v' ÿ0.02 0.18 12.31 11.4 1.47

10 C2 ÿ0.18 8.17
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around7 eV, which increasesto 9 eV with RO and to
12eV with F as substituents.The stable Arduengo/
Wanzlickcarbenesarecharacterizedby both low IP and
low EA, and thus high nucleophilicity. F2C showsthe
samelow EA, but in additiona high IP, andthe overall
reactivity of this carbeneis small. (ii) Halogenated
vinylidenesareamongthe carbeneswith thehighestEA
and IP. Thesecarbenesare extremelyelectrophilicand
show no nucleophilicity. (iii) Carbeneswith a high EA
and low IP generallyhave a small S–T gap and thus
triplet groundstates.Only few examples,suchas4, were
investigatedin this study.

Although the philicity scalemCXY definedby Mossis

basedonkineticdatafor carbenecycloadditionreactions,
there is some relation to the EA and IP of carbenes,
defininga two-dimensionalphilicity scale.We therefore
usedthesedatafor the searchof extremelyelectrophilic
carbenes.

PROPERTIES OF DIFLUOROVINYLIDENE AND
4-OXO-2,3,5,6-TETRAFLUOROCYCLOHEXA-
2,5-DIENYLIDENE

In accordancewith the theoretical predictions, di-
fluorovinylidene (2)10 and 4-oxo-2,3,5,6-tetrafluoro-

Table 2. continued

EA (eV) IP(eV)

Carbenea No. Symmetry B3LYPb Exp.c B3LYPb Exp.c mCXY
d

Cl(MeO)C: Cs' ÿ0.18 9.60 1.59

11 C2v' ÿ0.21 9.77

(H2N)2C=C: C1 ÿ0.32 8.70
(Me2N)2C: C2 ÿ0.44 7.10

12 Cs' ÿ0.44 7.94

Me(Me2N)C: C1 ÿ0.48 7.40 2.91

13 C2v' ÿ0.52 8.15 7.68

(MeO)2C: C1 ÿ0.62 9.01 2.22

a Theclosed-shellsingletstateswerecalculatedif not statedotherwise.
b Calculatedat theB3LYP/6–311��G(d,p)levelof theory.Theenergiesof theradicalcationsandanionswerecalculatedat thecarbenegeometries
(vertical energies).
c Experimentalvalues(adiabaticenergies)takenfrom Ref. 42.
d Philicity scaledefinedby Moss.1

Figure 1. Electron af®nities (EA) and ionization potentials (IP) of a series of carbenes calculated at the B3LYP/6±311�� G(d,p)
level of theory (see Table 2)
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cyclohexa-2,5-dienylidene (3)11,12 are prototypes of
highly electron-deficientsinglet and triplet carbenes,
respectively,andshowanunusualreactivityevenin low-
temperaturematrices.Thesecarbenescould be synthe-
sizedin argonmatricesin high yields andcharacterized
by IR spectroscopyin combinationwith DFT calcula-
tions. The chemistryof 2 hasbeendescribedin several
publications,10,13–17 and here only the most striking
differencesto othercarbenesarediscussed.

4-Oxocyclohexadienylidene (4) andits derivatives are
triplet ground-state carbeneswhich are easily generated
by photolysis from their correspondingquinonediazides.
Theelectronic structuresof thesespeciesresemblethatof
the phenyl radical for the s-system and that of the
phenoxylradicalfor thep-system.18–23A typical reaction
of 4 is the addition of 3O2 to give p-benzoquinone O-
oxide,20,21andtheadditionof COto give thecorrespond-
ing ketoketene.Fluorinationor chlorinationof 4 increases
boththeEAandIP of thesecarbenes,correspondingto an
increasein the electrophilicity and decreaseof nucleo-
philicity. The perfluorinated3 is predicted to exhibit
extremeelectrophilicity in bothits triplet groundstateand
its low-lying closed-shell singletstate.11,12

The chemistry of 2 and 3 was investigated by
generatingthe carbenesin argonmatricesdopedwith a
trapping reagent.Typical carbeneprecursor: trapping
reagents:argon ratios were 1:10:1000.The photolyses
werecarriedout at 7–10K. Under theseconditions,the
mobility of moleculestrappedin solid argonis very low
and bimolecularthermal reactionsare inhibited by the
lack of diffusion. Warmingan argonmatrix to onethird
to half of its melting point (30–40 K) allows small
moleculesto diffuse.ThethermalenergykTatcryogenic
temperaturesis very small and thereforeonly reactions
with very low activationbarriers(<1–2kcalmolÿ1) are
observed.Since reactions in matrices are solid-state
reactions,it is very difficult to determinethe intrinsic
reactionkinetics.Here,weonly qualitativelycomparethe
reactivitiesof 2 and3 with thoseof phenylchlorocarbene
and oxocyclohexadienylidene(4) as examplesof less
electrophilic singlet and triplet carbenes,respectively.
Typical reactions are the oxidation with 3O2, the
carboxylationwith CO2, the insertioninto CH4 and the
additionof N2 (Table3).

Reaction with oxygen

In oxygen-dopedmatrices,triplet carbenessuchasPh2C:,
3 or 4 reactvery rapidly (diffusion-controlled)with 3O2.
The primary productsof these formally spin-allowed
reactionsarecarbonylO-oxides.24 This high reactivity is

Table 3. Comparison of reactions of carbenes with several trapping reagents under the conditions of matrix isolation

3O2 CO2 CH4 N2
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independentof the electrophilicity of the carbene.In
contrast, reactions of singlet carbeneswith 3O2 are
formally spin-forbidden,and in most casesthesereac-
tions are very slow or do not occur. Thus, under the
conditionsof matrix isolation,F2C: doesnot reactwith
3O2

25 andthereactionof PhClC:is veryslow.26 Sincethe
oxygenationis an electrophilic addition at one of the
oxygenatomsof O2, electron-withdrawing groupsat the
phenyl group of PhClC: increasethe reactivity.27 This
hasalsobeenobservedin LFP experiments.28,29

Vinylidene 2 reactsextremelyrapid with 3O2, but no
carbonylO-oxideis formed,which in this casewould be
a keteneoxide. The major productsare F2C: and CO2,
presumably formed via a ketene O-oxide and a
methylenedioxiraneas intermediates.15 However, in
contrast to most other carbene oxygenations, these
intermediatescouldnot bestabilizedin low-temperature
matrices.

Reaction with CO2

The key step of the carboxylationof a carbeneis the
nucleophilic attack of the carbenecenter at the CO2

carbon atom. In this reaction no spin restriction is
observedand singlet carbenePhClC: reactsas rapid as
triplet diphenylcarbene.27 Thecarboxylationdependson
the nucleophilicity of the carbene,and thus electron-
withdrawinggroupsat thephenylring of PhClC:reduce
thereactivity.Owingto their low nucleophilicity,neither
3 nor 4 is carboxylatedin CO2-dopedmatrices,and 4
could even be isolated in solid CO2. From that it is
extrapolatedthat the stronglyelectrophilic2 is alsonot

carboxylated. Indeed, although vinylidene 2 rapidly
reactswith CO2, it is notcarboxylatedbutratherabstracts
an oxygenatom from CO2. This reactionhasnot been
observedwith any other carbene.The first step is the
electrophilicattackat oneof theoxygenatoms,followed
by theoxygenatomtransferunderformationof F2C=O
and CO.15 Both the oxygen atom transfer and the
carboxylationarecalculated[B3LYP/6–311G(d)� ZPE]
to be exothermic,but the latter reaction obviously is
preventedby a significantactivationbarrier.

Insertion into CH bonds

Many singlet and triplet carbenesare stable in hydro-
carbonglassesat temperaturesbelow 77 K.30 In CH4-
dopedargonmatrices(0.5–1%CH4 in Ar) at tempera-
turesup to 45K, carbenessuchasPh2C:, PhClC:and4
arecompletelyunreactive.Methyleneis oneof the few
carbenesthat hasbeendescribedto react with CH4 in
matrices,althoughit is notcompletelyclearif ethaneand
other hydrocarbonsare formed in a thermal or photo-
chemical reaction.31,32 The barrier for the insertion of
PhClC: into tertiary CH bonds was determined to
3 kcalmolÿ1 by LFP methods,which is significantly
lower thanthat calculatedat theB3LYP/6–31G(d)level
of theory (7 kcalmolÿ1).33 The insertion into the CH
bond of methaneis expectedto proceedwith an even
higher barrier, and consequentlyin low-temperature
matricesno reactionwith CH4 is observed.The barrier
of theinsertionof CF2 into H2 wascalculatedto beabout
33kcalmolÿ1.34 The extremely electrophilic carbenes
210 and3,11 on theotherhand,rapidly insertinto theCH
bond even at cryogenic temperatures,which suggests
very small or even absentactivation barriersfor these
insertions.This is in agreementwith DFT calculations
[B3LYP/6–311G(d,p)] of the insertionsof 2 into H2 and
CH4, which predict zerobarriersfor both reactionsand
reactionenergiesof ÿ113andÿ101kcalmolÿ1, respec-
tively (Scheme1).17 With ÿ91 and ÿ79kcalmolÿ1

[B3LYP/6–31G(d,p)]the insertionof 3 into H2 andCH4

is about20kcalmolÿ1 lessexothermic(Scheme2). The
addition of carbenes2 and 3 to ethene to give the
correspondingcyclopropaneis much lessdependenton
the nature of the carbeneand exothermicby 89 and
85kcalmolÿ1, respectively.In both casesthe cyclopro-
pane,and not the insertionproduct, is formed. For the
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insertionof 2 into the CH bondof ethenean activation
barrier of 3 kcalmolÿ1 has beencalculated,while the
additionreactionproceedswithout barrier.17 Theactiva-
tion barrierfor insertionsinto H2 andCH clearlydepends
ontheelectrophilicityof thecarbene,while thespinstate
seemto belessimportant.Insertionreactionsinto H2 and
hydrocarbonsatcryogenictemperaturescanthusserveas
a qualitativemeasurefor thecarbenephilicity.

Reactions with nitrogen and xenon

Only highly electrophilic and thermodynamicallyun-

stablecarbenesareexpectedto reactexothermicallywith
N2 to give the correspondingdiazo compounds.The
fragmentationof diphenyldiazomethane into Ph2C: and
N2 hasbeendeterminedby time-resolvedphotoacoustic
calorimetry to be thermoneutral (DHR = 0�
1.7kcalmolÿ1)35 and that of phenylchlorodiazirine to
PhClC: and N2 to be endothermic (DHR =�11.1
� 1.6kcalmolÿ1).36 Therefore,the photolysisof diazo
compoundsanddiazirinesis the mostimportantmethod
for thesynthesisof carbenes,andin manycasescarbenes
canbe matrix isolatedin solid N2 without formationof
thecorrespondingdiazocompounds.Methylenehasbeen
reportedto betrappedby N2,

37 andrecentlythereaction
of singlet 2H-imidazol-2-ylidene (7) with N2 was
reported.38 Despite its high electrophilicity, triplet
carbene3 does not react with N2,

11 while 2 is very
efficiently trappedevenby tracesof N2 in thematrix.The
latter reaction is highly exothermicand proceedsin a
diffusion-controlledreactionwith no activationbarrier.

Thecomplexationof xenonhasonly beenobservedfor
2, 7 andC2. All theseground-statesingletmoleculesare
electrophilic with an EA of 2.26,7 1.4 (calculated)and
3.27eV,39 respectively.The xenon complexesshow a
significantchargetransferfrom xenonto thecarbene,and
thebindingenergiesof thecomplexesareof theorderof
severalkcalmolÿ1. SeveralIR absorptionsshowsignifi-
cantredshiftscomparedwith theuncomplexedcarbenes,
which allows the complexesto be identified spectro-
scopically. Triplet carbenes,even 3, do not show a
similar interactionwith Xe resultingin significantshifts
of IR bands.

CONCLUSION

TheEAandIP of carbenescanbereliablycalculatedwith
DFT methodsandprovidea measureof the philicity of
carbenes.The advantageof EA and IP over LUMO and
HOMO energiesis that experimentalvalueshavebeen
determined for a number of carbenesand therefore
experimentand theoretical prediction can be directly
compared.Thereis a reasonablecorrelationbetweenEA
and mCXY which allows EA to be usedas guide for the
searchfor extremelyelectrophiliccarbenes.Vinylidene2
and tetrafluorocyclohexadienylidene3 are examplesof
such carbenesexhibiting unusualreactivity. Both car-
benes insert into the CH bond of CH4 without a
measurableactivation barrier. This highly exothermic
reactionis most characteristicfor strongly electrophilic
carbenesandis notobservedwith other,lesselectrophilic
carbenes.

EXPERIMENTAL

Matrix isolationexperimentswereperformedby standard
techniqueswith anAPD CSW-202Displexclosed-cycle

Scheme 1. Some reactions of vinylidene 2 investigated in
argon matrices doped with 0.5±1% of a trapping reagent.
The reaction energies were calculated at the B3LYP/6±
311G(d,p)� ZPE level of theory

Scheme 2. Some reactions of carbene 3 investigated in
argon matrices doped with 0.5±1% of a trapping reagent.
The reaction energies were calculated at the B3LYP/6±
31G(d,p)� ZPE level of theory
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heliumcryostat.Matriceswereproducedby depositionof
argon (Messer-Griesheim,99.9999%)on top of a CsI
window at 8 K at a rate of approximately0.15mmol
minÿ1. Mixtures of argon with gaseouscompounds
(typically 0.5%) were producedin a vacuum line. IR
spectrawere recordedby using a Bruker IFS66 FTIR
spectrometerwith a standardresolutionof 0.5cmÿ1 in
the range400–4000cmÿ1. Irradiationswerecarriedout
with the use of an ArF excimer Laser (� = 193nm)
(LambdaPhysikCOMPex100)or OsramHBO 500W/2
mercury high-pressurearc lamps in Oriel housings
equippedwith quartz optics. IR irradiation from the
mercuryhigh-pressurearclampwasabsorbedby a10cm
path of water. Schott cut-off filters were used (50%
transmissionat thewavelengthspecified)in combination
with dichroic mirrors.

Calculationswere performedwith the Gaussian98
programpackage.5 Geometries,energiesand vibrations
of the neutralspecieswerecalculatedat the B3LYP/6–
311��G(d,p) level of theory. Thesegeometrieswere
used for single-point calculations [UB3LYP/6–
311��G(d,p)]of theradicalanionsandradicalcations,
respectively. The thermochemistryof 2 and 3 was
calculatedat the B3LYP/6–311G(d,p) and B3LYP/6–
31G(d) level of theory, respectively,and includeszero
point energies.
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11. HübertR, Dissertation.Ruhr-Universita¨t Bochum,1999.
12. CremerD, KrakaE. unpublishedresults.
13. Breidung J, Bürger H, Kötting C, Kopitzky R, Sander W,

SenzloberM, Thiel W, Willner H. Angew. Chem.1997; 109;
Angew.Chem.Int. Ed. Engl. 1997;36: 1983–1985.

14. Kötting C, SanderW, BreidungJ, Thiel W, SenzloberM, Bürger
H. J. Am.Chem.Soc.1998;120: 219–220.

15. Kötting C,SanderW, SenzloberM, BürgerH. Chem.Eur. J. 1998;
4: 1611–1615.

16. Kötting C, SanderW, SenzloberM. Chem.Eur. J. 1998;4: 2360–
2365.

17. Kötting C, SanderW. J. Am.Chem.Soc.1999;in press.
18. SanderW, BucherG, ReichelF, CremerD. J. Am. Chem.Soc.

1991;113: 5311–5322.
19. BucherG, SanderW. J. Org. Chem.1992;57: 1346–1351.
20. Arnold BR, ScaianoJC,BucherGF, SanderWW. J. Org. Chem.

1992;57: 6469–6474.
21. BucherG, SanderW. Chem.Ber. 1992;125: 1851–1859.
22. Komnick P, SanderW. LiebigsAnn.1996;114: 7–9.
23. SanderW, BucherG, WandelH, Kraka E, CremerD, Sheldrick

WS. J. Am.Chem.Soc.1997;119: 10660–10672.
24. SanderW. Angew.Chem.1990;102: 362–372;Angew.Chem.,Int.

Ed. Engl., 29: 344–354.
25. Liu L, DavisSR.J. Phys.Chem.1992;96: 9719–9724.
26. GanzerGA, SheridanRS,Liu MTH. J. Am.Chem.Soc.1986;108:

1517–1520.
27. WierlacherS,SanderW, Liu MTH. J.Org.Chem.1992;57: 1051–

1053.
28. BonneauR, Liu MTH. J. Chem.Soc.,Chem.Commun.1989;510–

512.
29. Liu MTH, Bonneau R, Jefford CW. J. Chem. Soc., Chem.

Commun. 1990;1482–1483.
30. Platz MS. In Kinetics and Spectroscopyof CarbenesBiradicals,

PlatzMS, (ed).PlenumPress:New York, 1990;143–211.
31. Milligan DE, PimentelGC. J. Chem.Phys.1958;29: 1405–1412.
32. DeMoreWB, PritchardHO, DavidsonN. J. Am.Chem.Soc.1959;

81: 5874–5879.
33. MossRA, Yan S. TetrahedronLett. 1998;39: 9381–9384.
34. IgnatyevIS,SchaeferHF, III J.Am.Chem.Soc.1997;119: 12306–

12310.
35. PetersKS. In Kinetics and Spectroscopyof CarbenesBiradicals

PlatzMS (ed).PlenumPress:New York. 1990;37–49.
36. LaVilla JA, GoodmanJL. J. Am.Chem.Soc.1989;111: 712–714.
37. MooreCB, PimentelGC. J. Chem.Phys.1964;41: 3504.
38. Maier G, EndresJ. Chem.Eur. J. 1999;5: 1590–1597.
39. Arnold DW, Bradforth SE, Kitsopoulos TN, Neumark DM. J.

Chem.Phys.1991;95: 8753–8764.
40. KatoN, MiyazakiT, FuekiK, KobayashiN, IshiguroK, SawakiY.

J. Chem.Soc.,Perkin Trans.2 1987;881–884.
41. RaoBN, ChandrasekharJ, RamamurthyV. J. Org. Chem.1988;

53: 745–751.
42. Mallard WG, Linstrom PJ. NIST Chemistry WebBook,NIST

Standard ReferenceDatabase Number 69. Available: http://
webbook.nist.gov.NationalInstituteof StandardsandTechnology:
Gaithersburg,MD, 1998.

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2000;13: 561–568

568 W. SANDER,C. KÖTTING AND R. HÜBERT


