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Singlet and triplet states in the reactions of nitrenium ions
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ABSTRACT: Nitrenium ions (R—N—R�) are reactive intermediates which are isoelectronic with carbenes. Like the
more familiar carbenes, nitrenium ions have low-energy singlet and triplet states. Recent experiments have been
directed at understanding how singlet and triplet nitrenium ions differ in their chemical reactivity. Singlet nitrenium
ions typically react rapidly with nucleophiles whereas the triplet nitrenium ions tend to abstract H atoms. Several
specific cases are discussed including the parent system, NH2

�, and several arylnitrenium ions. Copyright 1999
John Wiley & Sons, Ltd.

KEYWORDS: nitrenium ions; singlet state; triplet state; carbenes; photochemistry

INTRODUCTION

Nitrenium ions1–3 have the general formula RR'N�,
making them nitrogen analogs of carbenes (RR'C). The
nitrenium ions differ from the more familiar nitrenes
(R—N) in that they are divalent and cationic rather than
univalent and neutral. Like the nitrenes and carbenes,
nitrenium ions are extremely reactive species and this
presents some interesting challenges to the experimen-
talist.

One long-standing motivation for studying nitrenium
ions comes from the field of chemical toxicology. It has
been proposed that DNA damage caused by enzymati-
cally activated aromatic amines proceeds via arylnitre-
nium ion intermediates. This type of DNA damage can,
under certain circumstances, convert a healthy cell into a
cancer cell. This proposal has been discussed at length in
a number of recent articles and reviews3–10and it will not
be considered further here other than to note that the
relevant reactions appear to be characteristic of the
singlet state (see below).

This review will focus instead on a much more
neglected aspect of nitrenium ions: their singlet and
triplet states and how these different electronic con-
figurations influence their chemical reaction mechan-
isms. It will be of special interest to evaluate recent
progress from both computational chemistry and experi-
mental chemistry. Time and space considerations
prohibit a comprehensive survey of all calculations and

experiments. Instead, several selected examples will be
presented where both theory and experiments have been
applied to the same systems with special emphasis on
work from the author’s own laboratory. The reader
should realize that a number of interesting recent
computations and experiments on nitrenium ions will
escape mention herein.

It will become apparent from the following discussion
that much work remains to be done in uniting theory and
experiment. A general problem that arises in comparing
electronic structure calculations with mechanistic experi-
ments in solution is that the two methods emphasize
different types of information. The sort of data that are
readily accessible from experiments (shapes and posi-
tions of UV–visible absorption bands, rate constants for
reactions and distributions of stable products) are
notoriously difficult to calculate to the requisite accuracy.
Likewise, the sort of parameters that can be calculated to
high accuracy (bond lengths, bond angles, singlet–triplet
energy gaps, heats of formation) are extremely difficult to
measure experimentally, especially when the species in
question is a highly reactive intermediate.

GENERAL CONSIDERATIONS

Nitrenium ions, like carbenes and nitrenes, have two low-
energy electronic states, a singlet state and a triplet
state.11–14 This follows because nitrenium ions possess
two non-bonding electrons and two non-bonding orbitals.
This is illustrated in Fig. 1(A). In the triplet state the
electrons have parallel spins and are distributed between
the two non-bonding orbitals,s and p. In the singlet state
the electrons have antiparallel spins and occupy thes
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orbital (i.e. s2), leaving the p orbital vacant. (Singlet
stateshavingsp andp2 configurationsarealsopossible
but theyaregenerallymuchhigherin energy.)

The differencein the energybetweenthe singletand
triplet states(singlet–tripletgapor D Est) is determined
by the energydifferencebetweenthe two non-bonding
orbitals.Giventhebentgeometryshownin Fig. 1(A), the
p ands orbitalswill havedifferentenergiesasindicated
in Fig. 1(B). In theabsenceof anyspecialconsiderations,
thes orbital, havings character,will be lower in energy
thanthep orbital.It mightseemfrom casualinspectionof
theorbital energydiagramin Fig. 1(B) thatthes2 singlet
statewouldinevitablybethelowestenergyconfiguration.
However,this simple diagramfails to accountfor two
additional effects.First, electronsrepel eachother and
these electrostatic forces will tend to favor the sp
configuration. Also, parallel electron spins gain a
favorable electron exchange interaction (as seen in
Hund’srule). This too will tendto favor the triplet state.
If theorbital energyspacingis smallerthantheexchange
andcoulombicforces,then the triplet will be the lower
energystate.If the orbital energyspacingis larger than
theseforces,thena singletgroundstatewill result.Thus,
any structuralchangesthat destabilizethe p orbital or
stabilize the s orbital will favor the singlet state.
Likewise, changesthat destabilizethe s or stabilizethe
p orbital will favor the triplet state.

It is difficult to measuredirectly singlet–tripletenergy
gapsin carbenes,nitrenesor nitrenium ions. In certain

cases this has been accomplished using gas-phase
photoionization spectroscopy.Interpretation of these
spectracan be complicatedby hot bandsor in cases
where a large number of vibrational modes obscure
resolutionof the electronicstates.For this reason,these
experimentsaremostsuccessfullyappliedto very small
and/orhighly symmetricmolecules.Application of this
techniqueto largerspecies(e.g.phenylnitrene15) is still
far from routine.

Triplet states,beingparamagnetic,give characteristic
EPRsignals.16,17Detectionof a triplet EPRspectrumis a
goodindicationeither that the triplet stateis the ground
stateor thatD Est is verysmall.Thisexperimenthasbeen
usedto assigntriplet groundstatesto variouscarbenes
andnitrenes.Unfortunately,this methodgenerallydoes
not providea numericalvaluefor thesinglet–tripletgap.
Moreover,if thesingletstateis thegroundstate,nosignal
of any sort is observable.Of course,the samenegative
resultcouldalsomeanthat thespeciesin questionis too
short-lived to be detectableor that spin relaxation
processesbroadenthesignalto thepoint whereit cannot
bedetected.An EPRspectrumof a triplet nitreniumion
hasnot yet beenreported.

The third way in which experimentalevidencefor
eithersingletor triplet statescanbe obtainedis through
chemicaltrappingexperiments.Generally,singletstates,
havingbothanon-bondingpairof electronsandanempty
orbital, behaveas Lewis acids or Lewis bases.They
therefore tend to participate in chemical reactions
involving shifts of electron pairs. For example,both
nitrenes18 and carbenes19 can act as bases,abstracting
protonsvia their non-bondingpair. In contrast,triplet
states,havingtwo semi-occupiedorbitals,tendto behave
asradicals.Forexample,triplet carbenes20 andnitrenes21

both abstractH atoms,a reactionthat is very typical for
free radicals.

THE PARENT NITRENIUM ION, NH2
�

Theparentsystemis uniqueamongnitreniumionsin that
its singlet–tripletenergygaphasbeencharacterizedboth
by theory and by experiment,with both approaches
convergingon the samenumerical value. As early as
1979,PeyerimhoffandBuenker22calculated(MRD-CI) a
D Est of �29.9kcalmolÿ1 (apositivesignmeansthatthe
triplet is lower in energy)(1 kcal= 4.184KJ). This early
predictionhaswithstoodthe testof time. It wasverified
experimentally by the mass-selectivephotoionization
spectroscopystudy of Gibson,et al,23 who measureda
value of 30.1� 0.2kcalmolÿ1. Additional ab initio
calculationsby Pople and Schleyer24 and van Huis et
al.25 and also density functional theory calculationsby
Crameret al.14 are essentiallyin agreementwith these
values.Analysis of the IR spectrum26 of NH2

� reveals
thatit is quasi-linear.Thatis, themoleculeis bentwith an
equilibrium bond angle of 153°. However, the energy

Figure 1. A simpli®ed picture of (A) the non-bonding orbitals
and (B) their relative energies for the singlet and triplet states
of a typical nitrenium ion
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requiredto bendit to the lineargeometryis lessthanthe
zero-pointvibrationalenergy.Henceit canbeconcluded
with reasonablecertainty that NH2

� is a quasi-linear
ground-state triplet with an energy gap of
�30kcalmolÿ1.

The carbeneanalogto NH2
�, methyleneor CH2, is

also a ground-statetriplet,27 but its D Est is only
�9 kcalmolÿ1. Crameret al.14 attributedthis to contrac-
tion of the MOs around the more electronegative
nitrogen,which leadsto increasedcoulombicrepulsion
in thesingletstateof NH2

� andforcestheelectronsinto
separateorbitals.In contrast,CH2 hasmorediffuseMOs
and the electronsfeel less coulombic repulsion in the
singletstate.

While the most precisestructuraland energeticdata
come from gas-phasestudies of NH2

�, the only
information availableconcerningits reactionpathways
comesfrom photochemicalstudiesin solution.Takeuchi
andco-workers28–30first examinedthebehaviorof NH2

�

generatedfrom the photolysisof 1-amino-2,4,6-triphe-
nylpyridinium tetrafluoroborate(1) ions. It was found
thatphotolysisof thelatterin toluene(PhCH3) containing
10–50%trifluoroaceticacid (TFA) gives o-, p- and m-
toluidines (i.e. aminotoulenesthat result from the

additionof anNH2
� to toluene),2,4,6-triphenylpyridine,

bibenzyl (PhCH2CH2Ph) and o- and p-benzyltoulenes
(Scheme1).

Theseearlierworkersattributedthe toluidine isomers
to reactionsof the initially formed singlet NH2

� with
toluene.28 Bibenzyl and the benzyltolueneswere attrib-
uted to reactionsof triplet NH2

� (presumablyfrom H
atomtransferfrom tolueneto the triplet andsubsequent
couplingof the benzyl radicals).Their work focusedon
the presumedsinglet products. It was found that the
relativeyields of theo-, p- andm-toluidinesdependson
the gegenion of the pyridinium salt in addition to
substitutionson the pyridine leaving group. On this
basis, it was concludedthat the singlet state was not
formedfreely in solution,but ratherit reactedvia some
loosecomplexwith thepyridineleavinggroupand/orthe
gegenion.

Experimentscarriedout in our laboratories31,32arein
generalagreementwith thebasicresultsof Takeuchiand
co-workers.Furtherstudieswerecarriedout in order to
ascertainthe origins of bibenzyl and the benzyltoluene
isomers.We notedthatwhereasbibenzylis oftenseenas
the coupling product from two benzyl radicals, the
formationof thebenzyltoluenesfrom radicalcouplingis
apparentlyunprecedented.33–35This leadusto proposea
modification to Takeuchiand co-workers’ mechanism,
shown in Scheme2. The singlet (1NH2

�) abstractsa
hydridefrom tolueneto give NH3 alongwith thebenzyl
cation(PhCH2

�). Thelatterattacksanunreactedtoluene
to give eithero- or p-benzyltoluene.In competitionwith
hydride transfer, 1NH2

� also can relax to the lower
energytriplet 3NH2

�. The triplet in turn abstractsan H
atomfrom toluene,aspreviouslysuggested.Thisprocess
givesPhCH2

., which finally dimerizesto give bibenzyl.
This mechanismis supportedby two experiments:

1. Addition of anon-reactivediluentfavorstheformation
of the triplet product(bibenzyl)at the expenseof the
singletproducts(toluidinesandbenzyltoluenes).This
experiment is easily understood by reference to
Scheme2. The hydridetransferstephasa ratethat is
proportionalto theconcentrationof thetrap(toluene),
whereastheintersystemcrossingrateis independentof
the trap. Thus, diluting the toluenecausesa greater
fractionof the initial 1NH2

� ionsto relax to the lower

Scheme 1. Photochemistry of 1-aminopyridinium ions

Scheme 2. Mechanism of the reaction of the parent nitrenium ion with toluene
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energy3NH2
�. Table1 showsthat the behavioris in

factconsistentwith thesepredictions.Addition of 50%
(v/v) CCl4 or 50% (v/v) hexafluorobenzene(C6F6)
causesboth a decreasein the yields of the benzyl-
toluenesand an increasein the yield of bibenzyl.
Although not indicated in Table 1, the yields of
toluidines are affected in a similar way to the
benzyltoluenes.

2. Photolysisvia triplet energytransferfavorsformation
of the triplet product,bibenzyl.When1 is photolyzed
via a triplet sensitizer (9-fluorenone),light is first
absorbedby the sensitizer, which rapidly suffers
intersystemcrossingto its excited triplet state and
then relays the energy to compound1, creating its
triplet excited state.Spin conservationdictatesthat
decompositionof triplet excited1 will give the triplet
nitrenium ion 3NH2

�. Hence triplet sensitization
providesa methodby which 3NH2

� canbe produced
bypassingthe singletmanifold. This predictsthat the
yield of bibenzylwouldbeincreasedat theexpenseof
benzyltoluenes.Table1 showsthat this is indeedthe
case.Theyield of bibenzylincreasesfrom 23 to 53%
andthe yield of benzyltoluenesdecreasesfrom 24 to
14%.

While this result also supports the mechanismin
Scheme 2, there remains a question as to how
benzyltoluenesare formed at all undertriplet sensitiza-
tion. There are two possibilities. First, the triplet-
sensitizedirradiationsemployedwavelengths>320nm.
At thesewavelengths,thesensitizerabsorbsthemajority
of light. However,it is impossibleto preventsomedirect
absorptionby theprecursor1. Hencethesingletproducts
couldbetheconsequenceof undesireddirect irradiation.
The secondpossibility is that the benzyltoluenescome
from reactionsof thetriplet. FollowingScheme2, 3NH2

�

abstractsan H atom from tolueneto give PhCH2
. and

NH3
�.. The benzyl cation would then result from a

secondaryelectron transfer between these two inter-
mediates(i.e. PhCH2

.�NH3
�. → PhCH2

� � NH3). We
favor the former explanation.The dilution experiment
establishesa limit on the amountof benzyltoluenesthat
couldcomefrom the triplet pathway.

In any case,thesetwo experimentsmakeit clear that

bibenzyl and the benzyltoluenesarise from different
pathways.Benzyltoluenesform from the initially gener-
ated state and bibenzyl forms from a subsequent
intermediate.If they were both formed from benzyl
radicaldimerization,thenconstantratiosof thetwo types
of products would form regardlessof the reaction
conditions.

ARYLNITRENIUM IONS

In contrastto theparentsystem,it is generallyagreedthat
arylnitreniumions (e.g. PhNH�) are ground-statesing-
lets. In thecaseof PhNH�, ab initio calculationsat both
the post-Hartree–Fock11,36 and the DFT14 levels con-
vergedonaDEst of caÿ20kcalmolÿ1. Qualitativelythis
is explainedby donationof electrondensity from the
filled p-orbitals of the aromaticring into the vacantp
orbital at thenitreniumcenter.Thiseffectdelocalizesthe
chargeto theortho andpara positionsof thephenylring
asdepictedby theresonancehybridsin Eqn.(2). In terms
of theMOsin Fig. 1(B), this interactionraisestheenergy
of the p non-bondingorbital andthusfavors the singlet
state.

Fromthis argumentit further follows thatsubstituting
the aromatic ring with p-donating groupswill further
stabilizethesingletanddestabilizethe triplet. Likewise,
addition of p-withdrawing groupswill tend to decrease
the orbital splitting andthusfavor the triplet state.This
latterpredictionwill becomeimportantwhenweconsider
nitreniumion 2g (seebelow).

The computational results above also reveal an
unexpectedfeature of triplet arylnitrenium ions. The
triplet state of phenylnitrenium ion is not a planar
structure.Instead,theN—H bondis perpendicularto the
aromaticring (Fig. 2). In contrast,thesingletpossessesa
planarstructureand a shortenedC—N bond (1.311Å)
consistentwith its cyclohexadienylimine cationcharac-
ter.This finding holdstrueat all levelsof theorystarting
with AM1 semiempiricalcalculations11,37–39all theway
upto DFT calculations(BVWN5/cc-pVTZ//BVWN5/cc-
pVDZ).40 Apparentlythe triplet behavesasa protonated
triplet nitrene.TheC—N bondis longerandshowsonly a
very low barrier to rotation. The non-planarminimum
can be explainedby a slight steric bias causedby the
orthoH atoms.In sum,calculationsonarylnitreniumions

Table 1. Stable product distributions from generation of
NH2

� in the presence of PhCH3 with 10% tri¯uoroacetic acid

Conditionsa Bibenzyl (%)
Benzyltoluenes

(%)

PhCH3 23 24
1:1 (v/v) PhCH3–C6F6 85 5
1:1 (v/v) PhCH3–CCl4 80 6
PhCH3–triplet sensitizerb 52 14

a 10%trifluoroaceticacidadded.Irradiationswerecarriedoutusingthe
>295nm outputof a medium-pressureHg lamp.
b 9-Fluorenonewas used as a triplet sensitizer and wavelengths
>320nm wereemployed.

Figure 2. Geometries of the singlet and triplet states of
phenylnitrenium ion
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showthatthereis a low-energysingletstatethatis planar
andpossessesthering bondalternationalongwith ashort
C—N bond distance that would be expected for a
cyclohexadieneimine cation.This is accompaniedby a
non-planartriplet wherethe chargeis localizedand the
C—N bond is more or lesssingle. In the simplestcase
(PhNH�) thetriplet is higherin energythanthesingletby
ca 20kcalmolÿ1.

Arylnitrenium ions havebeenstudiedextensivelyin
connectionwith their involvement in carcinogenesis.
Relativelyfew studies,however,hadaddressedtheissue
of their spinstatesuntil investigationsof N-tert-butyl-N-
(2-acetylphenyl)nitrenium(2a) were carriedout several
yearsago.41 Thisparticulararylnitreniumion waschosen
for study mainly because there was a previously
characterizedmethodfor its generation.42 The mechan-
ism of its photochemicalformation is complex and a
detaileddiscussionis availableelsewhere.41 Herewewill
focuson thekey resultsthatfirst revealedthedichotomy
between the singlet and triplet state chemistry and
comparethis behaviorto thenitro derivative2g.

Directphotolysisof theprecursor3a in CH2Cl2 solvent
containing2.7M CH3OH gives the adductN-tert-butyl-
N-(2-acetyl-4-methoxyphenyl)amine(5a) in nearlyquan-
titative yield (Scheme3). The origin of this productcan
bereadilyunderstoodby referenceto Fig. 2. Thesinglet
state,having significantpositive chargein the position
para to the nitreniumcenter,43 reactswith nucleophiles
(i.e. lewis bases)at that position.The stableproduct is
formed from nucleophilic attack at the para position
followed by a net protonshift from the para positionto
thenitrogenatom.

Theseresultscanbecomparedwith thestableproducts
obtained via triplet sensitization.In the presenceof
0.12M CH3OH, a73%yield of thesamemethoxyadduct
is detectedalongwith 24% of the parentamine[N-tert-
butyl-N-(2-acetylphenyl)amine(4a), Table2]. However,

asthe concentrationof CH3OH is increasedthe yield of
the methoxyadductactuallydecreases!In neat(24.7M)
CH3OH, theyield decreasesto 32%.Simultaneouslythe
yield of the parent amine increaseswith increasing
CH3OH concentration.This apparentcontradiction is
explainedasfollows: (1) CH3OH canact asan H atom
donor through its methyl hydrogensand also as a
nucleophilethroughits O—H group;(2) the triplet state
nitreniumion prefersto abstractH atoms(a one-electron
process)rather than suffer nucleophilic attack (a two
electron process); and (3) the singlet state of the
nitreniumion is lower in energythanthe triplet stateor
elsecloseenoughin energyto be thermallyaccessible.

Following themechanismin Scheme3, we seethatat
high concentrationsof CH3OH, the triplet will be
kinetically trappedby H atom transfer,a processthat
ultimately yields theparentamine4a. As theconcentra-
tion of CH3OH is reduced,alargerfractionof theinitially
formed nitrenium ions survive the H atom transfer
processandrelax to the lower energysingletstate.The
singlet is then trapped via nucleophilic addition of
CH3OH.

Theresultsof theexperimentswith 2a establishedthat
singlet-andtriplet-statenitreniumionsreactvia different
mechanismsand yield different stable products. The
singletis attackedby nucleophilesandthetriplet tendsto
reactvia H atomtransfer.Furthermore,thefact thatthere

Scheme 3. Mechanism of the methanol trapping of the N-tert-butyl-N-(2-acetylphenyl)nitrenium ion 2

Table 2. Yields of methoxy adduct 5a and parent amine 4a
from triplet sensitized photolysis of 3a

[CH3OH] (M)
Methoxyadduct5a

(%)
Parentamine4a

(%)

0.12 73 24
1.18 57 42
2.69 44 51

24.7 32 66
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is a kinetically viable pathwayfrom the triplet to the
singletimpliesthatthesingletis lower in energythanthe
triplet. This is consistentwith theoreticalstudieswhich
predictthesespeciesto beground-statesinglets.11

Derivativesof 2 with variousring substituents(Br, Cl,
CH3, CN, Ph) have also beenexamined.44–47 They all
showsimilar trappingbehavior.The predominantstable
productsresultfrom nucleophilictrappingonthecarbons
of thearomaticring (e.g.5) Again this is consistentwith
the singlet being the lowest energystate.More recent
attention has turned to the diphenylnitrenium ion
(Ph2N

�).48,49 Although an extensive analysis of its
singlet–tripletstatedynamicsis not complete,it is clear
that the major decaypathwaysoccur from the singlet
state.For example,Ph2N

� reactsrapidly with nucleo-
philessuchashalides,alcohols,waterandaminesgiving
adductsanalogousto 5. Again,thisbehavioris consistent
with DFT calculationswhich hold that this speciesis a
ground-statesingletwith aDEst of ÿ11.6kcalmolÿ1.

Finally, we turnourattentionto the4-nitro-substituted
arylnitreniumion 2g, which we shall argueis a ground-
statetriplet.50 Scheme4 presentsour mechanismfor the
photolysisof its precursor3g. The stableproductsfrom
this nitreniumion arequalitativelydifferent to that seen
from the unsubstitutedarylnitrenium ion 2a. Only two
typesof productsareobserved,theparentamine4g and
an iminium ion 8. The latter productarisesfrom a 1,2-
migrationof amethylgroupfrom thetert-butyl residueto
the electron-deficientnitrenium ion center. This was
shownto be a characteristicproductof the singletstate
through a comparisonof direct and triplet-sensitized
irradiations.Interestingly,no nucleophilicadductsana-
logousto 5 couldbedetectedevenwhenneatmethanolor
27M H2O wereaddedastraps.Apparentlythe 1,2 shift
leading to 8 is faster than addition of any external
nucleophile.

Laserflashphotolysisof nitreniumion 2g’s precursor
(3g) givesatransientabsorptionspectrumthatis assigned
to its excitedtriplet state.Thisspeciesappearswithin the
10nswindow of the laserpulseandits decayrateis not
affectedby H atomdonors(trapsfor thetriplet nitrenium

ion) or nucleophiles(trapsfor thesingletnitreniumion).
However,addition of O2, a quencherof excited triplet
states,doesreduceits lifetime. In the absenceof O2 the
excitedtriplet stateof 3gdecayswith alifetime of 300ns.
The formationof the excitedtriplet stateof 3g indicates
that intersystemcrossingin the precursor(i.e. process
kisc) effectivelycompeteswith excitedstatering opening
(kso).

We were unableto detecta transientabsorptionthat
couldbeattributedto eitherthesingletor triplet stateof
nitreniumion 2g. However,its lifetime andreactionrates
couldbemonitoredthroughtheuseof a probesubstrate.
Addition of triphenylmethane(Ph3CH) causedformation
of the trityl radical (triphenylmethyl,Ph3C

.) only when
3g was also present in the reaction medium. The
appearanceof the trityl radical absorptionband51 at
340nm could be monitoredusinglaserflashphotolysis.
Oneimportantconsequenceof this experimentis that it
confirmeda previousassumptionthat the parentamine
arisesfrom sequentialhydrogenabstractions.

A kinetic waveformfrom this experimentis shownin
Fig.3.50Thisparticulartracewastakenat370nm.At this
wavelength,both the trityl radicalandtheexcitedtriplet
stateof 3g absorb.Following the laserpulse,thereis a
rapiddecayin absorptionof theexcitedtriplet stateof 3g
(duemainly to processkto). This is followedat latertimes
by thegrowthof the trityl radical(throughprocesskH2).
Carefulkinetic analysisof the growthof trityl radicalat
variousPh3CH concentrationsrevealsa delay between
disappearanceof the excited triplet stateof 3g and the
appearanceof thetrityl radical.Thisdelaycorrespondsto
the lifetime of the unseennitrenium ion 2g. In the
absenceof the trap, the lower limit of the nitreniumion
lifetime is calculatedto be>2ms.

Thisverylonglifetime shouldbesufficientto allow for
spin equilibration. Carbenes,for example, reach spin
equilibrium in times usually of the order of 1 ns or
less.21,52–54The implication of this result,coupledwith
the assumptionthat the radical productsderive from
triplet statereactions,is eitherthat2g mustbea ground-
statetriplet or that the singletandtriplet statesmustbe

Scheme 4. Photochemical generation and trapping of nitrenium ion 3
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closeenoughin energythatthesingletstatecanreactvia
anequilibriumwith thehigherenergytriplet. If thelatter
casewereoperative,we would haveexpectedto observe
some singlet products (i.e. iminium ion 8) when the
triplet is selectivelygenerated.

To test for rapid spin equilibration, triplet energy
transferexperimentswerecarriedout in CH2Cl2 solvent
using9-fluorenoneas the sensitizer.Theseexperiments
producednodetectableyieldsof 8. Thisresultleadsto the
conclusionthat 2g is a ground-statetriplet. The only
alternativethatwouldbeconsistentwith ourobservations
wouldbethatthesingletis thegroundstate,but for some
reasonthere is an unexpectedlylarge kinetic barrier to
spin inversion.

N-tert-Butyl-N-(2-acetyl-4-nitrophenyl)nitrenium ion
2g is an interestingcasebecauseit appearsto be an
exampleof aarylnitreniumion with atriplet groundstate.
This is readily understoodfrom qualitative considera-
tions. Removalof p-electrondensityfrom the aromatic
ring tends to favor the triplet state over the singlet.
Although 2g itself has not been the subject of a
computationalinvestigation,a recentpaperby Sullivan
et al.55 on para-substituted phenylnitenium ions is
relevant.High-levelDFT calculationsverify thequalita-
tive predictionthat p-acceptorssuchasnitro andacetyl
substituents stabilize the triplet state by 2.0 and
5.3kcalmolÿ1, respectively, compared with PhNH�.
The mono substitutedphenylnitrenium ions were all
calculated to have singlet ground states. However,
possible synergistic effects of disubstitution and the
steric effect of the bulky tert-butyl group might be
responsiblefor makingthe triplet thegroundstatein the
caseof 2g. Furthercomputationalstudiesof theseeffects
areclearly warranted.

CONCLUSIONS

Recentwork hasshownthe singlet and triplet statesof

nitrenium ions can be distinguishedvia characteristic
chemicalreactions.Thesingletsreactvia hydridetransfer
and addition to nucleophiles.Triplets reactvia H atom
abstraction.Generally,quantummechanicalcalculations
at various levels have proved to be a good qualitative
guideto predictingsinglet–tripletenergygaps.Thusthe
parentsystem,NH2

�, is almostcertainlya ground-state
triplet. Experimentaldatain thegasphaseandin solution
aregenerallyin agreementwith that.Aromaticnitrenium
ionsarepredictedby ab initio methodsandalsoDFT to
be ground-statesinglets. This prediction is generally
consistentwith most experimentaldata. However, no
experimentto datehasdirectly addressedthemagnitude
of thesinglet–tripletgapin arylnitreniumions.
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