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ABSTRACT: The C4H7
� cations were formed from cyclopropylcarbinyl, cyclobutyl and homoallyl chlorides via

chloride atom loss from the radical cations in a chemical ionization source. Their structures were probed on a short
time-scale (of the order of 10ÿ6 s) as a function of internal energy by utilizing collisionally activated dissociation with
tandem mass spectrometric methods. The results show that the radical cations of cyclopropylcarbinyl and homoallyl
chlorides generate primarily the cyclopropylcarbinyl cation,3, whereas the radical cation of cyclobutyl chloride
generates a substantial amount of bicyclobutonium ion,4. Ion 4 reacts with nucleophiles via multiple competing
reaction pathways, unlike3. Ion 3 undergoes a cycloaddition reaction with ethene to generate the cyclopentylcarbinyl
cation. Ion4, although reactive with ethene, does not generate, to any appreciable degree, the cyclopentylcarbinyl
cation. Copyright 2000 John Wiley & Sons, Ltd.

KEYWORDS: bicyclobutonium ion; cyclopropylcarbinyl cation; ion structures; ion–molecule; reactions; tandem
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INTRODUCTION

The structures and isomerizations of the C4H7
� cations

resulting from cyclopropylcarbinyl,1, and cyclobutyl
substrates,2, [Eqn. (1)] have been the focus of more
studies than any other cationic system with the singular
exception of those from 2-norbornyl substrates.1

Early interest in these systems stemmed from the
surprising observation that neutral cyclopropylcarbinyl
and cyclobutyl substrates solvolyze at unexpectedly
high rates to cations.1–4 The rapid solvolysis of cyclo-
propylcarbinyl substrates is a result ofs-bond participa-
tion from the ring, presumably generating a
symmetrically stabilized cyclopropylcarbinyl cation,3
[Eqn. (2)].3,4

The enhancement in the rate of solvolysis of cyclo-
butyl substrates may also be the result ofs-bond parti-
cipation from the ring in the generation, either directly or
indirectly, of 3 [Eqns (3) and (4)].3,4

Is the cyclopropylcarbinyl cation the first formed ion in
the solvolysis of cyclobutyl derivatives? Majerski,et al.5

reported significantly reduced H–D label scrambling in
ions that come from isotopically labeled cyclopropylcar-
binyl substrates compared with those that arise from
cyclobutyl derivatives. The interpretation was that the
cyclopropylcarbinyl derivatives solvolyze directly to3,
whereas the cyclobutyl derivatives solvolyze initially to
ions with a cyclobutyl structure.

In contrast, orbital symmetry considerations, coupled
with measurements of relative solvolysis rates for
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substitutedcyclobutyl derivatives,suggestthat a sub-
stantial, if not quantitative,amountof the cyclopropyl-
carbinyl cation is formed directly from cyclobutyl
substrates.6

Althoughthereis disagreementregardingthenatureof
the ions formedinitially uponsolvolysis,it is clearthat,
uponsolventcapture,mixturesof neutralproductsresult.
Roberts and Mazur7 showed that cyclopropylcarbinyl
chloride reactswith ethanol-waterto give the product
mixture shown in equation Eqn. (5). The analogous
reactionstarting with cyclobutyl chloride gave similar
products.8

Brown9 postulatedthat thecyclopropylcarbinylcation
is in rapid equilibrium with the classical cyclobutyl
cation,bothof which reactwith solventto give products.
In contrast,Robertsandco-workers,10–13positedthatthe
observedproductsresult from a commonintermediate,
the bicyclobutoniumion, 4, which is the prototypical
‘non-classical’carbocation.Furthermore,theypostulated
that 3, from either cyclopropylcarbinyl or cyclobutyl
substrates,isomerizesto 4 [Eqn. (6)], which is then
attackedby a nucleophileat any of the threesitesthat
bearcation character,leading to the cyclobutyl, cyclo-
propylcarbinyl,andhomoallyl derivatives.

A major difficulty in understandingthe ionic inter-
mediatesinvolved in solvolysis reactions is that the
natureand extent of ionic interconversions is inferred
from theproductsformeduponnucleophilicattackonthe
intermediate(s).However,direct observationof the ions
themselves,generatedas long-lived intermediatesin
super acid media and analyzed by various NMR
techniques,hasaffordedadditionalinsight.

The outcomeof NMR investigationsof thesesystems
in superacidmediadoesnot supportBrown’s interpreta-
tion. Olah et al.14 reportedthat cyclopropylcarbinoland
cyclobutanolon reactionwith SbF5–SO2ClF at ÿ80°C
gave identical 1H and 13C NMR spectra.The NMR
resultscoupledwith thoseusinglabeledprecursors15 led
to theconclusionthatthereis no significantparticipation
by theclassicalcyclobutylcation.Evidencegeneratedby
the NMR deuteriumisotopicperturbationtechniqueled
Saundersand Siehl16 to postulatethat 4 is the major
speciespresentin an equilibrating mixture and that 3
servesasa transitionstatebetweenthebicyclobutonium
forms. In 1984, Brittian et al.17, however, generated

stereoisomers of trideuterated cyclopropylcarbinyl
cationsin superacid anddemonstratedvia NMR that 4
is indeed in equilibrium with a less abundantisomer,
presumably3. Thus, somequantity of 3 co-existsand
interconvertswith 4, afindingthatis supportedby related
work.16–22 By comparingexperimentaland calculated
shifts to make a quantitativeassessment,the 3:4 mole
ratio wasdeterminedto rangefrom 25:75at ÿ61°C to
16:84 at ÿ132°C.23,24 Boltzmann population analysis
basedon thesedatashowedthat4 is 0.20kJmolÿ1 more
stablethan3.

NMR studiesdealwith cationsthatarerelativelylong-
lived,whereasthoseformedby solvolysisareshort-lived,
solvated species.In both cases,the ions formed are
solvated and experience numerous collisions. Mass
spectrometry,in contrast,deals with the formation of
ionsin thesolvent-freegasphaseunderconditionswhere
the ions may be sampledat short timesafter formation,
andwherethenumberof collisionswith a selectedtarget
can be controlled. The opportunitiesof massspectro-
metry motivate the direct observationof the C4H7

�

cations in the dilute gas phase.The purposeof the
researchreportedherewas to comparethe resultswith
thoseobtainedin solutionandto determinewhetherthe
two isomericprecursors,cyclopropylcarbinylandcyclo-
butyl, producethesameinitial ionic species.

Cyclopropylcarbinyl,cyclobutyl,andhomoallylchlor-
ides,when ionized to radical cationsin a high-pressure
chemicalionizationsource,produceC4H7

� speciesvia Cl
radical loss. We formed the C4H7

� ions with differing
internal energy and analyzed their product-ion mass
spectraproducedby usingcollisionalactivation.We also
comparedthe gas-phase,bimolecularreactivitiesof the
C4H7

� with neutral methanoland etheneto learn more
about3 and 4. The logic of using etheneas a probeis
basedon the theoretical investigationsof Cramer and
Barrows,25 who predicted that ethenewill undergoa
cycloaddition with 3 but not with 4. This work thus
provides an experimentaltest for the applicability of
etheneasa selectivereagentfor thecyclopropylcarbinyl
cation.

EXPERIMENTAL

CAD mass spectrometry. All collisionally activated
dissociation(CAD) massspectrawereobtainedby using
a Kratos MS50-TA tandemmassspectrometerof EBE
design, which consisted of a high-resolution mass
spectrometer(MS-1) of Nier–Johnsondesignfollowed
by an electrostaticanalyzer (ESA-2 as MS-2).26 Ions
formed in the Kratos Mark-V CI (chemicalionization)
sourcewereacceleratedto a kinetic energyof 8 keV and
weremassselectedat a mass-resolvingpowerof 2500–
3500 (10% valley definition) by using MS-1. The ions
were activatedby 8 keV (laboratory frame) collisions
with heliumgas(UHPgrade)in thecollision cell located
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betweenMS-1 andESA-2; sufficienthelium wasadded
to suppresstheion beamby 50%.ESA-2wasscannedto
give theCAD spectrumof theresultingfragmentions.In
a typical CAD experiment,20–40scanswere acquired
and then signal averaged.Relative abundanceswere
calculatedfrom themeasuredpeakheightsfor all ionsin
thespectrum,fragmentandprecursor,with the latter set
to 100%.Theprecisionfor all peakheightsreportedwas
approximately5% relative as determinedby replicate
experiments.The peakheightsof replicateexperiments
wereaveraged;theseresultsspanningall reportedCAD
processesarereportedin Table1.

Ion formation. All ions werepreparedin the CI source
that was operatedat a temperatureof 100°C and at an
electronenergyof 280eV. Samplesand reactantswere
introducedthrougha custom-builtglassreservoirprobe
such that total sample pressure was 1� 10ÿ6

Torr (1 Torr = 133.3Pa) as registeredon the external

pressuregaugeon the sourcehigh-vacuummanifold.
GaseousCS2, which servedasbotha buffer andcharge-
exchangegas, was admitted through a custom-built
heatedglassinlet systeminto theCI sourcesuchthat the
pressuresexternalto thesourcewereashigh as1� 10-4

Torr. (An externalpressureof 1� 10-4 Torr, measured
by a Bayard–Alpert vacuum gauge mounted on the
vacuummanifoldoutsideof theion source,corresponded
to an internal source pressure of �0.2Torr, as
determinedby a custom-builtpressureprobe,basically
a sample inlet probe with a thermocouple-element
vacuum gaugemountedon it.) Furthermore,the resi-
dence time for ions in the CI source was a few
microseconds.

The ions of interest were generatedeither by ion–
molecule reactionsor from the radical cations of the
appropriatechloridevia chlorideatomloss.Thepressure
of the CS2 bath gaswas usedto modulatethe internal
energyof the ionsvia collisional cooling.27–31

Table 1. CAD production, the relative abundances (%) of CAD fragments as a function of ion internal energya

m/z

Source Energyb 25 26 27 28 29 37 38 39 40 41 49 50 51 52 53 54

Cyclopropylcarbinylchloride L 0.8 4.6 16.8 3.7 7.7 2.7 5.0 20.3 1.7 1.5 2.0 8.1 7.6 2.4 8.6 7.0
H 0.8 4.8 18.7 4.3 8.8 2.7 5.3 21.9 1.4 0.9 1.9 7.6 6.8 1.9 7.1 5.0

Cyclobutyl chloride L 2.8 11.0 11.3 6.1 4.8 3.3 9.1 17.3 2.1 1.1 1.7 7.9 6.9 1.7 8.1 5.4
H 2.9 12.1 13.8 6.7 4.5 3.6 8.9 17.2 1.9 0.8 1.9 7.7 5.2 1.8 6.8 4.5

4-chloro-1-butene L 0.7 4.7 19.0 3.8 11.0 2.8 5.3 21.8 1.8 0.8 1.8 7.2 6.5 1.8 7.5 4.1
(homoallyl chloride) H 0.8 4.3 17.8 3.7 8.9 2.6 4.9 20.6 1.7 0.9 1.9 7.8 7.2 2.3 9.2 5.8

m/z

27 29 39 41 43 45 53 55 57 58 71 72

Cyclopropylcarbinyl�
methanol

L 4.6 4.8 3.5 5.3 3.0 39.0 1.3 8.1 8.6 7.3 7.3 2.3

Cyclobutonium�methanol L 3.5 3.5 3.1 4.0 2.4 37.6 1.1 14.8 11.5 5.3 9.7 1.5

m/z

27 29 39 41 43 50 51 53 55 63 65 67 68 77 79 81 82

Cyclopropylcarbinyl� L 4.8 2.3 9.3 12.0 1.4 1.4 2.0 4.5 33.9 0.7 2.0 14.0 1.8 1.5 1.8 2.1 5.0
ethylene H 4.2 2.1 9.3 11.7 1.4 1.4 2.1 4.7 33.5 0.6 2.0 14.4 1.6 1.3 1.9 2.2 5.3

Cyclobutonium� ethylene L 4.3 2.5 10.0 12.6 1.3 1.3 2.3 4.5 36.1 0.6 1.6 12.3 1.3 1.0 1.5 2.1 4.0
H 3.8 1.9 9.0 12.1 1.3 1.0 2.0 3.8 45.1 0.5 1.2 10.6 0.6 1.0 1.4 2.0 2.7

Cyclohexylchloride L 3.4 1.9 8.5 11.6 0.8 1.3 2.3 4.5 28.2 0.7 1.3 19.3 0.8 2.5 4.1 5.0 5.3
H 3.9 2.2 9.1 12.0 0.6 1.2 1.9 4.5 22.6 0.6 1.7 19.6 0.5 2.6 4.1 5.0 6.8

Cyclopentylcarbinylchloride L 3.0 1.8 8.3 11.4 0.5 1.1 1.9 4.0 43.3 0.3 1.5 14.9 0.3 1.9 2.8 3.0 1.5
H 3.7 2.1 10.1 13.3 0.5 1.1 2.0 4.4 33.6 0.5 1.5 14.4 0.8 1.9 3.1 3.6 3.6

3-Chloro-1-hexene L 3.7 2.5 8.0 12.2 0.9 0.9 2.3 4.0 46.2 0.4 1.6 11.6 0.8 1.0 1.2 1.8 2.9
(n-propylallyl chloride) H 3.6 2.1 8.3 11.9 0.7 0.7 2.1 4.6 42.6 0.4 1.4 13.0 1.1 1.4 1.8 1.8 2.9

6-Chloro-1-hexene L 4.1 2.4 8.4 11.3 0.9 1.2 2.1 3.9 39.1 0.3 1.5 11.6 1.8 1.2 1.8 2.4 4.2
H 4.2 2.4 9.1 12.4 1.3 1.0 1.9 4.2 38.3 0.4 1.6 11.8 2.6 1.4 1.6 2.6 4.5

1-Chloro-1-methylcyclopentane L 4.3 2.4 10.9 13.8 0.5 1.2 2.2 4.4 29.4 0.5 1.7 15.6 0.5 1.7 3.3 4.4 3.3
H 4.3 2.4 10.5 14.0 0.6 1.2 2.2 4.4 28.5 0.4 1.3 15.8 0.6 1.8 3.5 4.8 3.6

aAbundancesarederivedfrom measuredpeakheightsandnormalizedrelativeto the main beam(100%).
b‘L’ and‘H’ designateions formedfor low andhigh internalenergies,respectively(seeExperimentalsection).
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All chemicalswere obtainedfrom Aldrich Chemical
(Milwaukee, WI, USA) and used without further
purification.

CAD Spectra as a function of internal energy. Changes
in the structure or composition of analyte ions that
originate from the various precursorswere probedby
usingtandemmassspectrometry,wheretheion structure
was evaluatedas a function of internal energy by an
established technique.27–31 Via this technique, the
internal energy was varied by generatingthe analyte
cations within a high-pressure,chemical ionization
sourcein the presenceof an inert bath gas. The bath
gas,CS2, which also servedas a chargeexchangegas,
collisonally stabilized the analyte ion of interest once
formed. At the maximum bath-gaspressure,thesetwo
processesformedionswith low averageinternalenergy.
As thepressureof thebathgaswasreduced,theextentof
direct ionization increasedandthe degreeof collisional
stabilization of the analyte ion decreased,and, conse-
quently,theaverageinternalenergyof theproducedions
increased.The CAD spectraof the analyte ion were
collected in a set of experiments, where in each
successiveexperimentthe CS2 pressurewas incremen-
tally reduced.The evaluationof spectralchangesas a
function of bath gas pressureallowed the study of
structural or compositional change as a function of
internalenergy.

At themaximumbathpressure(0.2Torr, internal)ions
would experienceanaverageof abouttwo collisionsper
microsecondbeforeleavingthe source.Higher bathgas
pressuresdid not yield any additional changesin the
CAD spectraof the ions and adducts.By analogywith
other systems,32 the ions and adductsproducedin this
studywould be thermolyzedby <10 collisionswith the
CS2 bath gas.This indicatesthat the sourceresidence
time involved in ion formationis <5ms.

With no CS2, the ions producedhave the highest
internalenergy;andwith CS2 at an externalpressureof
1� 10ÿ4 Torr (internal pressureof �0.2Torr), ions of
the lowest internalenergywereproduced.Thesesetsof
ionsaredesignated‘H’ and‘L’, respectively,in Table1.

Spectral comparison method. The differencesin the
CAD spectrafrom theseexperimentsarenot character-
izedby thepresenceor absenceof distinctfragmentions,
but rather are reflected in differences in the overall
patterns of fragment ion abundances.To compare
quantitatively the CAD spectra for ions at differing
internal energiesand/or origins, we used a spectral
comparisonmethod33,34wherethem/zvaluesof selected
n fragmentions were usedto definea basisover an n-
dimensionalspace.EachCAD spectrumwasrepresented
asan n-dimensionalvectorwheretheelementswerethe
peaksheightsat thecorrespondingm/zvalues.Colinear-
ity definedsimilarity, evenin the presenceof different
scalefactors.Theanglebetweenthevectors,�, whichwe

termed the divergenceangle, was processedfrom the
vector dot-product and was used as the measureof
similarity. An angleof zeroindicatedthatthetwo spectra
being compared were identical. Angles >5° were
consideredlarge enoughto allow us to concludewith
confidencethat the spectraarosefrom eithera different
structure,a different mixture of structuresor a different
composition of a mixture with common structures.
Angles <5° were consideredidentical within experi-
mental error (basedupon repeatedexperimentson the
same ions under identical conditions), and probably
representedthe formation of common structures or
mixturesof structures.

RESULTS AND DISCUSSION

CAD spectra of C4H7
� ions

We generatedthe various C4H7
� ions with varying

internal energyby changingthe numberof stabilizing
collisions with the bath gas, CS2. We then used the
spectralcomparisonmethod,describedin the Experi-
mentalsection,to comparetheCAD spectraof theC4H7

�

ions generatedfrom the same neutral precursor at
differing energies(e.g.theC4H7

� ionsfrom cyclopropyl-
carbinylchlorideat low energyversushigh energy).The
divergenceangleexceeds6° for eachspecies(Table2).
Theseresultsindicate that the C4H7

� speciesgenerated
from eachof theisomericprecursorsisomerizeto asmall
extentwhich changesthecompositionof theion mixture
with increasinginternalenergy.

Two conclusionscomefrom comparisonof the CAD
spectrafrom the C4H7

� speciesgeneratedfrom cyclo-
propylcarbinyl chloride with C4H7

� from other sources
(Table 2). First, the C4H7

� derived from cyclobutyl
chloride is significantly different from that generated
from cyclopropylcarbinylchloride.Second,basedupon
divergenceangle,theC4H7

� generatedfrom cyclopropyl-

Table 2. Comparison of the CAD spectra of C4H7
� ions

generated from cyclopropylcarbinyl chloride with those from
other sources

Divergenceangle,� (°)a

Precursorto C4H7
� LH LL ' LH' HL' HH'

Cyclopropylcarbinyl
chloride

6.3

Cyclobutyl chloride 6.8 19.4 21.0 20.4 20.5
4-chloro-1-butene

(Homoallyl chloride)
6.1 8.8 4.2 3.7 4.9

aL' and H' representthe CAD spectrafor the C4H7
� ions generated

from cyclopropylcarbinylchloride at low energyand high energy,
respectively.L andH representthe CAD spectrafor the C4H7

� ions
generatedfrom thespecifiedneutralprecursorat low energyandhigh
energy,respectively.(seein Experimentalsection).
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carbinyl chlorideis mostsimilar to that from homoallyl
chloride.Thateachof theC4H7

� ionsoriginatingfrom the
threechlorideprecursorsshowschangesin therespective
CAD spectra with increasing internal energy is not
surprisingin view of the many studiesindicating that
thesespeciesindeedarehighly susceptibleto rearrange-
ment. Thesevariations of CAD spectrawith internal
energyindicatethat,duringtheshorttimeafterC4H7

� ion
generationaffordedby ourexperiments,someisomeriza-
tion of the initially formed ions occurred,at least for
thoseionsformedwith high internalenergy.In addition,
the C4H7

� ions generatedfrom the cyclopropylcarbinyl
andhomoallyl chloridesaresimilar, particularlyat high
internalenergies,which is consistentwith thetheoretical
prediction of Hehre and Hiberty35 that the homoallyl
cationwould collapseto the cyclopropylcarbinylcation,
3, without activation.

The observationthat the initial C4H7
� ions generated

from the cyclopropylcarbinyl and cyclobutyl chlorides
aresignificantlydifferent(Table2; � >10°) hasstructural
andmechanisticimplications.Majerski et al.,5 basedon
labelingstudiesin solvolysischemistry,proposedthatthe
cyclopropylcarbinyl and cyclobutyl derivatives each
solvolyze to initial ions that are similar in structureto
the respectivestartingmaterial.However,Schneideret
al.6 contendthat theC4H7

� ionsfrom bothprecursorsare
thecyclopropylcarbinylcation.TheC4H7

� ionsgenerated
in our studyareformedin the solvent-freegasphaseby
the loss of chloride radical from the radical cations.
Although our experimentalconditionsaredifferent than
thoseof solvolysis,the samequestionarisesconcerning
the natureof the initially formed C4H7

� ions from the
cyclopropylcarbinyl and cyclobutyl precursors. Our
resultsareconsistentwith thoseof Majerski et al.,5 that
is, theradicalcationsof cyclopropylcarbinylchlorideand
cyclobutyl chloride, on loss of the chloride radical,
generaterespectiveion populationsthataresignificantly
enrichedin thecarbeniumions,3 or 4, respectively.

Althoughtheinitial C4H7
� ionsor ion mixturesformed

from thecyclopropylcarbinylandcyclobutylchloridesin
the gas phase differ significantly, those same two
precursorsin superacidmedia generateessentiallythe
sameion mixture.In superacid,bothionsarelong-lived,
being producedand analyzedover a period of time
rangingfrom millisecondsto tensof seconds.Henceion
formation, rearrangementand subsequentequilibration,
which would entail carbonscrambling,occur over this
time period.However,massspectrometrysamplesions
within a muchshortertime aftergeneration(of theorder
of 10ÿ6 s), beforesuchprocesseshaveoccurred,andin
thecompleteabsenceof solvent.

In solvolysis experiments,5 there is significantly
reducedH–D label scramblingin ions originating from
isotopically labeled cyclopropylcarbinyl substratesas
comparedwith labeled cyclobutyl derivatives.On the
time-scale of our experiments, we expect that H
migration in ion 3 would be insignificant.For ion 4, a

1,2-Hshift from C-2or C-4 to C-1wouldbefunctionally
equivalentto rotationby 90° abouta perpendicularaxis.

Evaluation of bimolecular adduct ion mixtures
generated from C4H7

� ion±neutral reactions

We conducted two series of bimolecular gas-phase
reactions (see Experimental section), using methanol
andetheneasneutralreagentsin separateexperiments,to
gain further insight into the C4H7

� species initially
producedfrom cyclopropylcarbinylandcyclobutyl sub-
strates.We chosemethanolasa reagentbecauseit is a
goodgas-phasenucleophileand,in fact, it reactsreadily
with theC4H7

� ionsto produceadductions.Furthermore,
we expectedthat methanol,which possessesa hetero-
atom,would produceadductions that would dissociate
via heteroatom-driven,structure-specificpathwaysand
hencewould provideinsightinto theskeletalstructureof
the reactantC4H7

� ions. We choseetheneasa potential
selectivereagenton the basisof Cramerand Barrows’
computationalwork.25 The bimolecular reactionscon-
ductedareshownin Eqns(7)–(10).

MeOH� C4H
�
7 from cyclopropylcarbinyl chloride

ÿ! adduct�s� �7�
MeOH� C4H

�
7 from cyclobutyl chloride

ÿ! adduct�s� �8�
ethene� C4H

�
7 from cyclopropylcarbinylchloride

ÿ! adduct�s� �9�
ethene� C4H

�
7 from cyclobutyl chloride

ÿ! adduct�s� �10�

The C4H7
� ionsderivedfrom cyclopropylcarbinyland

cyclobutyl chloridesgenerateC5H11O
� adduct ions at

m/z87[Eqns(7) and(8)]. Onthebasisof theconclusions
of Majerski et al.5 andSchneideret al.,6 we expectthat
the C4H7

� reactant,generatedfrom the cyclopropylcar-
binyl precursorandinvolvedin reactionwith methanol,is
principally 3. In the previous section, we presented
evidencethat the C4H7

� generatedfrom the cyclobutyl
precursorcannotbe predominantly3. Instead,4 likely
representsa significant, if not exclusive,speciesin the
C4H7

� ion populationderivedfrom cyclobutyl chloride.
Thestructuresof theC5H11O

� adductions,asreflected
in their CAD spectra, are significantly different, as
establishedby a divergenceangleof 11.0° (derivedfrom
data in Table 1). The difference is consistentwith
expectationsthat3 is thereactantin reaction(7) and4 is
the major reactantin reaction(8). The differencemay
maskthe lesserpresenceof 3 in the compositionof the
C4H7

� derivedfrom cyclobutyl chloride.
The specific dissociationsof the C4H7

�–methanol
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adductsprovideevidenceregardingthenatureof 3 and4
and of their reactionswith methanol.The predominant
fragmention (�40% total ion current) generatedupon
dissociationof the adduct formed in reaction (7) is a
C2H5O

� ion of m/z 45. This ion can reasonablybe
derivedfrom anadductwhosecarbonskeletonresembles
that of cyclopropylcarbinyl.However, an adduct that
containsan intact cyclobutyl moiety is not expectedto
undergofragmentationreadily to yield a C2H5O

� ion of
m/z45 [compareEqns(11) and(12)].

The C2H5O
� ion of m/z 45 is also the predominant

fragment ion (�34% total ion current, a reproducible
differencefrom that of reactionwith 3) generatedfrom
the methanol adduct formed in reaction (8). If the
cyclobutyl precursorgeneratesinitially only 4, then 4
must react with methanol to produce an adduct ion
possessinga cyclopropylcarbinylmoiety. This common
reactivity implies that 3 and4 sharea commonreactive
outlet. Robertsand co-workers10–13 proposedthat the
bicyclobutonium ion, 4, was initially formed from
cyclobutyl precursorsbut that the cyclopropylcarbinyl
andcyclobutylproductswereproducedduringsolvolysis
by nucleophilic attack at carbonsC-2 (C-4) or C-1,
respectively,of 4.

Nucleophilicattackby methanolatC-2or C-4of 4 is a

reactive outlet that is the functional equivalent of
nucleophilic attack at the exocyclic carbon of 3, and
explains the shared reactivity between 3 and 4. In
contrast,methanolattackat C-1 generatesanadduction
not producedin the reactionbetweenmethanoland 3.
(Nucleophilic attackat C-3 would not producta viable
adduct.)Thus,methanolattackat varioussitesof 4 gives
differentproduct(s)thanattackon 3, which canundergo
methanol attack only at the exocyclic carbon, thus
explaining why the adduct ions producedin reactions
(7) and(8) arenot identical.Nevertheless,bothproducea
fragmention of m/z45 uponcollisional activation.

If, instead,the cyclobutyl precursorgenerateseither
initially or within thetimeframeof theseexperiments(of
the order of 10ÿ6 s) a C4H7

� ion mixture consistingof
both 3 and4, considerationsin addition to thoseof the
precedingdiscussionmustbe made.The componentsof
such a mixture would then react with methanol as
outlined in both reactions(7) and (8). As discussed
earlier,3 wouldreactwith methanolto produceanadduct
ion that has a cyclopropylcarbinylmoiety and would
decomposeupon collisional activation to yield the
C2H5O

� fragment ion at m/z 45 [reaction (11)]. The
differencesobservedin the CAD spectraof the adducts
formed from C4H7

� ions from cyclopropylcarbinyland
cyclobutyl substratessuggest that 4 must possess
reactiveoutlet(s)not availableto 3, themostreasonable
being methanol attack at C-1. The question then is
whether4 necessarilypossessesa reactiveoutlet that is
commonwith 3. We note that the CAD spectraof the
adduct ions generatedin reactions(7) and (8), while
different from one another, are more similar to one
anotherthanare the CAD spectraof the reactantC4H7

�

ions (divergenceangle,�, of 11° for the adductsvs �
>19° for the reactant C4H7

� ions in Table 2). This
observationimplies that 3 and 4 possessa common
reactiveoutlet,presumablymethanolattackatC-2or C-4
of 4, which is functionallyequivalentto methanolattack
directly upon3.

Table 3. Comparison of the CAD spectra of the C6H11
� adduct ions formed in the bimolecular

reaction of the C4H7
� from cyclopropylcarbinyl chloride with ethylene and the C6H11

� ions
from other sources

Divergenceangle,� (°)a

Precursorto C6H11
� ions LH LL ' LH' HL' HH'

C4H7
� (cyclopropylcarbinylchloride)� ethene 1.3

C4H7
� (cyclobutyl chloride)� ethene 8.1 4.1 4.8 11.3 11.8

Cyclohexylchloride 7.9 12.5 11.7 18.6 17.9
Cyclopentylcarbinylchloride 9.6 9.6 9.7 4.8 4.8
3-Chloro-1-hexene(n-propylallyl chloride) 3.3 11.2 11.6 8.5 8.9
6-Chloro-1-hexene 2.4 7.1 7.6 5.7 6.4
1-Chloro-1-methylcyclopentane 1.6 8.8 8.6 9.9 9.6

a L' andH' representthe CAD spectrafor theC6H11
� adduction generatedin the reactionof theC4H7

� ions
from cyclopropylcarbinylchloride with ethyleneat low energyand high energy,respectively.L and H
representtheCAD spectrafor theotherC6H11

� ionsgeneratedfrom thespecifiedprecursorat low energyand
high energy,respectively(seein Experimentalsection).
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Evaluation of C4H7
� ion±ethene bimolecular

adducts

Basedon thetheoreticalwork of CramerandBarrows,25

we expectetheneto undergoa cycloadditionwith 3 to
givethecyclopentylcarbinylcation[Eqn.(14)],butnotto
reactwith 4.

The C4H7
� speciesfrom cyclopropylcarbinylchloride

does react with ethene to product a C6H11
� adduct

[reaction (9)]. The CAD spectraof the C6H11
� adduct

does not change appreciably with internal energy
(� = 1.3°, Table3). This result indicatesthat the adduct
ion is stableandits bondingis covalent.If theadducthad
an appreciablepopulation of ion–dipole complex (a
C4H7

�–ethene complex), the amount of m/z 55 ion
producedupon collision activation would exhibit sig-
nificant changeswith ion internal energy,becausethe
stability of an ion–dipole complex is sensitive to its
internalenergy.

Model C6H11
� cationswere generated,and their CAD

spectraasafunctionof internalenergywerecollectedfor
the purposeof comparison.The specific model com-
poundschosenfor generationof the C6H11

� specieswere
cyclohexyl, cyclopentylcarbinyl, n-propylallyl, 5-hexe-
nyl and 1-methylcyclopentylchlorides.Theseions are
generatedvia a unimolecular decompositionof the
precursorradicalcations,andareexpectedto becovalent
species.Hence,direct comparisonof CAD spectrawith
thatof theadductof reaction(9) shouldbejustified.The
predominantfragmentationchannelof all C6H11

� ions is
the lossof neutraletheneto give an m/z55 ion. Among
the CAD spectra of the model cations, that of the
cyclopentylcarbinyl cationcomparesmostfavorablywith
theCAD spectrageneratedfrom theadduction [reaction
(9)]. As theinternalenergyof themodelcyclopentylcar-
binyl cation is increased,its CAD spectraconvergeto
thatof theadductwith a divergenceangleof <5° (Table
3). This result is consistentwith Cramerand Barrows’
predictionthatthecycloadductformedfrom 3 andethene
is thecyclopentylcarbinylcation.

Ethenealso reactswith the C4H7
� from cyclobutyl

chloride [reaction (10)], forming an adduct.The CAD
spectra of the adduct change with internal energy
(� = 8.1,Table3), unlike theCAD spectraof theprevious
adduct which is nearly invariant. For the adduct in
reaction(10), themajorcontributorto spectralchangeis
the fragmentationto the m/z55 ion, the relativeyield of
which increasesby �30 % with increasing internal
energy.Theyieldsof them/z55ionsfrom themodelions,
on the other hand, decreasewith increasing internal
energy. The fragmentationof the adduct formed in

reaction(10),therefore,mustoccurvia someexit channel
not accessibleto theotheradductor themodelions.

Comparisonof theCAD spectraof theadductformedin
reaction (9) under both low and high internal energy
conditionswith thoseof theadductformedin reaction(10)
underlow internal energyconditionsyields a divergence
angle in both casesof <5°, thus implying a common
structurewithin theproducts.However,theCAD spectraof
theadductgeneratedwith high internalenergyin reaction
(10) do not matchany of thoseof the adductformed in
reaction(9). Furthermore,the CAD spectraof the adduct
formed in reaction (10) do not match those of the
cyclopentylcarbinylcation (� >5.0 for all internalenergy
conditions, data not shown). Thus, reaction (10) must
generateanadductthat is eitherdifferentfrom thatformed
in reaction(9) or amixturein whichtheproductof reaction
(9) is a minor component.The differencesin the CAD
spectraof the adductsmust be attributableto 4 reacting
differentlywith ethenethandoes3. Forthepurposesof this
investigation,we are interestedin whether4 reactswith
etheneto producea cycloadditionproduct,the cyclopen-
tylcarbinyl cation, as does3. It doesnot, verifying the
theoreticalpredictionsof CramerandBarrows.25

CONCLUSION

The C4H7
� populationformed initially from cyclobutyl

chloridein thedilutegasphaseis notexclusively,or even
predominantly,cyclopropylcarbinylcation 3. A signifi-
cant contribution from the bicyclobutonium ion 4 is
indicated basedon differences in reactivity with the
nucleophile,methanol.The bicyclobutoniumion 4 must
havereactiveoutlet(s)with methanolnotavailableto the
cyclopropylcarbinylcation3. Nucleophilicattackat C-2
or C-4 is thefunctionalequivalentof nucleophilicattack
at theexocycliccarbonof thecyclopropylcarbinylcation,
whereasnucleophilicattackat C-1 yields productsthat
cannotbe generatedby nucleophilicattackon 3. These
experimentalobservationsare in agreementwith the
predicted reactivity of the bicyclobutonium ion as
originally postulatedby Roberts and co-workers.10–13

Furthermore,the cyclopropylcarbinylcation reactswith
ethene to generate the cyclopentylcarbinyl cation,
whereasthebicyclobutoniumion, althoughreactivewith
ethene,does not generateany significant amount of
cyclopentylcarbinylcation. These observationsare in
accordwith the theoreticalpredictionsof Cramerand
Barrows,25 andalsoprovideexperimentalevidencethat
thecyclopentylcarbinylcationdoesreactdifferently than
thebicyclobutoniumion.

Acknowledgement

We thanktheNationalCenterfor ResearchResourcesof
theNIH for support(GrantNo. P41RR00954).

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 17–24

BICYCLOBUTONIUM AND CYCLOPROPYLCARBINYLCATIONS 23



REFERENCES

1. MarchJ. AdvancedOrganicChemistry. JohnWiley & Sons:New
York, 1992;69–170.

2. RobertsJD. J. Org. Chem.. 1979;44: 2860–2863,andreferences
cited therein.

3. OlahGA, ReddyVP, PrakashGKS.ChemRev.. 1992;92: 69–95.
4. Wiberg KB, HessBA, Ashe AJ. In CarboniumIons, Olah GA

SchleyerPVR (eds).JohnWiley & Sons:New York, 1972;1295–
1346.

5. MajerskiZ, Borcic S, SunkoDE. J. Chem.Soc.,Chem.Commun.
1970;1636–1637.

6. SchneiderH-J, SchmidtG, ThomasF. J. Am. Chem.Soc.1983;
105: 3556–3563andreferencescited therein.

7. RobertsJD, Mazur RH. J. Am.Chem.Soc1951;73: 2509–2520.
8. MazurRH,WhiteWN, SemenowDA, LeeCC,SilverMS,Roberts

JD. J. Am.Chem.Soc.1959;81: 4390–4398.
9. Brown HC. TheTransitionState.TheChemicalSociety:London,

1962;140–157.
10. RenkE, RobertsJD. J. Am.Chem.Soc.1961;83: 878–881.
11. CaserioMC, GrahamWH, RobertsJD. Tetrahedron1960; 11:

171–182.
12. ServisKL, RobertsJD. J. Am.Chem.Soc1964;86: 3773–3777.
13. ServisKL, RobertsJD. J. Am.Chem.Soc1965;87: 1331–1339.
14. OlahGA, JeuellCL, Kelly DP,PorterRD.J.Am.Chem.Soc.1970;

92: 2544–2546.
15. StaralJS,Yavari I, RobertsJD, PrakeshGKS, DonovanDJ, Olah

GA. J. Am.Chem.Soc.1978;100: 8016–8018.
16. SaundersM, SiehlH-U. J. Am.Chem.Soc.1980;102: 6868–6869.
17. Brittain WJ,SquillacoteME, RobertsJD.J. Am.Chem.Soc. 1984;

106: 7280–7282.
18. OlahGA, JeuellCL, Kelly DP,PorterRD.J.Am.Chem.Soc. 1972;

94: 146–156.

19. Olah GA, Hiberty PC, Hehre W. J. Am. Chem.Soc. 1976; 98:
7470–7475.

20. Siehl H-U, Koch W. Chem.Soc.,J. Chem.Soc.,Chem.Commun.
1985;496–498.

21. PrakashGKS, ArvanaghiM, Olah GA. J. Am. Chem.Soc.1985;
107: 6017–6019.

22. Myhre PC,WebbGG,YannoniCS.J. Am.Chem.Soc.1990;112:
8992–8994.

23. SchindlerM. J. Am.Chem.Soc.1987;109: 1020–1033.
24. SaundersM, Laidig KE, WibergKB, SchleyerPVR.J. Am.Chem.

Soc. 1988;110: 7652–7659.
25. CramerCJ,BarrowsSE.J. Org. Chem.1994;59: 7591–7593.
26. TudgeH, EvansS,CrowFW, Lyon PA, ChessEK, GrossML. Int.

J. MassSpectrom.Ion Phys. 1982;42: 243–254.
27. HolmanRW,GrossML, WarnerCD.J.Am.Chem.Soc.1990;112:

3362–3368.
28. GroenwaldGS,ChessE, GrossML. J. Am.Chem.Soc.1984;106:

539–543.
29. GroenwaldGS, GrossML. J. Am. Chem.Soc. 1984;106: 6569–

6575.
30. GroenwaldGS, GrossML. J. Am. Chem.Soc. 1984;106: 6575–

6579.
31. HolmanRW,EaryT, Whittle CE,GrossML. J.Chem.Soc.,Perkin

Trans. 2: 1998;2187–2194.
32. AhmedMS,DunbarRC.J.Am.Chem.Soc. 1987;109: 3215–3219;

AhmedMS, DunbarRC. J. Chem.Phys. 1988;89: 4829–4832.
33. Sokolow S, Karnofsky J, GustafsonP. The Finnigan Library

SearchProgram.Finnigan Application Report,No. 2. Finnigan:
SanJose,1978;10–17.

34. SteinSE,ScottDR. J. Am.Soc.MassSpectrom.1994;5: 859–866.
35. HehreW, Hiberty PC.J. Am.Chem.Soc. 1972;94: 5917–5918.

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 17–24

24 R. W. HOLMAN ET AL.


