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ABSTRACT: The GH7 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 16 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 catiBnwhereas the radical cation of cyclobutyl chloride
generates a substantial amount of bicyclobutonium 4bripn 4 reacts with nucleophiles via multiple competing
reaction pathways, unlik& lon 3 undergoes a cycloaddition reaction with ethene to generate the cyclopentylcarbinyl
cation. lon4, although reactive with ethene, does not generate, to any appreciable degree, the cyclopentylcarbinyl
cation. Copyrightd 2000 John Wiley & Sons, Ltd.

KEYWORDS: bicyclobutonium ion; cyclopropylcarbinyl cation; ion structures; ion—molecule; reactions; tandem
mass spectrometry

INTRODUCTION
N
The structures and isomerizations of thgH¢ cations ~— D=} —— ADﬁJf = @
resulting from cyclopropylcarbinyll, and cyclobutyl
substrates?, [Eqgn. (1)] have been the focus of more 1 3
studies than any other cationic system with the singular
exception of those from 2-norbornyl substrates. The enhancement in the rate of solvolysis of cyclo-

butyl substrates may also be the resultzebond parti-

x| x interconverting X X] ) cipation from the ring in the generation, either directly or
D— T capr o Gt < indirectly, of 3 [Eqns (3) and (4)f*
1 2
: : X, |7
Early interest |n.these systems stemmed from'the \J‘ X > 3)
surprising observation that neutral cyclopropylcarbinyl Direct (g{ne-stew @)
N X ” 3

and cyclobutyl substrates solvolyze at unexpectedly *
high rates to cation$.* The rapid solvolysis of cyclo-
propylcarbinyl substrates is a result@bond participa-
tion from the ring, presumably generating a
symmetrically stabilized cyclopropylcarbinyl catio8,
[Egn. (2)]3*

Indirect (Intermediates)

Is the cyclopropylcarbinyl cation the first formed ion in
the solvolysis of cyclobutyl derivatives? Majerskt,al>
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
*Correspondence to:M. L. Gross, Department of Chemistry, cyclopropylcarbinyl derivatives solvolyze directly &
Washington University, One Brookings Drive, St Louis, Missouri Whereas the cyclobutyl derivatives solvolyze initially to
63130, USA. ions with a cyclobutyl structure.

E-mail: mgross@wuchem.wust.edu In contrast, orbital symmetry considerations, coupled
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18 R.W. HOLMAN ETAL.

substitutedcyclobutyl derivatives, suggestthat a sub-
stantial,if not quantitative,amountof the cyclopropyl-
carbinyl cation is formed directly from cyclobutyl
substrates.

Althoughthereis disagreementegardingthe natureof
theionsformedinitially uponsolvolysis,it is clearthat,
uponsolventcapture mixturesof neutralproductsresult.
Robertsand Mazur’ showed that cyclopropylcarbinyl
chloride reactswith ethanol-waterto give the product
mixture shown in equation Eqn. (5). The analogous
reaction starting with cyclobutyl chloride gave similar
products®

Q)

H
Cl OH
[: /~ EtOH/H,O [ / . [:( . /\/\OH (5)

~48% ~47% ~5%

Brown® postulatedhatthe cyclopropylcarbinylcation
is in rapid equilibrium with the classical cyclobutyl
cation,both of which reactwith solventto give products.
In contrastRobertsandco-workers-°~*3positedthatthe
observedproductsresult from a commonintermediate,
the bicyclobutoniumion, 4, which is the prototypical
‘non-classical’carbocationFurthermoretheypostulated
that 3, from either cyclopropylcarbinyl or cyclobutyl
substratesjsomerizesto 4 [Eqn. (6)], which is then
attackedby a nucleophileat any of the three sitesthat
bear cation characterJeadingto the cyclobutyl, cyclo-
propylcarbinyl,andhomoallyl derivatives.

A major difficulty in understandinghe ionic inter-
mediatesinvolved in solvolysis reactionsis that the
nature and extent of ionic interconversias is inferred
from theproductdormeduponnucleophilicattackonthe
intermediate(s)However,direct observatiorof the ions
themselves,generatedas long-lived intermediatesin
super acid media and analyzed by various NMR
techniqueshasaffordedadditionalinsight.

The outcomeof NMR investigationf thesesystems
in superacidnediadoesnot supportBrown'’s interpreta-
tion. Olah et al.** reportedthat cyclopropylcarbinoland
cyclobutanolon reactionwith SbR—SO,CIF at —80°C
gave identical 'H and **C NMR spectra. The NMR
resultscoupledwith thoseusinglabeledprecursor¥’ led
to the conclusionthatthereis no significantparticipation
by theclassicakyclobutylcation.Evidencegeneratedby
the NMR deuteriumisotopic perturbationtechniqueled
Saundersand Siehf*® to postulatethat 4 is the major
speciespresentin an equilibrating mixture and that 3
servesasa transitionstatebetweenthe bicyclobutonium
forms. In 1984, Brittian et al.>”" however, generated
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stereoisomers of trideuterated cyclopropylcarbinyl
cationsin superacid and demonstratedia NMR that 4
is indeedin equilibrium with a less abundantisomer,
presumably3. Thus, some quantity of 3 co-existsand
interconvertwith 4, afindingthatis supportedy related
work.*6~22 By comparingexperimentaland calculated
shifts to make a quantitativeassessmenthe 3:4 mole
ratio was determinedto rangefrom 25:75at —61°C to
16:84 at —132°C.2*?* Boltzmann population analysis
basedon thesedatashowedthat4 is 0.20kJmol~* more
stablethan3.

NMR studiesdealwith cationsthatarerelativelylong-
lived, whereaghoseformedby solvolysisareshort-lived,
solvated species.In both cases,the ions formed are
solvated and experience numerous collisions. Mass
spectrometry,in contrast,dealswith the formation of
ionsin the solvent-freegasphasaunderconditionswhere
the ions may be sampledat shorttimes after formation,
andwherethe numberof collisionswith a selectedarget
can be controlled. The opportunitiesof massspectro-
metry motivate the direct observationof the C,H;
cations in the dilute gas phase.The purposeof the
researchreportedherewasto comparethe resultswith
thoseobtainedin solutionandto determinewhetherthe
two isomericprecursorsgyclopropylcarbinylandcyclo-
butyl, producethe sameinitial ionic species.

Cyclopropylcarbinylcyclobutyl,andhomoallylchlor-
ides,whenionizedto radical cationsin a high-pressure
chemicalionizationsource produceC,H; speciesvia Cl
radical loss. We formed the C,H7 ions with differing
internal energy and analyzedtheir product-ion mass
spectrgproducedy usingcollisional activation.We also
comparecdthe gas-phasebimolecularreactivitiesof the
C,H7 with neutralmethanoland etheneto learn more
about3 and 4. The logic of using etheneas a probeis
basedon the theoreticalinvestigationsof Cramerand
Barrows?®> who predictedthat ethenewill undergoa
cycloaddition with 3 but not with 4. This work thus
provides an experimentaltest for the applicability of
etheneasa selectivereagentfor the cyclopropylcarinyl
cation.

EXPERIMENTAL

CAD mass spectrometry. All collisionally activated
dissociation(CAD) massspectravereobtainedby using
a Kratos MS50-TA tandemmassspectrometeinf EBE
design, which consisted of a high-resolution mass
spectrometei(MS-1) of Nier—Johnsordesignfollowed
by an electrostaticanalyzer (ESA-2 as MS-2)2° lons
formedin the Kratos Mark-V Cl (chemicalionization)
sourcewereacceleratedo a kinetic energyof 8 keV and
were massselectedat a mass-resolvingpower of 2500—
3500 (10% valley definition) by using MS-1. The ions
were activatedby 8keV (laboratory frame) collisions
with heliumgas(UHP grade)in the collision cell located
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BICYCLOBUTONIUM AND CYCLOPROPYLCARBINYLCATIONS 19

betweenMS-1 and ESA-2; sufficienthelium wasadded
to suppressheion beamby 50%.ESA-2wasscannedo
give the CAD spectrunof theresultingfragmentions.In
a typical CAD experiment,20—40scanswere acquired
and then signal averaged.Relative abundanceswere
calculatedrom the measuregheakheightsfor all ionsin
the spectrumfragmentandprecursorwith the latter set
to 100%.The precisionfor all peakheightsreportedwas
approximately5% relative as determinedby replicate
experimentsThe peakheightsof replicateexperiments
were averagedtheseresultsspanningall reportedCAD
processearereportedin Tablel.

lon formation. All ions were preparedn the Cl source
that was operatedat a temperatureof 100°C and at an
electronenergyof 280eV. Samplesand reactantsvere
introducedthrougha custom-builtglassreservoirprobe
such that total sample pressure was 1x 10°

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

pressuregauge on the source high-vacuummanifold.

Gaseou<£S,, which servedashoth a buffer andcharge-
exchangegas, was admitted through a custom-built
heatedglassinlet systeminto the Cl sourcesuchthatthe

pressuregxternalto the sourcewereashighas1 x 10*

Torr. (An externalpressureof 1 x 10 Torr, measured
by a Bayard—Alpert vacuum gauge mounted on the

vacuummanifold outsideof theion source corresponded
to an internal source pressure of =0.2Torr, as

determinedby a custom-builtpressureprobe, basically

a sample inlet probe with a thermocouple-elenr

vacuum gauge mountedon it.) Furthermore,the resi-

dence time for ions in the Cl source was a few

microseconds.

The ions of interestwere generatedeither by ion—
molecule reactionsor from the radical cations of the
appropriatechloridevia chlorideatomloss.The pressure
of the CS; bath gaswas usedto modulatethe internal
energyof the ions via collisional cooling?’~3*

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

m'z
Source Energy 25 26 27 28 29 37 38 39 40 41 49 50 51 52 53 54
Cyclopropylcarbinylichloride L 0.8 4616.8 3.7 7.7 2.7 50 203 17 15 2.0 81 76 2486 7.0
H 08 4818.7 43 88 27 5321914 09 19 76 6819 7.15.0
Cyclobutyl chloride L 28110113 6.1 48 33 9117321 11 1.7 7.9 69 1.7 81 54
H 29121138 6.7 4536 89 17219 08 19 7.7 52 1.8 6.8 45
4-chloro-1-butene L 0.7 4.719.0 3.8 11.0 2.8 53 21.818 0.8 1.8 7.2 65 1.8 7.5 4.1
(homoallyl chloride) H 08 4317837 89 26 4920617 09 19 78 7.2 23092538
m'z
27 29 39 41 43 45 53 55 57 58 71 72
CyclopropylcarbinyH- L 46 48 35 533039013 81 86 7.3 7.3 23
methanol
Cyclobutonium+ methanol L 35 35 31 4024 37611 14811553 9.7 15
mz
27 29 39 41 43 50 51 53 55 63 65 67 68 77 79 81 82
CyclopropylcarbinyH L 48 23 9312014 14 2.0 4533907 20 14018 15 1.8 2.1 5.0
ethylene H 42 21 93117 14 14 21 47 33506 2.0 14416 1319 2253
Cyclobutonium+ ethylene L 43 25100126 1.3 1.3 23 45 36.1 06 16 12313 1.0 1.5 2.1 4.0
H 3.8 1.9 9.012.1 1.3 1.0 2.0 3.8 451 05 1.2 1060.6 1.0 1.4 2.0 2.7
Cyclohexylchloride L 34 19 8511608 1.3 23 45 28.20.7 1.3 19308 25 4.1 5.05.3
H 39 22 9112006 12 19 45226 0.6 1.7 19.60.5 2.6 4.1 5.0 6.8
Cyclopentylcarbinyichloride L 3.0 1.8 8311405 11 19 4.0 43303 151490319 28 3015
H 3.7 21 101133 05 1.1 2.0 44 336 05 1.5 1440.8 1.9 3.1 3.6 3.6
3-Chloro-1-hexene L 3.7 25 8012209 09 23 4.0 46204 16 11608 1.0 1.2 1.8 2.9
(n-propylallyl chloride) H 36 21 8311907 0.7 2.1 46 426 04 1.4 13011 1.4 18 1.8 2.9
6-Chloro-1-hexene L 41 24 8411309 12 21 3939103 1511618 1.2 1.8 2.4 4.2
H 42 24 9112413 1.0 19 42 38304 16 11.82.6 1.4 1.6 2.6 45
1-Chloro-1-methylcyclopentane L 43 24109138 05 1.2 2.2 4429405 1.7 15605 1.7 3.3 4.4 3.3
H 43 2.4 10514.006 1.2 2.2 44 28504 1.3 1580.6 1.8 3.5 4.8 3.6

#Abundancesare derivedfrom measuregeakheightsandnormalizedrelative to the main beam(100%).
>’ and‘H' designatdonsformedfor low andhigh internalenergiesrespectively(seeExperimentalsection).
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20 R.W. HOLMAN ETAL.

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 probed by
usingtandemmassspectrometryywheretheion structure
was evaluatedas a function of internal energy by an
established technique?’ ' 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,CS,, which also servedas a chargeexchangegas,
collisonally stabilizedthe analyteion of interestonce
formed. At the maximum bath-gaspressurethesetwo
processeformedionswith low averaganternalenergy.
As the pressuref the bathgaswasreducedthe extentof
direct ionization increasedand the degreeof collisional
stabilization of the analyteion decreasedand, conse-
guently,the averagenternalenergyof the producedons
increased.The CAD spectraof the analyte ion were
collected in a set of experiments,where in each
successiveexperimentthe CS, pressurewvasincremen-
tally reduced.The evaluationof spectralchangesas a
function of bath gas pressureallowed the study of
structural or compositional change as a function of
internalenergy.

At themaximumbathpressur€0.2 Torr, internal)ions
would experiencean averageof abouttwo collisionsper
microsecondeforeleavingthe source Higher bathgas
pressuredid not yield any additional changesin the
CAD spectraof the ions and adducts.By analogywith
other systems? the ions and adductsproducedin this
studywould be thermolyzedby <10 collisionswith the
CS; bath gas. This indicatesthat the sourceresidence
time involvedin ion formationis <5 ps.

With no CS,, the ions producedhave the highest
internalenergy;andwith CS; at an externalpressureof
1 x 10 *Torr (internal pressureof ~0.2Torr), ions of
the lowestinternal energywere produced.Thesesetsof
ionsaredesignatedH’ and‘L’, respectivelyjn Tablel.

Spectral comparison method. The differencesin the
CAD spectrafrom theseexperimentsare not character-
izedby thepresencer absencef distinctfragmentions,
but rather are reflected in differencesin the overall
patterns of fragment ion abundances.To compare
guantitatively the CAD spectrafor ions at differing
internal energiesand/or origins, we used a spectral
comparisormethod®>*wherethe m/zvaluesof selected
n fragmentions were usedto definea basisover an n-
dimensionakpaceEachCAD spectrunwasrepresented
asan n-dimensionalvectorwherethe elementsverethe
peaksheightsat the correspondingn/zvalues.Colinear-
ity definedsimilarity, evenin the presenceof different
scalefactors.Theanglebetweerthevectors §, whichwe
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termedthe divergenceangle, was processedrom the
vector dot-product and was used as the measureof

similarity. An angleof zeroindicatedthatthetwo spectra
being compared were identical. Angles >5° were
consideredarge enoughto allow us to concludewith

confidencethat the spectraarosefrom either a 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 C4H; ions

We generatedthe various C,H7 ions with varying
internal energy by changingthe numberof stabilizing
collisions with the bath gas, CS,. We then used the
spectral comparisonmethod, describedin the Experi-
mentalsectionto comparethe CAD spectreof the C,H7
ions generatedfrom the same neutral precursor at
differing energieqe.g.the C,H7 ionsfrom cyclopropyl-
carbinylchlorideat low energyversushigh energy).The
divergenceangleexceeds° for eachspecieqTable2).
Theseresultsindicate that the C4H; speciesgenerated
from eachof theisomericprecursorssomerizeto asmall
extentwhich changeghe compositionof theion mixture
with increasingnternalenergy.

Two conclusionscomefrom comparisonof the CAD
spectrafrom the C4,H7 speciesgeneratedfrom cyclo-
propylcarbinyl chloride with C,H7 from other sources
(Table 2). First, the C4,H7 derived from cyclobutyl
chloride is significantly different from that generated
from cyclopropylcarbinylchloride. Second basedupon
divergenceangle the C,H7 generatedrom cyclopropyl-

Table 2. Comparison of the CAD spectra of C4H;™ ions
generated from cyclopropylcarbinyl chloride with those from
other sources

Divergenceangle,d (°)?

Precursoto C,H;" LH LL” LH HL  HH
Cyclopropylcarbinyl 6.3

chloride

Cyclobutyl chloride 6.8 19.4 21.0 204 205

4-chloro-1-butene 6.1 88 42 37 49
(Homoallyl chloride)

8 " andH’' representhe CAD spectrafor the C,H;" ions generated
from cyclopropylcarbinylchloride at low energyand high energy,
respectivelyL andH representhe CAD spectrafor the C,H; " ions

generatedrom the specifiedneutralprecursorat low energyandhigh

energy,respectively(seein Experimentalsection).
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BICYCLOBUTONIUM AND CYCLOPROPYLCARBINYLCATIONS 21

carbinyl chlorideis mostsimilar to that from homoallyl

chloride. Thateachof the C,H7 ionsoriginatingfrom the

threechlorideprecursorshowschangesn therespective
CAD spectrawith increasinginternal energy is not

surprisingin view of the many studiesindicating that

thesespeciedndeedare highly susceptibldo rearrange-
ment. These variations of CAD spectrawith internal

energyindicatethat,duringthe shorttime after C,H7 ion

generatioraffordedby our experimentssomeisomeriza-
tion of the initially formed ions occurred,at least for

thoseionsformedwith highinternalenergy.In addition,

the C,H7 ions generatedrom the cyclopropylcarbinyl
and homoallyl chloridesare similar, particularly at high

internalenergieswhichis consistentvith thetheoretical
prediction of Hehre and Hiberty® that the homoallyl

cationwould collapseto the cyclopropylcarbinylcation,

3, without activation.

The observatiorthat the initial C4H7 ions generated
from the cyclopropylcarbiyl and cyclobutyl chlorides
aresignificantlydifferent(Table2; § >10°) hasstructural
andmechanistiamplications.Majerski et al.,> basedon
labelingstudiesn solvolysischemistry proposedhatthe
cyclopropylcarbinyl and cyclobutyl derivatives each
solvolyzeto initial ions that are similar in structureto
the respectivestarting material. However, Schneideret
al.® contendthatthe C,H7 ionsfrom both precursorsre
thecyclopropylcarbinykation. The C,H; ionsgenerated
in our studyareformedin the solvent-freegasphaseby
the loss of chloride radical from the radical cations.
Although our experimentakonditionsare different than
thoseof solvolysis,the samequestionarisesconcerning
the natureof the initially formed C4H7 ions from the
cyclopropylcarbinyl and cyclobutyl precursors. Our
resultsare consistenwith thoseof Majerskiet al.,” that
is, theradicalcationsof cyclopropylcarbinykhlorideand
cyclobutyl chloride, on loss of the chloride radical,
generateespectivaon populationghatare significantly
enrichedin the carbeniumions, 3 or 4, respectively.

Althoughtheinitial C4H7 ionsor ion mixturesformed
from the cyclopropylcarbinylandcyclobutylchloridesin
the gas phase differ significantly, those same two
precursorsin superacidmedia generateessentiallythe
sameion mixture.In superacidpothionsarelong-lived,
being producedand analyzedover a period of time
rangingfrom millisecondsto tensof secondsHenceion
formation, rearrangemenand subsequenequilibration,
which would entail carbonscrambling,occur over this
time period. However,massspectrometrysamplesions
within a muchshortertime after generationof the order
of 10°° s), beforesuchprocessesaveoccurred,andin
the completeabsencef solvent.

In solvolysis experiments, there is significantly
reducedH-D label scramblingin ions originating from
isotopically labeled cyclopropylcarbnyl substratesas
comparedwith labeled cyclobutyl derivatives.On the
time-scale of our experiments, we expect that H
migrationin ion 3 would be insignificant. For ion 4, a
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1,2-Hshift from C-2 or C-4to C-1 would befunctionally
equivalentto rotationby 90° abouta perpendiculagxis.

Evaluation of bimolecular adduct ion mixtures
generated from C4;H; ion-neutral reactions

We conductedtwo series of bimolecular gas-phase
reactions (see Experimental section), using methanol
andetheneasneutralreagentsn separat@xperimentsto
gain further insight into the C,H7 speciesinitially
producedfrom cyclopropylcarbinyland cyclobutyl sub-
strates We chosemethanolas a reagentbecauset is a
goodgas-phasaucleophileand,in fact, it reactsreadily
with the C4,H7 ionsto produceadductions. Furthermore,
we expectedthat methanol,which possesses hetero-
atom, would produceadductions that would dissociate
via heteroatom-drivenstructure-specifipathwaysand
hencewould provideinsightinto the skeletalstructureof
the reactantC,H7 ions. We choseetheneas a potential
selectivereagenton the basisof Cramerand Barrows’
computationalwork.?® The bimolecular reactionscon-
ductedare shownin Eqns(7)—(10).

MeOH + C4H7 from cyclopropylcarbmyl chloride
— adducts) (7)

MeOH+ C4H7 from cyclobutyl chloride
— adducts) (8)

ethenet C4H7 from cyclopropylcarbinylichloride
— adducts) (9)

ethenet C,H7 from cyclobutyl chloride
— adducts) (10)

The C,H7 ionsderivedfrom cyclopropylcarbinyland
cyclobutyl chlorides generateCsH,,O" adductions at
m/z87 [Eqns(7) and(8)]. Onthebasisof the conclusions
of Majerskiet al.> and Schneideret al.,® we expectthat
the C4H7 reactant,generatedrom the cyclopropylcar-
binyl precursoandinvolvedin reactionwith methanoljs
principally 3. In the previous section, we presented
evidencethat the C,H; generatedrom the cyclobutyl
precursorcannotbe predominantly3. Instead,4 likely
represents significant,if not exclusive,speciesin the
C,H7 ion populationderivedfrom cyclobutyl chloride.

Thestructure®f theCsH,,0" adductions,asreflected
in their CAD spectra, are significantly different, as
establishedby a divergenceangleof 11.¢° (derivedfrom
data in Table 1). The difference is consistentwith
expectationghat 3 is thereactanin reaction(7) and4 is
the major reactantin reaction(8). The difference may
maskthe lesserpresenceof 3 in the compositionof the
C,H7 derivedfrom cyclobutyl chloride.

The specific dissociationsof the C,H7—-methanol

J. Phys.Org. Chem.2001;14: 17-24
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adductsprovideevidenceregardingthe natureof 3 and4
and of their reactionswith methanol.The predominant
fragmention (=~40% total ion current) generatedupon
dissociationof the adductformed in reaction(7) is a
C,HsO" ion of m/z 45. This ion can reasonablybe
derivedfrom anadductwhosecarbonskeletorresembles
that of cyclopropylcarbinyl. However, an adduct that
containsan intact cyclobutyl moiety is not expectedto
undergofragmentatiorreadily to yield a C,HsO™" ion of
m/z45 [compareEqgns(11) and(12)].

H
H | - C3Hg +
3+ CH,0H — D@Ofc}l —_ = H,C=0—CH; (l 1)
5

(12)

The C,HsO" ion of m/z 45 is also the predominant
fragmention (=34% total ion current, a reproducible
differencefrom that of reactionwith 3) generatedrom
the methanol adduct formed in reaction (8). If the
cyclobutyl precursorgeneratednitially only 4, then 4
must react with methanolto produce an adduction
possessing cyclopropylcarbinylmoiety. This common
reactivity implies that 3 and4 sharea commonreactive
outlet. Robertsand co-workers®™? proposedthat the
bicyclobutonium ion, 4, was initially formed from
cyclobutyl precursorsbut that the cyclopropylcarbinyl
andcyclobutyl productswereproducedduring solvolysis
by nucleophilic attack at carbonsC-2 (C-4) or C-1,
respectively of 4.

(13)

Nucleophilicattackby methanoktC-2or C-4of 4isa

reactive outlet that is the functional equivalent of

nucleophilic attack at the exocyclic carbonof 3, and
explains the sharedreactivity between3 and 4. In

contrastmethanolattackat C-1 generatesn adduction

not producedin the reactionbetweenmethanoland 3.

(Nucleophilic attack at C-3 would not producta viable
adduct.)Thus,methanolattackat varioussitesof 4 gives
different product(s)thanattackon 3, which canundergo
methanol attack only at the exocyclic carbon, thus
explaining why the adductions producedin reactions
(7) and(8) arenotidentical.Neverthelesdyothproducea
fragmention of m/z45 uponcollisional activation.

If, instead,the cyclobutyl precursorgeneratesither
initially or within thetime frameof theseexperimentgof
the order of 10°° s) a C,H7 ion mixture consistingof
both 3 and 4, considerationsn additionto thoseof the
precedingdiscussiommustbe made.The component®of
such a mixture would then react with methanol as
outlined in both reactions(7) and (8). As discussed
earlier,3wouldreactwith methanoto produceanadduct
ion that has a cyclopropylcarbinylmoiety and would
decomposeupon collisional activation to yield the
C,HsO" fragmention at m/z 45 [reaction (11)]. The
differencesobservedn the CAD spectraof the adducts
formed from C,H7 ions from cyclopropylcarbinyland
cyclobutyl substratessuggest that 4 must possess
reactiveoutlet(s)not availableto 3, the mostreasonable
being methanol attack at C-1. The questionthen is
whether4 necessarilypossessea reactiveoutlet that is
commonwith 3. We note that the CAD spectraof the
adductions generatedin reactions(7) and (8), while
different from one another,are more similar to one
anotherthanare the CAD spectraof the reactantC,H;
ions (divergenceangle, §, of 11° for the adductsvs 6
>19° for the reactantC,H7 ions in Table 2). This
observationimplies that 3 and 4 possessa common
reactiveoutlet, presumablynethanokttackat C-2 or C-4
of 4, which is functionally equivalentto methanolattack
directly upon3.

Table 3. Comparison of the CAD spectra of the CgH; adduct ions formed in the bimolecular
reaction of the C4H7 from cyclopropylcarbinyl chloride with ethylene and the CgHi% ions

from other sources

Divergenceangle,d (°)?

Precursotto CgH47ions LH LL’ LH’ HL’ HH’
C.H7' (cyclopropylcarbinylchloride)+ ethene 1.3

C,H;* (cyclobutyl chloride)+ ethene 8.1 4.1 4.8 11.3 118
Cyclohexylchloride 7.9 125 11.7 18.6 17.9
Cyclopentylcarbinylchloride 9.6 9.6 9.7 4.8 4.8
3-Chloro-1-hexenén-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. 8.6 9. 9.6

&L’ andH’ representhe CAD spectrafor the CgH13 adduction generatedn the reactionof the C4,H; " ions
from cyclopropylcarbinylchloride with ethyleneat low energyand high energy,respectively.L and H
representhe CAD spectréfor the other CgH17 ions generatedrom the specifiedprecursomat low energyand

high energy,respectively(seein Experimentalsection).
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Evaluation of C,H; ion-ethene bimolecular
adducts

Basedon the theoreticalwork of CramerandBarrows?®
we expectetheneto undergoa cycloadditionwith 3 to
givethecyclopentylcarbinytation[Eqgn.(14)], butnotto
reactwith 4.

H\;& S Q_ (14)

Cyclopentyl-
carbinyl cation

The C,H7 speciesrom cyclopropylcarbinylchloride
does react with etheneto product a CgHi; adduct
[reaction (9)]. The CAD spectraof the CgH;; adduct
does not change appreciably with internal energy
(#=1.3, Table 3). This resultindicatesthat the adduct
ion is stableandits bondingis covalent.If theadducthad
an appreciablepopulation of ion—dipole complex (a
C,H7 —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 sensitiveto its
internalenergy.

Model CgH1; cationswere generatedand their CAD
spectraasafunctionof internalenergywerecollectedfor
the purposeof comparison.The specific model com-
poundschosenfor generatiorof the CgH1; specieswvere
cyclohexyl, cyclopentylcarbigl, n-propylallyl, 5-hexe-
nyl and 1-methylcyclopentylchlorides. Theseions are
generatedvia a unimolecular decompositionof the
precursoradicalcations,andareexpectedo becovalent
speciesHence,direct comparisonof CAD spectrawith
that of the adductof reaction(9) shouldbejustified. The
predominantfragmentationchannelof all CgH1; ions is
the lossof neutraletheneto give an m/z55 ion. Among
the CAD spectraof the model cations, that of the
cyclopentylcarbigl cationcomparesnostfavorablywith
the CAD spectrageneratedrom theadduction [reaction
(9)]. As theinternalenergyof the modelcyclopentylcar-
binyl cationis increasedjts CAD spectraconvergeto
thatof theadductwith a divergenceangleof <5° (Table
3). This resultis consistentwith Cramerand Barrows’
predictionthatthecycloadducformedfrom 3 andethene
is the cyclopentylcarbinylcation.

Ethenealso reactswith the C,H7 from cyclobutyl
chloride [reaction (10)], forming an adduct.The CAD
spectra of the adduct change with internal energy
(9 =8.1,Table3), unlikethe CAD spectreof the previous
adduct which is nearly invariant. For the adduct in
reaction(10), the major contributorto spectralchangeis
the fragmentatiorto the m/z55 ion, the relativeyield of
which increasesby =30 % with increasinginternal
energy.Theyieldsof them/z55ionsfrom themodelions,
on the other hand, decreasewith increasinginternal
energy. The fragmentationof the adduct formed in

Copyright0 2000JohnWiley & Sons,Ltd.

reaction(10), thereforemustoccurvia someexit channel
not accessibldo the otheradductor the modelions.
Comparisorof the CAD spectraof theadductformedin
reaction (9) under both low and high internal energy
conditionswith thoseof the adductformedin reaction(10)
underlow internal energyconditionsyields a divergence
angle in both casesof <5°, thus implying a common
structurewithin the productsHowever the CAD spectreof
the adductgeneratedvith high internalenergyin reaction
(10) do not match any of thoseof the adductformed in
reaction(9). Furthermorethe CAD spectraof the adduct
formed in reaction (10) do not match those of the
cyclopentylcarbinylcation (¢ >5.0 for all internal energy
conditions, data not shown). Thus, reaction (10) must
generateanadductthatis 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
differently with etheneghandoes3. Forthe purpose®f this
investigation,we are interestedin whether4 reactswith
etheneto producea cycloadditionproduct,the cyclopen-
tylcarbinyl cation, as does 3. It doesnot, verifying the
theoreticalpredictionsof Cramerand Barrows®®

CONCLUSION

The C,H7 populationformed initially from cyclobutyl
chloridein thedilute gasphasés notexclusively,or even
predominantly,cyclopropylcarbinylcation 3. A signifi-
cant contribution from the bicyclobutoniumion 4 is
indicated basedon differencesin reactivity with the
nucleophile,methanol.The bicyclobutoniumion 4 must
havereactiveoutlet(s)with methanohot availableto the
cyclopropylcarbinylcation 3. Nucleophilicattackat C-2
or C-4is the functionalequivalentof nucleophilicattack
attheexocycliccarbonof thecyclopropylcarbinykation,
whereasnucleophilicattackat C-1 yields productsthat
cannotbe generatedy nucleophilicattackon 3. These
experimentalobservationsare in agreementwith the
predicted reactivity of the bicyclobutonium ion as
originally postulatedby Robertsand co-workers:®*3
Furthermorethe cyclopropylcarbinylcation reactswith
ethene to generate the cyclopentylcarbinyl cation,
whereaghebicyclobutoniumion, althoughreactivewith
ethene,does not generateany significant amount of
cyclopentylcarbinyl cation. These observationsare in
accordwith the theoreticalpredictionsof Cramerand
Barrows?® and also provide experimentakvidencethat
thecyclopentylcarbinykationdoesreactdifferently than
the bicyclobutoniumion.
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