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ABSTRACT: The stability of tertiary carbenium ions was determined in the gas phase by ion cyclotron resonance
(ICR) and by dissociative proton attachment (DPA). The rate constants for solvolysis of bridgehead derivatives
correlate well with the stabilities of bridgehead carbenium ions, as determined by DPA and by ICR, but the ICR data
of strained ions do not correlate, indicating rearrangements under the conditions of the ICR experiment. Simple
acyclic tertiary derivatives solvolyze faster than predicted on the grounds of the stability of the respective carbenium
ions. The effect of nucleophilic solvent participation on the rate of methanolysis of tertiary derivatives was
investigated with R)-3-chloro-3,7-dimethyloctanel ), which reacts with 77% inversion and 23% racemization.
Copyrightd 2000 John Wiley & Sons, Ltd.
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INTRODUCTION correlation was, however, only partially satisfactory,
because the value for the 1-norbornyl derivative was
The solvolytic reactivity of bridgehead derivatives has found significantly below the correlation line, while
been the subject of many investigations in the past. Early simple acyclic and monocyclic derivatives suchtes-
empirical force-field calculations have been used to butyl solvolyzed much faster than expected on the grounds
rationalize the structural effects on the rate constants of of the stability of the respective carbenium ions, and were,
solvolysis in terms of strain changes between the bridge-therefore, found above the correlation line. The deviation
head compound and the developing carbenium ion, whichof the norbornyl derivative was tentatively ascribed to
was assumed to be close to the transition state of therearrangement of the highly strained 1-norbornyl cation to
reaction in terms of energy and structdreHowever, a more stable species of unknown structure in the ICR
since the calculations were empirical, and since the force-spectrometer. The enhanced rate of acyclic and mono-
fields used were adjusted such as to provide an optimumcyclic derivatives was attributed in part to nucleophilic
correlation with the experimental data, the significance of solvent participation, and in part to the lower degree of
the calculations is questionable. In order to remedy this charge development in the transition state for solvolysis as
situation, we determined the stability of bridgehead- and compared with the charge of free ions in the gas pfidse.
bridgehead-like tertiary carbenium ions by ion cyclotron The observation of rearrangements occurring during the
resonance (ICR) techniques. Heterolytic bond dissocia-ICR experiments casts doubt on the entire set of data
tion energieD°(R*—Br~) were obtained either fromthe  obtained by this method. The present study was initiated
equilibrium constant for bromide exchange between with the objective of backing up the correlation between
carbenium ions, or from the gas-phase basicity of olefins, the gas-phase stability of carbenium ions and the rate of
and were successfully correlated with the rate constantssolvolysis of their precursors, and to examine the
for solvolysis over a rate range of ca 12 log uritshe importance of nucleophilic solvent participation in the
solvolysis of tertiary acyclic derivatives.
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Table 1. Stability of carbenium ions in the gas phase and solvolytic reactivity of tertiary derivatives (values in kcal mol~")

AG° (DPA AG° (ICR)’Br GB(ICR)° AG® (ICR)

No. Compound (X =Brav) exchange olefin basicity from GB Alogk?
1 2-Methyl-2-bicyclo[2.2.2]octyl 197.7 10.9 5.0
2 2-Methyl-2-adamantyl 198.6 8.9 3.5
3 2-Methyl-2-norbornyl 198.7 6.0,3.4° 51
4 1-Adamantyl 0.0 0.0 0.0
4a 3,5-Dimethyl-1-adamantyl 0.6 —
5 2,3,3-Trimethyl-2-butyl 1.6° 2.9
6 2-exaNorbornyl -29 29 -1.1
7 7-Methyl-7-norbornyl 189.7 —-4.5 -2.1
8 2-Methyl-2-butyl 3.5(—1.3f 3.4
9 2-Methyl-2-propyl -5.2 5.8(—5.5) 2.8

10 1-Bicyclo[2.2.2]octyl -7.9 -8.1° -3.6

11 10-Tricyclo[5.2.1.6'*%decyl -8.9 -5.7

12 Cubyl —-16.4 (-9.1F -7.9

13 3-Noradamantyl -16.9 (—9.0¥ -6.9

14 1-Norbornyl -27.0 (—8.97 -10.1

aRef. 7.

P This work.

¢ Revisedvaluesfrom Refs.3 basedon new NIST scale®
4 Datafrom Refs.3.
¢ Datafrom Ref. 3.

exchangey ICR. Satisfactoryagreementvith datafrom

the literature was observedfor simple aliphatic cations
suchas 2-methyl-2-propyl(9) and 2-methyl-2-butyl(8)

andfor relatively stablebicyclic or polycyclic ions such
as l-adamantyl(4), 1-bicyclo[2.2.2]octyl (10) and the
secondarg-norbornyl(2-bicyclo[2.2.1]heptyl6) cations
(Table 1). In contrast, the experimental stabilities
determinedor strainedbridgeheadationssuchascubyl

(12) 3-noradamanty(13), 1-norbornyl(14) andothers(1-

and 4-homocubyl) were essentially meaninglessand
could not be correlatedwith anything(J.-L. M. Abboud,
E. W. Della, P. Miiller, R. Notario and J.-C. Rossier,
unpublishedvork). Wewereforcedto theconclusiorthat
theexperimentamethodwasinadequatdor the observa-
tion of strainedbridgeheadcations,andthe projectwas
put asidependinga moreappropriateapproach.

More recently,Abboudandco-workers'® havedevel-
opeda methodfor the determinationof the stability of
carbeniumions in the gasphaseby dissociativeproton
attachment{DPA) usingFouriertransformion cyclotron
resonancgFTICR) spectroscopyln this approach,an
organichalideor alcoholis protonatedvith anacidBH™"
to afford an ion—moleculecomplex which dissociates
almost without activation energyto R* and XH. The
onsetof carbeniunion formationasafunctionof thegas-
phaseacidity of BH" is observedyy FTICR. Carbenium
ions are ranked accordingto their stability relative to
adamantylccordingto the equation

1-Ad"(g) + R—X(g) — 1-Ad—X(q)
+ R7(@) AG" (1)

This is formally equivalentto a rankingof ion stabilities
Copyright0 2000JohnWiley & Sons,Ltd.

accordingo thepKg: scale butin theabsencef solvent.
Details of the methodhave beenreported®® The DPA
method allows one to obtain reproducible data on
strained carbeniumions, which are not observableby
conventional ICR techniques, becausethe ions are
generatedwith less excessenergythan when they are
formed upon electron impact, so that rearrangements
occurlessfrequently. The approacthasbeenappliedto
carbeniumions spanningthe full rangeof bridgehead
reactivity (23log units),andexcellentcorrelationsof log
k vs AG® were obtained,indicating that no rearrange-
ments of the ions had occurred’ In addition, the
experimentalion stabilities correlatedvery well with
the Gibbsfree energiedor hydride transferof R—H to
the l-adamantyl cation, as calculated by ab initio
methodsat the MP2-6/311G** level. On the grounds
of thesecorrelationswith experimentand theory, we
believethatthe DPA dataarereliable.

With the DPA datain hand,the ICR resultsmay be
evaluatedThedataarecollectedin Tablel. All energies
are expressedas Gibbs free energiesin kcalmol™*
(1 kcal=4.184kJ) relative to 1-adamantylaccordingto
Eqgn. (1). The DPA datain column 3 are from Ref. 7.
Theyreferto averagevaluesfor bromides Dataobtained
with otherleaving groupsare convertedto bromidesby
appropriatdeavinggroupcorrections. The ICR datafor
bromideexchangerein column4. Theywereoriginally
determined as heterolytic bond dissociation energies
D°(R"—Br™) with 2-exonorbornyl bromide as refer-
ence? The equilibrium datafor olefin protonationafford
gas-phaseasicities(GB) from which proton affinities
(PA) may be derived. Enthalpiesof formation of the
carbeniumonscanbe calculatedorovidedthe enthalpies
of formation of the olefins are known [AH;°(MH™)
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Figure 1. Plot of log k vs AG® for solvolysis of tertiary derivatives. The correlation line is defined by the DPA data of bridgehead
derivatives (log k=0.44AG° + 0.50).” Filled circles, ICR data from gas-phase basicity of olefins; open circles, ICR data for
bridgehead bromides; asterisks, ICR data for acyclic bromides; open squares, DPA data for 12-14

= AH;°(M) + AH;°(H") —PA(M)]. The basicityscalefor
the referencebasesusedin theseexperimentshasbeen
changedNIST scalef and,therefore column5 lists the
revisedGB values TheD°(R"—Br ™) valuesin column6
werecalculatedrom AH;°(R") = AH;(RBr) —AH;°(Br™)
+ D°(R™—Br).*>* Originally, the ICR data were
reported as enthalpiesand are, therefore, not strictly
comparableto the DPA resultsin column 3. However,
since their experimentaldeterminationwas basedon
equilibrium constants,they referred originally also to
GibbsfreeenergiesA constanentropycorrectionhadto
be applied for their conversioninto enthalpies.In the
contextof this accountwe restrict ourselvesto relative
energiesso that the entropy term cancelsout, and the
datain columns3, 4 and6 arecomparable.

Figurel is aplot of log k for bridgeheadsolvolysisvs
the stability of bridgehead carbenium ions (AG°)
accordingto Eqgn. (1). The regressiorline refersto the
DPA results reported in Ref. 7. The slope of the
correlation is now 0.44, significantly lower than the
0.59reportedfor the correlationof log k with the ICR
data®“ Figure 1 showsthatthe ICR datacollectedfrom
olefin protonation (filled circles) are in reasonable
agreementwith the DPA line, althoughthere is some
scatter.In the absenceof rearrangementgshe valuesof
AG® for reaction (1) obtainedfrom olefin protonation
should be as valid as those obtained from bromide
exchange.However, in most cases,the experimental
heatsof formation of the olefinswhich are requiredfor
the determination of AH{°(R") and those of the
correspondingoromides, neededto calculate D°(R*—
Br™), are not available.In our determinationwe used
experimentavaluesfrom theliteraturefor theolefinsof 1

Copyright0 2000JohnWiley & Sons,Ltd.

and7 andMM2 valuesfor thosepertainingto 2 and3.*
MM2 valueswere usedthroughoutfor the enthalpiesof
R—Br. Theseapproximateproceduredend to increase
the uncertaintieof the AG° valuesandare probablythe
reasonfor the deviationof the experimentabointsfrom
the DPA line. More significantdiscrepanciesccurin the
ICR dataobtainedrom bromideexchangdopencircles).
While the resultsfor 1-adamantyl(4), 2-norbornyl (6)
and 1-bicyclo[2.2.2]octyl(10) fit the DPA line well, the
plot deterioratesvhen strainedions suchas 12-14 are
involved. Thesecompoundsare found much below the
line, andthe ICR stabilitiesdiffer very stronglyfrom the
DPA values.Sincethe DPA valuesof thesecompounds
(DPA valuesfor 12-14 indicatedby opensquaresgarein
agreementwith the solvolytic reactivity and with the
theoretically calculatedion stabilities! the ICR data
must, therefore, refer to rearrangedions of unknown
structureand are incorrect. The ICR value for the 10-
perhydrotriquinaceyl cation (11) is at the limits of
credibility, andmay alsobe affectedby rearrangements.
Unfortunately,we were unableto obtaina reproducible
valuefor 11 by DPA.

Nucleophilic participation in the solvolysis of
tertiary aliphatic derivatives

Figurel alsocontainsdatafor the solvolysisandstability
of simpleacyclictertiary derivativessuchas2-methyl-2-
propyl (9), 2-methyl-2-butyl (8) and 2,3,3-trimethyl-2-
butyl (5). The D(R*—Br~) value for this latter
compoundwvastakenfrom the literature®° The aliphatic
tertiary derivativessolvolyzefasterthanpredictedoy the
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DPA line, andthe deviationis strongesin the caseof 2-
methyl-2-propyl (9). This rate enhancemenis usually
ascribedto nucleophilic participation in the case of
acyclic tertiary dervatives,a pathway not availableto
bridgeheaccompoundwing to stericreasons.

The hypothesif nucleophilicsolventparticipationin
the solvolysis of tertiary derivativesis basedon the
observatiorof the remarkablesolventeffecton the rates
of solvolysisin solventsof high and low nucleophili-
cities. The rate ratio for solvolysis of 1-adamantylvs.
tert-butyl (2-methyl-2-propyl)derivativesvariesfrom ca
1:5000in EtOH"’to 1600in MeOH'" and1:2.4%in 97%
aqueoudFIP. The occurrenceof significantdifferential
solvent participation in the solvolysis of acyclic and
monocyclicderivativesis unlikely, however,sincetheir
rate constantsare correlated, together with those of
bridgeheadderivatives,when plotted againstthe strain
difference betweenR—X and R".?* In addition, the
tertiary neopentylderivative5, which shouldbe far less
subjectto nucleophilicsolventassistancé®“solvolyses
alsoat anenhancedate,althoughthe deviationis much
lesspronouncedhanin the caseof tert-butyl (9).

The detailednatureof nucleophilicsolventparticipa-
tion in the solvolysis of tertiary derivatives and its
magnitudeare poorly understood>® Intuitively, one
would expectthattheinteractionbetweerthe solventand
the reacting carbonatom in the transition state of the
reactionshouldresultin partial or total, accordingto the
precisemechanisminversionof configuration.

The stereochemistryof the solvolysis of tertiary
acyclic derivativesis only poorly establishedHughes
etal. investigatedhe methanolysif (R)-(—)-3-chloro-
3,7-dimethyloctaa (17) at 60°C.}” The reaction pro-
ceededwith 34% inversion of configurationand 66%
racemizationTheirwork wasseverlycritizedby Doering
and Zeiss, becausethe optical purity of the starting
chloride 17 had not been determined?® These latter
authors, in turn, investigated the methanolysis of
optically active hydrogen2,4-dimethylhexyl4-phthalate

Copyright0 2000JohnWiley & Sons,Ltd.

in boiling MeOH andfound 54%inversionof configura-
tion and 46% racemization.In both investigationsthe
reliability of the resultssufferredfrom the low valuesof
the optical rotation of the sampleswhich were in the
rangeof only afew degreesWe havenow reinvestigated
the steric courseof the solvolysisof tertiary derivatives
with 17 using enantiomerseparationby GC on chiral
columns. The chloride 17 is readily available from
optically active (R)-(—)-linalool (15) of 78% enantio-
meric excess(ee) ({[a]3 = —0.55(nea}} (Schemel).
Catalytic hydrogenationafforded (S-(—)-3,7-dimethy-
loctan-3-ol(tetrahydrolinalool 16),'° the enantiomer®f
which could be separatedy GC (Betadex120 column)
with the Sisomer appearingdfirst. The (S)-(—)-alcohol
was convertedto the (R)-chloride (17) without loss of
enantiomeric purity {separation by GC, Gammadex,
majorenantiomehavinglongerretentiontime, o], 20 =
—0.48 (c=41.8, CHCI; for 78% ee)} by reactionwith
SOCh in EtzN*"?° The R-configurationof the chloride
17 follows from the sign of the optical rotationandfrom
conversiorbackto (S)-16 in aqueousMeOH. Solvolysis
wascarriedoutwith 0.10mmol of chloride(R)-17in dry
MeOH (2.0ml) containing 2.0 equiv. of 2,6-ditert-
butylpyridineat 25°C for 6 daysGC—-MSanalysisof the
reaction mixture revealedthe presenceof four olefins
(50%), which werenot furtherinvestigatedthe expected
methyletherl8 (40%)and10% of unreactecthloride17
of 78% ee.Sinceenantiomerseparatiorof 18 by GC or
HPLC failed, it wasconvertedo theformateesterl9via
oxidation with RuCk-NalO,;?* The absoluteconfigura-
tion of theesterl9wasdeterminedo be Sby comparison
of the GC retentiontime (Betadex,major enantiomer
having shorterretentiontime) which wasidentical with
that of a sampleof (§-19 synthesizedy methylationof
the (S-alcohol 16 to the (S)-ether18, ([o]520 = —2.68
[c=58.9,CHCI; for 78% ee)] followed by oxidationto
the formateester19 asabove.The ee of the formate19
resulting from the methanolysiswas 60.2%. Thus the
reaction of the chloride proceedsat 25°C with 77%
inversion and 23% racemization.This is more than
reportedby Hugheset al.” but compareswell with the
reported54% inversionfor hydrogen2,4-dimethylhexyl
4-phthalatein refluxing MeOH consideringthe different
temperaturesnd leaving groups.The discrepancywith
theresultsof Hughesetal.'” maybe dueto experimental
uncertaintiesThe[«]p valueof the methanolysigproduct
18 wasonly —0.70, whereasthat of a sampleprepared
from the alcohol (§-18 had [¢]p=-2.03. In our
experiencethe determinatiorof optical rotationswith a
precision beyondthe decimal point is problematic,in
particularif the purity of the samplesnay notbeverified
by GC.

The presentdataconfirm the involvementof nucleo-
philic participation during the solvolysis of tertiary
acyclicderivativesTheeffectis muchlessthanexpected
on the groundsof the rate enhancemenbf tert-butyl
derivativesrelative to that of bridgeheadcompounds.
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However, it is known that nucleophilic participation
decreasewith anincreasdn sterichindranceandwith an

increasdn chargestabilization®? andsincethe degreeof

solvent participation in the solvolysis of 17 and the

stability of the carbeniumion derived from 17 are

unknown,it appearprematurdo drawconclusionsrom

the singleresultin MeOH. More extensivestereochemi-
cal and kinetic investigations are clearly required.
Researchn this directionis in progress.
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