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ABSTRACT: Rate constant, isotope-effect, and product studies of the solvolysis of 4-(trimethylsilyl)-2-chloro-2-
methylbutane,11, and its carbon analog, 2-chloro-2,5,5-trimethylhexane,10, in aqueous ethanol and aqueous 2,2,2-
trifluoroethanol (TFE) indicate very little participation of theg-silyl substituent. These results are in sharp contrast to
earlier reports on secondaryg-silyl substituted systems, in which the back lobe of the silicon–carbon bond has been
shown to overlap with the carbocation p-orbital to form a so-called ‘percaudally’ stabilized intermediate. While the
solvolytic behaviors of11 and10 are nearly identical in ethanol, differences in the TFE lead to the conclusion that
there is a minor amount of participation by the silyl substituent in that solvent. Interestingly, this observation lends
credence to an earlier suggestion that TFE is better than ethanol at stabilizing more highly delocalized ions. Copyright
 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

Silicon is well known to influence reactivity at carboca-
tion centers (for reviews of silyl-substituted carbocations,
see Ref. 1). However, the exact nature and magnitude of
the silicon effect is highly dependent upon the position of
the silicon atom relative to the developing positive charge
and the structure and conformation of the reacting
substrate.

Notwithstanding complications resulting from steric
and ground-state effects, results indicate that ana-silyl
substituent seems to stabilize carbocations relative to
hydrogen, but retards solvolysis rates relative to alkyl
substituents. Cartlege and Jones2 found 2-bromo-2-
(trimethylsilyl)propane to solvolyze 38000 times slower
than the carbon analog, 2-bromo-2,3,3-trimethylbutane.
Apeloig and co-workers3,4 found 2-(trimethylsilyl)-2-
adamantylp-nitrobenzoate to solvolyze at roughly the
same rate as 2-methyl-2-adamantylp-nitrobenzoate, but
concluded that the destabilizing influence of thea-silyl
effect was masked by a leaving group-dependent
electronic geminal interaction which raised the ground-
state energy for the silyl-substituted nitrobenzoate. In a
study designed to minimize such complexities, Shimizu
et al.5 determined solvolytic rates for1 and its carbon
analog2, and concluded that thea-silyl substituent was

roughly 4 kcal molÿ1 (1 kcal = 4.184 kJ) less effective
than an alkyl-substituted system in stabilizing carboca-
tions in solution. The decreased ability of ana-silyl
substituent to stabilize positive charge is believed to
result from poorer hyperconjugation of Si—C bonds with
the carbocation p-orbital.1,2,6 Although one gas-phase
study7 suggests otherwise, several theoretical calcula-
tions have supported this supposition, and suggest that
the order of stability fora-substituted carbocations is H
< Si <C.3,8

In contrast,b-silyl substituents have been shown to
stabilize carbocations greatly. Since an early report by
Ushakov and Itenberg9 in 1937, there have been
numerous investigations to determine the magnitude
and origins of this effect. In a solvolytic study of the
conformationally restricted systems3 and4, Lambertet

al.10 reported rate accelerations of 2.4� 1012 and
4.0� 104, respectively, over cyclohexyl trifluoroacetate.
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In addition,it waspossibleto resolvetheinfluenceof the
b-siliconinto contributionsfrom aninductiveeffectanda
conformationally dependenteffect believed to arise
either from hyperconjugationor from a true, bridged
ion containinga five-coordinatesilicon. The conforma-
tionaleffectis, unlessforbiddenby geometry,believedto
provide the majority of the stabilizing influenceof the
silyl substituent.Although someambiguity still exists
regardingtheextentof bridging in thestabilizedion,8,11

measurementof a-deuteriumisotope effects by Flem-
ing,12 Lambert et al.13 and Shimizu1a tend to support
hyperconjugationratherthana bridgedintermediate.

The ability of a g-silyl substituent to stabilize
carbocationsis an interestingphenomenon.In an early
paper, unusual reactivity of a g-silyl system was
demonstratedby Sommer et al.,14 who found (3-
chloropropyl)trichlorosilane to react with ethanolic
KOH within 1 h, whereasn-hexyl chloride did not.
Indeed,it waslatershownthat1,3-eliminationof ag-silyl
substituentcouldbeusedto synthesizecyclopropanes.15

Fleming and co-workers16–19 reportedthe ability of g-
silyl substituentsto control carbocationrearrangements
underLewisacid-catalyzedconditions.Duringastudyof
cyclopropaneformation from 1,3-deoxystannylationof
norbornyl mesylates,Davis and Johnson20 proposedan
alternativemechanismto concertedelimination, which
involveda ‘percaudally’stabilizedintermediatewherein
the back lobe of the carbon–tinsigmabondoverlapped
with the p-orbital of the carbocationto stabilize the
positive charge. In an attempt to detect such an
intermediate,g-silyl andg-stannylsubstitutedsulfonates
weresolvolyzed.21 In aqueousaceticacid, 4-(trimethyl-
silyl)-2-butyl methanesulfonatewas found to solvolyze
7.8 times faster than 2-butyl methanesulfonate,but no
methylcyclopropanewasfound.It wasconcludedthatno
g-silyl stabilizedion existed.

ShinerandEnsinger22,23havedescribedanumberof g-
silyl-substituted secondarysystemswhose solvolyses
have conclusively been demonstratedto involve per-
caudallystabilizedions.Duringthesolvolysesof cis-and
trans- 3-(trimethylsilyl)cyclohexyl brosylates (brosy-
late= 4-bromobenzenesulfonate), the cis- (but not the
trans-) isomer was found to react two orders of
magnitudefaster than carbonanalogsin 97% aqueous
2,2,2-trifluoroethanol(97T). This rateincrease,andalso
the difference in reactivity betweenthe cis and trans
systems,wasindicativeof a conformationallydependent
g-silicon effect.A b-d4 isotopeeffectof nearlyunity, the
presenceof a bicyclohexane1,3-eliminationproductand
anethanol–TFEplot24 markedlydifferent from theother
systemsprovidedfurtherevidenceof the involvementof
percaudallystabilized ion in a ‘W’ conformation,as
shown in Figure 1. Theoretical calculationsare also
consistentwith an orientation-dependent g-silicon ef-
fect.25

The g-silyl effect has also been evidenced in
conformationallyunrestrictedstraight-chainsystems.4-

(Trimethylsilyl)-2-butyl brosylate,5, wasfound to react

120 times faster in 97T than the carbon analog 5,5-
dimethyl-2-hexylbrosylate,6.26 Reducedb-d3 and a-d
isotope effects and unusually small or inverse b-d2

isotopeeffectswerealsoseen,aswell astheformationof
significant amounts of methylcyclopropane.Conse-
quently, the proposedmechanismfor this reactionalso
involved silicon-promotedcarbon participation. Addi-
tionally, sincethe productswerefound to be racemic,it
wassuggestedthat,unlikethecyclohexylsystemwherein
participationoccursexclusivelythroughaW conforma-
tion, the g-silyl substituentcan stabilize the transition
statefor the straight-chainsystemby either aW or an
endo-sickle conformation. Several later studies of
stereospecificallylabeled straight-chain g-silyl-substi-
tuted secondarybrosylateslent further support to this
conclusion.27,28

While there is ample evidence for participation
involving a g-silyl substituentfor secondarysystems,
surprisinglylittle work hasbeendoneon thecorrespond-
ing tertiary systems. Fleming and co-workers16–19

reported Lewis acid-catalyzedrearrangementsfor g-
silyl-substituted tertiary alcohols. Grob and co-work-
ers29,30 measuredsolvolysis rates for the substituted
adamantyl bromides 7 and 8 in 80% (v/v) aqueous

ethanol(80E) and found only modestrateaccelerations
of 8.6-and33-fold, respectively.Grob andWaldner31,32

also studied the ethanolysis of the tertiary stannyl
chloride, 9, and its carbon analog, 2-chloro-2,5,5-

trimethylhexane,10. Productstudiesof 9 indicatedthe

Figure 1. Carbocation stabilized by `Percaudal' overlap of g-
silyl substituent
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exclusiveformationof dimethylcyclopropane;this com-
pound was seen to react 12–14 times faster in 80E
(calculatedfrom rateconstantsreportedat 50 and60°C)
than the carbonanalog.By comparisonof Grunwald–
Winsteinm values,33 it wasconcludedthat this reaction
was not concerted,but involved a carbocationinter-
mediate.

Accordingly,we decidedto studythe solvolysisof 4-
(trimethylsilyl)-2-chloro-2-methylbutane,11. The study
of thissystemwasexpectedto providefurtherinsightinto
the nature of the stabilizing influence of a g-silyl
substituent,and to determineits effect, if any upon a
tertiary system.Measurementsof rateconstants,kinetic
isotopeeffects and product studieswere madeon this
systemandon thecarbonanalog,10.

RESULTS

The conductometricrate constantsfor the solvolysisof
11andseveralcarbonanalogs34,35in aqueousethanoland
2,2,2-trifluoroethanolat 25°C are given in Table 1. In
caseswheremultiple determinationsof a rate constant
wereperformed,valuesin parenthesesindicateaverage
deviations.To aid in making comparison,relative rate
constantsarealsoindicated.
b-Deuteriumkinetic isotopeeffectsfor 10 and11 are

givenin Table2.Forcomparison,theisotopeeffectsfor a
numberof othertertiary chloridesarealsoincluded.35,36

In order to determine reaction products, 11 was
allowed to solvolyze for at least10 half-lives at 25°C
in deuterated80E(80%ethanol-d6–20%D2O by volume)

and deuterated97T (97% 2,2,2-triflurorethanol-d3–3%
D2O by weight). The identitiesandrelative proportions
of the productswere determinedby 1H NMR and are
given in Table3. In additionto theexpectedelimination
and substitutionproducts,a small amount of the 1,2-
eliminationproduct,20, wasalsoobservedin 97T. This
compoundresultsfrom a hydrideshift to form a b-silyl-
stabilized carbocation,followed by elimination of the
trimethylsilyl group. Such a rearrangementhas been
previouslyobservedby Flemingandco-workers.18,19

DISCUSSION

At first glance, stabilization of the carbocation by
percaudalparticipationof the g-silyl substituentappears
to be absent.The resultsappearto confirm expectations
thata tertiarycarbocationintermediateexhibitsasmaller
electrondemandon a silyl substituent.For example,Li
and Stone37 have previously demonstratedin the gas
phasethatthemagnitudeof theb-silyl effectdecreasesby
10kcalmolÿ1 with eachreplacementof ab-hydrogenby
a methylgroup.Consequently,it seemslikely that theg-
effect would also be much reducedfor the tertiary as
opposedto thesecondarysystem.

In contrastto thesecondaryg-silyl brosylate,5, which
reacted129 times faster26 than the carbonanalog,6, in
97T and2.7 timesfasterin 80E, the tertiary chloride11
solvolyzedonly 2.35timesasfastasits carbonanalogin
97T; therateconstantsareessentiallyidenticalin 80E.It
is interesting that, of the two solvents, the only
accelerationdetectedfor the silyl compoundis seenin

Table 1. Rate constants for solvolyses of tertiary chlorides at 25°C

Solvent

Compound 97T (k� 10ÿ5 s) 97T (krel) 80E (k� 105 s) 80E(krel)

130.9(0.2) 2.35 1.185(0.003) 1.13

55.75(0.02) 1.00 1.050(�0) 1.00

13.19a 0.237 0.9338b 0.889

a Ref. 34.
b Ref. 35.
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97T. This observation is in accord with data for
secondarysystemswhich also show (but to a much
greaterextent)larger rateenhancementsin TFE thanin
ethanol.22,23,26,28 Thus, while rate studies seem to
indicate greatly diminishedparticipation of the g-silyl
substituent,the possibility of somestabilizationin 97T
still exists.

Indeed,the bÿd2 andbÿd3 isotopeeffectsfor 11 in
97T, which aresignificantlysmallerthanthoseseenfor
10, lendfurthersupportto thepossibilityof theexistence
of a percaudallystabilizedion in that solvent.TheW or
endo-sickleconformation required for percaudalpar-
ticipation of a g-silyl substituenthas been shown to
lead to greatly reducedor even inversebÿd2 isotope
effects in secondary straight-chain and cyclohexyl
systems.22,23,26,28In such instances,the dihedral angle
betweentheC—D bondsandthedevelopingp-orbitalof
the reactingcarboncenteris suchas to allow for very
little hyperconjugation(for adiscussionof theconforma-
tional dependenceof theb-deuteriumisotopeeffect,see
Refs36,38), and often only the inductive effect (which
leads to inverse isotope effects) is observed.Since a

stabilizedintermediatein the solvolysisof 11 would be
expectedto proceedthroughasimilar conformation(Fig.
1), theb -d2 isotopeeffect for this systemwould alsobe
expectedto besmall. Indeed,in 97T, theb -d2 effect for
11 of 1.159,althoughnot assmall as for the secondary
systems,is considerablysmallerthanthatof 1.452for 10.

It might be argued that the reduced b-deuterium
isotopeeffectis theresultof aparticularconformerbeing
sterically favored.This hasbeenobservedfor 2-chloro-
2,4,4-trimethylpentane,15 (b -d2 isotopeeffect 1.08).36

However,conformationalrestrictiondueto steric repul-
sion between adjacent alkyl groups would not be
expectedto be as important for 11. Indeed,the carbon
analog10, which would in fact be expectedto be more
congested,exhibitsatypicalb -d2 isotopeeffectof 1.452.
Furthermore,the b -d3 isotopeeffect for 11 in 97T (in
which the b-methyl group is freely rotating and
unaffectedby conformationalrestrictions)is also seen
to bereducedrelativeto theb -d3 effect for 10. Thefact
that the isotopeeffectsarereducedto a greaterextentin
97T than80Ealsorulesout thestericexplanation.

The isotope effects also appearto reflect differing

Table 2. Isotope effects for solvolyses of tertiary chlorides at 25°Ca

Solvent

Compound Parameter 97T 80E

b d6 (kH/k2ÿmethylÿd3ÿ1,1,1ÿd3
)

b d3 (kH/k2ÿmethylÿd3ÿ1,1,1ÿd3
) 1/2

b d2 (kH/k3,3ÿd2
)

1.610
1.269
1.159

1.727
1.314
1.320

b d6 (kH/k2ÿmethylÿd3ÿ1,1,1ÿd3
)

b d3 (kH/k2ÿmethylÿd3ÿ1,1,1ÿd3
) 1/2

b d2 (kH/k3,3ÿd2
)

1.761
1.327
1.452b

1.741
1.320
1.409b

b d3 (kH/kb ÿd9
)1/3 1.378c 1.349c

b d3 (kH/k1,1,1ÿd3
)

b d2 (kH/k3,3ÿd2
)

—
—

1.34d

1.40d

b d3 (kH/k1,1,1ÿd3
)

b d2 (kH/k3,3ÿd2
)

—
—

1.34d

1.47d

b d3 (kH/k1,1,1ÿd3
)

b d2 (kH/k3,3ÿd2
)

—
—

1.40d

1.08d

a Exceptwherenoted,the isotopically labeledcompoundsusedwereat least97%deuterated.
b Compoundwasapproximately 90%deuterated.
c Ref. 35.
d Ref. 36.
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amounts of competing rate-determiningelimination,
dependingupontheextentof participationof thesilicon.
An examinationof theproductsfrom thesolvolysisof 11
supports this observation. The relative amounts of
elimination in 97T and in 80E are remarkablysimilar.
This is in sharpcontrastwith resultsobtainedfor tert-
butyl chloride,34,36 which shows considerably larger
amountsof elimination and also a larger b -d3 isotope
effect in TFE ascomparedwith ethanol.The resultsfor
the tert-butyl systemhavebeenattributedto partial rate-
determiningelimination from the tight ion-pair in TFE,
with the larger b-deuteriumisotopeeffect arising from
the contribution of a primary isotopeeffect.36 Indeed,
resultssimilar to thoseobtainedfor tert-butyl chlorideare
seen for 10, whose b -d3 isotope effect remains
essentiallyidentical in the two solvents,but whoseb-d2

isotopeeffect is largerin 97T.
In spiteof theevidenceof participationprovidedby the

similarity in theamountsof eliminationproductsin both
solvents, the absenceof significant amounts of 1,1-
dimethylcyclopropaneseemsto precludethe possibility
of an intermediate carbocation stabilized by strong
silicon-promotedcarbonparticipation.For secondaryg-
silyl-substitutedsystems,significant amountsof cyclic

1,3-elimination products derived from loss of the
trimethylsilyl grouphavebeenobserved.22,23,26–28Strong
percaudalparticipation in the solvolysis of 11 should
therefore be accompaniedby the formation of 1,1-
dimethylcyclopropane. It is thereforepossiblethat,while
the degreeof positivechargedelocalizationat silicon is
insufficient to favor attack of a solvent molecule at
silicon to cause 1,3-elimination, the conformation
required by participation apparentlytends to disfavor
rate-determiningb -CH2 eliminationin 97T.

Using the results of this study and by drawing an
analogy with solvolytic studies of tert-butyl chlor-
ide,34,36,39we havepostulateda reasonablemechanistic
picturefor thesolvolysesof 10and11, asshownin Fig.2.
The rate-determiningstep for all of the systemsis
probablytheformationof thesolvent-separatedion pair.
However,whereascompetingrate-determiningelimina-
tion appearsto beoccurringfor 10 in 97T, this doesnot
seemto be thecasefor 11, whoseb -d2 isotopeeffect is
much smaller in that solvent. Indeed, the ion formed
during the solvolysis of 11 may gain someadditional
stability from participation(albeit slight) of the g-silyl
substituent.In 80E, although a very small extent of
participationmaybeindicatedby theslightly smallerb -
d2 isotope effect of 11 (1.32 versus 1.40), both
compoundsprobably react by similar mechanisms.In
neithersystemis evidenceof competingrate-determining
eliminationconclusive.

CONCLUSION

Theresultsof thisstudyindicateamuchsmallerextentof
percaudalparticipationby a g-silyl substituentduringthe
solvolysis of a tertiary substratethan for a secondary
substrate.Consideringthe inherentstability of tertiary
carbocations,it is not surprisingthat thereis a reduced
demandontheability of thesilyl substituentto delocalize
thepositivecharge.

An interestingcomparisoncan be madebetweenour
results and Grob and co-workers’ earlier study29,30

involving ethanolysisof theg-silyl substitutedadamantyl
system7. The rateaccelerationof 8.6-fold found in 80E
is larger than our value of 1.13-fold (essentiallynone).
This observationis in goodagreementwith theexpecta-
tion that percaudalparticipationof the silyl substituent
would be much lessfor the open-chainsystemthan the
adamantylsystemin whichsilyl substituentis heldin the
conformationrequiredfor maximumparticipation.

Additionally, while we did not observeappreciable
rate accelerationfor the open-chainsilyl system11 in
80E,WaldnerandGrob31 reporteda rateaccelerationof
12–14-foldfor the correspondingstannylanalog9, and
also the formation of 1,1-dimethylcyclopropane.These
results concur with the expectation that percaudal
participationis moreimportantfor ag-stannylasopposed
to a g-silyl system, becauseof the greater electron-

Table 3. Solvolysis products of 4-(trimethylsilyl)-2-chloro-2-
methylbutane

Solvent

Producta Deuterated97T Deuterated80E

14.6 39.6

50.1 26.0

Total substitutionproducts 64.7 65.6

21.0 20.7

12.7 13.6

1.7 0

Total eliminationproducts 35.4 34.3

a Expressedasmol% of total mixture.
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donatingability of tin. While deuteriumkinetic isotope
effectsfor 9 havenotbeenmeasured,it is likely thatthey
would provide evidence for a mechanisminvolving
percaudalparticipationin theopen-chainstannylsystem.
Moreover,if measured,therateaccelerationin 97Tmight
beexpectedto bemuchgreaterthanthat in 80E.

In ethanolicsolvents,the apparentnear total lack of
participation of the g-silyl substituent during the
solvolysisof 11 implies that the percaudallystabilized
ion is not appreciablymorestablethanthe opentertiary
ion. However, in TFE, there is some bias toward a
percaudallydelocalizedion. Interestingly,this observa-
tion is in good accord with an earlier suggestionof
Stoelting and Shiner40 that TFE is relatively more
effective than ethanol at stabilizing larger, more
delocalized carbocations. Indeed, in view of this
evidence,it appearsthat the g-silyl effect is greatly
reducedfor tertiary systems,but can manifestitself to
someextentundertheappropriatecircumstances.

EXPERIMENTAL

General

NMR spectrawererecordedon a 300MHz Varian XL-
300, a 500MHz Bruker AM-500 or a 500MHz Varian
UnityINOVA 500spectrometer.IR spectraweretakenona
MattsonInstruments4020 Galaxy SeriesFourier trans-
form IR spectrometer.Analytical gas chromatography
(GC) was carried out using a Hewlett-PackardModel
5890gaschromatograph,equippedwith a50m� 0.2mm
i.d. (0.33mm film thickness)HP-5 column and a flame
ionizationdetector.PreparativeGCwasperformedusing
a Varian Aerograph Series 2700 gas chromatograph,
equippedwith a 6 ft � 1/4 in columnof 20%OV101on
ChromosorbP (60–80mesh)anda thermalconductivity
detector.Massspectrawererecordedon a KratosMS80
RFAQQinstrument.GC–massspectrawereobtainedon
a Hewlett-PackardGC/MSD 5971instrument,equipped

Figure 2. Proposed mechanisms for solvolysis of 4-trimethylsilyl-2-chloro-2-methylbutane and 2,5,5-trimethyl-2-chloropentane
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with a 60 m� 0.25mm i.d. SPB-5 column. Melting-
pointsandboiling-pointsareuncorrected.Boiling-points
for moleculardistillations were not directly determined
sincethestill did not haveprovisionsfor a thermometer.

Materials

Nitrogen. In orderto ensureremovalof carbondioxide
andwater,all nitrogenusedfor transferringanddistilling
conductivitysolventswaspurifiedby passagethrougha3
ft glasscolumnpackedwith 4 Å molecularsieves.

Conductivity solvents. Conductivity water and con-
ductivity ethanolwerepreparedasdescribedby Murr41

and Tilley.42 Conductivity 2,2,2-trifluoroethanolwas
preparedasdescribedby Shineret al.34 andTilley.42

Kinetics

All rate constants for this work were determined
conductometrically at 25°C using a bipolar pulsed
conductance(BIPCON) instrument,basedon the design
of Casertaet al.43 with the modificationsof Ensinger44

and Tilley.42 The constant-temperatureoil-bath em-
ployed for kinetic measurementswas designed by
Murr,41 with computer-regulatedtemperaturecontrol
lateraddedusingmodificationsof Ensman,45 Withnell,46

Wilgis47 andTilley.42 The conductancecells usedwere
madein this laboratory,basedon the designof Murr,41

usingmodificationsby Rapp,48 Tomasik,49 Wilgis47 and
Tilley.42 Datacalibrationandacquisitionwereperformed
on a JCCSystemscomputercontainingan Intel 33MHz
386 processorwith a 387 mathco-processorchip, using
softwaredescribedby Tilley,42 which is basedon earlier
programsof Ensinger,44 Wilgis,47 Tomasik,49 Sporle-
der50 andStoelting.51 Calibrationwasdonewith the aid
of a Dial-An-Ohm resistor box (General Resistance,
North Branford, CT, USA). After acquisition,the raw
datawerethenconvertedinto resistance–timedatausing
a programwritten by Tilley42 andanalyzedusinga non-
linear,doublyweightedleast-squaresprogramoriginally
writtenby Murr,41 with modificationsby Buddenbaum,52

Vogel,53 Pinnick,54 Bowersox,55 Tomasik,49 Wilgis,47

Stoelting,56 Ensinger57 andTilley.42

NMR product studies of 4-(trimethylsilyl)-2-
chloro-2-methylbutane, 11

Product study in deuterated 97T. In anNMR tubewith
a Pyrex extensionwas placed2,2,2-trifluoroethanol-d3

(CambridgeIsotopeLaboratories),706.5ml, 970mg,and
D2O, 30ml. To this was added 4-(trimethylsilyl)-2-
chloro-2-methylbutane, 11, 10ml, 0.049mmol [density
0.869gmlÿ1 (Ref. 58)], and 2,6-lutidine, 6.5ml,

0.056mmol. The tube was sealedand the mixture was
allowed to react at 25°C for at least 10 half-lives.
Relativeamountsof the productsweredeterminedfrom
integratedpeakareasof the500MHz 1H NMR spectrum;
the error using this techniqueis estimatedto be 2–3%.
Peaks unique to each product are as follows: 16a,
1.475ppm (m, CH2, 3-carbon,b- to Si); 17a, 1.502(m,
CH2, 3-carbon,b- to Si); 18, 1.393(d, CH2, 4-carbon,a-
to Si, J = 8.5Hz), 1.56(swith finesplitting,allylic CH3),
1.68(s with fine splitting, allylic CH3), 5.213(triplet of
septets,vinyl H, J = 8.5Hz, 1.4Hz); 19, 0.656(m, CH2,
4-carbon,a- to Si), 1.72(s,allylic CH3), 2.027(m, CH2,
3-carbon,b- to Si), 4.66(m, vinyl H), 4.72(m, vinyl H);
20, 0.976(d, 2CH3’s), 2.25(m, CH), 4.85(overlappedd
of d,E-terminalvinyl H, Jcis = 10.4Hz),4.96(overlapped
d of d of d; looks like d of t, Z-terminal vinyl H,
Jtrans= 17.3Hz, Jgem= 1.7Hz, Jallylic = 1.7Hz), 5.83
(overlappedd of d of d, internalvinyl H). (Alcohol 16a
andether17aweredistinguishedby spikingthereaction
mixturewith known16. Themultipletsusedto determine
the 16a/17a ratio were of similar shapebut partially
overlapped.An estimateof the relative amountsof 16a
and17a wasobtainedby measuringandcomparingthe
relativeheightsof theoutermostpeakof eachmultiplet.)

Product study in deuterated 80E. Theaboveprocedure
was repeatedby adding 10ml, 0.049mmol of 11 and
6.5ml, 0.056mmol of 2,6-lutidine to a tube containing
ethanol-d6 (CambridgeIsotopeLaboratories),800ml, and
D2O,200ml. Peaksuniqueto eachproductareasfollows:
16a, 0.496ppm (m, CH2, 4-carbon,a- to Si), 1.136(s,
geminalCH3s); 17b, 0.450(m, CH2, 4-carbon,a- to Si);
18, 1.342(d, CH2, 4-carbon,a- to Si, J = 8.5Hz), 1.5 (s
with fine splitting, allylic CH3), 1.646 (s with fine
splitting, allylic CH3), 5.103(triplet of septets,vinyl H);
19, 0.6113(m, CH2, 4-carbon,a- to Si),1.679(swith fine
splitting,allylic CH3), 1.962(m, CH2, 2-carbon,b- to Si),
4.615(m, vinyl H), 4.648(m, vinyl H).

Synthetic Procedures

Synthesis of g-silyl-substituted chlorides. (Trimethyl-
silyl)methyl iodide, 21. This was synthesizedas de-
scribed by Whitmore and Sommer.59 Under nitrogen,
approximately 1500ml of acetone were purified by
refluxing for 6 h over CaO and KMnO4, followed by
fractionation through a 40cm Vigreaux column (b.p.
56°C; lit.60 b.p.56.2°C).

To sodium iodide, 215.1g, 1.435 mol, dissolvedin
approximately1200ml of acetone,wasadded(trimethyl-
silyl)methyl chloride, 101.3g, 0.8258mol, all at once,
using an additional 200ml of acetonefor rinsing. The
mixture was stirred under nitrogen at reflux for 24h.
Almost immediately,a white precipitateof NaCl formed
that thickenedover time, eventuallyhinderingagitation.

The cooledsolution was filtered througha medium-
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porosity, 600ml fritted funnel, rinsing with 200ml of
washacetone.Acetonewas then removedby fractiona-
tion through a 40cm Vigreaux column. After cooling,
pentane(50ml) andwater(250ml) werepoureddownthe
Vigreaux column into the pot. The mixture was
transferredinto a separatingfunnel, using 150ml of
waterand250ml of pentane,shakenandseparated.The
aqueouslayer wasextractedwith pentane(6� 50mL).

The combinedorganiclayerswerewashedwith 10%
aqueoussodiumthiosulfate(3� 100ml) to removefree
iodine, and then with water (2� 100ml). The pentane
solutionwasdried(MgSO4), filtered,andconcentratedby
rotaryevaporationin a room-temperaturebath.

The residue was then distilled (10cm Vigreaux
column, b.p. 137–140°C; lit.59 b.p. 139.5°C) to give
137.8g of 21(78%):1H NMR (CDCl3, 300MHz) � 0.147
(s),2.00(s);13C NMR (CDCl3, 75MHz), � ÿ12.06,1.59.

Ethyl 3-(trimethylsilyl)propionate, 22. Compound 22
was synthesizedusing a procedureby Sommer and
Marans.58 Undernitrogen,sodiummetal,6.51g, 0.2831
mol, wasdissolvedin 100ml of commercialanhydrous
ethanol,completionrequiringappliedheat(reflux).

Next,purifiedethylacetoacetate,60 33.5g, 0.2574mol,
wasaddedatrefluxduring15min.Then21, 50.0g,0.234
mol, wasaddedover15 min.

After 36h atmoderatelyfastreflux,thecooledmixture
was stirred with 6.76g, 0.049 mol, of sodium hydro-
gensulfate monohydrate, for 10min (insolubles, pH
basic), heated(clarified) and gently refluxed for 30–
40min (brownishprecipitatecloudiness,pH 5–6). The
mixturewascooled,transferredandagitatedwith 500ml
of diethyl etherandultimately filteredon a fine-porosity
frit to removeprecipitatedsalts(NaI, NaHSO4, Na2SO4).
Most of the ether was removed by distillation. The
concentratewastransferredto a 250ml round-bottomed
flask. The remaining ethanol and ethyl acetatewere
mainly removedby distillation througha40cmVigreaux
column, whereupon NaI precipitation occurred. The
cooledresiduewas transferredwith 400ml of pentane,
causing further precipitation of NaI. The filtrate was
washed with water (3� 100ml), dried (CaSO4) and
filtered througha pentane-slurried4 cm bedof alumina
gel (Fisher,basic,BrockmanI) in a medium-porosity,
350ml fritted funnel, rinsing the bed with 200ml
additional pentane.Pentanewas mainly removed by
distillation through a 40cm Vigreaux column, the last
tracesby blowing with a gentlenitrogenstream,giving
20.39g of 22 (50%): 1H NMR (CDCl3, 500MHz) �
ÿ0.035(s,9H),0.799(m,2H),1.21(t, 3H),2.23(m,2H),
4.08 (q, 2H); 13C NMR (CDCl3, 125MHz), � ÿ2.05,
11.60,14.16,28.85,60.18,175.01.

Methyl 2-(trimethylsilylmethyl)acetoacetate, 2319, 61, 62.
This was preparedby a procedurebasedon those of
SommerandMarans58 andFlemingandGodhill.62 DMF
was purified by stirring over KOH pellets for 15min,

followed by distillation from CaO.Methyl acetoacetate
waspurifiedby distillationatreducedpressure(b.p.69°C
at13mmHg).To asuspensionof 0.80g,0.10mol, of LiH
in 100ml of DMF were addeddropwise,with stirring,
11.6g, 0.10mol of methyl acetoacetateduring 10min.
Hydrogen evolved slowly, requiring stirring for an
additional3 h. 1H NMR of an aliquot (500MHz, neat)
showedquantitative formation of the lithium enolate.
Next, 21, 21.4g, 0.10 mol, was addeddropwiseover
10min. The mixture was stirred for 20h at room
temperature,48h at 60°C and24h at 100°C to ensure
total reaction.

The cooled reactionmixture was pouredinto 1 l of
water, with additional rinses of 200 and 300ml. The
combined pentaneextracts (5� 200ml) were washed
with water(3� 500ml), dried(MgSO4) andsolventwas
removedby rotary evaporation.A distillation fraction
(113–122°C at 20mmHg) was found by NMR (CDCl3,
500MHz) to containmostly the desiredproduct.This,
when re-distilled (10cm Vigreaux column; lit.61 b.p.
60°C at2.0mmHg)wassufficientlypureby NMR for use
in the next reaction. A total of 8.76g of 23 were
synthesized(43%). NMR indicatedboth a keto and an
enol form. 1H NMR (CDCl3, 500MHz, keto form), �
ÿ0.009(s, 9H), 1.028(m, 1H), 1.150(m, 1H), 2.207(s,
3H), 3.425 (m, 1H), 3.714 (s, 3H); 1H NMR (CDCl3,
500MHz, enol form), � ÿ0.033 (s, 9H), 1.530 (s, 2H),
1.942 (s, 3H), 3.715 (s, presumably3H; very close to
larger peakof keto form), 12.5 (s); 13C NMR (CDCl3,
125MHz, ketoform),� 1.420,15.21,27.58,52.05,55.30,
171.17,202.28;13C NMR (CDCl3, 125MHz, enolform),
� ÿ1.13,14.52,19.11,51.14,97.10,169.64,173.60;IR
(neat),1744.9cmÿ1 (s, C=O str for esterC=O of keto
form), 1719.3cmÿ1 (s,C=O str for ketoneC=O of keto
form), 1648(m, C=O str for conjugatedC=O of enol
form), 1613.7(m, C=C strof enolform); MS (CI, NH3),
m/z 203.1 (M � 1, 1.3%), 202.1 (M�, 2.1%), 187
(43.4%), 170 (6.0%), 160 (12.8%), 159 (24.5%), 155
(27.3%), 143 (24.2%), 127 (18.9%), 113 (27.6%), 89
(58.7%), 75 (20.5%), 73 (100.0%), 59 (17.8%), 55
(66.3%),45 (12.8%),43 (29.3%).

Methanol-d, 2463,64. Methanol-d was synthesizedac-
cordingto the proceduredescribedby Streitwieseret al.
64 Dimethylsulfatewaspurifiedby distillationat reduced
pressure(b.p. 81–83°C at 15mmHg). Dimethyl carbo-
nate,treatedwith 4 Å molecularsievesfor 4 days,was
fractionally distilled through a 50cm vacuum-jacketed
glasscolumnpackedwith glasshelices(b.p.91°C;C).

To dimethyl carbonate,414g, 4.60 mol, and D2O,
102.6g, 5.12 mol, in a 1 l one-neckedround-bottomed
flask,dimethyl sulfate,16g, 0.13mol, wasadded;a stir
bar was insertedand a 60cm reflux column affixed,
protectedby Drierite (Hammond).After a 120h reflux,
1H NMR (neat, 500MHz) showedonly 0.3 mol% of
dimethyl carbonateremaining.After cooling, the reflux
column was replaced by a 50cm vacuum-jacketed
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column packed with glass helices. Methanol-d was
collected at a reflux ratio of 10:1 (b.p. 60.5°C at
742.6mmHg). 1H NMR indicated approximately99%
deuteration.A 234.7g amountof 24wasobtained(77%):
1H NMR (500MHz, neat), � 3.35 (relative to added
tetramethylsilane).

Methyl 3-(trimethylsilyl)propionate-2,2-d2, 2519,65.
Compound25 was preparedby reverseClaisen con-
densationof 23 in methanol-d, analogousto Sommerand
Marans’ preparationof 22.58 To 60ml of anhydrous
diethyl etherwere added2.2g of a 60% dispersionof
NaH in mineraloil, 0.055mol NaH. An additional15ml
of diethyletherwereusedto facilitatetransferof theNaH
into theflask.To thesuspensionof NaH in diethyl ether
wasadded23, 8.54g, 0.042mol, overaperiodof 15min,
suchthat hydrogenevolutionwasnot too rapid.

Methanol-d, 5ml, wasthenaddedover5 min,suchthat
HD evolution was not too rapid, forming a thick,
unstirrablepaste.Additional methanol-d, 55ml, added
all at once with stirring, led to dissolution to give a
slightly cloudy, pale yellow solution.This mixture was
heated,distilled througha Vigreauxcolumnto a b.p. of
61°C;Candrefluxed(condenserreplacingcolumn)under
nitrogenfor another45 h.

The cooledmixture was neutralizedto pH 6–7 with
2.4ml of glacial aceticacid-d (Aldrich) andpouredinto
250ml of water, with an additional 50ml of water for
rinsing. This solution was extracted with pentane
(4� 50ml). The combinedorganiclayerswere washed
with water (2� 60ml) anddried (CaSO4). Pentanewas
mainly distilled througha 10cm Vigreauxcolumn.The
residuewas then distilled to give 4.53g of colorless
liquid. A 1H NMR spectrum showed the desired
compound,but integrationof residualprotonsat the 2-
position showedonly approximately92% deuteration,
necessitatingfurther exchange.

The incompletely deuterated25, 4.52g, 0.028 mol,
was added to a solution of metallic sodium, 0.19g,
0.0083mol, pre-reactedin 30ml of methanol-d. After a
48h reflux, this was cooled,neutralizedwith 0.6ml of
glacial aceticacid-d, and treatedwith 150ml of water.
This was extracted with pentane (4� 50ml); the
combined organic layers were washed with water
(2� 50ml) and dried (MgSO4). Solvent was distilled
(10cm Vigreauxcolumn).Theresiduewasthendistilled
onamolecularstill (58mmHg,bath90–100°C; lit.19 b.p.
undeuterated68°C at 18mmHg.)The1H NMR spectrum
(CDCl3, 500MHz) now indicated97% deuteration.GC
indicated93%purity, adequatefor thenextstep.A total
of 3.48g of 25 wasobtained(51%): 1H NMR (CDCl3,
500MHz),� ÿ0.017(s, 9H), 0.810(s, 2H), 3.65(s, 3H);
13C NMR (CDCl3, 125MHz), � ÿ2.16, 11.27, 28.07
(multiplet), 51.35, 175.41; IR (neat), 3466cmÿ1 (m,
overtoneof C=O str), 2965(s),2896(s),2222(m, C–D
str),2130(m,C–Dstr),1739(s,C=O str),1435(s),1280
(vs), 1204(vs), 1107(s), 842 (vs).

4-(Trimethylsilyl)-2-methyl-2-butanol, 1658. Under ni-
trogen, to 30ml, 0.09 mol, of 3 M methylmagnesium
bromide in diethyl ether (Aldrich) was added, with
stirring, at a rateto maintainmoderatereflux, a solution
of 22, 5.0g, 0.0287 mol, pre-dissolvedin 30ml of
anhydrousdiethyl etherfrom a freshlyopenedcan.After
addition the mixture was stirred overnightat reflux. At
roomtemperatureaftergradualadditionof 20ml of water
with agitation, the flask contentswere transferredto
150ml of water in a separatingfunnel, with the aid of
200ml morewater.While maintainingpH 6–7by added
glacial aceticacid, theaqueouslayerwasextractedwith
diethyl ether(1� 100, 2� 75ml). The combinedether
layerswerewashedwith saturatedsodiumhydrogencar-
bonate (2� 50ml) and water (2� 50ml) and dried
(CaCl2). Diethyl etherwas removedby rotary evapora-
tion (35°C bath).Moleculardistillation at 4mmHg(bath
50°C) (lit.58 b.p. 48°C at 4mmHg) gave 3.17g of 16
(69% yield): 1H NMR (CDCl3, 500MHz), � ÿ0.018(s,
9H), 0.485(m, 2H), 1.18 (s, 6H), 1.38 (s, OH, variable
shift), 1.41 (m, 2H); 13C NMR (CDCl3, 125MHz), �
ÿ1.92,10.48,28.54,37.79,71.56.

4-(Trimethylsilyl)-2-methyl-d3-2-butanol-1,1,1-d3, 16b.
Into 85ml of 1 M methylmagnesium-d3 iodide in diethyl
ether (Aldrich), 0.85 mol, stirred under nitrogen were
added5.00g, 0.287mol of 22 at a gradualratesuchasto
maintainmoderatereflux. After an additional90min of
stirred reflux, the cooledsolution was treatedgradually
with 30ml of saturatedNH4Cl. The ether layer was
decantedandthreeadditionalextractionswereperformed
(1� 100,2� 25ml). Thecombinedorganiclayerswere
washedwith 5% aqueousNH4Cl (3� 50ml) andwater
(2� 50ml) anddried over Na2SO4. Most of the diethyl
ether was removed by distillation through a 10cm
Vigreauxcolumn (warm water-bath)and the remainder
by rotary evaporation(room temperaturebath). The
residuewaspurifiedby moleculardistillation (8mmHg).
Integrationof residualmethyl protonsin the 1H NMR
spectrumshoweddeuteriumincorporationin thedesired
positionsto beat least99%.A totalof 3.51g of 16bwere
obtained(74%): 1H NMR (CDCl3, 500MHz), � ÿ0.045
(s,9H), 0.457(m, 2H), 1.38(m, 2H), 1.61(broadsinglet,
variable,OH); 13C NMR (CDCl3, 125MHz), � ÿ1.95,
10.40,27.50(septet),37.64,71.20.

4-(Trimethylsilyl)-2-methyl-2-butanol-3,3-d2, 16c. This
wassynthesizedfrom 25 usingthesameprocedureasfor
16bexceptthat3 M methylmagnesiumbromidewasused
insteadof 1 M methylmagnesium-d3 iodide.In this work-
up, after removingmost of the diethyl ether througha
10cmVigreauxcolumn,theresiduewasdirectlydistilled
on a molecularstill (4mmHg,bath70–85°C), affording
2.31g of 16c. 1H NMR (CDCl3, 500MHz) indicated
impurealcohol;GC showed96% purity. After prepara-
tive GC,1.84g of 99.99%pure16cwasobtained(54%);
integrationof the residualmethyleneprotonsin the 1H
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NMR spectrumshowedthe extentof deuterationin the
desiredpositionsto be at least97%. 1H NMR (CDCl3,
500MHz), � ÿ0.023(s,9H),0.463(s,2H),1.175(s,6H),
1.46 (broad s, variable, OH); 13C NMR (CDCl3,
125MHz), � ÿ1.91, 10.26, 28.48, 36.98 (quintet),
71.45; IR (neat),3374cmÿ1 (s, broad),2967 (s), 2908
(s), 2183 (m), 2128 (w), 2081 (w), 1364 (m), 1249 (s),
1184(s), 863 (s), 835 (s).

4-(Trimethylsilyl)-2-chloro-2-methylbutane, 11. This
was preparedaccording to the method describedby
Sommerand Marans.58 In a separatingfunnel, 1.8g,
0.011mol, of 16 was shakenfor 15min with 30ml of
concentratedHCl. Pentaneextracts (4� 25ml) were
washed with 5% NaHCO3 (3� 30ml) and water
(2� 40ml) anddried(CaCl2). Solventrotaryevaporation
followedby moleculardistillation at55mmHg(lit. b.p.58

90°C at 55mm Hg) gave0.80g of 11 (40%): 1H NMR
(CDCl3, 500MHz), � 0.002(s,9H), 0.647(m, 2H),1.550
(s, 6H), 1.705(m, 2H); 13C NMR (CDCl3, 125MHz), �
ÿ1.91,11.76,31.67,40.49,72.82;gated-decoupled13C
NMR (CDCl3, 125MHz), � ÿ1.90(q, J = 119Hz), 11.75
(t, J = 119Hz), 31.66 (q, J = 128Hz), 40.48 (t,
J = 125Hz), 72.85(s);GC–MS,m/z165(37Cl M�ÿCH3,
1.3%), 163 (35Cl M�ÿCH3, 3.8%), 95 (27.8%), 93
(78.2%),73 (100%),70 (70.8%),55 (36.6%).

4-(Trimethylsilyl)-2-chloro-2-methyl-d3-butane-1,1,1-
d3, 11a. Compound11awassynthesizedfrom 16busing
the sameprocedureas for 11, exceptthat most of the
pentanewas distilled out through a 10cm Vigreaux
columnwith anice–water-cooledcondenser,andthelast
tracesby rotaryevaporationfrom asmallflaskatambient
temperature.Theresiduewaspurifiedonamolecularstill
(56mmHg).Integrationof residualmethylprotonsin the
1H NMR spectrumshoweddeuteriumincorporationin
thedesiredpositionsto beapproximately99%.A total of
2.5g of 11a was obtained (75%): 1H NMR (CDCl3,
500MHz), � 0.00(s,9H), 0.642(m, 2H), 1.697(m, 2H);
13C NMR (CDCl3, 125MHz), � ÿ1.90, 11.73, 30.72
(septet,J = 19Hz), 40.36,72.39.

4-(Trimethylsilyl)-2-chloro-2-methylbutane-3,3-d2,
11b. Compound11bwassynthesizedfrom 16cusingthe
sameprocedureas for 11a. Integrationof the residual
methyleneprotons in the 1H NMR showeddeuterium
incorporationin thedesiredpositionsto be not lessthan
97%. The yield was 1.12g (55%). 1H NMR (CDCl3,
500MHz), � 0.002(s, 9H), 0.629(s, 2H), 1.548(s, 6H);
13C NMR (CDCl3, 125MHz), � ÿ1.897,11.56,31.61,
39.73(quintet),72.66.

Synthesis of carbon analogs. 1-Chloro-3,3-dimethyl-
butane, 26. The synthesis followed Schmerling’s
procedure.66 Into a three-necked,100ml round-bottomed
flask equipped with a thermometerand a bubbler-
monitoredgasinlet (nebulator),anda bubbler-monitored

outlet,with theinlet monitorconnectedto a lecturebottle
of ethylene,were placed50ml of pentaneand 28.1g,
0.303mol, of tert-butyl chloride.While stirring, theflask
was cooled to ÿ60°C in a dry-ice–acetonebath and
2.81g, 0.021mol, of aluminumchloridewereadded.

Ethylenewasthenbubbledthroughthemixtureandthe
dry-ice–acetonebathwasremoved.At ÿ20°C, vigorous
absorptionof ethylenewasindicatedby cessationof gas
flow from the outlet bubbler,which requiredincreasing
thegasflow to preventsuck-back.A simultaneousrapid
temperaturerise requiredprompt restorationof dry-ice
bath cooling. Cooling to aboutÿ30 to ÿ40°C (slow
absorption) and allowing to warm to ÿ10°C (rapid
absorption)werecycleduntil ethyleneabsorptionceased,
asseenby equalgasflow in theinlet andoutletbubblers.

At ÿ40°C, thepentanesolutionwasdecantedfrom the
solids,usinganadditional50ml of pentaneto rinse.The
pentanesolutionwasthenwashedwith water(2� 50ml),
saturatedNaHCO3, again with water (2� 50ml) and
driedoverK2CO3.

Pentanewas removed through a 14cm vacuum-
jacketedcolumnpackedwith glasshelices.The remain-
ing liquid was fractionally distilled; the large fraction
(b.p.115–119°C; lit.66b.p.115°C) comprising27.62g of
26 (76%):1H NMR (CDCl3, 500MHz), � 0.929(s, 9H),
1.73, (m, 2H), 3.52 (m, 2H); 13C NMR (CDCl3,
125MHz), � 29.28,30.80,41.59,46.95.

4,4-Dimethylpentanoic acid, 2767,68. Undernitrogen,to
8 g, 0.33 mol, of oven-driedMg turningsand 50ml of
anhydrousdiethyletherwasaddedaportionof asolution
of 21.0g,0.174mol, of 26 in 150ml of anhydrousdiethyl
ether.After brief heatingwith a heatgun had initiated
reaction,the remainingchloride solution was addedto
maintainreflux. Thereafter,a 55°C bathwasappliedto
continuereflux another1.5 h.

Thecooledsolutionwaspouredinto 101.5g of dry-ice
pellets. The resulting thick slurry required additional
diethyl etherto facilitate stirring. Whenmostof thedry-
ice hadevaporated,250ml of 1 M HCl wereadded,and
stirring was continueduntil the dry-ice was gone.The
etherlayerwasseparated,combinedwith additionalether
extracts (2� 100ml), dried (CaSO4), and the ether
removedby rotaryevaporation.

Theresidue,dissolvedin 250ml of 5%aqueousNaOH,
was washedwith diethyl ether(4� 100ml), discarding
the ether layers. The aqueouslayer was acidified by
gradual addition of concentratedHCl; the product
separatedasanoil. Themixturewasthenextractedwith
CH2Cl2 (3� 100ml). ThecombinedCH2Cl2 layerswere
washedwith water and dried. Rotary evaporationon a
warm water-bathgave 16.1g of crude product,which
wasvacuumdistilled (b.p. 104–108°C at 13–14mmHg;
lit.68 b.p. 105°C at 13mmHg) to give 13.22g of 27
(58%):1H NMR (CDCl3, 500MHz), � 0.907(s,9H),1.56
(m, 2H), 2.32(m, 2H), 11.32(very broadsinglet,OH).
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Ethyl 4,4-dimethylpentanoate, 28. A 13.22g, 0.10mol,
amountof 27 was refluxedwith a catalytic amountof
sulfuric acid in 370ml of ethanolfor 18h. The mixture
wasneutralizedwith aqueousNaHCO3 andmostof the
ethanoldistilled. The residue,in pentane,was washed
with aqueousNaHCO3, thenwater,anddried (K2CO3).
Pentanewasmainlydistilledatambientpressure,andthe
residueunder vacuum(b.p. 105–109°C at 105mmHg;
lit.69 b.p. 60–62°C at 8.0mmHg) to give 9.44g of 28
(64%):1H NMR (CDCl3, 500MHz), � 0.87(s,9H), 1.23
(t, 3H), 1.52(m, 2H), 2.25(m, 2H), 4.10(q, 2H).

Ethyl 4,4-dimethylpentanoate-2,2-d2, 28a. This was
preparedby repeatedbase-catalyzedexchangeof 9.44g
of the undeuteratedester,28, with ethanol-d–ethoxide.
Ethanol-d was removedafter eachexchangethus: the
mixture was neutralized with glacial acetic acid-d
(Aldrich). Most of the spentethanol-d wasremovedby
distillation. The residue,in pentane,was washedwith
water,dried(MgSO4) andthesolventdistilled.After 2–3
exchanges,the deuteratedesterwaspurified by vacuum
distillation (b.p. ca 72°C at 20mmHg) to give 5.40g of
28a (56%). 1H NMR analysisof the residualmethylene
protonsshoweddeuteriumincorporationto have taken
place to approximately 97%. 1H NMR (CDCl3,
500MHz), � 0.869(s, 9H), 1.231(t, 3H), 1.509(s, 2H),
4.09(q, 2H).

2,5,5-Trimethyl-2-hexanol, 29. This was synthesized
according to Grob and Waldner.32 To the ethereal
Grignard reagentpreparedfrom 3.0g, 0.123 mol, of
oven-driedmagnesiumturnings and 26, 10.0g, 0.083
mol, wasaddeddry acetone(purifiedasdescribedfor the
synthesisof 21), 5.89g, 0.101 mol, dropwiseso as to
maintainthe etherat moderatereflux. After addition of
acetone,2 M NH4Cl wasaddeddropwiseuntil thepH of
theaqueouslayer wasneutral.Theseparatedetherlayer
was combined with ether extracts (3� 50ml); the
combined layers were washedwith water (3� 50ml)
and dried (Na2SO4). The etherwas removedby rotary
evaporationandthe residuedistilled at 12.5mmHg(b.p.
62–64°C; lit.32 b.p. 61.5–62°C at 10mmHg) to give
4.91g of 29 (41% yield). PreparativeGC of the crude
product, 1.78g, afforded pure alcohol 29: 1H NMR
(CDCl3, 500MHz), � 0.859 (s, 9H), 1.181 (s, 6H,
partially overlappedwith multiplet at � 1.20), 1.20 (m,
2H, partially overlappedwith singlet at � 1.181),1.412
(m, 2H), 1.464 (s, broad, variable, OH); 13C NMR
(CDCl3, 125MHz), � 29.12,29.29,29.88,38.09,38.49,
70.99.

2-Methyl-d3-5,5-dimethyl1-2-hexanol-1,1,1-d3, 29a.
Compound29a wassynthesizedby the sameprocedure
asfor 29, usingacetone-d6 (99.9%D; CambridgeIsotope
Laboratories)insteadof acetone.A 7.54g amountof 29a
was obtained(60%), of which 1.43g was purified by
preparativeGC. Residualmethyl protonscould not be

seen in the 1H NMR spectrum;it was assumedthat
deuteriumincorporationwasgreaterthan99%.1H NMR
(CDCl3, 500MHz), � 0.854(s,9H), 1.194(m, 2H), 1.395
(m, 2H), 1.496 (s, broad, variable, OH); 13C NMR
(CDCl3, 125MHz), � 28.13(septet),29.29,29.87,38.04,
38.38,70.68.

2,5,5-Trimethyl-2-hexanol-3,3-d2, 29b. Compound29b
was prepared by addition of 3 M methylmagnesuim
bromide (Aldrich) to 28a, as in the synthesisof 16.
Residualmethyleneprotonscouldnot bedetectedin the
1H NMR spectrum; it was assumedthat deuterium
incorporation was at least 97%, that which was
determinedfor 28a. 1H NMR (CDCl3, 500MHz), �
0.865 (s, 9H), 1.184 (s, 6H), 1.197 (s, 2H), 1.342 (s,
broad,variable,OH).

2-Chloro-2,5,5-trimethylhexane, 10. This was synthe-
sizedby a procedureof GrobandWaldner.32 Compound
29, 1.7g, 0.117mol, wasshakenin a separatingfunnel
for 15min with 33ml of concentratedHCl. This mixture
was extractedwith pentane(3� 75ml). The combined
organic layers were washed with 5% NaHCO3

(4� 50ml) and water (3� 50ml) and dried (CaCl2).
Pentanewas removedby rotary evaporationat ambient
temperatureandtheresiduewasdistilledat13mmHgin a
molecularstill (lit.32 b.p. 46.5–47.5°C at 11mmHg) to
give 0.45g of 10 (24%):1H NMR (CDCl3, 500MHz), �
0.894(s, 9H), 1.355(m, 2H), 1.567(s, 6H), 1.706(m,
2H); 13C NMR (CDCl3, 125MHz), � 29.30,29.89,32.39,
38.79,40.90,71.52.

2-Chloro-2-methyl-d3-5,5-dimethylhexane-1,1,1-d3,
10a. Compound10awaspreparedfrom 29aaccordingto
the procedureused(above)for 10. Residualprotonsfor
thedeuteratedmethylgroupscouldnot beseenin the1H
NMR spectrum;it was assumedthat deuteriumincor-
porationwasgreaterthan99%.A total of 0.64g of 10a
were obtained(60%): 1H NMR (CDCl3, 500MHz), �
0.892(s, 9H), 1.353(m, 2H), 1.699(m, 2H); 13C NMR
(CDCl3, 125MHz), � 29.30,29.89,31.43(septet),38.75,
40.75,71.03.

2-Chloro-2,5,5-trimethylhexane-3,3-d2, 10b. Com-
pound 10b was preparedusing a modification of the
proceduredescribedby ShinerandVerbanic.70 Between
1 and0.5ml of 29b wasplacedin a 1 dram(4ml) screw-
topped vial. A Pasteurpipette connectedto a lecture
bottle of hydrogen chloride gas by meansof Tygon
tubingwasclampedinto placeabovethevial so that the
tip of the pipettewasalmosttouchingthe bottomof the
vial. Hydrogenchloridegaswasgentlybubbledinto the
2,5,5-trimethyl-2-hexanol-3,3-d2. After 5 min, the vial
becamehotto thetouch.After another5 min, theliquid in
the vial developeda pinkish color and becamecloudy.
After a totalof 15min, two layerswereseento form. The
bubblingwasdiscontinuedandthemixturewasdissolved
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in pentane,washedwith water and aqueoussodium
hydrogencarbonateand againwith water.The pentane
solution was then dried (K2CO3), and the solvent was
removedby rotary evaporationat ambienttemperature.
The residuewas then vacuumdistilled on a molecular
still (lit.32 b.p. 46.5–47.5°C at 11mmHg) to give the
product.1H NMR analysisof residualmethyleneprotons
showed deuterium incorporation to be approximately
90%;presumablysomedepletionoccurredasa resultof
addition of HCl to someelimination product.1H NMR
(CDCl3, 500MHz), � 0.892(s,9H), 1.341(s,2H), 1.561
(s, 6H). 13C NMR (CDCl3, 125MHz), � 29.30,29.89,
32.32, 38.62, 40.5 (multiplet 13C's for CD2 and CDH
compounds),71.37. (Some small peaks believed to
correspondto theCDH compoundwerealsoseenin the
13C NMR spectrumat � 32.384,38.706and71.5.)
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