JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chent2, 564-576 (1999)

v-Silyl-stabilized tertiary ions? Solvolysis of
4-(trimethylsilyl)-2-chloro-2-methylbutane

Leon J. Tilley'* and V. J. Shiner, Jr?

"Department of Chemistry, Stonehill College, 320 Washington Street, Easton, Massachusetts 02357, USA
2Departmen’[ of Chemistry, Indiana University, Bloomington, Indiana 47405, USA

Received 2 November 1998; revised 10 February 1999; accepted 26 February 1999

ABSTRACT: Rate constant, isotope-effect, and product studies of the solvolysis of 4-(trimethylsilyl)-2-chloro-2-
methylbutanell, and its carbon analog, 2-chloro-2,5,5-trimethylhexdrejn aqueous ethanol and aqueous 2,2,2-
trifluoroethanol (TFE) indicate very little participation of thesilyl substituent. These results are in sharp contrast to
earlier reports on secondayysilyl 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 ofL1 and 10 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
0 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

M(CH;),
Silicon is well known to influence reactivity at carboca- 1 M=Si
tion centers (for reviews of silyl-substituted carbocations, 2 M= Br

see Ref. 1). However, the exact nature and magnitude of

the silicon effect is highly dependent upon the position of roughly 4 kcal mol* (1 kcal =4.184 kJ) less effective

the silicon atom relative to the developing positive charge than an alkyl-substituted system in stabilizing carboca-
and the structure and conformation of the reacting tions in solution. The decreased ability of arsilyl

substrate. _ o _ ~ substituent to stabilize positive charge is believed to
Notwithstanding complications resulting from steric result from poorer hyperconjugation of Si—C bonds with
and ground-state effects, results indicate that.ailyl the carbocation p-orbitdt>® Although one gas-phase

substituent seems to stabilize carbocations relative tostudy suggests otherwise, several theoretical calcula-
hydrogen, but retards solvolysis rates relative to alkyl tions have supported this supposition, and suggest that
substituents. Cartlege and Joheund 2-bromo-2-  the order of stability for-substituted carbocations is H
(trimethylsilyl)propane to solvolyze 38000 times slower » sj« Cc38

than the carbon analog, 2-bromo-2,3,3-trimethylbutane. |n contrast, -silyl substituents have been shown to
Apeloig and co-workers® found 2-(trimethylsilyl)-2-  stabilize carbocations greatly. Since an early report by
adamantylp-nitrobenzoate to solvolyze at roughly the yUshakov and Itenbefgin 1937, there have been
same rate as 2-methyl-2-adamangyhitrobenzoate, but  numerous investigations to determine the magnitude
concluded that the destabilizing influence of thsilyl and origins of this effect. In a solvolytic study of the

effect was masked by a leaving group-dependent conformationally restricted systerBsand4, Lambertet
electronic geminal interaction which raised the ground-

state energy for the silyl-substituted nitrobenzoate. In a SiMes
study designed to minimize such complexities, Shimizu SiMes
et al® determined solvolytic rates fdt and its carbon
. . 4
analog2, and concluded that thesilyl substituent was 3 OC(O)CF,
OC(O)CF3

*Correspondence tok. J. Tilley, Department of Chemistry, Stonehill

College, 320 Washington Street, Easton, Massachusetts 02357, USA. .
E-mai lilley@stonehil.ed al.’® reported rate accelerations of 410" and

Contract/grant sponsortndiana University. 4.0x 10%, respectively, over cyclohexyl trifluoroacetate.
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y-SILYL-STABILIZED

In addition,it waspossibleto resolvetheinfluenceof the
p-siliconinto contributiondrom aninductiveeffectanda
conformationally dependenteffect believed to arise
either from hyperconjugationor from a true, bridged
ion containinga five-coordinatesilicon. The conforma-
tional effectis, unlessorbiddenby geometrypelievedto
provide the majority of the stabilizing influenceof the
silyl substituent.Although some ambiguity still exists
regardingthe extentof bridgingin the stabilizedion ®**
measuremenbf o-deuteriumisotope effects by Flem-
ing,’? Lambert et al.** and Shimizu*® tend to support
hyperconjugatiomatherthana bridgedintermediate.

The ability of a y-silyl substituent to stabilize
carbocationds an interestingphenomenonin an early
paper, unusual reactivity of a y-silyl system was
demonstratedby Sommer et al.,** who found (3-
chloropropyltrthlorosilane to react with ethanolic
KOH within 1h, whereasn-hexyl chloride did not.
Indeedjt waslatershownthat1,3-eliminationof ay-silyl
substituentould be usedto synthesizecyclopropanes?
Fleming and co-workerd®-1° reportedthe ability of y-
silyl substituentgo control carbocationrearrangements
underLewis acid-catalyzeaonditions.During a studyof
cyclopropaneformation from 1,3-deoxystannylatiorof
norbornyl mesylates Davis and JohnsoA° proposedan
alternativemechanisnto concertedelimination, which
involved a ‘percaudally’ stabilizedintermediatewvherein
the backlobe of the carbon-tinsigmabond overlapped
with the p-orbital of the carbocationto stabilize the
positive charge. In an attempt to detect such an
intermediate y-silyl andy-stannylsubstitutedsulfonates
weresolvolyzed?! In aqueousaceticacid, 4-(trimethyl-
silyl)-2-butyl methanesulfonatgvas found to solvolyze
7.8 times faster than 2-butyl methanesulfonatéyut no
methylcyclopropnewasfound. It wasconcludedhatno
y-silyl stabilizedion existed.

ShinerandEnsingef*?*havedescribedanumberof y-
silyl-substituted secondary systemswhose solvolyses
have conclusively been demonstratedo involve per-
caudallystabilizedions.Duringthesolvolyseof cis-and
trans- 3-(trimethylsilyl)cyclotexyl brosylates (brosy-
late=4-bromobenzenesulfonatethe cis- (but not the
trans) isomer was found to react two orders of
magnitudefaster than carbonanalogsin 97% aqueous
2,2,2-trifluoroethano(97T). This rateincreaseandalso
the differencein reactivity betweenthe cis and trans
systemswasindicative of a conformationallydependent
y-silicon effect. A -d, isotopeeffectof nearlyunity, the
presencef a bicyclohexanel,3-eliminationproductand
anethanol-TFBplot** markedlydifferentfrom the other
systemgrovidedfurtherevidenceof the involvementof
percaudally stabilized ion in a ‘W’ conformation, as
shown in Figure 1. Theoretical calculationsare also
consistentwith an orientation-dependery-silicon ef-
fect?®

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

CopyrightO 1999JohnWiley & Sons,Ltd.
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Me,

Figure 1. Carbocation stabilized by 'Percaudal’ overlap of -
silyl substituent

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

OBs 5 M=si
/\)\ 6: M=C
Me,M OBs = 4-bromobenzenesulfonate

(brosylate)

120 times fasterin 97T than the carbon analog 5,5-
dimethyl-2-hexylbrosylate,6.2° Reducedf-ds; and o-d
isotope effects and unusually small or inverse -d,
isotopeeffectswerealsoseenaswell astheformationof
significant amounts of methylcyclopropane.Conse-
quently, the proposedmechanisnfor this reactionalso
involved silicon-promotedcarbon participation. Addi-
tionally, sincethe productswerefoundto be racemic,it
wassuggestethat,unlike thecyclohexylsystemwherein
participationoccursexclusivelythroughaW conforma-
tion, the y-silyl substituentcan stabilize the transition
statefor the straight-chainsystemby eitheraW or an
endo-sickle conformation. Several later studies of
stereospecificallylabeled straight-chain y-silyl-substi-
tuted secondarybrosylateslent further supportto this
conclusior?’%®

While there is ample evidence for participation
involving a y-silyl substituentfor secondarysystems,
surprisinglylittle work hasbeendoneon the correspond-
ing tertiary systems. Fleming and co-workers®°
reported Lewis acid-catalyzedrearrangementdor -
silyl-substitutedtertiary alcohols. Grob and co-work-
ers®3° measuredsolvolysis rates for the substituted
adamantylbromides 7 and 8 in 80% (v/v) aqueous

7:R=H
8: R Me,Si
R
Br
MeSi

ethanol(80E) and found only modestrate accelerations
of 8.6-and33-fold, respectively Grob and Waldner*32
also studied the ethanolysis of the tertiary stannyl
chloride, 9, and its carbon analog, 2-chloro-2,5,5-

HBC €l 9:M=sn
10:M=C
Me;M CH; 11:M=Si

trimethylhexane 10. Productstudiesof 9 indicatedthe
J. Phys.Org. Chem.12, 564-576(1999)



566 L. J.TILLEY AND V. J.SHINER,JR

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

Solvent
Compound 97T (k x 10°° s) 97T (krel) 80E (k x 10° s) 80E (el
HC ¢
130.9(0.2) 2.35 1.185(0.003) 1.13
Me3Si CH3
11
H3C Cl
55.75(0.02) 1.00 1.050(~0) 1.00
Me3C CH3
10
Cl
X 13.19 0.237 0.9338 0.889
12
2 Ref. 34.
b Ref. 35.

exclusiveformationof dimethylcyclopropane;this com-
pound was seento react 12—-14 times faster in 80E
(calculatedfrom rate constantseportedat 50 and60°C)
than the carbonanalog.By comparisonof Grunwald—
Winsteinm values?® it was concludedthat this reaction
was not concerted,but involved a carbocationinter-
mediate.

Accordingly, we decidedto studythe solvolysisof 4-
(trimethylsilyl)-2-chloio-2-methylbutane11. The study
of thissystemwasexpectedo providefurtherinsightinto
the nature of the stabilizing influence of a y-silyl
substituent,and to determineits effect, if any upon a
tertiary system.Measurementsf rate constantskinetic
isotope effects and product studieswere made on this
systemandon the carbonanalog,10.

RESULTS

The conductometriaate constantsor the solvolysis of
11andseveratarbonanalogd*>°in aqueougthanoland
2,2,2-trifluoroethanokt 25°C are given in Table 1. In
caseswhere multiple determinationsof a rate constant
were performed,valuesin parenthesemdicate average
deviations.To aid in making comparison relative rate
constantsarealsoindicated.

p-Deuteriumkinetic isotopeeffectsfor 10 and11 are
givenin Table2. Forcomparisontheisotopeeffectsfor a
numberof othertertiary chloridesarealsoincluded®>:3°

In order to determine reaction products, 11 was
allowed to solvolyzefor at least10 half-lives at 25°C
in deuterate@0E (80%ethanolds—20%D,0 by volume)

Copyright( 1999JohnWiley & Sons,Ltd.

and deuterated97T (97% 2,2,2-triflurorethano;—3%
D,0O by weight). The identitiesand relative proportions
of the productswere determinedby *H NMR and are
givenin Table3. In additionto the expectecelimination
and substitutionproducts,a small amount of the 1,2-
elimination product,20, wasalsoobservedn 97T. This
compoundresultsfrom a hydride shift to form a f-silyl-

stabilized carbocation,followed by elimination of the
trimethylsilyl group. Such a rearrangemenhas been
previouslyobservedy Flemingandco-workers-2-*°

DISCUSSION

At first glance, stabilization of the carbocation by
percaudabarticipationof the y-silyl substituentappears
to be absent.The resultsappearo confirm expectations
thatatertiary carbocatiorintermediateexhibitsa smaller
electrondemandon a silyl substituentFor example Li
and Stoné’ have previously demonstratedn the gas
phasehatthemagnitudeof the g-silyl effectdecreaseby
10kcal mol~* with eachreplacemenof a -hydrogenby
amethylgroup.Consequentlyit seemdikely thatthe y-
effect would also be much reducedfor the tertiary as
opposedo the secondarsystem.

In contrastto the secondary-silyl brosylate 5, which
reacted129 times fastef® thanthe carbonanalog,6, in
97T and2.7 timesfasterin 80E, thetertiary chloride11
solvolyzedonly 2.35timesasfastasits carbonanalogin
97T, therateconstantsareessentiallyidenticalin 80E. It
is interesting that, of the two solvents, the only
accelerationdetectedfor the silyl compoundis seenin

J. Phys.Org. Chem.12, 564-576(1999)
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Table 2. Isotope effects for solvolyses of tertiary chlorides at 25°C?

Solvent
Compound Parameter 97T 80E
H3C Cl
B ds (Kulke—metnyi-o, .., o). - 1.610 1.727
Me;Si CH, B ds (Ki/Ko—methyl-d, , ,, o) 1.269 1.314
u B dy (Klks 3 o) 1.159 1.320
H3C Cl
X e gl e ¥
Me;C CH. HR2—methyl-d; ; 1 1 4 : :
= B d (kifka o 0 1.459 1.409
Cl
X B ds (Kulky _a)™ 1.378 1.349
12
H;C
e B da (Kilka1-0) - 1.34
CHy B do (Kilks s o, — 1.4¢
13
H3C H3C Cl
C)\)< B ds (k1.1 o) — 1.34
H CH, B dz (Klks,3-a,) — 1.47
} 14
H3C H3C Cl
st p da (Kiky11 o) — 1.4¢
Hy o B dz (Kilksso) — 1.08'

& Exceptwherenoted,the isotopically labeledcompoundsisedwere at least97% deuterated.

Compoundwasapproximatéy 90% deuterated.
¢ Ref. 35.
9 Ref. 36.

97T. This observationis in accord with data for
secondarysystemswhich also show (but to a much
greaterextent)largerrate enhancementm TFE thanin
ethanol?#2326:28 Thys, while rate studies seem to
indicate greatly diminished participation of the y-silyl
substituentthe possibility of somestabilizationin 97T
still exists.

Indeed,the f—d, and f—d3 isotopeeffectsfor 11 in
97T, which are significantly smallerthanthoseseenfor
10, lendfurthersupportto the possibility of the existence
of a percaudallystabilizedion in that solvent. TheW or
endo-sickle conformation required for percaudalpar-
ticipation of a y-silyl substituenthas been shown to
lead to greatly reducedor eveninverse f—d, isotope
effects in secondary straight-chain and cyclohexyl
systems2%32628|n suchinstancesthe dihedral angle
betweernthe C—D bondsandthe developingp-orbital of
the reactingcarboncenteris suchasto allow for very
little hyperconjugatiorffor adiscussiorof the conforma-
tional dependencef the -deuteriumisotopeeffect, see
Refs®38, and often only the inductive effect (which
leadsto inverse isotope effects) is observed.Since a

CopyrightO 1999JohnWiley & Sons,Ltd.

stabilizedintermediatein the solvolysisof 11 would be
expectedo proceedhrougha similar conformation(Fig.
1), the § -d, isotopeeffect for this systemwould alsobe
expectedo besmall.Indeed,in 97T, the § -d, effectfor
11 of 1.159,althoughnot as small asfor the secondary
systemsis considerablysmallerthanthatof 1.452for 10.

It might be argued that the reduced ff-deuterium
isotopeeffectis theresultof aparticularconformerbeing
sterically favored. This hasbeenobservedor 2-chloro-
2,4,4-trimethylpentanel 5 (f -d, isotopeeffect 1.08)3¢
However,conformationalrestrictiondueto steric repul-
sion between adjacent alkyl groups would not be
expectedto be asimportantfor 11. Indeed,the carbon
analogl10, which would in fact be expectedto be more
congestedexhibitsatypical § -d, isotopeeffectof 1.452.
Furthermorethe  -ds isotopeeffect for 11 in 97T (in
which the pg-methyl group is freely rotating and
unaffectedby conformationalrestrictions)is also seen
to bereducedrelativeto the 5 -ds effectfor 10. The fact
thatthe isotopeeffectsarereducedo a greaterextentin
97T than80E alsorulesout the stericexplanation.

The isotope effects also appearto reflect differing

J. Phys.Org. Chem.12, 564-576(1999)
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Table 3. Solvolysis products of 4-(trimethylsilyl)-2-chloro-2-
methylbutane

Solvent
Product Deuterated®7T DeuteratedBOE
HC  op
/\)< 14.6 39.6
Me3Si CH3
16a
H;C OR
X 50.1 26.0
MC3Si CH3
17a R =0CD,CF;
17b R=0CD,CD;
Total substitutionproducts 64.7 65.6
CH,
/\)\ 21.0 20.7
Me3Si CH3

/\)J\ 12.7 13.6
Me;Si CH,
19
CH;
\)\ 1.7 0
A cH,
20

Total elimination products 35.4 34.3

& Expressedsmol% of total mixture.

amounts of competing rate-determining elimination,
dependinguponthe extentof participationof the silicon.
An examinatiorof the productsfrom the solvolysisof 11
supports this observation. The relative amounts of
elimination in 97T andin 80E are remarkablysimilar.
This is in sharpcontrastwith resultsobtainedfor tert-
butyl chloride*3® which shows considerably larger
amountsof elimination and also a larger  -ds isotope
effectin TFE ascomparedwith ethanol.The resultsfor
thetert-butyl systemhavebeenattributedto partial rate-
determiningelimination from the tight ion-pairin TFE,
with the larger -deuteriumisotopeeffect arising from
the contribution of a primary isotope effect3® Indeed,
resultssimilarto thoseobtainedor tert-butyl chlorideare
seen for 10, whose f -d; isotope effect remains
essentiallyidenticalin the two solvents but whoseg-d,
isotopeeffectis largerin 97T.

In spiteof theevidenceof participationprovidedby the
similarity in theamountsof eliminationproductsin both
solvents, the absenceof significant amountsof 1,1-
dimethylcyclopropne seemsto precludethe possibility
of an intermediate carbocation stabilized by strong
silicon-promotedcarbonparticipation.For secondaryy-
silyl-substitutedsystems,significant amountsof cyclic

Copyright( 1999JohnWiley & Sons,Ltd.

1,3-elimination products derived from loss of the
trimethylsilyl grouphavebeenobserved?%32%-?%&trong
percaudalparticipationin the solvolysis of 11 should
therefore be accompaniedby the formation of 1,1-
dimethylcyclopropae. It is thereforepossiblethat, while
the degreeof positive chargedelocalizationat silicon is
insufficient to favor attack of a solvent molecule at
silicon to cause 1,3-elimination, the conformation
required by participation apparentlytendsto disfavor
rate-determining$ -CH, eliminationin 97T.

Using the results of this study and by drawing an
analogy with solvolytic studies of tert-butyl chlor-
ide 3*3%3%we havepostulateda reasonablenechanistic
picturefor thesolvolyseof 10and11, asshownin Fig. 2.
The rate-determiningstep for all of the systemsis
probablythe formationof the solvent-separateidn pair.
However,whereascompetingrate-determiningelimina-
tion appeargo be occurringfor 10in 97T, this doesnot
seemto be the casefor 11, whosep -d, isotopeeffectis
much smaller in that solvent. Indeed, the ion formed
during the solvolysis of 11 may gain some additional
stability from participation (albeit slight) of the y-silyl
substituent.In 80E, although a very small extent of
participationmay beindicatedby the slightly smallerf -
d, isotope effect of 11 (1.32 versus 1.40), both
compoundsprobably react by similar mechanismsin
neithersystemis evidenceof competingate-determining
eliminationconclusive.

CONCLUSION

Theresultsof this studyindicatea muchsmallerextentof
percaudaparticipationby ay-silyl substituentluringthe
solvolysis of a tertiary substratethan for a secondary
substrate Consideringthe inherentstability of tertiary
carbocationsit is not surprisingthat thereis a reduced
demandntheability of thesilyl substituento delocalize
the positivecharge.

An interestingcomparisoncan be madebetweenour
results and Grob and co-workers’ earlier study®°
involving ethanolysiof the y-silyl substitutecadamantyl
system7. The rateacceleratiorof 8.6-fold foundin 80E
is largerthan our value of 1.13-fold (essentiallynone).
This observatioris in goodagreementvith the expecta-
tion that percaudalparticipationof the silyl substituent
would be muchlessfor the open-chainsystemthanthe
adamantykystemin which silyl substituents heldin the
conformationrequiredfor maximumparticipation.

Additionally, while we did not observeappreciable
rate accelerationfor the open-chainsilyl system11 in
80E, Waldnerand Grob®™ reporteda rate acceleratiorof
12-14-foldfor the correspondingstannylanalog9, and
also the formation of 1,1-dimethylcyclpropane.These
results concur with the expectation that percaudal
participationis moreimportantfor ay-stannylasopposed
to a y-silyl system,becauseof the greater electron-

J. Phys.Org. Chem.12, 564-576(1999)
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Mechanisms in 97T: # indicates solvent

Me, Si

l RDS?

Elimination
Products

-separated ion pair

» Products

—> Products

Mechanisms in 80E:

CH.
HC, CH, HC_  CH, /iac>/ 3
— /\>/ RDS? X +
P , b - Products
Me,Si /\><Cl Me, Si a Me,Si /Cl

HC_ CH, HC  CHs

c/\>< C/\>/
e i M +
Me; cl € a

0
RDS? e, f

HC_ CH,

/ —> Products
a

Figure 2. Proposed mechanisms for solvolysis of 4-trimethylsilyl-2-chloro-2-methylbutane and 2,5,5-trimethyl-2-chloropentane

donatingability of tin. While deuteriumkinetic isotope
effectsfor 9 havenotbeenmeasuredit is likely thatthey
would provide evidence for a mechanisminvolving
percaudaparticipationin the open-chairstannylsystem.
Moreover f measuredtherateaccelerationn 97T might
be expectedo be muchgreaterthanthatin 80E.

In ethanolicsolvents,the apparentneartotal lack of
participation of the y-silyl substituent during the
solvolysisof 11 implies that the percaudallystabilized
ion is not appreciablymore stablethanthe 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 Shinef® that TFE is relatively more
effective than ethanol at stabilizing larger, more
delocalized carbocations. Indeed, in view of this
evidence,it appearsthat the y-silyl effect is greatly
reducedfor tertiary systemsbut can manifestitself to
someextentunderthe appropriatecircumstances.

CopyrightO 1999JohnWiley & Sons,Ltd.

EXPERIMENTAL
General

NMR spectrawererecordedon a 300MHz Varian XL-
300, a 500MHz Bruker AM-500 or a 500MHz Varian
UniYNOVA 500spectrometellR spectraveretakenona
MattsonInstruments4020 Galaxy SeriesFourier trans-
form IR spectrometerAnalytical gas chromatography
(GC) was carried out using a Hewlett-Packardviodel
5890gaschromatographequippedvith a50m x 0.2mm
i.d. (0.33um film thickness)HP-5 column and a flame
ionizationdetector PreparativesC wasperformedusing
a Varian Aerograph Series 2700 gas chromatograph,
equippedwith a6 ft x 1/4in columnof 20% OV101on
ChromosorkP (60-80mesh)anda thermalconductivity
detector Massspectrawererecordedon a KratosMS80
RFAQQ instrument.GC—masspectrawere obtainedon
a Hewlett-PackardsC/MSD 5971 instrument,equipped

J. Phys.Org. Chem.12, 564-576(1999)
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with a 60 m x 0.25mm i.d. SPB-5 column. Melting-

pointsandboiling-pointsareuncorrectedBoiling-points
for moleculardistillations were not directly determined
sincethe still did not haveprovisionsfor athermometer.

Materials

Nitrogen. In orderto ensureremovalof carbondioxide
andwater,all nitrogenusedfor transferringanddistilling
conductivitysolventsvaspurifiedby passagéhrougha3
ft glasscolumnpackedwith 4 A molecularsieves.

Conductivity solvents. Conductivity water and con-
ductivity ethanolwere preparedas describedoy Murr®*
and Tilley.*?> Conductivity 2,2,2-trifluoroethanolwas
preparedasdescribedby Shineret al.>* andTilley.*?

Kinetics

All rate constantsfor this work were determined
conductometricallyat 25°C using a bipolar pulsed
conductancé€BIPCON) instrument,basedon the design
of Casertaet al.** with the modificationsof Ensingef*
and Tilley.**> The constant-temperaturil-bath em-
ployed for kinetic measurementswas designed by
Murr,** with computer-regulatedemperaturecontrol
lateraddedusingmodificationsof Ensmarf}> Withnell
Wilgis*’ and Tilley.*? The conductanceells usedwere
madein this laboratory,basedon the designof Murr,**
usingmodificationsby Rapp?® Tomasik?® Wilgis*’ and
Tilley.*? Datacalibrationandacquisitionwereperformed
on a JCCSystemsomputercontainingan Intel 33 MHz
386 processomwith a 387 math co-processochip, using
softwaredescribedy Tilley,** which is basedon earlier
programsof Ensinge?* Wilgis,*” Tomasik?® Sporle-
der? and Stoelting®* Calibrationwasdonewith the aid
of a Dial-An-Ohm resistor box (General Resistance,
North Branford, CT, USA). After acquisition,the raw
datawerethenconvertednto resistance—timeatausing
a programwritten by Tilley*? andanalyzedusinga non-
linear, doubly weightedleast-squareprogramoriginally
written by Murr,** with modificationsby Buddenbaum?
Vogel>® Pinnick>* Bowersox>® Tomasik?® Wilgis,*’
Stoelting>® Ensinge?’ andTilley.*?

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

Product study in deuterated 97T. In anNMR tubewith
a Pyrex extensionwas placed 2,2,2-trifluoroethanoti;
(CambridgesotopelLaboratories)706.5ul, 970mg, and
D,0, 30ul. To this was added 4-(trimethylsilyl)-2-
chloro-2-methylbutae, 11, 10ul, 0.049mmol [density
0.869gml~* (Ref. 58)], and 2,6-lutidine, 6.5pl,

CopyrightO 1999JohnWiley & Sons,Ltd.

0.056mmol. The tube was sealedand the mixture was
allowed to react at 25°C for at least 10 half-lives.
Relativeamountsof the productswere determinedrom
integratedpeakareaof the500MHz *H NMR spectrum:
the error using this techniqueis estimatedto be 2—3%.
Peaks unique to each product are as follows: 163,
1.475ppm (m, CH,, 3-carbon,f- to Si); 17a 1.502(m,
CH,, 3-carbon - to Si); 18, 1.393(d, CH,, 4-carbong-
to Si, J=8.5Hz), 1.56(swith fine splitting, allylic CHs),
1.68 (s with fine splitting, allylic CHgz), 5.213(triplet of
septetsyinyl H, J=8.5Hz, 1.4Hz); 19, 0.656(m, CH,,
4-carbong- to Si), 1.72(s, allylic CHs), 2.027(m, CH,,
3-carbon - to Si), 4.66(m, vinyl H), 4.72(m, vinyl H);
20, 0.976(d, 2CHg's), 2.25(m, CH), 4.85(overlappedd
of d, E-terminalvinyl H, J.is= 10.4Hz), 4.96(overlapped
d of d of d; looks like d of t, Z-terminal vinyl H,
Jirans=17.3Hz, Jgem=1.7Hz, Jauyic =1.7Hz), 5.83
(overlappedd of d of d, internalvinyl H). (Alcohol 16a
andetherl7aweredistinguishedoy spiking the reaction
mixturewith known16. Themultipletsusedto determine
the 16a/l7aratio were of similar shapebut partially
overlapped An estimateof the relative amountsof 16a
and 17a was obtainedby measuringand comparingthe
relativeheightsof the outermospeakof eachmultiplet.)

Product study in deuterated 80E. Theaboveprocedure
was repeatedby adding 10ul, 0.049mmol of 11 and
6.5ul, 0.056mmol of 2,6-lutidine to a tube containing
ethanoléds (Cambridgdsotopelaboratories)300ul, and
D,0,200ul. Peakainiqueto eachproductareasfollows:
163 0.496ppm (m, CH,, 4-carbon,u«- to Si), 1.136 (s,
geminalCHass); 17b, 0.450(m, CH,, 4-carbong- to Si);
18, 1.342(d, CH,, 4-carbonu- to Si, J=8.5Hz), 1.5(s
with fine splitting, allylic CHs), 1.646 (s with fine
splitting, allylic CHz), 5.103(triplet of septetsyinyl H);
19, 0.6113(m, CH,, 4-carbong- to Si), 1.679(swith fine
splitting, allylic CHs), 1.962(m, CH,, 2-carbon - to Si),
4.615(m, vinyl H), 4.648(m, vinyl H).

Synthetic Procedures

Synthesis of y-silyl-substituted chlorides. (Trimethy/-
silyl)methyl iodide, 21. This was synthesizedas de-
scribed by Whitmore and Sommer®® Under nitrogen,
approximately 1500ml of acetone were purified by
refluxing for 6 h over CaO and KMnQ,, followed by
fractionation through a 40cm Vigreaux column (b.p.
56°C; it.®*° b.p.56.2°C).

To sodiumiodide, 215.1g, 1.435 mol, dissolvedin
approximatelyl200ml of acetonewasadded(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 24 h.
Almostimmediately,a white precipitateof NaCl formed
thatthickenedovertime, eventuallyhinderingagitation.

The cooled solution was filtered througha medium-
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porosity, 600ml fritted funnel, rinsing with 200ml of
washacetone Acetonewas then removedby fractiona-
tion througha 40cm Vigreaux column. After cooling,
pentang50ml) andwater(250ml) werepoureddownthe
Vigreaux column into the pot. The mixture was
transferredinto a separatingfunnel, using 150ml of
waterand 250ml of pentaneshakenandseparatedThe
agqueoudayer wasextractedwith pentang(6 x 50mL).

The combinedorganiclayerswere washedwith 10%
aqueoussodiumthiosulfate(3 x 100ml) to removefree
iodine, and then with water (2 x 100ml). The pentane
solutionwasdried(MgSQy,), filtered,andconcentratethy
rotary evaporationin a room-temperatureath.

The residue was then distilled (10cm Vigreaux
column, b.p. 137-140C; lit.>® b.p. 139.5°C) to give
137.8g of 21 (78%):*H NMR (CDCls, 300MHz) § 0.147
(s),2.00(s); *C NMR (CDCls, 75MHz), § —12.06,1.59.

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

Next, purifiedethyl acetoacetat®? 33.5g, 0.2574mol,
wasaddedatrefluxduring15min. Then21, 50.0g,0.234
mol, wasaddedover 15 min.

After 36 h atmoderatelfastreflux,the cooledmixture
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—
40 min (brownish precipitatecloudiness,pH 5-6). The
mixture wascooled,transferredcandagitatedwith 500ml
of diethyl etherandultimately filtered on a fine-porosity
frit to removeprecipitatedsalts(Nal, NaHSQ,, Na,SOy).
Most of the ether was removed by distillation. The
concentratevastransferredo a 250ml round-bottomed
flask. The remaining ethanol and ethyl acetatewere
mainly removedby distillation througha 40 cm Vigreaux
column, whereuponNal precipitation occurred. The
cooledresiduewas transferredwith 400ml of pentane,
causing further precipitation of Nal. The filtrate was
washed with water (3 x 100ml), dried (CaSQ) and
filtered througha pentane-slurriedt cm bed of alumina
gel (Fisher,basic, Brockmanl) in a medium-porosity,
350ml fritted funnel, rinsing the bed with 200ml
additional pentane.Pentanewas mainly removed by
distillation througha 40cm Vigreaux column, the last
tracesby blowing with a gentlenitrogenstream,giving
20.39g of 22 (50%): '"H NMR (CDCls;, 500MHz) 6
—0.035(s,9H),0.799(m, 2H), 1.21(t, 3H), 2.23(m, 2H),
4.08 (g, 2H); °C NMR (CDCls, 125MHz), § —2.05,
11.60,14.16,28.85,60.18,175.01.

Methyl 2-(trimethylsilylmethyl)acetoacetate, 23'% 6762,
This was preparedby a procedurebasedon those of
SommerandMarans® andFlemingandGodhill. 22 DMF
was purified by stirring over KOH pellets for 15min,
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followed by distillation from CaO. Methyl acetoacetate
waspurifiedby distillation atreducedpressuréb.p.69°C
at13mmHg).To asuspensioonf 0.80g, 0.10mol, of LiH
in 100ml of DMF were addeddropwise,with stirring,
11.6g, 0.10mol of methyl acetoacetateluring 10 min.
Hydrogen evolved slowly, requiring stirring for an
additional3h. *H NMR of an aliquot (500MHz, neat)
showed quantitative formation of the lithium enolate.
Next, 21, 21.4g, 0.10 mol, was addeddropwise over
10min. The mixture was stirred for 20h at room
temperature48h at 60°C and 24 h at 100°C to ensure
total reaction.

The cooled reaction mixture was pouredinto 1 | of
water, with additional rinses of 200 and 300ml. The
combined pentaneextracts (5 x 200ml) were washed
with water (3 x 500ml), dried (MgSQ,) andsolventwas
removedby rotary evaporation.A distillation fraction
(113-122C at 20mmHg) was found by NMR (CDCls,
500MHz) to contain mostly the desiredproduct. This,
when re-distilled (10cm Vigreaux column; lit.°* b.p.
60°C at2.0mmHg)wassufficientlypureby NMR for use
in the next reaction. A total of 8.76g of 23 were
synthesized43%). NMR indicatedboth a keto and an
enol form. *H NMR (CDCls, 500MHz, keto form), &
—0.009(s, 9H), 1.028(m, 1H), 1.150(m, 1H), 2.207(s,
3H), 3.425 (m, 1H), 3.714 (s, 3H); *H NMR (CDCl,,
500MHz, enol form), § —0.033 (s, 9H), 1.530(s, 2H),
1.942 (s, 3H), 3.715(s, presumably3H; very closeto
larger peakof keto form), 12.5 (s); 3C NMR (CDCl,,
125MHz, ketoform), § 1.420,15.21,27.58,52.05,55.30,
171.17,202.28;**C NMR (CDCls, 125MHz, enolform),
6 —1.13,14.52,19.11,51.14,97.10,169.64,173.60;IR
(neat),1744.9cm™* (s, C=O0 str for esterC=0 of keto
form), 1719.3cm™* (s, C=0 strfor ketoneC=0 of keto
form), 1648 (m, C=0 str for conjugatedC=0 of enol
form), 1613.7(m, C=C strof enolform); MS (CI, NH5),
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, 24°%%* Methanold was synthesizedac-
cordingto the proceduredescribecby Streitwieseret al.
54 Dimethyl sulfatewaspurified by distillation atreduced
pressure(b.p. 81-83’C at 15mmHg). Dimethyl carbo-
nate,treatedwith 4 A molecularsievesfor 4 days,was
fractionally distilled througha 50cm vacuum-jacketed
glasscolumnpackedwith glasshelices(b.p.91°C;C).
To dimethyl carbonate, 4149, 4.60 mol, and D,0O,
102.6g, 5.12mol, in a 1 | one-neckedound-bottomed
flask, dimethyl sulfate,16 g, 0.13mol, wasadded;a stir
bar was insertedand a 60cm reflux column affixed,
protectedby Drierite (Hammond).After a 120h reflux,
'H 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. Methanold was
collected at a reflux ratio of 10:1 (b.p. 60.5°C at
742.6mmHg). *H NMR indicated approximately99%
deuterationA 234.7g amountof 24 wasobtained77%):
'H NMR (500MHz, neat), § 3.35 (relative to added
tetramethylsilang

Methyl  3-(trimethylsilyl)propionate-2,2-d,,  25'%:°.
Compound25 was preparedby reverse Claisen con-
densatiorof 23in methanold, analogouso Sommerand
Marans' preparationof 2258 To 60ml of anhydrous
diethyl etherwere added2.2g of a 60% dispersionof
NaH in mineraloil, 0.055mol NaH. An additional15ml
of diethyl etherwereusedto facilitate transferof the NaH
into the flask. To the suspensiomf NaH in diethyl ether
wasadded?3, 8.54g, 0.042mol, overa periodof 15 min,
suchthat hydrogenevolutionwasnot too rapid.

Methanold, 5ml, wasthenaddedover5 min, suchthat
HD evolution was not too rapid, forming a thick,
unstirrable paste. Additional methanold, 55ml, added
all at once with stirring, led to dissolutionto give a
slightly cloudy, pale yellow solution. This mixture was
heated distilled througha Vigreaux columnto a b.p. of
61°C;Candrefluxed(condensereplacingcolumn)under
nitrogenfor another45 h.

The cooled mixture was neutralizedto pH 6—7 with
2.4ml of glacial aceticacid-d (Aldrich) and pouredinto
250ml of water, with an additional 50ml of water for
rinsing. This solution was extracted with pentane
(4 x 50ml). The combinedorganiclayerswere washed
with water (2 x 60ml) anddried (CaSQ). Pentanevas
mainly distilled througha 10cm Vigreauxcolumn. The
residuewas then distilled to give 4.53g of colorless
liquid. A H NMR spectrum showed the desired
compound but integrationof residualprotonsat the 2-
position showedonly approximately92% deuteration,
necessitatingurther exchange.

The incompletely deuterated?5, 4.52g, 0.028 mol,
was addedto a solution of metallic sodium, 0.19g,
0.0083mol, pre-reactedn 30ml of methanold. After a
48h reflux, this was cooled, neutralizedwith 0.6ml of
glacial acetic acidd, and treatedwith 150ml of water.
This was extracted with pentane (4 x 50ml); the
combined organic layers were washed with water
(2 x 50ml) and dried (MgSQy). Solvent was distilled
(10cm Vigreauxcolumn).Theresiduewasthendistilled
onamolecularstill (58mmHg,bath90-10CC; lit. *° b.p.
undeuterate68°C at 18mmHg.) The*H NMR spectrum
(CDCls, 500MHz) now indicated97% deuterationGC
indicated93% purity, adequatdor the nextstep.A total
of 3.48g of 25 was obtained(51%): *H NMR (CDCls,
500MHz),6 —0.017(s, 9H), 0.810(s, 2H), 3.65(s, 3H);
3C NMR (CDCl;, 125MHz), § —2.16, 11.27, 28.07
(multiplet), 51.35, 175.41; IR (neat), 3466cm * (m,
overtoneof C=0 str), 2965(s), 2896(s), 2222(m, C-D
str),2130(m, C-Dstr),1739(s,C=0 str),1435(s), 1280
(vs),1204(vs), 1107(s), 842 (vs).
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4-(Trimethylsilyl)-2-methyl-2-butanol, 16°%. Under ni-
trogen, to 30ml, 0.09 mol, of 3M 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
anhydroudiethyl etherfrom a freshly openeccan. After
addition the mixture was stirred overnightat reflux. At
roomtemperaturaftergradualadditionof 20ml of water
with agitation, the flask contentswere transferredto
150ml of waterin a separatingunnel, with the aid of
200ml morewater.While maintainingpH 6—7 by added
glacial aceticacid, the aqueoudayer wasextractedwith
diethyl ether(1 x 100, 2 x 75ml). The combinedether
layerswere washedwith saturatedsodiumhydrogencar-
bonate (2 x 50ml) and water (2 x 50ml) and dried
(CaCl). Diethyl etherwasremovedby rotary evapora-
tion (35°C bath).Moleculardistillation at 4mmHg (bath
50°C) (lit.>® b.p. 48°C at 4mmHg) gave 3.17g of 16
(69% yield): *H NMR (CDCls, 500MHz), § —0.018(s,
9H), 0.485(m, 2H), 1.18(s, 6H), 1.38(s, OH, variable
shift), 1.41 (m, 2H); **C NMR (CDCls, 125MHz), é
—1.92,10.48,28.54,37.79,71.56.

4-(Trimethylsilyl)-2-methyl-ds-2-butanol-1,1, 1-ds, 16b.

Into 85ml of 1 M methylmagnesim-d; iodide in diethyl

ether (Aldrich), 0.85 mol, stirred under nitrogen were
addeds.00g, 0.287mol of 22 ata gradualratesuchasto

maintainmoderatereflux. After an additional90 min of

stirred reflux, the cooled solution was treatedgradually
with 30ml of saturatedNH4Cl. The ether layer was
decanted@ndthreeadditionalextractionsvereperformed
(1 x 100,2 x 25ml). The combinedorganiclayerswere
washedwith 5% aqueousdNH,4CI (3 x 50ml) and water
(2 x 50ml) anddried over Na,SO,. Most of the diethyl

ether was removed by distillation through a 10cm

Vigreaux column (warm water-bath)and the remainder
by rotary evaporation (room temperaturebath). The
residuewaspurified by moleculardistillation (8mmHg).
Integrationof residualmethyl protonsin the *H NMR

spectrumshoweddeuteriumincorporationin the desired
positionsto beatleast99%.A total of 3.51g of 16bwere
obtained(74%): *H NMR (CDCls, 500MHz), § —0.045
(s,9H),0.457(m, 2H), 1.38(m, 2H), 1.61 (broadsinglet,
variable, OH); BC NMR (CDCls, 125MHz), 6 —1.95,
10.40,27.50(septet),37.64,71.20.

4-(Trimethylsilyl)-2-methyl-2-butanol-3,3-d,, 16¢. This
wassynthesizedrom 25 usingthe sameprocedureasfor
16b exceptthat3 M methylmagnesiurbromidewasused
insteadof 1 M methylmagnesiungs iodide. In this work-
up, after removing most of the diethyl etherthrougha
10cmVigreauxcolumn,theresiduewasdirectly distilled
on a molecularstill (4mmHg, bath70-85°C), affording
2.31g of 16c *H NMR (CDCl;, 500MHz) indicated
impure alcohol; GC showed96% purity. After prepara-
tive GC, 1.84g of 99.99%pure16cwasobtained(54%);
integrationof the residualmethyleneprotonsin the *H
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NMR spectrumshowedthe extentof deuterationin the
desiredpositionsto be at least97%. *H NMR (CDCls,
500MHz), § —0.023(s, 9H), 0.463(s,2H), 1.175(s, 6H),
1.46 (broad s, variable, OH); **C NMR (CDCl,
125MHz), § —1.91, 10.26, 28.48, 36.98 (quintet),
71.45;IR (neat),3374cm * (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 preparedaccordingto the method describedby

Sommerand Marans>® In a separatingfunnel, 1.89,

0.011mol, of 16 was shakenfor 15min with 30ml of

concentratedHCI. Pentaneextracts (4 x 25ml) were
washed with 5% NaHCGQO; (3 x 30ml) and water
(2 x 40ml) anddried(CaCh). Solventrotaryevaporation
followed by moleculardistillation at 55mmHg (lit. b.p>8

90°C at 55mm Hg) gave0.80g of 11 (40%): *H NMR

(CDCls, 500MHz), 6 0.002(s,9H), 0.647(m, 2H), 1.550
(s, 6H), 1.705(m, 2H); 13C NMR (CDCls, 125MHz), §

—1.91,11.76,31.67,40.49,72.82; gated-decoupledC

NMR (CDCls, 125MHz), § —1.90(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(*'CI M —CHj,

1.3%), 163 (**Cl MT—CHs, 3.8%), 95 (27.8%), 93

(78.2%),73 (100%),70 (70.8%),55 (36.6%).

4-(Trimethylsilyl)-2-chloro-2-methyl-ds-butane-1,1, 1-
ds, 11a. Compoundllawassynthesizedrom 16busing
the sameprocedureas for 11, exceptthat most of the
pentanewas distilled out through a 10cm Vigreaux
columnwith anice—water-coole@ondenserandthe last
tracesby rotaryevaporatiorfrom a smallflaskatambient
temperatureTheresiduewaspurifiedonamolecularstill
(56mmHg). Integrationof residualmethyl protonsin the
'H NMR spectrumshoweddeuteriumincorporationin
thedesiredpositionsto be approximately99%.A total of
2.5g of 1l1a was obtained (75%): *H NMR (CDCls,
500MHz), 6 0.00(s, 9H), 0.642(m, 2H), 1.697(m, 2H);
C NMR (CDCl;, 125MHz), § —1.90, 11.73, 30.72
(septetd =19Hz), 40.36,72.39.

4-(Trimethylsilyl)-2-chloro-2-methylbutane-3,3-d,

11b. Compoundl1lbwassynthesizedrom 16cusingthe
sameprocedureas for 11a Integrationof the residual
methyleneprotonsin the *"H NMR showeddeuterium
incorporationin the desiredpositionsto be not lessthan
97%. The yield was 1.12g (55%). '"H NMR (CDCl,,
500MHz), § 0.002(s, 9H), 0.629(s, 2H), 1.548(s, 6H);
3C NMR (CDCl;, 125MHz), § —1.897,11.56,31.61,
39.73(quintet),72.66.

Synthesis of carbon analogs. 7-Chloro-3,3-dimethy!-

butane, 26. The synthesis followed Schmerling’s
proceduré® Into a three-necked]00ml round-bottomed
flask equipped with a thermometerand a bubbler-
monitoredgasinlet (nebulator) anda bubbler-monitored

CopyrightO 1999JohnWiley & Sons,Ltd.

outlet,with theinlet monitorconnectedo alecturebottle
of ethylene,were placed50ml of pentaneand 28.1g,
0.303mol, of tert-butyl chloride.While stirring, theflask
was cooledto —60°C in a dry-ice—acetonebath and
2.81g, 0.021mol, of aluminumchloridewereadded.

Ethylenewasthenbubbledthroughthemixtureandthe
dry-ice—acetondathwasremoved At —20°C, vigorous
absorptiorof ethylenewasindicatedby cessatiorof gas
flow from the outlet bubbler,which requiredincreasing
the gasflow to preventsuck-backA simultaneousapid
temperaturerise required prompt restorationof dry-ice
bath cooling. Cooling to about —30 to —40°C (slow
absorption) and allowing to warm to —10°C (rapid
absorptionwerecycleduntil ethyleneabsorptiorceased,
asseenby equalgasflow in theinlet andoutletbubblers.

At —40°C, thepentanesolutionwasdecantedrom the
solids,usinganadditional50ml of pentaneo rinse.The
pentanesolutionwasthenwashedvith water(2 x 50ml),
saturatedNaHCG;, again with water (2 x 50ml) and
dried over K,COs.

Pentanewas removed through a 14cm vacuum-
jacketedcolumnpackedwith glasshelices.The remain-
ing liquid was fractionally distilled; the large fraction
(b.p.115-119C; lit.®®b.p.115°C) comprising27.62g of
26 (76%):*H NMR (CDCl;, 500MHz), 6§ 0.929(s, 9H),
1.73, (m, 2H), 3.52 (m, 2H); *C NMR (CDCl,,
125MHz), 6 29.28,30.80,41.59,46.95.

4,4-Dimethylpentanoic acid, 27°”-°%. Undernitrogen to
89, 0.33 moal, of oven-driedMg turningsand 50ml of
anhydrougliethyl etherwasaddeda portionof a solution
of 21.0g, 0.174mol, of 26in 150ml of anhydrousliethyl
ether. After brief heatingwith a heatgun had initiated
reaction,the remaining chloride solution was addedto
maintainreflux. Thereafter,a 55°C bathwasappliedto
continuereflux anotherl.5 h.
Thecooledsolutionwaspouredinto 101.5g of dry-ice
pellets. The resulting thick slurry required additional
diethyl etherto facilitate stirring. Whenmostof the dry-
ice had evaporated250ml of 1 M HCI wereadded,and
stirring was continueduntil the dry-ice was gone. The
etherlayerwasseparated;ombinedwith additionalether
extracts (2 x 100ml), dried (CaSQ), and the ether
removedby rotary evaporation.
Theresiduedissolvedn 250ml of 5% aqueoudNaOH,
was washedwith diethyl ether(4 x 100ml), discarding
the ether layers. The aqueouslayer was acidified by
gradual addition of concentratedHCI; the product
separate@san oil. The mixture wasthenextractedwith
CHJClI, (3 x 100ml). ThecombinedCH,CI, layerswere
washedwith water and dried. Rotary evaporationon a
warm water-bathgave 16.1g of crude product, which
wasvacuumdistilled (b.p. 104-108C at 13—-14mmHg;
lit.°® b.p. 105°C at 13mmHg) to give 13.22g of 27
(58%):*H NMR (CDClz, 500MHz), 6 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 acidin 370ml of ethanolfor 18h. The mixture
was neutralizedwith aqueoudNaHCQO; and mostof the
ethanoldistilled. The residue,in pentanewas washed
with agueoudNaHCQ;, thenwater,anddried (K,COs).

Pentanevasmainly distilled atambientpressureandthe
residueundervacuum (b.p. 105-109C at 105mmHg;

lit.°® b.p. 60-62°C at 8.0mmHg) to give 9.44g of 28

(64%):*H NMR (CDClz, 500MHz), 6 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-d,, 28a. This was
preparedoy repeatedbase-catalyzedxchangeof 9.44¢g

of the undeuteratedester,28, with ethanold—ethoxide.
Ethanold was removedafter each exchangethus: the
mixture was neutralized with glacial acetic acid-d

(Aldrich). Most of the spentethanold was removedby

distillation. The residue,in pentane,was washedwith

water,dried (MgSQy) andthe solventdistilled. After 2—3
exchangesthe deuteratedesterwas purified by vacuum
distillation (b.p. ca 72°C at 20mmHg) to give 5.40g of

28a(56%).H NMR analysisof the residualmethylene
protonsshoweddeuteriumincorporationto havetaken
place to approximately 97%. *H NMR (CDCl,

500MHz), 6 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®? To the ethereal
Grignard reagentpreparedfrom 3.0g, 0.123 mol, of

oven-driedmagnesiumturnings and 26, 10.0g, 0.083
mol, wasaddeddry acetongpurifiedasdescribedor the

synthesisof 21), 5.89g, 0.101 mol, dropwiseso as to

maintainthe etherat moderatereflux. After addition of

acetone2 M NH4Cl wasaddeddropwiseuntil the pH of

the aqueousayerwasneutral. The separatecttherlayer
was combined with ether extracts (3 x 50ml); the

combinedlayers were washedwith water (3 x 50ml)

and dried (Na,SOy). The etherwas removedby rotary
evaporatiorandthe residuedistilled at 12.5mmHg (b.p.

62—64°C; lit.>* b.p. 61.5-62C at 10mmHg) to give

4.91g of 29 (41% yield). PreparativeGC of the crude
product, 1.78g, afforded pure alcohol 29 *H NMR

(CDCl;, 500MHz), 6 0.859 (s, 9H), 1.181 (s, 6H,

partially overlappedwith multiplet at 6 1.20), 1.20 (m,

2H, partially overlappedwith singletat 6 1.181),1.412
(m, 2H), 1.464 (s, broad, variable, OH); °C NMR

(CDCls, 125MHz), 6 29.12,29.29,29.88,38.09,38.49,
70.99.

2-Methyl-ds-5,5-dimethyl 1-2-hexanol-1,1,1-ds, 29a.
Compound29a was synthesizedy the sameprocedure
asfor 29, usingacetonedg (99.9%D; Cambridgdsotope
Laboratories)nsteadof acetoneA 7.54g amountof 29a
was obtained (60%), of which 1.43g was purified by
preparativeGC. Residualmethyl protonscould not be
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seenin the 'H NMR spectrum;it was assumedthat
deuteriumincorporationwasgreaterthan99%.'H NMR
(CDCls, 500MH2z), 6 0.854(s,9H), 1.194(m, 2H), 1.395
(m, 2H), 1.496 (s, broad, variable, OH); **C NMR
(CDCls, 125MHz), 6 28.13(septet)29.29,29.87,38.04,
38.38,70.68.

2,5,5-Trimethyl-2-hexanol-3,3-d>, 29b. Compound29b

was preparedby addition of 3M methylmagnesuim
bromide (Aldrich) to 28a as in the synthesisof 16.

Residualmethyleneprotonscould not be detectedn the

'H NMR spectrum;it was assumedthat deuterium
incorporation was at least 97%, that which was
determinedfor 28a '*H NMR (CDCl;, 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 GrobandWaldner3? Compound
29, 1.7g, 0.117mol, wasshakenin a separatingunnel
for 15min with 33ml of concentratedHCI. This mixture
was extractedwith pentane(3 x 75ml). The combined
organic layers were washed with 5% NaHCG;

(4 x 50ml) and water (3 x 50ml) and dried (CaCl).

Pentanewas removedby rotary evaporationat ambient
temperatur@andtheresiduewvasdistilledat13mmHgin a
molecularsitill (lit.3* b.p. 46.5-47.8C at 11mmHg) to

give 0.45g of 10 (24%): *H NMR (CDCls, 500MHz), §

0.894 (s, 9H), 1.355(m, 2H), 1.567 (s, 6H), 1.706 (m,

2H); **C NMR (CDCl;, 125MHz), § 29.30,29.89,32.39,
38.79,40.90,71.52.

2-Chloro-2-methyl-ds-5, 5-dimethylhexane-1,1,1-ds,
10a. CompoundlOawaspreparedrom 29aaccordingo
the procedureused(above)for 10. Residualprotonsfor
the deuteratednethyl groupscould not be seenin the *H
NMR spectrum;it was assumedhat deuteriumincor-
porationwas greaterthan99%. A total of 0.64g of 10a
were obtained (60%): '"H NMR (CDCl;, 500MHz), §
0.892(s, 9H), 1.353(m, 2H), 1.699(m, 2H); *C NMR
(CDCls, 125MHz),  29.30,29.89,31.43(septet) 38.75,
40.75,71.03.

2-Chloro-2,5,5-trimethylhexane-3,3-d,, 10b. Com-
pound 10b was preparedusing a modification of the
proceduredescribedby ShinerandVerbanic’® Between
1 and0.5ml of 29bwasplacedin a1 dram(4ml) screw-
toppedvial. A Pasteurpipette connectedto a lecture
bottle of hydrogenchloride gas by meansof Tygon
tubingwasclampedinto placeabovethe vial sothatthe
tip of the pipettewasalmosttouchingthe bottom of the
vial. Hydrogenchloride gaswasgently bubbledinto the
2,5,5-trimethyl-2-hganol-3,3d,. After 5min, the vial

becaméotto thetouch.After anothel5 min, theliquid in

the vial developeda pinkish color and becamecloudy.
After atotal of 15min, two layerswereseerto form. The
bubblingwasdiscontinuedandthe mixturewasdissolved
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in pentane,washedwith water and aqueoussodium
hydrogencarbonateand againwith water. The pentane
solution was then dried (K,COs), and the solventwas

removedby rotary evaporationat ambienttemperature.

The residuewas then vacuumdistilled on a molecular
still (lit.®* b.p. 46.5-47.3C at 11mmHg) to give the
product.*H NMR analysisof residualmethyleneprotons
showed deuterium incorporationto be approximately
90%; presumablysomedepletionoccurredasa resultof

addition of HCI to someelimination product.*H NMR

(CDCl;, 500MHz), 6 0.892(s, 9H), 1.341(s, 2H), 1.561
(s, 6H). *C NMR (CDCls, 125MHz), § 29.30,29.89,
32.32,38.62,40.5 (multiplet **C's for CD, and CDH

compounds),71.37. (Some small peaks believed to

correspondo the CDH compoundwerealsoseenin the
13C NMR spectrumat § 32.384,38.706and 71.5.)
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