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Abstraci: A method is described for the diastereoselective formation of adjacent
quatemary carbon atoms. The process iavolves a two-step transformation of
an allylic B-ketoester into a single silyl ketemacacotal which then uadergoes a
{3,3) sigmatropic rearrangement (0 generate the desired carbon-carbon bond
in good yield and with excellent stereocontrol.

[Dedicated to Professor Michael J. S. Dewar on the occasion of his sevemsieth birthday)

Introduction

The presence of unsymmetrically substituted contiguous quaternary carbon
centers in a target molecule can cripple a syothetic strategy. The inherent steric
constraints of the severely hindered carbon-carbon bond prohibit traditional
nucleophilic displacement reactions, and potential requirements of chirality forbid
reactions that scramble stereochemistry.  The task is especially difficult in acyclic
systems. Convergent. stereoselective syntheses of a variety of natural products have
cluded chemists due, in part, to the inability to produce the adjacent quatermary centers
present in these molecules.!

Despite the lack of a general method for the construction of vicinal quaternary
centers, a few diastercoselective syntheses involving formation of adjacent quatermary
carbon atoms have been reported.  Among these are syntheses of the sesquiterpencs
trichodiene (1).2 bazzanene (2)3 and verrucarol (3).4 The synthetic routes that have
been devised utilize very creative manipulations to arrive at the correct carbon
skeletons.  Typically, the overall methodology is based on one of only a few approaches.
One is the formation of the qosternary centers through a pericyclic process (Diels-
Alder,2b.c.3.4 or Nazarov cyclization,2d) followed by structural claboration through a
ring opening procedure. The second approach relics on the conformational bias of a
ring system to impart diastercoselectivity upon an alkylation2® or, more recently, a
radical cyclization.5 Although these methods do produce the required functionality,
cach suffers from either poor yields or applicadbility to only specific cyclic cases. The
organometallic approach of Pearson?¢ s promising since it appears immune from these
problems, but its degree of stereoselectivity is. at present, varied and difficult to predict.

A number of investigators have recently® demonstrated the potential of (3.3)
sigmatropic rearrangements, specifically variants of the Claisen rearrangement?
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(equation 1), as efficient and stercosclective mcans of linking quaternary centers.
Additionally, this type of process allows for direct stereocomtrol in acyclic as well as
cyclic systems. The fountainhead of this control is the well established tendency of
these rearrangements to proceed through a chair-like transition stete.$
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To date, bowever, the full power of siecreocontrol via sigmatropic processes has not
been accessibie due 10 a variety of technical problems. The stereochemical outcome of
the Claisen rearrangement, for example, is dependent on the geometry of the starting
allyl vinyl etber.58.¢ g0 the syntbetic challecnge associsted with the stercosclective
formation of a single such ecther is the predominant problem (equation 2). In some
examples where the configuration of the ether can be controlled, therc have been
even more serious problems with regiochemical coatrol in their formation owing to C-
alkylation of a precursor enolate ion (equation 3).6!  Similar problems exist for the
enolate-ester Claisen rearrangement? in that known methods for the control of the
geometry of simple enolates!? are not applicable to ester enolates (equation 4). These
problems dccrease ceffective yields to lcss than 40% of the desired diastereomer in even
the best cases6a.e-i
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We report herein a (3.3] sigmatropic rearrangement of allylic B-ketoesters which
results in the formation of contiguous quaternary centers diastercoselectively.
Evidence is prescnted that is consistent with the proposition that the stereoselectivity
originatcs in a deprotonation step that transforms an ester into one specific enolate ion.
Silylation of this enolate clcanly generates a single (Z) silyl ketencacetal which then
isomerizes through a chair transition state to generatc the desired carbon-carbon bond
in greater than 70% yicld and in at least 98:2 diastereoselectivity.

Results and Discussion

It is known that diastercosclectivity can be induced in the Ireland-Claisen
rearungemenl9 by controlling the direction of deprotonation by means of a chelating
group a 1o the ester (equation $).!!1  Application of this method to the creation of
contiguous quaternary centers would require the use of s PB-chelating group (equation
6). Fortunately, many ecxamples in the literature indicatc that the control of ester
enolate geometry by this type of chelation is indecd possible (equation 712
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Tv;o such approaches bave been reported for the [3,3] sigmatropic rearrangement
of ester-enolate anions. Kurth!3 studied the rearrsngement of dismions of allylic p-
bydroxyesters (cquation 8) whereas Wilson!4 looked at the rcammangement of dianions
of allylic B-ketoesters (equation 9). Unfortunstely, neither technique twmed out to be
appropriate for the formation of vicinal quaternary centers.
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Initial efforts to extend the work of Kunk!3 failed with eves slightly bindered
systems (Scheme 1).  Thus, tremtment of the B-hydroxyester with two equivalents of
lithium diisopropylamide (LDA) at -78 °C followed by warming w room temperature led
only to the formstion of polymeric materisls. Fragmentstion of the desired ester enolate
10 & ketene (path 2) sppeared o be s reasomsble first step in ratiomalizing this result!S
Efforts to suppress such fragmeniation by silylation of the dianios led only 10
elimination of the chelating group (path b) and isolation of the unsaturated estes.
Evidently, silylstion occurred inmitially on the slkoxide moicty, and this was followed by
an climination that preceded silylation of the resulting ester enolate.  Addition of

cosolvents such as hexamethylphosphoric triamide (HMPA) did pot alleviste this
problem.
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Schemes 1. Attempted Dianjonic Claisen Rearrangernent.
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In an effort to obviate eclimination, we elected to use an enolste (or its equivalent)
rather than sn alkoxide as the P-chelating group, a modification that was stimulated by
the work of Wilson.}4 Once again, destruction of the staning material occurred with
the more highly substituted systems of interest (Scheme 2). However, silylstion of the
intermediate disnion afforded s small amount of the bis-silylated material and the [3.3)
sigmatropic rearrsngement generated the desired carbon-carbon bond. From a bistoric
standpoint, this process bears a formal resembdlance to the (3,3] sigmatropic
rearrangement of B-ketoesters firt reporied by Carmroll in 1940 (equation 10).16
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Scheme 2. Atempied Diandonic Cazroll Rearrangement.
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The Modified Carroll Rearrangement

The reaction conditions for the rearrangement were first optimized on 3-methyl-2-
butenyl 2-methyl-3-oxobamtanoate (4, Scheme 3). This compound was prepared in 84%
isolated yield as previously described.!? Iis disnion can be gepersed directly in THF at
0 °C using two cquivalents of lithium diisopropylamide (LDA); however, reaction of this
dianion with trimethylsilyl chloride (TMSCI) leads 10 products resulting from silylation
at the tcrminsl carbon.!® The preferred solution to this problem is to introduce the two
trimethylsilyl (TMS) groups sequentisily, a technology that has resulted in the
syntheses of a number of interesting dienes.!9
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Scheme 3. Conditions for the Modified Carroll Rearangement.
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Typically, the first TMS group is attached by geaermting the momo-eaoiste with a
strong bsse and quenching it with TMSCL20 We found that a more efficieat routc was
thet developed by Ainsworth2! in which the B-ketoester is beated at reflux in
hexamethyldisilazane (HMDS) in the presence of a catalytic amount of imidazole.
Applying this procedure 10 4 gave S as a single isomer (by !H- and 13C-NMR
spectroscopy) in $4% lsolated yleld. Assigament of the geomotry of the double bond as E
was based oo 'H-NMR resonances, IR absorptions and literature precedent for these
reactions.22  Atempts 10 confirm the assignment by s differential NOE experiment were
inconclusive.23

The formmion of the silyl ketcneacetal 6 from 5 was not so straightforward. Others
bave reported that simply treating the trimethylsiloxy compound 9 with LDA and TMSCI
at -78 ©C readily gives the silyl ketencacetsl 18 in high yield (equation 11).19
Applicatioa of similar cooditions failed to coovert S 106. Our experieace with the TMS
ecnol cthers of 2-methyl-3-oxobutanoates (c.g. $) indicates that their deprotonation is
too slow at this temperature to be syathetically useful (days). Wamming the reaction
mixture to -50 °C during the deprotonation stage, in an effort to sccelerate the
deprotonation, gencrsted only the starting f-ketoestsr €. a result believed to be caused
by nucleophitic clesvage of the TMS group by LDA.24 Coasiment with this hypothesis, it
was found that clesvage could be suppressed by using s more hindered base. Thus,
deprotonation was accomplished using 1.3 cquivalents of a 1:1 mixture of lithium
tetramethylpiperidide (LTMP)2S and tetrametbylethyleaediamine (TMEDA)26 in THF ot -
50 °C for four hours. The resulting enolatc was silylated by cooling the mixture to -78 °C
and treating it with 2.0 eq. of the supernstant from a 1:1 mixture of TMSCl and
triethylamine.  Addition of two ecquivaleats of HMPA after the addition of TMSCI
increases the eventual yield of 8 from 55% to 76%.
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The (3.3] sigmatropic rearrangement was effected by allowing the reaction mixture
to warm to room temperature gradually over three bours and then warming it to 40 °C
for 12 bours. This presumably generates compound 7, which was not isolated. Rather
the TMS groups were removed by hydrolysis and the resulting P-ketoacid was esterified
with diazomethane.

A few words about the final work-up of the reaction mixture are in order. It is
important to cleave the TMS groups st temperstures 0o higher than 0 °C since the
intermediate  B-ketoacid can readily decarboxylate. Typically we exposed intermediate 7
to 1% aqueous HCl in methanol for 15 minutes at 0 °C27 and then treated the resulting
mixture directly with an excess of diszomethane, & 9¢q e thet produces 8 in the

aforemeationed 76% isolsted yicld after flash chromatography. 28

Diastereoselectivity

We next turmned our attention to the question of the diastereoselectivity of the
reaction (Scheme 4). Esters 11 and 12 were prepared from the correspoading alcohols
in excellent yields. These were then converted to the (E)-3-trimethylsiloxy derivatives
as described above. Subjection of 13 and 14 to the same reaction conditions as those
given for S5 afforded the rcarranged esers 15 and 16, respectively, in 73% and 77%
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yields. Bach compound was judged t0 be a single isomer (>98:2) by imtegration of the !H-
NMR (300 MHz) peaks centcred a1 8 6.04 and 3.5.87 ppm for 1S and 16, regpectively.
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Scheme 4. Diassercoselectivity of the Reamangement.

Assigning the relative stercochemistry (0 18 and 16 was aot trivial (scheme 5). We
realized that it might be possible to take advantage of hidden symmetry in the molecules
and generste & racemic and 2 meso isomer which, theoretically, could be distinguished
by NMR techniques. To achieve this end, it was necessary to make each gquaternary
center cquivalent. Since both centers possessed a methyl group, a two carboe fragment
(ethyl or acetyl) and an oxidized carbon atom (ester or alkene) the task remained to

reduce thc acetyl to an ethyl group and make the oxidized carbon atoms identical by
oxidation-reduction techniques.

O
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Scheme 5. Proof of Relative Stereochemistry.

A number of approaches were tried to sccomplish this goal, but the difficulty
associsted with working with ncopeatyl centers rendered most of them ineffective. The
sequence ultimately followed was to reduce the acetyl group to an ecthyl group in two
steps and to convert both the ester and the alkenc functionality to bydroxy methyl
groups as shown is scheme S. Thus compound 15 was reduced to isomers 17 in 62%
yield by treatmest with sodium borohydride (NaBH4) in ethanol.2® This material was
next converted to its mesylate3® and reduced further with lithium aluminum hydride
(LiAlH4). The yicld of this process was low (21%) undoubtedly due to the problems
inherent in hydride reduction of & neopentyl mesylate.3!  The termioal alkenc 19 was
then treated with ozone followed by workup with LiAlH4 in refluxing ether3? 10 yield
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the diol 21 in 63% yield. Likewise, P-ketoester 16 was comveried sequentially wo 18
(65%), 20 (28%) and 22 (55%).

The JH-NMR spectra of 21 and 23 both displayed s mathyl singiet sad & methyl
tripler, a8 expected. Whea their spectra were recorded in the proseace of 60 mol% of
the chiral shift reagest, tris(3-(beptafluoropropylhydroxymethylenc)-(+)-camphorato)
curopium(lIl) [Bu(c)].33 all of thewe resomsnces were shifted dowafield. Purtbermore,
the methyl resonsnces of 21 were split into two sets of peaks. The mew singlets were
centered ot $2.93 ppm and § 2.95 ppm and the triplets at 8§ 2.09 ppm and 8 2.13 ppm.
Compound 22 omly showed ooc sct of peaks in the presence of the shift reagent, and
these appeared at 3 2.18 ppm mmd 8 1.97 ppm for the singlet and triplet, respectively.
Interestingly the !3C-NMR specira allowed no distinction betweea the two isomers in
the presence of Eu(hfc).

These data are unambiguously ia sccord with the assignment of 21 as the racemic
isomer and 22 as the meso. Based on these structural assigaments, relative
stercochemistries could be assigned for all of the compounds of scheme S including
those of the initial rearrangemeat products, 1§ and 16.

The stercochemical course of the reactions that transform 11 and 12 into 15 and
16, respectively (Scheme 4), is defined in three stages. The first stage iavolves the
geometry about the new double bord in 13 and 14. The second is the preferential
formation of obe cster enolate over the other, and the third is the chair-boat selectivity
of the sigmatropic process.

We decided 1o cxamine the first two of thesc variables by looking at the model
system in scheme 6. Treatmeat of ethyl 2-methyl-3-oxobwtanoate (23) with LDA in the
presence of TMSQl at -78 °C gave exclusively Z-24. The same compound afforded E-24
when treated with HMDS and imidazole at 135 ©C. As alluded 10 earlier, the geometrics of
the two compounds could be assigned by the 1H-NMR resonances for the terminal
methyl group and IR absorptions for the ester carboayl (8 2.27 ppm and 1720 cm-!
respectively for E-14 and 8 1.89 ppm and 1740 cm'! respectively for Z-24). Thesc two
compounds were then trested with LTMP-TMEDA in the presence of TMSCl to yield the
intermediate dicnes. Curiously, both E-24 and Z-24 gave the same dienc as the major
product. However, while this dicne was the only product from the E-isomer, it was
contaminsted by 10% of a minor diene in the reaction of the Z-isomer. The major diene
bad !H-NMR resonances for its terminal methylenc at 8 4.28 ppm and 8 4.42 ppm while
the minor diene's resonances sppeared at 8 4.27 ppm and 8§ 4.39 ppm. Tbe major diene
was assigned the Z geometry by the method of Cameron!® in which thermolysis of this
compound initistes a [1.5] sigmatropic shift of silicon from oxygen to carbon. The
minor isomer does not rearrange or isomerize under these conditions.
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Scheme 6. Stereoselectivity of Diene Formation.
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With those data we cam now attempt to rationalize the stereochemical course of the
method. The transformation of E-24 into the Z-dicne is reminiscent of work dome om the
Ireland-Claisen rearrangemoat of crotyl sepccioates’4 (equatioa 12). Tde comversion
of Z-24 into the Z-dicae (oquation 13) ruises the possidility of a chelated intermediste, o
suggestion which suwperficially opposes some rocent literature ropons. 35 There are,
however, other possible expianation for this result, among which are steric arguments.
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The formation of oasly the Z-silyl keteneacetal and kaowledge of the
stercochemistry of the products "allows us to infer that the ([3,3] sigmatropic
rearrangement occurs solely by way of the chair transition state. This final piece of
the puzzle should sllow for predictability of the stereochemical courso in further
spplications of this method.

It should be noted that an interesting sidc reaction was observed whea the
rearrangement of 13 was performed at 65 °C for 36 bours. It appesrs that the initial
product undergocs a seccond [3,3) sigmatropic rearrangement to generate compound 26
after workup (Scheme 7). NMR cvidence indicates that 26 is genersted in two steps as
opposed to a single [1.5] sigmatropic shift. Tandem Claisen-Cope rearrangements bave
been observed before36 but they usually require higher temperatures. Apparent
driving forces for the second rearrangement arc relief of the steric strain associated
with the contiguous quaternary centers, formation of a more substituted alkene, and
restoration of comjugation in the resulting unsaturated ester. Additionally, the
presence of an ester moiety at C-3 of a 1,5-diene is known to have a large accelerating
effect upon the Cope rearrangement.3?7  Fortunately. the second rearrangement has an
activation cnergy that is higher than that of the first, theroby allowing its suppression
by use of shorter reaction times and lower reaction temperstures.

TMSO OTMS
ﬁ/“o/\’k/ oy
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1 /M/

TMSO OTMS O OMe
Work wp
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TM80 oTMS

26
Scheme 7. Tandem Carroll-Cope Rearrangements.
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Conclusions

A highly convergeat aad diastercosclective route to vicimal quatormary ceaters ia
acyclic systems bhas bees developed. The key step is the [3.3) sigmatropic
rearraagoment of & silyl ketsmeacetal through a chair tremsition state to gemerste the
requisitc quateroary cemters in high yields amd excellent stercoselectivity. The acetal
itself is produced from trapping of &8 Z sster cmolatc that can be formed with high
diastereosclectivity. Is addition to containing the core qumemaary ceaters, the product
should allow for further selective claborstion through judiciows exploitation of the
residual ketose, ester and alkene functiomalities.

This spproach is preseatly being uwsed is an sttempt to syntbesize the trichothecene
skeletom (c.g. 3).
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Ezperimental Section

Infrared spectra were recorded: with a Beckman [R-SA spectrophotometer as liguid
sampies betwoen salt plates.  Absorptioss are reported in cm-!. 1H- snd 13C- npuclear
magnetic resooance spectra were measured at 300 MHz oa s GB QBE-300 spectrometer.
Deuteriochloroform was used as an interna! standard and deuterium lock. Chemical
shifis arc reported in ppm (from TMS). Couplisg coastanis are sporied in H:. Low
resolution -electron impact (EI) msass spectra were obtained with & éu Pomt (CEC) 21471
double focusing mass spectrometer opersting at 70 eV; omly peaks grester than 30% of
the base pesk arc reposied. Exact mass measurements were obtained on a du Poat (CEC)
21-110 instrumeat for compounds which had & LRMS M+ peak >]% of the base peak.
High pressure liquid chromatography was performed om a Waters 6000A instrument
with two linked 2' x 1/4" columnas packed with LC Porasil (type A) silica gel.

Skelly B was stirred over sulfuric acid for 24 h, over sodium carbonste for 12 b, and
was then filtered and distilled. Diszomethane was generated from N-methyl-N-nitroso-
p-tolucncsulfopamide (Aldrich-Diazald) ss an ethereal solution end used immedistely.
All other reagents and solvents were obtained from commercial sources and purified by
standard methods.

(E)-3-Methyl-2-penten-1-00.3% A sured suspeasion of 3.0 g (80.0 mmol) of LiAlH,4
in 150 mL of dry dicthyl ether was cooled in an ice-water bath, and s sotuioa of 2.6 mL
(80.0 mmol) of methanol in 25 mL of etber was added over 30 min. Bihyl (E)-3-methyl-2-
pentenoate3$ in 25 mL of ether was then added dropwise, and the resulting solution was
stired ot 4 °C for 12 h. Cautious, sequestial treatment of the reaction mixture with 3 mL
of H20, 3 mL of 4N NeOH end 9 mlL of H20 afforded an cthereal solution, which was
filtered, dried (MgSO4) and concentrated by rotary evaporatioa. Distillation (84-85 °C,
40 mm Hg) yiclded 6.8 g (96.3%) of the spectroscopically pure (!H-NMR) alcobol.

(Z)-3-Methyl-2-penten-1-01.38  This alcobol was made in 91% yield by reduction of
ethyl (Z)-3-methyl-2-pentemoste3? as described sbove for the E-isomer.

General Procedure for the Formatiom of B-Ketoesters 11 and 12.!7 A mixture
of 5.0 g (35 mmol) of cthyl 2-methyl-3-oxodbutsncate, 3.4 g (34 mmol) of 3-methyl-2-
pentea-1-0l and 4.2 g (35 mmol) of 4-N N-dimethylaminopyridine was dissolved in 200
mlL of toluene which contsined 25 g of ovea-dried molecular sicves (4-A). The mixture
was then heated under reflux until no starting material was detectable by !H-NMR
spectroscopy (approximatety 24 b).  After being cooled to room temperature, the
solution was washed with satursted ammoeium chioride (2 x 25 mL) and dried (MgSOq4).
The toluene was removed by rotary cvaporstion snd the products were purified by
distillation.

(B)-3-Methyi-2-peateny! 2-methyl-3-oxsdstaneate (11). Bp: 134-136 °C, 40 mm
Hg: 'H-NMR: 8098 (L/=95He.3H).128@./=76H1, 3 H), 1.67(s.3H). 20l (/=76
Hz, 2 H), 2.19(s.3H), 347 (q. /=76 Hz, | H), 462(d, /= 6.6 Hz, 2 H), $.30 (1, / = 6.6 Hz, | H):
13C-NMR: 8 12.1, 12.6, 162, 28.1, 32.1, 53.6, 62.1, 116.5, 144.7, 170.4, 203.2; IR: 2995 (m),
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2960 (m), 1760 (s), 1740 (s), 1665 (w). LRMS: 198 (M+, <0.01), 99 (0.61), 83 (0.32), 82 (0.47).
67 (0.38), 55 (0.68), 43 (1.00), 41 (0.39).

(Z)-3-Methyl-2-pentenyl 2-methyl-3-oxobatancate (12). Bp: 76-77 °C, 0.3 mm
Hg 'HNMR: 3098 (1, /w79 Hs, 3H), 132(d, /=78 He, IH) 1.74 (s, 3 H). 210 (q. / = 7.9
Hz,2H). 221 (0.3 H), 348 Q. /= T8 He, 1 H), 462 (4, /= 7.1 He, 1 H), 529 (1, / = 7.1 Hz, 1 H);
I3C.NMR: 8 124, 12.7, 22.7, 249, 28.1, 53.4, 61.5, 117.3, 145.1, 170.2, 203.2; IR: 2995 (m),
2960 (m), 1760 (s). 1740 (s), 1663 (w). LRMS: 198 (M+, <0.01), 99 (0.79), 83 (0.35). 82 (0.71),
67 (0.41), 55 (0.67), 43 (1.00), 41 (0.32).

General Method for the Formation of Silyt Emol Ethers. These were made by
the procedure of Alnswonh.2! Typically, 3.00 g of the allytic B-ketoester was dissodvod -
in 20 mL of bexsmethyldisilazane (HMDS) in the preseace of 0.1 g of imidazole. This
mizture was then beated under reflux for 4 b after which the spparstes was modified 10
allow disillatioa of the HMDS. The silyl enol cther was then purified via distlistion st
reduced pressure.

3-Methyl-2-butenyl (Z)-2-methyl-d-trimethylsiloxy-2-butemonte (S). JH-
NMR: 8021 (s, 9H), 168 (s, 3 H), 1.79 (s, 3 H), 1.74 (s, 3 H), 224 (5. 3 H), 458 (4, / = 6.6 Hz,
2 H), 535 (1. / = 6.6 Hz, 1 Hx 13C-NMR: § 0.7, 12.4, 179, 21.5, 256, 60.7, 109.1, 119.5, 137.5,
161.0, 169.6; IR: 2700 (s), 1720 (s), 1650 (s); LRMS: 256 (M+, 0.01), 188 (0.35), 173 (0.60), 147
(0.80), 98 (0.46), 7S (0.64). 70 (0.32), 69 (1.00), 43 (0.64), 41 (0.62). HRMS: Cy3H24038i, cak.:
256.14947, found: 256.15027.

(B)-3-Methyl-2-pentenyl (E)-2-methyl-3-trimethylsiloxy-2-Dutenoate (13).
JH-NMR: 8022 (s, 9H), 1.01 (1, J = 72 Hz, 3 H), 1.70 (s, 3 H), 1.78 (s, 3 H), 2.05 (q. / = 7.2 Hz,
2H),229(s,3H), 462 (4, J = 72 Hx, 2 H), 5.36 (1, / » 7.2 Ha, ) H 13C-NMR: 8 0.7, 122, 125,
16.2, 21.5, 322, 60.8, 1092, 118.0, 142.8, 160.8. 169.6; IR: 2700 (s). 1720 (s), 1640 (s); LRMS
270 (M+, <0.01), 147 (1.00), 99 (0.32). 55 (0.48), 43 (0.6S)."

(Z)-3-Methyl-2-pentenyl (B)-2-methyl-3-trimethyisiloxy-2-Dutencate (14).
!H-NMR: 8022(s,9H).099(,J=»7SHz,3H), 1.73(.3H), 1.78 (s, 3 H), 211 (q. / = 7.5 Hx,
2H),228( I H), 459 (4, /= 7.5 Hz. 2 H), 5.34 (1, / = 7.5 Hz, 1 H); 13C-NMR: 3 0.8, 124, 129,
21.5, 22.8, 25.0, 60.3, 109.0, 118.9, 1438, 161.1, 169.7; IR: 2700 (s), 1720 (s). 1640 (s); LRMS:
270 (M+,<0.01), 147 (1.00), 99 (0.33). 55 (0.39), 43 (0.79).

Methyl 2-(1-ox0ethyl)-2,3,3-trimethyl-4-pentenoate (8). This general
procedure for the modified Carroll rearrangemeat MUST be carried out with rigorous
exclusion of moisture. To 8 stigred solution of 0.22 mL (1.3 mmol) of
teramethylpiperidine in § mL of snbhydrous THF under a positive pressure of nitrogen
at -78 °C was sdded 0.49 mL (1.3 mmol) of a 2.68 M wsolution of butyllithium in bexanes.
Tetramethylethylencdiamine (0.20 mL, 1.3 mmol) was then added and the reaction
mixture was stirred for 10 min. Next a solution of 0.26 g (1.0 mmol) of § in 2 mL of THF
was added dropwise over 3 min. After an additional 15 min. at -78 °C, the flask was
transferred 10 & cold temperature bath mecasuring -50 °C (temperature control was
maintained using a Neslab Cryocool CC-100 II with a stirred acetone bath). The reaction
mixture was held at this temperature for 4 b after which the flask contsining it was
cooled o -78 °C in a Dry Ice-isopropyl slcobol bath. Next, the mixture was trested with
0.80 mL (3.0 mmol TMSC]) of the supernstant of & 1:1 mixture of TMSCl and Et3N and this
was followed by the addition of 0.45 mL (2.6 mmol) of HMPA. The solution was then
tllowed 1o warm to room temperature over 3 h. The flask was nest carefully fited with a
reflux condenser and warmed to 40 °C for a period of 12 h. After the mixture had been
cooled in an ice-water bath, a 20-ml portion of a 1% solution of aqueous HCl in McOH
was added slowly, and the mixture was stirred for 1S min, afier which it was trested with
an excess of ethereal diazomethane. The exira diazomethane was quenched afier S min
by the careful addition of | mlL of glacial acetic acid, and the ecatire solution was
traasferred into a scparstory funnel and washed with S 100-mL portions of saturated
sodium Dbicarbonate (m.d. the aqueous base layer containg the HMPA at this poiot and
should be treated and disposed of accordingly). The cthercal solution was then dried
(MgSO4), conceatrated (rotary cvaporation) and purified by flash chromatography
using a 5% EtOAc: 95% Skelly B solvent system. Occasionally, when incomplete reaction
led 10 the presence of starting P-ketoester, further purification by HPLC (3% EtOAc: 97%
Skelly B) was poeded 10 scparste these compooents. Yield 154 mg (78%). !H-NMR: d 1.1
(s. 3 H), 1.16 (s. 3 H), 1.31 (s, 3 H), 2.08 (s, 3 H), 3.68 (s, 3 H), 494 (dd, / = 1.4, 17.3 Hz, 1 H),
4.97 (04, / = 1.4, 10.8 Hz, 1 H), 6.13 (dd, / = 10.8, 17.3 Hz, 1 H); 13C-NMR: 8 17.8, 23.2, 239,
29.2, 41.5, 51.6, 64.9, 1125, 1447, 1729, 205.1; IR: 3100 (w), 2850 (s), 1750 (s). 1715 (s). 1645
(m); LRMS: 198 (0.02, M+), 14] (0.90), 130 (0.70), 109 (0.31), 99 (0.30). 98 (0.34), 69 (1.00),
43 (0.84), 41 (0.71); HRMS: C)1H1303. cak.: 198.12559, found: 198.12614.
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Methy! (2R*,3R°*)-2,3.dimethyl-3-0thyl-2-(1-oxecthyl)-4-pentesostes (15).
Compound 15 was prwparsd from 13 by the modified Carrell rearmangoment deacribed
shove. Yield: 155 mg (T3%). 1H-NMR: $0.72(LJ = 7.7 Bz, 3. H), 102 (s, $ H), 134 (s, 3 H),
1.69 (q. /= 7.6 Hz, 2 H), 2.10 (s, 3 H), 3.71 (s 3H)L 496 (04, J = 12, 16S Hx, 1H), .14 (44, / =
12, 11.7 Hz, 1 H), 604 (44, /= 11.7, 165 Hx, 1 Hx 13C-NMR: 8 8.6, 16.6, 180, 27.4, 29.7, 45.4,
518, 65.9, 115.0, 1421, 173.2, 205.6; IR: 3100 (w), 2890  (s). 1750 (¢), 1720 (s), 1640 (w):
LRMS: 212 (Me. 0.01), 141 (8.55), 130 (0.34), 83 (0.55), 55 (0.69), 43 (1.00), 41 (0.40); HRMS:
C1283903, cale.: 21214134, Soend: 212.14206.

Methyl (32¢,35°%)-2,3.dimethyl-3-ethyl-2-(1-onoethyl)-4-pentenoste (16).
This compound wss mafe from 14 by tho modified Carroll rearraagement described
above. Yield: 163 mg (77%). !H-NMR: 8071 (t. / = 7.8 Hz, 3 H), 1.1] (5. 3 H), 138 (s, 3 H),
172 (m, 2 H), 213 (s, 3 H), 3.70 (s, 3 H), 496 (44, / = 1.5, 165 He, 1 H), 5.16 (dd, J = 1.5, 12.0
He, 1 H), $.87 (84, J = 120, 16.5 Hz, 1 H); I3C.NMR: 8838, 167, 18.0, 27.4, 29.7, 454, 518, 65.7,
115.1, 1420, 173.0, 2055, IR: 3150 (w), 2900 (m), 1745 (s), 1710 (s), 1645 (w), LRMS: 212
M+, €0.01), 141 (0.37), 130 (0.42), 83 (0.60). 55 (0.87). 43 (1.00), 41 (0.42).

Genera) Precodurs for the NaBHg Reduction of 15 and 136. A solution of 117 mg
(055 mmol) of the P-kosoenter in 0.5 ml of sbeotste ethanol was cooled to 0 °C. NaBH4 (11
mg, 0.3 mmol) was added and the mixturc was allowed 10 stir for 2 b, At the end of 2 b,
another 1l mg portion of NaBHy was adéed. This was repested as mecessary (3 to 4 wotal
portions of NaBHy) until all of the starting matcrisl bad disapposred by TLC. The
mixture was thea pouted inlo sstursied sodiem bicarbesste, extracted into ether
(MgS04) and comcentrsted by rotary cvaporstion. Flash chromstography yiolded two
diastereomers from 1S ( 9:1, denoted 178 and 17d, respectively) whose stercochemistry
was assigned by comparing the 13C chemical shifts of the methyl groups at the mew
chiral center.4® Compound 16 gave osly one apparent diastereomer (18), whose
stereochemistry was assigned based on comparison to 17a aad 170,

Methyl (2R*,3R®).2,3-4imethyl-3-ethyl-2-(1-(S®)-hydroxyethyl)-4-
pentenoate (17a). Yield: 66 mg, 56%; Rf = 0.34 (1:2 BtOAc: Skelly B); !H-NMR: 8 0.69 (1,
J=77Hz.3H), 1.00(d, /=63 Hz, 3 H), 1.04 (5, 3 H), 1.08 (s, 3 H), 1.54 (d, J = 60 Hz, 1 H), 1.70
(m 2HL3IGQ (0,3H), 446 (m. 1 H), 501 (04, /= 14,173 Hz, 1 H), 5.14 (44, J = 14, 110 Hz, 1
H), 6.14 (44, J = 110, 173 Hz, 1 H): I3C-NMR: § 8.5, 11.3. 17.2, 199, 28.3, 45.5, 51.2, 57,0, 69.8,
113.6, 1442, 175.7; IR: 3500 (b), 3030 (w), 1710 (s), 1630 (w); LRMS: 214 (M+, <0.01), 141
(0.48), 114 (0.44), 109 (0.35), 83 (0.73), 69 (0.33), 55 (1.00), 43 (0.40), 41 (0.55).

Methyl (2R*,3R°*)-2,3.dimethyl-3-ethyl-2-(1-(R®*)-hydroxyethyl)-4-
pentenoate (17b). Yield: 7 .mg. 6%; Rf = 0.29 (1:2 EtOAc: Skelly B); 1H-NMR: § 0.70 (. J
=71Hz,3H),101(s.3H),109(. I H), 1.18 (d. J = 6.3 Hz, 3 H), 1.50 (m, 2 H), 2.33 (d. 1 H),
368 (5.3 H). 4.18 (m, 1 H). 494 (8d. J = 1.6, 173 Hz, 1 H), 5.13 (44, / = 1.6, 11.0 Hz, 1 H), 5,95
(6d. J = 110, 17.3 Hz. 1 H); 13C-NMR: & 8.6, 139, 17.1, 20.1, 28.6, 44.6, 51.3, 57.9, 70.7, 114.3,
1429, 176.4.

Methyl (2R°,3S5°)-2,3-dimethyl-3-ethyl-2-(1-(S®)-hydroxyethyl)-4-
pentencate (18). Yicld: 7S mg, 63%; Rf = 0.34 (1:2 EtOAc: Skelly B); |H-NMR: 8§ 0.67 (1, J
=79 Hz, 3 H), 099 (4. 7 = 6.3 Hz, 3 H), 1.20 (s, 3 H), 1.25 (s, 3 H), 1.74 (m, 2 H), 2.07 (s, 1| H),
365(s,3H), 452 (m, 1 H),5.13(4d./ =14,173 Hx, 1 H), 5.23 (44, J = 1.4, 11,0 Hz, 1 H), 5.94
(dd, J = 11.0, 17.3 Hz, 1 H); 13C-NMR: 8 84, 11.0, 15.8, 19.2, 28.4, 45.1, 51.3, 57.8, 69.6, 115.3,
1449, 176.2; IR: 3500 (b). 3045 (w). 1710 (s). 1620 (w). LRMS: 214 (M+, <0.01), 69 (0.61), 5S
(0.54), 44 (1.00), 43 (0.33).

Procedure for the Mesylation and Reductien of 17 amd 18. A solution of 17
(200 mg. 0.9 mmol) and 0.25 mL of tricthylamine in S mL of methylene chlotide was
cooled to 0 °C. Methincsulfonylchloride (0.1 mL. 1.3 mmol) was sdded dropwise and the
resction mixture was sirred at that tetoperature for 6 b. The mixture was then poured
into 2 mL of ice-water, washed with successive S-mL ponions of 10% HQl sad saturated
NaCl, dried (MgSO4) and coucenmtratcd by rotary cvaporstion (the temperature of the
bath should Dot exceced 25 ©C), The residue was then dissolved in 0.5 mL of HMPA and
added to & suspension of 0.1 g LiAlHg in 1 mL of HMPA. The mixture was bested at 60 °C
for 6 b and then allowed 0 cool to room temperature. Queaching of the excess reducing
agent was effected by the cautious addigion of 0.1 mL of water, 0.1 mL of 4N NaOH and 0.3
m!.. of water. Dilution of the mixture with § mL of ether. followed by filiration, washing
with saturated sodium bicarbonate, drying (Na2SO4) and rotary evaporation, yiclded
compound 19 (33 mg. 21%) after flash chromatography (1:5:44
tricthylamine:EiOAc:Skelly B). In the same mamner, 18 gave 20 (283%).

(3R®,45°)-3,4-dimethyl-2-ethyl-4-(hydroxymethyl)-1-hexzene (19). Yield:
21%; 1H-NMR: § 069 (L /= 7.9 Bz, 3 H), 0.71 (s, 3 H), 0.87 (. / = 7.9 Hz, 3 H), 0.97 (s, 3 H),
130 - 1.70 (m, S H), 3.35 (44, J = 7.9, 126 Hz. 1 ), 362 (dd, / = 3.2, 12.6 Hz, 1 H), 5.03 (04, J =
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1.6, 174 Hx, 1 ), 515 (84, / » 1.6, 11.0 Hx, 1 H), 6.02 (éd. J = 11.0, §7.4 Hz, } H); 13C-NMR: &
8.5, 9.0, 159, 167, 24.2, 268, 43.4, 45.2, 66.4, 1139, 146.1; IR: 3506 (b), 2930 (s); LRMS: 170
M+, <0.01), 84 (0.92), 83 (0.39), 6 (1.00), 53 (0.98). 45 (0.53), 43 (V.46), 41 (0.72); HRMS:
C11H210 (M-1), calc: 169.15934, fousnd: 169.15931.

(3R® 4R *)-3 4-dimethyl-2-pthyl-4-(hydroxymethyl)-1.-hexene (39). = Ykt
28%: H-NMR: § 071 (L. J=79He, 3H), 07 (. IH), 085 (. /=79 Hx, 3 H), 0.95 (5. 3 M),
130 - 160 (a, SH), 349 (4, /= 1.6 He, 1 H), 351 (5. 1 H), 498 (44, J = 1.6, 17.3 Hz, 1 H), 5.12
(dd, J = 1.6, 11.0 Hz, 1 H), 5.95 (44, 7 = 11.0, 173 Hz, 1 H); }JC-NMR: 8 8.6, 8.9, 16.1, 16.3, 24.9,
26.8. 42.8, 45.3, 66.6, 1115, 145.6 IR: 3300 (b), 2950 (s), 1620 (w); LRMS: 170 (M+, <0.01), 86
(0.32), 84 (0.74), 83 (0.39), 8 (1.00), 55 (0.92), 45 (0.48), 43 (D4I), 41 (0.62); HRMS:
C11H210 (M-1). calc: 169.15924, fosnd: 169.1596S.

rotary evaporstios.
This solution was siowly added 10 a suspeasion of LiAlH4 (100 mmol, 2.5 mmol)
dry cother and the mew suspossios was warmed to 35 for 4 &,
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(35%,45%)-3,4-dibydroxymethyl-3 4-dimethylhexane (21). Yield: 63%: !H-
NMR: 8077(s,3H), 084 (1, /= 7.5 Hz, 3 H), 1.26 - 133 (m, 1 H), 1.47 -1.54 (m, 1 H), 3.48 (s,
2 H), 391 (s, | H), 13C-NMR: 8§ 8.8, 166, 24.3, 42.5, 65.1; IR: 3500 (b), 2980 (s); LRMS: 174
e, 0.01), 126 (0.32), 97 (0.85), 86 (0.49), 83 (0.23), 83 (0.54), 71 (1.00), 70 (0.84), 69 (D.81),
$7 (0.61), 57 (0.62), 56 (0.62), 55 (0.80), 43 (0.94).

(meso)-3,4-dihydroxymethyl-3,4-dimethylhexane (22). Yield: 55%; 'H-NMR: 8
067 (s, 3H),086(, /= 74 He, 3H), 1.27- 1,34 (m, 1 H), 1.65 -1.70 (m, 1 H), 343 (ABq, /Ap =
118 He, v=T0Hz, 2H), 437 (5. 1 Hx I3C-NMR: 8 83, 173, 3.3, 42.7, 63.9; IR: 3500 (), 2960
(s); LRMS: 174 (M+, <0.01), 97 (0.68), 85 (0.68), 83 (0.31), 71 (1.00), 70 ¢1.00), 69 (0.82)., 57
{0.41), 55 (0.98), 45 (0.47), 43 (0.80), 41 (0.63).

Metbyl (5)-1,7-dimethyl-S-oxo-6-nomente (26). This compound was prepared by
an alteration of the modified Carroll rearrangement of 11, Iastecad of being wammed to
40 °C for 12 b, the mixture was beated at 65 ©C for 36 h to effect the second [3.3])
sigmatropic rearrapgement. The rest of the procedure is identical to that repored
sbove. Yield: 117 mg (55%). 1H-NMR: 3095 (1, /=79 Hz, 3 K), 1.34, (4, / = 69 Hz, 3 H), 1.60
(.3H), 195(q. 7 =79H2, 2H).228(q. /=79 Hz, 2 H), 255 (m, 2 H), 354 {q. / = 6.9 Hz. ]
H), 372 (s, 3H), 508 (1.7 = 7.1 Hz, 1 H); 13C-NMR: 8 126, 12.7, 158, 221, 322, 414, 522,
$2.7, 120.8, 138.4, 1709, 2035.4; IR: 3600 (m). 3000 (3}, 1740 (s). 1710 (s). 1670 (m):; LRMS:
212 (M+, 0.03), 125 (0.34), 83 (0.69), 82 (0.41), SS (1.00), 43 (0.60), 41 (0.45); HRMS:
Cy2H2003. calc.:212,14124, found: 212.14096.
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