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Abstract

In connection with the continuing interests in the stereoselective rearrangements
of B-lactones, an investigation of the synthesis and transformations of the epoxy f-
lactone 4-(1,2-epoxypentyl)-3-trimethylsilyloxetan-2-one was undertaken. Two
synthetic strategies to the desired epoxy f-lactone were studied. The first route was a
two-step reaction sequence involving the aldol reaction of trimethylsilylacetic acid with
(2R,3S)-epoxyhexanal, followed by lactonization of the resulting B-hydroxy acid with
benzenesulfonyl chloride. Complications in preparing the requisite -hydroxy acids
under typical aldol reaction conditions rendered this route unworkable. The complexity
and intractability of the aldol reaction mixtures was attributed to the multiple possibilities
of intermolecular reactivity between trimethylsilylacetic acid dianion and (2S5,3S)-
epoxyhexanal, in addition to intramolecular transformations of the highly functionalized
aldol adduct. The second synthetic route investigated was based on the [2+2]
cycloaddition reaction between trimethylsilylketene and (2R,3S)-epoxyhexanal. No
direct evidence supporting the formation of epoxy-f-lactone was found; however, the
formation of the 5-( l-O-lrimethylsilylprbpyl)-2-(5H)-furanone suggests that the desired
epoxy P-lactone was formed but was unstable under the [2+2] reaction conditions.
Literature precedence supports this contention, and a thorough literature investigation
was conducted with the purpose of elucidating possible transformations of the epoxy f-

lactone.
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Introduction

Chiral o,B-butenolides (2-(5H)-furanones) and butyrolactones (2-(3H)-furanones)
are medicinally important moieties as well as ubiquitous structural features among
natural molecules.' Representative examples of naturally occurring butyrolactones are
presented in Chart 1; they include iso-cladospolide (1), a hexaketide compound isolated
from a marine fungal speciesf' and (-)-muricatacin (2), a natural product of Anon Murata
having cytotoxic effects on human tumor cell lines.> Osmunda lactone (3), a 5-(1-
hydroxyalkyl) butenolide, is isolated from the plant Osmunda japonica,' and the

spirobutenolide andirolactone (4) is isolated from the medicinal plant Cedrus libanotica.’

Chart 1

OH

Natural molecules 1-4 can be obtained from their respective natural sources.
However, isolation of these molecules from complicated natural mixtures can be an
arduous task, necessitating destructive natural product extraction techniques that may
damage an oftentimes-rare natural source. In an effort to negate the shortcomings of

natural molecule extraction, organic chemists have devised totally synthetic routes to



achiral 4 and optically pure 1-3 despite the synthetic challenges presented by the
contiguous stereogenic centers in 1-3.

Chiral o, f—-butenolides and butyrolactones are also utilized as synthetically
versatile templates that have figured in numerous syntheses of medicinally important
agents and rare natural molecules. (-)-nor-Muricatacin (A1) features in the synthesis of
(-)-desoxyasimicin (A2), a template used to construct natural acetogenins of Annonaceae
displaying cytotoxicity.® The high concentration of functional groups within the
butenolide template make these molecules particularly useful synthons.” Osmunda
lactone (A3) is the chiral building block employed in the synthesis of (+)-anamarine
(A4).* Butenolide A5 was utilized in the stereocontrolled syntheses of hydroxyl and
alkyl substituted acyclic chains like the C,,-Cz; segment of ionomycin (A6),® and
optically enriched forms of A7 have been employed in the stereoselective syntheses of
the y-alkylidene butenolide Z-freelingyne (A8), a constituent of wood oil from

Eremophila freelingii.’



Scheme A

Specific procedures for the preparation of both 4R and 4S configurations of 5-(1-
hydroxyalkyl) butenolides have been reported. Hanessian and Murray have procured the

S-enantiomer of 5-(1-hydroxyalkyl) butenolide B3 in optically pure form starting from



ribonolactone B1.* The reaction sequence involves the protection of the primary
hydroxyl group of B1 with chloro-zert-butyldiphenylsilane, followed by reaction of diol
B2 with thiocarbonyldiimidazole and reduction of the resulting thionocarbonate B4 to

give (§)-5-hydroxymethyl-(5H)-furan-2-one (B3).

Scheme B
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A protocol for the synthesis of 5-(1-hydroxyalkyl) butenolides having a 4R
configuration, which are not readily available from the chiral pool, has been developed
by Sanchez-Sancho and coworkers (Scheme C).* The synthetic sequence begins with the
reaction of 3,4-di-O-acetyl-L-rahmnal (C1) with mCPBA, followed by treatment with the
Lewis acid boron trifluoride diethyl etherate to give hexenolide C2. Hydrolysis of C2 in
the presence of barium hydroxide afforded osmunda lactone (C3) in good chemical yield

and in high diastereoselectivity.
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Scheme C

.OAc Ba(OH)
0 | THF:H,0

Y

As shown in the above examples, 4R and 4S isomers of 5-(1-hydroxylakyl)
o, f—butenolides are derived from completely different synthetic methods. Furthermore,
the stereoselective synthesis becomes increasingly challenging when the desired 5-
(hydroxyalkyl) o,B-butenolide bears an adjacent chiral center at Cs (as in C3). A versatile
procedure for the diastereoselective synthesis of all four diastereomeric isomers of 5-

(hydroxyalkyl) a,3-butenolide would be a valuable capability for synthetic organic

chemists.

The Black research laboratory has over the years developed protocols for the
synthesis of butyrt::tlactomas,10 o, B-butenolides,'" o, B-unsaturated carboxylic acids,'* and
B,y—unsaturated carboxylic acids'® utilizing B-lactone precursors. Two synthetic routes to
a structurally diverse class of -lactones have been successfully employed. Scheme D
illustrates a two-step reaction sequence to 3-lactones such as D5 that begins with an aldol
reaction between carboxylic acid D1 and aldehyde D2 to yield B-hydroxy acid D3. In
this reaction, the carboxylic acid is activated towards electrophilic attack of the aldehyde
by treatment with two equivalents of lithium diisopropylamine (LDA) in THF at -40 °C;

this affords the acid dianion. Lactonization of the thermodynamically favored threo



diastereomer D3 is effected with benzenesulfonyl chloride in pyridine to give the desired

B-lactone D35. Stereocontrol in this reaction is observed because extended reaction times

Scheme D
Ry |2 OH I
2 Eq. LDA OH +
o i, P G
1 Rs R
R | R H 4 :
OHC Minor product
) 2 Eq. PhSO(, (erythro-isomer)
pyridine

employed for the aldol reaction favors the formation of trans diastereomer, which can be
exclusively isolated in high isomeric purity via recrystallization of the crude product.
Consequently, the relative configuration about C; and Cj is controlled.

The second route to 3-lactones involves the single-step boron trifluoride-
catalyzed [2+2] cycloaddition reaction between trimethylsilylketene (TMS-ketene)
derivatives E2 and aldehydes E1 to give the o-trimethylsilyl B-lactone products E3. Our
lab has expended considerable effort in the investigation of a-trimethylsilyl B-lactone

transformations initiated by Lewis acid catalysts.



Scheme E
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Consider the reaction of B-lactone F1 with the Lewis acid magnesium bromide
(MgBr;). Ionization of F1, which has been shown to be the rate-determining step of the
rearrangement, is initiated by certain Lewis acids (especially magnesium bromide and
titanium (IV) chloride), and results in the formation of B-carbocation F2. Carbocations
tend to rearrange to thermodynamically more or equally stable carbocations and, in the
case of F2 where R,=hydrogen, bond migration of R4 (R4= hydrogen, alkyl) occurs,
placing the carbocation at a more substituted y-carbon (as in F3). Carboxylate attack on

the y-carbocation results in ring closure to give butyrolactone F4.



Scheme F
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The rearrangement appears at first glance to be dyotropic in nature. However, the
two criteria of dyotropic rearrangement are 1) the migrating bonds must be aligned in an
anticoplanar fashion, and 2) the process is reversible.'* B-Lactone ring expansions have

been shown to require an anticoplanar alignment of migrating atoms (Figure 1); however,



ring contraction from a five to four membered ring (F4—F1) would be a endothermic

and thermodynamically unfavorable rearrangement and has thus far not been observed in

these investigations.

Figure 1

H

Migrating hydrogen and oxygen bonds have an anticoplanar georretry,
a requisite for bond migration during lactone [3-rearrangement
The stereospecific nature of the rearrangement suggests that the lifetime of
carbocations F2 and F3 must be short-lived relative to the rate of free rotation
around the involved carbon-carbon bond. If the rate of rotation of the B-carbon/y-
carbon bond were faster than carbocation equilibration, the formation of F5 would
be observed. However, the fact that no F5 is formed supports the contention that
carbocations F2 and F3 are short-lived.
Three examples of B-lactone rearrangements to butyrolactones are

depicted in Scheme G. [-Lactone G1 theoretically has three substituents at its y-



position that could potentially migrate. However, the ring expansion of the
pendant cyclohexyl group from six- to seven-member ring is endothermic and
thermodynamically unfavorable. Furthermore, the migratory aptitude of
hydrogen over carbon migration for these reactions ' predisposes the molecule
toward hydride migration, given that the migrating bonds are able to adopt the
requisite anticoplanar alignment. Thus, ionization of G1 results in the
rearrangement to spiro butyrolactone G2. P-Lactone G3 possesses a quaternary
y-carbon. Again, the migrating atoms of the B-lactone are arranged in an
anticoplanar fashion, and ionization results in carbon migration, leaving the cation
at the more stable tertiary carbon. Ring closure by nucleophilic attack on the y-
carbon by the carboxylate anion gives the 3,4,5,5-tetrasubstituted butyrolactone
G4. In p-lactone G5, the y-carbon is incorporated into a cyclopentyl ring, and
ionization of the lactone results in the simultaneous expansion of both the lactone
and cyclopentyl ring systems. In this case, the exothermicity of a ring expansion
from a five to six memberred ring (6 kcal/mol)*’ favors carbon bond migration
over hydrogen, affording zrans-fused butyrolactones G6.'™ This methodology is
panicularly powerful (G5—G6) because it establishes the relative

stereochemistry of three chiral centers in a single step.

10



Scheme G
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Since potential cation migrations are based on the thermodynamic stability of the
involved cations, some (3-lactones favor elimination over bond migration upon ionization.
For example, migration of the carbocation from the [-carbon to the y-carbon (H2—H4)
would require the thermodynamically unfavorable cation shift from tertiary to secondary
carbon upon ionization. Consequently, rearrangement to a butyrolactone is not observed;

rather, elimination occurs, giving rise to B,y-unsaturated acids H3."* Elimination of the y-

11



proton is kinetically favored, since the orbital of the y-proton is aligned properly for
overlap with the empty p orbital of the tertiary cation (Figure 2). Thus, no o,f-
unsaturated acids were observed in this study, although transformations of H1 to

conjugated double bond systems are thermodynamically favored.

Scheme H
Mg2+ 6:
_—
R
R4\%>/COOH
H R2 Ry
4 3
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Figure 2

rthogontal
proton

Aligned correctly for overlap

with p orbital and favored for elimination

over orthognally aligned proton

B-Lactone I1, bearing a trimethylsilyl substituent at the ot—carbon, undergoes a

different transformation upon ionization. These lactones are ionized by treatment with
the same Lewis acids as in previous examples; however, the thermodynamic driving
force of carbocation migration (I2—1I5) is diminished due to the tendenlcy of a
neighbon"r;g silicon atom to stabilize B-cations through a -1t cn:,mjugati':m.16
Consequently, IS does not form and I2 undergoes elimination of the cationic
trimethylsilyl group (SiMes’) to give o,B-unsaturated trimethylsilyl ester (I13—14),
which can be converted to the corresponding o, -unsaturated acid upon treatment with

hydrochloric acid.

13



-Scheme 1

MgBr, carbocation

e stabilized by the
limiting influence of B-MesSi
step substituent

Perhaps the most intriguing transformation observed by our lab is the cation-
initiated rearrangements of (3-lactone. Whereas the previous examples of rearrangements
to butyrolactones involved ionization of the 3-lactone followed by cation migration to a
more or equally stable cation at the y-position, cation-initiated rearrangements are based
on the formation of a carbocation adjacent to the f-lactone. The Lewis acid employed in

cation-initiated rearrangements functions to facilitate the formation of the y-carbocation.

14



Using the cation-initiated rearrangement methodology, 2,4-disubstituted butenolides (J5)
have been procured from y-bromo B-lactones(such as J1)

y-Bromo-B-lactones J1 have been prepared by our lab via bromolactonization.''
When refluxed in acetic acid in the presence of silver nitrate, J1 underwent
rearrangement and elimination to give a,f3-butenolide J5. The mechanism of this
rearrangement has yet to be settled, however; one possible mechanism involves the
bromolactone J1 undergoing a rearrangement to the -bromo-y-lactone J2, which then
undergoes elimination to give 2,4-substituted butenolide J5. An alternative possibility
involves an Sy1 type reaction mechanism in which the nucleofugal bromine leaves a
carbocation adjacent to the B-lactone (as in J4). Ring expansion from J4—J3 would then
place the carbocation at the 3-position, which could then be annihilated via elimination.
This finding that -lactones bearing halo-substituents at their y-carbons could be treated
with silver (I) ion to affect rearrangement to o,3-butenolides prompted us to consider

cation-initiated rearrangements of a structurally different class of lactone.

15



Scheme J
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Br 1
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We were particularly interested in investigating the cation-initiated
rearrangements of B-lactones bearing C4 nucleofugal groups with a proclivity for Sn2-
type displacements. The Baeyer strain inherent in the oxirane ring makes the incorporated
oxygen atom an outstanding nucleofuge; for this reason, an epoxide oxygen atom was
chosen (see -lactone K1). Consequently, epoxides can be opened by a variety of
nucleophiles. Furthermore, the oxirane’s propensity for Sy2 type displacement

(illustrated in transition state K2) makes oxirane ring opening reactions stereospecific,

16



with inversion of configuration occurring at the attacked chiral center and retention of

configuration of the adjacent oxirane carbon.

Scheme K

The immediate synthetic challenge presented by this project was the preparation
of a-trimethylsilyl B-lactones like L1 having an adjacent chiral epoxide moiety. We

wished to prepare L1 from chiral (2R,35)-epoxyhexanal (L2). Chiron L2 can be prepared

Scheme LL

C3H, C3H7

0 \—oH OH
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from the selective oxidation of enantiopure (25,35)-epoxyhexan-1-ol (L.3), which in turn
is available via the well-established asymmetric epoxidation reaction of allylic alcohol
L4.

To our knowledge, there is no precedence for the synthesis the high-energy epoxy
lactone L1. However, we attempted to secure a source of L1 via two synthetic routes.

The first route involves a two-step reaction sequence beginning with the
condensation of M1 with the lithium dianion of trimethylsilylacetic acid (M2) to afford
aldol adduct M3. Previous researchers in our lab have successfully employed
condensation reactions to prepare a structurally diverse group of B—hydroxy acids;
however, the preparation of y,3-epoxy B-hydroxy o-trimethylsilyl carboxylic acids (as in
M3) would be a novel accomplishment. If procurable, we then wanted to determine if
benzensulfonylchloride would effect lactonization of the aldol adduct M3 to give the

desired epoxy B-lactone M4.

Scheme M
TMSCHLICOOLi COOH
O 2
G Y > G 8 ™S
---- o THE, -40'C 7
OH
1 3 2 Eq. PhSO,CI,
0
0 g_D
I
CsHv\/\i J 0
"0 ™S
4
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The second synthetic route to epoxy f-lactone N3 is based on a well-established
procedure for the preparation of a-trimethylsilyl-p-lactones and involves the Lewis acid-
catalyzed [2+2] cycloaddition of ketenes to carbonyl compounds. This procedure is
widely used for the preparation of a-trimethylsilyl-B-lactones.'® Indeed, isoelectronic
analogs (for example, a-alkoxy and [-alkoxy alkanals) of 2,3-epoxyalkanals have been
used in this reaction as carbonyl substrates with great success.'” It seemed to us that we
could extend this method to reactions between trimethylsilylketene (N2) and (2R,3S)-
epoxyhexanal (N1). Furthermore, we wanted to see if the boron trifluoride Lewis acid
essential to this reaction would serve the dual purpose of 1) catalyzing the [2+2]
cylcoaddition to form the B-lactone and 2) initiating the epoxide opening/lactone ring
expansion cascade. If this were the case, chiral 5-(1-hydroxyalkyl) butenolides could be

prepared in a single step from the chiral epoxy aldehyde N1.

Scheme N
3B
%0
© \l?k
1

The potential versatility in the two synthetic routes of Scheme M and Scheme N

arises from the fact that a structurally diverse class of 2,3-epoxy alkanals (01-04) can

19



be prepared enantioselectively by well-known procedures, allowing for the

diastereoselective synthesis of any of the four possible diastereomers (05-08).

Scheme O

—_— C3H S

H
C3H R S O
W
Mo PR -
H
2

C3Hy S = R

8

OH
Herein, the remainder of this thesis describes the details of this project, including

results and discussion, experimental, and data sections.

20



Results and Discussion

One of the first objectives of this project was to establish an efficient method for
the preparation of an enantiopure (2,3)-epoxy alkanal. This chiron would be used as a
source of aldehyde in the two synthetic routes depicted in Scheme M and Scheme N.
However, before procuring the epoxy alkanal, a method for the large-scale preparation of
enantiopure synthesis of 2,3-epoxy alkan-1-ols was needed.

The asymmetric catalytic allylic epoxidation procedure devised by Sharpless®’ for
the epoxidation of allylic alcohols seemed a good starting point. The Sharpless
epoxidation reaction is a well-established procedure for the enantioselective synthesis of
2,3-epoxy alkanols proven to give good chemical yields in > 90% enantiomeric excess.”!
In addition, this procedure is highly versatile, and has been used to enantioselectively
epoxidize allyl alcohols irrespective of their substitution patterns, giving rise to
structurally varied 2,3-epoxy alakan-1-ols. Both E and Z allyl alcohols were considered
for epoxidation. However, the epoxidation of E allyl alcohols is reported to be more
efficient than that of the corresponding Z isomer.”* Furthermore, E allyl alcohol isomers
are much more affordable than the corresponding Z isomers.

The water solubility of the epoxidized product and the ease of isolation through
distillation were also considered. The six-carbon epoxy alcohol made from rrans-2-
hexen-1-ol represents the lower limit of water solubility and could be purified vlia
distillation under reduced pressure at relatively low temperatures. *° Thus, 96% trans-2-
hexen-1-0l seemed an ideal allyl alcohol for epoxidation. Diethyl (2R, 3R)-tartrate was
selected as asymmetric catalytic ligand, as it is readily available from the chiral pool and

considerably less expensive than diethyl (25,35)-tartrate. Using trans-2-hexen-1-ol (P1)

21



and (2R,3R)-tartrate as chiral ligand, the synthesis of (25,35)-epoxyhexan-1-ol (P2) was

undertaken .
Scheme P
Ti(OCHMe»)4
diethyl (2R,3R)-tartrate
Y e > \/\/\/OH
tert-BuOOH/PhMe 6
1 CH,Cl, 5

The catalytically active species of this reaction have reportedly been difficult to
identify. The mechanism of catalysis is thought to involve two titanium (IV) dimeric
species 5 and 6 (Chart 2) complexed with isopropoxide.”® Each of the titanium centers
of § is an equivalent catalytic site and the epoxidation of the alkenyl group is thought to
occur at a single titanium center in an arrangement resembling structure 6. The
isopropoxide ligands of 5 serve as a source of base for the deprotonation of the allylic

alcohol and the hydroperoxide.

Chart 2

EtO O= ; OEt
Wil L}’
1\ o T 1>

o-"'o
i-P0 =0 O-i-Pr i-PrO =0 r—Bu
EtO EtO

5 6
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The reaction illustrated in Scheme P was undertaken and 20.8 grams of P2 was
obtained in 70.7% yield. IR, and 'H, and >C NMR data confirmed the identity of the
product. It should be noted that a second minor spot (R¢ = 0.32 in methylene chloride),
just leading the epoxy alcohol was visible via thin layer chromatography on silica gel
when phosphomolybdic acid was used for development. The unidentified component
was collected (~1 gram) as distillate at a slightly lower temperature than that of the
desired product and evidently co-distills to a lesser extent throughout the collection of P2
(as indicated by TLC). Perhaps higher grades of purity of P1 would be obtained by using
a better source (>96% trans-2-hexen-1-ol) of starting material allyl alcohol.

After having secured ~ 20 grams of the epoxy alcohol, a method for the gentle
oxidation of the epoxy alcohol to the corresponding (2R,3S5)-epoxyhexanal was needed.
Initially, the Corey method depicted in Scheme Q was employed using pyridinium
chlorochromate as the oxidizing agent.** A pilot reaction using octan-1-ol gave a crude
aldehyde in 80% yield (confirmed using IR; absorption band for carbonyl stretch @ 1728
cm’'). However, application of this method to (285,35)-epoxyhexan-1-ol gave crude
product that was predominately starting material. (indicated by the OH stretching band at
3600 cm™' band in IR and the lack of a C=0 stretching band, in addition to TLC
monitoring of the reaction mixture). The lack of success for this reaction, in addition to
the disposal issues presented by hexavalent and trivalent chromate ion, prompted us to

consider alternative methods of oxidation.
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The Doering method, * depicted in Scheme R, was investigated as a possible

1. % and Urabe et al.”’

method for the gentle oxidation of epoxy alcohols. Escudier et a
reported the successful oxidation of epoxy alcohols using a modified version of the
Doering method. The economic feasibility of the sulfur trioxide-pyridine reagent
(SOzepyr), in addition to the short reaction times and near ambient reaction temperatures
made this an attractive method. Furthermore, the sulfur trioxide-pyridine complex

reportedly produced negligible (methylthio)methyl ether derivative, a common by-

product of reactions using other DMSO activating agents (cljcyclc-hc:rcylcar’oodiimjde;28

phosphorous pentoxide®).
Scheme R
20 Eq. DMSO
10 Eq. EzN
6 Eq. SO5-pyridine
RCH,OH £ S0 piidine.  gicHo
CH,Cl,, 25 °C
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Numerous attempts at the oxidation of (25,35)-epoxyhexan-1-ol gave reaction
mixtures in which the starting alcohol was only partially consumed according to TLC
monitoring. Extended reaction times, in addition to excess activating reagent, were
independently tested in an attempt to drive the reaction to completion but were
unsuccessful as indicated by TLC monitoring of the reaction mixture. The temperature at
which the oxidant was introduced was also varied from 0-25 °C. Introducing the sulfur
trioxide at room temperature appeared to have an adverse affect on reactions carried out
on scales greater than five grams. These larger scale reactions were highly exothermic
upon addition of the oxidant. Temperature variation had no noticeable affect on smaller
reaction scales according to crude product yields, which were consistently ~50% .

Doering’s original procedure was different from the modified procedures reported
by Escudier et al. and Urabe et al. in that the reaction required the delivery of the oxidant
in DMSO solution to ensure the formation of O-dimethylsulfoxonium sulfate S1, the
activated ylide species, and to circumvent the formation of hydrogen sulfate of the
alcohol 83.° Thus, oxidant was delivered as a DMSO solution but was not found to
affect crude product yield or reaction progression, as evidenced by TLC monitoring of

the reaction mixture.
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Perhaps the low yields of the (2R,3S)-epoxyhexanal oxidation product using this
method can be attributed to the slight water solubility of the relatively small aldehyde
molecule. During workup, copious amounts of aqueous washes were necessary to
cleanse the product-containing organic layer of pyridine. The complete removal of the
pyridine from the crude product was necessary to prevent decomposition of the product
during distillation. Attempts to extract the aqueous layer with ether and/or methylene
chloride only reintroduced the pyridine into the crude product, as indicated by TLC and
the blue color of aqueous CuSO, washes. It should be noted that the epoxy alcohols
reportedly oxidized by Doer’ing,25 Escudier”® and Urabe?” were much larger
(cholestanone and 4-benzyloxy-2,3-epoxy butan-1-ols) and presumably the water
solubility of these oxidation products would not have been an issue. An alternative route

to the desired (2R,35)-epoxyhexanal was needed.
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Scheme T
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Our attention was then turned to the Swern method of oxidation devised for the
oxidation of long chain alcohols (reaction conditions shown in Scheme T) 3% This
particular procedure utilizes an oxalyl chloride-activated DMSO complex U3 as the
oxidant is advantaged by of negligible formation of (methylthio)methyl ether derivative
of the alcohol. Additionally, the Swern oxidation is reputedly a clean reaction (all the
organic by-products: carbon monoxide, carbon dioxide, and dimethy] sulfide, are all
gaseous) and we wished to be able to carry on aldehyde crude product without further
purification.

The mechanism of the Swern oxidation has been investigated by Marks and
Tidwell.”! The oxalyl chloride (U2) is thought to react with dimethylsulfoxide (U1) to
form chlorodimethylsulfonium chloride (U3) . Activated DMSO ylide complex (U3)
further reacts with the alcohol at -60 °C to form ylide U4. Treatment with triethylamine

base completes the oxidation reaction to give the aldehyde.
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Of the three oxidation methods attempted, this reaction was most successful,
giving the desired (2R,3S)-epoxyhexanal in 63 % yield (Confirmed by IR, >C NMR).
Due to the presence of unidentified components in the crude product, the (2R,35)-
epoxyhexanal required purification, which could be performed by Kugelrohr distillation.
However, this method of purification was inefficient, as the boiling point of the product
under reduced pressure (1 mm Hg) was determined to be 29 °C, and it is suspected that
some product is lost to the distillation trap during these reduced pressure distillation. The
aldehyde product was not amenable to ambient pressure distillations due to thermal
decomposition. Alternately, column separations using 20% ether:hexane eluent
consistently gave higher yields of purer product (indicated by GC).

TLC analysis of the Swern reaction mixture indicated that no starting alcohol

remained after the reaction mixture had warmed to room temperature. As with the
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Doering method, excessive aqueous washes were needed to cleanse the crude product of
triethylammonium hydrogen chloride salt, perhaps explaining the modest yields for the
reaction. Based on the investigations of the epoxy alcohols performed in this project
future epoxy alkanals should be larger to attenuate the water -solubility of the products.
With the (2R,35)-epoxyhexanal in hand, our efforts could be focused on the
synthesis of trimethylsilylacetic acid. This compound was available from Aldrich bu; its
price was prohibitively expensive. Trimethylsilylacetic acid was not only a requisite
material for the first step of the sequence in Scheme M, but the preparation of
trimethylsilylketene (the critical reagent for Scheme N synthetic route) from

trimethylsilylacetic acid had been reported by Olah ez al ..*

Scheme V
2 Eq. Cl-SiMe;
2
CH,LiCOOLi > Me;SiCH,COOH
i THF, O °C 3

The first attempt at preparing trimethylsilylacetic acid (V3) involved the reaction
of the lithium dianion of acetic acid (V1) with two equivalents of chlorotrimethylsilane
(V2).” The availability and affordability of the reagents used in this reaction made this
method particularly attractive. When carried out, this procedure gave low crude product
yields (~25%) of a yellow oil, in contradiction with the colorless trimethylsilylacetic acid
crystal product (mp 40 °C) reported by Otohiko.* In an effort to increase the purity and
mass of crude products, a modified extractive workup specific for carboxylic acids was

used.* This method of workup involved quenching the reaction mixture with aqueous
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alkali (Saturated sodium bicarbonate), separation of the biphasic solution and
acidification with 6N hydrochloric acid, followed by extracting the acidic aqueous layer
with ether, drying the organic layer, and finally in vacuo evaporation to give crude
product. This method of workup improved neither crude product yield nor purity.

A second attempt at preparing trimethylsilylacetic acetic involved a reaction
between the Grignard reagent derived from chloromethyltrimethylsilane (W1) and solid
carbon dioxide. The starting material W1 for this reaction was rather expensive and the

use of this method would have to be justified with modestly successful yields.

Scheme W
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The Grignard reaction depicted in Scheme W was carried out using
1,2-dibromoethane as a catalyst. Heat was applied to initiate this reaction using a hot air
gun and the vigor of this reaction necessitated the use of a double condenser to prevent
the reaction solvent from escaping the apparatus. Additionally, an ice water bath was
made accessible to cool the Grignard reaction mixture in the event that solvent began to
escape. Crude product yield was 76% (47.0 grams). Furthermore, the crude product was
pure enough (confirmed by 'H and '>C NMR and mp) to use without further purification.

It was discovered that trimethylsilylacetic acid did not store well, especially at

room temperature and was later found to be prone to isomerization to the trimethylsilyl
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acetate.”> This product was best stored in the freezer and was distilled using a Kugelrohr
apparatus as needed.

Attempts were also made to prepare 2-trimethylsilylphenylacetic acid. We
wished to use this o-trimethylsilyl acid derivative as a nucleophile in aldol reactions with
enantiopure (2,3)-epoxy alkanals (Scheme M, Step 1). Additionally, a literature
procedure exists for the synthesis of phenyl(trimethylsilyl)ketene from 2-
trimethylsilylphenylacetic acid. Both 2-trimethylsilylphenylacetic acid and
phenyl(trimethylsilyl)ketene would be valuable reagents and their preparation could
potentially allow for the synthesis of 3-phenyl-3-trimethylsilyl-furan-2-ones via f3-
hydroxy acid lactonization (Scheme M, Step 2) or [2+2] cylcoaddition reactions (Scheme
N), a class of compounds not yet synthesized by our lab.

Initial efforts to synthesize 2-trimethylsilylphenylacetic acid involved the reaction
of the lithium dianion of phenylacetic acid with two equivalents of chlorotrimethylsilane
in THE. TLC monitoring of this reaction mixture after forty-eight hours showed the
phenylacetic acid starting material to be essentially unreacted. In a second reaction, ten
equivalents of chlorotrimethylsilane were used and, when TLC indicated unreacted
phenylacetic acid after forty-eight hours of stirring at room temperature, the reaction
mixture was heated to 33 °C for one hour. Quenching of this reaction mixture with 1.5N
HCI followed by extractive workup with ethyl ether and evaporation of solvent gave light
yellow crystals. TLC and mp after recrystallization showed the product to be unreacted
phenylacetic acid.

Brady and coworkers report the preparation of 2-trimethylsilylphenylacetic acid

from bcnzyltﬂmcthylsilane.36 The procedure involves the deprotonation of
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benzyltrimethylsilane using 1.1 equivalents of freshly titrated n-butyllithium in ethyl
ether solvent. The deprotonation reaction is reported to occur over a 24-hour period at
room temperature, whereupon carbonation of the reaction mixture followed extractive
workup gave the target 2-trimethylsilylphenylacetic acid in good yield.

However; in our hands and under these reaction conditions, only starting material
was recovered as indicated by TLC. Reaction conditions in which 2.2 equivalents of n-
butyllithium base was used and the solvent changed from ethyl ether to the more polar
tetrahydrofuran were still unsuccessful. Inconsistent with Brady’s reported observations;
the reaction mixture never acquired an orange-dark brown color, but rather a subtle color
change from clear to light yellow was observed. A significant color change to dark green
was observed when the reaction mixture in tetrahydrofuran was heated to >38 °C.
However, inseparable polar mixtures resulted when dark green reaction mixtures were
carbonated.

An experiment was performed to determine if n-butylithium was an adequate base
to extract the benzylic proton from benzyltrimethylsilane. The reaction was performed
following the reported conditions, however; the reaction mixture was quenched with
deuterium oxide rather than carbon dioxide. The resulting reaction mixture was then
dried with magnesium sulfate and the drying agent filtered out. The solvent was
evaporated and integration of the '"H NMR signal corresponding to benzylic protons
indicated the deprotonation and subsequent deuteration was incomplete (integration of
benzylic '"H =1.88, 6 % effective at deprotonation).

These results are consistent with Peterson’s finding that benzyltrimethylsilane is

relatively unreactive towards n-butyllithium, and instead employs n-BuLieTMEDA
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(N,N,N'N-tetramethylethylenediamine) complex to deprotonate the substrate.*’ n-
BuLieTMEDA complex is reported to rapidly metallate at the benzylic position of
aromatic hydrocarbcms38 and should be considered in future endeavors for 2-
trimethylsilylphenylacitic acid. Alternately, n-butyllithium in HMPA
(hexamethylphosphoramide) was reported to be 85% effective in deprotonation of
benzyltrimethylsilane.*'

Trimethylsilyketene (X3) was a critical compound that was required for the
cycloaddition reaction in Scheme N. Our first attempt at its preparation was according to
a procedure reported by Olah,*? who reported the dehydration of trimethylsilylacetic acid
(X1) (as well as other 2-trimethylsilylacetic acid derivatives) with
dicyclohexylcarbodiimide (X2) (DCC). Due to the moisture sensitive nature of the DCC
reagent, it was always Kugelrohr distilled prior to its use and anhydrous ether was freshly
opened. Progression of this reaction was evidenced by the formation of a white
precipitate. After reacting for six hours, the precipitous mixture was concentrated via
rotary evaporator, and distillation attempts were made to separate the product X3 from
the reaction mixture. Simple distillation of the reaction mixture often resulted in
decomposition of the white mixture with no collection of trimethylsilylketene. When the
distillation was performed under aspirator pressure, mixtures of trimethylsilylketene
(evidenced by the ketene carbonyl stretching band at 2180 cm™) with unidentified
products were isolated, which readily turned from a clear liquid to a slightly brown liquid
upon sitting at room temperature for brief periods. Attempts to isolate X3 from these
simple distillation collections resulted in further decomposition and no collection of

desired ketene product.
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Trimethylsilylketene (Y3) was successfully prepared from the pyrolysis reaction
of trimethylsilylethoxyacetylene (Y2) prepared by a procedure reported by Ruden.* This
procedure involved the deprotonation of ethoxyacetylene (Y1) by methyllithium,
followed by the reaction of the derived anion with chlorotrimethylsilane to form an
alkynyl silane, which upon heating to 120 °C, underwent pyrolysis to give the desired

trimethylsilylketene in 55 % yield.

Scheme Y
1.) 1.05 Eq. MeLi H~CH,
L 2.) 1.05 Eq CI-SiMe3
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120C
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3
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Ethoxyacetylene (Z3) was available from Aldrich Chemicals but was extremely
expensive. Furthermore, the reagent was only available as a solution in hexanes,
requiring fractional distillation prior to use. Bearing these shortcomings in mind, we
opted to prepare ethoxyacetylene (Z3) via a double elimination reaction of
chloroacetaldehyde diethyl acetal (Z1) using sodium amide as base. Preceding research
collaborators in our research group prepared sodium amide in sizu by the addition of
metallic sodium to a liquid ammonia solution of ferric nitrate (FeNO3). However, in situ

preparation of sodium amide necessitated four hours of stirring at temperatures below -40

°C.
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Our attention was then turned to the Swern method of oxidation devised for the
oxidation of long chain alcohols (reaction conditions shown in Scheme T) .*° This
particular procedure utilizes an oxalyl chloride-activated DMSO complex U3 as the
oxidant is advantaged by of negligible formation of (methylthio)methyl ether derivative
of the alcohol. Additionally, the Swern oxidation is reputedly a clean reaction (all the
organic by-products: carbon monoxide, carbon dioxide, and dimethyl sulfide, are all
gaseous) and we wished to be able to carry on aldehyde crude product without further
purification.

Extreme caution was taken when hydrolyzing the sodium acetylide (Z2) reaction
mixture. Failure to adequately cool the reaction flask to -70 °C resulted in violent
pyrolysis of the reaction mixture. Attempts to isolate product from pyrolyzed reaction
mixtures gave no yield of ethoxyacetylene product. Additionally, reaction mixtures that
were allowed to sit for extended periods were on occasion observed to violently
decompose, regardless of the source of sodium amide used.

Having developed methods for the preparation of (2R,3S)-epoxyhexanal and
trimethylsilyacetic acid, we were prepared to investigate the aldol condensation reaction
depicted in the first step of the proposed reaction sequence in Scheme N. An obvious
challenge presented by this condensation reaction was the presence of multiple
electrophilic sites within the epoxy aldehyde. We suspected that perhaps the oxirane
carbons would compete with the carbonyl carbon for the trimethylsilyl acetic acid lithium
dianion nucleophile. Indeed, literature precedence reveals that anionic reactions of

trimethylsilyacetic acid with aldehydes*’ and epoxides*' occur under similar conditions.
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Therefore, it was imperative that we find reaction conditions that would favor exclusive
attack at the carbonyl carbon and not the adjacent oxirane carbons.

A thorough literature search revealed a procedure for the successful reaction
between the lithium anion of esters and 4-benzyloxy-2,3-epoxy bqtanal derivatives.”®
The procedure called for the formation of the lithium anion at 0 °C in ethyl ether over
thirty minutes, followed by dropwise addition of the aldehyde at -78 °C and subsequent
quenching of the reaction mixture with weak acid after fifteen minutes of reaction time.
When (2R,3S5)-epoxyhexanal was added to a stirred solution of trimethylsilyacetic acid
dianion at -78° C and the reactants stirred for fifteen minutes at this reduced temperature,
only starting material was present (indicated by TLC). Several variations of the reported
procedure, including extended reaction times, an alternative dianionic nucleophile, the

use of tetrahydrofuran as solvent, and increased reaction temperature were investigated

and are summarized in Table 1.
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Table 1. Summary of aldol
reactions performed.

Dianion| solvent |reaction temperature (°C)| Duration Results**
* (approximate)
1 ethyl ether -70 15 minutes |no reaction
1 ethyl ether -70 1 hour no reaction
1 ethyl ether | warmed from -70 to O 1 hour intractable
product
mixture
2 ethyl ether -70 1 hour no reaction
2 THF -70 1 hour no reaction
2 THF 0 °C, allowed towarmto| > 5 hours |intractable
r.t. product
mixture
2 ethyl ether | 0 °C, allowed towarmto| > 5 hours |intractable
r.t. product
mixture

* 1= trimethylsilylacetic acid dianion, 2=phenylacetic acid dianion
** Reactions were montiored using silica gel TLC and either developed under UV light
or chemically using phosphomolybdic acid.

As can be seen in the Table 1, no reaction is observed at the lower temperatures,

regardless of the solvent, duration of reaction, or species of dianion. Typically, as the

reaction mixture warmed, acquired a brown color and the partial consumption of

aldehyde was observed (as indicated by TLC). Multiple polar products appeared to form

as the reaction mixture warmed. The predominant component of the reaction mixtures

appeared to be located at the origin in everything but the most polar mobile phases.

Introduction of aldehyde at room temperature in THF resulted in a large exotherm and

instantaneous darkening of the reaction mixture. The experimental data of Table 1 show
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that the lithium dianion of both trimethylsilylacetic acid and phenylacetic acid were inert
to the aldehyde substrate at lower temperatures (-70 °C); and, upon warming, intractable
mixtures of polar compounds were formed.

The lack of reactivity of dianionic trimethylsilylacetic acid nucleophile with (2R,
3S)-epoxyhexanal in this seemingly straightforward reaction was initially eluding.
Trimethylsilyacetic acid is readily metalated by lithium diisopropylamide,** and it was
our expectation that the o-trimethylsilyl substituent would increase the nucleophilicity of
the dianion by the inductive release of electrons to the a-carbon by the silicon atom.
However, several studies have presented evidence that suggests that a silicon atom
stabilizes rather destabilizes o-carbanions.”> Evidently, lone pair electrons of o~
carbanions can be delocalized into the d-orbitals of the silicon atom.*** This stabilization
affect can be conceptualized by the resonance structure AA3 in which the negative
charge is located on the silicon atom. Resonance structure AA3 would be further
stabilized due to its newly formed conjugated double bond system. Backbonding
between dm orbitals of silicon atom and pnt C-C bond of resonance structure AA2 may

also reduce electron density at the anionic site.**
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The a-anion stabilizing effect of the silicon atom and decreasing nucleophilic
affect observed in vinyl silanes perhaps explains the lack of reactivity of the
trimethylsilyl acetic acid dianion with the epoxy aldehyde at lower temperatures (-70 °C).
Furthermore, the phenylacetic acid dianion is undoubtedly stabilized by the phenyl
substituent, probably explaining the lack of reactivity of this nucleophile at reduced
temperatures as well.

Literature research on the reactivity of B-silylcarbinols suggests that perhaps
isolation of the aldol adduct M3 would be difficult due to the tendency of B-silylcarbinols
(like BB1 and BB3) to spontaneously eliminate in both acidic and basic conditions to
afford unsaturated carbonyl compounds.w‘“ Indeed, a structurally diverse group of
unsaturated acids have been prepared using this methodology.** Lending additional
instability to M3 is the observation that metalated hydroxyl groups adjacent to oxirane

moieties undergo Payne rearrangement* to produce an equilibrated mixture of epoxy

alcohols (such as CC1 and CC2).
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Due to the experimental difficulties presented by the condensation reaction shown
in Scheme M, in addition to the potential complications inherent in isolating -hydroxy-
a-silylcarbonyl compound M3, investigations into this synthetic route were discontinued.
Efforts to prepare the desired epoxy B-lactone were redirected to the [2+2] cycloaddition

route depicted in Scheme N .
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The [2+2] cycloaddition reaction between ketenes and carbonyl compounds has
been known for almost a century now.*? However, the cycloaddition between

silylketenes and carbonyl compounds was not performed until 1975,

and the synthetic
utility of this method was illustrated by Brady and Saidi only in1979.% Since then,
silylketenes have been used to prepare a variety of B-lactones. Unfortunately,
mechanistic studies of [242] cycloaddition reaction between silylketenes and carbonyl
compounds are rare.'™ Consequently, the mechanism of the reaction is unsettled.*®

The mechanism of ketene [2+2] cycloaddition appears to be dependent on the
type of ketene , the nature of its substituents, the species of Lewis acid, and the species of
the ketenophile present. Perhaps most germane to this project are the recent ab initio and
semi-empirical studies of [2+2] reactions between formaldehyde and ketene in the
presence of boron trifluoride catalyst. Indeed, these studies find experimental support by
the diastereoselectivity of [2+2] cycloaddition adducts observed by Zemribo and Romo."

These studies corroborate a mechanism in which the nucleophilic ketene attacks
an electrophilic aldehyde, activated by coordination with a Lewis acid (DD2). The
process is thought to be a concerted, but asynchronous, closed-shell mechanism, featuring
the preliminary formation of the C4-Csbond. The ketene and aldehyde approach each

other in a synperiplanar fashion and the formed transition state DD3, having a strong

zwitterionic character.?’
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Epoxides are known to possess enhanced reactivity in the presence of Lewis
acids.>® Therefore, we wanted to confirm that the chiron (2R,3S)-epoxyhexanal would be
stable in the presence of the boron trifluoride catalyst under the anticipated reaction
conditions. A control experiment was performed in which (2R,35)-epoxyhexanal was
stirred in the presence of catalytic amount of Lewis acid at 0 °C in ethyl ether for
approximately two hours, at which time the reaction mixture was warmed to room
temperature. No reaction was observed as indicated by TLC analysis. However, when
the aIdehyde-catalyst solution was concentrated in vacuo, the solution became a black
gelatinous solid. These results showed that (2R,3S)-epoxyhexanal would be stable under
the reaction conditions, but the catalyst would have to be quenched (with methanol) prior
to in vacuo concentration of reaction mixtures containing (2R,35)-epoxyhexanal and BF;.

Typical [242] cycloaddition procedures involve the slow addition of
trimethylsilylketene in ether to a stirring solution of (28, 35)-epoxyhexanal and a
catalytic amount of boron trifluoride at 0 °C.** However, when this protocol was
followed, (2R,3S)-epoxyhexanal was consumed immediately as indicated by TLC. The

resulting reaction mixture contained multiple components, with the predominant

43



component being immobile in many solvent systems tested and was not amenable to
chromatographic separation. IR analysis of the crude reaction mixture showed no
evidence of the formation of the desired B-lactone (carbonyl band >1800 cm™)* or
butenolide (carbonyl band 1750-1760 cm™).*®

Mead and coworkers reported in their investigations that the success of the [2+2]
cycloaddition was dependent on the order in which the reagents were combined.*” Thus,
under similar conditions to those described in the previous paragraph, experiments were
performed in which 1) (2R,3S)-epoxyhexanal was introduced to a solution of
trimethylsilylketene-catalyst or 2) the catalyst was added to a solution of aldehyde-
trimethylsilylketene. The order in which reagents were combined gave similar
complicated mixtures in which no single component was isolable.

We reasoned that there were two possible possibilities for the absence of 3-
lactone within the reaction mixture and crude product. First, we thought that perhaps the
weakly basic oxirane oxygen atom might be interfering with the functioning of the Lewis
acid catalyst in the cycloaddition reaction. However, Zembribo and Romo"’ reported
excellent yields of B-lactone when trimethylsilylketene was reacted with aldehydes
bearing ether oxygen atoms at o or B-positions. These results suggested that an adjacent
epoxide oxygen, as is present in (2R,3S)-epoxyhexanal, would not likely interfere with
the functioning of the Lewis acid in the [2+42] cycloaddition reaction and that the
formation of epoxy P-lactone should be possible.

The second possibility considered was that the cycloaddition reaction was
occurring, however; the instability of the derived B-lactone did not allow for its isolation.

Certainly, the fact that IR spectra of reaction mixture aliquots showed no evidence of the
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formation of B-lactone suggested that, if formed, the B-lactone was only a transient
species in the reaction mixture, and at 0 °C and in the presence of catalytic amounts of
boron trifluoride, the B-lactone instantly underwent transformation to other undesirable
products.

Therefore, we set out to determine if the 3-lactone was actually forming. We
sought to do this by using IR to determine if the signature B-lactone carbonyl peak could
be detected in reaction mixture aliquots or 2) by identifying other components of the
reaction mixture that might have formed through a -lactone intermediate (such as the
desired butenolide or o, 3-unsaturated y,d-epoxy silylesters).

In an effort to minimize or altogether eliminate the undesirable reactions giving
intractable mixtures, the [2+2] reaction between trimethylsilylketene and (2R,35)-
epoxyhexanal was performed at reduced temperatures (-40 °C). Again, the aldehyde was
nearly consumed after only a few minutes of reaction. As expected, IR spectra of reaction
mixture aliquots showed no absorption band >1800 cm’' corresponding to of B-lactone
carbonyl stretching. The reaction performed at reduced temperature still gave product
mixtures that were difficult to separate using silica gel chromatography; however, some
components of the reaction mixture could be isolated.

One such component having a Rf value of 0.43 (7.5% ethyl acetate: hexane) was
isolated. The structure of this component followed from its IR spectrum which showed
stretching bands for 3060 cm™ (vinylic hydrogens), 2959 cm™(C-H), 1755 cm™ (C=0),
1667 cm ™ (C=C), 1138 and 1101 cm™' (C-O-C), 959 cm™ (vinylic hydrogens, out of plane

stretch), and 844 cm’” (Si-(CH3)3). This component was presumed to be the desired 5-(1-
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O-trimethylsilylpropyl)-2-(5H)-furanone. This product was isolated in no better than 5%
yield. Such small samples did not allow for NMR analysis.

. Inspection of Table 2 shows that the butenolide product was isolated for only
those reactions performed below -40 °C. Yields could not be improved by further
reducing reaction temperatures or by increasing the concentration of the boron trifluoride
catalyst. It should be noted that under no reaction conditions was there direct evidence
for the formation of B-lactone. However, it can be inferred that the 1-(5-O-

trimethylsilylpropyl) butenolide was derived from an epoxy B-lactone intermediate.
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Table 2. Results of [2+2] cyloaddition under various
reaction conditions

reaction borontrifluoride duration butenolide
temperature diethyl etherate (Minutes) present
(Celsius)
O-warm to r.t. cat. overnight N
O-warm to r.t. excess overnight N
0 cat. 70 N
0 excess 60 N
0 cat. 30 N
0 cat. 20 N
0 cat. 10 N
-20 excess 15 N
-30 cat. 20 N
-40 excess 80 Y
-50 cat. 50 Y
-50 excess 120 ;i
-70 excess 90 Y

Based on the results of previous investigations of o-trimethylsilyl-B-lactone
transformations in our lab, we anticipated the formation of y,8-epoxy o,f-unsaturated
silylesters (derived from the transformations depicted in Scheme H). However, no
evidence of the allylic epoxide was found. Perhaps separations via silica gel
chromatography would not have separated the unsaturated silylesters, as allylic epoxides

are, at least in some cases, not amenable to silica gel separations.'’
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Unfortunately, the reactivity of epoxy-f-lactones is unprecedented and only a
limited amount of information exists regarding the reactivity and transformations of
structural analog o, -epoxy acylates.”” In principle, tetrasubstituted epoxides, in the
absence of outside influences, should have equal probability for cleavage of either C-O
bond and ring opening transformations should be nonregioselective’'® This principle
should also be applicable to bi-substituted epoxides. However, when vicinal effects
(steric and electronic) are present as in the epoxy B-lactone, epoxide ring opening
transformations may become regioselective. The functionalization of carbon atoms
adjacent to the epoxide ring and within the epoxide ring’** are known to influence the
regioselectivity of the oxirane ring opening, and the regioselective cleavage of the
oxirane ring is governed to some extent by the electron-inducing nature of the vicinal
substituent X in epoxide EE1 . For example, epoxides bearing adjacent electron donating
substituents (X = hydroxyl, hydroxy derivatives) readily rearrange in the presence of
boron trifluoride to give a-cleavage products EE2.*°* Additionally, epoxides bearing
electron-withdrawing substituents **'** (X = acyloxy, ketone) have an inductive effect

on the oxirane moiety that destabilizes cationic charge o to the electron withdrawing

substituent, and consequently products arising from B-cleavage (as in EE3) are observed.
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Scheme EE
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Kita et al. published work on the rearrangement reaction of tetra- and tri-
substituted epoxy acylates.”' In these studies, the boron trifluoride initiated
rearrangement products of epoxy acylates arose from carbocationic intermediates of f3-
cleavage (Scheme FF). Similarly, Coxon and coworkers™ investigated the boron
trifluoride catalyzed rearrangement of six o,f-epoxy acylate compounds, five of which
gave major products evolving from f-cleavage. Indeed, those epoxy acylates undergoing
o-cleavage rearrangements were rationalized by invoking a dioxenium ion intermediate
GG2,>® atransition state which would not be permitted in the epoxy B-lactone having its
"acyl" moiety incorporated in the cyclic lactone ring. Indeed, the epoxy acylates
investigated by Coxon and Kita readily underwent f3-cleavage, as reaction times for these
rearrangements were as short as two minutes.’® Thus, the rearrangement of the epoxy-p-
lactone to the desired butenolide would have to be extremely fast to compete with

reaction pathways presented from C-O [-cleavage.
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Scheme FF
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A dioxenium reaction intermediate would would

be impossible due to the mobility constraints imposed
by the lactone ring.
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In addition to the steric and electronic factors that influence the oxirane
chemistry, Henbest and Wrigley found epoxide transformations in the presence of boron
trifluoride to be solvent dependent.”*® This observation was corroborated by Goldsmith’s
observation that completely different product ratios were obtained when the solvent was
changed from ether to benzene. Evidently, the solvent affects the oxophilic nature of the
boron trifluoride nucleus.”™ Thus, future attempts to prepare epoxy B-lactones in the
presence of boron trifluoride should carefully consider the solvent system to be used.
Solvent systems other than ethyl ether which have been used successfully in [2+2]
cycloaddition reactions include toluene, benzene, and dichloromethane.

Future investigations into the rearrangement of epoxy f-lactones should try to
minimize the inductive effect imposed by the lactone ring oxygen. One possibility for
attaining this goal would be to structurally modify the oxirane moiety in a way that
counterbalances the inductive effect of the adjacent lactone oxygen. Perhaps one
possibility would be to use the trisubstituted B-lactone shown in Figure 3. In this way,
the inductive effect would be lessened by the electron rich alkyl group, perhaps
attenuating the tendency for f-cleavage. Furthermore, any cationic character induced by
coordination of the Lewis acid with the oxirane oxygen would be thermodynamically
favored at the more substituted oxirane carbon, leaving the stereogenic center adjacent to

the B-lactone susceptible to Sy2 displacement.
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This trisubstituted epoxide

would perhaps negate the inductive

effects of the lactone ring oxygen

Another structural modification that might stabilize the oxirane moiety is the

presence of a trimethylsilyl substituent at the stereogenic center homo of the B-lactone
(Figure 4). The requisite (2R,3S)-epoxy-3-trimethylsilylhexanal chiron has been prepared
from known procedures in good yields and excellent ee.”” The [ effect of the silicon
atom would potentially stabilize cationic character on the carbon adjacent to the B-lactone

ring oxygen and minimize the inductive effect presented by the -lactone. Additionally,

the trimethylsilyl group could be removed by treament with potassium fluoride diyhdrate.
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SiMe;

Suspecting that the oxirane ring oxygen was responsible for the lack of success in
the 5-(1-hydroxyalkyl) butenolide synthesis, we decided to expand on the project started
by Huang (Scheme J) based on the transformations of y-bromo [3-lactones in the presence
of silver (I) catalyst. However, unlike the B-lactones investigated by Huang, the 3-
lactones of this project would bear a o-trimethylsilyl substituent and a tertiary y-bromo
carbon. We thought that the 3° halide would be a better leaving group than the 2° halides
investigated by Huang due to the longer Br-C bond in the 3° halide and the more stable

cation formed by the departure of the bromine nucleofuge.
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We wished to prepare the desired B-lactone via the two-step sequence (Scheme D)
or alternately the [2+42] cycloaddition reactions between o-bromoaldehydes and
trimethylsilylketene (Scheme E). We chose 1-bromocyclohexanecarboxaldehyde as a
source of aldehyde for the pilot reaction. This reagent we wished to prepare from the
readily available cyclohexanecarboxaldehyde. In the case that this reaction were
successful, we intended to apply this methodology to the preparation of medicinally
important andirolactone (HH3) arising from the transformation of B-lactone HH2, which
in turn could be prepared from readily available and inexpensive 4-acetyl-1-

methylcyclohexene (HH1).

Scheme HH
EtsN OSiMe;
ClSlMc3
Bl’2
1
]
7
SiMe; BF;

The first attempts at the preparation of 1-bromocyclohexanecarboxaldehyde 113
were based on a two step reaction sequence involving first the formation of the
trimethylsilyl enol ether of the aldehyde 112, followed by the bromination of the enol

double bond with elemental bromine.
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Scheme I1
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The trimethylsilyl enol ether II2 was easily prepared by refluxing aldehyde I11
for 48 hours in the presence of proton scavenger triethylamine base and
chlorotrimethylsilane. '>C-NMR and IR (vC=C absorption band at 1679 cm™) are
consistent with the structure of the trimethylsilyl enol ether of
cyclohexanecarboxaldehyde. However, discrepancies in the 'H NMR spectrum exist
between expected and observed splitting. Observed in the "H NMR spectrum of 112 is
the presence of two quartets, rather than the expected triplets, located at 1.91-1.94 and
2.14-2.18 ppm respectively. Each of these signals integrates precisely to two hydrogen
atoms and presumably corresponds to the allylic protons of the silyl enol ether.
Furthermore, the signal for the vinylic proton at 5.98 ppm is a triplet, rather than the
expected singlet. Regardless of these incongruencies in expected and observed spectrum,
'H NMR integration supports the structural identity of I12. Furthermore, 112, when
carried on to the bromination step, gave the desired 1-bromocyclohexanecarboxaldehyde
(II3) in modest yield (67.0%), as evidenced by IR, 'H and '*C NMR.

A more convenient preparation of the 1-bromocyclohexanecarboxaldehyde was
sought. An uncited procedure for the single step preparation of o-bromoaldehydes was

found in Huang’s thesis (Scheme JJ). The reaction required only six hours and did not
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necessitate the extremely low reaction temperatures needed for the bromination of silyl
enol ethers. When this procedure was followed, the 1-bromocyclohexanecarboxaldehyde
was prepared in a single step in 82.6% yield. Additionally, this protocol proved to be a
versatile method for ¢a-bromination and could be applied to the bromination of 2-

phenylpropionaldehyde to give 2-bromo-2-phenylpropianaldehyde in 61.2% yield.

Scheme JJ

+Br BrCHO

C¢H;CHO ——>

DMSO,
reflux, 6 hours

With 2-bromocyclohexanecarboxaldehyde in hand, we began to investigate the
synthetic procedures that would afford 3-lactone LL1. Following the procedure of Black
et al., we investigated the condensation reaction between 1-
bromocyclohexanecarboxaldehyde (KK2) and trimethylsilylacetic acid dianion KK1.'%
This reaction upon workup gave low crude product yields (less than 50%).
Recrystallization of the crude product gave a colorless crystalline product with an mp of
133-136 °C in 14.4% yield. The structure of this product followed from its IR, 'H and
'3C NMR spectrum and is the unsaturated acid 3-(1-bromocyclohexyl)-2-propenoic acid,
rather than the desired -hydroxy acid KK3. The presence of (Si-Mes) absorbance band
(844 cm™) in the IR spectrum and the singlet in the "H NMR spectrum located at 0.11

ppm can be explained by the presence of trimethylsilylhydroxide contaminant that would
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Scheme KK
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have been produced during the acidic workup of the reaction mixture.

Unable to prepare B-hydroxy acid KK3 requisite for the synthetic sequence of
Scheme M, we proceeded to investigate the [2+2] cycloaddition reaction between
trimethylsilylketene and 1-bromocyclohexanecarboxaldehyde, depicted in Scheme LL.
This reaction proceeded slowly and resulted in incomplete reaction of the starting
material aldehyde, as evidenced by TLC analysis of the reaction mixture. IR analysis of
the crude products after 12 and 24 hours showed the C=0 stretching absorption band
corresponding to the f-lactone and the 2-bromocyclohexanecarboxaldehyde to be of
equal intensity, confirming that the starting aldehyde was not completely consumed. The
use of excess ketene (2 equivalents) did nothing to further reaction progress.

Nonetheless, the 3-lactone LL1 was isolated in 46% yield as a pale crystalline solid mp

Scheme LL
O
B o—
I Me;SiH=C=0
CHO o
ether, r.t. Br SiMe;
24 hours
1
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81-84°C using silica gel chromatography (5% ether:hexane eluant). The structure of the
lactone was confirmed by its IR. Furthermore, 'H NMR indicated the presence of the Cs
and Cy4 protons as doublets at 4.25-4.26 (1H) and 3.30-3.36 (1H) ppm, in excellent

37 13C NMR spectrum also provided supporting evidence

agreement with literature data.
for the structure of the B-lactone with the characteristic carbonyl carbon signal at 170
ppm. Unfortunately, the NMR analysis of this product was delayed and quality spectra of
the purified -lactone are not available. Consequently spectra presented for this
compound do not represent the pure -lactone.

Investigations into the cation initiated ring expansion of y-bromo-f-lactoneLL1
were only partially complete, and attempts to initiate the transformation of LL1 using the

silver (I) catalytic system were limited; thus, the status of this project is considered to be

open.
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Conclusions

Two synthetic routes for the preparation of epoxy B-lactone K1 have been
investigated. The first step of the reaction sequence in Scheme M presented
insurmountable obstacles. The aldol reaction was studied under a variety of reaction
temperatures/times and solvent systems, but no combination of the above variables
produced B-hydroxy acid M3. The lack of success of this reaction was attributed to the
existence of multiple intermolecular reaction pathways availed by the three contiguous
nucleophilic sites within chiron M1, as well as the numerous conceivable intramolecular
transformations in highly functionalized aldol adduct M3.

The [2+2] cycloaddition of trimethylsilylketene to N1 was studied under various
reaction temperatures, reaction durations, and catalyst concentrations. No direct evidence
for the formation of B-lactone N3 was found; however, the presence of 5-(1-O-
trimethylsilylpropyl)-2-(5H)-furanone in <5% yield, which was identified by IR, suggests
that perhaps f-lactone N3 is formed during cycloaddition reactions performed below -40
°C but readily undergoes further indeterminate transformations in the presence of the
boron trifluoride etherate catalyst. Literature research on the boron trifluoride catalyzed
rearrangement of epoxy acylates reveals that perhaps the inductive effect of the vicinal
lactone ring oxygen may present reaction pathways previously not considered.

Therefore, strategies involving structural modification of the epoxy B-lactone K1 (as in
Figures 3 and 4) and alternative solvent systems have been suggested.

Efforts were also made to expand on the project of y-bromo-f3-lactone

transformations discovered by Huang. It was determined that the preparation of y-bromo-

B-hydroxy- a-silyl acid KK3 was not possible via known methods of B-hydroxy acid
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preparation previously used in our lab, and consequently the synthetic strategy of Scheme
KK is not a viable protocol to B-lactone LL1. The product of condensation reactions
between dianionic trimethylsilylacetic acid and 2-bromocyclohexanecarboxaldehyde
gave 3-(1-bromocyclohexyl)-2-propenoic acid, rather than the desired silyl carbinol acid
KK3. Fortunately, the [2+2] cycloaddition reaction between trimethylsilylketene and 2-
bromocyclohexancarboxaldehyde gave the desired y-bromo-f-lactone LL1 46% yield.

In summary, two of the most commonly used routes to [-lactones were
exhaustively investigated in an effort to prepare epoxy-p-lactone K1. Unfortunately,
manipulation of the reaction conditions in these two routes did not lead to the
development of a protocol for K1. However, current literature research has exposed

other factors not previously considered by our lab.
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General Methods

All reagents and solvents were purchased from Aldrich Chemical Company
unless otherwise stated. Anhydrous diethyl ether was obtained from Fisher Scientific and
was used without further purification. Tetrahydrofuran (THF) was also purchased from
Fisher Scientific and was freshly distilled from sodium/potassium benzophenone ketyl
indicator under nitrogen. Methylene chloride was freshly distilled from calcium hydride;
dimethyl sulfoxide, and triethylamine were distilled periodically from calcium hydride
and stored under nitrogen in serum bottles (DMSO stored over 3A molecular sieves).
Diisopropylamine was distilled from barium hydroxide and stored under nitrogen in
serum bottles. >C NMR spectra were recorded on a GE QE-300 MHz FT-NMR
spectrometer using deuteriochloroform (CDCls) as lock solvent. '"H NMR spectra were
acquired using the EFT-360 60 MHz NMR spectrometer or GE QE-300 MHz FT-NMR .
In analytical samples bearing a trimethylsilyl functional group, a TMS (tetramethylsilane)
standard was not used; rather spectra were aligned with respect to the chloroform solvent
peak at 7.26 ppm. Chemical shifts are réported in parts per million (ppm) (for '"H NMR,
s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; and b, broad). IR spectra were
acquired using Nicolet Avatar 360 FT-IR spectrophotometer. GC analysis was performed
using a GOW-MAC isothermal GC ( Y4”x4’ 20% Carbowax 20M on Chromosorb AW-
DMCS 80/100 mesh, column temperature 100 °C, flow rate ~60 mL per minute)

Boiling points are uncorrected. Melting points were obtained in capillary tubes with

Laboratory Device, USA Mel-Temp II apparatus and are uncorrected. Thin layer
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chromatography (TLC) was performed on Analtech silica gel GF chromatography plates.
Silica gel media for preparative chromatography was 200-400mesh, particle size 60
Angstrom. All moisture and air sensitive reactions were conducted under nitrogen gas

flow in glassware that was dried at 120 "C prior to use.
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Experimental

(2S,3S)-epoxyhexan-1-ol (1).

A 2-L three-necked, round-bottomed flask equipped with a mechanical stirrer
with Teflon blades, thermometer, and nitrogen inlet was charged with 1 L of anhydrous
methylene chloride and 40 mL (38.1 g, 0.134 mol) of titanium (IV) isopropoxide. The
flask contents were cooled under nitrogen in a metham_)l-liquid nitrogen bath to —70 °C.
The flask were then charged with 27.5 mL (33.1 g, 0.161mol) of diethyl (2R,3R)-tartrate
and 30.65 g (0.313 mol) of E-2-hexen-1-o0l. To the flask was then added, in one shot
portions, 185 mL (0.500 mol) of 2.71 M anhydrous zert-butyl hydroperoxide in toluene
that had been precooled to —20 °C. A 10 °C exotherm was observed, and the reaction
mixture was allowed to warm to room temperature over approximately two hours.

When the light green reaction solution had reached room temperature, it was
poured into a 4 L beaker equipped with a magnetic stirring bar and containing a 0 °C
solution of 125 grams of ferrous sulfate and 50 grams of tartaric acid in a total volume of
500 mL of deionized water. The resulting reaction was mildly exothermic. The solution
was stirred for 30 minutes, during which time the solution became a dark, rust brown
mixture. The contents of the beaker were transferred to a 1L separatory funnel and the
aqueous phase was separated and extracted with two 250 mL portions of ether. The
combined organic layers were dried over magnesium sulfate and the drying agent was
removed by vacuum filtration. The solvent was removed with light heating on a rotary

evaporator and the resulting oil was stored overnight in the freezer.
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A 2 L, three necked, round-bottomed flask equipped with a thermometer and a
mechanical stirrer with Teflon blades was charged with a solution of the reaction product
in the 750 mL of ether. The contents of the flask were cooled with an ice-brine bath to 0
°C before adding a precooled 500 mL solution of brine containing 20 grams (0.50 mol) of
sodium hydroxide. The biphasic mixture was stirred vigorously for one hour with
continued cooling, at which time it was transferred to a 1 L separatory funnel. The
aqueous phase was separated and extracted with two 150 mL portions of ether and the
combined organic extracts were dried over magnesium sulfate and filtered. The solvent
was removed with mild heating on a rotary evaporator and the crude product was distilled
through a 15 cm Vigreaux column and 20.05 grams (70.6% yield ) of (2S5,3S)-
epoxyhexan-1-ol was collected between 73-76°C (Lit.>® bp 31-33°C/0.3-0.4 torr) under
aspirator vacuum.

TLC (CH,Cl;) Rf =0.23. IR (neat): 3418, 2961, 2933, 2874, 1465, 1045, 900 cm’
' TH NMR 8cpeis: 0.96 (m, 3H), 1.53 (m, 4H), 2.95 (m, 2H), 3.70 (m, 3H) ppm (Lit.*®

'"H NMR 8cpeiz: 0.96 (m, 3H), 1.52 (m, 4H), 2.90 (m, 2H), 3.63 (m, 3H) ppm). °C NMR

dcpei: 13.72, 19.02, 33.40, 55.82, 58.59, 61.74 ppm.

(2R,3S)-epoxyhexanal (2).

A 50 mL three neck rounded bottom flask equipped with magnetic stir bar and
low temperature thermometer was charged with 20 mL of anhydrous methylene chloride
and 2.4 mL (4.7 mmol) of a 2.0 M methylene chloride solution of oxalyl chloride. The
contents of the flask were cooled to —60 °C and 0.67 mL dimethyl sulfoxide (0.74 grams,

9.4 mmol) in 3 mL of methylene chloride was delivered dropwise over five minutes. The
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reaction solution was stirred until effervescence ceased (about ten minutes). (2S5,35)-
Epoxyhexan-1-ol (500 mg, 4.31 mmol) in 2 mL of methylene chloride was then added
slowly while maintaining the reaction temperature below —50 °C. The mixture was
stirred for an additional fifteen minutes before slowly adding 3.0 mL (2.1 grams, 21.5
mmol) of triethylamine. This light yellow mixture was stirred an additional five minutes
before allowing it to warm slowly to room temperature over one hour. The mixture was
quenched with water and the resulting biphasic solution was separated. The aqueous
layer was back-extracted once with 30 mL of rﬁethylene chloride and the organic layers
were combined and washed sequentially with 1.5N HCI, water, saturated sodium
bicarbonate, and finally water. The remaining organic layer was dried over magnesium
sulfate and evaporated to give a golden oil. Kugelrohr distillation gave pure (2R,35)-
epoxyhexanal (308 mg) in 62.7 % yield.

TLC (CH,Cl,) Rf =0.72. Bp 29°C at 1 mm Hg. IR (neat): 2963, 2934, 2875,
1728, 851 cm™ (Lit.>® IR (neat): 2900, 1725, 1205, 920, 870 cm™). °C NMR 8cpess:
13.76, 19.07, 33.07, 56.53, 59.01, 198.47 ppm (Lit.”® *C NMR 8cpeis: 13.7, 19.2, 33.3,
56.6, 59.1, 198.1 ppm).

Trimethylsilylacetic acid (3).

A 1 L three neck rounded bottom flask equipped with a stir bar, rubber septum,
and double condenser was charged with 400 mL of anhydrous ether. Magnesium
turnings (15.72 grams, 0.648 mol) were added to the stirring solvent followed by a
catalytic amount of 1,2-dibromoethane (~0.2 mL). The mixture was heated to reflux and
59 mL (50.5 g, 0.460 mol) of chlorotrimethylsilane was delivered slowly with vigorous

stirring. The Grignard reaction was evidenced by the formation of a dark gray mixture, at
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which time the heat was removed. An ice bath was applied intermittently to control the
rate of reaction. The mixture was stirred for four hours, before it was carefully poured

into a 2-L filter flask equipped with bubbler and stopper and containing ~ 200 grams of
crushed dry ice. A second ~200 gram portion of carbon dioxide pellet was delivered 30
minutes later. The remaining solid was allowed to off gas overnight.

To the filter flask was added 1 L of ether, followed by 400 mL 1.5 N HCL. With
vigorous stirring, the biphasic mixture became a biphasic solution. The two layers were
separated and the aqueous layer was extracted sequentially with 300 mL of ether and 300
mL of methylene chloride. The organic layers were combined, dried with magnesium
sulfate and evaporated to give a 46.97 grams (76.5% yield) of a clear oil, which

crystallized only upon refrigeration.

Mp 38-40 °C (Lit.** mp 40°C). IR (neat): 2964, 2651, 1677, 1439, 1300, 1250,

1138, 1116, 857 cm™. "H NMR 8cpeis: 0.15 (9H, s), 1.92 (1H, s) ppm (Lit.** "H NMR

Scpcis: 0.23, 9H, ), 1.98 (2H, s) ppm). °C NMR 8cpeis: -1.56, 27.17, 180.0 ppm.

Ethoxyacetylene (4).

A 2 L, three-necked, round-bottomed flask equipped with'a mechanical stirrer and
a Teflon blade, a cold-finger condenser, and a gas exhaust outlet was cooled to —50 °C
with a liquid nitrogen-ethanol bath. The flask was charged with 1 L of anhydrous
ammonia, and 85.92 grams (2.09 mol) of 95% sodium amide powder was added in small
portions over a ten minute period with vigorous stirring. The resulting suspension was
stirred at —40 °C for ten minutes. During this time, the condenser was replaced with a

rubber septum.
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To the stirring —40 °C suspension was then added 83.7 mL (85.2 grams, 0.558
mol) chloroacetaldehyde diethyl acetal dropwise over one hour . The reaction mixture
was stirred for an additional thirty minutes at —40 °C, when the bath was removed and
the ammonia allowed to evaporate overnight under a nitrogen atmosphere.

The reaction flask was then cooled to —80 °C and the resulting yellow sodium
acetylide solid was hydrolyzed with 450 mL of -5 °C brine over a thirty minute period.
The aqueous mixture was stirred until all of the solid was dissolved, and then was
transferred to a 1 L round-bottomed flask. The biphasic mixture was then heated and
28.06 g of ethoxyacetylene was distilled off under nitrogen between 46-48 °C. The
distillate was then dried with anhydrous magnesium sulfate. The drying agent was
filtered off to afford 25.00 grams (64% yield) as a colorless, volatile liquid having a bp
48 °C (760 mm) ( Lit.* bp 48-50°C).

IR (neat): 3317, 2155, 1129, 1098 cm™( Lit.* IR (neat): 3300, 2145 cm™). 'H
NMR 8cpeis: 1.39 (3H, 1), 1.53 (1H, s), 3.96 (2H, q) ppm (Lit.* "H NMR 8cpeps: 1.37 (3H,

t), 1.53 (1H, s), 4.23 (4H, q) ppm). “C NMR 8cpeys: 14.08, 26.34, 74.49, 90.69 ppm.

Trimethylsilylketene (5).

A 500 mL three necked rounded bottom flask equipped with nitrogen inlet,
magnetic stir bar and rubber septum was charged with 300 mL of anhydrous ether and
8.85 grams (0.126 mol) of ethoxyacetylene; the solution was cooled to 0 °C with brine-
ice bath. 1.4 M Methyllithium (93 mL of a 1.4M solution, 0.130 mol) was delivered
dropwise over forty minutes. A white mixture formed and was stirred an additional

twenty minutes. 16.79 mL of chlorotrimethylsilane (14.37 grams, 0.132 mmol) was then
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delivered slowly over twenty minutes and the reaction mixture was stirred at room
temperature for twenty hours. The white reaction mixture was then filtered through an
oven dried medium frit filter, the yellow filtrate was collected, and the ether slowly
distilled off with gentle heating. The residual oil was then heated to 120 °C and
trimethylsilylketene was collected under aspirator vacuum in 56% yield as a clear oil
from 78-82 °C (Lit.>® bp 82 °C 760 mm Hg).

IR (neat): 2959, 2927, 2873, 2115, 1270, 1262, 1052, 844 cm™. "H NMR S8cpers:

0.178 (9H, s), 1.79 (1H, s) ppm.

5-(1-O-trimethylsilylpropyl)-2-(SH)-furanone (6).

A 25 mL three necked, rounded-bottom flask equipped with a magnetic stir bar,
nitrogen inlet, and rubber septum was charged with ~10 mL of anhydrous ether. (2R,3S)-
Epoxyhexanal (85 mg, 0.74 mmol) and trimethylsilylketene (110 mg, 0.965 mmol) were
delivered to the stirring solvent at room temperature. The solution was cooled to -70 °C
using an ethyl acetate-liquid nitrogen bath, and boron trifluoride diethyl etherate (eight
drops) was added. The reaction mixture was stirred at this reduced temperature for two
hours before quenching with ten drops of methanol and allowing the mixture to warm to
room temperature. The resulting solution was evaporated in vacuo; whereupon
separation using silica gel chromatography (7.5% ethyl acetate: hexane eluant) gave the
desired 5-(1-O-trimethylsilylpropyl) o,f-butenolide as a clear oil in no greater than 5 %
yields.

TLC ( 7.5% ethyl acetate:hexane) Rf = 0.43. IR (neat): 3060 cm"(vinylic hydrogens),

2959 cm™ (C-H), 1755 cm™ (C=0), 1667 cm™ (C=C), 1138 and 1101 cm™" (C-O-C), 959
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cm’” (vinylic hydrogens, out of plane stretch), and 844 cm’ (Si-(CH3);. NMR data not

available for this compound.

Trimethylsilyl enol ether of cyclohexanecarboxaldehyde
(cyclohexylidenemethoxytrimethylsilane) (7).

In a 100 mL rounded bottom flask equipped with a condenser, stir bar and heating
mantle was charged with 15 mL of dimethylformamide, 16.82 mL (12.14 grams, 120
mmol) of triethylamine, 7.61 mL (7.04 grams, 61.5 mmol) of
cyclohexanecarboxaldehyde. A white mixture formed immediately upon addition of the
chlorotrimethylsilane, which became a light orange upon heating. The mixture was
allowed to reflux for 48 hours under nitrogen gas flow, at which time the mixture was a
dark orange brown. The reaction mixture was diluted with 40 mL hexane and cooled in
the refrigerator, along with 40 mL of 1.5N hydrochloric acid and 160 mL of saturated
sodium bicarbonate.

The reaction mixture was washed rapidly with three 40mL portions of precooled
sodium bicarbonate solution and the combined aqueous washes were back extracted with
40mL hexane and 60 mL of pentane. The combined organic layers were then washed
rapidly in succession with 40 mL of 1.5 N hydrochloric acid and sodium bicarbonate.
The resulting orange organic layer was then dried over magnesium sulfate. The drying
agent was removed by vacuum filtration and the filtrate was evaporated in vacuo to give
crude product which was purified using a Kugelrohr distillation apparatus to give 8.82

grams (78% yield) of a clear colorless oil.
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IR (neat): 2980, 2926, 2853, 1678, 1252, 1213, 1154, 909, 874, 843 cm™'(Lit.* IR
(neat): 1677 cm™). "H NMR 8cpers: 1.477 (m, 6H), 1.90-1.94 (q, 2H), 2.14-2.18 (g, 2H),
5.98 (t, 1H) ppm (Lit* "H NMR 8cpeis: 5.96 (s, 1H), 2.14 (br, s, 2H), 1.91 (br s, 2H),
1.55 (m, 2H), 0.37 (s, 9H) ppm). °C NMR 8cpes: -.63, 25.29, 26.97, 28.41, 30.52,
122.39, 130.03 ppm (Lit.** *C NMR 8cpeiz: 130.1, 122.6, 30.6, 28.5, 27.1, 25.4, 0.4

ppm).

1-bromocyclohexanecarboxaldehyde (8).

A 100 mL three necked rounded bottomed flask equipped with a magnetic stir
bar, rubber septum, low temperature thermometer, and nitrogen inlet was charged with 50
mL of pentane and 1.0 gram (5.4 mmol) of 7 and cooled to —60 °C with methanol-liquid
nitrogen bath. Bromine (0.30 ml, 5.4 mmol), dissolved in 5 mL of pentane, was added
over fifteen minutes while maintaining the temperature of the reaction flask contents
below -60 °C. The orange reaction mixture was allowed to warm to room temperature,
at which time it became an orange solution. The solvent and bromotrimethylsilane by-
product were removed in vacuo to yield an orange oil. The oil was distilled using a 15 cm
Vigreaux column and 8 was collected as a clear oil between 37 and 39 °C/ 1 mm Hg in
67.0% yield.

TLC (10% ethyl acetate:hexane) Rf = 0.42. IR (neat): 2937, 2857, 1724, 1448,
1113, 1032 em™ (Lit.*’ IR (film):1730 cm™). "H NMR 8cpeys: 1.55-1.72 (6H, m), 1.87-
2.03 (4H, m), 9.35 (1H, s) ppm (Lit.%* "H NMR 8ccis. 9.32 (s, 1H), 1.4-2.2 (m, 10H)

ppm). °C NMR 8cpeps: 23.08, 24.85, 34.35, 71.57, 192.69 ppm.
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General Procedure for the c-Bromination of Aldehydes Using fert-
Butylbromide.

A 250 mL rounded bottom flask equipped with a heating mantle, magnetic stir
bar, and condenser was charged with 53.7 mmol of aldehyde, 7.60 mL (8.36 grams, 107
mmol) of dimethyl sulfoxide, and 24.65 mL (29.3 grams,214 mmol) of z-butyl bromide.
The solution was heated at reflux for six hours under nitrogen.

The heating mantle was removed and the reaction solution was allowed to cool to
room temperature before being diluted 1:1 with ether. The resulting solution was washed
three times with equivalent volumes of water, and once with brine. The organic layer
was dried over magnesium sulfate and evaporated. Distillation of the residue at the
indicated conditions gave the a-bromo aldehyde in pure form.

1-Bromocyclohexanecarboxaldehyde (8).

Distilled using a 15 cm Vigreaux column and collected as a clear oil between 37
and 39 °C/ 1 mm Hg in 82.6% yield.

2-Bromo-2-phenylpropanal (9). Purified via Kugelrohr distillation to give a
bright yellow, clear oil in 61.2% yield. IR (neat): 2979, 1724, 1493, 1446, 1051, 760, 696
cm”. "H NMR 8cpeis: 2.15 (3H, s), 7.41-7.45 (5H, m), 9.56 (1H, s) ppm(Lit.*' 'H
NMRsaq 9.53 ppm; Lit.”> NMR Scpeis: 2.2 (s, 3), (7.4 (m, 5H), 9.55 (s, 1H) ppm). °C

NMR Scpep: 21.39, 25.12, 36.80, 71.96, 117.73, 145.19, 157.15, 172.06 ppm.

3-(1-Bromocyclohexyl)-2-propenoic acid (10).
A 50 mL three necked rounded bottom flask was equipped with a mechanical stirrer, low

temperature thermometer, and nitrogen inlet was charged with 25 mL of tetrahydrofuran
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and 2.11 mL (1.52 grams, 15.1 mmol) of diisopropylamine. The flask was cooled to -40
°C and 9.4 mL (15.0 mmol) of n-butyllithium in hexanes (1.4M) was added dropwise to
the stirring solution. After the mixture stirred for fifteen minutes at -40 °C,
trimethylsilylacetic acid (1.00g, 7.53 mmol) was added dropwise as a THF solution. The

reaction mixture was allowed to warm to 0 °C over thirty minutes, was recooled to -70

°C, and 1.44 grams (7.53 mmol) of 8 in THF solution was added slowly. The reaction
-mjxture was warmed to room temperature and stirred overnight.

The white reaction mixture was poured into precooled water. The layers were
separated and the aqueous layer extracted twice with 30 mL portions of ether. The
organic layers were discarded and the aqueous layer was acidified with 6 N hydrochloric
acid, resulting in the formation of a white precipitate. The resulting mixture was
extracted twice with 30 mL portions of diethyl ether and the organic layers were
combined and washed sequentially with water and brine and dried over magnesium
sulfate. The drying agent was removed via filtration, and the organic layer was
evaporated in vacuo to give 1.04 grams of a yellow oil which upon recrystallization from
5% ethanol:hexane yielded colorless crystals of 3-(1-bromocyclohexyl)-2-propenoic acid
in 14.4% yield.

3-(1-bromocyclohexyl)-2-propenoic acid is a crystalline solid. mp 133-136 °C.
TLC (ethyl acetate) Rf = 0.11. IR (neat): 2930, 2855, 1697, 1252, 844 cm’.
"H NMR 8cpeys: 1.63 (m, 10H), 6.04-6.09 (d, 1H), 7.09-7.14 (d, 1H) ppm. °C NMR
dcpez: -1.664, 21.39, 25.12, 36.78,71.97, 117.74, 145.21, 157.16, 172.07 ppm. (HRMS

is being acquired)
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4-(1-bromocyclohexyl)-2-trimethylsilyloxetan-2-one (11).

A 25 mL three necked, rounded-bottom flask equipped with a magnetic stir bar,
nitrogen inlet, and rubber septum was charged with about 10 mL anhydrous ether.
Aldehyde 8 (221 mg, 1.16 mmol) and trimethylsilylketene (245 mg, 2.1 mmol) were
delivered to the stirring solvent at‘room temperature. The solution was cooled to 0 °C a
brine-ice water bath, and seven drops of boron trifluoride diethyl etherate were added.
The reaction solution was allowed to warm slowly to room temperature overnight.

The yellow reaction solution was quenched with methanol (about 10 drops) and
the solution was evaporated in vacuo. The B-lactone was then isolated from the crude
product mixture using silica gel chromatography (5% ether:hexane eluent), which yielded
164 mg (46% yield) of a pale crystalline solid.

4-(1-bromocyclohexyl)-2-trimethylsilyloxetan-2-one was isolated as a pale
colored solid, mp 81-84 °C. IR (neat): 2950, 1813, 1280, 1110, 847 cm™. 'H NMR
Scpeis: 3.30-3.33 (d, 1H), 4.25-4.26 (d, 1H), 0.25 (s, 9H) ppm. *C NMR 8cpepp: 170 ppm

(C=0).
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