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Chapter 1: Vicinal Tricarbonyl Systems and the Synthesis of

Substituted Furans

1.1 Intro duction to Carbonyl Functional Group

One of the fundamental and challenging tasks in modern chemistry is having
the ability to control the stereochemical outcome in a chemical reaction. Tremendous
efforts have been devoted into the field of catalytic tdi@® and enantioselective
transformations over the last 3 decatletn the subcategory of catalytic
stereoselective synthesis Lewis acid catalysis of nucleophilic addition to carbonyl
compounds, particularly aldehydes and ketones, is one of the mastdsthemical
process in organic synthesis due to the reactivity offered by the polarizedicarbon
oxygen double bon8iThe property of a carbonyl group that plays a crucial role in
stereoselective reactions is the weakly basic electron pairs on the oxggethat
allow them to interact with the Lewis acidic catalyst (Figure 1.1, eq. 1). The
interaction between a carbonyl group and a catalyst can be viewed as a simple acid
base complexation. As the result of this interaction, the carbonyl group is activated
through electronic induction by tleatalyst, whicHeads toa lower activation energy
in reactions with electron rich nucleophiles. In stereoselective reactions, the essential
role of the catalyst upon complexation with the carbonyl group is to cre#ferarmt

facial steric environment between tReface 1l and Siface2 of the carbonyl group,



thus driving the chemical reaction to selectively occur on one face over the other

(Figure 1.1, eq. &.

Figure 1.1Explanations of Carbony®eFace andiFace.
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Single point binding (mondentate)3) and twaepoint binding (bidentate)4)
are the two common modes of interaction between carbonyl groups and Lewis acid
catalysts (Figure 1.2). Although many metentate Lewis acid talyst systems have
been successfully developed, in general the selectivity of these systems is difficult to
control compared to that in -bientatecatalytic systems due to the possibility of
rotation about the catalystrbonyl oxygen bond, leading to féifent activated
conformations.On the other hand, flentate complexation with Lewis acids having
two open coordination sites provides a conformatignatore restricted adduct
compared to that from ofmoint binding and reduces the number of possible

transition states. Furthermore, the tight chelation of a bidentate complex increases the



equilibrium constant between the unbound substrate and cagahstrate, leading to
a greater concentration of the activated adduct which increases the activities of t

catalyst®

Figure 1.2Mono-dentate and Bdentate Interaction.
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Nucleophilic additios to monacarbonyl(5) and 1,2dicarbonyl(7) systems
are essential transformations in organic chemistry because they provide ciiess a
to functionalized alcoha(6) a n dhydtbxyester(8) derivatives respectively, which
are extremely important building blocks in natural product synthesis taad
pharmaceutical industry (Scheme 1.1, eq.®Although extensiveefforts have been
dewted to the exploration of stereoselective Lewis acid catalysis reactions with
monao-carbonyl and 12licarbonyl systems, surprisingly, these studies have not been
applied tothe well-known highly electrophilic 2 8liketoesterg9), even though the
desira product of nucleophilic addition to the central carbonyl of-dk&toester
would generate highlyunctionalized -hydroxy-b-ketoester(10) (Scheme 1.1, eq.
2).8 UHydroxy-b-ketoestersare important structural mosfin biological molecules,
drug candidates, and key intermediates in natural product synthesiembination

with their highly electrophilic charactend multiple oxygeirich coordination sites,



we envision that the 2-@iketoester system would be an excellent candidate in

catalytic stereoselective nucleophilic addition reactions.

Scheme 1.Nucleophilic Addition to Carbonyl Compounds.
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1.2 Background of Vicinal Tricarbonyl Systems

2,3Diketoestes are a subcategory of vicinal tricarbonyl (VTC) compounds
that have a rich history of interest in organic synth&3ike carbon of the central
carbonyl is the most electrophilsite and normally forma hydrate in the presence of
water. In generalyicinal tricarbonyl compounds exist in equilibrium between the
ketoform (minor) (11) and the hydrate (majo(l2) (Scheme 1.2). The hydrates can
be converted to their keforms(11) by distillation, heating in vacuum, or treatment
with a drying agent such as phosphorus pento¥ide. However, obtainingthe

completely pure ketéorm of vicinal tricarbonylcompoundss a difficult task®® For



simplicity, the vicinal tricarbonyl produs described in this chapter will refer only to

the keteform unless noted otherwise.

Scheme 1.XKeto-form and Hydrate of Vicinal Tricarbonyl Compoun@&rC).

O O O O
Al —— oA
HO OH
11 © 12
(keto-form) (hydrate)

Vicinal tricarbonyl compounds received considerable atteniio the late
1980s as a result of theolation of FK5061° a potent immunosuppressant, and the
antibiotic rapamycitt that contain a vicinal tricarbonyl functional group in the form
of a hemiketal (Figure 1.3) ater,Kaniwa et al. reported the isolatiof the cyclic
peptide protease inhibitors Y7141 and YMA47142 from Flexibacter sp. Q17897
containing a vicinal tricarbonyl unit in hydrated form (Figure #*3owever, their
applications in organic synthesis have come to a halt since the last reyiew

Wasserman in 200%.

Figure 1.3Natural Products Containing VTC Functional Group.
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1,3-Diphenylpropane,2,3trione (13) was the first reported vicinal triketone
compound and was published by Neufvile and Pechmann in #89@. a
conseque reesed o the guestions of how many carbonyl group may be
juxtaposed and what will be the ©ptatedperti es
by Rubin® there have been a large number of methods developed far thei
preparation as summarized in ®ene 1.31*3! In general, VTC compounds are
synthesized by oxidation of ZXcarbonyl systems that include the following
procedures: hydrolysis of iminé$,oxidation of phophonium ylides with ozof,
potassium peroxymonosulfaiexone)!’ or dimethyldioxrane (DMDO)!® oxidation
o f -didzob-dicarbonyl derivatives withtert-butyl hypochlorité® or DMDO 2°
reaction of 2,XMibromo1,3-dicarbonyl with singlet oxygeh or sodium acetat®,
ozonolysis of other ylides containing either suffinitrogen?* iodide”® and enol
ethers?® oxidation of enamine with singlet oxygéhoxidation of 1,3dicarbonyl
compounds with singlet oxygen in the present of fluoride 2fomessMartin
reagent?® or selenium dioxid&®e | i mi nati on of t mesykh3dsyl gr o
dicarbonyl compound®. The methods highlighteéh red in scheme 1.3 will be

further discussed because they often employed in organic synthesis.

Scheme 1.Freparation of VTC Compounds From-D&arbonyl Precursors.
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1.2.1 Synthesis
1.2.1.1Condensation Reactions

Methods for the preparation of vicinal tricarbonyl compounds often involve
oxidation chemistry that is incompatible with other electron rich functional groups
such as activated olefins, primary amines, electron rich ring sysémeh®thers. The
oldest procedure reported by Sachs and Barschall more than 100 years ago is still
being employed in several cases to avoid oxidation conditions suchhesynthesis
of indole (16),®3 vinylpyrrole (17),3* and p-dimethylaminopheny{18).>® This method

involves in a condensation reaction betweeh3-dicarbonyl compoundl14) and p-



nitroseN,N-dimethylaniline under basic conditions, forming imine intermedidtes
that hydrolyze under acidic conditions to vicinal tricarbonyl comps(it) (scheme
1.4)14 Although oxidation conditions are avoided by this method, slyobgsic and

acidic conditions are required.

Schemel&sachs and Barschall 6s Procedur e.
o)
I
N
o o /©/
R R R
14 KOH, EtOH
/ Ot-Bu M WOtBU
N
N e s ST 18 48%

1.2.1.2From Phosphonium Ylides

The synthesis of phosphaomn ylidesof b-ketoestes (20) were first reported
by Cooke and Burman from the reaction of acid chlorides and phosphonium ylide
(19).3% This procedure requiredwo equivalents of the high molecular weight
phosphonium ylidg19), with the second equivalent ¢19) functions as a proton
acceptor (Scheme 1.5). Later, Wasserman and coworkers made an improvement to
this method by introducing a proton sponge, bis(trimethylsilyl)acetamide (BSA),
which enablededucingthe amount of phosphonium ylig&9) from 2 to 1 equivalen
(Scheme 1.6¥’ In the same report, they were able to substitute acyl chlorides with
carboxylic acids in coupling reactions with phosphonium Wit®, usingl-ethyk3-

(3-dimethylaminopropyl)carbodiimide (EDCI) as the coupling reagent to gerferate



ketoester phosphorus ylidé30) (Scheme 1.7/ Both acid chloride and carboxylic
acid reactions give similar yields, however carboxylic acid derivatives are easier to

access.

Schemel®ookebs Procedure for thde0Synthesis o

o o] o o o)
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Scheme 1.6Reactions of Acid Chloride with Phosphonium YIide).
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Scheme 1.Reactios of Carboxylic Acids and Phosphonium Ylid@®).
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Oxidation of phophoium ylides to vicinal tricarbonyl compounds was first
reported by Bestmann and Kloeters in the synthesis of nynhiyd¥iore than a
decade later, Wasserman found tlpatassium peroxymonosulfate (oxoni@) a
mixture of organic solvent and water can atsavert phophonium ylide0) to 1,2
diketoesterg9) in high yield (scheme 1.8).Remarkably, the oxidation process was
selective in the presence of alkenes such g2122) and conjugated enoné23).
The reaction is mild in most cases, except fongound(22) for which the reaction

solution had to be heated to 55 °C.

Scheme 1.8xidation of Phophonium Ylides with Oxone.

20 i ; oxone (1.5 eq.) 6 0
" Pph3OR THF/H,0, rt or Rzﬂ\g/U\OW
20 benzene/H,0, 55 °C o
O O O O O O
CI/\)J\H/U\Ot—Bu EtOzc/\)J\H)J\Ot-Bu MOLBU
80% © 86% O g6 O

21
O O O (e}
WOt-Bu /\/\)J\”/U\OT-BU
71% O O
22 23

81%
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Later, Wasserman and coworkers also found dimethyldioxyrane (DMDO) to
be an effective oxidant fothe conversion of phophonium ylidg20) to 1,2-
diketoesterderivatives(9) (Scheme 1.9% Similar to oxone, DMDO also showed a
high level of selectivity in the presenceanfolefin functional group. In some cases,
the yield is quantitative. Out of thiéhree available oxidants ozone, oxone, and
DMDO - oxoneseems tdoe the superior oxidant for this process because an

extremelyinexpensivecommercially available material.

Scheme 1.9Dxidation of Phophonium Ylides with DMDO.

o O O O
DMDO (1.8 - 3) eq.

R Ot-Bu N R Ot-Bu
PPh, 78°C-rt, (1-4)h S
_____________ 20 8
O O O O O O
Me)J\H/U\Ot Bu N Ot-Bu ph)J\H/U\Ot_Bu

O 100% O g2y O 100%

O O O O O O
Ph/\)\”)\opsu N Ot-Bu Ot-Bu

(o] (o) ™ o

85% 100% 83%

1.2.1.3From U-Diazo-b-dicarbonyl Compounds

The chemistry ot}diazeb-dicarbonyl compound@4) has been for the most
part, applied in metal catalyzed dinitrogen extrusion reactigtiisdiazo compounds
forming metal carbene intermediatg5) that undergo a variety of transformations
such as cyclopropanation, cyclopropenation, Wolff rearrangement, insertion, ylide
formation, and others (Scheme 1.10, ef®Dne of theeasestand commonly used

method for the preparation didiazeb-dicarbonyl conpounds(24) is through a
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diazo transfer reaction betweérdicarbonyl compounds and sulfonyl azides under
basic conditions (Scheme 1.10, eq32Yhesediazo compounslare highly stable
compared to alkyldiazo compounds which can be explained by resonance
stabilizationwith the adjacent carbonyl groups (Scheme 1.10, etf. ®ey can be

stored in a capped vial at room temperature for many years without decomposition.

Scheme 1.1@hemistry ofU-Diazo-b-dicarbonyl Compounds.
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Beside metal catalyzed decomposititkdiazob-dicarbonyl compoundg4)
have been an attractive precursor to vicinal tricarbonyl compounds by oxidation with
either tert-butyl hypochlorité® or dimethyldioxirane (DMDOY¥° tert-Butyl
hypochlorite has been used for the preparation of variety of cyclic triketones
including tri-cyclic trione (25) and tetracyclic triong(26),** cyclopentene trione
(27),* bicyclotrione (28),** and cyclohexenetriong29)** from the U-diazob-
dicarbonyl precursor (Scheme 1.11) addition to the fast oxidation reaction time,
tert-butyl hypochlorite can be easy premhrfeom commercial household bleach
solution that conta® ~5% of sodium hypochlorite antkrt-butyl alcohol®® The

isolation oftert-butyl hypochlorite was doneyla simple separatory funnel extraction.

Scheme 1.11 Oxidation of UDiazob-dicarbonyl Compounds bytert-Butyl

Hypochlorite

Os _0 t-BuOClI Ow _0
solvent/formic acid
0°C-rt, (1-30) min

Saba reportedhat DMDO is an effective oxidant for the conversion Of
diazob-dicarbonyl compounds into vicinal tricarbonyl unitsqunatitiative yield for

most cases(Scheme 1.12% Since acetone is the {product of the reactionthe
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vicinal tricarbonyl compoundaas able tdoe obtaired by evaporation othe solvent.

The reaction time of this processsfrom 10 to 36 hours. DMDO is a highly volatile
gas prepaed from very cheap starting materials: acetone, sodium bicarbonate, and
oxone?®4" However, a typical isolated yield of DMDO is less than 3% in a dilute
solution of acetone (0.66.1 M)“® Therefore, preparing a DMDO solution for a large
scale reactionsi a challenging task. Very recently, procedures with simple -sgt

apparatugor large scale preparation of DMDO have besportel.*’

Scheme 1.1Dxidation ofU-Diazo-b-Dicarbonyl Compounds by DMDO.

o M 0 DMDO OWO
; N Acetone, rt. !
‘ : 10-35h ' !
o]
o o
(6] Ph)J\”/U\ Ph Me)J\”)J\ Ph
f
0,
100% 94% 100% 98%
0O o 0O o o o
Me)J\H/U\OEt EtOJ\”/U\OEt Ph)J\H/U\OEt
o] o] o)
100% 100% 94%

1.2.2 Reactivity with Nucleophiles

1.2.2.10xygen and NitrogenNucleophiles

Anhydrous vicinal tricarbonyl compounds react rapidly with water at room
temperature at the carbon of the central carbonyl group to form hydrates. Similar
reactions also occur with alcohols and amines, formingketais and hemiaminals

respectively. For example, oxidation of phosphonium ylig8& with ozone at78
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°C produces the VTC compourfdl), which immediately undergoeastramolecular
nucleophilic addition by the tethered alcohol group to form the hemlacet
dihydrofuranong(32) (Scheme 1.13, eq. 1)These compounds are isolable in high
yield*® Primary amines generally react with the central carbgnglp of vicinal
tricarbonyl compounds to form hemiaminal intermdiates, followed by dehydration to
generag imines. For example, the primary amine of tryptani@® reacts with VTC

(34) to produce the cyclic indolé87) in 65% vyield. Upon dehydration 36), the
imine intermediate furthezyclizes with aromatiationto furnish indolg37) (Scheme

1.13, eq2)*®

Scheme 1.13Reaction of Alcohol and Amine to VTC Compounds.

OH O (6] OH O o (0]
1 O; OH
R)\)J\”/lj\oR 3 o RWOR1 —_— Rd (1)

1

R = alkyl or aryl

R1 = Me or t-butyl Yield =75-95%

CO,Et

Ot-Bu
WNH2 I N\ NH Co,Et
H CHCls, 65 °C H E
33 17-26h 0
“ E = CO,t-Bu 65% yield
NH N ()
Qg | Q)
N E H,O0 N~ E
OH 2
H o) H S
35 EtO,C 36 EtO,C

1.2.2.2Carbon Nucleophiles

15



The highly electrophilic central carbonyl is reactive towards variety of carbon
nucleophiles such as enolizable carbonyl compoundisctren rich aromatic
compounds, enamines, olefins, ylides, and ot¥eérs.% Testa and coworkers
demonstratedhat a variety of enolizable ketoneg39) undergo aldol reactions with
indanel,2,3trione (38) in refluxing acetic acidforming the aldol aducs (40),
which were trapped with hydrazine to provide pyridazn@l) (Scheme 1.14¥ In
this report, they made 66 different derivatives of the pyridazgh®sfor biological
testing, and in most cases, the aldol ad@4@t was formed as an intermiate with

theexceptionof compoundgl2-46.

Scheme 1.14Carbon Nucleophiles from Enolizable Ketones

N
2 39 NLH
o R R2 2My \ /)
HOAC OH R2

Electron rich aromatic compounds such as préramid aniliné? derivatives
undergo FriedeCrafts alkylation to the emtral carbonyl of vicinal tricarbonyl
compounds (Scheme 1.15). For example, Poupelin and cowdwkezshown that a

variety of phenol derivatives undergo Frie@hfts alkylation at the ortho position of
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the phenol or aniline with the central carbonyl indanel,2,3trione (38). The
tertiary alcohol produdfd?) existed in equilibrium with the cyclized hemiacet48)
because of intramolecular nucleophilic addition of the aryl alcohol to the proximate
ketone A similar reaction was observed with aniliderivatives; for example, 3,5
dimethoxyaniline also alkylates indate?,3trione (38), forming intermediatg49)

that cyclizes to the tetracyclig(50). It is interesting that a 75% vyield ¢50) was
observedn this process because other reaction pateywsych as alkylation at the C

4 position or a condensation reaction between of the amine and carbonyl @oup

occur

Scheme 1.15FriedetCrafts Alkylation.

O g o
O — OO
(@)

47 48
o _|
MeO NH,
H
38 O \©/ o i vo N OMe
OMe O’ O OMe| —— O’
benzene, 60 °C OH OH GMe

5h O OMe 75% ©
49 50

Vicinal tricarbonyl compounds have been employed in carbenglreactions
on several occasisnScheme 1.16 shows some representative examphkepinéne
(51) undergoing carbony¢ne reactions with several types of vicinal tricarbonyl
systems. Solomon and coworkers reported carbemgl reactios for a series of
olefins condensingwith the central carbonyl of diethyl ketomalond&?) under

thermal and Lewis acid conditioRF o r e x apingné(%l), reads with diethyl
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ketomalonate at 145 °C for 3 days to product in 96% vyield the carleoryproduct

(53). When 0.2 equivalent of mercury trifluoroacetfiég(OCOR)2] is introducedas
aLewis acid catalyst, the same product was formed in 90% yield at room temperature
in 5 hours. In this report, tin tetrachloride (S§Gnd zinc chloride (ZnG) were also
effective Lewis acid catalysts. Later, Gill and Kirollos applied a variety of olefins to
the carbonykene reaction with indank2,3trione system(38).>* This thermal
carbonylene reaction was also extended to the tétimal carbonyl dimethyl

dioxosuccinaté65) that withb-pinenegave (56) in 84% yield>®

Scheme 1.1&arbonylene Reactions with Vicinal Tricarbonyl Compounds.

O O
EtO OEt 0O O
o %2 EtO OEt
(145) °C, 3 days OH
or Thermal = 96%
Hg(OCOF3), (0.2 eq.) 53 Hgcat =90%
rt, 5 h, benzene
0
o 0
2 \ Cam
o)
OH
80 - 180 °C Y >
54
51
O O O O
Meo)kﬂ/lkﬂ/o'vle MeO COOMe
55 O O OH

toluene, 120 °C
84%

1.2.3 Applications in Natural Product Synthesis

1.2.3.1Formal Synthesis of Antibiotic (+}PS5
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Wasserman and cowkers have been the leaders in applications of VTC
compounds to natural product syntised he first application athe VTC functional
group in natural product synthesis was the formal synthesis of antibiotlS(%)
(Scheme 1.17%° The functionalized VT (59) was synthesized in high yield by
condensation of the ZIX@carbonyl compound(57) and 1,1-dimethoxyN,N-
dimethylmethanamingo form enamine(58), followed by photooxidation. Upon
removal of theert-butyldimethylsilyl (TBS) protecting group, the asheiintermediate
cyclized to form bicyclic hemiaminal60). Compound(60) undergoes reduction
using trimethylsilyl iodide (TMSI) to genera¢61) asaformal synthesis of antibiotic

()-PS5°7

Scheme 1.1Formal Synthesis of Antibiotic (#pS5.

PNBO

MeO OMe PNBO 20
//, ? 102
NMe2 . X —
87% N O NMe; 92%
o TBS
58
. NHAC
= S/_/ Ref.57 -~ " o  T™sl
N~ e N -
o S 30%
H
COOH
()PS5 g1 PNBO

1.2.3.2Formal Synthesis of Natural Product Bicyclomycin

Intramolecular nucleophilic addition of an amide d@ovicinal tricarbonyl
compoundwas applied to the formal synthesis of antibiotic bicyclomycin (Scheme

1.18)°8 The phosphoniun ydie (62) reacedwith acid chloridg(63) in the presence of
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N,O-bis(trimethylsilyl)acetamide (BSA) to yield the diacyl ylidé4). Oxidative
cleavage of (64) gave the VTC (65) intermediate that quicklyundement
intermolecular reaction with the amide grotgp generate cycli66), which is a

precursor to the natural product bicyclomyein.

Scheme 1.18Formal Synthesis of Natural Product Bicyclomycin.

o}

(o] o 0o o
PN Cl)J\/\OBn
PNBN 63 PNBN OBn o PNBN OBn
—> 3

NHPNB BSA PPh3 —_— O
NHPNB NHPNB

O 62 88% 54%
O 64 o) 65

jo \OH [e) (0]
HN 1“‘\'\:(\OH Ref. 59 OH
%'(NH < OH <~——— PNBN OBn
HO: KWNPNB
(0]
Bicyclomycin 0 66

1.2.3.3Total Synthesis of Prodigiosin

Previously, Wassermaand coworkersdiscowered vinyl tricarbonyl esters
such ag68) react with variety of primary amines to forrrhgdroxypyroles®® They
utilized this methodology in the total synthesis of prodigioas shown in Scheme
1.195! The vinyl tricarbonyl este(68) was synthesizedia a condensation reaction
between 2 ,3licarbonyl compound@67) and N,N-dimethyl4-nitrosoaniline, followed
by hydrolysis with aqueous HCI. Next, Zj8nethoxybenzylamineundewent
Michael and carbonyl addition to VT(®8) forming the intermediate pyrroiicone
(69), which underwentdehydraibn to 3-hydroxypyrrole(70). This compound was

then converted to prodigiosin in a few subsequent steps.
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Scheme 1.19otal Synthesis of Prodigiosin.
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1.2.3.4Total Synthesis of (x)Vasicine

Vinyl tricarbonyl esters such #88) aredielectrophilic systemthat can react
with nucleophilesvia Michael anébr carbonyl addition. Wasserman and Kuo took
advantage of this unique reactivity and applied it to a short synthesis of a natural
product vasicie (Scheme 1.26¥.Reaction of 2Zaminobenzylamine and vinyl vicinal
tricarbonyl(71) formed the intermediate pyrrolidinorié2) by Michael and carbonyl
addition of the alkyl amine group. This intermediate was able to be isolated when the
reaction was run without silica gel (SiQ). In the presence of silica gel (SIO
intermediate(72) cyclized to (74), probably through the iminium ion intermediate
(73). Then reduction of the keto group with sodium borohydride (NaBél the
alcohol (75), and removal of COftert-Bu with trifluoroacetic acid (TFAgave the
natural product vasicine. In addition to the above examples, VTC compounds have
also been applied to the synthesis of other natural products and biological relevant
compounds such as papaveraldiheburnanonine?® immunosuppressant Ks06%*

protease inhibitors YMI7141, and YM47142%
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Scheme 1.20otal Synthesis of (xYasicine.
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1.3 Our Vision of Vicinal Tricarbonyl Systems

Vicinal tricarbonyl system such asin 2,3-diketoester derivatives(9) are
useful in organic synthesis because of they offer a electrophilic carbon site for new C
C, GO, or GN bond formation as Wasserman and coworkers halescribed
previously® However, one important aspeafttheir workthatwas na addressedto
this pointis stereocontrol ofthe nucleophile attacking the central carbonyl. Thus far,
the valuable chiral center generated from nucleophilic addition to the central carbonyl
is generallylost by aromatizationWe envisiord that the?,3-diketoester system s
functional unit with a potential to deliver both complexity and stereoselectivity upon
nucleophilic addition to the central carbongtoup The possible elements for
stereocontrol are the multiple oxygen coordination sites of thingtanaterial, while
complexity coms from the acyl and nucleophile groups incorpadatethe product

(Scheme 1.21). As result of our investigasiavith the 2,3diketoester systems, we
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have developeda method for the synthesis of substituted furamsit more
importantly, we discovered the steceatrol elements in these system that have not

been previody redlized.

Scheme 1.2Nucleophilic Addition to 2,Diketoesters

Stereo Control Complexicity
coordination sites built-in functional groups
O O
Q0 Cat.
NuH HO  INu
¢}
9 10

1.4 Synthesis of Substituted Furans

1.4.1 Introduction

The syitheses and appligahs of functionalizedJ-diazob-ketoesters have
been widely utilized in organic synthesis due to their diverse reactivity and selective
metal catalyzed diazo decomposition reaction complex environment$: 4° Our
research group has been focused on enol silyldiazoacetdtgee ¢76) as a coupling
partner with other electrophiles toward the synthesis of highly functionaliziéazo
b-ketoester. To that end, we have recently reported methodologies to actéss to
diazob-keto-t-functionalized esters via Mukaiyariddol, Manich, Michael)
condensation reactions catalyzed by Lewis acid as well as the propargyl acetates
coupling partne(77-80) (Scheme 1.2’ These new methods have provided access
to highly functionalized diazo compounds that have allowed us to study inctgasing
complex materials by way of transition metal catalyzed dinitrogen extrusion

reactions.
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Scheme 1.2ZReaction of Enol Silyldiazoacetaté&) with Electrophiles.
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76 RM R2 R o) o)

We have been intrigagewith vicinal tricarbonyl systems dgzause of the
electrophilic carbon atom on the central carbonyl group. Since functionallzed
diazob-ketoesterg81) are accesble via reactions of enol silyldiazoacetd#b) with
different types of electrophile, ev thought that oxidation of complex dzo
compoundg(81) would give us access to functionalized -8iBetoesterq83). This
strategy would allow us to studi@gramolecular reactions of the prev#installed

functional group wittthe central carbonyl of the 2¢8ketoesters (Figure 1.4).

Figure 1.40ur Plans to Study Intramolecular Reactions of[2if&toesters
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Furans representan important class of compounds due to their wide
applications in organic synthesis, polymeheg pharmaceutical industry, amd ther
abundance in natural produétsPreviously, Wasserman and F&eeported a novel
synthesis of3-hydroxyfurans(87) via oxidation of phosphorus ylid€83) that were
prepared from enolates of acyl phosphoranylidine carboxylates. Subsequent
dehydration 6 the furanoneg86) using p-toluenesulfonic acid (PTSA) yielded 3
hydroxyfuran2-carboxylate87) in moderate to high yields (Scheme 1.23, eqirl).
our first entry into the chemistry of vicinal tricarbonyl compounds, we were able to
méeke an improvementt o t he Wassermands procedures f
hydroxy furang87) as well as developingn efficient methodology for the synthesis
of 3-methoxyfuran2-carboxylate derivatives. Our approach for the synthesis of
substituted furans(87) and (88) was by oxidation of Udiazob-keto-U-
hydroxyacetates (84), for med by zinc tri plad e cat a
condensation of dzoacetoacetates with aldehydes. Oxidatiort)-dfazob-keto-U-
hydroxyacetateg(84) to the furanones(7) was achieved bydimethyldioxirane
(DMDO) in guartitative yield(Scheme 1.23, eq. 2). The advantages of this procedure

are the ease of preparation and handling of the diazoacetoaceteteni® the
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guantitativeyield of furanoneq7) under neutral conditions, and the conversion of

furanoneq7) to 3:methoxyfurang88) under mild conditions.

Scheme 1.23/ethods to Substituted Furans.
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85 68-95%
Our Work
o o o O o
DMDO COOR
OR — OR| ——>
OH
N o} o
R~ OH R~ NOH R
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1.4.2 Results and Discussion

1.4.2.1Strategy to Dihydrofuranones

Lewis acid catalyzed Mukaiyarreddol reactios of enol silyldiazoacetates of
type (76) with aldedydesarea versitle and efficient process to acésxy-U-diazob-
ketoester§’2 Our strategic plansereto oxidize t-oxy-U-diazob-ketoesters intak-
oxy-Ub-diketoesters, and therstudy their reactivity with nucleophiles.Our
investigatim began with methytU-diazoacetoacetat®4a that is easily prepared in
gramquantites by diazo transfer frord-acetamidobenzenesulfonyl azigeABSA)
to methyl acetoacetate in 95% isolated yield (Scheme ¥°2#Diazoacetoacetates

including (244a) are sable under a wide range of conditions. For example, compound
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(248 does not show any sign of decomposition after four years stored at room
temperature in a capped vial as checkedHbNMR spectroscopic analysiReaction
of methyl U-diazoacetoacetat@24a) with benzaldehyde via onepot Mukaiyama
aldol procedure produdethe functionalized diazo compoun@7a) in 93% isolated

yield (Scheme 1.24Y°

Scheme 1.2#reparation of Functionalizédethyl U-Diazoacetoaceta{@74).

3
Ph
Zn(OTf)
(0] (e} _ o O 2 TBSO O (0]
U p-ABSA (1.2 eq) (3 mol %)
OMe  Et3N, CHCN OMe ™ 2 6utidine Ph OMe
0°C-rt, 8 hrs N, TBSOTf N2
95 % 24a -78°C - rt. DCM 77a
overnight

93 %

With functionalized diazo compour{@7a) in hand we next sought to oxidize
the diazo group to a carbonyl group. We initially began watitrbutyl hypochlorite
as the oxidant, since several reports have shown thetbutyl hypochlorite can
generatevicinal tricarbonyl compounds frotd-diazob-dicarbonyl compound®: 4¥44
In our hands, however, the use wrt-butyl hypochlorite afforded thelesired
tricarbonyl compound89) that existed in equilibrium between the keform and
hydrate in moderate vyi elygrodadisqScliemendi2b)h ot her
As Sab? reported thatJ-diazob-dicarbonyl compounds were oxidized to vicinal
tricarbonyl derivatives using dimethyldioxirane (DMDO) in excellent to tjtetive
yield, we subjected diazo substrdi&ra) to DMDO. This process sellted in the
guantitative oxidation of773a) to the desird product(89) that existed atydratein

the preseceof water(Scheme 1.25)
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Scheme 1.2®xidation ofU-Diazo-b-ketoeste(774).
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Then we attempted to removeethTBS group from(89) to form the
corresponding alcoho85g). Unfortunately, standard methods for removaltlo¢
TBS group such as treatment ofert-butylammonium fluoride (TBAF) or
hydrochloric acid (HCI) only resulted in low yield of (858 which immealiately

cyclized to the dihydrofuranor(86a) (Scheme 1.26).

Scheme 1.2®eprotection of the TBS Group.

TBAF
51 %
TBSO O O epo OH 0 0 who o
Ph OMe PhJ\/U\H/U\OMe Ph/(vaOOMe
0 o O oH
89 HCI 85a 86a

58 %

Since removal to the TBS group @0) only providel (864a) in low yield, we
decided to remove the TBS group priottiie oxidation process. Removal of the TBS
group from functionalized}diazoacetatg¢77a) with 4N HCI producen 95% yield
the desired alcohdB4a) (Scheme 1.27). Remarkably, compou@da oxidized to

furananong(864@) in quaritative yield using DMDO (Steme 1.27). Since theyb
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product of the oxidation reaction is acetone, {868) was isolated after evaporation

of solvent.

Scheme 1.2Preparation of Dihydrofuranorgba
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77a 95 % 84a 86a

1.4.2.2Formation of Substituted Furans and a Proposed Mehanism

The dihydrofuranon€86a) underwent acid catalyzed dehydration to form 3
hydroxyfuran2-carboxylate (878 by the same procedure as that employed by
Wasserman and Lee (Scheme 188However, reactions in refluxing benzene
together with catalytic PSA resuls in product decomposition, and isolation(8%3a)
by silica gel chromatography occurred in relatively low yi€d%). However,
changing the reaction solventntethanolgavethe expected conversion of hemiketal
(869 to 3-methoxyfuran2-carboxyates(88a) (Scheme 1.28). This modification also
allowed for ease in purification since théhydroxyfuran2-carboxylateq87a) were
otherwise difficult to purify. A proposed mechanism for the formation of 3
methoxyfurar2-carboxylate€884a) is outlinedin Scheme 1.28. Nucleophilic addition
of methanol to the acid activat&eto group of{86a), thenfollowed by loss of water
to form the oxonium intermediate B. Upon proton transfer to form the vinyl ether C,

subsequent acid catalyzed dehydration gengfatan(88a).

Scheme 1.2&ormation of Substituted Furans and a Proposed Mechanism.
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benzene /@\
o) reflux, 16 h Ph COOMe

COOMe 51 %
OH PTSA
0 20 mol %

reflux, 16 h
H® 80 % o
88a
T-Hzo
% ®
Ha
-H,O e
CooMe M2 coome H A\ COOMe
g “OH Jon 4 ToH
PH A P g P

1.4.2.3Substrate Scope of Functionalized Diazo Compounds and

Dihydrofuranones

With these methods in hand, we tested the substsatgpe of this
transformation. Varieties of OTBS functionalized diazo compou(®tid were
preparedoy the previouly reported ongot Mukaiyamaaldol reactiorf”> Removal
of the TBS group with N HCI in THF solutionprovided the corresponding alcolsl
in high vyield 84(ai) (Table 1.). A full range of diazo compoundg34) was
guantitatively oxidized to the vicinal tricarbonyl intermedsx{&5) that existed as the
cyclized dihydrofuranoree (86) form (Table 1.2) Compounds(86) were readily
isolated by evaporation of acetorsend taken to the next step without further

purification

Table 1.1Synthesis of Functionalized Diazo Compou(ii§.
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TBSO O O OH O O

)\)J\”/U\ 4N HC )\/LH/U\
R OMe ————>
THE. it 24h ¢ OMe

N
77 2 84 N2
OH O O OH O O OH O O
OMe Mwe n-heptyl)\/kﬂ/u\
N2 N2
84a. 95% 84b, 90% 84c 90%
OH O O OH O OH O
OMe ©\)\/u\”)‘\ /@)\/u\”)‘\
N>
84d, 93% 84e, 91% 84f, 92%
OH O O OH O O
OMe OMe
cl N, N2
844, 88% 84h, 95%

Table 1.20xidation of Diazo Compoun(84) to Dihydrofuranong86).

o
o

]

<

[0

Py

1,

OH
e
QUantltatlve RW O oH
(0]
85 86
O (0]
Ph/(ngOOMe COOMe n-heptyl/(vaOOMe
O oH o O oH
86a 86¢c
0 (0]
COOMe COOMe COOMe
(0]
O oH ON OH
86d O, 86e 86f
(0]
COOMe COOMe
cl © oH O O OoH
86g 86h

1.4.2.4Substrate Scope of Substituted 3ethoxyfurans

The hemiketal furanoné86) underwent acid catalyzed methanolysis and

dehydration to form 3nethoxyfurar2-carboxylateq88) (Table 1.3. The substrate
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scope is general toward both aromatic and aliphatic $uést. Electronrich,

electronpoor, ortho, and halogenated substita@ntthe phenyl ring were tolerated.

Table 1.3Synthesis of 3Viethoxyfuran Derivative88.

o)
COOMe PTSA
oH 20 mol % 1\
o reflux, 16 h R 9 COOMe
R g6 88
/3 ve M as
O/@\Coom o "COOMe  N-heptyl ™o~ ~COOMe
Me
88a, 80% 88b, 91% 88c, 90%

No2
COOMe COOMe /O/d\coowle
88d, 75% 88e, 86% f, 92%
/\
COOMe O o~ ~COOMe

889, 75% 88h, 85%

1.4.3 Conclusion

Enol silyldiazoacetatef type (76) is an effetive precursorof functionalized
U-diazoR-ketoesterg77-80) via coupling with compatible electrophiles under Lewis
acid catalyed conditions. The produdi-diazob-keto-t-hydroxyesterg84) prepared
from the Mukaiyamaaldol reaction underwent quantitative oxidation to
dihydrofuranons (86). Acid catalyzed methanolysis and subsequent dehydration of
(86) provided an efficient method for the synthesis -@h&thoxyfurar2-carboxylates
88 under mild conditions. This work oped the possibility for further

functionalization at the G3 positionwith other nucleophiles. In addition, our studies
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have provided an alternative method for the preparation -bfdBoxyfuran2-
carboxylates with several advantages including higher product yields and atom

econony.

1.4.4 Experimental

1.4.4.1General Information

Thin laye chromatography (TLC) was carried out using EM Science silica gel
60 F254 plates. The developed chromatogram was analyzed by UV lamp (254 nm),
p-anisaldehyde (PAA), potassium permanganate (KMnO4) or ceric ammonium
molybdate (CAM)reagents Liquid chromabgraphy was performed using a force
flow (flash chromatography) of the indicated system on silica gel-4B80mesh).
Methanol and acetone were purchased from Aldrich and used as ré¢Biazo-b-
keto-U-oxysilylesters 77 were prepared according to literatGfe. tert-Butyl
hypochlorité® and DMDO"® were prepared according to the literatdt¢. NMR and
13C NMR spectra were recorded i@DCl; on a Bruker Advance 400 MHz
spectrometer. Chemicahifts are reported in ppm with the solvent signals as
reference, and coupling constan® ére given in Hertz. The peak information is
described as: br = broad singlet, s = singlet, d = doublet, t = triplet, g = quartet, quin =
quintet, m = multiplet,comp = complex multiplet of magnetically inequivalent
protons. Highresolution mass spectra (HRMS) were performed on a JEOL

AccuTOFRESI mass spectrometer using Csl as the standard.

1.4.4.2Preparation of U-Diazo-b-keto-ii-hydroxyesters
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TBSO O O OH O O
4N HCI
R OMe
| THF, t, (24-36) h R OMe
2 N,

77 84

U Diazo-b-keto-t-oxysilylesters77 (0.10 mmol) was dissolved in 4 mL of THF. The
reaction flask was cooled to 0 °C in an ice bath. Then 4 mINofi@l was added
dropwise and stirred for 236 h at room temperaturentil TLC analysis indicated
complete loss of starting materidlhen the reaction was quenched by slow addition
of saturated sodium bicarbonate solution until basic to pH paper. The resulting
solution was extracted with 15 mL (3x)ittv diethyl ether. The combined organic
layer was dried (MgS#), filtered, and concentrated under reduced pressure. The
residue was purified by flash column chromatography {€uting with hexane and

ethyl acetate to provide-diazob-keto-o-hydroxyester§4.

1.4.4.3Procedures for the Preparation of Dihydrofuranones

OH O O o
)\/U\”/U\ DMDO OH O 9 /A_K(COOM
R OMe Quantative R)\/lkﬂ/U\OMe R™ ™o ©

85

UDiazo-b-keto-ti-hydroxyester84 (0.05 mmol) was dissolved in 1 mL of acetone,
under nitrogen atmosphere was cooled to 0 °C. A solwdfotimethyldioxirane in
acetone (10 mL, 2.6 eq., 0.06 M) was added all at once via syringe and stirred for 24
h at room temperature. Evaporation of solvent praVidénydrofuranonesd6 in

guantitative yield.

1.4.4.4Procedure for the Synthesis eM&thoxyfurans
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o]

COOMe PTSA
20 mol % /\
¢ ©H — R COOMe

reflux, 16 h o)
R g6 88

Dihydrofuranone86 (0.50 mmol) andp-toluenesulfonic acid monohydrate (PTSA)
(19 mg, 0.0 mmol) were dissolved in 3 mL of methanol. The resulting reaction
solution was refluxed for 16 h and concentrated under reduced nere$he residue
was purified by flash column chromatography (8i@Iluting with hexane and ethyl

acetate to provide-Bethoxyfurans88in the indicated yield

@ﬂ
O COOMe

88a

Methyl 3-methoxy-5-phenylfuran-2-carboxylate 88a:yield 80%;H NMR (CDClk,
400 MHz) Ui 7.76 (d,J = 8.0 Hz, 2H), 7.3&.42 (comp, 3H), 6.64 (s, 1H), 3.99 (s,
3H), 3.91 (s, 3H)*C NMR (CDCE, 400 MHz)l 159.2, 156.3, 155.6, 129.3, 129.2,
128.9, 128.7, 124.8, 96.8, 58.9, 51.4; HRMS (ESI) calcd fpH@0, (M+H)*

233.0808, found 233.0826.

7&@
o~ ~COOMe

88b

Methyl 5-(tert-butyl)-3-methoxyfuran-2-carboxylate 88b: yield 91%:; 'H NMR
(CDCls, 400 MHZz){i 6.02 (s, 1H), 3.90 (s, 3H), 3.86 (s, 3H), 1.30 (s, 3f0;NMR
(CDCls, 400 MHz)U 167.6, 159.4, 155.9, 99.0, 95.4, 58.7, 5125226.9;HRMS

(ESI) calcd for GiH1704 (M+H)* 213.1121, found 213.1116.
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/\/\/\/U\
COOMe

(@)
88c

Methyl 3-methoxy-5-phenylfuran-2-carboxylate 88c:yield 90%;'H NMR (CDCk,
400 MHz) 1 6.04 (s, 1H), 3.88 (s, 3H), 3.85 (s, 3H), 2.601(t 8.0 Hz 2H), 0.84
1.65 (comp, 13H)33C NMR (CDCb, 400 MHz)U 160.5, 159.1, 156.1, 126.4, 98.1,
58.7, 51.2, 31.6, 31.6, 29.0, 28.8, 27.4, 22.5, 13.9.; HRMS (ESI) calcd 485304

(M+H)* 255.1591, found 255.1574.

\
o~ ~COOMe

88d

Methyl 5-(3,5-dimethylphenyl)-3-methoxyfuran-2-carboxylate 88d:yield 75%;H
NMR (CDCk, 400 MHz)u 7.39 (s, 2H), 7.01 (s, 1H), 6.61 (s, 1H), 3.99 (s, 3H), 3.92
(s, 3H), 2.36 (s, 6H)*C NMR (CDCh, 400 MHz) i 159.2, 156.4, 156.0, 138.4,
131.1, 129.0. 127.1, 122.66.8, 58.9, 51.4, 21.2; HRMS (ESI) calcd forsi@1704

(M+H)* 261.1121, found 261.1100.
NO,
@ﬂ
o~ ~COOMe
88e

Methyl 3-methoxy-5-(2-nitrophenyl)furan -2-carboxylate 88e:yield 86%;'H NMR
(CDCls, 400 MHz)1 7.557.82 (comp, 4H), 6.60 (s, 1H), 3.93, 3H), 3.91 (s, 3H);

13C NMR (CDCE, 400 MHz)(i 158.8, 155.4, 149.6, 147.8, 132.3, 130.0, 129.8, 128.7,
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124.1, 123.2, 101.5, 59.1, 51.6; HRMS (ESI) calcd foH@NOs (M+H)* 278.0659,

found 278.0686.

/ \
o~ ~COOMe

88f

Methyl 3-methoxy-5-(2-nitrophenyl)furan -2-carboxylate 88f:yield 92%;H NMR
(CDCls, 400 MHz)i 8.27 (d,J = 8.0 Hz, 2H), 7.90 (d] = 8.0 Hz, 2H), 6.83 (s, 1H),
4.00 (s, 3H), 3.92 (s, 3H¥C NMR (CDCh, 400 MHz)li 158.9, 155.8, 152.5, 147.7,
134.7. 129.0, 125.2, 124.799, 59.1, 51.6; HRMS (ESI) calcd fori4E12NOs

(M+H)* 278.0659, found 278.0685.

/ -\

o~ ~COOMe

Cl
88g

Methyl 5-(4-chlorophenyl)-3-methoxyfuran-2-carboxylate 88g: yield 75%; H
NMR (CDCh, 400 MHz)ii 7.66 (d,J = 8.0 Hz, 2H), 7.36 (d] = 8.0 Hz, 2H), 6.61 (s,

1H), 3.96 (s, 3H), 3.89 (s, 3HC NMR (CDCk, 400 MHz)l 159.1, 156.2, 154.3,
135.2, 129.0, 127.7, 127.6, 126.0, 97.2, 58.9, 51.4; HRMS (ESI) calcd for

C13H12ClO4 (M+H)™ 267.0419, found 267.0435.

88h
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Methyl 3-methoxy-5-(naphthalen-2-yl)furan -2-carboxylate 88h: yield 85%; *H
NMR (CDCk, 400 MHz)t 8.28 (s, 1H), 7.49.87 (comp, 6H), 6.74 (s, 1H)4.01 (s,
3H), 3.94 (s, 3H)C NMR (CDCB, 400 MHz)ii 159.7, 156.2, 155.7, 154.4, 135.2,
133.5, 133.1, 129.0, 128.627.7, 126.8, 126.0, 124.2, 122.1, 97.2, 58.9, 51.4; HRMS

(ESI) caled for GiH1504 (M+H)* 283.0965, found 283.0938.

1.4.4.5"H NMR and 3C NMR Spectra
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Chapter 2: Divergent Steeocontrol of Acid Catalyzed
Intramolecular Aldol Reactions of 2,3, #Triketoesters:

Synthesis of Highly Functionalized Cyclopentanones

2.1 Introduction

New strategies for the synthesis and application of complex diazo compounds
have proven fruitful in thereparation of carbocyclic and heterocyclic ring systems
due to the utility of selective diazo decomposition reactions in complex enviroments.
A longstanding interest in our research group has been the application of enol
diazoacetates of typ@d) towardthe synthesis of more complex diazo compounds by
developing methaglthat take advantages of the remarkable stability of the diazo
ketoester functional group (Scheme Z2.IJo that end,our group has recently
reported the Mukaiyamaldol reactions ofl) to give G-hydroxy diazeb-ketoesters
(2> as well as a Mukaiyarali c hael variant wketobdiagonones t o
b-ketoester(3) (Scheme 2.13° These new methods have provided access to highly
functionalized diazo compounds that have allowed ugudy increasingly complex

material by way of transition metal catalyzed dinitrogen extrusion reactions.

Scheme 2. Mukaiyama Reactions @&ilyl Enoldiazoacetatél).
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We have also been intrigued by the umpolung in naactprovided by the
conversion of the diazo functional group to the keto functional group that has been
made possible through the use of DMBQn general conversion of a diazo
functionality (4) to a carbonyl functionality5) causes a reversal in thelarity of
carbon (Scheme.2 . Upon react i ehgdroxyiidiaRosdetOacetaiet h
(2) (Scheme 2), the polarity inversionnvites an intramolecular nucleophilic attack
from the remote hydroxyl group into the newly formed carbonyl unit to generate
hemiketal (6).2° Hemiketal (6) could then be further manipulated to provide- 3

alkoxyfuran derivatives such &8) by acid catalyzed dehydration/methanolysis.

Scheme 2.20xidation of d-Hydroxy-a-diazoacetoacetates as a Route to Furanones

and Furans

o
N, NS | o] N,| O o)
z| A4 z
Y)J\”/Z - Y)e\[( YJ\[( - Y%a\f(z
o) o] o] o)
4 5

opmpo R-_O.°H p-TsOH (cat) R—_O~_-COOMe
2 —> COOMe ——— \ //

acetone MeOH, A

>99% 6 O 60-92% , OMe
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With the success of these early studies, we directed our attention to the
application of this umpolung strategy to the previously repéttdtukaiyama
Michael adductg3) (Scheme 2.8 Our hypothesis was that oxidation of thiasd of
diazo compounds would provide tetracarbonyl compoy8gswvhich we envisioned
as candidates for intramolecular aldol reactions for the construction of the highly
functionalized cyclopentanon€g). Our interested in this strategy was piqued by the
knowledge that a number of biologilyabctive natural products such as prezawlskin
B (10 and the picrotoxanes (e.d1-12)* share asimilarly functionalized

cyclopentanone system to which the proposed methodology may allow access.

Scheme 2.Piazo-umpolng Route to Cyclopentanones

przewalskin B (10)

methyl picrotoxate (11) picrotoxin (12)

2.2 Results and Discussion

2.2.1Synthesis of 2,3,7Triketoesters

Our investigation began by first preparing a family of tetracarbonyl
compounds, which were available via a {step sequencenvolving the

intermolecular Mukaiyamdlichael reaction of enol diazoacetat® followed by
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oxidation of the diazoacetoacetate with DMDO (Tabl)?® Yields from the two

step processangal from 69392%>2¢ It should be noted that the oxidation steplin a
cases proceeded in virtually quantitative yields, and the products were isolated as
hydrate Thus yields of Michael adduci(8) reflect limitations in the Mukaiyama

Michael reaction.

Table 2.1. Synthesis of 2,3;Triketoester$

0]

Ar
OTBS A \ R
. Ar
%\”/COZRI O O O °H20
Zn(OTf), (3 mol %); )

N> then HCI/H,0 R OR

1 2. DMDO, acetone 8 o
8 Ar R RN vYield (%)’°
A CeHs H Me 80
B 2-naphthyl H Me 83
C 4-MeOGsH4 H Me 92
D 4-CICeHa H Me 83
E 9-anthryl H Me 71
F mesityl H Me 69
G 4-CRCeH4 H Me 81
H 4-CRsCeHa H Bn 73
| CeHs Ph Me 90

& MukaiyamaMichael reactions were carried out in a 5.0 mswale of enones, 7.0 mmol of
1 and Zn(OTf (3 mol %) in 25 mL of CHCl,at room temperaturélsolated yield following
purification via column chromatograph§Overall yields are reported starting frdnand the
respective enone used.

22.2 Acid Catdyzed Intramolecular Aldol Condensation of 2,3,7

Triketoesters

The capabilities of Lewis acids to catalyze aldol condensation reactions with

high stereocontrobre well known’ Howevet applicatios to vicinal tricarbonyl
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compounds have not been report&€bpper(ll), scandium(lll), and ytterbium(lil)
triflates are reported to be effective for aldol condensation reaétiand, tin(ll)
triflate has also been describt@ihese catalysts were evaluated for their effectiveness
in mediating carbocyclization @8a) in refluxing dichloromethane (TableZ2 entries
1-7). Each of these catalysts exhibitedhigh degree of diastereocontrol, but
Yb(OTf)s provided the highest level of diastereoselectivity. Alternative catalysts
such as La(Ot§)°*? Zn(Otf), %34 Ni(Otf),'? and Mg(Otfy*® showed little or no

activity for this transformation under the reaction conditions.

Table 22 Optimization of the Intramolecular Aldol Reaction of 2;3yiketoester
(8a).

Ar

O co,Me O  oH
o o o catalyst 3 / z
m Ar HLIII ok ' Ar/ll'l% oo
CH,Cly, reflux O (6]
I OMe 24h C C

8a: Ar=Ph
8c: Ar = 4-MeOCgH,

1,2-anti
13a: Ar = Ph
13c: Ar = 4MeOCgH,

1,2-syn
14a: Ar = Ph
14c: Ar = 4MeOCgH,

Entry?® Catalystd anti:synC % Conversiorf
1 Yb(Otf)3d N.D. <5
2 Yb(Otf)s © 95:5 65
3 Yb(Otf)s 95:5 >95
4 Yb(Otf)s 95:5 >95
5 Sn(Otf 85:15 93
6 Sc(Otf 87:13 >95
7 Cu(Otf), 89:11 >95
8 H2P O, ¢ 25:75 75
9 p-TSOH 32:68 84
10 Mes-SO:H 30:70 90
11 Mes-SOsH " 30:70 >95

12! Yb(Otf)s 93:7 >95

@ Reaction performeavith substrate8a. ® Reaction performed with 10 mol % catalyst.
Determined byH NMR spectroscopy? 10 mol% catalyst at room temp for 24°% mol %
catalyst. ' 20 mol % catalyst 4 equivalents of acidsed. " 30 mol % of the acid usetiThe
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stereochemistry of the process was confirmed by a reactiorBaithing 10 mol% Yb(Otf)
andthe stereochemistry gbroductl3cwasvarified by X-ray analysis

2.2.3Proposed Stereocontrol of Cyclopentanone Foration

We were surprised to find a significant divergence in stereocontrol between
Lewis acid and Brgnsted acid catalysts. The use of a Lewis acid gave -datil,2
product (138 predominantly, whereas Brgnsted acids greatly favored formation of
the 1,2synproduct(14a). Furthermore, given the prevalencesyfiselectivealdol
reactions of Ii-dicarbonyl compounds under both Brgnsted and Lewis acid catalyzed
conditions!? the factthat theanti-aldol produci(13) is formed with high selectively is
notable. Our initial thought regarding the observation that Lewis and Brgnsted acid
provided divergent reactivity was that we had simply discovered conditions for both
the kinetically and thermodynamically controlled proceskesvever as described
below, extensve investigations have revealed that the aldol adducts themselves are
resistant to equilibration between theyn andanti-forms under any of the optimized
reaction conditions. When either purifiédi3a or (148 was resubjected to the
standard reactiononditions (Table 2, Entries 4 & 11), no interconversion of these
products was observed. Interconversion was observed after 7 days in refluxing
CDCls, however, but interconversion under these more forcing conditions was
accompanied by a significant aomd of byproduct formation (>30% relative to
(138 and(14b) based ontH NMR). The absence of product interconversion under
the standard reaction conditions suggests that this unique stereochemical divergence
between Lewis and Brgnsted acid catalysishes result of a kinetically controlled

process. In this scenario Lewis acids alter the course of the reaction to give the less
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common anti-aldol product. We believe that the stereochemical outcomes of the
Brgnsted and Lewis acid catalyzed aldol reacticars be rationalized by analyzing
the transition statesn routeto the respective products (Schefh). Activation of

the central carbonyl by Brgnsted acid presumably results in the dipole minimized
orientation of the 1;2liketo unit, which can then betacked by the tetheredenol

via the lower energy intermediatg6) thus providingsynadduct(14a8). Lewis acid
activation, however, has the ability to coordinate thedik2to unit thus locking the
carbonyls in asynorientation. TheZ-enol then reas with the central carbonylia

intermediatg17) to giveanti-product(13a).

Scheme 2.4Stereochemical Rationale for the Diastereas@lity of Lewis and

Brgnsted Aids.

P
. CO,Me </3 OH
H Ph .~ Ph/[«,,, =CO,Me
I H’I:;O
Ph O oH
H 1,2-syn (14a
HO™ X O O n 16 yn (142)
OMe MLn
—
o} TO H\® O co,Me
Z-enol (15 ML 0 | =
enol (15) n /Ph - Ph/le,,, 50!:)
MeOZC OH

1,2-anti (13a)
17

2.2.4 Substrate Scope

Expanding on these initiaésults, we applied the optimized conditions for the
Lewis and Brgnsted acid catalyzed processes to representative substrate®.8J.able
Both electrorwithdrawing and-donating aromatic rings were tolerated, as \tleose

with sterically demanding arortia substituents. In the case of tb@-disubstitued
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substrates(139 and (13f) (Table 2.3, entries 5 and 6), however, a significant
deterioration inanti:syn selectivity wasobserved under Lewis acid catalyzed
conditions. In fact, in the mesityl exarep(Table2.3, entry 6) selectivity was
inverted, and theyndiastereomer was formed preferentially. This anomaly seems to
highlight the fact that thanti-transition state is inherently more sterically demanding;
and thus, when the steric demand is tagghhan alternative acid coordination such
that in(16) is favored due to the fewer number of Gauche interactions. We were also
interested i n s tsubdtyuent an the steeeocbemica aoarse offthe a
reaction (Table.3, entry 9). To that end, whe@i) was subjected to standard Lewis
acid catalyed conditions the reaction provid€iBi) as the major productf = 93:7)

with the usuall,2-anti geometry where the-ghenyl substituent is positionegynto

the aryl ketone moiety, which further exemplifies the stereocontrol predicted by

(17).13

Table 23 Scope and Limitations.

Ar

Yb(OTf)3 or CO (@) OH
o o o Mes-SOH /l ,,,,, M. A, _coR
RS OR' CHZCIZ reflux H’I:SZ H 0
8 R
8a-i 1,2-anti (13a-i) 1,2-syn (14a-h)
Entry Substrates Method Yield anti:syn
(%)2 ratioP
(0]
1 o o AC 98 955
OMe gd 81 24:76
8a O
O
o o0 A 92 95:5
2 I owe B 80 33:67
8b o
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3 o o A 94 93:7
MeO OMe B 67 25:75
4 o o A 96 95:5
cl OMe B 75 43:57

. A 70 57:43
B 82 10:90
(0]
5 m Df 51 30:70
OMe B 61 5:95
8f (@]
(o]
. m A 96 94:6
FsC OMe B 75 16:84
8g o)
(0]
8 Qm A 92 93:7
FsC OBn B 177 23:77
8h (@]
(@]
9 Ph o o ce 92 93:7
Ph OMe - - -
8i O

2 |solated yield. P Diastereomeric ratios determined Byl NMR spectroscopy(see
Supporing Information page 7). © Method A: Reation was performed with 10 mol%
Yb(OTf)s. ¢ Method B: Reaction was performed with 30 mol% mesitylenesulfonic acid
(MesSOsH). ¢ Method C: Reaction was performed with 10 mol% Sn(@Tfyethod D:
Reaction was performed with 10 mol % Sc(QTf)

2.2.5 ®lective Reduction to 1,2Diols

With the cyclopentanone system bearing two ketone groups we next queried
whether these carbonyl groups could be orthogonally reacted, thus enhancing the
synthetic utility of these novel cyclopentanone products. We foundetiaction of
the cyclic ketone could be performed with high cheaud stereeselectivity to give

diol (18) in 85% yield as only one diastereomer (Sch&b§* The stereochemistry
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of (18) was confirmed by Xay crystallography to be the 1aati diol resulting from

a chelation controlled delivery of the hydride.

Scheme2.5Chemo and Stereoselective Reduction of Did8a).2

HO_ COOMe NaBH, (5 eq.) HO, COOMe \'}\“},
>\ MeOHCH,Gl (1) )\
MeOH:CH,Cl, (1:1) o
-45°C, 2.5 h \
13a 85% 18

(X-ray structure)

#No trace of the aryl ketone reduction product under these conditions.

2.3 Conclusion

The MulaiyamaMichael reaction of silyl enoldiazoaceates was exploited to
prepare a series o-ketoldiazpb-ketpestéras nThe diazon al i z e d
groups of these compounds were oxidized with DMDO to generatet@i&ibesters
in virtually quantitativeyields, which set up highly stereoselective intramolecular
aldol reactions to provide usefully functionalized cyclopentanones. Lewis acid
catalysts provided high degrees of-&j&i diastereoselectivity, while Brgnsted acids
selectively provided the 1.&n diastereomer, a fact that we believe makes this
methodology even more synthetically attractive. The prospect of using chiral acid
catalysts to achieve an asymmetric variant of this reaction, and application of the

overall strategy toward natural prodsgntheis are currently being explate

2.4 Experimental

2.4.1 General Information
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Dichloromethane (DCM) and tetrahydrofuran (THF) were passed through a
column of molecular sieves prior to use, not distilled. Thin layer chromatography
(TLC) was carried ot using EM Science silica gel 60 F254 plates. The developed
chromatogram was analyzed by UV lamp (254 nm), ethanolate phosphomolybdic
acid, potassium permanganate (KMnO4) or cerium ammonium molybdate (CAM).
Liquid chromatography was performed using aédrfow (flash chromatography) of
the indicated system on silica gel (2800 mesh). Metal triflate salts and Brgnsted
acids were purchased from Aldrich and used as received. Methght-3
butyldimethylsilyloxy-2-diazobut3-enoate 1) was prepared by thditerature
method® Dimethyldioxirane (DMDO) was prepared by the method described by
Adam®* Funct i o-diazbb-ketaestersg) wereprepared by method described
by Liu2® 'H NMR and *C NMR spectra were recorded @DCl; on a Bruker
Advance 400 MHz spectrometer. Chemical shifts are reported in ppm with the
solvent signals as reference, amaigling constantsJf are given in Hertz. The peak
information is described as: br = broad singlet, s = singlet, d = doublet, t = triplet, q =
guartet, quin = quintet, m = multiplet, comp = complex multiplet of magnetically
inequivalent protons. IR speatrwere recorded on a Thermo Nicolet IR200
spectrometer. Melting points were obtained from Electro ThermeTdelp DLX
104. Highresolution mass spectra (HRMS) were performed on a JEOL AccuTOF

ESI mass spectroster using Csl as the standard.

2.42 General Procedure for the Preparation of Functionalizeda-Diazo-6-

ketoesters
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0]

o]
TBSO O
N . /J\H)k Zn(OTf); 3 mol % 5, o o
| ORz “CHycp, 24n, 1t or
R, N 4N HCI/THF 1 2
19 1 3 N2

A solution of methyl 3tert-butyldimethylsilyloxy-2-diazobut3-enoatel (7.0 mmol,

1.4 eq) in anhydrous Gi€l, (3 mL) was added via syringe pump over 1 h to a
solution of aryl vinyl ketae 19 (5.0 mmol, 10 eq) and Zn(OTH) (54 mg, 0.15 mmol,
3 mol%) in CHCl, (25 mL) under a nitrogen atmosphere. The reaction solution was

stirred for 24 h at room temperature and then concentrated under reduced pressure.
The residue was then dissolvedliHF (15 mL) containing M HCI (10 mL), and the
mixture was stirred at room temperature overnight. The reaction solution was

neutralized with saturated aqueous NaH@@d extracted with diethyl ether (30 mL
x 3). The combined organic layer was dried 480,), filtered, and concentrated
under reduced pressure. The residue was purified by flash chromatograpp)yofsiO

eluting with hexanes and ethyl acetate. The diazo carbon was not detectedf@ the

NMR spectra of these compounds.

0]

O O
OMe

N2
3a

Methyl 2-Diazo-3,7-dioxo-7-phenylheptanoate (3a) Reaction between enori®a

and enoldiazoacetategave3a as a pale green solid in 80% vyield: mp =48°C,;
TLC Rs = 0.25 (3:1 hexane/EtOActH NMR (400 MHz, CDC}) U 8.067.44,

(comp, 5 H), 3.84 (s, 3 H), 3.08 (= 7.2 Hz, 2 H), 2.99 (tJ = 7.1 Hz, 2 H), 2.13

66



(quin,J = 7.1 Hz, , 2 H)13C NMR (400 MHz, CDC}) 11199.9, 192.6, 162.1, 137.2,

133.4, 128.9, 128.4, 52.6, 39.8, 38.0, 19.1; IR (neat) 2125, 1720, 1679, 1646 (cm

HRMS (ESI)m/z275.100 [G4H;50s (M+H) requires275.103].

OO S:
OMe

N2
3b

Methyl 2-Diazo-7-(naphth-2-yl)-3,7-dioxoheptanoate (3b) Reaction between
enonel9b and enoldiazoacetategave3b as a pale yellow solid in 83% vyield: TLC

Ri = 0.25 (3:1 hexane/ EtOAc}H NMR (400 MHz, CDC}) 11 8.52 (s, 1 H), 8.06
(dd,J=8.6, 1.7 Hz, 1 H), 8.00 (d,= 8.0 Hz, 1 H), 7.94.53 (comp, 4 H), 3.86 (s, 3

H), 3.23 (t,J = 7.2 Hz, 2 H), 3.05 (J = 7.1 Hz, 2 H), 2.20 (quin] = 7.1 Hz, 2 H);

13C NMR (400 MHz, CDCG}) U 199.9, 192.7, 162.1, 136.0, 134.6, 133.0, 130.2,
130.0, 128, 128.8, 128.2, 127.0, 124.3, 52.7, 39.9, 38.2, 19.3; IR (neat) 2133, 1718,

1678, 1652 cnd; HRMS (ESI)m/z325.115 [G 4H1505 (M+H) requires 325.118].

0]

o O
MeO OMe

N>
3c

Methyl 2-Diazo-7-(4-methoxyphenyl)3,7-dioxoheptanoate (3c) Reaction
between enon&9c and enoldiazacetatel gave3c as a colorless solid in 92% yield:

TLC R = 0.25 (2:1 hexane/ EtOAc}H NMR (400 MHz, CDC}) i 7.98 (d,J = 9.0

Hz, 2 H), 6.95 (dJ = 9.0 Hz, 2 H), 3.89 (s, 3 H), 3.85 (s, 3 H), 32190 (comp, 4
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H), 2.191.98 (comp, 2 H)13C NMR (400 MHz, CDC}) ii 198.5, 192.6, 163.7,
162.1, 130.7, 130.3, 114.1, 55.9, 52.6, 39.9, 37.6, 19.3; IR (neat) 2138, 1673,

1653 cml; HRMS (ESI)m/z305.112 [G 4H1505 (M+H) requires 305.113].

O

O O
Cl OMe

N
3d 2

Methyl 7-(4-Chlorophenyl)-2-diazo-3,7-dioxoheptanoate (3d) Reaction between
enonel9d and enoldiazoacetatiegave3d as a colorless solid in 83% yield: TLG R
= 0.25 (2:1 lexane/ EtOAc)IH NMR (400 MHz, CDC}) 117.91 (d,J = 8.6 Hz, 2 H),
7.44 (d,J= 8.5 Hz, 2 H), 3.84 (s, 3 H), 3.04 {t= 7.2 Hz, 2 H), 2.98 (§ = 7.0 Hz, 2
H), 2.142.05 (comp, 2 H)13C NMR (400 MHz, CDC}) U 198.6, 192.5, 162.1,
139.8, 135.5, 129.8, 129.2, 52.6, 39.7, 38.0, 19.0; IR (2429, 1718, 1679, 1648,

1589 cml; HRMS (ESI)m/z309.065 [G4H1505 (M+H) requires 309.064].

Methyl 7-(Anthracen-9-yl)-2-diazo-3,7-dioxoheptanoate (3e) Reaction between
enonel9eand enoldiazoacetafegave3eas an orange solid in 71% yield: TLG R
0.25 (2:1 hexane/ EtOAcIH NMR (400 MHz, CDC}) (i 8.48 (s, 1 H), 8.03 (dd},=
8.5, 1.2 Hz, 2 H), 7.88.73 (m, 2 H), 7.59.45 (comp, 4 H), 3.85 (s, 3 H), 3.151t,

= 7.4 Hz, 2 H), 3.06 (t) = 7.2 Hz, 2 H), 2.32.22 (comp, 2 H)13C NMR (400
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MHz, CDCk) 0 210.1, 192.3, 162.1, 136.8, 131.4, 129.8.%2127.3, 127.1, 125.8,

124.7, 52.6, 45.7, 39.6, 18.8; IR (neat) 2139, 1722, 1673, 1589, 15¥3HRMS

(ESI)m/z375.130 [G 4H1505 (M+H) requires 375.134].

CH; O

HaC CHs OMe
N>
3f

Methyl 2-Diazo-7-mesityl-3,7-dioxoheptanoate (3f) Reaction between enod®f
and enoldiazoatatel gave 3f as a colorless solid in 69% vyield: mp =-89 °C;
TLC R = 0.25 (4:1 hexane/EtOAc{H NMR (400 MHz, CDC}) Ui 6.83 (s, 2 H),
3.85 (s, 3 H), 2.97 (1= 7.2 Hz, 2 H), 2.78 (1 = 7.3 Hz, 2 H), 2.28 (s, 3 H), 2.20 (s,
6 H), 2.06 (quinJ = 7.2 Hz, 2 H);13C NMR (400 MHz, CDC}) i 210.4, 192.4,
162.0, 139.9, 138.7, 132.8, 128.8, 52.6, 44.1, 39.6, 21.4, 19.5,|R8HAeat) 2148,
1715, 1694, 1650 cfi HRMS (ESI) m/z 317.153 [G4H1505 (M+H) requires

317.1501].

o

0O O
FsC OMe

N
3g 2

Methyl 2-Diazo-3,7-dioxo-7-[4-(trifluoromethyl)phenyllheptanoate (3g). Reaction
between enon&9g and enoldiazoacetafiegave3g as a colorless solid inl86 yield:

mp = 4244 °C; TLC R = 0.25 (2:1 hexane/EtOAc}H NMR (400 MHz, CDC}) U

8.09 (d,J = 8.6 Hz, 2 H), 7.74 (d] = 8.6 Hz, 2 H), 3.85 (s, 3 H), 3.10 JtF 7.2 Hz, 2
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H), 3.00 (t,J = 7.0 Hz, 2 H), 2.22.05 (comp, 2 H)13C NMR (400 MHz, CDC}) ii
198.9, 192.4, 162.1, 139.8, 134.7 Jgz 37 Hz), 128.8, 126.1 (¢, = 3.8 Hz), 24.0

(q, J = 274.5 Hz), 52.6, 39.6, 38.3, 18R (neat) 2134, 1721, 1673, 1654 &m

HRMS (ESI)m/z343.093 [G 4H;0s (M+H) requires 343.90].

(0]

O O
F3C OBn

3h N

Benzyl 2Diazo-3,7-dioxo-7-[4-(trifluoromethyl)phenyllheptanoate (3h). Reaction
between enon&9gand benzyl q(tert-butyldimethylsilyl)oxy}2-diazobut3-enoaté?
gave3h as a pale green solid in 73% yield: mp =78L°C; TLC R = 0.25 (2:1
hexane/EtOAc)iH NMR (400 MHz, CDC}) 118.09 (d,J = 8.1 Hz, 2 H), 7.75 (d] =
8.3 Hz, 2 H), 7.467.33 (comp, 5 H), 5.29 (s, 2 H), 3.09Jt 7.2 Hz, 2 H), 3.02 (t]

= 7.0 Hz, 2 H), 2.13 (quin] = 7.1 Hz, 2 H):13C NMR (400 MHz, CDC}) i 198.89,
192.42, 161.57, 139.85, 135.49, 134.69 (o= 33 Hz), 129.16, 129.11, 128.93,
128.79, 126.05 (q) = 4Hz), 124.00 (q) = 277 Hz), 67.42, 39.70, 38.37, 18.91.; IR
(neat) 2134, 1716, 1673, 1658 4mHRMS (ESI)m/z419.123 [G4H1505 (M+H)

requires 419.121].

Ph OMe

70



Methyl 2-Diazo-3,7-dioxo-5,7-diphenylheptanoate (3i) Reaction betweetrans-
chalcone and enoldiazoacetatgave3i as a colorless solid in 89% vyield: TLG R

0.25 (2:1 hexane/EtOAc); spectral data were in accord with the litefature.

2.43 General Procedure for the Synthesis of Functiorlzed 2,3,7

Triketoesters

(0] (e}
Ar o 1) DMDO, acetone Ar o) o)
0°Ctort,24h
N HO OH
2
3 8

A 0.06 M solution of DMDO (20 mL, 1.3 eq) in acetone was added in one portion to
a solution ofa-diazob-ketoester3 (0.2 mmol, 1 eq) in acetone (1 mL) under a
nitrogen atmosphere at 0 °C. After 15 min, the reaction solutisnwaamed to room
temperature and stirred overnight. This solution was concentrated under reduced

pressure to provid@ as its monohydrate, which was used without further purification.

]

O O
OMe

HO OH
8a

Methyl 2,3,7-Trioxo-7-phenylheptanoate Hydrate (8a). Reaction betwen3a and
DMDO gave8aas a white amorphous solid in 99 % yield: mp =53%C; 1H NMR

(400 MHz, CDC}) U1 7.97-7.48 (comp, 5 H), 4.98 (br, 2 H), 3.83 (s, 3 H), 3.0 &,

6.9 Hz, 1 H), 2.79 (t) = 6.9 Hz, 1 H), 2.15 (quin] = 6.9 Hz, 2 H);13C NMR (400

MHz, CDCkL) 0 203.4, 199.7, 169.8, 137.0, 133.7, 129.1, 128.4, 92.8, 54.3, 37.2,
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35.2, 18.2; IR (neat) 3410, 1721, 1719, 16841criRMS (ESI) m/z 263.107

[C14H1505 (M+H) requireS 263109]

(0] (0]

o o 100 °C o o
OMe 10 torr OMe
HO  OH -H0 )
8a (hydrate) 8a

Methyl 2,3,7-Trioxo-7-phenylheptanoate (8a).Dehydration o8 was performed by
heating hydrate at 100 °C under high vacuum for tHWINMR (400 MHz, CDC}) U

8.037.42 (m, 5 H), 3.95 (s, 3 H), 3.10 {t= 6.9 Hz, 2 H), 2.99 (t) = 7.0 Hz, 2 H),
2.15 (quin,d = 7.0 Hz, 2 H);13C NMR (400 MHz,CDCl;) U 1991823, 197.

162.6, 137.0, 133.6, 129.0, 128.4, 53.6, 37.3, 36.6, 17.3.

LT LUALS
OMe

HO™ "OH
8b

Methyl 7-(Naphthalen-2-yl)-2,3,%trioxoheptanoate Hydrate (8b). Reaction
betweerBb and DMDO gavesb as a white amorphous solid in 99 % yiefdd NMR
(400 MHz, CDC}) 11 8.48 (s, 1 H)8.07-7.58 (comp, 6 H), 4.99 (br, 2 H), 3.82 (s, 3
H), 3.19 (t,J = 6.9 Hz, 2 H), 2.82 (tJ = 6.9 Hz, 2 H), 2.18 (quin] = 6.9 Hz, 2 H);
13C NMR (400 MHz, CDC}) U 203.4, 199.6, 169.7, 136.0, 134.3, 132.9, 130.1,
129.9, 129.0, 128.9, 128.2, 127.2, 12827, 54.2, 37.2, 35.3, 18.2; IR (neat) 3431,
1720, 1682, 1626, 1594 clnHRMS (ESI)m/z313.105 [G 4H,505 (M+H) requires

313.107].
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o O
MeO OMe

HO ©OH
8c

Methyl 7-(4-Methoxyphenyl)-2,3,#trioxoheptanoate Hydrate (8c). Reaction
between3c and DMDO providedc as a white saoti in 99 % yield: 1H NMR (400
MHz, CDCl) {1 7.93 (d,J = 8.2 Hz, 2 H), 6.94 (d] = 8.2 Hz, 2 H), 5.07 (br, 2 H),
3.87 (s, 3 H), 3.81 (s, 3 H), 2.99 Jt= 6.9 Hz, 2 H), 2.76 (t) = 6.9 Hz, 2 H), 2.12
(quin, J = 6.9 Hz, 2 H);13C NMR (400 MHz, CDC}) Ui 203.5, 198.3, 169.7, 163.8,
130.6, 130.0, 14.1, 92.8, 55.8, 54.2, 36.8, 35.3, 18.3; IR (neat) 3354, 1732, 1667,

1596 cml; HRMS (ESI)m/z293.102 [G4H1505 (M+H) requires 293.102].

O

O O
Cl OMe

HO OH
8d

Methyl 7-(4-Chlorophenyl)-2,3,%trioxoheptanoate Hydrate (8d). Reaction
between3d and DMDO gave3d as a white amghous solid in 99 % yield: mp = 56
58 °C;1H NMR (400 MHz, CDC}) {i7.89 (d,J = 8.6 Hz, 2 H), 7.45 (d] = 8.5 Hz, 2

H), 4.97 (br, 2 H), 3.83 (s, 3 H), 3.01 Jt= 6.9 Hz, 2 H), 2.76 (t) = 6.9 Hz, 2 H),
2.14 (quin,d = 6.9 Hz, 2 H);13C NMR (400 MHz, CDC}) ti 203.9, 198.3, 169.8,
140.0, 135.4, 129.8, 129.3, 92.7,3%437.2, 35.1, 18.0; IR (neat) 3434, 1739, 1715,

1682 1590 cr; HRMS (ESI)m/z297.054 [G 4H1=0s (M+H) requires 297.053].
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Methyl  7-(Anthracen-9-yl)-2,3,#trioxoheptanoate Hydrate (8e). Reaction
betweerBeand DMDO gavee as a white amorphous solid i® 9 yield: *H NMR
(400 MHz, CDC}) 1i8.52 (s, 1 H), 8.07 (dd = 8.3, 1.4 Hz, 2 H), 7.77 (dd,= 5.2,
4.5 Hz, 2 H), 7.667.49 (comp, 4 H), 4.96 (br, 2 H), 3.88 (s, 3 H), 3.14 &,7.1 Hz,
2 H), 2.91 (tJ = 7.0 Hz, 2 H), 2.30 (quin] = 7.0 Hz, 2 H);33C NMR (400 MHz,
CDCl3) G1209.9, 3.0, 169.7, 136.4, 131.4, 129.2, 128.7, 127.3, 125.9, 124.5, 119.9,
92.7, 54.3, 45.0, 35.1, 17.9; IR (neat) 3431, 1724, 1720, 1676, 1591 HRMS

(ESI)m/z363.125 [G 4H1505 (M+H) requires 363.123].

CH; O

HsC CH, OMe
HO™ "OH

8f

Methyl 2,3,7-Trioxo-7-(2,4,6trimethylphenyl)heptanoate Hydrate (8f). Reaction
between3f and DMDO gavesf as a white solid in 99 % yieldtH NMR (400 MHz,
CDCl3) U6.84 (s, 2 H), 4.94 (br, 2 H), 3.88 (s, 3 H), 2794 (comp, 4 H), 2.28 (s, 3
H), 2.18 (s, 6 H), 2.12.02 (comp, 2 H)13C NMR (400 MHz, CDGC})) ii 210.3,
203.2, 169.8, 139.7, 138.8, 132.8, 128.9, 92.7, 54.3, 43.4, 35.9, 21.4, 19.4R17.6;
(neat) 34211733, 1693, 1611 cA HRMS (ESI)m/z305.137 [G4H1505 (M+H)

requires 305.138].

74



O

o o
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HO OH

8g
Methyl 2,3,7-Trioxo-7-[4-(trifluoromethyl)phenyllheptanoate Hydrate (8g).
Reaction betweeBg and DMDO gave3g as a white amorphous solid in 99 % vyield:
1H NMR (400 MHz,CDCly) 118.07 (d,J = 8.1 Hz, 2H), 7.76 (d] = 8.1 Hz, 2H), 4.97
(br, 2H), 3.86 (s, 3H), 3.09 (3,= 6.9 Hz, 2H), 2.79 (t) = 6.9 Hz, 2H), 2.16 (quin]
= 6.9 Hz, 2H)13C NMR (400 MHz, CDC}) Ui 203.3, 198.6, 169.7, 139.6, 134.9]q,
= 30 Hz), 128.7, 126.1 (§ = 4 Hz), 123.9 (gJ = 270 Hz), 92.7, 54.3, 37.5, 35.0,
18.0; IR (neat) 3456, 3373, 1742, 1715, 1686-5nHRMS (ESI) m/z 331.081

[C14H1505 (M+H) requires 331.079].

O

o o
FsC OBn

HO OH
8h

Benzyl 2,3,7Trioxo-7-[4-(trifluoromethyl)phenyllheptanoate Hydrate (8h).

Reactionbetweendh and DMDO gave3h as a white amorphous solid in 99 % vyield:
mp = 5961°C;1H NMR (400 MHz, CDC}) 1i8.02 (d,J = 8.1 Hz, 2H), 7.74 (d] =
8.2 Hz, 2H), 7.397.33 (m, 5H), 5.29 (s, 2H), 4.98 (br, 2H), 2.95](& 7.0 Hz, 2H),
2.68 (t,J = 6.8 Hz, 2H), 2.02.03 (comp, 2H)13C NMR (400 MHz, CDC}) i

203.2, 198.5, 169.3, 139.6,134.9 (o= 36 Hz) 134.4129.3, 129.1, 128.8, 128.7,

126.1 (q,J = 4 Hz), 123.9 (q) = 276 Hz), 92.8, 69.1, 37.5, 35.0, 17.9; IR (neat)
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3432, 1730, 1690 ci HRMS (ESI) m/z 407.111 [G4H1505 (M+H) requires

407.110].

Ph OMe
HO OH

8i

Methyl 2,3,7-Trioxo-5,7-diphenylheptanoate Hydrate (8i). Reaction betweel3i
and DMDO gavesi as a white amorphous solid in 99 % yieltd NMR (400 MHz,

CDCly) Ui 8.0%7.15 (comp, 10 H), 4.96 (d, = 12.1 Hz, 2 H), 4.13.94 (m, 1 H),

3.73 (s, 3 H), 3.38 (d = 7.0 Hz, 2 H), 3.18.00 (comp, 2 H*C NMR (400 MHz,

CDClg) 1 202.2, 198.7, 169.7, 143.5, 137.1, 133.7, 129.0, 129.0, 128.4, 127.7, 127.3,

93.1, 54.2, 4.7, 42.4, 36.5; IR (neat) 3400, 1725, 1665, 159¥chRMS (ESI)m/z

339.121 [G4H1505 (M+H) requires 339.123].

2.4.4 Method A: General Procedure for the Lewis Acid Catalyzed

Synthesis of 1,2anti Cyclopetanonesl3

o) O coor O oH
Yb(OTf); (3 mol % |z 2 |3
A o o (OTf)s ( Ol M, Zon . Ar),,l COOR,
R, OR, CHiCl reflux,24h  H” o H o
o) Ri Ri
8 13 14

(major) (minor)

A solution of tricarbonyl compound (0.2 mmol, 1 eq) and Yb(OTfX12 mg, 0.0R
mmol, 0.D eq) in CHCl, (1 mL) was refluxed for 24 h under a nitrogen atmosphere.

The reaction mixture was concentrated under reduced pressure; and the residue was

76



purified by flash chromatography (Si9 eluting with hexanes/ethyl acetate (ratio

indicated below) to providd3 and 14 as a mixture of diastereomers. The major

isomer was purified by recrystallization from gEl,/hexanes unless stated

otherwise.

Determination of Percent Conversion and Diastereom& Ratio of
Cyclopentanones 13a and 14&eaction betweefaandacid catalystgavel3aand

14a as the only products observed By NMR spectral analysis of the reaction
mixture. The methoxy proton dda has a chemical shift of 3.83 ppm and the
methoxyprotons ofanti-13aandsynl4ahave chemical shift values of 3.85 ppm and
3.86 ppm, respectively. Percent conversion was determined by the relative integration
of the methoxy protons o08a, 13a, and 14a The diastereomeric ratios were
determined by relate integration of the proton alpha to the aryl ketone unit3#
andl4alocated at 4.22 ppm and 4.54 ppm, respectively. The diastereomeric ratios of

the other substrates were determined analogously to this method.

Interconversion Experiments of 13a ad 14a A solution of13a(26 mg, 0.1 mmol)
and Yb(OTfy (6 mg, 0.01 mmol) in ChCl, (1 ml) was refluxed for 24 h. The
reaction was cooled to room temperajred the catalyst was removed by passing
the mixture through a short pad of silica and rinsed wittyl acetate (3 ml). The
filtrate and washing were concentrated and the crude residue analyZeldNiVIR
spectroscopy. Onlyi3a was observed in théH NMR spectrum of the reaction

mixture.
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A solution of13a(26 mg, 0.1 mmol) and mesitylsulfonic acid yhilnate (7 mg, 0.03
mmol) in CH,CI, (1 ml) was refluxed for 24 h. The reaction was concentrated
the residue was analyzed by NMR spectroscopy. Onl§3a and mesitylsulfonic

acid were observed in thél NMR spectrum of the reaction mixture.

A solutionof 14a(26 mg, 0.1 mmol) and Yb(OT§)6 mg, 0.01 mmol) in CKCl, (1

ml) was refluxed for 24 h. The reaction was cooled to room temperature, and the
catalyst was removed by passing the mixture through a short pad of silica, and rinsed
with ethyl acetate3 ml). The filtrate and washings were concentrated and analyzed

by IH NMR spectroscopy. Onl¥4awas observed bagen thelH NMR spectrum of

the reaction mixture.

A solution ofl14a(26 mg, 0.0 mmol) and mesitylsulfonic acid dihydrate (7 mg, 0.03

mmol) in CH,ClI, (1 ml) was refluxed for 24 h. The reaction was concentrated

the residue was analyzed by NMR spectroscopy. Onlg4a and mesitylsulfonic

acid were observed in thél NMR spectrum of the reaction mixture.

A solution of 13a (26 mg, 0.1 mmol)mesitylsulfonic acid dihydrate (7 mg, 0.03

mmol) and CDG{ (0.7 ml) in a NMR tube was heated to 55 °C in an oil bath for 7

days. Analysis of the reaction mixture by NMR spectroscopy showed a mixture

(67:33) ofl3aand14aalong with >30% of an unidenigd by-product.

A solution of 14a (26 mg, 0.1 mmol), mesitylsulfonic acid dihydrate (7 mg, 0.03

mmol) and CDG (0.7 ml) in a NMR tube was heated to 55 °C in an oil bath for 7

78



days. Analysis of the reaction mixture by NMR spectroscopy showed a mixture

(67:33) ofl3aandl4aalong with >30% of an unidentified Jyroduct.

0
O \~OMe

l,, _oH
5%

13a

Methyl anti-2-Benzoyl1-hydroxy-5-oxocyclopentanel-carboxylate (13a)

Reaction betweeBa andYb(OTf)3; gavel3a(major isomerjandl4a(minor isomer)
as a mixture (95:5) of diastermers in 98% vyield. Pur&3a was isolated as a
colorless crystalline material in 69 % vyield after recrystallizatinom
CH,Cly/hexanes (1:1) mp = 159160 °C;1H NMR (400 MHz, CDC}) Ui 8.057.43
(comp, 5 H), 4.22 (ddj = 12.0, 8.0 Hz, 1H), 4.03 (s, 1 H), 3.85 (s, 3 H), 2804
(m, 1 H), 2.762.38 (comp, 3 H)13C NMR (400 MHz, CDG}) 1211.0, 197.5, 170.9,
136.1, 134.2, 129.2, 129.0, 82.2, 55.5, 53.9, 35.9, 2R.fneat) 3466, 174 1721,
1676, 1596, 1578 ¢y HRMS (ESI) m/z 263.0941 [G4H1=05 (M+H) requires

263.0919].

(0]
O \—OMe

L, _oH
T D=
13b

Methyl anti-2-(2-Naphthoyl)-1-hydroxy-5-oxocyclopentanel-carboxylate (13b)
Reaction betweeib andYb(OTf)3 gavel3b (major isomerjand14b (minor isomer)

as amixture (95:5) of diastereomers in 92 % yield. PaBb was isolated as

colorless crystals in 65 % yield by recrystallizatioom CH,Cl,/hexanes (1:1) mp
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= 207-211 °C;1H NMR (400 MHz, CDC}) 11 8.53 (s, 1 H), 8.17.53 (comp, 6 H),
4.39 (dd,J = 11.9, 7.9 Hz, 1 H), 4.07 (s, OH, 1 H), 3.86 (s, 3 H), 286 (m, 1 H),
2.77-2.41 (comp, 3 H)13C NMR (400 MHz, CDCJ) i 211.1, 197.6, 171.0, 136.2,
133.4, 132.8, 131.2, 130.1, 129.3, 129.1, 128.2,4,2124.3, 82.4, 55.5, 53.9, 36.0,

22.6;IR (neat) 3468, 1758, 1723, 1671, 1626, 1596'chRMS (ESI)m/z313.1089

[C1gH1705 (M+H) requires 313.1076].

O
O \—OMe

l,, _—oH
oo
MeO
13c

Methyl anti-2-(4-Methoxybenzoyl)1-hydroxy-5-oxocyclopentanel-carboxyl-ate

(13c). Reaction betweeBc and Yb(OTf)3 gave 13c (major isomer)and 14c (minor
isomer) as a mixture (93:7) of diastereomers in 94 % yield. Bawas isolated as

a colorless crystalline material in 71 % vyield by recrystallization from
CH,Clo/hexanes (1:1):mp = 155157 °C;1H NMR (400 MHz, CDC}) i 8.027.92
(d,J=8.9 Hz, 2 H), 6.96 (d] = 8.9 Hz, 2 H), 4.17 (dd] = 12.0, 7.7 Hz, 1 H), 4.01
(s, OH, 1 H), 3.89 (s, 3 H), 3.83 (s, 3 H), 2i8B.74 (m, 1 H), 2.32.60 (comp, 3 H);
I3C NMR (400 MHz,CDC}) U 21 1. 3,164 1.4 129.1, 714.4, 82.4,

55.9, 55.2, 53.9, 36.0, 22.5; IR (neat) 3481, 1758, 1715, 1667 RMS (ESI)m/z

293.1047 [GgH1706 (M+H) requires 293.1025].

O
O \—OMe

|, _i-oH
o
cl
13d
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Methyl anti-2-(4-Chlorobenzoyl)-1-hydroxy-5-oxocyclopentanel-carboxylate

(13d). Reacwn betweer8d andYb(OTf)3; gavel3d (major isomerjand14d (minor
isomer) as a mixture (95:5) of diastereomers in 96% vyield. Pidevas isolated in
69 % yield by recrystallization fror@H,Cl,/hexanes (1:1):mp = 176178 °C;1H
NMR (400 MHz, CDC}) 11 7.997.87 (d,J = 8.5 Hz, 2 H), 7.54.41 (d,J = 8.5 Hz, 2
H), 4.15 (ddJ = 11.9, 7.7 Hz, 1 H), 4.03 (s, OH, 1 H), 3.82 (s, 3 H), 2.90/2 (m, 1
H), 2.691 2.28 (comp, 3 H)13C NMR (400 MHz, CDC}) {i 210.8, 196.5, 170.8,
140.8, 134.4, 130.5, 129.82.2, 55.3, 53.9, 35.8, 22.IR (neat) 3478, 1763, 1722,

1680, 1586, 1568 ctf HRMS (ESI)m/z 297.0557 [G4H14ClO5 (M+H) requires

297.0530].
O o] O\\‘/OMe
|’f,, -OH
(O
13e
Methyl anti-2-(Anthracene-9-carbonyl)-1-hydroxy-5-oxocyclopentanel-

carboxylate (13e) Reaction betweeBeand Yb(OTf)3 gavel3e(major isomerand
14e (minor isomer) as a mixture (57:43) of diastereomers in 70 % yield. 1Bare
was isolated in 12 % yield by recrystallization fr@,Cl,/hexanes (1:1) mp =
189-192 °C;1H NMR (400 MHz, CDC}) 1i8.57 (s, 1 H), 8.15.48 (comp, 8 H), 4.30
(s, OH, 1 H), 4.21 (dd] = 12.8, 7.9 Hz, 1 H), 4.08 (s, 3 H), 2:332 (comp, 3 H),
1.97-1.90 (m, 1 H)13C NMR (400 MHz, CDCJ) 11210.9, 206.7, 170.9, 133.8, 131.3,

129.6, 129.3, 127.8, 127.6, 126.0, 12456,/862.4, 54.1, 35.9, 21.1R (neat) 3458,
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1765, 1736, 1692, 1520 clHRMS (ESI)m/z363.1263 [G5H;¢Os (M+H) requires

363.1232].
CH; O OH
|,,,, —~COOMe
53
HsC CHs
14f
Methyl syn1-Hydroxy-2-0xo-5-(2,4,6trimethylbenzoyl)cyclopentane 1-

carboxylate (14f) Reaction betwee8f and Sc(OTf)y gave13f (minor isomer)and

14f (major isomer) as a mixture (30:70) of diastereomers determinédH dyMR
spectroscopyrom the reaction solution before purification. The major isofHr
was isolated by flash chromatography using hexane/ethylacethYen(51% yield as

a pale green crystalline material: mp = 452 °C;1H NMR (400 MHz, CDC}) U
6.86 (s, 2 H), 4.00 (dd} = 10.4, 6.9 Hz, 1 H), 3.91 (s, OH, 1 H), 3.70 (s, 3 H), 2.77
2.65 (m, 1 H), 2.58.33 (comp, 2 H), 2.30 (s, 3 H), 2.27 (s, 6 HR62.21 (M, 1 H);

13C NMR (400 MHz, CDCJ) Ui 209.0, 207.3, 170.8, 139.7, 137.3, 134.3, 129.3, 81.2,
57.3, 53.7, 35.5, 21.6, 21.4, 20IR; (neat) 3381, 1755, 1733, 1695, 1611, 1572pm

HRMS (ESI)m/z 305.1409 [G7H5105 (M+H) requires 305.1389].

o}
O \OMe

l,, _0H
gt
13g

Methyl anti-1-Hydroxy -2-oxo-5-(4-(trifluoromethyl)benzoyl)cyclopentane-1-

carboxylate (13g) Reaction betweeBig andYb(OTf)3 gavel3g(major isomer) and
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14g(minor isomer) as a mixture (94:6) of diastereomers in 96 % yield. 1Bgneas

isolated in 60 % yieltby recrystallization fronCH,Cl,/hexanes (1:1) mp = 128130

°C; 1H NMR (400 MHz, CDC}) {i8.12 (d,J = 8.1 Hz, 2 H), 7.79 (d] = 8.1 Hz, 2

H), 4.21 (ddJ = 11.9, 7.6 Hz, 1 H), 4.05 (s, OH, 1H), 3.84 (s, 3 H), 297 (m, 1

H), 2.732.33 (comp, 3 H)*3C NMR (400 MHz, CDCJ) & 210.60, 197. 36,
139.07, 135.44 (q] = 33 Hz), 129.48126.30 (qJ = 4 Hz), 123.88 (qJ = 268 Hz),

82.27, 55.54, 54.04, 35.80, 22.1R. (neat) 3461, 1767, 1717, 1692, 1580, 1513 cm

1, HRMS (ESl)m/23310811 [qSH14F305 (M+H) requires 3310793]

o
O \-0Bn

l,, _&-oH
Do
13h

Benzyl anti-1-Hydroxy -2-oxo-5-(4-(trifluoromethyl)benzoyl)cy clopentane 1-

carboxylate (13h) Reaction betweeBh andYb(OTf)3 gavel3h (major isomeras

a colorless crystalline materim 92% isolated yieldmp = 93293 °C;1H NMR (400

MHz, CDCh) 118.05 (d,J = 8.1 Hz, 2 H), 7.76 (d] = 8.1 Hz, 2 H), 7.4%.30 (comp,

5 H), 5.305.19 (m, 2 H), 4.20 (dd] = 12.0, 7.9 Hz, 1 H), 4.08 (s, OH, 1 H), 282

2.28 (comp, 4 H)13C NMR (400 MHz, CDG)) U4 210.57, 196.88, 17
135.37 (qJ = 32 Hz),134.63, 129.46, 129.20, 129.12, 128.91, 126.24 4 Hz),

123.97 (q,J = 276 Hz), 82.23, 69.25, 55.58, 35.78, 22.09.; IR (neat) 3402, 1759,

1828, 1686, 1582, 1510 cln HRMS (ESI) m/z 407.1135 [G4H1gF305 (M+H)

requires 407.1106].
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O
O \—OMe

|, _ioH
o

Ph"
13i

Methyl anti-2-Benaoyl-1-hydroxy-5-oxo-3-phenylcyclopentanel-carboxylate

(13i). Reaction betwee8i andYb(OTf)3 gavel3ias colorless crystals in 92 % yield

as a mixture (93:7) of diastereomers. PuB was isolated in 49 % vyield by
recrystallization fronCH,Cl,/hexaneg1:1): mp = 118120 °C The stereochemistry

of 13i was determined bypay crystallography!H NMR (400 MHz, CDC}) Ui 7.70

7.10 (comp, 10 H), 4.63 (d,= 6.8 Hz, 1 H), 4.38.20 (m, 1 H), 4.05 (s, OH, 1 H),
3.633.41 (comp, 4 H), 2.92.30 (m, 1 H);13C NMR (400 MHz, CDC}) ti 207.6,

198.0, 170.0, 137.9, 137.3, 133.1, 128.5, 128.4, 127.8, 127.6, 126.9, 83.2, 57.2, 53.0,

41.9, 39.2;IR (neat) 3496, 1754, 1743, 1676, 1596, 15001ctHRMS (ESI)m/z

339.1254 [GgH 1905 (M+H) requires 339.1232].

2.4.5 Method B: General Brgnsted Acid Catalyzed Procedure for the

Synthesis of 1,ynCyclopetanonesl4

0] o o
OH COOR,
Ar o o Mes-SO3H (30 mol %2 ArJl’o —COOR, Ar){/// £oo
R4 OR, CHyCly, reflux, 24 h H:Ii/lo HGO
0 R R
8 14 13
(major) (minor)

A mixture of 2,3, *triketoester8 (0.2 mmol, 1 eq) and mesitylsulfonic acid dihydrate

(14 mg, .06 mmol. 0.3 eq) in GBI, (1 mL) was refluxed for 24 h under anogen

atmosphere. The reaction was concentrated, and the residue was purified by flash
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chromatography (Si§) eluting with hexanes and ethyl acetate to provi@and 14

as an inseparable mixture of diastereomers unless stated otherwise.

7 o
v, _+e=COOMe
o
14a

Methyl syn2-Benzoyl-1-hydroxy-5-oxocyclopentanel-carboxylate (14a)

Reaction betwee®a and Mes-SO;H dihydrategave 14a (major isomer) and.3a

(minor isomer) as a mixture (75:25) of diastereomers in 81 % VidltNMR (400
MHz, CDCh) Ui 7.967.47 (comp, 5H), 4.54 (] = 7.1 Hz, 1H), 4.09 (s, OH, 1H),
3.85 (s, 3H), 2.78 (dd] = 9.1, 5.6 Hz, 1H), 2.42.65 (comp, 3H)13C NMR (400
MHz, CDCk) 0 209.8, 199.8, 171.0, 137.1, 134.2, 129.2, 128.7, 82.1, 53.8, 50.1,

34.9, 22.6.

O oH

|/,,/ —~COOMe
O O

14b

Methyl syn2-(2-Naphthoyl)-1-hydroxy-5-oxocydopentane1-carboxylate (14b)
Reaction betwee®b and MesSO;H dihydrategave 14b (major isomer) and.3b
(minor isomer)as a mixture (61:39) of diastereomers in 80 % yi&tINMR (400
MHz, CDCk) 1i8.41 (s, 1 H), 7.99 7.87 (comp, 4 H), 7.66 7.54 (conp, 2 H), 4.68
(t, J=7.1 Hz, 1 H), 4.11 (s, OH, 1 H), 3.83 (s, 3 H), 2.8575 (m, 1 H), 2.69 2.37

(comp, 3 H);13C NMR (400 MHz, CDGJ) 11209.82, 199.78, 171.04, 136.08, 134.33,
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132.78, 130.66, 129.99, 129.40, 129.22, 128.33, 127.53, 124.11, 8294, 50.11,

34.94, 22.74.

O oH

|/,,, =—COOMe
=o
MeO

14c

Methyl syn2-(4-Methoxybenzoyl)1-hydroxy-5-oxocyclopentanel-carboxyl-ate

(14c) Reaction betweeBc and MesSO3H dihydrategave 14c¢ (major isomer)and

13c (minor isomer) as a mixture (60:40) of diastereomers in 67% isolat IH
NMR (400 MHz, CDC4) Ui 7.91 (d,J = 9.0 Hz, 2 H), 6.96 (d] = 9.0 Hz, 2 H), 4.45
(t,J=7.2 Hz, 1 H), 4.34 (s, OH, 1 H), 3.88 (s, 3 H), 3.83 (s, 3 H),-2.32 (m, 1 H),
2.562.40 (comp, 3 H)13C NMR (400 MHz, CDGJ) i 209.54, 198.67, 170.98,

164.63, 131.26, 129.68, 114,42.38, 56.00, 53.83, 49.44, 34.93, 23.09.

g o

\.,,_==COOMe
Joge
Cl

14d

Methyl syn2-(4-Chlorobenzoyl)}1-hydroxy-5-oxocyclopentanel-carboxylate
(14d). Reaction betwee®d andMes-SOzH dihydrategavel4d (major isomer) and
13d (minor isomer)as a mixture (75:25) of diastereomars’5 % isolated yield*H
NMR (400 MHz, CDC}) 11 7.83 (d,J = 8.6 Hz, 2 H), 7.45 (d] = 8.6 Hz, 2 H), 4.46
(t, J=6.9 Hz, 1 H), 3.90 (s, OH, 1 H), 3.84 (s, 3 H), 2.8171 (m, 1 H), 2.68 2.31
(comp, 3 H)13C NMR (400 MHz, CDGJ) 11209.70, 198.34, 170.72, 140.70, 135.47,

130.13, 129.49, 82.04, 31, 49.98, 34.81, 22.35.
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..., _«==COOMe
O

14e

Methyl syn2-(Anthracene-9-carbonyl)-1-hydroxy-5-oxocyclopentanel-
carboxylate (14e) Reaction betweeBe andMesSO;H dihydrategavel4e(major
isomer) andL3e(minor isomer)as a mixture (94)6of diastereomers in 82 % isolated
yield together with an inseparable impurity (3eeNMR spectrum)H NMR (400

MHz, CDCk) Ui 8.54 (s, 1 H), 8.09.93 (comp,4 H), 7.59 7.47 (comp, 4 H), 4.37
(dd,J=10.0, 7.2 Hz, 1 H), 3.80 (s, OH, 1 H), 3.33 (s, 3 H), 2.2865 (m, 1 H), 2.55

- 2.40 (m, 2 H), 2.32 2.24 (m, 1H):33C NMR (400 MHz, CDCJ) i 209.06, 206.51,
170.38, 134.16131.31, 129.91, 129.20, 127.95, 127.43, 126.03, 124.97, 81.20, 58.99,

53.34, 35.55, 21.71.

Methyl syn1-Hydroxy-2-0xo-5-(2,4,6trimethylbenzoyl)cyclopentane 1-
carboxylate (14f) Reaction betweeBf and MesSO;H dihydrategave 14f as a
single isomein 61 % vyield: mp = 1552 °C;1H NMR (400 MHz, CDC}) i 6.86
(s, 2 H), 4.00 (ddJ = 10.4, 6.9 Hz, 1 H), 3.91 (s, OH, 1 H), 3.70 (s, 3 H), 255
(m, 1 H), 2.552.33 (comp, 2 H), 2.30 (s, 3 H), 2.27 (s, 6 H), 2281 (m, 1 H)13C

NMR (400 MHz, CDC}) u 209.0, 207.3, 170.8, 139.7, 137.3, 134.3, 129.32,81
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57.3, 53.7, 35.5, 21.6, 21.4, 20IB; (neat) 3381, 1755, 1733, 1695, 1611, 1572m

HRMS (ESI)m/z 305.1409 [G7H2105 (M+H) requires 305.1389].

s,
\.,, __e=COOMe
Joge=:
F3C
149

Methyl syn1-Hydroxy -2-oxo-5-(4-(trifluoromethyl)benzoyl)cyclopentane-1-
carboxylate (14g) Reaction ktween8g andMesSO3H dihydrategave14g (major
isomer) andlL3g (minor isomer) as a mixture (75:25) of diastereomers in 75% yield.
1H NMR (400 MHz, CDCY) U1 7.98 (d,J = 8.1 Hz, 2 H), 7.74 (d] = 8.1 Hz, 2 H),
451 (t,J=6.7 Hz, 1 H), 3.83 (s, 3 H), 3.79 (s, OH, 1 H), 27873 (m, 1 H), 2.66

2.31 (comp, 3 H)13C NMR (400 MHz, CDGCJ) 11 209.8, 198.5, 170.5, 140.2, 135.2

(J=33 Hz), 128.9, 126.1€ 4 Hz), 123.9 = 271 Hz), 81.9, 54.1, 50.4, 34.7, 21.9.

@ o
. _&CO0Bn
oo
FsC
14h

Benzyl syn1-Hydroxy -2-oxo-5-(4-(trifluoromethyl)benzoyl)cyclopentane-1-
carboxylate (14h) Reaction betweeBh andMes-SO3;H dihydrategavel4h (major
isomer)in 60% vyield as a colorless crystatimaterialand13h (minor isomer) 17%

yield . These isomers were separated by flash chromatography with hexane/ethyl
acetate (1:3) as the eluent: mp =®1°C;*H NMR (400 MHz, CDCJ) 11 7.87 (d,J =

8.1 Hz, 2 H), 7.59 (d] = 8.1 Hz, 2 H), 7.45 7.29 (m, 5 H), 5.24 (dd] = 38.6, 12.0

Hz, 2 H), 4.47 (tJ = 6.9 Hz, 1 H), 3.75 (s, OH, 1 H), 2:2874 (m, 1 H), 2.62 2.48

88



(m, 2 H), 2.371 2.23 (m, 1 H);}3C NMR (400 MHz, CDG)) o 2198.078 1
170.25, 140.02, 135.00 (d, = 34 Hz), 134.70, 129.45, 129.29, 129.02, 128.89,
126.11(q,J = 3.4 Hz), 123.95 (q) = 271 Hz), 81.49, 69.02, 50.39, 35.05, 22.163.

(neat) 3425, 1763, 1733, 1688 &nHRMS (ESI)m/z407.1123 [G;H;gF305 (M+H)

requres 407.1106].

2.4.6Procedure for Selective Reduction to 1;Piols

o) O\\/OMe o) O%/OMe
/// N NaBH,4 /// Y
Ph—", eOH ———— pp—", »OH
H/E/;O CH,Cl,/MeOH (1:1) H/ES...OH
-45°C,2h
13a 18

(x)-Methyl (1R,2S,5R)-2-benzoytl,5-dihydroxycyclopentanel-carboxylate (18).
A mixture of cyclopentanoné3a (0.052g, 0.2 mmol) and NaBH0.030 g, 0.80
mmol) in MeOH:CHCl, (1.5 mL, 1:1) was stirred for 2 h a5 °C. The reaction

was quenched with 4 N HCI (2 mL) a45 °C, warmed to room temperature, and

extracted with CHCIl, (10 mL x 3). The combined organic layers were dried
(NaySQy), filtered, and concentrated under reduced press The residue was
purified by recrystallization from CpClo/hexane(1:1) to providel8in 85% yield as

a colorless crystal. The stereochemistry B8 was determined by -ray
crystallography: mpg 134136 °C;'H NMR (400 MHz, CDCY) U i 7.429cbmp,
5H), 4.40- 4.37 (m, 1H), 3.99 (t) = 9.9 Hz, 1H), 3.92 3.79 (comp, 4H), 2.48 (br,
1H), 2.292.21 (comp, 3H), 2.08 2.00 (m, 1H).13c NMR (400 MHz, CDGh) U

199.3, 174.2, 136.5, 133.7, 129.0, 128.9, 85.5, 80.4, 553, ZB4,24.7; IR (neat)
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3476, 3412, 2964, 1717, 1684, 1596"EnHRMS (ESI)m/z 265.1086 [G4H;70s

(M+H) requires 265.1076].
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2.4.7'*H NMR and 3C NMR Spectra
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