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ABSTRACT

Selective C—H activation methods provide a complatiany approach for synthesizing complex
small molecules, which traditionally are constrdctey chemists using C—C bond forming reactions to
join preoxidized fragments. Furthermore, the sgiateapplication of C—H activation reactions has
considerable potential for improving the overalfi@éncy of synthetic endeavors by introducing
functionality directly into preassembled hydrocardoameworks, mitigating the effect of having targa
reactive functionality throughout a reaction seagqgenWith this goal in mind, this work describesegies
of projects that develop and implement novel C—litlation reactions and strategies.

Firstly, a mild and efficient oxidation strategy e preparation of chiral polyols is presented an
validated through an enantioselective synthesigitéérentially protected -galactose. This synthesis is
enabled by the development of a highly regio- aedesselective linear allylic C—H oxidation reactio
that generates 4-methoxybenzoate derivatives ofalcHE)-2-butene-1,4-diols directly from readily
available chiral homoallylic alcohols and carbozydicids.

Secondly, this work details the discovery of a tatiemetallic Pdbis-sulfoxide/(Salen)CtF
catalyst system for asymmetric allylic C—H oxidatiof terminal olefins. Evidence is provided that
supports a model in which a chiral Lewis acid ctalyest interacts with an organometallic intermeeliahd
influences the stereochemical course of the catapybcess. Additionally, this work establishestttie
asymmetric branched allylic oxidation reaction cd® combined with other enantioselective
transformations to afford enantiopure, polyoxygedatllylic alcohols rapidly and in good yields.

Thirdly, this work outlines the development of avabcatalytic palladium(ll)-based method for
the conversion of ketones, ketoesters, and aldshgldtectly to their unsaturated homologs, withd t
need for prior activation of the carbonyl. Impaitg, this reaction shows good to excellent reatgtiand
unprecedented selectivities for a number of sutestravith a diverse array of functional groups.
Preliminary mechanistic studies suggest the reacpimmceeds through a Pd-enolate intermediate that
undergoes successifiehydride elimination to give the desired unsatutatarbonyl compounds, and that

the acid additive is a key promoter of the reaction
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Chapter 1

Polyol Synthesisvia Hydrocarbon Oxidation: De Novo Synthesis of L-Galactose*

1.1 Introduction

The strategic application of C—H oxidation reactidms shown significant potential for improving the
overall efficiency of complex molecule synthesis inyroducing oxygen and nitrogen functionality ditlg into
preassembled hydrocarbon framewdt&8. Selective C—H activation methods provide a comeletary approach
to the traditional strategy of C—C bond formingatians between preoxidized fragments. An imporgutiset of
these reactions, catalytic allylic oxidations, hiseen known for over 40 yeats! however, most are limited by low
conversions and/or lack of substrate generality ttugooor functional group tolerance. Mild allylicxidation

methods using palladium(ll) salts in acetic acicc@)**"

are available for transforming internal olefimgo
regioisomeric mixtures of allylic acetates. Thesactions are believed to proceed via substitutibn-allyl-Pd
intermediates generated through allylic C—H clead§®*"For reasons that are not fully understood, unidese
same conditionst-olefins predominantly undergo Wacker oxidation to yield mies of vinyl acetates and methyl
e, 6¢,d

ketone®

Figure 1.1.Catalytic linear allylic oxidation adi-olefins with Pd(OAcyDMSO/BQ
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In 2004, White and Chen discovered that addition difmethyl sulfoxide (DMSQ to a
Pd(OAc)/benzoquinone(BQ)/AcOH catalyst system resulted @—H oxidation method for converting a variety
of a-olefin substrates to lineaE)-allylic acetates with high regio- and stereos@i@es in moderate yields (Figure

1.1). This was the first report of DMSO acting dgand to significantly alter both the reactiortipaay selectivity



and regioselectivity in a Pd(ll)-catalyzed oxidatf though DMSO had been widely used in Pd(Il)-mediate
oxidation systems to promote reoxidation of Pd(@h@..”

In 2005, White and Fraunhoffer reported a direanparison of the C—H oxidation approach to the
traditional joining of preoxidized fragments via @G-bond-forming methods for the production Bj{inear allylic
acetate§. They showed that carrying oxygenated functionalityough a synthesis often necessitates the use of
functional group manipulations (FGMs) (e.g. subssjureactions to adjust oxidation state, alcohaitgmtion
deprotection sequences, etc.) and that this nedataffects synthetic efficiencyi.€. total yield and number of
synthetic steps). Alternatively, direct oxidatiumn€tionalization of hydrocarbon units late in atbytic sequence

proceeded with fewer FGMs, resulting in shortertsgaes and increased overall yields (Scheme 1.1).

Scheme 1.1Linear E)-allylic acetates through a C—H oxidation approeshtraditional C—C bond forming reactions
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The linear allylic oxidation developed in our labopeeds with unprecedented levels of selectivitgg an
generality offering clear synthetic advantages dxeditional routes to linear allylic acetates. Hwer, significant
challenges remained that precluded its routineiegupbn (.e. requirement for solvent quantities of nucleophile
limiting its scope, superstoichiometric oxidantgthicatalyst loading, moderate yields, and longtreadimes) and
presented exciting opportunities for further depabent and discovery. With these challenges in raimdl a desire
to test the hydrocarbon oxidation strategy in agrammplex, densely functionalized setting, | unol@ta project to

advance and apply a more practical linear allyliel oxidation.

Scheme 1.2A C—H oxidation strategy for polyol construction
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Chiral (E)-2-butene-1,4-diols such asare attractive building blocks that possess demsetibnalization, a
dissonant oxygen relationsHipnd are easily elaborated through establishednotedidation chemistry, such as the
asymmetric dihydroxylation (Scheme 1.2). Compoulikis 1 have been routinely employed as intermediates in
natural product syntheses to install a diverse eamifgstructurese.g. 5- and 6-membered mono- and polycyclic
ethers'® epoxyalcohols! and, most extensively, contiguous polyol structtif&tate-of-the-art syntheses bbased
on Wittig-type olefination§ or cross-metathesis reactithsuffer from lengthy sequences, in part due to the
difficulty in accessing highly enantioenrichedhydroxy -aldehyde and -olefin starting materighdternatively,
using a C—H oxidation approach,may be synthesized directly from protected cHi@hoallylic alcohols like2
via the DMSO/Pd(Il)-promoted allylic oxidatiothe requisite starting materials for this strategg stable and
readily accessibleia asymmetric allylation of aldehydEs° or regioselective vinylation of chiral epoxidesk®me
1.2)Y

Significantly, 4-methoxybenzoate derivatives ofrah(E)-2-butene-1,4-diols1) are unique among allylic
alcohol derivatives in their ability to undergo msyetric dihydroxylation with excellent reagent-awtied
diastereoselectivity and minimal acyl transferwhite and Fraunhoffer demonstrated in 2005, that th
DMSO/Pd(I)-promoted linear allylic oxidation of gtected chiral homoallylic alcohoisith acetic acid furnishes
acetate derivatives of chiraE)-2-butene-1,4-diols in excellent regio- and stesdectivities and no erosion in
optical purity® In order to avoid functional group manipulationglancrease the nucleophile scope of the linear
allylic oxidation, we set out to identify conditisnwhereinp-anisic acid 4) could be used as a nucleophile to
directly generate 4-methoxybenzoate derivatived défom a-olefins. Contained within this specific goal wae t
broader aim of improving the reactions practicality seeking solutions to the challenges of the ity
discovered system.¢. nucleophile loading, nucleophile scope, moderagddy high catalyst loading, and long

reaction times)

1.2 Results and Discussion

1.2.1 Reaction Optimization

As shown in Table 1.1, preliminary studies wikolefin 3 suggested that acidl may be a competent
nucleophile in the DMSO/Pd(II) linear allylic oxitlan reaction to form K)-2-butene-1,4-diol precursdr if the

challenges associated with high acid loadings endyields were resolved (15 equi.23% yield, Table 1.1, entry



1). We were encouraged by the observation thatfgignt amounts ofi-olefin starting material remained at the end
of the reaction, suggesting that the acid labilet@ude functionality was tolerant of these comdi. The addition
of N,N-diisopropylethylamine (DIPEA), a non-coordinatibgse additive, effected a significant increaseiaidy
(45% vyield, Table 1.1, entry 2). Although the exaale of the base is currently unclear, it is ceable to
hypothesize that it results in increased conceotratof the benzoate anion and thereby promotegifumalization.

A second increase in yield was obtained by swigliridants from benzoquinone to phenyl-benzoquin@BQ,
55% yield, Table 1.1, entry 3). Finally, we obsehtbat by increasing the reaction molarity to 8,0we achieved
further increases in yields and were able to useifeequivalents of carboxylic acid (i.e. 20 3 equiv.4, 75%

yield, Table 1.1, entries 3-6).

Table 1.1.Evaluation of the linear allylic oxidation reagtito form the E)-2-butene-1,4-diol precursé)-3.

OBn

0Bn OMe
o N
Pd(OAc), (10 mol%) - o
%’o (-3 DMSO:CH,CI,? 0
: 0 0o
+ 0 DIPEA (50 mol%) (*)-5
oH 4AMS, Q (2 equiv.) 75% yield
air, 41°C >300:1 L:B
MeO 4 97:3E:Z
—_— DMSO:CH,Cl, Quinone Acid Isolated
y Molarity (M) (Q) (equiv.) yield®

1 0.33M BQ 15 23%4
2 033 M BQ 15 45%

3 0.33M PhBQ 15 55%

4 0.6M PhBQ 10 66%

5 1.0M PhBQ 5 67%
[ 2.0M PhBQ 3 75%
7° 20M PhBQ 3 71%¢
8 2.0M PhBQ 3 63%F

9 3.0M PhBQ 1.5 50%

3DMSO:CHCl, (3.2:1).’Linear to branched allylic ester L:B afZ ratios determined by HPLC for material
obtained from entries 6 and 7 using authentic bredallylic ester and acetonide-deprotedfeahdZ allylic
ester standards: L:B = >300:1; E:Z =30:1, 36:1r{es 6 and 7, respectivelyReactions done on a 1 mmol
scale ((-)3, 262 mg). Yields and selectivities represent aeraye of at least 2 rundNo DIPEA (N,N-
diisopropylethylamine) was addé®d[CHCN]4(BF4), (10 mol%), 13% of (-8 was recovered'Pd(OAc) (5
mol%).

The linear allylic oxidation reaction is exceptidly stereo- and regioselective with selective fation of
the linear,E-isomer (L:B = >300:1E:Z = 30:1 to 36:1; entries 6 and 7, Table 1.1). UsOAc) as the Pd(ll)
source, the only observed byproduct in the readtighe allylic acetate, which we found can be #lated by using
Pd(CHCN)4(BF,),, (Table 1.1, entry 7). This reaction is also jar@gively convenient, with all reactions run under

an air atmosphere with no precautions taken touelecmoisture or © Significantly, with these newly developed



conditions the catalyst loading may be decreasédrntml|% with only a minor decrease in yield (63%lgi Table
1.1, entry 8). Moreover, fragment coupling of relefin with only 1.5 equiv. of carboxylic acid j®ssible in

useful yields at higher concentration (3.0 M, 5a%ble 1.1, entry 9).
Table 1.2.Preliminary evaluation of microwave heating fopimoved reaction rates

OPMB

N OPMB OMe
Q Pd(OAc), (10 mol%) - o
%’0 6 DMSO:CH,Cl,?
{CHCly (o}
8 o

+ (o] 7
on . DIPEA (50 mol%)
4A MS, BQ (2 equiv.) >10:1 L:B
MeO 4 air, microwave >10:1 E:Z

(15 equiv.)

Entry Power Temperature Tir_ne HF:’LC
W) (°C) (min) yield

! 30 4 15 <5%

2 100 M 15 23%
3 100 M 30 1%

4 150 M 15 29%

5 100 100 15 28%

The optimized conditions describedde suprd provide preliminary evidence that many of thectical
challenges initially identified for the linear dily oxidation may be addresseide( nucleophile scope, nucleophile
loading, and catalyst loading) without negativehpacting selectivities or functional group toleranelowever the
reaction times for this system remained lengthy IfF®9), and turnover rate would become more of aeonas
catalyst loadings were reduced (Table 1.1, entys6entry 8). While this problem has yet to berdghly
addressed, preliminary investigations with the teglax-olefin starting materiab and acid4 under microwave
heating suggest a possible solution. After 15-3Autes of heating with large excesses of acid roptide (15
equiv.4) yields of ~30% were obtained (Table 1.2, ent8&4) while maintaining good levels of selectivity

1.2.2 Enantioselective Total Synthesis af-Galactose

Compounds analogous tb have been used as intermediates in several stergdnt syntheses of the
hexoses, an important class of poly§fsi® | set out to test the efficiency of our allylic C—aidation strategy for
polyol construction in the context of a shate novosynthesis of differentially protectedgalactose (-t2 from a
commercial, achiral starting material in which @diw oxygen functionality would be installeth C—H and C=C
bond oxidation reactions. | envisaged that2-butene-1,4-diol could be converted to the keplefin starting

material efficiently and on scale through epoxiolatand subsequent rearrangement. Linear allylic Cexidation



followed by asymmetric dihydroxylation would affotige fully oxidized hexose core, and subsequentipo#ations

would lead to the desired differentially protectethatural sugar (Scheme 1.3).

Scheme 1.3Retrosynthesis df-galactose utilizing linear allylic C—H oxidation

OH
L-Galactose
OH
[ — /W/k/\
)(°
OH

Bulk commodity chemicalZ)-2-butene-1,4-dioB was epoxidized withm-chloroperbenzoic acid to give
meseepoxide9 in 74% vyield. The reproducibility of epoxidatiorag significantly aided by the development of a
washing procedure for commercially availabtechloroperbenzoic acid followed by titration of thmesulting
solution using NoD NMR.Mescepoxide9 was then desymmetrizetiha enantioselective Payne rearrangement with
oligomeric R,R-(Salen)CY' OTf catalyst (Salen =\,N-Bis(3,5-ditert-butylsalicylidene)-1,2-cyclohexanediamine)
and subsequently ketalizénl situ to give chiral epoxyketal,3-10.%° This reaction has also been optimized with
commercial R,R-(Salen)C8 OAc (2 mol%) to give the desired chiral epoxykeétal7% overall yield (95%6).
Lower yields were due to epoxide opening by MeOHirdy ketalization with higher catalyst loadings thie
monomeric catalyst.Regioselective opening at the terminal positiontlid epoxyketal with vinylcuprate and
ensuing benzyl protection of the intermediate ait@ave protected homoallylic alcohol @) 54% overall yield
(3-steps, 99%ed.*"*® Linear allylic C—H oxidation of (-B using 10 mol% Pd(C¥N)(BFs), under the
optimized conditions (2, PhBQ, 50 mol% DIPEA) with 3 equiv. @fanisic acid4 furnished 4-methoxybenzoate
derived E)-2-butene-1,4-diol (+p in 71% yield (w/ 13% recovered (3)-as essentially one isomer (L:B= >300:1;
E:Z = 36:1) with no erosion of enantiopurftyAlternatively, using 10 mol% Pd(OAc)n DMSO under the same
conditions, (+)5 was obtained in 75% yield wiita. 10% of the allylic acetate product that was ardutmuseparate
via silica gel chromatography. Asymmetric dihydriation of (+)5 proceeded smoothly to give fully oxygenated (-

)-11in 96% vyield with >20:1 d.rd NMR).?? Bis-silyl protection of diol (-)11 followed by DIBAL cleavage of the



p-methoxybenzoate ester, Swern oxidation of theltiaguprimary alcohol, and isopropylidene ketal mral with
Zn(NOs),BH,0% gave differentially protected-galactose (-2 in 74% vyield (4-steps¥. This enantioselectivele

novo synthesis of (-2 proceeds in a total of 10 linear steps and 20%abivgield from commercial starting
material8.
Scheme 1.4Total synthesis of differentially protected L-gattase(-)-12

2) oligomeric
(R,R)-(salen)Co(lll)OTf o"o,,,,'

HO_\—/_OH 1) mCPBA, CH,Cl,, Ho—\W/—OH (0.05 mol%), CH;CN; l/\/\o
g — — > > :

2-methoxypropene, 10

0°C to rt ( 74%)
) p-TSOH-H,0 (1 mol%), 0°C
3) CuBr (10 mol%), 5) Pd(CH3;CN),(BF,), OB
CH,=CHMgBr, 9Bn (10 mol %), PhBQ, g
THF, -40°C 4 (3 equiv.), 4A MS, R o. £
> /\/\/\o - > AN y o
4) TBAI (10 mol %), B DIPEA (0.5 equiv.), B
NaH, DMF, 0°C; (-)-3 07L DMSO:CH,Cl, (3:1), [¢] (+)-5 07L
BnBr, 0°C to rt, 41°C, 72 hr -
h , R = 4-OMeC¢H
(54% ylt:ld, (71% yield, L:B = o
(3 step) 99% ee) >300:1; £:Z = 97:3) oras
6) K;,0s04 (1 mol%), OH OBn
(DHQD),PHAL H 7) TBSOTT, 2,6-lutidine, CH,Cl,, BnO, WOTBS
(5 mol%), R o 0°C to rt, (90%)
— = N -
;3?é033:, K,CO;3, o OH 67L 8) DIBAL, CH,Cl,, -78°C, (98%) OH
eS0;NH,
t.BuOH:H,0, 0°C R =4-OMeCgH, 9) (COCl),, DMSO, NEt5, o
(96%, >20:1 d.r.) ()11 -65°C, (90%) (-)-12

10) Zn(NOs),, CH3CN, 50°C, (93%)

Interestingly, when gara-methoxybenzyl (PMB) group was used to protect@3ealcohol instead of a
benzyl group, the synthetic sequence suffered \&rak stages, though no difference was observedhirkey
allylic C—H oxidation step. In particular, the asyetric dihydroxylation gave only 50% conversiod%% yield)
after 24 hours (versus 96% yield after 4 hovida suprg. The PMB group has been used as an alternativie t
methoxybenzoates as an agent for interacting wsgmanetric dihydroxylation ligands, suggesting titamay
competitively interact with the catalyst and slohe treaction. Furthermore, attempts to perform fihal
deprotection/cyclization of this sequence were oosssful due to significant deprotection or migratof the PMB

group under all conditions evaluated for acetomé&roval.

1.3 Conclusions
A number of stereodivergeride novosyntheses of the hexoses fr8rhave employed chiraEj-2-butene-
1,4-diols analogous t6 as intermediates. The C—H oxidation routest@ steps, 28% overall yield) compares

favorably with the Wittig-olefination routes of tipeeviously reported syntheses with respect to rarrobsteps and



overall yield (11 steps, 18% overall yi&ltl 9 steps, 16% overall yief). Analogous to these previous syntheses,
the strategy developed herein provides access xoshestereoisomers that are complementary to tbbsened
through aldol-based approach@s.

In summary, a mild and efficient hydrocarbon ofiola strategy for the preparation of chiral polybkss
been presented and validated through an enantibiselesynthesis of differentially protectedgalactose ((-}t2).
This synthesis was enabled by the developmenthidlay regio- and stereoselective linear allylic Eexidation
reaction that generates 4-methoxybenzoate dereatiof chiral E)-2-butene-1,4-diols directly from readily
available protected chiral homoallylic alcohols aaboxylic acids. We anticipate that the strudtursimplifying
and mild nature of this transform (i.&.= 2, Scheme 1.2) will render it generally useful ire thynthesis of

polyoxygenated motifs in the context of complex euniles’®

1.4 Experimental Section

General Information: All commercially obtained reagents were used aseived: 2-phenyl-1,4-
benzoquinone (ACROS); Pd(GEN)4(BF,),, Pd(OAc), K,OsQ, - 2H,0, (1R,2R)-(-)-[1,2-Cyclohexanediamino-
N,N’-bis(3,5-di-t-butylsalicylidene)]Cobalt(ll) (8m Chemicals). Palladium was stored in a glove lnader an
argon atmosphere and weighed out in the air poiarse. Solvents tetrahydrofuran (THF), diethyl e{&,0), and
methylene chloride (C}l,) were purified prior to use by passage throughed bf activated alumina (Glass
Contour, Laguna Beach, California). Anhydrous Ndisethylformamide (DMF) (Sure/Seal) was obtaineaif
Sigma-Aldrich and used as receivedz)-2-butene-1,4-diol (Fluka) was used as receivédl. allylic oxidation
reactions were run under air with no precautiokernato exclude moisture. All other reactions wane under a
balloon of argon gas unless otherwise stated. rAtlgas chromatographic (GC) analyses were perfdrome
Agilent Technologies 6890N Series instrument egeippwnith FID detectors using a HP-5 (5%-Phenyl)-
methylpolysiloxane column (30m, 0.32mm, Qu&%. HPLC analysis was performed on an Agilent Tetbgies
1100 HPLC system with a model 1100 Quaternary Pubipde Array Detector, Thermostat, and Autosampler.
Thin-layer chromatography (TLC) was conducted \i&tiMerck silica gel 60 F254 precoated plates (@25) and
visualized with UV, potassium permanganate, andccammonium molybdate staining. Flash column
chromatography was performed as described by &tifll>’ using EM reagent silica gel 60 (230-400 mest.

NMR spectra were recorded on a Varian Unity 40®(KHz) or a Varian Unity 500 (500 MHz), or a Varibmity



Inova 500NB spectrometer and are reported in ppnguolvent as an internal standard (Cp&tl7.26 ppm). Data
reported as: s = singlet, d = doublet, t = triptetz quartet, m = multiplet, b = broad; couplingistant(s) in Hz;
integration, corresponding carbon atom. Protoredpted™*C- NMR spectra were recorded on a Varian Unity-500
(125 MHz) spectrometer and are reported in ppmgusbivent as an internal standard (Cp&t 77.0 ppm). IR
spectra were recorded as thin films on NaCl platea Perkin-Elmer Spectrum BX and are reportedeqguency of
absorption (c). All optical rotations were determined on a Reikimer 341 Polarimeter using the sodium D line
(589 nm). High-resolution mass spectra were obthat the University of lllinois Mass Spectromdtgboratory.
Representative Procedure for the PA(CHCN)4(BF,), catalyzed Linear Allylic C—H Oxidation of (-)-3 to (+)-

5. To a 40 mL borosilicate vial was added sequentidé following: Pd(CHCN)4(BF4), (44.4 mg, 0.1 mmol, 10
mol%), phenyl benzoquinong368 mg, 2.0 mmol, 2 equiv.p-anisic acid (456 mg, 3.0 mmol, 3 equiv.), 4A
molecular sieve4200 mg), DMSO (0.380 mL), Gi&l, (0.120 mL), DIPEA (0.122 mL, 0.7 mmol, 0.7 equiahd

a Teflon© stir bar. The vial was then capped atidesl at 42C for 1 hour. The vial was cooled to room
temperature an@)-(3) (262 mg, 1 mmol, 1 equiv.) was added. The vial wagped and stirred at 41 for 72
hours. Care was taken in charging and stirringetepkall reagents off of the walls and containath@tbottom of the
vial and in maintaining the temperature centeredt8€ (i.e. 46C-43C). Upon completion, the reaction was
guenched with sat. aq. N@I solution (1 mL), stirred for 30 minutes, and nhteansferred to a separatory funnel
using ethyl acetate (10 mL). Hexanes (40 ml) wdtked and the organics were washed wisd K60 mL) and 5%
ag. NaCQO; solution (2 x 50 mL). (Note: Upon addition of les a significant amount of phenyldihydroquinone
will crash out of solution as a black solid. Tkiglid is readily removed in the next step duridgdtion.) The
organic layer was dried (MgSp filtered, and reduceth vacuo Subsequent transfers were all performed using
ether to minimize transfer of phenyldihydroquinoneRurification via flash silica gel chromatograpl0%
Et,0/hexanes) gave 0.309 g of (f)}-@s an amber oil: (Run 1 = 71% vyield; run 2 = 6@&d4d; run 3 = 74% yield)
Average = 71% yield Approximately 13% of (-B was also recovered. Linear to branched Brifiratios were
determined as described above and found to beasinalthose determined for Pd(OAdL:B = >300:1;E:Z =
36:1).

(3-Hydroxymethyl-oxiranyl)-methanol (9)

0
HO\/R/OH To 35 g of<77% purem-chloroperbenzoic acid (Aldrich) in a 1 L separgtéunnel was

1

added dry CECI, (250 mL). The solution was washed with 1:1 sat.N@HCQ;:H,0O solution (2 x 100 mL) and



then dried over N&Q, until the liquid became translucent (~ 1 hr). Bodution was then filtered into a clean, dry
1 L round bottom flask pre-marked at approximat@®0 mL volume. Dry ChCl, was added to bring the total
volume up to this mark and a 0.65 ml aliquot wanaeed and titrated using No-D NMR with a known amioof
CHCl; (~50 L) as the internal stand&fd.By this analysis, the solution was determinedtdatain 15 g (87.2
mmol, 1.1 equiv.) of mMCPBA. A Teflon®© stir bar waslded and the atmosphere exchanged for nitrogéme
solution was cooled to 0°C and){2-butene-1,4-diol&) (6.85 mL, 79.3 mmol, 1 equiv.) was added via rayei
The reaction was allowed to warm to room tempeeaturd became a milky color within one hour. Aftérhours
of stirring, the CHCI, was removed via rotary evaporation, dry ether (8QQ was added, and the material was
stirred 3 hours at room temperature, after whighrémaction flask was placed in a -20°C freezerlftwour. The
resulting solids were filtered off and rinsed wibld, dry ether (5 x 50 mL). The filtrate was laftthe freezer
overnight to give a second harvest of crystals iwere also filtered and washed with dry, cold etbegive a total
of 6.16 g of a fine white powde®)(74%).

H NMR (500 MHz, CROD) 6 3.73 (dd, J = 3.5, 12.3 Hz, 2H, C1), 3.59 (dd,dG; 12.3 Hz, 2H, C1), 3.14 - 3.11

(m, 2H, C2);*C NMR (125 MHz, CRQOD) 5 61.2, 57.8°

o 1 o (2S,3S)-3,4-epoxy-1,2-di-O-isopropylidenebutane-diol (10)
6 #\/(}_Q“ Method A:[oligomeric R,R-(Salen)-C8'OTf]

To a clean, dry 100 mL round bottom flask with &ldm© stir bar was added) (5.0 g, 48.0 mmol, 1 equiv.),
oligomeric R,R-(Salen)C8'OTf (0.019 g, 0.05 mol%), and GEN (24 mL). The reaction was vigorously stirred
under air until ~70% conversion of starting materias observedd NMR of an aliquot from the reaction mixture
in CD;0D; ratio of m @ 3.12 ppm vs. dd @ 2.69 ppm + d@.@b ppm) (~12 hrs). The reaction mixture was then
cooled to 0°C and 2-methoxypropene (5.53 mL, 5.7@oin 1.2 equiv.) was added followed pyTsOH - HO
(0.091 g, 0.480 mmol, 0.01 equiv.). The reacti@sstirred at 0°C for 1 hour and then the solvertsoved slowly
(~45 min.) via rotary evaporation at 0°C. The teacmixture was loaded neat onto a silica columd purified

via flash silica gel chromatography (10%-20%-30%8#4E&L0/pentane). Removal of the column solvent via
distillation at 55°C gave a crude mixture @by (~4.67 g, 68% yield byH NMR) and the seven-membered ketal

product that was taken forward without further ficaition>° (Note: The purity of the starting material foiisth
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reaction has a large effect on catalyst loading@aratall yield. Inferior batches 09) should be purified via flash
silica gel chromatography in 10%-15% MeOH/CH prior to use.)

Method B [commercial R,R-(Salen)-C8'OAc]*

To a clean, dry 250 mL round-bottom flask with £l3®© stir bar was added®) (2.0 g, 19.2 mmol, 1 equiv.) and
(R,R-(Salen)C8' OAc (0.255 g, 2 mol%). THF (9.6 mL) was added #melreaction was vigorously stirred under
air until ~70% conversion of starting material wasserved {H NMR of an aliquot from the reaction mixture in
CD30D; ratio of m @ 3.12 ppm vs. dd @ 2.69 ppm + d@.@ ppm)(~12 hrs). The solvent was then removad v
rotary evaporation, and dry acetone (9.6 mL) wadedd The reaction flask was cooled to 0°C and 2,2-
dimethoxypropane (5.7 mL, 48.0 mmol, 2.5 equiv.)swadded followed by slow addition of pyridiniups
toluenesulfonic acid (1.21 g, 4.80 mmol, 25 mol%)he reaction was allowed to warm to room tempeeatund
then taken to 50°C for 24 hours. After stirring Rdurs, the reaction mixture was cooled to roompienature,
transferred to a 1L separatory funnel, angdDE200 mL) and sat. aq. NaHG(@5 mL) were added. The aqueous
layer was then back extracted [5 x (100 mkCEt+ 4 mL THF)] and the combined organics distiliawly away at
55°C. Flash silica gel chromatography (10%-20%-3B%0D/pentane) followed by distillation of the column
solvent at 55°C afforded a crude mix d0) (~1.35 g, 49% yield byH NMR) and the seven-membered ketal
product that was taken on without further purifieaf® R; = 0.206 (20% ED/Pentane)’H NMR (500 MHz,
CDCly) 8 4.10 (dd, J = 6.5, 8.5 Hz, 1H, C1), 3.97 (appl=6.5, 1H, C2), 3.85 (dd, J = 6.5, 8.5 Hz, 1H,,G1)3
(ddd, J = 2.5, 4.3, 5.6 Hz, 1H, C3), 2.80 (dd,416; 5.0 Hz, 1H, C4), 2.67 (dd, J = 2.5, 5.3 Hz, T4), 1.44 (s, 3H,
acetonide Ch), 1.36 (s, 3H, acetonide GH**C NMR (125 MHz, CDCJ) 3 110.0, 76.2, 65.9, 52.0, 43.8, 26.4,

25.5;LRMS (CI) m/z calculated for §,505 [M + H]*: 145.1; found 145.%

3 C " (2S,3S)-3-0O-benzyl-1,2-di-O-isopropylidene-5-hexeh2,3-triol (-)-(3)
i o) To a clean, dry 100 mL flask with a Teflon© stirtaad under an argon atmosphere was
o N6 added copper (I) bromide (0.228 g, 1.59 mmol, @adie) and 12 mL dry THF. The
? )T,O reaction flask was covered with aluminum foil te@yent exposure to light and cooled to

-40°C. Freshly prepared vinylmagnesium brorfildeas then added (28.3 mL of a 0.618 M solution HFT 1.1

equiv.) and the reaction mixture stirred for 10 at@s. A solution of the crude mix df@ (~2.29 g, 15.9 mmol, 1
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equiv.) and the corresponding seven-membered ketly THF (3.75 mL initial volume, 2 x 2.1 mL rias) at -
40°C was then added via cannula, and the reactioeds at -40°C in the dark for 1 hour. A quendhsat. aq.
NH,4CI solution (15 mL) was added and stirred vigorgwd the reaction was allowed to warm to room teatpee.
Et,O (100 mL) was added, and the aqueous layer egtigé& x (50 mL EfO + 4 mL THF)]. The combined
organics were washed with,@& (50 mL) and the aqueous layer again back extla@ex (50 mL E{O + 4 mL
THF)]. After drying (NaSQ,) and filtering, the solvent was distilled away6atC.

To a clean, dry 250 mL round bottom flask was adsledium hydride (0.762 g, 31.8 mmol, 2 equiv.),
TBAI (0.507 g, 1.6 mmol, 0.1 equiv.), and anhydr@MF (50 mL). This flask was cooled to 0°C, anérttthe
reaction mixture containing the crude alcohol frabove in DMF (10 mL initial volume, 2 x 5 mL ringest 0°C
was added dropwise via cannula. The reaction waed 1 hour at 0°C and then benzyl bromide (2162 16.7
mmol, 1.05 equiv.) was added dropwise. The reactioxture was allowed to warm to room temperatund a
stirred until TLC revealed complete conversiontafting material (~1 hr). Upon completion, theatéan flask was
cooled to 0°C and # (50 mL) was added. The flask was stirred an addit 5 minutes, and then £t (200 mL)
was added. The aqueous layer was extracted with B2 x 50 mL), the combined organic layers werediri
(MgSQy), filtered, and reducedh vacuo Flash silica gel chromatography (1%-2%-3%-5% AtMexanes)
afforded 3.32 g of-)-(3) (80% 2 steps) as a clear liquid in 99% ee (HPLralcel AD-RH, 50% CHCN/H,0, 0.5
mL/min., tg(minor) = 14.2 min.tg(major) = 15.5 min.).R; = 0.392 (10% EtOAc/hexanesyi NMR (500 MHz,
CDCly) 3 7.38-7.31 (m, 4H, C12,C13), 7.30-7.26 (m, 1H, C548 (ddt, J = 7.5, 10.0, 17.0 Hz, 1H, C5), §dr,
J =17 Hz, 1H, C6), 5.07 (dm, J = 17 Hz, 1H, C6J24(d, J = 12.0 Hz, 1H, C10), 4.66 (d, J = 11.5 H, C10),
4.21 (app. g, J = 7.0, 1H, C2), 3.99 (dd, J = 8.8,Hz, 1H, C1), 3.71 (app. t, J = 7.8 Hz, 1H, G151 (dt, J = 4.5,
6.8 Hz, 1H, C3), 2.31 (m, 1H, C4), 2.23 (m, 1H, CU}3 (s, 3H, acetonide GH 1.37 (s, 3H, acetonide GH**C
NMR (125 MHz, CDC}) 6 138.6, 134.5, 128.3, 127.8, 127.5, 117.2, 1093,777.9, 72.5, 65.8, 35.3. 26.5, 25.4;
IR (neat, Crﬁ) 3066.5, 3023.3, 2986.1, 2935.0, 2878.6, 1641.750451071.6HRMS (ESI) m/z calculated for
CieH220:Na [M + NaJ': 285.1467; found: 285.148]f% =-15.6° (c = 1.1, CHG); lit. [a]*% = +13.9° (c = 1.1,

CHCI,) (enantiomer§?
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(2S,3S)-(E)-3-O-benzyl-1,2-di-O-isopropylidene-4-kxen-6-(4-
14 <: :>—\10

o) RN .o Mmethoxyphenylbenzoate)-1,2,3-triol (+)-(5)
1 _ o
o) 5 et Method A:Pd(OAc)

° )VO ° To a 40 mL borosilicate vial was added sequentidiéy following:
Pd(OAc) (0.0224 g, 0.1 mmol, 10mol%), phenyl benzoquing®868 g, 2.0 mmol, 2 equiv;-anisic acid(0.456
g, 3.0 mmol, 3 equiv.), 4A molecular siev¢8.200 g), (A(3) (0.262 g, 1 mmol, 1 equiv.), DMSO (0.380 mL),
CH,CI, (0.120 mL), diisopropylethylamine (0.087 mL, 0.5nwl, 0.5 equiv.) and a Teflon© stir bar. The was
then capped and stirred at°@lfor 72 hours. Care was taken in charging amdrsfito keep all reagents off of the
walls and contained at the bottom of the vial andnhiaintaining the temperature centered 4C4(Le. 46C-43C).
Upon completion, the reaction was quenched withaat NHCI solution (1 mL), stirred for 30 minutes, andrihe
transferred to a separatory funnel using ethyladegflO0 mL). Hexanes (40 ml) was added and thanicg were
washed with HO (50 mL) and 5% ag. N@GO; solution (2 x 50 mL). (Note: Upon addition of la@es a significant
amount of phenyldihydroquinone will crash out ofusion as a black solid. This solid is readily @red in the
next step during filtration.) The organic layersmdried (MgS@Q), filtered, and reduceéh vacuo Subsequent
transfers were all performed using ether to minartransfer of phenyldihydroquinone. Purificatida ftash silica
gel chromatography (30% f¥/hexanes) gave 0.309 g of (H)@s an amber oil. (Run 1 = 74% yield; run 2 = 76%
yield) Average = 75% vyield Linear to branched ratios (>300:1) were deteeatily HPLC using authentic
branched allylic produt®® (Agilent Zobrax Eclipse XDB-C8, 35%PrOH/H,0, 1 mL/min. tg (linear) = 15.7 min.,
tr (branched) = 18, 19 min. (two diastereomers))Z €0:1) ratios were determined by HPLC using atie®
deprotectedE and authenti@ isomers (Symmetry C-18, 40%@EN/H,0O, 1.0 mL/min. tr (E) = 10.1 min.tr (2) =
11.3 min.) Using this procedure, 0.032 g (10%}hef linear acetate product was also formed anddcoat be
readily separated from (+p.

Method B :Pd(CHCN),(BF,),

To a 40 mL borosilicate vial was added sequentitily following: Pd(CHCN)4(BF,), (0.044 g, 0.1 mmol, 0.1
equiv.), phenyl benzoquinong0.368 g, 2.0 mmol, 2 equiv.p-anisic acid (0.456 g, 3.0 mmol, 3 equiv.), 4A
molecular sieveg0.200 g), DMSO (0.380 mL), GE&I, (0.120 mL), diisopropylethylamine (0.122 mL, @ufmnol,
0.7 equiv.), and a Teflon® stir bar. The vial vthsn capped and stirred at’@lfor 1 hour. The vial was cooled to

room temperature and {(3) (0.262 g, 1 mmol, 1 equiv.) was added. The wias capped and stirred at’@lfor 72
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hours. Care was taken in maintaining the temperatentered at 4C (i.e. 46C-43°C) and in charging and stirring
to keep all reagents off of the walls and contaiatdhe bottom of the vial. After 72 hours, theaten was
guenched with sat. ag. N@lI solution (1 mL), stirred for 30 minutes, andrihteansferred via pipette to a separatory
funnel using ethyl acetate (10 mL). Hexanes (4Dwals added and the organics were washed with (30 mL)
and 5% ag. N&ZO; solution (2 x 50 mL). The organic layer was dridgSQO,), filtered, and reduceih vacuo
Purification via flash silica gel chromatography%8 EtO/hexanes) gave 0.293 g of (f)-@s an amber oil with
13% recovered starting material. (Run 1 = 71%dyiain 2 = 69% yield; run 3 = 74% vyieldyerage = 71% vyield
Linear to branched and E: Z ratios were determasedescribed above and found to be similar to tdesermined
for Pd(OAc) (L:B = >300:1, E:Z = 36:1)R; = 0.17 (30% ED/hexanes)*H NMR (500 MHz, CDC}) & 8.0 (app.

dt, J = 2.5, 9.0 Hz, 2H, C17), 7.36—7.25 (m, 5H2Cl13, 14), 6.93 (app. dt, J = 2.5, 9.0 Hz, 2H,)CED7 (ddt, J =
1.0, 5.5, 15.8 Hz, 1H, C5), 5.74 (ddt, J = 1.5, 888 Hz, 1H, C4), 4.82 (app. d, J = 5.5 Hz, 2),@.68 (d, J =
12.0 Hz, 1H, C10), 4.50 (d, J = 12.0 Hz, 1H, CH032 (app. q, J = 6.5 Hz, 1H, C2), 3.96 (dd, J5; 8.5 Hz, 1H,
Cl), 3.91 (app. t, J = 7.0 Hz, 1H, C1), 3.87 (s, 8H0), 3.77 (dd, J = 6.0, 8.8 Hz, 1H, C3), 1.3B{4, acetonide
CHy), 1.35 (s, 3H, acetonide Q)ﬂlsC NMR (125 MHz, CDC}) 6 165.9,163.4, 138.1, 131.7, 129.9, 129.8, 128.3,
127.8, 127.6, 122.4, 113.6, 109.7, 79.7, 77.3,,7857, 64.0, 55.4, 26.4, 25.BR (neat, crit) 2985.3, 2934.8,
2873.4, 1713.2, 1606.5, 1511.5, 1256®MS (ESI) m/z calculated for: £H,0s [M + H ]*: 413.1964, observed:

413.1960; §i]*p = +72.5° (c = 1.0, CHG).

10 3-0O-benzyl-1,2-di-O-isopropylidene-6-(4-
14 O\
O OH

. : 20 methoxyphenylbenzoate)-L-galacitol (-)-(11)
O/\()H\éf\e/o ¥ 7 To a clean, dry 50 mL recovery flask was added setially the
B)T following: K,0sQ, - 2H0O (0.007 g, 0.019 mmol, 1 mol%),
(DHQD),PHAL (0.076 g, 0.095 mmol, 5 mol%),;Re(CN) (1.89 g, 5.72 mmol, 3 equiv.),,&O; (0.792 g, 5.72
mmol, 3 equiv.), a Teflon© stir bar, deionized waf®.5 mL), andtert-butanol (5 mL). The reaction flask was
stirred vigorously until both layers became traosht, at which time MeSQIH, (0.187 g, 1.91 mmol, 1 equiv.)
was added and the reaction was cooled to 0°C. r Alfte solution became opaque, olefin-(%) (0.787 g, 1.91
mmol, 1 equiv.) was added dropwise via pipettéent-butanol (1.5 mL initial volume, 2 x 1 mL rinses)chthe

reaction was stirred vigorously at 0°C until contigle as indicated by TLC (~3.5 hr). Upon completisodium
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bisulfite (1.81 g) was added slowly and the reacti@s allowed to warm to room temperature andfatid hour.
EtOAc (10 ml) was added and the aqueous layer @rulawith additional EtOAc (3 x 15 mL). The combih
organic layers were washed with 2N KOH (1x10 mbLjied (MgSQ), filtered, and concentrateth vacuo
Purification via flash silica gel chromatograph@¢ EtOAc/hexanes) afforded 0.818 g (96%) of {:}}(@sa clear,
viscous oil. R; = 0.190 (40% EtOAc/hexanesH NMR (500 MHz, CDC}) 57.99 (app. dt, J = 2.5, 9.0 Hz, 2H,
C17), 7.37-7.28 (m, 5H, C12, C13, C14), 6.92 (afipJ = 2.5, 9.0 Hz, 2H, C18), 4.79 (d, J = 11.5 H4, C10),
4.71 (d, J = 11.0 Hz, 1H, C10), 4.40 (dd, J = 6.0,Hz, 1H, C2), 4.44-4.35 (m, 2H, C6), 4.19 (app] = 6.5 Hz,
1H, C5), 4.05 (dd, J = 6.5, 8.5 Hz, 1H, C1), 3.863H, C20), 3.85 (app. t, J = 8.0, 1H, C1), 3.7/BB3m, 2H,
C3/C4), 3.11 (d, J = 5.5 Hz, 1H, OH), 2.81 (d, 6.8 Hz, 1H, OH), 1.45 (s, 3H, acetonide {HHL.37 (s, 3H,
acetonide Ch); *C NMR (125 MHz, CDC})) 5 166.6, 163.6, 137.8, 131.8, 128.5, 128.1, 1280,0, 113.7, 109.3,
78.9, 77.0, 74.4, 70.5, 68.7, 66.0, 65.9, 55.43,285.3;IR ( neat, crif) 3455.5, 2985.2, 2935.9, 1713.2, 1606.5,
1581.4, 1512.3, 1258.5{RMS (ESI) m/z calculated for £H3:05 [M + H]*: 447.2019; found 447.201 4% = -

16.5° (¢ = 1.0, CHG).

. 3-0O-benzyl-4,5-di-O-(ert-butyldimethylsilanyloxy)-1,2-di-O-
14 <: >—‘
o oTBS SN . isopropylidene-6-(4-methoxyphenylbenzoate)-galacitol
1 N
o)
O/M > To (-)-(12) (0.818 g, 1.83 mmol, 1 equiv.), in a 50 mL reagve
)VO OTBS o
8 flask under nitrogen with a Teflon®© stir bar, waklad dry CHCI,

(12.2 mL). The flask was cooled to 0°C and 2,&dloe (1.28 mL, 11.00 mmol, 6 equiv.) was addebert
butyldimethylsilyl triflate (1.26 mL, 5.50 mmol, &quiv.) was then added dropwise over 15 minutel wdorous
stirring. The reaction was stirred at 0°C for 2ihutes, then allowed to warm to room temperatuiek @onitored
via TLC. Upon completion (~40 min.), the reactioas again cooled to 0°C,,8 (5 mL) was added slowly, and
the reaction stirred 15 minutes to quench. EtOI® ihL) was added and the aqueous layer was exdradgth
additional EtOAc (3 x 15 mL). The combined orgalaigers were washed with,8 (1 x 5 mL), sat. ag. NaHGO
solution (1 x 5 mL), with KO (1 x 5 mL), then dried (N&Qy), filtered, and reduceith vacuo Purification via flash
silica gel chromatography (2%-3%-5% EtOAc/hexaref®)rded 1.11 g (90%) of the title compound as eacl
viscous oil. Ry = 0.320 (10% EtOAc/hexanesH NMR (500 MHz, CDCY) & 7.99 (app. d, J = 8.5 Hz, 2H, C17),

7.40 (d, J = 7.5 Hz, 2H, C12), 7.31 (t, J = 7.5 BH, C13), 7.26-7.22 (m, 1H, C14), 6.91 (app. d,815 Hz, C18),
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4.83 (d, J = 12.0 Hz, 1H, C10), 4.80 (d, J = 1220 #H, C10), 4.62 (dd, J = 3.5, 11.5 Hz, 1H, C624dd, J = 7.0,
9.0 Hz, 1H, C2), 4.50 (dd, J = 7.5, 14.8 Hz, 1H),@609 (dt, J = 3.4, 7.0 Hz, 1H, C5), 4.06 (dd, 6.5 Hz, 9.0 Hz,
1H, C1), 3.86 (s, 3H, C20), 3.77 (app. t, J = 3% HH, C4), 3.69 (app. t, J = 7.0Hz, 1H, C1), 366, J = 3.5, 7.8
Hz, 1H, C3), 1.43 (s, 3H, acetonide gHL.35 (s, 3H, acetonide GH0.93 (s, 9H, TBS CC}), 0.87 (s, 9H, TBS
CCHg), 0.13 (s, 3H, TBS C§), 0.12 (s, 3H, TBS C§), 0.06 (s, 3H, TBS C§), 0.05 (s, 3H, TBS CH; *C NMR
(125 MHz, CDC}) 6 166.1, 163.2, 138.9, 131.6, 128.2, 127.7, 12722,8, 113.5, 108.9, 83.7, 76.6, 74.9, 74.6,
73.8, 66.7, 66.7, 55.4, 26.8, 25.9, 25.7, 25.32,188.0, -4.0, -4.4, -4.7, -4.8|R (neat, cri) 2954.9, 2930.8,
2887.0, 2858.0, 1716.6, 1606.9, 1581.8, 151ABRMS (ESI) m/z calculated for 4&HsgOsNaSh [M + Na]™:

697.3568; found 697.357 %% = +31.2°(c =1.0, CHCJ)).

y @_\m 3-0O-benzyl-4,5-di-O-(ert-butyldimethylsilanyloxy)-1,2-di-O-isopropylidene- -
o OTBS galacitol
1 ~__OH
O H 6 To the fully protected-galacitol (1.05 g, 1.56 mmol, 1 equiv.) in a cledry 50 mL
0 OTBS
8% flask with a Teflon© stir bar under an argon atnfese was added dry Gal,

(2.85 mL) and the flask was cooled to -78°C. Distylaluminum hydride (1.0 M in Cj€l,, 3.89 mL, 2.5 equiv.)
was added dropwise and the reaction was stirregraiggly at -78°C. Upon completion (~ 1 hr), -78€Ac (5
mL) was added followed by sat. aq. Rochelle’s sélfs mL). The reaction was allowed to warm to room
temperature and then stirred an additional thirtyutes. HO (25mL) and CHCI, (20 mL) were added and the
aqueous layer extracted with €&, (3 x 15 mL). The combined organic layers were dl{idaS0Qy), filtered, and
reducedn vacuo The residue was purified via flash silica gelarthatography (7% EtOAc/hexanes) to give 0.823
g (98%) of the title compound as a clear & = 0.267 (10% EtOAc/hexanesd NMR (500 MHz, CDC}) 5 7.40
(app. d, J = 7.0 Hz, 2H, C12), 7.32 (app. t, J&=Hz, 2H, C13), 7.29-7.24 (m, 1H, C14), 4.90 (& J1.5 Hz, 1H,
C10), 4.77 (d, J = 11.0 Hz, C10), 4.60 (dt, J 5 8.6 Hz, 1H, C2), 4.08 (dd, J = 7.0, 8.3 Hz, 1H),(3.80 (ddd, J =
3.0, 5.5, 11.6 Hz, 1H, C6), 3.73 (app. q, J = 420 HH, OH), 3.70-3.64 (m, 1H, C6), 3.66, (dd, J.6, 3.5 Hz, 1H,
C4), 3.61 (dd, J = 3.0, 9.0 Hz, 1H, C3), 3.58 (apg.= 8.0 Hz, 1H, C1), 3.26 (app. dd, J = 5.8,Hz, 1H, C5),
1.44 (s, 3H, C8/C9), 1.35 (s, 3H, C8/C9), 0.9, TBS CCH), 0.90 (s, 3H, TBS CC#), 0.10 (s, 3H, TBS CH),

0.10 (s, 6H, TBS CB), 0.08 (s, 3H, TBS Ch: *C NMR (125 MHz, CDCJ) & 138.3, 128.3, 127.9, 127.6, 108.9,
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85.5, 76.5, 75.9, 75.2, 74.8, 66.9, 62.0, 26.99,285.8, 25.4, 18.2, 18.0, -4.2, -4.7, -4.9, -4R; (neat, crif)
3474.6, 2954.3, 2930.5, 2886.5, 2858.1, 147BBMS (ESI) m/z calculated for GHs:06Si, [M + H]*: 541.3381;

found 541.3376;d]%% = +7.2°(c =1.0, CHCJ).

4-0-benzyl-2,3-di-O-fert-butyldimethylsilanyloxy)- L -galactopyranose (-)-(12)
11®_< ° 0 To a clean, dry 10 mL round bottom flask with alde® stir bar and an argon
1
o \ atmosphere was added oxalyl chloride (0.161 mL,nn®ol, 1.25 equiv.) and dry
T85O OTBS CH,CI, (4.9 mL). The reaction flask was cooled to -65THCIs, dry ice) and
0.671 mL of a 5.1M DMSO solution ( 3.42 mmol, 2&%uiv.) in dry CHCI, was added and stirred for 10 minutes.
The differentially protected galacitol (0.823 ghba.mmol, 1 equiv.) in dry C}Cl, (1.6 mL initial volume, 2 x 0.33
mL rinse) was then added dropwise via cannula,thadeaction stirred at -65°C for 20 minutes. ffiydgamine
(0.90 mL, 6.47 mmol, 4.25 equiv.) was added dropwike reaction was stirred 15 minutes at -65%&n tallowed
to warm to room temperature, and stirred an additid0 minutes. Water (5 mL) was added and thetica
mixture transferred to a separatory funnel. Theeags layer was extracted with CHC3 x 15 mL), the combined
organics were dried (N8Qy), filtered, and reduceth vacuo Conversion of the primary alcohol to the aldehyd
was checked b§H NMR in CGDg and determined to be ~90%.

To the crude aldehyde was added;CN (6.6 mL) and Zn(Ng), - 6H0 (1.25 g, ~5 equiv.). The reaction
was then taken to 50°C and monitored via TLC. Upompletion (~12hrs) the flask was cooled and thlRGIN
removed via rotary evaporation. Water (3 mL) ardb@l, (10 mL) were added and the aqueous layer extracted
with CH,Cl, (3 x 10 mL). The combined organics were then di{§1,SQ,), filtered, and reduceth vacuo
Purification by flash chromatography (1% MeOH/{H}) gave 0.637 g of a white crystalline solid (32 (84% 2-
steps). Ry = 0.104 (1%CHCI,); (Note: The product exists as a mixture of an@ywe = 3:2, with thel anomer as
a mixture of two conformefd 'H NMR (500 MHz, CDC}) & 7.37-7.26 (m, 5H1, 10HB), 5.21 (t, J = 3.5 Hz, 1H,
Cla), 4.98 (d, J = 11.0 Hz, 1B), 4.93 (d, J = 11.5 Hz, 1H, @¥), 4.75 (d, J = 11.5 Hz, 1B), 4.69 (dd, J = 3.5,
9.8 Hz, 1HB), 4.60-4.56 (M, 2HB), 4.59 (d, J = 12.0 Hz, 1H, @), 4.34 (d, J = 10.0 Hz, 1P), 4.08 (ddd, J = 2.0,
5.0, 7.1 Hz, 1H, C@), 4.03-3.96 (m, 2HB), 4.01 (dd, J = 3.0, 8.0 Hz, 1H, C2/@R 3.98 (dd, J = 2.5, 8.0 Hz, 1H,
C2/C3a), 3.96-3.91 (m, 2HB), 3.91-3.86 (m, 2HB), 3.88 (ddd, J = 4.0, 7.0, 11.4 Hz, 1H, €6 3.84-3.82 (m, 2H

B), 3.81-3.78 (m, 1#B), 3.80 (t, J = 2.5 Hz, 1H, Caf), 3.75-3.65 (m, 3HB), 3.65 (ddd, J = 5.0, 8.5, 11.5 Hz, 1H, C6
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a), 3.56-3.51 (m, 1HB), 3.23 (dd, J = 4.5, 9.0 Hz, 1), 2,99 (d, J = 4.0 Hz, OH), 2.62 (dd, J = 3.0, 10.0 Hz, 1H
B), 1.92-1.90 (m, 1HB), 1.91 (dd, J = 3.5, 9.0 Hz, 1H, A1, 0.95-0.87 (m, 18Kk, 36Hp), 0.16-0.08 (M, 12H,
24 HP); ¥C NMR (125 MHz, CDC}) 6 138.3, 137.9, 137.5, 128.5, 128.4, 128.1, 12&8,0, 127.9, 127.8, 92.4,
81.4,77.4, 76.7, 75.9, 75.3, 74.5, 74.3, 74.21,743.3, 72.9, 72.2, 71.4, 70.7, 64.0, 62.6, 680108, 29.7, 26.1,
26.0, 25.9, 25.8, 25.7, 18.1, 18.1, 17.9, -4.01,-44.3, -4.5, -4.7, -4.8, -4.8, -4.9, -5)® (neat, crif) 3417.8,
2956.1, 2929.7, 2894.1, 2857.6, 14FRMS (ESI) m/z calculated for GH40sNaSh [M + Na]": 521.2731; found

521.2740; §i]*5 = -28.1%c =1.0, CHC)).

AcO 1,2,3,6-O-tetraacetyl-4-O-benzyl--galactopyranose

‘/ (0] OAc
To a clean, dry 10 mL recovery flask under a nimo@tmosphere with a Teflon© stir

©/\Ow. éAC OAc bar was added (-t@) (0.200 g, 0.401 mmol, 1 equiv.) and &H, (2 mL). The
reaction flask was cooled to 0°C and acetic ankgdi0.190 mL, 2.01 mmol, 5
equiv.), triethylamine (0.560 mL, 4.01 mmol, 10 eguand 2,2-dimethylaminopyridine (0.005 g, 0.®4nol, 0.1
equiv.) were added. The reaction was then stiste@®C for 30 minutes, room temperature for 1 haad then at
reflux for 5 hours. The reaction mixture was themsferred to a separatory funnel and EtOAc (19 was added.
The organic layer was washed with 1 M HCI (1 x 15)mM0% aq. NaHC@solution (15 mL), and brine (15 mL).
The organic layer was then dried ¢S&)), filtered, and reduceith vacuo THF (0.5 mL) was added to this crude
residue along with a Teflon© stir bar and the rieactlask was cooled to 0°C. Tetra-n-butylammonifinoride
(2.0 M in THF, 1.9 mL, 4.75 equiv.) was added sigwdnd then the reaction was allowed to warm tanroo
temperature and monitored via TLC. Upon completgat. aq. NI solution (5 mL) was added and the aqueous
layer extracted with C}Cl, (3 x 10 mL). The combined organic layers wered(aS0Q,), filtered, and reduced
in vacuoto give a brown residue, which was subsequentigalved in CHCl, (2 mL) and cooled to 0°C. A
Teflon®© stir bar, acetic anhydride (0.190 mL, 2rfnol, 5 equiv.), triethylamine (0.560 mL, 4.01 mpitd equiv.)
and 2,2-dimethylaminopyridine (0.005 g, 0.04 mn@ll equiv.) were added. The reaction mixture again
stirred at 0°C for 30 minutes, room temperaturelfbour, and then at reflux for 5 hours. The tieacmixture was
then cooled to room temperature and transferredgeparatory funnel with EtOAc (15 mL). The reawtimixture
was then washed with 1 M HCI (1 x 15 mL), 10% agH€QG; solution (15 mL), and brine (15 mL). The organic

layer was then dried (N8QOy), filtered, and reduceith vacuoto give a thick brown oil. Purification via flaslica
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gel chromatography (40%EtOAc/hexanes) afforded 4 df a white, foamy oil (98%) as a mixture of avers
(a:B = 55:45). Ry = 0.434 (40%EtOAc/hexanesi NMR (500 MHz, CDCJ) & 7.38-7.30 (m, 5Hx and 5Hp),
6.36 (d, J = 3.5 Hz, 1K), 5.16 (d, J = 8.0 Hz, 1B), 5.53 (dd, J = 3.5, 11.0 Hz, 14, 5.50 (dd, J = 8.0, 10.5 Hz,
1HB), 5.29 (dd, J = 3.0, 11.0 Hz, 149, 5.01 (dd, J = 3.0, 10.5 Hz, 1B}, 4.75 (d, J = 11.5 Hz, 1P), 4.73 (d, J =
11.0 Hz, 1HB), 4.55 (d, J = 11.5 Hz, 1H), 4.54 (d, J = 11.5 Hz, 1H), 4.24-4.15 (m, 2Hx and 1Hp), 4.13-4.05
(m, 2Ha and 1HP), 3.98-3.94 (m, 1HB), 3.86-3.83 (M, 1HB), 2.13, 2.10, 2.05, 2.04, 2.04, 2.02, 2.01, 2H (@ H
a and 12HB); °C NMR (125 MHz, CDC}) 8 170.4, 170.3, 170.3, 170.2, 169.8, 169.3, 16%9,d, 137.2, 137.1,
128.6, 128.5, 128.5, 128.3, 128.1, 128.1, 92.19,8%.2, 75.0, 74.2, 73.6, 73.1 ,73.0, 70.4, 76834, 66.9, 62.2,

62.0, 20.9, 20.8, 20.7, 20.7, 20.6, 20HRMS (ESI) m/z calculated for: GH,O0Na [M + NaJ: 461.1424,

observed: 461.143%F.

(2S,3S)-(E)-3-0O-benzyl-4-hexen-6-(4-methoxyphenylbeoate)-

O .
5 y NG 1,2,3-trio

17

= 0o \1 To a 1 dram vial was added (4)((0.041 g, 0.1 mmol, 1 equiv.),

HO © CH:CN (2 mL) and Zn(N@, - 6HO (0.097 g, 0.19 mmol, 5
equiv.). A Teflon®© stir bar was added to the reacvessel and the reaction was then taken to B®WCmonitored
via TLC. Upon completion (~24hrs) the flask wasled and the CECN removed via rotary evaporation. Water (1
mL) and CHCI, (5 mL) were added and the aqueous layer extractdd @H,Cl, (3 x 10 mL). The combined
organics were then dried (80,), filtered, and reduceith vacuo Purification by flash silica gel chromatograghy
2% MeOH/CHCI, gave 0.025 g of the title compound as a clea(®6). R; = 0.10 (1%CHCl,/MeOH); *H
NMR (500 MHz, CDC}) & 8.0 (app. dt, J = 3.0, 8.5 Hz, 2H, C14), 7.38-{1@85H, C9, 10, 11), 6.94 (app. dt, J =
2.5, 9.0 Hz, 2H, C15), 6.03 (ddt, J = 1.0, 5.5818z, 1H, C5), 5.80 (ddt, J = 1.5, 8.0, 15.3 Hz, 04), 4.86 (app.
dd, J = 1.5, 5.5 Hz, 2H, C6), 4.67 (d, J = 11.0 H4, C7), 4.38 (d, J = 11.5 Hz, 1H, C7), 3.94 (apg.= 7.5 Hz,
1H, C3), 3.87 (s, 3H, C17), 3.74-3.69 (m, 1H, C3/CR68-3.66 (m, 1H, C1/C2), 3.62-3.57 (m, 1H, C/.84
(d, J= 3.0 Hz, 1H, OH), 2.07 (t, J = 6.0 Hz, 1H, OHK’C NMR (125 MHz, CDC}) & 165.9,163.5, 137.6, 131.7,
130.5, 129.9, 128.5, 128.0, 128.0, 122.3, 113.22,88.7, 70.6, 63.9, 63.0, 55MRMS (ESI) m/z calculated for:

C1H2506 [M + H]™: 373.1651, observed: 373.1654.
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(2S,3S)-(2)-3-0O-benzyl-4-hexen-6-(4-methoxylphenydinzoate)-

7
1 @—\7 Y 1,2,3-triol

Authentic Z isomer of (+)§) for determination of the E:Z selectivity

of the linear allylic C-H oxidation reaction wasepared through the
following sequence: (-)i(l) was subjected to periodate cleavage to give aietraldehydé’ followed by Still-
Gennari olefination to give theZ)-a,B-unsaturated methyl est®r,which was reduced to the alcohol with
diisobutylaluminum  hydride, converted to the 4-noetyphenylbenzoate  derivative  through
dicyclohexylcarbodiimide assisted coupling wiikanisic acid, and finally acetonide deprotectechvdh(NG;) -
6H,0. R; = 0; *H NMR (500 MHz, CDC}) & 8.00 (app. dt, J = 3.0, 9.0 Hz, 2H, C14), 7.3B7(f, 5H,
C9/C10/C11), 9.92 (app. dt, J = 3.0, 9.0 Hz, 2H3)C6.02 (dt, J = 6.5, 11.0 Hz, 1H, C5), 5.63 {dt, 1.5, 10.5 Hz,
1H, C4), 4.90 (ddd, J = 1.5, 7.0, 13.4 Hz, 1H, @634 (ddd, J = 1.5, 6.5, 13.5 Hz, 1H, C6), 4.67J(¢ 11.5 Hz,
1H, C7), 4.42 (d, J = 11.5 Hz, 1H, C7), 4.38 (dd, 45, 9.5 Hz , 1H, C2), 3.86 (s, 3H, C17), 3.7283(m, 1H, C1),
3.70-3.64 (m, 1H, C3), 3.63-3.56 (m, 1H, C1), 83, 1H, OH), 2.25 (b s, 1H, OHFC NMR (125 MHz, CDC})

0 166.1, 163.5, 137.6, 131.8, 131.7, 130.6, 12&8,0, 127.7, 122.2, 113.7, 75.4, 73.7, 70.7, 680&, 55.4
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Chapter 2

A Chiral Lewis Acid Co-Catalyst Strategy for Enansielective Allylic C—H Oxidatioff

2.1. Introduction

Polyoxygenated natural products and medicinallgrggting compounds are ubiquitous, and a host of
methods for manipulating and transforming theseecwks are available. However, most methods requir
significant synthetic overhead, commonly in thenfoof protection/deprotection steps and functionedug
manipulations. Selective hydrocarbon oxidationsprés an alternative approach by directly increpsiolecular
complexity when it is most synthetically appropeiateducing the number of reactive functional geocprried
through a sequendé&?*** However, in order to be useful for complex molecsynthesis, these reactions must
proceed with high levels of chemo-, regio- andesiselectivity.

Figure 2.1.Catalytic branched allylic oxidation afolefins with Pd(OAcyPhBS (3)

Amides Carbamates Phenols Internal olefins

o]
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)kfﬂ)\/ PhHN 0\1)\/ 0\')\/ )\/\)\/
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o) o OAc
Z0\/\/\)\/

Aryl acids % /—\,o Q
Ph—s . S=—pPh 13 )I\ Homoallylic
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0 Ph R S — R F
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(o] o (o]
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\\\\
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1:1 d.r.

In 2005, Chen and White reported a sulfoxide-pradptatalytic Pd(OAgjbenzoquinone (BQ¥-olefin
allylic oxidation system that furnishes branchdglial alkyl and aryl esters from a wide variety adrboxylic acids
(Figure 2.1Y'**® Additionally, they were able to show that thesactimns proceed via a novel serial ligand catalysis

mechanism. A sulfoxide ligand andreacid ligand were found to interact sequentiallfhwiPd to shepherd the
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metal center through C—H cleavage and C—O bondifugrsteps, respectively. The sulfoxide ligand iseved to
interact with palladium, partially displace its bekylate ligands, and generate a transient eleailiopPd(Il)
species capable of promoting C—H cleavage througintaamolecular deprotonation. C—O bond formati&aly
occurs via a benzoquinone (BQ) promoted inner-sphreductive elimination of acetate to an electraihc

dissymmetricr-allyl-Pd intermediate (Scheme 21).

Scheme 2.1Serial ligand catalysis mechanism

OH Ph%S/ . \S’—oPh "bis-sulfoxide"

Pd(OAc),

o
o, //\ 0 OH
+ Ph—5 S—Ph +
Pd"(OAc),L

. . . o 'o"
N NV

Ph—S  S=Ph

&

(BQ) R

HO

While the branched allylic oxidation was found tmgeed with excellent yields and selectivities on a
variety of substrate€*%“®&he reaction as discovered generates a racematbeFmore, initial investigations with
chiral substratesy-olefin or acid nucleophile, generated producthwittually no diastereoselectivity (Figure 2.1).
Enantioselective allylic C—H activation has beeriaeed with chiral bisoxazoline/copper catalyzedtsms,
showing promising levels of asymmetric inductioneimantioselective allylic C—H esterifications ohayetrical,
cyclic olefins. Application of these systems tompdex substrates is limited by a lack of chemo- and
regioselectivity and the requirement for large eses of substrate (4 to 10 equfi.p more general allylic C—H
oxidation route would significantly increase thdiagéncy of chiral allylic alcohol/ester synthesesghich often

require lengthy sequences of functional group maatons from pre-oxidized materiai$?’
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Conventional approaches to asymmetric organometadctions make use of strongly coordinating,
donating, chiral ligands, such as phosphines. &lgses of ligands are poorly suited for reactioder oxidative
conditions and outcompete the weakly coordinatinjozide and quinone ligands required for C—H aation
with palladium catalysi3.*® The transient nature of ligand binding under $diimnd catalysis adds significant
challenge to designing a highly ordered environnantind the metal center, though in theory, a thimaant of
either the sulfoxide or quinone ligand could leadehantioenriched products. To date, all attermptls chiral
sulfoxides have been unsuccessful in effecting asgtric induction. Experiments withis-1-deutero-1-decene
reveal that this is most likely due to rapieb-n isomerization of the-allyl-Pd intermediate, which scrambles any
chiral information imparted during the C—H cleavagiep (Scheme 2.2). | therefore set out to iderdifyiable
strategy for enantioselective C—O bond formatiohe Tobvious platform for an asymmetric functiondiza
ligand, benzoquinone, is impractical for covalemital modification as it is required in superstéarhetric amounts

for optimal reactivity.
Scheme 2.2Deuterium labeling study to establish relative saien-c-n isomerization and functionalization

13

d o
0‘ / \ '0 R OAc
Ph—S . S=—Ph Ph
Hp Hg Pd'(OAc), ;) sI Hp Pd D rapid Ha Pd Ac
2 o D= Ao — o,
>20:1 cis:trans R \ "r-allyl" "r-allyl” 1:1 trans:cis

Lewis acid co-catalysts have been demonstrateddelerate bond forming reactions from organometalli
intermediate$’ | postulated that a chiral Lewis acid co-catalystild be used to both accelerate the rate of C—O
bond formation and influence its stereochemicalrseurom an-allyl-Pd-BQ intermediate. Specifically, it was
envisioned that coordination of an oxophilic, chlrawis acid to the carbonyl of BQ would increalet-acidity of
the ligand, accelerating C—O bond formation whiensmitting chiral information to the palladium tem This
would afford enantioenrichment despite backgroussttivity. In addition, | hypothesized that chitawis acids
with tightly binding ligands and lackingis open coordination sites would be compatible with-I activation
conditions. Specifically, | reasoned that thistigatar class of Lewis acids would have ligand eowments
resistant to perturbation by the acid nucleophild would be unlikely to irreversibly bind this-sulfoxide ligand,

allowing it to interact with palladium and promdie—H cleavage.
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2.2 Results and Discussion
2.2.1 Discovery, Optimization, and Scope

Table 2.1.Analysis of Lewis acid mediated enantioselective i€bend oxidation

O

=N,

L N=
N O M
N4 t-Bu o) (0] t-Bu
S
Me: 0 cl t-Bu t-Bu
ha Megoose
14 15 = n!onomeric Cr(llhF 19
16 = dimeric Cr(ll)OAc 20
OAc
Ve NP 13 (10 mol %), LA (10 mol%) MeW
n=7 AcOH (X equiv.), BQ (2 equiv) 7
Dioxane(M),T°C, 24 hrs 21
Entry LA M X T % Yield?@ B:L eeb
1 - 0.33 4 45 71 >30:1 0
2 14 0.33 4 45 27 28:1 0
3 15 0.33 4 45 7 8:1 0
4 16 0.33 4 45 41 6:1 0
5 17 0.33 4 45 6 >30:1 0
6° 17 2 14 rt 1 1.9:1 4
7¢ 17 2 1.1 rt 4 2.8:1 14
8 18 0.33 4 45 7 1.2:1 32
9 18 0.33 1.1 45 10 1.2:1 32
10 18 2 1.1 35 1.1:1 32
1° 18 2 1.1 rt 41 1.4:1 32
12 19 0.33 4 45 74 9.3:1 9
13 19 0.33 1.1 45 59 7.9:1 15
14 19 2 1.1 rt 86 4.6:1 54
15° 19 2 1.1 rt 93 5.1:1 57
16 20 0.33 4 45 11 3.2:1 8
17 20 0.33 1.1 45 8 2.0:1 14
18 20 2 1.1 rt 50 1.5:1 29
19° 20 2 1.1 rt 71 2.0:1 31

3GC vyield, average of at least two rutiBetermined by Chiral GETBME, 1.1
equiv. DIPEA’EtOAc solvent, 4A MS bead added(~30 mg), 48 hrs.

| began by examining chiral Lewis acids known ttafe highly enantioselective reactions via a lging
point binding mode to Lewis basic carbonyl groug3f the catalysts evaluated, commercially available
(Salen)Cl'Cl complex18® was the only to afford any enantioselectivity fbe tprocess, albeit with diminished
conversion and regioselectivity (Table 2.1, esttievs. 2-5, 8)RR-Salen-C8'-OAc was also found to give slight
enantioselectivity (entry 6) when run under comdlii previously used to deliver carboxylate nuclédepto meso-

epoxides® Analysis of several counterions for the'"Cmetal center revealed that (Sale)Er(19) had a more
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desirable conversion and regioselectivity, albeithweduced enantioselectivity (entry 8 vs. 12)cr&asing the
concentration of the reaction, reducing the eqema of acetic acid, changing solvent, and deangaghe
temperature afforded a significant enhancemenhémgoselectivity for reaction with9 (entries 13-15) giving 57%
ee with excellent yields and good regioselectivityterestingly, catalyst8 showed no change in enantioselectivity
over any conditions tested. | synthesized ancdeatvariety of other Salen-type chromium Lewiglamtalysts,
but found none that were significantly better tithe commercially available 3,5-tHbutylsalicylidene ligand
framework® The enantioselection observed for this reactiahashighest for the allylic C—H oxidation of temmai
olefins to daté® Additionally, to the best of my knowledge, thipresents the first example of a chiral Lewis acid
effecting asymmetric induction from an organomeétalintermediate and a rare example of a catalytic

enantioselective C—H functionalization using paillzwl>*

Figure 2.2.Scope of the catalytic, asymmetric, branchediallyidation ofa-olefins with13 and19
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t-Bu ) é 0. t-Bu R/\/ e
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'1.,1 f
Me.
\(V)/ M )]\(v)/n"l TBDPSO/\(\’)/".""~ THPO/\H/“LLL
n eO n=7 n=2
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n=2
o (\0
Pho)]\("’);‘ll BnO/\(\‘)}H 0)\&)}1
n=7 n=2 n=2
2.0:1B:L
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\M/lz_'ﬂ MeO\N ‘111 HO/\M}‘H Br/\(v)/
n=4 Me n=7 n=7 n=2

The scope and functional group tolerance of thigtesn were then evaluated. Comparison of the ptoduc
formed from the reaction of octene wigR-19 as catalyst to acetylated commercially availabktdduka alcohol
((9-1-octen-3-ol, Fluka, >99% ee) established thatdllylic stereocenter wag while SS-19 affordedS product.
Careful monitoring of the reaction showed that tkegio- and stereoselectivity were not changing acvee.
Gratifyingly, the functional group tolerance of shisystem matches that of the original"Bi$-sulfoxide
methodology with tolerance for esters, amides, @ewiariety of protected alcohols, free alcoholtgnmal alkynes,

and aliphatic halogens (Figure 2.2). As sterikklwihs brought closer to the allylic position, a rastdvariation in
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enantiomeric excess and a more significant chamdke regioselectivity was observed. A varietycafboxylate
nucleophiles could be successfully employed intb&ction as well, including chiral, protected améatids such as
L-FMOC-phenylalanine, which affords ~70% yield ofliastereomeric mixture (3.0:1) of products afterhrg of
reaction with13 andRR-19. The stereocenter of the amino acid is inconsgtipleo the reaction as, employing
catalystSS-19 affords a complete reversal of diastereoselegtiBicheme 2.3). Consistent with the continued role
of BQ as a ligand for promoting functionalizatiasterically hindered 2,6-dimethylbenzoquinone gawmty drace

reactivity in the catalytic reaction.

Scheme 2.3Asymmetric branched allylic oxidation with aminddhaucleophile

Me \H/\/ Bn,,, _NHFMOC
n=7
"o 13 (10 mol %), 19 (10 mol%) oLo
FMOCHN\)I\OH BQ (2 equiv) > Me\H)\/
H EtOAc (2M),rt, 72 hrs n=7
Bn w/ RR-1967%, 3.0 : 1dr
(1.1 equiv) w/ 8,5-19 70%, 1: 3.0 dr

2.2.2 Mechanistic Investigation
Table 2.2 Mechanistic evaluation of Lewis acid as an adenenantioselective allylic acetate rearrangemen

13 (10 mol%),

oAc R,R-19 (10 mol%) (B) L)
" \‘_,)\/ BQ (2 equiv.), OAc
e = -
- M + Me
he7 . e\")\/ SN Noac
AcOH (1.1equiv.) =7 n=7
EtOAc (2M)
t=0 t=24 t=24
Entry Modifications B:L B:L %ee
1 - >99:1 96:4 0
2 0.5 equiv. allylcyclohexane >99:1 >99:1 0

0.5 equiv. allylcyclohexane
3 BQ (1 equiv.). DHQ (1 equiv.) >99:1 >99:1 0
AcOH (0.1 equiv.)
4 no Pd >99:1 >99:1 0

5 no 13 >99:1 98:2 0

At this point, | began to investigate the mechanidrthis Lewis acid co-catalyzed allylic C—H actiimn
reaction. My working mechanistic hypothesis wast ttiee chromium Lewis acid was interacting with B@da
increasing the rate of functionalization. Testihis thypothesis and determining the mode of actibthe Lewis
acid catalyst in this system, would allow me toidate this novel mode of effecting asymmetric inghre and

promoting reactivity under electrophilic, oxidatieenditions. | first evaluated the stability of th#ylic acetate
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products in the reaction to determine if the emmsiection observed was due to a racemic C—H
activation/functionalization with subsequent enasdiective rearrangement. No significant isoméiopa or
development of enantiomeric excess was observedhéobranched product under the catalytic condition a

cross-over experiment, or under conditions desigaedimic the end of the reaction (Table 2.2).

Table 2.3. Effect of chromium Lewis acid on rate of C—H clage

n=7 n=7
Me/H\//T\ Me%
Me.
\9/\/ 13 (1 equiv), Pd\ n-Bu,NCI Pd\
—_— —_—
n=7 AcOH (11 equiv.), 22 \</0Ac (4 equiv.) 23 \</CI
NB, EtOAc (0.2M) > \
Yield®
Entry Additive t=0.5 hr t=1.5 hr t=2.5 hr Krel
1 - 38 58 84 1.00
2 R,R-19 (1 equiv) 42 70 20 1.05

2Yields were determined b{H NMR as compared to an internal standard aftengei
trapped as the -allyl-Pd chloride dimer and are relative to pdilam

| next investigated the role of Salen"@k (19) independently in each of the product forming siefphe

catalytic cycle ile. C—H cleavage and C—O bond formation). A stoichitioestudy with undecene and 'Puis-
sulfoxide catalysi3 indicates that the rate of C—H cleavage to forral[yl-PdOAc] (22), quantified by trapping
as the more stable chloride dim@B), is unaffected byl 9 (Table 2.3). To test the effect ®® on functionalization,
reductive elimination from synthetiat-fallyl-PdOAcL (22) was evaluated with respect to rates and seldesvit
under conditions that mimic the reaction of a moedowr-allyl-Pd intermediate during one catalytic reastirycle
(Table 2.4B). As hypothesized, the addition of Lewatid co-catalyst Salen!&# (19) led to a 10-fold increase in
the rate of functionalization relative to identicnditions lackingl9 (Table 2.4B, entries 1 and 2). Moreover,
branched allylic acetate product was furnished witthparable enantio- and regioselectivities to thaained under
catalytic conditions. As noted above, functioratian does not occur with9 in the absence of BQ (Table 2.4B,
entry 3).

| next turned my attention to evaluating the pdssibles of the Lewis acid co-catalyst in the C—and
forming step. Since the catalytic reaction did work with sterically hindered-acids, a quinone was assumed to
be a necessary component of any functionalizatigothesis. | envisioned three probable mechansstenarios
for effecting the observed asymmetric inductionimgifunctionalization: ) Salen-C¥-F (19) coordination to BQ
to promote and control facial selectivity in theduwetive elimination of acetate from mallyl-Pd(BQ)OAc

intermediate, I() Salen-Ct'-OAc (20) delivery of acetate to a-allyl-Pd(BQ)L intermediate,I{l ) Salen-Ct'-F
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(19) activation of ar-allyl-Pd(BQ) intermediate with concurrent Saled'@Ac (20) delivery of acetate (Table
2.4A).49%
Table 2.4. Effect of chromium Lewis acid on rate of C—O ftinpalization

A) I: 1n; T

AcO\Pd/BQ.Cr(F)L* and/BQ LnPd/BQCr(F)L"
R/\Jf R/C\’/ o
AcO—CrL* AcO—CrL*
B.) n=7
Me/H\/l\\ LA (1 equiv.) QA
Pd - Me\/k/
22 \</\0Ac Mock Catalytic .
2
Entry LA Krel® %Yield® B:L ee®
1 - 1.0 20 >20:1
2 (R,R)-19 9.7 85 5.2:1 55
3d (R,R)-19 - 0
4 (R,R)-20 3.8 41 2.211 29
5€ (R,R)-20 + TBAF 11.6 96 2.4:1 17
eef (R,R)-20 + TBAF 10.7 84 3.0:1 13
C)o o] o
Me. X
o] PPh;
I i 5 CF3
55% ee 35% ee 13% ee 0% ee 0% ee

A.) Proposed modes of action for chromium lewis aci@eductive elimination of
acetate by a Cr(BQ) activateenllyl-Pd Il Delivery from Cr(OAc) to ar-allyl-Pd

Il Delivery from Cr(OAc) to an activated Cr(B@allyl-Pd B.) Effects of
catalysts19 and20 on functionalization of a Pa-allyl. Mock Catalytic= 0.2M
EtOAc, 11 equiv. AcOH, 20 equiv. BQ, rt, (molarénd equivalents are relative to
Pd) *rate and selectivity determined by GC, comparisoa standard curve using
NB as an internal standaftsC yield at 40 min‘Determined via GC on -
Cyclodextrin column®no BQ addecflequiv. RR-20 and 1 equiv. TBAF-34D
added run in THF with z-allyl-Pd-PE as the starting materialC.)
Enantioselectivity trends for functionalization v variety oft-acids and?,R-19

In order to evaluate mechanistic scendlrithat invokes counterion exchange under the reactmditions
to give (Salen)CtOAc 20 (Table 2.4A), | independently synthesiz2@ and examined its reactivity under both
catalytic and stoichiometric conditions. Conversienantio-, and regioselectivity are significardiyninished with
20 relative t019 in both the catalytic and stoichiometric reacti¢giable 2.1, entry 15 vs. entry 19, Table 2.4B,
entry 4 vs. entry 2). | also evaluated the posgibilf a counterion exchange betwedtR)-19 and Pd(OAc)L to
generate a Pd(F)Lintermediate andR)R)-20. Soluble fluoride (2 equivip-Bus;NF) was added to reactions with
(RR)-20 and [-allyl-PdOAc]L (22) and a marked increase in functionalization waseoled. However, the regio-

and enantioselectivities of the reaction were iofeto that observed catalytically or stoichiomeditly with R,R-19
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(Table 2.4B, entry 5 vs. entry 2). | also evaluatad hypothesis withR,R)-20 under conditions known to generate
n-allyl-Pd-F ( n-allylPd(PR)/BusNF)*® and again noted a dramatic increase in functipatdin rate with out a
corresponding boost to enantioselectivity. Furtheen enantioselectivity was observed only withacids
containing carbonyl groups capable of acting asitdasic sites for interacting witt® (Table 2.4C). Collectively,
these results are inconsistent with asymmetricdtidn arising exclusively through acetate delivegy20 (Table
2.4A, 1), and most consistent witt9:-BQ promoted functionalization (Table 2.413, However, at this time we
cannot rule out a dual activation mechanism in W@ delivers acetate nucleophile tonaallyl-Pd(BQ19)
electrophilic intermediate (Table 2.4, ).

2.2.3 Application of Asymmetric Branched Allylic Oxdation to Small Molecule Synthesis

While the asymmetric C—H oxidation reaction develdpvas not synthetically practical due to moderate
enantioselectivities, | sought to examine its pt&tror making chiral allylic alcohol building béks through its
combination with other enantioselective transfoiore. Allylic alcohols such as those generatedheyasymmetric
branched allylic C—H oxidation (ABAQO) are prevaléntthe synthetic literature, in part due to theeswith which
they can be further elaborated. These structueparticularly useful in synthetic sequences incWtihe oxygen
atom is remote from other functional groups, makiitg installation through traditional approaches of
stereochemical relay impractical. At present, ¢hare several methods commonly employed to obiteiset chiral
allylic alcohols>*® In general, a preoxidized starting material isbetated toward the target through carbanion-
based reactions that build up the carbon skelef@mn.example, these allylic alcohols can be acckdsectly by the
addition of a vinyl carbanion to an aldehyde. Unfoately, stereoselective addition of the vinyloanremains
challenging with high enantioselectivities for thiansformation limited to aryl aldehyd®a:Frequently, ale novo
route to these allylic alcohols proceeding throagangthy sequence of functional group manipulatiand utilizing
a Sharpless asymmetric epoxidation (SAE) to instal key stereocenter is employ8d. Most often, however,
these products are obtained through a kinetic uéisol of the racemic alcoh8i™ I hypothesized that combining
the ABAO with other enantioselective reactions wabafford a more direct, efficient route to thedglia alcohols
by avoiding many of the functional group manipwdas of traditional carbanion based approacheadditionally,
the significant enantioenrichment afforded by tH@A® should lead to higher yields for any subsequesoblution

step as compared to racemic approaches.
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| began to explore the practicality of generatihgal allylic alcohols through a C—H activation appch
by targeting a prototypicdlis-oxygenated chiral building blodk)-24, a precursor to the C19 — C26 fragment of the
potential cancer therapeutic Bistramide A (Schem®® In the traditional carbanion based route, d6lis
selectively protected at one terminus, then oxilizad subjected to a Horner-Wadsworth-Emmons agén at
the other to generate est28. After reduction of the ester, SAE affords the»epalcohol27 in 93% ee. The
primary alcohol is then converted to a halogencWlig eliminated with zinc to afford the desirelyla alcohol(-)-
24in a total of 7 steps and 34% overall yield.

Scheme 2.4C—H oxidation vs. carbanion based route for thetsgsis of (-24

Carbanion Based Route Oxidation Route
7 steps 4 steps
34% Yield 47% Yield
93% ee 99% ee
OBn Me

Ho? NN k/\_)\/\I HO” NN

25 28

3 steps, ref. 60 )
l 61% NaH, T!.)BQ‘L BnBr l

Bistramide A

G OMe C49-Cp fragment
Bno/\/\/Y BnO/\/\/\
26

29
2 steps, ref. 60
83%, 93% ee
1.) ABAO

2.) K,CO3, MeOH
NN
BnO o

89%,

i

50% ee, 4.3:1 BiL
27 S 3.) Novozyme 435

2 steps, ref. 60 BnO' v A 55%, 99% ee
67%, 93% ee % >20:1 B:L
(e

Alternatively, after simple protection of commeitbjiaavailable 28, allylic oxidation installs the oxygen

)

functionality directly at the desired oxidationtstawith significant enrichment toward the desiegntiomer (50%
ee). Subsequent methanolysis and enzymatic résolgtves enantiopuré-)-24 in a total of 4 steps and 47%
overall yield. The C—H oxidation route reduces theerall step count and improves the yield by mining
functional group manipulations and unnecessary aiiid state changes. Furthermore, | found thayreatic
acylation not only increases the enantioselectigftyhe reaction, but also rapidly acylates theaniimear allylic
alcohol, making purification of the final producivial.

Broad use of an enantioselective transformatiomireg that either enantiomer of the desired prodaat
be obtained with high enantioselectivity. Fortwhat catalyst19 is readily available as either enantiomer, and
careful enzyme selection allows for enrichment athestereoisomer of the proddttTo demonstrate this, | used

SS19 and a protease resolution to gener@te24 in 99% ee and nearly identical overall yield t@ troute
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previously described fof-)-24 (Scheme 2.5). This matches the flexibility of theditionalde novo approach to

these compounds which was utilized to m@Ke24 in a total synthesis of the potent biotoxin Azaapid A%

Scheme 2.5C—H oxidation approach to either enantiomer ofliliglcohol24

4 steps 4 steps
47% Yield 44% Yield
99% ee 99% ee
1.) ABAO (R,R-19) 1.) ABAO (S,S-19)
n=3 2.) K,CO3, MeOH n=3 2.) K,CO3, MeOH n=3
BnO Y Y €«—— BnO N —» Bo X
H 3.) Novozyme 435, 29 3.) S. Carlsberg,
(--24 OH vinyl acetate isopropeny! (+)-24 OH
valerate
NaH, TBAI;
BnBr, 95%
Bistramide A n=3 Azaspiracid-1
C19-Cog fragment HO/N\/\ C40-C7 fragment

| next sought to compare the C—H oxidation routechiral allylic alcohols to traditional resolution
strategies. Estdr)-30 was synthesizeen route to the flower inducing factor 9R-KODA (Scheme 26)In order
to avoid a lengthy sequence of FGMs, the origirakarchers chose to ozonolize methyl ole3i} gnd attempt to
vinylate the resultant aldehyde in the presencearofester group. While the authors observed a feignt
diminishment in overall yield, they were able toajly access (xB0. Subsequent enzymatic kinetic resolution
afforded enantiopuré)-30 in three steps, though the poor chemoselectiffith® vinylation step lead to an overall
yield of only 9%. Conversely, ABAO of commercialpvailable a-olefin 33 followed by methanolysis and
resolution yielded-)-30in equivalent step count and enantiopurity, buhwit6-fold increase in total yield (3 steps,

53% vyield, 99%ee). Importantly, this reaction s&ge was run on gram scale with no diminishmemtatd.

Scheme 2.6C—H oxidation vs. carbanion based route for thelsssis of ester (-30

Carbanion Based Route Oxidation Route
3 steps 3 steps
9% Yield 53% Yield
99% ee 99% ee
n=6
| - )ol\M/\/\
m MeO X
Meo 9R-KODA n=6 33
n=4 31 3
1.) ABAO
1 step, ref 63. 2.) K,CO3, MeOH
85%, 57% ee,
(o] 4.8:1B:L
3.) Novozyme 435
O .
MeO Z vinyl acetate
n=6 o) 62%, 99% ee,
32 >20:1 BiL
2 steps, ref 63. MeO)I\M/\/\ 49% overall yield
n=6 H 1 g scale
OH -
(-)-30
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Due to the large number of commercially availabl®lefin starting materials, the C—H oxidation
sequences presented thus far have begun withdaltgtructed carbon frameworks. However, | soughtnd an
example in which no such olefin was available, tasd whether a C—H oxidation route was still contjpet with
traditional approaches. Synthesis of allylic alwlof)-34 began from a commercially available, protectedtisiz
material (Scheme 2.7§. Formation of a Grignard reagent from brom&fefollowed by its addition into acrolein
gave racemic alcohol (334 in one step. Again, this addition proceeds witbmpchemoselectivity, giving a mixture
of 1,2- and 1,4-addition products. Enzymatic resoh then yielded the desir¢g-34 in two steps and 19% overall
yield. From the same commercially available bran88, a suitable starting material for C—H oxidati@®6) can
be obtained by simple allylation, a C—C bond forgnieaction with no chemoselectivity issues. Subjgcthe
resultant olefin to the C—H oxidation, methanolysiszymatic resolution sequence affords the desinedhtiopure
alcohol(-)-34 in four steps and 46% overall yield, doubling yiedd of the traditional route for a substrate ricing
no FGMs to prepare and further illustrating therpise this strategy has for generating these chirédliing blocks..

This is enabled by the ease of installing the atigiety and the mild and selective nature of thisk oxidation.

Scheme 2.7C—H oxidation vs. carbanion based route for thelsgsis of (-)34

Carbanion Based Route Oxidation Route
2 steps 4 steps
19% Yield 46% Yield
99% ee 99% ee
(0] (0]
)\/\ Q )\/\
(6) Br H O Br
35 AN 35
n=9 Mg’ CI
1 step, ref. 64. "y, QSM
46% ‘OH
(\0 (+)-iso-6-cassine E\o
o W o )\M/\
(+)-34 n=3
OH 36
1.) ABAO
1 step, ref. 64. 2.) KaCO3, MeOH
42%, 99% ee 82%,
45% ee, 4.8:1 B:L
3.) Novozyme 435
57%, 99% ee
H >20:1 B:L
= -

| have demonstrated how the ABAO can be combingt emzymatic resolution to afford enantiopure
allylic alcohols rapidly and in good yield. Howeyeeagent controlled enantioselective transforomatican also be
used to enrich C—H oxidation products by generasegarable diastereomers. | sought to exemplify itiéa

through a synthesis of the densely functionaliaedri core of Goniothalesdiol. Due to its poterntvity against
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mouse leukemia cells, a number of total synthe$&oaiothalesdiol §7) and its epimers have been undertaken.
Generally these routes begin with chiral pool materand are therefore limited in the derivatied87 they can
rapidly access. One approach initially developgd Gracza and co-workers t87 proceeds through the
tetrasubstituted furan coB8°° | recognized that an ABAO tandem oxidative Hecusmce could access this core
structure rapidly (Scheme 2.8f. Subsequent Sharpless asymmetric dihydroxylatioAD{Swould generate
separable diastereomers, allowing us to obtaint@pme material for further reaction. Significentour de novo
approach t@8is quite flexible, allowing us to selectively caoritthe stereochemistry at the 5, 6, and 7 postioin
the core furan as well as easily vary the naturthefaryl substituent at position 7. While prewa@yntheses have
relied primarily on C—C bond forming reactions, sthplan involves a steady increase in complexityubgh
hydrocarbon oxidations.

Scheme 2.8Enantioselective C—H oxidation approach to thedaran the Goniothalesdiol family

(o]
Goniothalesdiol n=3
1, 7ONG tPH ° Ph MeO A
MeO o N .
7 7
! o AcOH
HO' oH o oH N
37 38 PhB(OH),
_ ABAO. _ A\
o  ABAT o Z
)k/”\/\ A |
—_—
PhB(OH
MeO N (OH), MeO é N A
commercially 50% ee OAc
available
LiOH,THF/H20;
1M H3POy,, benz.
1.) SAD? A
o
2.)2-Methoxypropene, 545/"0$/2‘3t59)
PTSA (20 mol%), " o ee
70% (2-step) o
99% ee 4 4
7 steps

22% Yield

99% ee
o’( 1M HCl, Ol pn
‘\\\\O THF, 45°C; e o
. , % )
o o .,

NEts, CH,Cl,
80%

o (+)-43 (-)-44
#SAD = Sharpless asymmetric dihydroxylation. Segeeexnental section for details

1.) LIHMDS, PhSeBr
2.) H,0,, CH,Cly

73% (2-step)

| decided upon furan corg)-44 as an interesting target for this strategy becatesdhe best of my
knowledge, 6epi-Goniothalesdiol has yet be synthesized or evadliatedicinally. My route began with the ABAO
of methyl ester39, followed by the addition of phenyl boronic acidsratifyingly, the ABAO/oxidative Heck
reaction furnished estef0 in a one pot transformation. Hydrolysis and @ation of the crude material gave

lactone4l in 54% vyield over two steps. SAD of this matedald subsequent ketal protection of the resulteant d
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gave 70% of diastereomerically and enantiomerigallse (-)-42. The relative and absolute stereochemistry of this
compound were determined by X-ray crystallogragmnalysis ofpara-Bromophenyl(-)-42. This derivative was
rapidly generated simply by switching to 4-bromopyiboronic acid in the ABAO/oxidative Heck step,
highlighting the ease of modifying the core furarough this route. Selenation/dehydroselenatiolactbne(-)-42
afforded unsaturateglactone(+)-43in 73% yield. Deprotection of the acetonide folemhbyin situ NEt; assisted
cyclization afforded the desired tetrasubstitute@ii(-)-44 in 7 total steps and 22% overall yield. Previ@Qis-C
bond forming routes to this core structure procdeite & and 16® steps with 6% and 9% overall yields
respectively. This case study demonstrates thenpiat of hydrocarbon oxidations for synthesizingnsely

functionalized fragments, and exemplifies the ity of this synthetic approach for generatingidatives.

2.3 Conclusions

In conclusion, | discovered a heterobimetalli¢ Bts-sulfoxide/(Salen)CIF system for asymmetric allylic
C—H oxidation of terminal olefins that proceedshnilhe highest levels of enantioselectivity for tbisfin class to
date®® To the best of our knowledge, this representsfifs¢ demonstration of a chiral Lewis acid co-cgsl
interacting with an organometallic intermediate influence the stereochemical course of a catalgtiacess.
Moreover, Lewis acids are proving to be a generahms for promoting reactivity under the acidic,cefgphilic
reaction conditions necessary for C—H activatiothwgatalyst13. | have also established that the asymmetric
branched allylic oxidation reaction can be combinsdh other enantioselective transformations toouff
enantiopure, polyoxygenated allylic alcohols rapidind in good yields. The C—H oxidation approash i
complimentary to commonly used resolution afnovo synthetic strategies that require significant narshof
protection/deprotection steps and functional growgmipulations. Due to the ease and efficiencyhisf approach, |

expect that this strategy will find widespread ferethe synthesis of these commonly used internteslia

2.4 Experimental Section

General Information: All commercially obtained reagents were used asived; Pd(OAg), (Strem Chemicals),
(1R,2R)-(-)-[1,2-Cyclohexanediamino-N,N’-bis(3,5tdbutylsalicylidene)|Chromium(l11)Cl, (1S,2S)-(4},2-
Cyclohexanediamino-N,N’-bis(3,5-di-t-butylsalicytide)|Chromium(lII)CI, Benzoquinone (Aldrich), unde®

(Fluka), acetic acid (Fisher) . Pd(OAayas stored in a glove box under an argon atmospdued weighed out in
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the air prior to use. Commercially available “Whitatalyst” (1,2-Bis(phenylsulfinyl)ethane palladifil) acetate)
from Aldrich was found to be equivalent to that gaeed freshly by the published procedireSolvents 1,4-
dioxane, diethyl ether (ED), and methylene chloride (GEl,) were purified prior to use by passage througle@ b
of activated alumina (Glass Contour, Laguna Be&dlifornia). Tert-butylmethyl ether (TBME), ethyl acetate
(EtOAC), and acetonitrile (Sure/Seal) were obtaifiech Sigma-Aldrich and used as received. All ldlypxidation
reactions were run under air. Achiral gas chrogpaphic (GC) analyses were performed on Agilentifietogies
6890N Series instrument equipped with FID deteatisisg a HP-5 (5%-Phenyl)-methylpolysiloxane colu@am,
0.32mm, 0.2fm). Chiral gas chromatographic (GC) analyses weréopmed on an Agilent Technologies 5890A
Series instrument equipped with an FID detectongisi J&W ScientificB-cyclodextrin column (30m, 0.25mm,
0.25um). HPLC analysis was performed on an Agilent Tedbgies 1100 HPLC system with a model 1100
Quaternary Pump, Diode Array Detector, Thermostat] Autosampler. Thin-layer chromatography (TLGsw
conducted with E. Merck silica gel 60 F254 precdaptates (0.25 mm) and visualized with UV, potassiu
permanganate, and ceric ammonium molybdate stairfiesh column chromatography was performed asrithes!

by Still et al*® using EM reagent silica gel 60 (230-400 meshy.NMR spectra were recorded on a Varian Unity
400 (400 MHz) or a Varian Unity 500 (500 MHz), okarian Unity Inova 500NB spectrometer and are riubin
ppm using solvent as an internal standard (GREY.26 ppm). Data reported as: s = singletddublet, t = triplet,

q = quartet, m = multiplet, b = broad; coupling samt(s) in Hz; integration. Proton-decouptdd- NMR spectra
were recorded on a Varian Unity-500 (125 MHz) speoeter and are reported in ppm using solvent datamal
standard (CDGlat 77.0 ppm). IR spectra were recorded as thimsfon NaCl plates on a Perkin-Elmer Spectrum
BX and are reported in frequency of absorption tcm High-resolution mass spectra were obtainedhat t
University of lllinois Mass Spectrometry Laboratory
(1R,2R)-(-)-[1,2-Cyclohexanediamino-N,N’-bis(3,5-di-butylsalicylidene)]Chromium  (Illl) Acetate (20)%°
Commercially available (1R,2R)-(-)-[1,2-Cyclohexdi@mino-N,N’-bis(3,5-di-t-butylsalicylidene)]Chronin(l11)
Chloride (0.500 g, 0.78 mmol) was added to a dktitn vial wrapped in aluminum foil. To this wasldedtert-
butylmethyl ether (TBME) (7.8 mL) followed by sili#) acetate (0.126 g, 0.78 mmol). The reactiors wapped
and stirred vigorously for 7 hrs, at which time tliiids were filtered through Celite®©, rinsing WitBME (~25

mL). The solvent was removeéd vacuo and the catalyst was used without further puriica IR: 2961, 2910,
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2869, 1621, 1537, 1435, 1361, 1320, 1255, 12010,11732, 1099, 1076, 1028, 837, THRMS: (FAB) m/z
calculated for GgHs,O,N,Cr [M + - OAc]": 596.3434; found: 596.3435.

General Procedure for Asymmetric Branched Allylic Qcidation (Table 2.1): A vial (8 mL borosilicate) was
charged with the following: 1,2-Bis(phenylsulfijgthane palladium(ll) acetafied) (10 mol%, 0.10 mmol, 50 mg);
(1R,2R)-(-)-[1,2-Cyclohexanediamino-N,N’-bis(3,5tdbutylsalicylidene)|Chromium(lIAR,R-19) (10 mol%,
0.10 mmol, 61.6 mg), 1,4-benzoquinone (2 equi,r@mol, 216 mg), an activatech4vS bead (~30 mg), and a
Teflon®© stir bar. A separate vial (2 mL, borosilie) was charged with the following: substrate ¢hr@ol), AcOH
(1.1 equiv., 63uL), and EtOAc (20QuL). The liquids were transferred to the solids pipette and the vial rinsed
with EtOAc (3 x 100uL ). After carefully stirring for 48 hrs at roonerhperature, the reaction mixture was
transferred to a separatory funnel with ~3 mL EtGéd then diluted with hexanes (200 mL). The orgaayer
was rinsed with sat. aq. NaHSQ@. x 50 mL) and 5% ag. &£O; (2 x 50 mL). Caution should be taken when
combining aqueous layers as carbon dioxide is evolved. The combined aqueous layers were back extractdd wi
hexanes (100 mL). The combined organic layers waesl (MgSQ), filtered, and reduceish vacuo. The resulting
oil was re-dissolved in hexanes (50 mL) and exéd@tgain with 5% aq. #£O; (3 x 10 mL) to remove residual
hydroquinone. The organic layer was again dried$&,), filtered, and reduceih vacuo to afford a clean mixture
of allylic oxidation products and any unreactedtsig material from which the conversion, yield,daB:L ratio
were determinedd NMR). Enantioselectivities were determined byrahGC using #-cyclodextrin column (see
individual substrates for details).

General Procedure for Screens (Table 2.1, Table 2.Zable 2.3): Vials (2 mL or 4 mL borosilicate) were
charged with the following solids: 1,2-Bis(phenyfgwl)ethane palladium(ll) acetatd 8) (10 mol%); Lewis acid
(10 mol%), and oxidant (2 equiv.). Separate faleL, borosilicate) were charged with the follogiri-undecene
(0.1 mmol or 0.2 mmol), nitrobenzene (internal Géndard, 40 mol %), AcOH, and solvent. Aliquots eveaken
from the liquid vials (~1QL filtered with EtO through a short pipette plug of silica), to detiee GC initial ratios
of 1-undecene to nitrobenzene. The liquids wenmastearedvia pipette into the appropriate solids vial, chargéthw
a stir bar, capped and allowed to stir at room tnapire or 4%C. Aliquots were taken at time intervals to
determine GC yields. Response factors relativendeaene were determined for the branched and liaigdic
acetates. Catalyd3 was prepared as previously descriBedCommercially availabld3 (Aldrich) was found to

give comparable yields and selectivities. Lewii a4 was prepared as describ®dnd added as a solution in
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CH,Cl,. Lewis acid’s15 and 16 were prepared as previously described. Lewis acid17 was prepared from
commercially available (1R,2R)-(-)-[1,2-Cyclohexdr@mmino-N,N’-bis(3,5-di-t-butylsalicylidene)]Cobalfll) as
previously describe@®’ Lewis acid 19 was prepared from commercially available (1R,2R)4;2-
Cyclohexanediamino-N,N’-bis(3,5-di-t-butylsalicyéide)]Chromium(lIl) Chloride as previously descrifed

Table 2.5.Analysis of Lewis acid mediated enantioselective i€bend oxidation

QE‘B\/ _N\c r/o t-Bu—C§:o’ \oj@—mu
TiNg A otol ‘d o e S
ha Megemor
14 15= monomeric Cr(lF 19
16 = dimeric Cr(ll)OAc 20
OAc
Me > 13 (10 mol %), LA (10 mol%) > Me P
n=7 AcOH (X equiv.), BQ (2 equiv) i
Dioxane(M),T°C, 24 hrs 21
Entry LA M X T % Yield? B:L ee b
1 0.33 4 45 7 >30:1 0
2 14 0.33 4 45 27 28:1 0
3 15 0.33 4 45 7 8:1 0
4 16 0.33 4 45 41 6:1 0
5 17 0.33 4 45 6 >30:1 0
6° 17 2 1. rt 1 1.9:1 4
7 b 17 2 11 rt 4 2.8:1 14
8 18 0.33 4 45 7 1.2:1 32
9 18 0.33 11 45 10 1.2:1 32
10 18 2 1.1 35 1.1:1 32
11 18 2 1.1 41 1.4:1 32
12 19 0.33 4 45 74 9.3:1 9
13 19 0.33 11 45 59 7.9:1 15
14 19 2 11 rt 86 4.6:1 54
15 19 2 11 rt 93 5.1:1 57
16 20 0.33 4 45 11 3.2:1 8
17 20 0.33 11 45 8 2.0:1 14
18 20 2 1.1 rt 50 1.5:1 29
19¢ 20 2 11 rt 7 2.0:1 31

3GC yield, average of at least two rufiBetermined by Chiral GCTBME, 1.1
equiv. DIPEA®EtOAC solvent, 4A MS bead added(~30 mg), 48 hrs.

Table 2.5.Solids vial (2 mL borosilicate): 1,2-Bis(phenylsulfinyl)ethamalladium(ll) acetatel@) (0.02 mmol,
10.0 mg)(Entries 1-19), benzoquinofZequiv., 0.4 mmol, 43 mg)(Entries 1-13% (0.02 mmol, 0.1 M solution in
CH,ClI,, 200uL)(Entry 2),15(0.01 mmol, 9.9 mg)(Entry 31,6 (0.02 mmol, 9.7 mg )(Entry 4},7 (0.02 mmol, 13.2
mg )(Entry 5-7),18 (0.02 mmol, 12.6 mg)(Entries 8-11)9 (0.02 mmol, 12.3 mg)(Entries 12-1%)0 (0.02 mmol,
13.2 mg)(Entry 16-19)Liquids vial (2 mL borosilicate): AcOH (4 equiv., 0.8 mmol, #®), 46uL)(Entries 1-5, 8,

12, 16), AcOH (1.1 equiv., 0.22 mmol, 13 mg, 1gL§(Entries 6-7, 9-11, 13-15, 17-19), 1-undecenedtiv., 0.2
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mmol, 31 mg, 4uL)(Entries 1-19), nitrobenzene (internal GC stadd&@:08 mmol, 9.4 mg, 844.)(Entries 1-19),
0.606 mL dioxane (Entries 1-5, 8-9, 12-13, 16-100 uL dioxane (Entries 10, 14, 18), 102 TBME (Entry 6),
Diisopropylethylamine (1.1 equiv., 0.22 mmol, 28y, 39uL) (Entry 6), 100uL EtOAc (Entries 7, 11, 15, 19),
45°C (Entries 1-5, 8-9, 12-13, 16-17), room tempem{{intries 6-7, 10-11, 14-15, 18-19). Results aported as
an average of two to three runs, with yields andcswities determined by GC.

Mechanistic Explorations

Relative Rates ofr-6- 1 Isomerization and Functionalization

(2)-1-deuterio-1-decene was prepared mBuLi deprotonation of decyne quenched withCJ® followed by
hydrozirconation of 1-deuterio-1-decyne quencheth w,0O.’’ This material was then submitted to the standard
branched allylic oxidation conditio?fé (Table 2.1, entry 15) and the double bond geonttize product evaluated
after reaction."H NMR showed a 1:1 ratio @is- andtrans-3-acetoxy-1-deuterio-1-decen& NMR spectra of the
starting material and crude product mixture arduihed in Appendix B.

Evaluation of Potential LA Mediated Asymmetric Allylic Rearrangement
Table 2.6 Mechanistic evaluation of LA as an agent faargioselective allylic acetate rearrangement

13 (10 mol%),

OAc R,R-19 (10 mol%) B) O]
" BQ (2 equiv.), OAc
e -
A > Me =+ Me\H/\/\
n=7 . X OAc
AcOH (1.1equiv.) n=7 n=7
EtOAc (2M)
t=0 t=24 t=24
Entry Modifications B:L B:L %ee
1 - >99:1 96:4 0
2 0.5 equiv. allylcyclohexane >99:1 >99:1 0

0.5 equiv. allylcyclohexane
3 BQ (1 equiv.). DHQ (1 equiv.) >99:1 >99:1 0
AcOH (0.1 equiv.)
4 no Pd >99:1 >99:1 0

5 no 13 >99:1 98:2 0

Table 2.6.Authentic 3-acetoxy-1-undecene made through oundstal allylic oxidation conditions was re-exposed
to the optimized reaction conditions (Table 1, gy for 24 hours and no appreciable change in@:& ee was
observed (Table S2, Entry 1). Similarly, we wermhie to effect this transformation in the preseotanother
terminal olefin in a crossover experiment (Table B2try 2). Mimicking conditions of the reactiofiea significant
conversion also failed to effect asymmetric isomsgiion (Table S2, Entry 3)Solids vial (2 mL borosilicate): 1,2-

Bis(phenylsulfinyl)ethane palladium(ll) acetate3) (0.01 mmol, 5.0 mg)(Entries 1-3, 5), benzoquin¢hequiv.,
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0.2 mmol, 21.7 mg)(Entries 1-2, 4-5), benzoquin¢besquiv., 0.1 mmol, 10.9 mg)(Entry 3), hydroquirofl

equiv., 0.1 mmol, 11.0 md},R-19 (0.01 mmol, 6.2 mg)(Entries 1-4).iquids vial (2 mL borosilicate): AcOH (1.1
equiv., 0.11 mmol, 6.6 mg, 648 )(Entries 1-2, 4-5),AcOH (0.01 equiv., 0.01 mm@I6 mg, 0.6uL)(Entry 3), 3-

acetoxy-1-undecene (1 equiv., 0.1 mmol, 21 mg {Entd-5), allylcyclohexane (0.5 equiv., 0.05 mmb2.4

mg)(Entries 2-3), nitrobenzene (internal GC stadd@& 04 mmol, 4.7 mg, 4.uL)(Entries 1-5), 50uL EtOAc

(Entries 1-5), room temperature (Entries 1-5). Resare reported as an average of two to three, nuitk yields

and selectivities determined by GC.

Effect of Chromium Lewis Acid R, R-19 on C—H Cleavge

Table 2.7. Effect of chromium Lewis acid9on rate of C—H cleavage

n=7 n=7
Me’H\/\ 2B Me%
Me.
\(..)/\/ 13 (1 equiv), Pd\ n-Bu,NCI Pd\
—_— —_
n=7 AcOH (11 equivy), 2 \</0Ac [@equiv) 2 \</CI
NB, EtOAc (0.2M) A >
Yield®
Entry Additive t=0.5 hr t=1.5 hr t=2.5 hr Krel
1 . 38 58 84 1.00
2 R,R-19 (1 equiv) 42 70 90 1.05

C-H Cleavage Kinetics

Chart Title
y=11.9892x + 15,5190
100 1 R?=0.9913
90 - 13
_ 80{ -——13+RR-19
[
E 701 y=11.3917x + 12.7569
2 60 R’ =0.9918
9 |
S 50 -
=
I 40
> 30 -
=
20 1
10 A
0 T T T T T 1
0 0.5 1 1.5 2 2.5 3

Time (hrs)
Table 2.7.Vial (2 mL borosilicate): 1,2-Bis(phenylsulfingihhane palladium(ll) acetatd3) (0.02 mmol, 10.0
mg)(Entries 1-3)R,R-19 (0.02 mmol, 12.6 mg) (Entry 3),and a Teflon© starb A stock solution of 1-undecene
(84 pL, 0.4 mmol) and EtOAc (2 mL) was prepared. Dingdtl the solids was added via syringe 1Q4of this
stock solution (0.02 mmol 1-undecene), followedAmyOH (12.6uL, 0.22 mmol). Both vials were carefully stirred
at room temperature. After the indicated tim&u,NCI (0.08 mmol, 22.2 mg) was added, and the mixali@ved

to stir an additional 1 hr at room temperature. Thistents of each vial were then transferred tacen pipette plug
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of silica gel. 2 mL of CDGlwas used to rinse the Pd-chloride dimer throughstlica into a 25 mL recovery flask.
The solvent was removed vacuo. A stock solution of nitrobenzene (10 uL, 0.09 onand CDC} (10 mL) was
prepared. 1.5 mL of this stock was added to dask, the flasks were capped, vortexed for 15 sdspand a 0.7
mL aliquot was removed via syringe from each aaddferred to a separate NMR tube. Results aretszbas an
average of at least three runs, with yields deteeshby'H NMR as compared to the internal standard and &as
indicating standard deviation from the mean. Redatates are based on the slope of a linear fiigmbserved data
for an experimental condition (Entry X) divided that of the control (Entry 1).

Effect of Chromium Lewis Acids R, R-19 andR, R-20 on Functionalization ofzr-allyl-Pd-OAc

Table 2.8. Effect of chromium Lewis acid on rate of C—O ftinnalization

A) I: Ir; 11
AcO, BQ.Cr(F)L* BQ BQ.Cr(F)L*
Npg” i L,Pd” LPd”
AN L ~— <
R R/\/ i R/\/
H Aco—crLr i AcO—CrL*
B.) n=7
Me/H\/\ OAc
/i\ LA (1 equiv.)
Pd\ - P  Me =
22 \</0Ac Mock Catalytic .
2
Entry LA Krel® %Yield® B:L ee®
1 - 1.0 20 >20:1
2 (R,R)-19 9.7 85 5.2:1 55
3d (R,R)-19 R 0
4 (R,R)-20 3.8 4 2.2:1 29
5¢ (R,R)-20 + TBAF 11.6 96 2.4:1 17
6ef (R,R)-20 + TBAF 10.7 84 3.0:1 13
B) O o] o
Me A
o PPh,
CFs
0 0 o
55% ee 35% ee P 13%ee 0% ee 0% ee

A.) Proposed modes of action for chromium lewis adidReductive
elimination of acetate by a Cr(BQ) activated Pdiptdl Delivery from
Cr(OAc) to a Pd-p-allylll Delivery from Cr(OAc) to an activated Cr(BQ)-
Pd-p-allyl B.) Effects of catalysts 3 and 4 on functionalizatmna Pd-p-
allyl. Mock Catalytic= 0.2M EtOAc, 11 equiv. AcOH, 20 equiv. BQ, rt,
(molarity and equivalents are relative to Prdte and selectivity determined
by GC, comparison to a standard curve using NBhdatarnal standartiGC
yield at 40 min.°Determined via GC onp-Cyclodextrin column’no BQ
added®lequiv.R,R-20 and 1 equiv. TBAF-34D addedrun in THF withz-
allyl-Pd-PRk as the starting materiaC.) Enantioselectivity trends for
functionalization with a variety of-acids andR,R-19
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Functionalization Kinetics

100 7 -s-Pd =4.2126x + 3.0841
—e—Pd and RR-19 yRELE
R=0.9917
—e—Pd and R,R-20
80 {1 —a—Pd+TBAF $
_.-=Y y=35493x+3894
%--Pd, TBAF and R,R-20 P R? = 0.068
o 60 - y =25462x-2.1536
° =
g R? = 0.9997
= 40 b
y = 1.3966x - 0.4007
R% =1
20 - y=0.3644x + 6.4618
R®=0.9514
0 T T T T '
0 5 10 15 20 25

Time (min)

Table 28. Vial (2 mL borosilicate): bis[acetato(1,23hapto-1-undecene)palladium (1132’8 (0.011 mmol, 7.0
mg)(Entries 1-5), Hexafluorophospho(1,2rByapto-1-undecene)palladium (1§ (0.011 mmol)(Entry 6),1,4-
benzoquinone (0.22 mmol, 23.8 mg)(Entries 1-3, ,33-19 (0.022 mmol, 13.5 mg) (Entries 2-3},R-20 (0.022
mmol, 14.4 mqg) (Entry 4-6), tetrabutylammonium flide trihydrate (0.022 mmol, 6.9 mg)(Entries 5-@nd a
Teflon®© stir bar. A stock solution of nitrobenzef36 uL, 0.34 mmol) and EtOAc (2 mL) was prepared. (Esrl-
5). A stock solution of nitrobenzene (g€, 0.34 mmol) and THF (2 mL) was prepared. (Entyy®irectly to the
solids was added via syringe 1{ill of the stock solution (0.018 mmol nitrobenzerfe)lowed by AcOH (14uL,
0.24 mmol)(Entries 1-6). Each vial was then capged stirred at room temperature. At each timetpaim aliquot
(~7 uL) was removed and passed through a short pludicd & a pipette into a 2 mL borosilicate vidlnreacted
SM was then quenched with two drops of sat. aq. 8aH Each vial was capped and vortexed for 30 seconds
After allowing the layers to separate, the orgdayer was decanted away and passed through a spigmette silica
plug into a GC vial. Results are reported as aname of at least three runs, with yields and siglées determined
by GC. Yields were determined by comparison to atibration curve of authenti@-acetoxy-1-undecene,

synthesized independently, versus nitrobenzené,evibr bars indicating the standard deviation ftbenmean.
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Exploration of Functional Group Tolerance and Scope

Table 2.9.Preliminary scope of enantioselective C—H bonidatkon
OAc

0, 0,
R/\/ 13 (10 mol %), 19 (10 mol%) - .
AcOH (1.1 equiv.),BQ (2 equiv) R Z
EtOAc (2 M),rt, 4A MS, 48 hrs
%Yield?

Ent Product B:L ee®
i (%brsmP)
1 OAc 92 5.3:1 59
2d Me\ﬂ)*\/ 92 5.3:1 -59
n=7
3 )‘LH/("A\C/ n=7 89 4.8:1 57
4 MeO Z =2 69 (13) 4.6:1 50
n
0 OAc
5 81 (88) 4.4:1 54
MeO\N =
Me n=7
OAc
6 R=TBDPS 84 (90) 4.4:1 63
W
7 R=H RO n=7 83 4.4:1 50
OAc
R=THP .6:
8 o = 91 3.6:1 49
9 R=Bn n=2 90 4.3:1 45
OAc

10 C_Hex/k/ 78 (83) 1.5:1 62

fisolated yields of allylic oxidation products (Inimol substrate), average of at least
three runs’based on recovered starting matef@dtermined by chiral GC. See
substrate entries below for individual detd8#sS19°72 hrs

General Procedure for Asymmetric Branched Allylic Qcidation (Table 2.9): A vial (8 mL borosilicate) was
charged with the following: 1,2-Bis(phenylsulfijgthane palladium(ll) acetafied) (10 mol%, 0.10 mmol, 50 mg);
(1R,2R)-(-)-[1,2-Cyclohexanediamino-N,N’-bis(3,5tbutylsalicylidene)|Chromium(lIF RR-19) (10 mol%,
0.10 mmol, 61.6 mg), 1,4-benzoquinone (2 equi,r@mol, 216 mg), an activatedh4vS bead (~30 mg), and a
Teflon®© stir bar. A separate vial (2 mL, borosilie) was charged with the following: substrate ¢hr@ol), AcOH
(1.1 equiv., 63uL), and EtOAc (20QuL). The liquids were transferred to the solids pipette and the vial rinsed
with EtOAc (3 x 100uL ). After carefully stirring for 48 hrs at roonerhperature, the reaction mixture was
transferred to a separatory funnel with ~3 mL EtCaékad diluted with hexanes (200 mL). The organietayas
rinsed with sat. ag. NaHS@1 x 50 mL) and 5% aq.4C0Os; (2 x 50 mL). Caution should be taken when combining
aqueous layers as carbon dioxide is evolved. The combined aqueous layers were back extractédhexanes (100
mL). The combined organic layers were dried (MgS@ltered, and reduceih vacuo. The resulting oil was re-
dissolved in hexanes (50 mL) and extracted agadim 5% ag. KCOs; (3 x 10 mL) to remove residual hydroquinone.
The organic layer was again dried (MggCfiltered and reduceth vacuo to afford a clean mixture of allylic

oxidation products and any unreacted starting n@tEom which the B:L, yield, and conversions weletermined
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(*H NMR). Reported yields and selectivities are arrage of at two to three runs. Enantiomeric excgas
determined by chiral G@{cyclodextrin column), as compared to racemic stathsl generated through our standard

branched oxidation chemistffo" Bockmark not defined.

Absolute stereochemistry was determined by peifoy the
optimized reaction conditions (Table 1, Entry 6) bioctene. The resultant product was comparecd:étylated
commercially available Matasuka alcohdb¢-octen-3-ol, Fluka, >99% ee) and determinede@briched in th&
enantiomer whenR|R)-19 was used as catalyst. The remaining substrates assigned by analogy. Slight

variations in B:L ratios and ee’s were noted bametbatch of Cr catalyst. Representative high amdiumbers are

given for each substrate, and factored into theaaes reported in Table 2.5.

OAc Entry 1. Run 1: 201 mg, 0.945 mmol, 95% vyield, [B:L] = 8.1fee] = 60%. Run
NN N N 2: 190 mg, 0.893 mmol, 89% vyield; [B:L] = 5.3:1g]e= 58%. Run 3: 197 mg,
0.927 mmol, 93% vyield; [B:L] = 5.3:1, [ee] = 60%B-¢yclodextrin, 110°C isothermalg(tnajor) = 10.43 min.,
ts(minor) = 11.02 min.),4verage yield:92%]; '"H NMR (500 MHz, CDC}) & 5.77 (ddd, J = 17.2, 10.8, 6.4 Hz,
1H), 5.25-5.14 (m, 3H), 2.06 (s, 3H), 1.66-1.51 @hl), 1.40-1.19 (m, 12H), 0.87 (t, J = 6.8 Hz, 3HE NMR
(125 MHz, CDC}) & 170.4, 136.6, 116.5, 74.9, 34.2, 31.8, 29.4, 28942, 25.0, 22.6, 21.3, 14.IR (neat, crit)
3089.1, 2931.0, 2855.8, 1741.9, 1466.2, 1371.09 B2BIRMS (ESI) m/z calculated for gH,,O.,Na [M + NaJ:
235.1674; found: 235.1667.
OAc Entry 2. SS19 used as LA catalyst. [ee] = 5998-¢yclodextrin, 110°C
Meo N F  isothermal, g(minor) = 10.43 min..4{major) = 11.02 min.)

0 OAc Entry 3. Run 1: 235 mg, 0.915 mmol, 92% vyield, [B:L] = 8.2[ee] = 58%.

Meo)l\/\/\/\)\/ Run 2: 225 mg, 0.879 mmol, 88% yield; [B:L] = 8.1{ee] = 58%, Run 3:

224 mg , 0.876 mmol, 87% yield; [B:L] = 4.0:1, [ee]55% (-cyclodextrin, 130°C isothermalk(tajor) = 34.30
min., &(minor) = 35.49 min.),dverage yield:89%]; *H NMR (500 MHz, CDC})  5.78 (ddd, J = 17.1, 10.5, 6.5
Hz, 1H), 5.24-5.14 (m, 3H), 3.66 (s, 3H), 2.29)( 8.0 Hz, 2H), 2.05 (s, 3H), 1.62-1.53 (m, 4H29(bs, 8H);*C

NMR (125 MHz, CDC}) 6 174.2, 170.3, 136.5, 116.5, 74.8, 51.4, 34.1,,32901, 29.0, 29.0, 24.9, 24.8, 21IR;
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(neat, crit) 3089.1, 2932.9, 2858.2, 1742.0, 1436.3, 137HBMS (ESI) m/z calculated for gH,.O,Na [M +

Na]": 279.1572; found: 279.1564.

OAc Entry 4. Run 1: 132 mg, 0.708 mmol, 71% yield, [B:L] = 4.6]ee] = 50%. Run 2: 119

MEOW mg, 0.640 mmol, 64% yield; [B:L] = 4.7:1, [ee] =#9 Run 3: 131 mg, 0.706 mmol, 71%

0
yield; [B:L] = 4.6:1, [ee] = 50%.-cyclodextrin, 110°C isothermal(tajor) = 5.52 min.,

ts(minor) = 5.83 min.), dverage yield:69%, with 4% recovered SM (5.1 mg) NMR (500 MHz, CDC}) 5 5.76
(ddd, J = 17.3, 10.5, 6.3 Hz, 1H), 5.29-5.18 (m),38468 (s, 3H), 2.36 (t, J = 7.5 Hz, 2H), 2.063H), 2.00-1.93
(m, 2H); *C NMR (125 MHz, CDCJ) & 173.3, 170.1, 135.6, 117.2, 73.6, 51.7, 29.6,,28111;IR (neat, cri)
3088.0, 2953.7, 2853.7, 1742.2, 1438.3, 1372.76 I2BIRMS (ESI) m/z calculated for §1,,0,Na [M + NaJ:

209.0790; found: 209.0787.

o oA Entry 5. Run 1: 230 mg, 0.806 mmol, 81% vyield, [B:L] 54, [ee] =
C

MeO\NJ\/\/\/\)\/ 55%. Run 2: 248 mg, 0.861 mmol, 86% yield; [BsL#.1:1, [ee] = 52%.

Me
Run 3: 229 mg, 0.802 mmol, 80% vyield; [B:L] = 4.6[ee] = 55%. [§-cyclodextrin, 140°C isothermak(tmajor) =

93.29 min., g(minor) = 95.48 min.dverage yield:82%, with 6% recovered SM (13.6 mg)}H NMR (500 MHz,
CDCl;) 6 5.76 (ddd, J = 17.2, 10.4, 6.2 Hz, 1H), 5.24-5r14 3H), 3.68 (s, 3H), 3.17 (s, 3H), 2.40 (t, J.6 Az,
2H), 2.06 (s, 3H), 1.63-1.54 (m, 4H), 1.30 (bs, 8% NMR (125 MHz, CDC})  174.7, 170.4, 136.5, 116.5, 74.8,
61.1, 34.1, 32.2, 31.8, 29.3, 29.2, 29.2, 24.95221.2;IR (neat, crif) 3084.1, 2936.7, 2854.6, 1737.9, 1665.9,

1463.3, 1383.0, 1239.8tRMS (ESI) m/z calculated for gH,;NO,Na [M + NaJ: 308.1838; found: 308.1832.

OAc Entry 6. Run 1: 381 mg, 0.816 mmol, 82% vyield, [B:L] = 4.4{ee] =
TBDPSO/\/\/\/\)\/ 63%. Run 2: 386 mg, 0.826 mmol, 83% yield; [B:L#®:1, [ee] = 64%.
Run 3: 402 mg, 0.862 mmol, 86% vyield; [B:L] = 4.3[ke] = 61%. EE determination performed afteylsil
deprotection (1M TBAF in THF) and acetylation (&; NE§, DMAP). (3-cyclodextrin, 135°C isothermal,

tr(major) = 36.86 min.&fminor) = 37.92 min.)dverage yield:84%, with 7% recovered SM (28.5 mg)f NMR
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(500 MHz, CDC4) & 7.67 (dd, J = 7.8, 1.0 Hz, 4H), 7.47-7.34 (m, 65{y7 (ddd, J = 17.4, 10.5, 6.5 Hz, 1H), 5.25-
5.14 (m, 3H), 3.65 (t, J = 6.5 Hz, 2H), 2.06 (s)3H65-1.52 (M, 4H), 1.40-1.20 (m, 10H), 1.049H); *C NMR
(125 MHz, CDC}) & 170.4, 136.6, 135.6, 134.1, 129.5, 127.5, 11649, 74.0, 34.2, 32.5, 29.4, 29.3, 29.3, 26.9,
25.7, 25.0, 21.3, 19.4R (neat, cnf) 3071.3, 3050.2, 2931.0, 2857.8, 1741.0, 15894528, 1428.0, 1240.5;

HRMS (ESI) m/z calculated for &H4,0:SiNa [M + NaJ: 489.2801; found: 489.2803.

OAc Entry 7. Run 1: 189 mg, 0.829 mmol, 83% yield, [B:L] = 4.9[&e] = 50%.
Ho/\/\/\/\)\/ Run 2: 187 mg, 0.819 mmol, 82% vyield; [B:L] = 3.7f&e] = 49%. Run 3: 189
mg, 0.827 mmol, 83% vyield; [B:L] = 4.6:1, [ee] =0 EE determination performed after acetylation,(? NEg,
DMAP). (B-cyclodextrin, 135°C isothermalg(tnajor) = 36.92 min.,g{minor) = 37.94 min.), dverage yield:
83%.];*H NMR (500 MHz, CDC{) 8 5.77 (ddd, J = 17.4, 10.5, 6.5 Hz, 1H), 5.25 (h),3.64 (app dd, J = 12.0,
6.5 Hz, 2H), 2.06 (s, 3H), 1.67-1.53 (m, 4H), 1403 (m, 10H),**C NMR (125 MHz, CDC}) 5 170.4, 136.6,
116.5, 74.8, 63.0, 34.1, 32.7, 29.4, 29.3, 29.26,285.0, 21.2jR (neat, cri) 3247.5, 3085.2, 2931.4, 2856.6,
1731.8, 1647.3, 1463.4, 1371.BIRMS (ESI) m/z calculated for &H,,0sNa [M + NaJ: 251.1623; found:

251.1620.

OAc Entry 8. Run 1: 220 mg, 0.908 mmol, 91% yield, [B:L] = 3.6fee] = 50%. Run 2: 220
THPO\/\)\/ mg, 0.908 mmol, 91% vyield; [B:L] = 3.3:1, [ee] =%7 Run 3: 221 mg, 0.914 mmol, 91%
yield; [B:L] = 3.8:1, [ee] = 49%. EE determinaticione after converting THP to acet&tép-cyclodextrin, 110°C
isothermal, g(major) = 9.27 min.,(minor) = 9.80 min.), dverage yield:91%.];'"H NMR (500 MHz, CDC})) &
5.78 (ddd, J = 17.0, 10.5, 6.5 Hz, 1H), 5.30-5m63H), 4.57 (t, J = 3.5 Hz, 1H), 3.88-3.83 (m, 1BLV7-3.71 (m,
1H), 3.52-3.47 (m, 1H),3.42-3.36 (m, 1H), 2.0638), 1.88-1.49 (m, J = 10HJ}°C NMR (125 MHz, CDC}) &
170.3, 136.3, 116.7, 98.8, 74.6, 67.0, 62.3, 3809, 25.4, 25.3, 21.2, 19K (neat, crif) 3087.1, 2937.0, 2870.7,
1738.4, 1646.7,1441.31, 1371.7, 1236RMS (ESI) m/z calculated for GH,,0,Na [M + NaJ: 265.1416; found:

265.1410.

OAc Entry 9. Run 1. 225 mg, 0.906 mmol, 91% vyield, [B:L] = 4.7[ee] = 45%. Run 2: 226

BnO\/\)\/
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mg, 0.910 mmol, 91% vyield; [B:L] = 4.7:1, [ee] =%4 Run 3: mg, mmol, 89% vyield; [B:L] = 3.6:1, [ee 45%.
(B-cyclodextrin, 140°C isothermalg(tnajor) = 21.87 min.,g&minor) = 22.39 min.), dverage yield: 91%.]; *H
NMR (500 MHz, CDCY) & 7.37-7.27 (m, 5H), 5.77 (ddd, J = 17.2, 10.4,1622 1H), 5.28-5.15 (m, 3H), 4.50 (bs,
2H), 3.48 (t, J = 6.4 Hz, 2H), 2.06 (s, 3H), 1.76@(m, 4H);"*C NMR (125 MHz, CDC}) & 170.3, 138.4, 136.3,
128.3, 127.6, 127.5, 116.7, 74.5, 72.9, 69.8, B8}, 21.2]R (neat, crit) 3087.8, 3063.9, 3031.2, 2940.3, 2857.9,
1737.7, 1647.0, 1496.0, 1454 HRMS (ESI) m/z calculated for £H,,0sNa [M + NaJ: 271.1310; found:

271.1302.

OAc Entry 10. Run 1: 144 mg, 0.791 mmol, 79% vyield, [B:L] =1.5[&e] = 62%. Run 2: 141 mg,
O)\/ 0.772 mmol, 77% yield; [B:L] = 1.5:1, [ee] = 619%-€yclodextrin, 110°C isothermak(tnajor) =
5.24 min., &minor) = 5.52 min.), dverage yield: 78%, with 6% recovered SM (7.5 mgfH
NMR (500 MHz, CDC}) 8 5.75 (ddd, J = 17.1, 10.5, 7.0 Hz, 1H), 5.23-§rh72H), 5.04 (t, J = 7.0 Hz, 1H), 2.07
(s, 3H), 1.75-1.49 (m, 6H), 1.33-0.88 (m, 5 NMR (125 MHz, CDCJ) 5 170.4, 135.1, 117.4, 78.9, 41.4, 28.5,
26.3, 26.1, 25.9, 25.9, 21.IR (neat, cri) 3087.0, 2926.7, 2853.7, 1741.6, 1450.1, 136BBMS (ESI) m/z

calculated for @H,;g0,Na [M + NaJ: m/z calculated for GH1g0,Na [M + NaJ: 205.1204; found: 205.1196

General Procedure for Cleavage of Allylic Acetates: To a 25 mL flask containing crude allylic acetétemmol,
assumed) was added MeOH (5 mL, 0.2 M) and potassiarhonate (0.276 g, 2 mmol). The reaction was
vigorously stirred and monitored via thin layer @matography (TLC). Upon completion, the reactioasw
transferred to a sepratory funnel with methylenerithe (50 mL). Water (15 mL) was added, and theemus layer
was extracted with methylene chloride (3 x 50 mhe combined organics were washed with brine 1D xnL),
then dried (MgSQ), filtered, and reduceih vacuo. Products were then purified by standard ;Siromatography.
While the branched and linear allylic alcohols weoenmonly separable, it was found that carryingrtlierward as

a mixture had no detrimental effect as the subs®qresolution acylated the linear alcohol rapidlgkimg its

separation from branched alcohol trivial. Indivadiproduct yields and characterization are repdveddw.

General Procedure for Resolution with Novozyme 435: To a flame dried round bottom flask containifigliz

alcohol to be resolved (1 equiv.) was added virdtate (0.6M) and Novozyme 435 immobilized on piylene
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beads (33.3 mg/1 mmol). The reaction was stirigdreusly at room temperature for 36 hrs. Upon pletion, the
solid supported enzyme was removed via filtratidme solid support was rinsed thoroughly with dy¢#ther and
then the filtrate reducedh vacuo and purified via standard SiGhromatography. Enantioselectivities were
determined by chiral gas chromatographic analysishe acetylated derivative of each isolated altoHb was
found that the recovered solid supported enzymédcoa used up to 5 times with little diminishmentactivity.

Individual yields and selectivities are reportetble

General Procedure for Resolution with the Proteases. Carlsberg The active enzyme for resolution was
prepared as previously described by and co-wofker§o a flame dried round bottom flask containing ldly
alcohol to be resolved (1 equiv.) was added isaproealerat&® (1.5 equiv), active S. Carlsberg (36 mg/1 mmol),
sodium carbonate (1 equiv.) and THF (0.5M). Thectien was stirred vigorously at room temperatare60 hrs.
Upon completion, the enzyme was removed via fittrat The enzyme was rinsed thoroughly with diettyler and
then the filtrate reduceth vacuo and purified via standard SiGhromatography. Enantioselectivities were
determined by chiral gas chromatographic analysithe acetylated derivative of each isolated altoladividual

yields and selectivities are reported below.

1-O-Benzyl-5-hexen-1-ol (29)To a flame dried 100 mL round bottom flask waseatld
BnO _~_~_~ NaH (0.624 g, 26.0 mmol, 2 equiv.) under inert adpteere. The flask was then charged
with a Teflon stir bar, sealed with a septum, antdyarous DMF (65 mL, 0.2M) was
added. After cooling the reaction vessel to 0°@g%en-1-ol (1.3 g, 13.0 mmol, 1 equiv.) was addexpwise via
syringe and allowed to stir at 0°C for 1 hour. Bgrbromide (1.62 mL, 13.6 mmol, 1.05 equiv.) whert added
dropwise via syringe, and the reaction was allovgesvarm to room temperature. After the reaction gade to
completion by TLC analysis, the reaction flask veamin cooled in an ice bath and quenched with sttty
aqueous NRLCI solution (50 ml). The reaction was then transfé to a sepratory funnel and diluted with 200 ofiL
Et,0. The organic layer was collected, and the aguideyer was extracted further with,6t(3 x 50 mL). The
combined organics were then dried (Mgh@iltered, and reducenh vacuo. The crude material was then purified
via column chromatography using a 10:90 EtOAc:Hesaeluent system to affo@P as a clear oil (2.43 g, 12.7

mmol, 98% yield) H NMR (500 MHz, CDCJ) & 7.37-7.32 (m, 4H), 7.30-7.26 (m, 1H), 5.81 (dd& 3.0, 10.0,
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17.0 Hz, 1H), 5.00 (dm, J = 17.3 Hz, 1H), 4.95 (dn% 10.5 Hz, 1H), 4.51 (s, 2H), 3.48 (t, J = 65 BH), 2.07
(app q, J = 7.0 Hz, 2H), 1.64 (app p, J = 6.5 HH), .48 (app p, J = 7.5 Hz, 2HJC NMR (125 MHz, CDC}) 5
138.7, 138.6, 128.3, 127.5, 127.4, 114.5, 72.8,8B.5, 29.2, 25.4R (neat, crit) 3064.4, 3029.6, 2975.6, 2935.1,
2858.0, 2794.4, 1641.1, 1496.5, 1454HRMS (El) m/z calculated for GH.gO [M+]": 190.13577; found

190.13445.

OAc (4R)-1-O-Benzyl-4-acetoxy-5-hexen-1,4-diol: Following the general procedure for the
B”O\/\)\/ asymmetric branched allylic oxidation afforded: Run 226 mg, 0.910 mmol, 91% vyield;
[B:L] = 4.7:1, [ee] = 44%. Run 2: 220 mg, 0.886 oinB9% yield; [B:L] = 3.8:1, [ee] = 45% B{cyclodextrin,
120°C isothermal zg{R) = 64.98 min.,d(S) = 66.64 min.),dverage yield:90%.]; This material was taken forward
without further purificationH NMR (500 MHz, CDCJ) & 7.37-7.27 (m, 5H), 5.77 (ddd, J = 17.2, 10.4, 1622
1H), 5.28-5.15 (m, 3H), 4.50 (bs, 2H), 3.48 (t, .4 Hz, 2H), 2.06 (s, 3H), 1.75-1.60 (m, 4KC NMR (125
MHz, CDCk) & 170.3, 138.4, 136.3, 128.3, 127.6, 127.5, 116475,772.9, 69.8, 30.8, 25.4, 21IR (neat, crit)
3087.8, 3063.9, 3031.2, 2940.3, 2857.9, 1737.7,710641496.0, 1454.1HRMS (ESI) m/z calculated for
CisHog0sNa [M + NaJ: 271.1310; found: 271.1302.

This material was then subjected to the standasdeulure for cleavage of the allylic acetate whittbreled allylic

alcohol ready for subsequent resolution: Run 15 &®), 0.897 mmol, 99% vyield, [B:L] = 4.7:1. Run 81 mg,

0.877 mmol, 99% vyield; [B:L] = 3.8:1

(-)-(4R)-1-O-Benzyl-5-hexen-1,4-diol ((-)-24): Following the general procedure for
Bno\/\/ﬂ/ Novozyme 435 resolution afforded: Run 1: 105 @09 mmol, 57% yield, [B:L] =
>20:1, [ee] = 98%. Run 2: 100 mg, 0.485 mmol, 55&dy [B:L] = >20:1, [ee] = 99%.
Enantiomeric access was determined on the acytltadative of the final product (ee determined be &cylated
alcohol,p-cyclodextrin, 120°C isothermak(R) = 65.56 min.,4S) = 67.14 min),dverage yield:56%.];[a]*% = -
2.86° (c = 2.0, CHG); 'H NMR (500 MHz, CDC}) & 7.37-7.32 (m, 4H), 7.30-7.25 (m, 1H), 5.87 (dd¢ 17.0,
10.5, 6.0 Hz, 1H), 5.25 (dt, J = 17.0, 1.5 Hz, 1510 (dt, J = 10.5, 1.5 Hz, 1H), 4.52 (s, 2H)34(th, 1H), 3.52 (t,
J = 6.0 Hz, 2H), 2.27 (d, J = 4.5 Hz, 2H), 1.7771(f, 4H);**C NMR (125 MHz, CDC}) & 141.0, 138.1, 128.3,

127.6, 127.6, 114.4, 72.9, 72.6, 70.2, 34.2, 2R7(neat, crit) 3403.8, 3066.3, 3031.6, 2979.5, 2942.9, 2858.0,
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2798.2, 1643.1.0, 1496.5, 1454 HRMS (ESI) m/z calculated for GH.g0,Na [M+Na]: 229.1204; found:

229.1204.

(+)-(49-1-0O-Benzyl-5-hexen-1,4-diol (f+)-24): Material for this route was obtained by
Bno\/\/?i/ application of the general ABAO procedure usingS§8,9 as a chiral catalyst.
Subsequent acetate deprotection by the generabguoe described afforded: Run 1:
180 mg, 0.873 mmol, 87% vyield; [B:L] = 4.4:1, [ee}6%. Run 2: 187 mg, 0.906 mmol, 91% vyield; [B4%#.1:1,
[ee] = 45%. Yields and selectivities are over twaps. This material was then subjected to the rgépeocedure
for resolution withS. Carlsberg to afford chiral allylic alcohol: Run 1: 92 mg,4d6 mmol, 52% vyield, [B:L] =
>20:1, [ee] = 99%. Run 2: 97 mg, 0.470 mmol, 54%d;i[B:L] = >20:1, [ee]; Enantiomeric access wasedmined

on the acylated derivative of the final product @sgermined on the acylated alcohficyclodextrin, 120°C

isothermal, §(S) = 67.03 min)4verage yield:53%.]; [a]*®, = +2.85° (c = 2.0, CHG).

0 OAc Methyl (9R)-9-acetoxyundec-10-eneoateThe general procedure for the
Meo)l\/\/\/\)\/ asymmetric branched allylic oxidation afforded: Rur235 mg, 0.915 mmol,
92% vyield, [B:L] = 5.1:1, [ee] = 58%. Run 2: 2240.876 mmol, 88% vyield; [B:L] = 4.3:1, [ee] = 55%Run 3
(gram scale): 1.09 g, 4.250 mmol, 85% vyield; [Bs4.1:1, [ee] = 57%. Ptcyclodextrin, 120°C isothermak(R) =
55.96 min., #S) = 57.30 min.),dverage yield:90%]; This material was taken forward without hatt purification.
'H NMR (500 MHz, CDC}) 5 5.78 (ddd, J = 17.1, 10.5, 6.5 Hz, 1H), 5.24-5§m43H), 3.66 (s, 3H), 2.29 (t, J =
8.0 Hz, 2H), 2.05 (s, 3H), 1.62-1.53 (m, 4H), 1(®8, 8H);*C NMR (125 MHz, CDC}) & 174.2, 170.3, 136.5,
116.5, 74.8, 51.4, 34.1, 34.0, 29.1, 29.0, 29.09,224.8, 21.2jR (neat, cri) 3089.1, 2932.9, 2858.2, 1742.0,
1436.3, 1371.54RMS (ESI) m/z calculated for GH,.0:Na [M + NaJ: 279.1572; found: 279.1564.

This material was then subjected to the standawdeguiure for cleavage of the allylic acetate whitfbrded allylic
alcohol ready for subsequent resolution: Run 18 d®), 0.877 mmol, 96% yield, [B:L] = 5.1:1. Run 79 mg,

0.835 mmol, 95% yield; [B:L] = 4.3:1. Run 3 (gracak): 879 mg, 4.101 mmol, 96% vyield; [B:L] = 4.1:1
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Methyl (9R)-9-hydroxyundec-10-eneoate (f)-30): Following the general
(0] OH

Meo)l\/\/\/\/'\/ procedure for Novozyme 435 resolution afforded: nRu 119 mg, 0.555

mmol, 63% vyield, [B:L] = >20:1, [ee] = 99%. Run 209 mg, 0.509 mmol,
61% yield; [B:L] = >20:1, [ee] = 98%, Run 3 (gramate): 523 mg, 2.441 mmol, 60% yield; [B:L] = >20[&e] =
99%. (ee determined on the acylated alcahalyclodextrin, 120°C isothermak(R) = 55.92 min.), dverage yield:
62%); [a]*p =-5.13° (c = 1.0, CHG). '"H NMR (500 MHz, CDC}) 5 5.86 (ddd, J = 16.9, 10.8, 6.0 Hz, 1H), 5.22
(d, J=17.0 Hz, 1H), 5.10 (d, J = 10.5 Hz, 1HD(p, J = 5.5 Hz, 1H), 3.66 (s, 3H), 2.30 (t, 3.5 Hz, 2H), 1.63 —
1.30 (m, 13H)®*C NMR (125 MHz, CDC}) 5 174.2, 141.3, 114.4, 73.2, 51.4, 37.0, 34.1, 2893], 29.0, 25.2,
24.9;IR (neat, crit) 3426.9, 2979.5, 2931.3, 2856.1, 1739.5, 1438RMS (ESI) m/z calculated for GH,,0;Na

[M+Na]*: 237.1467; found: 237.1471.

0 ~~ 2-(Pent-4-en-1-yl)-1,3-dioxang36): To a flame dried 100 mL round bottom flask with a
(/O Teflon stir bar under an inert atmosphere of Was added THF (34 mL, 0.15M) and
bromoethyl-1,3-dioxane (1.0 g, 5.123 mmol, 1 equi% 2M solution of allylmagnesium chloride in THEO.25
mL, 20.04 mmol, 4 equiv.) was then added dropwisesyringe. The reaction was heated to reflux byi€f10
min.) and then allowed to cool to room temperaamé stir overnight. The reaction was complete bZ Elnalysis,
and the reaction slowly quenched with saturatedjeags NHCI solution (50 ml). The reaction was then
transferred to a separatory funnel and diluted W9 mL of EtO. The organic layer was collected, and the
aqueous layer was extracted further withCEE3 x 50 mL). The combined organics were thenh&dswith HO (2
x 15 mL), dried (MgSQ), filtered, and reduceth vacuo. The crude material was then purified via column
chromatography using a 10:90 EtOAc:Hexanes elugstem to afford a clear oil (0.793 g, 5.08 mn89% yield)

'H NMR (500 MHz, CDC}) 3 5.80 (ddt, J = 6.5, 10.0, 17.3 Hz, 1H), 5.00 (drs,17.3 Hz, 1H), 4.94 (dm, J = 10.0
Hz, 1H), 4.52 (t, J = 5.5 Hz, 1H), 4.12-4.07 (m,)2B179-3.72 (m, 2H), 2.12-2.02 (m, 3H), 1.63-1(67 2H) 1.52-
1.45 (m, 2H) 1.33 (d heptet, J = 1.5, 13.5 Hz, 2£0;NMR (125 MHz, CDC}) 3 138.5, 114.7, 102.2, 66.9, 34.3,
33.5, 25.8, 23.2R (neat, crif) 3075.9, 2954.4, 2925.5, 2850.3, 2778.9, 27306372, 1641.1, 1459.44RMS

(El) m/z calculated for §4,50, [M-H]*: 155.10721; found: 155.10588.
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OAC 2-((3R)-Pent-3-acetoxy-4-en-1-yl-3-ol)-1,3-dioxandzollowing the general procedure for

LO/\O(\/‘V/ the asymmetric branched allylic oxidation afford&lin 1: 180 mg, 0.840 mmol, 84%
yield; [B:L] = 4.8:1:1, [ee] = 44%. Run 2: 178 n{y331 mmol, 83% yield; [B:L] = 4.3:1,

[ee] = 46%. -cyclodextrin, 110°C isothermak(R) = 22.21 min.,d(S) = 22.79 min.),dverage Yyield:84%.]; This
material was taken forward without further puritica. *H NMR (500 MHz, CDCJ) 5.76 (ddd, J = 6.5, 10.5, 17.3
Hz, 1H), 5.24 (q, J = 6.5 Hz, 1H), 5.23 (dm, J =51Mz, 1H), 5.16 (dm, J = 10.5 Hz, 1H), 4.53 (& 3.0 Hz, 1H),
4.09 (m, 2H), 3.75 (dt, J = 3.0, 12.5 Hz, 2H), 22182 (m, 1H), 2.06 (s, 3H), 1.78-1.58 (m, 4H),3L(@m, J = 13.5
Hz, 1H);13C NMR (125 MHz, CDC}) 6 170.2, 136.3, 116.7, 101.7, 74.3, 66.9, 30.7,,28538, 21.1JR (neat, cm
') 3087.5, 2962.1, 2931.3, 2852.2, 2780.9, 27326613, 1739.5, 1646.9, 1430.9, 1407:&MS (ESI) m/z
calculated for GH,g0,Na [M+Na]": 237.1103; found 237.1104.
This material was then subjected to the standasdeuiure for cleavage of the allylic acetate whittbreled allylic

alcohol ready for subsequent resolution: Run 41 g, 0.819 mmol, 97% vyield, [B:L] = 4.8:1. Run 235 mg,

0.784 mmol, 94% yield; [B:L] = 4.3:1

OH 2-((3R)-Pent-4-en-1-yl-3-0l)-1,3-dioxane (f)-34): Following the general procedure for
L/Y\)\/ Novozyme 435 resolution afforded: Run 1: 80 mg6@ mmol, 57% yield; [B:L] = >20:1:1,
[ee] = 99%. Run 2: 76 mg, 0.441 mmol, 56% yieB;L] = >20:1, [ee] = 99%. (ee determined on thelaiegd
alcohol, B-cyclodextrin, 110°C isothermalg(R) = 22.31 min., glminor) = 22.93 min.), dverage yield: 57%.];
[@]*, =-5.01° (c = 1.0, CHG). '"H NMR (400 MHz, CDC}) 5 5.86 (ddd, J = 5.6, 10.4, 17.3 Hz, 1H), 5.24 Jdt,
1.6, 17.2 Hz, 1H), 5.10 (dt, J = 1.2, 10.8 Hz, 1458 (t, J = 4.4 Hz, 1H), 4.18-4.08 (m, 3H), 3(@Pp t, J = 11.6
Hz, 2H), 2.36 (d, J = 4.0 Hz, 1H), 2.08 (qt, J ©,4.2.4, 1H), 1.78-1.58 (m, 4H), 1.35 (d sep, 1% 13.6 Hz, 1H);
¥Cc NMR (125 MHz, CDC})) 6 141.0, 114.4, 102.1, 72.6, 66.9, 31.2, 31.1, 2R7(neat, Crﬁ) 3430.8, 3079.8,
2962.1, 2929.4, 2856.1, 2734.6, 1643.1, 1429.054BRMS (ESI) m/z calculated for ¢El;¢0sNa [M+NaJ'":

195.0995; found 195.0997.

OAc (4R, E)-Methyl 4-acetoxy-6-phenylhex-5-enoat€40): A round bottom flask (25
MeO =

S mL ) was charged with the following: 1,2-Bis(phé&uifinyl)ethane palladium(ll)

acetatel3) (10 mol%, 0.50 mmol, 250 mg); (1R,2R)-(-)-[1,2€yhexanediamino-N,N’-bis(3,5-di-t-
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butylsalicylidene)] Chromium(lII)AR,R-19) (10 mol%, 0.50 mmol, 308 mg), 1,4-benzoquinone @i, 10.0
mmol, 1.08 g), an activatedd4MS bead (=30 mg), and a Teflon®© stir bar. A sefmvial (2 mL, borosilicate) was
charged with the following: Methyl hexenoate (1duie, 5.0 mmol, 0.704 mL), AcOH (1.1 equiv., 5.5 wir0.315
mL), and EtOAc (0.50 mL). The liquids were transéer to the solids via pipette and the vial rinséth &tOAc (4

x 0.50 mL ). After carefully stirring for 48 hr¢ ebom temperature, to the reaction was added phmmgnic acid
(1.5 equiv., 7.5 mmol, 0.914 g), AcOH (1 equiv.mmnol, 0.285 mL), and EtOAc (12.5 mL). The reactigas
stirred at room temperature until complete by TE@ fir) at which point the reaction mixture was $femred to a
separatory funnel with ~5 mL EtOAc and diluted wliiixanes (400 mL). The organic layer was rinsed wét. ag.
NaHSQ (1 x 50 mL) and 5% ag. &£O; (2 x 50 mL). Caution should be taken when combining aqueous layers as
carbon dioxide is evolved. The combined aqueous layers were back extractéld méxanes (100 mL). The
combined organic layers were dried (MggQiltered, and reduceih vacuo. The resulting oil was re-dissolved in
hexanes (150 mL) and extracted again with 5% aQ0% (3 x 25 mL) to remove residual hydroquinone. The
organic layer was again dried (Mgg(filtered and reduceth vacuo This product was generally taken forward
without further purification, but was isolated gouakified via silica gel chromatography for charaitation. [B:L] =
>20:1, [ee] = 50%. (Determined on the initial brlaed acetate product prior to oxidative Heck reactip
cyclodextrin, 110°C isothermak(R) = 5.52 min.,&S) = 5.83 min.)*H NMR (500 MHz, CDC}) 57.39 (d, J=7.5
Hz, 2H), 7.34 (t, J = 7.5 Hz, 2H), 7.31-7.25 (m,)16164 (d, J = 16.0 Hz, 1H), 6.12 (dd, J = 7.5818z, 1H), 5.46
(9, J = 6.5 Hz, 1H), 3.68 (s, 3H), 2.42 (dt, J ©, 7.8 Hz, 2H), 2.13-2.07 (m, 2H), 2.10 (s, 3t NMR (125
MHz, CDCk) 8 173.2, 170.2, 136.0, 133.0, 128.5, 128.0 126.8,6,2/3.7, 51.7, 29.8, 29.5, 21IR (neat, crﬁ)
3085.6, 3025.8, 2952.5, 2848.4,v1737.6, 1658.5,81591597.4, 1494.6HRMS (ESI) m/z calculated for

CisH1804Na [M+Na]+: 285.1103; found 285.1092.

o) (R, E)-5-styryldihydrofuran-2(3H)-one (41): To crude40 (5 mmol, assumed) in a round
bottom flask (250 mL ) was added THF (18.75 mL),H3O (6.25 mL), and a Teflon®© stir bar.
The flask was cooled to 0°C and Li@GHO (0.623 g, 15 mmol, 3.0 equiv.) was added in one

portion. The ice bath was removed after 10 minates the reaction monitored via TLC. Upon compiet{~2-4

hr) benzene (150 mL) was added and the flask easferred to a 100°C oil bath and a Dean-Starkarapa reflux

condenser were added. The reaction was broughttomfortable reflux and then allowed to stir ovghih  After
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removing the flask from the bath and allowing itdmol to room temperature, the contents were tearesf to a
separatory funnel and the organic layer washed agthlM HPQ, (3 x 25 mL). The organic layer was then dried
(MgSQ,), filtered, and reduceih vacuo. The resulting off white solid was purified via séi gel chromatography
(10-30% EjO:Hexanes) to afford a white solid. (0.504 g, 2.6mM8ol, 54% (2-step))H NMR (500 MHz, CDC})
57.40 (d, J = 7.5 Hz, 2H), 7.37-7.32 (m, 2H), 7.3B67(m, 1H), 6.69 (d, J = 16.0 Hz, 1H), 6.21 (dd; 6.5, 16.0
Hz, 1H), 5.13 (g, J = 6.5 Hz, 1H), 2.65-2.54 (m,) 250 (app sextuplet, J = 9.0 Hz, 1H), 2.11 (dbd,9.0, 12.5,
16.6 Hz, 1H);13C NMR (125 MHz, CDCJ) 6 176.9, 135.6, 132.9, 128.7, 128.4 126.7, 126.4,818.8, 28.5|R
(neat, crif) 2989.1, 2950.6, 1762.6, 1722.1, 1454.1, 1418BMS (ESI) m/z calculated for £H150, [M+H]":

189.0916; found 189.0918.

0 (R)-5-((4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4/1)dihydrofuran-2(3H)-one ((-)-42): To a
0 clean, dry 100 mL recovery flask was added seqaignthe following: K0sQ, - 2H,0O (0.018 g,
6\@ 0.05 mmol, 1 mol%), (DHQDBPHAL (0.199 g, 0.25 mmol, 5 mol%), ;Re(CN) (4.94 g, 15
mmol, 3 equiv.), KCO; (2.07 g, 15 mmol, 3 equiv.), NaHG®1.34 g, 15 mmol, 3 equiv.), a
Teflon®© stir bar, deionized water (24 mL), atect-butanol (24 mL). The reaction flask was stirréglovously until
both layers became translucent, at which time M&&H (0.476 g, 5 mmol, 1 equiv.) was added and theti@ac
was cooled to 0°C. After the solution became opa@lefin(41) (0.941 g, 5 mmol, 1 equiv.) was added in one
portion. CHCI, (2.4 mL) was added to improve SM solubility and tkaction was stirred vigorously at 0°C for 1
hr, then warmed to room temperature and stirred cotnpletion as indicated by TLC (~5 hr). Upomualetion,
sodium bisulfite (2 g) was added slowly and thectiea stirred for 1 hour. The reaction mixture viinsferred to
a separatory funnel and EtOAc ( 50 ml) was addée. dqueous layer was extracted with additional Et(BAx 50
mL). The combined organic layers were dried @), filtered, and concentrated vacuo. To the crude diol was
added DMF (8.4 mL, 0.6 M) and 2-methoxypropene94il). The reaction was cooled to 0°C gniisOHH,0
(0.238 g, 1.25 mmol, 0.25 equiv.) was added anddhetion allowed to warm to room temperature whilering
overnight. The reaction mixture was then transéiio a separatory funnel and diluted with@E(200 mL). The
organic layer was washed with DL®I (3 x 25mL) and brine (1 x 25 mL). The organigdawas then dried
(MgSQy), filtered, and reduceith vacuo. Residual DMF or 2-methoxypropene was removeedddition of benzene

andin vacuo concentration. The crude oil was purified bycsilgel chromatography in 10-40%,@tHexanes to
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afford a white solid (0.920 g, 3.52 mmol, 70% yi¢Mstep), >20:1 dr, 99% ee (Determined on Chirad2iRH ,
35:75 CHCN:H,0 , (major) = 7.3 min.,g(minor) = 6.8 min.) [a]*5 = -94.9° (c = 1.0, CHG). '"H NMR (500
MHz, CDCl) 87.39-7.31 (m, 5H), 4.78 (d, J = 8.5 Hz, 1H), 4.66d, J = 4.0, 6.3, 7.5 Hz, 1H), 4.10 (dd, J = 4.0,
8.3 Hz, 1H), 2.60 (ddd, J = 6.5, 10.0, 18.0 Hz,, 12451 (ddd, J = 7.5, 9.5, 17.4 Hz, 1H), 2.38-71242H), 1.56 (s,
3H), 1.52 (s, 3H)**C NMR (125 MHz, CDC}) & 176.5, 137.2, 128.8, 128.7, 126.7 110.2, 83.41,818.7, 28.1,
27.1, 27.0, 22.9IR (neat, cn"?) 3066.3, 3031.6, 2985.3, 2935.1, 2980.8, 17816945, 1494.6, 1456.0iRMS
(ESI) m/z calculated for £H140, [M+H]": 263.1283; found 263.1280. The absolute configumanf this molecule
was determined on a crystal grown from benzerelobmophenyM?2 synthesized through the same sequence. The

structure and pertinent measurements can be fouAgdpendix B.

(R)-5-((4R,5R)-2,2-dimethyl-5-phenyl-1,3-dioxolan-4/)furan-2(5H)-one ((+)-43): To a clean,

0 flame dried 25 mL recovery flask charged with aldwefstir bar and under an argon atmosphere
6\@ was added THF (5 mL) and hexamethyldisilazane (in8®l, 0.288 mL, 1.1 equiv.). The reaction

was cooled to -78°C, and n-Buli (1.30 mmol, 0.81B, rh.05 equiv.) was added dropwise via
syringe. After stirring for ten minutes§;)-42 (1.24 mmol, 0.325 g, 1 equiv.) in THF (1 mL, 0.4%& rinse) was
added slowly via cannula. The reaction was stiaefdirther 25 minutes, and then phenylselenyl bderiiL.24
mmol, 0.293 g, 1 equiv.) in THF (1.15 mL) was addé& cannula over ~10 min. The reaction was stifor an
additional 5 minutes and then quenched at-78°C WNhHCI (5 mL). The reaction mixture was transfdrte a
separatory funnel and diluted with,Et (200 ml). The organic layer was washed with agt.NaHCQ (2 x 10 mL).
The organic layer was then dried ¢S&)), filtered, and concentrated vacuo. Reproducibility for the elimination
step was significantly improved by quickly purifying away fast running selenium containing species by SO,
chromatography in 5%-10%-20% Et,O:Hexanes. To the mixture of selenides (1.03 mmol, 0.429 gquiv.) in a
clean, dry 100 mL flask was added £H (20.6 mL, 0.05 M) and the reaction flask was cddle 0°C in an ice
bath. Hydrogen peroxide (3.08 mmol, 0.346 mL d¥s3€blution, 3 equiv.) was then added slowly vidrgye. The
reaction was stirred at OC and conversion monitdsgdTLC. Upon completion, the reaction mixture was
transferred to a separatory funnel and,CH was added (200 mL). The organic layer was theshed with DI
H,0 (2 x 20 mL) and brine (20 mL). The organic layes then dried (MgSf filtered, and reduceih vacuo.

The crude oil was purified by silica gel chromatgany in 10-40% EO:Hexanes to afford a white solid (0.237 g,
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0.91 mmol, 73% vyield (2-step)a]®, = 555.6° (c = 1.0, CHG) *H NMR (500 MHz, CDC}) 57.48 (dd, J = 1.5,
6.0 Hz, 1H), 7.40-7.31 (m, 5H), 6.17 (dd, J = B.&Hz, 1H), 5.16 (dt, J = 2.0, 6.5 Hz, 1H), 5.02¢ 8.0 Hz, 1H),
3.91 (dd, J = 6.5, 7.5 Hz, 1H), 1.56 (s, 3H), (&43H);**C NMR (125 MHz, CDC}) 5 172.2, 153.8, 137.3, 128.6,
128.6, 127.0, 122.6, 110.6, 82.8, 82.7, 80.7, 27618; IR (neat, crif) 3089.4, 3033.5, 2989.1, 2935.1, 2894.6,
1783.8, 1758.8, 1602.6, 1496.5, 1456HRMS (ESI) m/z calculated for €H./0, [M+H]": 261.1127; found

263.1123.

. O._.ph (3aS,5R,6S,6aS)-6-hydroxy-5-phenyltetrahydrofuro[2-b]furan-2(5H)-one ((-)-44): To
Oﬁ/\o\*‘" “OH (+)-43 (0.91 mmol, 0.237 g, 1 equiv.) in a clean, dry muottom flask (50 mL ) with a
Teflon®© stir bar was added THF (9.1 mL) and 1N H&HO0 drops). The reaction mixture was heated5@ 4nd
monitored via TLC (70% EtOAc:Hex). Deprotection antlization would generally proceed to completigrder
these conditions with prolonged stirring, but colld expedited by the following procedure. Aftemmuete
acetonide deprotection by TLC, the flask was cotte@°C and CEHCI, (9.1 mL) and NEtwas added until a pH of
~10 was obtained. The flask was then allowed tonw& room temperature and monitored via TLC. Upon
completion (~4-6 hr), the contents were transfetead separatory funnel and diluted with further,CH The
organic layer was then washed with sat. aq4@lHolution(3 x 15 mL). The combined aqueous layers were back
extracted with EtOAc (3 x 50 mL) and then the cameli organic layers were dried (MggCiltered, and reduced
in vacuo. The resulting off white solid was purified via sdi gel chromatography (10-50% EtOAc:Hexanes) to
afford a white solid. (0.161 g, 0.731 mmol, 80pe)*®, = -17.1° (c = 1.0, CHG). '"H NMR (500 MHz, CDC}))
57.44-7.34 (m, 5H), 5.23 (d, J = 2.5 Hz, 1H), 5.0 § = 1.0, 5.0 Hz, 1H), 5.07 (d, J = 5.0 Hz, 14B4 (app t, J =
2.0 Hz, 1H), 2.86 (dd, J = 6.0, 18.8 Hz, 1H), 2(@9 J = 18.5 Hz, 1H), 1.36 (d, J = 2.5 Hz, 1HE NMR (125
MHz, CDCk) 6 175.4, 134.2, 128.9, 128.6, 126.6, 87.2, 82.81,775.8, 36.0]R (neat, crﬁ) 3948.3, 2975.6,
2948.6, 2923.6, 2858.0, 1766.5, 1496.49, 1434RMS (ESI) m/z calculated for GH,,0,Na [M+Na]": 243.0645;

found 243.0633
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Chapter 3

Palladium Catalyzed Dehydrogenation of Unactivated Carbonyl Compounds

3.1. Introduction

A fundamental component of organic synthetic stygatis the union of small fragments through thacktt
of a nucleophile on an electrophile. This concispso general that methods which generate eledtiomr
nucleophilic sites for further reaction are of parar importance for molecular construction. (neesatile class of
electrophiles arel,p-unsaturated carbonyl compounds. These structueeparticularly useful due to the ease with
which they can be further elaborated through aetyif selective transformatioffsAdditionally, modern advances
have enabled many of these methods to be carriedtereoselectively. A number of highly useful noeth for
making o,p-unsaturated carbonyl compounds from two fragmdrdse been developed including carbonyl
annulation®9" and condensatiofé, carbanion based strategies (Wittig and Horner-Wadh-Emmons
reactionsf®> and transition metal catalyzed processes (olefatathesi® and Heck reactiondf While these
reactions are effective for formira,-unsaturated carbonyl compounds, accessing thigtitunality directly from

the parent carbonyl compound is often desiredchéssé cases, organic chemists turn to dehydrogenaéztions.

Figure 3.1.General mechanism and scope of selenium based rgjeydtions

A.) General mechanism
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Converting a carbonyl to its,-unsaturated homolog can be accomplished througgralestrategies. The
most frequently employed are two step processédithiinstall an activating group, and then suhstly convert
the “activated” carbonyl to its unsaturated forfor example, a ketone can be deprotonated to farenalate, be
transformed into am-halocarbonyl by trapping with an electrophilic dgén, and then have its halide eliminated
via a subsequent E2 mechanism to give an efforlore commonly, selenium is used as an enolagping
reagent because the resulting selenide undergois dehydroselenation after a mild oxidation sfEjgure 3.1A).
Selenium has been used to effect dehydrogenatioa wide range of substrates in moderate to exdejlietd
(Figure 3.1B)f® However, these methods require the use of staiwiiic amounts of the “activating-agent” and
multiple steps under a variety of reaction condside.g. basic, oxidative, thermal, etc.). Additionallyethighly
reactive nature of the “activated” intermediatetenfleads to a variety of undesirable side reastidiminishing

overall yield and complicating product isolatith.

Figure 3.2.General mechanism and scope of palladium basedtioidof silylated carbonyl compounds

A.) General mechanism
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The palladium-based oxidation of silylated cardoogmpounds such a46 (Figure 3.2A), or Saegusa
oxidation? is another common “pre-activation” approach. éktaf the silylated carbonyl compound on palladium
forms a transient Pd-enolate intermediate that fhégdride eliminates to give the desired unsaturatestuct
(Figure 3.2A). Protonolysis of the Pd-enolate rimtediate prior to elimination is the most signifitzhallenge for

this reaction manifold, as the resulting carborympound is unreactive. However, when carried digicévely,
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this mild approach using stoichiometric or supéacsiometric quantities of palladium affords goocklgis on a
variety of substrate classes (eg. silylated esketsnes, aldehydes) and exhibits excellent funetigroup tolerance
(Figure 3.2B). Furthermore, several catalytic aat$ of this transformation have been developedaomtidnized,

though their scope has proven to be more limitedessitating the continued use of stoichiometritahi&®

Figure 3.3.Scope of hypervalent iodine dehydrogenation of tivaied carbonyl compounds

A.) Scope of IBX mediated dehydrogenation
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B.) Expanded scope of HIO3 - DMSO mediated dehydrogenation
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Direct conversion of carbonyls intw,f-unsaturated carbonyls, without an activating stepnuch less
developed. Many of the reagents previously desdriior multi-step dehydrogenations can be modifeedffect a
single pot transformation through a series of déoudting intermediates. However, these systems imaveshown
sufficient generality to be widely used, owing iarpto the challenge of driving the reaction fromaabonyl toward
its more reactive unsaturated homolog under theymaiic condition§®

In 2000, Nicoloau and co-workers disclosed thatenyalent iodine, known to be an efficient oxidaoit f
alcohols and silylated carbonyls, was capable aipixg carbonyls to theia,p-unsaturated form without the need
for preactivation. In a series of reports the gralemonstrated that a wide variety of aldehydemdsters, and
cyclic- and acyclic- ketones could be smoothly @ed by 1-hydroxy-1,2-benziodoxal-3(1H)-one-1-oxid@@Xx)*
in dimethyl sulfoxide (DMSO) solvent in good to eXent yield with good functional group tolerandeigure
3.3A). Mechanistic studies identified that thisegon most likely proceeds through attack of agrant enol on

iodine(V) followed by sequential single electroartsfer steps to give the desired product, iodife@hd water?
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Building off of this mechanistic study, Nicolaoueittified in 2002 that iodic acid (HKD could serve as an
alternative to IBX for dehydrogenation, cleanly dixing cyclic- and acyclic-ketones or aldehydesreue the
presence of unprotected alcohol functionality (Fégu8.3B)?® Promisingly, a catalytic hypervalent iodine
dehydrogenation of cyclic ketones, using Oxone@ asrminal oxidant, was reported in 2088hough its scope

has yet to be thoroughly examined.

Figure 3.4.Proposed mechanism and scope of palladium catatjelegbirogenation of unactivated carbonyl compoumdier basic conditions

A.) Proposed mechanism
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Oxidation of unactivated ketones using palladiuas been extensively researcfiethough success thus
far for catalytic systems has been limited to aamlfew simple substrates (Figure 3.4). The systdeveloped to
date suffer from poor conversion, commonly use sates in solvent quantities, and often make mixduoé
products due to over-oxidation. In reviewing thisrature, | identified that most of the systemxplered thus far
have used high temperatures, strongly coordindligands, and/or basic reaction conditions. If oriews the
dehydrogenation transformation as two sequentiaHCaetivations, these types of reaction conditidasd in stark
opposition to the electrophilic conditions typigalemployed® In particular, for palladium catalyzed C—H
activation, weakly coordinating sulfoxide ligandwlaacidic conditions have been used to mildly até\allylic C—
H bonds?'%|f similar conditions could be found to activateti-carbonyl C—H bond selectively, subsequpnt
hydride elimination would generate the desired turséed products. Furthermore, the broad scopéefandional
group tolerance of electrophilic palladium based i€-exidations suggests that a system using thiscagghr may

overcome the substrate limitations of previouspomted palladium catalyzed dehydrogenations.
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3.2. Results and Discussion

3.2.1 Discovery, Optimization, and Scope

Table 3.1.Discovery and optimization of Pd catalyzed dehydragion
of unactivated carbonyl compounds under acidic itimms

0 Palladium (o)

" (10 mol%)
Additive
—_—
BQ (1.0 equiv.)

Solvent (0.33M),
45 8 hr, 55°C 46

=

Entrya Palladium Solvent Additive Conv. (%) Yield (%)

1 Pd(OAc),. PhBS THF - 2 2

2 Pd(OAc), DMSO - 1 0

3 Pd(OAc),. PhBS THF CF,COH" 37 18

4 Pd(OAc), DMSO CF3CO,H" 69 54

5 Pd(TFA), DMSO - 37 16

6  Pd(CH3CN)4(BF,), DMSO - 81 58

7 Pd(CH3CN)4(BF,); DMSO  p-NO,CgH,CO,H® 82 72

8  Pd(CH3CN),(BF,), DMSO H3PO,° 98 89
...... : . . : . ; . . . :

OO
47 By (-)-48 49 (-)-50
g omy @

%ields, conversions, and regioselectivity deterrdineoy gas
chromatographic analysis using response factors &othentic samples
and versus an internal nitrobenzene stand¥ré equiv.®1.0 equiv.
%Yields and selectivities given are using conditifmsn entry 8 above
Ssolated yield of pure compourld.2 equiv. BQ, 48 hrs. BQ = 1,4-
benzoquinone, PhBS = 1,2-Bis-phenylsulfinylethan@fFA =
Trifluoroacetate

| began my search for a more general palladium lyzd dehydrogenation method by evaluating the
palladium/sulfoxide combinations previously fourmdbte effective for allylic C—H activation, namelyl®Ac),-
DMSO and Pd(OAg}1,2-Bis-(phenylsulfinyl)ethane (PhBS). Not surprigdy, given the tolerance of carbonyl
functionality in the previously disclosed allylic—€H activation reaction®’ no dehydrogenation was observed
(Table 3.1, entries 1 & 2). After screening a egriof additives, | first observed significant l&vef the desired
dehydrogenation o45 to enone46 upon adding 0.5 equivalents of trifluoracetic a€idble 3.1, entries 3 & 4).
Since exchange of carboxylates on palladium ocaadily, | reasoned that this addition may simpdyrbaking the

more electrophilic palladium salt, Pd(TRA) Dehydrogenation ofl5 in the absence of acid additive was first
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observed with Pd(TFA) in DMSO (Table 3.1, entry 5). Extending this idethe stable dicationic
Pd(CHCN)4(BF4), showed a marked improvement for dehydrogenatiabl@ 3.1, entry 6). Noting that acid had
previously improved the efficiency of dehydrogeaatiTable 3.1, entry 4 vs. 5), | evaluated a varigt acidic
additives and found that mild acids suctpastrobenzoic acid and phosphoric acid were optirfiedble 3.1, entries
7&8).

| next evaluated a variety of substituted cyclomexees (Table 3.147-50) under the optimized conditions
to determine the selectivity of this reactiont-Butylcyclohexanone was smoothly dehydrogenategive product
47 in 85% isolated yield. s-Substituted R)-3-methylcyclohexanone afforded a 78% yield of.@:B mixture of
dehydrogenated products with preference for fornimegless substituted eno#8. Importantly, the major product
was isolated and the stereocenter was determinedetounaffected by dehydrogenation. A “kinetic”
dehydrogenation, giving the less substituted o}déilows the general trend observed for directydiebgenation of
unactivated carbonyls with palladidffior IBX.” Additionally, the level of selectivity demonsesdt by this
reaction on this substrate is comparable to theseiqusly reported (Figure 3.8) Interestingly, submitting 2-
methylcyclohexanone to these reaction conditiossited in a reversal of selectivity, affording &:3. mixture of
products favoring the “thermodynamic” or more sitbstd olefin isomer49) in 66% vyield. To the best of my
knowledge, this represents the first time this gmnexice has been observed for any direct dehydrtgersystem
vide supra (Figure 3.4). Further, when examining a cyclohexenwith 2,5-substitution such &asmenthone, a
noticeable reduction in reaction rate and incraasselectivity for formation of 2-substituted eno(¢-50 was
observed (73% isolated yield, 5.3:1 crude selagjivf*

Encouraged by the initial reactivity and selecyivitf this dehydrogenation reaction, | next evaldatee
substrate scope and functional group toleranceas delighted to find that cyclic- and acyclic-kets, aldehydes,
and keto-esters were all viable substrates forrttastion (Table 3.2). Additionally, a host of ttionality was well
tolerated, including acid sensitive groups (Tabi 82, 53, 57, 64), common alcohol protecting groups (Table 3.2:
51, 59, 61), protected nitrogen functionality (Table 356 and62), aromatic halogens (Table 3.24) and even
unprotected alcohols (Table 3.84, 55). Furthermore, a series of substrates with mieltigites of potential
reactivity indicated that a “hierarchy” of reactivican be used to predict which carbonyl in a coumgbwould
preferentially react. Specifically, a cyclohexan@oalld be reacted over a cyclopentanone (Table58)2:a ketone

could be cleanly reacted in the presence of aact@able 3.260), and a ketoester reacts more rapidly than a
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ketone §7). Linear ketones are suitable substrates, thouglnpnary studies suggest they react much morelglo
at 55°C 64). Aldehydes are excellent substrates for thistrea (Table 3.261 — 63), giving good yields even for
substrates with significant steric crowding adjdderthe aldehyde (Table 3.83). Finally, the reaction times were
found to be sufficiently short (average = 12 hratiow for dramatically lower palladium loadings%2/s 10 mol%,

Table 3.252, 54, 58).
Table 3.2.Scope of Pd catalyzed dehydrogenation of unactiveaebonyls under acidic conditions
Pd(CH3CN)4(BF ),
(10 mol%)

H3PO,4 (0.5 equiv.)
_—

BQ (1.1 equiv.)

DMSO (0.33M) n

2-36 hrs, 55°C

o] 9 o)
OTIPS OH HNTFA
51 52 53 542 55ab 56
85% 81% 82% 79% 59% 83%
(79%, 2.5 mol% Pd) (81%, 2.5 mol% Pd)
0 0
OMe
0 0
57%¢ 58
86% 83%

(82%, 2.5 mol% Pd)

Lo} i
ACO/\( « \0 PhthN
\M F o
RN ° A h
AcO n=3 7

OAc // | 1
!Ac 0=/|\< I\/kBr 64 O\)

61 62° 63 55%
57% 69% 79% (60% conversion)

All reactions run on a 0.3 mmol scale unless otiewoted. All yields reported are of isolatedgour
compound?.0 equiv.p-NO,CsH4COH used as acid in reactiotL.5 equiv. BQF35°C. BQ = 1,4-
benzoquinone

| performed a competition experiment with cycloheal and 4-butylcyclohexanone to further
demonstrate the remarkable selectivity of this tieacfor carbonyl over alcohol oxidation (Schemé@,3ight).
Subjecting one equivalent each of cyclohexanol&tbutylcyclohexanone to the conditions describédesupra,
Table 3.1, entry 8) resulted in a 91% vyield4f with only a 3% yield of45 (resulting from alchol oxidation
followed by dehydrogenation). Furthermore, eveis thace alcohol oxidation could be eliminated ksing p-

nitrobenzoic acid instead of phosphoric acid asattid for this transformation (Scheme 3.1, left).
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Scheme 3.1Ketone vs. alcohol oxidation under acidic palladicetalyzed dehydrogenation

Pd(CH3CN),4(BF,),

(10 mol%) Pd(CH;CN)4(BF,),

2 OH NO,CH,CO,H 2 OH (10 mol%) 2 8
P-NO2L6H, L0 .
J P osomr A K wpoieeemy AL N
(0.5 equiv) 3P0, (0.5 equiv)
) (J =—J)-J—0-UJ
BQ (1.0 equiv.) BQ (1.0 equiv.)
Bu DMSO (0.33M), {Bu DMSO (0.33M), {Bu
8 hr, 55°C . . 8 hr, 55°C
1 equiv. 1 equiv.
47 rSM 47 45

90% 99% 91% 3%

3.2.2 Mechanistic Observations

During the course of reaction development and eafitn | made several observations that hinted this
reaction was likely proceeding through a similarch@nism to that observed for stoichiometric palladisystems
(i.e. formation of a Pd-enolate intermediate fokalwbyp-hydride elimination). Firstly, the increased effeeness
of progressively more electrophilic palladium suggd to me that Pd-enolate formation may occurutgincattack
of the carbonyls enol tautomer on the metal cenfEhis type of reactivity is known to occur sporgansly in
DMSO with strong halogen electrophiles such as NBSSecondly, the minor product of L-menthone
dehydrogenation65, has a racemia-stereocenter (Figure 3.5A). This suggests thgtRoh-enolate intermediate
formed 66), is long lived enough to sample both sides ofkit®ne, with hydride elimination occurring on thees
of the carbonyl with the least steric hindrancethet p-position. However, it cannot be rigorously exclddbat
racemization of65 occurs by epimerization after dehydrogenation. irdiyy the likelihood of a Pb—H
intermediate was demonstrated in dehydrogenatiorcasimercially available Maceal, which comes as an
approximately 85:15 mixture of separable isomeeshyalrogenation 087, the minor isomer in the mixture, affords
exclusively the unexpected olefin migration prodé@twhich most likely results from a series of Pd—+ddrtions

andp-hydride eliminations (Figure 3.5B).

Figure 3.5.0bservations consistent with Pd-enolate and Pd—ediep during dehydrogenation reaction

A.) Observed scr
o] L,Pd_ OH HO PdL, o]
n \/ / n
iPr iPr___ e \ iPr iPr
\\\\\\“" \\“\\\»" -
66

ing of a-ster s in dehydrogenation minor product isomer

(+)-65 (-)-50
B.) Olefin scrambling of sterically congested aldehyde M. I sugg inter liacy of Pd—H
iPr iPr iPr. iPr.
standard standard
/A conditions conditions /
o= o= o= o=
63 Maceal 67 68



To probe the mechanism of this palladium catalydetlydrogenation reaction further, | evaluated the
reaction under “mock catalytit’® conditions to determine the role of each of theygonents of the reaction during
one catalytic cycle (Table 3.3). No dehydrogemati@s observed in the absence of palladium (TaBleedtry 1),
and baseline reactivity with Pd(GEN)4(BF,;) in DMSO was sluggish (Table 3.3, entry 2). Bendogne (BQ) was
found to have a modest accelerating effect ondlte of dehydrogenation, potentially by acting asaidic ligand
for palladium and further enhancing its electroighitharacter (Table 3.3, entry 3). However, the tnpmenounced
effect on rate was observed in the presence ofgblwos acid, which most likely increases the comion of
active enol tautomer (Table 3.3, entries 4 — 6,)& Significantly, reaction under rigorously andgoconditions
showed a similar conversion, albeit a reduced yieldiehydrogenation produs? (Table 3.3, entry 6), suggesting
that oxygen may play a role in the reaction buidsessential. Dramatically reduced reactivity whserved when
the reaction was performed in THF rather than DM®0ugh this shows sulfoxides are not an essecti@ponent
of this reaction (Table 3.3, entry 7). FinallyJika several of the C—H activation systems devetbpeeviously in
the White lab, this reaction seems to have no seakitivity to the steric environment presentedthsy quinone

oxidant (Table 3.3, entries 3 & 4 vs. entries 8)& 9

Table 3.3. Mechanistic exploration of palladium catalyzed
dehydrogenation under “mock catalytic” conditions

o o

Pd(CH3CN)4(BF,),

(1 equiv.)
Entry® "additions" ® Conv. Yield Krel®

1 BQ, H3PO,* 5 0

2 - 12 5 1.0
3 BQ 25 19 2.9
4 BQ, H;PO, 87 82 8.2
5 HaPO, 82 79 8.2
6 H3;PO,° 85 61

7 BQ,H3PO, THF | 51 4 57
8 2,6-DiMeBQ 26 23 4.0
9  2,6-DiMeBQ, H;P0, 84 78 7.6

#Conversion and yield determined in triplicate by @&gtsus an
internal standard’10 equiv. BQ, 10 equiv. 2,6-DiMeBQ or 5
equiv. HPQO, were added when indicatedRates were
determined by fitting a linear regression to GC Igsia of
timepoints taken at 15, 30, 45, and 60 mifNo
Pd(CHCN)4(BF,), °Run under anaerobic conditiod§HF as
solvent (No DMSO)
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Though no definitive mechanism has yet been deterdnfor this direct dehydrogenation of carbonyls, a
framework for the process is emerging. The acidtagd responsible for the most significant boasteaction rate,
most likely helps to promote an initial keto-enalitomerization. Attack of this species on palladiiemms a long
lived Pd-enolate that subsequently undergfesydride elimination to give a Bd-H. Conversion of this
intermediate back to dicationic PHy acid and benzoquinone would close the catatytite. Furthermore, the lack
of over oxidation in this system could be explairt®d the relative resistance of,-unsaturated carbonyls to

undergo tautomerization.

3.3 Conclusions

In conclusion, | have developed a novel catalyéiigolium(ll)-based method for the conversion obkets,
ketoesters, and aldehydes directly to their unasgdr homologs, without the need for prior activatiaf the
carbonyl. Importantly, this reaction shows goodeteellent reactivity for a number of substrateshvéd rather
diverse array of functional groups. Additionallgaction under the acidic conditions discoverede haffords
unprecedented selectivities for dehydrogenatior2-stibstituted ketones and, for the first time iy @atalytic
dehydrogenation reaction, shows a remarkable satgdbr oxidation of carbonyls over alcohols.

Preliminary mechanistic studies suggest the reacfiroceeds through a Pd-enolate intermediate that
undergoes successifiehydride elimination to give the desired unsatwtatarbonyl compounds, and that the acid
additive is a key promoter of the reaction, likelia in situ promotion of keto-enol tautomerization. Further
mechanistic study is necessary to confirm this kiypsis. Finally, this work demonstrates that thectebphilic,
acidic conditions so successful for mild allylic G+activation may be more generally applicable tecdvering

new reactivity with palladium.

3.4 Experimental Section

General Information: All commercially obtained reagents were used asived unless otherwise specified; Pd

sponge, nitrosonium tetrafluoroborate (Strem), PR (Alfa Aesar), benzoquinone, cyclohexanone, 2-

methylcyclohexanone, (R)-(+)-3-methylcyclohexanofebutylcyclohexanone, trifluoroacetic aciokhitrobenzoic

acid, (Aldrich), phosphoric acid (Fisher). A samplff Maceal as a mixture (~85:15) of isomers wasiobd from
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Vigon international and purified via Sj@hromatogrphy (1-5% ED:petroleum etherl.-menthone was obtained as
85% pure from Acros and purified via Sig5-20% ethyl acetate:hexanes) prior to use. Pd{OAand
Pd(CHCN)4(BF,), were stored in a glove box under an argon atmaspdyed weighed out in the air prior to use.
Commercially available Pd(GEN)4(BF,), and “White Catalyst” (1,2-Bis(phenylsulfinyl)ethanpalladium(ll)
acetate) from Aldrich were found to be equivalemtthat prepared freshly by the published procediifg®
Solvents DMSO and THF were purified prior to usepagsage through a bed of activated alumina (&assour,
Laguna Beach, California). All dehydrogenation ctems were run were run under air unless spetlifica
mentioned. Achiral gas chromatographic (GC) aredywere performed on Agilent Technologies 6890NeSer
instrument equipped with FID detectors using a HB%-Phenyl)-methylpolysiloxane column (30m, 0.32mm
0.25um). Chiral gas chromatographic (GC) analyses wemdopmed on an Agilent Technologies 5890A Series
instrument equipped with an FID detector using &WJ&cientific B-cyclodextrin column (30m, 0.25mm, 02%).
HPLC analysis was performed on an Agilent Techne®d 100 HPLC system with a model 1100 Quaternary
Pump, Diode Array Detector, Thermostat, and Autgdam Thin-layer chromatography (TLC) was conddotéth

E. Merck silica gel 60 F254 precoated plates (@n23) and visualized with UV, potassium permangareate, ceric
ammonium molybdate staining. Flash column chrograehy was performed as described by $tikl.**® using
EM reagent silica gel 60 (230-400 mestiH NMR spectra were recorded on a Varian Unity 4000(MHz) or a
Varian Unity 500 (500 MHz), or a Varian Unity InoB8ONB spectrometer and are reported in ppm usihgst as
an internal standard (CD{Cat 7.26 ppm). Data reported as: s = singlet,dbublet, t = triplet, g = quartet, m =
multiplet, b = broad; coupling constant(s) in Hateigration. Proton-decoupléiC- NMR spectra were recorded on
a Varian Unity-500 (125 MHz) spectrometer and amorted in ppm using solvent as an internal stah@abCk at
77.0 ppm). IR spectra were recorded as thin filmdNaCl plates on a Perkin-Elmer Spectrum BX amdreported

in frequency of absorption (¢ High-resolution mass spectra were obtainechatUniversity of Illinois Mass
Spectrometry Laboratory.

General Procedure for Palladium Catalyzed CarbonylDehydrogenation: A vial (4 mL borosilicate) was
charged with the following: Pd(GEN)4(BF,), (10 mol%, 0.03 mmol, 13.3 mg), 1,4-benzoquinoné& &quiv., 0.33
mmol, 35.7 mg), and a Teflon© stir bar. Subst(@t8 mmol) and DMSO (0.33M, 0.9 mL) were added Hradvial
was briefly (~15 seconds) stirred at room tempeeatintil the solvent became homogeneous. Phosploid

(0.15 mmol, 8.81L) was then added via syringe and the reactiorstesired to a 55°C bath and carefully monitored
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(TLC, GC, or NMR). Upon complete consumption of Stfle reaction was cooled to room temperature and
transferred to a separatory funnel with ~3 mL,CH and then diluted further with GBI, (200 mL). The organic
layer was rinsed with sat. aq. NaHE@ x 50 mL) and brine (1 x 50 mLyhe combined aqueous layers were back
extracted with CECl, (100 mL). The combined organic layers were diipthSO, or NaSQ,), filtered, and
reducedin vacuo. The resulting product is generally a mixture of yiiflogenation products and trace residual
quinone/dihydroquinone, which can be purified vi®@Schromatography to afford clean material from whibb

yield was determinedii NMR).

Procedure for Optimization Screen (Table 3.1, compmd 45, entries 1-8): A vial (4 mL borosilicate) was
charged with the following: Pd(OA&PhBs (vial 1 & 3)(10 mol%, 0.01 mmol, 5.0 mg), B&c), (vial 2 & 4)(10
mol%, 0.01 mmol, 2.2 mg), Pd(TFA}vial 5)(10 mol%, 0.01 mmol, 3.3 mg), Pd(gEN)4(BF,), (vial 6 — 8)(10
mol %, 0.01 mmol, 4.4 mg), 1,4-benzoquinone (vial 8)(1.0 equiv., 0.10 mmol, 10.8 mgknitrobenzoic acid
(vial 7)(1.0 equiv., 0.1 mmol, 16.7 mg), and a ©af stir bar. Cyclohexanone (vial 1 — 8)(1 equ1 mmol,
10.4puL), nitrobenzene (vial 1 — 8)(internal GC standat@ mol %, 4.1uL), and DMSO (vial 2 & 4 — 8)(0.33M, 0.3
mL) or THF (vial 1 & 3) (0.33M, 0.3 mL) were addeahd the vial was stirred briefly (~15 seconds) ainn
temperature until the solvent became homogenedigudis were taken from the vials (~1Q filtered with EtO
through a short pipette plug of silica), to detevniGC initial ratios of cyclohexanone to nitrobemze
Trifluoroacetic acid (vial 3 & 4)(0.5 equiv., 0.0Bmol, 3.8uL) or phosphoric acid (vial 8)(0.5 equiv., 0.05 mmo
2.9 uL) was then added via syringe, the reaction cappad,transferred to a 55°C bath and carefully nooed
(GC). Aliquots were taken from each vial at 8 hotmsdetermine GC yields. Response factors relative
cyclohexanone were determined for the authentitobgxenone standard. Results are reported as aagavef at

least three runs.

Procedure for “Mock Catalytic” Mechanistic Investigation Screen (Table 3.3): A vial (2 mL borosilicate) was
charged with the following: Pd(GEN)4(BF,), (vial 2 - 9)(1 equiv., 0.01 mmol, 4.4 mg), 1,4-kequinone (vial 1,3
- 4, & 7)(10 equiv., 0.10 mmol, 10.8 mg), 4-t-butytlohexanone (vial 1 - 9)(1 equiv., 0.01 mmol, in§), and a
Teflon®© stir bar. DMSO (vial 1 - 6, 8 - 9)(0.033M,3 mL), THF (vial 7)(0.033M, 0.3 mL), nitrobenzefeal 1 -

9)(internal GC standard, 4.0 equiv., 41), and phosphoric acid (vial 1, 4 - 7, & 8)(5 equi2.9uL) were added
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and the vial was stirred briefly (~15 seconds)oaim temperature until the solvent became homogenediguots
were taken from the vials (~1Q. filtered with EtO through a short pipette plug of silica), to detiere GC initial
ratios of 4t-butylcyclohexanone to nitrobenzene. The reaatias capped and transferred to a 55°C. Aliquots were
taken from vials 1 - 5 & 7 - 9 at 15, 30, 45, arffiriinutes. Response factors relative tbbditylcyclohexanone
were determined from the authentic dehydrogenatattiard. Results are reported as an averageledsitthree
runs, with conversions and yields determined byda&ompared to the internal standard. Relatives rate based

on the slope of a linear fit to the observed dataah experimental condition (Entry X) divided it of the control
(Entry 2). Vial 6 was set-up entirely in the glovex using rigorously degassed DMSO and run undeargon
atmosphere. Time points were removed via syririge=a0 to determine initial ratios, and at t =ddetermine

conversion and yield via GC analysis.

Procedure for Cyclohexanol vs. 4-Butylcyclohexanone Competition Experiments (Schemg.1): A vial (2 mL
borosilicate) was charged with the following: Pd@CiN)4(BF,)» (0.1 equiv., 0.01 mmol, 4.4 mg), 1,4-benzoquinone
(1.0 equiv., 0.10 mmol, 10.8 mg),tbutylcyclohexanone (1 equiv., 0.1 mmol, 15.4 nap)d a Teflon© stir bar.
DMSO (0.33M, 0.3 mL), cyclohexanol (1 equiv., 1@i6), and nitrobenzene (internal GC standard, 4.0wegd.1
uL), and the vial was stirred briefly (~15 seconds)room temperature until the solvent became homeges.
Aliquots were taken from the vials (~1 filtered with EtO through a short pipette plug of silica), to detere
GC initial ratios of cyclohexanol andtdsutylcyclohexanone to nitrobenzene. Phosphoiid @x5 equiv., 2.91L)
or p-nitrobenzoic acid (1 equiv., 16.7 mg) was theneatjdhe reaction capped, and transferred to a HBiG.
Aliquots were taken from each vial at 8 hours taedaine GC yields of 4-butylcyclohex-2-en-1-one,
cyclohexanone, and cyclohex-2-en-1-one. Responsrfarelative to cyclohexanol, cyclohexanone, &nd
butylcyclohexanone were determined from autheridodards. Results are reported as an averageledsitthree

runs.

General Procedure for Palladium Catalyzed CarbonylDehydrogenation (Table 3.1, substrates 47 -50; Tadbl
3.2): A vial (4 mL borosilicate) was charged with theléoling: Pd(CHCN)4(BF4), (10 mol%, 0.03 mmol, 13.3
mg), 1,4-benzoquinone (1.1 equiv., 0.33 mmol, 38gjJ, and a Teflon®© stir bar. Substrate (0.3 mmaok) DMSO

(0.33M, 0.9 mL) were added and the vial was bri¢fig5 seconds) stirred at room temperature urgilsblvent
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became homogeneous. Phosphoric acid (0.15 mn&hL$ was then added via syringe and the reactiorsfesred

to a 55°C bath and carefully monitored (TLC, GCNMR). Upon complete consumption of SM, the reattivas
cooled to room temperature and transferred to araggy funnel with ~3 mL CCl, and then diluted further with
CH,CI;, (200 mL). The organic layer was rinsed with sat. JaHCQ (2 x 50 mL) and brine (1 x 50 mLYhe
combined aqueous layers were back extracted withCGH100 mL). The combined organic layers were dried
(MgSOy or NaSQy), filtered, and reducedn vacuo. The resulting product is generally a mixture of
dehydrogenation products and trace residual quihgdeoquinone, which can be purified via Si€hromatography

to afford clean material from which the yield wastetmined {H NMR).

9 4-(Tert-butyl)cyclohex-2-enone (47)Following the standard procedure afforded as dendolid: Run 1:
38.9 mg, 0.256 mmol, 85% yield, Run 2: 39.0 mg56.2nmol, 85% yield; dverage yield: 88%6] which
gy Was spectroscopically identical to material presigueported in the literatul¥; '"H NMR (500 MHz,
CDCly) 6 7.02 (dt,J = 10.4, 2.0 Hz, 1H), 6.04 (ddd~= 10.4, 2.8, 1.0 Hz, 1H), 2.52 (dt= 16.6, 3.2 Hz, 1H), 2.34
(ddd,J = 16.6, 14.4, 5.0 Hz, 1H), 2.20 (ddtz 11.2, 4.8, 2.5 Hz, 1H), 2.15 — 2.05 (m, 1H),11-81.68 (m, 1H),
0.98 (s, 9H)*C NMR (125 MHz, CDC}) § 177.5, 152.9, 130.0, 46.8, 37.8, 32.9, 27.3, 2R4(neat, crit) 2958.2,

2931.3, 2871.5, 1689.3, 1469.5.

9 (R)-5-Methylcyclohex-2-enone (48)Reactions were run on 1.0 mmol scale instead 2htmol scale.
Following the standard procedure afforded: Run4l98ng, 0.771 mmol, 77% yield, Run 2: 86.0 mg,
0.781 mmol, 78% vyield; Run 3: 85.7 mg, 0.778 mni@% yield; pverage yield: 78%]; which was
spectroscopically identical to material previousdported in the literatuté, *H NMR (500 MHz, CDC}) § 6.90
(ddd,J = 10.0, 5.0, 2.5 Hz, 1H), 5.90 (dd= 10.0, 1.0 Hz, 1H), 2.45-2.25 (m, 2H), 2.25-1.80 ), 1.00 (d,] =

6.2 Hz, 3H).

9 2-Methylcyclohex-2-enone(49): Reactions were run on 1.0 mmol scale instead ®fn@mol scale.
Following the standard procedure afforded: Runl17ng, 0.645 mmol, 65% vyield, Run 2: 71.7 mg,
0.651 mmol, 65% vyield; Run 3: 73.5 mg, 0.667 mm6¥% vyield; pverage yield: 664]; which was

spectroscopically identical to material previougdported in the literatur@® '"H NMR (500 MHz, CDC}) § 6.74
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(td, J = 4.2, 1.4 Hz, 1H), 2.44 — 2.40 (m, 2H), 2.35202(m, 2H), 1.98 (dt) = 12.4, 6.2 Hz, 2H), 1.77 (dd= 3.4,

1.8 Hz, 3H).

9 (9)-2-1sopropyl-5-methylcyclohex-2-enon€d(-)-50): Following the standard procedure afforded:
Run 1: 32.8 mg, 0.216 mmol, 72% yield, Run 2: 3d) 0.234 mmol, 75% vyield; Run 3: 32.6
* mg, 0.214 mmol, 71% yield;ajerage yield: 73%]; which was spectroscopically identical to
material previously reported in the literattife[a]*, = -75.3° (¢ = 1.0, CHG)(lit. [0]*’, = -76, ¢ = 0.56, CHG).
'H NMR (500 MHz, CDCJ) § 6.64 (dd,J = 5.4, 2.3 Hz, 1H), 2.91 — 2.81 (m, 1H), 2.53 4&(m, 1H), 2.42 (dt] =
9.9, 5.2 Hz, 1H), 2.21 — 2.13 (m, 1H), 2.13 — 206 1H), 2.02 (ddJ = 18.0, 9.5 Hz, 1H), 1.04 (d,= 6.3 Hz, 3H),
1.00 (ddJ=6.9, 3.2 Hz, 5H)}3C NMR (125 MHz, CDC}) $ 199.3, 145.3, 141.3, 47.0, 34.3, 30.4, 26.2, Z21(8B,
21.2,;IR (neat, crﬁ) 3041.2, 2958.3, 2929.4, 2912.0, 2873.4, 282%158B, 1459.9HRMS (ESI) m/z calculated

for CyoH170 [M]™: 153.1279; found 153.1279.

9 4-((Triisopropylsilyl)oxy)cyclohex-2-enone(51): Following the standard procedure afforded as arcle
oil: Run 1: 67.7 mg, 0.252 mmol, 84% yield, Rur68:9 mg, 0.257 mmol, 86% yield; Run 3: 69.0 mg,
0.257 mmol, 86% yield;dverage yield: 85%]; *H NMR (500 MHz, CDC}) & 6.91 (dddJ = 10.2, 2.3,
1.70I1-|I:,SlH), 5.93 (ddd] = 10.3, 1.7, 1.0 Hz, 1H), 4.62 (ddt= 8.9, 4.5, 2.1 Hz, 1H), 2.59 (di,= 16.6, 4.4 Hz,
1H), 2.34 (ddd)] = 16.8, 12.6, 4.6 Hz, 1H), 2.28 (dddb+ 11.1, 9.5, 4.7, 1.6 Hz, 1H), 2.04 (tdds= 12.8, 8.9, 4.2
Hz, 1H), 1.16 — 1.04 (m, 21H}J*C NMR (125 MHz, CDC}) § 184.7, 154.0, 128.6, 67.0, 35.4, 33.1, 18.0, 17.7,
12.2;IR (neat, crit) 2942.9, 2892.7, 2865.7, 1691.3, 1463.7.
9 (3aR,7aR)-2,2,7a-Trimethyl-7,7a-dihydrobenzo[1,3]dixol-4(3aH)-one (52): Following the

standard procedure afforded as a clear oil: R4 mg, 0.244 mmol, 81% yield, Run 2: 43.9

S
$
$
$
$
$

mg, 0.241 mmol, 80% yield; Run 3 (2.5 mol% Pd¢CN)4(BF,)», 24 hr): 43.2 mg, 0.237 mmol,
79% vyield; pverage vyield: 81%]; which was spectroscopically identical to matemreviously reported in the
literaturé™’; '"H NMR (500 MHz, CDC}) & 6.92 (dt,J = 10.2, 4.2 Hz, 1H), 6.19 (d1,= 10.2, 2.0 Hz, 1H), 4.04 (s,
1H), 2.84 (ddd,) = 19.3, 4.2, 2.1 Hz, 1H), 2.53 (ddii= 19.3, 4.3, 2.0 Hz, 1H), 1.46 (@= 7.1 Hz, 3H), 1.45 (s,

3H), 1.35 (d,J = 0.4 Hz, 3H):*C NMR (125 MHz, CDC}) § 195.5, 148.1, 128.2, 109.8, 80.8, 80.6, 36.3,, 281,
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26.4.;IR (neat, crit) 3039.3, 2987.2, 2935.1, 2873.4, 1683.6, 1438RMS (ESI) m/z calculated for £H40;Na

[M+Na]* = 205.0841; found 205.0833.

9 (3a's, 6a's) - 3a'H - Spiro[cyclohexane - 1,2' - clopenta[1,3]dioxol] - 4'(6a'H) - one(53):
0 Following the standard procedure afforded: Run7.84ng, 0.246 mmol, 82% yield, Run 2:
O)O 47.6 mg, 0.245 mmol, 82% yieldajerage yield: 826]; '"H NMR (500 MHz, CDC}) § 7.61
(dd,J =5.9, 2.3 Hz, 1H), 6.20 (d,= 5.9 Hz, 1H), 5.25 (ddl = 5.4, 2.3 Hz, 1H), 4.46 (d,= 5.4 Hz, 1H), 1.68 —

1.55 (m, 8H), 1.39 (m, 2H).

OH  (4aR, 5S, 8aS)-5-Hydroxy-4a-methyl-4a,5,6,7,8,8axmhydronaphthalen-2(1H)-one (54):

Following the standard procedure afforded: Run1L74ng, 0.232 mmol, 77% vyield, Run 2:

o 43.0 mg, 0.239 mmol, 80% vyield; Run 3 (2.5 mol%@&d{CN),(BF,),, 24 hr): 43.8 mg, 0.243

= [T

mmol, 81% vyield; fverage yield: 79%]; *H NMR (500 MHz, CDC}) 6 7.31 (d,J = 10.0 Hz, 1H), 5.90 (dd] =
10.0, 0.8 Hz, 1H), 3.46 (di,= 15.0, 5.0 Hz, 1H), 2.38 (dd,= 17.5, 14.0 Hz, 1H), 2.28 (ddd~ 17.5, 4.3, 0.8 Hz,

1H), 1.93 — 1.77 (m, 2H), 1.64 — 1.53 (m, 1H), 1-50.32 (m, 4H), 1.05 (s, 3H).

0 4-Hydroxy-2-methylcyclohex-2-enong55): The polarity of this molecule necessitated anradttive
work-up as compared to the standard procedure. dpampletion, the reaction was transferred to a
separatory funnel with ~3 mL EtOAc, and then ditutgith a further 200 mL EtOAc. The organic

o layer was washed once with sat. ag. NaklOx 50 mL) and 5% aq. O; (2 x 50 mL). Caution

should be taken when combining aqueous layers as carbon dioxide is evolved. The combined aqueous layers were
back extracted with EtOAc (2 x 100 mL). The condurorganic layers were dried (}$0,), filtered, and reduced
in vacuo. SiO, chromatography afforded: Run 1: 19.7 mg, 0.156 mB®2% yield, Run 2: 20.8 mg, 0.165 mmol,
55% yield; Run 3: 21.4 mg, 0.170 mmol, 57% yidéakerage yield: 584]; *"H NMR (500 MHz, CDCJ) *H NMR
(500 MHz, CDC}) & 6.69 (dt,J = 2.7, 1.4 Hz, 1H), 4.54 (s, 1H), 2.60 (dt= 17.8, 5.2 Hz, 1H), 2.33 (dddd=

11.2, 8.6, 6.4, 3.2 Hz, 2H), 2.04 (s, 3H), 1.9%i(th= 17.0, 9.1, 3.4 Hz, 2H).
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* 2,2,2-Trifluoro-N-(4-oxocyclohex-2-en-1-yl)acetamid (56): Following the standard procedure
afforded: Run 1: 50.8 mg, 0.245 mmol, 82% yieldnRu 52.0 mg, 0.251 mmol, 84% vyield; Run 3: 51.5
mg, 0.249 mmol, 83% yieldajerage yield:83%]; '"H NMR (500 MHz, CDC}) § 6.78 (dt,J = 10.2, 2.0
HNTFA

Hz, 1H), 6.40 (bs, 1H), 6.13 (ddd= 10.2, 2.4, 0.8 Hz, 1H), 4.91 (dddik 10.4, 7.7, 5.0, 2.4 Hz, 1H), 2.62 (A&

17.0, 4.5 Hz, 1H), 2.56 — 2.48 (m, 1H), 2.43 (dtd, 12.8, 4.8, 3.2 Hz, 1H), 2.03 (tdbl= 12.8, 10.7, 4.6 Hz, 1H).

9 a Methyl 8-oxo0-1,4-dioxaspiro[4.5]dec-6-ene-7-carbo¥gte (57): The standard procedure was
OMe modified in the following way: Instead of phosplwacid, p-nitrobenzoic acid (1.0 equiv., 50
o o mg, 0.3 mmol) was used as a promoter. Additionailg reaction was stirred at 35°C instead of
\—/ 55°C. These modifications afforded: Run 1: 53@ 253 mmol, 85% vyield, Run 2: 54.0 mg,
0.254 mmol, 85% vyield; Run 3: 55.2 mg, 0.260 mm8¥% vyield; pverage yield: 864]; which was
spectroscopically identical to material previousdported in the literatut& *H NMR (500 MHz, CDC}) & 7.15 (s,

1H), 4.11 — 4.02 (m, 4H), 3.82 (s, 3H), 2.75 — B8 2H), 2.23 (1) = 6.6 Hz, 2H).

(5S, 8R, 9S, 10R, 13S, 14S) - 10,13 - dimethyl 657, 8, 9, 10, 11, 12, 13, 14, 15,
16-dodecahydro-3H-cyclopenta[a]phenanthrene-3,17(4Hlione (58): Following

the standard procedure afforded: Run 1: 71.7 n&hOmmol, 83% yield, Run 2: 71.5

mg, 0.250 mmol, 83% yield; Run 3 (2.5 mol% Pd¢CN).(BF,),, 24 hr): 70.6 mg,
0.246 mmol, 82% yield; gverage yield: 83%]; which was identical spectroscopically ideaki to material
previously reported in the literatdtd H NMR (400 MHz, CDC}) § 7.13 (d,J = 10.2 Hz, 1H), 5.87 (dl = 10.2
Hz, 1H), 2.47 (ddJ = 19.9, 9.2 Hz, 1H), 2.39 (dd,= 16.0, 12.0 Hz, 1H), 2.25 (dd= 17.9, 3.9 Hz, 1H), 2.11 (dd,
J=18.9, 9.4 Hz, 1H), 2.01 — 1.81 (m, 4H), 1.66ddH= 22.6, 10.9, 3.3 Hz, 1H), 1.56 — 1.41 (m, 4H%01- 1.19

(m, 3H), 1.15 — 1.00 (m, 1H), 1.04 (s, 3H), 0.913(d).

(2) - methyl 2 - ((4aS, 6aS, 8R, 9R, 1laR, 11bS) --8&cetoxy - 8 -

OA
¢ (acetoxymethyl) - 11b - methyl - 3 - oxo - 5, 6, B, 9, 10, 11, 11a -
octahydro - 6a,9 - methanocyclohepta[a]lnaphthalen4(3H, 4aH, 11bH) -

ylidene)acetate (59): Following the standard procedure afforded: Run 1:
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122.9 mg, 0.276 mmol, 92% yield, Run 2: 124.6 ;880 mmol, 93% yield; Run 3: 123.4 mg, 0.278 mrA38kb6
yield; [average yield:93%]; *H NMR (500 MHz, CDC}) § 7.16 (d,J = 10.1 Hz, 1H), 5.93 (d] = 10.1 Hz, 1H),
5.83 (d,J = 2.2 Hz, 1H), 4.96 (d] = 12.3 Hz, 1H), 4.47 (d, = 12.3 Hz, 1H), 3.77 (s, 3H), 2.57 (t= 10.9 Hz, 2H),
2.08 (s, 3H), 2.04 (dl = 15.7 Hz, 1H), 2.00 (s, 3H), 1.90 (= 12.1 Hz, 1H), 1.86 — 1.52 (m, 12H), 1.46Jd; 7.7

Hz, 1H), 1.18 (s, 3H).

O (3aR, 5aS, 9aR, 9bS) - 3a, 6, 6, 9a - tetramethyl -, 4, 5, 5a, 6, 9b -

hexahydronaphtho[2, 1-b]furan-2, 7(3aH, 9aH) - dioe (60): Following the standard

procedure afforded: Run 1: 75.0 mg, 0.286 mmol, 988, Run 2: 73.3 mg, 0.279

mmol, 93‘% yield; @verage yield:94%]; *H NMR (500 MHz, CDC}) 6 6.84 (d,J = 10.0 Hz, 1H), 5.91 (d} = 10.0

Hz, 1H), 2.60 (ddJ = 16.0, 14.6 Hz, 1H), 2.49 (dd= 16.1, 6.5 Hz, 1H), 2.23 (dd;= 14.6, 6.5 Hz, 1H), 2.18 (di,
= 12.0, 3.3 Hz, 1H), 1.98 — 1.89 (m, 1H), 1.84 701(m, 1H), 1.68 — 1.53 (m, 2H), 1.42 (s, 3H), 1(493H), 1.19

(s, 3H), 1.12 (s, 3H).

(2R, 3R, 4R, 5S, 6S)-2-(acetoxymethyl)-6-((E)-3-oxmp-1-en-1-yl)tetrahydro-

2H-pyran-3, 4, 5-triyl triacetate (61): This substrate was run on a 0.1 mmol scale

OAc rather than 0.3 mmol. Following the standard pracedfforded: Run 1: 22.0 mg,
0.569 mmol, 57% yield, Run 2: 22.5 mg, 0.058 mn&@% vyield; pverage yield: 5%]; '"H NMR (500 MHz,
CDCly) § 9.67 (d,J = 7.7 Hz, 1H), 6.89 (dd] = 16.2, 3.6 Hz, 1H), 6.44 (ddd= 16.2, 7.7, 2.2 Hz, 1H), 5.22 (ddH,
= 18.0, 9.8, 7.2 Hz, 2H), 5.06 (applt= 10.0 Hz, 1H), 5.00 (ddd, = 5.8, 3.5, 2.3 Hz, 1H), 4.26 (ddi= 12.3, 5.4
Hz, 1H), 4.11 (ddJ = 12.3, 2.4 Hz, 1H), 3.93 (ddd= 9.5, 5.4, 2.3 Hz, 1H), 2.11 (s, 3H), 2.10 (s),3H05 (s, 3H),

2.03 (s, 3H).

Ph“‘N\M/\AO (E) - 6 - (1,3-dioxoisoindolin - 2 - y))hex - 2 - eng62): Following the standard procedure
" afforded: Run 1: 46.3 mg, 0.200 mmol, 67% yieldnRua 48.7 mg, 0.210 mmol, 70%

yield; [average yield:68%]; *H NMR (400 MHz, CDC}) & 9.48 (d,J = 7.8 Hz, 1H), 7.86 (dd] = 5.5, 3.0 Hz, 2H),

7.73 (dd,J = 5.4, 3.1 Hz, 2H), 6.84 (di,= 15.6, 6.6 Hz, 1H), 6.15 (dd,= 15.7, 7.8 Hz, 1H), 3.75 (§,= 7.1 Hz,

2H), 2.41 (dd)J = 14.3, 7.4 Hz, 2H), 1.92 (di,= 14.4, 7.3 Hz, 2H).
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iPr (1R, 4S, 8S) - 8 - isopropyl - 6 - methylbicyclo[2.2]octa - 2,5 - diene - 2 - carbaldehyde
(63): Following the standard procedure afforded: Run4#.3 mg, 0.232 mmol, 78% yield,
o= Run 2: 46.5 mg, 0.244 mmol, 81% vyield; Run 3: 454, 0.237 mmol, 79% yieldajerage
yield: 79%]; *H NMR (400 MHz, CDC}) § 9.43 (s, 1H), 7.26 (dd} = 5.9, 1.6 Hz, 1H), 5.78 (d,= 5.8 Hz, 1H),
4.14 (d,J = 6.0 Hz, 1H), 3.48 (dd] = 5.9, 2.1 Hz, 1H), 1.83 (d,= 1.2 Hz, 3H), 1.67 — 1.55 (m, 1H), 1.16 — 0.93
(m, 2H), 0.98 (d,J = 8.0 Hz, 3H), 1.16 — 0.93 (m, 1H), 0.81 {o&= 6.1 Hz, 3H)*C NMR (101 MHz, CDC}) &

187.9, 155.9, 151.6, 143.5, 124.0, 47.3, 44.3,, 3838, 31.7, 21.8, 21.3, 19.0.

9 (E)-1-(2-bromophenyl)-3-(1,3-dioxan-2-yl)prop-2-en-lone (63): Following the

yZ o
\j standard procedure afforded: Run 1: 49.2 mg, O8I, 55% yield (36 mg rSM),
o

Br Run 2: 48.7 mg, 0.163 mmol, 55% yield (34 mg rSiéverage yield: 55%]; *H

NMR (500 MHz, CDCJ) *H NMR (500 MHz, CDCJ) & 7.55 (t,J = 7.8 Hz, 1H), 7.39 (ddl = 7.6, 1.8 Hz, 1H), 7.35
(td, J = 7.5, 1.1 Hz, 1H), 7.28 (dd,= 7.9, 1.9 Hz, 1H), 6.74 (d,= 16.1 Hz, 1H), 6.44 (dd} = 16.1, 3.2 Hz, 1H),

5.18 (d,J = 2.3 Hz, 1H), 4.18 (ddl = 11.3, 4.6 Hz, 2H), 3.86 (,= 11.4 Hz, 2H), 2.18 — 1.98 (m, 2H).
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APPENDIX A: Chromium Lewis Acid Co-Catalysts Synthesized arebfEd for Enantioselective Allylic C—H

Oxidation

Pd(OAc),-PhBS (10 mol%)

. EtOAc (2M), BQ (2 equiv.), 4A MS 7
M > /HY\ + }M\/OAC
AcOH (1.1 equiv.), rt, 48-72 hrs OAc

LA catalyst (10 mol%)

(Yield, B:L, and %ee are all determined via GC)

X %Yield B:L %ee

Q cl 90 1.7:1 41
=N_ N= BF, 92 4.4:1 57
/Cr\
o’| o F 97 4.6:1 58
X
ShF 90 2.31 23

OAcC 61 3.1:1 27

Q X %Yield BiL %ee

=N N= cl 41 2.2:1 17
Cr.
VAT

0)|( 0 BF, 53 3.3:1 8

F 23 3.6:1 15

X %Yield BiL %ee

Q cl 36 1.6:1 0

=N N= BF, 21 3.2:1 3
/Cr\

0’| "o F 19 3.8:1 6
X

CFs FsC SbFg 20 4.0:1 -1

NO, 41 3.1:1 3

X<

%Yield B:L %ee

=N N=
\_ /S

i :( o’C|r\o >: i/ cl 62 1.3:1 -3
X
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X<

%Yield B:L %ee

—N  N=
N S
Cr cl 38 6.1:1 5
O,N o’| o NO,
X

—N N= X %Yield B:L %ee
N
/Cr\
O,N o’| o NO, Cl 37 6.4:1 1
X
X %Yield B:L %ee

Q Cl 71 1.8:1 21

=N N= BF, 86 6.2:1 60
/Cr\

MeO o’| o OMe F 99 4.6:1 57
X

SbFg 81 5.8:1 63

NO; 75 1.31 48

X<

%Yield B:L %ee

Cl-MS 97 1.3:1 19
:\< cl 85 1.6:1 6
=N N=

NS

cr_ BF,- MS 57 2.4:1 6
TIPSO 0’| o OTIPS

X BF, 42 2.8:1 20
F-MS 88 2.8:1 23

F+MS 74 2.7:1 21

%Yield B:L %ee

[P

=N_ N= cl 11 4.5:1 9
/Cr\

TBDPSO 0’| "o OTBDPS BF, 9 3.5:1 2
X

F 11 4.5:1 -4




=N_ N=
/Cr\
o'| "o
X
Ph
Ph

tBu tBu
HO
tBu tBu
Cr
7/ '\
=N’ N=
Ph Ph

=N_ N=
/Cr\

MeO o’| "o OMe
X

OH

X %Yield B:L Yee
Cl 24 1:1.2 22
BF, 74 4.3:1 49
F 65 4.0:1 40
X “%Yield B:L Yoce
Cl 89 1.1:1 27
BF, 50 2.1:1 46
F 48 5.9:1 3
SbFg 42 1.3:1 3
NO, 79 1.8:1 26
%Yield B:L Y%ee
92 5.2:1 56
(5 mol% catalyst used)
X %Yield B:L Y%ee
Cl 73 1.5:1 3
BF, 56 2.1:1 9
F 66 3.4:1 7
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OMe

tBu

tBu

Ph Ph
Ph Ph
O

_N\ /

S
(6] Cl

Ad
Ph Ph
> éTPh
(0]

X %Yield B:L %ee
Cl 16 3.0:1 -3
BF, 26 5.5:1 0
F 53 9.6:1 -3
X %Yield B:L %ee
Cl 5 1:1 0
X %Yield B:L %ee
Cl 39 5.9:1 -
X %Yield B:L %ee
Cl (dimer) 31 1.8:1 -8
CIl (monomer) 3 2:1 -6
X %Yield B:L %ee
Cl (dimer) 4 3:1 4
Cl (monomer) - - -
X %Yield B:L %ee
Cl 3 - -
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