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ABSTRACT

My research involved in two different areagyvelopment of novel glycosylation
methodologyand scope in oligosaccharide synthegisnew scaffold for antibiotic
development targeting the bacterial cell wall: Total synthesis of Albocycline and its
analoggo seehe mechanisnof action in cell wall biosynthesis.

Developed novejemdimethylanalogof FraserRe i d 6 s NP @isnetlylr om 3,
4-pentenol and 2;8imethyl 4-pentenal These donors are stable toward acidic and basic
conditions, which makes them stefficient when compared to other glycosylating agents.
The scope and reactivity of 3@methyl 4pentenyl glycosides of glucose,anmose,
galactose, andN-acetylglucosamindnave been studied extensively for oligosaccharide
synthesis. The donors are readily prepared from commercial starting materials and both
glycosylation and hydrolysis yields are in the synthetically useful in sdigcharide
synthesis.

NSMD methodology introduced key stepn albocycline synthesis, where){
albocycline has great biological activity againts up er bu g o-resistent hi ci |
Staphylococcus aureufMRSA). We hypothesize that albocycline inhibits the first
committed step in bacterial cell wall biosynthesis. We have successfully completed two
generation syntheses @bocycline Vinylogous aldol onthe left-handedfragment,
aldehyde to get selectively up alol atthe C-8 position using Davikllman sulfinylimine
chemistryand then oxidation with Davisxaziridine to access requisite stereochemistry at
C-4 alcohol followed by HornewadsworthEmmons to aaess sec@cid. Finally, a Keck
macrolactonization resion provided access to the -idembered macrolactonég, )-

abocycline
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CHAPTER 1

NOVEL GLYCOSYLATION METHODOLOGY

1.1 Introduction

1.1.1 Significanceof Oligosaccharides

Thefield of glycobiology which studies the structure, biosynthesis, and biology of
glycans (i.e., carbohydrates or saccharides3experiencedremendous growth since the
term was coined in 1988 by Professor Raymond Dwek. The difficulty in isolating pure,
structurally defined glycans from natural sources has generated the negthesie
numerousiologically relevantcarbohydrates and conjuga thereofi(e., glycoproteins,
glycolipids, proteoglycans)The study ofthesecomplex andascinating biomolecules has
provento belimited bythe availabilityor access to structurally definetigosaccharides
Examples of some of the many roles played by carbohydratiesie celicell signaling,
hostpathogennteractions, tumor progression, and adhesion for the attachment of bacteria,
viruses, and toxin$.

The biological significance of oligosaccharides and their glycoconjugates, coupled
with the need for reliable access to structurally defined maferiastudy, continusto
drive oligosaccharide synthesigurthermore carbohydrates are capable of phay an
important role on theell surfaceby displayng thecarbohydratéigandsin a specific
manner through multivalency, whidtirectly affects theoverall binding capacityand

strengthof the carbohydratesnd their attendant interaction wittther biomolecule$.In



2013,the Andradegroupin collaboration with the Ratner and Maran groupsetteped a
glycopeptidebased systent® functionalize biosensors or other surfaces for studyiag
roles of multivalencyn biomolecule recognitiop.

The therapeutic role of carbohydzatis perhaps best demonstrated in the area of
carbohydratdased vaccingsHistorically, vaccines have proven to be the most effective
means of combating and avoiding infectious diseases. In H#8elbergerand Avery
demonstrated that bacterial surface polysaccharides were responsible for eliciting an
immune respons€This finding led to the development of vaccines agaitagmophilus
influenzaetype b (Hib)by Merck, GlaxoSmithKlineand Sanofi Pasteur that are in use
today. Othe examples of commercial vaccines against bacterial pathogens include those
againstNeisseria meningitidisSalmonella typhiandStreptococcus pneumonide

With the success of carbohydrdtased vaccines against bacterial pathogens, many
research groups have directed efforts toward targeting cancer since a hallmark of this
disease includes aberrant glycosylation of tumor cell surfagéthout years ofidvances
in synthetic organic and carbohydrate chemistries, access to the kinds of investigational
vaccines that are present today would not be possible. Danishefskp-amakers have
been working in this field for over twenty years. The most recenegirawhich includes
a construct bearing five unique surface carbohydrate antigens, is shown in Figure 1.
Addi tional features of the experimental
proteinodo that i s essent inddlicitasustainédiraspohsa tt e t
has been established that carbohydrates are not sufficiently immunogenic, and therefore
require a protein fAconj ug dased.vaccinesl mentibnedc t |,

above are conjugated to a protein to costestained immunity.
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Figure 0.1 Five-part Weapon: Arlumor antigensvith GloboH, Stn, TnLewis, and TF

1.1.2 Enzyme-AssistedGlycosylation Methods

Nature hagvolved enzymes that catalyze the transfer of glycosyl unids amd
N- residuesThe harnessing oiheymatic glycosylatioms divided into the synthesis of two
target structures: (1) the iterati@ssemblyof oligosaccharides an@) the synthesis of
glycoconjugatege.g., glycoproteins, carbohydratased vaccines, or glycolipidsh the
first approach, glycosyltransferases utilize eight monosaccharide nucleotide arono
diphosphates as glycosyl donors for glycosidic bond forméti@lucosyt and
galactosyltransferases employ monosaccharides activated with uridine diphosphate as the
anomeric | e dJDR-Glgc-UPP®BIlupN AODP-GUc UAUDP-Glal-, U
UDP-GalNAc), whereas fucosyl and mannosyltransferases employ guanosineptigtieos
as the anomer i-GDP-F e aWOPMan). §ialytiranpferasds are the only

enzymes that utilize cytidine monGMWPhosphat

NeuAc)? Glycosidic bond formation is always regicand stereospecific wiih



glycosyltransferase enzymewhich eliminates the need forextensive protdoig group
manipulations traditionally employed in chemisghthesisin addition, these enzymes are
highly substratespecific. However, when these transferases are asbhijh substrate
concentratios it is possible to employ both the donor and aceemimponents wit minor
chemical modifications.

N-Linked glycans on glycoproteins canbe elaboratd using N-
acetylglucosaminyltransferase enzysn(&IcNACT). Steree and regioselectivitycan be
achieved with specific enzymes of GICNACT isozymesIYl) to access branchetti-

mannosylkore structures, including the evaluation of deoxy substBatesme 111°

Scheme0.1 Specificity of GICNACT Isozymes | and 1l on a Branched-Mannose Core
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Nature employs anothelassof enzymes, glycosidaseghose function is toleave
glycosidic linkages. However, under controlled conditions, these enzymes can catalyze
glycosidic bond formation rather than cleavage. Based on the literature, there are two

general approaches for glycosidase based synthesis.

Scheme0.2 Thermodynamic controlled reactions (A) vs Kinetic controlled reactions (B)

where R = glycoside



Glycosidase 0 o

o 0
Hom N m > Wom
OR OR

(OH);, (OH),, (OH), (OH),,

0 0
(OFn (OH), (OH),
Glycosidase
. o
(OH), OpNP

B: Kinetic Conditions (Trangslycosylation)

Thermodynamically controllectactionsarecarried ouunderhigher temperatuss andhe
glycoside products are generally obtained in low yield. Howebhgcpsylationyields can
be improved bycarrying out the reactiont dower temperaturg (i.e., kinetic control)
employing an activated donde.g., p-NO.-benzoyl O-glycosidg, and an organic ce
solvent. Glycosidaserequites oligosaccharides, glycosyluorides, and aryl glycosyl
donorsas substrated-ortuitously theseenzyme are inexpensive, stable, and readily
available. However, he major disadvantage afsing glycosidases igheir lack of
regiospecifigty in the reactiorthatresulsin the formation of multiple products. In general,

only simple glycoside productse be preparedith this method.

1.1.3 Chemical Glycosylation Methods
Glycans are often found in Nature in the form of oligosacchandgsaccharides,

andglycoconjugatesvhereinsugar units are attached to one another thr@uglycosidic



bonds.In the glyc®ylation reaction, the glycosyl partner bearing the anomeric leaving
group 1is termed the Aglycosyl donor. o0 The
hydroxyl (or amino groupinthecasedgy | ycosyl ation) is termed t
To chemicdly prepareO-glycosidic bond, two synthetic challenges must be addressed:
(1) the stereoselective formation tiie O-glycosidicbond which can either bb- or a-
linked; and (2) the regie or siteselectivity of the glycosylation. The first challenge is
typically associated with the glycosyl donor and is directly affected by the nature of
protecting groups used. The second challenge is typically associated with the glycosyl
accepor and is most often addresseddayective protection and deprotection of building
blocks prior to or after the linkage formatjan addition to orthogonal sets of protecting
groups.

The first glycositt linkagewas preparetby Arthur Michaelin 1879 bytreating
acetochloroglucose (i.e., p@-acetylated glucosyl chloride) with phenol, albeit in low
yield. In 1893, EmilFischerreported the glycosylation reaction of monosaccharides
dissolved in simple alcohols (e.g., methanol and ethanol) with catal@licnHanalogy to
the Fischer esterification method of acids and alkamtdsvever, the first successful
chemical glycosylation methodology was reportedbgnigs and Knorin 1901 wherein
glycosyl bromides or chlorides and glycosyl acceptors were reantdgt the agency of
heavy metal salts, particularly Ag(l) and Hg(ll), in the presence of a suitable base to
neutralize the formation of HBr (or HCl}.Since that time, numerous methodologies have

been developed and some of those are discusses. belo



1.1.4 Glycosyl Donors

The discovery of theK o e niiKmgpd gnethod (i.e., glycosyl bromides and
chlorides) was followed by the developmertrthoesters, trichloroacetimidate®
thioglycosides? fluorides?® glycals!’ sulfoxides!® 4-n-pentenyl glycosides (NPGS),
phosphate$’ 1-hydroxy glycosideghemiacetals}* and thioimidates?? among others®
The laborintensive multistep nature of oligosaccharide synthesis is largely derived from
the high density of functionality decorating the furanose and pyranose scaffolds (e.qg.,
hydroxy, and amino groups), mandating the use of protecting grohioglycosides, 4-
pentenyl glycosides, and more receritljoimidatesdistinguish themselves in that they
serve both as glycosyl donors and anomeric protecting groups, thus minimizing the overall
number of operations employed in the chemical synthEgiamples of several glycosyl

donors and attendant activating conditions with accepaisown below irschemel 3.

Scheme0.3 Examples ofariousglycosyldonorsalong withactivating conditios
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1.1.4.1 Thioglycosides

Thioglycosides are widelgmployedin oligosaccharidesynthesis A significant
advantage afisingthese donors their chemicastability towarda widerange ofreaction
conditions(i.e., protection and deprotection of blocking groups), orthogonal activation
conditions for glycosylation (i .e., using
groups), and their use asomerigorotecting group?* Schemel 4 shows that the general

synthesis and activation of the thioglycosides.

Scheme0.4 Thioglycosidesynthesis and mechanism of activation
Synthesis of Thio-glycosides
(@] BF;0Et o -
RONZA % — 2 RO Sy
R-SH, Solvent
X =BrorClor OAc

Activation of Thio-glycosides

o /‘\Ee) 63 T o% o
/ N o
RO%S\R, —  » RO S\R,—> Rom‘_\—> RO%\% ”
Promoter R"-OH OR

Thioglycosides arealso useful intermediate for the preparation of the
corresponding glycosyl fluoridé/ariousalkyl- andaryl- and heteroaryhio groupshave
been developed with heir appropriate activating reagent§&lycosylation with
thioglycosidess accomplished bgctivation withmercury salts, typically HgSOwhich
was first introduced by Ferrié? Other stoichiometric metal activators include HgCl
(Wiesne},?® PhHgOTf (Gareggf’ Cu(OTfe (Mukaiyama)® and Pd(CIQy)2

(Woodward$® among other$?



Thioglycosides have also been activated by the use of iodonium speciebll{e.g.,
iodosuccinimidejodonium dicollidine perchloraje, thiophilic reagent
dimethyl(methylthiokulfonium trifluoromethanesulfongter strong methylating agents
such as methyl triflate in the presence of bulky,-nanleophilic pyridine basesuch as

2,6-di-tert-butylpyridine.

1.1.4.2 Trichloroacetimidates (Schmidt donors)

A universal glycosylation methothat avoids the use of heavy metal salts as
promoters altogether was developed by Schmidt in 1986G* O-Glycosyl
trichloroacetimidatewere introducedsaa dependable alternative to the clas${cainigs
Knorr glycosylationmethod Trichloroimidate glycosides are more thermoamicaly
stableglycosyl bromidesand can be readily prepar&dm the corresponding-tydroxy
sugar by treatment wittnichloroacetonitrilan the presence of base (e.g., NaH or DBU) or
Lewis acids (e.g., BFOE®). In the context of complex natural product synthesis, the

trichloroacetimidate or Schmidt donor is a popular choice of reagent.

Scheme0.5 Trichloroimidate glycoside synthesis and mechanism of activation
Synthesis of Trichloroimidate glycoside
NH

o CCI;CN 0
RN, = RN [

OH  Base/Acid O CCl3

Activation of Trichloroimidate glycoside

OR'



Trichloroimidatescan be activatedn glycosylation reactions with catalytic
amounts of Lewis acids such as TMSGYBFs: Et,0', Sn(OTfy, AgOTf, ZnCh- Et:O

and pyridiniump-toluenesulfonate (PPTS)Scheme 1.5)

1.1.4.3 n-Pentenyl Glycosyl(NPG) Donor

Another useful glycosyl donor in oligosaccharide synthésithe n-pentenyl
glycodde (NPG),which wasdeveloped by Frasdeidin 198832 These donorkavethe
same advantagesthsoglycosidesuch agnomeric protection archemospecifiity during
activation®3 n-Pentenyl glycosides (NPGs) were discovered serendipitously during-Fraser
Rei dds sy nandaehsin feagmerit of stregovaricin #&.While attempting to
prepare the bromohydrin of a glycoside bearing a pendarpehtenyl sultguent with
aqueous NBS, the unexpected bromomethyl tetrahydrofuran product was idvlated.
FraserReidandcevor ker s traced the fAprobl emo- to
pentenyl moiety, generating tatrahydrofuranylunit. From this observation came the
development of NPGs first as anomeric protecting groampd afterwardsis glycosylating
agens. The NPGs have the advantages of increasethetic efficiencyorthogonaiy to
protecting group manipulatioand utilityasananomeric protecting groupa is resistant

to acidicandbasic condition.

n-Pentenyl glycosides can be synthesized using eitlherFischer or Koenigs
Knorr proceduré® The synthesis anthechanism of activationf n-pentenyl glycosides
areshownin Schemel.6. Activation of NPG125 s initiated by electrophilic attack ttie
terminal alkene by &aloniumion (e.g., Bf or IY) from NBS or NIS whichleads to the
reversible formation of a halonium intermedidi26. Intramolecular cyclization of the

10
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exocyclic, glycosidic oxygen in127 leads to the reversible formatiaf an oxonium
species. Irreversiblexpulsion of aetrahydrofuranykspeciesl28 generateshe reactive
oxocarbenium intermediatd29 which depending on the nucleophilean furnish

glycosylation product30or 1-OH deivative lactol 131in the presence of water

Scheme0.6 Synthesis ofi-pentenyl glycosides (NPGs) and mechanism of activation

Synthesis of NPGs
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NPGs Mechanism of activation
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The NPG method has been utilized in the synthesis of mgiyoanssince its
developmentin that timeframe, Frasé& e i d 6 s
based on the -pentenyl paradigm4-pentenoyl ester¢NPE) 132 and 4n-pentenyl
ort hoest e 138 (FigunPID¥E §Vhilp these donors are effectjwbey lack the
broad stabiliy enjoyedoy NPGssinceNPOEs are stable under basic mduitareunstable

under acidic media.
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Figure 0.2NPE132and NRIBEO s

1.2 gemDimethyl-n-Pentenyl Glycosyl Donor

1.2.1 Previous Study: Development ofemDimethyl-4-n-Pentenyl Glycosyl Donor
Inspired by FraseR e i d 0 s theéNARdBade labbesignedanovel glycosyl dona

using the NPG paradigm btliat explored the role that gemingle) dimethyl groups

have on the cyclation (activation) conditionsMuch like the traditional NPGs, these

donors nmnimize the need for excessipeotecting group manipulation

It washypothesiedthatthe strategic placement gémdimethylgroups on the4
pentenyl scaffold would elicitgemdimethyl effecthatwould serve to accelerate the ring
closure as shown ifrigure 1.3. One of the earliest examples of rate acceleration in
cyclization reactions is the Thorbegold effect, which is observed when substituents are
added along the adjc backbone and is due to angle compres&idn the A series, the
more stableanti conformer will be more highly populated than the less stghleche
confarmer required for cyclizatiorgemDimethyl groupsn seriesB render bottanti and
gaucheconformers more equal in energy, effectively increasing the concentration of the

ifireactiveo rotamer s
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X, Y = reactive termini

X X y(”\
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H

A anti A gauche A cyclized
X X X )
Me @Me Me@Y Me@Y
- - s
H H H H H H
Y Me Me
B anti B gauche B cyclized

Figure 0.3 Energetic differences between rotamers

In 2009, the Andrade group prepared and studied two serigemélimethyl
analogs: 2,2limethyt4-pentenyl134 and 3,3dimethyt4-pentenyl135 glycosides based
on FraseRe i d 6 425NdquiB1.4° The1,1-dimethyl congener was not considered as
it would preclude the use of acid, which is often employed during protecting group
manipulation.The rationale behind additional substitution would be to determine whether
(a) glycosylation ofjemdimethyl analogues proceeds at an accelerated ratehd€bper
NBS could be used in lieu ekpensiveNIS to activate during glycosylatioiic) hydrolysis

of the gemdimethyl analogues is more efficient in terms of time and yield-GfHL

derivative.
P\ op \\ op | Me
== Me
PO © :;::> PO O o 2l.Me PO o o °
PO PO PO
OP OoP Me OP
125 134 135

Fraser-Reid NPG 2,2-dimethyl series 3,3-dimethyl series
P = protecting group

Figure 0.4 n-Pentenyiglycoside andyemdimethylanalogs
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The synthesis adhe C2gemdimethylNPG 134 waspursued first and prepared in
a straightforward manner from commercially available materibth& preparation of G2
gemdimethyl donorl34is shown inSchemel.7 and began with the synthesis of known
2,2-dimethyt4-penteml (137). Treatment of the lithium enolate of methyl isobutyrate
(136) with allyl bromide and subsequent LAH reduction of the ester afforded alt8Fol

in 56% yieH 3°

Scheme0.7 Synthesis oR,2-dimethyl4-pentenyldonor134

1.) LDA then
P ALl \
MeO,C Me Z
Y HO Me
Me 2.) LiAlH, Me
136 137

56%

OBn 1.) DMDO OBn

OBn
2.)137, ZnCl, \ TMSOTf o °
BTBO /O BnO 2 o WMe -~ B'gio O—P—0Bu
nO BnO e CH,Cl,
134

3.) PivCl, DMAP PivD PivO OBu
138

30% 70% 139

The Andraddab first employedD a n i s h gljca &sgemldy method to rapidly
access Cemdimethyl donor 134. Not surprisingly, neopentyl acceptor reacted
sluggishly with the intermediary k@Znhhydrosugar even in excess (@&uiv) to furnish
donorl134in 30% overall yield fronglycal 138 despitethe use oéxcess ZnGl Recourse
to the more reactive glycosyl phosphate doh®® delivered134 in an acceptable 70%
yield under the agency of stoichiometric TMSOTf. With -8ighethyl4-pentenyl
glycosidel34in hand,it was subjectetheclassicaNPG glycosylation condition$n the

event, treatment of dondB4and galactose acceptbtOwith equimolar NBS or NIS and

14



catalytic TESOTf in CECI> at -78 °C for 1 hr resulted in 86% and 80% vyields of

disacchade 141, respectively §chemel .8).

Scheme0.8 Glycosylation reaction witkhe 2,2-dimethyt4-pentenyldonor134

074
(0]
OBn \ o OH NXS OBn O
TESOT( (cat.
BnO O o, \uMe  + >< 0 (cat) BnO O o
BnO 0 CH.CI BnO (0]
Me o 2v12
134

A . 0
PivO o 86% (NBS) PivO \é
80% (NIS
140 x b (NIS) 141

Reactions run at higher temperatures resulted in lower yields and more byproducts
as per TLC analysis. The lower yield under NIS activation and/or higneperature
which are conditions for the activation D25 suggesthatthe gemdimethylanalogsare
more reactiveompare to parent NPGdg-ortified by these initial results, the scope of the
methodwas exploredEncouraged by the success of thegePrdimethyl seried 34, the
C3-gemdimethylanalogl35was pursued in patal. The preparation of 3;dimethyt4-
pentenyl donod35 was achieved in a straightforward manner from cheap, commercially
availablemethyl 3,3dimethylpentenoateld4?2). Reduction of este¥42 with LAH in Et2O
yielded alcoholl43in >97% purity by'H NMR afterworkupwith no further purification

(Schemel.9).

Scheme0.9 Synthesis othe 3,3-dimethyl4-pentenyldonor135

1.) DMDO OBn \ Me
OBn N
\  Me LiAIH, \ Ve 2.)143, ZnCl, o S e
= Me ==Me BnO 0 ——— > BnO fe)
Et,0 HO + BnO — 3.) PivCl, DMAP  BnO A
MeO,C 0°C, rt PivO
95% 138 70% 135

142 143
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The glycal assembly method waagain usedo accessdonor 135 in 70% vyield
overall gemDimethyl 4pentenyl donor$34 and135werebothsubjectedo glycosylation
condition with various acceptors, includifigO, to assess the scope of the method

Table 0.1 Glycosylationand hydrolysis of Clemdimethyl donorl34and C3gem
dimethyl donorl35

16



Acceptor

Product Activator Yield (%)
Donors 134 135
OBn
OH
o} BnO O o
>< o) BnO NBS/TESOTY 86 81
Y PO NIS/TESOTF 80
o o >< o)
x o
)
144 145 x
OBn
iPr o iPr NBS/TESOTf 80 78
Ho—/md Mo B%ﬂ&/o\wm NIS/TESOTS 50
PivO
146 147
OBn
OH
o)
[e) BnO
B@%éﬁ B0 °
z , NBS/TESOTf 87 80
PivO
B20 Lo V> B0 0
BzO
BzO OMe
148 149
0Bn o8 0Bn
0
HAC;O BnO O le) O
NBS/TESOTf — 80
AcO BnO AcO
OMe PivO AcO OMe
150 151
OBn
OH
o)
[e) BnO
B’éﬁ’]% BnO © NBS/TESOTf 81 82
PivO
BnO e " Bno 0
BnO
BnO
OMe
152 153
OBn
OH o
BnO
©/\ Bnﬁo\/@ NBS/TESOTF 74 80
PivO
154 155
OBn
H,0 BnO 0
10° NBS 67 47
i OH
156 PivO
157
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The results araummarized inrable 11 below. In general, botldonors favorably
glycosylated aange of acceptors, including primary alcohansl secondary alcoholgth
synthetically useful yields (749%7%). Donor hydrolysis (entry) afforded known lactol
157in high yield, demonstrating the capacityggmdimethyl 4pentenylmoietyto serve
as anomeric protecting groups.

Finally, to supportthe hypothesisthat a gemdimethyl effect is responsible for
accelerating the reactions b3 and135, the Andrade lalzonducted sidéy-side studies
of the NBSmediated hydrolysi®f 134, 135 and parent NPG dondk25 which was

preparediia the glycal assembly method and resatesdocumented iTablel.2.

Table 0.2 Sideby-side hydrolysis of $¢entenyl donors

OBn

NBS (1.0 equiv)
125, 134, or 135 > BnO O, oH
1% aq. MeCN BnO

H,0 PivO
157

Entry Donor time (min)? K. k(min™') ty, (min) Yield
oBn \\
1 BnO O o \|lume 30 1 - 4.62 85%
BnO
PivO Me

134

oBn \| Ve
= Me
2 Bnoﬁ/o 105 3.5 0.0429 16.18 90%
BnO

PivO
135

OBn \
3 BnO O o
BnO 330 1 0.0144 48.14 83%

PivO
125
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The hydrolysis reaction was selected over the glycosylation reaction betause
manageable time scales. In other woglgcosylation rates are much faster due to the use
of catdytic TESOTHf, which activates the NBS to rapidly generate Bit thedonors were
subjected tooxidative hydrolysis conditions witNBS (2.5equiv) in 1 % HO/MeCN
(0.025 M) at room temperatureC-MS was used tononitor the progress of each reaction,
and it was found thaZ2-gemdimethyl donorl34 hydrolyzed eleven times fastthan the
parent NPGL25to furnish157. The C3gemdimethyl variantl35 on the other hand, was
approximately three times faster thaB5 These results were documentedHajf-life
determinationtqy).

In summary,gemdimethyl analogsof FrasefR e i d 6 s preNdre@rom readily
available 2,2dimethyt4-penternl (137) and 3,3dimethyl4-pentenol 143), display
excellent results in glycosylation and hydrolysis reactions with inexpensive stoichiometric
activatorNBS. However, the scope of tieethod did not move beyond using glucoee
next step in this study was the expansion of the methodology torathsaccharides
(e.g., mannse, galactose, glucosamine, and gluf.oBkrose studies are discussed in the

next section.

1.2.2 Present Study: Scopef 3,3gemdimethyl-n-Pentenyl Glycosyl Donor

The Andrade lab established thatahd 3gemdimethyl analogsof FraserRe i d 6 s
NPGsproved to be more reactive than parent NPGs by virtue ajghedimethyl effect.
As the synthesis of the-gemdimethyl cangener was superior, efforts were directed at
studying this particular NPG. In this section, the scope and applicat®gefidimethyl

4-pentenyl glycosides toward the synthesis of oligosaccharides derived from glucose,
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galactose, mannose, and-acetylglucosamine is discussedherl glycosides were

synthesizedrom the corresponding glycosyl bromideasinglestep withgood yields.

1.2.2.1 Synthesis of Donors

In the previousstudy,the Andraddab synthesizedjlucosyl donorl35to establish
proof of corcept and explorghe novel methodology. Texpand the scope to other
monosaccharides3-gemdimethyl glycosyl donors 101-107 derived from glucose,

galactosemannoseand glucosamine were synthesizegurel.5.

Me

Me

Me Bz0— OBz Bzo OBz \\ Me
BnO M == Me

BzO BzO o

BnO BzO BZO 0
PivO
OBz
103

previously reported 135

101

Me
Me BnO OBn BnO _-OBn
M
BnO BnO
BnO BnO BzO
BzO

NPhth
104

Figure 0.5 3,3-dimethyl 4pentenyl glycosides

FraserReid reportedhe synthesis of NPGs frorthe correspondingromasugar
(i.e., anomeric bromide) using the Koenkgsorr method and employing AgOTih
CHCl, at-20°C. However, those exacbnditiors were not successful with 3gmethy}
4-pentenol {43). Therefore, optimization studies were undertaken to find the best
conditions for preparing 3;§emdimethyl NPGs of glucose, mannose, galactose Nand
acetylglucosaminel he parameters that were systematicsdiyeenedveresolvent Lewis

acid promoter temperatureand reaction time shown in Table 1Solvents included
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CHCl, acetonitrile, diethyl ether and CH:Cl. It was found thaCCHzCl, was the best
solvent forpreparing the NPGs. Lewis acids surveyed included BEt, ZnClp, Ag2COs,

and AgOTf wherein AgOTf emerged as superior. The best conditions (entry 11) featured
the use of AgOTf and&MS in refluxing CHCI. for 12-24 h to afford 75% yield of donor

101 Using these optimized conditions, donb@4-107were prepared in 60 to 90 % overall

yield.

Table 0.3 Optimization studies

" \ .
OAc How OAc &
AcO 0 143 Aco/ﬁé/o
AcO AcO

Y

AcO g, OAc
158 159
entry Lewis Acid Solvent  Temperature (°C) Time (hr) Reaction Status
1 BF;OEt, (3.8eq) CH,ClI, 0-25 12-24 Recovered SM
2 BF30Et, (3.8eq) CH5CN 0-50 12-24 Recovered SM
3 ZnCl, (2.0 eq) CH,Cl, 0-25 12-24 Recovered SM
4 Ag,CO3 (1.5eq) CH,Cl, 0-25 12-72 Recovered SM
5 Ag,CO3 (2.5eq) CH,Cl, 0-25 12-24 *Mixture of Product
6 Ag,CO3 (2.5eq) CH,Cl, 0-45 12-24 *Mixture of Product (65%)
7 AgOTf (1.4 eq) CH,Cl, 0-25 12-24 Recovered SM
8 AgOTf (2.4 eq) CH,Cl, 0-40 12-24 *Mixture of Products
9 AgOTf (2.4 eq) CH3CN 0-50 12-24 Recovered SM
10 AgOTf (2.4 eq) DCE 0-100 12 Decomposition
11 AgOTf (2.4 eq) CH,Cl, 0-50 12-24 Product (75%)

4 A Molecular Seives used in all reactions * Mixture of Ortho ester and Product
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1.2.2.2 Synthesis of Acceptors

With access to the glycosyl donors, attention was directed at preparing the glycosyl
acceptors. While acceptoflgl4 and 148 were employed previously,50 and 158 were
added to perform glycosylation at ©@H and C20H sites, respectivel{Figure 16).
Benzyl alcohol 154), menthol 146), and propargyl alcohollg9 were also selected for
scope. Whilaalcohols144, 146, 159and164werecommercially available, acceptdts2,

160and161are known and were prepared using literature procedtfés.

OH OBn

><O OH OBn
(0}
0 BnO 0 HO 0 BnO O,
Iof BnO 5o BnO BnO 2o
XO "> OMe BnOOMe OMe

144 148 150 158

HO
E) Ho 7 v HO/\
154

146 159

Figure 0.6 Targetedacceptordor study ofglycosylation

The synthesis of acceptdt48 and150 started with commercially availabieethyt
b-D-glucosopyranosid€el@0), which was reacted with benzaldehydimethyl acetall61
in presence of catalytip-TsOH to deliver 4,80-benzylideneprotectedmethykb-D-
glucosele2 in 92%.Benzylation of the remaining-€ and G3 alcohols was accomplished

with NaH and BnBr to giv&63 in 86% yield*?
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Scheme0.10 Synthesis ofacceptor148 andacceptorl50

H
OH o o)
o NaH BnBr O
HO BnO
HO TBAI DMF, rt, 12 h BnO
o

Me PTSA DMF, 12h Me OMe
© 86%
160 92% 163
OBn
COCIZ (3.0 eq) TFA(5.0 eq), TES-H(5.0 eq) o
BnO » HO
BnO BH3 THF(3.0 eq) B”O DCM, tt, 3hr BnO N
n

86% 90% OMe

150

The regioselective reductive risgpening of benzylidene acetalancbe conducted
with various reagents includingA IH4-A1C13, NaCNBH:-HCI, and DIBAL However, to
access the desired @H acceptod 50 trifluoroacetic acid (TFA) and triethylsilane (TES
H) in CH.Cl> were employed in 90% yield. Alternatively, the-O&1 acceptorl48 was
prepared using CoeWithBH;ATHF i n 86 % yi el d.

Acceptor 158 was prepared in six steps from fi@cetylated glucosel@4).
Treatment with HBr in AcOH afforded acetobromo glucd€ib), which was treated with
methanol, collidine and tetrabutylammonium bromide (TBAB) to deliver ortho&6ter
(Scheme 1.1). Removalf the acetates and benzylation of the hydroxyl groups with NaH
and BnBr afforded68. Glycosylation of the orthoester with methanol under the agency of

TMSOTTf and acetate saponification delivered acce8r*®
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Scheme0.11 Synthesis obcceptorl58

AcO . AcO AcO
HBr in CH;COOH _Collidi
ACO 0 AcO o) 2,4,6-Collidine A(;OO [0}
AcO AcO c
OAG OAc DCM ACO MeOH, TBAB o o
Br X
164 165 HsC O/CH3
166
NaOMe
MeOH

BnO HO

BnO BnO 0 HO O
o)
B%Om/OMe 1) MeOH, TMsOTf  BnO NaH, BnBr HO
n -

OH 2) NaOMe, MeOH ><0 DME ><
CH
HsC O/CH3 H;C o~ 3

158 168 167

1.2.2.3 Glycosylation usirg 3-gemDimethyl-n-Pentenyl Glycosyl Donors

Glycosylation reactions are synthetically challenging transformations in
oligosaccharidesynthesis Product selectivity depends on various factors including
reaction temperature, time, solvent, concentration, and the nature of the coupling partners.
Prior to carrying out glycosylation reactions, it was important to reinvestigate optimized
reaction conditions. To this end, the solvents>ClH acetonitrile, diethyl ether and
tetrahydrofuranwere evaluated where{®H.Cl> wasthe best solvent for glycosylation and
proceeded for the glycosylation to make disaccharitiedonium sources were also
screened including NB®IS, and b in CH:Cl2, in addition tocatalytic amount ofLewis

acids.
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Table 0.4 Optimizationstudies for 3,3limethyt4-pentenyl glycosides

OBz

o _OH
o
OBz | ot )( o (0]
(0] ; BzO OBz
BzO o o . Glycosylation B2O 0] fe)
BzO o_ 5 —_—
0Bz % 0~ o_ 0
101 144 169 7&
entry Promoter Lewis Acid Solvent Temperature (°C)  Time (min) Yield(%)
1 NBS TESOTf CHoCl 0t025 30 73
2 NIS TESOTY CHoCl, 0to25 30 69
3 I, TESOTf CH2Cl 0to 25 30 45
4 NBS TMSOTf CH,Cl 0to025 30 76
5 NIS TMSOTY CHCl, 0to 25 30 75
6 NBS TBSOTf CHCl, 0to25 30 73
7 NIS TBSOTf CH.Cl, 0to 25 30 67
8 NIS TESOTf Et,0 0to25 30 64
9 NBS TESOTf Et0 0to25 30 68
10 NBS TMSOTS CHLCN 0to25 30 60
1 NIS TMSOTf CHLCN 0to25 30 67
12 NBS TESOTf CH,Cl, 78 30 0 !
il i
13 NIS TESOTf CH,Clp 78 30 86
14 NBS TESOTS CH,Cl, 0100 30 6
15 NIS TESOTf CHoCl -10t0 0 30 70

*Condition: 4 A molecular seives, NXS(2.5eq) , Lewis acid(catalytic amount),$ starting material recovered
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Table 1.4 (entry 12) shows that the combination of NBS and catalytic TESOTf in
CH.Cl; at low temperature was the best. The use of the more reactive NIS had slightly
inferior yields (entry 11). Based on the similarity in yield, both NIS and NBS were
employa in the glycosylation studies.

Table 1.5 shows the results from the glycosylation reaction between novel NPG
donors101-107 with the acceptors at @H and C60OH. Conditions feature the use of
NBS or NIS with catalytic TESOTf and GHI. as solvent at twdlifferent temperature
regimes. Yields range from 60% to 93%. The presence of an acyl group onplosian
of the glycosyl donors ensures completettadsselectivity in the glycosylation reaction.

By having handful of donor$01to 107 and with a vaety of acceptors to evaluate
the scope of 3;8 i met hyl NPG6s with the optimized
experimeatal resultsare summarized in Table6, Tablel.7 and Tablel 8. In general, all
the donors undergo glycosylation with wide variety amfceptors in oligosaccharide

synthesis.
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Table 0.5 Glycosylation of 3,3imethyl 4pentenyl glycosides derived from glucose,

mannose, galactose, aNeacetylglucosamine

Donors Acceptors Temp (°C) Activator Yield
0 to 30 NBS 74
-78 80
\ Me 144
0Bz wMe 0 to 30 NIS 75
B20 fe) o -78 76
BzO
0Bz 0to 30 NBS 70
-78 70
101 158
0to 30 NIS 65
-78 68
0to 30 NBS 62
\ Me 144 -78 77
OBZOBZ A
o 4 0 to 30 NIS 70
BzO -78 67
OBz
0to 30 NBS 68
103 158 -78 69
0to 30 NIS 75
-78 65
0to 30 NBS 54
-78 71
M
OBz \ \iMe 144
Olgz 0to 30 NIS 60
BzO g 0 -
0 78 75
102 0to 30 NBS 53
-78 66
158
0to 30 NIS 63
-78 64
\ Me
OBz wMe 84
Bzo/ﬁ/o 0 to 30 NBS 93
BzO -78
Ox N 0 158 82
0to 30 NIS 90
-78
107
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In Table 1.6 2,3,4,6tetra lenzoyl 3,3dimethyl 4pentenyl glucoside donot@1)
and 2,3,4,@enzyl 3,3dimethyl 4pentenyl glucoside donot@4) with glycosyl acceptors
144, 150, 152 and 158 undertook glycosylation condition to access wide variety of
disaccharided01A to 101D and 104A to 104D. In particular the neighbouring group
participationof thebenzoate group at-€ position resultin predominantlyb-glycosides
101A through 101D as producs, In contrast of abenzyl group does not influence the
oxonium carbocatiorand does notontrol the stereoselectivity. Glycosylation with
menthol 146 and propargyl alcohdl70 with the donorsl01 and 104, gavevery similar
results withthe glycosylacceptors.

2,3,4,6tetrakenzoyl 3,3dimethyt4-pentenyl galactoside dondt(3 and 2,3,4,6
benzyl 3,3dimethyt4-pentenyl galactoside dondt(6) underwent smooth glycosylation
with the acceptorshownin Tablel.7, providing disaccharides in yields ranging from-62
8 0 %. The products in entri esglydsidesowheies wer e
entries 7 to 12 were i sol apasidpatagC2befzyl mi xt ur
ether.

Compared to glucose and gdalase, mannose substrate®re quite different.
2,3,4,6Tetralenzoyl 3,3dimethyt4-pentenyl mannosidel02 and 2,3,4,ébenzyl 3,3
dimethyl 4pentenylmannosidel05underwenglycosylation condition with the acceptors
showed in Tabld..8 to produce disacchdes in reasonable yields with great selectivity.
Thus,asshowi n entries 1 to 6 refers disarmed p

refersproductswi t h 3 U: 1b ratil® as shown in Tabl e
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Table 0.6 3,3-Dimethyl4-pentenyl gucodde glycosylation

BnO (0] HO o
BnO BnO BnO
HO 146 BnO
BnO OMe BnO

158 OMe

152
OBn
0}
HO é 7 A‘ H
Bno/%‘ S /\O
BnO L 11e % 170

OBz OBz o
BZO BzO o
BzO BzO BzO
BzO 0Bz En0 0Bz o)
o
BnO

Bzoogwﬂ

bmmm e e e e e e m e m— e — .

BnO
101F Bn
101B 101C OMe
OBz
BzO OBz 0Bz oMe 0Bn
B20 OBz Bz0 R m BZBO;&/O 2
z OB
BzO OBz OBz BnO "
101A
101D 101E
OBn
OBn B0 % B”oﬁ/
BnO BnO OBn ©
BréCr:O OBn BnO BnOﬁ‘
OMe BnO
104F 104B 104C BnO ome
OB OMe
o m k//ﬁ/ 3 0Bn
BnO BnO o O
BnO OBn
OBn BnO
104E
104D 104A
entry  donor + acceptor product (yield, a/B) entry donor + acceptor product (yield, o/)
1 101+158 101A (75,  only) 7 104+158 104A (62, 1:3)
2 101+1150 101B (79, B only) 8 104+150 104B (75, 1:3)
3 101+152 101C (80, B only) 9 104+152 104C (77, 1:3)
4 101+144 101D (70, B only) 10 104+144 104D (73, 1:3)
5 101+146 101E (65, B only) 11 104+146 104E (80, 1:3)
6 101+170 101F (78, B only) 12 104+170 104F (78, 1:3)

*Reaction Condition: 4 A molecular seives, CH,Cl,, NBS(2.5eq) , TESOTf (catalytic amount), -78 °C, 15-30min
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Table 0.7 3,3-Dimethyt4-pentenyl gkactosde gycosylation

g T o
OBn OBn AT\ ! Bno o) HO 5
° o ; Bno 146 o
BnO ' HO Ome Bno BnO
OBn . 158 OMe
106 ! o _OH 152
o8 | ' OBn 0
Y4 L
0Bz 9 " HO o} 0
&OWO ! Bno/%‘ o ) ///\OH
BzO ) BnO
z g | OMe )\ 170
103 ' 150 144
""""""""""" *"'"'"(')'B""""""'""'""""'"""O'Ez'""'"""""""
0Bz g, z 0Bz 0Bn O%Z
0 820 /éé BzO o
(0] OBz
BzO N 0Bz BnO BnO Bno&&‘
103F OMe BnO
1038 103C B0 Juie
OBz OBz
&/ 0Bz_0Bz 0Bz g, OMe 0B
BzO o W &/
0 o 2
BzO 0 BzO o8 OBn
o] OBz Z  BnO
0 103A
103D o_ & 103€
X oBn OBn OBn ..
OBn ogn 0 o 2 o
o BnO o BnO >
BnO 0 OBn BnO Bno 0
n 0Bn N\—= B0 oMe BnO
106F 1068 106C BnO ome
OBn_oBn OBng it
Wno - o 0 OBn og, OMe OBn
) o
B0 ° A 0 && 9
OBn BnO o> o BnO o OBn
7\ OBn BnO
106E 106D 106A
entry  donor + acceptor product (yield, a/p ) entry  donor + acceptor product (yield, a/p)
1 103+158 103A (78, B only) 7 106+158 106A (77, 1:3)
2 103+150 103B (80, B only) 8 106+150 106B (73, 1:3)
3 103+152 103C (77, P only) 9 106+152 106C (81, 1:3)
4 103+144 103D (68, B only 10 106+144 106D (75, 1:3)
5 103+146 103E (64, B only) 11 106+146 106E (81, 1:3)
6 103+170 103F (77, B only) 12 106+170 106F (84, 1:3)

*Reaction Condition: 4 A molecular seives, CH,Cl,, NBS(2.5eq) , TESOTTf (catalytic amount), -78 °C, 15-30min
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Table 0.8 3,3-Dimethyl4-pentenylmannosideglycosylationdata

| | o oA OH
A o) HO
OB ' BnO
BnO Bn ' U Bno BnO 0
0
BnO o : Ho 146 BnO
BnO . OMe BnO
' 158 OMe
105 ! )(o OH 152
OB L Ozn Og%
BZO y4 : HO /\OH
BZO%O . BnO o_ Z
BzO BnO L\ x 170
________ e S 7 S
1
BzO 0Bz OBn BzO 0Bz
BzO 0Bz Bzoﬁ/ o) B20 2
BZO&/O B20 0 BzO 0
BzO BnO
z = BRO BnO O
102f 1028 OMe BnO
B
o 102C "0 5ue
BzO z
.0 OMe
BZO&/O BzO 0Bz BzO 08 OBn
BzO z .0 -0
BzO Bz0 o 0
)(O BzO 0 BzO 0Bn
o) BnO
o}
102A
102D ! 102E
X BnO OBn OBn Bn O%n
.0 BnO '
0Bn BnO&/ 0 &/o
BnO 0 BnO (0] BnO
Bno o Bno BnO 0
BnO
n = 105 BnO ome BnO
B
105F 105C "0 oMme

OBn
-0

BnO
. &/o

BnO

105E

105D

BnO
Bno@&/o
T <O§goﬁ

0o

X

OBn

OMe
BnO o OBn
BnO OBn
BnO

105A

entry  donor + acceptor product (yield, a/p) entry donor + acceptor product (yield, o/)
1 102+158 102A (76, a only) 5 105+158 105A (81, 3:1)
2 102+150 102B (85, a only) 6 105+150 105B (83 3:1)
3 102+152 102C (82, o only) 7 105+152 105C (89, 3:1)
4 102+144 102D (68, o only) 8 105+144 105D (78, 3:1)
3 102+146 102E (70, a only) 7 105+146 105E (75, 3:1)
4 102+170 102F (84, o only) 8 105+170 105F (75, 3:1)

*Reaction Condition: 4 A molecular seives, CH,Cl,, NBS(2.5eq) , TESOTT (catalytic amount), -78 °C, 15-30min
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To study the 3yemdimethyl NPG of glucosamin&-phthalimido-3,4,6tri-O-
benzoyl3,3-dimethyl 4pentenylglucosaming€107) was treated witthe acceptors shaw
in Table1.9 in presence of NBS and TESOf®fgive the disaccharides goodyields with
suitable rateg15-30 mins) Entries 1 to5 refersto disarmed products obser ved on

isomerexceptfor 107A, resultsarecapturedn Tablel1.9.

Table 0.9 3,3-Dimethyl4-pentenylglucosaminosidglycosylationdata
OBn

OBn
BnO 0 o OBz
BnO HBOO BZO
n BzO 107A
HO BnO

OMe
NPhTh BnO
158 OMe

150 OBz
BzO
| BzO B 107B
OBz o NPhTh
BzO 0 o)
O N &ﬁ

N
(0] 146

NPhTh 107C

107 OBz 107E

o OH BzO
)( OH NPhTh
o] o}
o BnO 0 74
o BnO OBz o) o]
BnO

o 107D

){ OMe BzO
152 BzO o
144 NPhTh O><

(0]

entry  donor + acceptor product (yield, o/B) entry donor + acceptor product (yield, o/B)
1 107+158 107A (93, 3:17) 4 107+144 107D (55, B only)
2 107+150 107B (78, B only) 5 107+146 107E (60, B only)
3 107+152 107C (88, B only)

*Reaction Condition: 4 A molecular seives, CH,Cl,, NBS(2.5eq) , TESOTT (catalytic amount), -78 °C, 15-30min

Overall, gemdimethyl analogsof FrasetRei dds NP Gs showed gr e

with various glycosides of glucose, glucosamine, galactose and mannose.
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1.2.2.4 Fraser-Re i d 0 sdimethyl 8Per&enyl Glycosyl Donor
We performed a comparative stdnkthyldf Fr as
pentenyl glycosides of glucose. To check tkactivity did competitive glycosylation
reactions, which clearly showaegmdimethyl glycosides are more reactive than NPGs.
Our glycosides have very similar results with both the promoters, NBS and NIS but in the
caseo f Fraser Rei ddbs NPGs NI S BSathe rdadivity e r pr

pattern showin Table1.10.

Table 0.10 FraserReid Donor vs. 3,3gemdimethykn-Pentenyl Glycosyl Donor

(0]
BzO
BZ&/O
BzO Promoter, 4 A MS, TESOTf OBz
BzO 5 )

Y
o

o

R=R'=Me, gemdimethyl NPG (101) o
R=R'=H, Fraser Reid's NPG (125) ><’
entry Glycosyl donor+ acceptor Promoter Product (yield %)

1 101 + 158 NBS 104A (80)

2 101 + 158 NIS 104A (82)

3 125 + 158 NBS 104A (50)

4 125 + 158 NIS 104A (80)

1.3 Conclusion

The Andrade group has developed noyemdimethyl analogsof Frase-Re i d 6 s
NPGs from 3,adimethyl4-pentenol and 2;8imethyl4-pentenal These dnors are stable
toward acidic and basic conditions, which makes themedfepent when compared to

other glycosylating agents. In this chapter, the scope and reactivity -din3cghyt4-
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pentenyl glycosides of glucose, mannose, galactoselNaugtylgucosaminéhave been
studied extensively for oligosaccharide synthesis. The donors are readily prepared from
commercial starting materials and both glycosylation and hydrolysis yields are in the

synthetically useful range.
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CHAPTER 2

DEVELOPMENT AND SCOPE OF N-SULFINYL METALLODIE NAMINES

2.1 Introduction and Background

2.1.1 Metalloenamines andMetallodienamines

The tactical formation of € bonds in organic synthesis is most often achieved by
reacting a nucleophilic carbon with an electrophilic carbon. The most widely employed
nucleophilic carbon source is the enolate, which is generated mtaiegion of carbonyl
containing compounds possessagydrogen with atrong nonnucleophilic Two major
drawbacks associated with enolates, particularly those deriveddiaehydesinclude
selfcondensation and proton transfer. To address theses,isStoek introduced the use
enamines in 1954, which are less reactive than enolates and obviate the need for strong
base chemistry altogethér.

In 1963, metalloenaminesere discovered independently by Stork and Wittig.
Stork and Dowd reported that the treatmentNstyclohexyl imines derived from
cyclohexanone with ethyl magnesilboromidesto generate metalloenamines and not the
nucleophilic addition product. Furthermore, these intermediates could be efficiently
trapped withprimary and secondary alkyl halides to seled¢yivarnish the monoalkylated
product (Scheme 2.1A).Hydrolysis of the resulting imine gives the corresponding
carbonyl compound. As the monoalkylation of enolates derived from aldehydes and
ketones is notoriouslgifficult to control, the advent of enamines and the more reactive
metalloenaminesspresented a solution to this problem.
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In 1971, Stork and Benaim reported the monoalkylatiam l@funsaturated ketones
via the correspondingN-cyclohexyl metallodienaminederivative (Scheme 2.1B).
Treatment of the imine with slightly less than one equivalent of LDA allowed equilibration
to the thermodynamic dienamine, followed by trapping with Mel. Acidic hydrolysis both
removed the imine and isomerized the trisubstitatkene to the stable@ctalone product

in 90% isolated yield.

Scheme0.1. Metalloenamine and metallodienamine alkylation reactions

A

R\lN R\N/MgBr R\lN o

' Hs;C R’
HsC EtMgBr HsC RX H3C R 3
_— —_— —_—
B
Ha Hs CHs Ha
Base CH3-X H®
—_— —_— —_—
CeH1N CeH1N CeH14N o)

Th reactions of metalloenamines with numerous electrophiles have been studied,
and an overview of the classes of compounds that can be prepared is shown in Figure 2.1.
Sterics and electronics play a key ratethese reactions. The scope of electrophiles
includes chlorotrialkylsilanes, epoxides, oxetanes, aldehydes, Michael acceptors, nitriles,
and dienes amongst others. The utility of Michael acceptors, aldehydes, and dienes forms
the basis of precedent for the domino Michael/Mannich reaction and thiechewveistry

of N-sulfinyl metallodienamines discussed later in this Chapter.
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epoxides

N/R
R"N Sies
OH

Figure 0.1 Alkylation reactions using metalloenamines

2.1.2 Previous work in the Andrade laboratory

In 2003,Ellman elegantly showethat N-sulfinyl lithioenamines, derived from the
metalation of enolizabl&-sulfinylimines” ® with LDA, efficiently and stereoselectively
add to aldehydes in a Hashion! In 2005, he further demonstrated that these species add
to a,b-unsaturated ketones inla4-fashion® These findings laid the foundation for the
study ofN-sulfinyl metallodienamines in the Andrade laboratory.

In 2013, Dr. Senzhi Zhao developedavelasymmetridominoMichael/Mannich
reaction for the rapid assembly of theetrahydrocarbazol¢ ABE) framework of the
Aspidospermaalkaloids. In order to realize a short, asymmetric synthesis of the
tetrahydrocarbazoléramework, the strategic use chiral sulfinimine chemistry first

developed by Davfs? and therEllman was pursued as this methodology is arguably the
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most efficient in the asymmetric synthesis of amgnataining compounds, including
alkaloids> '3 Furthermore, it is well established the electron withdrawing sulfinyl group
increases the electrophilicity of thienine, thus favoring nucleophilic addition over
metalation, which is the case of enolizabkalkyl imines as demonstrated by Stork and

Wittig (see above).

(- )-Aspidospermidinavas synthesized by utilizingtrahydrocarbazo)avhich was
obtained in asingleoperation by utilizinga domino Michael/Mannich sequence from the
reaction ofN-sulfinyl metallodienamine and methyl ethacrylate as a Michael acceptor
(Figure 2.2. Specifically, treatment df-sulfiniminewith a strong base, such as LIHMDS,
generated thal-sulfinyl metallodienamin@01via deprotonation of the acidic Gfethyl
group. The aldition of methyl ethacrylate triggers a Michael reaction, which in turn is
followed by stereoselective cyclization bktenolate onto CR-sulfinylimine moiety in a
Mannich fashion to furnistetrahydrocarbazol203 The absolute stereochemistry28f3
is rationalized by considering transition st2@2wherein theert-butyl group blocks attack

of the intermediary enolatirom theReface of theN-sulfinylimine.

o 0
I I
Li. _S. "
"N By jt\ HNT T EBU
= CO,Me CO,Me .
H . | “.et ——> Aspidosperma
—> Alkaloids
SO,Ph SO,Ph
201 202 203

Figure 0.2 Domino Michael/Mannich reaction
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2.2 Reactions ofN-Sulfinyl Metalloenamines with Aldehydes: An Aldol Surrogate

As discussed above, Ellman and his group explored the asymmetric addithbns of
t-butaneulfinyl metalloenamines to aldehydes to furni¥sulfinyl imine aldolst* In
addition to stereoselectively forming -€ bonds, he 1,2-addition of N-sulfinyl
metalloenamines to aldehydes also allows access eithgntor anti-1,3-amino alcohols
with high yields anddiastereomeric ratigslepending on the reducing agént.

Ellman put forward a stereochemical model of asymmetric induction wherein the
reaction proceeds via a clos@iinmmermanTraxlertype transitiorstate(Figure 2.3). The
bulky tert-butyl groupplays a vital role during the taddition, in addition to the Lewis
basic sulfinyl oxygen that helpscoordinate. Thus, the diastereoselectivity is deriveohf
approach of the dehyde sterically hindered face blocked the approach ofaldehyde
from one face and thk 3-diaxial interactionbetween Rand R to control the product as

shown in Figure 2.3.

Major Product

R? Favored

Figure 0.3. Stereochemical rationale fbr2-addition ofNSMD to aldehydes

2.2.1 The Vinylogous Aldol Reactions of Mukaiyama and Kobayashi
The aldol reaction is a powerful tool to makeCCbonds in organic synthesis,
particularly in the sytinesis of polyketiddo ased natur al product s.

vinylogy principle * whichis grounded in resonance theory, Mukaiyama reported the first
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vinylogous aldol reactions (VMAR) in 1973 with the silyl dienol ether of crotonaldehyde

and cinnamaldehyde dimethyl acetal in presence of,{8¢heme 2p'®

Scheme0.2 The first vinylogous Mukaiyama aldol reaction (VMAR)

OMe OMe (0]
OTMS X TiCl, N X
/\/ OMe H
/ *
THF, -78°C

A hallmark of the vinylogous Mukaiyama aldol reaction is the regioselectivity
wherein attack occurs #ie g-position This result stand® contrast to the corresponding
metal dienahte variant that favors attack at tosition’ Paterson utilized a vinylogous
Mukaiyama aldol reaction in his synthesissafnholide A (Scheme 2.3% Typical Lewis
acids for the VMAR include TiGland BR- OEt. ThePaterso® and Kaless® groups

have made mangontributionsto vinylogous Mukaiyama aldol chemistryunder the

auspices ohatural products syntheses

Scheme0.3 VMAR used in the total synthesis @WwinholideA

CHs CHj

Sy, ‘., )\/\//,,
oHem BF;OEt, OHC)\/\l/ " OHC T
. TMSOM :
o CH,Cl,/Et,0 OH O OH O
CH3

85%,

OBz OBz dr=8:2 OBz

In 2004,Kobayashi developethe highly stereoselective vinylogous Mukaiyama
aldol reaction using theinylketenesilyl N,O-acetalsbearing the Evans oxazolidinone

auxiliary (Sheme 2.4§! These reactions proceed witigh degrees of remote 1,7

asymmetric induction.
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Scheme 0.4 Remot 1,6,7Asymmetric Induction by Vinylogous Mukaiyama Aldol
Reactionby Kobayashi

\S’\ Me
M
e NaHMDS N H "
Y exanal
e _— N _— \ N (0] P . CSH11 / N o
\[f TBSCl, THF  Me \[f TiCly, CHoCly : \[(
o o OH (0] (0]

87% (>50:1)

OTBS O

To rationalize the stereochemical course of this reaction and formation of the major
anti-diastereomer, Kobayashi invoked the opemsition statenodel204A (Figure 2.4)
The bulkyisopropyl group of the Evans auxiliary blocked approach from theRgpThe
relativeanti-stereochemistry was rationalized by considering the alte?@d®transition

state that suffers from two additiorgducheinteractions.

Bottom |_| 204A

E®
Figure 0.4 Stereochemical rationale for the Kobayashi VMAR

In conclusionjt has been showthat the chiralinylketenesilyl N,O-acetal4 and
10underwent dighly regio- and diastereoselective vinylogous Mukaiyeaidol reaction

which provides a unique and effective means of controlkngote asymmetric induction.
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2.2.2 Present Study
A novel asymmetrizinylogous aldol reaction using-sulfinyl metallodienamines
(NSMDs) as nucleophiles has been developed. The itigpiraehind this method and

reaction scope using various aldehyde substrates will be discussed in this section.

2.2.2.1 Discovery of the Vinylogous Aldol Reaction with NSMDs

In 2013, Tomodaand ceworkers reported that the ddembered macrolactone
natural product(-)-albocycline (Figure 2.5) was equipotent with vancomyi&ithe
antibiotic of last resodé against methicillin resistarBtaphylococcus aurey#1RSA).??

Moreover, the structural complexity of the natural product prompted the Andrade

OMe

Figure 0.5: (- )-Albocycline

laboratory to devise a total synthesis. It was envisioned thdtdaft fragment (en&l05)

and N-sulfinyl imine 209 could be efficiently coupled by mdasing 209 to access the
corresponding NSMD. Conceptually, NSMDi s r ep
approach tdi )-aspidospermidinand KobayashVMAR strategy?’ It was also critical to

find conditions that favor 1;2over 1,4addition to enal05 In other words, conditions

favoring an open transition state were necessary. To tedtyghghesis, théN-sulfinyl

imine 209 derived fom tilgic aldehydeenal 209 were preparedThe individual steps

involved in the synthesis of these fragmentsdiseussed in Chapter 3.
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Precedent for accessing an open transition state with high levelsagylmmetric
induction came fronKobayashi, whalemonstrated thdtiCls-promoted Mukaiyama aldol
reactions oWinylketenesilyl N,O-acetalsbearing the Evans oxazolidinone auxiliary with
aldehydes proceed with highelds and diastereoselectiviésThe reaction oN-sulfinyl
imine 205with LIHMDS furnished the requisitd-sulfinyl metallodienamineAnalogy to
Kobayashi s condi 209with SnCh at-748 ¥Cavoites thé whesifed e n a |
1,4-addition to the enal and secured t686-C7 bond in 208 with high regio and

diastereoselectivitydf >20:1) shown in Scheme 2.5.

Scheme0.5 N-Sulfinyl metallodienaminevinylogous aldol reactions

OPMB H r 7]

.0
Me” Y7 0 LiHMDS, THF, 1h ST 4
- -~ |
Me Me .78 °C, then ®o’ yoN tBu
Left Hand Fragment (205) — 1 H _—
0 SnCly, CH,Cly H
60-70% R H Me
X S
Me/YN/ N tBu >95:5 dr Ho
—  Transition State —
Me
N-sulfinyl imine (209) 207 208

2.2.2.2 Scope of the Vinylogous Aldol Reaction with NSMDs
Based on the success of the first NSMibylogous aldol reaction in Scheme 2.5,
efforts were directed toward other substrates to determine the scope. Figure 2.6 eepresent

an overview of the parameters targeted in the optimization of this reaction.
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Optimization Condition R

M
(Base, solvent, Temp \)\/[{j , t-Bu
~

|

=0

o ! OH !

. . ----Screening Lewis acid 'R i

N I N - - | \

, I N R S el |
/ N R TBS / ¢ v '
(X \N/S/"t-Bu | Base (MH), solvent | ; o) \I:A_,_I?C_IM,, ' R !
0 T RN N ptBu | | — R !
LRt TBS-C 5 R // -78°C, 30 mins ! !

0 ! N
Screened different substrates ) . ! | |
Screening various ' //S\ '

aldehydes ' o tBu |

Figure 0.6 Overviewfor the optimization of the NSMD vinylogous aldol reaction

The first step toward the study of scope waprepare various imine substrates.
The standard synthes§ N-tert-butanesulfinyimines features theondensation di-tert-
butanesulfinamidaith commercially available aldehyslan the presence of thE(OEt)s,
which acts as d_ewis acidand an effective water scavengen THF for 24 h at room
temperature. Using this protocol, tNetert-butanesulfinyl imine 209-211 were prepared

fromtiglic aldehyde2-methyl2-pentengland crotonaldehyde, respectiv€Bcheme 2.6).

Scheme0.6 SynthesidN-sulfinyl imines209-211

(0]
[l

X S,
Me/\(\N/ ‘tBu

Me
Tiglic N-sulfinylimine (209)
(0]

H
Crotonaldehyde N-sulfinylimine (211)

ICIJ .
Ti(OEY), ~ S | I
AN BN _ AN 1, : X S,,
R/\/\O R/Y\N B . N S
R' THF, rt, 24h, 85% R’ ) Ve
R and R'= Me, Tiglic aldehyde ! Pentenal N-sulfinylimine (210)
R=Me, R'=H, Crotonaldehyde . ﬁ
R=Et, R'=Me, 2-methyl pentenal . ~ S,
: Me/ﬁ/\ N"tBu

The N-sulfinyl imine derived fromiglic aldehyde206 was studied extensively

during the development of the vinylogous aldol reaction toward the esiatlof
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albocycline. The choice of crotonaldehyde was to understand the role (if any) of the methyl
group on C2 as compared to tiglic aldehyde. The rationale behind the chpieeteral
sulfinylimines210was to study the role ofsiereocentedto thehydroxy product, which

could lead to eithesyn or anti-diastereomers.

With N-sulfinyl imines in hand, attention was turned to the metalation reaction. To
this endthree strong bases (i.e., LHMDSaHMDS, and KHMDS) were screened (Table
2.1). While LHMDS andNaHMDS provided similar results, KHMD$ave poor results
due to the formation of impurities. The use of the stronger base, LDA, also led to multiple

products by TLC analysis. Of the bases screened, DEMave the best results.

Table 0.1 Optimization of the base in NSMD vinylogous aldol reaction

o] Base, THF -78 °C, CH o]

Il Il
_ S, SnCI4, CH2C|2, -78 °C NS S//
Me/\(\N/ “'tBu VS A N"““tBu

Me 213
S.No Base Solvent d.r.? Yield ©(%)
1 LDA THF 20:1 30%
2 LiIHMDS THF 20:1 70-90%
3 NaHMDS THF 20:1 60-80%
4 KHMDS THF 20:1 50-60%

a. detemined by "H-nmr analysis; b. yield based on the isolated major product

The next parameter to be examined in the vinylogous aldol reactions of NSMDs
was solvent and temperature. As depictefiahble2.2, the 1:1 mixture of THF and GEl>

(entry 5) gave the best yields. Interestingly, Kobayashi reported the same solvent system
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in his vinylogous aldol reactions. The best temperature for this reactiofv@&S since

warming the reaction tg10 °C, 0°C and 25°C led to diminished yields (entries8j.

Table 0.2 Optimization ofconditionsin NSMD vinylogous aldol reactions

[e) OH ICI)
1l ; 0
LIHMDS, solvent, temp “C
X S, ; g : X S,
Me/YN/ “1t.Bu - Me/\)\/\/\N/ "1t Bu
Me TiCl4 or SnCly, 213 Me Me
209
S.No Lewis Acid Solvent Temp (°C) d.r? Yield ®(%)
A=TiCI . R =
1 o / THF . -78 20:1 A=65
B=SnCl, , \ B=75
2 A=TiCl4 ! CH,Cl, v 78 A=10
- ! ' B=20
B=SnCl, . |
! 1
3 A=TiCl4 PhMe ro78 2011 A=60
B=SnCl, '. ! ' B=70
A=TiCl \ ! _
4 “ L ELO . .78 2011 A=70
B=SnCl, \ ! B=80
A=TiCl, \ Ly . A=75
5 \ S T8N .
B=SnCl, \:rHF/CHZng ; \ 20:1 B-86
~__-7 :‘ ‘\
K \
6 TiCly THF/CHCl, + 40 ! 3:1 60
7 Ticl, THF/CH,Cl, ‘.‘ 0 ! 11 55
\ X
8 TiCly THF/CHCl, 25/ 1:1 51

a. detemined by "H-nmr analysis; b. yield based on the isolated major product; NR. recovered starting material

The role of Lewis acids in NSMD vinylogous aldol reacti@ssentialto get
activate an aldehyde to make a Lewis acid complex to avoid Michael attack, en b
unsaturated aldehydes. Another reason could be the nucleophilicity of the
metallodienamine is nanough to react with aldehydes, whereas aldehydes need to be
activated to makehemmaore electrophilic. Lewis acids Ti&ISnChk, BFs: OEtb, Ti(OEt),
and Ti(GiPru were screened. Among these, TLi@hd SnClL worked best. Weak Lewis
acids faiedto promotethereaction, and reactions with BOEDL (entries 3 and 4) need
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higher temperatures, which erode@reoselectivityand the resultarecaptured in Table
2.3. Interestingly, when we treated with TESOTf, observed TES protectethyt@gous

aldol product.

Table 0.3 Optimization of Lewis acid in vinylogous aldol reactions with NSM206

OH
u LiHMDS, THF -78 °C, :

N S xS,
Me/YN/ "“rtBu RWN/ ‘t-Bu
LA, CH,Cly, -78 °C

Me Me
209 RCHO
R = Aliphatic, Conjugated and Aromatic
S.No Lewis Acid Solvent (1:1) Temp (°C) d.r.@ Yield (%)
1 TiCly THF/CH,CI, -78 20:1 60-90
2 SnCly THF/CH,Cl, -78 20:1 60-95
3 BF;0Et, THF/CH,Cl, -78 20:1 10-20
4 BF;0Et, THF/CH,CI, -40 10:1 60-70
5 Ti(OEt)4 THF/CH,Cl, 7800 NR/DMM
6 La(OTf); THF/CH,CI, -78t0 0 NR/DMM
7 Ti(OiPr)4 THF/CH,CI, -781t0 0 NR/DMM

a. detemined by "H-nmr analysis; b. yield based on the isolated major product; NR/DMM. at-78 only
starting material based on TLC, allowed to 0 C and observed Domino-Michael/Mannich product.

The stereochemical model of the Kobayashi aldol reaction was consistentawith th
minimization of steric interactions in the open transition state, as desedvker. By
analogy, Figure 2.8hows the analysis of the vinylogous aldol reaction with NSMs.
reaction proceeds via an open transition states tsitioutanesulfinylgroup blocking
approach from th&eface by the aldehyde. Of the four transition st2E2A and212B,
212A will be favoredby minimizing gaucheand allylic (Ay,3) strain found in transition

states C and D.
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H ol = H o i =
H H
R H Me H R Me
H H
allylic strain /
212A: Favored 212B: Disfavored

Figure 0.7 Proposed Transition states in NSMD Vinylogous Aldol Reactions

Aldehyde substrates for the vinylogous aldol reaction included aliphatic, b
unsaturatedand aromatic aldehydes to demonstrate scope. Tables 2.4 and 2.5 show the
reactions of theN-sulfinyl metallodienamines derived from tiglic aldehyde and
crotonaldehyde, respectively. In order to confirm the absolute stereochemistry of the aldol
product, aiempts were made to obtain single crystahy analysis of vinylogous products.
Unfortunately, all attempts failed. Recourse to chemical correlation with known products,
such as aldehyd&l6derived from the reaction with benzaldehyde, proved successful a

forms the basis for assigning other stereocenters (see below).

As shown in Tables 2.4 and 2.5, the respedthseilfinyl iminesweretreated with
LIHMDS to generate thé&l-lithiodienamines then transferred y cannim solutions of
aldehydes that have been precomplexed with Si@lds ranged from 70% (Table 2.4,
entry 3) to 85% (Table 2.4, entry 7) and uniformly gave a single diastereomers per

NMR analysis of the downfield imine Cspl of the crude reaction mixtes.
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Table 0.4 Scope of vinylogous aldol reactions with NSMD fr@@o

o
5 ) Me” X Xo vo
R Me Me MeO

X, S/, |
Me/\/\N/ 'tBu . 213 214 215
Me | AN
' © Me X MeMo
Tiglic aldehyde N-sulfinylimine (209) 0
! 6 217 218
i X
' o)
! Me” N0 O/\ SN
! 219 220 221
S.No NSMD Aldehyde product d.r. Yield (%) aly
OH :—Bu
1 209 213 - N S 20:1 81 v only
MeWN/ 0 i
Me 222 Me
OH It-Bu
2 209 218 MeWN/S\\O 5201 73 y only
223 e
OH It-Bu
2 N . y only
3 209 214 X WY 2 70
Me 224 \Me
OH ‘-Bu
4 209 - : y only
217 Me\/\/\(%N/S\\O >20:1 83
225 Me
OH It-Bu
- . onl
5 209 219 Me X \N/S\\O >20:1 72 vonly
226 Me
OH :—Bu
6 209 216 SN Y-Sy >20:1 81 vonly
227  Me
OH ‘-Bu
X S
X N Yo
7 209 215 228 e >20:1 85 y only
MeO
OH :—Bu
X XN S
X N So
8 209 220 229 e >20:1 74 v only
OH “-Bu
Me - N
. 206 a1 WN o oo ’  only
230 e

209 (1 eq), THF:CH,Cl, (2:1) LIHMDS (1.2 eq), -78 °C , aldehyde (1.1 eq), SnCly, b. Determined by HNMR.
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Table 0.5 Scope of vinylogous aldol reactions with NSMHOm 211

MeMO

@O
MeO

0 |
o | i e
Me/\(\N/ "“'tBu : 213 214 215
H X AN
! e} M AR
Crotonaldehyde N-sulfinylimine (211) ewo Me™ ™ o
. 217
X 216 218
: P o
! Me” o NN
' 219 220 221
S.No NSMD Aldehyde product d.r. Yield (%) aly
OH It-Bu
1 211 213 - X~ S >20: 81 v only
MeWN/ 0 20:1
Me 231
OH ‘.‘—Bu
2 211 218 MGWN/S\\O 5201 73 y only
232
OH By
z . onl
3 211 214 WN/S\\O >20:4 70 ey
Me 233
OH It—Bu
4 211 - : v only
217 MeWN/S\\o >20:1 83
234
OH It-Bu
5 211 219 W S >20:1 72 y only
Me N So
235
OH ‘-Bu
6 211 216 ~ NN -8y >20:1 78 v only
236
OH ‘-Bu
~ \ \N/S\\O
7 211 215 237 >20:1 80 y only
MeO
OH By
~ \ \N/S\\o
8 211 220 >20:1 71 y only
238
OH ‘—Bu
9 211 221 MeWN/S%O >20:1 70 y only
239

211 (1 eq), THF:CH,CI, (2:1) LIHMDS (1.2 eq), -78 °C , aldehyde (1.1 eq), SnCly, b. Determined by HNMR.
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Finally, preliminary experiments have shown that the use-roethyl pentenal
derivedsulfinimines210gave a modest 3:1 diastereoselectivity when reactedugtit
aldehyde 213 Efforts are underway tanderstand this transformation better. The
stereochemical model for this transformation is shown below in Fig8reitierein the
additional methyl group can experiencgaucheinteraction with the aldehyde alkyl or
aryl group (R) in240A leading to the njar product or with the Lewis acid complex in

240Bleading to the minor product.

.0
S Lo\ Lo\
@>nCla \N/S"'t-Bu (5)“/0'4 \N/S"'t-Bu
O/ H O/ H
Rz = H =
H H
R H Me R H Me
H Rz/
allylic strain
240A: Major 240B: Minor

Figure 0.8 Proposed transition states in NSMD vinylogous aldol reactions derived from 2

methyl-2-pentenal

2.2.2.3 Conclusion/Future Direction of NSMD Vinylogous Aldol Reactions

The vinylogous aldol reaction dfl-sulfinyl metallodienamines (NSMDs) and
aldehydes for the construction of-@ bond was inspired by the natural product,
albocycline. The scopd this methodology was explored usiNgsulfinyl imines derived
from tiglic aldehyde and crotonaldehyde. Future studies include (1) expanding the list of
aldehydes; (2) the vinylgous aldol reactioNegulfinyl imine210derived from 2methy}

2-pentenal to explore the relatiggn or anti- stereochemistry; and (3) other electrophiles
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such as imines (i.eyinylogous Mannich reactignwhich will be a usefutool in the

context of complesalkaloid total synthesi& 24

2.3 Reactions ofNSMDs with Michael acceptors

Ellman and his group reported the fiesample fothe conjugate additions bFtert-
butanesulfinyl metalloenamines to thg- unsaturated ketonésReactions proceed with
excellent diastereoselectivity; moreover, the methodology has been used in the rapid

syntheisis of 2,4 @risubstituted piperidines (Scheme 2.7).

Schemel.7E | | meomugate additions dfi-tert-butanesulfinyl metallodienamines
B R
N
0 0~ °N R, O
g\)\ 1. Base A WR 1. Reduction /@\
R 2. (0] ! s 2. Cyclization R4 H R3
RZ/VJ\% >99:1 dr up to 97:3 dr

2.3.1 Background on the Domino Michael Mannich Reactions

The dominadMichael/MannichN-allylation methodology developed by Dr. Senzhi
Zhao in 2013 was inspired by Ellntars ¢ | e v N-sulfinyl snetallaerfamine$As
previously discussed, thigactionproceedssia Michael addition of a metaltbenamine
intermediateto a substituted acrylate, followed layMannich cyclization toaccessa

substitutedetrahydrocarbazol@-igure 29).
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Figure 0.9 Michael addition followed by Mannich addition

2.4 Present Study

2.4.1.1 Discovery of the acyclic NSMD Domino Michael/Mannich Reaction

The development of the domino Michael/Mann{EiMM) reaction by Dr. Senzhi
Zhao, which represented the first use oNasulfinyl metallodienamine (NSMD), enabled
the first vinylogousaldol reaction with NSMD. However, to steer the regiochemical course
of the reaction (i.e., promote 1g@idition versus 1;addtion) it was necessary to employ
Lewis acids. Duringhe optimizationof this reaction, it was observed that no vinylogous
aldol reaction occurred in the absence of Lewis acid&fC. However, if the reaction
was warmed t&l0 °C, the Michael/Mannich @oadduct was observed over the course of

2 h (Scheme 2.8).

Scheme0.8 Discovery of Acyclic Domino Michael/Mannich reaction

ﬁ OH

S,
HN” t-Bu b
Me  Li Me X LA, DCM
40 © | [e] g . _Me
Me y CHO 40 °C \)\/N\ _tBu . | — > Me
"Me 2h 5 Me -78°C, 30 mins
’/,Me e} ’\Il/
S
07" StBu
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Significantly, the scope of the Dominblichael/Mannichreaction has been
restricted to the aromatieeterocyclicsystems of indole and pyrrole, with the former
system being vastly superitrWhen implementing DrSenzhiZhads conditionon an
acyclic, aliphatic system, the cycloadduct was not formed and only starting materials were
recoveredHowever, when theame reactiowas performedt elevated temperatwef-

40 °C, -20 °C, and 0 T, the cycloadduc®42 was isolated in 84% vyield as a single

diastereomer

Scheme0.9 The first Acyclic Domino Michael/Mannich Reactions

j H LiIHMDS
.
HT N Me/?'/go THF, -40 °C

tBu'' S=q Me 84%

209 213 242

Synthess of the cyclized adductcan be obtained in a of®t reaction via the
Domino Michael/Mannich sequencbetweenthe N-sulfinyl metallodienamine and a
suitable Mchael acceptoMore gecifically, treatment oN-sulfinyl imines209 with a
strong bas will generateN-sulfinyl metallodienamine via deprotonation of the acwmic
proton subsequent addition dfglic aldehyde (213 will trigger a Michael reaction,
followed by astereoselectiveyclization,in which theenolate will coordinate witithe
metallodienamine to forna cyclic six-memberedransition statehat will attackthe N-
sulfinylimine moiety in a Mannich fashion wirectthealdehydeontothe oppositeface of
the tert-butyl group. The rationale for therelative and absolute sterémmistry of this

reaction comes from invoking Zimmermafnaxler transition state241 As shown in
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Scheme 2.9the tert-butanesulfinyl grouglirects the aldehyde on the same face as the
sulfinylimine.

Using Heathcocko6s cl|®®e@cdn underatand the roleooh st a
sterics in dictating the stereoselectivity during Michael addition, as shown in the transition
state structures represented in Figurel02(243A and 243B). Arguably, the
metallodienamine prefers to react on thiastereofa@al represented in structu@43A,
w h e r e-methyleon tiglic aldehyde arichine hydrogen are aligned on the same face,
which is a favored transition state on steric grounds. Alternatively, in strizt@ithe
sterics between the methyl group on the metallodienamina-amethyl on tiglic aldehyde

results disfavored.

el t g t
gl 7 \\S,
i
I,L'\ /S,"t—Bu Li<y t-Bu
’ gefé
Me
H H
H
H Me
Me g
243A: Favored - - 243B: Disfavored -

Figure 0.10 Proposed Transition states for DMM adduct

2.4.1.2 Scope of NSMD in Domino Michael/Mannich Reactions

To determine the substrate scope and limitations of the acyclic domino
Michael/Mannich (DMM) reaction, several Michael acceptors were evaluated. As depicted
in Table 2.6, under the optimized conditions, the acyclic domino Michael/Mannich reaction

was tolerant towards a different functionality such as esters and aldehydes.
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Table 0.6 Scope of tiglic aldehydderived DMM reactions

MeMO

o] | AN
o : Me Y\o
Me/\(\N/ StBu Me
\ (e} 214
Me ! Me” XX
Tiglic aldehyde N-sulfinylimine (209 OMe
' Me 244
S.No NSMD Micahel Acceptor product d.rb Yield (%)
)
0 A
N7 tBu
1 209 213 Me CHO 17:1 81
"'Me
“'Me
246
()
. A
N7 tBu
2 241 214 17:1 70
Me CHO
"'Me
247
O
.
N7 tBu
3 241 218 Me | CHO 12:1 65
248
)
.
N7 tBu
4 241 244 Ve CO,Me 4:1 67
“'Me

249

Reaction Conditions: 209 (1 eq, 0.1 mmol) in THF (3 ml) with LIHMDS (1.2 eq), -40 °C , 1 h; then, methyl
ethacrylate (1.5 eq) in (1 ml), -20 °C, 2 h, tiglic aldehyde (1.5 eq) in 1ml, -40 °C, 2 h b. Determined by "HNMR.

Cycloadducts were isolated in high chemical yields and with good to excellent

diastereoselectivity. However, the selectivity and yiwed, with analkyl groupa to the

aldehydesTheuse of theiglic aldehyde led to the formation of the cyclized prodwti

three new contiguous stereogenic centersexcellent yield (82%) andexcellent
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diastereoselectivity (20:1). The structure of the cyclized productig@®usly established
by single crystaX-ray analysisthus confirminghe stereochemical coureéthe domino

Michael/Mannich reaction.

Table 0.7 Scope of crotonaldehyetderived DMM reactions

MeMo vo

(I)I |
M MN/S\tB : e e
e -Bu ! 214
H . 213 0 Me” X" X0
Crotonaldehyde N-sulfinylimine (211) OMe 18
. Me
244
S.No NSMD Micahel Acceptor product d.rb Yield (%)
o)
Ho 8
SN tBU
1 211 213 CHO 17:1 82
“'Me
“'Me
251
0
o
N7 tBu
2 211 214 CHO 17:1 75
“Me
252
o)
.
N7 B
3 211 218 CHO 10:1 54
“'Me
253
0
.
N7 1B
4 211 244 CO,Me 4:1 65
“'Me

254

Reaction conditions are as follows: 211 (1 eq, 0.1 mmol) in THF (3 ml) with LIHMDS (1.2 eq), -40 °C , 1 h; then,
methyl ethacrylate (1.5 eq) in (1 ml), -20 °C, 2 h, tiglic aldehyde (1.5 eq) in 1ml, -40 °C, 2 h b. Determined by "HNMR.
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The data in Tables 2.6 and 2.7, reveal that cycloadducts derived from aldehydes
have greater diastereoselectivities with compared to esters, to address the difference in
selectivity, we assume that the temperature is key to generate metalloenamine tMdo DM
reactions. Whemminesgetmetdlatedin acyclic systems, usualbynselectivity is favored
overanti.?” Myers and his group showetycliciminesusually form kinetically favored
E-enolates and it will undergo isomerization to the more stZkdeolates at higher
temperature& In Figure 2.10, it is shown that the same analogy can explain the selectivity
of DMM reactions with kinetically favorednetallo dienamines vs thermodynamically

favored DMM reactions.

E

Figure 0.11 Isomerization of metallodienamines

Whendomino Michael/Mannich reactions are performed7&°C, no product is
obtained. However, if the reaction temperature is warmetDttC, aldehydess(c r o) ei n 6 s
engagethe NSM®s t o form cycloadducts whereas est
participate as Michael acceptors, reactions must be warmed to carried2ftGtthen0
°C, andrt, which smoothly delivered DMM adduct with poor diastereoselectivity. We

assumehtat the higher temperature alls\ess albeisynvs anti nucleophilic attaclon the

metallodienaminedpwering the diastereoselectivity.
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Scheme0.10 DMM reactions with 2methyl pentenal derivative dfl-sulfinylimine

o o
s Iy
N tBu tBu” \lNz QO .
Me ) Me
211 LiHMDS | ~ H
—_— Me
THF, -40 °C Me
R__~ H
Me
Me
dr: 10:1
(0] L —
R = Me, 213 R = Me, 250, Yield: 76%
R=H, 214 R =H, 255, Yield: 67%

In Scheme 2.10, it is shown thraaictions oairother interesting substramethyt
pentenal derivative dfi-sulfinylimine 210, with Michael acceptors to give DMM product,
which contains four contiguougeseocentersN-Sulfinyl imine 210 was treated with
LIHMDS to generatea metallodienamine followed by Michael addition with tiglic
aldehyde to give DMM product in good yield 73% and good diastereoselecfiity).(
However, the diastereoselectivity andlgivary compare to other substrateX)9and211,
which explainghe sterics with anethyl group at newstereocentefThe structure of the

cyclizedmajorproduct was further confirmed by-pay analysis

2.4.2 Conclusion/Future Directions

The domino Michael/Mannich reaction between acyclic NSMDs and Michael
acceptors has been developed. The scope of this novel method was explordd- using
sulfinyl imines derived from tiglic aldehyde and crotonaldehyat®] thenaddition to

acrylates and acleins. The DMM reaction di-sulfinyl metallodienamines derived from
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2-methyl2-pentenal enables access to cycloadducts bearing four contiguous stereocenters,
in analogy to the venerabkiels-Alder reaction.

Future directions include (1) optimization thfe yield and stereoselectivity of the
acyclic DMM reaction with additives; (2) usage of additional NSMDs and Michael
acceptors tgrobe the scope; and, (3) applicatiorttué method in the total synthesis of

natural products, particularly alkaloids.

25 Oxidati on of NSMDs with the Daydrosy NOxazi ri
Sulfinyl imines
Oxaziridines have found widespread use in the oxidation of enolates to aghieve
hydroxy carbonyl compound? In this section, the reactions of NSMDs with the Davis
oxaziridines to givex-hydroxyN-sulfinyl imines will bedescriled. These substrates can
be hydrolyzed to achievee-hydroxy carbonyl compounds or subjected to imine reduction

to give 1,2amino alcohol$®32

2.5.1 Background on the Davis Oxaziridines

o P e Concerted O-atom transfer
U s Ar
S
A7 N
I ¢ Significant charge seperation

0 &

\

Nuc Y

advanced N-O bond cleavage

Oxaziridines have unique reactivity owing to the strained thrembered ring and

a relatively weak NO bond, which leads to diminished basicity of the oxaziridine nitrogen.
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In 1978, Davis reported the first exampleNagulfonyloxaziridines (i.e., Davieagents),

which have emerged as the most widely employed oxaziridines in synth@siese
oxaziridines are quite stable and readily prepared from bipba$iiered oxidation ofN-

sulforyl imineswith m-CPBA or potassiunperoxymonosulfat¢Oxong. The pareniN-

sulforyl iminesare prepeed from the condensation of an arenesulfonamides with aromatic
aldehydes in the presence of a Lewis acid. The Davis group has investigated the rich
chemistry of this reagent, in addition to a chiral, camylesived oxaziridine (Figure
2.12). These reagtnallow for the oxidation of functional groups under neutral conditions,

as contrasted wittn-CPBA that proceed under acidic conditidhs.

Ar-OH
y
RX-R Q
_ . R—X—R
[R-SOH] X=8,5-S, Se, NR,
RM
SeR M=tigX
/S o’
/\(
J R-OH
S R o

HO 4

Figure 0.12 Oxygentransfer reactions df-sulfonyloxaziridines
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2.5.2 Reactions of enamines with Davis Oxaziridines

Oxidation of enaminess well known with various reagents to affoedhydroxy
ketones with acceptable yield. In 1988, Davis reported the oxidatiemaohinesvith N-
sulfonyloxaziridines Trisubstituted andi substi tuted enamines are

ami n o -hydroxd kednes, respectivelf

Scheme0.11 Reactions of enamines with Davis oxaziridines

ArO,S Ar
OH ArOZS\N Ar Ry 25N\ - 0]
o \o . _NC4Hsg \O NC4Hs
R3 o - Rs R3
2
- R
Ry R2£H Ri R2=H !
257 256 258

2.5.3 Present Study

2.5.3.1 Di s ¢ o v ehydyoxyd\fSulfiylimineswith the Davis Oxaziridine

The synthetic challenge posed by albocycline inspired the development of the
vinylogous aldol reaction wherein tegereochemistrat the C7 was achieved. Moreover,
it was hypothesizedhatthe regie and stereoselee® installation of oxygen at C4 could
be achieved by reactingthe N-sulfinyl metallodienaminéerived from259with the Davis
oxaziridine (Figure 2.3). In the eventtreatment o259 with a strong base to generate the
N-sulfinyl metallodienaminéollowed by reaction with the DavisxaziridinedeliveredU-
hydroxyN-sulfinylimine 260with dr: 4:1. Significantly, noelimination of the C7 methoxy

groupthrough a possible E1cb pathwags observed.
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O\

)/N—SOZPh
261

Ph

o—attack y-attack

Figure 0.13Di s ¢ o v ehydsoxyN-Sulfitylimineswith Davis Oxaziridines

A plausible explanation for the selectivity is derived from coordination of the Lewis
acidic lithium with the Lewis basic sulfinyl oxygen. The bulklgutyl group blocks the
attack fromS-faceand favors th&e-face attackyhichleads to the major produck was
not clear what the absolute stereochemistry of thal€dghol was, and the material was
carried on to the natural product. The desirBjl gtereochemistry was confirmed by
matching the synthetic material with natural albocycline.

The highly regioselective natufiee.,a- overgattack of this reaction imnalogous
to lithium dienolateschemistry!’ Deprotonation of the most acidie proton to givea
metallodienamindollowed by addition of arlectrophilic oxygen sourasanoxidize two
possible positiongheU-position orthe o-position.Fortuitously, he oxygenatiomccurred
at the U-position and with the desired stereochemistoy access the @ alcohol in
albocycline.

While the absolute stereochemistry was proved by correlatingaltattycline a
simplesubstrate was prepared as well to study this novel transformation. To this end, the
N-sulfinyl imine derived from tiglic aldehydes was prepared, subjected to LHMDS, and
reacted with the Davis oxaziridin&gheme 2.12). Hydrolysis of theN-sulfinyl imine

revealed the aldehyde, which was subsequently reduced with DIBAL to afford a known
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diol. Correlationwith the optical rotation of the diol enabled the assignment ofthe

hydroxyl N-sulfinyl imine intermediate. A discussion of the mechanism is found in the

following section.

Scheme0.12 Correlation withknown compound

LiIHMDS, THF
A - A 2L o
N ¥ W
S o o (R) (S;S‘ DIBAI-H ®)
o o \/ ('3' Rotation -13.82 (known)
\ S
N AN
Ph Ph

2532 O0Opti mi zat i o-oxidatibn udirg M®Dals Oxaziridine

The oxidation of theN-sulfinyl imine derived from tiglic aldehyd206 with the

Davis oxaziridine proceeded with modest 4:1 diastereoselectivity (Scheme 2.13).

Scheme0.13St er e o ¢ h e mi c-aydroxyNtSulfinylimmdse of U
o LIHMDS, THF ICIJ o)
I -78°C, 2h ~ 4 I
X S % S, X S,
Me/YN/ “+Bu s N eBu /Y\N tBu
261 e g
Me Lo 420 262 Me OH 263
Ph/Cl)\/N/ “Ph Major dr:4:1 Minor
Me Li i ¥
- o o W0
S AN i 1 Ph TN ph
i _ NS /S\ X S, — O
H' H )V - /Y\N t-Bu = 4 N ‘t-Bu —— ‘\\ M L
! Me Me Me OH HO Me N e II\\
o Ph Me N N >0
/_A/ X \s//
N (S)-Sulfinylimine: dr 4:1 (R)-Sulfinylimine: dr 4:1 2
H H A
Ph //3\\ MeAMe
[e) Me
L 264 — L 265 _
Re face attack

Si face attack
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A reasonable stereochemical model for this transformation includes the
preorganization of the NSMD of the Lewis acidic lithium and the Lewis basic sulfinyl
oxygen. Attack opposite thebutyl group leads to the major product.

To improve the diastereoseleity of the oxidation processecourse tochiral
camphorbased Davisoxaziridine was madé! It was anticipated that using double
asymmetric synthesis, the chiral reagent could enhance (matched) the stereoselectivity of
the process, as reported by Davis in 19870 test this hypothesis, tiglic aldehyde was
condensed with lib enantiomers dl-tert-butanesulfinamide.

As shown in Scheme 2.14R)ttiglic-N-sulfinylimine reacted with ®)-(i)-(10-
camphorsulfonyloxaziridine}68, allowedlower diastereoselectivity whereas the sdkne

substrate with (-(+)-(10-camphorsulfonyoxamdine) was observed with greater

diastereoselectivity.

Scheme0.14 Double asymmetric oxidation reactions with chghziridines

LIHMDS, THF
A o 78 °C, 2h 2
Yield 87% R) ®
® !l ) .,
XS , N/ ‘t-Bu = B, ~S0,
Me/\/\N ‘tBu 4 N t-Bu
HO Me Me ©OH
Me 262 263
(g)'gul'ff,'”yl','m,'"e ggg (R)-Sulfinylimine: 12:1 (262:263)
(8)-Sulfinylimine (S)-Sulfinylimine: 5:1 (271:272)
N\
ﬁ X0 (1S)-(-)-(10-Camphorsulfonyl)oxaziridine
(o]
B
LIHMDS, THF
78 °C, 2h ﬁ (IDI
i o (R
\(R) g, Yield 85% / S \N/S,,,t Bu / R \(Rlsl/,
Me” X N7 B HiC. CHs ", /\}y\"‘ +B
HO Me Me OH
Me 262 263
(R)-Sulfinylimine 209 (R)-Sulfinylimine: 5:1 (262:263)
(S)-Sulfinylimine 266 N (S)-Sulfinylimine: 12:1 (271:272)
268
571/
o g O (1R)-(-)-(10-Camphorsulfonyl)oxaziridine
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A stereochemical rationale that explains the matched nature of the reaith of
and the R-sulfinimine versus269 entails norbonded interactions between th
oxaziridine and the NSMD that are absent in approach b$-th@ziridine. Those nen
bonded iteractions include repulsiven interactionsi.e., lone pairs on sulfinyl sulfur
and proximal sulfinyl oxygen). Moreover, there are attractive interactiopgdbetween

the Lewis acidic lithium and Lewis basic sulfinyl oxygens.

Scheme0.15 Double asymmetric oxidation reactions and stereochemical rationale

HsC CHs ¥ H3C CH3 ¥
b 0
I I "
N: ) .
>s71/ = 7y SN e AN SN e = ¢
> . R
© 6' o\\ HO Me HO Me o] (I)I\f)
Me AN “Li----0
Me N i 7
Me éR)H>=‘¢ N— )
SN "Mi " odr: " P — ~Me
7N Mismatched" dr 1:5 Matched" dr: 12:1 Me ’ Fl\/le
— O----- Li | L e

2.5.4 Conclusion/Future Directions

The siteand stereoselective oxidation of NSMDs using the Davis oxaziridine has
allowed access to-hydroxyN-sulfinylimines To improve the diastereoselectivity of this
reaction, double asymmetric synthesis was pursued using chiral Davis reagents. The scope
of this methodology was limited to tHe-sulfinyl imine derived from tiglic aldehyde.
Future work includes the application of this reaction to different substrates, in addition to
reacting NSMDs with electrophilic nitrogen sources. Lastly, it would be usetulirig
DFT calculations to bear on all the reactions of NSMDs described in this chapter to assist

in understanding the mechanisms.
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CHAPTER 3

TOTAL SYNTHESIS OF (i )-ALBOCYCLINE

3.1 Introduction and Motivation

As early as 1945, Sir Alexander Fleming warned about antibiotic overuse stating
At he public wildl demand the druTgecaedt t hen
antibiotic resistance crisis has been attributed to the overuse and misuse of antibiotics.
Antibiotic resistant is a worldwide phenomenon that has ragiaigrged and continues to
spreadSimply put antibiotic resistance needs to be addressed with new antibiotics in order
to save millions of lives and reduce the economic burden. In response, the Infectious
Diseases Society of America has called for drugs against mutideug i ESKAREY 0O
organisns (Enterococcus spp.Staphylococcus aureuKlebsiella spp Acinetobacter
baumannij PseudomonaaeruginosaandEnterobacter spp.2

Staphylococcus aureus. aureuy is arguably the most problematitSKAPE
pathogen that physicians encounter. Additionally, the organism has already surpassed
HIV/AIDS as an annualause of death in the U33Moreover, the situation is predicted to
worsen, given the mass downsizing/reprioritization of pharmaceutical antibiotic drug
di scovery <coupl ed t oof resistgneentd sllncdrentlydagaiablé o p me |
antibiotics, including the newly approved ceftarolifesamil* In this regard, new
antimicrobials are urgently needed for the treatme®. @ureusTo address this neef,
aureus will be employed as a model organism for antimicrobial development and

subsequently extend our efforts to other Giamsitive bacterial species that are of
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significant health concern. Successful campaigns will solve the immediate problem of
providing agets for the therapeutic intervention 8f aureusinfections and have the
potential to provide broadgpectrum agents for the treatment of other bacterial infections.
To address. aureusnfections, knowledge of bacterial cell wall biosynthesis and
the abilty of small molecules to inhibit this process would be of great use. In 2013, Tomoda
and ceworkers reported that albocyclin80() specifically inhibits bacterial cell wall
biosynthesis, similar to vancomyciB(2), and not other mechanisms of actiong(Fe

3.1)°

}
z
zT
o]
pa
@)
zT

0
HO
o
L _0__0O
HO
HO" 0 302 301
OH ~
0
H,N
OH

Figure 3.1 Structures of vancomycir3Q2 andalbocycline 801)

Despite this knowl edge, t he compound6s
Determination of the molecular target of albocycline will shed light on the cell wall
biosynthesis as well as aid in the development of more potent/thacafigudesirable

analogs. Current interest in the Andrade laboratory include the identification of
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al b o c ytarget witndtise pathway, defining its SAR, and discovering more potent
analogs to be developed for the therapeutic interventid alureusnfections. From a
statistical perspective, over 75% of all Ffaproved antibiotics are derived from natural

products, hence albocycling@(Q1) has potential to be a novel antibiotic.

3.2 Background on Albocycline
This sectiondescribes thea | b o c¢ y lratkgrouedd which includes discovery,
structural identification, biosynthesis, biological significance and previous synthesis of

albocycline reported by Tanner.

3.2.1 Background

The macrolactone antibiotic albocyclin@0(), which lacks sugar moieties yet is
bioactive, was first discovered in the 1960s by Okuda in §d@amd the Upjohn company
in the United States, who <called it i ngr al
white color and cyclic natuf€The Okuda group proposed a gross chemical structure from
an elemental analysis that yielded the formula abl£04. Furthermore, this group also
analyzed its physical properties: albocycline appears as a white crystalline powder with a
melting wint~838 4 AC and a | evor ot ag-21cyl, methandl)c a | rc
-110 (c 1, chloroform). Albocycline3Q1) is readily soluble in lower alcohols, esters,
ketones, benzene, chloroform, hexane, cyclohexanesthagbut hardly soluble in viar.
Albocycline is also stable at neutral pH, but labile in acidic or basic solutions. On the
contrary, it decomposes gradually at room temperature and turns yellow. Lastly, its

physicochemicaproperties resemble those @heromycinB reported by Miyaif et al.
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and the structural features are very similar diher classical antibiotics such as

erythronolideB.

Structure A 301 Structure B 303

Figure 3.2 First proposed structure A 301 and Structure B 303 for the albocycline

The partial planar structure 3 of albocycline as seen Figure3.2 was proposed
by a Japanese group in 1968Structure B was accessed by degradative reactions,
ozonolysis, and hydrogenatidd, which correctly determined the location of the
substituent®n the macrocyclic ring. The group assignedikstereochemistry to the €2
C3 and CE5C6 double bonds based on proton NMR coupling constants; but lacking such a
spectral handle, they arbitrarily assigned the wrong stereochemistry to-468 G&uble
bond ad were unable to assign the relative or absolute stereochemistry of the four
asymmetric centers. Shortyterwardin 1972, a research group from ti8A discovered
the actual structure of albocycline, structure A, by performing crystallographic studies.
The X-ray studies were conducted under two independent investigations performed
by Thoma&?and Chidester along with Furuselet al The research group from tbaited
Statesprepared a derivative of albocycline by esterification of tertiary alcohotatdC
minimize changes in the structure, thereby synthesizing-tiemobenzoate derivative of
albocycline304. Lastly, the relative and absolute stereochemistry of albocyuolase

determined using single crystalrdy analysis 0304 as shown irFigure 3.3
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Figure 3.3 X-ray crystallographic structure of albocycline derivative 304

3.2.2Isolation and Biological Significance of Albocycline

Albocycline 301) was isolated from various strains $freptomycescluding S.
bruneogriseus S. roseocinereus and S. roseochromogenedy the Tanabe Seiyaku
Compan$ in Japan ands. maizes from The Upjohn company in the United States.
Albocycline features a lmembered macrolactone lacking sugars characteristic of the
macrolide antibioticsAlthough it does not possess any carbohydrate moiety, it is active

againstStaphylococcus auretisrough inhibition of nicotinate biosynthedtggure 3.4
Glycerol + Succinate or Aspartate — —__ . Quinolinate

Nicotinic acid ————> Nicotinate ribonucleotide (Nicotinate Pathway) =~ ————— deamido-NAD

| |

Nicotinamide ——>  Nicotinamide ribonucleotide (Nicotinamide Pathway) @—— NAD

Figure 34 Nicotinate and Nicotinamide Pathways

Reusser and eworkers claimed that albocycline inhibits a variety of giawositive

and grarmnegative bacteria and funmgy vitro, but infections caused by bacteria in mice

77



were ineffective during the treatment with the tolerated dose of >320 rglks.
antimicrobial activity was completely reversed Bacillus subtiliscells by addition of
nicotinate, nicotinamide, anguinolinatesince it did not affect other macromolecular
biosynthetic processes (nucleic acid, protein synthesis). RecEotiiygpda and ceovorkers
showed that albocycline specifically inhibits bacterial cell wall biosynthegisout
affecting other macromolecular procesd®ased on his experimental results, it appears
that albocycline interferes with the biosynthesis of the peptidoglycan (i.e., bacterial cell
well) of MRSA and showed no antimicrobial activity agaiBssubilis. This ambiguity

from both authors needs to be reconciled experimentally in order to flesh out the

mechanism of action.

3.2.3 Biosynthesis ofAlbocycline

Zeeck and cavorkers investigated the polyketide biosynthesis of albocycline, and
the results are shown Bcheme 3.1° Specifically, the biosynthesis of albocycline was
investigated by feedinfC-enriched sodium acetate and sodium propionate to growing
cultures ofStreptomyces sgstrain Lu 7285), followd by isolation of the natural product
using published procedures. The carbon skeleton was confirmed®byNMR
spectroscopic analysis; moreover, sevestreocentersvere correlated with known

macrolide skeletons while thiemaindemwere unanswered.
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\Scheme 3l Biosynthesis of the carbon skeletonatiiocycline related macrolides

Acetyl-CoA
3 Malonyl-CoA
3 Methylmalonyl-CoA DCBS Me [O]
\ —_—
— [CHy]
_—
_‘ Acetate

/—. Prpionate

R= H, Cineromycine B (306)
R= CHg3, Albocycline (301)

Khosla and cavorkers have identified an orphan assembly polyketide synthase by
means of computational studies (Figure 3%Mis group investigated to produce a
polyketide of similar structure to albocycline and found five PKSs met theseariOf
these, an orphan assembly line found in the genonwyobbacteriummarinumhad the
most plausible sequence and AT domain specificity. There are some unusual things, in
order to cyclize into a Hembered macrolide, the dehydratase domain of reddwould
need to be inactive to provide the requisite hydroxyl group alf82.secondlifference
between albocycline and the predicted orphan polyketide Mommarinumis the C10
C11 double bond isomerization. Following the activity of module 5, this would have to

undergo isomerization to form a skipped diene.
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Figure 35 Proposed biosynthesis of albocycline by modular polyketide synthases
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3.2.4 Previous Synthesis of Albocycline by Tanner and Somfai (1987)

The only reported total synthesis infjramycin(i.e., albocycline301) was first
published in 1987 by Tanner and Sonifaand itwas accomplished in 40 totsteps (21
in the longest linear sequenc@lanner 6s retrosynthetic analy
the four asymmetric centers of the molecule being entrenched using the three chiral
fragments A313 B 318and C323 Fragment A was synthesized from #maino acidL-
serine, while a Sharpless asymmetric epoxidation reaction was utilized to synthesize the
second and third fragments, sulfones B and C, to introduce the chirality. Coupling of A and
B via the JuliaLythgoe procedure allowed access to the final fragmemtguanion
chemistry, followed by a suitable adjustment of functionalistly, Tanner strategically

utilized Keck macrolactonization to close therbhémbered ring.

Scheme®Tanner 6s retr os yalbochiclkne i ¢ anal ysis of (

OMe
Me OTBS
p-TolO,S
g A313 OTHP
_ """Me
SOyp-Tol =
wMe CO,Me
(-)-albocycline 301 Me‘\\\ OBOM C 323

B 318

The forward synthesis of albocycline includes the synthesis of three chiral
fragments (Scheme 3.3). Chiral fragmer8¥8was accessed by utilizing the natural amino

acid L-serine(307). Ketone 309 was readily prepared using a known procedure and
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subjected to a HornaWadsworthREmmons (HWE) reaction to affor@10 Acidic
hydrolysis to remove the acetonide, protection of the primary alcohol a$ its
butyldimethylsilyl (TBS) ether, and methylation of the secondary alcohol with MeAg
gave 311 Reduwtion of ester311 with DIBAL-H furnished alcohoB12 which upon

subjectimg to the Appel reaction gave fragmenBA3with 32% yield over 6 steps.

Scheme 3B Synthesis of kiral fragment A 313

1.) HySOy4, NaNO, M Me Me

NH2 e .
4.) MeLi 5 Me
2.) MeOH, HC(OMe Me 5.) HWE
o C)\/OH ) (OMe)s O%Me (66%) 0’% (77%) O’%
2! E— > (0}
H* resin (cat.) E1O.C 0 Me © Me
2
L-serine 307 (62% over two steps) 308 o 309 | 310
3.) 2-methoxy-2-propene MeO,C
acetone, cat. TSOH (76%)
6.) H,SO, oM Me P CB” Me
-) F2504 e
) DIBAL-H
MeOH (93%) Me otes (8% Me oTBS e /o Me OTBS
—_—
7.) TBSCI, DMAP |
EtsN (91%) MeO,C A313
8.) AgO, Mel 311 Br

DMF (68%)

Fragment B318 was synthesized from the commercially available epoxy alcohol
315 which was then treated with LiCuM& regioselectively open the epoxide in high
yield. The primary alcohol was protected with TBSCI to furnish the compalL@d\ext,
selective debenzylain was accomplished by hydrogenolysis to give the primary alcohol,
which was therosylatedand reduced with LiB(E4H to furnish secondary alcoh8L7.
The alcohol was then protected ash&nzyloxy methy(BOM) ether. Finally, the TBS
ether was treatedith TBAF to access the primary alcohol, which was then subjected to
Apple conditions to yield theorresponding bromideNucleophilic displacement of

bromide with sodiunpara-toluenesulfinatgave fragment B18in 30% overall yield.
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Scheme 3 Synthesis of chiral fragment BL8and fragment 323

7.) BOMCI, Etz;N
OTBS ) Ha, PO, (72%)
SO,p-Tol
1)¢ DET ) Me,CuLi (100%) OTBS 8.) TBAF (96%) 2P
85% (95%) ) p-TsCl, py H\Me 9.) CBry, PPhy H:Me
| — —
TBSCI 2% (92%)
DMAP LlB Et); Me™ SoH 10.) p-TolO,SNa  Me" OBOM
Bn  EGN (84%) (80%)
(100%) 317 B 318

8.)TH0, EtsN  p-TolO,S

) TBSCI  OTBS 4.) Hp, PtO; (82%) OH otHp 9 p-TolO;SNa OTHP
)-DET DMAP OH  5.) Swern-Wittig (70%) 15-crown-5, DMF 1%
o, (n Me
75 /a / ‘Me ———>
""Me o P~
Et3N 6.) DHP, PPTS (98%) P (83% over two step)
)LAH gno (100%) BnO 7.) TBAF (97%)
BnO Ty COaMe COzMe
319 320 321 322 C 323

Sulfone C323was synthesized from the allylic alcot®dl9, which under Sharpless
asymmetric epoxidation conditions afforded enantioplioE320 Scheme 3.4). Silylation
of theprimary alcohol with TBSCgave321 Hydrogenolysis to remove the benzyl ether
and a Swern/Wittig protocol furnish@22 The resulting tertiary alcohol was protected as
its THP ether to prepar@22 The introduction of the requisite sulfone was probletnati
when employing previous conditions (i.e., for fragment B) due to the steric issues. Tanner
resolved this by simply converting the primary alcohol to the highly reactive triflate with
triflic anhydrideand EtN, followed by nucleophilic displacement wittaOG,S-p-Tol to
furnish fragment 323in 55% yield over 6 steps

With all three fragments in hand, coupling was performed by generating a sulfone
anion on fragment B18 followed by addition of fragment 813 to generate a separable
mixture of diastereomrs. The mixture was then treated withNg to furnish producs24.
Next, deprotection of the TBS ether unmasked the primary alcohol, which underwent a
Swern oxidation to produce aldehyg825. The JuliaLythgoe coupling of aaldehydewith

fragment sulfor C323resulted in an unexpected elimination.
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Scheme 3 Endgameo accessi()-albocycline 801)

OMe OMe
Me
SO,p-Tol Me OTBS CHO
? 1. Base, A (76%) | 3.) TBAF (98%) 5.) Base, C
wMe 2 Na-Hg (87%) 4.) Swern (90%) 6.) Acz0, py
> —_—
M Me 7.) Na-Hg
Me" “OBOM we ' (30% overall)
B Me™ ~OBOM Me™ “~OBOM
324 325
OMe
Me
8.) LIOH (98%) OH
9.) Hy (68%)

10.) DCC (82%)
11.) PPTS (87%)

\
\
\

Me

(-)-albocycline (301)

Tanner resolved this issue by simply conducting the reaction at lower temperature.
The anion of the sulfone in Fragment C was added slowly at lower temperature to avoid
byproducts. Sub s ehydroxystlfbng was thénacetylatesl usingiemen t b
anhydride and then the product was treated witkHiyao obtain the isomerically pure
ester producd26. The ester walydrolyzedwith LiOH, and the BOM group was removed
by catalytic hydrogenation over the Pearlman catalyst to access thacscole authors
screened vari ous macr ol actoni zati on cond
macrolactonization condition in the end game of albocycline. Thus, the seco acid was
reacted with DCC, DMAP a-pratect&iMIBdRVAliHeCIh 82% 0 a f f
yield. Lastly, albocycline 301) was synthesized by deprotection of the THP ether with

PTSA in 87% yield.
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3.3 Present Study

This section describes the biological significance and synthetic approach, which

includes the firsgeneration andecondgeneratiorsynthess of albocycline.

3.3.1Biological Significance of Albocycline

3.3.1.1Albocycline Biological Approach

As mentioned in the introduction, the Andrade group began investigating albocycline
following the article published by Tomoda andworkers in 2013. Therein, Tomoda
showed that albocycline potently inhibited the growthSoaureusincluding clinically
isolated MRSA witha MIC value of 0.51.0 mg/ml in a microdilution assay, which reveals
a similar potency as compared to vancomycin, despite the fact that othepagiéinre,
gramnegativebacteriaand fungi were not affected. Albocycline inhibited the growth of
MRSA by targeting bacterial cell wall biosynthesis as opposed to other macromolecular

processes

b
100
80 |

60

% inhibition

40|

20

Figure 3.6 Whole-cell labeling experiments of albocycline
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As shown in Figure 3.6, wholeell labeling experiments were performed to
understand the mechanism of action by incorporating radioactive precursors
([*H]thymidine, PH]uracil, [H]leucine and JH]GIcNAc) into corresponding
macromolecules using intact MRSAThe experimental data suggesting that albocycline
blocked the biosynthesis of cell wall peptidoglycan with ag Malue of 34.5 mg/mL.

Al bocyclinebs molecular target had not bee
developing a series of albocycline analogs to study the mechanism of actidmland

explore its therapeutic potential. Through a collaboration with Prof. Catherine Grimes of

the University of Delaware (Department of Chemistry and Biochemistry) and Prof. Paul
Dunman of theJniversity of Rochester (School of Medicine), MIC studieshnigolated

and purified albocycline (frorBtreptomycemaizeu} have been conductédts inhibitory

effect againsBtaphylococcus aure(S. aureuy Bacillus subtiligB. subtilis), Escherichia

coli (E. coli), andPseudomonagutida(P. putida) was confirmed by a bacterial cell growth

curve study, liquid MIC, and agar diffusion assays.

Pr of . Dabmeasuredthe antimicrobial properties of albocycline in the using
CSLI defined methodologies against a panel of the most notoriously diffcuteat
clinically isolated and genetically divergehtaureustrains. In Table 3.1t is shownthat
including VISA, MRSA, and VRSA isolates. Studies of various strains indicated that
albocycline displayed impressive antimicrobial properties, allgitito be a potential lead

for theantibioticdrug candidate.
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Table 31 Inhibition effect of albocycline and vancomycin agaiisaureustrains.

S. aureusStrain ALB VAN
(my/mL) (my/mL)
MSSA 2 1
MRSA 2 1
VISA 2 4
VRSA1 4 >64
VRSA10 1 >64

To further compare the antibacterial activity of synthetig-glbocycline 801)
versus the isolate®D1obtained from the producing organiS§mmaizeusMIC assays were
performed with synthetic j-albocycline 801) againstS. aureusnd monitored over 6 and
12 hours. The data reveal that the MIC values are matching with the isolated frersion
S. maizeus Having established reproducible biological activity from both synthetic and

isolated albocyclin801 trigger us toproceed further and investigate the mechanism of

action
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3.3.1.2Mechanistic Studies of Inhibition
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Figure 3.7 A) model ofS. aureusMurA (left) and MurZ (right) with UDCGIcNAc. B) H
bonding of UDPGIcNAc with MurA and MurZ

Albocycline B01) is a 14membered macrolactone, a structural motif traditionally
associated with targeting the bacterial ribosome and inhibiting translation (e.g.,
erythromycin)!® However,initial studies by Tomoda suggested that albocycline inhibits
the biosynthesis of peptidoglycan (PG), the protective polymer that surrounds bacterial
cells, which is also the target of vancomycin and penicillin. The mode of action prevents
the incorporatin of radiolabeled\-Acetylglucosamine &H]GICNAC) into the PG of
MRSA 2 We hypothesized that the conserved MurA and MurB enzymes, which catalyze
the first committed step in PG biosynthesis by converting {HMXNAc to UDR

MurNAc?!, could be the potential targets of albocycline. We can eliminate MurB as a
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possible target due to the fé&taphylococcus aurewsganisms harbor two genes for the

synthesis of MurA and MurZ where albocycline can be able to inhdtit Thhese enzymes

are biochemically similain vitro and structurally alike as predicted by molecular modeling

(Figure 3.7)MurA expression is approximately five times greater than thduoZ during

the exponential growth pha$eOur hypothesis is that albocycline likely inhibits the first

committed step of cell wall biosynthesis by covalently binding with MurA in a similar

fashion toFosfomycin?® a known antibiotic compound that inhibits MufA.,
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In Figure 3.8, the currently available microbial antibiotic drugs that inhibit cell wall

biosynthesis and their targets are shown. As mentioned previously, albocycline shows the

same potency as vancomycin, however, its mechanism of action is unknown and called for

further studies.
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Me R—OH

328 ©

Figure 3.9 Structure of fosfomyci327and Cnicin328

Fosfomycin(327) andCnicin (328) (Figure3.9) have beemxtensively studiednd
shown toinhibit the first stepin cell wall biosynthesis. Based on the literature anafysis,

albocycline showed inhibition on the first committed step in the cell wall biosynthesis

Scheme3.6 Proposeddductsby covalent modification dflurA Cysteine residue with
albocycline329andMurA-catalyzed UNAG with albocycline addug31

301: (-)-albocycline 331

Thus two possible scenarios can be considered: 1) albocycline binds MurA and
follows the same mechanistic patwsimilar tofosfomycin or 2) albocycline undergoes
MurA catalyzed glycosylation with UDPGIcNAc to give the glycosylatgaduct
identically to the cnicin pathway* as shown inScheme3.6. In order to identify the
mechanism of action, we collaborated with Prof. Catherine, who is an expert in Mur

enzyme studies during cell wall biosynthesis.
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3.3.1.3Computational Modeling

Computational calculations weperformed byProf. Voelz at Temple University
whereinconformational populations of albocycline in solutimere modeled usinthe
BICePs algorithrf® and incorporated experimentdlOEs andJ-coupling constants,
combined with QM/EEMD calculations. The results suggest roughly equal populations of
two main conformations, corresponding closely to the two isoforms seen in-iag X

crystal structure of albocyclirghown inFigure3.10.2°

|

<

S
"
Conformer A (50%) Conformer B (50%)

Figure 3.10 Albocycline conformers in solution calculated by BICePs 4h8IMR

3.3.2 Culturing from Streptomycesnaizeus

3.3.2.1Bacterial strains and culture conditions

These strains were grown in liquid or solid Luria broth medilBnmsaizeugNRL-
3558)was obtained from United States Department of Agriculture (USDA) and cultured
with Bennett's medium orfeast ExtracMalt Extract agarS. aureustrain was purchased
from Carolina Biological Supply Company. Liquid or solid tryptic soy broths were used to

culture this bacterial straiB. subtiliswas also purchased from Carolina Biological Supply
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Company, and the. putidastrain KT2440 was purchased from ATCC. Both cell strains

were grown in liquid or solid LB mediums.

3.3.2.2Isolation of albocyclinefrom S.maizeuscell culture

Albocycline was isolated from different strairStreptomyce$®runeogriseussS.
roseocinereusS.roseochromogenes Streptomyces at The Tanabe Seiyaku Company in
Japan an&.maizeusat The Upjohn Company, USA.soil stock ofStregomycedMaizeus
NRRL 3508 was obtainedfrom the USDA. With the help ofProf. Ann Valentine,
Streptomyce maizeusvas suspending the pellet from the ampoule in 10 mL of sterile
Bennet 6 s me @lamaamd tmee teansferring aliquots intd_daffled fask filled

with 500mL YeastMalt Extract agar.

Table32Bennett 6s Medi umi74)( ATC Medi um No

Material Per Liter (grams) Per 100 b
Yeast Extract 1.0 gram 0.1 gram
Beef Extract 1.0 gram 0.1 gram

N-Z amine type A 2.0gram 0.2 gram

Glucose 10.0 gram 1.0 gram

Distilled Water 1.0 liter 100mL

To make YeasMalt agar plates, yeast extract, mattract and agar were dissolved into
water, Table 3.2the mixture was autoclaved, then cooled down to 40 °C, poured halfway

into the sterile plates that were kept aside for 1 A#tgrward the plates were incubated
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at 28 °C. After one week, sporulation growth was observed as a pogrdgrgolor. To

obtainhealthy cells, sporulation was continued for three generations.

Table 3.3 Production Seed Medium: ATCC Medium No 172

Material Per Liter Per 100MI
Glucose 1.0 gram 0.1 gram
Soluble Starch 1.0 gram 0.1 gram
Yeast Extract 2.0 gram 0.2 gram
N-Z amine type A 10.0 gram 1.0 gram
CaCQ 15.0 gram 1.5 gram
Distilled Water 1.0 liter 100 Ml

The healthy cell spores were inoculated into a small amount of Bennett's medium
(around 10 mL medium in 25 mm diameter culture tube) and then incubated on a rotary
shaker at 28 °C, 250 rpm for 48 to 72 hrs. The resulting cell culture was added intoa 2 L
flask containing 0.5 L of Bennett's medium as a production medium which is showed in
Table3.3 Lastly, the production flask was incubated at 28 °C, 250 rpm-fordéys.

After incubation, an equal amount of ethyl acetate (0.5 L) was used to extract
albocycline. Ethyl acetate was added into the flask and mixed with the cell culture by
shaking vigorously. Upon settling, the ethyl acetate layer, containing albocycline, was
transferred into a round bottom flask and evaporated under reduced pressurgclieo
was then purified by flash column chromatography. The production of albocycline can be

analyzed by TLC (ethyl acetate: hexanes, 3:7, KMNfin solution),had aretention
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factor (Rf) is 0.3. From culturing, 3@0 mgof albocycline wassolated fran 1 L of S.
maizeuscell culture. A schematic diagram illustrating the cultgrprocess is shown in

Figure3.11.

Transfer single colonies to test tubes |
Inoculating in to media

| )

Place on shaker at 28 °C, 250 rpm

For 2 days

NRRL 3508 Yeast Extract-Malt Extract agar

Place on shaker at 28 °C,

Extractions using Ethyl acetate 550 rpm for ~4 days

< ]

Figure 3.11 Schematic diagram of albocycline culturing fr@&maizeus

3.3.3 First-Generation Total Synthesis ofAlbocycline

3.3.3.1Retrosynthetic Strategy

Tanner and Somfai reported the first total synthesis of albocycline (i.e.,
ingramycin 301) in 40 total steps (21 in the longest linear sequence) in*198% first
generatiorretrosynthetic analysis of albocycli(&01) is shown inScheme3.7. TheKeck
macrolactonizatiowas chosen o access al bocycline, which
strategy. To synthesize the requisite seco acid in a convergent nthereit-hand C6
C13 fragment340 and righthand C1C5 fragment351 was coupled with thélorner

WadsworthEmmons (HWE) reactigriollowed by a Luche reduction.
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Scheme 37 Retrosynthetic Analysis of Albocyclif@01)

OMe

OMe
Wittig Olefination
sz
‘Me
“\ Frater Alkylation

Sharpless
N dihydroxylation
MeO (¢}

Me" “OTES

\
Yamaguchi [ Left Hand Fragment (340) J Right Hand Fragment
(301) Macrolactonization

P= TES (348)
P= THP (351)

The lefthanded fragmer840employed three key-C bondforming reactions: (1)
olefin crossmetathesis to access tHe)-trisubstituted C89 alkene, (2) allylation (&
displacement) of a tosylate using alyl magnesim reagent to form the C1011 bond,
and finally (3) the FrateBeebach alkylation to install tlaati-stereochemistry at the C12
and C13 positions. The resident stereochemistry at C13 was derived from commercially
available R)-methyl 3hydroxybutyrate. Lkewise, the righhand fragmen851was built
from amethallyl unit (i.e., C3C5 segment). The Sharpless asymmetric dihydroxylation
(SAD) reaction installed the required stereochemistry at the C4 podiioally, the
TCICA/TEMPO oxidationfollowed by HornerWadsworthEmmons (HWE) reaction
furnished the C&6 alkene, while th&Swern oxidation which thenWittig olefination

accessethe C2C3 alkene.

3.3.3.2Forward Synthesis of Albocycline

Prior to the FrateBeebach allylation approach, initial attempts at preparing the
anti-aldol employed Heathcodk sstrategy?’ which is shown in Scheme 3.8were
successful This method employs thEvans auxiliary to introducéhe C-12 and G13

stereoenters by first precomplexing the aldehyde with a Lewid &x access an open
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transition state. The lack of a UV chromophore complicated TLC analysis. Recourse to
Brownds &was madeThus,(E)ecrotyl potassiunB83was prepared aneacted
with (+)-B-methoxydiisopinocampheylborarigpc.BOMe) at -78 °C. The productwas
treated withBFz- OEt, and the resultin@rown reagentvasreacted with acetaldehyde

-78 °C.Standard oxidative workufoirnishedthreo-3-methyl4-penten2-ol (384).

Scheme3.8 Brown crotylation and Heathcocknti-aldol approach

Me

.BOMe
n-BuLi, THF
e @ W
M —_— —_— H
Me/\/ e Me e v )\_/\

-78 C, 30 mins

282 KOtBu, -45 C 383 2)  Bf30Ety, CHyCHO
-78 C, 4hrs 384
BU Bu
o 9 o © oP o)
JJ\ DIPEA SnCl,, CH3CHO J\
Me N Bu,BOTf )\ 4 3 N O ----3= AN
\—/ Me cmon tsc. MeT 2 \_J L H
. CH,Cl,, 0 C \ / 22 e & Me Me
Me/l Me/l
Me 385 Me/l 386 Me 387

Scaling up this reaction proved problematic; moredwerpyproduc{lpcOH) had
the same Rf value as that of the prodAtiempts to separate the product from IpcOH were
unsuccessful.

At this stagethe FaterSeebachalkylation was recruitetb synthesize340 The
synthesis began with commercially availableR}methyl 3hydroxybutyrate (332).
Subjection of 332 to FraterSeebach reaction conditions (>&juiv LDA, Mel in
THF/HMPA) furnishedanti-aldol 333 in 82% yield (>95:5 dr), thus stereoselectively

installing the G12 methyl groug®
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Scheme 3 Synthesis ofeft-handfragment340

OH O OH O OTES O
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The resultant alcohd@33 was protected with TES using TE3 and imidazole
The use oEGN as a baswas later employetb give TES ether334 Reductionof 334
with LAH reduction to obtain the primary alcoh8B85 was accompanied byES
deprotedbn. The use ofDIBAL -H resolved the issue and providedatisfactory86%
yield of 335,

Tosylation of the primary alcohat 335with TsCl and EtN afforded336in 72%
yield over three steps. Afiscussediuringretrosynthetic analysis, was envisionedhat
the C10-C11bondcould bemade by theeactionof an allylmetal specieswith a suitable
electrophile. After screening a variety of Catalyzed crossoupling reactions oéllyl
magnesiumhalides with tosylat&36 it was found thatopper salts were not required
Optimally, the use of TMEDA andllyl magnesiunbromide inEtO delivered the desired
product337in 82% yield Curiously,lower yieldswere observed in the presereopper

sources?
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With the terminal olefin in handylefin crossmetathesis was investigated. After
screeimg variouscatalysts additivesandconditions, it wa®bserved tht thebest results
were obtaineevhen337was reacted with methacrolein€guiv) and5 mol% of Hoveyda
Grubbs 29 generation catalystin the event, a satisfacto§2% yield of lefthanded
fragment339was obtaineqScheme 3.9}

The synthesis afight-handfragment348is detailed irScheme8.10. To install the
requisite G4 sterec hemi str vy, Coreyos mo dasymmetrect i o n
dihydroxylation (SAD) of allylic alcoholsemploying p-anisyl esterswas recruited?
Treatment ofmethallyl alcohol (342 with p-anisic acid(341), EDCAHCI , and D
furnished substratd43 Subjection 0f343to SAD conditions deliverediol 344in 74%
yield (>93%ee by correlation with knowrmaterial)>® At this stage] r e | anmbtt s one
SwernWittig olefination protocolwas usedo stereoselectively install theans-enoate at
C2-C3 of 345in 72% vyield3* Tanneralso employed this highly efficient tactic in his

synthesis of albocycline.

Homologation at C5 was realized in three steps. First, saponificationmétiisic
ester withNaOMein MeOH gave alcohol in 8%. Oxidation of the C®arbinolproved
challenging,and numerougonditionswere screeneti o a c-lydrexygaldetlyde347
including the following:Swern CoreyKim, ParikhDoering, Ley, Des$lartin, andIBX.
All proved ineffectiveandmost of the oxidations gave the elimination byprod8atcess
was ultmately achieved by employintgichlorocyanuricacid and TEMPOto afford
aldehyde349in 56% yield®® Takai olefination of aldehyde affordeB)¢vinyl iodide 348

in 62% yield3®
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Scheme 310 Synthesis ofhe Right-handfragment

(0] OH

OMe
Me EDC.HCI, DMAP K3FeCN5 K2CO03,K,0804 (H20), Me, OH
)‘\/OH }‘\/ o ~°
* DCM rt, 8hrs CH3S0,NH,, t-BuOH : H0 (1:1)
90% (DHQD),PHAL on °
OMe b[MithIaI;y“IZ )2 ce >95
a1 alcohol ( ) 74% 344
OMe 1) NaOMe, MeOH
Me, OH RT, 4h, 95% Me, OH Mey OTES
COCly, DMSO, TEA N 3 1) CHlg, CrCly, THF 0y N
MeO {_O T > MeO 0 2 A |
—_— A 1) TCICA, TEMPO o~ 2) TES-CI, Imidazole
MeOCOCH,P(OMe), 3 3 DCM, 2h, 56% o ’ o
o
-78 C, 2hrs 729, 345 347 62% over two steps Right hand fragment 348

OMe M
Me oH 1) TES- CI Imldazole e OF OMe ; Me  OP
£ ) NaOMe, MeOH MeOMO
MeO __O —_— X
2)DHP PPTS M 2) TTCICA, TEMPO
o o DCM, 2h, 56% o
Right hand fragment

346 P=TES 349
P= THP 350

With both the fragments in hand NozakiHiayamakKishi (NHK) NHK reaction
was selected to prepare the criti€aC bondand effect thdragmentfragment coupling
(Scheme 3.11). Unfortunately, when fragments339 and 348 were treated with
stoichiometric CrGland catalytic NiCl in degasse@MSO at rt for 24 h, an inseparable
mixture of diastereomeric allylic alcoholR/§ 351 (dr=1:1.3 was isolated in a meager
15%yield. Many attempts were made to increase the yield, but none were successful.

While the yield of the NHK coupling was low, material was carried forward.
Methylation of the alcohol irB51 with MeOTf and 2,&di-t-butyl-pyridine (DTBMP)
proceeded in 45% yiel&.arious fluoride sources (e.g., TBARF pyriding TAS-F) were
testedto site selectively remove the secondary TES ether in the presence of the tertiary

TES groupandfurnish secondary alcoh853. Ultimately, HF pyridine proved superior.
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Saponification witHLiOH proceeded without incident. During TES deprotectahal 354

was isolatedn small quantities

Scheme3.11 NHK approach towardlbocycline(301)

Me
OTES (o] Me, OTES
} CrCI2, NiCI2

: ES
Me . O Ho+ Me/o X = bl A% MeOTf, 2,6-DTBMP
Y DMSO, RT, 24h DCM, 48hrs, 25 °C

45%

339 348 TES0” 07 Yo

- 1) 2,4,6-trichlorobenzoyl chloride
1) HF-Pyridine, THF DMAP, Benzene, RT, 12 h

0°C, 2hrs

2) DCC, DMAP, DMAP.HCI

2) LIOH, THF: H,0(1:1)

56% (over two steps) Me“\\ HO 0o

R=TES 353
R=H 354

. Attempts at effecting anacrolactonization reaction witB54 under dilute
conditionsled to the formation of butenolidg856 instead ofthe desiredl4-membered
macrolactone. In the Tanner synthesis, the Keck macrolactonization was realized on a 4
O-THP-protected seco acid. Accordinglgeco acid353 was subjected toboth the
Yamaguchi and Keck macrolactonization conditions,dowing the course of the reaction,
the TESether was being removed, apigtenolide356 was isolated as the sole product.

Frustrations encountered with poor fragmiEagment coupling necesated an
alternative approach. It was envisioned that a HewiladsworthREmmons (HWE)
reaction could be used to join the two fragments. Stereoselective reduction of the C7 ketone

andO-methylation would access the natural product.
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To perform the HWE reaan, keto phosphonat@40was required. The synthesis
is shown in Scheme 3.9. Cresetathesisof 337 with methylmethagylate furnished
enoate338 Treatment of338 with lithio methyl phosphonate THF afforded lefthand

fragment3403’

Scheme 312 Endgameo access albocyclin@01)

OTES o ‘? Me, OTHP
P o __0O NaH, THF, 0 °C NaBH,, MeOH
Me - X Yo t*Me” X = >
- O | .
Me Me Me” Me o] 4hrs, 65% 0°C, 60 Min
350 88%
340 dr:1:1
OH OMe
Me Me Me
OTHP OTHP OTHP
/.\Me Me;0BF,, Proton Sponge "\ 1Me TBAF, THF /. me  LiOH. THF: H0(1:1) _
>~ - 12 hrs, 25 °C
DCM, 4A MS, 24hrs, 25 °C 0°c, 1hrs rs
84% 90% . 71%
TESO (‘) o] TESO c‘> o) Me" ? o
Me M M
358 ® 359 e 360

2,4,6-trichlorobenzoyl chloride PPTS, MeOH

+ C7-epi-Albo

Benzene, RT, 12 hrs
DMAP

0°C then RT
12hrs, 65%

32%

Albocycline 301

Righthard fragment350was preparetby protecting the € alcoholas itsTHP
ether withdihydropyran (DHP)and catalyticp-TsOH at rt to yield 346 (Scheme 3.10)
Saponification of thg-anisyl esteB46 gavethe G5 primaryalcohol.Oxidationwith the
DessMartin periodinangoroceededn 86% yield toafford 350.

With both fragments in hand, the HWE reaction was evalu&eekifically,keto
phosphonate340 was treated with 60% NaH in THF to genergtessphonoacetate

followed by addition oldehyde350in THF at 0 °Gn 85% yield.Enone357wasreacted
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with NaBH; in MeOH to afford a 1:1 mixture of diastereomers at thé &cohol358
Methylation of the carbinols/ith Proton Spongeand MeOBF4 gave a sasifactory84%
yield of 359. Next, the TES ether was deprotected with TBAF at,Qof@viding 360.
The next step in the synthesis wasrtiacrolactonizatioevent. To this endgnoate
360 was treated with LIOH in THF: #D (1:1) to access the seaoid 361 Tanner has
already shown in his synthesis that a THP protected macrolactonization is possible.
Therefore, Keck macrolactoni zat izpmducgsd t h DC
THP-protected albocyclin®62 The crude macrolactone was reacted witlisOH to

ddiver albocycling(301) in 80% yield over two steps.

3.3.4 SecondGeneration Total Synthesis of Albocycline

3.3.4.1Retrosynthetic Analysis of Albocycline

To realize astepefficient total synthesis @301, a convergent approadeaturing
robustasymmetric methodologwas needeéf 3°In 2013, the Andradiab demonstrated
thatchiral 2,3indole fusedN-sulfinyl metallodienamines (NSMDs) efficiently couple with
acrylates to afford tricyclic adducts, which were elaboratedAsfmliospermalkaloidsas

shownin (Scheme 3.13%° This method was discusseddapth in Chapter 2.

Scheme3.13 Fused indoléN-sulfinyl metallodienamine@NSMD) reactingwith acrylates

9 r (PI 1t (I)I
Ir\rs”'t-Bu HaNS s +8u”S"NH
©\_/< LiIHMDS C i/ TTTTTe-b--_Ety__COyMe /,,Cone
| e ¥ T —_— Et
N THF, -78 °C N N
SO,Ph B SO,Ph 1 SO,Ph
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It was reasonedhat acyclic variants thereof could also be competent chiral,
nucleophilic synthons for fragmefragment coupling reactions with aldehydes. In
addition, theN-sulfinyl moiety in the product could be uspbductivelyin a regie and
stereocontrolled oxidation witN-sulfonyloxaziridineqi.e., Davis reagents) to access the
tertiaryC-4 alcoholin 301 Previously, this was realized using Sharpless (SAD) chemistry.
While powerful, the firsigeneration approach was not sefficient.

In a retrosynthetic sae, it wasenvisionedthat (- )-albocycline 801) could be
assembled from lethand C7 C13 fragmenB69 N-(S)-tert-butanesulfinylimine371, and
trimethyl phosphonoaceta&7 shownin Scheme 3.14Keck macrolactonization of an
appropriately protected seeaid, a tactic used by Tanner and Somfai in their synthesis of
301, would access the Ifhiembered rigl” 4 N-Sulfinyl metalloenamines, studied by
Ellman and derived from the metalation of enolizableulfinyl imines#* 43 efficiently

addto Michael acceptors a 1,4fashiorf* and aldehydes in a +fashion?

Scheme 314 Retrosyntheti@nalysis of(- )-albocycline (301)

OMe

o
PhO,S—NZ

P(O)(OMe), Ph

Accordingly, it washypothesized a vinylogous variant i.e., NSMD derived from
371, could react at its C6 terminus with the C7 aldehyde 269 in a regic and

stereoselective manner to prepare thec@binolin a convergent fashion. Subsequent
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metalation and reaction with the Davis oxaziridi{375*° could serve to regioand
stereoselectivelyaccess the tertiarycarbinol at C4. HorneWadsworthEmmons
olefination would stereoselectively deliver tHe)-enoate precursor to theprepare the

requisite seco acid.

3.3.4.2Forward Synthesis of Albocycline

The synthesis of-()-albocycline 301 started with he preparation of lefhand
fragment369 (Scheme 3.15)To this end, commercially availablB)¢methyl 3hydroxy
butyrate(363) was subjected tthe Frater alkylation (>2quivLDA, Mel in THF/HMPA)
to furnishanti-aldol 364in 82% yield (>95:5lr) andestablish C12 and C13 stereocentérs.

After screening, various protecting groups for the-13 alcohol, thep-
methoxybenzyl (PMB) etheemerged as the bes®ilyl ethers (e.g., TES) were not
compatible with the vinylogous aldol reaction of NSMDs due the use of stoichiometric
Lewis acid during preomplexation to the aldehyde.

The synthesis dPMB ether365 wasrealized withPMB trichloroacetimidateand
catalytic La(OTf} in 80% yield (Scheme 3.15) Ester reduction with DIBAIH gave
primary alcohoB66, which was themosylatel with TsCl and EiN in 81% yield over two
steps.Allylation of tosylate367 was accomplished witiMEDA and allyl magnesium
bromideto deliver368in 84% yield3° Crossmetathesis a368with methacrolein (&quiv)
and 5 mol% of the Hoveyd@rubbs 29 generation catalyst (H®) furnishedleft-hand

fragment369in 90% yield 3!
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