Studiestowards Selective Synthesis of Resveratrdlased Oligomeric Natural Products

Yunging Lin

Submitted in Partial Fulfillment of the Requirements
For the Degree dboctor of Philosophy

In the Graduate School of Arts and Sciences

Columbia University

2012



a 2011
Yunging Lin
All Rights Reserved



Abstract
Studiestowards Selective Synthesis of Resveraltrased Oligomeric Natural Products
Yunging Lin
Chapter1l. Recent synthetic approaches towards the resveratrol family of oligomeric natural

products

This chapter outlines some of the past and present efforts in the field of resvsaaadl
oligomeric natural prduct synthesis. @&h biosynthetic approaches and stepwise synthetic
approaches are discussedpresenthe current level of understanding regardihg controlled
synthesisof these moleculem order to place the studies described in chapter 2 and 3 in better

context

Chapter2. Development of a general synthetic method towards different dimeric structures of

the resveratrol family

We have developed a general approach to achselective synthesis of the major
dimeric architectures within the resveratrol familjth the use of a uniquekey common
intermediatepossessing three aryl ringSyntheses of three subclasses of resveratrol dimeric

structuresare reported.

Chapter 3 Synthetic eforts towards dihydrobenzofuragontaining higher order resveratrol

oligomers

Finally, this chaptedescribesur current studies towards more complex members of the
resveratrol family. Aconcise approach for dihydrobenzofuran ring installation on the seven

menbered carbon framework of resveratbalsed oligomers is reporte@ihe formation of 7,5



fused ring natural product coresa Friedel Crafts cyclizations provides controlled access t

some of the highly complex architectureishin the resveratrol family.
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Chapter 1

RecentSynthetic Approachestowards the Resveratrol Family of Oligomeric Natural

Products



1.1Introduction

In 194Q resveratrol(1) was identified in the roots of a Japanese plant called white
hellebore Yeratrum grandiflorum O. Log$y Takaokd Since then, this relatively small natural
product has been isolated from more than 72 different plants around the world, including various
Dipterocarpaceaespeciesin Southeas®sia and Chinaandgrapevines fromNorth America,
Africa, and Europé In nature plants produce resveratrgl) to enable their survival, with this
molecule beinga phytoalexinto fight infections caused by bacteria or fuR@ver the past
several decades, this small moledudes drawn great attention from the scienttfsenmunity for
its impressive antinflammatory, cardiovascular protective, aaging, and tumor suppressant
activity shown in bothin vivo andin vitro analyse$. For instance,asearch hashownthatthe
nonstabilized radicals generated froincould selectively inhibit both catalytic activities of
COX-1 (Schene 1) involved in prostaglandsynthesiswhich isunique in comparison tother
nonsteroidal antinflammatory drugs (NSAIDxurrentlyin clinical usesincemost of themare

COX-2 selective’

Scheme 1. Mechanism of COX-1 inactivation by resveratrol.
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Alongside with 1, a large family of stereochemically diverse reseverdiasied

oligomers(such ast to 15) arealso produced by plants to fight environmental stf&as date,



several hundredistinct natural productslerived fromresveratrol as synthetic building block

have been isolated dameported. These structureimclude a wide range of complearbayclic

and heterocyclic systems, and they gisssess powgr anti-oxidant capability andhteresting
biological activities that includes antifungal, anticancand HIV-inhibitory properties For
example, one resveratroltt@mer, vaticanol G12), has marked tumor activities against colon
carcinoma cell linesvith potency levels much higher than resveratidl({Csp= 3. 0 &€ M and
eM in HL60 and SW4 8 0° Furthériorel drefinginary screens have shovinv e |y
that 10 acts through an apoptosigducing interaction with mitochonidit proteins diectly,

which isunique from many other apoptosislucing chemotherapeutics in clinical use such as
etoposide and camptothecidnfortunately despite all the promising early findings on these
compounds guch a¢l to 15), no extensive biological studies have been performetthisriarge

group of natural products and their analogues. One of the main reasons that limit such scientific
explorations is the inability of synt hetic
oligomers in large quantitie$herefore, to develop a concise and general synthetic route towards
these compounds has remained a keen interest in the synthetic community over the past decades
and a considerable amount of prior work has been done snfi#id via both biosynthetic
approaches and stepwise synthetic approaches. introductory chapter will outline some
previous effortshroughselected examples ithe two areas mentioned above in order to place

the solutions developed during the course of the research descriBbdpter 2 and 3 in better

context



Figure 1. Selected members of polyphenolic natural products believed to arise from the union of resveratrol monomers.
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1.2 Biosynthetic hypothesis

In nature, the synthesis oésveratorall) in plants involves four enzymes that act at
different stages of thieiosynthetic pathwayphenylalanineammonia lyase (PAL), cinnamic acid
4-hydroxylase (C4H), 4coumarate:CoA ligase (4CL) and stilbesgnthase (STS§ The
biosynthesi®f reservarol starts witthe amino acid phenylalanin€he first two enzymem this
reaction seriesPAL and C4H,convertphenylalanine into ygoumaricacid (4coumaric acid),
which then is attached tto the pantetheine group of Coenzykeby 4CL to poduce 4
coumaroyCoA. Finally, STScatalyzes théerminatingcondensation of resveratrdl) from one
moleculeof 4-coumaroydCoA and three molecules of malof@bA, which originate from fatty

acid biosynthesis.



Although resveratroll) is known to bdahe produt of an enzyméased synthesis, how
the dimeric and highesrder structures ameonstructeds still uncertain Often, radicakeactions
are expected to be involved in the synthesis of resveratrol oligomers. Scheme 2 shows a
proposed biosynthesis foBviniferin (18). Although many radicals can be formed from
resveratralthis propsal only shows reactivity of two possibilitieBhese tworadicalsunite to
give 17, a materiakthatundergoes rearomatization and phenol attack onto the remainiranguin

methide to afford the desiredmpound™

Scheme 2. Biosynthesis of e-viniferin (18) from resveratrol.

18: e-viniferin

1: resveratrol

Sotheeswaran et ghroposed that resveratroligomers can be classifidiogenetically
into two groups) andll, depending on whether they have dihydrobenzofuregs (groupl) or
not (group I1).** In groupl compounds, the dihydrobenzofuraimg of the final targetis
attributed to that ofdviniferin (18). Scheme3 shows one selected example ofplausible
biogenetic pathway of graul resveratrebased tetragrsbased on this notigone thainvolves

coupling oftwo Uviniferin (18) molecules



Scheme 3: Plausible biogenetic pathways of Vitisin A from e-viniferin (18).

e-viniferin
(18)

HO
23 24: Vitisin A

The group Il polyphenolsby contrast,are proposed to béormed directly from
resveratrol monomers witholitviniferin (18) being an intermedian®ne proposed mechanism
involves a stejoy-step coupling of three resveratrol unita hypotheticakadicals Examples for
this group areseen in the biogeneses of the trimstesmonoporo(28) and copalliferol A (29)

and fromtrans-resveratrol (Schem#).*?

Scheme 4. Plausible biogenetic route for stemonoporol (28) and copalliferol A (29).

29: copalliferol A HO 28: stemonoporol



1.3Biosynthetic approaches

One major challenge to synthesize resverabased oligomerghrough biosynthetic
approachess to achieve high control in rexl positioning since varied resonance alternatives of
the resveratrol radicatan kad to many different productdlost past endeavors towartise
synthesis of resveratrol oligomers have followed bimatic design stratges and have
encountered thishallenge in their endeavors 1977,Langcake and fiyce first reportedtheir
effortsto dimerizeresveratrol molecules through exposurel ¢d horseradish peroxidase in the
presence of kD, (Schemes).*® Along with recentsimilar experiments conducted by Sako and
coworkerswho usedsingleelectron transfer reagen(&s[Fe(CN)], Ag', Cu, Cu, and M
derivatives)as radical initiatorst n o d e sviniferim ¢18) Was ever characterized from all
theseattemptsin all cases, nomatural analo@3, which can be formeldy uniting the G and G
centered radicals of the most readily oxidized phenol withimasobtained as the predominant
product and characterize®f course experiments of this typdid not resultin quantitative
yields, and many other productsedides33, can be fond within the reaction mixtures, though

the identity of these molecules has not been determined.



Scheme 5. Attempts to dimerize resveratrol (1) directly usually result in non-natural analogs of resveratrol dimers.
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N i wsagéoup reported the biotransformation (with help of horseradish, soybean, and
fungus peroxidase) and chemical conversiorolggostilbenes and resveratrol. this study
resveratrol was treated with several kinds of peroxidases and inorganic reagents so as to prepare
Uviniferin (18).2° Among severalnorganic reagentghallium(lll) nitrate in methanoét i 50 'C
gavet h e d eviifering1®) inU68% vyield based on recovered starting materkawever,
only 30% of the starting material was consumed during the course of re@ntitimeother hand,
no peroxidasesested in their experimengsovidedU viniferin (18), buta mixture ofsomeother

stilbenedimers such a3, pallidol (9), andleachianolF (34), wasobtained'®



Scheme 6: Chemical/Enzyme-induced oxidative dimerizations of resveratrol.
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Moreover, the only other known example of oxidative coupling of resverattpltq
g e n e rvnifedn (18), with a moderate igld of 30%,was reported by. i n & s, wipicho u p
descibed thechemicalinduced dimerizatioly means oimethanoland a oneelectron oxilant

(FeCk-6H,0, Scheme7).*’

Scheme 7: Synthesis of e-viniferin (18) from resveratrol (1).

HO
O FeCly*6H,0
| OH  MeOH
O (30%)

OH
1: resveratrol

All the studies mentioned above have shown that biosynthetic approaches to resveratrol
oligomerization starting witll are extremely difficult to achieve in a controlled and selective
manner and the dominant product of such type ofvastigdions often result in an
analogstructural isomer of a natural produdtus, more recent efforts haghifted towards
using resveratrol derivatives to address thallenge of controlled radical generatiof the

resveratrol framework-or exampleHou and his cavorkers utilzedbulky t-butyl groupson the



10

resveratrol framewvork to favor a regioselective coupling reactidretween the @entered
radicals of thegpara-disposed phenoln this casethe treatment of modified resverat@s with
horseradish peroxidase (HRP) angO:lin aqueous acetone gave the desired coupling product
(37) in 35% vyield. Subsequently, thé&butyl substituents were efficiently removed from the
substrate through exposure to strong acid to complete first total synthesis of quadrangularin A
(38) in 11 steps® This strategy demonstrates the protective powet-taftyl groups on the
resveratrol s&leton for the alternative reactive positions upon radical generation to ensure

regioselectivity of the coupling.

Scheme 8: Total synthesis of quadrangularin A (38) via a resveratrol derivative.

Horse radish
peroxidase,
H20,

acetone/H,0 t-Bu HO

25°C
o~ _)

1) Al,O3, benzene,
23°C;

2) AlCl3, CHyNO,, Ho
toluene, 60 'C

(81%) tBu

38: quadrangularin A

More recently, this approach has been applied to the synthesmhef naturally
occurring oligostilbenes, such agneafricanin F 40) and gnemonol M 41).'° Here, the
regioselective, oxidative coupling oftért-butylisorhapontigenin39) catalyzed by FeGI6H,O
was used as the key synthetic stelowever, whether this method can be applied to other

stilbene core structures stidquiresfurther investigations.
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Scheme 9.

® (169% el from 59 (16% pird trom 39

Another example along the same 8meas performedyV el u 6 s gexamingd thevh o
reactivity ofpartially protected form of resveratngpon oxidation usingn efficient one electron
oxidant®® In their study, methyl ethers were used to mask two of the thy@xyl groupsin
resveratrol42), leaving only theparadisposed phenol free for radical formati®y. looking at
dimerization of42 with the aid of different metal oxidants in different solvent systems, stilbenoid
oligomers with totally different carbon skeletons were obtained, revealing very interesting
reactivity (SchemelQ). For instance, whe#2wast r eat ed wi t-hinifekig<Redeton t h e
(43) was obtainedand a solvent effect was observed: when the reactasicarried out in
CH.Cl,, the yield was roughly twice the one obtained fr@Gid,Cl,/MeOH (2:1 v/v).On the
other hand when the same startingpmpoundwas treated with FeGI6H,O, the reaction
outcome wadlifferent for eachsolvent: protected ampelopsin Bgj and pallidol 45) were
formedonly in CH,Cl,. The addition of methanol to the=Ck-6H,O/CH,CI, mixture gaveise to
a new tricuspidatoA analogue(44). One explanation for the differences ri@activitieswith
different oxidantsis that AQOAc is a soft Lewis acidhat tends to form complexes with the
olefinic bridges of stilbenesvhile F€* species ar@ard Lewis acid that preferto interact with
the oxygen atoms of the phenolic groups addition,the solvent effect can be attributed to
Me OH6s ability to s ol yOamoleculssifronvFe@6HO compleaes.d di s p

In generalthe biomimetic dimerization of stilbenes by means arieelectron oxidants usually
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leads to low yields of dimeric productsth low selectivity, and most compounds formed from

such reaagbns are not natural products.

Scheme 10. Attempts to dimerize partial protected form of resveratrol (42).
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HO CH,Cl, or
CH,Cl/MeOH
(7:3)

‘ OMe (18-36%)

FeCly*6H,0

CH,Cl,/MeOH
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(29%)

FeCly+6H,0,
CH,Cl,

HO

45: protected pallidol 46: protected ampelopsin F
(10%) (7%)

Another piece of pioneer work in the fieldf biomimetic approach towards
oligomerization of resverarol was conductedthe Niwa group, who adopted the concept of
looking at a higheprder structuren this family, especiallyQviniferin (18), as a alternative
starting groupfor the preparation of many dimeric cares$n this case, theyiseda a non
selective, acigcatalyzedrearrangement reactidon obtainampelopsin B(8), ampelopsin D),
isoampelopsin DH0), and ampelopsin F7] along with several otheside products in differing
amounts(Schemel1).? In the case of path a, the reaction starts with the protonation of the
double bond, followed by cyclization to form a seveambered ringo give ampelopsin Bgj.

In the cas®f pathb, an acidnitially protorates the oxygen atom on the dilhgbenzduran ring
an event whichs followed by nucleopttic attack of the double bond.hEn, afive-membeed
ring intermediate is formedlo prepareboth 6 and 50, the subsequent deprotonation of the

intermediate gives the natural produtb obtain7, the second nucleophilic attack of the double
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bond against the intermediate and the subsequent deprotonatiothgigdésenzobicyclo[3,2,]

octadieneskeleton.

Scheme 11. Acid-catalyzed rearrangements of e-viniferin (18).

acid
source
[

H
> pathb

8: ampelopsin B OH

6: ampelopsin D 50: isoampelopsin D

Anotherexample of using}viniferin (18) as astarting compound for oligomerizatida
synthesize higheorder structuresvas also presented by the Niwa grddpHere, 18 was
oxidatively coupled with resveratrol)( underthe action ofhorseradish peroxidase (HRP)
acetone to form davidiol A54), which is a resveratrol trimer with a fused-Bjbyclic system.
Although the reaction gave a slightly better yield of 2wW#en te coupling resveratrol partner
was protectedcomplicated mixtures containing many other natural products ancahptoduct
analogs were formedn contrast, when treating only resveratrol with HRP, neitheniferin
(18) nor dividiol A (64) wasfound. As one can see from the examples aboe&csvity and

control still remain a majochallenge in building resveratrbased oligomers frorviniferin
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(18), but their studyhighlights an intriguing idea thdt8 might be the real building bloctor
many of the higheorder structures of the familyn naturesince other family members that

cannot be synthesized from resveratrol directly could be derived from this dimeric structures.

Scheme 12. Total synthesis of davidiol A starting from e-viniferin (18) and resveratrol (1).

Horse radish
peroxidase,
H20,
= ag. acetone
RO O OR (R=H, 1.1%)
(R=Me, 2.7%)
18: g-viniferin 51 52 53: R=Me

54: R = H, davidiol A

As a final count besides radicathemistry, catiofbased dimerizéons of stilkene
derivatives have also been explar&themel3 shows one example in this field carried out by
the Aguirre group” The stilbene derivatives with a general struct&& (inderwent retrdRitter
reactionsto regioselectively generateationsto promotecyclodimerization to afford various
indane §9) and tetralin §0) ring systemssimilar to the resveratrol familyUnfortunately
application of this method tappropriatelyfunctionalized resveratrghenols has not yet proven

effective b give the same carbon skelett@ading usually to tealin products.

Scheme 13. Example of cation-based dimerization of stilbene derivatives.

R Ethyl poly-
NHCOR phosphate

80°C,8h

Retro-
Ritter
reaction

58 59 60
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1.4 Stepwisesynthetic approaches

In recent yearsstepwise gnthetic approaches have gained poputaamong the
synthetic community for resveral oligomerization since most biogenetic methods ehav
provided inefficient resultsHowever, those methods usually are specifically tailored towards
one or two structure subsets of these natural products in order to achieve controlled synthesis.
The syntheses selected in this section are categorized based on different moleculauagshitect

possessed by the targeted natural products.

One exampleto prepare the indarmontaining resveratrol dimemgas presented by the
Sarpong groupin 2009%* who useda Pdcatalyzed Larock annulation to provide expedient
access to a subset of resverattetived natural product§Scheme14). Starting from a
brominated permethylated resveratr®®)( a Hecktype cyclization cascadéetween6l and 62
afforded indeneb4 in 53% vyield, which is an oxidized form gfuadrangularin A38). Then,
oxidative cyclization 064 using iron(lll) chlorideprovided pentalené5, which possessethe
core for pallidol 9). In addition,a Larock pentannulation betweentyomobenzaldehydes58)
and61 provideda 11 mixture of66 and67, which could bdransformed to paucifloral ) via
hydrogenation and globadleprotection.This synthetic sequence is highly convergent and
proceeds in three steps from tolaéte and bromobenzaldehyd8. This simple and efficient
method could potentially be applied to synthesim®re complex, functionally diverse

resveratrobasedanalogues.
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Scheme 14. Use of palladium-based reactions to synthesize resveratrol-based cores as well as paucifloral F (4).
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63
A more recenexample in the field of indareortaining resveratrol oligomersynthesis

was reported by the Sun grotiwherein a concise synthetic strategy involving an intermediary

2-arylchalone §8) was used to prepare quadrangularin(38) and pallidol (9) starting from

commerciallyavailable 3,5dimethoxybenzoic acidAs indicated inScheme 15, a Lewis acid

catalyzed\azarov cyclizatiorof 68 afforded thetrans-2,3-aryl indanone&9 in 85% yield Next,

in order to install the olefin functionality in the molecule RambergB" cklund olefination

sequence wagerformedto provide the permethylated quadrangularin7®)(which could then

undergo hydroboration/oxidation, intramolecukaiedel Crafts alkylationand deprotection to

complete the total synthesis of pallidd).(One important note regarding this synthesis is that

this sequencéllowed the studie presented later i@hapter 2, ands predicateco n our gr oup

discoveries.
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Scheme 15: Total syntheses of quadrangularin A (38) and pallidol (9) via Nazarov cyclization,
Ramberg—Backlund olefination, and Friedel-Crafts alkylation.

M
0 O OMe
| O BF3+Et,0
Meo O OMe 25°C.40h
o) (85%)

OMe

OMe
68

OMe

Ramberg—Backiund
olefination

1) BHgeTHF, THF

25°C, 18 h
2) NaOH, 30% H,0,
N /
2,805,0C
(81%)
BBrs, CH,Cly 5 BBrs, CH,Cl, 20%
0°Cto2s°C ah| (% 0°Cto25°C.8h| (7%

9: pallidol 38: quadrangularin A

Another different synthesiswas conducted by Kim and Chod access the seven
membered carbocyclic ring systemwvithin the resveratrol family, such akoreaphenoand
malibatol A (Scheme 16Y° Aryloxyketone 72 was chosen as the starting compound, and a
regioselectiveBi(OTf)s-catalyzed cyclodehydration provided ready access-doylBenzofuran
(73). To introduce araryl group at the C2 position of theenzofurana Pd-catalyzed direcCi H
activation of benzofuran and subsequent comagpling with aryl halide was sucssully carried
outto provide74. Next, a CoreiyChaykovsky protocol for the synthesis of epoxide was adopted
to furnish thetransepoxide 75, setting the stage for the following sewaembered ring
formation. Finally, a stereoselective epoxide ring openiig nucleophilic attackby the
neighboring aromatic groupatalyzed by Bi(OT§ was implemented to construct the seven

membered ring within theargeted natural produc(g6 and77). This final Ci C bondformation
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representsa possiblemechanismf o r N darmatioe 6f seveirmembered rings within the

family.

Scheme 16. Synthesis of a permethylated form of shoreaphenol and malibatol A based on two key Bi(OTf)3-catalyzed reactions.
MeQO
Me Br@-OMs
° W
o
BI(OTh; Pd(OAC),,

_— KOAc
MeO,C O MeO,C — ROAc
CH,Cly, A 2 DMA, 80 °C
OMe  (88%) O (65%)
MeO

MeO OMe

Dess-Martin
oxidation Bi(OTf);
(74%)
OMe

MeO OMe MeO

77: permethylated shoreaphenol 76: permethylated malibatol A

In addition to the example described above for the polyphenolic benzofuran formation,

Chen and his cavorkers recently reported generalstrategy for the synthesis of hexacyclic
dimeric resveratrol polyphenolic benzofurans and its application to the gptdhesis of
malibatol A 81) and shoreaphend?).?’ As shown inScheme 17, with benzyl eth@Bin hand,
the formation of the benzofuran ringroceeded very smoothlthrough its initial benzylic
deprotonation (LITMP), followed by an intreolecularcyclizationand subsequentehydration

to deliver pentacyclic benzofuraid) . Next, epoxidation of stilben@9 under the bromohydrin
protocol (NBS, NaOH), followed biyeatment of the resulting epoxid&0) with BBr; resultedn
the concomitant cyclization and global demethylation as apoherocess to afford racemic
malibatol A 81) as a single diastereoisomer in 20% yield. Finabydation of malibatol A §1)

in the presence of PDC afforded shoreapheB@)l \ith a modest igld of 46%.0ne note worth

mentioning here is that the epoxidpening step with BBrto form 81 still requires further
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investigation to confirm and fully understand the rationale behind the stereoselectivity as

oppositestereochemistry was observed wisenilar reactions were performed in daboratory

Scheme 17. Total synthesis of malibatol A (81) and shoreaphenol (82).

MeO
MeO fo)
OMe O Y O OMe

MeO. o a) LITMP, THF, 0°C, 2 h
b) p-TsOH+H,0, CH,Cl,,

23°C,1h OMe
OoMe ——M8m———

X

N
(87%)
© O OMe
OMe

78 79

NBS, DMSO/H,O (5:1). 0 °C, 0.5 h; | (7595
NaOH, PhEtsNCI, Et,0, 23 °C, 2h

MeO o
I
(o)

BBr3, CH,Cly, -78 °C OMe
t023°C,2h
(20%) O OMe
OMe
81: malibatol A 80

PDC, THF,
-78 °Cto (46%)
23°C,1h

82: shoreaphenol

The final synthesis listed in this chapter targeted a completely different set of resveratrol
based natural productsopeanol 90) andhopeahainol A&9), which are two unique member
within the resveratrol family with modest antitumor activity profiffs. A biosynthetic
hypothesis proposed by tliolation chemistgpostulated the hopean®3) as the precursor of
the hopeahainol A82) as hese twacompounddgiffer in terms of their aryl oxidation patterning.
The first total synthesis of these two natural products was first reported by Nicolzua@d
coworkers in 2009Scheme 18§° Starting from the benzylic alcohd3), a number of reactions,

including esterification Grignardreaction and deprotection of the TBS group, transformed the
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starting compound intbydroxy ester &4). Treatment o84 with p-TsOH in CH,Cl; initiated an
intramolecular FriedéCrafts reaction to afforthe rearranged polycyck&6. Then,exposure of
t-lactone86 to KOtBu in THFled, upon quenching with aqueous MH solutiontoo | ef 4 ni ¢ 9o
lactone88. The mechanism for this process vaaGrobtype fragmentatiottactonizationcascade

The final stages of the synthesis invohatkepoxidation of the resulting olefin withCPBA and

an intramolecular FriedeCrafts reaction, followed by oxidation to afford, upon global
deprotection, hopeahainol A89). Despite a hypothesis thakefined hopeanol8@) as the
biosynthetic precursor to hopeahai#ol89),*°the latter was converted under basic conditions

(NaOMe in MeOH)}o hopeanol90) in 80% yield

Scheme 18. Nicolou and chen's synthesis of hopeahainol A and hopeanol.

OMe

- @
OMe OMe
OMe OMe  {OMe

@ O O e O O
HO, |/‘
(o)

_

OH —~ o ! OMe
oM O S
TBSO OoTBS  TBSO otBs ¢ HO OMe

90: hopeanol, R = CO,Me 89: hopeahainol A 88

1.5Conclusion

This chapterhas outlined two main approaches towards total synthesis of resveratrol
based oligomersResveratrol and ithigherorder structuresre particularly interestinglue to
their unique structures andhpressive biologicaproperties as evidenced ligcentresearch

results on their chemistry and biologyAlthough biomimetic studies have offered very
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interesting insights into how resveratrol oligmerization happens in nature, achieving selectivity
using these methods is still a major challenge that requirdsef explorationDeveloped around
different appropriate building blocks that asmotefrom resveratrol itself, stepwise synthetic
approaches have started to gain more attention, and have provided controlled and selective
synthesis towards certain meenb of the family.Despite all these successes universal
approach to acceshverse carbogenic complexity within the resveratrol clasgill neededas

dozens of different strategies are required to cover the entire family if only targeting individual
subclassone by one. Over the past five yeasremendouamount of researcéffort hasbeen
devoted by our group to develop a genenathod toselectively synthesize varisuesveratrol
oligomers withdifferent molecular architectures. The next two chapters will outline part of the

studies carried owvithin our polyphenol research program.
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Chapter 2

Development of aGeneral Synthetic Method towards Different Dimeric Structures of the
Resveratrol Family
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2.1Introduction

As discussed in Chapter 1, most attempts to date to prepare resvmagololigomers
have derived from strategidsased on their proposed biosynthesis (Schemé Radical
generation from singtelectron transfevia various chemicals or enzymes in nature is expected
to promote formation of one or many higleder structures in the family. Unfortunately,
biosynthetic approaches often result in low yields of oligomerization with low selectivity.
Moreover, in cases whe some selectivity has been observed, the dominant product is typically
the nonnatural product analo@), which can be obtained by uniting the oxygand carbon
centered radicals of the most readily oxidized phenol within resverajblAlthough a otal
synthesis of quadrangularin A)(was achieved in 35% yield through a highly engineered
resveratrol analog by the Hou group, it still could not offer a general solution to access the
diverse carbogenic frameworks of this group of natural produictsaddition, catiorbased
polymerization of functionalized resverattmhsed phenols has not been reported to successfully
provide the correct natural product structures in a controlled mani@m. the other hand,
although stepwise synthetic methods haveeghmore and more attention towards this family of
natural productsn recent years, they usually are designedatgetonly one or two structure
subsets of these molecules in order to conquer the selectivity problem presented in biomimetic
synthesig. Thus, dozens of different syntheses would be required to prepare the entire family.
Prior to our work, no solution had been reported to selectively afford most dimeric or any higher
order structures in the resveratrol family. The development of such asoWw#s our main

objective.



Scheme 1. Selected previous attempts to synthesize resverarol-based oligomers.
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8: quadrangularin A

Much like all the previous work this field described in Chapter We started our quest

towards resveratralligomerization using protected forms of resveratidlas starting materials.

Although our proposed ideas to dimerize two resveratrol analog units appeared reasonable at first

glance, all attempts in our laboratory failed to form the first cadasbhonbond between the two

molecules. Scheme 2 shows some selected key approaches we carried out. Unfortunately, these

efforts only led to loss of the bromine handle without productiv€ @ond formation.
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Scheme 2. Selected examples of attempts to dimerize resveratrol analogs.

OMe OMe
Pd(PPh),
Et;N, DMF
‘ _— ‘ OMe + | OMe
Br 140 °C
RO ‘ PivO RO ‘ PivO ‘
15

14: R = Piv, Bn 15 16: R = Piv, Bn

a) Heck coupling reaction

OMe

b) Lithium exchange/nucleophilic addition
OMe

n-BuLi, THF
-78°Cto23°C
e —M8M—————»

14:R = Piv, B 17 16:R=Piv,Bn 17
Given the results presented in the literature and these failures of our own, we concluded
that dimerization of resveratrike structures to achieve selective oligomer synthesis would be
quite challenging without any of the chemicals or enzymes thatbmagvolved in catalyzing
such transformations in natuf@ssuming that nature even has controlled synthesis as aAmal)
such, we hypothesized that a different building block, one more structurally removed from
resveratrol 1), was required in this case address the problems faced in attempting to control
multiple reactive sites through biomimetic pathwhyshus, we examined every structure
isolated and characterized within this class to look for any general patterns that might serve as a
potential cle for the proper alternate starting material and synthetic approach. After intensive
study, we noted that one interesting feature that resides in a few natural pradic28) is the

number of aromatic rings (Scheme 3).
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Scheme 3. Selected examples of the simplest natural products of the resveratrol family.
HO
{ )-on
o . o
HO O O
O

18: paucifloral F 19: hemsleyanol E 20: diptoindonesin D

H

OH

HO

1: resveratrol

0.
Q..
I

OH

21: ampelopsin D 22: ampelopsin F 23: pallidol
For instance, in contrast to most structures that would appear to be generated from direct
resveratrol oligomezation, diptoindonesin D2(Q) and paucifloral F X8) possess only three
aromatic rings instead of four. In ta@ number of natural products in the entire class have three,
five, seven, and even nine aryl rings. Although these odd numbers of aromatic rings in nature are
likely formed from degradation of normal resveratbaked oligomers [paucifloral B&) could
resultfrom cleavage of the lone alkene within ampelopsir2D), (for example], they inspired the
idea that perhaps an alternate strategy to synthesize these compounds would be to build them up
in a more stepwise fashion through the addition of singleriays onto resveratrollj. Based on
the above observation, we proposed a key building block with three aryl rings arrayed around the
same core structur@4) which we hoped could be used to gain controlled access to the structural
complexity of the ente family through judicious choice of reagents (Scheme 4). In this structure,
the resveratrelike B ring and theC ringcan be modified and coupled with additional functional

groups to provide a wide range of precursors to different family members. Xhesaeweral
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sections deescribe our exploitation of this synthetic design to uncover numerous diverse dimeric

architectures.

Scheme 4. Proposed universal three aryl ring precursors capable of accessing a diverse range of structures in the resveratrol family.

18: paucifloral F 19: hemsleyanol E 21: ampelopsin D 23: pallidol

2.3Preparation of building blocks and total synthesis of indandased members of the
resveratrol class
2.3.1 Preparation of the building blocks

Scheme 5 shows a general approach for preparation of the key intersadtatipated
to access the carbogenic diversity of the resveratrol family at the dimeri® Bteeting from
3,5-dimethoxybenzaehydeor 3,5dimethoxybenzoic acid2f), hydride reduction with NaBH
or LiAIH4 provided the corresponding benzyl alcohol, which was followed by Br replacement
(S\v2), aromatic brominatiofby electrophilic aromatic substitution), and phosphonate formatio
(26). Then, the first CC bondforming event in the synthesis was achietiesugha Horner
WadsworthREmmons olefination between the phosphon2& énd a selected aldehyde to give a
stilbene derivative 7). Finally, nucleophilic additionof the lithiated form of27 to an
appropriate benzaldehyde derivative led to the desirdzermylic alcohol 28). Within this
whole sequencehe following points are notable: 1) all the intermediates listed in Scheme 5
(compound®9-31) were prepared ihigh yield even when conducted on scales of up to 50 g; 2)
no chromatographic separations were required for any of the steps, with a final crystallization

being all that was needed to access the desired intermediates in pure form.
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With this triaryl intemediate in handpur hope was that exposure @8 and its

derivatives to various electrophiles (bromine, oxygen, and proton) could enable the controlled

generation of the diverse carbogenic cores possessed by the natural products

resveratrol family

Scheme 5. General approach to key intermediates (29 - 31).
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25 26 (OFt): 27 SNF 28
OMe OMe
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OMe OMe
x. OH x. OH x. OH
O MeO O OMe O OMe
OMe OMe
29 30 31

Reagents and conditions: (a) LiAlH, (2.5 equiv), THF, 40 'C, 2 h; (b) PBr; (1.0 equiv), pyridine (0.05 equiv), Et,0, 40 “C, 3 h, 93% over

two steps; (c) NBS (1.0 equiv), CH,Cl,, 0 °C, 1 h, 95%; (d) HP(O)(OEt), (2.0 equiv), KHMDS (0.5 M in toluene, 1.8 equiv), THF, 0 °C, 15 min,
then add substrate, 25 °C, 12 h, 91%; (e) KOt-Bu (1.0 M in THF, 1.0 equiv), THF, -78 “C, 20 min, then A (0.95 equiv), -78 'C, 1 h, then 25 ‘C, 12
h, 94%; (f) n-BuLi (1.0 equiv), THF, -78 °C, 20 min; then B (1.0 equiv), -78 -25 °C, 4 h, 83%.
NBS = N-bromosuccinimide, KHMDS = potassium bis(trimethylsilyl)amide.

Total synthesis of indanebased members of the resveratrol class

within the

To test this hypothesis with common intermedia28s we targeted several indane

containing resveratrol oligomers. Our initial efforts involved exposure of theseebiylic

alcohols to variou8rgnsed and Lewis acids. As shown in Scheme 6 using intermegtater

illustrative purposes, we believed that treatment wiid would initially activate the alcohol to

generate catio32 followed by a regiodective cyclization by the double bond to aff@& the

aryl rings on the newly formed fivmembered ring were expected to be arrayed tra@as

fashion to minimize strain builip in the transition state. The resultant cation could be attacked

by t

he

aci

dos

nucl eophi | icated ddSohemegba & vBumberacs e

different nucleophiles could be installed onto the indane ring system; for instance, exposure of

29 to stoichiometric BiG{ or BiBr; enabled the direct introduction of halogen atoms on the five

di
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membered ringn good vyield (~8%). On the other hand, if an acid with a frarcleophilic
counterion was used, the addition of a different nucleophile can intercept the sequence at cation
33 prior to its b-elimination to access different cyclic products. Interestingly, thidization
required a stoichiometric amount of a proton source or a Lewis acid, as no reaction was detected

when catalytic amounts of the reagents were used.

Scheme 6. Acid/Lewis acid catalyzed cyclization to form the 5-membered ring structures (34,35).

OMe
MeO. OMe MeO. OMe OMe MeO OMe OMe
OGS ® ®
OMe_H™/ Lewis Acid . PATHA .
X OH e OMe Nt OMe
OMe OMe
OMe

29 32 33 . 34
PATH B\ Nu~
Table 1. Path A to 34 - Acids/Lewis acids with nucleophilic counterions MeO. OMe OMe
Entry Conditions Results O
1 TFA, CH,Cly, -78 °C t0 -20 °C, 12 h X =0(C=0)CF3 OMe

PTSA, CH,Cl,, -78 °C to -20 °C, 8 h X =OH N
BiClz, CH,Cly, -78 °C to -20 °C, 2 h X=Cl
BiBrs, CH,Cl,, -78 °C to -20°C, 2 h X =Br

35 OMe

(O

S WN

Table 2. Path B to 35 - Acids/Lewis acids with non-nucleophilic counterions

Entry  Conditions Results
1 In(OTf)3, 4-methoxybenzyl alcohol, CH,Cly, -60 °C to -30 °C, 3 h Nu = 0-CH>-CgH4-OCH;
2 PTSA, p-methoxy-a-toluenethiol, CH,Cl,, -78 °C to 25 °C, 18 h Nu = S-CH,-CgH4-OCH;

With this newly developed chemistry in hand, we were ready to tackle some of the simple
indanebased natural products of the resveratrol family (Scheme 7). Controlled expo2ar®e of
TFA in CH,Cl, ati30°Ctoi 20 C for 5 h followed by a basic workup to hydrolyze the resultant
trifluoroacetate ester afforded alcoh®® in 75% yield. One important note regarding this
cyclization is that reaction temperature and time required careful control.7&tC, the
carbocatiorformed immediately upon addition of the acid as the solution turned a deep purple
color instantaneously. The nucleophilic attack of the alkene was obs®eedhe reaction was
warmedto 160 ‘C, but it proceededlowly at this temperature. The cyclizatiproceeded more

rapidly with increasing temperature, but other products were also formed as the temperature
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increased. After much experimentation, we found that reaction temperatures bicd@e@and

120 °C were optimal to allow this reaction to proceguickly and efficiently while minimizing
formation of byproducts. Next, the resulting alcohdlOj was smoothly converted into one of

the simplest resveratrblased natural products, paucifloral B); in 84% overall yieldhrough

Des$ Martin periodinae mediated oxidation followed by BBinduced global demethylation. In
contrast, if29 was exposed t@-TsOH andp-methoxyU-toluenethiol ati 30 °C following
concentration of the reaction medium to near dryness facilitated nucleophilic attack, compound
37 was obtainedn 57% yield! The fourth aromatic ring having been added, this new tetraaryl
intermediate 7) could then be converted smoothly into the natural product ampelopgh) D (

via a stereoselective @bergB’ cklund reactioAu nd e r Meyersods tondi fied
which afforded a 5:1 ratio of separalite and Z-isomers) followed by BBrmediated phenol
deprotectiont’ To prepare isoampelopsin B8),** ampelopsin D Z1) was treated with HCI in
MeOH at 80C for 2 h to faciliate the smooth isomerization of its central olefin to the seemingly

more thermodynamically stable tesabstituted olefin 088in near quantitative yield (96%).
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Scheme 7. Total synthesis of three resveratrol-based natural products (38, 39, and 41) from key building block 29.
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8
_HBBry, Me /

. oM
o = ©
] C)to< 2
OMe 3 o
e
OH OMe
21: ampelopsin D 37 — 36 —
g) HCI, MeOH

quench with K,COg3, l

80°C

HO O OH  PH HO oM OH MeO OMe
A0 ” e “
c) BBry
OH 5 5 OH

OMe
38: isoampelopsin D 18: paucifloral F 39

Reagents and conditions: (a) for 39: TFA (1.0 equiv), CH,Cl,, -30 to -20 °C, 5 h; then K,COj3 (10 equiv), MeOH, 25 °C, 5 min, 75%; for 37: p-TsOH

(1.0 equiv), CH,Cl,, -30 °C to -20 °C, 5 h; then concentration to near dryness; then thiol (3.0 equiv), 25 °C, 12 h, 57%; (b) Dess-Martin periodinane (1.2 equiv),
NaHCO; (5.0 equiv), CH,Cl,, 25 °C, 1 h, 97%; (c) BBr3 (1.0 M in CH,Cl5, 10 equiv), CH,Cl,, 0 °C, 6 h, 86%; (d) mCPBA (3.0 equiv), NaHCO; (10 equiv),
CH,Cly, 0 °C to 25 °C, 3 h, 78%; (e) t-BuOH/H,0/CCl, (5/1/5), KOH (20 equiv), 80 °C, 12 h, 52%; (f) BBrz (1.0 M in CH,Cl,, 12 equiv), CH,Cl,, 25 °C, 6 h,
76% of 21, 13% of 38; (g) conc. HCI (10 equiv), MeOH, 80 °C, 2 h, 95%. TFA = trifluoroacetic acid, p-TsOH = p-toluenesulfonic acid, mCBPA =
m-chloroperoxybenzoic acid.

Following similar reaction conditions, all tiie other key starting intermediat&® @nd
31) behaved in the same manner chemically despite major electronic diffelesmedon
resonanceScheme 8 shows the total syntheses of isopauciflodl)Fa6d quadrangularin 48],
which have interchangedepdant phenol ring systems compared to pauciflorall8 énd
ampelopsin DZ1). Indeed, these two natural products could be obtained when building3flock
was subjected to the same reaction sequence discussed above; the only difference between
Scheme 7and Scheme 8 is the deprotection conditions needed to access isopaucifid)afF (
Deprotection of permethylated isopaucifloral F using BBrsulted a mixture of unknown

compounds. Thus,-BBBN was chosen here insteadgerformthis transformation. Bsed on
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the results presented thus far, it appeared to us that any resveeaitvetl structure possessing a
single cyclopentane ring system @ble obtained from appropriate triaryl precursors. This
hypothesis has been reinforced by the total synthesether natural produdike analogues

with different substitution patterns on the aryl rings using this general apgroach.

Scheme 8. Total synthesis of two resveratrol-based natural products (41 and 8) from key building block 30.

MeO O OMe MeO O OM OMe b)TFA
Br a) nBulLi d) 9 | BBN
N OMe X OH

o Q

MeO l OMe MeO I OMe
40 30 e)-h) 41: isopaucifloral F
HO. OH

OH

8: quadrangularin A

Reagents and conditions: a) n-BuLi (1.0 equiv), THF, -78 °C, 20 min; then 4-methoxybenzaldehyde (1.0 equiv), 25 °C, 4 h, 71%; b) TFA (1.0 equiv),
CH,Cl,, -30 °C to -20 °C, 5 h; then K,CO;3 (10 equiv), MeOH, 25 °C, 5 min, 93%; c) Dess—Martin periodinane (1.2 equiv),

NaHCO; (5.0 equiv), CH,Cl,, 25 °C, 3 h, 98%; d) 9-1-BBN (1.0 M in hexanes, 10 equiv), CH,Cl,, 40 °C, 30 min, 72%; e)

TsOH (1.0 equiv), CH,Cl,, -30 °C to - 20 °C, 5 h; p-methoxy-a-toluenethiol (3.0 equiv), then concentration to near dryness, 25 °C,

12 h, 65%; f) mCPBA (3.0 equiv), NaHCO; (10 equiv), CH,Cl,, 0 °C, 3 h, 70%; g) t-BuOH/H,O/CCly (5/1/5), KOH (20 equiv), 80 °C,

12 h, 55%; h) BBr3 (1.0 M in CH,Cl5,12 equiv), CH,Cly, 25 °C, 6 h, 75% of 8, 14% of internal alkene isomer. 9--BBN= 9-iodo-9-bor-
abicyclo[3.3.1]nonane.

There are a few additional points worth noting at this juncture. First, in order to introduce
the fourth aromaticing in an ampelopsin ke system, one could imagine that permethylated
paucifloral F@2) or its congener derivativestd) could serve as appropriate intermediates.
However, thecarbonyl groupwithin paucifloral F 42) proved entirely resistant to any
olefination procedure other than Tebbe methylenation. Among nearly a dozen reactions
attempted (Scheme 9), including the use of Petgpis reagent and Wittig olefination under

saltf ree conditi ons, -depm®riatioc a shewed no etigity. | t ed i n U
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Scheme 9. Attempts to install the fourth aryl ring via intermediates 42 and 43.

MeO l OMe OMe l OMe OMe
! ", OM ! i
d 3 e R 3 OMe
R=0H, Cl, Br
42 OMe 43 OMe

Reaction Type Result R Reaction Type Result
Wittig olefination no reaction : . .
HWE olefination a—deprotonation 8: glr-lan:;ghraeﬁggon Zg ::Zgg'gz
Pe_terson olefir]aticn a—depro_tonaﬁon Cl,Br S-alkylation of thiols no reaction
Grignard reaction no reaction CI,Br SmI2 promoted coupling no reaction
McMurry reaction no reaction of RX with aldehydes
Tebbe olefination methylenation product OH  Mesylation followed by  complex mixture
Organolithium reagent  a—deprotonation nucleophilic attack of  (no addition observed)
Cp2Ti(CH,CeHs), no reaction Grignard/Li reagents
compound OH  PTSA/In(OTf)s-promoted introduction of sulfur

nucelophilic addition nucleophiles

On the other hand, it also proved challenging to install the fourth ring through the
alcohol/halide 43) intermediate as various reactions we attempted (including Grignard reaction
anda Smb-promoted coupling reaction) pngave backstarting materialThe only successful
method was to incorporate a sulfur nucleophii@ a stepwise version of the aeidtalyzed
cyclization/nuclophilic addition cascade shown above; it was crucigettorm this reaction
under solvenfree conditions with a large excess of nucleophile present to prevent the formation
of  t-ehn@inatibn product. In addition, we found that a lanthaspd®moted reaction, one
which employed a full equivalent of a reagent sasHn(OTf}in a neat solution gb-methoxy
U-toluenethiol, could quickly generate the same desired pro8dcfrom the precursor alcohol
(39) as well'® Incorporation of a sulfide nucleophile through standag@ Sisplacement of a
mesylate did not suced, likely due to the steric hindencecreated by the aromatic ring which

resides on the same side of the cyclopentane ring as the incoming nucleophile.
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It is also worth noting that the deprotection pfotected ampelopsin D 45) and
guadrangularin AR4) always afforded a mixture of both exocyclic and internal olefins. Using
for illustrative purposeshis final deprotection step we found produced a 5:1 mixture of both
ampelopsin D 41) and isoampelopsin D88) under the best conditions; these diues were
obtained in pure form in near quantitative yield by treating the product mixture wiB, Ac
chromatographically separating the resultant acetates, and using KCN in MeOH to effect ester
hydrolysis.We attempted all three types of cleavage mettiodphenolic methyl ethers (Table
3), but none of the conditions could prevent the formation of at least small quantities of
isoampelopsin D38), which was inseparable from ampelopsin2) (usingchromatographyAs
indicated in Table 3the externablouble bondof the indane ring could be readily isomerized to

the more stable internal one with either proton sources or Lewis acids.

Table 3. Attempts to deprotect permethylated ampelopsin D (45).

Entry Conditions Results
Bronsted acid-based methods:
1 H,SO4, MeOH, 80 °C permethylated 38
2 TFA, CH,Cl,, -78 °C 10 90 °C, 48 h only permethylated 38 is observed
3 PyrHCI, 200 °C, 4 h no reaction
Nucelophilic methods:
4 benzenethiol, K,CO3, DMF, 23 °C unidentified complex mixture
5 LiBEt3H, THF,0°Ct023°C,2h no reaction
6 PhoPLi, THF, 23 °C, 12 h no reaction
Lewis acids-based methods:
7 AICl3, toluene, 23 °C to 80 °C, 12 h partial deprotection of 38
8 AlBr3, EtSH, CH,Cl,, 23 °C, 6 h partial deprotection of 38
9 BBr3, CsCO3, CH,Cl,,0°Ct0 23 °C, 6 h 21:38 (1:1)
10 BBr3, Et3N, CH,Cl,, 0°Ct0 23 °C, 6 h no reaction
11 BBryMe,S, DCE, 0 °C to 80 °C, 12 h 38
13 fresh BBr3(in dry box), CH,Cl,, 0 °C to 23 °C, 6 h 21:38 (5:1)
14 B-1-9-BBN, CH,Cl,, 23 °C t0 50 °C, 2 h unidentified complex mixture
15 MeSiClg, Nal, CH;CN, 23 °C decomposition

2.4 Total synthesis of bicyclic natural products in the resveratrol class
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After we successfully completed the total syntheses of several simple tbhdard
members of the resveratrol family, our next goal was to access a higher level of molecular
complexity within the resveratrol class. With quadrangularinBAand ampelopsin D Z1) in
hand, we wondered whether we could utilize them as starting materials for those natural products
that possess an additional ring appended onto their indane core. PaBjdatith its symmetric
[3.3.0}bicyclic architecture, and ampelopsin E2), with its more congested [3.2:-bjcyclic
frame, are one X bond away from our proposed precurs@safd 21). The Niwa group
proposed a plausible biogenesis of these high#er structures through a nonselective, -acid
catalyzed r ear r anmgndenre(d)tandotiey dehomstrated this corcély
e x p o s u-virgferiotb HA) (Scheme 10), which afforded a number of products including
ampelopsin F22).° Mechanistically speaking, the reactive quinone methiti®, (vhich was
formed through dihgrofuran ring opening followed by nucleophilic attack of the olefin, served
as an intermediate towards multiple different structures. To prepare ampelopgi) Bnd
ampelopsin D 38), rearomatization o#7 via deprotonation of the indane ring system le@1,
which could partially or fully isomerize t88. On the other hand, the second nucleophilic attack
of the quinone methide directlyia a FriedelCrafts alkylation by the electremch B-ring
followed by deprotonation enabled the formation of the dibbityclo[3,2,1]octadiene skeleton
(22). Along similar lines, pallidol could also fentially be synthesized from adviniferin-like
structure with the opposite arrangement ofa®d Grings upon treatment of acids (specific

reactions are not shown here).



41

Scheme 10. Acid-catalyzated rearrangements of e-viniferin to form 21, 38,22.

38: isoampelopsin D 21: ampelopsin D 22: ampelopsin F

Thismechani sm was al so supported by Libds rec
of gnemonol M as shown in Scheme'11n this example, a strong lewis acid (AdCtatalyzed
a onepot debutylation/FriedéCrafts alkylation sequence with8, a bisisorhapontigenin A
analog, which gave rise to gnemonol BL), a structural analogue of ampelopsirB)(in 76%

yield.

Scheme 11. Lewis acid-catalyzated rearrangements of 48 to form gnemonol M (51).

51: gnemonol M

Given this knowledge, we wondered if weuld also use electrophilic activation of the
olefin within both permethylated ampelopsin B5X and quadrangularin A54) to form the
correct quinone methide structure proposed by the Niwa group (Scheme 10), which could then
undergo a FriedeCrafts alkyation to access the desired bicyclic architectures in a controlled

fashion. Such a sequence would establish a relationship between the sys2émsdd and the
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bicyclic structure®f other indanecontaining family members (1,22 and23) that has yeto be

proposedn the literature.

To performthe experimental evaluation of our hypothesis, however, we had to address at
least two major issues with its laboratory execution. First, we had to identify an appropriate
electrophile to activate the olefisecond, we needed to ensure correct facial selectivity with
respect to electrophile addition since the intramolecular Fii€dafts alkylation necessarily
occurs with the proper stereochemistry (Scheme 12). In this case, both required quinone
methidesb2 and55 can be accessed only if the electrophile approaches frofafttoe; however,
the adjacent €ing would seem to only make it possible &5 to achieve this stenchemical

requirement readily.
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Scheme 12. Attempts to create both pallidol and ampeloposin F cores via electrophilic activation of 45 and 54.

Entry Conditions Results

1 H,S0,4, MeOH, 80 °C olefin isomerization
2 TFA, CH,Cly, -78 °C to 90 °C, 48 h olefin isomerization
3 HCI, toluene, 23 °C no reaction

4 HCI, dioxane, 90 °Cto 110 °C decomposition

5 HBr, dioxane, 110 °C, 12 h decomposition

6 PTSA, MeCN, -78 °Ct0o 80 °C' 12 h olefin isomerization
7 CSA, MeCN, -78°Cto 80 °C, 12 h olefin isomerization
8 HBr, MeCN, -78 °Ct0 23 °C,4 h olefin isomerization
9 PTSA, toluene, 110 °C, 8 h olefin isomerization
10 HBr, CH3COOH, 0 °Ct023°C, 2 h olefin isomerization
1 Pd(OTFA),, NaHCO3, CH,Cly, 23 °Cto 80 °C* 12 h no reaction

12 FeCl3*SO,, CH,Cly, -78 °Ct0 0 °C, 2 h decomposition

13 BF3°Et,0, CH,Cl,, -78 °Ct0 50 °C, 5 h no reaction

14 BH3*THF, THF, 23 °C, 12 h decomposition

15 m-CPBA, NaHCOj3, CH,Cl,, 0 °Cto 23 °C decomposition

16 H,0,, NaOH, MeOH, 23 °Cto 70 °C, 12 h no reaction

17 oxone, NaHCOg3, acetone, ethyl acetate/H,0(1:1), no reaction

23°Ct070°C,12h

Schemel2 outlines our efforts towards electraphactivation of the olefins within both
permethylated ampelopsin @5) and quadrangularin A64). Although it could, in principle, be
accomplished by straightforward protonation of the olefin under approjpeats or Bransted
acidic conditions, we failed to complete this concise transformation after several attempts. In ou
initial experiments, a protonaasedonly olefin isomerization under a variety of conditions
(including HSOq, TFA, HCI, HBr, CSA, ang-TsOH in a variety of polar and nonpolar solvents
at different temperatures). Moreover, the starting materials were usually recovered untouched
when subjected to Lewis acids. In addition to direct acid activation, we also tried an indirect
transformationvia an epoxide intermediate. However, all efforts to form epoxides with these

olefins led to intractable mixtures of compounds or recovered starting material. Consequently, an
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alternative electrophile was needed, one that could be easily replaced by hydtotie

indicated positions within both3 and56 following cyclization.

Because bromine addition to a double bond is reversible prior to terminating nucleophilic
attack*® we turned our attention to halogen electophilesaussuch a reversible addition might
increase the likelihood of obtaining the appropriate quinone methide intermediates with the
requisite stereochemistry. Moreover, the replacement of halogen atoms with hydrogen is a
standard transformation, and there arexyndifferent types of methods to choose from for this
purpose. As indicated in Scheme 13, our hypothesis was realized when we used molecular
bromine as the activating electrophile. Exposure of permethylated quadranguld&# & @
equivalents of Brin CH,Cl, at178°C, followed by slow warming to 2%, afforded the desired
bicyclic core(60) with three extra halogen atoms attached in 81% vyield. To elucidate the order of
bromination, we performed a series of experiments using fewer equivalents of bromine under the
same reaction conditions. The studies showed that the course of events foasttasle
cyclization started with initial bromination of the indicated position within theng to afford
57, followed by a siteselective bromination of the second-8jnethoxybenzene ring system to
generat&8. Both of these halogenations occur ratsmoothly and quickly &@t78 ‘C. However,
the final alkene halogenation only occurs once the reaction temperature has reached & least 0
(based on TLC analysis). This finding revealed the order of nucleophilicities of these three
electron rich positionsvithin the molecule. Additionally, it was observed that the two 4
methoxybenzene rings in this system were less reactive towards electrophilic addition than the
three positions mentioned above, as one might exgeam this intermediate, pallido2) was
synthesized in 63% overall yietdroughhydrogenative replacement of all three bromines within

60 followed by global deprotection of the phenolic ethers mediated by. BBr
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Scheme 13. Sequential, cascade-based halogenation to access pallidol (23).

a) Bry
L 58 _
OMe
OH
b) Hy, Pd/C [Friedel-Crafts
c) BBry alkylation]
23 60 L 59 N

Reagents and conditions: a) Br, (2.0 equiv), CH,Cl,, -78 °C, 2 h, then slow warming to 25 °C, 1 h, 81%; b) H,, Pd/C (20%, 0.2 equiv),
MeOH, 25 °C, 24 h, 76%,; c) BBr3 (1.0 M in CH,Cl,, 12 equiv), CH,Cl,, 0 °C, 4 h, then 25 °C, 20 h, 83%.

Application of the same reactiononditions to permethylated ampelopsin B5)(
provided access to the [3.2-Aicyclic core of ampelopsin R2). For this specific structur&?),
catalytic hydrogenation only replaced the two bromine atoms on the ataings, leaving the
sterically hindered tertiary alkyl bromide untouched. Thus, a radhesled dehalogenation was

used to complete the target molec@?)(n this case.
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Scheme 14. Sequential, cascade-based halogenation to access ampelopsin F (22).

45

b) (TMS),SiH,
AIBN

c) BBrg

22 62

Reagents and conditions: a) Br; (2.0 equiv), CH,Cl,, - 78 °C, 2 h, then slow warming to 25 °C, 1 h, 53%,;
b) (TMS)3SiH (9.0 equiv), AIBN (1.0 equiv), toluene, 100 °C, 8 h, 89%; c) BBr3 (1.0m in CH,Cl,, 12 equiv),
CH,Cly, 0 °C, 4 h, then 25 °C, 15 h, 90%. TMS = trimethylsilyl, AIBN = 2,2-azobisisobutyronitrile.

Several aspects of this key cascade deserve further comnrehtofRall, although the
mechanism of this brominatidfriedel Crafts alkylation sequence requires 3 equivalents of
electrophilic halogen, only 2 equivalents of reagent were used in our reactions (with the isolated
yield of pallidol being higher thaoould be achieved with 2 equivalents of reagent albHe).
fact, the reaction proceeded more cleanly and with higher yield when 2 equivalents of reagent
were used instead of 3 equivalents. Based on a series of mechanistic investigations, we postulate
thatthe third equivalent of bromine actually comes from aerial oxidation of bromide in solution.
In our initial experiments, significant variations in reaction timese observedsthe reaction
were conducted under an argon atmosphere without care forydeoating the solventhis
finding might suggest that adventitious oxygen is needed in the solution to drive the final
cyclization to completion. We tried to verify this hypothesis by conducting this reaction in
argonsparging solution with exactly 2 egaients of bromine added. As we predicted, the
absence of oxygen in the solution completely prevented the HRri@@déis element of the

sequence (stopping 88, cf. Scheme 13), while exposure to an oxygen atmosphetsl(lGon)
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enabled the cyclization tproceed to completion in just a few minutes. While we have been
unable to find other examples af situ bromine generation through oxygen exposure, the
concept has been documented for the synthesis of molecular fddimecurrent belief is that

the hidhly electron rich nature of the substrate and/or other reactive intermediates involving this
substrate might play an important role in this aerial oxidation process. Moreover, since the
addition of radical scavengers such as TEMPO did not hinder theoreas® believe that an
electrophilic mechanism, not a radical one, is operational. Secondly, it is still unclear whether the
aryl bromine atoms influence the cyclization step or if the initial double bond geometry is critical
to the stereochemistry of tipgoduct. Although the alkene precursors used in this reaction exist
in both E- and Z-forms in nature, no natural productse known to possess different

configurationin either the pallidol or ampelopsin F cores.

Scheme 15.

Reagents and conditions: a) NBS (2.0 equiv), THF, -78 °C, 30 min, aqueous
quench, then standing, 25 °C, 5 h, 99%.

To address this question, we conducted a series of experiments usingé@lkeheh is
the permethylad form of the natural produparthenocissin A Upon exposure 063 to NBS
(2 equiv) in THF ai 78°C, the isolated aromatic bromination product was characterized with the
original alkene geometry intact. However, upon standing neat or in solution’@tf@sjust a
few hours, this material spontaneously isomerizediBtdExposure 063 to 2 equivalent®f Br,

or 3 equivalents of NBS under stird reaction conditions affordedly cyclization producé0,
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indicating that either alkene isomerization precedes cyclization, perhaps promoted by the acidic
protons in solution (driven by the steric interacti@ivieen the bromine atom on A ring and the

D ring), and only the correct double bond geometry would give rise to the final cyclization
product, or both olefin isomers would ultimately provide the same product. Finally, it is worth
noting that the extra arydromides within bott60 and62 are situated perfectly to attach the extra
carbon fragments needed to complete the dihydrofuran ring systems afpétopsin H64)%

and vaticanol Cg5),2%indicating that they could have additional use beyond cycliztsef.

Recently, these two moleculeégand65) were completed by two of my colleagu®s.

Scheme 16.

62 65: vaticanol C

2.5Total synthesis of natural products and analogues bearing a sewemembered
carbocycle

The abovesections have illustrated our success with the key building b8k we
proposed as a general platform to access core structural motifs within the resveratrol family. In
fact, additional complexity and structural diversity can be achieved from thisusguSeven
membered carbocycles, motifs possessed by both hopeaphe®ldhq diptoindonesin D2Q)
as well as numerous other natural products, are another major structural element in this class we

decided to tackle. Using ampelopsin &) as an exanip (Scheme 1), the Niwa group also
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proposed a biogenesis for these types of sewembered ring structurés.St ar t i ng wi t
viniferin (4), protonation of the double bond followed by nucleophilic attack by the neighboring
electron rich 3,5limethoxybenzee ring affords the desired severembered ring to give
ampelopsin B (67). Furthermore, they demonstrated the concept of this Fri€dsts
cyclization by -énfenirxpentandetiates) fokofved byhepoxidé opening

under basic conditiort® generate ampelopsin(89) (Scheme 8).

Scheme 17 Plausible biogenetic pathways of ampelopsin B (67) from e-viniferin (4).

OH
4: g-viniferin

Scheme 18. Transformation of e-viniferin (4) to ampelopsin B (69).

OH

1) Ac,O/Pyr
2) mCPBA
(41%)

4 ciniferin 68 69: ampelopsin A
We wondered if these sewemembered rings would become accessible through an

electrophilicactivaion/Friedel Crafts cyclization sequence byidizing the bisbenzylic alcohol

to its ketone counterpar?@). Table 4 lists various conditions we tried on the ketdii€) to

achievethis cyclization reaction.
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Table 4. Formation of seven-membered rings via an electrophilic activation/ Friedel-Crafts cyclization sequence.

X O
OMe
70 7
Entry Conditions Results

1 mCPBA, CH,Cl,, 23°C, 8 h complex mixture
2 H,0,, NaOH, H,0, dioxane, 23 °C to 100 °C, 12 h no reaction
3 NaClO, H,0,, MeOH, 23 °C to 100 °C, 8 h no reaction
4 t-BuOOH, DBU, CH,ClI,, 23 °C, 12 h no reaction
5 t-BuOOH, TiClg, CH,Cl,, -78 °Cto-50 °C, 3 h complex mixture
6 H,0,, CH;COOH, 23°Cto 70 °C, 8 h no reaction
7 0s0y,, dioxane, 23 °C, 48 h decomposition
8 Pd(OAc),, CH3;COOH, 100 °C, 12 h no reaction
9 Pb(OAc),, CH3COOH, CH,Cl,, 23 °C, 12 h complex mixture
10 Hg(OACc),, CH,Cly, 23 °C, 12 h no reaction
" I, CHyClp, - 78 °C 10 23 °C, 12 h no reaction
12 Br,, CH,Cly, - 78 °C to 23 °C, 12 h 7-membered ring
13 HCI, toluene, 110 °C, 12 h 7-membered ring
14 p-TsOH, toluene, 110 °C, 12 h 7-membered ring

As can be observed following inspection of Taldle various proton sources and
molecular bromine activate the alkene and effect the transformation smoothly; any attempts to
epoxidize this bidenzylic ketone{0) gave poor results probably due to the electronic nature of
the system. Interestingly, whé&® was exposed to bromine in @El, (Scheme 2), no aromatic
bromination on the two 3;8imethoxybenzene ring was observed. Rather, the electron
withdrawing natureof the carbonyl group renders the olefin as the most elegtbrdomain of
the molecule. Thus, the sewvarembered ring 43) was produced cleanly without any aryl
halogenations wheid0 was reacted with only 1 equivalent of BrOne challenge presented by
this reaction, however, was product isolatiorcsithe resulting bromide provednsitive to light
and silica gel. The extremely reactive nature of this substrate also made it difficult to use this
bromine atom as a handle to install other functionaljgso For instance, upon exposure to
AcOH in the presence of a silver salt (AgOAY)intermediate73 quickly underwent a
thermodynamically favored phenonium shift to givé in 62% vyield (confirmed by Xray
crystallographic analysis). This migration presumably started with the conversion of the benzylic

bromide of73into a carbocation7d), followed bynucleophilic attack by the neighboring phenol
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ring to afford intermediat&5. Then, a rgioselective cyclopropane opening as induced by the
strategically positioneartho- and para-disposed alkoxy groups withid5 and a terminating
attack by acetate onto the resultant quinone methide could &@omhich could be converted
into a regioisomec and fully protected analogue of diptoindonesin 7, (compare t@) via

simple acetate cleavage and alcohol oxidation.

Scheme 19. Synthesis of a protected nonnatural resveratrol oligomer (77) via a bromonium-induced cascade sequence
followed by an acid-induced phenonium shift.

OMe
MeO OMe
‘ g OMe [Friedel-Crafts OMe
~ O a) Bry alkylation] o
g MeO OMe
OMe
70 73
b) AgOAc,
AcOH
76 — 75 - — 74 -

[X-ray obtained]

¢) K,CO3, MeOH

d)[C]
MeO HO
o o
MeO
O Oy
v X L
MeO OMe HO OH OH
77: protected diptoindonesin D analog 20: diptoindonesin D

Reagents and conditions: a) Br, (1 equiv), CH,Cl,, -78 °C, 1 h, then 25 °C, 12 h, 50%; b) AgOAc (3.0 equiv), AcOH, 25 °C, 4 h, 62%; c)
K,COj3 (10 equiv), MeOH, 25 °C, 12 h, 78%; d) Dess—Martin periodinane (1.2 equiv), NaHCO3; (5.0 equiv), CH,Cl,, 25 °C, 1 h, 99%.

Unfortunately, no condition screened (Table 5) enabled the direct replacement of the
bromine atom within73 with the requisite oxygen atom needed for the natural product.
Furthermore, we also tried various conditions to carry out benzylic oxidation o&cibe
mediated cyclization product to install the oxygen at the correct position (Table 6). However, no

sign of oxidation was ever observed at that specific carbon.
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Table 5. Attempts to convert 73 into 78.

Entry Conditions Results

1 Ba(OH),, THF/H,0(1:1), 75 °C, 3 h decomposition
2 Ba(OH),, THF/H,O(1:1), 23 °C, 3 h no reaction

3 KOAc, Et,0/H,0(1:1), 23 °C, 12 h no reaction

4 KOAc, 18-crown-6, THF, 23 °Cto 50 °C, 12 h no reaction

5 AgOAc, CH3COOH, 23 °C,3h ary/ shift

Table 6. Attempts to carry out benzylic oxidation of 79.
MeO ! OMe
@
Q OMe
o

OMe

MeO 79

Entry Conditions Results

1 Pd(OAc),, CH3;COOH, 23 °C to 100 °C, 4 h no reaction

2 CAN, CH3COOH, 23 °C, 12 h no reaction

3 NBS, benzoyl peroxide, CCly, reflux, 2.5 h aromatic bromination
4 DMP, CH,Cl,, 70 °C, 12 h no reaction

5 DDQ, CH3COOH, 110 °C, 48 h no reaction

6 DDQ, dioxane, 120 °C, 48 h no reaction

The only successful introduction of the requisite oxygen into the seeembered ring
system thus far involved treatment#d with 1,1,k trifluorodimethydioxirane (generated situ
using OXONE, 1,1 arifluoroacetone, and NEDTA bufferf®in MeCN at 25C. In thisFriedet
Crafts cyclization a protected form of hemsleyanol BO( was generated in moderate yield

(34%). Subsequent oxidation then completed the synthesis of protected diptoindor&®iff D (
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Scheme 20. Total synthesis of protected hemsleyanol E (80) and diptoindonesin D (81).
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80: protected hemsleyanol E 81: protected diptoindonesin D

]
MeO OMe
Reagents and conditions: (a) 1,1,1-trifluoroacetone (excess), NaHCO3

(8.0 equiv), Oxone (5.0 equiv), MeCN/0.4 mM EDTA in H,0 (3:1), 25 °C, 3 h, 34%;
(b) Dess-Martin periodinane (1.2 equiv), NaHCO3 (5.0 equiv), CH,Cl,, 25 °C, 1 h, 96%.

2.6 Conclusion

In summary, we have developed a general approach to achieve the controlled synthesis of
the major dimeric architectures within the resveratrol family. Distinct from all past endeavors in
this field was the identification and use of a unique precursor ggegethree aryl rings. With
this key building block in hand, a series of orchestrated cascade sequences initiated by simple
reagents (such as bromine aBdgnstedacids) led to a diverse array of oligomeric natural
products that encompass nearly all tlaebogenic diversity of the resveratrol dimers. At the
dimeric level, as detailed in previous sections, we have completed total synthaseseupsin
D, ampelopsin F, pallidol, paucifloral F, quadrangularin A, isoampelopsin D, isopaucifloral F,
structuralanalogs of diptoindonesin A areémsleyanol E during our initial investigation using
our methods. Since most of our synthetic routes are fewer than 10 steps from the common
intermediatesthe majority of thenatural products accessed to date could petiénbe prepared
on gram scale as they can be obtained in 7% to 54% overall yield from commercial materials.
Another important note is that all syntheses reported in this chapter are racemic. One thought to
tackle this issue is to develop an enantioselectersion of the catiehased cyclization to form
the indane system, and some preliminary results recently obtained by one of my colleagues have

shown that we coulthdeedachieve asymmetric synthesessoimeother dimeric structures in
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the resveratrol family. Based on the foundation laid by the work outlined in this chapter, our
group has synthesized over 20 different natural products within this elassngoing work is to
develop such highly selective and robust pathways for evelatéswithin the resveratrol class

through our key building block.

This work is a collective effort between me and several other colleagues in the group. |
was very fortunate to work very closely wiiti. Alexandros Zografos, who has been an amazing
mentad to me on this project, during my firgtear on total syntheses of ampedin D,
ampelopsin F, pallidol, paucifloral F, quadrangularin A, isoampelopsin D, isopaucifloral F,
structural analogs of diptoindonesin A, hemsleyanol E. Audrey Ross developed Gfd)4
catalyzed alcohol replacement by sulfur nucleophile and investigated the bioduced
cyclization and performed some studies on the role of oxygen in the begmdmoted
cyclization StevenBreazzano completed the syntheses of protected hgansleE 80) and

diptoindonesin D&1).
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Experimental Data for Compounds Listed in Chapter 2

General ProceduresAll reactions were carried out under an argon atmosphere with dry

solvents under anhydrogsnditions, unless otherwise noted. Dry tetrahydrofuran (THF),
acetonitrile (MeCN), toluene, benzene, diethyl ethep(@Etand methylene chloride (GEIy)

were obtained by passing commercially availabledvied, oxygerree formulations through
activatedalumina columns. Yields refer to chromatographically and spectroscopiddllgnd

3%C NMR) homogeneous materials, unless otherwise stated. Reagents were purchased at the
highest commercial quality and used without further purification, unless othervates.s
Reactions were magnetically stirred and monitored byl#yar chromatography (TLC) carried

out on 0.25 mm E. Merck silica gel plates (6284) using UV light as visualizing agent and an
ethanolic solution of phosphomolybdic acid and cerium syl&td heat as developing agents.
SiliCycle silica gel (60, academic grade, particle size 0.043 mm) was used for flash
column chromatography. Preparative thager chromatography (PTLC) separations were
carried out on 0.50 mm E. Merck silica gel pmt{60F254). NMR spectra were recorded on
Bruker DRX-300, DRX400, DMX-500 instruments and calibrated using residual undeuterated
solvent as an internal reference. The following abbreviations were used to explain the
multiplicities: s = singlet, d = doud, t = triplet, br = broad, AB = AB quartet, app = apparent.

IR spectra were recorded on a PefEimer 1000 series FIR spectrometer. Highesolution

mass spectra (HRMS) were recorded in the Columbia University Mass Spectral Core facility on
a JOEL HX1D mass spectrometer using the MALDI (mataissisted lasedesorption ionization)
technique.

Abbreviations NBS =N-bromosuccinimide, TFA = trifluoroacetic acid, KHMDS =
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potassium bis(trimethylsilyl)amidep-TsOH = para-toluenesulfonic acidmCPBA = meta
chloroperoxybenzoic acid, -BBBN = 9iodo-9-bor abi cycl o[ 3. 3. 1]-nonane

azobisisobutyronitrile, TMS = trimethylsilyl.

Meo\(?/OMe

Br
S1

1-(bromomethyl)-3,5dimethoxybenzene (S1)NaBH; (1.11 g, 30.0 mmol, 2.0 equiwyas
added slowly to a solution of 3dimethoxybenzaldehyde (2.44 g, 15.0 mmol, 1.0 equiv) in
MeOH (30 mL) at OC. After 30 min of stirring at 6C, the reaction contents were quenched by
the slowaddition of water (20 mL), poured into water (1Q)mand extracted with EtOAc (3 x

20 mL). The combined organic layers were then washed with water (20 mL) and brine (20 mL),
dried (MgSQ), and concentrated to afford the desired alcohol intermediate @2 93% yield)

as a white solid which was carried forward without further purification. Next, pyridine (0.017mL,
0.212 mmol, 0.05 equiv) and PB{0.400 mL, 4.25 mmol, 1.0 equiv) were added sequentially
and slowly to a portion of this newfprmed alcohol @.715 g, 4.25 mmol, 1.0 equiv) inEx (20

mL) at 25°C, and the resultant mixture was heated at@dor 3 h. Upon completion, the
reaction contents were quenched carefully with ice water (15 mL), poured into water (10 mL),
and extracted with ED (3 x20 mL). The combined organic layers were then washed with water
(15 mL) and brine (15 mL), dried (MgQ)Y and concentrated to afford alkyhlide S1 (1.50 g,

93% vyield) as an amorphous white solid which was carried forward without additional
purification. S1: Rf= 0.66 (silica gel, EtOAc/hexanes, 1:1); IR (film}ax 3002, 2960, 2838,
1597, 1465, 1429, 1348, 1325, 1300, 1264, 1206, 1158, 1064, 992, 931, 836, 693,650 cm

NMR (300 MHz, CDCY) U 6J=2.4 Hz 2H), 6.39 () = 2.1 Hz, 1 H), 4.42 (s, 2 H), 3.80
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(s,6 H;®CNMR (75MHz,CDC}) U 160.9, 139.7, 107.0 (2 C),

(MALDI -FTMS) calcd for GH13BrO,'[M*] 229.9942, found 229.9937.

Diethyl 2-bromo-3,5-dimethoxybenzylphosphonate (26)To a soltion of alkyl bromideS1

(1.34 g, 5.80 mmol, 1.0 equiv) in GEl, (60 mL) at 0°'C was added solid NBS (0.516 g, 2.89
mmol, 0.5 equiv) in a single portion. After stirring the resultant solution for 30 min@t &
second aloquot of NBS was added (0.516 g, 2.89 mmol, 0.5 equiv) and the reaction was stirred
for an additional 30 min at {C. Upon completion, the reaction mixture was quenched with
saturated aqueous NaHg@0 mL), poured into kD (20 i), and extrated with EtOAc (3 x

70 mL). The combined organic layers were then washed with water (20 mL) and brine (20 mL),
dried (MgSQ), and concentrated to give the desired halogenated intermediate (1.70 g, 95% vyield)
as a white solid which was carried forward withadditional purification. Next, a portion of this
newly formed aryl bromide (1.00 g, 3.22 mmol, 1.0 equiv) was dissolved in THF (5 mL) and
added dropwise at {C to a THF solution of the anion of diethylphosphite, which had been
prepared by adding KHMD&L1.6 mL, 0.5 M in toluene, 5.80 mmol, 1.8 equiv)a solution of
diethylphosphite (0.830 mL, 6.44 mmol, 2.0 equiv) in THF (20 mL) & @nd stirring for 15

min. After 5 min of stirring at 0C, the reaction contents were warmed toQ%nd stirred forl.2

h. Upon completion, the reaction mixture was quenched with saturated aquegtis(NHmML),

poured into water (15 k), and extracted with EtOAc (340 mL). The combined organic layers

were then washed with water (15 mL) and brine (15 mL), dried (Mpg$@d concentrated. The
resultant light yellow product was left under high vacuum for 24 h to remove any residual
diethylphosphite, ultimately affording phosphonate(1.07 g, 91% vyield) as a white soli26:

Rr = 0.15 (silica gel, EtOAc/hexanes, 1:1); IR (filmyay 2981, 2938, 2907, 2837, 1592, 1456,
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1418, 1331, 1253, 1204, 1165, 1079, 1052, 1024, 961, 852, 782, 656HMNMR (300 MHz,

CDCl) U 6J=8.7Hz(1tH), 6.39 () = 2.4 Hz, 1 H), 4.15 (ddl = 6.9, 6.0 Hz, 2 H), 4.06

(dd,J = 6.9, 6.0 Hz, 2 H), 3.86 (s, 3 H), 3.80 (s, 3 H), 3.43&22.2 Hz, 2 H), 1.36 (1] = 6.9

Hz, 3 H), 1.27 (tJ=6.9 Hz, 3H)"® C NMR (75 MHz, CDC}) U 159.3, 156. 8,
107.4, 107.3, 99.8, 62.3, 62.2, 3655.5, 34.7, 16.4, 16.3; HRMS (MALDIFTMS) calcd for

C13H21BI'05P+ [M + H1] 367.0310, found 367.0301.

MeO OMe MeO ! OMe MeO l OMe MeO l OMe
Br Bi Bi Bi

r r r

A — A A A
= ]
X IR
MeO OMe OMe
OMe OMe

27 s2 s3 s4
Horneri Wadsworthi Emmons Olefination Products(27). KOt-Bu (57.1 mL, 1.0 M in

THF, 57.1 mmol, 1.05 equiv) was added dropwise over the course of 5 min to a solution of
phosphonate 24 (20.0 g, 54.4 mmol, 1.0 equiv) in THF (250 mLY&(C. After 20 min of
stirring ati 78 'C, a solution of the desired aldehyde (7.04 g, 51.7 mmd, €@iv) in THF (50

mL) was added &t78 C. The resultant solution was stirredi&@8 ‘C for 1 h, and then at 2%&

for 12 h. Upon completion, the reaction mixture was quenched with saturated aquesitls NH
(150 mL), poured into water (100 mL), and exteactvith EtOAc (3 x 500 mL). The combined
organic layers were then washed with water (100 mL) and brine (100 mL), dried (Mg80@
concentrated to give resveratrol derivati2gs(all in 98% yield) as white powders which were

carried forward without additional purification.

S2 Rs = 0.61 (silica gel, EtOAc/hexanes, 1:1); IR (film}a 3002, 2937, 2836, 1719, 1589,

1511, 1454, 1415, 1341, 1286, 1252, 1203, 1163, 1082, 1023826m" H NMR (300
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MHz, CDCk) U 7J1=0 Hz 2IH), 7.41 (d] = 16.2 Hz, 1 H), 6.98 (dl = 16.2 Hz, 1 H),
6.91 (d,J = 9.0 Hz, 2 H), 6.80 (d] = 2.7 Hz, 1 H), 6.42 (d] = 2.7 Hz, 1 H), 3.88 (s, 3 H), 3.86

(s 3 H), 3.83 (s, 3H)"®*C NMR (75MHz,CDCL) U 159.6, 159.5, 156. 8,
128.1, 125.8, 114.1, 104.9, 102.4, 98.7, 56.3, 55.5, 55.3; HRMS (MAIMIS) calcd for

C;|_7H;|_7BI'O3Jr [Mj 348.0361, found 348.0362.

S3 Rt = 0.55 (silica gel, EtOAc/hexanes, 1:1); IR (film)ax 3001,2957, 2938, 2837, 1592,

1457, 1418, 1353, 1288, 1230, 1204, 1155, 1083, 1022, 959, 829, 656HMNMR (300 MHz,

CDClL) U 7J=8%9 Hg,d H), 6.94 (dl= 15.9 Hz, 1 H), 6.80 (d= 2.7 Hz, 1 H), 6.71 (d,

J= 2.4 Hz, 2 H), 6.43 (d] = 2.7 Hz, 1 H), 6.42 () = 2.1 Hz, 1 H), 3.88 (s, 3 H), 3.85 (s, 3 H),

3.83 (s, 6 H®*C NMR (75 MHz, CDC})) U 160.9, 159.5, 156.8, 13
104.9,102.7, 100.3, 99.1, 56.3, 55.5, 55.3; HRMS (FAB) calcd fgt:gBrO," [M*] 378.0467,

found 378.0484.

S4 Ry = 0.53 (silica gel, EtOAc/hexanes, 1:1); IR (film}ax 2951, 2923, 1578, 1511, 1454,

1226, 1157, 1021 crh *H NMR (300 MHz, CDC)) U  7J=3&1 Hz,dL H), 7.08 (m, 2 H),

6.96 (d,J=16.1 Hz, 1 H), 6.86 (dl= 8.7 Hz, 1 H), 6.79 (d] = 2.3 Hz, 1 H), 6.41 (d] = 1.9 Hz,

1H), 3.95 (s, 3 H), 3.90 (s, 3 H), 3.87 (s, 3 H), 3.85 (s, B VB)NMR (75 MHz,CDCY) & 159. 5,
156.8, 149.3, 149.1, 138.8, 131.4, 130.0, 126.0, 120.3, 111.2, 109.1, 104.8, 102.4, 88.7, 56.
55.9, 55.8, 55.5; HRMS (FAB) calcd forig8:40," [M'] 378.0467, found 378.0473This

compound washaracterizethy StevenBreazzang
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General procedure to access key triaryl intermediates (28h-BulLi (37.7 mL, 1.6 M inTHF,

60.3 mmol, 1.05 equiv) was added slowly over the course of 5 min to a solution of resveratrol
derivative27 (20.0 g, 57.4 mmol, 1.0 equiv) in THF (400 mL)i&8 ‘C, ultimately yielding a

light yellow solution. After 20 min of stirring &t78 'C, a sdution of the appropriate aldehyde
(9.52 g, 57.4 mmol, 1.0 equiv) in THF (200 mL) was added slowly7&{C, and the resultant
mixture was stirred for 1 h &78°C, warmed slowly to 25C, and stirred for an additional 4 h at

25 ‘C. Upon completion, theeaction contents were quenched with saturated aqueowSINH
(250 mL), poured into water (100 mL), and extracted with EtOA& (B L). The combined
organic layers were then washed with water (300 mL) and brine (300 mL), dried (Mg80@
concentrated. Theesultant light yellow oils crystallized upon standing and were then triturated

with EtOAc (3x 10 mL) to give the desired triaryl intermediates as white solids.

(E)-(2,4-dimethoxy-6-(4-methoxystyryl)phenyl-(3,5dimethoxyphenyl)methanol (29) R =

0.40 (silica gel, EtOAc/hexanes, 1:1); IR (film).x 3509, 3001, 2938, 2837, 1604, 1511, 1458,
1307, 1244, 1204, 1175, 1153, 1059, 1032, 966, 930, 833, 736'drlMR (300 MHz, CDC})

O 7. 368.7(Hd, 2 H), 7.28 (d] = 16.2 Hz, 1 H), 6.88 (dl= 16.2 Hz, 1 H), 6.86 (d} = 8.7

Hz, 2 H), 6.74 (dJ = 2.1 Hz, 1 H), 6.54 (d] = 2.0 Hz, 2 H), 6.45 (d] = 2.1, 1 H), 6.33 (1] =

2.4, 1H),6.22 (dJ=9 Hz, 1 H), 3.86 (s, 3 H), 3.80 (s, 3H), 3.78 (s, 1 H), 3.74 (s, 6 H), 3.72 (s,
3H);®®C NMR(75MHz,CDC}) U4 160.5, 159.8, 159.4, 158. 6,
124.4, 121.7, 114.0, 103.8, 103.1, 98.6, 98.3, 70.0, 55.7, 55.3, 55.1; HRMS (MAINDS)

calcd for GeH2g06 "[M ] 436.1886, found 436.1870.

(E)-[2,4-dimethoxy-6-(3,5-dimethoxystyryl)phenyl] -(3,5dimethoxyphenyl)methanol
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(30: 88% yield, R= 0. 45 (silica gel, E 1o(BAOS8,/ 3004,X2938,e s 1
2837, 1599, 1510, 1459, 1425, 1323, 1283, 1246, 1203, 1152, 1064, 1035, 964, 835, 799, 736
cm'’; *H NMR (300 MHz,CDCL) U 7J=3%9 Hz,d H), 7.24 (dl= 8.4 Hz, 2 H), 6.84 (d,

J=15.9 Hz, 1 H), 6.82 (dl = 8.7 Hz, 2 H), 6.74 (d] = 2.4 Hz, 1 H), 6.56 (d] = 2.1 Hz, 2 H),

6.48 (d,J= 2.4 Hz, 1 H), 6.38 () = 2.1 Hz, 1 H), 6.23 (d] = 9.9 Hz, 1 H), 87 (s, 3 H), 3.80 (s,

6 H), 3.77 (s, 3H),3.73 (s, SHfICNMR (75MHz,CDC}) U 160. 9, 159.8, 158
138.2, 136.8, 132.0, 127.1, 126.9, 122.3, 113.4, 104.6, 103.3, 100.3, 99.1, 69.8, 55.7, 55.4, 55.3,

55.2; HRMS (FAB) calcd for gH2s0s" [M ] 436.1886, found 436.1870.

(E)-[2,4-dimethoxy-6-(3,4-dimethoxystyryl)phenyl]-(3,5-dimethoxyphenyl)methanol

(31): 68% vyield, R= 0.26 (silica gel, EtOAc/hexanes, 1:2); IR (film}.x 3003, 2955, 2917,

1590, 1508, 1454, 1258, 1204, 1150idmH NMR (300 MHz, CDCY) U 7. 31 ( s, 1 H)
2 H), 6.90 (dJ = 16.1 Hz, 1 H), 6.88 (app s, 1 H), 6.78Jd; 2.3 Hz, 1 H), 6.57 (m, 2 H), 6.50

(d,J=2.4 Hz, 1 H), 6.37 (appd,= 2.3 Hz, 1 H), 6.27 (d] = 9.5 Hz, 1 H), 3.95 (s, 3 H), 3.94 (s,
3H),3.2(s,3H),3.79(s,3H),3.78 (s, 6 L NMR (75 MHz,CDC}) & 161.0, 160.
149.5, 148.1, 139.1, 132.2, 130.7, 125.1, 122.3, 120.6, 111.5, 109.1, 104.4, 103.6, 99.2, 98.6,
70.3, 56.4, 56.3, 56.2, 55.8, 55.6; HRMS (MALBTMS) calcd for G/Hz,0;" [M*] 466.1992,

found 466.1995(This compound washaracterizethy StevenBreazzang

3-(3,5dimethoxyphenyl)-4,6-dimethoxy-2-(4-methoxyphenyl)}2,3-dihydro-1H-inden-1-ol
(39). To a solution of aldol addu2® (0.150 g, 0.344 mmol, 1.0 equiv) in @El, (10 mL)ati 78
“C was added in a single portion a solution of TFA (0.027 mL, 0.344 mmol, 1.0 eq@¥El,

(0.2 mL). The resultant dark purple reaction mixture was then warmed slow2p{€ over the
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course of 30 min and stirred for 5 hi@0 ‘C. Upon completion, the reaction mixtureas
guenched sequentially with solid,®0; (0.475 g, 3.44 mmol, 10 equiv) and MeOH (1),

warmed to 25C, and stirred for 15 min at 2&. The reaction contents were then pouired

water (15 mL) and extracted witBtOAc (3 x 40 mL). The combined organic layers were
washed with water (15 mL) and brine (15 mL), dried (MgS@nd concentrated. The resultant
brown oil was purified by flash column chromatography (silica gel, EtOAc/hexanes, 2:1) to give
alcohol 39 (0.113 g, 75% vyield) as an amorphous white soli¢t. Ry = 0.41 (silica gel,
EtOAc/hexanes, 1:1); IR (film)nax 2935, 1597, 1512, 1463, 1304, 1248, 1203, 1151, 1060, 829
cml; 'H NMR (300 MHz, CDCY) U 7J3=@J Hz 21H), 6.83 (d] = 8.7 Hz, 2 H), 6.65 (d,
J=2.1Hz, 1H),6.42 (d)=2.1 Hz, 1 H), 6.27 (J = 2.3 Hz, 1 H), 6.17 (d] = 2.4 Hz, 2 H),

5.13 (app tJ = 5.7 Hz, 1 H), 4.19 (d] = 6.9 Hz, 1 H), 3.86 (s, 3 H), 3.79 (s, 3 H), 3.68 (s, 3 H),
3.59 (s, 3H), 3.18 (A= 6.6 Hz, L H);'® C NMR (75 MHz,CDC}) & 161.7, 160. 4,
146.9, 146.3, 134.0, 128.7, 122.9, 113.9, 105.5, 99.7, 99.4, 99.3, 98.0, 82.5, 66.1, 55.6, 55.3, 55.2,
54.7; HRMS (MALDFFTMS) calcd for GgH»g0s * [M ] 436.1886, found 436.187®ecause

this compound is very difficult to purify, only the rude NMR spectra are included in the spectra

section.

Paucifloral F (18). Des$ Martin periodinane (0.152 g, 0.358 mmol, 1.2 equiv) was added in a
single portion to a solution of alcoh®® (0.130 g, 0.28 mmol, 1.0 equiv) in CECl, (8 mL) at
25°C, and the resultant slurry was stirred for 1 h at@23Jpon completion, the reaction contents
were quenched with saturated aqueousS@a (1.5 mL) followed by stirring the resultant
biphasic system vigorously for 5 min at Z5. The reaction contents were then poured into

saturated aqueous NaHg@ mL) and extracted with EtOAc (8 10 mL). The combined
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organic layers were washed with watgr mL) and brine (5 mL), dried (MgS{) and
concentrated to afford permethylated pauciflord250.122 g, 97% vyield) as a light yellow oil
which was carried forward without additional purificatiod2: Ry = 0.45 (silica gel,
EtOAc/hexanes, 1:1); IR (fih) nmax 1696, 1614, 1514, 1474, 1347, 1155, 1082, 1005, 842 cm
'H NMR (300 MHz, CDC}) © 7J1=08Z HZ, & H), 6.90 (d] = 2.1 Hz, 1 H), 6.84 (d] =
8.7 Hz, 2 H), 6.70 (dJ = 2.1 Hz, 1 H), 6.32 (app d,= 2.4 Hz, 1 H), 6.16 (d] = 2.4 Hz, 2 H),
4.44 (d,J= 2.7 Hz, 1 H), 3.88 (s, 3 H), 3.78 (s, 3 H), 3.71 (s, 3 H), 3.69 (s, 3 H), 3.65 @0
Hz, 1 H;®C NMR (75 MHz, CDC}) U 205.9, 162.0 (2 C), 160.
137.6, 131.5, 128.8, 114.2 (2 C), 106.4, 10& C), 98.1, 96.4, 64.1, 55.8, 55.6, 55.2, 51.9.
Finally, a solution of this newly synthesized ketone (0.035 g, 0.081 mmol, 1.0 equiv)@i,CH

(3 mL) was added dropwise to a commercigliigpared solution of BBK0.770 mL, 1.0 M in
CH.Cl,, 0.810 mmol,10 equiv) at OC, and the resultant solution was stirred for 6 h &E.0

Upon completion, the reaction mixture was quenched with water (5 mL), poured into water (10
mL), and extracted with EtOAc (8 20 mL). The combined organic layers were then washed
with water (5 mL) and brine (5 mL), dried (Mg®®and concentrated. The resultant light pink
product was purified by flash column chromatography (silica gekGGHMeOH, 9:1) to give
paucifloral F (0.025 g, 86% yield) as an amorphous white s&Bd.R; = 0.06 (silica gel,
CH,CIy/MeOH, 9:1); IR (film)nnax 3334, 1696, 1614, 1514, 1474, 1347, 1155, 1082, 1005, 842
cm™ 'H NMR (300 MHz, Acetonely) & 8. 75 (s, 1 H), 8.49 (s,
6.96 (d,J = 8.7 Hz, 2 H), 6.78 (d] = 8.7 Hz, 2 H), 6.72 (s, 2 H), 6.19 (ap@t 2.1 Hz, 1 H),

6.02 (d,J = 2.1 Hz, 2 H), 4.38 (d] = 2.7 Hz, 1 H), 3.50 (dJ = 2.7, 1 H);"*C NMR (75 MHz,
Acetoneds) U 205. 5, 1572 166.72 147.3, $40.0, $34.8, 131.8, 129.6, 116.3, 110.2,

106.3, 101.6, 100.5, 65.3, 52HRMS (MALDI-FTMS) calcd for GiH1706 “[M + H'] 365.1025,
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found 365.1055. All spectroscopic data for this synthetic material match those reported by Ito

and ceworkers for natural paucifloral A.8).!

Sulfide 37.Solid p-TsOH (0.039 g, 0.229 mmol, 1.0 equiv) was added in a single

portion to a solution of aldol addu2® (0.100 g, 0.229 mmol, 1.0 equiv) in @&, (10 mL) ati

50 “C. The resultant mixture was then warmed slowly 36 ‘C over the course of 20 min and
stirred for an additional 5 h #80 ‘C. Once this operation was complete, the reaction contents
were warmed to (C, p-methoxyU-toluenethiol (0.096 mL, 0.687 mmol, 3.0 equiv) was added in

a single portion, and the resultamixture was concentrated to a minimum volume
(approximately 0.2 mL). The resultant solution was then stirred for 12 h a€.28pon
completion, the reaction mixture was quenched with saturated aqueous R&I@O), poured

into water (5 mL), and extraatewith EtOAc (3x 10 mL). The combined organic layers were
then washed with water (10 mL) and brine (10 mL), dried (MgSénd concentrated. The
resulted yellow product was purified by flash column chromatography (silica gel,
EtOAc/hexanes, 1:1) to givesallfide 37 (0.075 g, 57%) as a light yellow oil. Alternatively,
methoxyU-toluenethiol (0.240 mL, 1.72 mmol, 3.0 equiv) gndsOH (0.099 g, 0.573 mmol,

1.0 equiv) were added to a highly concentrated solution of al@h@.250 g, 0.573 mmol, 1.0
equiv) in CHCl, (0.5 mL) at 25C. The resulting yellowgreen solution was stirred for 24 h at

25 °C under the strict exclusion of light. Upon completion, the reaction mixture was quenched
with saturated aqueous NaHg@® mL), poured into water (5 mL), and extracted with EtOAc (3

x 10 mL). The combined organic layers were then washed with water (10 mL) and brine (10 mL),
dried (MgSQ), and concentrated. The resultant light green product was purified by flash column

chramatography (silica gel, EtOAc/hexanes, 1:3) to give a suBid€).269 g, 82%) as a light
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yellow oil. 37: Ry= 0.71 (silica gel, EtOAc/hexanes, 1:1); IR (film)ax 2995, 2934, 2831, 1607,

1512, 1463, 1421, 1326, 1303, 1249, 1203, 1175, 1154, 1061, 4885830 crit; 'H NMR
(300MHz,CDC}, 1: 1 mi xture of Xxi8dHBz 2H),g0mMd@+&7)Hz,u 7. 13
2 H), 7.04 (dJ = 9.0 Hz, 2 H), 7.03 (d] = 8.4 Hz, 2 H), 6.84 (d] = 2.4 Hz, 2 H), 6.80 (d] =

2.7 Hz, 2 H), 6.79 (s, 1 H), 6.77 (sH), 6.74 (dJ = 8.7 Hz, 2 H), 6.53 (d] = 1.5 Hz, 1 H), 6.45

(d,J=1.5 Hz, 1 H), 6.36 (br m, 3 H), 6.28 (br m, 2 H), 6.18 (br m, 4 H), 4.55 (s, 1 H), 4.53 (d,

= 2.7 Hz, 1 H), 4.22 (app §,= 7.2 Hz, 3 H), 3.82 (s, 3 H), 3.81 (s, 3 H), 3.80 (s, 3 H), 3.79 (s,

3H), 3.77 (s, 3 H), 3.76 (s, 3 H), 3.69 (s, 3 H), 3.68 (s, 6 H), 3.61 (s, 3 H), 3.57 (SXE& H);

NMR (75MHz,CDC}, 1: 1 mi xture of diastereomd79,) 0 16
156.8, 147.1, 146.5, 146.2, 145.3, 135.7, 133.5, 130.3, 130.0, 129.8, 128.6, 124.1, 123.7, 113.9,
113.8, 113.7, 113.3, 105.5, 100.8, 100.4, 98.9, 98.5, 98.1, 97.9, 64.6, 60.3, 57.2, 56.7, 55.5, 55.2,

54.0, 53.7, 36.0, 34.9; HRMS (MALERTMS) calcd br CaqH3s06S" [M @ H'] 571.2154, found

571.2168.

Ampelopsin D (21).Solid NaHCQ (0.257 g, 3.06 mmol, 5.0 equiv) amCPBA (70%,

0.317 g, 1.84 mmol, 3.0 equiv) were added sequentially to a solution of sBiffi350 g,
0.612 mmol, 1.0 equiv) in Ci€l, (20 mL) at O'C to give a milkcolored slurry. After warming

this mixture to 25C and stirring for 3 h, the reaction contents were quenched with saturated
agueous NaHC(15 mL), poured into water (10 mL), and extracted with EtOAs €D mL).

The combined organic layers were then washed with water (20 mL) and brine (20 mL), dried
(MgSQy), and concentrated. The resultant -wfiite solid was purified by flash column
chromatography (silica gel, EtOAc/hexanes, 1:1) to give the desired sulfone inse(8d289g,

78%) as a yellowpink oil. Next, finely powdered KOH (0.186 g, 3.31 mmol, 20 equiv) was
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added in a single portion to a solution of a portion of this newly synthesized adduct (0.100 g,
0.166 mmol, 1.0 equiv) in a mixture of GEBUOH/H,O (5/91, 3.8 mL/3.8 mL/0.79 mL) at 25

"C. The resultant slurry was then stirred for 12 h at@B@pon completion, the reaction mixture
was quenched with saturated aqueous,GIH2 mL), poured into water (5 mL), and extracted
with EtOAc (3% 10 mL). The combied organic layers were then washed with water (5 mL) and
brine (5 mL), dried (MgSg), and concentrated. The resultant light yellow oil was purified by
flash column chromatography (silica gel, EtOAc/hexanes, 1:1) to give both the desired alkene
(45, 0.042 g52%) as a yellow oil along with a small portion of its exocyaléfinic regioisomer
(0.013 g, 15%) as a light yellow od5: R; = 0.53 (silica gel, EtOAc/hexanes, 1:1); IR (film)x

2995, 2934, 2836, 1606, 1509, 1463, 1288, 1248, 1203, 1175, 1152, 1065, 1036,'82H cm
NMR (300 MHz, CDC§) U 7J=2807 H¢, @ H), 7.18 (dJ = 8.4 Hz, 2 H), 7.09 (s, 1 H),

6.85 (d,J= 1.8 Hz, 1 H), 6.80 (d] = 8.4 Hz, 2 H), 6.72 (d] = 8.7Hz, 2 H), 6.33 (dJ = 1.8 Hz,

1 H), 6.29 (dJ = 2.1 Hz, 1 H), 6.27 (d] = 2.1 Hz, 1 H), 4.36 (s, 1H), 4.25 (s, 1 H), 3.93 (s, 3 H),
3.76 (s, 3 H), 3.73 (s, 3 H), 3.71 (s, 6 H), 3.62 (s, 3'B);NMR (75 MHz, CDC}) U 161. 5,
160.6, 158.4, 158.0, 157.648.1, 145.6, 142.7, 137.3, 130.0, 12987.9, 126.0, 122.1, 114.1,
113.7, 105.3, 99.1, 97.5, 94.9, 58.0, 57.9, 55.6, 55.2 (2 C); HRME.DI -FTMS) calcd for
Cs4H340s *[M ] 538.2355, found 538.2357. Finally, permethylag@dpelopsin D45, 0.050 g,
0.090mmol, 1.0 equiv) was added as a solution inClk(5 mL) at25 ‘C to a freshlyprepared
solution of BBg [made by dissolving solid BB(0.271 g, 1.08nmol, 12 equiv) in CEKCl; (5

mL) at 25°C in dry box], and the resulting solution was stirred@dr & 25°C. Upon completion,

the reaction mixture was quenched with saturated agu¢ad€Q; (15 mL), poured into water

(15 mL), and extracted with EtOAc 15 mL). Thecombined organic layers were then washed

with water (20 mL) and brine (20 mL), dried (M@,), and concentrated. The resultant light
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yellow solid was purified by flash column chromatography (silica gel,GI#MeOH, 9:1) to

afford a 5/1 mixture of ampelopsin D and isoampelopsin D (0.041 g combined, 89% overall) as
colorless oils. These regioisiers were obtained individually in near quantitative yield (95%)
following acetylation [AgO, pyridine], chromatographic separatioma flash column
chromatography, and acetate hydrolysis [cat. KCN, MeOM:. R; = 0.03 (silica gel,
CH.Cl,/MeOH, 9:1); IR (film)nmax 3339, 1604, 1511, 1465, 1374, 1335, 1238, 1147, 1010, 834,
650 cm’; 'H NMR (300 MHz, acetonés) U 8. 30 (br s, 1 H), 8.20 (
7.97 (brs, 2 H), 7.85 (br s, 1 H), 7.18 Jck 8.7 Hz, 2 H), 7.12 (d] = 8.7 Hz, 2 H), 7.04 (app t,
J=0.6 Hz, 1 H), 6.81 (d] = 1.8 Hz, 1 H), 6.75 (d] = 8.4 Hz, 2 H), 6.66 (d] = 8.7 Hz, 2 H),

6.30 (d,J= 2.1 Hz, 1 H), 6.11 (m, 3 H), 4.29 (s, 1 H), 4.15 (s, 1*}Q;NMR (75 MHz, acetone

ds) ua 159. 7, 1544 956.8 149.3,347.6,343.1, 137.4, 131.0, 129.7, 128.8, 123.8,
122.7, 116.3, 116.0, 106.5, 103.8, 101.3, 98.4, 59.5, 58.7; HRMS(MALIMS) calcd for
CaeH200s" [M'] 454.1416, found 454.1448. All spectroscopic data for this synthetic material

match hose reported by Niwa and-eerkers for natural ampelopsin 21).2

IsoampelopsinD(38) Concentrated HCI (50 €L, 0.600 mmo
a solution of ampelopsin 2¢, 5.0 mg, 0.110 mmol, 1.0 equiv) in MeOH (0.5 mL) at@5and

the resitant mixture was stirred at 8C for 12 h. Upon completion, the reaction mixture was
guenched with water (3 mL) and extracted with EtOAcx(30 mL). The combined organic

layers were then washed with water (5 mL) and brine (5 mL), dried (Mg&@dconcentrated.

The resulted light yellow product was purified by flash column chromatography (silica gel,
CH.CI,/MeOH, 9:1) to give isoampelopsin 8 (4.8 mg, 96%) as a colorless @B R = 0.13

(silica gel, CHCI,/MeOH, 9:1); IR (film)nmax 3411, 28101680, 1628, 1511, 1443, 1371, 1333,
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1206, 1149, 1055, 1006, 833 ¢nfH NMR (300 MHz, methanedl,) U 7J=38.24 Hz 2IH),

7.07 (d,J=8.7 Hz, 2 H), 6.73 (d] = 8.7 Hz, 2 H), 6.66 (d] = 8.7 Hz, 2 H), 6.17 (d] = 2.1 Hz,

1 H), 6.06 (dJ=1.5H, 1 H), 6.06 (dJ = 2.1 Hz, 2 H), 5.99 (J = 2.1 Hz, 1 H), 4.80 (s, 1 H),

3.84 (s, 2 H)*C NMR (75 MHz, methanetl) & 158. 9, 158.7, 157.5, 1°¢
144.0, 136.6, 132.1, 131.1, 130.2, 128.9, 125.4, 116.3, 115.8, 108.1, 1014, 56.7, 32.2;

HRMS (MALDI-FTMS) calcd for GgH»,0s * [M*] 454.1416, found 454.1428. All spectroscopic

data for this synthetic material match those reported by Niwa andodaers for natural

isoampelopsin3g).

Total Synthesis of Quadrangularin A (§ and Isopaucifloral F (41). These two natural
products were synthesized from intermedid@eexactly as described above for ampelopsin D
(2) and paucifloral F ¥8) by substituting 3/limethoxybenzaldehyde in the Horner
WadsworthEmmons reaction leading intermediateS3 Only the final deprotection leading to
isopaucifloral F 41) in Scheme 8 is fundamentally different from the steps outlined above, so

only this procedure is defined specifically on the ensuing pages.
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S5 Ry = 0.48 (silica gel, EtOAc/hexanes, 1:1); IR (filmyax 3475, 2934, 2837, 1596,

1512, 1463, 1429, 1304, 1245, 1203, 1149, 1046, 935, 831, 735hrNMR (300 MHz,
CDClL) U 6J=8.3 Hz aH), 6.75 (d] = 8.7 Hz, 2 H), 6.65 (d] = 1.8 Hz, 1 H), 6.41 (d]
= 2.1 Hz, 1 H), 6.34 (appd,= 2.7 Hz, 1 H), 6.32 (d] = 2.1 Hz, 2 H), 5.18 (1 = 6.0 Hz, 1 H),
4.26 (d,J=7.2 Hz, 1 H), 3.85 (s, 3 H), 3.76 (s, 3 H), 3.73 (s, 3 H), 3.54 (s, 3 H), 313 @9
Hz, 1 H);*® C NMR (75 MHz,CDC}) & 161.6, 160.8, 157.7, 157.
123.3, 113.3, 105.8, 99.7, 99.2, 98.5, 82.2, 67.5, 55.6, 55.2, 55.1, 53.3; HRMS (MAMS3)

calcd for GgH2s06' [M 7] 436.1886, found 436.1870.

Permethylated Isopaucifloral F. Rs = 0.45 (silica gel, EtOAc/hexanes, 1:1); IR (film)

Nmax 3001, 2935, 2837, 1713, 1596, 1511, 1462, 1431, 1305, 1247, 1204, 1151, 1065, 1036, 835
cml; 'H NMR (300 MHz, CDC)) U 6J=®B4Z HZ 21H), 6.89 (d] = 2.1 Hz, 1 H), 6.79 (d,

J=8.7 Hz, 2 H), 6.69 (d] = 2.1 Hz, 1 H), 6.36 (appd,= 2.1 Hz, 1 H), 6.24 (d] = 2.1 Hz, 2 H),

451 (d,J= 2.4 Hz, 1 H), 3.88 (s, 3 H), 3.78 (s, 3 H), 3.74 (s, 6 H), 3.66 (s, 3 H), 3.6& @7



