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General Audience Abstract

Over the past few decades, the decline in effective ways to treat bacterial
infections has becomea serious threato our survival as a species. Hgdreated
infections are now becoming impossible to treat, requiring new solutions in the forms of
new drugs or drug derivatives.ooking back into the literature, howevegrptential
molecules may have already beefiscovered bumay have beennderdevelopedue to
having undesirable properties. Orsich molecule is thermorubin, which shows high
selectivity towards bacteria anbigh activity against a broad range of bacteria.
Thermorubin is not water soluble, so part of this work would involve making
thermorubin while also making small changes to it to make it more soluble in water.

The synthetic construction of thermorubin has never been performed before. The
route we would like to use would involve an annulation reaction, a chemical reaction that
produces an aromatic ring, with a material that has not been reported in the literature. The
structure of this material would also allow for the formation of unwanted side materials.
After careful testing, the ideal conditions were developed for product formation, and
twenty-onevarious pyrone esters and amides were applied in the reaction. This optimized
reaction was also attempted in the pathway for thermorubin and proved successful,
although the product could not be further modified. Due to this inability to be modified,
the starting materialwas altered to already include these modifications before the
annulation reaction. Further annulation proved succesgfaygh continued work is

required to finish the construction of thermorubin.



Overview

Chapter 1 discusses the growing concern of antibiotic resistance and the need for
new drugs with novel mechanisms of action. Thhermorubin is introduced as a candidate
that can serve as a potential lead molecule for derivatization.

Chapter 2 is the introduction to the initial synthetic work on thermorubin. The
initial trials to try and obtain this metabolite focused on a Stadvteimreb approach.
When this proved unsuccessful, modification of the eleafimmor was attempted to
overcome this feature. Incorporation of pyrones into Hatyger annulations has not
been reported in the literature.

Chapter 3 focuses on the optimization of the pyrone annulation conditions with a
modified electrordonor, one that was easier to create. Optimized conditions were
deduced and were applied to a 21 different pyrone esters and amides. These reaction
conditions also proved successful when the electron donor itself was altered, further
verifying the scope of this annulation.

Chapter 4 details the implementation of the optimized reaction conditions into
the total synthetic route. While successful, further alterations had to be made to the
electrondonor, specifically the creation of a symmetrical bissulfoxide molecule that also
was successfully used in the annulation.

Chapter 5 explores the future direction of the total synthesis and offers ideas on
how to complete construction of thermorubin. Further outlined is a technique for late
stage salicylate derivatization of thermorubin, as well as suggestions for other electron

substrates for future Hausgmpe annulations.
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Chapter 1. Introduction

1.1  Fighting Nature with Nature

One of the largest problems that society faces in tRe@itury is the growing threat of
antimicrobial resistance. The inherent ability of bacteria to overcome antibiotics by horizontal
gene transfer and mutations inexorably leads to resistance against these drugs. Even last resort
drugs to treat infections now have a resistance gene embedded in their bacterial genome,
decreaimg their effective usé? Overuse of antibiotics to treat illnesses other than bacterial
infections also led to acquisition of resistance genes selecting for bacteria that are immune to
them.
1.2 Importance of Scaffolds

The first wave of natural product antibiotics and their approval for use in medical settings
occurred between the 1940s and 1960s. This time was marked by the discovery of many
antibacterial metabolites and the recognition of shared scaffolds that have general antimicrobial
activity, such as firsgeneration antibiotics tetracycline and streptomycin, which represent drugs
from the tetracycline and aminoglycoside classes, respectivgyre 1.1 illustrates the
discovery of a class of antibiotics and the subsequent amount of years between the first drug of
that class being FDA approved. While generational synthesis continues to be important in the
fight against antibiotic resistant pathogens, it is crucial to find new active drug scaffolds that will
behave in novel ways that bacteria will have difficulty combatting. These can be sourced from
the overlooked metabolites, such as the case of pleuromutiliRetaganulin, which took over

fifty years to see the first FDA approved drug of this class.



Tuberactinomycins (1951) |.2. Viemycin (1953)

Pleuromutilins {1951) - . Retapamulin (2007)
Macrolides(1952) 0 Erythromygcin (1952)

Streptogramins (1953) | ...... 12...... Pristinamycin (1965)

Glycopeptides(1954) |, 4., Vancomycin (1958)

Lincosamides(1962) 1. Clindamycin(1963)

(Fluoro)quinolones(1962) |. ... ... ... 21 ... ... ... ..| Norfloxacin (1983)

Mupirocin (1971) .......14....... Mupirocin (1985)
Aminoglycosides (1943) ..4.. Streptomycin(1947) Lipiarmycins (1975) |... ... .. . s . 36 .. .. oo e .. ...| Fidaxomicin(2011)
Tetracyclines (1945) | 3. | Tetracycline (1948) Oxazolidinones(1987) ......13....... Linezolid (2000}
Amphenicols(1947) .2. Chloramphenicol(1949) Lipopeptides(1987) |........16........| Daptomycin (2003)

r1940 r1950 r1960 r1970 r1980 r1990 r2000 501 0

Figure 1.1: Discovery of natural product scaffolds (led)d theiimplementation as FDA
approved drugs. The valueshetween boxes represent the number of years between
discovery and implementation, with the box colors denoting types of bacterial targets (o
= ribosome; green = cell wall synthesis; purple = DNA synthesis; blue = RNA polymeras

The astounding complexity of naturally produced metabolites is a critical source of new
scaffolds. The majority of clinically relevant antibiotics are derivatives of naturally occurring
metabolites isolated from biological sources, withers derived using synthetic means.
Isolating and characterizing additional new compounds, which are ideally new classes of
antibiotics with novel mechanisms of action, is therefore of high importance. Besides identifying
previously unknown scaffolds, new drugs can also be derived from forgotten antibiotics,
molecules that have been previously reported to exhibit antibacterial properties but were not
developed. Exploration into these drugs was limited at the time due to lack of methodology, lack
of availability, challenging properties, or general cytotoxicity. However, current technologies
lend themselves to successful SAR campaigns to develop these compounds into lead molecules
for new classes of antibiotics. This approach could be more efficient than de novo discovery by
overcoming the time needed to collect, extract, isolate, and characterize new metabolites from

biological sources as well as avoiding the chance of rediscovery of previously known molecules.



1.3  Thermorubin

One such forgotten antibiotic is thermorubin, a tetracyclic molecule that displays
promising activity against pathological infections from Gram positive bacteria. It is distinguished
from other biologically active molecules, such as tetracyclines and quiy@enolecules, in
that most of its functionality is located along one side of the ring. Thermorubin was first isolated
by Cravert and colleagues in 1964, with an initial structural configuration being proposed in
1971 by Moppettand coworkers. Their investigations involving NMR analyses and comparison
to similarly structured xanthone molecules led to the assignment of stractukdowever, this
structure was not universally agreed upon and further investigation by Johnson and coworkers

using Xray diffraction corrected the structure assignmernit2o

Figure 1.2: Original thermorubin structurk.1and corrected structufie2

1.3.1 Thermorubin Derivatives

Early exploration into derivatization of thermorubin focused on semisynthetic
modification of the metabolite directly isolated from its producing sfraffadification of the
metabolite was therefore limited to functional group conversion of the most reactive centers. The
most active derivatives were those that converted the external methyl ester to the methyl amide

1.3 and reduction to the primary alcohbM, with activity being comparabl® or less potent



compared to the parent moleculeable 1.1). These modifications did not lead to a morally
bioavailabledrug. More complex derivatization techniques would be required to make a more
orally available and potent derivative, a task that may not be possible when attempting

functionalization changes on thermorubin itself.

Table 1.1: Activity of thermorubin compared to its most
active derivatives

OH OH 0 o >

O OH O
X o 1.2 R = COOCHj
P 1.3 R = CONHCH;
R 1.4 R=CH,0H

O~ ©OH
Antibacterial activity (ug/mL)

Organism 12 1.3 14
S aureus ATCC6538 0.006 0.05 0.025
S. pyogenes C203 SKF13400 0.025 0.1 0.05
S. pneumoniae UC41 0.05 0.05 0.05
Pwilgaris X19H ATCC 881 3.12 1.6 125
E coli SKF12140 6.25 6.2 125

Along with its unique structure, thermorubin has a unique mechanism of action, binding
near the intersubunit ribosomal bridge within the bacterial ribogdnitially thought to inhibit
translation initiatior, this molecule inhibits elongation and termination steps by preventing
delivery of aminoacytRNA and release factor binding within theske® The high binding
affinity that it has for the bound ribosomal complex as opposed to either individual unit also
prevents the complex from disassociatingttfer reducing ribosomal productivity by stalling
ribosome recycling.The pivotal interactions can be sdarFigure 1.2 with crucial interactions
occurring with the oxygen motifs along the top portion of thermorubin and A1913 and the
carboxylic acid with A1916, as well as aromatiespacking observed between the salicylate ring
and U1915. Given these interactions and that the bottom portion of thermorubin remains within a

4



hydrophobic pocket, derivatization of the oxyga&h side of the metabolites not favorable.

Figure 1.2: Crystal structure of thermorubin bound to Théhermophilugibosome, with
relevant contacts shown (red dashes = hydrogen bonds; gray dashes = pi stacking; yel
dashes = Mg coordination). PDB 4V8A.

1.3.2 Previous Synthetic Work

There has only been one previous attempt to synthesize thermorubin, that by Johnson and
colleagues in 1986. They sought to partially construct the tetracyclic core of the metébolite,
focusing on the CD portion. The group initially had an idealized structure in their mind for the
construction of the core, synthdn5 (Scheme 1.linset) as well as its conformational isomer
with the furanone ringnvertedin its connectivity, but further work using this synthon proved
incompatible with reported annulati@onditions and its initial construction proved challenging.
It should be noted that utilizing this synthon would have also generated a product containing a

5



diol, which is not observed in thermorubin, and subsequent dehydration would have been
required.

Thus, their work focused on a synthetic route to construct the pyfdofi® portion
without its direct incorporation utilizing an annulatidBcbheme 1.1 Adapting precedent from
Drake and Tuemmléf, the trimethoxy benzoic acidl ) was reduced and converted to the
benzyl chloride, which allowed for alkylation using ethyl malonate in a 61% yield over three
steps furnishindl.7. Subsequent alkylation using methyl bromoacetate and its hydrolysis using
one equivalent of KOH resulted in intermedidt® in a 47% yield over two steps, possibly
suffering from a reduced vyield due to ovemdrolysis of the other methyl esters. Anhydride
formation and FrideCrafts acylation created the-rffig and treatment under acidic conditions
hydrolyzed the remaining esters and induced decarboxylation leading to internic@liaten
84% vyield. Further modification of the dcito the ester using diazomethane and selective
demethylation and MOM protection enabled isolation of intermedidi@ For mat-i on of
phenylselenyated intermediate followed by elimination formed the aromaticity of the C ring,
followed by methylation of the generated phenol and MOM deprotection furnisHed
Oxidation with sodium periodate under acidic conditions created the diketone with exposure to
lead acetate in methanol cleaved the diketone and resulted in the formation of dimetiyl2ster
in a 93% yield.

The final steps to the CD component involved the-aai@lyzed cyclization of the ester
and ether moieties to form the pyrone through an intramolecular cyclization, followed by
methylation using diazomethane. This led to the desired precluk®dm a 72% yield. When

factoring in the initial steps required to make the diethyl ester intermetigtehe overall



precursor is obtained in a 6% vyield over 17 steps. While this cleaving synthetic approach

furnishedsynthonl.13 to achieve authentic thermorubin, the AB system would still need to be

S S
o} O 0o i LiAlH, 0
ii. S0Cl,
o | @] -~ o 1L Dlethi-'l malonate, Na -~ 0 S O\/
N0 o OH ~o ©
R 61% (3 steps) W
O o) o)
15 R=H.Br 1.6 1.7
~. HO

\

o]
/

~
_ o @] @]
1. BrCH,COOCH; O 1. CF3COyH, (CF;C0),0
i KOH. A - O/h“ i, H'. H,0, A 0
E— -
™ OH
47% (2 steps) 0 84% (2 steps) @
0]
1.9

1. CH,N,, CH;0H 440/;‘40 o 1. LDA, PhSeBr OH \“O
il. BCl3, EtO ii. (CH;0),80, o
1. MOMCI, Na 0 iii. H H,0 ~ OO
_— - _—
~ 0.
71% (3 steps) \O O\ 53% (3 steps) 0
. 1.11 O
~
O o
o
S O
o]
1.13

i. HCL HOAc, A
ii. CH,N,, CH;OH

i NalO,, HOAc, H;0
it. Pb(OAc);, CH;OH, CgH,y

0O
93% (2 steps) 72% (2 steps)

0

Schemel1lJohnsondés approach to the synltlBes
Inset An initial approach that would have utilized pyrdn&as the 4electron unit and its

isomer.

appended. Thus, while this seminal work revealed ideas and methods to construct a portion of

the thermorubin core, an easier method for forming the pyrone is desirable.



1.4  Unmasking Symmetrical Intermediate

Our |l abdés interest in thermorubin is based

for derivatization, but direct derivatization is currently hindered by its difficult isolation and
specific growth techniques. Previous work by our lab to investigate the biosynthetic pathway of
thermorubinds f or m¥ bt gescale isolaton of the metabdite fvas| |
difficult and could not be replicated. This problem led us to pursue synthetic strategies to obtain
thermorubin. The formation of this material would not only provide material for further,study

but would also enable the construction of structurally different molecules that could not be
producedvia biosynthesis. Of particular interest is the phenol ring, which could potentially be
further functionalized. The key to our approach, as described in the subsequent chapters, focuses
on symmetric intermediatd.(L4,Figure 1.2), as this material could serve as one of the central B

ring in the construction of thermorubin.

o >0 o OH OH O >0 ™0 OH O

Figure 1.2: Identification of preceding symmetrical intermediate en route to thermorubin
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Chapter 2. Exploration of Phthalide and Monosulfoxide in Annulation Reactions
2.1 Retrosynthesis
Based upon the need for new antibiotics, especially those with novel mechanisms of
action, it was essential to obtain thermorubin and ideally its derivatives for study. Past attempts

to isolate this material from its producing strdin,saccharj have proved difficult. Our work

reproducing the  original
isolation work, conducted by

Dr. Jen McCord and

Timilehin Adegboyega, was

U not successful. Attempts to
~ ~

o 0 0 OPGO modify ~ these  growth

OPG O % L

N S~ 0

©/u\o/ * | _ 3P O conditions  produced only
”a 07 > 0PG ”s O trace amounts of metabolite.
U It was therefore advantageous

to create a synthetic route to

0
0
o >0 o make this material to enable
| + \O O/ + | o
Pz o} i
@ ~ further study of thermorubin
o}
O” OPG and its derivatives.

2.4 25 2.6

This early synthetic
Scheme2.1: Proposed retrosynthesis of thermorubih

work on the CD ring system
of thermorubin Chapter 1, Scheme 1.1) helped inspire our proposed synthetic route.
Annulations could not only make the aromatic core but could also be used to regioselectively

install functionality. We believed that an approach based on a central hidden symmetric element

11



was preferable. Within the B ring is a masked symmetrical phthdi® that can baised as

two 4-electron donors to form the ABCD cor2,3. The initial thermorubin disconnection is
removal of the salicylate moiety E ring.®), which also enables easy lsage derivatization.

The core ring system can then disconnect in one of two stages: either implementing annulation of
the unsaturated ketor2ed with phthalide2.5, creating the AB system followed by connection of

the D ring; or annulation of the phthalide with the methyl ester pyPoBecreating the BCD

system followed by a second annulation to form the A ring.

o o ou>o o Both annulation pathways
pKa:ZO
/ . .y
| ., OO 0 (Scheme 2) initially seemed
[Base] viable, but examination of the
0~ “OPG 7 07 opPG
”a ’ . literature showed reaction &.5
+ .
o >N o o N0 OH o with the unsaturated keton@.4)
o o~ o 0 to give 2.7 to be more strongly
= O
precedented. Various reaction
2.5 [Base] 28 0
o > * | conditions utilizing unsaturated
| 0 ketones as Michael acceptors have
= O
g been reported, while the use of a
2.6 2.9 two-electron system with twt) ,- b
Scheme 2.2Annulation of2 5 with each electron unsaturated esters viable to attack,
acceptor systerB.4 and2.6 and its products2.7 as well _
as2.10and11, respectively. such as with pyrone2.6, was

unknown without d i-pyrenest inatuding ghese-6@isb o xFyor sub st i t
pyrones, it was not clear that annulation would be possible and if it did occur, could potentially

result in the formation of two different regioisomeBs8(and 2.9). Alternatively, while more

12



regioselective, the generated bicy@er| that forms upon annulation &f5with ketone2.4 will
generate an external ketone with a low pKa, which will Havendergo protection steps before
subsequent annulation of the pyrone moiety. While unprecedented, annafoh to the
pyrone2.6 first would not present this pKa problem.

Outlining the retrosynthesis allowed for the identification of the symmetrical moiety
(2.5. Practically, the symmetrical intermediag5 could be used in a Stauntd¥einreb
approach where deprotonation of a benzylic position initiates its activity asketron donor
for reaction with2.4 or 2.6 or their derivatives. Alternatively, the benzylic position & could
be activated with functional groups to enhance their acidity enabling other annulations, such as a
Hausertype® to be pursued.
2.2  Background

The StauntofWeinreb annulation was discovered by both James Stduatwh was
further adapted by Steve Weinrelis early use in the construction of polycyclic cores has been
reported and could potentially be adapted for the synthesis of thermorubin. Mechanistically, an
initial deprotonation of the benzylic methyl is followed by a Michael addition, with a Dieckmann
condensation preceding the final aromatization. Previous annulasbognin Scheme 2.3
illustrate its effectivene§swith annulation conditions have been reported to be orthogonal to
TBS and BOM protecting groups, which will prove useful when selecting protecting groups in
the total synthesis. Additives such as TMED#ave also been shown to improve the yield of
annulated material by further stabilizing the enolate intermediate. It should be noted that all
precedented -Blectron systems used are cyclic, therefore Stateimreb annulation
conditions were not attempted on the unsaturated két&oe.all StauntoWeinreb annulations,

a leaving group on the- | ectron system b to the activat:i

13
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meaning2.24 (Scheme 2.5 would need to be used instead 26 in our systems to réain

aromaticity.
S0 OH O
/@i‘\ /ij\/‘\ LDA, THF, -78 °C
59% ~0
210 2.1 212
8o @o
o o o) OH O
O/ LDA, THF, -78 °C
+ nOTBS — OO‘ WOTBS
BOMO (l) 50% BOMO
213 214 215
~ ~
LDA, O OH O
TMEDA,
S QARG LN ¢
P
o 55%
2.16 217 218
Scheme 2.3Past literature precedent inspiring total synthesis of thermorubin.

2.3  Attempted StauntonrWeinreb Annulation

Thus, testig annulation conditions utilizing-@ethoxy pyrone2.24 as the Zelectron
component was the initial focus. Drawing inspiration from the work of Staunton and colleagues,
the construction 02.23(Scheme 2.4 proceeded in modest yield, because of known difficulties
in purifying these types of intermediatédMethyl ester2.24was formed by treating.23 with
thionyl chloride and methanol. Condensation2026 with dimethyl oxoglutarate2(25 and
subsequent aromatization to form the ph&nmloceeded as reported, as did methylation to form
2.512 Despitesimilar precedent,the use oR.24as a 2electron donor with isopthtalag5 was

unsuccessful. Recovered starting materials proved that the benzylic positions are either not
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susceptible to LDA or thénitial intermediatewas unable to aromatize, instead reverting
starting material Previous studies, such as in the synthesisigganong utilized a methoxy
substituted pyrone lacking the external ester, eliminating potential formation of other annulated

materials and were not aromatic, thereby having higher electrophilicity compared to our system.

o o o H,S0, o o 0
+ > +
~ M ~ )\ - ~ M PN o~
(0] (@) (@) it (0] (0]
75% o
2.19 2.20 2.21 2.22
i, KOBu, i. SOCl,,
EL,0, rt | @ DME, A | 0
ii. CH;0H, A o = OH ii. CH;0H o = O\
37% (2 steps) | 56% (2 steps) |
2.23 2.24
(0] O (0] NaOH, g
)J\/U\)J\ CH;0H, O (0] OH O
\O O H,O0 ~
2.25 (86% LDA 0 0
oto +224 —XK> _ 1)
CHyL 78 °C o)
2.26 acetone, 2.5
A (95%)
Scheme2.4: Formation of2.24and attempted annulation wighs.

2.4  Hauser-Kraus Substrate Preparation

Lack of annulated material from altering the pyrone resulted in reconsidering the
activation level of the symmetrical intermedia®rir sights turned to a similar type of annulation
which can create similar annulation products from slightly different starting materials. The
Hauser annulation focuses on altering the acidic position of the el@irmm, whileallowing

the use of a less activatedelectron acceptorMost literature precedent focuses on the

implementation of isobenzofuranon@sA, Scheme ) with electron withdrawing groups (R =

SOPh, S@Ph, CN, halogens) at the C3 position to facilitate deprotonation and achieve a quinone

15



or hydroxyquinone4.D) because of the prevalence of this functionality in natural products. By
using an alternative Hauser substrate that is not a furanone, such as the mono sulfo@dg ester

only a single phenol will form2(E).

o o} 0
R
R 2 R
2.A 2.B 2.C
Y Y
OH O OH O
L™ A
R2 R2
OH
2.D 2.E
Scheme2.5 Undesired product from annulation 8fD from
2.A and2.B, and desired formation @E from 2.B and2.C.

24.1 Sulfoxide Formation

With the phthalide already construct¢d.5 Scheme 2.4 direct installation of the
sulfoxide functionality was attempte8c¢heme 2.5 Previous reports were able to convert fairly
unreactive benzylic positions directly into thiophenyl sulfoxitfebut in our hands, these
conditions resulted in no sulfoxide material27?) being generated. A less direct method of
incorporating the sulfoxide involved installing the thiophenyl ether miéty (2.28 using

diphenyldisulfide, but these conditions showed a similar lack of reactivity with our system.

16



0 0O 0 o
~~.S
o) \© ~0 o~
LDA,
oo o SOPh
~N
LDA, Ph,S, o 0 0
25 —X—> o o~
THEF, -78 °C
SPh
2.28
Scheme2.6. Attempted mono sulfoxide creation frdib.

A more practical yet longer formation of the sulfoxide proceeded in a manner similar to
that reported by Patfd Radical bromination of the symmetrical isophthal@é,(Scheme2.7)
provided a difficult to purify mixture, likely the desired monobrominated material mixed with
the dibrominated side product. Thus, the initial bromide was carried forward unpurified.
Likewise, the §2 displacement of the bromide mixture with thiophenol to the thioether resulted
in a mixture and was not purified either. Purification was instead completed after the final step,
oxidation of the thioether to the sulfoxide with sodium periodate. This process was reasonably

efficient, providing sulfoxid®.27in a 32% yield over three steps.

i. NBS, BPO, CCly, A ~
o >0 o ii. PhSH, DBU, cffcb 6 o O
iii. NalO,, CH;0H, H,0 ~ -
~o o~ .~ o (0]
32% (3 steps)
SOPh
2.5 2.27
Scheme2.7: Formation of monosulfoxid2.27from phthalide2.5.
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24.2 Unsaturated KetoneFormation

With a suitably activated, moraonctionalized 4electron donor(2.27) in hand, our
attention turned to the unsaturated ketone and how to prepare this synthon. If a dicarbonyl
containing system were to be used, isomerization of the internal bond6¢euts and 2.4)
because of the chain lengthigure 2.1). This enol driven tautomerization could contribute to
lower yields, either because of reduced activity or annulation occurring at the unsaturated ester
tautomer as opposed to thk,-unsaturated ketone. To overcome this potential problem, we
targeted a protected alcohd.29 in lieu of the ester with the intention of deprotecting and

oxidizing later in the route.

@) 0] o)
0~ OPG O~ OPG OPG
2.4

2.4, 2.29

Figure 2.1: Tautomerization of unsaturated ketd and its less
oxidized partneR.29 a potential solution to the resonance problem.

As per the work of Nwabufo and Heuser, protection of a hydroxypgim propane diéf
(2.3Q Scheme 2B) as the benzyl ether and the ensuing oxid&timu to the aldehyde2(31) in
an 85% yield over two steps. Conversion of chdaetyl chloride(2.32 to the ylidene .33
proceeded in slightly lower yields than previously repgftéd but its Wittig coupling with

(2.31) proceeded as reportédyielding 2.29.
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OH O
i. NaH, BnBr |
ii. DMP, CH,Cl,
- (@]
HO 85% (2 steps) BnO
2.30 2.31 CH,Cl,
+ -
1) o 80%
i. NaOH, CgHCH BnO
ii. NaOH, H,0O
| 2.29
-
Cl 76% (2 steps) PPh3
2.32 2.33
Scheme2.8 formation of unsaturated keto2e24

25  Hauser-Kraus Annulation AB Ring Formation

With coupling partners in hand, we tested the annulation conditions based on the seminal

work of Hauser and colleagu&sGeneral reaction procedures call for a slight excess of the

unsaturated keton2.29 (Scheme 2.9 adding this material slowly to a cold solution of the 4

electron unit2.27 premixed with base. When applied to this system, the annulated pé@adct

was obtained in a 39% vyield. Methylatiod.35 of the resulting phenol proceeded in an 88%

yield (Scheme 2.9
(0]
)‘\%
BnO
~ 2.29, CH;l, ~NA N
O O O LiTDS, OH MO K,CO,. O O O O
~ _~ THF, -78 °C / (CH3)2CO A
° T OO 99
39% 88%
Ph
S0 BnO BnO
2.27 2.34 235
Scheme2.9: Annulation of unsaturated ketone and methylation of product.
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Despite this early success, the bicy@8§ Scheme 210) was incapable of being further
functionalized. When attempting to protect the external ketone as the diox@lage the
protected intermediate was only generated in 1:8 ratio relative to the starting material, potentially
due to steric interference from the neighboring methyl ether and alkyl chain. An alternative
strategy sought to brominate the benzylic methyl gréup7, but due to a lack of directing
groups and the presence of an additional benzylic carbon, bromination was not chemoselective.

Instead, an inseparable mixture of differentially brominated materials was generated.

d Lo o 0o 0 o o

NBS,

/ HO(CH,),0H O AIBN
OO el O OO

pTsOH * H,O0, CCI A

Cg¢Hg, A
OBn OBn
2.36 2.35
Scheme2.1Q failed functionalization of the methylated intermedi2igb.

Because of this lack of success advancing the completed AB ring into the complete core
structure annulationof a phthalide,suchas?2.27with the methyl ester pyrone moiet®.6) was
thenext natural approacls¢heme 2.1 If successful, this would allow for direct annulation of
the intact D ring to the symmetric B ring forming the BCD ring system. Annulation reactions
using methyl ester pyrones as Michael acceptors have not been reported, with the most similar
substrates being used including cyclohexanone and a partially unsaturated®pynoise.we
would need to create chemistry to enable this annulation to proceed and determine if desired
product2.8was formed or if competing-@lectron unitsZ.9) from the pyrone were also reactive.

This process is further discussed in Chapter 3.
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2.27 2.6

2.9

Scheme 2.1: lllustration of the next viable annulation pathway utiliz\g7
instead of2.5.
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Chapter 3: Regioselective Annulation of 6Carboxy-Substituted Pyrones as a Tw«Carbon
Unit in Formal [4 + 2] Cycloaddition Reactions

3.1 Hauser Annulation Precedent

With the initial annulation to the pyrone the most viable route, conditions now needed to
be developed. This reaction would enable direct installation of a pyrone moiety into an aromatic
system, but its use in Haudgpe annulations has not been reported. The early work of Hauser
and Rhegexplored utilizing the sulfoxid8.1 (Scheme3.1) and various unsaturated carbonyl
substrates3.2) where an excess &2 was added to the pgenerated anion @&.1 at-80 °C.
Successful yields 08.3 were reported when both an unsaturated ketone and ester as the 2
electron substrate. Further incorporation of sulfoxides as Hauser donors has been reported using
ketoned® as the electron acceptor, with the work of Spetvging closely related to this
synthesis. The-2lectron donoB.5is fairly similar to that of pyrone, although incorporation of a

substrate containing twd ,-umsaturated sites of annulation has not been reported.

OH O
6 R R = OEt; 44%
THEF, -78 °C R = CHs; 70%

SOPh
3.2 33
S0 OH O
/@i\ 6\ LDA, THF, -78 °C

~N

29% O
SOPh
3.5 3.6

Scheme3.1: Past precedent performed by Hauser and Sperry, respectively,
serving as annulation inspiration
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We envisioned directly annulating an intact pyrone to form a polycycle, such as
thermorulin, rather than the traditional approach of decorating an aromatic ring and
subsequently cyclizing to generate the pyrone. Detractions of the traditional approach are the
typical necessity of protecting groups for other substituents on the aromaficanidgharsh
condition$ or costly metal catalyst$to facilitate closure to the pyrone. Regioselective use of an
unactivated pyrone as a tvearbon unit in what is formally a [4+2] cycloaddition is scarce, with
only the 5substituted pyrone enabling regio, though not cheseectivity!! Other substitution
formats resulted in a mixture of diene and dienophile roles for the pyrone and a lack of
regioselectivity, especially for-gubstuted pyrone€. These findings made it unclear what
conditions would enable the successful use-siilsstituted pyrones3(7a) as dienophiles (their
use as dienes is know#a}* and what substitution pattern would result in the absence of a
directing StauntoitWeinreh type leaving group. Thus, we investigate the parameters that would
enable regioselective use of pyrones as dienophiles toward the synthesis of thermorubin.

Beyond thermorubin, the pyrongcaffold (3.7a Scheme 3.2inse) is an important
heterocycle found in various pharmaceuticals and natural proddétslany ringforming
reactions to establish annulated pyrones éxist,but all effectively proceeding through
esterification to form the lactone. The enforced geometry and aromatic character of the pyrone
make it fairly robust, thus its formation could occur early in a synthetic sequence, as we are
proposing for thermorubin, rather than as a late step.

3.2 Formation of Annulation Substrates

For the diene portion, several synth@rere available that would enable rearomatization

after reaction with pyrones, forming either a single phemoi to the pyrone carbonyl or @

hydroquinone. We selected methylbenzoate sulfoidié (Scheme 3.} as a representative test
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partnerthat we could prepare frord.8 via a bromination .9), thioetherification .10, and
oxidation 8.11) sequence in good yield. Annulatiorof 3.11 with the pyrone diene such as
such as3.7a which could beprepared according to literature precedéft,would provide the
functionality pattern present in the thermorubnig).

With a suitable dienrequivalent in hand, the questions to resolve were ones of activity
and regiochemistry. We hypothesized that the pyrone would be sufficiently active to react with a
diene in either a stepwise or concerted fashion and that the diene would add-wpbsition
relative to the pyrone carbonyl, although the structures of pyrones sikchagScheme 3.2
which mimics the DBring of thermorubin, contain an additional site of unsaturatation/Ahe
position, which is also conjugated to the lactone. apesition is further activated because of
conjugation to theexoester. However, the enforcegnorientation of the pyrone ester makes
them strong electrewithdrawing groups, more so than tercester, and coupled with cross
conjugation from the lactone oxygen, we expected the lactone to dominate, suppressing the

electrophilicity of thea position. Furthermore, if initial attachment of the diene nucleophile has

0 (0]
@i‘\ / NBS, (BZO)Z
[0} | O
PN O CCly, A
Y
0
3.7a 3.8
o)
NalOy,
PhSH, K,CO, o~ CH;O0H, H20
—_—
CHCly 58% (3 steps)
SPh SOPh
3.10 3.1
Scheme3.2: Hauser annulation substréera (inset) and
formation of sulfoxide3.11
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any reversibility, addition to the more sterically hinder&gdositiors which cannot reachieve
aromaticity because the intermediate is a quaternary éemeuld be reversible.
3.3  Optimization of Pyrone Annulation Trials

Our initial trials used sulfoxide8.11 with methyl ester pyrone.7a (Scheme 2.2
prepared in Chapter 2), as their annulation product would be analogous to the BCD ring of
thermorubin. To optimize production of annulated prodB8ct?a (Table 3.1, we began
screening conditions based on prior work using sulfogidd with U-b unsaturated ester§?*
and ketone$21-2Initial trials varying the equivalencies of LDA base (entrigis 3) showed a
decrease in the production &fLl2awhen fewe equivalencies of base were used (entries 1 and 2)
and a modest increase with 3.0 equivalents (entry 3). Further increases in the amount of base
abolished production 08.12a (entries 4 and 5). Reducing the equivalents of pyrone also
decreased the yields (entries 6 and 7) while excess (entry 8) or proportionate (entry 9) increases
of pyrone relative to base increased the yield. A large increase (entry 10) decreased the yield,
likely due to interference by excess base as per entries 4 and 5. Altering the addition order
(entries 11 14) decreased the yield or resulted in no product when the pyrone was mixed with
LDA first. Changing the addition temperature and quenching protocol slightly decreased the
yield (entry 15). Screening of different bases showed that alkoxides and hydrides were
unsuitable (entries 16 18) while LIHMDS (entry 19) was essentially as effective of a base as
LDA.

While this process enabled initial optimization of this reaction, btdatch variation
made comparisons difficult, necessitating a concurrent control reaction. Furthermqg ot
3.7a along withseparation of the product from other materials proved challenging, significantly

slowing progress. Besides the desired pro@ut? we were able to isolate recovered sulfoxide
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3.11 and pyrone3.7a along with a byproduct that showed features similar to the pyrone.
Characterizatiorof this material revealed it to be solvolyz8da where methoxide generated

during the course of the reaction acted on the pyrone carbonyl t@fdB{Echeme3.3, inse).

Table 3.1:Optimization conditions for the
formartion of tricycle3.12a
OH O
Base, THF (o)
372 + 311 ———>» _— O\
=78 °C to rt*
O
3.12a
Entry base base? pyrone % yield
equiv. equiv.
1 LDA 1.1 2.4 28
2 LDA 1.65 2.4 28
3 LDA 3.0 2.4 43
4 LDA 4.4 2.4 <1
S LDA_ 88 24 <l
6 LDA 2.2 1.2 <9
7 LDA 2.2 1.9 <9
8 LDA 2.2 4.8 48
9 LDA 4.4 4.8 47
d0 DA 66 72 22
11° LDA 2.2 2.4 19
12¢ LDA 2.2 2.4 17
134 LDA 22 2.4 13
14¢ LDA 2.2 2.4 0
15 LDA 22 2.4 26
16 t-BuOLi 2.2 2.4
17 t-BuOK 2.2 2.4
18 NaH 2.2 2.4 0
19 LiHMDS 2.2 2.4 27
“Sulfoxide 3.11 added to base followed by 3.7a unless
otherwise noted. “Addition of base to 3.11 “Addition of
base to 3.7a and 3.11. 9A premixture of 3.11 and base
were added to 3.7a. ¢Addition of 3.7a to base followed
by 3.11./Reaction warmed to -40 °C before addition of
3.7a, quenched at this temperature.
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This finding spurred careful analysis of the proposed mechar8she(ne ) to build
on the isolated yield data and identify potential pitfalls. Three equivalents of base are needed,
one to generate the initial sulfoxide ani@#), a second to deprotonate C10&8d, and a third
to establish aromaticity by deprotonating C4a and eliminating sulfenate 3amVhile the
methoxide generated whénC converts into3.D would be sufficient to deprotonate C10a, the
resulting methanol would be deprotonated by remaining stronger base, and it was unclear if
methoxide would be sufficient to cause eliminati8ri(to 3.F). The methoxide also reacts with

pyrone3.7a(insed, requiring extra equivalents of this starting material, and the conjugate base

Scheme 3.3Hauser reaction mechanism with pyron8a&as the 2
electron unitlnsetdegradation 08.7aandmethanol to forn8.13
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of 3.13 is certainly not sufficient for eliminationWhile we were worried that competitive
deprotonation of the C5 position in the presence of strong base would interfere with the desired
annulation reaction, we were never able to isolate unaromatized byproducts and had good mass
balance of the desired prodBi2aand recovered sulfoxid& 11l Three equivalents of base are

ideal and necessary, but we found that LDA would also consume pyrosevhich prevented

high yields through the unwanted reaction of LDA with pyrone.

3.3.1 NMR-Guided Reaction Assessment

To continue optimizing the reaction while avoiding purification difficulties, we employed
an NMRbased assessment method in order to quantify yields more rapidly than we could with
isolation. By running the reaction through workup, collecting the mass of the dry, impure
material, and then adding a known quantitp-odylene as an internal standard to a portion of the
product mixture, we could reliably quantify the absolute ratio of each component and easily
ascertain how varying conditions affected the yield.

Using this approach, we continued experimentatibable 3.2) with different bases,
additives, and equivalents. The use of precedérted equivalents of LDA as a base gave a
modest yield (entry 20) and did not show significant change when DMSO was added as a
cosolvent (entry 21). In contrast to the isolated results showing LIHMDS being unsuitable, use
of it in this case showed a slight improvement in yield (entry 22). Increasing the equivalents of
base increased the yield (entry 23), but addaidithium (entry 24) or its sequestration with-12
crown4 (entry 25) did not increase yields. Experimentation with other bases showed that LITMP
reduced the yield (entry 26) while use of LIHMDS at three equivalents again improved
outcomes, surpassing a 50% vyield for the first time (entry 27). Use of other alkali metals as the

counterion with the HMDS anion gave product (entries 28 and 29), but in lower yields.
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Figure 3.1 Crude NMR comparisorOverlay of sulfoxide3.11(red), pyrone.7a (orange),
product3.12a(green), ana-xylene standard (blue) with unpurified react{brack).

Mirroring the isolation experiments, use of excess LDA &nfha decreased yields
(entries 30 and 31), although this decrease could be rescued somewhat by the addition of
TMEDA (entry 32). Incubation of LIHMDS with pyron&.7ain the absence of sulfoxid&11
revealed that while LDA degrade®l7a LIHMDS did not. Thus, we shifted our focus to
LIHMDS. Addition of TMEDA with LIHMDS did not increase yields (entry 33), nor did
increased equivalents of LIHMDS (entry 34), though product was observed in this case, unlike
with LDA. Premixing LIHMDS with pyrone3.7afollowed by sulfoxide 8.11) addition gave

reasonable product formation (entry 35) and increasing the concentration by reducing the amount
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Table 3.2: Yield of 3.12a calculated on
addition of internal standard to crude NMR
Base, THF O
3.7a + 3.1 _ \
-78 °C to rt*
3.12a
base cosolvent/ %
entry base equiv. additive yield
20 LDA 2.2 - 27
21 LDA 2.2 DMSO? 30
22 LiHMDS 2.2 - 37
23 LDA 30 - 48
24 LDA 3.0 LiCI° 34
25  LDA 3.0 12-crown-4? 34
26 LiTMP 3.0 - 25
27 LiHMDS 30 - 57
28 NaHMDS 30 - 21
29 KHMDS 30 - 19
30 LDA 44 - 34
3V LDA 6.6 - 1
32° LDA 4.4 TMEDAS$ 45
33 LiHMDS 3.0 TMEDAS 44
34 LiHMDS 8.0 - 33
35" LiHMDS 3.0 - 48
36" LiHMDS 3.0 - 64
“Sulfoxide 3.11 added to base followed by 2.4 equiv
of pyrone 3.7a with a ﬁnal concentration of 0. 042 M
unless 0therw1§e noted. °100 /equlv 5.6 equiv. 3.0
9 e MSulfonide ‘aaded 1o buse and 37
'Concentration increased 1.8-fold

of solvent used to dissolve sulfoxi@elland prepare the base (entry 36) gave a good yield. We
believe this highest yield results from a combination of less water contamination during the
dissolution of sulfoxide3.11 and more available base to quickly push the intermediates,

especially3.E (Scheme3.3) through the elimination. With optimized conditions in hand, we
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proceeded to isolate the products of the reaction and were pleased to find we could synthesize
3.12ain a 53% isolated yield.
3.4  Formation of Various Pyrone Esters andAmides

Besides using these conditions for the total synthesis of thermorubin, we sought to
explore the generality of this reaction usiBg.1l and other pyrone derivatives. Other pyrone
esters could be made froBil4 (Scheme3.4) in an analogous manner 87a Generation of

alkyl esters3.7b1 3.7f by reaction of the acid chloride with the corresponding alcohol generally

Scheme 3.4Generation of various pyrone esters and amide
3.7b7 3.7u.
o) 0
(0] i. SOCl,, DMF, A (0]
| _ OH ii. alcohol or amine | _ R
_—
o) o)
3.14 3.7
‘;;\O/\ ‘;\O/\/ z‘f\o/\/\ ajf\oj\ a’f\oj<
3.7b 3.7c 3.7d 3.7e 3.7f
68% 56% 85% 52% 13%
f‘\f\o/\)\ RO/\/TMS f"fg\o/\/\c| .f’f\o/\/\ Br
3.7g 3.7h 3.7i 3.7j
89% 42% 75% 75%
00 L )
S NS 7
Ao
3.7k 3.71 3.7m 3.7n
20% 45% 27% 38%
;\ O “;\ O /©
/\© /\©\ ;\N
o~ H
3.70 3.7p 3.7q
78% J\ 54% 72%
";\N/\/\ N l\(j N/\
H )\ K/O
3.7r 3.7s 3.7t 3.7u
35% 55% 89% 32%
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proceeded well, except with sterically bultert-butanol, as did alkene(7g), silyl (3.7h), and
halogen 8.7i and3.7k) containing materials. Aryl3(7k1 3.7n) and aryicontaining 8.70and
3.7p) esters were also synthesized in reasonable yields. Addition of primary and secondary
amines to the acid chloride 8f14in place of alcohols furnished the corresponding secondary
aromatic 8.7q) and aliphatic3.7r) amides as well as tertiary amidegsi 3.7u.
3.5 Incorporating Pyrone Derivatives into Cycloaddition Reaction

Application of the optimized annulation conditions to alkyl pyrone esters was generally
effective, furnishing3.12au (Scheme3.5) in 22-53% isolated yields. The more sterically
hinderedtert-butyl pyrone 3.7f did not react. Lower yields resulted from difficulties with
chromatographic separation of the naphifmtiones from closely eluting byproducts, an issue
compounded by their low solubility in most organic solvents. Transesterification also
complicated purification. The equivalent of methoxy producpdnureaction of the pyrone
enolate with the sulfoxideSgcheme3.3, 3.B to 3.D) in some cases reacted with the desired
annulated products3(12k-p), converting them int@.12a These could be separated by HPLC,
but yields suffered accordingly. Despite formation of this unwanted product, a variety of
functional groups including an exogenous alkeBd4g, a silyl group 8.12h, and halogens
(3.12i and 3.12)) proceeded through annulation, though required HPLC purification. For aryl
esters, no appreciable amount 8f12k i 3.12n could be isolated, presumably due to
transesterification. Aromatic ester functionality in the form of benzyl esters worked, but
products3.12o0and3.12prequired HPLC purification to separate them fr8rhi2a Production
of secondary amide producB12q and 3.12r was detected, but due to deprotonation of the
nitrogen and corresponding consumption of needed base, kds yprecluded isolation and

characterization, a problem that could conceivably be overcome by protection. Tertiary amides
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performed well 8.12s7 3.12U with yields equivalent to that of the optimized methyl ester.
These results show that pyrones with a variety C6 carbonyl substitution are tolerated as

dienophiles using this annulation approach.

Scheme 3.51solated annulation yields with various pyrones.

LiHMDS O
THF, =
=78 °C to rt

SOPh
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Ao gOAgONgOM;\kgk
3.12a 3.12b 3.12c 3.12d 3.12e 3.12f
53% 31% 22% 40% 23% NR
fg\o/\)\ e”f\o/\/TMS e’f\o/\/\c| @’f\o/\/\ Br
3.12g 3.12h 3.12i 3.12j
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jOpNe NSO
3. 12k 3.121 3. 12m 3.12n
NR
H
3.120 3.12p 3.12q

30% 8% trace

LA A A
fys Y Q @)

3.12r 3.12s 3.12t 3.12u
trace 44% 64% 67%

To investigate issues around low yielding annulations and gain additional insight into
reaction scope, protected pyrones and additional sulfoxide variants were prepared. -A BOC
protected analog3(7g* Scheme3.6) of aniline amide3.7q was prepared, as was the BOC
protected variant3(7v*) of the secondary hexyl amid@7v, an alkyl amide analogous &7r
selected because of its larger size. Unexpecté&dRg* did not annulate. In this reaction,
pyrone3.7q* was completely consumed and B@étected ailine?® (3.15 inse) was isolated.
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This result stems from the stability 8f15as a leaving group; with an effective pKa of ~10,
LIHMDS reacts with3.7g*, similar to the decomposition & 7aobserved with LDA. In the

case of protected alkyl ami@e7v* however, the expected produci2vwas obtained.

0
Boc,0
DMAP
| 0 H CH2C12
¥ N
) HN
A Gy @
3.7q 3 79*
o o 3.15
Boc,O, DMAP
| (0] CH,Cl, | (0] Boc
59%
O 37v O 37v*
LiHMDS, THF
-78 °Ctort
311 + 3.79* O Boc
=
3.129* O
OH O
LiHMDS, THF
-78 °C to rt
311+ 3.7v* OO Boc
¥
35%
3.12v* O
Scheme 3: Scope of protected pyrone amide annulation using
aniline3.7qg* and hexylamid&.7v*.

3.6  Scope of the 4Electron Unit

To test if transesterification could be suppressed by matching the leaving group of the
sulfoxide ester with the esters of pyrorge$lki 3.11n we prepared an alternative sulfoxide,
swapping a phenyl estes.( 7, Scheme3.7) for the methyl ester &.11 This was accomplished
by hydrolyzing3.11to its acid 8.16 and subsequently using peptide coupling conditions with

phenol to creat8.17. Reaction of3.17with 3.11k under annulation conditions did not produce
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3.12k Starting sulfoxide3.17 was recovered whil8.7k was not. Combined with the findings
from BOGCprotected pyrone varian8.11qg* the inability of 3.7k to annulate suggests a
sufficiently |l abile | eaving group off the
base instead degrades the pyrone. However, a control reaction, 3vhéseas reacted with

3.7 produced3.12ain the highest isolated yield along with recoveBda This result shows

that generating and using the more costly phenyl e3t&r)(instead 0f3.116 which produces

the less basic phenolate ion in lieu of the methoxide duing D (Figure 3.2)0 increases
yields by suppressing unwanted reactions resulting from free methoxide, such as

transesterification and rirgpenirg of 3.7ato 3.13

0 0
O/ NaOH, CH;OH, H,0, i OH
68%
SOPh SOPh
3.11 3.16
8 1
EDC*HCI, PhOH, DMAP, CH,Cl, o
61%
SOPh
3.17
LiHMDS, THF OH O
-78 °C to rt
347 + 37k X > o
Pz 0
3.12k O \©
LiHMDS, THF OH O
-78 °C to rt
317 + 37a — > OO o
59% Z O\
312a O
Scheme 37: Attempted sulfoxide phenyl estgrl7with
phenyl ester pyrong.7k and methyl este3.7a.
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T h epyrbne was also tested in the annulation reaction, but poor solubility and similar
polarity profiles of the resulting compounds prevented complete separation and characterization.
Two major masses consistent with product were identified from the purified reaction mixture,
suggesting that in the absence ofsIMstitution to enforce regiochemistry, annulation can occur
at eit-beolr tphoesit i ons. A quaternar gyoftoaithelCén al s ¢
position. When tested, 2d8methyt4H-pyran4-one did not undergo annulation, likely because
competitive deprotonation of the methyl group which is made acidic due to conjugation with the
ester.

To assess the applicability of this method toward thermorubin production, we sought to
use ring systems more applicable to the natural product in the annulatioB.vat{Scheme
3.8). Application of a radical bromination, thioetherification, oxidation sequéncemethoxy
benzoate3.18 as was used to produBell, gave sulfoxide8.19in good yield. Annulation with
3.19furnished3.7ain a 22% yield. To test a complete ring system, hydroxynaphtBo2ievas
activated as the triflate and nucleophilic aromatic substitution with methylmagnesium bromide
produced3.22 a naphthalene analogous to methyl toltBa8and methoxycontaining material
3.18 Application of an identical radical bromination, thioetherification, oxidation seqtience
gave naphthoate sulfoxid23in good yield. Use 08.23with 3.71under reaction conditions
optimized for3.11 yielded anthracenepyror®&24 These results successfully demonstrate that
functionalized and larger ring systems are achievable using pyrone dienophiles. However, the
yield in these cases was low, indicating that optimization will be required for this step during the

natural product campaign.
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Scheme 38B: Sulfoxide derivative annulation scape

Despite their extensive presence in drugs and natural products, the synthesis of fused
heterocycles is a challenging process that would benefit from additional methods for their
formation. Here, we show that instead of creating an annulated pyrone from suitably
functionalized aromati¢&?”-?8it is possible to anneal this intact heterocycle onto existing rings
in the absence of guidifYfunctionality. This annulation is selective for the double bond of
the pyrone when a carbonyl is present at the C6 position. The presence of the -electron

withdrawing carbonyl at théEposition did not affect regiochemistry, likely because of cross



conjugation from the pyrone ring oxygen diminishing é¢tectronwithdrawing effect of thexo
ester and the enforcesyn geometry of the pyrone enhancing its electron withdrawing ability.
While acidity issues prevented us from conclusively demonstrating annulation with alkyl
substituents at C6, it is likely this same regioselectivity would be observed with this substitution
in other reactions when milder base can be used or the C6 substituent is quaternary. When only
a hydrogen was present at C6, however, rearomatization after attachmenrdfpthsition was
enabled and a mixture of both regioisomers was observed. Conversion of methyl ester sulfoxide
diene surrogates to their corresponding phenyl esters reduced the impact of deleterious side
reactions involving liberated methoxide. A suhdgt and polycyclic sulfoxide were also
suitable reactants.

Thesesuccessfulannulations with pyrones containing Cérbonyl groups proves that
this moiety is efficient as a selective dienophile in sulfoxtige annulation to generate
polycycles and may be suitable in other cycloaddition reactions. This method shows that intact
pyrone rings can be incorporated into more complex systems. Application of a symmetrical B
intermediate and its subsequent ring building applications towards the synthesis of thermorubin
is discussed further in Chapter 4.
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Chapter 4. Optimized Annulation Conditions and Bis Sulfoxide Annulations
4.1 Implementing Optimized Annulation Conditions

With the successful demonstration of pyrones-ate2tron units in annulation reactions,
especially t03.20 and 3.24 (Scheme 3.8 as simplified analogs of the thermorubin BCD and
ABCD rings, respectively, our attention turned back to completing the authentic ABCD scaffold.
Because selective installation of functionality along the annulated AB ring syaténScheme
2.9) was unsuccessful, our focus turned to annulating derivatives of the symmetric B ring with
pyrone to first complete the BCD system. Initial work had shown that use of unactva{ed=
H) was unsuitable, but derivatives similar to this intermediate could potentially be used. The
most likely candidates were monosulfoxidl® (R = SOPh)or disulfoxide4.1l Regioselective
installation of the sulfoxide groups fdrl could be installed by 1) modification of the mono
sulfoxide or isophthalate material.®) directly or 2) simultaneous installation of both electron
withdrawing groups 4.4) before cyclization with4.3 8 or convertible surrogate8 during
construction of the symmetric B ring. It was unclear which approach would be more efficient.
Disulfoxide 4.1 may suffer from overannualtion problems whil2 would not, but4.1 has the
advantage of avoiding lattage installation of a critical electravithdrawing group.

Initial efforts focused on using the monosulfoxide as this material haduseensuccessfully

for annulations in the past to form the AB rirgchieme 2.9 Annnulation of4.5 with pyrone4.6

o o o
_______ A M
0 4.3 0
o o
R = H, SOPh r=x.sph RN N _r

SOPh SOPh

Schemed.1: Previously attempted functionalization (left) and new cyclization approac
(right).
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under the optimized conditions discussed in chapter 3 included addinegtbetrdn donor.5
to a solution of LIHMDS andt.6, which furnished4.7 in a 33% yield. The annulated material

was protected as the silyl ethdrd).

LiHMDS

+
THF, -78 °C ee =

SOPh 33%

7‘@ So

TBSCI, DIPEA

CH,Cl, 0 °C OO = 9N

95%
4.8

Scheme 4.20ptimized annulation conditions from Chapter 3 applied to mon
sulfoxide4.5and subsequent protection of produced phenol.

4.2  UnsuccessfuModification of the Annulated M aterial

Several attempts were made to activate the C7 benzylic posité8 (Bcheme 4.3to
carry this material forward through the-rlag annulation. Conditions identical to those
conducted on the symmetrical phthalide were performed first. While halogenation was
successful, it was not regioselective, with the EAS maté@abeing generated and conclusively
identified by 'H NMR as occurring at the C3 positibnDirect sulfonylation 4.10) and
sulfinylation @.11) were also attempted. Generation of the carbanion was possible as indicated
by the bright color change of the reaction mixture aféeidition of LDA, but both
diphenyldisulfide and methyl benzenesulfinate proved to be poor electrophiles and none of the

desired products were detected.
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Scheme 4.3Attempted functionalization of annulated intermedige

With direct conversion of previously constructed BCD rings to activated sulfoxides not
possible, our focus shifted to the synthesis and use-aftiiated Brings. Modification of the
previousy generated monosulfoxide materib (Scheme 4.%wasinitially attempted. Due to

the presence of the sulfoxide electron withdrawing group on a benzylic position, there was

concern that conditions to generate

NBS,

4.13

Scheme 4.4Attempted functionalization of mono
sulfoxide4.12and its phthalide precursor.

phthalide

a7

BPO or AIBN the benzylic anion on the benzylic

—X >
CC14/CHC1; methyl carbon  would be

SOPh SOPh _
outcompeted by reaction at the
~
@ 9 9 NBS, AIBN methylene. Various bromination
o 0

)jiij\ CCl, A \J;Eii}\ conditions were attempted but did

not result in regioselective
brominated product 4.12.
Dibromination of the initial



4.13 was also attempted, but use of two or more equivalents of brominating agent only
resulted in dibromination at one of the benzylic positiofd4), likely because the same
electronwithdrawing effect was in play.

4.3  Preemptivelnstallation of Halogens

To circumvent this problem, we sought to install groups on the diketone before
cyclizationthat weresuitable for eventual conversion to this-sulfoxide. This approach would
solve the problem of selective halogenation as installation would already have been achieved
prior to cyclization. To achieve this goal directly would require simultaneous halogenation of
acetylacetond4.15 Scheme 4.5 which has not been reported; however, various precedents
have been used to create the-dighlord® (4.17) and dibromé (4.21) acetylacetone through
other means. These would serve as the new foundation for formation of the symmetrical bis
sulfoxide material with halogens already installed at the benzylic positions.

Formation of 1,&dicholoro acetylacetong@.17) was first attemptedfrom acetylacetone
(4.15 and chloroacetyl chlorid¢4.16. The precedented separation of the product involved
complexing it as a copper salt, with further adaptations using distillation. While the copper salt
was successfully formed, its separation was never completely successful. It always required
further purification via flash chromatography; attempts at distillation resulted in a charred black
material despite reports of an unreproducable high iglle small amounts of.17 provided
material for initial testing, but a more reliable route was sought using the dibromo analogue.
Dibromination @.20) of ethyl diacetoacetatet.(l9 proceeded as reportédis did subsequent
decarboxylation to4.21. Displacement of the bromides with thiophenol resulted in the
dithiophenylether acetylaceton#.18). This pathway required more steps to acquire the product

but produced!.18 in a higher yield overall compared to the dichloro pathway. The dithiophenyl
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ether4.18was also obtained from the dichloro spedieky, albeit in lower yields, in part due to

difficult isolation of this precursor.

0] 0] i. CgHsNO,, AIC;,
M C,H,Cl,, 60 °C 0] 0) PhSH, 0] 0]
ii. Cu(OAc) KOH,
s i 10% 1,80, C'\)J\)J\/m CH,OH PhS\)J\)J\/SPh
+ > 417 — 4.18
(@) 14% (3 steps) 64%
M
cl PhSH,
4.16 DBU, 77%
CHCl,
O O O O
Br, Et2O BI’ BI’ HzSO4, A O O
> > Br\)J\)J\/Br
98% 76%
-0 o -0 o
4.19 4.20 4.21
Scheme 4: Formation of the di halogenated diore47 and4.21 and their following
conversion into the dithiophenyl etheds.

4.4  Optimization of Bisthiophenyl Ether Cyclization

With an efficient route to disubstituted acetoacetone in hand, our attention turned to
cyclization of this material into the-Bng. The original precedent for cyclization specifically
utilized unsubstituted acetylacetone molecules for cyclization with oxoglutarate. In thisitwork
was observed that more sterically hindered acetylacetone moieties will participate in the
cyclization reaction, albeit in poor yiel@Jhis decrease in yield was observed in the reaction of
4.3 with 4.18 (Table 4.1, Entry 1), compared to a yield of 86% when the unsubstituted
acetylacetone was used (S@eheme 2.}t Increasing equivalencies of base resulted liower
yield (Enty 2) and an additional hour of reflux in these conditions seemed to have no impact
(Entry 3). Increasing reaction time to 13 days seemed to promote the highest amount of product
formation with the smallest amount of base (Entry 4). Deprotonation of the diketone intermediate

led to the formation of an enolate salt that was not soluble in methanol, and it is thought that
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Table 4.1: Optimization of cyclization conditions to forh23
O O O O OH O
\O)J\)J\/U\O/ Base \O o/
4.3 S
O O Solvent
phs. I _I__spn SPh  SPh
4.22
418
Entry Base Solvent  Equiv. Time % yield
2 NaOH,q CH;0H 1.0% 48 32
3 NaOH,q) CH;0H 1.0 25° 33
4 NaOH,q CH;0H 0.1 312 36
5 NaOH,q) CH;0H 1.0 312 13
6 NaOH, CH;0H 0.1 48 45
7 NaOHg, CH;0H 1.0? 48 26
8 NaOH(S) CH3OH IOa 4-8C 0
9 Na CH;0H 1.0 120 35
10 Na CH;0H 1.1 80 40
11 NaH THF 1.1 60 10
12 TEA CH;CN 3.0 72 40
13 DBU CH;CN 1.5 12 26
14 TMP CH;CN 1.5 12 25
2Additional 1/2 equiv. of base added halfway through reaction; *Refluxed for
1 hr; “Refluxed for 24 hr.

precipitation of this salt is responsible for the lower than 50% isolated yields, as illustrated by the
time trials Entries 4 and 5. Removing water by adding solid NaOH promoted formation of the
product, which is surprising for the enolate salt would be less soluble in an anhydrous methanolic
system. Trials using solid NaOH (Entries8% as opposed to an agueous 1 M solution also
produced more product when less equivalencies were used. In anhydrous conditions, product

formation was highest with 1.1 equivatees of sodium (Entry 10) being optimal compared to an
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equimolar amount (entry 9). Other reactions conditions were attempted using different solvents
and bases (Entries 414) but were not as higyielding as the sodiurmediated reactions.
4.5 Bisphenylsulfoxide Construction and I mplementation in Annulation

Thus, synthesis obisphenylsulfoxide4.24 was scaled up using reaction conditions
established with earlier systen{Scheme 4.5 Phenol 4.2 was methylated under basic
conditiong in a 99% vyield. Oxidation of the thioether moietié23 proceeded with 2.5
equivalencies ofodium periodatéo obtain key bis sulfoxidd.l. It should be noted that when
only two equivalents abxidantwere used, the mono sulfoxide was isolated. Selective formation
of the mono sulfoxide was not desired, howeves fortuitous isolation and usare further

discussed in Chapter 5.

O OH O o >0 o 0O >0 o
q o CHLK,CO; P NalO4 - P
o) o — s O o —  » O o
(CH3),CO, A CH,0H, H,0
SPh SPh 99% SPh SPh 88% SOPh  SOPh

4.22 4.23 4.1

Scheme 4.6Formation of the bis sulfoxide intermediate.

As per our findings in Chapter®3t was clear that reactions of pyrométh 4.24 would
require optimization. We started with the optimized pyrone reaction conditions previously
establishedut when applied to this system, the product was only obtained in 19% Yshde(
4.2, Entry 1). Using less equivalencies of base and pyrone resulted in lower yields (E#iyjes 2
as the mechanism would not proceed without additional base preseh@pter 3, Scheme
3.3). A time trial letting the reaction run for an additional 11 hours (Entrglié)not improve
yields. Increasing the amount of pyrone and base appeared to help product formation (Entries 6
and 7), as some of its degradation could be overcome by having an excess present, although this
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increase was only slight. Excess equivalencies of base with less pyrone appeared to produce the
same amount of product (Entr). The best results were obtained when 4 equivalencies of base
and 2.4 of pyrone were used giving a 32% yi€ldur equivakentsof base ardikely required
becausethe other methylenés a fourth basic center that must be deprotonated during the
reaction While an additional equivalent of base may be required to deprotonate the additional
methylene, its danionic characteristics does not react with additional pyesneo diaddition

product was detected

Table 4.2: Optimization of bis sulfoxide annulation with methyl ester pyrone
o 0 o o
~0 o~ | e LiHMDS
+ = O\ _— \
THF, -78 °C
SOPh SOPh O SOPh
41 4.6 4.24
Entry Base Equiv. Pyrone Equiv. Time % yield
12 3.0 2.4 1 19
2 1.5 1.1 1 0
3 2.5 1.1 1 18
4 3.0 1.1 12 12
5 3.0 2.0 1 23
6 3.1 1.8 1 17
7 4.0 2.4 12 32
“Order of additions as reported in Chapter 3: pyrone 4.6 is added to a solution of THF cooled to -78
°C using a dry ice/acetone bath, follwed by addition of LIHMDS and 4.25 dissolved in THF.

Curiously, the formation of the diannulated material was never observed.
Mechanistically at least 3 equivalancies of base are required to fully form the desired annulated
product, and with the presence of an additional site for deprotontt®additional baseould
potentially form some dannulated materiak(29 Scheme 47). Diannulations of this type have
been reported, albeit witheir own distinctions that may limit the formation of byproduct in our
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circumstances. The work done by Hauser on the synthesis of biphyscion illudimatasgatior?

utilizing sulfone functionality 4.26) to activate the benzylic positions. These annulated systems
are alsaorntconjugated, separate, aromatic systems, connect by a covalent bond. That both react
to form 4.28, while our annulation would hawannulationsoccuron the sameaaromaticsystem.

The inabilityto simultaneously eprotonat at both sites may prevent both frasactingwithin

the same aromatic system.

LiHMDS
\O O/ | 0 1
MR NGFCNG o _
THF, -78 °C
0

41 4.6
O LiO'Bu
+ —_—
THF, -78 °C
4.26 4.27

Ag,CO;3
.

Et;N, CH,Cl,

36% (2 steps)

4.29

Scheme 4.7:Possiblepentacycle4.25 byproductfrom over addition of base during the fir
annulation; previously reported diannulation to create intermedi2& on the pathway tg
biphyscion.

The resulting annulation optimization campaign starting with sulfoRidié has led to
the formation of the key intermediade24, with production of2.20 and 2.24 providing further

evidence into the applicability of this annulation. These results offer a promising route towards
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not only thermorubin, but potential derivatives that could be formed utilizing addition of
differently substituted wieties. Further research will explore the incorporation of the
unsaturated ketone in the annulation with protected pleR6hnd further reactions towards the

total synthetic target.
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Chapter 5. Conclusion and Future Directions

5.1  Successful Annulation and Finishing the Total Synthesis

The use of an unprecedent& electron substrate;iethoxy2 -pyrone carboxylate, in
a Hausetype annulation enabled incorporation of the pyrone moiety in one step (Chapter 3
Table 3.2. Starting from ethyl diacetoacetate ), this process was applied for the construction
of the BCD ring of thermorubib.2, whichproceeded in a.8% yield over seven stepS¢heme
5.1, as peprevioussynthetic work Chapter 4Scheme 4.5, Table 4.2. Further steps will need
to be taken to optimize this annulation, but formation of interme@i&eés crucial in the next
annulation step. Other steps in the pathway, such as the decarboxylation and cyclization steps
forming 4.22 and 4.23 respectively $cheme 4.5Table 4.1), could also see improvement in
their yields. The generated phertoR, once protected as the TBS eth&r3), or conceivably

another ether, can undergo annulation with unsaturated kbtdéneder similar conditions to

o o 0O M0 OH O
O/ﬁ\\ \\O O
—_—
= O\
(0] 6.4% (7 steps)
(@]
5.1 5.2

SOPh
7%
O 0 OH O o oS o
TBSOTf
A OO P T
------ »
= O\ CH,Cl, = O\
SOPh o) SOPh o)
5.2 5.3
7\
o) o ono%o o
| LiHMDS (0]
+ 53 -------- » % ONG
THF, -78 °C 5
BnO BnO
5.4 5.5

Scheme 5.1Current progress and expected route towards the tetrdccle
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yield the tetracycl®.5over two steps.

The tetracyclé.5 will allow for some slight changes in the forward pathway, depending
on any unforeseen difficultigScheme 5.2 The first proposed pathway involves methylation of
the generated tetracycl®.§) under previously used conditions followed by addition of the
salicylate moiety as the protected phebol A Claisen addition would provide the means for
salicylate addition, resulting in the complete ABCDE carbon skeleton of thermafaujn
Multiple reaction conditions will be attempted to complete the Claisen addition, starting with

commonly reported NaH mediated acylation.

7
o o %o

(0] 0]
Q8 o 5% TS
-------- >
N0 N0
acetone, A
o (0]

BnO Bn
5.5 5.6

7 2
8o o 0 Yo Mo %o

5.7 .
Scheme 5.2Addition of protected salicylate moieby7to tetracycles.6.

Formation of the final p 6.8 twill allow forfglobalh e r mo r
deprotection of the silyl ethérélocated along the newly added ring and ther phenol 5.9,
Scheme 5.3 Subsequent removal of the benzyl etfievill unmask the primary alcohob(10
for oxidation to generate thermorubfll Initially, the Jones reagent will be used because
pyrones show no susceptibility to degradation in these cond®i®ysones have also been

reported to be resilient to TEMPO oxidation and subsequent Pinnick reaction cofiditions
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generate the acid from the aldehyde as the next alternative, although the literature may need to be

consulted for other oxidation methotfs Through this proposed pathway, thermorubiil

could be formed in as little as seven more steps, depending on the oxidation conditions.

75 So

5.9

Pd/C, THF

H, V
OH OH O 0 ™0 OH O
N o
O
o)
HO
5.10
o]
Y
~N ~N

OH OH O

O

Scheme 5.3Final proposed pathway to forn
thermorubin 5.11).
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Alternatively, the order of operations could
be reversed with the debenzylation and
oxidation occurring prior to phenol protecting
group removal.
5.1.1 Baker-Venkataraman
Rearrangement

Installation of the salicylate moiety may be
more  successful through a Baker
Venkataraman type rearrangement, a method
utilizing acyl chlorides ana - keto phenols

to form 1,3 diketones. This would begin with
intercepting  intermediate 5.5 before
methylation and treating this with the acyl
chlorid€ of salicylic acid 6.13). While this
route initially seems to be possible the
formation of intermediat®.13 presents some
serious troubles, specifically methylation of
the internal phenol ib.5 which would have
been methylated a step earlier along the

previous route. The presence of an additional



phenol along the E ring and the tautomerization of the generated diketonedoudttjallow for
competing unselective methylation productsreventing selective methylationXanthone
formation may also occur due to the presence ofotpbenol and the orientation of the 41,3
diketone moiety under acidic conditiohd.hus, this pathwayis an alternative to the Claisen

addition pathway.

7~
OH O o oH 0o o
Cl O [Base]
+ P O\ ----- E
BnO ©
5.12 5.5

Scheme 54 Synthesis of intermediate13 which would originate
from intermediaté.5and would be isolated upon Baker
Venkataraman conditions if other pathwavevefallible.

5.1.2 Proposed Modification of the 4Electron Substrate

Due to the low yielding reaction conditions reported earlier (Chaptd@raldle 4.2,
further optimization would improve the total synthesis. Aside from the various base and pyrone
equivalency testing, modification of the symmetrical intermediate may warrant testing to achieve
improved yields in the annulations. To this end, transesterification of the methyl esters to phenyl
esters may serve as more reactive annulating substrates. Extensive annulation work has been

doné?® on the implementation of phenyl esters in a Stault@mreb annulation to prepare a
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new tetracycline scaffold, as well as their advantage-aectron substrates in Haugdgpe
annualtions?! This material could be prepared from saponificdfiai the bisthiophenyl ether
(5.14to 5.15 Scheme 5.5formation reported in Chapter cheme 4.5 followed by peptide
coupling conditions with phenol. Diphenyl estef6 could then be oxidized to the bisulfoxide
5.17, which could be coupled with pyroriel8to give BCD ring5.19 This approach would
take advantage of the higher yields observed when the -plwenyl ester was used in
annulations with pyroneScheme3.7) and it is expected that subsequent coupling.b? with
unsaturated ketones (suchsaéin Scheme 5.1would also be more efficient.

During oxidation of the bisthiophenyl ether, it was noted that the single oxidized material
(5.20 could be isolatedScheme 5.5 and when attempts were made to selectively produce this

material it was isolated at a 71% yield. This material could also be used in the annulation with

o M0 o o M0 o
NaOH DMAP
~o 0~ .. » HO OH ------ > PhO
CH;OH, CH,Cl,
H,0. A
SPh SPh SPh SPh
5.14 5.15
NalOy4 LiHMDS
----- » PhO OPh + -----» PhO
CH;0H, THEF, =
H,0 -78 °C
SOPh SOPh SOPh
5.17
o 0 o
NalO,4 LiHMDS
514 — » O 0" + 518 ...
CH;0H, THEF, =
H,0 278 °C
. SPh SOPh
% 5.20
Scheme 5.5Modification of the Hauser ester moieties (top box) to form the
diphenylester bis sulfoxide intermedi&d9 modification of the sulfoxide moieties
to form mono thiophenylether intermedi&e1
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the pyrone, andnay avoid the low yield or diacidic systems, such a3able 4.2andScheme
4.7. Its products.21 may alsobe more readily isolated, as the sulfoxide intermediates along this
synthetic pathway are relatively incredibly polar and require multiple rounds of column
chromatography to isolate.
5.2 Late-stage Salicylate Derivatization

Our proposedoute to form thermorubin allows for the addition of different salicylate
rings to the system. Initial derivatives developed by Cavalleri and collddgoessed on
altering the isolated metabolite, only allowing for specific functional group changes (Chapter 1,
Table 1.1 and slight modification of the E ring. The only notable structural changes were the

formation of two new rings utilizing the oxygen functionality: the F riggheme 5.65.22

7@& o ~ ~ 0 }&S o

O o ©

@)
~ NaH
R+\ © + ? ---e-l-> T
_ Ao NS
0]

BnO

Previously modified
thermorubin scaffolds

OH O

Figure 5.6 Previously made semisynthetic thermrorubin derivatb/22
and5.23as well as proposed formation of salicylate derivatives.
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inset) upon exposure to NaBlnd acidic cyclization; and theoAing (5.24), under Mannich
conditions forming the -gyran ring. Activity testing® concluded these structural derivatives
were ineffective against bacteria at micromolar concentrations, except for thedomtaging
molecule 5.22), which was slightly less active compared to the parent molethése structural
changes allowed for a closer look at the entire salicylate moiety and how potential changes to
this portion could impact activity. Incorporating substituted salicylates will allow for the
selective addition of functional groups, as there are a large number of commercially available
salicylates. The first round of salicylates should focus on incorporating more polar functionality
in order to aid its poor oral bioavailability as well as its activity, focusing specifically on
different locations of fluorine and hydroxyl groups.
5.3  Further Modified 4 -electron Donors

The inner workings of the Hauser mechanism can still be studied, specifically the
conjugation susceptibility of the-@ectron donor systems as well as tiwtrans orientation of
these systems and their impact on the annulation products. This tgBadtlition was initially
noted in the forward synthesis (Chapte6S2heme 2.2and was initially thought to have been a
competing side product. Tiedannulate byproduct was never isolated using the pyrone model
system, and so it was thought that a potential derivative may be able to drive this type of
addition. For example, material29is a substituted pyrone containing two methyl groups in the
3 /& positims Scheme 5.Y and would be suitable on a substrate for annulation. Compared to
substrates.3Q, only & , - &ddition would be allowedor 5.31, and may be possible due to its
conjugation with the internal esterdowever, for both5.30 and 5.31, a methyl goup is in
conjugation with the pyrone ester, and deprotonation of the pyrone may suppress annulation.

Other molecules with multiple sites of unsaturation could be utilized to test the scope and
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viability of conjugated annulation substratdifferent 2-electron substrates such as phenyl
alkenes5.33 and 5.34 could also be prepared by stereoselective reduction of the preceding
alkyne, with these alkenes being used to generate the same pf86civhere the yields can

be compared.

O O OH
LiHMDS
o .o . O
P = THF X
o 78°C
5.29 5.30
(0] OH
52%0Ph LiHMDS
b sE=dede
= THF,
78 °C o 0
5.31 5.32

(0]
o
o) THF, O
SOPh o Tsc
5.28 N | 5.35
5.34

Schemeb.7: Further proposed investigations into the
viability of different 2electron substrates for annulation.

During pastinvestigations involving Hauser substrates, it was proposed that a potentially
simpler substrate may be possible for cyclization. Sulfinyl alkér8f may be produced using
conditions identical to those used to create the previous phenyl sulfinyl matSoaésrie 5.8
Its utilization in an annulation pathway would allow for the synthesis of benzopy&8e
creation of variously substituted bicycles. One of the largest distinctions between this molecule
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and other 4electron systems is that it lacks an aromatic ring capable of stabilizing the generated
anion. This in turn may make the reaction less favorable yields but would also offer an

alternative for isocoumarin formation.

0 i. NBS, BPO, CCly, A 0 (0] OH O
ii. PhSH, DBU, CHCl,
o~ iii. NalO,, CH;0H, H,0 o~ | 0 LiHMDS o
--------------- > + R
A0 N0
THF, -78 °C
SOPh (0] (e}
5.36 5.37 5.18 5.38

Scheme 5.8Proposed formation and annulation of simple Hauser subStGite

The future of thermorubins formation lies with the success of the next steps as well as
optimizing the current annulation reactions established. Given that the final formation of the
metabolite is only seven more additional steps away, further work should be accomplished to
improve the low yielding steps along the route. Further improvents will also lead to the eventual
creation of salicylate derivatives in order to improve water solubility and its efficacy as an orally
available drug.
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Chapter 6: Experimental Section
6.1 General Experimental

Chemical reagents and solvents were purchased from EMD Millipore, Oakwood
Chemical, Sigm&ldrich, Beantown Chemical, Acros, and Thermo Fisher Scientific. Unless
otherwise specified, all neaqueous reactions were carried out under an atmosphere of dry
nitrogen in dried glassware. Commercially available starting materials and reagents were used as
received or purified prior to use if necessary. AnhydraisF was obtained commercially or
from a solvent purification systefrDiisopropylethylamine was distilled from calcium hydride.
nBuLi was titrated using 3;8i-tert-butyl-4-hydroxytoluene in THF using fluorene as an
indicator. Analytical thin layer chromatography was performed using Supelco 0.25 mm silica gel
60 Fs4 plates. Visualization was accomplished by irradiation with a 254 nm UV lamp or by
staining with a basified aqueous solution of potassium permanganate. Chromatography was
performed using a forced flow of the indicated solvent system on SiliCycle SiliaFlash P60 silica
gel or prepacked commercial columns. Deionized water was obtained from the house deionized
water system.

H NMR spectra were recorded on a Bruker Avance Il 500 MHz spectrometer or Agilent
U4-DD2 400 MHz spectrometer. Chemical shifts are reported in parts per million from
tetramethylsilane (0 ppm) using the solvent resonance as an internal standargd {@B@pm,

CDsOD 3.31 ppm). Data are reported as follows: chemical shift, multiplicity (s=singlet,
d=doublet, t=triplet, g=quartet, p=pentet, m=multiplet, br=broad), coupling constant, and number
of protons. Proton decouplédC NMR were recorded on a Bruker @&we |l 500 MHz (126

MHZz) spectrometer, Agilent UBD2 400 MHz (101 MHz) spectrometer, or Bruker Avance Il

600 MHz (151 MHz) spectrometer. Chemical shifts are reported in ppm from tetramethylsilane
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(0 ppm) using the solvent resonance as an internal standard 3CD2Ippm, CROD 49.0
ppm). High resolution mass spectra were obtained on an Agilent Technologies 6220 TOF
LC/MS or a Waters Synapt-QOF G2 in the Department of Chemistry and the-Mass

Spectrometry Incubator at the Virginia Polytechnic Institute and State University.

(0]
~ i. KOBu, Et,0
ii. CH;0H, A | (0]

o O @)
+
o
\OJ\/\ /\O)kﬂ/ov Ng NF OH
0] 0]

4-Methoxy-2-oxo-2H-pyran-6-carboxylic acid (2.23):To a flask charged with KiBu (8.04 g,

71.7 mmol) and diethyl ether (120 mL) under an atmosphere of dry nitrogen was added diethyl
oxalate (5.24 g, 35.9 mmol). After the brigrellow solution had stirred for 15 minutes, methyl
(2)-3-methoxybut2-enoate (4.60 g, 35.3 mmol) was added dropwise to the reaction, and it was
left to stir overnight. The precipitate was collected (filter paper) and added back to a flask
containing methanol (125 mL). After refluxing overnight, the reaction was concentraged (N
stream) and the resulting material dissolved in a minimal amount of water. The solution was then
acidified using drops of conc.,BQs until a solid formed. The solid was collected by filtration

and concentrated under reduced pressure to i2Rias a light brown amorphous solid (2.20 g,

37%).!H NMR (400 MHz, CBOD) U 6= Z34Hz, (1H),5.71 (d) = 2.3 Hz, 1H), 3.88 (s,

3H).*C NMR (101 MHz,CROD) U4 173. 3, 166. 7, 165. 3, 157.

m/z: [M + H]" Calcd for GH70s 171.0293; found 171.0289.
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Methyl 4-methoxy-2-oxo-2H-pyran-6-carboxylate (2.24): To a flask containingacid 2.23

(0.278 g, 1.63 mmol) was added S@@@ mL) slowly. Once the reaction had stopped smoking,
DMF (0.01 mL, 0.137 mmol) was added, and the reaction was sealed and refluxed for 2 h. Once
the residual solvent was removed via distillation, anhydrous methanol (5 mL) was added and the
reaction was left to stir for 24 h. The solid was collected via filtration (filter paper) and dried
under reduced pressure. The solid material was purified using flash chromatogr@phy¥s

A 1% EtOAc:CHC}) to yield2.24as a whitebrown solid (0.169 g, 57%JH NMR (400 MHz,

CDCL) U 6J=83Hz 1H), 5.69 (d] = 2.3 Hz, 1H), 3.93 (s, 3H), 3.86 (s, 3HC NMR

(101 MHz, CDC4) u 169. 5, 162. 2, 159. 9, 149. 1, 107.

H]* Calcd for GHgOs 185.0450; found 185.0444.

Dimethyl 2-hydroxy-4,6-dimethylisophthalate: To a flask containing acetylacetone (10.0 g,

0.100 mmol) was added a solution of NaOH (100 mL, 0.1 M) and methanol (50 mL). Dimethy
1,3-acetonedicarboxylate (17.4 g, 0.100 mmol) dissolved in methanol (50 mL) was added. The
reaction was stirred for 24 h at rt, at which point a white solid had formed. The reaction was
diluted with additional water (50 mL), filtered (filter paper, water), and the precipitate washed

with additional water (50 mL). The solid was dried under vacuum to igefathalateas a white
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amorphous solid (20.5 g, 86%). Spectra data were in accordance with those previously

published®

O OH O K,CO,. CHLI o o0 o0

~ 0 O/ —_— \O O/
acetone, A

Dimethyl 2-methoxy-4,6-dimethylisophthalate (2.5, 4.14)To a roundbottomed flask charged

with anhydrous KCOs (14.1 g, 102 mmol) and dry acetone (230 mL) under an atmosphere of
dry nitrogen was added dimethylhydroxy-4,6-dimethylisophthalate (20.2 g, 84.9 mmol). To
the stirring mixture was added GQIH10 mL, 160 mmol), and the reaction mixture was heated at
reflux overnight. After the reaction had cooled, it was filtered using filter paper, acetone (20
mL). The filtrate was diluted with diethyl ether (250 mL). The filtrate waswashed with a
saturated aqueous POz solution (2 x 80 mL) and brine (80 mL), dried @S&y), and
concentrated to yiel@.5 (20.5 g, 96%) as a white amorphous solid. Spectra data were in

accordance with that previously publisted.
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PhSH, DBU NalOy4
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Dimethyl 2-methoxy-4-methyl-6-((phenylsulfinyl)methylisophthalate (2.27, 4.5)To a dried

roundbottomed flask was added dimethyinethoxy4,6-dimethlisophthalate (10.3 g, 40.7

mmol), followed by NBS (7.3 g, 40.7 mmol) and benzoyl peroxide (197 mg, 0.813 mmol). The

vessel was purged with nitrogen and £QD mL) was added. The stirring mixture was refluxed

for 2 h. After cooling, the reaction was filtered (filter paper, £4Gnd the filtrate concentrated

to yield an orange oil. This residue was carried onto the next step without further purification.
The oil was dissolved in CHE({100 mL) and DBU (6.1 mL, 41 mmol) and thiophenol

(4.2 mL, 41 mmol) were added. After stirring for 24 h at rt, additional DBU (1.5 mL, 10 mmol)

was added and the mixture was stirred for an additional 24 h. A solution of aqueous NaOH (0.67

M, 75 mL) was added to the reaction and the layers were separated. The aqueous layer was

washed with diethyl ether (2 x 100 mL), and the combined organic layers were washed with

agueous NaOH (0.33 M, 75 mL), HCI (3 M, 75 mL), water (75 mL), and brine (75 mL). The

organic layer was dried (N&Qs) and concentrated under reduced pressure to yield a dark orange

oil that was carried onto the next step without further purification.
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The oil was dissolved in methanol (107 mL) and water (16 mL). To this stirring solution
was added Nal©(8.7 g, 41 mmol), and the reaction was stirred overnight. The reaction was
filtered and the precipitate washed with additional methanol. The filtrate was concentrated and
suspended in Cl> (100 mL). The mixture was filtered (Celite, @) and the filtrate
concentrated. The residue was purified using flash chromatography, (38% A 45%
EtOAc:hexanes) to yieldulfoxide2.27 (4.8 g, 32%) as an off/hite to yellow amorphous solid:

IH NMR (400 MHz, CDCJ) U 1 7.42518, 5H), 6.69 (s, 1H), 4.17 (d, J = 12.7 Hz, 1H), 4.08
(d, J = 12.9 Hz, 1H), 3.91 (s, 3H), 3.87 (s, 3H), 3.78 (s, 3H), 2.22 (s} ¥HNMR (126 MHz,
CDCl) U 6,16v% 156.1, 143.3, 139.3, 131.6, 131.4, 129.21, 129.20, 129.17, 123.3,

637, 62.0, 527, 526, 19.4; HRMS (ESI) m/z: [M + H] Calcd for GoH2:106S 377.1059; found

377.1043.
OH OH 0]
NaH, BnBr DMP |
HO THE BnO CHCl BnO

3-(Benzyloxy)propanal (2.31): To a roundbottomed flask containing I@opanediol (6.00

mL, 83.6 mmol) cooled in an ice/water bath was added NaH (0.483 g, 12.1 mmol) in portions.
After stirring cold for 15 minutes, BnBr (3.02 g, 17.7 mmol) was added dropwise. The mixture
was slowly warmed to room temperature and then heated to reflux for 16 h. After cooling, water
(10 mL) was added and the mixture was stirred for 15 min. The mixture was extracted with
CH2Cl2 (3 x 25 mL), and the combined organic layers were rinsed with water (3 x 25 mL). Once
dried (NaSQy) and concentrated, the residue was carried onto the next step without further

purification.
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3-(Benzyloxy)proparil-ol was dissolved in C#Cl> (36 mL). DessMartin periodinane
(5.85 g, 20.4 mmol) was added, and the mixture was stirred for 2 h. The mixture was filtered
(filter paper, CHCI,) and the filtrate was washed with water (12 mL), dried.8), and
concentrated. The residue was purified using flash chromatography E3@Ac:Hex 25 %A
60 %) to yield2.31(1.47 g, 74%) as a slightly yellow, clear oil. Spectral data were in accordance

with previously recorded.

o) i. PPhy, C4H5CH; 0
)J\ ii. NaOH, H,O
—>
I
cl PPhj

1-(Triphenylphosphoranylidene)-2-propanone (2.33): Triphenyl phosphine (8.3 g, 31.5

mmol) was dissolved in benzene (10 mL). The reaction vessel was purged with nitrogen, and
chloroacetone (2.5 mL, 31.0 mmol) was added. The reaction was stirred overnight, at which
point the solid material was filtered off and rinsed with additional benzene (10 mL). The solid
material was dissolved in water (50 mL) and basified (pH 10) by the dropwise addition of NaOH
(5 M). The resulting precipitate was collected by filtration, dissolved isGGHdried (NaSQy),

and concentrated to yiell33 (7.6 g, 76%) as a white solid. Spectral data was in accordance

with that previously recordet.

CH,Cl
|

BnO

6-(Benzyloxy)hex3-en-2-one (2.29): To a stirring solution 0f2.33 (0.504 g, 1.58 mmol)

dissolved in CHCI> (12 mL) was adde@.31(0.204 g, 1.242 mmol) dissolved in &> (12
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mL). After stirring overnight, the mixture was concentrated and the residue dissolve® i{B&t
mL). The mixture was filtered (filter paper,-BEX) to remove the triphenylphosphine oxide and
the filtrate was concentrated. Purification of this residue using flash chromatographylSie

A 25% EtOAc:Hex) resulted i8.29(0.203 g, 80%) as a clear and colorless oil. Spectral data

were in accordance with those previously repofted.

O OH O O

o) 0O 0o o
LiHMDS
. ~ ~
RS s s ¢ o &
THEF, -78 °C
BnO

SOPh
OBn

Methyl 7-acetyl6-(2-(benzyloxy)ethyl)}8-hydroxy-1-methoxy-3-methyl-2-naphthoate

(2.34): To a flask containing THF (1 mL) was addéei,NH (0.180 mL, 1.28 mmol). The
solution was cooled in a water/ice bath afBuLi (0.58 mL, 2.02 M, 1.17 mmol) was added
dropwise. The stirring mixture was warmed to rt over 15 min and then coolé f&€ using a

dry ice/acetone bath. After stirring cold for 15 mn2r27(0.200 g, 0.531 mmol) dissolved in THF

(1.75 mL) was added dropwise and stirred for 15 min, after whi2é (0.261 g, 1.28 mmol)
dissolved in THF (1.75 mL) was added dropwise. The mixture was stirred cold for 60 min, and
stirring with warming to room temperature over 120 min. The mixture was then quenched using
agueous HCI (1 M, ~3 mL) and concentrated under reduced pressure. The concentrate was
extracted with CHGI (3 x 4 mL). The combined organic layers were dried.8) and
concentrated under reduced pressure. The residue was purified by column chromatography
(SiOz, 2A 10% acetone:CHG) to yield2.34(0.088 g, 39%) as a red amorphous séktINMR

(400 MHz, CDC#) U 9. 76 (7528 (m16H), 7.12 {5, 1#)04.51 (s, 2H), 4.01 (s, 3H),

3.99 (s, 3H), 3.70 (U = 6.7 Hz, 2H), 3.01 (t) = 6.8 Hz, 2H), 2.58 (s, 3H), 2.42 (s, 3HiC
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NMR (101 MHz,CDC}) u 205. 3, 168. 1, 154. 5, 152. 3, 138
127.8, 127.7, 124.9, 123.7, 119.8, 113.6, 73.0, 70.8, 64.5, 52.7, 33.9, 32.6, 20.0; ESI calculated

for CosH270s 423.1808; found 423.1788.

O OH™O O o 0 M0 o
OO O/ K,CO;, CH;l OO O/
acetone, A
OBn OBn

Methyl 7-acetyl6-(2-(benzyloxy)ethyl}1,8-dimethoxy-3-methyl-2-naphthoate (2.35): To

flame-dried, nitrogenpurged KkCQOsz (0.039 g, 0.28 mmol) was add2d34(0.098g, 0.23 mmol)

dissolved in acetone (6 mL). GH(0.029 mL, 0.46 mmol) was added and the mixture was
refluxed (oil bath) for 20 h. After cooling, the mixture was filtered (filter paper;GIH and
concentrated. The mixture was redissolved inCIEH(6 mL) and washed with water (2 x 3 mL),

dried (NaSQu), and concentrated. The residue was purified using flash chromatograpby(QSiO

A 1% CHOH:CHCE) to yield 2.35(0.088 g, 88%) as a remtangeamorphous solidtH NMR

(400 MHz, CDC$) U 7. 41 (s, 1HY.24(n7 5H,@&.51((s 2H), 3.99)s, 3HY, . 3 4
3.92 (s, 3H), 3.80 (s, 3H), 3.71 Jt= 7.0 Hz, 2H), 2.95 (t) = 7.0 Hz, 2H), 2.56 (s, 3H), 2.41 (s,

3H); %C NMR (101 MHz, CDG)) U 205.9, 168.9, 153.1, 152.7
134.0, 128.5, 127.9, 127.8, 127.5, 125.2, 124.7, 118.6, 73.1, 70.5, 64.23, 64.19, 52.5, 33.3, 33.0,

19.6 ESI calculated for C26H26NaC¥%9.1784: found, 459.1784.
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i. NBS, BPO, CCl,, A
- ii. PhSH, DBU, CHCI, ~
O iii. NalO,, CH;0H, H,0 0

SOPh

Methyl 2-((phenylsulfinyl)methyl)benzoate(3.11, 5.28): The following reactions were carried

out in an analogous manner to the published procédu@aution! Carbon tetrachloride is
highly toxic and should be handled exclusively in a fume cabinet to avoid vapor expbsure.
Bromosuccinimide (14.3 g, 80.1 mmol) and benzoyl peroxide (0.97 g, 4.0 mmol) were combined
in a flamedried flask under nitrogen, and GGL00 mL) was added. Methg-toluate (12.0 g,

80.0 mmol) was added, the mixture was heated to reflux and stirred for 2 h. After cooling to rt,
the mixture was filtered and the solid washed with/A2% mL). The filtrate was concentrated

to yield methyl 2(bromomethyl)benzoate as a yellow oil that was used directly without further
purification.

Crude oil from previous stewas dissolved in CHE@I(25 mL) and added to a stirring
solution of PhSH (8.5 mL, 83.3 mmol) and®0z (14.2 g, 103 mmol) in CHGK75 mL). After
stirring overnight, the mixture was diluted with.@t(100 mL) and washed sequentially with
solutions of NaOH (1 M, 50 mL), water (50 mL), and brine (50 mL). Concentration resulted in
methyl 2((phenylthiol)methyl)benzoate was used directly without further purification.

The crude oiwas dissolved in methanol (170 mL) and water (26 mL) and NAID8 g,

83.3 mmol) was added portiamse. After stirring for 18 h, the mixture was diluted with water
(100 mL) and EtOAc (200 mL) and the layers were separated. The organic layer was washed
with water (2 x 50 mL) and brine (50 mL), dried withJS&, and concentrated. The residue

was purified using flash chromatography (40% EtOAc/hexanes;) $Oyield 3.11 (12.8 g,

58%) as an amorphous white solid. Spectral data were in accord with those previously feported.
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O .\ O KOtBu 0
/\OJ\/\ /\O)S(Ov S /\O)WH(O\/
(0]

Et,0, 0 °C (@)

6-Ethyl 1-methyl (27,4E)-2-hydroxyhexa-2,4-dienedioate To a flamedried flask was added

BuOK (24.7 g, 0.220 mol) and £ (86 mL). The flask was purged with nitrogen, and after the
mixture had cooled to 0 °C (cryocool), diethyl oxalate (27.1 mL, 0.200 mol) dissolvegOn Et

(16 mL) was added dropwise over 15 min, followed by ethyl crotonate (24.9 mL, 0.200 mol) in a
dropwise fashion. The mixture was stirred at 4 °C (cryocool) overnight, after which the reaction
was filtered, and the precipitate washed withCE€100 mL). The yelloworange precipitate was
dissolved in cold water (750 mL) and 50% aqueous acetic acid (35 mL) was added. Filtration
(water) and drying of the precipitate resulted in dienedioate (30 g, 75%) as an amorphous yellow

solid. Spectra data were in accord with those previously reported.

0]
o OH HCl
(@]
/\O)J\/\/H‘(O\/ —_— |
= OH
0 A

2-0x0-2H-pyran-6-carboxylic acid (3.14) Dienedioate (11.65 g, 54.39 mmol) was dissolved in

concentrated HCI (325 mL), heated to reflux, and stirred for 8 h. The mixture was cooled to rt
and then cooled aR0 °C for 4 h. The precipitate was collected by filtration and the filtrate
stored at20 °C for 12 h, after which additional filtrate was collected. Drying yieRiéd (6.71

g, 88%) as an amorphous ggldllow solid. Spectra data were in accord with those previously

reportec®
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| |

-

= OH ii. ROH, RNH,, R,NH = R

o) o)
General procedure for the preparation of pyrone ester derivatives (3.7)The following
reactions were carried out in an analogous manner to the published procedure (unless otherwise
stated)*° Pyrone carboxylic aci®.14 (1 equiv.) was dissolved in SOQI0-20 equiv.) and a
catalytic amount of DMF (0.05 equiv.) was added. The reaction was heated to reflux and stirred
for 15 h, after which the excess solvent was removed via distillation. The resulting acid chloride
was dissolved in the appropriate alcoheb(&quiv.) and the mixture was stirred at rt for 1 h. The
resulting solid material was either filtered and the filtrate concentrated t@ diee dissolved in
CH:Cl2, washed with saturated aqueous NaHGfied (NaSQy), concentrated, and the residue

purified using flash chromatography (S)@o yield3.7.

Methyl 2-oxo-2H-pyran-6-carboxylate (2.6, 3.7a, 4.6, 5.18pPurified by filtration to give2.6

(0.516 g, 91%) as an amorphous white sditiNMR (400 MHz,CDC4) G 7. 41 (dd, J
Hz, 1H), 7.10 (dd, J = 6.5, 1.0 Hz, 1H), 6.55 (dd, J = 9.4, 1.0 Hz, 1H), 3.94 (s'3GK}

NMR (101 MHz, CDC}) a 159. 8, 159. 6, 149. 4, 141. 7, 121
C7H704 [M+H]* 155.(844, found 155.0343.

Ethyl 2-oxo-2H-pyran-6-carboxylate (3.7b) Purified using CHGlto give3.7b (0.490 g, 68%)

as an amorphous pink solith NMR (400 MHz,CDCJ) & 7. 41 (dd, J = 9. 4,
(dd, J = 6.6, 1.0 Hz, 1H), 6.52 (dd, J = 9.4, 1.0 Hz, 1H), 4.37 (9, J = 7.1 Hz, 2H), 1.37 (t, J = 7.1
Hz, 3H); 3C{*H} NMR (101 MHz, CDCk) & 159.9, 159.5, 149.8, 1:

14.2; HRMS (ESI) calcd for &1s04 [M+H] * 169.0501, found 169.0499.
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Propyl 2-oxo-2H-pyran-6-carboxylate (3.7c) Purified using CHCI. to give 3.7c¢ (0.367 g,

56%)as a yellow amorphous solitti NMR (400 MHz,CDC}) 4 7. 41 (dd, J = 9.
7.04 (dd, J = 6.6, 1.2 Hz, 1H), 6.47 (dd J = 9.4, 1.2 Hz, 1H), 4.21 (dd, J = 7.1, 6.4 Hz, 2H), 1.70

(qt, J = 7.4, 6.7 Hz, 2HN.92 (t, J = 7.4 Hz, 3H)*C{*H} NMR (101 MHz, CDCk) & 160. O,
159.6, 149.8, 141.9, 121.0, 109.9, 68.2, 22.0, 10.4; HRMS (ESI) calcdolfari@s [M+H] "

183.0657, found 183.0658.

Butyl 2-oxo-2H-pyran-6-carboxylate (3.7d) Purified using a 2%4% EtOAJCHCI> to give

3.7d(0.596 9,85%) as a yellowvhite amorphous solidH NMR (400 MHz, CDCY) G 7. 41 (d
J=9.4, 6.6 Hz, 1H), 7.09 (dd, J = 6.5, 1.0 Hz, 1H), 6.54 (dd, J = 9.4, 1.0 Hz, 1H), 4.33 (t, J = 6.7

Hz, 2H), 1.79 1.67 (m, 2H), 1.51 1.35 (m, 2H)0.96 (t, J = 7.4 Hz, 3H}3C{*H} NMR (101

MHz, CDCk) u 160. 0, 159. 6, 149. 9, 141. 9, 121. 0,
calcd for GoH1304 [M+H] " 197.0814, found 197.0814.

Isopropyl 2-oxo-2H-pyran-6-carboxylate (3.7e). Purified using 3% acet®/PhH to give3.7e

(0.35 g, 52%) as a white amorphous solffd:NMR (400 MHz,CDC§) G0 7. 41 (dd, J
Hz, 1H), 7.07 (d, J= 7.0 Hz, 1H), 6.53 (d, J = 9.4 Hz, 1H), 5.8718 (heptet, J=6.3 Hz, 1H),

1.36 (d, J = 6.3 Hz, 6HJ3C{'"H} NMR (126 MHz, (DCls) & 160. 3, 159.2, 150
110.0, 71.1, 22.1; HRMS (ESI) calcd fosHG 104 [M+H]* 183.0657, found 183.0657

tert-Butyl 2-oxo-2H-pyran-6-carboxylate (3.7f): Purified using CHG to give 3.7f (0.051 g,

13%) as an orange amorphous sotd:NMR (400 MHz, CDC}) U 7 .J% 9.4, 6.6 Hz,
1H), 7.01 (ddJ = 6.6, 1.0 Hz, 1H), 6.50 (dd,= 9.4, 1.1 Hz, 1H) 1.56 (s, 9H¥C{ *H} NMR
(101 MHz, CDC}) a4 160. 3, 158. 4, 150. 9, 142. 0, 120. 6,

CioH12NaQy [M+Na]* 219.0633, found 219.0628.

79



3-Methylbut -2-en-1-yl 2-oxo-2H-pyran-6-carboxylate (3.7g) Purified using CHCI, to give

3.7¢9(0.251 g, 89%) as an orange amorphous s4HdNMR (400 MHz, CDC§) 4 7. 40 ( dd,
9.4, 6.6 Hz, 1H), 7.07 (d, J = 6.5 Hz, 1H), 6.51 (d, J = 9.4 Hz, 1H):;H3&(m, 1H), 4.79 (d, J

= 7.4 Hz, 2H), 1.78 (s, 3H), 1.75 (s, 3HJC{*H} NMR (101 MHz, CDCk) & 159. 9, 15
149.9, 141.9, 140.9, 120.9, 117.6, 109.9, 63.3, 25.9, 18.2; HRMS (ESI) calca:lfap@Na

[M+Na]* 231.0633, found 230626.

2-(TrimethylsilyDethyl 2 -oxo-2H-pyran-6-carboxylate (3.7h): Purified using CHG to give

3.7h(0.192 g, 42%) as a pa¥hite amorphous solidH NMR (400 MHz, CDCJ) G 7. 40 ( dd
= 9.4, 6.6 Hz, 1H), 7.09 7.06 (m, 1H), 6.55 6.51 (m, 1H), 4.46 4.38 (m, 2H), 1.16 1.09

(m, 2H), 0.08 (s, 9H)3C{*H} NMR (101 MHz, CDCk) & 159.9, 159.6, 150
109.7, 65.2, 17.5;1.4; HRMS (ESI) calcd for GH160sNaSi [M+Na] 263.0716, found

263.0724.

3-Chloropropyl 2-oxo-2H-pyran-6-carboxylate  (37i): Purified wusing a 0%5%

acetonéCHCI; to give3.7i (0.324 g,75%) as a reavhite amorphous solidH NMR (400 MHz,

CDCk) & 7.43 (dd, J = 9.4, 6.6 Hz, 1H), 7.12
1H), 4.50 (t, J = 6.1 Hz, 2H), 3.68 (t, J = 6.3 Hz, 2H), 2.2115 (m, 2H)C{*H} NMR (101

MHz,CDCk) U0 159. 8, 159. 4, 149. 5, 141. 8, 121. 3, 1
CoH10ClO4 [M+H] * 217.0268, found 217.0267.

3-Bromopropyl 2-oxo-2H-pyran-6-carboxylate 3.7): Purified using 90% CbClo/hexanes,

then CHCI to give3.7j (0.53 g, 52% as an amorphous white sditiINMR (400 MHz, CDCJ)
a 71 7438 (m, 1H), 7.11 (ddt, J = 6.6, 2.5, 1.0 Hz, 1H), 6.55 (ddt, J = 9.4, 2.6, 1.0 Hz, 1H),

4527 4.39 (m, 2H), 3.58 3.44 (m, 2H), 2.36 2.25 (m, 2H);2*C{*H} NMR (126 MHz,
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CDCl) u 159. 5, 159. 1, 149. 2, 141. 6, 121.
CoH10BrO4 [M+H] " 260.9762, found 260.9760.

Phenyl 2oxo-2H-pyran-6-carboxylate (3.7k): Purified using 0%10% acetonHClIs to give

3.7k (0.090 g, 20%) as a white amorphous solid:NMR (400 MHz, CDC§) U 7 .J48

9.4, 6.6 Hz, 1H), 7.45 7.40 (m, 2H), 7.32 7.29 (m, 1H), 7.27 (dd] = 6.6, 1.0 Hz, 1H), 7.2

7.17 (m, 2H), 6.62 (dd] = 9.4, 1.0 Hz, 1H)**C{*H} NMR (101 MHz, CDC}) & 1509 .

150.0, 149.0, 141.6, 129.7, 126.6, 121.6, 121.2, 111.0; HRMS (ESI) calcebffyOz, [M+H]*
217.0495, found 217.0494.

2-Methoxyphenyl  2-oxo-2H-pyran-6-carboxylate  3.7):  Purified using 0%l5%

acetonéCHCI; to give 3.71 (0.239 g, 45%) as a white amorphous sotd:NMR (400 MHz,

CDCk) U 7.47 (dd, J -724@n 2H), 7.1 (df, J H&.0, 1.5z 1H), 77.02 9

6.96 (M, 2H), 6.61 (dd, J = 9.4, 1.0 Hz, 1H), 3.83 (s, 3#){H} NMR (101 MHz, CDCk)

159.7, 157.4, 151.0, 149.1, 141.7, 139.1, 127.8, 122.6, 121.7, 121.0, 112.8, 111.1, 56.0; HRMS

(ESI) calcd for GsH110s [M+H]* 247.0606, found 247.0608.

4-Methoxyphenyl 2-oxo-2H-pyran-6-carboxylate  (3.7m): Purified using 75%100%

CHCls/hexanes to giv&.7m (0.151 g 27%) as an offvhite amorphous solid®H NMR (400
MHz,CDCk) U 7.47 (dd, J = 9.5, 6.5 Hzi 7.07 )

2H), 6.97i 6.89 (M, 2H), 6.62 (dd, J = 9.4, 1.0 Hz, 1H), 3.82 (s, 39@f*H} NMR (101 MHz,

CDClk) U0 159. 7, 158. 3, 157.9, 149.3, 143. 6,

calcd for GaH110s [M+H] ™ 247.0606, found 247.0604.

4-Bromophenyl 2-oxo-2H-pyran-6-carboxylate (3.7n): Purified using 0%25% EtOAc/CHC}

to give3.7n(0.154 g, 38%) as a whjtamorphous solidtH NMR (400 MHz, CDCY) & 17 .

7.51 (m, 2H), 7.47 (dd] = 9.4, 6.6 Hz, 1H), 7.26 (dd,= 6.6, 1.0 Hz, 1H), 7.12 7.06 (m, 2H),
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6.61 (dd,J = 9.4, 1.0 Hz, 1H)*3C{*H} NMR (101 MHz, CDC}) u 159. 3, 157. 6,
141.5, 132.8, 123.0, 121.8, 119.8, 111.2; HRMS (ESI) calcd f#sBrO4, [M+H]* 294.9600,
found 294.9592.

Benzyl 2o0xo0-2H-pyran-6-carboxylate (3.70): Purified using 80% CkClo/hexanes to giv8.70

(0.640g, 78%) as a white amorphous sofi: NMR (400 MHz, CDC§) 371 7.315m, 6H),

7.11 (d,J = 6.6 Hz, 1H), 6.54 (dJ = 9.4 Hz, 1H), 5.35 (s, 2H}-3C{*H} NMR (101 MHz,

CDCl) u 159. 8, 159. 3, 149. 5, 141. 8, 134. 7, 128
(ESI) calcd for GsH1104 [M+H] * 231.0657, found 231.0665.

4-Methoxybenzyl 2oxo-2H-pyran-6-carboxylate  (3.7p): Isolated by filtration and

concentration to giv&.7p (0.43 9, 52%) as an orange amorphous solid:NMR (400 MHz,

CDClL) U i 7.3448, 1H), 7.38.35 (m, 2H) 7.09 (dd, J = 6.5, 1.0 Hz, 1H), 6(98.87 (m,

2H), 6.53 (dd, J = 9.4, 1.0 Hz, 1H), 5.28 (s, 2H), 3.81 (s, $8]*H} NMR (151 MHz, CDC})

a 160. 1, 159. 9, 159. 4, 149. 6, 141. 9, 130. 8, 1
calcd for G4H12NaGs [M+Na]* 283.0577, found 283.0576.

2-Oxo-N-phenyl-2H-pyran-6-carboxamide 3.7q): Isolated by filtration and concentration to

give 3.79(0.56 g, 72%) as a white amorphous solld:NMR (400 MHz, CDC§) U 8. 51 ( br
1H), 7.69i 7.65 (m, 2H), 7.52 (dd, J = 9.4, 6.6 Hz, 1H), 77437 (m, 2H), 7.25 (dd, J = 6.6, 1.0

Hz, 1H), 7.23 7.18 (m, 1H), 6.54 (dd, J = 9.4, 1.0 Hz, 1¥¢{*H} NMR (126 MHz, CDCk) U

159.8, 156.3, 152.6, 143.4, 136.8, 129.6, 125.8, 120.7, 119.8, 107.7; HRMS (ESI) calcd for
C12H10NOs [M+H] * 216.0661, found 216.0679.

N-Butyl-2-oxo-2H-pyran-6-carboxamide @.7r): Purified using 20% EtOAc/CII> to give

3.7r (0.25 g, 35%) isolated as a brown amorphous s&idNMR (400 MHz, CDCY) a 7. 46

(ddd, J = 9.4, 6.6, 0.5 Hz, 1H), 7.12 (dd, J = 6.6, 1.0 Hz, 1H), 6.84 (s, 1H), 6.48 (dd, J = 9.4, 1.1
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Hz, 1H), 3.41 (td, J = 7.1, 5.9 Hz, 2H), 1)61.51 (m, 2H), 1.46 1.31 (m, 2H), 0.95 (t, J = 7.3
Hz, 3H); 13C{*H} NMR (126 MHz, CDCk) & 159.9, 158.3, 152.6, 1:
31.5, 20.1, 13.8; HRMS (ESI) calcd fogdB1aNOs [M+H]* 196.0974, found 196.0970.

N,N-Diisopropyl-2-oxo-2H-pyran-6-carboxamide @.7s). Purified using CHCl, then 0.25%

MeOH/CHCl,, then 0.5% MeOH/CECI, to give3.7s(0.44 g, 55%) as an amorphous-atiite
solid:'H NMR (400 MHz,CDCY) & 7.37 (dd, J = 9.6, 6. 7 Hz, ]
(d, 3 = 9.7 Hz, 1H), 3.84 (br s, 1H), 3.51 (br s, 1H), 1.45 (br s, 6H), 1.26 (br s:36¥f)}

NMR (126 MHz, CDCY¥) ua 161. 1, 160. 1, 157. 7, 143. 2, 11
HRMS (ESI) calcd for @H1gNO3z [M+H]* 224.1287, found 224.1287.

6-(Piperidine-1-carbonyl)-2H-pyran-2-one_@3.7): Purified using 60% EtOAc/CiLl, to give

3.7t (0.67 g, 89%) as an amorphous orasgkd: *H NMR (400 MHz, CDC) 4 7.J38 (dd,
9.4, 6.6 Hz, 1H), 6.58 (dl = 6.6 Hz, 1H),6.36 (d,J = 9.4 Hz, 1H), 3.61 (br s, 2H), 3.46 (br s,

2H) 1.721.59 (m, 6H);*C{'"H} NMR (126 MHz, CDCI 3) U 160. 3,
106.7, 48.2, 44.0, 26.6, 25.6, 24FRMS (ESI) calcd for &H14NO3z [M+H]* 208.0974, found

208.0967.

6-(Morpholi ne-4-carbonyl)-2H-pyran-2-one @.7u): Purified using EtOAc to giv8.7u (0.074

g, 32%) as an amorphous white solid:NMR (400 MHz, CROD) 0 7J.=9.8,6.6, dH),,

6.70 (dd,J = 6.6, 0.9 Hz, 1H), 6.44 (d§ = 9.5, 0.9 Hz, 1H), 3.71 (br s, 4 H), 3.60r s, 4H);

13C{H} NMR (151 MHz, COD) u 162. 3, 161. 9, 155. 5, 144. 9
HRMS (ESI) calcd for @H12NO, [M+H]* 210.0766, found 210.0765.

N-Hexyl-2-oxo-2H-pyran-6-carboxamide @.7v): Purified using 20% EtOAc in Ci€l, to give

3.7v (0.25 g, 63%) as a brown solitthi NMR (400 MHz, CDCY) U 7 .J4 6.4, 6.6l ldz,

1H), 7.12 (dd,) = 6.6, 1.0 Hz, 1H), 6.87 (s, 1H), 6.48 (dds 9.4, 1.0 Hz, 1H), 3.40 (td,= 7.2,
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6.0 Hz, 2H), 1.63 1.54 (m, 2H), 1.33 1.28 (m, 6H), 0.92 0.86 (M, 3H)C NMR (151 MHz,
cbck) o 159.8, 158.2, 152.5, 143.1, 119.1,

(ESI) calcd for GoH1gNOs [M+H]* 224.1287, found 224.1290.

tert-Butyl (2-oxo-2H-pyran-6-carbonyl)(phenyl)carbamate (3.7g*): To a sirring solution of

3.7 (0.278 g, 1.29 mmol) in Ci€l> (15 mL) was added DMAP (17.0 mg, 0.139 mmol) and

BocO (0.60 mL, 2.6 mmol). The mixture was stirred at rt for 24 h, quenched by the addition of

NH4ClI solution (10 mL), and the layers separated. The aqueous layer was extracted M@ith CH
(2 x 15 mL). The organic layers were combined, dried$88), and concentrated. The residue
purified was using flash chromatography (8i@CHCl>) to give 3.7g* as a lightbrown
amorphous solid (0.333 g, 81%MH NMR (400 MHz, CDCJ) U 1 7.35418, 4H), 7.25 7.21

(m, 2H), 6.81 (dd,) = 6.6, 1.0 Hz, 1H), 6.49 (dd, = 9.5, 1.0 Hz, 1H), 1.40 (s, 9H}EC{1H}

(101 MHz,CDC}) U 163. 8, 159. 4, 155.1, 152.1, 142.

85.0, 27.8; HRMS (ESI) calcd fori@117NOsNa [M+Na]" 338.1004, found 338.1005.

tert-Butyl _hexyl(2-oxo-2H-pyran-6-carbonyl)carbamate (3.7v*): To a stirring solution of

3.7v (0.294 g, 1.32 mmol) in Ci€l> (12 mL) was added DMAP (17.0 mg, 0.139 mmolxNEt
(0.25 mL,1.794 mmol) and Be© (0.45 mL, 2.0 mmol). The mixture was stirred at room
temperature for 24 h, quenched by addition ofs8H6 mL) and the layers separated. The
aqueous layer was extracted with &Ll (2 x 6 mL). The organic layers were combined, dried
(NaxSQy), and concentrated. The residue was purified using flash chromatograpby (@

20% EtOAc/hexanes) t8.7v* give as a brown oil (0.253 g, 59%H NMR (400 MHz, CDC4)

10¢

O 7.41 (dd, J = 9.4, 6.6 Hz, 1H), 6.66 (dd,
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3.73i 3.66 (M, 2H), 1.66 1.54 (m, 2H), 1.42 (s, 9H), 1.361.26 (m, 6H), 0.92 0.86 (M, 3H);
13C{1H} NMR (101 MHz, CDCI3) U 164.0, 159.6,
31.5, 28.6, 27.8, 26.5, 22.7, 14.1; HRMS (ESI) calcd foiHEGNOsNa [M+Na]' 346.1630,

found 346.1614.

LiHMDS

OO 1
THF, -7§ °C Y

General procedure for pyrone annulation (3.12) Hexamethyldisilane (1.2 mmol) was added

SOPh

to a round bottom flask ataining THF (0.2 mL). The mixture was placed in an ice bath, and
nBuLi (1.1 mmol) was added dropwise. After addition was complete, the mixture was stirred for
10 min, warmed to rt and stirred for 15 min, and then cooled8GC (dry ice/acetone bath) for

15 min. Commercial 1 M LIHMDS solution in THF could be successfully used as well. Pyrone
3.7 (0.80 mmol) dissolved in THF (3 mL) was added and the mixture was stirréd &€ (dry
ice/acetone bath) for 15 min. Sulfoxi@el1(0.37 mmol) dissolved in THF (0.8 mL) was added
dropwise, and the mixture was stirred-#8 °C (dry ice/acetone bath) for 1 h. The mixture was
slowly warmed to rt, and after stirring for 2 hours, HCI (4 mL, 10% in water) was added. The
THF was removed under reduced pressure, and the residual aqueous solution was extracted with
CHCIz (3 x 4 mL). The combined organic layers were dried>8@) and concentrated. The
residue was purified using automated flash chromatography)(8@ield3.12 Because of the

highly similar nature of the impurities (mainB/78), additional purification using HPL@as
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needed for some derivatives. These were performed using a Cogent Bidentate C18 column (100
A, 4 mm, 250 x 10 mm) on a Shimadzu system equipped with a manual injector2@8M
communication bus module, DGRDA degassing unit, LQOAR liquid chromatography binary
pump, SPE20A UV/Vis detector, and FRTOA fraction collector with water containing 0.1%

formic acid as solvent A and GEN containing 0.1% formic acid as solvent B.

Methyl 10-hydroxy-1-oxo-1H-benzo[glisochromene3-carboxylate (3.12a) Purified using

75%100% CHC} in hexanes to give B2a (0.093 g, 48%) as a yellow amorphous soid:

NMR (400 MHz, CDC}) & 12.14 (s, 1H), 8.49 (agutm, J =
1H), 7.73 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.62 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H), 7.57 (s, 1H), 7.48

(d, J = 0.8 Hz, 1H), 3.98 (s, 3HFC{*H} NMR (126 MHz,CDCk) & 166. 3, 162. 2,
137.7,131.2,128.7, 128.2, 127.1, 124.6, 124.5, 117.6, 10&,53.1. HRMS (ESI) calcd for

C15H1105 [M+H] * 271.0601, found 271.0604.

Ethyl 10-hydroxy-1-oxo-1H-benzolglisochromene3-carboxylate (3.12b) Purified using 80%

CHCls/hexanes to giv8.12b(0.030 g 31%) as a yellow, amorphous solld:NMR (400 MHz,

CDCk) G 12. 14 (X%=8.3HH]1H), 7.86.(d) Z 8.3 Ht,, 1H), 7.75.69 (m, 1H),

7.647.58 (m, 1H), 7.54 (s, 1H), 7.45 (s, 1H), 4.44Jg, 7.1 Hz, 2H), 1.43 (t) = 7.2 Hz, 3H);

13C{'H} NMR (101 MHz, CDCk) & 166. 4, 162.1, 160.4, 141.6
127.0, 124.6, 124.5, 117.5, 114.5, 100.7, 62.4, 14.4; HRMS (ESI) calcdétr:Os [M+H]*

285.0757, found 285.0749.

Propyl 10-hydroxy-1-oxo-1H-benzo[glisochromene3-carboxylate (3.12¢) Purified using a

90%100% CHC#¢/petroleum ethr to give impurel2c¢(0.029 g) as an orange, amorphous solid.

A portion of this material (6.0 mg) was purified by HPLC (75% B for 15 mirl0@% B over 2
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min, 100% B for 4 min, 1005% B over 1 min, 75% B for 3 min) to gi&12c¢(5.0 mg, 22%)

as an orange, amorphous solid:NMR (400 MHz,CDC§) U 12. 16 (JsB4HzH), 8.
1H), 7.86 (d,J = 8.2 Hz, 1H), 7.74 7.68 (m, 1H), 7.65 7.58 (m, 1H), 7.55 (s, 1H), 7.47 (s,

1H), 4.33 (t,J = 6.5 Hz, 2H), 1.83 (sexted,= 7.1 Hz, 2H), 1.05 (t) = 7.4 Hz, 3H):33C{ H}

NMR (101 MHz, CDCj) u 166. 2, 162. 0, 160. 3, 141. 5, 137
124.4, 117.3, 114.3, 100.6, 67.8, 22.0, 10.4. HRMS (ESI) calcd:fbh£0s [M+H] " 299.0914,

found 299.0907.

Butyl 10-hydroxy-1-oxo-1H-benzofglisochromene3-carboxylate (3.12d) Purified using 0%

10% acetone in 50% CHé¢hbetroleum ether to gived.12d (0.046 g, 40%) as a yellow,
amorphous solicdH NMR (400 MHz, CDCJ) G 12. 13 (Js8.4HzHIH), 7.88(d44 ( d,
J=8.3 Hz, 1H), 7.73 7.68 (m, 1H), 7.62 7.57 (m, 1H), 7.51 (sLH), 7.44 (s, 1H), 4.37 (§ =

6.7 Hz, 2H), 1.78 (pJ = 6.8 Hz, 2H), 1.49 (sexted,= 7.3 Hz, 2H), 1.00 (t) = 7.4 Hz, 3H);

13C{H} NMR (101 MHz, CDCE) a4 166. 4, 162. 2, 160. 5, 141. 7
127.0, 124.6, 124.5, 117.5, 114.5, 100.8, 66.3, 30.7, 19.3, 13.9.; HRMS (ESI) calegHioOe

[M+H]* 313.1071, found 313.1074.

Isopropyl 10-hydroxy-1-oxo-1H-benzoflisochromene3-carboxylate (3.12€) Purified using

0%-10% acetone in 50%HCls/petroleum ether to give impui@12e(0.036 g) asa yellow,
amorphous solid. A portion of this material (10.0 mg) was purified by HPLC (80% B for 10

min, 83100% B over 3 min, 100% B for 4 min, 280% B over 1 min, 80% B for 3 mind

give 3.12e(7.0 mg, 23%) as a yellow, amorphous solld:NMR (400 MHz, CDCJ) & 12. 16 (
1H), 8.47 (dJ = 8.4 Hz, 1H), 7.86 (d] = 8.3 Hz, 1H), 7.76 7.68 (m, 1H), 7.63 7.57 (m, 1H),

7.53 (s, 1H), 7.46 (s, 1H), 5.335.23 (septet] = 6.2 Hz, 1H), 1.41 (d] = 6.3 Hz, 6H)3C{H}

NMR (101 MHz,CDC}) u 166. 5, 162. 1, 159. 9, 141. 9, 137
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124.5, 117.4, 114.3, 100.8, 70.2, 22.z0; HRMS (ESI) calcd fad:€Ds [M+H]* 299.0914,
found 299.0919

3-Methylbut-2-en-1-yl 10-hydroxy-1-oxo-1H-benzolglisochromene3-carboxylate (3.12q)

Purified using 75%100% CHC#hexanes to give impur&.12g (0.034 g) as an orange,
amorphous solid. A portion of this material (7.0 mg) was purified by HPLEL(QD8%6 B over 13

min, 100% B for 4 min, 1005% B over 1 min, 75% B for 3 min) to giB12g(5.0 mg, 21%)

as an orange, amorphous solid:NMR (400 MHz,CDC§) G 12. 16 (Js85HzH) ,

1H), 7.87 (dJ = 8.2 Hz, 1H), 7.74 7.70 (m, 1H), 7.64 7.59 (m, 1H), 7.56 (s, 1H), 7.47 (s, 1H),

5.517 5.44 (m, 1H), 4.87 (dJ = 7.4 Hz, 2H), 1.81 (s, 3H), 1.79 (s, 3HIC{*H} NMR (126

MHz, CDCbk) u 166. 3, 162. 0, 160. 3, 141. 6, 140.

124.4,117.8, 117.4, 116.9, 114.4, 63.1, 25.9, 18.2; HRMS (ESI) calcdofdrsGsNa [M+Na]
347.0890, found 347.0884

2-(TrimethylsilyDethyl 10 -hydroxy-1-oxo-1H-benzolglisochromene3-carboxylate (3.12h)

Purified using 75%100% CHC#hexanes to give impur&.12h (0.014 g) as a yellow,
amorphous solid. A portion of this material (9.0 mg) was purified by HPLEL(D8% B over 10
min, 100% B for 4 min, 1080% B over 2 min, 90% B for 4 min) to gi&12h(5.0 mg, 6%) as
a yellow, amorphous solidH NMR (400 MHz, CDCJ) 4 12. 17 ( 358.6HH) ,
1H), 7.87 (dJ = 8.2 Hz, 1H), 7.75.69 (m, 1H), 7.64 7.59 (m, 1H), 7.55 (s, 1H), 7.48 (s, 1H),

4587 4.39 (m, 2H), 1.23 1.14 (m, 2H), 0.11 (s, 9H}C{*H} NMR (126 MHz, CDCk) @

8 .

S,

8 .

166.2, 162.0, 160.4, 141.6, 137.5, 130.9, 128.7, 128.0, 126.8, 124.4, 124.3, 117.3, 114.2, 100.1,

64.7, 17.41;1.5; HRMS (ESI) calcd for {gH200sSiNa [M+Na] 379.0972, found 379.0962.

3-Chloropropyl 10-hydroxy-1-oxo-1H-benzolglisochromene3-carboxylate (3.12i) Purified

using 70% 100% CHChk/hexanes to give impur& 12i(0.036 g)as a yellow, amorphous solid.
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A portion of this material (7.7 mg) was purified by HPLC (70% B for 15 minlJ@% B over 2
min, 100% B for 4 min, 1000% B over 1 min, 70% B for 3 min) to gi&12i(1.6 mg, 6%) as
a yellow, amorphous solidH NMR (400 MHz, CDCJ) & 12. 14 ( 358.0HH) ,
1H), 7.87 (dJ = 8.2 Hz, 1H), 7.75 7.70 (m, 1H), 7.65.60 (m, 1H), 7.57 (s, 1H), 7.49 (s, 1H),

454 (t,d = 6.1 Hz, 2H), 3.73 (t) = 6.3 Hz, 2H), 2.27 (p] = 6.2 Hz, 2H);:*C{*H} NMR (101

MHz, CDCk) u 166. 2, 162. 1, 160. 2, 141. 2, 137.

117.5, 114.8, 100.58, 62.9, 41.0, 31.4; HRMS (ESI) calcd far@CIOs [M+H]* 333.0524,
found 333.0515.

3-Bromopropy! 10-hydroxy-1-oxo-1H-benzolglisochromene3-carboxylate (3.12f) Purified

using 60%100% CHC#/hexane to give impurg.12j(0.020 g) as a yellow, amorphous solid. A
portion of this material (9.0 mg) was purified by HPLC (70% B for 15 mirl0@% B over 2
min, 100% B for 4 min, 1000% B over 1 min, 70% B for 3 min) to giB12j (3.0 mg, 5%) as

a yellow, amorphous solid!H NMR (500 MHz, CDC§) U 12. 14 (3=84HH) ,
1H), 7.88 (d,J = 8.3 Hz, 1H), 7.76 7.70 (m, 1H), 7.66 7.60 (m, 1H), 7.58 (s, 1H), 7.50 (s,

1H), 4.52 (t,J = 6.1 Hz, 2H), 3.57 (t) = 6.4 Hz, 2H), 2.36 (pJ = 6.2 Hz, 2H);33C{H} NMR

(126 MHz,CDC$) u 166. 3, 162. 2, 160. 3, 141. 3, 137.

117.7, 115.0, 100.7, 64.0, 31.7, 29.3; HRMS (ESI) calcd foHGBrOs [M+H]* 377.0019,
found 377.0010.

Benzyl 10hydroxy-1-oxo-1H-benzofglisochromene3-carboxylate (3.120) Purified usng

75%100% CHC#hexanes to give impurd.120 (0.046 g) as a yellow, amorphous solid. A
portion of this material (6.0 mg) was purified by HPLC-M@@% B over 13 min, 100% B for 4
min, 10690% B over 1 min, 90% B for 3 min) to giv&120 (5.0 mg, 30%) as a yellow,

amorphous solickH NMR (400 MHz, CDCJ) UG 1 2. 14 (Js 8.4 HzHIH), 7.85 (d4 8

89
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J=8.2 Hz, 1H), 7.74 7.68 (m, 1H), 7.64 7.55 (m, 2H), 7.5067.34 (m , 6H), 5.40 (s, 2H);
13C{!H} NMR (101 MHz, CDC}) o 166.1, 162.0, 160.1, 141.
128.65, 128.58, 128.5, 128.1, 127.0, 124.5, 124.4, 117.5, 114.8, 100.6, 67.8; HRMS (ESI) calcd
for CaiH150s [M+H] * 347.0914, found 347.0904.

4-Methoxybenzyl 1Ghydroxy-1-oxo-1H-benzolglisochromene3-carboxylate (3.12p):

Purified using 75%100% CHC#hexane to give impurg.12 (0.026 g) as a yellow, amorphous
solid. A portion of this material (5.0 mg) was purified by HPLC-{®% B over 13 min, 100%

B for 4 min, 10075% B over 1 min, 75% B for 3 min) to gi&12p (2.0 mg, 8%) as a yellow,
amorphous soliddH NMR (400 MHz, CDC§) & 12. 15 1 8.46,(m, 1HL)7.85(@= 50
8.2 Hz, 1H), 7.72 (ddd] = 8.2, 6.8, 1.3 Hz, 1H), 7.61 (dd#i= 8.2, 6.8, 1.2 Hz, 1H), 7.55 (d=

0.5 Hz, 1H), 7.46 (s, 1H), 7.447.37 (m, 2H), 6.986.96 (M, 2H), 5.34 (s, 2H), 3.83 (s, 3H);

13C{1H} NMR (126 MHz, CDCk) U 166.3, 162.2, 160.3, 160.

128.8, 128.2, 127.3, 127.1, 124.6, 124.5, 117.6, 114.8, 114.3, 100.8, 67.8, 55.5; HRMS (ESI)
calcd for GoH160sNa [M+Na]" 399.0839, found 399.0831.

10-Hydroxy-N,N-diisopropyl-1-oxo-1H-benzofglisochromene 3-carboxamide (3.125s):

Purified using 0%20% EtOAc/CHC to give 3.125(0.054 g,44%) as an orange, amorphous
solid:'H NMR (400 MHz,CDCY) &G 12. 07 (Js 8.4 HzHIH), 7.88 (d¥=3B.3 Hz ,

1H), 7.70i 7.63 (m,1H), 7.54 (dtJ = 8.2, 6.8 Hz, 1H), 7.30 (s, 1H), 6.88 (s, 1H), 3.96 (br s,

1H), 3.63 (br s, 1H), 1.41 (br s, 12HJC{*H} NMR (101 MHz,CDCk) U 166. 4, 162.

148.3, 138.0, 130.9, 129.8, 127.8, 126.2, 124.3, 123.7, 115.5, 108.6, 100.6, 51.2 (br), 46.8 (br),
20.7 (br); HRMS (ESI) calcd forGH22NOs [M+H]* 330.1543, found 330.1536.

10-Hydroxy -3-(piperidine-1-carbonyl)-1H-benzolglisochromen-1-one (3.12t):Purified using

5%-30% acetone in 66% CH¢Jpetroleum ether to give.12t(0.076 g, 64%) as amrerphous,
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orange solid'H NMR (400 MHz, CDCJ) U 12. 08 (Js=8.4HzHIH), 7.8 (dh6 ( d,
8.3 Hz, 1H), 7.70 (ddd] = 8.3, 6.9, 1.3 Hz, 1H), 7.58 (ddd= 8.3, 6.9, 1.2 Hz, 1H), 7.37 (s,

1H), 7.04 (s, 1H), 3.63 (br s, 4H), 1.71 (br s, 6HE{*H} NMR (100 MHz, CDCk) & 166 . 3,
162.1, 161.3, 146.8, 138.0, 131.1, 129.6, 128.0, 126.5, 124.4, 123.9, 116.0, 110.7, 100.6, 48.5
(br), 44.3 (br), 26.6 (br), 25.7 (br), 24.6; HRMS (ESI) calcd fosHzeNOs [M+H]* 324.1230,

found 324.1226.

10-Hydroxy -3-(morpholine-4-carbonyl)-1H-benzofglisochromen1-one (3.12u): Purified

using 10%35% acetone in 66% CHégpetroleum ether to giv8.12u (0.064 g, 67%) as an

orange amorphous soliid NMR (400 MHz, CDCY) u 12. 03 J=s8,5H4 #HH),, 8. 47
7.887 7.82 (M, 1H), 7.74i 7.68 (m, 1H), 7.63 7.56 (m, 1H), 7.40 (s, 1H), 7.17 (s, 1H), 3.78 (br

s, 8H); 13C{*H} NMR (101 MHz, CDCk) 4 166.1, 162.2, 161.3, 14
128.0, 126.7, 124.5, 124.1, 116.5, 112.2, 100.4, 67.0 (br), 53.6 (br), 47.5 (br); HRMS (ESI) calcd

for C1eH16NOs [M+H] * 326.1023, found 326.1027.

tert-Butyl hexyl(10-hydroxy-1-oxo-1H-benzo[glisochromene3-carbonyl)carbamate

(3.12v*): Purified using pure CHEIlfollowed by another purification using 75%0%
CHCls/hexanes to giv8.12v* (0.046 g, 35%) as a yellow amorphous solidiNMR (400 MHz,

CDCk) © 12. 12 (Js8.4HzHN), 7.88 (A4 8.2 Hzd1H), 7.69 (ddd,= 8.6, 6.8,

1.3 Hz, 1H), 7.58 (dt) = 8.2, 6.9, 1.2 Hz, 1H), 7.41 (s, 1H), 7.18 (s, 1H), 3.3871 (t,J=7.7

Hz, 2H), 1.73i 1.62 (m, 2H), 1.42 (s, 9H), 1.381.31 (m, 6H), 0.89 (tJ = 6.9 Hz, 3H);

13C{'H} NMR (101 MHz, CDCk) U4 166.0, 164.8, 162.1, 152.6
128.0, 126.7, 124.4, 124.2, 116.8, 111.0, 100.6, 84.0, 46.2, 31.6, 28.8, 27.9, 26.6, 22.7, 14.1;

HRMS (ESI) calcd for @H2sNOs [M-H]" 438.1922, found 438.19009.
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Dimethyl (2Z,472)-2-hydroxyhexa-2,4-dienedioate (3.13):Isolated as an amorphous orange

solid (0.008 g, 5%) from isolation optimization triatst NMR (400 MHz,CDCJ) 4 7 .J71 (dd
= 15.6, 11.7 Hz, 1H), 6.35 (br s, 1H), 6.26 (dd; 11.7, 0.8 Hz, 1H), 6.03 (dd,= 15.6, 0.9 Hz,
1H), 3.90 (s, 3H), 3.76 (s, 3HPC{'H} NMR (101 MHz, CDCk) & 167. 1, 165. 3,

122.9, 108.8, 53.6, 51.8; HRMS (ESI) calcd feH@OsNa [M+Na]" 209.0420, found 209.0434.

o o
NaOH
o~ OH
H,0, CH;0H, A
SOPh SOPh

2-((Phenylsulfinyl)methyl)benzoic acid(3.16)} A flask was charged witB8.11(0.295 g, 1.13

mmol), water (25 mL) and methanol (25 mL). Solid NaOH (0.290 g, 7.13 mmol) was added and
the mixture was heated t@ 3C for 4 h. After cooling, the methanol was removed under reduced
pressure. Unreacted starting material was removed by washing the aqueous solution@lith CH

(2 x 25 mL). The aqueous layer was acidified (pH ~2) using 3 M HCBali(0.333 g, 68%)

was collected via filtration as a white precipitdté:NMR (400 MHz, CROD) Ui 885 (in2

1H), 7.63i 7.50 (m, 5H), 7.48 7.43 (m, 2H), 7.14 7.09 (m, 1H), 4.84 (d] = 12.0 Hz, 1H),

4.47 (d,J = 12.0 Hz, 1H);"*C{*H} NMR (101 MHz, COD) & 169.8, 144.0,
133.2, 132.67, 132.65, 131.4, 130.3, 129.8, 125.5, 64.0; HRMS (ESI) calcti4#dr-@S

[M+H] " 261.0585, found 261.0577

i ? 0
CsHs;OH. EDC
OH (@)
DMAP, CHyCly
SOPh SOPh
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Phenyl 2((phenylsulfinyl)methyl)benzoate (3.17)To a stirring solution 08.16 (0.295 g, 1.13

mmol), phenol (0.110 g, 1.17 mmol), and EDC-HCI (0.240 g, 1.25 mmol) dissolved@IqH

mL) was added DMAP (14.0 mg, 0.115 mmol). After stirring at rt for 24 h, the reaction was
guenched by the addition of NaHE(3 mL), the layers were separated, and the aqueous layer
was extracted with Cil> (2 x 3 mL). The combined organic layers were washed with NaOH
(0.5 M, 8 mL) and brine (8 mL), dried (B8Qs), and concentrated. The residue purified was
using flash chromatography (Si83-50% EtOAc/hexanes) to givel17 (0.233 g, 61%) as a
clear and colorless oitH NMR (400 MHz, CDC§) U 1 8.173(®8, 1H), 7.59.41 (m, 9H),

7.337 7.28 (m, 1H), 7.25 7.21 (m, 3H), 4.92 (d] = 12.1 Hz, 1H), 4.26 (d] = 12.2 Hz, 1H);

13C{*H} NMR (101 MHz, CDCE}) u 165. 5, 150. 8, 143. 8, 133.

129.7, 129.0, 128.9, 128.7, 126.2, 124.3, 121.9, 63.0; HRMS (ESI) calcdxddie@sSNa

[M+Na]* 359.0718, found 359.0710.

i. NBS, BPO, CCl;, A
~ 1. PhSH, DBU, CHCl; ~
O iii. NalO,, CH;0H, H,O O

SOPh

Methyl 2-methoxy-6-((phenylsulfinyl)methyl)benzoate (3.19): The following reaction as

carried out in an analogous manner to the published prockddeehyl methoxytoluate3.18
(0.195 g, 1.08 mmol), NBS (0.214 g, 1.20 mmol), and AIBN (9.6 mg, 0.0061 mmol) were added
to a dried flask. After purging with nitrogen, GGL2 mL) was added, and the reaction was
refluxed for 3.5 h. After cooling to room temperature, the reaction was filtered/ancharried

onto the next step without further purification.
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Dried KoCQOs (0.299 g, 2.16 mmol) was added to a fladneed in flask, followed by
crude oiland thiophenol (0.124 mL, 1.21 mmol). After purging, acetone (20 mL) was added and
the mixture heated at reflux overnight. After cooling to room temperatw@,(E5 mL) and 5%
agueous NaOH solution (5 mL) was added and the layers were separated. The aqueous layer was
concentrated and extracted with EtOAc (2 x 10 mL). The combined organic layers were dried
(Na&SQy) and concentrated furnishirgred oilwhich wascarried onwithout further purification.
Crudewas dissolved in methanol (25 mL) and water (5 mL). N&0230 g, 1.08 mmol)
was added the reaction was stirred overnight, after which the methanol was removed under
reduced pressure. The mixture was extracted with EtOAc (3 x 20 mL), drie8@Naand
concentrated. The residue was purified ngsiflash chromatography (SiO 0%-65%
EtOAc/hexanesto yield 3.19(0.176 g, 53%) as a viscous, -efhite oil: H NMR (400 MHz,
CDClL) U i 7.405(rh, 5H), 7.24 () = 8 Hz, 1H), 6.89 (dJ = 8.5 1H), 6.64 (dJ = 8.0 1H),
4.17 (d,J = 12.7 Hz, 1H), 48 (d,J = 12.7 Hz, 1H), 3.88 (s, 3H), 3.82 (s, 3HC{*H} NMR
(101 MHz, CDC}) a 167. 9, 157. 4, 143. 5, 131. 4, 131. 1,

62.5, 56.3, 52.5; HRMS (ESI) calcd ford8:160sSNa [M+NaJ 327.0667, found 327.0660.
S0 OH O
LiHMDS
999
THF, -78 °C a O
(@]

Methyl 10-hydroxy-9-methoxy-1-oxo-1H-benzolglisochromene3-carboxylate (3.20): The

SOPh

material was prepared according to the general procedure for pyrone annulatiorB.daing
(0.098 g, 0.636 mmolB.19(0.079 g, 0.260 mmol), and LIHMDS (0.78 mL, 1 M, 0.78 mmol) in

THF (5 mL). Purified using CHGIfollowed by25%40% EtOAc/hexanes to yieRl20(0.015 g,
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22%) as a yellow amorphous solitH NMR (400 MHz, CDCJ) &4 12. 93 ([s81 1H) ,
Hz, 1H), 7.50 (dJ = 0.5 Hz, 1H), 7.41 (d] = 8.1 Hz, 1H), 7.37 (s, 1H), 6.95 @z 7.9 Hz, 1H),

4.06 (s, 3H), 3.97 (s, 3HY¥C{'H} NMR (151 MHz, CDCk) & 166. 1, 164.3, 160
140.3, 131.7, 129.4, 120.8, 117.4, 115.9, 114.2, 107.0, 100.9, 56.4, 53.0; HRMS (ESI) calcd for

C16H1306 [M+H] * 301.0712, found 301.0703.

i NBS,BPO, CCl,, A
~ ii. PhSH, DBU, CHCl; -
O‘ O iii. NalO,, CH;OH, HyO O‘ O
SOPh

Methyl 3-((phenylsulfinyl)methyl)-2-naphthoate (3.38): The following reaction was carried

out in an analogous manner to the published phaed Caution! Carbon tetrachloride is highly
toxic and should be handled exclusively in a fume cabinet to avoid vapor exgéaphthoate
3.21 (0.518 g, 2.59 mmol) was dissolved in @Cl6 mL). To the stirring mixture was added
NBS (0.484 g, 2.73 mmol) and benzoyl peroxide (10.0 mg, 0.0412 mifrtad). mixture was
heated to reflux and stirred for 6 h, after which the reaction was cooled, filtered, and
concentrated to yieldn orange oilwhich was used without further purificatiomhis material
was dissolved in CHEK20 mL) and thiophenol (0.277 mL, 2.72 mmol) aneNE0.38 mL, 2.7
mmol) were added. The mixture was stirred at rt overnight, after which solids were filtered away.
The filtrate was washed with 1 M NaOH (3 x 10 mL), brine (10 mL), and driesg5(a The
material was encentratdandused without further purification.

Crude oilwas dissolved in methanol (15 mL) and water (1.5 mL) and after addition of
NalO4 (0.581 g, 2.72 mmol) was stirred overnight. The mixture was concentrated to remove the

methanol, diluted with EtOAc (10 mL), and filtered. The filtrate was partitioned with water (20
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mL) and the aqueous layer was extracted with EtOAc (2 x 20 mL). The combined organic layers
were concentrated and the residue purified using flash chromatography, (®i€B3%
EtOAC/CHCE) to yield 3.23 (0.454 g 54%)as an offwhite amorphous solictH NMR (400

MHz, CDCk) & 8. 61 ( §= 8.0lHH )1H), 779 (&) & 7.4 Hiz, 1H), 7.66 7.52 (m,

5H), 7.501 7.42 (m, 3H), 4.98 (dJ = 12.2 Hz, 1H), 4.39 (dJ = 12.2 Hz, 1H), 3.96 (s, 3H);

13C{H} NMR (101 MHz, CDCl) a 167. 6, 144. 2, 134. 8, 133. 2
129.00, 128.97, 127.9, 127.7, 127.4, 126.6, 124.4, 64.0, 52.4; HRMS (ESI) caladHo/OgS

[M+H] " 325.0898, found 325.0897.

0 0 OH ©
o LiHMDS
I 3 — = s
+
= O THF, -78 °C = R
@] O

SOPh

Methyl 12-hydroxy-1-oxo-1H-naphtho[2,3-glisochromene3-carboxylate (3.24): The material

was prepared according to the general procedure for pyrone annulation3u&n@.132 g,

0.856 mmol)3.23(0.119 g, 0.367 mmol), and LIHMDS (1.15 mL, 1.15 mmol) in THF (16 mL).

Purified using CHGlto give 3.24 (0.018 g, 15%) as an orange amorphous s4HdNMR (600
MHz,CDCk) U4 12.53 (s, 1H), 9.12 (s, 1H), 8.43 (s
Hz, 1H), 7.67i 7.53 (m, 4H), 3.98 (s, 3H}3C{*H} NMR (151 MHz, CDCk) U 166. 5, 16
161.0, 140.8, 134.6, 133.6, 131.8, 129.4, 128.2, 128.0, 127.0, 126.9, 126.7, 125.2, 123.0, 117.9,

115.1, 98.6, 53.0; HRMS (ESI) calcd foroH130s [M+H] * 321.0763, found 325.0752.
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o Yo 0 O > OH O
\O O/ 0 LiHMDS \O 0
+o 0 J_ o
Z ~ THF, -78 °C ~
SOPh o} 0
Dimethyl 10-hydroxy-9-methoxy-7-methyl-1-oxo-1H-benzo[glisochromene3, &

dicarboxylate (4.7): A flask containing THF (2 mL) was added HMDS (2.42 mL,61thmol)

was cooled to 0 °C using a water/ice bath. Once coolBdLi (5.2 mL, 2.1 M) was added
slowly. After addition, the mixture was warmed to room temperature and cooléd t€ using

a dry ice/acetone bath. Once cooled, pyr@ig1.36 g, 8.75 mmol) dissolved in THF (45 mL)

and was added slowly. The reaction stirred for 15 minutes, at which point sulfoitid .40 g,

3.64 mmol) dissolved in THF (16 mL) was added dropwise slowly. After stirring cold for 60
min, the cold bath was removed and the reaction left to stir for an additional 60 min. The reaction
was quenched with aqueous HCI (24 mL, 10%) and residual THF was removed under reduced
pressure. The resulting residue was diluted with GH8) mL) and the layers were separated.

The aqueous layer was extracted with CHQ@Ix 30 mL). The combined organic layers were
dried (NaSQy) and concentrated. Purification using flash chromatography.(Si@, 10%
EtOAC:CHCE) yielded4.7 (0.46 g, 33%) as a yellow solid. 1H NMR (400 MHz, CB)CI 4 12 . 89
(s, 1H), 7.51 (s, 1H), 7.44 (s, 1H), 7.34 (s, 1H), 3.99 (s, 3H), 3.99 (s, 3H), 3.98 (s, 3H), 2.46 (s,
3H); 13C NMR (100 MHz, CDG) 168.0, 166.4, 163.1, 160.6, 156.1, 141.8, 140.3, 139.1, 130.1,
128.7, 124.9, 117.01, 116.95, 114.1, 101.2, 6435],5%2.6, 19.9; HRMS (ESI) m/z: [M + H]

Calcd for GgH170s 373.0923, found 373.0907.
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0 O OH O TBSCI, DIPEA 0 0 O
~o o — ~o o)
P~ O\ CH,Cl, P O\
0 o)
Dimethyl 10-((tert -butyldimethylsilyl)oxy) -9-methoxy-7-methyl-1-oxo-1H-benzo[qg]

isochromene3.8-dicarboxylate (4.8): To a flask containingt.7 (0.024 g, 0.064 mmol) was

added CHCI2 (1.5 mL). Once fully dissolved the reaction was placed in an ice/water bath and
DIPEA (0.17 mL, 0.999 mmol) was added dropwise. After stirring for 1 min, TBSCI (0.097 g,
0.642 mmol) was added. After stirring for 5 min, the reaction was warmed to room temperature
and stirred overnight. The reaction was quenched with a saturated aqueous solution og NaHCO
(2 mL) and the layers were separated. The aqueous was washed with 3+ 2.5 mL) and

the combined organic layers were dried usingS@ and concentrated. The residue was
purified using flash chromatography (SiQ0%A 50% EtOAc:CHG)) to yield 4.8 (0.029 g,

95%) asa yellow solid.!H NMR (400 MHz, CDC§) o 7. 47 (s, 1H), 7. 42
3.98 (s, 3H), 3.95 (s, 3H), 3.81 (s, 3H), 2.43 (s, 3H), 1.11 (s,-9H1 (s, 6H)C NMR (101

MHz, CDCk) ua 168. 0, 161. 2, 158. 6, 157. 9, 155. 8,
121.1, 119.6, 112.5,10.0, 63.6, 52.8, 52.4, 26.2, 19.6, 18464; HRMS (ESI) m/z: [M + H]

Calcd forCzsH310sSi487.1788, found 487.1783.

)J\/U\ i. CgHsNO,, AICI,,

C,H,Cl,, 60 °C O (@)
+ ii. Cu(OAc),
o iii. 10% H,SOy4 Cl Cl
)K/Cl
Cl

1,5-Dichloropentane-2.,4-dione (4.18): To a flamedried, 2necked rounottomed flask was

Y

added AIC} (6.49 g, 48.8 mmol). An addition funnel was placed in the internal neck, connected
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to a nitrogen line, with the other neck being attached to a hose adapter, with the outlet feeding
into a bath composed of a saturated NalRGOlution (1 L). Once purged with nitrogen,
nitrobenzene (8.2 mL, 48.6 mmol) was added slowly via the addition funnel, followed by
addition of 1,2dichloroethane (9.6 mL) via the addition funnel. Once the solids had fully
dissolved, which required sonication, the reaction was cooled in a water/ice bath and 2,4
pentanedione was added via the addition funnel over the course of 20 min. Chloroacetyl chloride
(8.50 mL, 107 mmol) was added via the addition funnel over 15 min and the mixture was
warmed to room temperature. After stirring for 30 min, the addition funnel was exchanged with a
short path distillation apparatus outlet and the mixture was heated to 70 °C (oil bath) to remove
any remaining acyl chloride. After heating for 1 h, the mixture was cooled and poured into a
beaker containing ice (80 g) and concentrated HCI (8 mL) and stirred overnight.

The layers were separated and the aqueous layer washed »@tl{3Ex 15 mL). The
combined organic layers were then added to a saturated solution of Cu(@®@@)mL) and
stirred for 3 h. The resulting gray solid that formed was collected by filtration and rinsed with
additional portions of diethyl ether (3 x 15 mL). The isolated solid was added to a solution of
H>SOQw (50 mL, 10%). Once stirring was initiated,.8t (50 mL) was added. The layers were
separated and the aqueous washed with additional portions of ether (3 x 15 mL). The combined
organic layers were washed with brine (40 mL), dried.8@), and concentrated to yield a
blackred oil. Purification using flash chromatography (5i6% A 10% EtOAc:Hex) resulted
in 4.18(1.17 g, 14%) as a dark red oil. The compound exists as a mixture of tautomers with the
rapidly interconverting cyclic enol form dominating in the NMR specttaNMR (400 MHz,
CDCk) U 6.19 (s, “CHMMR(10AMBACOGS , G4H)B.7. 3Mas9 6. 8,

could not be obtained due to instability of material.
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PhSH. KOH
O O o O

—_—
o.M _NI__c phs._J_J__spn

CH;0H

1,5Bis(phenylthio)pentane2.4-dione (4.19): To a stirring solution of KOH (2.97 g, 53.0

mmol) in methanol (50 mL) was added thiophenol (5 mL, 49.0 mmol). After stirring for 15
minutes,4.18(2.76 g, 16.3 mmol) was added dropwise and the resulting mixture was stirred for
72 h. The mixture was filtered (filter paper, methanol) and the filtrate concentrated. The residue
was dissolved in O (50 mL) and washed with NaHG@0 mL). The aqueous layer was
extracted with ether (2 x 50 mL). The combined organic layers were washed with NéH€O

50 mL), brine, (50 mL), dried (N&Qs), and concentrated. The residue was purified via column
chromatography (Si® 5 A 20% EtOAc:Hex) to givet.19(2.22 g 43%) as an orange oil as a
mixture of the tautomersH NMR (400 MHz, CDCJ) a 71718, 12H), 5.89 (s, 1H
(enal)), 3.93 (s, 0.4H (tautomer)), 3.85 (s, 0.6H (tautomer)), 3.70 (s, 0.8H (tautomer)), 3.58 (s,
4H (enol));®®*C NMR (101 MHz,CDG)) &4 199. X (keto), 189.5 (enol
129.8 (keto), 129.4 (keto), 129.2 (enol), 127.4 (keto), 127.3 (enol), 98.8 (enol), 51.6 (keto), 44.4

(keto), 40.4 (enol)HRMS (ESI) m/z: [M + HJ calcd for G7H170,S,317.0664; found 317.0665.

O O
o) A 0o o
)‘t\l\ MgCl,, pyr. )Jr‘\
—_—
-0 o CH,Cl, -0 o

Ethyl 2-acetyl3-oxobutanoate @.20: As per the literature precedénta flask was charged

with ethyl acetoacetate (5.99, 46.0 mmol), Mg(@.43 g, 46.5 mmol), and CBIl> (50 mL).

After purging with nitrogen, acetic anhydride (4.40 mL, 46.5 mmol) was added, followed by
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dropwise addition of pyridine (7.5 mL, 94.8 mmol). The mixture stirred overnight, after which it
was filtered through filter paper (G8I2). The filtrate was washed with water (25 mL), aqueous
HCI (1 M, 3 x 40 mL), and brine (25 mL). The organic layer was driecb§8g and
concentrated to yield.20(6.0 g, 76%) as a clear oil. Spectral data were in accordance with that

previously reportedt

O O O O
Br, Br Br
—_—>
-0 o Et,0 -0 o

Ethyl 4-bromo-2-(2-bromoacetyl}3-oxobutanoate (4.21): To a 2necked roun<bottomed

flask equipped with an addition funnel and an outlet to a water bath was4ad0€@.99 g, 58.0

mmol) and E{O (40 mL). The mixture was cooled in a water/ice bath and bromine (6.00 mL,

117 mmol) was added dropwise over 2 h. The mixture was warmed to room temperature and
stirred overnight. After pouring onto ice (50 g), the mixture was diluted wit® E80 mL). The

layers were separated and the organic layer was washed with wat&0(thL) and brine (25

mL), dried (NaSQs), and concentrated to givie21(18.7 g, 98%) as an orange oil that solidified

upon cooling to an orang&own amorphous solidH NMR (400 MHz, CDCY) 4 4. 39 ( s,
4.35 (q,J = 7.2 Hz, 2H), 1.40 (t) = 7.2 Hz 3H); ®C NMR (101 MHz,CDGJ) & 191.6, 16
106.5, 61.9, 30.0, 14.6RMS (ESI) m/z: [M +Na]* calcd for GH10BroNaO4 350.8844 found

350.8834

H>S0y
Br Br 0] 0]
Br\)J\/U\/ Br
N A
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1,5Dibromopentane2,4-dione (4.22):Compound4.21(28.7 g, 87.0 mmol) was dissolved in

conc. HSQs (40 mL). The mixture was slowly heated to an internal temperature of 85 °C, which
was maintained for 15 minNQOTE: for small scale decarboxylation use lower internal
temperature, 75 °C). The reaction was cooled to room temperature, after which it was poured
onto icecold water (850 mL). After the ice had melted, the agueous mixture was extracted with
EO (3 x 250 mL). The combined organic layers were washed with brine (250 mL), dried
(Na&SQy), and concentrated under nitrogen stream. The residue was purifregl agumn
chromatography (Si&) 8 A 10% EtOAc:Hex) to yiel#t.22(17.0 g, 76%) as a yellow oil that
quickly became a blaeggreen oil upon limited exposure to atmosphere with the enol tautomer
predominating!H NMR (400 MHz, CDCJ) G 6. 07 (s, C NMR (10BMHZ9 ( s,
CDC) 0 186. 8HRMS &ESMHm/z: B10+H]1calcd for GH7Br.0, 256.8813 found

2568806

0] 0 PuSH. DBU O e

—_—
Bro M er phs. _M__J__spn

CHCl4

1,5Bis(phenylthio)pentane2,4-dione (4.19):To a roundbottomed flask containing CH&(40

mL) was added thiophenol (3.30 mL, 32¢4nol). The mixture was cooled in an ice/water bath,
and after stirring for 15 minutes, DBU (5.30 mL, 35.5 mmol) was added dropwise. After stirring
for 5 min,4.22(4.18 g, 16.2 mmol) dissolved in CHQLO mL) was added dropwise. The ice
bath was removed and the reaction allowed to warm to room temperature with stirring overnight.
The mixture was diluted with CHE(25 mL), washed with water (25 mL), aqueous HCI (1 M, 2

x 25 mL), NaHCQ (25 mL), and brine (25 mL), dried (h®Qs), and concentrated. The rése
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was purified using flash chromatography (5i®A 6% EtOAc:Hex) to yieldl.19(3.92 g, 77%)

as a darlorange oil. Spectral data were in accord with the material producedifi®@above.

™~ W ~
@] . @] Na \O O/
BE—
o O
CH,0H
M SPh SPh
SPh SPh

Dimethyl 2-hydroxy-4.6-bis((phenylthio)methyl)isophthalate (4.23):To a flamedried flask

was added Na (0.092 g, 3.8 mmol). After purging with nitrogen and cooling in an ice/water bath,
CHsOH (22 mL) was added slowly with proper ventilation for-géfssing hydrogen. Once the
metal had dissolved}.3 (0.510 mL, 3.53 mmol) was added dropwise. The cooling bath was
removed, and the reaction was stirred for 5 min, after which dikeétd®41.06 g, 3.34 mmol)
dissolved in CHOH (8 mL) was added dropwise. The mixture was stirred for 3.5 days. The
mixture was filtered (filter paper, GBH) and the filtrate acidified (pH 1) using aqueous HCI.
The mixture was concentrated and the resulting oil dissolved #CI2KRO mL). Water was
added (16 mL) and the layers were separated. The aqueous layer was washec@litt{20H

20 mL). The organic layers were combined, washed with brine (20 mL), and concentrated.
Purification using column chromatography (SiQ3A 26 % EtOAc:Hex gradient) gaw.23

(1.06 g, 40%, 56% brsm) as a yellow 6HH NMR (400 MHz, CDC§) & 11. 68 i( s,

7.18 (m, 10H), 6.55 (s, 1H), 4.12 (s, 4H), 3.90 (s, 6f0; NMR (101 MHz, CDGJ)) o 169 .

160.6, 142.5, 135.4, 131.3, 129.1, 127.3, 123%5.6, 52.8, 39.0; ESI calc for24£12305,
455.0987, found 455.0967.
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~ -~ K,CO;, CH;l ~o o
[ .

acetone, A

SPh SPh SPh SPh

Dimethyl 2-methoxy-4,6-bis((phenylthio)methylisophthalate (4.24):K>COs (0.160 g, 1.13

mmol) was added to a flask and flame dried and purged with nitrogen. Ph2a@.29 g, 0.64

mmol) was dissolved in acetone (24 mL) and added to the flask, followed by dropwise addition

of CHal (0.10 mL, 1.6 mmol). The mixture was refluxed overnight, after which it was cooled to

room temperature and concentrated. The residue was suspended in EtOAc (25 mL) with stirring
and filtered (filter paper, EtOAc). The filtrate was dried £8l&;) and concentrated taeld 4.24

(0.296 g, 99.3%) as a yellow amorphous sdiidl.NMR (400 MHz, CDCJ) U 1 7.12(®,

10H), 6.90 (s, 1H), 4.04 (s, 4H), 3.88 (s, 6H), 3.81 (s, H@NMR (101 MHz,CDG) G 167 . 2,
156.0, 139.1, 135.2, 131.1, 129.1, 127.2,127.1, 127.0, 63.8, 52.7, 37.1; ESI caleHiie¢D4S,

469.1143; found 469.1124.

o ™ o o M o
o o~ NalO, o o~
—_— >
CH;0H, H,0
SPh SPh SOPh  SOPh

Dimethyl 2-methoxy-4,6-bis((phenylsulfinyl)methyl)isophthalate (4.25): Compound 4.24

(1.40 g, 2.99 mmol) was dissolved in a mixture of methanol (70 mL) and water (10 mL)% NalO

(1.59 g, 7.45mmol) was added and the mixture was stirred overnight. The mixture was filtered
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(filter paper, methanol) and the filtrate was concentrated. The residue was dissolved in EtOAc

(60 mL), washed with water (20 mL) and brine (20 mL), dried>8), and concentrated.
Purification using flash chromatography (Si®0A 100% EtOAc:Hex) yieldedt.25 (1.30 g,

87%) as a yellow white amorphous sofi. NMR (400 MHz, CDCY) U i 7.455(rh, 20H),

6.65 (s, 1H), 6.56 (s, 1H), 4.14 (d, J = 12.7 Hz, 2H), 4.07 (s, 4H), 3.99 (d, J = 12.8 Hz, 2H), 3.90

(s, 6H), 3.89 (s, 6H), 3.79 (s, 3H), 3.77 (s, 3H% NMR (101 MHz, CDCJ)) U 166. 9, 16
156.4, 142.9, 139.4, 134.9, 131.5, 131.4, 131.0, 129.2, 129.0, 128.7, 128.3, 127.2, 124.2, 124.2,

63.7,61.3,52.7, 52.7, 36.8; ESI calcd fesHzs0sS, 501.1042, found 501.1025.

LiHMDS
O O = \

THF, -78 °C
SOPh SOPh SOPh

Dimethyl 10-hydroxy-9-methoxy-1-oxo-7-((phenylsulfinyl)methyl)-1H-

benzofglisochromene3,8-dicarboxylate (4.26,5.2): LIHMDS (1 M, 1.2 mL, 1.2 mmol) was

added to a flask containing THF (0.4 mL) and cooled7® °C using a dry ice/acetone bath.
After stirring for 10 min, pyron2.6 (0.167 g, 1.08 mmol) dissolved in THF (5 mL) was added
dropwise. After stirring for 15 min, bissulfoxide25(0.224 g, 0.447 mmol) dissolved in THF

(XX mL) was added dropwise. The mixture was stirred for 45 mi@&fC and then warmed to

room temperature overnight. The mixture was acidified (pH 1) using aqueous HCI (3.24 M, ~6
mL) and he THF removed under reduced pressure. The aqueous layer was extracted with EtOAc
(3 x 10 mL). The organic layers were combined and washed with brine (10 mL), dri&DgNa

and concentrated. Repeated purification of the residue using flash chromatography 33O

25 % EtOAc:CHQJ) eventually yieldedtl.26(0.072 g, 32%) as an orange amorphous solid. (600
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MHz, CDCk) *H NMR (600 MHz, CDC¥) U 12. 96 7 (7.45 (m, BH))7,41 (F, 119)3

7.33 (s, 1H), 4.22 (q, J = 13.0 Hz, 2H), 3.98 (s, 3H), 3.97 (s, 3H), 3.96; 13C NMR (150 MHz,
CDCk) 0 ®C NMR (151 MHz,CDG) U 167.4, 166.4, 163.2, 160.
131.7, 131.3, 130, 129.4, 127.7, 126.8, 124.3, 118.4, 117.6, 114.0, 102.2, 64.7, 62.3, 53.3,

52.9; ESI calcd for &H210s5S 497.0888; found 497.0906.
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Chapter 7: 'H and 3C NMR of SynthesizedMolecules

Figure 7.1: *H NMR of 2.23(400 M
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Figure 7.3: 'H NMR of 2.24(400 MHz, CDC}).
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Figure 7.4: *C{*H} NMR of 2.24(101 MHz, CDC}).
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Figure 7.5 *H NMR of 2.27(400 MHz, CDCY).
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Figure 7.6; 23C{*H} NMR of 2.27(101 MHz, CDC}).
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Figure 7.7:'H NMR of 2.34(400 MHz, CDC}).
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Figure 7.9 *H NMR of2.35(409 MHz, CDC#
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Figure 7.10 *C{*H} NMR of 2.35(101 MHz, CDCY).
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Figure 7.11:'H NMR of 2.6, 3.7a, 4.6, 5.18100 MHz, CDC4).
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Figure 7.13:*H NMR of 3.7 (400 MHz, CDCY).
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Figure 7.15:'H NMR of 3.7c plus CHCI2 (400 MHz, CDC4).
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Figure 7.17:*H NMR of 3.7d (400 MHz, CDCY).
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Figure 7.19:*H NMR of 3.7e (400 MHz, CDCY).
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Figure 7.21:*H NMR of 3.7 (400 MHz, CDCY).
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Figure 7.23:*H NMR of 3.7g (400 MHz, CDCY).
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Figure 7.25:'H NMR of 3.7h (400 MHz, CDCY).
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Figure 7.26:%C{'H} NMR of 3.7h (101 MHz, CDC}).
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Figure 7.27:*H NMR of 3.7 (400 MHz, CDCY).
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Figure 7.29:'H NMR of 3.7 (400 MHz, CDCY).
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Figure 7.31:*H

Z

MR of 3.7k (400 MHz, CDC4).
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Figure 7.32:13C{*H} NMR of 3.7 (101 MHz, CDC}).
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Figure 7.33:*H NMR of 3.7 plus trace acetone (400 MHz, CRLI
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Figure 7.34%C{*H} NMR of 3.7 (101 MHz, CDC}).
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Figure 7.35:*H NMR of 3.7m plus trace 4nethoxyphenol (400 MHz, CDg)l
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Figure 7.37:'H NM
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Figure 7.39:'H NM
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Figure 7.41:*H NMR of 3.7p (400 MHz, CDCY).
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Figure 7.43:1H NMR of 3.7q (400 MHz, CDC}).
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Figure 7.44:C{'H} NMR of 3.7q (126 MHz, CDC}).
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Figure 7.45:'H NMR of 3.7r (400 MHz, CDC4).
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Figure 7.46:1°C{*H} NMR of 3.7 (126 MHz, CDC}).
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