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ABSTRACT OF THE DISSERTATION

Enantiospecific Total Synthesis of Welwitindolinone Alkaloids

Evan Daniel Styduhar
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2015

Professor Neil K. Garg, Chair

Chapter one provides a summary of efforts towards the syntheses of the
welwitindolinones with bicyclo[4.3.1]decane cores. Emphasis is given to more recent approaches
that have successfully assembled the bicyclic core of the natural products. Chapters two, three,
and four present our total syntheses of the welwitindolinone natural products. The
enantiospecific total syntheses of N-methylwelwitindolinone C isothiocyanate, N-
methylwelwitindolinone D isonitrile, and N-methylwelwitindolinone B isothiocyanate are
detailed. The approach to these natural products features an aryne cyclization to construct the
bicyclo[4.3.1]decane core of the molecules as well as a C—H nitrene insertion reaction to install
the bridgehead nitrogen substituent. In chapter three, a dual C—H functionalization event installs

the challenging ether linkage and allows for completion of (—)-N-methylwelwitindolinone D



isonitrile. Chapter four details a regio- and diastereoselective chlorinative oxabicyclic opening to

enable the first total synthesis of N-methylwelwitindolinone B isothiocyanate.
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CHAPTER ONE

Total Syntheses of the Elusive Welwitindolinones with Bicyclo[4.3.1]decane Cores

In part, adapted from: Alexander D. Huters, Evan D. Styduhar, and Neil K. Garg.

Angew. Chem. Int. Ed. 2012, 51,3758-3765.

1.1 Abstract

The welwitindolinones with bicyclo[4.3.1]decane cores are a class of natural products
that have attracted tremendous interest from the synthetic community due to their fascinating
structures and promising biological profiles. More than fifteen laboratories worldwide have
reported progress toward these elusive natural products. This chapter describes contemporary
studies aimed at the total synthesis of these challenging targets, in addition to the two recently
completed syntheses of welwitindolinones with bicyclo[4.3.1]decane cores reported by Rawal
and Garg, respectively, in 2011. Both of the completed efforts rely on C4-C11 bond
constructions in order to access the congested bicyclic framework of these elusive natural

products.

1.2 Introduction

The welwitindolinones (1.1-1.10, Figure 1.1) are an enticing family of oxindole-
containing natural products that have drawn substantial interest from the scientific community.
In 1994, Moore and co-workers described the isolation of many of these natural products, which
were produced by the blue-green algae Hapalosiphon welwitschii and Westiella intricata. The
discovery of additional welwindolinones, generated from Fischerella muscicola and Fischerella

major, was subsequently reported in 1999." These natural products were found to exhibit a wide
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range of biological activity, ranging from insecticidal or antimycotic properties, to the ability of
1.5 to reverse P-glycoprotein-mediated multiple drug resistance (MDR) to a variety of anti-
cancer drugs in human cancer cell lines” All of the welwitindolinones other than
welwitindolinone A isonitrile (1.1) contain a 34-disubstituted oxindole with a
bicyclo[4.3.1]decane core. In addition, these compounds feature a compact, yet heavily

substituted cyclohexyl ring, where at least five of the six carbons on the ring are functionalized.

Welwitindolinone A Welwitindolinone B Welwitindolinone C
isonitrile (1.1) isothiocyanate isothiocyanate
(R=H,1.2) (R; =H, R, =NCS, 1.4)
N-Methylwelwitindolinone B N-Methylwelwitindolinone C
isothiocyanate isothiocyanate
(R = Me, 1.3) (R; =Me, R, =NCS, 1.5)

N-Methylwelwitindolinone C
isonitrile
(R; =Me, R, =NC, 1.6)

3-Hydroxy-N-methyl-
welwitindolinone C
isothiocyanate (R = NCS, 1.7)

3-Hydroxy-N-methy|- 3-epi-Welwitindolinone  N-Methylwelwitindolinone
_welwitindolinone C B isothiocyanate (1.9) D isonitrile (1.10)
isonitrile (R = NC, 1.8)

Figure 1.1. Welwitindolinone natural products 1.1-1.10.

The combination of daunting structural features and promising biological activity have

rendered the welwitindolinones attractive and highly sought after targets for total synthesis.
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Since the initial isolation of the welwitindolinones in 1994, at least fifteen laboratories
worldwide have sought to prepare these compounds by chemical synthesis.’*>¢782101hI%13
Numerous dissertations and approaches toward these targets have been published (>20). The
exhaustive synthetic efforts have led to two syntheses of welwitindolinone A isonitrile (1.1),
reported by the Baran'*and Wood" groups. However, relatively less success has been realized in
synthesizing welwitindolinones with bicyclo[4.3.1]decane cores.

A summary of successful strategies toward the bicyclic welwitindolinone core is
presented in Figure 1.2. These efforts can be categorized into four approaches based on the order
of ring assembly. Using Approach 1, Funk’ and Trost* have targeted bicycle 1.11 by late-stage
introduction of the oxindole unit from bicyclo[4.3.1]decane 1.12. Alternatively, Approach 2 by
Wood,5 Martin,® and Menéndez,” relies on accessing bicycle 1.11 by final introduction of the
cyclohexyl ring from precursor 1.13. In turn, the 7-membered ring would be built from a simpler
indole or oxindole starting material 1.14. Shea’s ambitious approach to 1.11 (Approach 3)
features tandem construction of the 6- and 7-membered rings using an intramolecular Diels—
Alder cycloaddition (1.11 = 1.15 = 1.16).} Finally, in Approach 4, Konopelski,” Simpkins,'

Rawal," and Garg,'” targeted bicycle 1.11 from suitably functionalized cyclohexyl and indole

precursors 1.17 and 1.18, respectively.



/ Approach 1
Bicycle assembly by late-
stage introduction of the
/. [o) oxindole (Funk, Trost)
R
1.12
4 3 Approach 2
a 2 Bicycle assembly by late-stage
| =0 construction of the cyclohexyl
VA N ring (Wood, Martin, Menéndez)
1.14

Approach 3
Bicycle assembly by
tandem introduction of
the 6- and 7-membered
rings (Shea)

Approach 4

3
1.11 :> + z | A\ Bicycle assembly from indole
and cyclohexyl building blocks

R H (Konopelski, Simpkins,
(o} Rawal, Garg)

1.17 1.18

Figure 1.2. Synthetic approaches to the core scaffold of the welwitindolinone natural products
with bicyclo[4.3.1]decane cores.

1.3 Recent Synthetic Studies Toward the Total Synthesis of the Welwitindolinones with
Bicyclo[4.3.1]decane Cores

1.3.1 Late-Stage Assembly of the Oxindole

One elegant strategy to assemble the core structure of the welwitindolinones relies on
late-stage appendage of the oxindole to a preformed bicyclo[4.3.1]decane intermediate, as
recently reported by Trost.* In this approach, a series of cycloadditions were used to assemble the

core, featuring a palladium-catalyzed trimethylenemethane (Pd-TMM) cycloaddition reaction



(Scheme 1.1). For this (6+3) cycloaddition, tropone 1.20 was selected for the acceptor molecule
and allylsilane 1.21 was chosen for the donor. Tropone 1.20 was accessed in three steps from
cycloheptatriene 1.19. Upon reaction with allyl silane 1.21 in the presence of Pd(dba), and
phosphorous ligand 1.26, the enantioselective (6+3) cycloaddition reaction occurred to deliver
bicycle 1.22 in 94% ee. This impressive transformation is believed to proceed by way of an in
situ generated m-allyl palladium intermediate.'® The PMB ester 1.22 was then elaborated to
amidofuran 1.23 in three steps. Upon heating 1.23 in toluene, a Diels—Alder cycloaddition
occured to deliver oxabicycle 1.24. Subsequent treatment with Yb(OTf), unveiled oxindole 1.25.

Although further elaboration of 1.25 has not yet been reported, this advanced species
could possibly be used to access all of the welwitindolinones with bicyclo[4.3.1]decane cores.
Additionally, Trost’s approach elegantly highlights the utility of the (6+3) cycloaddition
methodology for building complex architectures. The route to 1.25 also showcases the distinctive
ability of Pd catalysis, and notably m-allyl palladium chemistry, to provide intricate structural

frameworks with high enantiomeric excess.



Scheme 1.1
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1.3.2 Late-Stage Construction of the Cyclohexyl Ring

Another attractive route toward construction of the bicyclo[4.3.1]decane core of the
welwitindolinones relies on initial formation of the seven-membered ring followed by assembly
of the cyclohexyl ring. As mentioned above, Wood, Martin, and Menéndez all designed their
syntheses around this general strategy (Scheme 1.2). In Wood’s route,” isatin (1.27) was
converted to diazoketone 1.28 using a six step sequence. The C4—C11 bond was then constructed
through a rhodium-catalyzed C-H insertion'’ to provide tetracycle 1.29. Further elaboration
afforded diazoketone 1.30 over two steps. Subsequent treatment with Rh,(OAc), and allylic

alcohol 1.31 initiated O—H insertion along with tandem ring expansion to furnish tricycle 1.32,



which possesses the necessary 7-membered ring. Two additional steps allowed access to allylic
acetate 1.33. Upon treatment of 1.33 with N-methylhydroxylamine hydrochloride and sodium
methoxide, [4+2] nitrone cycloaddition occurred to forge the bicyclo[4.3.1]decane scaffold.
Presumably the conversion of 1.33 to cycloadduct 1.35 proceeds via intermediate 1.34. After

extensive experimentation, the authors were able to access alkyl chloride 1.36 from 1.35.

Scheme 1.2
(o} Me
7 N2x Me  Rh,(TFA),
6 steps 7 MontK-10 clay
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Cycloaddition

1.35 1.36

Martin’s efforts to construct the bicyclo[4.3.1]decane core through sequential installation

of the seven- and six-membered rings are highlighted in Scheme 1.3.° Starting with 4-



bromoindole (1.37), a five step sequence delivered p-ketoester 1.38. Next, a palladium-catalyzed
cyclization was employed to furnish 1.39, which contains the necessary seven-membered ring.
After elaborating to allylic acetate 1.40, treatment with Pd,(dba), and sodium hydride provided
bicycle 1.41 via intramolecular trapping of a m-allylpalladium intermediate. Lemieux—Johnson

oxidation of the olefin furnished dione 1.42, which possesses the welwitindolinone bicyclic core.

Scheme 1.3

TBDPSO TBDPSO

[Pd(t-BuzP),],
Me NaOt-Bu MeO,C
.,,,M _—
€ PhMe
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1.38 Pd-Catalyzed 1.39
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NaH
sz(dba)3

THF, 50 °C

(71% yield)

Pd-Catalyzed
1.40 Alkylation 1.41 1.42

As shown in Scheme 1.4, the Menéndez group also devised a very concise means to
assemble the bicyclic structure of the welwitindolinones.” Kornfeld’s ketone (1.43)'® underwent
ring expansion with ethyl diazoacetate (1.44) to deliver (-ketoester 1.45. In turn, 1.45 was
subjected to a one-pot, tandem Michael addition / aldol reaction using propenal (1.46) and DBU
to yield keto alcohol 1.47. Methylation of the indole nitrogen followed by oxidation of the

alcohol provided indolyl bicycle 1.48.



Scheme 14
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Each of the approaches discovered by Wood, Martin, and Menéndez provide smooth
access to the bicyclic welwitinodolinone core, which sets the stage for late-stage elaboration.
More importantly, lessons involving synthetic strategies and methods can be extracted from each
group’s efforts. Wood’s use of C-H insertion chemistry (1.28—1.29, Scheme 1.2) and
subsequent fragmentation chemistry to install the 7-membered ring, serves as a reminder that
unconventional disconnections often provide exciting routes to complex structures. Wood’s
nitrone cycloaddition (1.33—1.35, Scheme 1.2) provides further support of this notion, and
cleverly builds the 6-membered ring, while installing the troublesome C11 nitrogen substituent.
Martin’s approach to the welwitindolinones highlights the power of Pd-catalysis in building
quaternary stereocenters and sterically congested frameworks by the assembly of carbon—carbon
bonds (Scheme 1.3). The specific use of Pd-enolate chemistry provides an example of modern Pd
catalysis greatly enabling complex molecule synthesis. Finally, Menéndez’s application of a

tandem Michael addition / aldol reaction (1.45—1.47, Scheme 1.4) to assemble the



welwitindolinone bicyclo[4.3.1]decane core demonstrates that classical chemistry may still

provide simple, yet elegant solutions to challenging synthetic problems.

1.3.3 Tandem Assembly of the 7- and 6-Membered Rings

Another bold approach to the core of the welwitindolinones is to assemble the seven- and
six-membered rings in a tandem process. To this end, Shea implemented a [4+2] cycloaddition to
assemble the welwitindolinone bicycle (Scheme 1.5).* Bromoindole 1.49 was elaborated to
silylketene aminal 1.50 in six steps. In turn, 1.50 underwent a Znl,-promoted alkylation with
silyloxyfuran 1.51 to deliver intermediate 1.52, which immediately reacted in an intramolecular
Diels—Alder (IMDA) cycloaddition to yield oxabicyclic oxindole 1.53. Treatment of this
compound with HF then unveiled ketoalcohol 1.54. Shea’s route is exceedingly concise, as it
provides a highly functionalized oxindole-appended bicyclo[4.3.1]decane framework in only 8
steps from indole 1.49. The approach not only highlights the utility of the IMDA reaction, but
also demonstrates the effectiveness of cascade reactions for constructing complex architectures.
Moreover, Shea’s use of intermediates containing anti-Bredt olefins (i.e., 1.53) reminds us that

our commonly accepted rules concerning structure and stability are not insurmountable.
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Scheme 1.5
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134 Linkage of Cyclohexyl and Indole Building Blocks to Assemble the
Bicyclo[4.3.1]decane Scaffold

An alternative approach to the formation of the bicyclic structure of the
welwitindolinones is through the linkage of cyclohexyl and indole building blocks. Rawal'"® and
Garg'® have each reported recent efforts using this strategy, which have culminated in completed
total syntheses. The details of these studies are described in depth in the subsequent sections of

this chapter and chapter four of this dissertation.

1.4 Rawal’s Total Synthesis of (x)-N-Methylwelwitindolinone D Isonitrile and Related
Studies

1.4.1 Assembly of the Bicyclo[4.3.1]decane Core
In 2011, Rawal reported the first total synthesis of any bicyclic welwitindolinone.'"” Their

synthetic route relies upon a palladium-catalyzed enolate coupling to form the key C4—C11 bond

11



found in the bicyclic welwitindolinones, as well as an uncommon aldoxime rearrangement to
ultimately form the isonitrile moiety.

Starting from known enone 1.55," a sequence involving vinyl cuprate addition,
quenching with 2,2 2-trifluoroethylformate (TFEF), and subsequent O-methylation provided the
vinylogous ester 1.56 (Scheme 1.6).° Subsequent formation of TMS enol ether 1.57 proceeded
smoothly to complete one of the coupling fragments. The remaining coupling partner was swiftly
prepared from 4-bromo-N-methyl-3-acetyl indole (1.58). Treatment of ketone 1.58 with
methylmagnesium bromide furnished tertiary alcohol 1.59.>' Upon reaction of 1.59 and crude
silyl enol ether 1.57, Lewis acid-mediated alkylative coupling occurred to provide vinylogous

acid 1.60 as a single diastereomer.

Scheme 1.6
OTBS OTBS OoTBS
" 1. CuBr-SMe,, < “MgBr Me KHMDS Me
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| > W ; AL}
2. Me,S0y4, K,CO4 H THF, -78 °C H
DMF, 23° C z z
o OMe O (quantitative yield) OMe OTMS
1.55 (50% yield, 2 steps) 1.56 1.57
oTBS

e
o HO N\
Br Me Br wMe 1.57
MeMgBr Me TMSOTf
—_ —_—

N THF, 0 °C N THF, -40 °C;

N N then aq. HCIO,4

Me Me

(78% yield, 2 steps)

1.58 1.59

It was expected that a palladium-catalyzed enolate coupling could be employed to forge

the congested C4—C11 bond and build the critical bicyclo[4.3.1]decane framework (Scheme

12



1.7).* An exhaustive search of palladium sources, ligands, solvents, and bases revealed
Pd(OAc),, tri-tert-butylphosphine, KHMDS, and toluene to be the optimal conditions for the
desired transformation. At 80 °C, formation of bicycle 1.61 took place in 73% yield and set the
stage for the completion of the total synthesis. It should be noted that Rawal has recently
described a complementary method for assembling the C4—-C11 bond in welwitindolinone model

studies using a Mn-promoted oxidative cyclization.'"

Scheme 1.7

Pd(OAc), (30 mol %)
P(t-Bu), (30 mol %)
KHMDS

toluene, 80 °C

(73% yield)

1.60 Pd-Catalyzed Arylation 1.61

1.4.2 Introduction of the Tetrahydrofuran Ring

Following formation of the bicycle, focus shifted to construction of the last ring of the
natural product: the spiro-fused tetrahydrofuran. Desilylation of 1.61 followed by Dess—Martin
oxidation smoothly delivered diketone 1.62 (Scheme 1.8). It was thought that a-bromination of
the C13 ketone would provide a suitable intermediate to be intercepted by an in situ-generated 3-
hydroxyoxindole moiety. Electrophilic bromination was expected to occur on the less hindered
side of 1.62, toward the one-carbon bridge of the bicycle, properly orienting the halide for
subsequent displacement. Gratifyingly, regio- and stereoselective bromination occurred upon
sequential treatment of ketone 1.62 with KHMDS and N-bromosuccinimide (NBS) to give
bromodiketone 1.63. Oxidation of the indole with dimethyldioxirane (DMDO) provided the

13



desired tetrahydrofuran-containing product 1.64. This ambitious step presumably proceeds
through the cyclization of a 3-hydroxy oxindole intermediate, just as the authors had intended.

Scheme 1.8

1. HF, CH,Cl,, 23 °C KHMDS, NBS
2. Dess—Martin THF, =78 °C
CH,Cly, 23 °C
(91% yield, 2 steps) (91% yield)

DMDO, NaHCO,

acetone, 23 °C
(41% yield)

Tandem Indole
Oxidation /Cyclization

1.4.3 Late-Stage Aldoxime Rearrangement and Completion of Total Synthesis

With the end in sight, the final obstacle was to convert the C11 aldehyde substituent to
the desired isonitrile. To this end, Rawal and co-workers smoothly converted aldehyde 1.64 to
oxime 1.65 (Scheme 1.9). Subsequent treatment of 1.65 with N-chlorosuccinimide (NCS) and
propylenethiourea 1.66 gave isothiocyanate 1.67 in 65% yield.” Finally, desulfurization using N-
methyl-P-phenyl-1,3,2-oxazaphospholidine delivered (+)-N-methylwelwitindolinone D isonitrile
(1.10).** The last steps are notable in that both C11 isothiocyanate and isonitrile moieties are

accessible, as these functional groups appear in all members of the bicyclic welwitindolinones

(ie.,1.2-1.10).
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Scheme 1.9
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Rawal’s elegant route to (+)-1.10, which proceeds in only 12 steps from enone 1.55,
provided the first total synthesis of a welwitindolinone with a bicyclo[4.3.1]decane core. The
synthesis highlights the remarkable ability of Pd catalysis to build complex molecular
frameworks, as seen similarly in the works of Trost and Martin, respectively. Notably, even very
sterically congested systems, such as the vicinal quaternary stereocenters present in intermediate
1.61, may be assembled by metal-catalyzed transformations. Rawal’s use of a late-stage
aldoxime rearrangement to install the bridgehead nitrogen substituent (1.65—1.67, Scheme 1.9)

underscores the impressive utility of classic chemistry in a remarkably complex setting.

144 Unexpected Late-Stage Reactivity and the Synthesis of 20,21-Dihydro-N-
methylwelwitindolinone B Isothiocyanate

Shortly after disclosing their synthesis of 1.10, the Rawal group reported a concise
approach to the wunnatural compound 20,21-dihydro-N-methylwelwitindolinone B

isothiocyanate.'' This route commenced with aldehyde 1.61, an intermediate used in the
y y
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synthesis of (+)-1.10 (Scheme 1.10). It was envisioned that installation of the alkyl chloride
would be possible via nucleophilic displacement of an activated hydroxyl group. However,
following desilylation of TBS ether 1.61, treatment with tri(2-furyl)phosphine (TFP) and
hexachloroacetone did not produce the desired alkyl chloride. Instead, methylcyclopropyl
chloride 1.68 and diene 1.69 were seen as the major products.” The authors hypothesized that an
interaction between the m-system of the vinyl group attached to C12 and an intermediate
carbocation at C13 ultimately led to these undesired products. Thus, the offending vinyl group
was removed by hydrogenation. Exposure of intermediate 1.70 to the same chlorination
conditions then furnished 1.71, containing the desired alkyl chloride. Indolyl aldehyde 1.71 was
then elaborated to 1.72, the unnatural dihydro derivative of N-methylwelwitindolinone B
isothiocyanate through three additional steps. Although the natural product N-
methylwelwitindolinone B isothiocyanate has yet to be synthesized, the formation of the
undesired products 1.68 and 1.69 serves as a reminder of the unexpected side-reactions that often

occur when manipulating intricate late-stage compounds.
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Scheme 1.10
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1.5 Garg’s Total Synthesis of (-)-N-Methylwelwitindolinone C Isothiocyanate

The Garg group reported the enantiospecific total synthesis of (—)-N-
methylwelwitindolinone C isothiocyanate (1.5) in 2011."** The route to the natural product is
summarized in Scheme 1.11 and features a number of key transformations, including: (a) an
iodine-catalyzed conjugate addition® to assemble the carbon framework of the natural product,

2728

(b) a challenging indolyne cyclization to construct the C4-Cl11 bond of the bicycle
(1.74—1.75), and (c) a late-stage nitrene insertion” to install the bridgehead nitrogen substituent

(1.77—1.78). Full details of this total synthesis will be further discussed in chapter four of this

dissertation.
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Scheme 1.11
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1.6 Conclusion

In summary, the bicyclic welwitindolinones have garnered tremendous attention from the
chemical community because of their wide range of biological properties and challenging
structural features. With the numerous laboratories working on these compounds worldwide, a
variety of ambitious synthetic approaches have been disclosed. The combination of classical
chemistry and new synthetic innovations has led to striking progress in the field, along with

many lessons that may be useful in future synthetic studies. Beyond the ambitious approaches
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and recently completed syntheses described here, it is certain that further breakthroughs in the

welwitindolinone arena will be unveiled in due course.™
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CHAPTER TWO

Total Synthesis of (-)-N-Methylwelwitindolinone C Isothiocyanate

Alexander D. Huters, Kyle W. Quasdorf, Evan D. Styduhar, and Neil K. Garg.

J.Am. Chem. Soc. 2011, 133,15797-15799.

2.1 Abstract

We report the first total synthesis of (—)-N-methylwelwitindolinone C isothiocyanate. Our
route features a number of key transformations, including an indolyne cyclization to assemble the
bicyclo[4.3.1]decane scaffold, as well as a late-stage intramolecular nitrene insertion to functionalize

the C11 bridgehead carbon en route to the natural product.

2.2 Introduction

The welwitindolinones are a unique class of natural products isolated from the blue-green
algae Hapalosiphon welwitschii and Westiella intricata.' Ten welwitindolinones have been identified
to date, nine of which possess bicyclo[4.3.1]decane cores (e.g., 2.1-2.3, Figure 2.1).2 Although
compact in size, each of these natural products contains a dense array of functionality that has
plagued synthetic efforts for nearly two decades. To date, more than ten laboratories have reported
progress toward the bicyclic welwitindolinones.”* Whereas these exhaustive efforts have resulted in
several elegant methods for bicycle generation, completion of these targets has remained a
formidable challenge. In fact, the only total synthesis of a welwitindolinone with a

bicyclo[4.3.1]decane core was recently achieved by Rawal and co-workers, with their breakthrough

synthesis of (x)-2.3 in 2011.
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N-methylwelwitindolinone welwitindolinone B N-methylwelwitindolinone
C isothiocyanate (2.1) isothiocyanate (2.2) D isonitrile (2.3)

Figure 2.1. Welwitindolinones with bicyclo[4.3.1]decane cores 2.1-2.3.

With the aim of synthesizing alkaloids 2.1-2.3 and other family members, we selected 2.1 as
our initial synthetic target. Of note, welwitindolinone 2.1 was uniquely found to reverse P-
glycoprotein-mediated multiple drug resistance (MDR) to a variety of anti-cancer drugs in human
cancer cell lines, and is therefore a promising lead for the treatment of drug resistant tumors.© The
densely functionalized bicyclic framework of 2.1 presents numerous synthetic challenges, including
a 3,4-disubstituted oxindole, a heavily substituted cyclohexyl ring, and a bridgehead isothiocyanate
substituent at Cl11. In this communication, we report the first total synthesis of (—)-N-

methylwelwitindolinone C isothiocyanate (2.1).

2.3 Retrosynthetic Analysis of (-)-N-Methylwelwitindolinone C Isothiocyanate
Retrosynthetically, it was envisioned that 2.1 would be derived from bicycle 2.4 through late-
stage functionalization of the C11 bridgehead position (Scheme 2.1). In turn, intermediate 2.4 would
arise from indole precursor 2.5 by introduction of the vinyl chloride and oxindole moieties. In the
key complexity generating step, the bicyclo[4.3.1]decane would be fashioned through intramolecular
addition of an enolate onto an in situ-generated “indolyne” species (see transition structure 2.6).” The
use of an indolyne intermediate®” was considered advantageous as the high reactivity of the aryne
would permit the assembly of the congested C4-C11 bond linkage, where a tertiary center would be
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introduced adjacent to the C12 quaternary stereocenter. Of note, the indolyne would be inherently
electrophilic, representing an uncommon umpolung of the indole’s typical reactivity. Bromoindole
2.7 was thought to be a suitable precursor to the desired indolyne via the classic
dehydrohalogenation method for aryne generation. Finally, cyclohexyl derivative 2.8 and indole 2.9

were identified as suitable starting fragments.

Scheme 2.1

Late-Stage
Bridgehead
Functionalization

Indolyne
Cyclization

2.4 Construction of the Bicyclo[4.3.1]decane Framework

Our synthesis commenced with the concise preparation of the key bicyclo[4.3.1]decane
scaffold (Scheme 2.2). (S)-Carvone (2.10) was elaborated to enone 2.11 using the robust five step
procedure reported by Natsume in the enantiomeric series.'’ Subsequent pivalate cleavage, followed
by I-promoted addition of bromoindole 2.9," furnished adduct 2.12 in 54% yield over two steps.'
TBS-protection of 2.12 provided silylether 2.13, which in turn was employed in the critical indolyne

cyclization. To our delight, treatment of 2.13 with NaNH, and #BuOH in THF at ambient
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temperatures ™" led to indolyne adducts 2.14 and 2.15 in a combined 46% yield (2.5 : 1 ratio).'*"
Although O-arylated product 2.15 was observed,'® the major product 2.14 possesses the desired
bicyclo[4.3.1]decane framework of the natural product and is available in gram quantities."”
Moreover, it was believed that bicycle 2.14 was suitably functionalized to allow for the ultimate

completion of the natural product synthesis.

Scheme 2.2
0 M OPiv

e 0,

Me Ref10 .\ 1. K,COj, MeOH, 60 c
2 " M 2.1, MeOH, 23 °C
e
Br
Me 0 Me 2.9@
(S)-carvone (2.10) 211 I\NII R

(54% yield, 2 steps)

OTBS

TBSCI, imidazole
DMAP, BuyNI

DMF, 100 °C
(90% yield)

Me

NaNH, (10.5 equiv) N\,
t-BuOH (3.5 equiv)

ratio (2.14 : 2.15)
25:1

THF, 23 °C

(46% yield)

2.5 Introduction of the Vinyl Chloride and Oxindole Moieties
Having assembled the bicyclic framework of the natural product, we focused efforts on

introduction of the vinyl chloride and oxindole moieties (Scheme 2.3). Desilylation of 2.14, followed
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by Dess—Martin oxidation, smoothly furnished diketone 2.16. Subsequently, a sequence involving

triflation and Pd-catalyzed stannylation provided vinyl stannane 2.17."* Exposure of 2.17 to CuCl, in

dioxane afforded vinyl chloride 2.18." To arrive at the necessary oxindole, a two-step procedure
y y PP

involving sequential C2 bromination and hydrolysis was employed to deliver late-stage intermediate

24’

Scheme 2.3

Me 1. TBAF, THF, 60 °C

1. KHMDS, THF; -78 °C,
Me Comins' reagent

Me 5 (MesSn),, Pd(PPhy),
LiCl, dioxane, 110 °C

Me 2. Dess—Martin
CH,CI,, 23 °C

(95% yield, 2 steps) (74% vyield, 2 steps)

Cl
Me
1.NBS, 0°C \\,.
CuC|2 CH2C|2 H \Me
—> —> Q
dioxane 2. HCI, 80 °C Me
23 - 80°C EtOH
(o]
(75% vyield)

(89% yield, 2 steps)

2.6 Completion of (-)-N-Methylwelwitindolinone C Isothiocyanate

With intermediate 2.4 lacking only the isothiocyanate substituent, we turned our attention to

functionalization of the sterically congested C11 bridgehead position.” Unfortunately, attempts to

substitute C11 through intermolecular processes were unsuccessful.’’ As a workaround, we

postulated that an intramolecular nitrene C—H insertion might be more fruitful.”>** Ketone reduction

of 2.4 proceeded efficiently using i-Bu,AlH to furnish a secondary alcohol intermediate as a single

diastereomer (Scheme 2.4). Subsequent carbamoylation furnished 2.19,” the key substrate for the
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critical C—H insertion reaction. The cyclization of carbamate 2.19 was attempted using a variety of
reaction conditions that had previously been used to construct 5-membered oxazolidinones fused to
cyclohexyl rings.** Although use of Rh catalysis furnished ketone 2.4 rather than the desired product
2.20,” Ag catalysis® was found to be more effective. Upon treatment of 2.19 with AgOTT,
bathophenanthroline, and PhI(OAc), in CH,;CN at elevated temperatures, the desired nitrene
insertion took place to deliver oxazolidinone 2.20 as the major product. Ketone 2.4 was also
recovered, and could be recycled through our synthetic route. Nonetheless, hydrolysis of 2.20
followed by IBX oxidation generated the penultimate intermediate 2.21. With aminoketone 2.21 in
hand, final introduction of the isothiocyanate®*® furnished 2.1. Spectral data for synthetic 2.1 was

identical in all respects to that reported for the natural product."“’27
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Scheme 2.4

1. i-Bu,AlH
CH,Cl,, -78 °C

2. Cl,CC(O)NCO
cHzclz, 0— 23 °C;
K2C03, MeOH

(86% yield, 2 steps)

AgOTf, Phl(OAc), 1. Ba(OH), * 8 H,0
bathophenanthroline H,0, dioxane, 110 °C
> (o) N ?
: 2.1BX, TFA
DMSO, 23 °C

CH.CN, 82 °C

(33% yield +

25% recovered 2.4) (48% vyield, 2 steps)

P NS .

DMAP, DCE, 90 °C

(77% yield)

2.7 Conclusion

In summary, we have achieved the first total synthesis of (—)-N-methylwelwitindolinone C
isothiocyanate (2.1). Our enantiospecific route proceeds in 17 steps from known carvone derivative
2.11 and features a number of key transformations, including: (a) an indolyne cyclization to
assemble the bicyclo[4.3.1]decane framework, (b) late-stage introduction of the vinyl chloride and
oxindole moieties, and (c) a nitrene insertion reaction to functionalize the sterically congested C11
bridgehead position. Our synthesis of (-)-2.1 validates the use of indolynes as intermediates in
complex molecule synthesis and provides a promising entryway to the other welwitindolinones with

bicyclo[4.3.1]decane cores.
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2.8 Experimental Section
2.8.1 Materials and Methods

Unless stated otherwise, reactions were conducted in flame-dried glassware under an
atmosphere of nitrogen using anhydrous solvents (either freshly distilled or passed through activated
alumina columns). All commercially available reagents were used as received unless otherwise
specified. (§)-Carvone was obtained from Aldrich. 5-bromoindole was obtained from Biosynth.
NaNH, was obtained from Alfa Aesar. Comins’ reagent was obtained from Aldrich.
Hexamethylditin was obtained from Aldrich. Tetrakis(triphenylphosphine) palladium(0) was
obtained from Strem. Anhydrous CuCl, was obtained from Aldrich. Trichloroacetyl isocyanate was
obtained from Aldrich. AgOTf was obtained from Strem. Bathophenanthroline was obtained from
Alfa Aesar. O,0-di(2-pyridinyl) thiocarbonate was obtained from Aldrich. 2-lodoxybenzoic acid
(IBX) and Dess—Martin periodinane were prepared from known literature procedures.”®” t-BuOH
was distilled from CaH, and stored in a Schlenk tube prior to use. 1,4-dioxane was distilled from
Na/benzophenone prior to use. 1,2-dichloroethane was distilled from P,0O5 and stored in a Schlenk
tube over 4A molecular sieves prior to use. Unless stated otherwise, reactions were performed at
room temperature (rt, approximately 23 °C). Thin-layer chromatography (TLC) was conducted with
EMD gel 60 F254 pre-coated plates (0.25 mm) and visualized using a combination of UV,
anisaldehyde, iodine, and potassium permanganate staining. Silicycle silica gel 60 (particle size
0.040-0.063 mm) was used for flash column chromatography. '"H NMR spectra were recorded on

Bruker spectrometers (500 MHz). Data for 'H NMR spectra are reported as follows: chemical shift
(8 ppm), multiplicity, coupling constant (Hz), integration and are referenced to the residual solvent
peak 7.26 ppm30 for CDCl; and 5.32 ppm for CD,Cl,. ®C NMR spectra are reported in terms of

chemical shift (at 125 MHz) and are referenced to the residual solvent peak 77.16 ppm® for CDCI,
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and 53.84 for CD,Cl,. IR spectra were recorded on a Perkin-Elmer 100 spectrometer and are
reported in terms of frequency absorption (cm™). Optical rotations were measured with a Rudolph
Autopol IV Automatic Polarimeter. Uncorrected melting points were measured with a Mel-Temp 11
melting point apparatus and a Fluke 50S thermocouple. High resolution mass spectra were obtained

from the UC Irvine Mass Spectrometry Facility.

2.8.2 Experimental Procedures

OPiv M OPiv
e
Me /\ MgBr \
CuBr-SMe, w
Me —_— Me
THF, =50 °C
(o} Me
Me (80% yield)
222 2.1

Enone 2.11. Enone 2.11 was prepared using Natsume’s procedure (originally performed in the
enantiomeric series).”’ A flask was charged with CuBr-SMe, (196 mg, 0.956 mmol, 0.1 equiv)
followed by the addition of THF (90 mL). The resulting suspension was cooled to =50 °C and the
vinyl magnesium bromide solution (1.0 M in THF, 28.7 mL, 28.7 mmol, 3.0 equiv) was added via
syringe pump at a rate of 44.2 mL/hr. Once the addition was complete, a solution of 2.22°' (2.39 g,
9.56 mmol, 1.0 equiv) in THF (90 mL) was added via syringe pump at a rate of 86.0 mL/hr. After
the addition of 2.22 was complete, the reaction was allowed to stir for 10 minutes and then quenched
with a solution of saturated aqueous NH,CI (25 mL). The reaction vessel was then removed from the
50 °C bath, diluted with Et,0 (100 mL) and a solution of 1 M aqueous HCIl (30 mL), and then
allowed to warm to room temperature. The resulting mixture was vigorously stirred until all solids
had dissolved. The resulting biphasic mixture was transferred to a separatory funnel and extracted

with Et,0 (3 x 75 mL). The organic layers were combined, dried over MgSO,, and evaporated under
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reduced pressure. The resulting residue was purified by flash chromatography (3:1 hexanes:Et,0O) to
afford enone 2.11 (2.58 g, 80% yield) as a light yellow oil. Enone 2.11: R;0.48 (3:1 hexanes:Et,0);
'H NMR (500 MHz, CDCL,): & 5.76 (dd, J = 17.6, 10.7, 1H), 5.09 (d, J = 17.6, 1H), 509 (d, J =
10.7, 1H), 495 (t, J = 4.9, 1H), 2.70-2.66 (m, 2H), 2.54 (d, J = 15.8, 1H), 2.50 (d, J = 15.8, 1H),
2.02 (t,J = 1.6,3H), 1.75 (s, 3H), 1.19 (s, 9H), 1.08 (s, 3H); "C NMR (125 MHz, CDCL,):  201.3,
177.9,1460, 142.8,127.4,114.7,74.1,49.2,43.0,39.2,31.1,27.2,23.3,22.6,22.3; IR (film): 2975,
1720, 1679, 1480, 1280, 1215, 1157 cm™'; HRMS-ESI (m/z) [M + Na]" caled for C,;H,,O;Na,

301.1780; found 301.1776; [a]**’, +41.4° (¢ = 1.000, CHCL,).

OPiv 1. K,CO3, MeOH, 60 °C

Me >
AN 2.1, MeOH, 23 °C
wet
Me Br
O Me m
e
21 (54% yield, 2 steps)

Indole 2.12. To a flask containing a solution of enone 2.11 (1.05 g, 3.79 mmol, 1.0 equiv) in MeOH
(77.4 mL) was added K,CO,(1.31 g, 9.47 mmol, 2.5 equiv) in one portion. The flask was fitted with
a reflux condenser, flushed with N,, and then allowed to stir at 60 °C. After 24 h, the reaction was
cooled to room temperature and transferred to a separatory funnel with Et,O (40 mL), H,O (20 mL),
and a solution of saturated aqueous NH,Cl (20 mL). The resulting biphasic mixture was extracted
with Et,0 (3 x 40 mL). The organic layers were combined, dried over MgSO,, and evaporated under
reduced pressure. The resulting crude residue was used in the subsequent reaction without further
purification.

To a flask containing the crude residue from the previous step was added 5-bromo-N-
methylindole® (1.23 g, 5.89 mmol, 1.5 equiv), followed by MeOH (7.82 mL). The resulting
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suspension was stirred at room temperature until the mixture became homogeneous, and then iodine
(198 mg, 0.78 mmol, 0.2 equiv) was added in one portion. The flask was flushed the N, and allowed
to stir at room temperature. After 19 h, the reaction was quenched with a solution of saturated
aqueous Na,S,0, (15 mL) and transferred to a separatory funnel with Et,0O (50 mL) and H,O (15
mL). The resulting biphasic mixture was extracted with Et,O (3 x 30 mL). The organic layers were
combined, dried over MgSO,, and evaporated under reduced pressure. The resulting residue was
purified by flash chromatography (2:1:1 hexanes:CH,Cl,:Et,O) to afford indole 2.12 (823 mg, 54%
yield, over two steps) as a white solid. Indole 2.12: mp: 71 °C; R;0.43 (2:1:1 hexanes:CH,Cl,:Et,0);
'H NMR (500 MHz, CD,Cl,):  7.85, (d,J = 1.7, 1H), 7.26 (dd, J = 8.7, 1.7, 1H), 7.18 (d, J = 8.7,
1H),6.82 (s,1H),5.64 (dd,/=17.7,109, 1H),5.07 (d,J =17.7,1H), 5.05 (d,J = 10.9, 1H), 3.70 (s,
3H),3.61 (br.s,1H),3.37 (dd,J=12.7,55,1H),2.71 (d,J=13.7,1H),2.23 (dd,J = 13.7, 1.1, 1H),
1.82 (dt, J = 12.9, 2.4, 1H), 1.58 (s, 3H), 1.57-1.51 (m, 1H), 1.41 (s, 3H), 1.08 (s, 3H); "C NMR
(125 MHz, CD,Cl,): & 210.5, 144.1, 1369, 1279, 127.7, 124.1, 123.8, 123.6, 114.7, 1120, 111 4,
72.8,50.2,48.7,47.3,36.6,33.10, 33.08, 27.7, 24.6, 22.9; IR (film): 3463, 2966, 1703, 1479, 1214
cm™'; HRMS-ESI (m/z) [M + Na]* caled for C,H,,NO,BrNa, 426.1045; found 426.1044; [a]***,

+76.2° (¢ = 1.000, CHCL,).
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TBSCI
imidazole
DMAP

Bu,NI
DMF, 100 °C

(90% yield)

Silyl Ether 2.13. To a solution of indole 2.12 (3.84 g, 9.50 mmol, 1.0 equiv) in DMF (47.5 mL) was
added imidazole (3.23 g, 47.5 mmol, 5 equiv), DMAP (1.17 g, 950 mmol, 1.0 equiv),
tetrabutylammonium iodide (3.51 g, 9.50 mmol, 1.0 equiv), and TBSCI (4.30 g, 28.5 mmol, 3.0
equiv), all as solids in one portion. The flask was fitted with a reflux condenser, flushed with N,, and
then allowed to stir at 100 °C. After 12 h, the reaction was cooled to room temperature and
transferred to a separatory funnel with EtOAc (75 mL), H,O (30 mL), and a solution of saturated
aqueous NH,Cl1 (100 mL). The resulting biphasic mixture was extracted with EtOAc (4 x 75 mL).
The organic layers were combined, washed with H,O (1 x 20 mL), washed with brine (2 x 20 mL),
dried over MgSO,, and evaporated under reduced pressure. The resulting residue was purified by
flash chromatography (1:1 hexanes:Et,O) to afford silyl ether 2.13 (4.43 g, 90% yield) as a white
solid. Silyl ether 2.13: mp: 117 °C; R;0.68 (1:1 hexanes:Et,0); 'H NMR (500 MHz, CDCL,): § 7.79
(d,J=18,1H),7.24 (dd,J =8.7,1.8, 1H), 7.12 (d, J = 8.7, 1H), 6.78 (s, 1H), 5.61 (dd, J = 17.6,
11.0,1H),507 d,J=17.6,1H),5.04 (d,J=11.0, 1H), 3.70 (s, 3H), 3.56 (br. s, 1H), 3.27 (dd, J =
13.0,54,1H),2.67 (d,J =134, 1H),2.16 (dd,J=134,09, 1H), 1.81 (dt,J = 13.4,2.0, 1H), 1.63
(s, 3H), 1.61-1.59 (m, 1H), 1.38 (s, 3H), 1.00 (s, 3H), 0.86 (s, 9H), —0.04 (s, 3H), -0.42 (s, 3H); °C
NMR (125 MHz, CDCl,): 6 211.0, 143.7, 136.5, 127.7, 127.3, 124.0, 123.71, 123.66, 114.7, 112.1,
1109, 73.3, 50.4, 48 4, 48.1, 36.0, 33.3, 32.9, 265, 26.1, 25.6, 24.1, 18.2, 4.7, -5.1; IR (film):
2953, 2926, 2858, 1708, 1477, 1361, 1256, 1218, 1073 cm™'; HRMS-ESI (m/z) [M + Na]* calcd for
C,,H,,NO,BrSiNa, 540.1909; found 540.1903; [a]**7, +72.4° (¢ = 1.000, CHCL,).
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t-BuOH (3.5 equiv)

THF, 23 °C
(46% yield)

2.14 [ratio (2.14: 2.15)| 2.15
25:1

Bicycle 2.14. Inside of the glovebox, a flask was charged with NaNH, (2.13 g, 54.50 mmol, 10.5
equiv). The flask was then sealed and removed from the glovebox. THF (30.0 mL) was then added,
followed by ~BuOH (1.75 mL, 18.20 mmol, 3.5 equiv). The resulting suspension was heated to 40
°C and stirred vigorously for 1 h. The reaction was cooled to room temperature and a solution of
silyl ether 2.13 (2.68 g, 5.20 mmol, 1.0 equiv) in THF (22.0 mL) was added. After stirring at room
temperature, the reaction was quenched via the dropwise addition of H,O until no more gas
evolution was observed. The reaction was then transferred to a separatory funnel with EtOAc (40
mL) and a solution of saturated aqueous NH,Cl (40 mL). The resulting biphasic mixture was
extracted with EtOAc (3 x 100 mL) and the organic layers were combined, dried over MgSO,, and
evaporated under reduced pressure. The resulting residue was purified by flash chromatography
(100% benzene) to afford bicycle 2.14 (749 mg, 33% yield) as a light yellow oil and O-arylated
product 2.15 (288 mg, 13% yield) as a clear oil. Bicycle 2.14: R; 0.56 (100% benzene); 'H NMR
(500 MHz, CDCl,): 8 7.19 (d,J = 8.1, 1H), 7.13 (dd, J = 8.1,7.3, 1H), 6.95 (s, 1H), 6.71 (d,J = 7.3,
1H),4.96 (dd, J = 14.6,4.6, 1H), 4.91-4.84 (m, 2H), 3.77 (s, 3H), 3.72 (dd, /=110, 5.0, 1H), 3.60
(d,J=15,1H),2.63 (d,J =83, 1H), 2.21 (ddd, J = 14.5,5.0, 1.8, 1H), 2.00 (ddd, J = 14.5, 8.3,
2.8), 1.57 (s, 3H), 1.18 (s, 3H), 1.07 (s, 3H), 0.72 (s, 9H), —0.21 (s, 3H), —0.38 (s, 3H); "C NMR
(125 MHz, CDCl,): 6 212.4,145.0,137.4,126.3, 126.2, 125.2, 122.6, 122.5, 121.1, 113.0, 108.1,

69.1,69.0,60.0,49.8,35.8,35.7,33.0,32.1,28.2,259,18.0, 16.8,—4.3,—4.8; IR (film): 2956, 2926,
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1705, 1472, 1256, 1092 cm™'; HRMS-ESI (m/z) [M + Na]" calcd for C,,H;,NO,SiNa, 460.2648;

found 460.2650; [a.]***, +101.8° (¢ = 1.000, CHCL,).

THF, 60 °C

(95% yield)

Alcohol 2.23. A flask was charged with bicycle 2.14 (848 mg, 1.94 mmol, 1.0 equiv) followed by
the addition of THF (20 mL). A solution of TBAF (1.0 M in THF, 5.82 mL, 5.82 mmol, 3.0 equiv)
was then added and the flask was fitted with a reflux condenser, flushed with N,, and allowed to stir
at 60 °C. After 12 h, the reaction was cooled to room temperature and transferred to a separatory
funnel with EtOAc (30 mL) and a solution of 1 M aqueous NaHSO, (15 mL). The resulting biphasic
mixture was extracted with EtOAc (3 x 30 mL). The combined organic layers were dried over
MgSO, and evaporated under reduced pressure. The resulting residue was purified by flash
chromatography (2:1 hexanes:EtOAc) to afford 2.23 (605 mg, 96% yield) as a white solid. 2.23: R,
0.25 (2:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): § 7.20 (d, J = 8.2, 1H), 7.15 (dd, J = 8.2,
7.2,1H),6.96 (s, 1H),6.72 (d,J=7.2, 1H), 5.18-5.02 (m, 3H), 3.77 (s, 3H), 3.74 (ddd, J = 5.6, 3.0,
25,1H),3.67(d,J=15,1H),2.70 (d,J=8.5,1H),2.42 (dd,J=14.2,5.6,1H), 1.97 (ddd, J = 14.2,

8.5,2.5, 1H), 1.61 (s, 3H), 1.18 (s, 3H), 1.08 (s, 3H).
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Dess—Martin
NaH003

%
CH,Cl,, 23 °C

(Quant. yield)

Diketone 2.16. A flask was charged with 2.23 (601 mg, 1.86 mmol, 1.0 equiv), NaHCO, (781 mg,
9.30 mmol, 5.0 equiv), and CH,Cl, (37 mL). To the resulting suspension was added the Dess—Martin
periodinane reagent (1.02 g, 2.42 mmol, 1.3 equiv) in one portion. The flask was flushed with N,,
and the reaction mixture was allowed to stir at room temperature. After 90 min, the reaction mixture
was diluted with a solution of NaHCO, (1 g) and Na,S,0; (1 g) in H,O (20 mL). The resulting
biphasic mixture was vigorously stirred until both layers were no longer cloudy. The mixture was
then transferred to a separatory funnel with EtOAc (50 mL) then extracted with EtOAc (3 x 50 mL).
The organic layers were combined, dried over MgSO,, and evaporated under reduced pressure. The
resulting residue was purified by flash chromatography (2:1:1 hexanes:CH,Cl,:Et,0) to afford
diketone 2.16 (600 mg, quant. yield) as a white solid. Diketone 2.16: mp: 194 °C; R, 0.48 (2:1:1
hexanes:CH,CL,:Et,0); 'H NMR (500 MHz, CDCl,): 6 7.20 (d, J = 8.4, 1H), 7.15 (dd, J = 8.4, 7.7,
1H), 6.94 (s, 1H),6.80 (d,J=7.7,1H),5.64 (dd,J =174, 108, 1H),5.21 (d,J =10.8, 1H), 5.16 (d,
J=174,1H), 3.90 (s, 1H), 3.75 (s, 3H), 3.00-2.87 (m, 3H), 1.51 (s, 3H), 1.47 (s, 3H), 1.17 (s, 3H);
“C NMR (125 MHz, CDCl,): 8 209.9,209.4, 139.3,137.8, 127.1, 123.8, 123.5,122.8, 121.1, 120.2,
114.8,108.9, 689, 58.5,56.3,40.2,37.4,33.6, 33.1, 28.2, 22.2; IR (film): 2976, 2922, 1714, 1706,
1541, 1418, 1234 cm™'; HRMS-ESI (m/z) [M + Na]* caled for C, H,;NO,Na, 344.1627; found

344.1624; [a]”', +165.8° (¢ = 1.000, CHCL,).
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i. KHMDS
THF; —-78°C to -10°C

ii. Comins' reagent
THF; -78°C to 23 °C

(90% yield)

Vinyl Triflate 2.24. Inside of the glovebox, a flask was charged with solid KHMDS (327 mg, 1.65
mmol, 1.2 equiv). The flask was then sealed and removed from the glovebox. THF (7.0 mL) was
added and the resulting solution was cooled to —78 °C. A solution of diketone 2.16 (440 mg, 1.37
mmol, 1.0 equiv) in THF (7.0 mL) was then added dropwise. Upon completion of the addition, the
reaction was allowed to stir at =78 °C for 15 min, and was then warmed to —10 °C for 1 additional
hour. The reaction vessel was then cooled to —78 °C and a solution of Comins’ reagent (590 mg,
1.51 mmol, 1.1 equiv) in THF (3 mL) was added dropwise. After stirring at —78 °C for 45 min, the
reaction mixture was warmed to room temperature and allowed to stir for an additional 15 min. The
reaction was then quenched by the addition of a solution of saturated aqueous NH,C1 (5 mL) and
transferred to a separatory funnel with EtOAc (30 mL) and H,O (20 mL). The resulting biphasic
mixture was extracted with EtOAc (3 x 30 mL). The organic layers were combined, dried over
MgSO,, and evaporated under reduced pressure. The resulting residue was purified by flash
chromatography (2:1:1 hexanes:CH,Cl,:Et,0) to afford vinyl triflate 2.24 (555 mg, 90% yield) as a
light yellow oil. Vinyl triflate 2.24: R, 0.64 (2:1:1 hexanes:CH,CL,:Et,0); 'H NMR (500 MHz,
CDCly): 8723 (d,J =8.2,1H),7.15(dd,J =8.2,7.3,1H), 6.92 (s, 1H), 6.75 (d,J = 7.3, 1H), 5.93
(d,J =38, 1H), 5.24-5.17 (m, 3H), 3.80 (s, 1H), 3.76 (s, 3H), 3.15 (d, J = 3.8, 1H), 1.63 (s, 3H),

1.49 (s, 3H), 1.22 (s, 3H).
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(Me3Sn),, Pd(PPh3),, LiCl
1,4-dioxane, 110 °C

(82% yield)

Vinyl Stannane 2.17. In the glovebox, a 20 mL scintillation vial was charged with Pd(PPh,), (59
mg, 0.051 mmol, 0.2 equiv), LiCl (258 mg, 6.51 mmol, 24 equiv), and hexamethylditin (254 uL,
1.23 mmol, 4.8 equiv). A separate 20 mL scintillation vial was charged with 2.24 (116 mg, 0.256
mmol, 1.0 equiv), followed by the addition of 1,4-dioxane (3.8 mL) which had been taken through
three freeze-pump-thaw cycles prior to use. The resulting solution was then added to the vial
containing the palladium catalyst, sealed, taken outside of the glovebox, and allowed to stir at 110
°C. After 20 h, the reaction was cooled to room temperature and filtered through a plug of silica gel
topped with Celite. The filter cake was then washed with CH,Cl, (15 mL), and the filtrate was
evaporated under reduced pressure. The resulting residue was purified by flash chromatography (5:1
hexanes:Et,0) to afford vinyl stannane 2.17 (97 mg, 82% yield) as a white solid. Vinyl stannane
2.17: mp: 158 °C; R;0.34 (5:1 hexanes:Et,0); 'H NMR (500 MHz, CDCl,):  7.15 (d, J = 8.0, 1H),
7.10 (dd,J=8.0,7.0,1H),6.84 (s,1H),6.72 (d,/=7.0,1H),593 (d,J =32, Jy5, = 72.0,1H), 542
(dd,J=17.7,10.7, 1H), 5.07 (dd, J=17.7, 1.1, 1H), 5.05 (dd, J = 10.7, 1.1, 1H), 3.73 (app. s, 4H),
293 (d,J =32, 1H), 1.65 (s, 3H), 1.24 (s, 3H), 1.21 (s, 3H), -0.10 (s, Jy s, = 52.7, 9H); "C NMR
(125 MHz, CDClL,): 6 211.9, 1499, 1454, 137.6, 135.5, 125.6, 125.5, 1245, 1229, 1220, 120.5,
112.2,107.8, 68.6,61.8,53.2,37.1, 34.4,330, 28.5,25.7,-7.5; IR (film): 2973, 2919, 2875, 1703,
1454, 1420, 1371, 1255 cm™'; HRMS-ESI (m/z) [M + Na]" calcd for C,,H;,NOSnNa, 492.1330;

found 492.1327; [a]*?, +46.6° (¢ = 1.000, CHCL,).
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CuC|2

dioxane, 23 °C — 80 °C

(75% yield)

Vinyl Chloride 2.18. A 20 mL scintillation vial was charged with vinyl stannane 2.17 (100 mg,
0.214 mmol, 1.0 equiv), and then transferred to the glovebox. Dioxane (4.27 mL) was added and to
the resulting solution was added CuCl, (63 mg, 0.470 mmol, 2.2 equiv) in one portion. The vial was
sealed and removed from the glovebox. The reaction mixture was allowed to stir at 23 °C for 30
min, and was then warmed to 80 °C. After 24 h, the reaction was diluted with brine (5 mL) and the
resulting mixture was transferred to a separatory funnel with EtOAc (10 mL) and H,O (5 mL). The
resulting biphasic mixture was extracted with EtOAc (3 x 20 mL). The organic layers were
combined, dried over MgSO,, and evaporated under reduced pressure. The resulting residue was
purified by preparative thin layer chromatography (benzene eluent) to afford vinyl chloride 2.18 (54
mg, 75% yield) as a white solid. Vinyl chloride 2.18: mp: 83 °C; R, 0.27 (5:1 hexanes:Et,0); 'H
NMR (500 MHz, CDCl,): 6 7.20 (d,J =8.4,1H),7.13 (dd,J =8.4,7.2, 1H), 6.89 (s, 1H), 6.76 (d, J
=72,1H),601 (d,J =39, 1H),5.27-5.12 (m, 3H), 3.82 (s, 1H), 3.75 (s, 3H), 3.02 (d, J = 3.9, 1H),
1.63 (s, 3H), 1.45 (s, 3H), 1.19 (s, 3H); "C NMR (125 MHz, CDCL,): & 208.8, 142.2, 138.8, 137.7,
1259, 124.31, 124.29, 1242, 123.7, 121 .4, 120.8, 113.8, 108.5, 68.6, 61.6, 51.9, 37.1, 34.0, 33.0,
28.3,23.9; IR (film): 2970, 1716, 1450, 1418, 1368, 1255, 1152 cm™'; HRMS-ESI (m/z) [M + Na]*

caled for C,,H,,NOCINa, 362.1288; found 362.1283; [a.]**®, +62.8° (¢ = 1.000, CHCL,).
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Me
1.NBS N H
CH,Cl,, 0 °C N Me
% A
2. HCI, 80 °C Me
EtOH
o
(89% yield, 2 steps) |\N/|e
2.18 24

Oxindole 2.4. To a solution of vinyl chloride 2.18 (46 mg, 0.136 mmol, 1.0 equiv) in CH,Cl, (2.75
mL) at 0 °C was added NBS (24.3 mg, 0.136 mmol, 1.0 equiv) in one portion. The reaction vial was
flushed with N,, and allowed to stir at 0 °C. After 25 min, solid NaHCO; (46 mg) was added in one

portion. The reaction was removed from the 0 °C bath, and allowed to stir at room temperature for 5
min. The resulting suspension was filtered through a plug of silica gel (CH,Cl, eluent, 10 mL).
Evaporation under reduced pressure provided the crude brominated product, which was used in the
subsequent step without further purification.

To the crude product was added absolute ethanol (1.5 mL) and concentrated aqueous HCI
(1.5 mL). After heating to 80 °C for 14 h, the the reaction was cooled to room temperature and
transferred to a separatory funnel with H,O (10 mL) and EtOAc (20 mL). To the funnel was added
solid NaHCO; until no more gas evolution was observed. The resulting biphasic mixture was
extracted with EtOAc (3 x 20 mL) and the organic layers were combined, dried over MgSO,, and
evaporated under reduced pressure. The resulting residue was purified by flash chromatography
(2:1:1 hexanes:CH,Cl,:Et,0) to afford oxindole 2.4 (42.8 mg, 89% yield) as a white solid. Oxindole
2.4: mp: 193 °C; R;0.40 (2:1:1 hexanes:CH,Cl,:Et,0); 'H NMR (500 MHz, CDCl,): & 7.19 (dd, J =
79,79,1H),6.71 (d,J =79, 1H), 6.60 (d,J =79, 1H),6.16 (d,J =5.1, 1H), 5.37 (dd, J = 17 4,
10.6, 1H), 5.13 (d,J =174, 1H),5.09 (d, J = 10.6, 1H), 3.81 (s, 1H), 3.52 (d,J = 1.4, 1H), 3.18 (s,
3H), 2.93 (dd, J = 5.1, 1.4, 1H), 1.62 (s, 3H), 1.47 (s, 3H), 0.73 (s, 3H); "C NMR (125 MHz,
CDCly): 0 204.7, 1754, 1447, 141 .4, 140.3, 130.5, 128.6, 127.1, 124.6, 1239, 1154, 107.3, 68.8,
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63.8,52.0,51.9, 41.7, 264,258, 25.6, 21.4; IR (film): 2966, 2922, 1700, 1609, 1595, 1465 cm™;
HRMS-ESI (m/z) [M + Na]* calcd for C,,H,,NO,CINa, 378.1237; found 378.1248; [a]**, —132.8°

(¢ =1.000, CHCl,).

i-Bu,AlH
CH,Cl,, -78°C

(86% yield)

Alcohol 2.25. To a solution of oxindole 2.4 (43.0 mg, 0.121 mmol, 1.0 equiv) in CH,Cl, (4.00 mL)
at —78 °C was added a solution of i-Bu,AlH (1.0 M in hexanes, 145 uL., 0.145 mmol, 1.2 equiv)
dropwise. After stirring at —78 °C for 1 h, an additional portion of i-Bu,AlH (1.0 M in hexanes, 24
uL., 0.024 mmol, 0.2 equiv) was added. After stirring at =78 °C for 1 h, a third portion of i-Bu,AIH
(1.0 M in hexanes, 24 uL, 0.024 mmol, 0.2 equiv) was added and the mixture was allowed to stir at
—78 °C for 1 h. At this time, a final portion of i-Bu,AlH (1.0 M in hexanes, 48 uL., 0.048 mmol, 0.4
equiv) was added. After 30 min, the reaction was quenched at —78 °C with a solution of saturated
aqueous NH,CI (1 mL) and Rochelle’s salt (1 mL). The mixture was stirred at room temperature for
1 h, transferred to a separatory with EtOAc (20 mL) and a solution of saturated aqueous NH,C1 (20
mL), and extracted with EtOAc (3 x 20 mL). The organic layers were combined, dried over MgSO,,
and evaporated under reduced pressure. The resulting residue was purified by flash chromatography
(1:1:1 hexanes:CH,CL,:Et,0) to afford alcohol 2.25 (37.2 mg, 86% yield) as a white solid. Alcohol
2.25: R;0.12 (2:1:1 hexanes:CH,Cl,:Et,0); 'H NMR (500 MHz, CDCL,): 8 7.17 (dd, J = 7.8, 7.7,
1H),6.70 (d,J=7.8,1H),6.68 (d,J=7.7,1H),6.19 (d,J=6.7, 1H), 523 (dd, J =174, 10.7, 1H),

503(dd,J=174,0.7,1H),4.89 (dd,J=10.7,0.7, 1H), 4.59-4.55 (app. t,J =4.9, 1H), 3.62 (s, 1H),
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3.18 (s,3H),3.14 (dd,J =49,10, 1H), 2.58 (ddd, J = 6.7,54, 1.0, 1H), 1.57 (s, 3H), 1.53 (s, 3H),

0.95 (s, 3H).

i.C1;CC(O)NCO
CH,Cl,, 0 to 23 °C

ii.K,CO3, MeOH, 23 °C

(Quant. yield)

Carbamate 2.19. To a solution of 2.25 (78 mg, 0.218 mmol, 1.0 equiv) in CH,Cl, (2.2 mL) at 0 °C
was added trichloroacetyl isocyanate (27 pL, 0.229 mmol, 1.05 equiv) in a dropwise manner. The
resulting mixture was allowed to stir at 0 °C for 5 min, and then at room temperature for 20 min. The
solvent was evaporated under reduced pressure. To the resulting residue was added MeOH (4.4 mL)
and solid K,CO; (165 mg, 1.19 mmol, 5.5 equiv) in one portion. The reaction was flushed with N,
and left to stir at room temperature for 90 min. The reaction was diluted with EtOAc (3 mL) and
H,O (1 mL) and the resulting biphasic mixture was transferred to a test tube with EtOAc (2 mL) and
brine (2 mL). After extracting with EtOAc (3 x 3 mL), the organic layers were combined, dried over
MgSO,, and evaporated under reduced pressure. The resulting residue was purified by flash
chromatography (1:1 hexanes:EtOAc) to afford carbamate 2.19 (90 mg, quant. yield) as a white
solid. Carbamate 2.19: mp: 135 °C; R, 0.41 (1:1 hexanes:EtOAc); 'H NMR (500 MHz, CDCL,): §
713 (dd,J=7.8,7.7,1H),6.68 (d,J=7.7,1H),6.61 (d,/=7.8,1H),6.18 (d,J =6.8, 1H), 5.47 (dd,
J=53,48,1H),5.19 (dd,J =17.3,10.6, 1H), 5.04 (dd, J = 17.3,0.8, 1H), 491 (dd, J = 10.6, 0.8,
1H), 441 (br. s, 2H), 3.62 (s, 3H), 3.18 (s, 3H), 3.15 (d, J = 4.8, 1H), 2.78 (dd, J = 6.8, 5.3, 1H),
1.61 (s, 3H), 1.52 (s, 3H), 0.87 (s, 3H); "C NMR (125 MHz, CDCL,): 8 176.3, 155.9, 144.3, 141.2,

1410, 1369, 127.7, 127.3, 126 4, 125.7, 114.7, 106.6, 72.7, 559, 52.6, 50.6, 49.0, 38.7, 28.0, 26 .3,

45



26.2,22.7; IR (film): 3497, 3341, 2936, 1730, 1698, 1609, 1470, 1341, 1066 cm™'; HRMS-ESI (m/z)
[M + Na]" caled for C,,H,;N,0,CINa, 423.1451; found 423.1459; [a]*°, —166.4° (¢ = 1.000,

CHCL,).

AgOTf, Phl(OAc),
bathophenanthroline

CHCN, 82 °C

(33% yield)

Oxazolidinone 2.20. A 20 mL scintillation vial containing CH,CN and a separate 20 mL
scintillation vial charged with bathophenanthroline (24.1 mg, 0.0750 mmol, 0.5 equiv) were
transferred into the glovebox. AgOTf (19.2 mg, 0.0750 mmol, 0.5 equiv) and CH,CN (4.30 mL)
were added to the vial containing the bathophenanthroline, and the resulting suspension was allowed
to stir at room temperature for 20 min. Next, a third 20 mL scintillation vial containing carbamate
2.19 (55 mg, 0.150 mmol, 1.0 equiv) and PhI(OAc), (96.4 mg, 0.300 mmol, 2.0 equiv) was
transferred into the glovebox and the AgOTf{/bathophenanthroline suspension was added to this vial.
The vial was then sealed, removed from the glovebox, and the resulting mixture was allowed to stir
at 82 °C. After 24 h, the reaction was cooled to room temperature and filtered through a plug of
silica gel (EtOAc eluent, 50 mL). The filtrate was evaporated under reduced pressure, and the
resulting residue was purified by preparative thin layer chromatography (2:1 benzene:EtOAc) to
afford oxazolidinone 2.20 (18 mg, 33% yield) as a white solid and recovered oxindole 2.4 (12 mg,
25% yield) as a white solid. Oxazolidinone 2.20: mp: 329 °C; R, 0.35 (2:1 benzene:EtOAc); 'H
NMR (500 MHz, CDCl,): & 7.55 (br. s, 1H), 7.15 (dd, J =8.3,7.6, 1H), 6.72 (d, J = 8.3, 1H), 6.71

d,J=76,1H),6.29 (d,/J=5.8, 1H), 5.19-5.05 (m, 3H), 5.02 (d,J = 6.5, 1H), 3.62 (s, 1H), 3.19 (s,
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3H), 2.98 (dd, J = 6.5, 5.8, 1H), 1.65 (s, 3H), 1.56 (s, 3H), 1.04 (s, 3H); "C NMR (125 MHz,
CDCl,): 8 1749, 1592, 1442, 141.2, 140.6, 136.8, 128.2, 126.0, 125.5, 124.0, 1164, 107 .4, 81.3,
69.9,542,52.1,49.6,38.7,27.4,264,220,20.2; IR (film): 3270, 1755, 1686, 1612, 1460, 1202,
1152 cm™'; HRMS-ESI (m/z) [M + Na]* calcd for C,,H,;N,0,CINa, 421.1295; found 421.1289;

[a]*°, —=109.4° (¢ = 1.000, CHCL,).

1. Ba(OH)2-8H20
H,0, dioxane, 110 °C

2.1BX, TFA
DMSO, 23 °C

(48% vyield, 2 steps)

Aminoketone 2.21. A Schlenk tube was charged with oxazolidinone 2.20 (15 mg, 0.0376 mmol, 1.0
equiv) and Ba(OH),'8H,0 (59 mg, 0.188 mmol, 5.0 equiv). The reaction vessel was then evacuated
and backfilled with N, five times. A 2:1 mixture of 1,4-dioxane:H,O (1.4 mL) that had been taken
through seven freeze-pump-thaw cycles prior to use was then added and the Schlenk tube. The
vessel was sealed, and then transferred to the glovebox where the reaction was allowed to stir at 110
°C. After 16 h, the Schlenk tube was removed from the glovebox and the contents were transferred
to a test tube with EtOAc (6 mL), H,O (1 mL), and brine (1 mL). The resulting biphasic mixture was
extracted with EtOAc (3 x 4 mL). The organic layers were combined, dried over MgSO,, and
evaporated under reduced pressure to afford the crude product, which was used directly in the
subsequent reaction.

To the crude residue was added DMSO (1.4 mL) and TFA (3 xL, 0.0413 mmol, 1.1 equiv).
The resulting solution was allowed to stir at room temperature for 2 min. IBX (53 mg, 0.188 mmol,

5 equiv) was then added in one portion, and the vial was flushed with N,. After stirring at room
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temperature for 20 h, the reaction mixture transferred with EtOAc (3 mL) to a test tube containing a
solution of aqueous K,CO; (1 mL, concentration of 50 mg/mL). The resulting biphasic mixture was
extracted with EtOAc (5 x 3 mL) and the organic layers were combined, dried over MgSO,, and
evaporated under reduced pressure. The resulting residue was purified by preparative thin layer
chromatography (1:1 hexanes:EtOAc) to afford aminoketone 2.21 (6.7 mg, 48% yield, over two
steps) as an amorphous solid. Aminoketone 2.21: R;0.42 (1:1 hexanes:EtOAc); 'H NMR (500 MHz,
CDCly): 8 7.34 (d,J =84, 1H), 727 (dd,J =84, 7.6, 1H),6.75 (d,J = 7.6, 1H), 6.18 (d, J = 4.2,
1H),544 (dd,J=17.3,109, 1H),5.22 (d,/=109,1H),5.17 (d,J =17.3, 1H), 3.82 (s, 1H), 3.18 (s,
3H), 3.15 (d, J = 4.2, 1H), 1.71 (br. s, 2H), 1.69 (s, 3H), 1.31 (s, 3H), 0.78 (s, 3H); "C NMR (125
MHz, CDCl,): § 2074, 174.7, 144.1, 140.6, 138.9, 135.2, 128.2, 124.2, 123.8, 123.7, 116.2, 107.7,
71.8, 62.8, 56.7,53.8,40.0, 26 .4, 25.9, 21.6, 20.6; IR (film): 2973, 1709, 1698, 1609, 1583, 1457
cm™'; HRMS-ESI (m/z) [M + H]* calcd for C,,;H,,N,0,Cl, 371.1526; found 371.1516; [a]**, —70.2°

(c =1.000, CHCl,).

DMAP, DCE, 90 °C
(77% yield)

(-)-N-Methylwelwitindolinone C Isothiocyanate (2.1). To solution of aminoketone 2.21 (5.0 mg,
0.0135 mmol, 1.0 equiv) in 1,2-dichloroethane (540 L) was added DMAP (0.8 mg, 0.0067 mmol,
0.5 equiv) and 1,1'-thiocarbonyldi-2(1H)-pyridone (15.7 mg, 0.067 mmol, 5 equiv) in one portion.
The reaction vial was flushed with N, and then allowed to stir at 90 °C. After 14 h, the reaction was

cooled to room temperature and then passed over a plug of silica gel (EtOAc eluent, 20 mL). The
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filtrate was evaporated under reduced pressure. The resulting residue was purified by preparative
thin layer chromatography (9:1 benzene:EtOAc) to afford (-)-2.1 (4.3 mg, 77% yield) as an
amorphous solid. (-)-N-Methylwelwitindolinone C isothiocyanate (2.1): R, 081 (1:1
hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): & 7.30 (dd, J = 8.4,7.8, 1H), 7.18 (dd, J = 8.4,0.9,
1H), 6.79 (dd,J =84,09, 1H), 6.17 (d,J =44, 1H), 5.35 (dd, J = 16.8, 10.6, 1H), 5.29-5.17 (m,
2H), 3.73 (s, 1H), 3.24 (d, J = 4.4, 1H), 3.17 (s, 3H) 1.68 (s, 3H), 1.47 (s, 3H), 0.80 (s, 3H); “C
NMR (125 MHz, CDCl,): 6 196.3, 174.1, 1445, 140.7, 138.7, 137.2, 130.1, 128.6, 124.7, 123.3,
122.5,117.7,108.5, 83.8,61.7,57.0,53.1,40.8,26.4, 25.7,22.2, 21 4; IR (film): 2970, 2932, 2041,
1712, 1609, 1460, 1341 cm™'; HRMS-ESI (m/z) [M + Na]* caled for C,,H,,N,0,SCINa, 435.0910;

found 435.0899; [a]*°, —223.9° (¢ =0.77, CH,CL,).”
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APPENDIX ONE

Spectra Relevant to Chapter Two:

Total Synthesis of (-)-N-Methylwelwitindolinone C Isothiocyanate

Alexander D. Huters, Kyle W. Quasdorf, Evan D. Styduhar, and Neil K. Garg.

J.Am. Chem. Soc. 2011, 133,15797-15799.
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Figure Al.2 Infrared spectrum of compound 2.11.
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Figure Al.15 Infrared spectrum of compound 2.16.
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Figure Al.16 °C NMR (125 MHz, CDCL;) of compound 2.16.
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Figure Al.19 Infrared spectrum of compound 2.17.
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Figure A1.20 °C NMR (125 MHz, CDCL,) of compound 2.17.
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Figure Al.22 Infrared spectrum of compound 2.18.
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Figure Al1.23 "C NMR (125 MHz, CDCL;) of compound 2.18.
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Figure Al.25 Infrared spectrum of compound 2.4.
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Figure Al1.26 °C NMR (125 MHz, CDCL,) of compound 2.4.
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Figure Al.29 Infrared spectrum of compound 2.19.
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Figure A1.30 °C NMR (125 MHz, CDCl;) of compound 2.19.
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Figure Al.32 Infrared spectrum of compound 2.20.
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Figure Al.33 "C NMR (125 MHz, CDCl;) of compound 2.20.
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Figure Al.35 Infrared spectrum of compound 2.21.
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Figure Al1.36 °C NMR (125 MHz, CDCL;) of compound 2.21.
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Figure Al.38 Infrared spectrum of compound 2.1.
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CHAPTER THREE

Enantiospecific Total Synthesis of N-Methylwelwitindolinone D Isonitrile

Evan D. Styduhar, Alexander D. Huters, Nicholas A. Weires, and Neil K. Garg.

Angew. Chem. Int. Ed. 2013, 52, 12422-12425.

3.1 Abstract

The total synthesis of N-methylwelwitindolinone D isonitrile has been achieved in 17
steps from a readily available carvone derivative. The route features a double C-H
functionalization event involving a keto oxindole substrate to introduce the tetrahydrofuran ring

of the natural product.

3.2 Introduction
The welwitindolinone family of natural products (e.g., 3.1-3.2, Figure 3.1) has attracted

12,3,4,5 .
=2 Interest 1n

tremendous attention from the synthetic community over the past two decades.
these compounds stems from their promising biological profiles, in addition to their compact, yet
daunting structures. Synthetic efforts toward the welwitindolinones have led to at least ten
methods for building the bicyclo[4.3.1] core that is common to most of these natural products.'*
However, the sheer difficulty associated with late-stage manipulations has plagued most
synthetic routes and only a few completed syntheses have been reported in recent years.’

One exceptionally challenging synthetic target is N-methylwelwitindolinone D isonitrile
(3.2).%” The compound possesses five stereocenters, two quaternary carbons, and a heavily

substituted cyclohexyl ring. Compared to other related family members, 3.2 also possesses an

ether linkage between C3 and C14. Thus, a successful synthesis of 3.2 would not only have to
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assemble the congested oxindole-fused bicyclo[4.3.1] framework, but would also have to allow
for introduction of the ethereal linkage on the sterically congested face of the bicycle. Highlights
of synthetic efforts toward 3.2 include the Wood group’s assembly of the spirocyclic oxindole®

158,

and Rawal’s elegant total synthesis of (*)-3.2 in 201 Herein, we report our synthetic forays

toward 3.2, which culminate in an enantiospecific synthesis.

N-methylwelwitindolinone N-methylwelwitindolinone
C isothiocyanate (3.1) D isonitrile (3.2)

Figure 3.1. Welwitindolinones 3.1 and 3.2.

3.3 Retrosynthetic Analysis of N-Methylwelwitindolinone D Isonitrile

Our retrosynthetic plan for the synthesis of 3.2 is presented in Scheme 3.1. The natural
product would be accessed from 3.3 via late-stage manipulations. In a key disconnection, the
tetrahydrofuran ring would be installed from keto-oxindole derivative 3.4. Of note, the ability to
elaborate 3.4 to 3.3 would hinge on our ability to perform chemoselective and diastereoselective
manipulations adjacent to the two carbonyls. The cyclic carbamate was thought to be accessible
using an intramolecular nitrene insertion reaction’ involving oxindole substrate 3.5. Substrate 3.5
would be derived from ketone 3.6, which in turn can be readily prepared from known carvone
derivative 3.7" in just four steps using our previously established procedure involving an

indolyne cyclization.™""
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Scheme 3.1

Me O
| P/
HN H
— < TP
o  “Me
Late-Stage N 0
Introduction of Me

Tetrahydrofuran Ring

N-methylwelwitindolinone 3.3 3.4

D isonitrile (3.2)

Me

3.4 Elaboration of Bicycle to Keto Oxindole

Our approach toward implementing the retrosynthetic plan is highlighted in Scheme 3.2.
Indole 3.6 was converted to oxindole 3.8 using a one-pot oxidation/hydrolysis sequence. As the
acidic conditions led to desilylation, reprotection of the alcohol was necessary to provide 3.9.
Deuteride reduction and carbamoylation proceeded without event to furnish 3.5 in quantitative
yield. Exposure of 3.5 to Ag-promoted nitrene insertion conditions'** furnished 3.10 in 70%
yield. Note that attempts to use the proteo analog of 3.5 gave only 44% yield of the
corresponding insertion product, along with 19% of recovered ketone 3.9. Consistent with our

€

previous findings on an alternate substrate,* the strategic use of deuterium minimizes an
undesirable competitive reaction, thus giving synthetically useful yields of the desired insertion

product 3.10. From 3.10, a standard deprotection/oxidation sequence delivered key intermediate

34.
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Scheme 3.2

i. NBS, 0 °C, CH,Cl,; TBSCI, imidazole

NaHCO3, 0 — 23 °C DMAP, BuyNI
ii. HCI, EtOH, 80 °C DMF, 100 °C
(83% yield) (92% yield)
3.6
1. LiAID4, THF
-78—0°C

2. CI,CC(O)NCO
cHzclz, 0—23 oc;
K,CO,, MeOH

(quantitative yield, 2 steps)

AgOTi, Phi(OAc), HN H HN
bathophenanthroline a Me 1. HCI, EtOH, 23 ° Me
0 KA ’ ’ )_o Ry
> >
CH4CN, 82 °C o Me 2 pess—Martin 0 Me

(o] NaHCO3

(70% yield) CH,Cl,, 23 °C

3.10 (quantitative yield, 2 steps) 34

3.5 Unexpected Formation of Spirocyclobutane

Many attempts to introduce the tetrahydrofuran ring from 3.4 were put forth.
Unfortunately, efforts toward site-selective functionalization of one carbonyl over the other via
enol ethers were unsuccessful. After considerable experimentation, it was found that the keto
carbonyl could be a-functionalized first upon treatment of 3.4 with CuBr; in THF at ambient
temperature to yield 3.11 as a single diastereomer (Scheme 3.3). It was hoped that C3 oxidation
would provide an alcohol intermediate that would cyclize to give the necessary tetrahydrofuran
ring. However, upon treatment of 3.11 with C3 oxidation conditions,” the desired oxidation and

cyclization did not occur. Instead, we unexpectedly obtained cyclobutane 3.13 in high yield,
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presumably through direct cyclization of the oxindole enolate (see transition structure 3.12)." X-

ray analysis of a single crystal of 3.13 validated our structural assignment.'*’

Scheme 3.3

CuBr, NaH, air
THF, 23 °C THF, 23 °C
(71% vyield) (97% yield)

3.6 Conversion of Bromoketone to Acetate and Cyclized Product

As a workaround, we opted to introduce a protected hydroxyl group directly onto C3 of
substrate 3.11. Mn(OAc); Was deemed a potential reagent for selective C3 acetoxylation, based
on its use in benzylic acetoxylation reactions.'> Treatment of oxindole 3.11 with Mn(OAc)s in
AcOH at 80 °C provided acetoxylated product 3.14 (Table 3.1, entry 1). Interestingly, when the
corresponding reaction was conducted at 150 °C, we obtained a 53% yield of 3.3, which
possesses the desired tetrahydrofuran ring. Alternatively, 3.3 could also be prepared in one-pot
by performing the acetoxylation at 80 °C, removing the volatiles, and exposing the crude

intermediate to KoCO3; in MeOH and H,O at 70 °C.
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Table 3.1

conditions
+
Me
3.14 (R = OAc)
. Conversion to products
Entry Conditions 3.14 (%) 3.3 (%)
1 Mn(OAc)3 (4.0 equiv), AcOH, 80 °C 74 0
2 Mn(OAc); (4.0 equiv), AcOH, 150 °C 2 53
3 Mn(OAc); (4.0 equiv), AcOH, 80 °C; 0 56

K,COj, MeOH, H,0, 70 °C

3.7 Double C-H Functionalization of Keto Oxindole to Install the Tetrahydrofuran Ring
We also explored the feasibility of directly converting keto oxindole 3.4 to 3.3 (Figure
3.2). Of note, the Wood research group was able to elegantly install a tetrahydrofuran ring from a
keto oxindole substrate using basic conditions and O,.* Despite the modest yield, this key
precedent laid the groundwork for additional experimentation. To our delight, we found that
simple exposure of 3.4 to tetrabutylammonium fluoride (TBAF) in acetonitrile in the presence of
air efficiently delivered 3.3.'° In previous studies, we'’ and others'® have found that TBAF/air
can facilitate C3 oxidation of oxindoles containing the welwitindolinone scaffold, but the use of
TBAF/air to build an ethereal linkage via double C-H functionalization was unknown. Notably,
the use of other bases in place of TBAF, such as K,;COs; and Cs,COs, also promoted the
formation of 3.3, albeit in lower yields. It is likely that this efficient method for introducing the

tetrahydrofuran ring proceeds by initial diastereoselective C3 oxidation, followed by
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cyclization." Related C3-peroxy compounds have been observed in our studies® and in those of

the Wood research group.®

BuyNF, air
CH3CN, 23 °C

(71% yield)

Figure 3.2. Double C—H functionalization of substrate 3.4.

3.8 Completion of (+)-N-Methylwelwitindolinone D Isonitrile

To complete the total synthesis, it remained to elaborate the cyclic carbamate to the
ketone and isonitrile functional groups present in 3.2 (Scheme 3.4). Unexpectedly, attempted
hydrolysis of 3.3 led to cyclohexyl ring fragmentation, a process that was attributed to the
reactivity of the ketone. To circumvent this, ketone 3.3 was reduced to alcohol 3.15 with LiAlH,.
Fortunately, upon exposure of 3.15 to hydrolysis conditions, cyclohexyl ring fragmentation was
not observed. Hydrolysis gave the desired diol intermediate, which was oxidized with IBX to
provide diketone 3.16. Finally, formylation provided 3.17, which was directly exposed to

standard dehydration conditions to deliver (+)-3.2.
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Scheme 34

1. Ba(OH),
H,0, 110 °C
dioxane

2.1BX, TFA
DMSO, 23 °C

N N
Me (66% yield, 2 steps) Me

(o)
Me
HCOJH, Ac,0 \\““ Me Burgess reagent
—— > OHCHN S
THF, 0 — 23 °C Me THF, benzene, 23 °C

o (77% yield, 2 steps)

3.9 Conclusion

In summary, we have completed the enantiospecific total synthesis of N-
methylwelwitindolinone D isonitrile. Several unexpected hurdles, including the formation of the
unusual cyclobutane-containing compound 3.13, were overcome en route to the natural product.
Our total synthesis features a double C-H functionalization event of keto oxindole 3.4 to
introduce the tetrahydrofuran ring of 3.2 and is achieved in 17 steps from readily available

carvone derivative 3.7.
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3.10 Experimental Section
3.10.1 Materials and Methods

Unless stated otherwise, reactions were conducted in flame-dried glassware under an
atmosphere of nitrogen using anhydrous solvents (either freshly distilled or passed through
activated alumina columns). All commercially available reagents were used as received unless
otherwise specified. Mn(OAc), (dried in vacuo over P,0Os) and LiAlD, were obtained from Acros.
AgOTf and CuBr, were obtained from Strem. Bathophenanthroline was obtained from Alfa
Aesar. 2-Todoxybenzoic acid (IBX)*' and Dess—Martin periodinane” were prepared from known
literature procedures. 1,4-dioxane was distilled from Na/benzophenone and stored in a Schlenk
tube prior to use. Unless stated otherwise, reactions were performed at room temperature (RT,
approximately 23 °C). Thin-layer chromatography (TLC) was conducted with EMD gel 60 F254
pre-coated plates (0.25 mm) and visualized using a combination of UV, anisaldehyde, iodine,
and potassium permanganate staining. Silicycle silica gel 60 (particle size 0.040-0.063 mm) was
used for flash column chromatography. 'H NMR spectra were recorded on Bruker spectrometers
(500 MHz). Data for 'H spectra are reported as follows: chemical shift (8§ ppm), multiplicity,
coupling constant (Hz), integration and are referenced to the residual solvent peak 7.26 ppm for
CDCl,, 5.32 ppm for CD,Cl,, 4.79 ppm for D,O, and 1.94 ppm for CD,CN. Data for ‘H NMR
spectra are reported as follows: chemical shift (8 ppm, at 77 MHz), multiplicity, coupling
constant, integration and are referenced to the residual solvent peak 7.26 ppm for CDCIL,. *C
NMR spectra are reported in terms of chemical shift (at 125 MHz) and are referenced to the
residual solvent peak 118.26 ppm for CD;CN, 77.16 ppm for CDCl,, and 53.84 for CD,Cl,. IR
spectra were recorded on a Perkin-Elmer 100 spectrometer and are reported in terms of

frequency absorption (cm™). Optical rotations were measured with a Rudolph Autopol III
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Automatic Polarimeter. Uncorrected melting points were measured using a Mel-Temp II melting
point apparatus with a Fluke 50S thermocouple and a Digimelt MPA 160 melting point apparatus.

High resolution mass spectra were obtained from the UC Irvine Mass Spectrometry Facility.

3.10.2 Experimental Procedures

i. NBS, 0 "C, CH2C|2,
NaHCO;, 0 — 23 °C

ii. HCI, EtOH, 80 °C

(83% yield)

Oxindole 3.8. To a solution of indole 3.6 (200 mg, 0.457 mmol, 1.0 equiv) in CH,CL, (9.2 mL)
at 0 °C was added NBS (82.0 mg, 0.462 mmol, 1.01 equiv) in one portion. The reaction vial was
flushed with N,, and allowed to stir at O °C. After 15 min, solid NaHCO; (200 mg, 100 wt %)
was added in one portion. The reaction was removed from the 0 °C bath and allowed to stir at
room temperature for 5 min. The resulting suspension was evaporated under reduced pressure.
Absolute ethanol (9.2 mL) and concentrated aqueous HCI (9.2 mL) were added. After heating to
80 °C for 17 h, the reaction was cooled to room temperature and transferred to a separatory
funnel with H,O (15 mL) and EtOAc (15 mL). To the funnel was added solid NaHCO; until gas
evolution was no longer observed. The resulting biphasic mixture was extracted with EtOAc (3 x
15 mL) and the organic layers were combined, dried over MgSO,, and evaporated under reduced
pressure. The resulting residue was purified by flash chromatography (1:1:1

hexanes:CH,Cl,:Et,0) to afford oxindole 3.8 (130 mg, 83% yield) as a brown solid. Oxindole

3.8: mp: 203.2 °C; R, 0.23 (1:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): § 7.22 (dd, J =
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7.8,7.7,1H),6.73 (d,J=7.7,1H),6.67 (d,J =7.8,1H),5.56 (dd,J=17.5,109, 1H), 522 (d,J
=109, 1H),5.19 d,J =175, 1H),4.22 (ddd, J = 122,56, 2.8, 1H), 3.73 (s, 1H),3.32 (d, J =
14,1H),3.19 (s,3H),2.59 (dd,/=14.9,5.6,1H) 2.53 (d,J=8.2,1H), 2.07 (ddd, J = 149,122,
8.2, 1H), 1.65 (s, 3H), 1.58 (d, J = 2.8, 1H), 1.17 (s, 3H), 0.68 (s, 3H); "C NMR (125 MHz,
CDCl,, 20 of 21 observed): 0 208.3, 174.9, 144 .8, 1420, 130.7, 128.5, 127.2, 125.2, 116.6,
107.2, 684, 68.2, 62.2, 53.5, 50.1, 40.2, 30.0, 26 4, 26.3, 22.6; IR (film): 1703, 1687, 1611,
1588, 1461 cm™'; HRMS-ESI (m/z) [M + Na]* caled for C,HysNOsNa, 362.1732; found

362.1737; [a]?, +6.60° (¢ = 1.000, CHCl,).

TBSCI, imidazole
DMAP, Bu,NI

DMF, 100 °C

(92% yield)

Silyl ether 3.9. To a solution of oxindole 3.8 (609 mg, 1.80 mmol, 1.0 equiv) in DMF (18.0 mL)
was added imidazole (611 mg, 8.97 mmol, 5.0 equiv), DMAP (219 mg, 1.79 mmol, 1.0 equiv),
and tetrabutylammonium iodide (663 mg, 1.79 mmol, 1.0 equiv). The resulting solution was
stirred at room temperature for 5 min, and then TBSCI (809 mg, 5.37 mmol, 3.0 equiv) was
added in one portion. The flask was fitted with a reflux condenser, flushed with N,, and then
heated to 100 °C. After 25 h, the reaction mixture was cooled to room temperature and
transferred to a separatory funnel with EtOAc (50 mL), H,O (20 mL), and a solution of saturated
aqueous NH,CI (20 mL). The resulting biphasic mixture was extracted with EtOAc (3 x 50 mL).
The organic layers were combined, washed with H,O (3 x 50 mL), dried over MgSO,, and

evaporated under reduced pressure. The resulting residue was purified by flash chromatography
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(9:1 hexanes:EtOAc) to afford silyl ether 3.9 (746 mg, 92% yield) as a white solid. Silyl ether
3.9: mp: 184.5 °C; R; 0.64 (2:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): § 7.21 (dd, J =
79,7.7,1H),6.73 (d,J=7.7,1H),6.66 (d,J =79, 1H),5.40 (dd,J=17.5,10.8, 1H), 5.15-5.00
(m, 2H), 4.17 (dd, J = 11.6, 5.5, 1H), 3.62 (s, 1H), 3.26 (s, 1H), 3.21 (s, 3H), 2.47 (d,J = 8.2,
1H), 240 (dd, J =15.1,5.5, 1H), 2.10 (ddd, J = 15.1, 11.6, 8.2, 1H), 1.62 (s, 3H), 1.17 (s, 3H),
0.82 (s, 9H), 0.67 (s, 3H), 0.04 (s, 3H), -0.09 (s, 3H); "C NMR (125 MHz, CDCl,, 24 of 25
observed): § 208.6, 175.0, 144.6, 143.6, 131.2, 128.4, 1274, 1249, 114.6, 107.1, 70.0, 69.2,
62.5,53.7,50.3,40.1,32.0,26 4,258,224, 18.1, 16.1, -3.8, -4 .4; IR (film): 1707, 1689, 1609,
1590, 1465 cm™; HRMS-ESI (m/z) [M + Na]* caled for C,7H30NO;SiNa, 476.2597; found

476.2600; [a]**', +12.60° (¢ = 1.000, CHCL,).

1. LiAID,4, THF
-78 - 0°C

2. CI,CC(O)NCO
CH,Cl,, 0 — 23 °C;
K2003, MeOH

(quantitative yield, 2 steps)

Carbamate 3.5. To a solution of silyl ether 3.9 (178 mg, 0.393 mmol, 1.0 equiv) in THF (13.0
mL) at —78 °C was added a solution of LiAID, (1.0 M in THF, 1.18 mL, 1.18 mmol, 3.0 equiv)
in a dropwise manner. After stirring at —=78 °C for 20 min, the solution was then allowed to
warm to 0 °C. After 20 min, the reaction was quenched at 0 °C with slow addition of a saturated
aqueous solution of Rochelle’s salt (10 mL), and then allowed to warm to 23 °C. The resulting

biphasic mixture was stirred at room temperature for 1 h, transferred to a separatory funnel with

EtOAc (25 mL) and H,O (20 mL), and extracted with EtOAc (3 x 25 mL). The organic layers
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were combined, dried over MgSQO,, and evaporated under reduced pressure. The resulting residue
was used in the subsequent step without further purification.

To a flask containing the crude residue from the previous step was added CH,Cl, (7.85
mL), cooled to 0 °C, followed by addition of trichloroacetyl isocyanate (58 yL., 0.490 mmol, 1.25
equiv) in a dropwise manner. The resulting mixture was allowed to stir at 0 °C for 5 min, and
then at room temperature for 20 min. The solvent was evaporated under reduced pressure. To the
resulting residue was added MeOH (7.85 mL) followed by solid K,CO; (298 mg, 2.16 mmol, 5.5
equiv) in one portion. The reaction was flushed with N, and left to stir at room temperature for
80 min. The reaction was quenched with saturated aqueous NH,Cl (7 mL), and the resulting
biphasic mixture was transferred to a separatory funnel with EtOAc (25 mL) and H,O (20 mL).
After extracting with EtOAc (3 x 25 mL), the organic layers were combined, dried over MgSO,,
and evaporated under reduced pressure. The resulting residue was purified by flash
chromatography (2:1 hexanes:EtOAc) to afford carbamate 3.5 (203 mg, quant. yield, over two
steps) as a white solid. Carbamate 3.5: mp: 106.1 °C; R, 0.47 (1:1 hexanes:EtOAc); 'H NMR
(500 MHz, CDCl;): 6 7.15 (ddd, J=7.8,7.7,0.7, 1H), 6.70 (dd, J = 7.7,0.7, 1H), 6.63 (d, J =
7.8,1H),5.23 (dd,J=174,10.7,1H),5.03 (dd,J =174,1.3,1H),4.93 (dd,J =10.7, 1.3, 1H),
434 (s,2H),4.03 (dd,J =125, 5.1, 1H), 3.60 (s, 1H), 3.20 (s, 3H), 2.83 (s, 1H) 2.30 (ddd, J =
150,5.1,19,1H),2.25(d,J=6.1,1H), 198 (ddd,J=15.0,12.5,6.1, 1H), 1.58 (s, 3H), 1.36 (s,
3H), 0.88 (s, 3H), 0.82 (s, 9H), 0.03 (s, 3H), -0.12 (s, 3H); "H NMR (77 MHz, CDCl;) § 5.51 (br.
s, 1D); "C NMR (125 MHz, CDCL,): § 175.8, 156.1, 146.3, 144.6, 138.1, 128.6, 127.4, 125.3,
113.7,106.3,74.5 (t, Jo.p = 22.1),70.9, 56.8,55.9,49.0,48.9,37.3,324,29.2,26.3,25.9, 24 3,

18.1,17.1, -3.8, -4.3; IR (film): 2956, 2923, 2857, 1728, 1701, 1607, 1596, 1463 cm™'; HRMS-
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ESI (m/z) [M + Na]* calcd for C,sH41N,04SiDNa, 522.2874; found 522.2872; [0.]**°, +11.40° (c

= 1.000, CHCL).

AgOTf, Phl(OAc),
bathophenanthroline

CH.CN, 82 °C

(70% yield)

Oxazolidinone 3.10. A 1-dram vial containing CH;CN, a second 1-dram vial charged with
bathophenanthroline (10.6 mg, 0.0319 mmol, 0.5 equiv), and a third 1-dram vial containing
carbamate 3.5 (33.0 mg, 0.0660 mmol, 1.0 equiv) and PhI(OAc), (42.5 mg, 0.132 mmol, 2.0
equiv) were transferred into the glovebox. AgOTf (8.5 mg, 0.033 mmol, 0.5 equiv) and CH;CN

(950 uL) were added to the vial containing the bathophenanthroline, and the resulting suspension

was allowed to stir at room temperature for 20 min. Next, CH;CN (950 uL) was added to the vial
containing the carbamate, and the AgOTf/bathophenanthroline suspension was also added to this
vial. The vial was then sealed, removed from the glovebox, and the resulting mixture was heated
to 82 °C. After 24 h, the reaction was cooled to room temperature and filtered by passage over a
plug of silica gel (EtOAc eluent, 10 mL). The filtrate was evaporated under reduced pressure,
and the resulting residue was purified by preparative thin layer chromatography (2:1
hexanes:EtOAc) to afford oxazolidinone 3.10 (23 mg, 70% yield) as a yellow solid and
recovered silyl ether 3.9 (2 mg, 7% yield) as a white solid. Oxazolidinone 3.10: mp: 288.0 °C
(decomp.); R, 0.50 (1:1 hexanes:EtOAc); 'H NMR (500 MHz, CDCl,): § 7.21 (app t, J = 8.0,
1H), 6.77-6.73 (m, 2H), 6.54 (s, 1H), 5.19-5.09 (m, 3H), 3.87 (dd, J = 11.7, 5.2, 1H), 3.47 (s,

1H), 3.22 (s, 3H), 244 (d,J = 6.7, 1H), 2.31 (dd, J = 15.2,5.2, 1H), 2.01 (ddd, J = 152, 11.7,
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6.7, 1H), 1.60 (s, 3H), 1.33 (s, 3H), 0.96 (s, 3H), 0.80 (s, 9H), 0.00 (s, 3H), -0.16 (s, 3H); *H
NMR (77 MHz, CDCl,) § 4.97 (br. s, 1D); °C NMR (125 MHz, CDCl,, 25 of 26 observed): &
174.8,159.1, 144.1, 1440, 137.6, 1280, 1259, 124.7, 116.3, 107.4,72.2,69.9,55.2,49.9, 46 8,
37.7,32.3,28.0,264,25.8,22.8,18.1, 129, -3.8, -4.4; IR (film): 1758, 1708, 1691, 1607, 1590,
1461 cm™'; HRMS-ESI (m/z) [M + Na]* calcd for C,sH30N,04SiDNa, 520.2718; found 520.2719;

[, +1.40° (¢ = 1.000, CHCL).

1. HCI, EtOH, 23 °C
>

2. Dess—Martin
NaHCO;
CH,CI,, 23 °C

(quantitative yield, 2 steps) 34

Ketone 3.4. A flask was charged with oxazolidinone 3.10 (576 mg, 1.16 mmol, 1.0 equiv),
absolute ethanol (23.0 mL), and concentrated aqueous HCI (23.0 mL). After stirring at 23 °C for
1 h, the reaction mixture was transferred to a separatory funnel with H,O (50 mL) and EtOAc
(50 mL). To the funnel was added solid NaHCO; until no more gas evolution was observed. The
resulting biphasic mixture was extracted with EtOAc (3 x 50 mL) and the organic layers were
combined, dried over MgSO,, and evaporated under reduced pressure. The resulting residue was
used in the subsequent step without further purification.

To a flask containing the crude product from the previous step was added solid NaHCO,
(487 mg, 5.80 mmol, 5.0 equiv) in one portion. The reaction vessel was flushed with N,, and
then CH,CI, (11.6 mL) was added. To the resulting suspension was added the Dess—Martin
periodinane reagent (645 mg, 1.52 mmol, 1.3 equiv) in one portion. The flask was flushed with

N,, and the reaction mixture was allowed to stir at room temperature. After 1 h, the reaction
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mixture was diluted with a 1:1 mixture of saturated aqueous NaHCO, and saturated aqueous
Na,S,0; (10.0 mL). The resulting biphasic mixture was vigorously stirred until both layers
appeared clear. The mixture was then transferred to a separatory funnel with EtOAc (30 mL) and
H,0O (30 mL), and then extracted with EtOAc (3 x 30 mL). The organic layers were combined,
dried over MgSQO,, and evaporated under reduced pressure. The resulting residue was purified by
flash chromatography (1:1 hexanes:EtOAc) to afford ketone 3.4 (454 mg, quant. yield, over two
steps) as a yellow solid. Ketone 3.4: mp: 293.5 °C; R, 0.42 (1:3 hexanes:EtOAc); 'H NMR (500
MHz, CDCL,): & 7.20 (app t, J = 8.0, 1H), 7.10 (s, 1H), 6.77-6.73 (m, 2H), 5.34 (dd, J = 17.6,
109, 1H), 5.22-5.16 (m, 2H), 3.34 (s, 1H), 3.18 (s, 3H), 3.17-3.06 (m, 2H), 2.86-2.82 (m, 1H),
1.62 (s, 3H), 1.56 (s, 3H), 0.92 (s, 3H); H NMR (77 MHz, CDCL,) § 5.45 (br. s, 1D); "C NMR
(125 MHz, CDCl,, 21 of 22 observed): 8 209.8, 174.3, 159.3, 144.5, 137.9, 136 .0, 128.5, 124 .3,
1234, 116.8, 108.0, 70.8, 574, 51.9, 48.2, 40.2, 38.4, 27.3, 26.5, 22.5, 19.8; IR (film): 1760,
1752, 1689, 1611, 1590 cm™'; HRMS-ESI (m/z) [M + Na]* caled for Co,Ha3N204DNa, 404.1696;

found 404.1700; [a]*"?, —26.67° (¢ = 0.870, CHCL,).

CuBr,
THF, 23 °C

(71% yield)

Bromoketone 3.11. A 1-dram vial was charged with ketone 3.4 (50.0 mg, 0.131 mmol, 1.0
equiv) and transferred into the glovebox. CuBr, (59.0 mg, 0.264 mmol, 2.0 equiv) was then
added and the vial was removed from the glovebox. THF (2.1 mL) was added and the reaction

vial was sealed and left to stir at room temperature. After 19 h, the reaction mixture was filtered
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by passage over a plug of celite (THF eluent, 10 mL). The filtrate was collected in a test tube,
diluted with H,O (5 mL), and then extracted with CHCI; (3 x 5 mL). The organic layers were
combined, dried over MgSO,, and evaporated under reduced pressure. The resulting residue was
adsorbed onto silica gel (2 mL) and purified by flash chromatography (4:1 hexanes:acetone) to
afford bromoketone 3.11 (42.5 mg, 71% yield) as a white solid. Bromoketone 3.11: mp: 273.0 °C
(decomp.); R;0.62 (1:3 hexanes:EtOAc); '"H NMR (500 MHz, CD,CN): § 7.32 (ddd, J=8.2,7.6,
0.8, 1H), 7.21 (s, 1H), 6.89-6.84 (m, 2H), 5.27-5.19 (m, 1H), 5.12-5.03 (m, 2H), 3.10 (s, 3H),
3.05 (s, 2H), 1.87 (s, 3H), 1.59 (s, 3H), 0.81 (s, 3H); *H NMR (77 MHz, CDCl,) & 5.87 (br. s,
1D); "C NMR (21 of 22 observed, 125 MHz, CD,CN): § 204.9, 173.3, 157.4, 144.7, 138.3,
136.2, 1284, 123.7, 122.8, 115.8, 108.0, 70.5, 58.2, 56.0, 50.4, 46.8, 38.7, 25.84, 25.75, 23.3,
21.5; IR (film): 1762, 1702, 1607, 1464 cm™'; HRMS-ESI (m/z) [M + Na]* calcd for

C2H,,04DN,BrNa, 484.0784; found 484.0809; [a]**, +179.20° (¢ = 1.000, CHCL,).

NaH, air
THF, 23 °C
(97% yield)

Cyclobutane 3.13. To a solution of bromoketone 3.11 (4.0 mg, 0.0087 mmol, 1.0 equiv) in THF
(870 uL) was added NaH (60% dispersion in mineral oil, 1.7 mg, 0.043 mmol, 5.0 equiv) in one
portion. The reaction vial was then opened to air for 10 seconds, sealed and left to stir at room
temperature. After 2 h, the reaction mixture was filtered by passage over a plug of silica gel
(EtOACc eluent, 6 mL). The filtrate was evaporated under reduced pressure, and the resulting

residue was purified by flash chromatography (2:1 hexanes:EtOAc) to afford cyclobutane 3.13

99



(3.3 mg, 97% yield) as a white solid. Crystals suitable for X-ray diffraction studies (CCDC
960226) were obtained by concentration of 3.13 from a mixture of CHCI; and pentane.
Cyclobutane 3.13: mp: 284.0 °C; R, 0.51 (1:3 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): &
7.27 (app t,J =8.0,7.8,1H),6.88 (d,/=8.0,1H),6.79 (d,J =7.8, 1H), 6.42 (s, 1H), 5.09-5.02
(m, 2H), 490 (dd,J =17.7,10.8, 1H), 4.00 (d,J =74, 1H), 3.17 (s, 3H), 3.09 (d, J = 7.4, 1H),
1.49 (s, 3H), 1.41 (s, 3H), 0.68 (s, 3H); ’H NMR (77 MHz, CDCL,) § 5.33 (br. s, 1D); "C NMR
(125 MHz, CDCl,): § 206.7, 172.3,159.2,142.9,137.2,135.5,128.9, 124.6, 120.3, 117 .4, 108.5,
804 (t, Jop =21.6),693,61.1,574, 460, 453, 41.6, 26.7, 26.1, 21.1, 18.7; IR (film): 1758,
1710, 1607, 1469 cm™'; HRMS-ESI (m/z) [M + Na]* calcd for C»,H,;04DN>Na, 402.1540; found

402.1540; [a]*"’, —94.00° (¢ = 0.500, CHCL,).

conditions

AcOH

3.11 3.14 (R = OAc)
General Procedure for Acetoxyoxindole 3.14 + Ether 3.3 From Table 3.1. A 1-dram vial
charged with bromoketone 3.11 (5.0 mg, 0.011 mmol, 1.0 equiv) was transferred into the
glovebox. Mn(OAc), was added and the vial was removed from the glovebox. AcOH (1.1 mL)

was then added and the reaction vial was sealed and left to stir at the indicated temperature. For
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entries 1-2, after stirring for 24 h the reaction mixture was cooled to room temperature,
transferred to a test tube with CHCI, (2 mL) and aqueous 2M HCI (1 mL), and then extracted
with CHCl; (3 x 2 mL). The organic layers were combined, washed with saturated aqueous
NaHCO; (2 x 2 mL), H,O (2 x 2 mL), and then dried over MgSO, and evaporated under reduced
pressure. The resulting residue was purified by preparative thin layer chromatography (1:1
CHCI;:EtOAc) to afford acetoxyoxindole 3.14 and/or ether 3.3 as white solids. For entry 3, after
stirring for 24 h the reaction mixture was cooled to room temperature and concentrated under
reduced pressure. To the resulting residue was added a 1:1 mixture of MeOH:H,O (1.1 mL) and
solid K,CO; (3.8 mg, 0.272 mmol, 25.0 equiv) in one portion. The reaction vial was flushed with
N,, sealed and allowed to stir at 70 °C. After 19 h, the reaction mixture was cooled to room
temperature, diluted with H,O (2 mL) and transferred to a test tube with CHCI, (2 mL). The
resulting biphasic mixture was extracted with CHCl; (3 x 2 mL). The organic layers were
combined, dried over MgSO,, and evaporated under reduced pressure. The resulting residue was
purified by preparative thin layer chromatography (1:1 CHCI;:EtOAc) to afford ether 3.3 (2.4
mg, 56% yield) as a white solid. Acetoxyoxindole 3.14: mp: 283.0 °C (decomp.); R, 0.65 (1:3
hexanes:EtOAc); 'H NMR (500 MHz, CDCL,): 8 7.31 (app t, J = 8.0, 1H), 6.94 (s, 1H), 6.80—
6.76 (m, 2H), 5.37 (s, 1H), 5.31 (d,J =170, 1H),5.21 (d,J = 10.7, 1H), 5.01 (dd, J=17.0, 10.7,
1 H), 3.20 (s, 3H), 3.04 (s, 1H), 1.91 (s, 3H), 1.88 (s, 3H), 1.64 (s, 3H), 1.02 (s, 3H); °H NMR
(77 MHz, CDCl,) & 5.87 (br. s, 1D); "C NMR (23 of 24 observed, 125 MHz, CDCl,): § 203.1,
171.4,168.9,158.4,1459,137.3,136.5,131.0,124.7,122.6,118.0, 108.2,84.3,70.4, 58.2, 56.3,
489, 412, 27.1, 253,227, 22.6, 21.4; IR (film): 1762, 1732, 1712, 1611, 1597, 1463 cm™;
HRMS-ESI (m/z) [M + Na]* calcd for C24H240¢DN,BrNa, 540.0856; found 540.0858; [0]**’, —

18.40° (¢ = 1.000, CHCl,). Ether 3.3: mp: 317.0 °C (decomp.); R;0.53 (1:3 hexanes:EtOAc); 'H
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NMR (500 MHz, CDCl,): 8 7.67 (s, 1H), 7.25 (app t,J =79, 1H), 6.93 (dd, J = 7.9, 0.64, 1H),
6.81 (dd,J=79,0.64,1H), 522 (dd,J =17.2,10.7, 1H), 4.96-4.89 (m, 2H), 4.78 (d, J = 10.7,
1H), 3.30 (d, J = 7.5, 1H), 3.23 (s, 3H), 1.45 (s, 3H), 1.42 (s, 3H), 1.02 (s, 3H); ’H NMR (77
MHz, CDCl;) 8 4.69 (br. s, 1D); "C NMR (125 MHz, CDCl,): & 205.2, 171.9, 158.7, 142.8,
137.6, 136.3,130.4, 126.6, 122.3,116.4, 108.6, 88.8,83.3,81.4 (t, Jo, = 22.6),70.2,59.4,51 4,
48.9,26.9,25.4,21.2,19.6; IR (film): 1774, 1724, 1710, 1605 cm™'; HRMS-ESI (m/z) [M + Na]*

calcd for C,H,,0sDN;,Na, 418.1489; found 418.1476; [a]*'?, —157.20° (c = 1.000, CHCL,).

BuyNF, air
CH3CN, 23 °C

(71% yield)

Ether 3.3. To a solution of ketone 3.4 (30 mg, 0.079 mmol, 1.0 equiv) in CH,CN (7.9 mL) was
added Bu,NF (1.0 M in THF, 236 ulL, 0.236 mmol, 3.0 equiv) in a dropwise manner. The
reaction mixture was stirred for 1 min, then opened to air for 30 seconds. The reaction vessel was
sealed and left to stir at room temperature. After 2 h, the reaction was quenched with a solution
of saturated aqueous NH,C1 (5 mL). The resulting mixture was transferred to a separatory funnel
with EtOAc (10 mL) and H,O (10 mL). The resulting biphasic mixture was extracted with
EtOAc (3 x 10 mL). The organic layers were combined, dried over MgSO,, and evaporated
under reduced pressure. The crude residue was purified by flash chromatography (1:1

hexanes:EtOAc) to afford ether 3.3 (22 mg, 71% yield) as a white solid.
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LiAlH,

THF
-78—=0°C

(92% yield)

Alcohol 3.15. To a solution of ether 3.3 (9.4 mg, 0.024 mmol, 1.0 equiv) in THF (2.3
mL) at —78 °C was added LiAlH, (1.0 M in THF, 24 uL, 0.024 mmol, 1.0 equiv) in a dropwise
manner. After 5 min, the reaction mixture was warmed to O °C. After 20 min, the reaction was
quenched at 0 °C with slow addition of a saturated aqueous solution of Rochelle’s salt (3.0 mL)
and then allowed to warm to 23 °C. The mixture was stirred at room temperature for 30 min, and
then transferred to a separatory funnel with EtOAc (10 mL) and H,O (10 mL). The resulting
biphasic mixture was extracted with EtOAc (3 x 10 mL). The organic layers were combined,
dried over MgSO,, and evaporated under reduced pressure. The resulting residue was purified by
preparative thin layer chromatography (1:2 CHCI;:EtOAc) to afford alcohol 3.15 (8.7 mg, 92%
yield) as a white solid. Alcohol 3.15: mp: 263.0 °C; R, 0.15 (1:3 hexanes:EtOAc); 'H NMR (500
MHz, CDCL,): & 7.60 (s, 1H), 7.19 (app t,J =79, 1H), 682 (d,J =79, 1H),6.77 (d,J =79,
1H),5.21 (dd,J=174,10.8,1H), 5.09-5.03 (m, 2H),4.94 (d,J =108, 1H),3.72 (dd, J=11.1,
20, 1H), 3.22 (s, 3H),3.02 (d,J =75,1H),2.02 (d,J =11.1, 1 H), 143 (s, 3H), 141 (s, 3H),
0.94 (s, 3H); ’H NMR (77 MHz, CDCl,) § 4.79 (br. s, 1D); °C NMR (21 of 22 observed, 125
MHz, CDCl,): 8 173.0, 159.4, 1424, 1390, 136.4, 130.2, 126 .9, 1224, 1179, 108.2, 87.3, 820,
76.1, 709, 49.2, 48.7, 48.3, 26.8, 25.6, 21.3, 19.6; IR (film): 1752, 1722, 1603, 1462 cm™;
HRMS-ESI (m/z) [M + Na]* caled for C2,H,305sDN,Na, 420.1646; found 420.1631; [a]**', —

49.20° (¢ = 1.000, CHCL,).
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Ba(OH),*8H,0

H,0, dioxane
110 °C

(79% yield)

Aminodiol 3.18. A Schlenk tube was charged with alcohol 3.15 (7.30 mg, 0.0184 mmol, 1.0
equiv) and Ba(OH),8H,O0 (46.3 mg, 0.147 mmol, 8.0 equiv). The reaction vessel was then
evacuated and backfilled with N, three times. A 2:1 mixture of 1,4-dioxane:H,O (634 uL) that
had been taken through six freeze-pump-thaw cycles prior to use was then added to the Schlenk
tube. The vessel was then sealed and allowed to stir at 110 °C. After 21 h, the contents of the
Schlenk tube were transferred to a separatory funnel with EtOAc (5 mL) and H,O (5 mL). The
resulting biphasic mixture was extracted with EtOAc (3 x 5 mL). The organic layers were
combined, dried over Na,SO,, and evaporated under reduced pressure. The resulting residue was
purified by preparative thin layer chromatography (3:1 CHCl;:MeOH) to afford 3.18 (5.4 mg,
79% yield) as a white solid. Aminodiol 3.18: R, 0.12 (9:1 CHClL;:MeOH); 'H NMR (500 MHz,
D,0, 22 of 25 observed): 6 7.37 (app t,J = 8.3, 1H), 7.18 (d, / =8.3, 1H), 7.02 (d, J = 8.2, 1H),
5.50(dd,J=176,110,1H),496 (dd,/J=7.3,18,1 H),492(d,J=17.6,1H),3.88 (d,J =1.8,

1H),3.23 (s, 3H),2.83 (d,J = 7.3, 1H), 1.91 (s, 2H), 1.37 (s, 3H), 1.28 (s, 3H), 0.85 (s, 3H).
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Me

\\\\“ H
IBX, TFA H, Me
Me

DMSO, 23 °C
o
(84% yield) N
Me
3.16

Aminodiketone 3.16. To a solution of 3.18 (5.4 mg, 0.014 mmol, 1.0 equiv) in DMSO (500 uL)
was added TFA (1.2 uLL, 0.016 mmol, 1.10 equiv). The mixture was stirred at room temperature.
After 5 min, IBX (20.4 mg, 0.0728 mmol, 5.0 equiv) was added in one portion and the vial was
flushed with N,. After stirring at room temperature for 20 h, the reaction mixture transferred to a
separatory funnel with a solution of aqueous K,CO; (5 mL, concentration of 50 mg/mL) and
EtOAc (5 mL). The resulting biphasic mixture was extracted with EtOAc (3 x 5 mL) and the
organic layers were combined, dried over Na,SO,, and evaporated under reduced pressure. The
resulting residue was purified by preparative thin layer chromatography (9:1 CHCl;:MeOH) to
afford aminodiketone 3.16 (4.5 mg, 84% yield) as a white solid. Aminodiketone 3.16: mp: 190-
191 °C; R, 0.73 (9:1 CH,Cl:MeOH); 'H NMR (500 MHz, CDCL,): & 7.35 (dd, J = 8.2, 7.6, 1H),
729 (dd,J=82,10, 1H), 6.80 (dd,/J=7.6,1.0, 1H),5.64 (dd,J =17.4,10.7, 1H),5.40 (d, J =
10.7,1H),521 (d,/J=174,1H),493 (d,J=7.6,1H),3.49 (d,J =7.6, 1H), 3.20 (s, 3H), 2.04
(br. s, 2H), 1.59 (s, 3H), 1.19 (s, 3H), 0.78 (s, 3H); *C NMR (21 of 22 observed, 125 MHz,
CDCl,): 6204.9,204.4,170.2,143.6,134.8,134.8, 130.3, 125.8, 124.2, 118.9, 108.9, 86.5, 79 4,
694, 62.5, 62.1, 52.4, 26.9, 25.3, 20.0, 17.6; IR (film): 1718, 1609, 1582, 1459, 1366 cm™;
HRMS-ESI (m/z) [M + Na]* caled for C;;H2,04DN,Na, 389.1477; found 389.1469; [a]*?,

+29.20° (¢ = 1.000, CHCL,).
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1. HCOH, Ac,0
THF, 0 — 23 °C

2. Burgess reagent
THF, benzene, 23 °C

(77% yield, 2 steps) Me
(+)-3.2

(+)-N-Methylwelwitindolinone D Isonitrile (3.2). A 1-dram vial was charged with 96% formic
acid (0.100 mL) and acetic anhydride (0.100 mL). The resulting mixture was stirred at 60 °C for
1 h. The reaction vessel was cooled to room temperature and 39 uL of the 96% formic
acid/acetic anhydride mixture was added to a solution of aminodiketone 3.16 (4.2 mg, 0.010
mmol, 1.0 equiv) in THF (765 uL) at 0 °C. The reaction was then warmed to room temperature.
After 2 h, the reaction mixture was transferred to a test tube with EtOAc (2 mL) and a solution of
saturated aqueous NaHCO; (1 mL). The resulting biphasic mixture was extracted with EtOAc (4
x 2 mL). The organic layers were combined, dried over MgSO,, and evaporated under reduced
pressure to afford the crude product, which was used directly in the subsequent reaction.

To a vial containing the crude product from the previous step was added THF (600 pL)
and benzene (600 uL), followed by Burgess reagent (3.5 mg, 0.011 mmol, 1.0 equiv). The vial
was flushed with N, and allowed to stir at room temperature for 40 min. An additional amount of
Burgess reagent (3.5 mg, 0.015 mol, 1.0 equiv) was then added, and the reaction was allowed to
stir at room temperature for 10 min. The reaction was then filtered by passage over a plug of
silica gel (EtOAc eluent, 10 mL). The filtrate was evaporated under reduced pressure, and the
resulting residue was purified by preparative thin layer chromatography (1:1 hexanes:EtOAc) to
afford (+)-3.2 (3.3 mg, 77% yield, 2 steps) as a white solid. Spectral data for 'H NMR, "C NMR,
and IR for synthetic 3.2 was consistent with literature reports.” (+)-N-Methylwelwitindolinone D
isonitrile (3.2): mp: 156 °C; R;0.50 (1:1 hexanes:EtOAc); 'H NMR (500 MHz, CD,CL,): § 7.45
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(dd,J=83,79,1H),7.29 (dd,J=8.3,0.7, 1H),6.93 (dd,J =79,0.7, 1H), 548 (dd, J = 16.3,
10.6,1H),543 (dd,J=10.6,1.5,1H),535(dd,/=163,1.5,1H),492 (d,J =75, 1H),3.57 (d,
J=15,1H),3.19 (s, 3H), 1.55 (s, 3H), 1.39 (s, 3H), 0.80 (s, 3H); "C NMR (125 MHz, CD,Cl,):
0201.3,192.8,169.9, 1655, 1444, 133.0, 131.4, 126 .8, 125.8, 124.0, 120.6, 110.5, 86.7, 81.1,
79.7, 62.0, 61.7, 53.6, 27.1, 25.0, 20.1, 19.8; IR (film): 2980, 2940, 2139, 1730, 1609, 1592,
1463, 1366, 1344 cm™'; HRMS-ESI (m/z) [M + Na]* caled for C,H,,N,0,Na, 399.1321; found
399.1322; [a]*?, +4.30° (¢ = 0.37, CH,CL,). Note: This specific rotation differs from that
reported for the natural product ([a], —30°, ¢ = 0.37, CH,Cl,). This is most likely due to a
tabulation error in the isolation report as: (a) the synthesis begins with (S)-carvone >96%+ ee,
(b) the specific rotation of bicycle 3.6 in this synthesis is consistent with that of material used in

€

previous syntheses of welwitindolinones,™ and (c) our specific rotation data has given
consistent results across a range of samples and concentrations. Although the sign of rotation
differs, the compound we have prepared is assumed to be the natural occurring enantiomer due to

its biosynthetic relationship to the N-methylweltindolinone C series of natural products, whose

absolute configuration have previously been established.’

107



3.11 Notes and References

(1)

(2)

3)

(4)

For pertinent reviews, see: (a) Wood J. L. Nat. Chem. 2012, 4, 341. (b) Huters, A. D.;
Styduhar, E. D.; Garg, N. K. Angew. Chem., Int. Ed. 2012, 51, 3758. (c) Brown, L. E.;
Konopelski, J. P. Org. Prep. Proced. Int. 2008, 40, 411. (d) Avendaio, C.; Menéndez, J. C.
Curr. Org. Synth. 2004, 1, 65.

(a) Stratmann, K.; Moore, R. E.; Bonjouklian, R.; Deeter, J. B.; Patterson, G. M. L.; Shaffer,
S.; Smith, C. D.; Smitka, T. A. J. Am. Chem. Soc. 1994, 116, 9935. (b) Jimenez, J. I.; Huber,
U.; Moore, R. E.; Patterson, G. M. L. J. Nat. Prod. 1999, 62, 569.

For total syntheses of welwitindolinone A isonitrile, see: (a) Baran, P. S.; Richter, J. M. J.
Am. Chem. Soc. 2005, 127, 15394. (b) Reisman, S. E.; Ready, J. M.; Hasuoka, A.; Smith, C.
J.; Wood, J. L. J. Am. Chem. Soc. 2006, 128, 1448.

For progress toward the synthesis of bicyclo[4.3.1]-welwitindolinones, see: (a) Konopelski,
J. P.; Deng, H.; Schiemann, K.; Keane, J. M.; Olmstead, M. M. Synlett 1998, 1105. (b)
Wood, J. L.; Holubec, A. A.; Stoltz, B. M.; Weiss, M. M.; Dixon, J. A.; Doan, B. D.; Shamji,
M. F.; Chen, J. M.; Heffron, T. P. J. Am. Chem. Soc. 1999, 121, 6326. (c) Kaoudi, T.;
Quiclet-Sire, B.; Seguin, S.; Zard, S. Z. Angew. Chem., Int. Ed. 2000, 39, 731. d) Deng, H.;
Konopelski, J. P. Org. Lett. 2001, 3, 3001. (e) Jung, M. E.; Slowinski, F. Tetrahedron Lett.
2001, 42, 6835. (f) Lopez-Alvarado, P.; Garcia-Granda, S.; Alvarez-Rua, C.; Avendafio, C.
Eur. J. Org. Chem. 2002, 1702. (g) MacKay, J. A.; Bishop, R. L.; Rawal, V. H. Org. Lett.
2005, 7, 3421. (h) Baudoux, J.; Blake, A. J.; Simpkins, N. S. Org. Lett. 2005, 7, 4087. (i)
Greshock, T. J.; Funk, R. L. Org. Lett. 2006, 8, 2643. (j) Lauchli, R.; Shea, K. J. Org. Lett.

2006, 8, 5287. (k) Guthikonda, K.; Caliando, B. J.; Du Bois, J. Abstracts of Papers, 232nd

108



)

ACS National Meeting, September, 2006, abstr ORGN-002. (1) Xia, J.; Brown, L. E;
Konopelski, J. P. J. Org. Chem. 2007, 72, 6885. (m) Boissel, V.; Simpkins, N. S.; Bhalay,
G.; Blake, A. J.; Lewis, W. Chem. Commun. 2009, 1398. (n) Boissel, V.; Simpkins, N. S.;
Bhalay, G. Tetrahedron Lett. 2009, 50, 3283. (o) Tian, X.; Huters, A. D.; Douglas, C. J.;
Garg, N. K. Org. Lett. 2009, 11, 2349. (p) Trost, B. M.; McDougall, P. J. Org. Lett. 2009, 11,
3782. (q) Brailsford, J. A.; Lauchli, R.; Shea, K. J. Org. Lett. 2009, 11, 5330. (r) Freeman, D.
B.; Holubec, A. A.; Weiss, M. W.; Dixon, J. A.; Kafefuda, A.; Ohtsuka, M.; Inoue, M.;
Vaswani, R. G.; Ohki, B. D.; Doan, S. E.; Reisman, S. E.; Stoltz, B. M.; Day, J. J.; Tao, R.
N.; Dieterich, N. A.; Wood, J. L. Tetrahedron 2010, 66, 6647. (s) Heidebrecht, R. W., Jr.;
Gulledge, B.; Martin, S. F. Org. Lett. 2010, 12, 2492. (t) Ruiz, M.; Lopez-Alvarado, P.;
Menéndez, J. C. Org. Biomol. Chem. 2010, 8, 4521. (u) Bhat, V.; Rawal, V. H. Chem.
Commun. 2011, 47, 9705. (v) Bhat, V.; MacKay, J. A.; Rawal, V. H. Org. Lett. 2011, 13,
3214. (w) Bhat, V.; MacKay, J. A.; Rawal, V. H. Tetrahedron 2011, 67, 10097. (x) Zhang,
M.; Tang, W. Org. Lett. 2012, 14, 3756. (y) Cleary, L.; Brailsford, J. A.; Lauchli, R.; Shea,
K. J. Abstracts of Papers, 245th ACS National Meeting, April, 2013, abstr ORGN-391.

For complete and formal total syntheses of bicyclo[4.3.1]-welwitindolinones, see: (a) Bhat,
V.; Allan, K. M.; Rawal, V. H. J. Am. Chem. Soc. 2011, 133, 5798. (b) Huters, A. D.;
Quasdorf, K. W.; Styduhar, E. D.; Garg, N. K. J. Am. Chem. Soc. 2011, 133, 15797. (c) Fu,
T.-h.; McElroy, W. T.; Shamszad, M.; Martin, S. F. Org. Lett. 2012, 14, 3834. (d) Allan, K.
W.; Kobayashi, K.; Rawal, V. H. J. Am. Chem. Soc. 2012, 134, 1392. (e) Quasdorf, K. W_;

Huters, A. D.; Lodewyk, M. W.; Tantillo, D. J.; Garg, N. K. J. Am. Chem. Soc. 2012, 134,

109



(6)

(7)

(8)

)

(10)

(11)

1396. (f) Fu, T.-h.; McElroy, W. T.; Shamszad, M.; Heidebrecht, R. W., Jr.; Gulledge, B.;
Martin, S. F. Tetrahedron 2013, 69, 5588.

3D representation of 3.2 was obtained using B3LYP/6-31G* calculations (geometry
optimization), using MacSpartan software.

Image prepared using CYLview: C. Y. Legault, CYLview, 1.0b; Université de Sherbrooke:
Québec, Montreal, Canada, 2009; http://www.cylview.org.

A. A. Holubec, Progress Toward the Total Synthesis of the Welwitindolinone Alkaloids:
Efficient Construction of the Carbocyclic Skeleton. Ph.D. Dissertation, Yale University, New
Haven, CT, 2000.

For a recent review on C—N bond forming reactions involving C(sp’)-H bonds, see: Jeffrey,
J. L.; Sarpong, R. Chem. Sci. 2013, 4, 4092.

Sakagami, M.; Muratake, H.; Natsume, M. Chem. Pharm. Bull. 1994, 42, 1393.

For our laboratory’s recent studies involving indolynes and other heterocyclic arynes, see: (a)
Bronner, S. M.; Bahnck, K. B.; Garg, N. K. Org. Lett. 2009, 11, 1007. (b) Cheong, P. H.-Y;
Paton, R. S.; Bronner, S. M.; Im, G.-Y. J.; Garg, N. K.; Houk, K. N. J. Am. Chem. Soc. 2010,
132, 1267. (c) Im, G.-Y. J.; Bronner, S. M.; Goetz, A. E.; Paton, R. S.; Cheong, P. H.-Y ;
Houk, K. N.; Garg, N. K. J. Am. Chem. Soc. 2010, 132, 17933. (d) Bronner, S. M.; Goetz, A.
E.; Garg, N. K. J. Am. Chem. Soc. 2011, 133, 3832. (e) Goetz, A. E.; Bronner, S. M.;
Cisneros, J. D.; Melamed, J. M.; Paton, R. S.; Houk, K. N.; Garg, N. K. Angew. Chem., Int.
Ed. 2012, 51, 2758. (f) Goetz, A. E.; Garg, N. K. Nat. Chem. 2013, 5, 54. (g) Bronner, S. M.;

Goetz, A. E.; Garg, N. K. Synlett 2011, 2599.

110



(12) (a) Li, Z.; Capretto, D. A.; Rahaman, R.; He, C. Angew. Chem., Int. Ed. 2007, 46, 5184. (b)
Cui, Y.; He, C. Angew. Chem., Int. Ed. 2004, 43, 4210.

(13) Variations in reaction conditions (e.g., employing a variety of bases, saturating with O,) did
not overcome the formation of 3.13.

(14) CCDC 960226 contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

(15) Citterio, A.; Finzi, C.; Santi, R.; Strology, S. J. Chem. Res., Synop. 1988, 156.

(16) For recent alkaloid syntheses that feature the strategic use of indole oxidation chemistry, see:
(a) Han, S.; Movassaghi, M. J. Am. Chem. Soc. 2011, 133, 10768. (b) Qi, X.; Bao, H.;
Tambar, U. K. J. Am. Chem. Soc. 2011, 133, 10050.

(17) Huters, A. D.; Quasdorf, K. W.; Garg, N. K. University of California, Los Angeles, CA.
Unpublished work, 2010.

(18) Buckley, B. R.; Fernandez D.-R., B. Tetrahedron Lett. 2013, 54, 843.

(19) Treatment of 3.4 with 3.0 equiv TBAF and 50.0 equiv MeOD in CH;CN under an
atmosphere of N, at ambient temperature gave 40% deuterium incorporation at C3 after 10
min, whereas treatment under the same conditions for 1 h gave 50% deuterium
incorporation at C3 and 25% deuterium incorporation at C14.

(20) Efforts to isolate the putative peroxy species (Figure 3.2) have been unsuccessful; however,
we have isolated several related compounds, such as 3.19 and 3.20, by oxidation of the

corresponding oxindoles.

111



Me
3.19, X =00H 3.20

(21) Frigerio, M.; Santagostino, M.; Sputore, S. J. Org. Chem. 1999, 64, 4537.

(22) Niu, C.; Pettersson, T.; Miller, M. J. J. Org. Chem. 1996, 61, 1014.

112



APPENDIX TWO

Spectra Relevant to Chapter Three:

Enantiospecific Total Synthesis of N-Methylwelwitindolinone D Isonitrile

Evan D. Styduhar, Alexander D. Huters, Nicholas A. Weires, and Neil K. Garg.
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113



'g'¢ punodwod Jo (*[DAD “ZHIN 00S) YN H, [V 24131,

ol el @] 12 212 1@l 1 NN o |
o o (o] [e] (o] (@] [w] [e][e] o o o o [@3[{e] o
(o] o | © — (00 (= o - N o (@] [Te] —-
W ) AW o1 ~ (3 ®|O S (o] S o O[O A
wdd 0 - 2 € ¥ g 9 L 8 6
L | | | | | | | 1 1 1
T T
00’} Od
0 a9
ZH 0€0 a7
0 gss
W3 MaM ( )
ZHIN 22200€€°00S 48
89/2¢€ IS
sleloLeled Buisssoold — 24
ZHIN 0200€€£€'00S LOd4S
gp 000 d
o8sn og'el Ld
HE LONN
======== |} 1INNVYHO ========
3 odL
93s 000000002 1d
M L'/62 31
03sn 00’9 3d
088N 000'0S ma
L'EYL oY \ )
08S L0069.2'E ov
ZH 88G2S}'0 S3HAld
ZH 000°0000 + HMS
0 sa
14 SN
€10ad 1NIATOS
9€GS9 aL
ogbz DOHdINd

008ZZ-qquWw g gHE0Hd
00gxIp WNYLSNI

s ek ) 7 TN, —————

SISJOWEBIE4 UONISINbOY — 24 . 2 S NN NN NNNNNNNNNNOWOORARARARMARARAGOOOOIOOIOIOIONTOIOIO®NOMNNNNNNN
OO NOO0O000O0O0 =200 2WWSNNNNNNNNN=2=NNNNNNNOOOOOGONNNNNNNNN
O ARG OVNRRONENINIOODINWVNOO 22NV DRDIOOO 2 WRINERNONN WO =2
L ONDOHd © AN R OO R RORER SO OO VDROWORVTWOOINVWRORNRERO A INVNONERNNOB 2D N0®RD
4 ONdX3
S60-v¥S3 EA

SISJBLIBIEY EJE(] JUBLIND dAN HT ‘3onpoad peTiTang

114



T

99.67 .

99.4 |
99.2 ]
99.0 |
98.8 |
98.6 |
984 |
982 ]

98.0 |

97.6
97.4
97.2 |
97.0
96.8
96.6
96.4
96.2
96.0 |
9558 |
95.6
954 |
952 ]
95.0 |
9458 |
946 |
944 |

94.2 |

94.00

4000.0

3600 3200 2800 2400 2000 1800 1600 1400 1200
cm-1

Figure A2.2 Infrared spectrum of compound 3.8.

Purified Product, 13C Current Data Parameters

N ES4-05!
EXPNO 3

[yl o] WM OOV M

8 8 g8 85287 3 R 38 8 2388 PROCNO 1

2 i Iz SINE¢C B PPN @8 o S8@o F2 - Acquisition Parameters

~ - - T o - OO VDO ¥ OANN Date 20130312
Time 13.20
INSTRUM av500
PROBHD 5 mm DCH 13C-1

PULPROG zgpg30
TD 655
SOLVENT CDCI3
NS 200

Ds 2
SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0486259 sec
RG 202.91
DW 16.000 usec
DE 18.00 usec
TE 298.0K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

= CHANNEL f1 ===:
SFO1 125.7722511 MHz
NUC1 13C
P1 9.63 usec

F2 - Processing parameters
Sl 131072

SF 125.7577725 MHz
WDW EM

SSB 0

LB 0.00 Hz
GB 0

PC 1.40

L]

T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O ppm

Figure A2.3 "C NMR (125 MHz, CDCl,) of compound 3.8.
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Figure A2.9 Infrared spectrum of compound 3.5.

156.076

_—— 146.260
T 144.556

138.113

Purified Product,

128561

127.439

T~ 125,269

113.651
106.327

.H“!H

13C NMR

70.870
56.822
55.905
49.022
48.906
37.319
32.428
29.221

"

26.262
25.889
24.267
18.107
17.138
-3.783
—-4.346
74.660
74.485
74.294

Current D:
NAME
EXPNO
PROCNO

F2 - Acquisition Parameters

Date
Time

INSTRUM
PROBHD 5 mm DCH 13C-1
PULPROG

1200

ata Parameters
NAW-1-088p
4

1
20130128
16.24
av500

zgpg30
6

TD 6!
SOLVENT CDCI3
NS 64

DS 2

SWH 31250.000 Hz

FIDRES 0.476837 Hz

AQ 1.0486259 sec

RG 5

DW 16.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec

D11 0.03000000 sec

TDO 1
CHANNEL 1

NUC1 13C

P1 9.63 usec

F2 - Processing parameters
Sl

T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90

80 70

60

50

40

30

20

10

0 ppm

31072
125.7577723 MHz
EM

0
1.00 Hz

0
1.40

Figure A2.10 °C NMR (125 MHz, CDCl,) of compound 3.5.

120

1000.0



"01°€ punodwod jo ([DAD ‘“ZHIN 00S) JINN H, [° TV 24n81q

008Z Z—qq ww g JHE0Hd
00GXIp ANYLSNI

Sk _awi]
02€0€102 areq
sisjeWEIBd uosinboy — 24
8 ONOOHd

€ ONdX3
790-¥S3 AANVYN

sI8leWRIEH BIE( JUBLIND

e N,

/

NN oW (W] |22 wlo] | N o] |

[{e3[{e] [e]le] ol oo |0 =[O o [{e} [{e] [@] o

W [© oo ;| [© P 1S ENIRY o (o3 ~N | B

=) O M) (N 0 |Oo |, LY (=) S |~ ©

wdd 0 L 2 € ¥ g L 8
L 1 1 1 1 1 1 1
00tk Od
0 a0
ZH 080 a1
0 ass
W3 Mam
ZHIN §2200€€°00S B
89/2¢ IS
siejowesed Buisseooid — 24 4 N\
ZHIN 0200€££°00S LO4S
ap 000 11d
28sn Og'Sl d
HL LONN
======== |} T9NNYHO ========
L oaL
08S 00000000'2 La
M 8'962 3L
08sN 00'9 3a
28sN 000°0S ma
€191 oY
08S 10069/2'S ov
ZH 8852610 s3yald
ZH 000°0000 HMS \ J

0 sa
g SN
€10a0 1N3ATIOS
9£G59 aL
ogbz D0ddINd

121



"01°¢€ punodwod jo ([DAD ‘ZHIN LL) YN H, ZI°TV 24181

000°L

£
[o%
o
o
—
N
28]
<
-0
©
~

00’} Od
0 a9
ZH 0€0 an
0 ass
lAE! Mam
ZHWN G8662..°'9L 48
jelaeiele] IS
siojoLueled Buisse00id — 24 - N
088N 00'Gee Id
He LONN
ZHW 909¥E€LL'9L LO4S
s======= |} TINNVHO ========
I odL
088 000000€0°0 Lia
08S 000000002 1a
X 0°00€ L
088N 00’8t 3d
08sn 009'G2e Ma
Gle oY
088 221866¥ ¥ ov
ZHOLLELLO S3HAId
ZH /29'GES| HMS \ )
0 sd
yAS SN
€10a0 1IN3IATIOS
028¢El aL
2'ugbz ©0ddINd
L=0€ HOQ WWw g gHA0o4Hd
00GAE WNYLSNI
cL'gh “awil)
0190€ 102 areq
siajeWeled uolsinboy — 24 ~
(o]
(9]
3 ONOOHd ©
Ok ONdX3
¥90-vS3 JAVYN

sloleWRIBH BIE(] USLIND JdWN HZ ‘3onpold paTiTand

122



97.0 ]
96.5 |
96.0 4

95.5 ]

92.0 |

915 ]

91.0 4

90.5 |

90.0 4

89.5 J

89.0 |

88.5 ]

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000.0
cm-1

Figure A2.13 Infrared spectrum of compound 3.10.

Purified Product, 13C NMR Current Data Parameters

NAME ES4-064
EXPNO 4

2 8 NEE 888 % ¢ 20 22N 2OERSERY 3 QPROCNO 1

~ - 00 OO < © O A58 ENRY2R8S o O

< o O NOE © ~ 0 N0 ~NNOYMNQOQ N~

~ © I¥® N =~ O N o BoQ SaNOLOAON @ YF2 - Acquisition Parameters
Time 15.08
INSTRUM av500
PROBHD 5 mm DCH 13C-1

PULPROG zgpg30
D 65536
SOLVENT CDCI3
NS 63

DS 2

SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0486259 sec
RG 202.91

DW 16.000 usec
DE 18.00 usec
TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

= CHANNEL f1 ==:
SFO1 125.7722511 MHz
NUC1 3C

P1 9.63 usec

F2 - Processing parameters
Sl

131072
SF 125.7577720 MHz
W EM

WD!

SSB 0

LB 1.00 Hz
GB

PC 1.40

T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 O ppm

Figure A2.14 °C NMR (125 MHz, CDCl,) of compound 3.10.
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Figure A2.17 Infrared spectrum of compound 3.4.
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Purified Product, 13C Current Data Parameters
NAME ES4-085
EXPNO 3
Q ~ < W v OO M <
& 5 & ©B33838F B 8 98885 3833 PROCNO 1
o < o T RBIFTDGS I~ ~ o Ne NTEN
g E8  ISBNINE B € w3 83 hNENE F2 — Acquisition Parameters
Date_ 2013041
Time 20.25
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30
D 65536
SOLVENT CDCI3
NS 43
DS 2
SWH 31250.000 Hz
FIDRES 0.476837 Hz
Q 1.0486259 sec
RG 202.91
DW 16.000 usec
DE 18.00 usec
TE 298.0 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
= CHANNEL 1
SFO1 125.7722511 MHz
NUC1 3C
P1 9.63 usec
F2 - Processing parameters
Sl 2
SF 125.7577723 MHz
WDW EM
8SB 0
LB 1.00 Hz
GB
PC 1.40
T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 0 ppm

Figure A2.18 °C NMR (125 MHz, CDCl,) of compound 3.4.
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Figure A2.21 Infrared spectrum of compound 3.11.

Purified Product, 13C NMR Current Data Parameters

NAME ES4-121
EXPNO 4

) § § B&3 38RE 3 5 [ES8 8§ 3¥83 PROCNO 1

3 2 5 3 ﬁ 8 ﬁ ﬁ N © g g g g g‘ 3 :: EB : ° F2 - Acquisition Parameters

« - - -_—_rr o, - = BOWOLSE ® NNNN Date. 2013051
Time 14.00
INSTRUM av500
PROBHD 5 mm DCH 13C-1

PULPROG zgpg30
D 65536
SOLVENT CD3CN
NS 121

DS 2

SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0486259 sec
RG 202.91

DW 16.000 usec
DE 18.00 usec
TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

CHANNEL f1

SFO1

125.7722511 MHz
NUC1 3C
P1 9.63 usec

F2 - Processing parameters
Sl

131072
SF 125.7577892 MHz
W EM

WD!

SSB 0

LB 1.00 Hz
GB

PC 1.40

T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 O ppm

Figure A2.22 "C NMR (125 MHz, CD,CN) of compound 3.11.

129



"€1°¢ punodwod Jo ([DAD ‘“ZHIN 00S) YINN H, £7°CV 24n81

» w|w = ) =[N of |22 |
o [e]le] (o] o] [{e] o0 [{e] (o] (=] o
- [l [=] -1 O oo [o2] =10 ~l
N N[~ ~l|O1 N ~ | Al N[O (O

00’} Od

0 a9

ZH 0€'0 a7

0 ass

W3 MM

ZHIN 61200€€°00S 48

89/2¢€ 1S

slojoweled Buisssoold — 24

ZHIN 0200E€EE 005G LO4S

gp 000 d

o8sn oE €l ld

HE LONN

======== |} TANNVYHO ========

5 odaL

08S 000000002 1a

M €'L62 3L

088N 00’9 34

08sn 000°0G Ma
L8l oY - /

088 |0069.2'E oV

ZH 88G2S1'0 S3HAI4

ZH 000°0000 HMS

0 sa

6 SN

€10a0 LN3IATOS

jejeiete] aL

ogbz H0HdINd

008ZZ—9qq ww g JdHA0Hd
00GXIp ANYLSNI

Sr'6k _swil
LIYOEL02 aleq
sisjeweled uolysinboy — 24

o g www WARARRARROIOIOIO R R R R RNENENEN]

r ONOOHd 2 33 283 22328823883 S3a3BRERE

[o]8 ONdX3 ] J© O © o 2NN WO 2N O ©2N0ol=2 20N
/80-¥S3 JAVYN

slslsweled eled jusaiind HAN HT \\POSUOML ro1TItTandg

130



"€1°¢€ punodwod jo ([DAD ‘ZHIN LL) IINN H, #T' TV 24n81]

o
o
o
wdd 0 b I € ¥ g 9 L 8 6
L | | | | | | 1 1 1 1 ]
00’} Od
0 =13}
ZH 0€'0 a1
0 gss
w3 MAM
ZHIN £8662.L'9/ 48
98669 IS ( )
siajewesed Buissaooid — 24 eLe
09sN 00'G22 bd
He LONN
ZHIN 909YE2°9/ LOdS
s======= || JINNYHO ========
b oaL
295 000000E0'0 La
285 00000000'2 L
3 0'00€ 3L
098N 008 3a
095N 009'S2ZE ma
G172 Y
09S 2ZH866V ov L )
ZHOLLLLL'O S34Al4
ZH /29'seS HMS
0 sa
9l SN
€000 LN3ATOS
0zset aL
2'yebz DOYdINd
1=0€+ HOQ WW G AHEOHd
00gAE WNHLSNI
12l I
0L90E102 aeQ
slaleweled uolsinboy — 24 o
w
w
L ONOOHd N
2k ONdX3

/80-¥S3 JAVYN
sIsleWEIBH BIE( JUBLIND AWAN HZz ‘3onpoldd poTiTaind

131



%T

99.8

99

98]

974

96 4

954

94 |

93 4

92

91
90 ]
89
88 4
874
86 4
854
84 4
83
824
81
80 4
794

78]

774

76.0

4000.0

2000 1800 1600 1400

cm-1

3600 3200 2800 2400

Figure A2.25 Infrared spectrum of compound 3.13.
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Purified Product, 13C NMR Current Data Parameters

N ES4-08
EXPNO 11

g 8 § EY5888% & B BEYZ2ERNESRE PROCNO 1

g 83 YE8EIRE 8 S drrdureermsas F2 - Acquisition Parameters

& - - —rr s = S BOBIIINNNT DD Date. 20130418
Time 10.49
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30
TD 65536

SOLVENT CDCI3

NS 185

Ds

SWH
FIDRES
A

SSB
LB
GB
PC

i | \{J \’ il “ "

! L " LSRN AL an by 4 a Y

T T T T T T T T T T T T T T T T T T T T T T

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O ppm

= CHANNEL f1 =

2
31250.000 Hz
0.476837 Hz
1.0486259 sec
.91
16.000 usec
18.00 usec
298.0K
2.00000000 sec
0‘030(1)0000 sec

125.7722511 MHz
13C
9.63 usec

F2 - Processing parameters
Sl 131072

SF 125.7577718 MHz
WDW EM

0
1.00 Hz

0
1.40

Figure A2.26 °C NMR (125 MHz, CDCl,) of compound 3.13.
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Figure A2.29 Infrared spectrum of compound 3.14.

Purified Product, 13C NMR Current Data Parameters
NAME ES4-092
EXPNO 4
2 32 B 33888 ¢ mwmmmwmgwmmge PROCNO 1
-~ 0 ® ® OROO W« NTNSER8grggal
] — g G N o= foG @ NS NDONOAONIT g
& =2 ¥ oeerdc 2 IRBBITRNANNIRY F2 — Acquisition Parameters
L Date_ 20130419
\ WAK Time 42
\\\\\\ﬁ INSTRUM av500
\ PROBHD 5 mm DCH 13C-1

PULPROG zgpg30
D 65536
SOLVENT CDCI3
NS 202

DS 2

SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0486259 sec
RG 202.91

DW 16.000 usec
DE 18.00 usec
TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

CHANNEL f1

SFO1

125.7722511 MHz
NUC1 3C
P1 9.63 usec

F2 - Processing parameters
Sl

72
SF 125.7577716 MHz
W EM

WD!

SSB 0

LB 0.00 Hz
GB

PC 1.40

T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 O ppm

Figure A2.30 °C NMR (125 MHz, CDCl,) of compound 3.14.
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Figure A2 .33 Infrared spectrum of compound 3.3.

Purified Product, 13C NMR Current Data Parameters

IJAME NAW-1-135p
EXPNO 1

~ [vl 0 ONO WM v~ —

L2 8§ £ Bus¥iRY b 88 3I3T8IBILBVR PROCNO 1

te] - o aANOIYN O ™~ o NN NOn YN F2 _ Acquisition P "

o ~ 10 STOOOANN - O ] SOr GO O =~ — Acquisition Parameters

« - - —r e e - - XD ROBOINNNT© DD Date. 20130513
Time 17.08
INSTRUM av500
PROBHD 5 mm DCH 13C-1

PULPROG zgpg30
TD 655
SOLVENT CDCI3
NS 64

Ds 2
SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0486259 sec
RG 202.91
DW 16.000 usec
DE 18.00 usec
TE 298.0K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
= CHANNEL f1 ===:
13C
9.63 usec

F2 - Processing parameters
Sl

31072
SF 125.7577723 MHz
WDW EM

SSB 0

LB 1.00 Hz
GB 0

PC 1.40

Ll {J ul

T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O ppm

Figure A2.34 °C NMR (125 MHz, CDCl,) of compound 3.3.
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Figure A2.37 Infrared spectrum of compound 3.15.

Purified Product, 13C NMR Current Data Parameters
NAME ES4-127
EXPNO

3 3 BFEE%E @ ©m o= EEES 20en PROCNO
< Mot NGO «Q - @0 O W N O NO N D M
§ g dg88¢88 8 A o%s  g@ro F2 - Acquisition Parameters

Time 15.04
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30
D 65536
SOLVENT CDCI3
NS 50
DS 2
SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0486259 sec
RG 202.91
DW 16.000 usec
DE 18.00 usec
TE 298.0 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

SFO1

T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 O ppm

Figure A2.38 "C NMR (125 MHz, CDCl,) of compound 3.15.
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CHANNEL f1

WD!

SSB 0

LB 0.00 Hz
GB

PC 1.40

1200

125.7722511 MHz
NUC1 3C
P1 9.63 usec

F2 - Processing parameters
Sl

072
SF 125.7577727 MHz
W EM
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Figure A2 41 Infrared spectrum of compound 3.16.
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Figure A2.42 °C NMR (125 MHz, CDCl,) of compound 3.16.
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Figure A2 44 Infrared spectrum of compound 3.2.
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Figure A2.45 °C NMR (125 MHz, CD,Cl,) of compound 3.2.
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CHAPTER FOUR

Total Synthesis of (-)-N-Methylwelwitindolinone B Isothiocyanate
via a Chlorinative Oxabicyclic Ring-Opening Strategy

Nicholas A. Weires, Evan D. Styduhar, Emma L. Baker, and Neil K. Garg.

J.Am. Chem. Soc. 2014, 136,14710-14713.

4.1 Abstract
The first total synthesis of N-methylwelwitindolinone B isothiocyanate is reported. The
route features several key steps, including a regio- and diastereoselective chlorinative oxabicycle

ring-opening reaction to introduce the challenging alkyl chloride motif.

4.2 Introduction

The total synthesis of indole alkaloids continues to be a fruitful area of scientific pursuit.
One particular class of molecules that has provided an exciting arena of chemical discovery is
the welwitindolinone natural products, wherein the majority of congeners contain a [4.3.1]-
bicyclic core (e.g., 4.2-4.4, Figure 4.1).'” Since Moore’s first isolation report in 1994,” roughly
25 manuscripts describing efforts toward these complex structures have appeared from many
research groups worldwide.™* The majority of initially reported studies established a variety of
methods for assembling the [4.3.1]-bicyclic core and subsequent efforts have focused on
completing the total syntheses. Towards this latter end, the most recent publications describe

formal,’ as well as total syntheses of 4.3, 4.4, and C3-oxidized variants of 4357
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welwitindolinone A N-methylwelwitindolinone N-methylwelwitindolinone
isonitrile (4.1) C isothiocyanate (4.3) D isonitrile (4.4)

Me

N-methylwelwitindolinone
B isothiocyanate (4.2)

Figure 4.1. Welwitindolinones 4.1-4.4.

Although [4.3.1]-bicyclic welwitindolinones in the C- and D- ‘series’ have been synthesized
(e.g., 4.3 and 4.4), compounds in the B- ‘series’ (e.g., 4.2) have yet to be prepared by total
synthesis.™¥ Structurally, 4.2 is quite similar to 4.3 with the key difference being a variation in
the oxidation state at C13.** However, this seemingly simple change is deceptive, as the alkyl
chloride resides on the more congested face of the [4.3.1]-bicycle, adjacent to a quaternary
center,”” and thus presents a formidable challenge with regard to synthesis. In addition to this
subtle feature, the alkyl chloride in these systems is prone to undergo a variety of undesirable
side-reactions under basic reaction conditions.”"!! Herein, we describe our efforts toward (-)-4.2

and the first total synthesis of this elusive natural product.
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4.3 Initial Approaches Toward Installation of the Alkyl Chloride

In our initial efforts, we considered several approaches to 4.2 that ultimately proved
unsuccessful (Scheme 4.1). In what can be considered the most direct assault, we envisioned 4.2
as arising from C13-14-reduction of 4.5 or a related derivative. However, attempts to realize this
strategy were thwarted by the facile reduction of the terminal olefin.'” We also pursued a strategy
wherein the alkyl chloride would derive from alcohol 4.6 by activation and chlorination with
stereochemical inversion. Similar to the observations made by Rawal," we found that the
proximal vinyl group underwent formal migration to C13 upon activation of the alcohol.” Even
in the absence of the vinyl group, the chlorination is known to be difficult and only proceeds
under specialized conditions," as the necessary approach of a chloride nucleophile is somewhat

hampered by the steric congestion of the bicyclic scaffold."

Scheme 4.1

chlorinative
displacement

alkene

N-methylwelwitindolinone
B isothiocyanate (4.2)

4.4 Modified Retrosynthetic Plan for the Total Synthesis of (-)-N-Methylwelwitindolinone
B Isothiocyanate

After numerous failed attempts to advance late-stage intermediates from our previous
synthesis, we devised the alternative retrosynthetic plan highlighted in Scheme 4.2. In this
revised approach, it was envisioned that 4.2 would arise from oxazolidinone 4.7 by late-stage
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cleavage of the carbamate and further manipulation, all in the presence of the sensitive alkyl
chloride. In turn, oxazolidinone 4.7 would derive from nitrene insertion of carbamate 4.8."> We
have previously studied related insertion reactions for C11 functionalization of welwitindolinone
scaffolds, but in all prior cases the substrates possessed the opposite stereochemical
configuration at C10.” Thus, the attempted nitrene insertion of 4.8 would serve as an opportunity
to probe the generality of this method for C11 functionalization. In a critical transformation, we
sought to introduce the alkyl chloride of 4.8 by performing a regio- and diastereoselective
chlorinative ring-opening of an oxabicycle-containing intermediate (see transition structure 4.9).
This transformation, largely inspired by Shea’s seminal studies,” could provide a solution to the
challenge faced earlier. Namely, the necessary approach of the chloride appeared favorable,
owing to the restricted conformation of the oxabicycle unit.'® Importantly, the oxabicycle was
envisioned to be readily available from indole 4.10, which would be accessed from
enantioenriched carvone derivative 4.11 and indole 4.12 in three steps using our previously

established procedure involving an indolyne cyclization.“’17
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Scheme 4.2

Late-Stage
Nitrene
N-methylwelwitindolinone 4.7 Insertion
B isothiocyanate (4.2)

Chlorinative
Oxabicycle
Opening

4.5 Construction of Oxabicycle and Chlorination Studies

To implement the plan illustrated in Scheme 4.2, we first targeted construction of
oxabicycle 4.15 (Scheme 4.3). To this end, ketone 4.10 was elaborated to mesylate 4.13 in two
steps involving reduction with LiAlH, followed by sulfonylation. Upon treatment of 4.13 with
Bu,NF in THF at 80 °C, desilylation readily occurred with concomitant cyclization to afford
oxabicycle 4.14 in 84% yield. Subsequently, a one-pot oxidation / hydrolysis protocol was used

to elaborate 4.14 to the corresponding oxindole 4.15, which was formed as a single diastereomer.
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Scheme 4.3

1. LiAlH,, THF
-78 > 0°C Bu,NF
2. Ms,0, DMAP THF, 80 °C
CH4CN, 23 °C
(84% yield)

(92% yield, 2 steps)

i. NBS, CH,Cl,, 0 °C

ii. HCI, EtOH, 80 °C

(83% yield)

With rapid access to oxabicycle 4.15, we were poised to attempt the key chlorinative
ring-opening reaction (Scheme 4.4)." We surveyed several conditions that have previously been
used for related transformations such as ZnCl, and acetyl chloride,' ethanolic HC1,”” and TiCl,.*'
Although the use of most reaction conditions led to the recovery of starting material or
decomposition, treatment of 4.15 with BCl,** led to consumption of the substrate with opening of
the oxabicycle. Unfortunately, the two products obtained were 4.16, which had undergone formal
vinyl migration, and 4.17, an unproductive constitutional isomer of the desired product, which
forms as a result of undesired chloride attack at C10 (rather than C13). In hope of avoiding the
vinyl migration, and to perturb the electronic environment at C13,* alkene 4.15 was exposed to
modified oxidative cleavage conditions,” which furnished aldehyde 4.18. To our delight,
treatment of 4.18 with BCI, in CH,Cl, at 50 °C delivered the desired chlorinated product 4.19 in
64% yield. Of note, 4.19 was obtained as a single diastereomer and the analogous undesired

regioisomer was not observed.”*
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Scheme 4.4

BCl,

cHzclz, -78 — 23°C

(30% yield, N
Me 1.5:1 ratio 4.16:4.17) Me

0s0, (5 mol%)
NMO, 2,6-lutidine

3:1 THF/H,0, 23 °C; BCl;

then NalO,, 23 °C CH,Cl,, 50 °C

(80% yield) (64% yield + 28%

recovered 4.18)

4.18

4.6 Attempted Introduction of the C11 Bridgehead Nitrogen Substituent

Having introduced the alkyl chloride, we turned our attention to installing the CI1
nitrogen substituent via the key nitrene insertion reaction (Scheme 4.5). The requisite substrate
for this transformation (4.8), was accessed from 4.19 in four steps that began with conversion to
silyl ether 4.20 using a protection / olefination sequence.”” Deprotection of 4.20 followed by
carbamoylation delivered the nitrene insertion substrate 4.8 in quantitative yield over two steps.
As mentioned above, our previous studies of related nitrene insertion reactions were performed
on substrates epimeric at C10.” Although these prior attempts routinely delivered the desired

% or Rh-promoted”’ nitrene insertion reactions of 4.8 were

C11-functionalized products, Ag->
regrettably found to predominantly furnish 4.21, the product of nitrene insertion into the C9—H

bond.*®
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Scheme 4.5

1. TESCI
imidazole
DMF, 23 °C 1. HCI, EtOH, 23 °C
>
2. Cp,TiMe, 2. CI3CC(O)NCO
PhMe, 60 °C CH,CI,, 0 — 23 °C;

K,CO3;, MeOH
(63% yield, 2 steps)

4.20,R =TES (quantitative yield, 2 steps)

AgOTf, Phl(OAc),
bathophenanthroline

CH,CN, 50 °C

(35% yield + 43%
recovered 4.8)

4.7 Nitrene Insertion, Oxazolidinone Cleavage, and Completion of (-)-N-
Methylwelwitindolinone B Isothiocyanate

To test if the formation of 4.21 was strictly an artifact of the stereochemical
configuration, we prepared the corresponding C10 epimer of nitrene insertion substrate 4.8
(Scheme 4.6). To that end, oxidation of alcohol 4.19, followed by Wittig olefination, afforded
ketone 4.22. Subsequent reduction of 4.22 with LiAID,” occurred with complete
diastereoselectivity to furnish an alcohol intermediate, which was carbamoylated to provide 4.23.
Fortunately, carbamate 4.23 proved to be a viable substrate for the desired nitrene insertion
reaction; upon treatment of 4.23 with AgOTf, PhI(OAc),, and bathophenanthroline in CH,CN at
50 °C, we obtained the C11 functionalized product 4.24 in 55% yield with 10% recovered 4.22.
The dichotomy regarding the nitrene products derived from substrates 4.8 and 4.23 underscores

the subtleties often seen in late-stage manipulations in total synthesis. Moreover, the successful
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formation of 4.24 is noteworthy in that He’s Ag-based nitrene insertion conditions® tolerate the

sensitive alkyl chloride unit.

Scheme 4.6

1. Dess—Martin, NaHCO3
CH,ClI,, 23 °C

1. LiAID4, THF
-78—-0°C

4.19

>
2. NaHMDS, Ph;PMeBr
THF, 23 °C

2. CI,CC(O)NCO
CH20|2, 0—23 oc;
K,CO3, MeOH

N
(67% yield, 2 steps) Me (quantitative yield, 2 steps)

AgOTf, PhI(OAc), 1. Cp,Zr(H)CI

bathophenanthroline THF, 23 °C
%
CH3CN, 50 °C 2. Dess—Martin
Ncho:;
(55% yield + 10% CH,Cl,, 23 °C

recovered 4.22)

(49% yield, 2 steps)

1. Burgess Reagent
PhH, THF, 23 °C

2. Se, Sg, Et,N, THF, 65 °C

(54% yield, 2 steps)

(-)-N-methylwelwitindolinone
B isothiocyanate (4.2)

From insertion product 4.24, all that remained to complete the total synthesis of 4.2 was
cleavage of the carbamate, followed by oxidation and N-functionalization. Despite previously
having success with carbamate hydrolysis on related compounds, we found that treatment of 4.24
with Ba(OH), led to decomposition of the alkyl chloride. This led us to develop a milder means
for cleaving the carbamate. Prompted by Snieckus’ recent report of cleaving N,N-

dialkylcarbamate derivatives of phenols,” cyclic carbamate 4.24 was exposed to Schwartz’
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reagent in THF (Scheme 4.6). Gratifyingly, the carbamate was cleaved selectively to give an
amidoalcohol intermediate, where C23 of 4.24 had conveniently been retained as a formyl group
on the bridgehead nitrogen. Oxidation of the alcohol intermediate delivered 4.25. With the
chloride still intact, dehydration with Burgess reagent and sulfurization’' afforded (-)-N-
methylwelwitindolinone B isothiocyanate (4.2). Analytical data for (—)-4.2 were found to be

identical to that of the natural material in all respects.

4.8 Conclusion

In summary, we have completed the first total synthesis of (-)-N-methylwelwitindolinone
B isothiocyanate (4.2) in 15 steps from indolyne cyclization product 4.10. Critical to the success
of our enantiospecific route is the use of a regio- and diastereoselective chlorinative oxabicycle
ring-opening reaction to introduce the challenging alkyl chloride. To complete the synthesis, a
number of steps were taken, including substrate-specific installation of the C11 nitrogen
substituent and oxazolidinone cleavage, all of which proceeded in the presence of the alkyl
chloride motif. With our completed synthesis of (—)-4.2, all structural classes of the

welwitindolinones are now accessible by synthetic chemistry.
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4.9 Experimental Section
4.9.1 Materials and Methods

Unless stated otherwise, reactions were conducted in flame-dried glassware under an
atmosphere of nitrogen using anhydrous solvents (either freshly distilled or passed through
activated alumina columns). All commercially available reagents were used as received unless
otherwise specified. LiAID, was obtained from Acros. AgOTf and Schwartz’ reagent were
obtained from Strem. Bathophenanthroline and selenium metal were obtained from Alfa Aesar.
Ms,0 and BCl, were obtained from Aldrich. Petasis reagent’> and Dess—Martin periodinane™
were prepared from known literature procedures. Unless stated otherwise, reactions were
performed at room temperature (RT, approximately 23 °C). Thin-layer chromatography (TLC)
was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm) and visualized using a
combination of UV, anisaldehyde, iodine, and potassium permanganate staining. Silicycle silica
gel 60 (particle size 0.040-0.063 mm) was used for flash column chromatography. 'H and 2D
NMR spectra were recorded on Bruker spectrometers (500 MHz). Data for 'H spectra are
reported as follows: chemical shift (0 ppm), multiplicity, coupling constant (Hz), integration and
are referenced to the residual solvent peak 7.26 ppm for CDCI, and 7.16 for C,D,. Data for *H
NMR spectra are reported as follows: chemical shift (§ ppm, at 77 MHz), multiplicity, coupling
constant, integration and are referenced to the residual solvent peak 7.26 ppm for CDCL,. *C
NMR spectra are reported in terms of chemical shift (at 125 MHz) and are referenced to the
residual solvent peak 77.16 ppm for CDCI,.** IR spectra were recorded on a Perkin-Elmer 100
spectrometer and a JASCO 4100 spectrometer and are reported in terms of frequency absorption
(cm™). Optical rotations were measured with a Rudolph Autopol III Automatic Polarimeter.

Uncorrected melting points were measured using a Mel-Temp II melting point apparatus with a
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Fluke 50S thermocouple and a Digimelt MPA160 melting point apparatus. High resolution mass
spectra were obtained from the UC Irvine Mass Spectrometry Facility and the UCLA Molecular

Instrumentation Center.

4.9.2 Experimental Procedures

1. LiAlH,4, THF
-78—-0°C

2. Ms,0, DMAP
CH,CN, 23 °C

(92% vyield, 2 steps)

4.13

Mesylate 4.13. To a solution of indole 4.10” (500 mg, 1.14 mmol, 1.0 equiv) in THF (38.0 mL)
at —78 °C was added a solution of LiAlH, (1.0 M in THF, 3.44 mL, 3.44 mmol, 3.0 equiv) in a
dropwise manner. After stirring at —78 °C for 5 min, the solution was then allowed to warm to 0
°C. After 20 min, the reaction was quenched at 0 °C with slow addition of a saturated solution of
aqueous Rochelle’s salt (30 mL), and then allowed to warm to 23 °C. The resulting biphasic
mixture was stirred at room temperature for 30 min, transferred to a separatory funnel with
EtOAc (30 mL) and H,O (30 mL), and extracted with EtOAc (3 x 20 mL). The organic layers
were combined, dried over Na,SO,, and evaporated under reduced pressure. The resulting
residue was used in the subsequent step without further purification.

To a flask containing the crude product (382 mg, 0.87 mmol, 1.0 equiv) from the
previous step was added DMAP (637 mg, 5.22 mmol, 6.0 equiv) and Ms,0 (409 mg, 2.35 mmol,
2.7 equiv) as solids. The flask was flushed with N,, to which CH,CN (7.77 mL) was then added
and the reaction mixture was allowed to stir at room temperature. After 2 h the reaction was

filtered by passage through a plug of silica gel (5:1 hexanes:EtOAc eluent) to afford mesylate
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4.13 (413 mg, 92% yield, over two steps) as a white foam. Mesylate 4.13: mp: 71.5 °C; R;0.53
(5:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): § 7.17 (dd, J = 8.1, 0.6, 1H), 7.06 (dd, J =
8.1,7.2,1H),6.95 (s, 1H),6.66 (d,J=7.1,1H),5.79 (app t,J = 5.8, 1H),4.92 (dd,J=17.5, 1.1,
1H),4.78 (dd,J=11.0, 1.1, 1H), 444 (dd, J =174, 109, 1H), 4.77 (s, 3H), 3.64 (dd, J = 12.3,
42,1H),3.33 (d, J =54, 1H), 2.85 (s, 3H), 2.55-2.48 (m, 1H), 2.18 (ddd, J = 14.7, 4.0, 2.7,
1H), 1.95 (ddd, J = 14.7, 124, 5.6, 1H), 1.57 (s, 3H), 1.42 (s, 3H), 1.36 (s, 3H), 0.73 (s, 9H), —
0.16 (s, 3H), —0.38 (s, 3H); "C NMR (125 MHz, CDCl,): § 146.8, 136.7, 130.5, 126.4, 125.7,
124.4,124.2,120.5,112.5,107.8, 82.4,68.2,57.7,49.2,48.7,40.5, 39.1, 374, 33.0, 32.8, 32.0,
25.9,18.0,16.1,-4.0,-4.6; IR (film): 2952, 2895, 1607, 1533, 1472 cm™'; HRMS-ESI (m/z) [M +

H]* caled for CosH44NO4SSi, 518.27603; found 518.27472; [0]*', +59.60° (¢ = 1.000, CHCL,).

Bu,NF
THF, 80 °C
(84% yield)

4.13

Oxabicycle 4.14. To a Schlenk tube containing a solution of mesylate 4.13 (118 mg, 0.23 mmol,
1.0 equiv) in THF (5.8 mL) was added TBAF (1.0 M in THF, 681 pL, 0.68 mmol, 3.0 equiv) in a
dropwise manner. The Schlenk tube was then sealed and heated to 80 °C. After 21 h, the solution
was then allowed to cool to 23 °C and then filtered by passage over a plug of silica gel (EtOAc
eluent, 30 mL). The filtrate was concentrated and the resulting residue was purified by flash
chromatography (9:1 hexanes:EtOAc) to afford oxabicycle 4.14 (56 mg, 84% yield) as a white
solid. Oxabicycle 4.14: mp: 108.8 °C; R, 0.66 (3:1 hexanes:EtOAc); 'H NMR (500 MHz,

CDCl,): 6 7.16-7.08 (m, 2H), 691 (s, 1H),6.72 (d,J =6.4,1H),4.93 (app t,J =44, 1H),4.75—
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471 (m, 1H), 4.65-4.59 (m, 1H), 4.55-4.52 (m, 1H), 4.16 (d, J = 6.1, 1H), 3.75 (s, 3H), 3.46 (d,
J =53, 1H), 2.44-2.34 (m, 1H), 1.89-1.83 (ddd, J = 23.8, 11.8, 6.3, 1H), 1.64-1.60 (dd, J =
12.4, 8.5, 1H), 143 (s, 3H), 1.37 (s, 3H), 1.23 (s, 3H); °C NMR (500 MHz, CDCl,) § 140.7,
1374,131.3,126.2, 124.6, 122.0, 121.5, 120.5, 114.3, 107.3, 87.2, 82.2, 59.8, 55.7, 53 .0, 35.9,
349,329,287, 28.4, 27.5; IR (film): 2962, 2904, 2864, 1632, 1541, 1456 cm™'; HRMS-ESI
(m/z) [M + H]" calcd for C;Hp6NO, 308.20144; found 308.20022; [a]*'*, +115.40° (¢ = 1.000,

CHCL,).

i. NBS, CH,Cl,, 0 °C

ii. HCI, EtOH, 80 °C

(83% yield)

Oxindole 4.15. To a solution of indole 4.14 (137 mg, 0.44 mmol, 1.0 equiv) in CH,Cl, (8.2 mL)
at 0 °C was added NBS (80.0 mg, 0.45 mmol, 1.01 equiv) in one portion. The reaction vial was
flushed with N,, and allowed to stir at O °C. After 15 min, solid NaHCO; (137 mg, 100 wt %)
was added in one portion. The reaction was removed from the 0 °C bath and allowed to stir at
room temperature for 5 min. The resulting suspension was then evaporated under reduced
pressure. Absolute ethanol (7.0 mL) and concentrated aqueous HCI (7.0 mL) were added. After
heating to 80 °C for 2 h, the reaction mixture was cooled to room temperature and transferred to
a separatory funnel with H,O (14 mL) and EtOAc (14 mL). To the separatory funnel was slowly
added solid NaHCO; until gas evolution was no longer observed. The resulting biphasic mixture
was extracted with EtOAc (3 x 14 mL) and the organic layers were combined, dried over

Na,SO,, and evaporated under reduced pressure. The resulting residue was purified by flash
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chromatography (9:1 hexanes:EtOAc) to afford oxindole 4.15 (120 mg, 83% yield) as a white
solid. Oxindole 4.15: mp: 138.4 °C; R;0.59 (1:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): &
7.19 (ddd,J=7.8,7.8,0.6,1H),6.76 (d,J =7.5, 1H), 6.70 (d,J =7.7, 1H), 553 (dd, J = 17.9,
11.2,1H),496 (dd,J=11.2,12,1H),4.84 (dd,J=179,1.2,1H),4.47 (app t,J =5.0, 1H), 4.38
(d,J=5.38,1H),3.46 (s, 1H),3.19 (s,3H),3.02 (d,/ =45, 1H), 2.31-2.22 (m, 1H), 2.11 (dd, J =
12.9, 6.6, 1H), 1.98 (ddd, J = 12.2, 12.2, 5.8, 1H), 1.43 (s, 3H), 1.35 (s, 3H), 0.73 (s, 3H); °C
NMR (125 MHz, CDCl;: 6 176.6, 144.2, 140.6, 134.3, 128.1, 126.5, 126.2, 1164, 106.6, 87 .0,
80.8,60.3,56.5,51.2,49.9,37.0,319,27.8,27.6,26.3,23.2; IR (film): 2962, 1703, 1605, 1469,
1324 cm™; HRMS-ESI (m/z) [M + H]" calcd for CpHy6NO,, 324.19635; found 324.19514;
[a]*', +28.20° (¢ = 1.000, CHCL,).

The structure of 4.15 was confirmed by a 2D-NOESY experiment, as the following interactions

were observed:

BCl,
—>
CH,Cl,, 78 — 23°C

N (30% yield,
Me 1.5:1 ratio 4.16:4.17)

Diene 4.16 and Alkyl Chloride 4.17. A solution of oxindole 4.15 (6.1 mg, 0.019 mmol, 1.0

equiv) in CH,Cl, (1.89 mL) was cooled to =78 °C. A solution of BCl, (1.0 M in CH,Cl,, 1454
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uL,0.14 mmol, 7.7 equiv) was added in a dropwise manner. The resulting solution was allowed
to stir at —78 °C. After 30 min, the solution was then allowed to warm to 0 °C. After 2 h the
solution was then warmed to room temperature. After 4 h the reaction was quenched with
addition of a saturated aqueous solution of NaHCO; (1 mL) and transferred to a separatory
funnel with EtOAc (6 mL) and H,O (4 mL), and extracted with EtOAc (3 x 3 mL). The organic
layers were combined, dried over Na,SO,, and evaporated under reduced pressure. The resulting
residue was purified by preparative thin layer chromatography (1:1 hexanes:EtOAc) to afford
diene 4.16 (1.1 mg, 18% yield) and alkyl chloride 4.17 (0.8 mg, 12% yield) as amorphous solids.
Diene 4.16: R;0.60 (1:1 hexanes:EtOAc); 'H NMR (500 MHz, CDCl,): 6 7.21 (ddd, J =7.8,7.8,
0.6,1H),691 (d,J=73,1H),6.76 (dd,J =17.2,11.0, 1H), 6.67 (d,J =7.8, 1H),5.32 (d,J =
172,1H),5.09 (d,J=11.1,1H),4.24 (br. s, 1H), 3.32 (s, 1H), 3.25 (s, 1H), 3.14 (s, 3H), 2.73 (d,
J=18.7,1H),2.56 (dd,J=18.7,79, 1H),2.02 (d,J =79, 1H), 1.79 (d, J = 6.7, 1H), 1.68 (s,
3H), 1.54 (s, 3H), 0.73 (s, 3H); "C NMR (125 MHz, CDCL,): § 176.4, 144.4, 135. 8, 134.0,
128.9, 128.1, 126.6, 1264, 123.5, 1129, 1064, 67.5, 54.4, 509, 49.1, 390, 28.0, 26.1, 22.5,
21.2,17.8; IR (film): 3412, 2969, 1690, 1608, 1470 cm™'; HRMS-ESI (m/z) [M + H]" caled for
C21H6NO,, 324.19635; found 324.19417; [a]*'*, =264.00° (¢ = 0.150, CHCL,).

Alkyl chloride 4.17: R, 0.52 (1:1 hexanes:EtOAc); 'H NMR (500 MHz, CDCl;, 25 of 26
observed): 8 7.16 (ddd, J =7.8,7.8,0.7, 1H), 6.68 (dd, J =7.8,0.7, 1H), 6.65 (d,J = 7.7, 1H),
5.31(dd,J=174,10.7,1H),5.12(dd,J=174,1.0,1H),5.03 (dd,J =10.7, 1.0, 1H), 4.69 (br. s,
1H), 4.12 (dd, J = 10.3, 7.1, 1H), 3.57 (s, 1H), 3.20-3.18 (m, 1H), 3.17 (s, 3H), 2.37-2.32 (m,
2H), 2.28-2.25 (m, 1H), 1.67 (s, 3H), 1.57 (s, 3H), 0.89 (s, 3H); "C NMR (125 MHz, CDCl,):
0 1752,146.3,145.0,138.7,128.0, 126.8, 124.1, 114.8, 106.8, 69.7, 59.3, 58 .2, 56 .8, 54 .8, 46.5,

394, 27.3,26.3,253,23.3, 19.0; IR (film): 3451, 2962, 2872, 1699, 1609 cm™'; HRMS-ESI
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(m/z) [IM + HJ* calcd for C,;Hp7CINO,, 360.17303; found 360.17087; [a]*'?, —9.00° (¢ = 0.400,

CHCL,).

0s0, (5 mol%)
NMO, 2,6-lutidine
3:1 THF/H,0, 23 °C;

then NalOy4, 23 °C

(80% yield)

Aldehyde 4.18. To a solution of oxindole 4.15 (45 mg, 0.14 mmol, 1.0 equiv) in a 3:1 mixture of
THF/H,O (1.4 mL) was added 2,6-lutidine (32 L, 0.28 mmol, 2.0 equiv), OsO, (20 mg/mL in
H,0, 84 uL., 0.007 mmol, 0.05 equiv), and NMO (65 mg, 0.56 mmol, 4.0 equiv). The resulting
solution was flushed with N, and stirred at room temperature. After 19 h, solid NalO, (89 mg,
0.42 mmol, 3.0 equiv) was added in one portion and the reaction mixture was stirred at room
temperature. After 13 min, the reaction mixture was quenched with a saturated aqueous solution
of Na,S,0; (1 mL) and stirred vigorously at room temperature. After 30 min the resulting
mixture was transferred to a test tube with EtOAc (5 mL) and H,O (5§ mL). The resulting
biphasic mixture was extracted with EtOAc (3 x 3 mL). The organic layers were combined, dried
over Na,SO,, and evaporated under reduced pressure. The resulting residue was purified by
preparative thin layer chromatography (3:1 hexanes:EtOAc) to afford aldehyde 4.18 (36 mg,
80% yield) as a white solid. Aldehyde 4.18: mp: 181.1 °C; R, 0.53 (1:1 hexanes:EtOAc); 'H
NMR (500 MHz, CDCL,): 6 9.17 (s, 1H), 7.24 (dd,J =7.7,7.7, 1H), 6.89 (d,J = 7.7, 1H), 6.74
(d,J=78,1H),455 (t, J=49, 1H),4.47 (d,J =50, 1H), 3.26 (s, 1H), 3.18-3.16 (m, 4H),
2.37-2.29 (m, 1H), 2.16-2.07 (m, 2H), 1.43 (s, 3H), 1.37 (s, 3H), 0.74 (s, 3H); "C NMR (125

MHz, CDCl,): 6 204.6, 175.9, 144.7, 131.8, 128.8, 125.65, 125.60, 107 4, 84.6, 81.0, 59.1, 58.9,
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56.0, 49.3, 36.9, 282, 27.5, 26.4, 25.4, 23.2; IR (film): 2959, 2928, 1708, 1606, 1470 cm™;
HRMS-ESI (m/z) [M + H]" calcd for C0H24NO3, 326.17562; found 326.17443; [a]*'°, +23.80°

(c =1.000, CHCl,).

BCl,
CH,Cl,, 50 °C

(64% yield + 28%
recovered 4.18)

Alkyl Chloride 4.19. To a scintillation vial containing oxindole 4.18 (19.3 mg, 0.059 mmol, 1.0
equiv) was added a solution of BCl; (1.0 M in CH,Cl,, 178.2 uL, 0.178 mmol, 3.0 equiv) in a
dropwise manner. The reaction vial was then sealed and heated to 50 °C. After 2 h, the solution
was then allowed to cool to 23 °C and quenched with addition of a saturated aqueous solution of
NaHCO; (1 mL) and transferred to a separatory funnel with EtOAc (6 mL) and H,O (6 mL), and
extracted with EtOAc (3 x 3 mL). The organic layers were combined, dried over Na,SO,, and
evaporated under reduced pressure. The resulting residue was purified by preparative thin layer
chromatography (1:1 hexanes:EtOAc) to afford alkyl chloride 4.19 (13.7 mg, 64% yield) as a
white solid and recovered oxindole 4.18 (5.4 mg, 28% yield). Alkyl chloride 4.19: mp: 176 .4 °C;
R;0.42 (1:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): § 9.29 (s, 1H), 7.18 (dd,J=7.7,7.7,
1H), 6.75 d,J=7.7,1H), 6.70 (d, J = 7.8, 1H), 5.13-5.04 (m, 1H), 4.18 (s, 1H), 3.47 (s, 1H),
3.24-321 (m, 1H), 3.16 (s, 3H), 2.61-2.56 (m, 2H), 2.20-2.16 (m, 1H) 1.90 (s, 1H), 1.58 (s,
3H), 1.56 (s, 3H), 0.88 (s, 3H); "C NMR (125 MHz, CDCl,): §200.3, 175.8, 144.9, 133.8,

1289, 125.1, 124 .8, 107.5, 69.6, 61.8, 574, 53.8, 51.6, 50.5, 39.5, 31.3, 26 .4, 26.1, 25.9, 22.8;
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IR (film): 3443, 2967, 1689, 1609, 1594 cm™'; HRMS-ESI (m/z) [M + H]* caled for

C0H25CINO;, 362.15230; found 362.15085; [a]” %, +59.60° (¢ = 1.000, CHCL,).

TESCI _
imidazole Cp,TiMe,
_—
DMF, 23 °C PhMe, 60 °C
(72% yield) (88% yield)
4.26, R =TES 4.20, R =TES

Silyl Ether 4.20. To a solution of 4.19 (18.8 mg, 0.052 mmol, 1.0 equiv) in DMF (944 uL) was
added imidazole (35.3 mg, 0.52 mmol, 3.0 equiv). The reaction vial was then purged with N, and
TESCI (26.2 uL., 0.156 mmol, 3.0 equiv) was added in a dropwise manner. The resulting solution
was stirred at room temperature. After 1 h the reaction was quenched by addition of a saturated
aqueous solution of NaHCO; (2 mL) and transferred to a separatory funnel with EtOAc (6 mL)
and H,O (4 mL). After extracting with EtOAc (3 x 3 mL), the organic layers were combined,
dried over Na,SO,, and evaporated under reduced pressure. The resulting residue was purified by
preparative thin layer chromatography (1:1 hexanes:EtOAc) to afford 4.26 (18 mg, 72% yield) as
an amorphous solid. 4.26: R;0.69 (1:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): 6 9.30 (s,
1H),7.18 (ddd,J=7.8,7.7,0.65,1H),6.72 (d,J = 7.6, 1H),6.70 (d, /= 7.8, 1H), 5.12-5.03 (m,
1H), 4.10-4.04 (m, 1H), 3.46 (s, 1H), 3.16 (s, 3H), 3.14-3.10 (m, 1H), 2.61-2.51 (m, 2H), 2.19-
2.11 (m, 1H), 1.55 (s, 3H), 1.54 (s, 3H),0.96 (t,J =7.9,9H), 0.86 (s, 3H),0.59 (q, J = 7.9, 6H).
To a vial containing 4.26 (17.9 mg, 0.038 mmol, 1.0 equiv) was added the Petasis reagent
(1.0 M in PhMe, 444 uL, 0.444 mmol, 11.8 equiv) in the absence of light. The reaction vessel
was then sealed and heated to 60 °C. After 4.5 h the reaction was cooled to room temperature

and filtered by passage over a plug of silica gel (3:1 hexanes:EtOAc eluent, 15 mL). The filtrate
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was evaporated under reduced pressure and the resulting residue was purified by preparative thin
layer chromatography (3:1 hexanes:EtOAc) to afford silyl ether 4.20 (15.6 mg, 88% yield) as an
amorphous solid. Silyl Ether 4.20: R;0.57 (3:1 hexanes:EtOAc); 'H NMR (500 MHz, CDCL,): §
714 (dd,J=7.7,7.7,1H),6.65 (d,J =7.6, 1H), 6.62 (d,J=7.6, 1H), 5.65 (dd, J =172, 10.9,
1H),5.15(dd,J =12.7,4.5,1H),4.85(dd,J =17.3,09,1H),4.80 (d,J = 11.1, 1H), 4.04 (br. s,
1H), 3.46 (s, 1H), 3.17 (s, 3H), 3.12-3.08 (m, 1H), 2.43-2.34 (m, 1H), 2.19-2.03 (m, 2H), 1.51
(s, 3H), 1.50 (s, 3H), 0.96 (t, J = 7.9, 9H), 0.85 (s, 3H), 0.58 (q, J = 7.8, 6H); "C NMR (125
MHz, CDCl,): 8 176.2, 144.5, 138.6, 138.3, 128.0, 125.5, 1244, 115.0, 106.3, 70.0, 65.3, 60.7,
54.8,50.6,44.4,39.7,31.5,29.7,26.3,259,22.6,7.1,4.9; IR (film): 2956, 2912, 1708, 1610,
1597 cm™; HRMS-ESI (m/z) [M + H]* calcd for C,7H4;CINO,Si, 474.25951; found 474.25746;

[, —1.40° (c = 1.000, CHCL,).

i. ClscC(O)NCO

NMe  EtOH, 23 °C

>
H iii. K2C03 MeOH

0 (quant. yield)
(quant. yield)

Me
4.20, R =TES

Carbamate 4.8. A flask was charged with silyl ether 4.20 (5.4 mg, 0.011 mmol, 1.0 equiv),
followed by the addition of absolute ethanol (542 L) and concentrated aqueous HCI (542 uL).
The solution was then allowed to stir at room temperature. After 20 min, the reaction mixture
was transferred to a separatory funnel with EtOAc (6 mL). To the funnel was added a saturated
aqueous solution of NaHCO; (5 mL) slowly until gas evolution was no longer observed. The
resulting biphasic mixture was extracted with EtOAc (3 x 3 mL) and the organic layers were

combined, dried over Na,SO,, and evaporated under reduced pressure. The resulting residue was
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purified by preparative thin layer chromatography (1:1 hexanes:EtOAc) to afford 4.27 (4.1 mg,
quant. yield) as an amorphous solid. Alcohol 4.27: R, 0.18 (3:1 hexanes:EtOAc); 'H NMR (500
MHz, CDCLy): 6 7.14 (dd, J = 7.7, 7.7, 1H), 6.67-6.63 (m, 2H), 5.64 (dd, J = 17.3, 11.0, 1H),
5.14(dd,J=12.8,4.5,1H),4.87 (dd,/J=17.2,0.8,1H),4.81 (d,J =11.1, 1H),4.15 (s, 1H), 3.47
(s, 1H), 3.17 (s, 3H), 2.42 (ddd, J = 14.7, 10.8, 5.3,1H), 2.21-2.07 (m, 2H), 1.54 (s, 3H), 1.52 (s,
3H), 0.85 (s, 3H).

To a solution of 4.27 (4.1 mg, 0.011 mmol, 1.0 equiv) in CH,Cl, (228 uL) at 0 °C was
added trichloroacetyl isocyanate (1.7 uL, 0.0142 mmol, 1.25 equiv) in a dropwise manner. The
resulting mixture was allowed to stir at O °C for 5 min, and then at room temperature for 30 min.
The solvent was evaporated under reduced pressure. To the resulting residue was added MeOH
(228 pL) followed by addition of solid K,CO, (8.6 mg, 0.0626 mmol, 5.5 equiv) in one portion.
The reaction was flushed with N, and left to stir at room temperature. After 1 h, the reaction was
quenched with a saturated aqueous solution of NH,Cl (1 mL), and the resulting biphasic mixture
was transferred to a separatory funnel with EtOAc (6 mL) and H,O (4 mL). After extracting with
EtOAc (3 x 3 mL), the organic layers were combined, dried over Na,SO,, and evaporated under
reduced pressure. The resulting residue was purified by preparative thin layer chromatography
(1:1 hexanes:EtOAc) to afford carbamate 4.8 (4.6 mg, quant. yield) as an amorphous solid.
Carbamate 4.8: R; 0.44 (1:1 hexanes:EtOAc); 'H NMR (500 MHz, CDCl,): & 7.15 (dd, J = 7.8,
7.8,1H), 6.70-6.63 (m, 2H), 5.62 (dd,J =17.2,10.8, 1H), 5.14-5.09 (m, 1H), 4.88 (dd,J =17.2,
0.7,1H),4.84 (d,J=11.0,1H),4.77 (dd,J =12.7,4.7, 1H), 4.66 (s, 2H), 3.47 (s, 1H), 3.28-3.25
(m, 1H), 3.18 (s, 3H), 2.44-2.34 (m, 1H), 2.23-2.13 (m, 2H), 1.53, (s, 3H), 1.50 (s, 3H), 0.93 (s,
3H); "C NMR (125 MHz, CDCl,): 8 175.9, 155.3, 144.5, 137.9, 137.0, 128.2, 125.7, 124 .4,

115.6,106.7,73.2,64.6,57.0,51.1,50.7,44.1,39.7,31.0,29.4,26 4,25.7,22.3; IR (film): 3489,
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3348, 2966, 1694, 1610 cm™'; HRMS-ESI (m/z) [M + H]" calcd for CpHpsCIN,O3, 403.17885;

found 403.17618; [a]**, —89.33° (¢ = 1.000, CHCL,).

AgOTf, Phl(OAc),
bathophenanthroline

CH,CN, 50 °C

(35% yield + 43%
recovered 4.8)

4.21

Oxazolidinone 4.21. A 1-dram vial containing CH,CN, a second 1-dram vial charged with
bathophenanthroline (3.8 mg, 0.011 mmol, 1.0 equiv), and a third 1-dram vial containing
carbamate 4.8 (4.6 mg, 0.011 mmol, 1.0 equiv) and PhI(OAc), (14.7 mg, 0.046 mmol, 4.0 equiv)
were transferred into the glovebox. AgOTf (2.9 mg, 0.011 mmol, 1.0 equiv) and CH,CN (200
uL) were added to the vial containing the bathophenanthroline, and the resulting suspension was
allowed to stir at room temperature for 20 min. Next, CH;CN (126 uL) was added to the vial
containing the carbamate, and the AgOTf/bathophenanthroline suspension was also added to this
vial. The vial was then sealed, removed from the glovebox, and the resulting mixture was heated
to 50 °C. After 20.5 h, the reaction was cooled to room temperature and filtered by passage over
a plug of celite (EtOAc eluent, 10 mL). The filtrate was evaporated under reduced pressure, and
the resulting residue was purified by preparative thin layer chromatography (1:2:2
PhH:CH,Cl,:Et,0) to afford oxazolidinone 4.21 (1.6 mg, 35% yield) as an amorphous solid and
recovered carbamate 4.8 (2 mg, 43% yield). Oxazolidinone 4.21: R, 043 (1:2:2
PhH:Et,0:CH,Cl,); '"H NMR (500 MHz, CDCl,): 6 7.21 (dd, J = 7.8, 7.8, 1H), 6.75-6.68 (m,
2H), 5.77 (s, 1H), 539 (dd, J = 17.1, 108, 1H), 5.02 (d, J = 17.2, 1H), 4.94 (d, J = 10.8, 1H)

471 (d,J =20, 1H),4.62 (dd, J =13.7, 3.6, 1H), 3.59 (s, 1H), 3.46 (s, 1H), 3.20 (s, 3H), 2.67
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(app t,J = 14.3, 1H), 2.19 (dd, J = 14.7, 3.6, 1H), 1.61 (s, 3H), 1.58 (s, 3H), 0.95 (s, 3H); °C
NMR (125 MHz, CDCl,): § 174.2, 158.0, 144.7, 1379, 136 4, 128.7, 126.7, 123.0, 116 .0, 107.3,
78.7,67.5,61.7,53.6,52.7,44.4,41.3,40.2,28.3,26.5,21.1, 17.8; IR (film): 3268, 2975, 1754,
1702, 1610 cm™; HRMS-ESI (m/z) [M + H]' caled for Cx»nHysCIN,O3, 401.16320; found

401.16188; [a]°, +68.60° (¢ = 1.000, CHCl,).

cl
0%/ ™\ H
R Me  Dess—Martin NaHMDS
H ~NMe NaHCO3; Phz;PMeBr
H
o CHCl23°C THF, 23 °C
N (84% yield) (79% yield)
4.19

Ketone 4.22. A flask containing alkyl chloride 4.19 (15.1 mg, 0.042 mmol, 1.0 equiv) was added
solid NaHCO; (17.5 mg, 0.054 mmol, 5.0 equiv) in one portion. The reaction vessel was flushed
with N,, and then CH,Cl, (834 uL) was added. To the resulting suspension was added the Dess—
Martin periodinane reagent (23.0 mg, 0.21 mmol, 1.3 equiv) in one portion. The flask was
flushed with N,, and the reaction mixture was allowed to stir at room temperature. After 1 h, the
reaction mixture was diluted with a 1:1 mixture of saturated aqueous NaHCO, and saturated
aqueous Na,S,0; (1.0 mL). The resulting biphasic mixture was vigorously stirred until both
layers appeared clear. The mixture was then transferred to a separatory funnel with EtOAc (6
mL) and H,0 (4 mL), and then extracted with EtOAc (3 x 3 mL). The organic layers were
combined, dried over Na,SO,, and evaporated under reduced pressure. The resulting residue was
purified by preparative thin layer chromatography (1:1 hexanes:EtOAc) to afford 4.28 (12.6 mg,
84% yield) as a white foam. Keto aldehyde 4.28: R, 0.88 (1:3 hexanes:EtOAc); 'H NMR (500

MHz, CDy): 6 9.06 (d,/J=1.2,1H),6.76 (ddd,J=7.8,7.8,0.8, 1H), 6.33 (d, /= 7.6, 1H), 6.00
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(d,J=75,1H),341 (d,J =22, 1H), 3.40 (s, 1H), 3.35 (ddd, J = 13.5,4.5,0.9, 1H), 2.84 (m,
1H), 2.52 (s, 3H), 2.28-2.21 (m, 1H), 1.93 (ddd, J = 14.6, 10.7, 4.6, 1H), 1.40 (s, 3H), 1.13 (s,
3H), 0.70 (s, 3H).

To a vial containing methyltriphenylphosphonium bromide (373 mg, 1.04 mmol, 15.0
equiv) was added THF (1.7 mL). The reaction vessel was cooled to O °C and NaHMDS (1.0 M in
THF, 836 uL, 0.84 mmol, 12.0 equiv) was added in a dropwise manner. The vial was allowed to
warm to room temperature and left to stir for 20 min. A solution of 4.28 (25.0 mg, 0.070 mmol,
1.0 equiv) in THF (2.4 mL) was added dropwise in three portions and the reaction was left to stir
at room temperature. After 30 min the reaction was quenched with the addition of a saturated
aqueous solution of NH,Cl (5 mL). The resulting biphasic mixture was transferred to a
separatory funnel with EtOAc (15 mL) and H,O (10 mL). After extracting with EtOAc (3 x 15
mL), the organic layers were combined, dried over MgSO,, and evaporated under reduced
pressure. The resulting crude mixture was filtered by passage over a plug of silica gel (1:1
hexanes:EtOAc, 40 mL). The filtrate was evaporated under reduced pressure and resulting
residue was purified by flash chromatography (7:1 hexanes:EtOAc) to afford ketone 4.22 (77.4
mg, 79% yield) as a white solid. Ketone 4.22: mp: 110.4 °C; R, 0.67 (1:1 hexanes:EtOAc); 'H
NMR (500 MHz, CDCL): & 7.21 (dd,J =7.7,7.7, 1H), 6.70 (d,J = 7.6, 1H), 6.68 (d,J = 7.7,
1H),5.82 (dd,J=174,11.1, 1H), 5.00-4 .95 (m, 2H), 3.99 (dd, J = 12.1, 3.6, 1H), 3.72 (s, 1H),
3.61(,J=20,1H),3.19 (s, 3H), 2.75-2.64 (m, 2H), 2.54-2.47 (m, 1H), 1.55 (s, 3H), 1.48 (s,
3H), 0.71 (s, 3H); "C NMR (125 MHz, CDCl,): § 207.6, 175.3, 144.6, 136.2, 132.1, 129.0,
1252, 124.4, 1179, 107.3, 68.9, 64.5, 62.5, 50.9, 48.6, 41.8, 32.6, 29.7, 26.5, 25.0, 22.2; IR
(film): 1702, 1607, 1591, 1465 cm™'; HRMS-ESI (m/z) [M + HJ' calcd for C,H,sCINO,,

358.15738; found 358.15590; [a]**, +12.0° (¢ = 1.000, CHCL,).
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1. LiAID,4, THF
-78—0°C

2. C1;CC(O)NCO
cHzclz, 0— 23 °C;
K,CO,, MeOH

(quantitative yield, 2 steps) 4.23

Carbamate 4.23. To a solution of ketone 4.22 (87 mg, 0.244 mmol, 1.0 equiv) in THF (24 .4
mL) at —78 °C was added a solution of LiAID, (1.0 M in THF, 731 uL, 0.731 mmol, 3.0 equiv)
in a dropwise manner. After stirring at —78 °C for 10 min, the solution was then allowed to

warm to 0 °C. After 12 min, the reaction was quenched at 0 °C with slow addition of a saturated
solution of aqueous Rochelle’s salt (10 mL), and then allowed to warm to 23 °C. The resulting
biphasic mixture was stirred at room temperature for 1 h, transferred to a separatory funnel with
EtOAc (10 mL) and H,O (10 mL), and extracted with EtOAc (3 x 10 mL). The organic layers
were combined, dried over MgSO,, and evaporated under reduced pressure. The resulting residue
was used in the subsequent step without further purification.

To a flask containing the crude residue from the previous step was added CH,Cl, (4.9
mL). The reaction vessel was cooled to 0 °C and trichloroacetyl isocyanate (36.3 uL, 0.305
mmol, 1.25 equiv) was added in a dropwise manner. The resulting mixture was allowed to stir at
0 °C for 5 min, and then at room temperature for 20 min. The solvent was evaporated under
reduced pressure. To the resulting residue was added MeOH (4.9 mL) and solid K,CO; (185 mg,
1.34 mmol, 5.5 equiv) in one portion. The reaction was flushed with N, and left to stir at room
temperature for 1 h. The reaction was quenched by the addition of a solution of saturated
aqueous NH,Cl (5.0 mL), and the resulting biphasic mixture was transferred to a separatory
funnel with EtOAc (10 mL) and H,O (10 mL). After extracting with EtOAc (3 x 10 mL), the

organic layers were combined, dried over MgSO,, and evaporated under reduced pressure. The
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resulting residue was purified by flash chromatography (2:1 — 1:1 hexanes:EtOAc) to afford
carbamate 4.23 (98 mg, quantitative yield, over two steps) as a white solid. Carbamate 4.23: mp:
102.8 °C; R, 0.56 (2:1 EtOAc:hexanes); 'H NMR (500 MHz, CDCL): § 7.14 (dd, J = 7.7, 7.7,
1H),6.68 (d,/=7.6,1H),6.61 (d,J=7.7,1H),5.72 (dd,J=17.1,10.9, 1H), 4.87-4.84 (m, 2H),
447-4.4 (m,3H), 3.69 (s, 1H), 3.19 (s, 3H), 3.14 (s, 1H), 2.54-2.46 (m, 2H), 2.39-2.29 (m, 1H),
1.51 (s, 3H), 1.45 (s, 3H), 0.90 (s, 3H); H NMR (77 MHz, CDCL,) § 5.43 (br. s, 1D); "C NMR
(125 MHz, CDCl,): 6 176.3, 155.8, 1443, 1379, 137.5, 127.8, 126.5, 125.3, 116.1, 106.6, 64.1,
56.1,51.5,46.6,46.3,39.1,33.0,29.0,26.7,26 4,24 .0; IR (film): 1724, 1701, 1607, 1467, 1376,
cm™'; HRMS-ESI (m/z) [M + H]" caled for CoHy7DCIN,O3, 404.18512; found 404.18342;

[a]**’, =3.20° (¢ = 1.000, CHCL,).

AgOTf, Phl(OAc),
bathophenanthroline

CH4CN, 50 °C

(55% vyield + 10%
recovered 4.22)

4.24

Oxazolidinone 4.24. A 1-dram vial containing CH,CN, a second 1-dram vial charged with
bathophenanthroline (13 mg, 0.039 mmol, 1.0 equiv), and a third 1-dram vial containing
carbamate 4.23 (15.8 mg, 0.039 mmol, 1.0 equiv) and PhI(OAc), (50 mg, 0.157 mmol, 4.0
equiv) were transferred into the glovebox. AgOTf (10 mg, 0.039 mmol, 1.0 equiv) and CH;CN
(550 uL) were added to the vial containing the bathophenanthroline, and the resulting suspension
was allowed to stir at room temperature for 20 min. Next, CH;CN (550 uL) was added to the vial
containing the carbamate, and the AgOTf/bathophenanthroline suspension was also added to this

vial. The vial was then sealed, removed from the glovebox, and the resulting mixture was heated
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to 50 °C. After 24 h, the reaction was cooled to room temperature and filtered by passage over a
plug of silica gel (EtOAc eluent, 10 mL). The filtrate was evaporated under reduced pressure,
and the resulting residue was purified by preparative thin layer chromatography (2:1:1
benzene:Et,0:CH,Cl,) to afford oxazolidinone 4.24 (8.7 mg, 55% yield) as a white solid and
recovered ketone 4.22 (1 mg, 10% yield). Oxazolidinone 4.24: mp: 183.2 °C; R, 0.32 (1:2:2
benzene:Et,0:CH,Cl,); 'H NMR (500 MHz, CDCl,): & 7.76 (s, 1H), 7.09 (dd, J =79, 7.9, 1H),
6.69 (d,/=78,1H), 6.66 (d,/J=8.2,1H),5.54 (dd,J=17.3,10.7, 1H), 506 (d, J = 17.3, 1H),
500 (d,J =109, 1H), 4.38-4.32 (m, 1H), 3.97 (s, 1H), 3.21 (s, 3H), 2.71-2.60 (m, 2H), 2.55-
2.45 (m, 1H), 1.57 (s, 3H), 1.52 (s, 3H), 1.11 (s, 3H); *H NMR (77 MHz, CDCl;) 8 4.91 (br. s,
1D); "C NMR (125 MHz, CDCL,): 8 175.1, 159.5, 143.6, 138.7, 137.5, 128.2, 125.3, 124.1,
1159, 107.0, 70.3, 63.1, 53.3, 479, 455, 38.2, 32.3, 27.1, 26 4, 23.3, 21.0; IR (film): 1748,
1703, 1683, 1610, 1591 cm™'; HRMS-ESI (m/z) [M + H]* caled for C,,H,sDCIN,O3, 402.16947;

found 402.16849; [a]*', +8.20° (¢ = 1.000, CHCL,).

Dess—Martin
Cp,Zr(H)CI NaHCO;
THF, 23 °C CH,CI,, 23 °C
(51% yield) (97% yield)

4.25

Formamide 4.25. Two 1-dram vials were charged with 4.24 (7.0 mg, 0.017 mmol, 1.0 equiv
each) and taken into the glovebox. Each reaction vessel was charged with Schwartz’ reagent (5.9
mg, 0.023 mmol, 1.3 equiv each) and THF (1.74 mL each), which had previously been taken
through six freeze-pump-thaw cycles, was added. The reaction vessels were sealed and left to stir

at room temperature. After 14 h, the reaction vials were removed from the glovebox and
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quenched with saturated aqueous solution of NH,CI (1 mL) for each vial. The resulting biphasic
mixtures were transferred to a test tube with EtOAc (2 mL) and brine (1 mL). After extracting
with EtOAc (3 x 2 mL). The organic layers were combined, dried over MgSO,, and evaporated
under reduced pressure. The resulting residue was purified by preparative thin layer
chromatography (1:1 hexanes:acetone) to afford 4.29% (7.2 mg, 51% yield) as a white solid and
recovered oxazolidinone 4.24 (3.1 mg, 22% yield). 4.29: R;0.09 (1:1 hexanes:EtOAc); 'H NMR
(500 MHz, CDCl,):** 8.3-8.25 (m, 1.36H), 7.95 (s, 0.47H), 7.31-7.27 (m, 1.25H), 6.96 (d, J =
8.2,041H), 6.87 (d,J = 8.1, 1H), 6.78-6.73 (m, J = 8.3, 2.0H), 6.22 (s, 1H), 6.10 (d, J = 11.2,
0.41H),592 (dd,J=17.8,11.4, 1H), 5.88-5.80 (m, 0.87H), 5.05-4.97 (m, 0.8H), 4.94-4.85 (m,
3H),4.79 (dd,J=99,5.5,1H),448 (dd,J=9.2,5.2,0.5H),4.33 (d,J =8.2,5.7,0.38H), 4.20
(s, 0.36H), 4.10 (s, 0.38H), 4.06 (s, 1H), 3.23-3.19 (m, 5.7H), 2.73-2.49 (m, 4.5H), 2.44-2.36
(m, 1.5H), 1.57 (s, 3H), 1.56 (s, 3.5H), 1.52 (s, 4.4H), 1.50 (s, 1.71H), 1.23 (s, 1.34H), 1.18 (s,
3H),0.95 (s, 1.4H).

A 1-dram vial was charged with 4.29 (5.2 mg, 0.013 mmol, 1.0 equiv) and solid NaHCO,
(5.4 mg, 0.065 mmol, 5.0 equiv) in one portion. The reaction vessel was flushed with N,, and
then CH,Cl, (260 uL) was added. To the resulting suspension was added the Dess—Martin
periodinane reagent (7.1 mg, 0.017 mmol, 1.3 equiv) in one portion. The flask was flushed with
N,, and the reaction mixture was allowed to stir at room temperature. After 1 h, the reaction
mixture was diluted with a 1:1 mixture of saturated aqueous NaHCO, and saturated aqueous
Na,S,0; (1.0 mL). The resulting biphasic mixture was vigorously stirred until both layers
appeared clear. The mixture was then transferred to a test tube with EtOAc (2 mL) and brine (2
mL), and then extracted with EtOAc (3 x 2 mL). The organic layers were combined, dried over

MgSO,, and evaporated under reduced pressure. The resulting residue was purified by flash
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chromatography (5:1 — 3:1 hexanes:acetone) to afford formamide 4.25 (5.0 mg, 97% yield) as a
white solid. formamide 4.25: mp: 213.3 °C; R;0.41 (3:1 EtOAc:hexanes); '"H NMR (500 MHz,
CDCl, at —44 °C):” § 8.21 (d, J = 1.1, 0.25H), 7.53 (d, J = 120, 1H), 7.32 (dd, J = 8.1, 7.9,
1.25H), 702 d, J = 8.1, 1H), 7.00 (d, J = 8.3, 0.25H), 6.82 (d,J = 7.5, 1H), 6.79 (d, J = 7.5,
0.25H),6.38 (dd,J=17.3,11.0,0.25H), 6.28 (dd, J = 17.3,10.7, 1H), 5.78 (s, 0.25H), 5.73 (d, J
=115,1H),551(d,J=11.2,0.25H),5.48 (d,J =110, 1H), 5.42-5.30 (m, 1.25H), 4.40 (s, 1H),
432 (s, 0.25H), 424 (d,J =74, 1H), 4.19 (d, J = 7.1, 0.25H), 3.22 (s, 3H), 3.21 (s, 0.75H),
3.20-3.14 (m, 1H), 3.08-2.90 (m, 2.6H), 2.81 (d,J =174, 1H),2.75 (d, J = 16.4, 0.25H), 1.68
(s, 3H), 1.63 (s, 0.75H), 1.28 (s, 3.75H), 0.98 (s, 0.75H), 0.87 (s, 3H); "C NMR (125 MHz,
CDCl,): 6202.8,174.3,167.3,144.0,137.2,133.7, 1284, 126.7, 1248, 118.2, 108.1,71.5,62.2,
60.2,55.0,49.8,38.2,31.8,26.3,26.1,22.9,20.9; IR (film): 2967, 2932, 1696, 1609, 1585 cm™";
HRMS-ESI (m/z) [M + H]* calcd for C,HpsCIN,O3, 401.16320; found 401.16143; [a]***, +9.60°

(¢ =1.000, CHCl,).

Burgess Reagent Se, Sg, Et3N

PhH, THF, 23 °C THF, 65 °C

(quant. yield) (54% vyield)

(=)-N-Methylwelwitindolinone B Isothiocyanate (4.2). To a solution of formamide 4.25 (3.3
mg, 0.008 mmol, 1.0 equiv) in 1:1 THF/PhH (660 ul) was added Burgess reagent (2.0 mg, 0.008
mmol, 1.0 equiv). The reaction vessel was purged with N,, sealed and left to stir at room

temperature. After stirring for 1 h, an additional portion of Burgess reagent (0.5 mg, 0.002 mmol,
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0.25 equiv) was added. After stirring at room temperature for 30 min, a final portion of Burgess
reagent (0.5 mg, 0.002 mmol, 0.25 equiv) was added and the resulting solution was stirred at
room temperature. After 25 min the reaction was filtered by passage over a plug of silica gel
(EtOACc eluent, 6 mL). The filtrate was evaporated under reduced pressure and the resulting
residue was purified by flash chromatography (5:1:1 hexanes:Et,0:CH,Cl,) to afford 4.30 (3.2
mg, quant. yield) as a white solid. 4.30: R, 0.55 (1:1:1 hexanes:Et,0:CH,Cl,); '"H NMR (500
MHz, C,D,): 6 7.41 (d,J =8.3, 1H), 6.86 (dd,J=8.0, 8.0, 1H),6.04 (d,/=7.7,1H), 5.82 (dd, J
=17.2,11.0,1H),4.95-4.81 (m, 2H), 3.83 (s, 1H),3.43 (dd,J =64, 6.2, 1H), 2.55 (s, 3H), 2.36
(dd,J =99, 3.6, 1H), 2.19-2.11 (m, 1H), 1.91-1.81 (m, 1H), 1.46 (s 3H), 1.26 (s, 3H), 0.75 (s,
3H).

To two 1-dram vials containing 4.30 (2.9 mg, 0.008 mmol, 1.0 equiv each) was added
powdered Se (1.8 mg, 0.023 mmol, 3.0 equiv each) and Sy (1.9 mg, 0.590 mmol, 76.4 equiv
each). The reaction vessels were purged with N, and to each vessel was added THF (584 uL.,
previously sparged with N, for 20 min) and NEt; (81 uL, 0.590 mmol, 26 .4 equiv), which were
then sealed and heated to 65 °C. After 17 h the reaction vials were cooled to room temperature
and filtered by passage over a plug of silica gel (EtOAc eluent, 6 mL). The filtrate was
evaporated under reduced pressure and the resulting residue was purified by preparative thin
layer chromatography (1:1:1 hexanes:Et,0:CH,Cl,) to afford (—)-4.2 (3.4 mg, 54% yield) as a
white solid. (-)-N-Methylwelwitindolinone B isothiocyanate (4.2): mp: 186.4 °C; R, 0.61 (1:1
hexanes:EtOAc); '"H NMR (500 MHz, CDCl,): § 7.34 (ddd, J = 8.3,0.8, 1H), 7.25 (dd, J = 8.3,
09,1H),6.80(d,/=7.7,1H),599 (dd,J=17.5,11.1, 1H), 5.22-5.15 (m, 2H),4.17 (app t, J =
6.3, 1H), 4.13 (s, 1H), 3.20 (s, 3H), 2.95 (app t, J = 7.2, 1H), 2.78 (app t, J = 6.5, 1H), 1.62 (s

3H), 1.48 (s, 3H), 0.83 (s, 3H); "C NMR (125 MHz, CDCl,): 8 198.6, 174.3, 144.1, 139.6,
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1364, 131.2, 128.8, 123.9, 122.6, 118.1, 108.3, 83.5, 62.5, 60.2, 53.3, 52.9, 39.8, 31.5, 264,

25.4,24.1,22.5; 1R (film): 2969, 2933, 2049, 1710, 1607, 1587, 1460 cm™'; HRMS-ESI (m/z) [M

+ HJ* caled for C,,H,,CIN,0,S, 415.12470; found 415.12245; [a]®?, —133.71° (¢ = 0.071,

CH,Cl,).*®
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APPENDIX THREE

Spectra Relevant to Chapter Four:

Total Synthesis of (-)-N-Methylwelwitindolinone B Isothiocyanate

via a Chlorinative Oxabicyclic Ring-Opening Strategy

Nicholas A. Weires, Evan D. Styduhar, Emma L. Baker, and Neil K. Garg.

J.Am. Chem. Soc. 2014, 136,14710-14713.
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Figure A3.2 Infrared spectrum of compound 4.13.

Purified Product, 13C NMR

N NQONRNO T ©
N NSOAN®AO=-BH0ON ~ D ROAFT ORI =™ ~ <
S §EE833805 S 5 ZYCEZBSERRET 53 curenowapmances
s rErer s o & BIITBABAOA~ — @Y AME ELB-1-208p
EXPNO 3
NSNS ANV Rese
F2 - Acquisition Parameters
Date_ 20140623
Time 10.12
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30
D 65536
SOLVENT CDCI3
NS 160
DS 2
SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec
RG 204.54
bW 16.000 usec
DE 18.00 usec
TE 298.0 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
NUC1
P1 9.63 usec
PLW1 23.00000000 W
= == CHANNEL f2 ==:
SFO2 500.1330008 MHz
NUC2 H
CPDPRG[2 waltz16
PCPD2 80.00 usec
PLW2 1350000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W
F2 - Processing parameters
Si 131072
SF 125.7577717 MHz
WDW EM
SSB 0
l \ LB 1.00 Hz
GB o]
PC 1.40
T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure A3.3 "C NMR (125 MHz, CDCl,) of compound 4.13.
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Figure A3.5 Infrared spectrum of compound 4.14.
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Figure A3.6 "C NMR (125 MHz, CDCl,) of compound 4.14.
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Figure A3.9 Infrared spectrum of compound 4.15.

Purified Product, 13i NMR Current Data Parameters
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Figure A3.10 °C NMR (125 MHz, CDCl,) of compound 4.15.
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Figure A3.12 Infrared spectrum of compound 4.16.
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Figure A3.13 °C NMR (125 MHz, CDCl,) of compound 4.16.
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Figure A3.15 Infrared spectrum of compound 4.17.

Purified Product, 13C NMR
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Figure A3.16 °C NMR (125 MHz, CDCl,) of compound 4.17.
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Figure A3.18 Infrared spectrum of compound 4.18.
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Figure A3.19 °C NMR (125 MHz, CDCl,) of compound 4.18.
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Figure A3.21 Infrared spectrum of compound 4.19.

Purified Product, 13C NMR Current Data Parameters

g 2 2 28 8 o wuzmy poeNg: NAME ~ NAW-2:152p
g p g Sgge @ G RIZEE GEhCER EXPNO 13
o 0 4 OB N ) NN OOT 1 Ho— o
g & I &84 S S SRO-S @ -Cowqa PROCNO 1
14 = = PR = 8 ciidon & HIIAN
‘ \ \ \/ ‘ \ \ // ‘ \ \Q // F2 - Acquisition Parameters
/ Vo NV Date_ 0140623
Time 1859
INSTRUM avs00
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30
TD 65536
SOLVENT CDCI3
NS 80
DS 2
SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec
RG 204.54
bW 16.000 usec
DE 18.00 usec
TE 298.0 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
= CHANNEL f1 =
SFO1 125.7722511 MHz
NUC1 C
P1 9.63 usec
PLW1 23.00000000 W
= = CHANNEL f2 =:
SFO2 500.1330008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec
PLW2 13.50000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W
F2 - Processing parameters
sl 131072
SF 125.7577728 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
/e PC 1.40

T T T T T T T T T T T T T T T T T T T T T

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 Q0 ppm

Figure A3.22 "C NMR (125 MHz, CDCl,) of compound 4.19.
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Figure A3.25 Infrared spectrum of compound 4.20.

Purified Product, 13C NMR
[s¢]
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Current Data Parameters
AME NAW-2-171p

EXPNO 3

PROCNO 1

F2 - Acquisition Parameters
Date_ 0140723

Time 11.10
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30

TD 65536
SOLVENT CDCI3
NS 24

DS 2

SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec
RG 204.54

DW 16.000 usec
DE 18.00 usec
TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

SFO1 1257722511 MHz

NUC1
P1 9.63 usec
PLW1 23.00000000 W

== === CHANNEL 2 ==
SFO2 500.1330008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec
PLW2 13.50000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters
Sl 131072

SF 125.7577732 MHz
WDW EM

SSB 0

LB 1.00 Hz

GB [

PC 1.40

Figure A3.26 °C NMR (125 MHz, CDCl,) of compound 4.20.
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Figure A3.29 Infrared spectrum of compound 4.8.

Current Data Parameters

e hd 295 853 =~ 3 @ O N0 © @ NAME NAW-2-174p
5 § 533 &R8 & & 83 2 230823585 EXPNO 3
0 0 RN BGE 6 0o - @ o-~oRko¥noq
= ad Teeddd o2 R 3 Br33I38A88N PROCNO 1
) N
‘ ‘ ‘ \/ \ ‘/ ‘ ‘ ‘ ‘ ‘ \/ ‘ ‘ \\\ \// F2 - Acquisition Parameters
! 0 Date_ 2014072
Time 14.39
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30
36

TD 655,
SOLVENT CDCI3
NS 80

DS 2

SWH 31250.000 Hz

FIDRES 0.476837 Hz

AQ 1.0485760 sec

RG 204.54

bw 16.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec

D11 0.03000000 sec

TDO 1
CHANNEL f1 =

125.7722511 MHz
3C

9.83 usec
23.00000000 W

CHANNEL f2 =

SFO2 500.1330008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec
PLW2 13.50000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W

£
s}

1.00 Hz

F2 - Processing parameters
1] 131072
SF 125.7577720 MHz
W EM
SSB
LB
| | GB o0
n

PC 1.40

T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 Q0 80 70 60 50 40 30 20 10 0 ppm

Figure A3.30 °C NMR (125 MHz, CDCl,) of compound 4.8.
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Figure A3.32 Infrared spectrum of compound 4.21.

Purified Product, 13C NMR

- =3 - QANDNT 1 I~
g g Zgiggg g ﬁ ~ 98 88882 FnTR Current Data Parameters
~ © TeedaN - o R 5o B8¥IFe 8t NAME  NAW-2-147p
EXPNO 13
NN TN AN Frocko
F2 - Acquisition Parameters
Date_ 0140718
Time 13.47
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30
TD 65536
SOLVENT CDCI3
NS 80
DS 2
SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec
RG 204.54
DW 16.000 usec
DE 18.00 usec
TE 298.0 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
CHANNEL f1
SFO1 125.7722511 MHz
NUC1 13C
P1 9.63 usec
PLW1 23.00000000 W
CHANNEL f2
SFO2 500.1330008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec
PLW2 13.50000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W
F2 - Processing parameters
SI 131072
SF 125.7577723 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB o]
) PC 1.40
T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure A3.33 "C NMR (125 MHz, CDCl,) of compound 4.21.
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Figure A3.36 Infrared spectrum of compound 4.22.

Purified Product, 13C NMR (rix”em Data Parameters

8 3 8 §IR8Y3 & oos 2% oNgry NAME = ES5:245

0 @ © N=-O0r=<x0 A SR LY A FNO -

™~ O ¥ QAP TN ™ DY QW QY ON~NT O PROCNO 1

o N~ <+ OO NN - o © < o O - ANPDOWAN

o — - Tt — © © © o< + oONNNN
F2 - Acquisition Parameters
Date_ 20140410
Time 11.09
INSTRUM drx500
PROBHD 5 mm bb-Z Z800
PULPROG zgde30
TD 65536
SOLVENT CDCI3
NS 300
DS 0
SWH 32679.738 Hz
FIDRES 0.498653 Hz
AQ 1.0027008 sec
RG
DW 15,300 usec
DE 6.00 usec
TE 2973 K
D1 2.00000000 sec
di1 0.03000000 sec
PL1 0dB
SFO1 125.8231939 MHz
== == CHANNEL f2 ===
CPDPRG[2 waltz16

C2 1H

PCPD2 100.00 usec
PL2 0dB
PL12 17.5.
SFO2 500.3320013 MHz
F2 - Processing parameters
SI 65536
SF 125.8080850 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40

T T T T T T T T T T T T T T T T T T T T T T

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure A3.37 "C NMR (125 MHz, CDCl,) of compound 4.22.
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Figure A3.40 Infrared spectrum of compound 4.23.

Purified Product, 13C NMR Current Data Parameters
NAME $5-247

® @ oot 9o~ 1 o
S > SIS 3B 8 3 ® NOTOLRBDO
a ~ Qoh a¥d S B L QIRNNRILRER EXPNO 3
© ['e} TN oW © © ? O
~ 0 Yoo NN — =3 ¥ OO0 DNDOD O D PROCNO 1
= = =22 FFR = 2 3 BnIIOILLI
N ) \ ) -
‘ \/ \ / ‘ ‘ ‘ \ \/ \ \ \\// F2 - Acquisition Parameters
L ) y U Date_ 20140411
Time 10.53
INSTRUM drx500
PROBHD 5 mm bb-Z Z800
PULPROG zgdc30

TD 65536
SOLVENT CDCI3
NS 317

Ds 0

SWH 32679.738 Hz
FIDRES 0.498653 Hz
AQ 1.0027008 sec
RG 3649.1

bw 15.300 usec
DE 6.00 usec
TE 296.0 K

D1 2.00000000 sec
dit 0.03000000 sec
TD( 1

==: CHANNEL f1 =
NUCH1

13
P1 6.20 usec
PL1 0dB
SFO1 125.8231939 MHz

== CHANNEL f2 =:
CPDPRG[2 waltz16
NUC2 1H

PCPD2 100.00 usec
PL2 0dB
PL12 17.52 dB

2
SFO2 500.3320013 MHz

F2 - Processing parameters
Si 65536

SF 125.8080655 MHz
WDW EM

SsB 0

LB 1.00 Hz
GB 0

PC 1.40

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

Figure A3.41 "C NMR (125 MHz, CDCL,) of compound 4.23.
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Figure A3.44 Infrared spectrum of compound 4.24.

Purified Product, 13C NMR
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Current Data Parameters
NAME ES6-016
EXPNO 5
PROCNO 1

F2 - Acquisition Parameters
Date_ 0140522

Time 11.58
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30

TD 65536
SOLVENT CDCI3
NS 52

Ds 2

SWH 31250.000 Hz

FIDRES 0.476837 Hz

AQ 1.0485760 sec

RG

DW 16.000 usec

DE 18.00 usec

TE 298.0K

D1 2.00000000 sec

D11 0.03000000 sec

TDO 1
CHANNEL 11

1000.0

SFO1 125.7722511 MHz
NUC1 13C

P1 9.63 usec
PLW1 23.00000000 W

CHANNEL f2

SFO2 500.1330008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec
PLW2 13.50000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters
SI 131072

SF 125.7577728 MHz
WDW EM

SSB

LB 1.00 Hz

GB

PC 1.40

Figure A3.45 °C NMR (125 MHz, CDCL;) of compound 4.24.
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Figure A3.48 Infrared spectrum of compound 4.25.

Purified Product, 13C NMR
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g T B IHgELIE 8 2 H588 s-ssas Gurent Data Parameters
1Y - - - = ~ ©®WL < HOANA N NAME ES6-029
EXPNO 4
| NN AL AN PROCKO 1
F2 - Acquisition Parameters
Date_ 201408603
Time 18.00
INSTRUM av500
PROBHD & mm DCH 13C-1
PULPROG zgpg30
D 65536
SOLVENT CDCI3
NS 101
DS 2
SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec
RG 202.91
DW 16.000 usec
DE 18.00 usec
TE 298.0 K
D1 2.00000000 sec
D11 0.03000000 sec
TDO 1
CHANNEL f1
SFO1 125.7722511 MHz
NUC1 13C
P1 9.63 usec
PLW1 23.00000000 W
CHANNEL f2
SFO2 500.1330008 MHz
NUGC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec
PLW2 13.50000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W
F2 - Processing parameters
Sl 131072
SF 125.7577892 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure A3.49 °C NMR (125 MHz, CDCl,) of compound 4.25.
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Figure A3.52 Infrared spectrum of compound 4.2.

Purified Product, 13C NMR

g 3 S28IRABE 3 3 o0y AERITY

g g 18608082 8 2 4828 ZnE83y
WINELZZ | VIV NN

260 1é0 Té() 1}0 1é0 1\%0 Tl:l() 1(;0 1é0 1;0 1(I)0 96 8‘0 7‘0 66 5‘0 4‘0 3‘0 2‘0 16 ppm

Current Data Parameters
NAME 7

EXPNO

PROCNO 1

F2 - Acquisition Parameters
Date_ 20140809
Time 17.40
INSTRUM av500

PROBHD 5 mm DCH 13C-1
PULPROG zgpg30
65536

TD

SOLVENT CDCI3

NS 372

DS 2

SWH 31250.000 Hz

FIDRES 0.476837 Hz

AQ 1.0485760 sec

RG 20291

DW 16.000 usec

DE 18.00 usec

TE 298.0K

D1 2,00000000 sec

D11 0.03000000 sec

TDO 1
CHANNEL f1

SFO1 125.7722511 MHz

NUC1 13C

P1 9.63 usec

PLW1 23.00000000 W
CHANNEL 2

SFO2 500.1330008 MHz

NUC2 1H

CPDPRG[2 waltz16

PCPD2 80.00 usec

PLW2 13.50000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters
SI 131072

SF 125.7577917 MHz
WDW

SSB 0

LB 1.00 Hz

GB 0

PC 1.40

Figure A3.53 "C NMR (125 MHz, CDCl,) of compound 4.2.
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