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ABSTRACT

TheHeliannuols are a family of structurally diverse allelochemicals produced by
the common sunflower which hold potential as environmentally benign herbicides;
however, their further stydand development has been hampered by lack of efficient and
divergent synthetic strategies. Key challenges includad 8membered mediufring
ethers and isolated stereogenic cent&nsovel (bis)cationic nitrogetigated HVI (N-
HVI)-mediated oxidatig rearrangememepresents and innovatiagproach to the
Heliannuolsby providing expedient access to the challenging cyclic ether scaffald

umpolung reactivity of cyclic alcohols.

Asymmetric Total Synthesis Method Advancement Scalable Reagent Synthesis
Diversity-oriented synthesis; One-pot heteroatom Improved quality and yield;
11 steps LLS activation/derivatization Evaluation of physical properties
MeM Me OH
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Heliannuol A Heliannuol D i

This dissertatiorprovides the unified synthesis and isolation ofouzs
electronically and sterically distinbt-HVIs to promote their continued investigation in
the Wengryniuk group as well as synthetic groups across the globe (Chapter 1).
Additionally, synthetieffortstoward natural product targded to new discovess
regarding the key electrophilic heteroatom rearrangement step which prompted a full
study, resulting in improved yields, epet derivatization protocols, expanded scope, and
a better understanding of substrate effects on reac{¥itgpter 2)Finally, armed with

improved access to mediusized cyclic ethers, thEl-step total syntheses of



HeliannuolsD andA was accomplished in the most concise and highest yielding
asymmetric syntheses to dé&hapters 3 and)4Thedivergentsyntheticstrategy has
also enabled access to a library of unnatural analogues which are being screened for

bioactivity in collaboration wittagrochemical industry (Chapter 5).
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CHAPTER 1: HYPERVALENT IODINE REAGENTS

1.1: BACKGROUND AND SIGNIFICANCE

Out of sheenecessity, Nature has demonstrated a wide variety of oxidative
processes to deliver densely oxidized bioactive moleéifiés such, it is paramount
that synthetic chemists develop similar processes to access these priviledged ntlecules.
" Research into selective oxidations has becomaemof critical interest in the field of
synthetic chemistr§.° Despite significant efforexistingstrategiestill commonlyrely
on scarcg! 12 toxic,2¥ ® transition metals or harsh conditions, and often provide poor
functional group compatibility and chemar regioselectivity*® Furthermoreatom and
step economis often far from ideatendering the process clysand impracticafor
large scale productiof??* Despite the efforts of chemists all around the globe, generally
applicable solutions remain elusive and a significant a gap remains betwedeal®in
the laboratory and the elegant transformations of Nature.

The use of makgroup elements as opposed to transition metals has emerged as a
possible alternative approach to the development of efficient, green, and selective
oxidative transformatins??2’ One example is the Swern Oxiitat, which utilizes the
readily available dimethylsulfoxide (DMSOQO) as an oxidant in the absence of expensive or
toxic metal$2¥ 2’ The Swerrpxidation is not without issues, however, as it utilizes
stoichiometric quantities of reagents and generates an unpleasant byproduct in

dimethylsulfide?®2° The combination of these factors hinders the use of this
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transformation on scalén addition to sulfur and other chalcog€ne. selenium),

halogens possess the ability to perform general oxidations. For example, sodium chlorite
(NaClQ®), hypochlorite (NaClO, household bleach), or hypobromite (NaBrO) are often
used as powerful, neselective oxidants. However, the halogemgang the most

attention for its utility as a synthetic oxidant in recent years is icdi@empared to
otherhalogensaand mosimain group elements, iodim®astsa larger atomic radius,

which allowsfurther extensiomf its normalgroundstatevalency to adopt multiple
highly reacti v edThdsehypervalest stahavie beersdenonsaated

as powerful noftoxic, environmentajl benign, and mild alternative pwior oxidative

strategies?

A
.o L O
. L|
_ _I.\“\' LI,|\\L L_" -‘L L’:"\\‘L "_
Ar—l AN T L R\t '-'L//I_L
L Ar L L
Linear T-shaped square pyramidal pentagonal bipyrimidal ~ octahedral tetrahedral
1.1; 1.2 1.3 I
I(1) 1y, 23 1(V), A5 14
L = halogen, O—, C—, N— 1V, A7
5 AcO OA
| Cl—I—Cl AcO—|—O0Ac e e
IT-0AC Na*
O _O“;}=O
o
15 16 1.7 18 © 1.9
lodobenzene lodobenzene Dess-Martin ) )
lodobenzene . . . L Sodium periodate
o dichloride diacetate periodinane N
(PhICI,, A%) (PhI(OAC),, 1%) (DMP, 15)

Figure 1.1. Geometries and examples of HVI species

Hypervalentiodine compoundéHVIs) can be distributed intthreecategories
(Figure 1.1A) 1) lodine (1), orl(lll) HVIs (IUPAC) compounds, bearing ashaped
geometryandone linear center4-electron bonq1.2, 2) i odi PiedangsV) or @&
(IUPAC), possessing square pyramidal geometry and two lineareBiter4-electron

bonds(1.3), and iodine (VII) which can adopt three different geometries (pentagonal
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bipyramidal, octahedral, and tetrahedRigure.1.A)*°The & nomencl atur e i
utilized of late and will not be included for the remainder of this thasisw

representative examples commonly utilized reagents of each classprovidedin

Figure 1.B and this disertation will focus on the reactivity and application$(idF)

HVIs.

1.2: PROPERTIES AND GENERAL REACTIVITY OF I(lll) REAGENTS

X—I—X
— + —
N cecece —— LUMO
I-X bond X—|—X
- Polarized towards X ligand ce « Ce ‘|y HOMO
- Elongated compared to covalent bond
1.2 CeeoCe
A3-lodane

Figure 1.2. Molecular orbitals of I(lll) species

I(11) HVIs possess 10 electrons on the iodine ceamértypically adopt &igonal
bipyramidal geometry. The-Kgands(e.g- carbon, halogens, oxygen, wiggen)typically
orient 180° from each other, and for clarity purposes, the two electron pairs at the iodine
center are usually omitted. Therefore, kfig) HVIs are often represented witha T
shaped structur@..2, Figure 1.1A1.7-1.9; Figure 1.1By° The bonding orbital im(l1l)
HVIs is composed of two electrons from tineéhybridized 5p orbital of the iodine center
and one electron from the 2p or 3p orbital fromheaicthe Xligands (Figure 1.2). This
structure results in a net-3e bond between the iodine center and the twiaggxnds
and these bonds are (somewhat contentidi®)y t er med fAhypervalent o
unique propertiesThe 3c-4e bondis elongated when compared to traditional covalent
bonds, which results in significant weakening and increesattivity of the species.

These bonds are also highly polarized which manifests in high electroptofiftil)
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HVIs at the iodine centdFigure 1.2).The electrophilicity at iodine can be further
modulated by the sterics and electronics of tHeyAnds, providing handles for tuning
HVI reactivity (1.4). Excellent reviews othe general properties of HVIs and the
phenomena leading to their reactivitgive been repodé® 33 *°>and thereader iglirected

there for more detailed information

Nu
N~
X—I—X L=I=X
Nucleophile (L) Nucleophile (Nu) Nu—L X
X \
1.2 1.10 |
lN;’C/QOPh”e L) Hypernucleofuge ©
L
1 1.5
L——X =X /

Pseudo rotation
— — - » L—X
Reductive
elimination

1.10 1.11
Scheme 11. General reactivity of I(Ill) reagents

Generally speaking, I(1ll) HVIs display reactivity and elementary steps analogous
to transition metals, including ligand exchange, psewoti&tions, and reductive
eliminations (Scheme 1.1B5imilar totransition metals, the driving force for subsequent
reactivity is reduction to a more stable iodine center (+1 oxidation statg)If the case
of I(11l) reagents, reduction of the iodine center from the hypervalent I(lll) to the native
I(1) during redictive elimination demonstrates a leaving group ability one million times
greater than that of a triflate a%Byon; thi
leveraging this principle, I(lll) HVIs have been employed to affect a wide variety of
synthetic transformations including oxidations, group transfer reactions,-and pi
activaton. While I(1ll) reagents exist with a broad scope eligands, including those
with carbon, halogen, oxygen, and nitrogesed ligands, this chapter will only focus on
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those reagents containing oxygen and nitrogen ligands as they pertain to theeeofaind

this thesis. Excellent reviews on the cartigated’*8and dihaloget?*°I(l1l) reagents

are cited and the reader is encouraged to read them for further information. The synthesis
and examples displaying general reactivity will be discussed, organized by the

heteroatomic ligand.

1.3: OXYGEN LIGATED I(Ill) REAGENTS AND THEIR SYNTHESIS

A Y
O O, o I/
R R z HO—I—OSO,R \
_/<o—|—o>_ L T O
1 Ar Ar
Ar R R
1.12 1.13 1.14 1.15

[bis(acyloxy)iodolarenes iodosylarenes [hydroxy(sulfonyloxy)iodolarenes  benziodoxoles

B
| |’/o X—I—X
. Oxidants include: Oxone, mCPBA,
Oxidant HX | MnO,, KMnOy4, KCIO3, NalOs,
Acid source Na28208, NaBO3, N32CO3.H202,
1.5 1.13 1.2 CrOs
A'-lodane lodosobenzene 23-lodane

Scheme 12. I(1ll) -HVIs and general synthetic approach

I(11) HVIs with oxygentbased ligands constitute the most commonlyleygul
I(111) reagents, including cyclic and acyclic examples (Scheme 1.2A). Most commonly,
the synthesis of these reagents relies on oxidation of an aryl iodide followed by ligand
attack into the resulting iodosoarene species, with a variety of oxidautsaigenerate

the reactive iodosoarene species (Scheme 11#8).
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Scheme 13. Examples of reactions utilizing oxygedigated I(lll) -HVIs

Many of these reagents have found broad synthetic utility, most commonly in
oxidative transformations (Scheme 1.3). For example, diacetoxyiodobenzene (Pkl(OAc)
1.7, Scheme 1.3A) can bdilized to oxidize primary or secondary alcohdlsl@) to the
respective aldehyde or ketone produdtd . Importantly, Phi(OAc)requires activation
in the presence of acid to sufficiently activate the alcohol for oxid&ttbar acts as a co
oxidant for catalytic reagents such as TEMPOxygenligated I(lll) reagents have also
been found to promote Hoffman rearrangements of amides, providing a milder activation
strategy to traditional Hoffman reactions, carried out in an alkaline solution of bromine or
chlorine. The first examplef a Hoffman rearrangement utilizing hypervalent iodine as
the amide activator was reported in 1984, and since then a variety of hypervalent iodine
species have been utilized. One such example is reported by Moriarty, wherein
Phl(OAc)k medited the Hoffmanearrangement of anthranilamidesoer

hydroxybenzamidesl(19 Scheme 1.3B) to deliver the correspondidgeazimidazolone
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or 2-benzoxazolone product$.20.341(11l) HVIs are also highly efficient reagents for
oxidative dearomatization of phendfs?® Traditional methods to oxidize phenols or
phenotlike derivatives typically employ stoichiometric quantities of toxic heavy metals.
On the other hand®hl(OAc) readily enables oxidative dearomatization as was
demonstrated by Snyder in the total synthesis of Dalesconol A (Scheme 1.3C), where
naphtholic substrate.21was successfully activated which enabledphe

functionalization by the electremch aryl moiety and delivered coupléd224°

_ c _
TMSOTf (1.3 equiv.) ,VOZCR R
0 Pyridine (1.1 equiv.) Oﬂv 0
H MeCN, -40 °C to RT N Si0,/MeOH
—
Co then Arl(O,CR), (1.12)| | ® R [3,3] v
L .- ¢ |
~o” -~ N ~o”
|
1.23 | 1.24 = | 1.25

Scheme 4. -atylation of enones with I(111) -HVIs

In our laboratorypxygenrligated HVIs have also found utility ini€ bond
forming transformations. Felipe Silva found that either ®RIOCF). or Phl(OAc) were
able to successfully mediate theHC -adylation of enonesl(23 Schene 1.4)*! This
reaction was proposed to proceed via nucleophilic activation of the enone via a Morita
Baylis-Hillman reation with pyridine and trapping with trimethylsilyl
trifluoromethanesulfonate (TMSOTY) to generate the correspordmgidinium silyl
enol ether. Upon addition of the HVI, the silyl enol ether could underg@x@hange to
form the electrophili@nolonium specie$.24 Following a reductive lodonius@laisen
[3,3]-rearrangement and elimination of pyridiaeiodoarylated cyclic enones were
afforded in good yields with a variety of substitution patterns present on both the aryl
iodide and cyclic enme 1.25 Once again, the driving force for this reaction is the
reduction of the iodine atom during the lodoni@taisen reaction from I(ll) to the I(1).
As the incorporated aryl group originates from the I(lll) HVI, Felipe demonstrated the

synthesis of avide variety of Arl(OCOR)reagents via the aforementioned (Scheme
7



1.2B) oxidation of aryl iodides followed by treatment with acetic/trifluoroacetic acid,
attesting to the versatility of this approach.
Outside of the aforementioned example of enonld &-arylation, the main focus
of the Wengryniuk laboratory has been in utilizing (poly)cationic (bis)nitréigeted
I(111) HVIs to forge new paths in umpolung bond disconnections. The next section of this

thesis will discuss the unique properties and redgtf N-ligated I(111) compounds.

1.4: SYNTHESIS AND REACTIVITY OF NITROGEN -LIGATED I(ll1)

REAGENTS
A. Neutral /Y
NSO,R I
-z 2 PR —_ \
I X l N5 X I NR, NH
Ar Ar Ar
R R
1.26 1.27 1.28 1.29
[(azido)iodo]arenes [(amido)iodo]arenes benziodazole
B. Charged /',-__\“\)
iy (HI\N:_JI ¢ NN »
x_|<_hl "}_R If -OTf “ezo) \\\‘__.’/I/
X~ \
o O
R
(¢}
1.30; pseudo-cyclic 1.31; cyclic 1.32; acyclic
N-HVI

Figure 1.3. Examples of neutral and charged nitrogedigated I(lIl) -HVIs

The synthesis of I(Ill) HVIs bearing one or two nitrogeased ligands has
garnered recent attention from the synthetic commdhifjere exist two classes of
compounds: neutrall(26-1.29 Figurel.3A), containing azide and imido ligands, and
charged 1.30-1.32 Figure 1.3B), containing aromatic heterocyclic ligands. This chapter
will focus its discussion on the charged spgcie particular a class of (bis)pyridinium
HVIs, also termedN-HVIs (1.32 will constitute a majority of this thesis as it pertains to

the chemistry developed herein.



X L \ X
/ L—l—Nl 3 L—I—NR,
|\Y)r\ 80° X A R /Vk
90° 2 "OTf
R
1.33; cyclic 1.34; pseudo-cyclic 1.35; acyclic

Figure 14. Bond angle differences across various-ligated I(lll) species

Within the charged species, an additional three distinct subclasses pertain to the
coordination environment of the regnt HVI: acyclic, psuedocyclic, and cyclic species.
Cyclic species possess an iodine center with a covalent bond tdigan¥ linked via
ortho-position of the arene, forming either ads 6-memebered benziodoxole or
benziodoxolone ring, and a dativddpundN-ligand in the form of an aromatic
heterocycle? Dueto ring strain, the Qi X angle of the benziodoxole is appimately
80° which is a distortion from the desired angle ingh@iped geometry (90°).63
Figure 1.4). Cyclic reagents, however, are the most structurally understood due to the
ease of crystal growth and analysis bya¥ crystallography. Pseudocyclieagents on
the other hand possess a Lewis basic group in the ortho position of the aryl backbone
which can participate in coordination or dative bonding to the iodine cdnd). (

Despite the slightly distorted-CX bond angle due to strain, the coortime interaction

is stabilizing, leading to facile isolation and employment. Finally, acyclic compounds
possess only dative bonds with respect to the ligands and the iodine center, and no
covalency between the aryl backbone and tHiggahds (.35. Thisallows for the

molecule to adopt closer to ashaped geometry, however with only datively bound
ligands, these reagents are quite thermally and hydrolytically unstable if proper care is

not taken to exclude heat and moisture when handling or storing



1.4i: Pseudocyclic (mono)cationidN-Ligated I(1ll) -HVIs

Me
_ Me
—| -—— JR—
HO—| <N | cl |<—IN Ol <N R
X 1o |
N
OAc” BF, H
OTf
1.36 1.37 1.38 1.39
NR
Me 3
|<—N=N, Me |<—N=N
NH | / |\
= Me N 0
Me Me oTf
- oTf o
140 BF4 1.41 1.42

Figure 15. Representative examples of (mono)cationN-ligated i(lll) -HVIs

Pseudocyclic (mono)cationic nitrogégated I(lll) reagents possess increased
reactivity due to weak di@e coordination by the heterocyclic nitrogkgand leading to
an increased (+¢harge at iodine, and therefore these reagents rarely require activation
with Lewis or Bronsted acids. Figure 1.5 displays a variety of (mono)cationic nitrogen
ligated trivaént iodane reagents which have been previously reported. Despite their
potentially enhanced reactivity owing to the increased electrophilicity at iodine, examples
demonstrating the utility of these reagents are scarce. This is likely due to the lengthy

syrthetic sequence required to access them.

A Me_ Me Me Me
! 1. X _OH Me Me
H,N I N Cl—|=N
ol 1.44 _ | 3. HBF,OEt, |
2. NEts, TsCl, DMAP O 4. uocl O
BF,
1.43 1.45 1.38
| NZ
1. Pd(OAc),, NBS _ A 3. HBF,OEt,
2. nBuLithenl, 4.BuOCI
1.46 1.47 1.36

Scheme 15. Synthesis of pseudayclic (mono)cationicN-ligated I(Ill) -HVIs
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The syntheses df.38and1.36are shown in Scheme 1.5, both reported by Togni
and coworkers! To accesd.3§ acyl chloridel.43 derived from the corresponding
benzoic acid, is first treated with amino alcohel4followed by cyclization to afford
oxazolne 1.45(Scheme 1.5A). Acidification of the oxazoline nitrogen followed by
oxidation of the iodine center providés38in 5 steps overall from commercial reagents.
While at first glancd..36does not differ greatly frorh.38 an entirely different syn#étic
sequence is required to synthesize it (Scheme 1.5B). Directédb©mination of 2
phenylpyridine {.46) is followed by lithium/halogen exchange and quench with |
deliver aryl iodidel.47. Once again, treatment with acid followed by oxidation jgles
the monocationic HVI in four steps from commercial. While these reagents did not find
immediate utility following the initial report, our group set out to investigate their

synthetic potential.

A
Me OH Me OH Me
R 1.38 R Me
; : - ~Cl Cl—|~<—N
J _J |
~o” S O
1.48 1.49 BF,
B. o O Ph 9 1.38
Ph
Ph OH 1.36 > o]
pZ
1.50 151 Cl
C.
0O O 0O _0
1.36 Cl
[
OEt OEt 136
1.52 1.53

Scheme 16. Unpublished work utilizing pseudoacyclic HVIs

Unpublished work in our group by former member Margiteade utilized
oxazolinel.38as a mild chlorinating agent of tertiary benzylic alcohols resulting in the
synthesis of chlorohydrind (48to 1.49 Scheme 1.6A). Though the mechanism is

uncertain at this time, the procedure showed moderate successlio sxstems and
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greater success in cyclic systems. Furthermore former postdoctoral researcher Prof.

Anthony Tierno was able to demonstrate that pyridine subdtr@éshows moderate

reactivity in halolactonization reactions of olefinic acitis(Q) to provide the primary

alkyl halide producti.51Scheme 1.6B). Furthermore, he demonstrated that these
reagents to be ¢ omp eketeasters under niilhcenditohEl%2> r i nat i
to 1.53 Scheme 1.6C); this work has expanded to include additioictdophiles and

halogens and is currently ongoing in our laboratory. Despite these successes, it was
generally found that the psuedocyclic (mono)catidfgated reagents possessed

reactivity largely comparable to other known I(lll) HVI reagents.

1.5: BIS)CATIONIC NITROGEN -LIGATED I(Ill) REAGENTS

1.5i: Background and Motivation

(Bis)cationic nitrogedigated I(11l) HVIs, colloquially termedN-HVIs, are an
emerging class of hypervalent iodine reagent with utility in a wide variety of synthetic
transforméons. A beneficial property of these reagents is their tunable reactivity by
modulation of the steric and/or electronic properties of\tineterocyclic. A general,
gualitative trend is observed which is as follows: heterocyclic ligandsalettron
donaing groupsdecreaseeactivity and ligands witklectronrwithdrawingor sterically
encumberingyroupsincreasereactivity. In recent years, the reported usdl-¢1VIs has
increased, yet they are still underutilizead many questions remain regarding their
synthesis, stability, and reactivity. A property of the majoritilafiVis which has likely
contributed to their scarce usage is their sensitivity to moisture, which often complicates
synthesis and storage. Vislyalthis manifests as a yellowing of the white powdered
product and loss of reactivitiy. However, despite their sensitivity and scarce reports in the

synthetic community, our group has found great utility in these priviledged reagents,
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particularly in umptung transformations of various functional groups. These reagents are
central to our groups research, and in particular all of the research described in this thesis.
As such, we have devoted multiple efforts to demystify these propertiesiwis in the

hopes of improving their utility in the scientific community.

1.5ii: Synthesis and Structure

R —\ R
AcO—1—0Ac Aco—1° < N | =N ,>
‘OTf[ N-heterocycle —

TMSOTf oT -
CH,Cl, J 2 “OTf

1.7; Phi(OAc), 1.54 1.32; N-HVI
'''''''''''''''''''''''''''''''''''''''' Me %
! Nohet le = \ N N
i N-heterocycle = 7 N>~ Me2N4</:/\\N-> [ /> Pk
: 1.55 1.56 157" 158
Py-HVI DMAP-HVI NMIHVI o Quin-HVI

\ :
Meo—</:/\N—> Nc—@N-» Me—@N-» <;/ N
1.59 1.60 1.61 Me  1.62 5
4-MeO-Py-HVI 4-CN-Py-HV!I 4-Me-Py-HVI 3,5-di-Me-Py-HVI

Scheme 17. Synthesis and structure of reportedN-HVIs

Weissfirst reported the synthesis of four reagents in 1998%1.58 Scheme
1.7)>21n the original synthesis, Phl(OAcylas suspendeid CHxCl, and treated with
trimethylsilyl trifluoromethanesulfonate, which is thought to form the highly reactive
mono-acetate iodonium salt with a triflate counter®dhe desiredN-heterocyclic
ligand was then added, and the productk8R precipitated out of solution and was
isolated via vacuum filtration. In his original report, Weiss disclosed the synthesis of four
distinctN-HVIs: Py-HVI (1.55, DMAP-HVI (1.56), NMI-HVI (1.57), andQuin-HVI
(1.58. In recent years, four additional subtrates have since been synthesizei bt
coworkers4-MeO-Py-HVI (1.59 and4-CN-Py-HVI (1.60, 4-Me-Py-HVI (1.61), and
3,5di-Me-Py-HVI (1.62).5*
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Dutton and ceworkers completed computation studies orHRl (1.55 Figure
1.) which found hereroatodine bond elongation when comparing Phl(OQA2)172
A) to Py:HVI (2.220 A) which results in a much weaker bond (BDE k3ol and 244
kJd/mol, respectively)>>° Additionally, the ligand bound to the iodine centeNiVIs
serves as a functional handle to modulate the reactivity (@bdlicity at iodine) by
impacting the bond length and dissociation energy. However, it is worth noting that
increased reactivity also results in increased sentivity and susceptibility to moisture
driven degradation. While these observations are currgadiftative, our group has

ongoing efforts to quantify the described trend.

Me—{ >—Me 2 —
0—|—0 {_N>1=N_ )
2 OTf
PhI(OAc), (1.7) Py-HVI; 1.55
O —1Bond Length: 2.172 A N — I Bond Length: 2.220 A
BDE (AH,) 590 kJ/mol BDE (AH,) 244 kJ/mol
5*(1) = +1.03 §*(l) = +1.14

Figure 1.6. Comparison of reactivity betweernPy-HVI and Phl(OACc) 2

For many years it was debated whether the most accurate way to represént the |
bond is by dative bonds wiitdelocalized charges or covalent bonds with formal charges
on the nitrogen center. Calculations by Dutton antvodkers determined the partial
charge on the iodine center to be +1.14, indicating the coordinative model to be a more
appropriate reporesetitan of N-HVIs and will be used throughout this thesis. Despite
their enhanced reactivity compared to traditional I(Ill) reagents, very little literature

utilizing these priviledged reagents exists.
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1.5iii: Early Reported Transformations Utilizing N-HVIs

A. B
HoN.
HaN~ F)1y_5F.l>VI N2 IN P1y-5|il,vI Rz
. R : Z
—_— 2
J\ R )j\R R1)\|( R /
Ri R, 1 2 N. 1
1.63 1.64 1.65 NH2 1.66
'b"(h'n'ridtilis'ﬁééi'""""""""""""""""D"('u'r{pidél]ér}éé"'
OMe
N-HVI N-HVI NC Cl
- 132 _ 132
NC cl
o ®IPh
1.67 1.68 . 6 1.70

Scheme 18. Initial ly reported reactivity of N-HVIs

Early reports utilizing\-HVIs exclusively utilizedPy-HVI 1.55 and it was ngd
until 2012 that alternative reagents were used. The first reported Bgd-dfl was by
Weiss in the original synthetic report on thedative fragmentation of mond.63 and
bishydrazonesl(65) to diazo compoundd (64 and alkynes1.66) respectively (Scheme
1.8A-B).>? Weiss notes that Phl(OAcyvas not competent for this transformation which
provided preliminary evidence of the enhanced reactofitheN-HVI reagents.
Additionally, a footnote in the seminal article mentioned preliminary investigations into
the reaction oN-HVIs with electronrrich arenes to access diaryliodonium salt§{to
1.68 Scheme 1.8C) and the oxidative dearomatizadfaglectrondeficient
hydroquinonesi(.69to 1.7G Scheme 1.8D)). It should be noted the two latter results
were never published, and the aforementioned published experiments (Scheme 1.9A,B)
were simply proof of principle, and no further experimentatioopdimization was

conducted.

15



A. Weiss (1994)

Py-HVI .
P —
H” “CO,Et PhI™ "CO.Et Nu” “CO,Et
1.71 1.72 1.73
Nu = Py, SMe,,

AsPhs, SbPhs, NEt;
B. Zhdankin (2003)

Py-HVI PPh; OTf
PPhg 1.55 P : Nu HPhs
A P O [ 7 s
H COzEt @ 2 Nu COzEt

1.74 1.75 1.76
Nu = I, Br, SO,Ph,
SPh

Scheme 19. -fudctionalization utilizing Py-HVI

Wei ss | at e rfunctienalizatidn efdliazb toempolhds usifg-HVI to install

a variety of heteroatomic nucleophiles (Scheme 1°9hile this reaction could be
conducted with PhI(OAg) a Lews-acid activator (TMSOTf) was required, which often
resulted in diminished yields. Additionally, no loss efWas observed in any case,

thereby avoiding carbene formation. The resulting products are described by the author as
the synthetic equivalent chrbene cations. This work was followed up by Zhdankin in
2003, wher e Huactionaizaton df eadoustphosphddium ylides to access

a Vv ar i-(hetegoaryd)dniurtsubstituted products (Scheme 139B).

Py-HVI R

R0  OH 1.55 Ho—\©
)~ — ]
1.77 1.78

Scheme 110. Py-HVI -mediated Achmatowicz rearrangement

De Mico and coworkers reported the us@giHVI in the Achmatowicz reaction
of furyl alcohols (.77 Scheme 1.10p deliver dihydropyran productd (78.%° The
reaction proceeds by activation of th@a@sition of the furan followed by ring cleavage

and cyclization, analogous to activation witkCPBA.
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Scheme 111. Py-HVI -mediated synthesis of diaryliodonium salts

Py-HVI 1.55was found to trap metal carbenes by Liu and Liang (Scheme®® Ihitheir
procedure, a Lewis acid promotectkyation occurs which in turn generates a mesoionic
carbene complex1(80). This complex acts as a nucleophile to displace the pyridine
ligands orPy-HVI 1.55and deliver the diaryliodonium sdlt81 The resulting salt could

then be further functionalideby leveraging the hypernucleofugality of the I(lll) species.
R

xNH2  DMAP-HVI N
2 156 N |
N oy
R |
1.85 N 1.86

R
Scheme 112. DMAP-HVI -mediated oxidative aminopyridine coupling

More recently, reports have emerged on the udeld¥/Is with different
heterocyclic ligands. For example, Huber showcased the oxidatiyging of 4
aminopyridines to synthesize aryl diazo compounds UBM@P-HVI (1.56 Scheme
1.12)62

DMAP-HVI -OTf
X186 X @/=
'E/) X =S, Se, Te E) 'Ph R‘E />_N\ /) \Me;
1.83 1.84

1.82

Scheme 113. DMAP-HVI -mediated formal C-H activation

Dutton was alg able to utilizedbMAP-HVI (1.56) to activate thig selene, and
tellurophenesl(.82 (Scheme 1.13¥ Following their activation, the corresponding

diaryliodonium (.83 or (heteroaryl)onium saliL(84) was obtained. These arple
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reactions demonstrate that even the less reactive DNMIRs a competent reagent in

otherwise challenging oxidative transformations.
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Scheme 114. Oxidation of Pd(ll) species utilizing variousN-HVIs

The first reported use &§-HVIs for transition metal oxidation was from Ritter
and ceworkers describing the synthesis of an isolable high valent Pd(IV) sde8sa
the oxidation ofl.87with variousN-HVIs (1.89 1.92 Scheme 1.14%-5253Through
successive ligand exchange reactions, fluoride anion was then introduced access to the
Pd(IV) fluoride (.88 ) which was subsequently utilized as an electrophilic source of
fluorine for the generation a range of structurally divétdabeled PET imaging
molecules.

These early reports provided evidence tidtVIs were highly reactive, versatile,
and tunable reagents, however their scope of their application and studyeetmaited

to the aforementioned 11 reports from 102@15. It was at this time that the
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Wengryniuk laboratory began theirdepth investigations into the synthesis, stability,

and reactivity oN-HVIs, greatly expanding the synthetic utility of thesagent class.

1.5iv: N-HVI -Mediated Umpolung Heteroatom Activation (Wengryniuk)

An attractive feature dfi-HVIs and I(lll) HVIs in general is their ability to
activate heteroatoms induce a phenomenon knows as umpolung acfi/atiopolung
chemistry is particularly interesting in that innovative béorthations can be achieved
by reversing typically observed polarity of various functional groups. The earliest
example is the Core8eebach reaction, whielows a reversal of the normal reactivity
of acyl carbon atomg&.ypically, these carbon atomaembine only with nucleophiles
however by condensation with a dithiane the carbon atom can be deprotonated and act as
a nucleophile to introduce various electrophiles (Scheme 1.15). The umpolung activation
of heteroatoms became patrticularly interesting togooup, in particular the activation of
oxgen to convert the once donor atom to an acceptor, enabling the formation of new

carbonroxygen bonds via incorporation of carbon nucleophiles.

(0] -
s R |
—_——
R™9 R Nu R Nu
acceptor
HS SH
[\ n-BulLi IV e Q
oSS T B N
R H R Li 2)HgO, H,O R E
donor

Scheme 115. Example report of Umpolung reactivity (Seebach)

The Wengryniuk laboratory initially became interestedlliklVIs when sceening
for I(1l) reagents to enable a novel polaritverted rearrangement of tertiary benzylic

alcohols to access mediunmg ethers 1.93 Scheme 1.16A). The key umpoled oxygen
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OHFIP Q
HO_ R 1.55 (1.5 equiv.) o-LR { :N-"*N\ 4
HFIP (20 equiv.) R
Ry ) DCM, —25 °C 1 2-OTf
n

n=1,2 )n
1.93 1.94

\

Py-HVI; 1.55

OH OMe  MeO

1.96 (2.0 equiv.) —
R1\© HFIP (20 equiv.) R1\(O:(§ </_\N—>I<—N )
" 9

1,2-DCE/HFIP (1:1) )
60 °C n ]
1.95 n=1,2 1.97 2°0Tf

2-MeO-Py-HVI; 1.96

Scheme 116. Heterocycle synthesis via oxigtive rearrangement

intermediate would be accessed upon initial ligand exchange between an I(lll) reagent
and the alcohol center (this likely needs a scheme or at least a structure in 1.16 where you
have the NHVIs currently)umpolung activation of the oxygen atom, followed by a
carboncarbon bond migration in a rirgkpansion event to forge a new caraiygen

bond. It was found that while all traditional ArXeagents failed to give the desired
rearrangemenBy-HVI (1.55 in the presence of hexafluoroisopropanol (HFIP) provided
the desired mediussized cyclic ether as the HFHetal 1.94).°° When looking to

expand the scope to include secondary alcoldd®) it was found thaPy-HVI was

suitable for the benzylic systems and a novel, more readti¥| was required (2
MeO-Py-HVI; 1.96) for aliphatic alcohols (Scheme 1.168)These publications were the
seminal works of the group and became a focal point for further research conducted in
the group and more specifically inghhesis. This includes improvements made to the
method to directly derivatize the HFHetal products in one pot to deliver the cyclic
ether products (Chapter 2). Additionally, with the improvements in hand the utility of the

oxidative rearrangement whsen demonstrated in the diversiiyented total synthesis
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of natural products, allowing access to not only the natural members of the Heliannuol

family, butalso unnatural analogues (Chaptets).3

A o OHFIP OH 10
Me
N-HVI (1.96) M N-HVI (1.96)  Me
= —_—
1,2-cis 1,2-trans
1.99 1.98 1.100
Ar
o X\ll 0.* HH H G* .
minimal H \% i‘j\ facile
oxidation M\H Me|_4 | oxidation
Me )'(
1.101; cis-OH 1.102; trans-OH,,
T
PhI(OAc), (2.0 equiv.) 0
oH TBSOT( (4.0 equiv.) )J\
or Pyridine (4.0 equiv.) ~ R R'
A o oH - R°F
R R R then AcOH (S
1,2-DCE, 60 °C b
acyclic 2° equatorial in-situ Py-HVI (1.55) 1.105
1.103 1.104 >20 examples

Scheme 117. Conformationally-selective oxidation of secondary alcohols

While investigating the aliphatic secondary alcohols in the rearrangement, tt was
observed that whemans-axial alcohols in aigid system were subjected to the
rearrangement conditions, oxidation was favored almost exclusivéi§t6 1.100
Scheme 1.17A5 This experimental result can be explained by the conformation of the
activated alcohol intermediate. When the alcohol is axial, in order to align the orbitals for
oxidation there is significarit,3-diaxial interactions with the iodonium component
(1.101. Therefore, the highly reactive intermediate is unlikely to form. By contrast, when
the alcohol is equatorial the diaxial ineractions are alleviated which allows for facile
oxidation (.102. This serendipitous finding was leveraged into the first method for the
selective oxidation of equatorial alcohols as well as acylic alcohols, developed by
graduate student Myriam Mikhael utilizify-HVI (Scheme 1.16B3*. Additionally, this

included the firstn situsynthesis of alN-HVI. This preparation, which required used of
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the bulkier TBSOTT activating agent, simplified tnerall use oN-HVIs and avoided

complications associated with isolation.

Q —
Fgc_QN*l*N N/ CF3 ® OTf
) Phl )
n 20TF [——> n
HO 0
1.106 4-CF5-Py-HVI; 1.107 1.108

Scheme 118. Aryl ether synthesis via GH activation

Pendant alcohold (106 can be activated such that they are prone to electrophilic
aromatic substitution to deliver the corresponding cyclic ether products (Scheme 1.18).
Following the cyclization, a second equivaleniNelHVI reacts with the now electren
rich aryl ring toproduce diaryliodonium salt4.(L08 which are easily isolated without
the need for column chromatography. To enable this chemistry for most substrates, a
highly reactiveN-HVI is required in the form od-CFs-Py-HVI (1.107. This work is

being preparedot publication at the time of writing this thesis.

1.15v:N-HVI -Mediated Heteroatom Group Transfer (HGT)

PVDI,Ph
1 0 @ Q el ]
N-HVI (1.32) Q5+ N=Xg [-Phl Na
" in-situ S ! R
1.109 | 1.110 ] 1.111

Scheme 119. Umpolung activation of enol ethers

Another form of umpolung transformations mediatedNbiyVIs which our group
became particularly interested in was in the activation of olefins. This would entail
converting the typical Nu/E functionality of olefins to E/E to enable the sequential
addition oftwo nucleophiles One such example is the formation of enolonium species,
rendering a traditionally nucleophilic enol species electrophilic and prone to nucleophilic

attack .11Q Scheme 1.19). This reactivity is currently being leveraged to synthesize a
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v ar i e-pyyidyl &etoned which are isolated as stable salts. Additionally\4H¥| is
synthesizedn-situ, bypassing the need to synthesize it in a separate operation.
Preliminary investigations show that a variety of cyclic and acyclic ketones are tolerated,
as well as variably substitweyridyl moieties. As more modes of heteroatom activation

is pursued in the laboratory program, alternative functional group activation is also under

investigation.
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Scheme 120. Aminolactonization of olefins and incorporated heterocycle pe
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The aminolactonization of alkenoic acids was developed to deliver pyridinium
lactones 1.115 Scheme 1.20}he first example of engaging an olefin to directly
generate these safts Pyridinium and relatetl alkyl(heteroaryl)onium salts are versatile
synthetic intermediates in orgamkemistry, vith applications ranging from ring
functionalizations to provide @erse piperidine scaffolds to their recent emergence as
radical precursors in deaminative cross couplings. The reactions proceed in excellent
yields, under mild conditions, and are capable of incorporating a broad scope of sterically
and electronically dierse aromatic heterocycléddechanistically, the reactions are
thought to proceed via olefin activation and lactonization to deliver alkyliodonium salt
1.14 This extremely reactive intermediate then undergoes intermolea@ar S
displacement by a the nifgen heterocyclic ligand of tié-HVI to deliver the final
aminolactone salt product.(15. TheN-HVI reagents can be generatadsity, the
products isolatedlia simple trituration, and subsequent derivatizations demonstrate the
power of thisplatform for diversityoriented synthesis of@embered nitrogen
heterocyclesln addition to the novelty of the transformation, this project opened the door
for thein situsynthesis of an enormous varietyNHVIs (Scheme 1.20). This represents
a signficant discovery, as synthesizedsitu would be extremely challenging to isolate
with pre-existing synthetic procedures such as those bearing elewtiftadrawing groups
in mesomeric positiond (60, 1.107, 1.22, 1.23and those with stericallgemandig
substituents occluding the nitrogen cenfe®§, 1.116, 1.117

1.6: SCALABLE PREPARATION OF I(lll) N-HVIS AND INVESTIGATION OF
MOISTURE AND THERMAL STABILITY
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1.6i: Improvements to Synthesis

In light of everexpanding suite of transformations enabled\bigVls, the
disclosure of a detailed protocol for their synthesis and isolation that includes several
useful updates to the original pesttre seemed timeljs was previously mentioned, a
key note in working witiN-HVIs is their moisture sensitivity, which varies depending on
the steric and electronic nature of the heterocyclic ligand. There are conftiptimgns
regarding the stabilitpf N-HVIs, however we have found that, with proper technique, a
wide variety ofN-HVIs can be reliably synthesized and handled either on the benchtop or

using inert atmosphere conditions.

Figure 1.7. Stages oN-HVI Synthesis

The general synthesis proceeds as folldwktVIs can bereadily accessebly
following the activation protocol originally reported by Wéfsgherein a suspension of
commercidly availablePhl(OAc) in DCM (Figure 1.7a) is followed by addition of
TMSOTfto form the activated monoacetate specles4Figure 1.7b). Bllowing a short
stirring period of 5 minutes, thé-heterocycle is added which results in the rapid
precipitation of the desired-HVI (Figure 1.7c).The product could then be quickly
filtered and isolated and stored for future usadsqualitativelyknown thatN-HV | 6 s
are particularly moisture sensitive and this effect is seen mostly during filtration and

isolation.To consistently deliver high yielding and high quality product, 3 modifications
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were introducedA) substitution of solvenB) Glovebox filtrationandC) Inert benchtop
filtration; each will be discussed belofiive representativBl-HVIs includingelectron
rich (1.56), electrondeficient (L.60, 1.10Y, and sterically demandind.©6) heterocyclic

ligands were selected to ensure development of a general protocol (Scheme 1.21)

—— © R —\ R
AcO—I—0Ac AcO—| é_\N—>I<—N\ />

TMSOTf 'OTf_‘ N-heterocycle
Solvent J 2°OTf

\

1.7; PhI(OAc), 1.54 1.32; N-HVI
N\ /N
A\ / N—> N—=>
OMe H —
1.60; 71%? 1.107; 86%" 1.96; 86%” 1.55; 91%P 1.56; 85%2

a: Dichloromethane used as reaction solvent
b: Diethyl ether used as reaction solvent

Scheme 121. Synthesis oN-HVIs

Modification A: Substitution of Solvent

Oftentimes, the lengthy filtrations areelto the thick and gummy consistency of
theN-HVI solution. It was hypothesized that by producing a more heterogenous solution
and improving the crystal form of the product would facilitate an expedient filtration. To
that end, diethyl ether (ED) was usd in place of DCM for each ligand. In the cases
where solubility of the heterocycle is low, formation of undesired viscous oil was
observed, complicating the filtration and lowering the yield. However, this solvent
alteration wabeneficial in cases whetke heterocyclic ligand is soluble in2Bt(1.55,

1.96, 1.10Y and served the desired purpose to lower the solubility dfi4H¥| and

expedite filtration.This allowedfor a simplebenchtop filtration irthe caseof (1.96,
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1.107) as compared to theynthesis of these reagents inLHwhere even brief

exposure to atmospheric moistled torapid degradation.

Modification B: Glovebox Filtration

The simplest and most reliableopedural modification is to perform the
filtration/isolation and store the material in a moistuned oxygerexcluding glovebox.
(Figure 1.8). Owing to the use of harshly acidic TMSOTf, synthesis di-tH¥l in a
glovebox is difficult and requiresseeet pr ecauti ons to maintain
including the extreme care to prevent volatilization of harmful halogenated reagents. To
avoid this onerous procedure, tRéHVI can be brought into the glovebox following its
synthesis and prior to filition (i.e: after step shown in Figure 1.8a). The filtration
(Figure 1.8b), drying, and storage (Figure 1.8c) are then all performed under an inert

atmosphere.

Figure 1.8. Glovebox filtration of N-HVI

Modification C: Inert Benchtop Filtration

Supplementing the use of a glovebox, our reporiased the use of a filter stick
for inert handling of sensitive reagefiEsgure 1.9) To perform an inert filtratiomsing
the filter stick two 3-neck (24/40) flasks are utilized. For each flask, the rightmost neck

is connected to a glass adapter, whscbonnected via vacuum tubing to a Schlenk
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apparatusThe two remaining necks are stoppered using the proper sized rubber septa
(Figure 1.9% and the same synthetic procedior@roduce th&l-HVI is carried out.

Upon precipitation of the product, the septum on the leftmost neck of the reaction flask is
removed and replacedth a dry filter stick. The septum on the central neck of the
receiving flask is then replaced with the other, shallow endedfilter stick (Figure

1.9). The entire apparatus is then flipped, and the suspension is allowed to fall into the
filter stick. The receiving flask is then placed in78 °C dry ice/acetone bath (Figure

1.9c). After the solvent has fully passed throupk taterial into the receiving flask, the
vacuum line is closed, and the reaction flask is removed from the top of the filter stick to
allow for the addition of rinsing solvent and agitation of the product cakerifhkiag

process is performed twice atiee product is allowed to dry on the filter for an additional

few minutesbefore being placed into a dry flask for drying to completeness

Reaction
flask

Filter

‘— stick ’ _

Receiving
flask

Figure 19. Inert benchtop filtration of N-HVIs

Regardless of the synthetic method, it is crucial to store the synthdslizgdin
anhydrous conditions for optimal longevity and prolonged reactivity. In all cases,
glovebox storage would be ideal, however storage in a dessicator is typically satisfactor
if inert filtration was successfully carried out. In total, these modifications offer an
alternative solvent to greatly expedite filtration, detailed and improved filtration filtration

protocols, and recommendations for storage. As a result, large bétdegrams) of

28



variousN-HVIs are now regularly synthesized and stored indefinitely in our laboratory,
further enabling investigations into their powerful and unique reactivity. A short

reference summary of handling procedures for each didut¥| is presented in Table

1.1

N-HVI Ligand Properties Modification(s) for Best Results
DMAP-HVI (1.56) Electronrich None;A not compatible
Py-HVI (1.55 Electrorrneutral A; (B or C optional)
2-MeO-Py-HVI (1.96  Stericallyhindered A; (B or C optional)
4-CFs-Py-HVI (1.107  Electrondeficient A; B orC (B preferred)

4-CN-Py-HVI (1.60 Electrondeficient B or C (B preferred);A not compatible

Table 11. Summary of optimal conditions forN-HVI Synthesis

1.6ii: Investigation of Physical Properties

OMe MeO

: CNES«@«@

1.96*

Figure 1.10. Crystal structure of moisture-degradation product

Our numerous efforts to avoid degradation due to moisitiner during isolation
or storaggrompted a deeper investigation into the mechanism by whidk-Hiéls are
decomposingMoisture instability was fefly mentionedn theseminalreport,and it was

known that degradation could be qualitatively observed by yellowing i-tH¥1.
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Fortunately, during attempts to obtain a crystal structure of the d@sie®D-Py-HVI,
the degradatioproductalso crystallized and was given unambigsistructure
assignment (Figure 1.10). The species formed is arbagged dimer derived from
incorporation of a water molecule and loss of a pyrine ligar6f). Qualitatively, the
formation of this product can be tracked visually by yellowing oiNH&VI, as is

demonstrated in Figure 1.11 with the degradatio?+lde O-Py-HVI (1.96)

Figure 1.11. Visually observed degradation o2-MeO-Py-HVI

To betterunderstan@nd observéhe time scale on which this degradation
occursthetime course of thesaction with atmospheric moisture was monitoredHby
NMR (Figure 1.13)A sample o2-MeO-Py-HVI (1.96 was placean a watch glasand
samples taken at 5 minutgervals over the course of 15 minutékhe findinggndicate
that theN-HVI begins deomposingwithin 5 minutes and nearly fully converted to the
far less reactive oxbridged dimer after 10 minutetiow an upfield shift in the ortho

and parehydrogenpeaks of both the phenyl iodide moiety as well as the nitrogen ligand.
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This is in line with the expecteshift with the incorporation of oxygen and decrease of

cationic character/increase of electron density at the iodine center

—=__OMe MeO
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Figure 1.12. Degradation of2-MeO-Py-HVI tracked by 'HNMR

Finally, A well known property of HVIs (in particular I(V) reagents. 2-
iodoxybenzoic acidiBX) is their thermal and shock sensitivififor reference, the
shock sensitivity of IBX was evaluated by evaluating the impact of a steel ball onto a
smallsamplé®The sample fiexploded vi ol ebiitydfy under
IBX as well as DMP were also evaluated by monitoring pressure with increasing
temperature. IBX violently exploded at 194 °C and DMP at 130 °C, albeit in a less
violent explosion. Explosivity is not limited to (V) reagents, however, as I(lIjerts
have also demonstrated concerning trends in thermal stability. Nachtscheim and co
workers evaluated various pseudocydlitigated I(Ill) reagents by thermogravimetric
analysis (TGA), which measures the mass of a sample with increasing tempenature, a

differential scanning calorimetry (DSC), which measures the energy released by a sample
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as temperature increases. The results show increasing thermal sensitivity, or
explosiveness, with increasing nitrogen content in the heterocycle as indicatedoby shar
slopes in both plots at around 200 °C. As such, triazole ligands were suggested to be
handled with care. In light of the above results, T@a#s performed on each reagent with
PhI(OAc) as a contro(Figure 112), beginning at ambient temperature and wagm

gradually to 800 °C. Unfortunately, DSC was not performed due to available instrument
capabilities. The data shows gentle slopes for each sample, indicative of a gradual loss of
mass beginning around 100 °C rather than an instantaneous, explosivd beegfore,

it can be concluded that ealdFHVI1 is thermally stable. A rudimentary shock sensitivity

test was performed by dropping a hammer from a constant height on each sample, and no

detonation was observed in any case indicating satisfactory shock stability.
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1.7: CONCLUSIONS

There is a continued need for the development of safe, inexpensive, and tunable
oxidants. Hypervalent iodine reagents, and in partichtzsd in the I(Ill) oxidation state,
represent an evaxpanding class of oxidants that fit these requirements. Within I(111)
reagentsN-HVIs, which possess twid-heterocyclic ligands bound to a central iodine
atom, represent a modular, tunable, and reacliass of reagents. These reagents have
been shown to be effective oxidants for organic and organometallic species in the scope
of C-H functionalization, oxidation of metal centers, and synthesis of diaryliodonium
salts. The Wengryniuk laboratory hasthar demonstrated their utility in enabling a
variety of umpolung transformations via heteroatom activation or olefin activation. These
transformations include an oxidative rearrangement, electrophilic aromatic substitution,
and difunctionalization of oléns, among others. This Chapter described our efforts in
the improved synthesis, isolation, and storage of véxietV/| analogues as well as
insights into their moisture and thermal stabil&yportion of these findings relating to
the synthesis af.55and1.107will be reported irOrganic Syntheseshrough which we
aim to demystify and standardize the synthesis and handlidgHdfls. With this
information in hand, we believe thidtHVIs will be more broadly adopted by the
synthetic community and their potential be fully realized as a new toolbox for I(lll)
reagent design and oxidative transformations.

Experimental data for this chapter can be found in Appendix A.

33



1.8: REFERENCES

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

Guengerich, F. P.; Macdonald, T. L.
FASEB J199Q 4 (8), 2453 2459. https://doi.org/10.1096/fasebj.4.8.2185971.
Guengerich, F. P. Reactions and Significance of CytochredAsORENnzyms.
Journal of Biological ChemistryElsevier June 5, 1991, pp 10019022.
https://doi.org/10.1016/s002Z4258(18)99175.

Tyeklar, Z.; Karlin, K. D. Coppé&Dioxygen Chemistry: A Bioinorganic
ChallengeAcc. Chem. Red989 22 (7), 241 248.
https://da.org/10.1021/ar00163a003.

Jang, H. G.; Cox, D. D.; Que, L. A Highly Reactive Functional Model for the
Catechol Dioxygenases. Structure and Properties of [Fe(TPA)DBC]BPA#M.
Chem. Socl1991 113(24), 92009204. https://doi.org/10.1021/ja00024802
Liu, J.; Bedell, T. A.; West, J. G.; Sorensen, E. J. Design and Synthesis of
Molecular Scaffolds with Antinfective Activity. Tetrahedror016 72 (25),
3579 3592. https://doi.org/10.1016/j.tet.2016.01.044.

Abrams, D. J.; Provencher, P. Agrénsen, E. J. Recent Applications 6HC
Functionalization in Complex Natural Product SyntheSiemical Society
Reviews2018 8925 8967. https://doi.org/10.1039/c8cs00716k.

Nicolaou, K. C.; Rigol, S. The Role of Organic Synthesis in the Emergence and
Development of AntibodyDrug Conjugates as Targeted Cancer Therapies.
Angew Chem. Int. EA2019 11206 11241.
https://doi.org/10.1002/anie.201903498.

Marui, K.; Nomoto, A.;Akashi, H.; Ogawa, A. Green Oxidation of Amines to
34

Me c |



(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

Imines Based on the Development of Novel Catalytic Systems Using Molecular
Oxygen or Hydrogen Peroxid8ynth.2016 48 (1), 31 42.
https://doi.org/10.1055/80351560363.

Thayer, A. M. Catalyst Sufiprs Face Changing Industr@hemical and
Engineering Newsl992 27 49. https://doi.org/10.1021/cea®70n010.p027.

Guo, Z.; Liu, B.; Zhang, Q.; Deng, W.; Wang, Y.; Yang, Y. Recent Advances in
Heterogeneous Selective Oxidation Catalysis for SudtEr@hemistryChemical
Society Review2014 pp 34803524. https://doi.org/10.1039/c3cs60282f.
Gormisky, P. E.; White, M. C. Synthetic Versatility iRHCOxidation: A Rapid
Approach to Differentiated Diols and Pyrans from Simple Oleflnam. Chm.
Soc.2011, 133(32), 1258412589. https://doi.org/10.1021/ja206013;.
Murahashi, S. I.; Zhang, D. Ruthenium Catalyzed Biomimetic Oxidation in
Organic Synthesis Inspired by Cytochromd3®.Chem. Soc. Re2008 37 (8),
1490 1501. https://doi.org/10.1039/b706709g.

Suzuki, T. Organic Synthesis Involving Iridiu@atalyzel Oxidation.Chemical
Reviews2011, pp 18251845. https://doi.org/10.1021/cr100378r.

Henry, J. R.; Weinreb, S. M. A Convenient, Mild Method for Oxidative Cleavage
of Alkenes with Jones Reagent/Osmium Tetraoxidernal of Organic

Chemistry 1993 4745. https://doi.org/10.1021/jo00069a047.

Harding, K. E.; May, L. M.; Dick, K. F. Selective Oxidation of Allylic Alcohols
with Chromic Acid.J. Org. Chem1975 40(11), 1664 1665.
https://doi.org/10.1021/jo00899a040.

Li, J. J.Name Reaction2014. https://doi.org/10.1007/9-8319-039794.

35



(17)

(18)

(19)

(20)

(21)

(22)

Corey, E. J.; Suggs, J. W. Pyridinium Chlorochromate. An Efficient Reagent for
Oxidation of Primary and Secondary Alcohols to Carbonyl Compounds.
Tetrahedron Lett1975 16 (31), 2647 2650. https://doi.org/10.1016/S0040
4039(00)75204.

Dauben, W. G.; Michno, D. M. Direct Oxidation of Tertiary Allylic Alcohols. A
Simple and Effctive Method for Alkylative Carbonyl Transpositiah.Org.
Chem.1977, 42 (4), 684 685. https://doi.org/10.1021/jo00424a023.

Burns, N. Z.; Baran, P. S.; Hoffmann, R. W. Redox Economy in Organic
SynthesisAngew. Chemielnt. Ed.2009 48 (16), 285l 2867.
https://doi.org/10.1002/anie.200806086.

Nicolaou, K. C.; Chen, P.; Zhu, S.; Cai, Q.; Erande, R. D.; Li, R.; Sun, H.;
Pulukuri, K. K.; Rigol, S.; Aujay, M.; Sandoval, J.; Gavrilyuk, J. Streamlined
Total Synthesis of Trioxacarcins and Its Agpglion to the Design, Synthesis, and
Biological Evaluation of Analogues Thereof. Discovery of Simpler Designed and
Potent Trioxacarcin Analogues. Am. Chem. So2017, 139(43), 1546715478.
https://doi.org/10.1021/jacs.7b08820.

Siler, D. A.; Mighn, J. D.; Sorensen, E. J. An Enantiospecific Synthesis of
Jiadifenolide Angew. Chemielnt. Ed.2014 53 (21), 53325335.
https://doi.org/10.1002/anie.201402335.

Zhang, S. L.; Xie, H. X.; Zhu, J.; Li, H.; Zhang, X. S.; Li, J.; Wang, W.
Organocatal t i ¢ E n a n tFunctoralizaientofi Aldehydés by Oxidation
of Enamines and Their Application in Cascade Reactidas.Commun2011, 2

(1), 211. https://doi.org/10.1038/ncomms1214.

36



(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

Toledo, H.; Pisarevsky, E.; Abramovich, A.; Szpilman, A.QMganocatalytic
Oxidation of Aldehydes to Mixed AnhydrideShem. Commur2013 49 (39),

4367 4369. https://doi.org/10.1039/c2cc35220f.

Mancuso, A. J.; Huang, S. L.; Swern, D. Oxidation of L-@iwin and Related
Alcohols to Carbonyls by Dimethyl Sulo x i de fA Acti vatedo by
Org. Chem1978 43(12), 24802482. https://doi.org/10.1021/jo00406a041.
Huang, S. L.; Omura, K.; Swern, D. Oxidation of Sterically Hindered Alcohols to
Carbonyls with Dimethyl Sulfoxid@rifluoracetic Anhydide.J. Org. Chem1976

41 (20), 33293331. https://doi.org/10.1021/jo00882a030.

Huang, S. L.; Omura, K.; Swern, D. Further Studies on the Oxidation of Alcohols
to Carbonyl Compounds by Dimethyl Sulfoxide/Trifluoroacetic Anhydr&imth.
1978 1978 (4), 297 299. https://doi.org/10.10550807824729.

Corey, E. J.; Kim, C. U. A New and Highly Effective Method for the Oxidation of
Primary and Secondary Alcohols to Carbonyl Compouhd&m. Chem. Soc.

1972 94(21), 7586 7587. https://doi.org/10.1021/ja00776a056.

Tangerman, A.; Winkel, E. G. Ext@ral Halitosis: An OverviewJournal of

Breath Researct201Q 17003. https://doi.org/10.1088/17%255/4/1/017003.
Tangerman, A.; Winkel, E. G. Intrand ExtraOral Halitosis: Finding of a New
Form of ExtraOral BloodBorne Halitosis Caused by Dimethyl SulphideClin.
Periodontol.2007, 34 (9), 748 755. https://doi.org/10.1111/j.1600
051X.2007.01116.x.

Gillespie, R. J.; Silvi, B. The Octet RulacaHypervalence: Two Misunderstood

ConceptsCoordination Chemistry Review002 53 62.

37



(31)

(32)

(33)

(34)

(35)

(36)

(37)

https://doi.org/10.1016/S004&645(02)0010D.

Yoshimura, A.; Zhdankin, V. V. Advances in Synthetic Applications of
Hypervalent lodine CompoundShemical Revies 2016,3328 3435.
https://doi.org/10.1021/acs.chemrev.5b00547.

Yusubov, M. S.; Zhdankin, V. V. lodine Catalysis: A Green Alternative to
Transition Metals in Organic Chemistry and Technold®gsour. TechnoR015 1
(1), 49 67. https://doi.org/10016/j.reffit.2015.06.001.

Moriarty, R. M.; Prakash, Gsynthesis of Heterocyclic Compounds Using
Organohypervalent lodine Reagent998

Prakash, O.; Batra, H.; Kaur, H.; Sharma, P. K.; Sharma, V.; Singh, S. P;
Moriarty, R. M. Hypervalent Idine Oxidative Rearrangement of Anthranilamides,
Sal i cyl ami d-SubstitateddAmi@es: i dlewfand Convenient Synthesis
of 2-Benzimidazolones,-Benzoxazolones and Related Compousysithesis
(Stuttg).2001, No. 4, 541543. https://doi.org/10.1055200112346.

Moriarty, R. M. Organohypervalent lodine: Development, Applications, and
Future Directions]. Org. Chem2005 2893 2903.
https://doi.org/10.1021/jo050117b.

Okuyama, T.; Takino, T.; Sueda, T.; Ochiai, M. Solvolysis of
Cyclohexenylodonium Salt, a New Precursor for the Vinyl Cation: Remarkable
Nucleofugality of the Phenyliodonio Group and Evidence for Internal Return from
an Intimate lod Molecule PairJ. Am. Chem. So&995 117(12), 33603367.
https://doi.org/10.1021/ja00117a006.

Merritt, E. A.; Olofsson, B. Diaryliodonium Salts: A Journey from Obscurity to

38



Fame. Angew. Chem. Int. E@009 9052 9070.
https://doi.org/10.1002/anie.200904689.

(38) Takenaga, N.; Kumar, R.; Dohi, T. Heteroaryliodonium(lll) Salts as Highly
Reactve ElectrophileskFrontiers in Chemistry202Q 599026.
https://doi.org/10.3389/fchem.2020.599026.

(39) Zzhdankin, V. V.Hypervalent lodine Chemistry: Preparation, Structure, and
Synthetic Applications of Polyvalent lodine Compoumdey, 2014
https://doi.org/10.1002/9781118341155.

(40) Catalano, L.; Cavallo, G.; Metrangolo, P.; Resnati, G.; Terraneo, G. Halogen
Bonding in Hypervalent lodine Compound®p. Curr. Chem2016 373 289
310. https://doi.org/10.1007/128 2015 666.

(41) SousaE Sila, F. C.; Van, N. T.; Wengryniuk, S. E. Direct-C -Alylation of
Enones with Arl(O2CR)2 Reagenks.Am. Chem. So202Q 142(1), 64 69.
https://doi.org/10.1021/jacs.9b11282.

(42) Alcock, N. W.; Harrison, W. D.; Howes, C. Secondary Bonding. Part 13- Ary
Tellurium(IV) and-lodine(lll) Acetates and Trifluoroacetates. The Crystal and
Molecular Structures of Bipp-Met hoxyphenyl ) TeOxour i um Di a
Bis[Diphenyltrifluoroacetoxytellurium] Hydrate, and [Bis(Trifluoroac&tChem.
Soc. Dalt. Trans1984, No. 8, 17091716. https://doi.org/10.1039/DT9840001709.

(43) Karade, N. N.; Budhewar, V. H.; Katkar, A. N.; Tiwari, G. B. Oxidative Methyl
Esterification of Aldehydes Promoted by Molecular and Hypervalent (lIl) lodine.
Arkivoc2006 2006(11), 162 167.https://doi.org/10.3998/ark.5550190.0007.b16.

(44) Mikhael, M.; Adler, S. A.; Wengryniuk, S. E. Chemoselective Oxidation of

39



(45)

(46)

(47)

(48)

(49)

(50)

(51)

Equatorial Alcohols with NL i g a t-ledhnes(8g. Lett.2019 21 (15), 5889
5893. https://doi.org/10.1021/acs.orglett.9002018.

Vatéle, J. M. Yb(OTf)3Catalyzed Oxidation of Alcohols with lodosylbenzene
Mediated by TEMPOSynlett2006 2006(13), 2055 2058.
https://doi.org/10.1055/2006948181.

Signo, K.; Mammasse, Z.; Canesi, S. Elaboration of Functionalized
OrganophoghatesJ. Org. Chem202Q 85 (4), 2832 2837.
https://doi.org/10.1021/acs.joc.9b03324.

Deruer, E.; Coulibali, S.; Boukercha, S.; Canesi, S. Caldwsphorus Bond
Formation on Anilines Mediated by a Hypervalent lodine Readefirg. Chem.
2017,82(22), 1188411890. https://doi.org/10.1021/acs.joc.7b01595.
Jacquemot, G.; Canesi, Sxi@ative Ipso-Rearrangement Performed by a
Hypervalent lodine Reagent and Its ApplicatidnOrg. Chem2012 77 (17),
7588 7594. https://doi.org/10.1021/jo301408;.

Snyder, S. A.; Sherwood, T. C.; Ross, A. G. Total Syntheses of Dalesconol A and
B. Angew. Chemielnt. Ed.201Q 49 (30), 5146 5150.
https://doi.org/10.1002/anie.201002264.

Yoshimura, A.; Yusubov, M. S.; Zhdankin, V. V. Synthetic Applications of
Pseudocyclic Hypervalent lodine Compoun@sganic and Biomolecular
Chemistry 2016 4771 4781. https://doi.org/10.1039/c60b00773b.

Il brahi m, H. ; Kl ei nbeck, F.; Togni, A. Ce
Keto Esters with Hypervalent lodine Compoundslv. Chim. Acta2004 87 (3),

605 610. https://doi.org/10.1002/hlca.200490058.

40



(52)

(53)

(54)

(55)

(56)

(57)

(58)

Weiss, R.,; Seubert, J. Electrostatic Act
Compounds: Bi s(Oni o) SuBmgéew. Chanieslrd. ERr y | i 0 ¢
English1994 33(8), 891 893. https://doi.org/10.1002/anie.199408911.

Izquierdo, S.; Bsafi, S.; Del Rosal, I.; Vidossich, P.; Pleixats, R.; Vallribera, A.;

Ujaque, G.; Lledds, A.; Shafir, A. Acid Activation in Phenyliodine Dicarboxylates:

Direct Observation, Structures, and ImplicatichsAm. Chem. So2016 138

(39), 1274712750. httpg/doi.org/10.1021/jacs.6b07999.

Ritter, T.; Lee, E.; Kamlet, A. S.; Powers, D.; Furuya, T. HIGALENT

PALLADIUM FLUORIDE COMPLEXES AND USES THEREOF.

W02011US48451, February 23, 2012.

Cor bo, R. ; Dutton, J. L. selNeGlasssob Reagent s
lodine(lll) Coordination Compound€&oordination Chemistry ReviewBsIsevier

B.V. November 15, 2018, pp 699. https://doi.org/10.1016/j.ccr.2017.10.018.

Egalahewa, S.; Albayer, M.; Aprile, A.; Dutton, J. L. Diverse Reactions of

Thiophenes, Selenophenes, and Tellurophenes with Strongly Oxidizing I(11l)

Phl(L)2 Reagentdnorg. Chem2017,56(3), 1282 1288.
https://doi.org/10.1021/acs.inorgchem.6b02386.

Weiss, R.; Seubert, J.; Hampel, F. | Ar\
Reactonmt t he | C Atom as a Novel Reacti on
Angew. Chemie Int. Ed. Englid894 33(19), 1952 1953.
https://doi.org/10.1002/anie.199419521.

Zhdankin, V. V.; Maydanovych, O.; Herschbach, J.; Bruno, J.; Matveeva, E. D.;

Zefirov, N. S. Preparation and Chemistry of PhosphorBreylved lodanesl.

41



Org. Chem2003 68(3), 1018 1023. https://doi.org/10.1021/j0026604y.

(59) De Mico, A.; MargaritaR.; Piancatelli, G. Hypervalent lodifieduced Ring
Enlargement of Furaberivatives into Pyrai3-(6H)-Ones.Gazetta Chim. Ital.
1995 125(7), 325 326.

(60) Yuan, Z.; Cheng, R.; Chen, P.; Liu, G.; Liang, S. H. Efficient Pathway for the
Preparation of Arlf{lsoquinoline)lodonium(lil) Salts and Synthesis of
Radiofluorinated Isoquinolineangew. Chemielnt. Ed.2016 55 (39), 11882
11886. https://doi.org/10.1002/anie.201606381.

61) Kniep, F.; Walter, S. M.-; Herdtweck,
Azobis(Halopyidinium) Derivatives: Strong Multidentate HalogBond Donors
with a RedoxActive Core.Chem.- A Eur. J.2012 18(5), 1306 1310.
https://doi.org/10.1002/chem.201103071.

(62) Lee, E.; Hooker, J. M.; Ritter, T. Nick®ediated Oxidative Fluorination forB@
with Aqueous [ 18F] Fluoridel. Am. Chem. So2012 134(42), 1745617458.
https://doi.org/10.1021/ja3084797.

(63) Lee, E.; Kamlet, A. S.; Powers, D. C.; Neumann, C. N.; Boursalian, G. B.; Furuya,
T.; Choi, D. C.; Hooker, J. M.; Ritter, T. A Fluorid2erived Electrophilic Late
Stage Fluorination Reagent for PET Imagi8gience 2011, 334(6056), 639
642. https://doi.org/10.1126/science.1212625.

(64) Seebach, D. Methods of Reactivity UmpoluAggewandte Chemie International
Edition in English JohnWiley & Sons, Ltd April 1, 1979, pp 23258.
https://doi.org/10.1002/anie.197902393.

(65) Kelley, B. T.; Walters, J. C.; Wengryniuk, S. E. Access to Diverse Oxygen

42



Heterocycles via Oxidative Rearrangement of Benzylic Tertiary Alcolots.
Lett.2016 18 (8), 1896 1899. https://doi.org/10.1021/acs.orglett.6b00672.
(66) Wal ters, J. C.; Tierno, A. F.; Dubin, A.
lodaneMediated Oxidative Ring Expansion of Secondary Alcohelsopean J.
Org. Chem2018 2018(12), 1460 1464. https://doi.org/10.1002/ejoc.201800118.
(67) Tierno, A. F.;Walters, J. C.; Vazquezopez, A.; Xiao, X.; Wengryniuk, S. E.
Heterocyclic Group Transfer Reactions with I( lii }NVI Reagents: Access to N
-Alkyl(Heteroaryl)Onium Salts via Olefin Aminolactonizatid@hem. Sci2021,
12(18), 6385 6392. https://doi.org/10.1039/d1sc00187f.
(68) Frigerio, M.; Santagostino, M.; Sputore, S. A UBeiendly Entry to 2
lodoxybenzoic Acid (IBX).J. Org. Chem1999 64 (12), 45374538.
https://doi.org/10.1021/j09824596.
(69) Kiefer, D. M.; Krieger, J. H.; Long, J. R.; Se®on, D. J.; Storck, W. J.; Borman,
S. A.; Brennan, M. B.; Menting, A. M.; Seltzer, R. J.; Baker, D. F.; Bodner, G. M;
Carpenter, W. D.; Ford, R. G.; Galloway, E. C.; Glunz, L. J.; Hertz, H. S.; Hill, C.
T.; Houk, K. N.; Mananoff, C. A.; Mcgown, L. B.; Moore, C. B.; Nakanishi, K.;
Rathmann, G. B.; Shitey, D. A.; Simon, R. M.; Spitz, P. H.; Trost, B. M.; Dixon,
J. A.; Gassman, P. G.; Deming, R. L.; Jencks, W. P.; Long, G. J.; Quin, L. D.
LETTERS.Chem. Eng. News Arch99Q 68 (29), 23,45.

https://doi.org/10.1021/cewD68Nn029.p002.

43



CHAPTER 2: IMPROVEMENTS TO UMPOLUNG RING EXPANSION OF
BENZYLIC ALCOHOLS

2.1: BACKGROUND AND SIGNIFICANCE

Mediumsized cyclic ethers are commonly encountered scaffolds present in a
large variety of natural products. As such, methods for the synthesis of these structural
motifs have garered substantial interéstnlike the related furan and pyran rings, the
synthesis of © membered rings is often difficult due to entropic penalties, unfavorable
transannular interactions (Prelog strain), torsional (Pitzer) straiaragid (Baeyer) strain
associated with their formatidrt.Prior strategies have relied on approaches such as
Prinstype cyclizationg;®> sequential thiolactone synthesis and derivatizatiamg
closing metathesi&? regioselective epoxide cleavatfeand cyclopropane
fragmentatiof (Scheme 2.1). Despite their utility, Seeprior approaches often require
complex prefunctionalized starting materials or undesired peripheral functionality, and
poor functional group compatibility can require the use of protecting groups. Therefore,
the development of new methods to directtgess mediursized cyclic ethers from
simple and readily accessible precursors by implementing novel disconnections became a

focal point of our research program. With such a method, the goal is move away from the

R, Rz
®o¢ \ Prins-type R1\(O:§ R1© Fragmentation o)
" 2.1 2.2 EM:/D
2.3 : . 2.7
Desulfinatic/ HRCM \Epoxide opening
R
MeS g 2 ( ‘> Q HO
R
o)
n
2.4 2.5 2.6

Scheme 2L. Prior approaches to mediumsized cyclic ethers
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current Afl at | and dbrares andeeable lestagealérivatizatiomof st r y
complex molecules.

A. Criegee rearrangement

+ €
o 3[R
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B. Our approach
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Scheme 2. Proposed approach to mediurrsized cyclic ethers

In devising a method to access medisiaed cyclic ethers from readily available
precursors, inspiration was drawn from the Criegee rearrangement of cyclic alkyl
peroxides, in which activation of the terminal oxygen renders the céwnamd oxygen
atom sutiably electrophilic to promote a carbon to oxygen bond migration, driven by with
cleavage of the weaki@ bond (Scheme 2.2A%:**Unfortunately requirement of an
alkyl peroxide has limited the synthetic utility of the Criegee Rearrangé&htéand
renders it ineffective for latstage derivatizations. It was hypothesized that a peroxide
could be replaced by a readilyashable alcohol, with a similar electrophilic intermediate
intercepted through activation with an I(lll) hypervalent iodine (HVI) reagent (Scheme
2.2B). Hypervalent iodine reagents are ideal for this transformation due to their low cost,
low toxicity, easeof handling and availability, and excellent leaving group ability (see
Chapter 1 for more information on HVI chemistf§As such, they have been utilized in
a variety of other electrophilic rearrangements such as Hofmann rearrang&fiants,
carbocyclic ring expansiort$however there existed no reports employing an alcohol

functionality in rearrangment chemistry. Their application in the context of alcohols was
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effectively limited to oxidations to the corresponding carbonyls, via eitherooreo-
electron processe&$?

2.2: HVI-MEDIATED ELECTROPHILIC HETEROATOM REARRANGEMENT

2.2i: Reaction Optimization

A
M M
Mel OH  jai)-mvi oLox e
O —— o0
2.14 2.15 2.16
TFAO—|—OTFA Cl—I—Cl HO—I—OTs TFAO—|—OTFA  TFAO—I—OTFA
F F
F F
2.7 2.18 2.19 NO, F
2.20 2.21
A
HO—|—OTs oH oTs ot f )
F F / ! i N
jo o o [ ot
F 223 © 224 © 225 ©
2.22 226 O
B
Me_ OH Me =
O—©OH OH NN 4
Py-HVI 0
DCM, RT -
Me
2.14 2.27 2.28
not isolated 33% Py-HVI; 2.29

Scheme Z3. Initial screening of HVI -mediated oxidative rearrangement

To begin method developmebenzylic tertiary alcohols were first investigated
in the desired transformatidfiFollowing a screen of various I(Il) HVIs on model
substrate.14it was quickly discovered that all pgenligated reagents were
incompetent in the desired transformation. Instead, the only product observed was styrene
2.16resulting from the net elimination of the activated alcohol (Scheme 2.3A). It was
hypothesized that the lack of desired rearrangemastdue to the electronics of the

iodine center, rendering them insufficiently electdeficient to impart sufficient partial
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positive charge on the alcohol oxygen. Based on this hypothesis, (poly)cationic nitrogen
ligated I(111) reagent® (N-HVIs) were screened alse presence of dativelyound

heterocyclic ligands rendered the iodine center more eledgbaient. In fact, the use

of Py-HVI provided phenoR.28in modest yield, arising from the desired rearrangement
followed by the addition of water as the ternmiinacleophile and subsequent ring

opening of the resulting unstable heacetal 2.27) (Scheme 2.3B).

While desired reactivity was observed, the reaction demonstrated low conversion
of the starting alcohol and yielded an unstable product which could not be isolated. One
possible solution commonly implemented in Hviediated transformations is the
addition of fluoroalcohols such as hexafluoroisopropanol (HFIP) due to their unique
physical properties, including their high polarity, low nucleophilicity, ionizing ability,
and superior hydrogen bond donor abilities. TheeefHFIP was added to the reaction
mixture which necessitated the reactions to be performed at lower temperatures, however,
the desired mediursized cyclic ethers were isolated with incorporation of HFIP as the
terminal nucleophile (Scheme 2.&ubsequenscreening oN-HVI ligands showedPy-

HVI 2.29to be the superior reagent for the transformation when considering factors such

as ease of synthesis and functional group tolerability.

Me 2 -
Me PH  N-HVI (1.5 equiv.) 010 _cf <_|=,N'>"‘N\\_| p
HFIP (20 equiv.) _ Db R R
DCM,3AMS F3C 5 OTf

-25°C
2.14 2.30 N-HVI
N X NMe, MeO X Br: N ZNuMe
0 DD Yy M
~ -~ Vs Vg ,N P V4
2.29; 84% 2.31; 87% 2.32; 53% 2.33; 0% 2.34; 89% 2.36; 82%

Scheme 24. Optimized reaction conditions andN-HVI screen

While the addition of HFIP facilitated the desired rarrangement, théings

HFIP-acetals were hydrolytically unstable, and this was amplified in acidic media. Use of
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agueous workup resulted in complete decomposition of the desired p2ogiict

phenol2.28 Furthermore, reaction temperatures exceeding 0 °C even in #recalsf

water resulted in ring opening of the medwamg ether. Recyclization was examined,
however thermodynamically disfavored. It was found that isolation of the-bi¢dtals

could be achieved via concentration at or below 0 °C, followed by rapificatian of

the crude material to remove residual HFIP. Care must be taken to remove as much HFIP
as possible prior to purification, as failure to do so results in tetution of desired

product, phenyl iodide, and undesired opbain byproduct. Onceupified, the acetal

products can be stored indefinitely at cal@d@ °C) temperatures in the absence of

moisture. Despite finding a strategy for the isolation and handling of the-&telals, a

long-term, more practical solution was sought and this weilatddressed in Section 2.4.

2.2iii: Substrate Scope of Tertiary Benzyl Alcohols

To evaluate the versatility of the method a substrate scope was envisioned which
i ncl udes s u bpositiorn ofitheiteotiary adcohol toh the atdmatic ring, and on
the aliphatic ring. Sub ssystemsjandcelestrareurat | udi ng
and deficient aryl groups were all included. (Scheme 2.5). Each of the rearrangements
yielded the HFIP acetal with the exception of phenyl substiti#gland indole sbstrate
2.52 which underwent spontaneous elimination of HFIP to provide the enol ether. The
t ol er a bsysteim®.41andZ.42i$ notable given the known reactivity of I(lll)
r e a g e nboral activators in various transformations.
The substitutia on the aromatic and aliphatic rings was also evaluated. It was

found that substitution on the aromatic ring was widely tolerated, including elethon
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RUPH  Py-HVI (1.5 equiv.)
(\:é HFIP (20 equiv.) q
R1_ » R
S e DCM, 3 A MS ; 2-OTf

) -25°C

-HVI; 2.29
X = _OHFIE Py-AV
Me Et Me Me Bn
2.37; 84% 2.38; 66% 2.39; 54% 2.40; 78%
N [ Ph
(0] X O X O
o0
2.41;76% 2.42; 75% 2.43; 66% 2.44; 50%
Me Me Me X Me
0 X O X 0) O X
w X
6] MeO
2.45; 87% 2.46; 73% 2.47; 65% 2.48; 55%
Me
Br\@ojx Ncm Plan o Me
2.49; 75% 2.50; 56% 2.51; 72% 2.52; 86%

Scheme &. Substrate scope of tertiary alcohotearrangement

groups .48, halogens4.49), electrondeficient groupsZ.50 and boronic ester@ 561).
Protected indole2(52 was also tolerated under the reaction conditions, &ygnat

result given the oxidative lability of indoles. Regarding the aliphatic substitution, a
methyl group adjacent to the reaction center had very little impact on the yield, and
reaction from dihydrobenzopyran provided the heterocyclic pro@u&8)(in good yield.
Finally, the reaction from the benzosuberol providedeé8nbered heterocyck47in

good overall yield. This widely variable alcohol scope demonstrates the power and utility
of this novel transformation, delivering a large library of heteriicycoducts. For
applications of this method in the diversdgiented synthesis (DOS) of natural products,

see Chapters 3 & 4.
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2.2iv: N-HVI Umpol ung Ring Expansion of Secondary Alcohols

The ring umpolung ring expansion of secondary alcohols represents a more
significant challenge, as secondary alcohols can undergo oxidation to the corresponding
ket one Vi a-elonmatipnddlowing advatioriby the I1(II)N-HVI, chemistry
that is wellestablished for HVI reagents. Despite this potential pathway, secondary
benzylic alcohols proved to be extremely successful in thexisting conditions,
providing the rearrangeuketerocyclic product253 in a reported 97%, with only 3%
oxidation to the tetralone product (Scheme 2.6). Additional secondary benzylic substrates
were screened including the electrich 4-methoxy .54 and boronic este2(55
substituted arenes. #ach case, rearrangement was overwhelmingly favored over

oxidation to the corresponding ketone product (>90:10).

7 N -
Py-HVI (1.5 equw QN_»l*ND
\ HFIP (20 equiv.) o |
—25 °C
Py-HVI; 2.29
CF
0" 3
2.53; 97% (>95:5) 2.54; 65% (91:9) 2.55; 81% (>95:5)

Scheme &. Oxidative rearrangement of secondary benzylic alcohols

Next, a range of G8ubstituted aliphatic cialcohols were targeted, wte the
migratory aptitude of the I bond is reduced when compared to the benzylic alcohols
thereby increasing the potential for oxidation to the ketone. The trend is analogous to
migratory aptitudes of the Baey¥illiger oxidation (phenyb tertiary > gcondary >
primary). Additionally, a factor that must be considered is the selectivitig g§. trans
alcohols pathway to under go ei-tlimeationt he des
Taking advantage of the modularitydfHVI reagent synthesis,sctreen of varioubl-

ligands quickly revealed that a no&DOMe-Py-HVI (2.56) gave excellent levels of
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OMe MeO

OH
2.58 (2.0 equiv.) X J N —
R\© HFIP (20 equiv.) R\Cj <_ N—>|<-—N />

1,2-DCE:HFIP (1:1)

3 AMS, 60 °C 2 -OTf
X =-OHFIP 2-MeO-Py-HVI; 2.56
X Me X X X X

Me-_O O iPr< O Bu._O Ph-_©

Me
2.57; 15%7 (91:9) 2.58; 23% (95:5) 2.59; 81% (91:9) 2.60; 23%2 (95:5) 2.61; 99% (>99:5)

o)
U @ Ar\(OJ/X C6H13\Q/ p/

2.62;98% (91:9)  2.63; 18% (>95:5) 2.64; 98% (>95:5) 2.65; 83% (>95:5) 2. 66 91% (>95:5)

4Low yield due to volatility

Scheme Zi. Scope of rearrangement on secondary aliphatic alcohols

selectivity for rearrangement over oxidation. Further modification of solvent conditions
and an increase in reaction temperature gave the HFIP acetal products in good yields
(Scheme 2.7). While some HFIP acetals suffered frofatility, leading to decreased
isolated yieldsZ.57, 2.60), in all cases the selectivity for rearrangement over oxidation
was overwhelmingly in favor of desired rearrangement (>90:10). The synthesis of 7
membered heterocycles was readily achieved witlrigty of substitutents at the

r e s u l-positiongAdditionally, it was demonstrated that pyrans were readily
synthesized from the corresponding cyclopentanols, however it was limited-to aryl
substituted alcohol starting materials. Finally, tetrahydanis were accessed in excellent
yields from the corresponding cyclobutanols, with the high yield likely attributed to the
release of ring strain.

Finally, it was discovered that the rearrangement was greatly favored over
traditional oxidation ircis alcahols (Scheme 2.8). This phenomenon likely results from a
conformational bias of the activated species, wheossialcohols the equilibrium would
greatly favor the alcohol existing in the axial conformation. When activatédHbyl,
significant 1,3diaxid interactions would disfavor the transition state required for
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oxidation to the ketone (Path B), whereas the transition state for bond migration would be

favored.
Path A Path B
o OHFIP OH 0
Me
N-HVI (1.96) M N-HVI (1.96)  Me
e S —_—
1,2-cis 1,2-trans
2.57 2.67 2.68
X
1 X\|’Ar . X
H o* o SAr H w : H H I/\ H H o*
— R b
' * ——
WA Me V- — Me | _ar
: |
2.69; Path A 2.70;PathB | 2.71; Path A 2.71; Path B X

OH ax): Strongly favors Path A OH gq): Little selectivity for Path A vs. Path B

Scheme B. FMO analysis of iodate ester intermediates

2.3: DERIVATIZATION OF HFIP ACETALS

The HFIP acetals were a challenging functional handle as a result of the decreased
Lewis basicity of the exocyclic HFIP oxygen atom, rendering numerous Bronsted or
Lewis acids ineffective for selective activation of the HFIP over the endocyclic eth

oxygen. Activation of the endocyclic oxygen led to undesired-@pam products

LA
; CF LA CF
’ 3 . 3
O '
o J\< o) (O\<
g CF; - "\ R CF;
: —-— :
2.72 2.73
OH ®
O= . 0”7 CF,4
i ' I
U
R
2.74 2.75
Desired reactivity Undesired reactivity

*re-cyclization disfavored*

Scheme 2. General reactivity of HFIP acetals
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Me
0 Et,SiH MENF 0
HBF4'OEt2 HBF4‘OEt2 =
-2 R s B
DCM, 0 °C Me DCM, 0 °C
549% o 44%
2.76 g @Cj \—cFs : 278
M FsC
o—Locn  TMSCN 3 oe
HBF ,+OEt, 2.37 PPTS, Pyridine \
“"Dcm, 0°C PhCl, 120 °C
71%

0,
2.77 54% 2.79

Scheme 210. Derivatization of tertiary benzylic HFIP acetals

(Scheme 2.9). After extensive optimization, HBFO Fwas found to be effective for
activation of tertiary benzylic susbtrates (Scheme 2.10). For example, HFIPZag@étal

could be reduced to the corresponding cyclic ethgi6( with the addition of

triethylsilane and HBFA O Eat low temperatures. Additionally, the hydride could be
swapped for a nitrile or allyl nucleophile to provide the corresponding products in
moderag¢ yield. Elimination to provide the enol ether product required harsher conditions.
In all of the derivatizations, the remaining mass balance consists of the corresponding
openchain phenol product following hydrolysis upon workup. It should be noteéhthat

this original report, no additional tertiary benzylic substrates were evaluated for their

competence under the derivatization conditions.

Me H \
o) Et,SiH N-tosyl indole Me
Me TMSOTf CF TMSOTf o
- —————
DCM:HFIP " FSC‘< DCM:HFIP Me
‘ e

Me 0°C, 70%

o) °C, 40° /
2.81 0 0°C. 40% 283 4,
L e _
Me CN TMSCN TMs N Ve Yy

o] BF3°OEt, “ TMSOTf
-2 | 2.80 Me L
Me DCM:HFIP DCM:HFIP Me °
/ 0°C, 92% 0°C, 94%
'Me ‘.
2.82 2.84 Me

Scheme 211 Derivatization of secondary aliphatic alcohols

Derivatization of the HFIP acetals derived from secondary alcohols was found to
be more difficult, and required-agptimization of conditions since the addition of

HBFA O Erésulted in a complex mixture ofguucts. It was hypothesized that dual

53



activation would be necessary, where the more Lewis basic endocyclic oxygen weakly
first coordinates to an acidic group thereby allowing the less Leagg exocyclic HFIP
oxygen to be activated upon addition of Lewacid. Indeed, screening of conditions

found that the addition of HFIP prior to TMSOTTf was beneficial, likely proceeding
through a hydrogen bonding interaction with the endocyclic oxygen &tomstrategy
proved quite successful, providing cyclic ethéesived from neomenthol with a variety

of substitution patterns adjacent to the oxygen atom. These conditions proved to be a
dramatic improvement to what was previously employed and allowed for greater
demonstration of the CTD avenues possible with theseedures. More specifically,
deoxycholic acid was subjected to the secondary aliphatic rearrangement conditions to
provide HFIP acet#.86 The acetal was then subjected to substitution of the HFIP
moiety for a hydride, nitrile, and allyl group theredyding diversity to the already
complex molecule (Scheme 2.12). These results demonstrate the potential rols-of the
HVI mediated umpolung alcohol rearrangement in-$aége naturgbroduct or complex

molecule derivatization (i.e. DOS, CTD).

2.58 (2.0 equiv.) [nucleophi
! phile]
HFIP (20 equiv.) Lewis acid
1,2-DCE:HFIP (1:1) DCM:HFIP
3AMS,60°C 0°C

H 2.86

[Et;SiH], TMSOTf [Allyl TMS], TMSOTf [TMSCN]J, BF3*OEt,
2.87; 60% 2.88; 80% 2.89: 94%

Scheme 212. CTD manipulations of deoxycholic acid

2.4 IMPROVEMENTS TO SYNTHESIS OF CYCLIC ETHERS
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2.4i: Initial Discovery

HO, // \\ Me OH
Me Me O—L-OHFIP o)
Py-HVI (2.29; 1.5 equiv.) trace HFIP
> e -
HFIP (20 equiv.) T>0°C A
DCM, —25 to -5 °C Me
M Me
2.90 2.91 2.92
Unstable product; Irreversible opening

60% max isolated

Scheme 213. Undesired decomposition of HFIP acetal 2.91 in HFIP

As is discussed in Chapter 3 during the synthesis of Heliannuol D, the malh pitf
of the oxidative rearrangement, especially in complex molecules, is the propensity of the
HFIP acetal products to undergo irreversible ring opening to deliver the phenol products,
either as the ketone (tertiary starting materials) or aldehyde (seg@taiing
materials). In the case of the tertiary alkynyl alcadh®Dwith a benzylic methyl group
on the aliphatic ring, concentration of the product following the rearrangement resulted in
dramatic changes to the desired product:eg®in ratio leadig to inconsistent yields
(Scheme 2.13). Despite the variability in yields, HFIP aci could be obtained and
subjected to the subsequent hydride reduction as was necessary for the continuation of
the synthesis of heliannuol D. Despite the reportedesscof HBEA O Eon similar
scaffolds (54%2.76 Scheme 2.10), it proved ineffective in this more complex substrate;
as was previously mentioned, only a single substtagd)(was examined in the initial
study. Conversely, when second generation conditions (HFIP, TMSQ¥iHEtwere
implemented, the reduced cyclic ether product could be isolated in 74% vyield, a 20%

increase from the reported yield on a similar scaffold (Seh2ridA).
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HBF ;-OEt, I
W < ElaSiH__ Me O—OHFIP £y sipy, TMSOTf
~oomoc DCM: HFIP (
0°C, 74%
Me

up to 44% overall

2.92 2.91 2.93
Decomposition to open chain Unstable product; stable product; facile
variable isolated yields isolation/purification
B
o 7 ! | | 4
Me Me 0 OHFIP | Et3SiH (5.0 equiv.) Me
Py-HVI (2.29; 1.1 equiv.) TMSOTf (1.1 equiv.)
HFIP (20 equiv.) 0°C o
DCM, -25t0 0 °C 60% overall
Me Me ° Me
2.90 2.91 2.93
Unstable product; stable product; facile
not isolated isolation/purification

Scheme 214. Improved acetal reduction and onepot sequence

When comparing the conditions of the rearrangement and and hydride reduction,
similarities can be found in the reaction conditions wherein both implement HFIP as a co
solvent and both are performed at O °C. Thist¢ethe hypothesis that the two steps
could be amenable to a telescoped-poeprotocol. Telescoping reactions is
advantageous in various transformations when reaction conditions are compatible due to
the inherent benefits such as avoiding intermediatatisns and purifications, use of
less solvent making the process greener, and oftentimes improvement in overall yield.
Therefore a onot rearrangement and subsequent reduction was attempted from alcohol
2.90using standard equivalentsig¢fHVI (1.2 equv.) and HFIP (20 equiv.) in CiLl>
(Scheme 2.14B). Upon complete consumptioB.80and formation of HFIP acetal91
by TLC, the temperature of the reaction was adjusted to 0 °C gfitHEtas added,
followed by the TMSOTT after five minutes. This ragal in complete conversion 2f91
to reduced ethe2.93 The reaction was then worked up according to the typical
derivatization procedure: quench with aqueous sodium bicarbonate and extraction into
CH:Cl2. The yield was found to consistently be arou@ée6which represents a 15% to

almost twafold greater yield over the-&ep protocol, as well as proving much more
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consistent. Additionally a sequence which could take up to 8 hours to complete from start

to finish previously was now reduced to 2 hours on average.

Me. OH Py-HVI (1.1 equiv.) Me Et3SiH (3 equiv.) Me
HFIP (11 equiv.) o) OHFIP  TMSOTf (1.1 equiv.) 0 H
DCM, CH,Br, (int. std.) ™ Quantitative
Yield limiting step
2.14 2.37 2.76
48% NMR yield 48% NMR yield

(46% isolated)
Scheme 215. Determination of yield-limiting step by *HNMR

Based on qualitative observation of distinct reaxtit was proposed that the ene
pot reduction occurs quantitatively from the intermediate HFIP a@&8d)(and any
limitation in yield was be due to op@hain byproductZ.28 formation in rearrangement
step. To probe this, an NMR experiment wasqrenked on model substra2el4in the
presence of an internal standard ¢BH) to monitor the yield of HFIP acetal78and
subsequent reduced etlZ76 It is worth noting that the quantity of HFIP (10 equiv.
rather than 20 equiv.) and triethylsilanes¢uiv. rather than 5 equiv.) were altered to
obtain more reliable integration quantities. Our hypothesis was confirmed by NMR,
which showed the calculated yield of the HFIP acetal prior to reduction (48%) was equal
to the yield of reduced cyclic ether (48%6% isolated); Scheme 2.15). While the
decreased quantity of HFIP led to poorer conversion to HFIP &8%the decrease in

triethylsilane proved inconsequential.

2.4ii: Development of OnePot Method

Identifying the value in this transformation tmopide expedient access to
otherwise challenging mediusized cyclic ethers, this modification was expanded to a
full method to include a variety of tertiary alcohol substrates. It was determined that only
hydride reduction would be demonstrated for twasons. Of the potential nucleophiles
(organometallic reagents, cyanide, allyl silane, etc.) studies had shown that the silane

reductant was most compatible with the conditions of the rearrangement. Additionally,
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structural diversity could be readily intnaced as a large variety of alkyl and aryl
substituents could be installed at the base of the tertiary alcohol to quickly assemble a
large library of cyclic ether products. Optimization revealed that the equivalents of HFIP
had an impact on both the ratedaonversion of the rearrangement with 20 equivalents
being optimal. Lastly, the quantity of45iH could be decreased to 3 equivalents with no

change in yield.

HO R OHF|P Et3SiH (3 equiv.) R

_ Py-HVI (1.2 equiv.) 7 TMSOTf 1.1 eqUIV) y | O—H
R | HFIP (20 equiv.), CH20I2 > R
X hn 25°C N = ),

. Me / //

Me
2.76; 61% 2.94; 57% 2.95; 54% 2.93; 60% (6:1 d.r.) R = Bn; 2.96, 50%
(45% 2-step yield)  (54% isolated acetal) (up to 44% 2-step yield) R =Et;2.97, 53%
H H Me //
MeO
2.98; 32% 2.99; 39% 2.100; 71% 2.101; 64% (1:1d.r.) 2.102; 66%
(65% isolated acetal) (43% 2- step yield)
Not previously
accessible
2.103; 42%

(51% isolated acetal)

Scheme 216. Substrate scope of onpot rearrangement/reduction protocol

A variety of tertiary alcohols were then synthesized and subjected to the
transformation (Scheme 2.16). A range of alkyl substitugate tolerated to synthesize
benzefused oxepanef(76 2.942.97), including the sterically encumbered isopropyl
group, where previous isolated yields of the HFIP acetal was among the lowest reported
(54%). Furthermore, the incorporation of methyl grolopth on the aromatic ring and at

the benzylic position on the aliphatic ring was found to have very little effect on reaction
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yields 2.76vs2.93. Secondary benzylic alcohol®.98 2.99 were also examined in the
onepot protocol, however this gave dshed yields. The reason for this is still unknown,
however is the subject on ongoing investigation.

We then turned our attention to larger ring sizes, includingegbered and even
9-membered rings, the latter of which had proven too labile to be acaes$emdthe prior
two-step procedure. Gratifyingly, the synthesis of befus@d oxocanes was readily
achieved in excellent yield2.(L062.109. Once again, incorporation of a benzylic
methyl group on the aliphatic ring had little effect on the yield efséqquence2(100vs
2.10)). Interestingly, no diastereoselectivity was observed which is contrary to what was
observed in the-membered ring syster2.03. Finally, the synthesis of®hembered
rings was proved successful under the reaction conditlh@3. In the two prior
reports there was no success in synthesizing-ther@bered cyclic ethers, therefore this
demonstrates a vast improvement to the method and access to otherwise challenging
structures. Overall, The improvements made to the synthiasiscbumsized cyclic
ethers via this onpot procedure are reflected in yield (>15% yield over two steps) and

overall reaction time and handling.

2.4iii: Failed or Unoptimized Substrates

Severakubstrates proved incompatible in the reaction conditions, due to either
incomplete consumption of starting alcohol or formation of a variety of byproducts
(Figure 2.1). In the case of allyl substrat&04 the rearrangment step was quite sluggish
and ircreases in time or temperature led to decomposition of the HFIP acetal. This result
was rationalized by the propensityMfHVIs to activate olefin® leading to competitive
complexation of the reagents. In the case of eleginbnsubstrat®.105 the desired
cyclic ether product could be isolated in 49% calculated yield, howevaution with

the product resulting from ionizatiari the alcohol from the starting material followed by
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hydride incorporation was observed. Separation via column chromatography could not be
achieved despite extensive efforts. Finally, propargyl cyclooctat®bunderwent
successful rearrangement, howethe reduction led to undesired reductive cleavage of

the cyclic ether and isolation of the opemain alcohol.

2.4iv: Future Directions

éoi% o o
3 &

2104 2105 2.106
Inefficient Competitive Complex mixture
rearrangement formation of of products
undesired byproduct

Figure 2.1. Unsuccessful or unoptimized substrates in oAgot procedure

In addition to the aforementioned reduction, which saw broad development, intial
attempts were made at adding other nucleophiles including a nitrile and allyl, and those
results are showim Scheme 2.17A. The nitrile incorporation has demonstrated initial
success, albeit with low yield. On the other hand, attempts to incorporate the allyl moiety
have resulted in a complex mixture of products with no clean isolation of desired product
to dae. Optimization for these two transformations is currently the subject of additional
investigation. Additionally, a onpot N-HVI synthesis/rearrangement/reduction has been
performed (Scheme 2.17B). The reaction requires the use-tiutyldimethylsilyl
trifluoromethanesulfonate (TBSOTY) instead of TMSOTT to activaté\ih#V/I precursor
to prevent TMS protection of the tertiary alcohol. The overall transformation has

demonstrated some initial success and ultimately represents ther@eréerof 3 distinct

60



reactions in one flask without any conentrations or isolations. Once again, th

optimization of this reaction is underway and will be continued in the future.

A

Me j—
ot Allyl TMS (3.0 equiv.) Me  OH  TMsCN (3.0 equiv.) o0—toon

~_ TMSOTf (1.1 equiv.) TMSOT (1.1 equiv.)

~ DCM:HFIP (1:1) DCM:HFIP (1:1)
0 °C, Messy reaction 0 °C, 25%

PhI(OAc), (1.0 equiv.)
HO, Me TBSOTf (2.0 equiv.) [ Me _| Et;SiH (3.0 equiv.) Me

Pyridine (2.0 equiv) O~-OHFIP | TMSOTf (1.1 equiv.) O~H
in situ Py-HVI synthesis 33% unoptimized o
HFIP, CH,Cl,

2.37; not isolated

Scheme 217. Preliminary advancements to ongot procedure

2.5:CONCLUSIONS

The seminal work on thid-HVI mediated umpolung rearrangement of cyclic
alcohols to deliver mediusring ethers was a landmark methodology, providing éacil
access to challenging scaffolds from simple starting materials. However a limitation of
the method was in handling the products, which are prone to irreversible degradation in
the reaction solvent conditions. The implementation of apmte@lerivatizatio nullifies
the pitfall and greatly simplifies reaction performance while improving overall yield.
With this method, access to a broad range of cyclic ether products is made readily
available from one diversity point. The value of the procedure in terdlisearsity-
oriented synthesis (DOS) is best exemplified in the total synthesis of Heliannuol D (See
Chapter 3).

Experimental data for this chapter can be found in Appendix B.
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CHAPTER 3: DIVERGENT TOTAL SYNTHESIS OF HELIANNUOL D V IA

1(111) UMPOLUNG ALCOHOL RING EXPANSION

3.1: BACKGROUND AND SIGNIFICANCE

Allelochemicals have garnered much attention in the agrochemical field due to
their innate ability to provide targeted modes of attack againsifispavasive species.
One example of a class of molecule which displays these characteristics is the
Heliannuols are a class of environmentally benign molecules isolatedHiebamthus
annus or the common sunflower which were first isolated in 1998/agias et. al.
Members of the Heliannuol family display activity against undesired weed species such
as morning glory, velvetleaf, pigweed, jimson weed and wild mustard, among ‘others.
Structuraly, all members of the Heliannuol family exhibit a similar core scaffold of a
benzofused cyclic ether ring. The ether ring in each molecule is betwee8-Bmembers
with the oxygen directly bound to the benzene ring, and a benzylic stereocenter is also

always present (Figure 3.1)he inherent challenges involved with forming the ring has

Me OH Me
Z.Me
Me o Me Me 0 e}
H
HO OH
Me Me HO HO
Me Me
31 . .
Heliannuol G Heliannuol D Heliannuol A
Me
MeOH li‘/leMe 0 .Me
Me o} Mo Me 0<% Me 0
OH
HO Y HO N HO
x = Me
3.4 3.5 3.6
Heliannuol E Heliannuol C Heliannuol K

Figure 3.1. RepresentativeHeliannuols
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attracted the attention of many synthetic organic groups around the world. The
Wengryniuk lab became interested in their synthesis based on alN{HN)I-mediated
umpolung heteroatom rearrangement developed in our group which provides the
characteristic medium sized cyclic ether ring present in all Heliannuols (Chapter 2).

Specifically, we focused our efforts on Heliannuols A, C, and D.

Me Me Me &e» rl\4Ie
Me Me Me OH 3
—_—
N HO
Me
3.7
v-Bisabolene
Me Me OH
.Me
Me 0 OH Me Me
+
HO HO
Me
3.3
Heliannuol A Hellannuol D

Scheme 3L. Proposed biosynthesis of Heliannuols A and D

The proposed biosynthesis of Heliannuol D and A are predictably quite similar
(Scheme 3.1} Both natural productd3.1and3.2ar e bel i ev e ¢isabatinear i se f
(3.7) via an oxidation to the corresponding quinoB&)( Reduction to the hydroquinone
and epoxidation of the remaining trisubstituted olefin provides the direct precursor to the
natural product3.9). The mediurrring ethers are then formedavtwo divergent epoxide
openings; attack of thertho phenolic oxygen on the epoxide via an atiddiated 8
endatet cyclization affords Heliannuol A(3), whereas +#&xo-tet cyclization affords

Heliannuol D 8.2).

3.2: PRIOR RACEMIC TOTAL SYNTHESES OF HE LIANNUOL D
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Since its discovery in 1994, many groups have devoted significant efforts toward
the synthesis of HeliannuBl with 14 reported syntheses as of 2827 he most
employed tactic to access the mediting ether is the biomimetic attack of the pbkc
oxygen into an epoxide via agko-tet cyclization'® Ring-closing metathesis (RCM)is
another common strategy, however less traditional approaches to accessaimbé&red
ring have been described including a pinacol/pinaclearrangement and agituced

tertiary alcohol ionizatiod>2

Me Br Me Br Me OH Me OBn
D _By D/ i) Li metal Ij 1)Br, I:[
94%
MeO ° MeO ii) B(OiPr); MeO 2) BnBr

iii) TBHP 90% MeO Br
3.10 3.1 3.12 3.13
1) tBuLi then ZnCl,
2) Pd(PPhg3),
OTf Me
4
Me OH 214 Me
Me
Me OBn
1 IT(SEBA D/\(\/\rwl Li, NH3 "
429% e
) NaSEt ° | MeO N
77% Me
3.1 3.15

()- hellannuol D

Scheme 22. First racemic synthesis of Heliannuol D (Vyvyan, 2000)

The first synthesis of Heliannuol D was reported in 2000, six years after its
isolation and characterization. The synthesis, disclosed by Vyvyan and Epoper
commences with the sigelective bromination af-methylanisol 8.10 Scheme 3.2).
Bromide3.11was then subjected to lithium/halogen exchange and subsequent addition of
B(OiPr) afforded the corisponding boronic ester which was oxidized wiétt-butyl
hydrogen peroxide (TBHP) deliver pher®l3. Treatment with bromine enabled a
regioselective bromination ortho to the free phenol, which was subsequently protected as
the benzyl ether. Aryl bromid&13was then treated with tBuLi followed by zinc
chloride to provide corresponding arylzinc species and subsequent Negishi coupling with
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vinyl triflate 3.14to afford styrenyl olefir8.15 was reduced with Birch reduction of the
conjugated alkene instatl the benzylic methyl stereocenter in racemic fashion and also
deprotected the benzyl ether to reveal ph&rh The remaining trisubstituted olefin

was then epoxidized using mCPBhich provided a 1:1 mixture of diastereomers. The
biomimetic ring formation was then performed with the addition of KOH and following
demethylation () Heliannuol D was isolated in 12% overall yield. While this synthesis
is rather efficient (9 stepghe use of lithium metatert-butylliuthium, and Birch

conditions pose significant safety risks.

Bng

BF3 OEt, 2.20

BnBr 81%

99%

319 O
KHSO,
99%
Me OH
Me 0 < NaoH _ < )mCPBA
~oo% H2 Pd/C  Bno 7N
HO 74% ' Ve
3.2 Me 3. 23 3.22
(x)-Heliannuol D 1:1d.r.

Scheme 3. Concise racemic synthesis of Heliannuol D (Macias, 2003)

In 2003 Macia$disclosed a high yielding synthesis of (#{eliannuol D relying
on a biomimetic ring formation (Scheme 8). Beginning with bis acetylated hydroquinone
3.18 a Lewis aciecatalyzed Fes rearrangement delivered ortho acetyl&té@.
Addition of Grignard3.20provided the corresponding tertiary alcohol, which upon
treatment with potassium bisulfate afforded isomeric sty8e22 Reaction witmCPBA
furnished the epoxide and hydrogaoatconditions simultaneously unmasked the
diphenol via benzyl ether deprotection and reduced the remaining styrene to afford a 1:1

diastereomeric ratio of epoxi®23 The biomimetic ring closure upon treatment with
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NaOH delivered both epimers of Heliar D in 60.7% overall yield. This synthesis by
Macias, as well as the previous synthesis by Vyvyan, both display the enormous utility of
the biomimeit ring formation in the synthesis of Heliannuol D.

1) HCO,Et

NaH PhI(OAc MeOH  Me 0
Me 2)pTSA ) HCI - |
85% MeO ) Mel, 61% overall ~ MeO OMe
325 O 326 O
H2C:CH2, hv
51%
H H H
Mem BF;-OEt, Me OS5  Memg Me o3
- -
4 85% . 87% L
MeO =/"0 ° MeO R "OMe ’ MeO C:)Me
329 Me 3.28 Me OH 327 O
mCPBA, TFA
71%
M
COzMe 8 OH
__HpPdC _MeMmgl
MeOH HC|O4 MeO
3.30 15%:311dr 2; (£)-O- Methyl Hellannuol D

Scheme 34. Baeyer Villiger approach to Heliannuol D (Venkateswaran,

An alternative approach to Heliannuol D was reported by Venkateswaran in 2003
which is a pinacol/pinacolone rearrangement to access the medyether® The
synthesis commences with the condensation of ethyl formate with acetopBene
followed by dehydration to afford chromoB8&5 Alpha hydroxylation was then carried
out in the presence of Phl(OAcjollowed by methylation of the resulting alcohol to
afford chromone3.26 Irradiation with constant ethylene flow afforded the [6.6.4] fused
ring system as the major product, which mpeeatment with methyl Grignard afforded
tertiary alcohoB.28 To forge the key-membered ring3.28was exposed to Lewis acid
to facilitate a pinacepinacolone rearrangement and furnish bridged ke3o2@
Addition of MCPBA formed the desired Baey¥illager product3.30which upon

hydrogenation in the presence of an oxidant and methanol provided tfupengd
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methyl esteB.31 With the desired-membered ring still intact, treatment with excess
methyl Grignard afforded the expected tertiary al¢gnoup and concluded the formal
synthesis of () Heliannuol D. At the time of our initial investigation, this synthesis
served as the only example which utilized a ring expansion as the kepmngg step

in the formal synthesis of Heliannuol D.

OH BreH,CO.Et ! Me _-COEt BB OzEt
T KOs TLDA, 78%
80%

HGII
Me OH 94%
COEt COEt
m < MeMgl_ m < Ha2PdC_ Mem
2; (+)- Hehannuol D 336 M 3.35 Me

Scheme 3. RCM approach to Heliannuol D (Venkateswaran, 2002)

Another common method for constructing the medgined benzylic ether ring
scaffold is by ringclosing metathesis (RCM) of the corresponding diol. While RCM is
effective at delivering mediusized rings, the precuwss often require lengthy
sequences to synthesize and leave little room for divergence. Venkateswaran and
coworker$ disgayed the utility of this method in their expedient folloyy synthesis of
Heliannuol D. StyrenoB.32was Oalkylated with ethyl bromoacetate to afford ether
333 Upon treatment wi t h-alyl&ed pradud dolefin8.341 b r o mi
was obtaned. The key RCM was accomplished using HGII; alternative RCM catalysts
resulted in lowyielding intermolecular reactions. The resulting olefirB@5was
hydrogenated to deliver almost the cis isomer almost exclusively (>95%), and upon
treatment with exess methyl Grignard the ethyl ester was converted to the tertiary
alcohol thus completing the formal synthesis ofi(3jeliannuol D.
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3.3: PRIOR ENANTIOSELECTIVE SYNTHESES OF HELIANNUOL D

Accessing the chiral benzylic stereocenter has posed a significant challenge in
prior Heliannuol D syntheses. Two commonly employed strategies tedalsingle
stereoisomer are kinetic resolution and drawing from the chiral pool. Kinetic resolution
often provides high levels of enantioselectivity, however requires the use of expensive
reagents and limits throughput since at least half of the stamitgrial is lost. Drawing

from the chiral pool prohibits access to stereocisomers and therefore diversity in synthesis.

Me.__Me Me__Me Me OHMe
Me l Me I ;
MOMCI -mix-

AD-mix-f Me OH
MeSO,NH,»

HO MOMO MOMO

Me 3.38 e 3.3
S

Me OH Me OH NB
Me Me
HCI Pd(OAc),
- 4—
PArBu,
MOMO MOMO
Hellannuol D 3.4 3.40

Scheme 3. Enantioselective synthesiof Heliannuol D (Shishido, 2003)

The first asymmetric synthesis @) i Heliannuol D was disclosed by Shishido
in 2000%* Drawing from the chirapool, the synthesis commences with the phenol
protection 0f3.37to the MOM ether. Sharpless asymmetric dihydroxylation afforded diol
3.39 which was subjected to NBS to facilitate the para bromination of the aryl ring and
provide crosscoupling precursoB.4Q In the presence of Pd(0), cyclization was enabled
to forge the desired-ithembered ring with the cis isom@d1as the major product.
Finally, acidmediated MOM ether deprotection of the phenolic oxygen delivered (+)
Heliannuol D. This cyclizatiomethod offers a unique metalediated approach to the

bicyclic ring scaffold.
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Scheme 3. Asymmetric dihydroxylation route to Heliannuol D (Shishido, 2010)
Shishido disclosed a subsequent asymmetric synthesisi éfglignnuol D by

employing a chiral directing group in his 2010 synthé&isginning with dimethoxy

bromoaren&.42 an intramolecular Heck reaction was carried out to install chiral imide

3.43(Scheme 3.7). The chiral auxiliary was then used to direct the subsequent cuprate

addition of a methyl group into theposition of the imidedelivering the desired product

(3.45 in a 12:1 ratio of diastereomers; following recrystallization the diastereotopically

pure3.45was obtained in 71% vyield. A subsequent hydrolysis of the imide provided

enabled cleavage of the chiral auxiliary to prevadrboxylic acid.46 Demethylation

was carried out using boron tribromide, which also facilitated attack of the resulting
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phenolic oxygen into the pendant carboxylic acid moiety, and following MOM protection
of the remaining phenolic oxygen, lactahd7 was obtained in excellent yield over 2
steps. Reductive cleavage of the lactone ring afforded ald&w8eavhich was

subjected to Wittig conditions to deliver enol etBetQ Hydrolysis of the enol ether
followed by a subsequent Wittig reaction anempdl protection delivered trisubstituted
olefin 3.50Q In an identical fashion to his previous synthesis, Shishido performs the
Sharpless asymmetric dihydroxylation to afford chiral alc@¥1, which was mesylated

to afford cyclization precurs@.53.Upon treatment with basic methanol, the sequential
silyl deprotection andN reaction provided cyclized prodi&#1, which following

MOM ether deprotection was transformed toi(i el i annu ol D. Shishido
method in this report is highly remigesnt of the biosynthesis, however he bypasses the

formation of the epoxide entirely and instead opts for mesylation of the secondary

alcohol.
Me OH
D/ ADDP, nBusP oBn_AMe;
MOMO 81% 88%
3.56 MOMO MOMO
+
PZ 1) TBSCI
OB
I n 2) Hy, PdIC
3.57 3) Swern
' N SOziPr 92%
Me OTBS N,
j@g/\/\( \-NPh Me oTBS
N -
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X LiIHMDS
MOMO 99% MOMO o
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AD-mix-B 3.61 360 e
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Scheme 3. Biomimetic asymmetric synthesis of Heliannuol D (Shishido, 2014)
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In 2014, Shishido completed another total synthesis df HgliannuolD, this
time successfully incorporating the biomimetic ring closure step in the prothss
synthesis commences with a Mitsunobu reaction to coupleopBeés6and chiral alcohol
3.57with complete inversion of stereochemistry. A Lewis auiediated Claisen
rearrangement was performed, which led to enantiomerically pure ghé&fwia
chirality transfer. Following protection of the phenolic oxygen,rbgénation was
performed which facilitated the reduction of the olefin as well as hydrogenolysis of the
benzyl ether to afford the alcohol, which was subsequently oxidized to the corresponding
aldehyde3.6Q A JuliaKociensky reaction was then carried asing an isopropyl
sulfone to install the trisubstitutétiolefin 3.61 Asymmetric dihydroxylation followed
by epoxide ring formation afforded enantiopure epo8id& which could be opened
following silyl deprotection of the phenolic oxygen in a biomimeathway. After
hydrolysis of the MOM ether, (4) Heliannuol D was isolated after a lengthy sequence.

As was demonstrated by the numerous racemic and asymmetric syntheses of
Heliannuol D, the key challenges to address throughout the synthesis aye nearl
consistent. The asymmetry, especially at the benzylic position, always results from either
dipping into the chiral pool, use of directing groups, or by kinetic resolution strategies.
Each method has their drawbacks, and therefore there is plenty ofaownprovement.
Additionally, while ring formation is shown to be far more facile in thmémbered ring
system than in the-8the diversity of methods used is limited, likewise with the diversity

of products that can be obtained from the method.
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3.4:FIRST GENERATION RETROSYNTHETIC ANALYSIS; BENZYNE
APPROACH

Central to each strategy to access Heliannuol D, whether racemically or
asymmetrically, is the ring formgnstep as it is often challenging due to the inherent
properties of mediursized cyclic ethers. Our group recently disclosed an NHHVI-
mediated umpolung alcohol rearrangement method which utilizes readiilable
starting materials to access vahabubstituted medium sized cyclic ethers analogous to
those found in Heliannuols (Chapter'2}° This ringexpansion strategy would serve as
the key step in the synthesis and provide expedient access to the most challenging

structural component of Heliannuol B.§6to 3.65 Scheme 3.9).

Me OH
HFIP
HFIP Me (@) ©
2X MeMgBr Subst/tut/on
MeO
Me
3.65
3.2; (+) Hellannuol D
MHVI EHR
0 OH
Me Reduction Me
Asymmetric methods? ~ $———  S—
MeO MeO
3.67 Me 3.66 Me

Key intermediate

Scheme 3. First-generation retrosynthesis of Heliannuol D

Having addressed the synthesis of thmémbered cyclic aryl ether, the focus
shifted to determining the ideal late stage functionalization and incorporation of
asymméry. Access to the alpha tertiary alcohol substituent was envisioned to proceed via
sequential Grignard additions into the corresponding n8réd, which could be installed

by derivatization of the HFIP acetd.65 following the rearrangement from the
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corresponding alcohoB(66). Having surmised a reasonable approach to accessing the
natural product following the key step, our attention shifted to approach chiral key ketone
3.67. This ketone would be crucial on two fronts, as it serves as the paiivieojence to
access various analogues and serves as theemowed precursor to the key
rearrangement step. Various routes to acces3.@favere investigated including an
aryne [4+2] cycloaddition, asymmetric Ni¢B)ediated couplings, asymmetric Heck
reactions, and stereoretentive homologations.
Mej@f M- Mej@u . Me |]_> MeD/\/\Me
MeO Br | MeO Br MeO MeO
3.74

3.70 3.72 3.73

Scheme 310. Proposed aryne synthesis observed in prior investigations

Our initial route to keton8.67arose from preliminary studies performed by Dr.
Brandon Kelly, a former member in our group who briefly investigated the synthesis of
Heliannuol C. Brandon found that treatment of iodoafei8with nBuLi resulted in
isolation of butylated produc8.74(Scheme 3.10). Mechanistically, this product is
thought to arise from lithiurhalogen exchange of the iodide, followed by rapid
elimination of the orthdromide and conversion to the electrophilic aryneigse The
aryne can then undergo subsequent attack by an additional equivalent of butyllithium and
deliver3.74following a quench. While this reactivity was undersired in the prior
approach, we proposed that the aryne intermediate could be leveragadIio ra
assemble the desired ketone via a formal [4+2] benzyne-Big¢s reaction with a
suitable diene (Scheme 3.11Ajurthermore, this transformation could be made
asymmetric at the desired benzylic position with the employment of a chiral Lewis acid

Therefore, our early efforts focused on the synthesis of aryne precursors which could
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generate the reactive intermediate under mild conditions. Based off the Kobayashi
protocol for the rid generation of benzynes, we proposed the synthesis ofsitjtho

haloarenes as precursors (Scheme 3.11B).

L ooy Meg@'l ;

3.67 Me 3.73

3 74
BULI
K]]I == II D B!
MeO Br
3.77

3.73

Scheme 3L1 Aryne Diels-Alder approach to key ketone intermediate

As is the case with all Dielalder reactions, two regioisomers are possiBl&§,
3.79 Scheme 3.12A) and selectivity is typically dictated by electronics of each
component or a significant steric effect. Recent investigations regarding the
regioselectivity of nucleophilic incorporation into aryne intermediates, however, raised
concern fotthe regioselectivity of the proposed cycloaddition The report states that rather
than the electronic effect of a substituent having the greatest impact on regioselectivity,

aryne reactivity depends on the presence of a substitutent ortho to the forheed trip

M“:J@I ; --------

MeO
3.73 Me 3.78 Me 3.79 OR
3.74
et @ @ s
character
3.81; Major 3.82; Minor
_tBuli Me NIS; I, NBS ~ Me X
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99% MeO TMS MeO TMS
3 77 3.76 375 x-= Br, |

Scheme 312 Investigations and pitfall of aryne approach
78



bond?’ This phenomenon is due to a slight distortion that gives the meta position a more
linear bond angle, and therefore more p character leading to nucleophilic incorporation
meta to the existing substituent (Scheme 3.12B)il&\the desired aryne intermediate
3.73lackedortho-substitution, the electronic bias may have been sufficient to favor a
single regioisomer

The synthesis toward a suitable aryne precursor commenced with the silylation of
haloarene3.77via lithium-halogen exchange with-butyllithium and subsequent
silylation with TMSCI. It was found thaert-butyllithium as the lithiating agent and
TMSOTT as the nucleophilic TMS source were optimal, delivering the desired silylated
arene3.76in near quantitative yid. Unfortunately, subsequent bromination ortho to the
TMS group did not proceed in any appreciable yield despite the ele@thoaryl system
(Scheme 3.12C). Multiple electrophilic halogen sources (NJSIBS) were screened,
however each set of conditis resulted in full recovery of starting material. Lack of
success in synthesizing aryne precursors and the potential lack of regiocontrol in the

cycloaddition, efforts shifted to alternative approachek 6@

3.5: APPROACHES VIA ASYMMETRIC NI(0) SP 3-SP* CROSSCOUPLINGS
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Scheme 313. Proposed asymmetric Ni(Oxatalyzed approach
One unique sequence to deliver chirality at the benzylic positivar@fus arenes
was disclosed by Fu and-eeorkers which detailed the synthesis of chiral boronic esters

from easily synthesized zincates (Scheme 3.13) using Ni(0) catély$is chiral
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boronic esters3(85 were then demonstrated as coupling partners in a sultgeque
stereoretentive homologation to aryl halides via a protocol disclosed by Aggarwal and
coworkers'® This sequence provides expedient access to &8&Mwhich upon
deprotection and cyclization would provide either ket816& or 3.66directly desired
alcohol precursor to the key oxidative rearrangement. The substrates réguired
Heliannuol D closely resemble substrates found in the seminal work which prompted

investigation of the route.
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Scheme 314. Evaluation of asymmetric Ni(O)}catalyzedapproach

First, the syn tchlesborsnicester wasperformachbyg mi c
deprotonation of dichloromethane usm8uLi followed by a quench with
trimethylborate and acidic workup to cleanly provide boronic a8d (Scheme 3.14)
Treatment of3.87with pinacol under anhydrous conditions to afford boronic 888
which smoothly underwent methylation with methyllithium in the presence of zinc
chloride to provide produ@&.83in 58% yield overall. To prepare the orgamc
coupling partner, the corresponding alkyl bromide was stirred with fine zinc dust in
dimethylacetamide (DMA) at elevated temperatures. The subsequent enantioselective

coupling 0f3.83and3.84provided the desired acet8.85 after filtration throgh silica,
80
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however in quite low yield, and the enantiomeric ratio was not determined at this stage.
Multiple attempts were made to improve the yield of the Ni coupling, including aqueous
workup, deactivated silica, and alumina. Unfortunately, each maatitin to the workup
proved futile, and a maximum of 25% yield was obtained. Regardless, the
lithiation/borylation sequence was attempted with the obtained material. Following
lithium/halogen exchange on aryl bromi@l&7, chiral boronic este3.85was addd.
Following a solvent swap from THF to methanol and addition of NBS, the reaction
mixture was heated to reflux. Following standard workup and purification by prep TLC,
merely 6% of the desired arene ac8t&86was isolated. Efforts were made to improve

the yield of the transformation; however, the biggest hurdle was para substitution relative
to the bond forming. Typically, the unoccupied para position is bresubstituted by

NBS to aid in bond formation, however with the present system, ortho substiut

sustained dearomatization was required which directly impacted the yield. Due to low
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yields over the two key steps toward the synthesis of d&&@&@lalternative Nicatalyzed

approaches were investigated.
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B. Fu, 2012
10% NiBryediglyme jeommnm e .
N 13% L** RIS ; :
— H | '
RS _ R+ Q)n CC:IC(;:.Z.equw) -~ P> R 1N 0
ioxane :
Br Znl 2v2 ;\ ,\{ \N]"'/ ,
2.91 2.92 30°C 2.93 ! tBu,

-Acyclic benzylic bromides e !
-Linear zincates: diminished ee and yield

C. Proposed transformation (\
Me 0
<\O _ _ Me O
OJ\/\anr + oo gy _NiBrpdiglyme
Ligand MeO
2.84' 294  Me 2.86
Requirements: Me

-Linear zincate
-Acyclic benzylic bromide

Scheme 315. Potential alternative Ni(O)catalyzed approaches

Two additional Nicatalyzed approaches were discovered, both describing the
asymmetric coupling of benzylic bromides with zincateh¢dre 3.15A,B). The first
approach (Scheme 3.15A), disclosed in 2005 by Fu and coworkers describes the
asymmetric coupling of linear zincates with cyclic benzylic bromi8e9( using §)-

(iPr)y-Pybox as the chiral ligad¥l Worth noting is that acyclic benzylic bromides were

not tolerated in these conditions and resulted in diminished yield. The other approach

(Scheme 3.15B), also published by Fu in 2012 describes the asymmetric coupling of
branched or cyclic zincat€3.92 with acyclic benzylic bromides83(91) using the chiral

isoquinoline oxazoline ligand_t* ) shown in Scheme 3.16B This method is largely

intolerant of linear zincates, as migrations tend to occur leading to undesired branched
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products with diminished enantioselectivity. Our proposal, seen in Schentig Stéfs
from a combination of the two works shown above, wherein we would need to utilize an
acyclic benzylic bromide3(94) and a linear zincat&(84); both of which are not
traditionally tolerated by each standalone method.

To begin our investigations, the racemic benzylic bror8i@dwas first
synthesized by lithiuatmalogen exchange withnd bromide3.77and addition into
acetaldehyde, followed by treatment with PEBcheme 3.16)Next, the two distinct
conditions to perform the coupling of benzylic brom&l@4with the required zincate
were screened (Scheme 3.16A,B). Unfortunately, each time the reactions were attempted
using standard conditions for either transformation, no desired product was formed and
the only discernable product obtained from each reaustamthe benzylic bromide
starting material and the quenched zincate product. Other products were formed during

the course of each reaction, however they were never characterized.
A.  10% NiBryediglyme

Me 13% (S) (I Pr) Pybox (\O
j@\ Q/ o > Me S
MeO Br U DMA, 0 °C
3.77 3.9 MeO
.................. 3.86 Me
C. B.
V)= 0] ! O(\O 10% NiBryediglyme 10% NiBryediglyme (\O
; \ 27— ] ¢ Me 13% L** 13% L** Me O
N N ""tBuE - -
L i MeO 3.84 3.84 .
' Me DMA, 0 °C Csl (1.2 equiv)
(\J\/\ 3.86 CH,Cl,/dioxane 3.86 Me
ZnBr : -30°C

Scheme 3L6. Unsuccessful alternative Ni(O)mediated approaches

Attempts were made to combine the two reported reaction conditions te enabl
the desired crossoupling reaction. As was mentioned previously, neither standalone
method is tolerant of both the acyclic benzylic bron8d®&and linear zincat8.84 only

one or the other. One representative combination of conditions can be Setenne
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3.16C, where the reaction conditions from A were combined with the ligand from B.
Unfortunately, however, each variation attempted resulted in complete recovery of
starting material, and no reaction was ever observed, which prompted a continaled sear

for alternatives.

3.6: ASYMMETRIC RELAY HECK COUPLING

Pd(CH3CN),(OTs)5 (6.0 mol%) f
Cu(OTf), (6.0 mol%) N
R N L1 (13 mol%) R _
! o TmTmmmmmmmmmmes
Z g(oH), SAMS DYZA? balloon HOT N ECNEN
3.96 , 398 R R ; | J o
> 3.99; major, y N \J
X Pd,dbas(3.0 mol%) o : N—
Rt P L1 (7 mol%) Y Y L1 .
N2PFg DMF, rt, 3-24h R A ) e
3.97 x
\R1
3.100; minor, B

Scheme 3L7. Reported redoxrelay Heck oxidation to deliver chiral aldehydes

In 2012 and 2013 th®&igman group reported an enantioselective redox relay Heck
coupling in which alkenyl alcohols are coupled to aryldiazonium or arylboronic acids
salts using Pd(0) or Pd(ll) catalysts, respectively (Scheme %:3h each reaction,
there are two regiochemically isomeric products possible arising from aryl insertion into
either end of theolefn wi t h t he b product typically
electronics wherein electromich aryl substrates typically suffer from poorer
regioselectivity’*?> This transformation would provide expedient access to the benzylic
stereocater with reportedly high enantioselectivity. Subsequently the major product
(3.99 could undergo actthediated cyclization into the resulting aldehyde which would

provide cyclic alcohoB.660r ketone3.67depending on the cyclization method.
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Me : Me
nBuli, B(OMe . Me H,, Lindlar's cat. H N
82% ' /\/ —2—>99% oM
MeO Br MeO B(OH), : HO
3.77

3.101 3.102 3.103

Pd(CH;CN),(OTs); (6.0 mol%)

0

Me Cu(OTf), (6.0 mol%) M | M

+ HOTNY L1 (13 mol%) _e e:@\oj
» +

MeO B(OH), Me 3A MS, DMF, O, balloon
3.101 3.103 rt, 24h, 69% mixture MeO MeO

1.42:1 Me
97:3 er

~
Me
3.104; major, y 3.105; minor, S

Scheme 318. Performance of redoxrelay Heck coupling
Early investigations began with the syntheses of arylboronic3atéd from the

corresponding aryl broiae 3.77via lithium/halogen exchange followed by borylation

and hydrolysis to the desired boronic ester (Scheme 3.183lKeisyl alcohoBB.103was

delivered from the hydrogenation of alkydd02u si ng Li ndl ar dés <cataly
starting materials ihand and the ligand synthesized, the Heck reaction was performed

using standard conditions delivering the desired product with high enantioselectivity and
moderate yield. Unfortunately, the regioselectivity of the transformation was quite low as

the desied3.104was only favored by less than 3:2 over the unde&8irHob and the

mixture of regioisomera/as inseparable via column chromatography. This

regioselectivity was also observed with the related aryldiazonium salt coupling, with the

added disadvantage of-etution of dba ligand upon column chromatography

purification. While the magnitude of lack selectivity observed was surprising, it had
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Pd(CH3CN),(OTs),

0
|
M
Me L Cu(OTf),, O, L1 Me _ Me _o
l\/\/OH -
R B(OH), R R

3.103 3.101 Me Me/'
3.104; major, y 3.105; minor, f3
= Boronic acid yield Heck coupling yield Rati o (
-OMe 82% 69% 1.0:0.69
-OTFAA 16% 21% 1.0:0.11
-OPiv NA NA NA
-COCHs 80% 23% 1.0:0.40
NO:2 NA NA NA
-F 99% 23% 1.0:0.40
-H 83% 70% 1.0:0.40

Table 31. Screening of aryl substituents in relay Heck coupling

been reported that electroich arenes suffer relatively poorer selectivityetherefore
attemped totune the electronics of the arene eitbgwvarying substitutions on the

oxygen atorrsubstitution for electromeutral or witldrawing precursors which could
later by converted to the required alcofitdble 3.1). Each of the boronic acids was

synthesized either by lithium/halogen exchange or via a cross coupling, with exception to

A
T
Me o)
+ - +
MeO MeO H MeO MeO -
Me Me” Me >

P
3.104 3.105 3.106 3.105 Me
B (? OH
Me o Me -H,0 Me : i
MeO MeO MeO
Me Me Me
3.104 3.66 3.106

Scheme 319. Attempted acidmediated cyclization from chiral aldehyde

the-OPiv and nitro substituted rings which were not successfully synthesized. From these

results we concluded that the electithdrawn oxygen protecting groupFAA
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provided the best regiocheral outcome, however both the yield of the Heck coupling as
well as the synthesis of the boronic acid, which combined provide the desired product in

3.4% over two steps.

o OH
Me | Me:©\)//o Acid Me Me O‘
+ E— +
MeO MeO H MeO MeO I l
Me Me” Me Me
3.66

3.104; » 3.105; 8 3.106

Acid Conditions Result
3M HCI Added @ 0°C in THF, warmed until SM consumed 3.106 3.105
TiCl 4 Added @ 0°C ifTHF, warmed until SM consumed 3.106 3.105
AICl 3 Added @ 0°C in THF, warmed until SM consumed 3.106 3.105
PTSA Added @ 0°C in THF, warmed until SM consumed 3.106 3.105
EtsSiH Added @ 0°C in THF, raised to reflux No reaction

BF:AOE t Added @ 0°C inTHF, warmed until SM consumed = Complex mixture
HPFe Added @ 0°C in THF, warmed until SM consumed 3.106 3.105

SiOz2 + HCI Added @ 0°C in EtOH, warmed until SM consumec 3.106 3.105

Table 32. Screen of acids to enable cyclization of chiral aldehyde

Despite the relatively low regiochemical outcor@Me substrate was utilized in
subsequent transformations due to its ease of synthesis and similarity to the phenol
substtution found in Heliannuol D. To access the alcohol required for the rearrangement
to occur, an acinediated FriedeCrafts type alkylation was envisioned wherein the
activated para position of the electnoch aryl ring would attack into the aldehyde
resulting from the Heck coupling. An initial reaction was tested with aqueous
hydrochloric acid in ethanol, however no desired product was obtained, instead

delivering a mixture of starting material105and styrenyl produ®.106(Scheme
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3.19A). This elinnation product was also used to determine the enantiomeric excess of
the reaction, since the racemate could be easily synthesized rather easily. While the
desired alcohdB.66was not isolated, the conditions were selective foreBnbered ring
formation and did likely proceed via the desired alcohol which underwent subsequent
elimination t03.106(Scheme 3.19B). In an effort to enable to isolatioB.66 a panel

of acids were screened for their competence in the desired transformation (Table 3.2).
Unfortunately, each acid screened led to the formatidld@féwithout any observation

of desired alcohds.660r failed to react at all.

i
Me 1) Pinnick ox. NaBH4
) 2) (COCl), 99%
MeO N 3)AICl, MeO

3.104, 3.105 3. 107 3.108 3. 66
Separable isomers 43% isolated from
aldehyde

Scheme 30 Synthesis of chiral alcohol via oxidation/cyclization sequence
While acidmediated cyclization represents the most straightforward approach to

alcohol3.66from 3.104 a lengthier sequence of oxidatiamdecyclization could also be
carried outAs such, a mixture d.104and3.105were subjected to Pinnick oxidation to
the corresponding carboxylic acids then conversion to the corresponding acyl chlorides
with oxalyl chloride (Scheme 3.20). At the stageéhe acyl chloride, a Friedélrafts
acylation was carried out in the presence of aluminum trichloride to forge the desired
ketone product3. 108 and the Emembered ring isomeB(107. At this stage the
regioisomers became separable by column chromegibgrand the desire21108was
cleanly isolated. Following a quantitative sodium borohydride reduction, the alcohol
required for the key oxidative rearrangemehn6 was delivered in 43% overall yield.

While this sequence delivers provides excellent gos@lectivity (97:3 er), the issues
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regarding of increased step count and large amount of regioisomeric waste product

generated prompted investigations to improve the synthetic approach.

3.7: TRADITIONAL HECK COUPLING APPROACH

A
Asymmetric Asymmetric

Me Heck Me hydrogenat:on Me reduct/ve Heck_ Me

MeO MeO MeO
3.109 3.110 3.66 Me 3.109
B
Frledel Crafts I:I\ /\/\n/
3.109 3.111

Scheme 1. Proposed Heck pathways to desired chiral alcohol

In order to address the issues which arose during the prior methods, a new general

approach was devised whigvould utilize a Heck coupling to join C7 and C8 with the
bond between C1 and C2 would already formed. The asymmetry could be introduced
from an asymmetric reductive Heck coupfté or an asymmetric hydrogenation
following a traditional Heck reaction to afford the same product (Scheme 323).
Each of these pathways requires the use of olefin precBukof derived from a Friedel
Crafts reaction beteen bromoareng.77and acyl chlorid&.111Scheme 3.21B). Acyl
chloride3.111was easily synthesized frorapgéntenoic acid in quantitative yield, and the

subsequent Fried€rafts acylation reaction witB.77under standard conditions did not

OH (cocl) cl 3.77 Me
/ —2> L.
/\/\ﬂ/ 99% Mf >
o 0] AICI3 MeO Br
3.112 3.1 3.100 |

Scheme 22. Unsuccessful FriedeCrafts reaction en route to Heck precursor
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deliver any desired product, instead resulting in the recovery of aryl br@nidand
formation a solid mass in the reaction flask likely due to polymerization (Scheme 3.22).
Various Bronsted and Lewis acids were screened in the reaction both fr8rhXthand

the 4penenoic acid, with the best conditions providing &h&09in 6% yield. (Table

3.3).
0
le) Me Me
o D\ Acid
R MeO Br MeO Br
3.77 3.109 |
R= Acid Outcome
-Cl AICI3 Polymerization, recovery &.77
-Cl TfOH (cat.) Polymerization, recovery &.77
-Cl TfOH Polymerization, recovery &.77
-Cl HFIP No reaction, recovery &.77
-Cl ZnCl Polymerization, recovery &.77
-Cl FeCk Polymerization, recovery &.77
-OH TFA+TFAA 6% 3.109, recovery of3.77

Table 33. Screen of acids in FriedeCrafts acylation

Efforts toward the synthesis 8f109evolved to target formation theC bond at
thealpha position of the corresponding acetopher®h#3 which is easily synthesized
from the reaction of arer277and acetyl chloride in the presence of AlGh the
proposed transformation, the enolat8dfl3could react with allyl bromide to deliver
the desired product eitherviag2ZorS2 6 r eacti on pathway. Ther e
3.113was synthesized in high yield, and a screen of conditions to enable the desired
transformation was performed (Table 3.4). A search of prior work on similar scaffolds
aided in the selection of three commonly used bases and conditions including the use
addtives such as triethylborane to suppress formation of dialkyl&i¢fScreening

revealed that potassium and sodium hydride delivered an inseparable mixture of mono
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] o]

(0]
Me Me Me
e O
—_ |l T
MeO Br AlICl3, 92% MeO Br Base, additives

MeO Br
3.77 3.113 3.109 |
Base Additive Result
None Trace3.109, recovered SM
LDA
Pd(PPh)4 (cat.) Trace3.109 recovered SM
NaH None Mix; mono- anddialkylation
Triethylborane Complex mixture of products
KH None Mix; mono- and dialkylation
Triethylborane 22%3.109

Table 34. Screen of bases in enolate formation of acetophenone 3.113

anddialkylation products and LDA was ineffective in this transformation. The addition

of triethylborane with KH produced the most promising results, delivering @effiDin

22% yield with no dialkylatioproduct. The transformation, however, still suffered from
low and inconsistent yields due to discrepancies in purity/handling of KH. Therefore, we
turned our attention to facilitating the Grignard addition into either an ester or acyl halide.
Therefore, bbomoarene3.77was converted to acyl chlorid114by treatment with

(COCly and AICkin good yield.3.114was then subjected to nucleophilic addition of the
required Grignard in the presence of catalytic copper iodide to prevalkiythtion

which provided3.109in 78% yield (Scheme 3.28).

Q 0

MeD\ (COC),, ALCl; Me:@\)% BrMg” "N Me
90% o, -
MeO Br Br Cul, 78%

MeO MeO Br
3.77 3.114 3.109

Scheme 3. Efficient synthesis of Heck precursor

With improved access t8.109in hand, investigations began on optimizing a
reductive Heck cyclization using various literature precedented conditions on related
substrates. Unfortunately, while cyclization was observed, no reductive Heck products

were ever formed using relatively standard conditions. Two ubiquitous palladium
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sources, Pd(OAgrnd Pddbas, were used in conjunction with triphenylphosphine as the
racemic ligand. Common reductants were screened including proton sponge,
triethylamine, and DIPEA as well as various silver salts such as silver carbonate and
silver nitrate to no avéit®. Therefore, attention shifted to optimization of the traditional

Heck reaction to produce olef$111Q which we envisioned could be hydrogenated

0 0
Me Pd(0) or Pd(ll), ligand _ M®
base, DMF, 80°C
MeO Br | MeO
3.109 3.110
Catalyst Ligand/Reductant Base Ratio (A:B)
Pd(OAc)2 PPh AgCOs 1.00:0.44
Pd(OAc). PPh TEA 1.00:0.59
Pd(OAc). PPh K2CGOs 1.00:0.41
Pdz(dba)s PPh AgCOs 1.00:0.24
Pdz(dba)s PPh TEA 1.00:0.12
Pd(OAc) BusNBr K2CGOs 1.00: 6.67
Pd(OAc)2 BusNCI K2CGOs Only Product

Table 35. Screen of Heck conditions

asymmetrically to provide the desired stereocenter. Multiple conditions were screened
(Table 3.5) including the use of Pd(Il) or Pd(0) sources in the presence of
triphenylphosphine ligand. A base screen was pdstormed however no set of

conditions was providing the product with full completion of starting material. Ligandless
Heck condition®3"provided the best results, wherein tetrabutylammonium bromide
provided the desired product in a greater than 6:1 raticoofugt to starting material and
tetrabutylammonium chloride provided the desired product exclusively with no
remaining starting material by crude NMR. With optimized conditions in hand, the Heck
reaction was carried out on large scale 3id Owas isolatd in modest yield (Scheme

3.24A). A pitfall of the reaction is the undesired and irreversible conversion of ketone
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3.110to naphthoB.115with prolonged exposure to palladium. Oncdased, however,
3.110was stable to storage and handling.

Synthetic efforts became focused on the selective hydrogenation of the exocyclic

A o 0
Me Pd(OAc),, nBuNH,Cl _ Me Me
DMF, 80°C o
MeO Br | MeO MeO
.............. 31093"065/311526/
B 0
Me Pd/C, H, fast Me
MeHO MeO
3.110 3.116 Me
3.66; not |so|ated
c
Q 0 OH
Me Me Me
RhCI(PPhs), NaBH N-HVI
Hj, 99% 99% M J o STt
MeO MeO MeO
3.110 3.67 Me 3.66 Me

Scheme 4. Heck reaction and subsequent reductions

olefin in the presence of the acetophenone moiety. \BHeidwas subjected to

hydrogenation conditions using palladium on carbon under a hydrogen atmosphere,

global reductiorwas observed followed by benzylic alcohol cleavage to afford tetralin
3.116(Scheme 3.24B). Conversely, treatmenBdflOwi t h Wi | ki nsondés <cat
afforded the selective hydrogenation of the olefin with full conversion, leaving the ketone
untouched (Same 3.24C). Despite the overall goal of asymmetric hydrogenation, the
synthesis was carried forward with racemic material to optimize the late stage synthesis

prior to a potentially costly and tim@nsuming catalyst/ligand screen. Thus, the

subsequent sadn borohydride reduction provided the racemic alcohol required for the

key N-HVI mediated oxidative rearrangement.
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3.8:N-HVI MEDIATED OXIDATIVE REARRANGEMENT

A R P ELRRy LTI .

OH O\<CF3 i / \N_>|<_N/\:/>E

Py-HVI, HFIP /@(O/\S br, = © 7

| | | 81% : 207F !

MeO MeO ; :
® OH CFs

MeO MeO

Me 4
Py-HVI, HFIP_ M© CFs
9%

3.66 V€ 3.119 Me

Scheme 5. Precedented and unsuccessful ring expansion

The novelty of our total synthesis of Heliannuol D stems from innovative
approach to the mediusized heterocycle which tid-HVI mediated oxidative
rearrangement strate§y® The method had also been performed and optimized with
good yield @ a similar molecular scaffold in the seminal publication (Scheme 3.25A).
Therefore, standard conditions were applied to tetBaBBusing pyridinium hypervalent

iodine reagent which provided HFIP ac&dl19in low yield (Scheme 3.25B). In

OH CF;
Me o*
Py-HVI, HFIP_ Me CF, Me OH
oo 19% +
e b MeO MeO 0
e
3.66 3.119 Me 3120 Me
B
OH O\<CF3
Me 2-MeO-Py-HVI, HFIP _ Me o CFt Me oH
6% desired -
MeO MeO MeO (0]
366 Me 3.119 Me 3120 Me
CF
c y OH 5 O~< 3
e
DMAP-HVI, HFIP_ M CFs*  Me
Trace desired
MeO MeO MeO
3.66 Me 3.119 Me 3.121 Me

Scheme 26. Investigation of alternative N-HVIs in ring expansion
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secondary alcohol systems oxidation to the corresponding ketone is plausible especially

in complex systems, however no ketqeroducts were observed.

Py HVI, HFIP Vastly improved yield of
acetal compared to 6-
MeO analogue

_______ §_1_2_2___________________ 3.123; 60% 3.124; 7%
T e
Me OH Me OH
M CN
Me ) ®Directed C-H Me 0] Me Me o
%} %
HO
3.2 Me 3.125 Me 3.126 Me
Acetal
o Derivatization
CF
Me OH O~< 3
Heck cougling_z Me :Oxidaﬁve RAR Me o CF4
Br I
3.129 3.128 Me 3.127 Me

Scheme 7. Successful ring expansion and modified retrosynthesis

Instead, product degradation seemed likely since aldehydic protons were observed
in crude NMR samples arising from rhagpening acetal decomposition (Scheme 3.26A).
2-MeO-Py-HVI and DMAP-HVI were screened in an effort to alteactivity and favore
the desired transformation, however both resulted in further diminished yields (Scheme
3.26B,C). Due to the nature of the byproducts obtained and based on prior knowldege, it
was hypothesized that the electronics of the ring was nebatiffecting the reaction as
has been observed previously. Therefore, tetBalid2was subjected to standard
rearrangement conditions resulting in a drastic improvement in isolated yield to 60%
(Scheme 3.27A). This result prompted revision to the dvarathesis to exclude the
oxygen on the aryl ring until the performance of the oxidative rearrangement and
synthesis of the aryl cyclic ether. A similar retrosynthesis was assembled, however a late
stage directed <€l activation step would be incorporatedinstall the oxygen atom
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required at C8 following the heterocycle synthesis. Outside of this minor modification,
each step would be identical but performed on the correspondifidaef@sryl substrate

(Scheme 3.27B).

o o
Me
\d COC| 2 \(:ﬁk Mg, Br AN _ Me\Cf‘\/\/
o, o, -
Br 9% Cul, 78% g Pd(OAc)
3.130 3.131 3.129 nBUNH,CI
K,COj3
O
Me O
¢ Py-HVI NaBH4 Rh(PPhj3) 3CI
HFIP 92% 68% over 2 steps
3.127 Me 3128 e 3.133 e 3.132

CF5_TMSOTf, TMSCN

CN o
Me 0 HBF4, TMSCN 1o o> ~THFIP upto45% Me 0
S tFy >
BF3-OEt,, TMSCN
HFIP, up to 32%

3126 M° 3.127 Me 3.126 Me

Scheme 8. Continued racemic synthesis HFIP acetal derivatization

Therefore, the modified synthesis commenced with the quantitative conversion of
acid3.130to acyl chloride3.131using oxdyl chloride (Scheme 3.28A). Following a
cuprate addition to affor8.129and subsequent Heck coupling, hydrogenation of the
exocyclicolefinwas8.133per f or med with Wil kinsonds cata
reduction provided alcoh@.128which was poised for the key oxidative rearrangement,
which proceeded in a 60% vyield to deliver the heterocyclic core of Heliannuol D. The
ensuing transformation eritd the derivatization of HFIP acet@ll27to the
corresponding nitrile, which has been previously reported and utilized, HRFSOTf
and BRA O E't18In this substrate HBFwas unsuccessful, resulting in decomposition to
the open chain product, however#FO Fand TMSOTTf bottprovided the desired

product. Typical yields using boron trifluoride hovered in the teens with the best result
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providing desired product in 32% yield. Conversely, TMSOTf provided the desired
nitrile product 8.126 in roughly 45% yield consistently (Sche@.28B).

Next, efforts were made to methylate the nitrile and deliver the correisygon
methyl ketone following hydrolysis which is typically performed using organometallic
reagents such as methyllithium or methylmagnesium haifd€and less commonly
trimethylaluminunt®® As can be seen in Scheme 3.29A, various attempts were made to
methylate nitrile3.126using traditional organometallics, and all were unsuccessful
resulting in noobserved reaction and only recovery of starting material. Modulation of

temperatures and conditions was futile, which promptexaduation of the synthetic

route.
A
Meli, 0 to 60°C @)
Me
Me Me 0
Me3 Ni(acac),, 0 to 40°C _
Me MeMgBr 0 to 60°C Me
B . 3134 ...
B N 0
Y Y
Me 0 Me 0 Me o /
Methyl add’'n Hydratlon
Me
3126 M€ 3.134 3.136 Me
OHFIP HO 4
(0] =
eductlon N-HVI RAR
3.136 3.137 Me 3.138 Me

(0] (0]
OH ECugrate add'n Me Heck Me

Br Br
3.130 3120 | 3.133 e

Scheme 9. Failed nitrile derivatization and modified retrosynthesis
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Ultimately methyl ketone3.134 was desired, and aside from niti8€.26 the
desired rethyl ketone3.134can also be delivered via hydration of the corresponding
alkyne 8.136 Scheme 3.29B) by transition metal cataly$f£Alkyne 3.135is readily
accessible from HFIP acetal317via reductive cleavage of the HFIP moiethe only
modification from the prior synthetic sequence up to the key rearrangement step is a
Grignard addition from keton&133to deliver terary alcohol3.138rather than a

hydride reduction. (Scheme 3.29C).

3.9: COMPLETION OF RACEMIC SYNTHESIS

0
_(cocn, BrMg” N Me Z
“oo% Cul, 86%
Br Br

3.130 3.131 3.129
Heck, then
Wilkinson's
F3C
0
)\o /// HO //
<PyHVL HFIP Me —MgBr
60% 89%
3.137 3.138 Me 3.133 Me
TMSOTf
TES-H
74%
6:1dr
Me OH
Me
__Ha(OAc), o MeMgBr
~ pTsA 99%
51%
3. 136 major 3.134 3. 139 (51 d.r)

Scheme 30. Racemic synthesis of de®H Heliannuol D
Analagous to the prior sequence, the modified synthetic procedure began with
cuprate addition into acyl chlorid¢131followed by a Heck coupling and hydrogenation
of the resulng olefin to deliver keton8.133(Scheme 3.30). Rather than reduction of the

ketone in molecul8.133 alkynylmagnesium bromide was added to deliver the alkynyl
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tertiary alcohoB.138in good yield as an inconsequential mixture of diastereomers

(~3:2). The rearrangement reaction on alcoBdl38proceeded smoothly to deliver a

single diastereomer of HFIP aceBal 37in modest yield as a single diastereomer. Single
crystal Xray analysis of HFIP aceta@l137revealed the cis diastereomer (with respect to
the benzylic methyl group and the alkynyl functionality) to be the exclusive product
formed, however this stereochemical result was ultimately inconsequential to the
stereochemistry of the subsequent product. HFIP ag@étafwas reduced using

TMSOTT andtriethylsilane which resulted in clean conversion to the reduced product
3.136with varying diastereomeric ratios, however each time the major diastereomer out
of the reduction favors a trans relationship (epimeric to natural product) relative to the
alkyne and benzylic methyl. This selectivity would later be addressed, and the synthesis
was continued with the oxymercuration of alky&36to deliver keton&.134with

unchanged diastereoselectivity. The addition of methyl Grignard provided tertiary alcohol
3.139in quantitative yield, providing the déwydroxylated natural product. Various

methods for the regioselective hydroxylation of aryl ethers were investigated to complete

the total synthesis of Heliannuol D.

m NBS.HCI \ng _NIS, HFIP m

3.140: R = CH(CHj3),0H; 44% 3.134:R = CHOCHs 3.141:R = CHOCHs 99%
3.139: R = CH(CH3),0OH 3.142: R = CH(CHj3),0H; 88%
Scheme 31 Para-halogenation of cyclic aryl ethers

To install the phenol functionality on the ring, p@r@mination and iodination
was carried out from ketorB2134and tertiary alcohd.1394344(Scheme 3.31). To

transform the various haloarenes to their corresponding phenols, tijpaoonditions
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Me o) Me O
Conditions o
X DMSO/H,0, 100°C HO

Me Me

3.140: X = Br; R = CH(CH,),0H 3.143: R = CHOCH,

3.141: X = I; R = CHOCHj, Heliannuol D (3.2): R = CH(CHj),OH

3.142: X = |; R = CH(CHj3),0H

Substrate Conditions Target Outcome

3.140 Cul, KOH, PEG400, No solvent 3.143 SM only
3.140 Cul, KOH 3.143 SM only
3.141 Cul, KOH, 1,16phenanthroline 3.143 Complex mixture
3.141 Cul, KOH, tBuOH 3.143 Complex mixture
3.142 Cul, KOH, 80H-quinoline, tBuOH 32 55%
3.142 Cul, KOH, 1,106phenanthroline 3.2 99%

Table 36. Ullman conditions for hydroxylation of aryl halides

were applied wherein a copper dgsain the presence of water and potassium hydroxide
promotes the desired transformation according to literature precedent (Table 6).
Screening commenced with the screening of bromide sub3tiat@using previous
literature proceduréy however no desired product was obtained from these efforts and
only starting material was recovered. The analogous transformation from the
corresponding iodoarenes was then evalu&é®lwhich revealecomplete

decomposition in keton@.141 likely due to the acidic protons present in the ketone
substrate and the highly basic conditions. Evaluatidhbf2revealed a 55% yield of
desired product whent@ydroxyquinoline was employed as the ligand along ettt
butanol as a solvent, and full conversion was observed withphd@anthroline as the
ligand in a 1:1 DMSO:water solvent system. With the successful installation of the
phenol moiety, the racemic sye#is of (x)Heliannuol D 8.2) was complete resulting in

a 5:1 diastereomeric ratio of trarep{) to cis isomers. Prior to continuing to the
asymmetric synthesis, optimization was performed on select transformations or substrates

requiring further attendin.
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3.10: RACEMIC SYNTHESIS OPTIMIZATION

3.10i: Diastereoselectivity and Epimerization

As was previously mentioned, the major observed diastereomer from the racemic
synthesis is the trans, epimeric diastereomer. The favorability first emerges upon the
hydride reduction of the HFIP acetal and remains unchanged throughout, however
epimerizatio is plausible at the stage of the methyl ketone with an acidic alpha proton at
the key stereocenter. To determine whether either isomer is thermodynamically favored
over the other, a minimized energy calculation was performed which revealed that the
desied cis isomer was favored by 1.6 kcal/mol. With this information in hand,

epimerization was attempted using various basic conditions summarized in Table 3.7.

0 0 0

\-
Me o HMe Me o Me Me 0 S Me
Base, conditions . \Cg)
Me Me Me
5:1 trans to cis Cis: -1.6 kcal/mol (calculated) Trans
Base Conditions cis:trans
Cat. tBuOK tBuOH, 10 mins 3:2
Cat. EtOK EtOH, 5 hours 3:2
Cat. MeONa MeOH, 12 hours 3:2
LDA (1.0 equiv.) 5 hours @ RT then quench @ RT 1.5
LDA (1.0 equiv.) 5 hours @ RT then quench @ 0°C 1.5
LDA (1.0 equiv.) 5 hours @ RT then quench @8°C 1.5
LDA (0.95 equiv.) 5 hours @ RT then quench @ RT 1.5

Table 3.7. Evaluation of epimerization conditions

Thermodynamic deprotonaticconditions were first investigated using catalytic
alkoxide bases with their corresponding alcoholic solvents. Inversion of selectivity
favoring thecisisomer usingdert-butoxide andert-butanol within 10 minutes, howeve,

the epimerization stalled atratio of 3:2 cis to trans. This ratio was not improved with
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the use of methoxide or ethoxide bases or with heating in any case. Stoichiometric
deprotonation was then screened using LDA and quenching at various temperatures in an
effort to trap the therndynamically favored isomer which resulted in no epimerization,
likely due to the presence of the additional acidic protons of the adjacent methyl group.
Additionally, thermodynamic deprotonation using stbichiometric LDA was

attempted, however no epin&tion was observed. Therefore, epimerization efforts
culminated in the inversion of the observed ratio to 3:2 favoring the dessrisdmer

using catalytic amounts of alkoxide salts in alcoholic solvents.

3.10ii: Optimization of Rearrangement/Reduction Sequence

FsC

HO, 4 )\ //
Py HVI, HFIP TMSOTf, TES- H
60% 74%
3.138 Me 3437 s 3.136 ve
Tricky workup/purification Facile workup/purification
One pot?
B P— —
FsC
HO // o) // //
Me FsC oA Me o
Py-HVI, HFIP Me TMSOTf, TES-H _
DCM, -25 to 0°C DCM, 0°C
N 60% overall N
3.138 Me 3.137 mé 3.136 Me
Not isolated - Facile workup/purification

L - - Improved overall yield

Scheme 32 Issues with rearrangement and telescoping with subsequent reductio

The isolation and purification of the HFIP acetals is atnomal operation often
resulting in desired product decomposition with minor fluctuations in temperature in the

presence of HFIP (Scheme 3.32A). This propensity to decompose necessitates special
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handling of the reaction until the HFIP acetal product is fully purified. The subsequent
hydride reduction, however, yields a stable product which does not require special
handling and is performed under conditions similar to the rearrangement in terms of
solvent (HFIP as a esolvent) and temperature (roughly 0 °C). Therefore, the possibility
of telescoping the rearrangement into the reduction and performing the two reactions in
onepot was investigated. Telescoping reactions is generally preferreckdades

isolation and purification times, and from a green perspective utilizes less solvent.
Therefore, a rearrangement reaction was performed, and upon complete consumption of
starting alcohoB.138triethylsilane and TMSOTf were added (Scheme 3.32B).

Fadlowing aqueous workip and purification on column chromatography, the alkynyl
ether producB.136was obtained in 60% yield which is a >15% improvement over the
two iterative steps. Additionally, this telescoped prodcedure significantly decreased the
amount of time required to deliver they reduced ether product and completely avoided
handling of the unstable HFIP acetall37 Identifying the utility of the synthetic
modification, the ongot procedure was leveraged into a standalone method to provide
value in a broader context to the synthetic community. Refer to Chapter 2 for more

information.

3.10iii: Improvement of Alkyne Hydration

The alkyne hydration of alkyr&136to methyl ketone.134was initially
performed using oxymercuration conditidi$iowever, the low yield, use of toxic
mercury reagents, arathallenging purification obviated the need for an alternative

method (Scheme 3.35A). A potential alternative commonly reported in the literature is a
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Me
Me Hg(OAC), (70 mol %) _ Me 0 - Low yield
PTSA - Toxic reagents
51% - Challenging purification
3.136 3.134 Me
g T // """"""""""""""""""""" o T
Me 0] . Me 0 Me _ Improved yield
[(Pr)AUCI] (2.5 mol %) - Safer handling
AgSbFg, H,O - Facile purification
3 67% 3
3.136 13 3.134 3

Scheme 33. Improved method for alkyne hydration

gold-catalyzed hydratidi. While the catalyst is quite costly, the catalyst loading is a
fraction of the amount required for the oxymercuration, and isaland purification are
often facile(Scheme 3.35B)ollowing literature protocol, ydration reaction was
performed with(iPr)AuCl], which was synthesized and provided by William Sabbers,
with the addition of AgShéand water. Following heating to 100 °C overnight, the
starting material was fully consumeRurification was vastly improved, affording 67% of
3.134following column chromatography. This represents a dramatic improvement in

yield, safety, and ease workup/purification compared to the oxymercuration.

3.10iv: Alternative Late-Stage Arene Oxidation

Despite the success and overall high yield of the sequential arene
iodination/oxidation approach, the method requires the isolation and purification of the
iodoarene intermediate. Therefore, two -@aé oxidation protocols were evaluated. First,
aruthenium-catalyzed method which had been reported to hydroxylate activated arenes
was attempted’ however no desired product was obtained and instead a complex

mixture of products was observed (Scheme 3.34A).The second nietlestigated is the
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Me OH Me OH

Me Me
Me 0 [RuCly(p-cymene)], Me o

L
v

PIFA, DCE HO

Me
3.139 - Complex mixture of products 3.144

Me OH Me OH

Me OH

Me Me Me OH

Me O Phthaloyl Me Me
erOX|de HFIP
then NaHCO3

MeOH
3139 ° 3.2m OH Me 3.20
41%
- Provides access to unnatural phenolic isomers 2:1 mixture

Scheme 34. Evaluation of alternative late-stage aryl oxidations

aryl oxidation using phthaloyl peroxide (PPO) followed by hydrolysis of the resulting
ester to provide the desired phéfiét. Thephthaloyl peroxide method provided a

mixture of products including the desired phenol as the undesired trans diastereomer
exclusively (Scheme 3.34B). The remaining products in the mixture were regioisomeric
phenolicproducts of the desired diastereomer as well as recovered starting material.
While this reaction does not provide the desired diastereomeric product, it does provide
expedient access to unnatural phenolic analogues which would later be assayed for
biological activity (see Chapter 5). With the conclusion of optimization of the each
sequence in need, the racemic synthesis of Heliannuol D was complete and our efforts

turned to the asymmetric synthesis.
3.11: ASYMMETRIC SYNTHESIS OF (+)-HELIANNUOL D

As discused previously, the envisioned transformation to deliver the chiral
benzylic stereocenter in a selective fashion would be performed using an asymmetric

hydrogenation following the standard Heck coupling. While a plethora of asymmetric
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Scheme 35. Deviation from Heck approach and alternative asymmetric strategy

hydrogenating catalystand conditions exist, they are often quite expensive or require
multiple geps to synthesize (Scheme 3.35A). An alternative approach to the necessary
chiral ketone emerged in the synthesi€adgorgiaeneeported by Aggarwal and €0
workers>*®*1The synthesis commenced with the stereoselective Noyori reduction of
acetophenom3.1452 Scheme 3.35B). The chiral alcohol was then converted to the
corresponding carbamate, then a stereoretentive lithiation/borylation sequence was
carried out to deliver chiral boronic es8149 TBAF-induced deborylatior?® provided
ester3.150which was subjected to polyphosphoric acid to deliver thecioged product
3.133 This ketone was the enantiomer of the identical substrate required for our
synthesis and would only require the use of the opposite enantiomer of theatailyt
during the reduction.

The synthesis commenced with the asymmetric reduction of acetoplthdbe
using the R,R-catalyst to provide the opposite enantiomer from the previous report with

excellent enantioselectivity (Scheme 3.38). Followingveosion to carbamate 147 the
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