
i 

EXPLORATIONS IN MEDIUM-RING ETHER SYNTHESIS VIA 

UMPOLUNG HETEROATOM ACTIVATION: TOTAL  

SYNTHESIS, METHODS DEVELOPMENT,  

AND REAGENT SYNTHESIS 

 

 

 

A Dissertation 

Submitted to 

the Temple University Graduate Board 
 

 

 

 

In Partial Fulfillment 

of the Requirements for the Degree 

DOCTOR OF PHILOSOPHY 

 

 

 

 

by 

Bilal Hoblos 

August 2021 

 

 

 

 

 

Examining Committee Members: 

 

Sarah E. Wengryniuk, Advisory Chair, Department of Chemistry 

Rongsheng Wang, Department of Chemistry  

Daniel Kim, Department of Chemistry 

Seth Herzon, External Member, Yale University 

 

 

  

 



ii  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 

Copyright 

2021 

 

by 

 

 
Bilal Hoblos

All Rights Reserved
  

 

  



iii  

ABSTRACT 

 

The Heliannuols are a family of structurally diverse allelochemicals produced by 

the common sunflower which hold potential as environmentally benign herbicides; 

however, their further study and development has been hampered by lack of efficient and 

divergent synthetic strategies.  Key challenges include 7- and 8-membered medium-ring 

ethers and isolated stereogenic centers. A novel (bis)cationic nitrogen-ligated HVI (N-

HVI) -mediated oxidative rearrangement represents and innovative approach to the 

Heliannuols by providing expedient access to the challenging cyclic ether scaffold via 

umpolung reactivity of cyclic alcohols.  

 

This dissertation provides the unified synthesis and isolation of various 

electronically and sterically distinct N-HVIs to promote their continued investigation in 

the Wengryniuk group as well as synthetic groups across the globe (Chapter 1). 

Additionally, synthetic efforts toward natural product targets led to new discoveries 

regarding the key electrophilic heteroatom rearrangement step which prompted a full 

study, resulting in improved yields, one-pot derivatization protocols, expanded scope, and 

a better understanding of substrate effects on reactivity (Chapter 2). Finally, armed with 

improved access to medium-sized cyclic ethers, the 11-step total syntheses of 
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Heliannuols D and A was accomplished in the most concise and highest yielding 

asymmetric syntheses to date (Chapters 3 and 4). The divergent synthetic strategy has 

also enabled access to a library of unnatural analogues which are being screened for 

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

1.1: BACKGROUND AND SIGNIFICANCE  

Out of sheer necessity, Nature has demonstrated a wide variety of oxidative 

processes to deliver densely oxidized bioactive molecules.1ï4 As such, it is paramount 

that synthetic chemists develop similar processes to access these priviledged molecules.5ï

7 Research into selective oxidations has become an area of critical interest in the field of 

synthetic chemistry.8ï10 Despite significant effort, existing strategies still commonly rely 

on scarce,11ï13  toxic,14ï18 transition metals or harsh conditions, and often provide poor 

functional group compatibility and chemo- or regioselectivity.19 Furthermore, atom and 

step economy is often far from ideal rendering the process costly and impractical for 

large scale production.20,21 Despite the efforts of chemists all around the globe, generally 

applicable solutions remain elusive and a significant a gap remains between our tools in 

the laboratory and the elegant transformations of Nature.  

The use of main-group elements as opposed to transition metals has emerged as a 

possible alternative approach to the development of efficient, green, and selective 

oxidative transformations.22ï27 One example is the Swern Oxidation, which utilizes the 

readily available dimethylsulfoxide (DMSO) as an oxidant in the absence of expensive or 

toxic metals.24ï27 The Swern oxidation is not without issues, however, as it utilizes 

stoichiometric quantities of reagents and generates an unpleasant byproduct in 

dimethylsulfide.28,29 The combination of these factors hinders the use of this 
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transformation on scale. In addition to sulfur and other chalcogens (i.e. selenium), 

halogens possess the ability to perform general oxidations. For example, sodium chlorite 

(NaClO2), hypochlorite (NaClO, household bleach), or hypobromite (NaBrO) are often 

used as powerful, non-selective oxidants. However, the halogen garnering the most 

attention for its utility as a synthetic oxidant in recent years is iodine.30 Compared to 

other halogens and most main group elements, iodine boasts a larger atomic radius, 

which allows further extension of its normal ground-state valency to adopt multiple, 

highly reactive ñhypervalentò states.31 These hypervalent states have been demonstrated 

as powerful non-toxic, environmentally benign, and mild alternative to prior oxidative 

strategies.32   

Hypervalent iodine compounds (HVIs) can be distributed into three categories 

(Figure 1.1A): 1) Iodine (III), or I(III) HVIs  (IUPAC) compounds, bearing a T-shaped 

geometry and one linear 3-center-4-electron bond (1.2),  2) iodine (V) or ɚ5-iodanes 

(IUPAC), possessing a square pyramidal geometry and two linear 3-center-4-electron 

bonds (1.3), and iodine (VII) which can adopt three different geometries (pentagonal 

Figure 1.1. Geometries and examples of HVI species 
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bipyramidal, octahedral, and tetrahedral; Figure.1.1A).30 The ɚ nomenclature is rarely 

utilized of late and will not be included for the remainder of this thesis. A few 

representative examples of commonly utilized reagents of each class are provided in 

Figure 1.1B and this dissertation will focus on the reactivity and applications of I(III) 

HVIs.  

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

I(III) HVIs  possess 10 electrons on the iodine center and typically adopt a trigonal 

bipyramidal geometry. The X-ligands (e.g.- carbon, halogens, oxygen, nitrogen) typically 

orient 180° from each other, and for clarity purposes, the two electron pairs at the iodine 

center are usually omitted. Therefore, the I(III) HVIs  are often represented with a T-

shaped structure (1.2; Figure 1.1A, 1.7-1.9; Figure 1.1B).30 The bonding orbital in I(III) 

HVIs is composed of two electrons from the unhybridized 5p orbital of the iodine center 

and one electron from the 2p or 3p orbital from each of the X-ligands (Figure 1.2). This 

structure results in a net 3c-4e- bond between the iodine center and the two X-ligands, 

and these bonds are (somewhat contentiously30,31) termed ñhypervalentò due to their 

unique properties. The 3c-4e- bond is elongated when compared to traditional covalent 

bonds, which results in significant weakening and increased reactivity of the species. 

These bonds are also highly polarized which manifests in high electrophilicity of I(III) 

Figure 1.2. Molecular orbitals of I(III) species 
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HVIs at the iodine center (Figure 1.2). The electrophilicity at iodine can be further 

modulated by the sterics and electronics of the X-ligands, providing handles for tuning 

HVI reactivity (1.4). Excellent reviews on the general properties of HVIs and the 

phenomena leading to their reactivity have been reported30,33ï35 and the reader is directed 

there for more detailed information. 

Generally speaking, I(III) HVIs display reactivity and elementary steps analogous 

to transition metals, including ligand exchange, pseudo-rotations, and reductive 

eliminations (Scheme 1.1).  Similar to transition metals, the driving force for subsequent 

reactivity is reduction to a more stable iodine center (+1 oxidation state) (1.1). In the case 

of I(III) reagents, reduction of the iodine center from the hypervalent I(III) to the native 

I(I) during reductive elimination demonstrates a leaving group ability one million times 

greater than that of a triflate anion; this property is termed ñhypernucleofugalityò.36 By 

leveraging this principle, I(III) HVIs have been employed to affect a wide variety of 

synthetic transformations including oxidations, group transfer reactions, and pi-

activation. While I(III) reagents exist with a broad scope of X-ligands, including those 

with carbon, halogen, oxygen, and nitrogen-based ligands, this chapter will only focus on 

Scheme 1.1. General reactivity of I(III) reagents 
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those reagents containing oxygen and nitrogen ligands as they pertain to the remainder of 

this thesis. Excellent reviews on the carbon-ligated37,38 and dihalogen39,40 I(III) 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(III) REAGENTS AND THEIR SYNTHESIS  

I(III) HVIs with oxygen-based ligands constitute the most commonly employed 

I(III) 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 oxidants used to generate 

the reactive iodosoarene species (Scheme 1.2B).41,42  

Scheme 1.2. I(III) -HVIs and general synthetic approach 
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Many of these reagents have found broad synthetic utility, most commonly in 

oxidative transformations (Scheme 1.3). For example, diacetoxyiodobenzene (PhI(OAc)2; 

1.7; Scheme 1.3A) can be utilized to oxidize primary or secondary alcohols (1.16) to the 

respective aldehyde or ketone products (1.18). Importantly, PhI(OAc)2 requires activation 

in the presence of acid to sufficiently activate the alcohol for oxidation43,44 or acts as a co-

oxidant for catalytic reagents such as TEMPO.45 Oxygen-ligated I(III) 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 example of 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 

PhI(OAc)2 medited the Hoffman rearrangement of anthranilamides or o-

hydroxybenzamides (1.19; Scheme 1.3B) to deliver the corresponding 2-benzimidazolone 

Scheme 1.3. Examples of reactions utilizing oxygen-ligated I(III) -HVIs  
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or 2-benzoxazolone products (1.20).34 I(III) HVIs are also highly efficient reagents for 

oxidative dearomatization of phenols.46ï48 Traditional methods to oxidize phenols or 

phenol-like derivatives typically employ stoichiometric quantities of toxic heavy metals. 

On the other hand, PhI(OAc)2 readily enables oxidative dearomatization as was 

demonstrated by Snyder in the total synthesis of Dalesconol A (Scheme 1.3C), where 

naphtholic substrate 1.21 was successfully activated which enabled the para 

functionalization by the electron-rich aryl moiety and delivered coupled 1.22.49  

In our laboratory, oxygen-ligated HVIs have also found utility in CïC bond 

forming transformations. Felipe Silva found that either PhI(OCOCF3)2 or PhI(OAc)2 were 

able to successfully mediate the CïH Ŭ-arylation of enones (1.23; Scheme 1.4).41 This 

reaction was proposed to proceed via nucleophilic activation of the enone via a Morita-

Baylis-Hillman reaction with pyridine and trapping with trimethylsilyl 

trifluoromethanesulfonate (TMSOTf) to generate the corresponding b-pyridinium silyl 

enol ether. Upon addition of the HVI, the silyl enol ether could undergo Si-I exchange to 

form the electrophilic enolonium species 1.24. Following a reductive Iodonium-Claisen 

[3,3]-rearrangement and elimination of pyridine, a-iodoarylated cyclic enones were 

afforded in good yields with a variety of substitution patterns present on both the aryl 

iodide and cyclic enone 1.25. Once again, the driving force for this reaction is the 

reduction of the iodine atom during the Iodonium-Claisen reaction from I(III) to the I(I). 

As the incorporated aryl group originates from the I(III) HVI, Felipe demonstrated the 

synthesis of a wide variety of ArI(OCOR)2 reagents via the aforementioned (Scheme 

Scheme 1.4. Ŭ-arylation of enones with I(III) -HVIs  
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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 enone CïH a-arylation, the main focus 

of the Wengryniuk laboratory has been in utilizing (poly)cationic (bis)nitrogen-ligated 

I(III) HVIs to forge new paths in umpolung bond disconnections. The next section of this 

thesis will discuss the unique properties and reactivity of N-ligated I(III) compounds.  

 

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

REAGENTS 

The synthesis of I(III) HVIs bearing one or two nitrogen-based ligands has 

garnered recent attention from the synthetic community.31 There exist two classes of 

compounds: neutral (1.26-1.29; Figure 1.3A), 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 species, in particular a class of (bis)pyridinium 

HVIs, also termed N-HVIs (1.32) will constitute a majority of this thesis as it pertains to 

the chemistry developed herein.   

Figure 1.3. Examples of neutral and charged nitrogen-ligated I(III) -HVIs  
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Within the charged species, an additional three distinct subclasses pertain to the 

coordination environment of the resultant HVI: acyclic, psuedocyclic, and cyclic species. 

Cyclic species possess an iodine center with a covalent bond to an X-ligand linked via 

ortho-position of the arene, forming either a 5- or 6-memebered benziodoxole or 

benziodoxolone ring, and a datively-bound N-ligand in the form of an aromatic 

heterocycle.50 Due to ring strain, the CïIïX angle of the benziodoxole is approximately 

80° which is a distortion from the desired angle in a T-shaped geometry (90°) (1.33; 

Figure 1.4). Cyclic reagents, however, are the most structurally understood due to the 

ease of crystal growth and analysis by X-ray crystallography. Pseudocyclic reagents 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 center (1.34). 

Despite the slightly distorted C-I-X bond angle due to strain, the coordinative 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 the X-ligands (1.35). This allows for the 

molecule to adopt closer to a T-shaped 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.  

Figure 1.4. Bond angle differences across various N-ligated I(III) species 
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1.4i: Pseudocyclic (mono)cationic N-Ligated I(III) -HVIs  

Pseudocyclic (mono)cationic nitrogen-ligated I(III) reagents possess increased 

reactivity due to weak dative coordination by the heterocyclic nitrogen-ligand leading to 

an increased (+)-charge 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 trivalent 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 

synthetic sequence required to access them.  

Figure 1.5. Representative examples of (mono)cationic N-ligated i(III) -HVIs  

Scheme 1.5. Synthesis of pseudo-cyclic (mono)cationic N-ligated I(III) -HVIs  
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The syntheses of 1.38 and 1.36 are shown in Scheme 1.5, both reported by Togni 

and coworkers.51 To access 1.38, acyl chloride 1.43, derived from the corresponding 

benzoic acid, is first treated with amino alcohol 1.44 followed by cyclization to afford 

oxazoline 1.45 (Scheme 1.5A). Acidification of the oxazoline nitrogen followed by 

oxidation of the iodine center provides 1.38 in 5 steps overall from commercial reagents.  

While at first glance 1.36 does not differ greatly from 1.38, an entirely different synthetic 

sequence is required to synthesize it (Scheme 1.5B). Directed CïH bromination of 2-

phenylpyridine (1.46) is followed by lithium/halogen exchange and quench with I2 to 

deliver aryl iodide 1.47. Once again, treatment with acid followed by oxidation provides 

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.  

Unpublished work in our group by former member Margaret Meade utilized 

oxazoline 1.38 as a mild chlorinating agent of tertiary benzylic alcohols resulting in the 

synthesis of chlorohydrins (1.48 to 1.49; Scheme 1.6A).  Though the mechanism is 

uncertain at this time, the procedure showed moderate success in acyclic systems and 

Scheme 1.6. Unpublished work utilizing pseudo-cyclic HVIs 



12 

greater success in cyclic systems. Furthermore former postdoctoral researcher Prof. 

Anthony Tierno was able to demonstrate that pyridine substrate 1.36 shows moderate 

reactivity in halolactonization reactions of olefinic acids (1.50) to provide the primary 

alkyl halide product (1.51 Scheme 1.6B). Furthermore, he demonstrated that these 

reagents to be competent in the chlorination of ɓ-ketoesters under mild conditions (1.52 

to 1.53; Scheme 1.6C); this work has expanded to include additional nucleophiles and 

halogens and is currently ongoing in our laboratory. Despite these successes, it was 

generally found that the psuedocyclic (mono)cationic N-ligated reagents possessed 

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

 

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

1.5i: Background and Motivation 

(Bis)cationic nitrogen-ligated I(III) HVIs, colloquially termed N-HVIs, are an 

emerging class of hypervalent iodine reagent with utility in a wide variety of synthetic 

transformations. A beneficial property of these reagents is their tunable reactivity by 

modulation of the steric and/or electronic properties of the N-heterocyclic. A general, 

qualitative trend is observed which is as follows: heterocyclic ligands with electron 

donating groups decrease reactivity and ligands with electron-withdrawing or sterically 

encumbering groups increase reactivity. In recent years, the reported use of N-HVIs has 

increased, yet they are still underutilized and many questions remain regarding their 

synthesis, stability, and reactivity. A property of the majority of N-HVIs which has likely 

contributed to their scarce usage is their sensitivity to moisture, which often complicates 

synthesis and storage. Visually, this 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 umpolung 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 properties of N-HVIs  in the 

hopes of improving their utility in the scientific community.  

1.5ii: Synthesis and Structure 

 Weiss first reported the synthesis of four reagents in 1994 (1.55-1.58; Scheme 

1.7).52 In the original synthesis, PhI(OAc)2 was suspended in CH2Cl2 and treated with 

trimethylsilyl trifluoromethanesulfonate, which is thought to form the highly reactive 

mono-acetate iodonium salt with a triflate counterion.53 The desired N-heterocyclic 

ligand was then added, and the product salt 1.32 precipitated out of solution and was 

isolated via vacuum filtration. In his original report, Weiss disclosed the synthesis of four 

distinct N-HVIs: Py-HVI (1.55), DMAP-HVI (1.56), NMI-HVI (1.57), and Quin-HVI 

(1.58). In recent years, four additional subtrates have since been synthesized by Ritter and 

coworkers: 4-MeO-Py-HVI (1.59) and 4-CN-Py-HVI (1.60), 4-Me-Py-HVI (1.61), and 

3,5-di-Me-Py-HVI (1.62).54 

Scheme 1.7. Synthesis and structure of reported N-HVIs  
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Dutton and co-workers completed computation studies on Py-HVI (1.55; Figure 

1.) which found hereroatom-iodine bond elongation when comparing PhI(OAc)2 (2.172 

Å) to Py-HVI (2.220 Å) which results in a much weaker bond (BDE 590 kJ/mol and 244 

kJ/mol, respectively).55,56 Additionally, the ligand bound to the iodine center in N-HVIs 

serves as a functional handle to modulate the reactivity (electrophilicity 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 currently qualitative, our group has 

ongoing efforts to quantify the described trend.  

For many years it was debated whether the most accurate way to represent the I-N 

bond is by dative bonds with delocalized charges or covalent bonds with formal charges 

on the nitrogen center. Calculations by Dutton and co-workers determined the partial 

charge on the iodine center to be +1.14, indicating the coordinative model to be a more 

appropriate reporesentation of N-HVIs and will be used throughout this thesis. Despite 

their enhanced reactivity compared to traditional I(III) reagents, very little literature 

utilizing these priviledged reagents exists.  

Figure 1.6. Comparison of reactivity between Py-HVI and PhI(OAc) 2 
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1.5iii: Early Reported Transformations Utilizing N-HVIs  

Early reports utilizing N-HVIs exclusively utilized Py-HVI 1.55, and it wasnôt 

until 2012 that alternative reagents were used. The first reported use of Py-HVI was by 

Weiss in the original synthetic report on the oxidative fragmentation of mono (1.63) and 

bishydrazones (1.65) to diazo compounds (1.64) and alkynes (1.66) respectively (Scheme 

1.8A-B).52 Weiss notes that PhI(OAc)2 was not competent for this transformation which 

provided preliminary evidence of the enhanced reactivity of the N-HVI reagents. 

Additionally, a footnote in the seminal article mentioned preliminary investigations into 

the reaction of N-HVIs with electron-rich arenes to access diaryliodonium salts (1.67 to 

1.68; Scheme 1.8C) and the oxidative dearomatization of electron-deficient 

hydroquinones (1.69 to 1.70; 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 experimentation or optimization was 

conducted. 

Scheme 1.8. Initial ly reported reactivity of N-HVIs  
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Weiss later reported the Ŭ-functionalization of diazo compounds using Py-HVI to install 

a variety of heteroatomic nucleophiles (Scheme 1.9A).57 While this reaction could be 

conducted with PhI(OAc)2, a Lewis-acid activator (TMSOTf) was required, which often 

resulted in diminished yields. Additionally, no loss of N2 was observed in any case, 

thereby avoiding carbene formation. The resulting products are described by the author as 

the synthetic equivalent of carbene cations. This work was followed up by Zhdankin in 

2003, where he reported the Ŭ-functionalization of various phosphonium ylides to access 

a variety of Ŭ-(heteroaryl)onium substituted products (Scheme 1.9B).58 

 

De Mico and coworkers reported the use of Py-HVI in the Achmatowicz reaction 

of furyl alcohols (1.77; Scheme 1.10) to deliver dihydropyran products (1.78).59 The 

reaction proceeds by activation of the 2-position of the furan followed by ring cleavage 

and cyclization, analogous to activation with m-CPBA. 

Scheme 1.9. Ŭ-functionalization utilizing Py-HVI  

Scheme 1.10. Py-HVI -mediated Achmatowicz rearrangement 
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Py-HVI 1.55 was found to trap metal carbenes by Liu and Liang (Scheme 1.11).60 In their 

procedure, a Lewis acid promoted cyclization occurs which in turn generates a mesoionic 

carbene complex (1.80). This complex acts as a nucleophile to displace the pyridine 

ligands on Py-HVI 1.55 and deliver the diaryliodonium salt 1.81. The resulting salt could 

then be further functionalized by leveraging the hypernucleofugality of the I(III) species. 

 More recently, reports have emerged on the use of N-HVIs with different 

heterocyclic ligands. For example, Huber showcased the oxidative coupling of 4-

aminopyridines to synthesize aryl diazo compounds using DMAP-HVI (1.56; Scheme 

1.12).61  

Dutton was also able to utilize DMAP-HVI (1.56) to activate thio-, seleno-, and 

tellurophenes (1.82) (Scheme 1.13).56 Following their activation, the corresponding 

diaryliodonium (1.83) or (heteroaryl)onium salt (1.84) was obtained. These example 

Scheme 1.11. Py-HVI -mediated synthesis of diaryliodonium salts 

Scheme 1.12. DMAP-HVI -mediated oxidative aminopyridine coupling 

Scheme 1.13. DMAP-HVI -mediated formal C-H activation 
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reactions demonstrate that even the less reactive DMAP-HVI is a competent reagent in 

otherwise challenging oxidative transformations.  

The first reported use of N-HVIs for transition metal oxidation was from Ritter 

and co-workers describing the synthesis of an isolable high valent Pd(IV) species 1.88via 

the oxidation of 1.87 with various N-HVIs (1.89ï1.92; Scheme 1.14).54,62,63 Through 

successive ligand exchange reactions, fluoride anion was then introduced access to the 

Pd(IV) fluoride (1.88F) which was subsequently utilized as an electrophilic source of 

fluorine for the generation a range of structurally diverse 18F labeled PET imaging 

molecules.  

These early reports provided evidence that N-HVIs were highly reactive, versatile, 

and tunable reagents, however their scope of their application and study remained limited 

to the aforementioned 11 reports from 1994ï2015.  It was at this time that the 

Scheme 1.14. Oxidation of Pd(II) species utilizing various N-HVIs  



19 

Wengryniuk laboratory began their in-depth investigations into the synthesis, stability, 

and reactivity of N-HVIs, greatly expanding the synthetic utility of this reagent class. 

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

An attractive feature of N-HVIs and I(III) HVIs in general is their ability to 

activate heteroatoms induce a phenomenon knows as umpolung activation.64 Umpolung 

chemistry is particularly interesting in that innovative bond formations can be achieved 

by reversing typically observed polarity of various functional groups. The earliest 

example is the Corey-Seebach reaction, which allows a reversal of the normal reactivity 

of acyl carbon atoms. Typically, these carbon atoms combine 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 particularly interesting to our group, in particular the activation of 

oxgen to convert the once donor atom to an acceptor, enabling the formation of new 

carbon-oxygen bonds via incorporation of carbon nucleophiles.  

The Wengryniuk laboratory initially became interested in N-HVIs when screening 

for I(III) reagents to enable a novel polarity-inverted rearrangement of tertiary benzylic 

alcohols to access medium-ring ethers (1.93; Scheme 1.16A). The key umpoled oxygen 

Scheme 1.15. Example report of Umpolung reactivity (Seebach) 
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intermediate would be accessed upon initial ligand exchange between an I(III) reagent 

and the alcohol center (this likely needs a scheme or at least a structure in 1.16 where you 

have the N-HVIs currently) umpolung activation of the oxygen atom, followed by a 

carbon-carbon bond migration in a ring-expansion event to forge a new carbon-oxygen 

bond. It was found that while all traditional ArIX2 reagents failed to give the desired 

rearrangement, Py-HVI (1.55) in the presence of hexafluoroisopropanol (HFIP) provided 

the desired medium-sized cyclic ether as the HFIP-acetal (1.94).65 When looking to 

expand the scope to include secondary alcohols (1.95), it was found that Py-HVI was 

suitable for the benzylic systems and a novel, more reactive N-HVI was required (2-

MeO-Py-HVI; 1.96) for aliphatic alcohols (Scheme 1.16B).66 These publications were the 

seminal works of the group and became a focal point for further research conducted in 

the group and more specifically in this thesis. This includes improvements made to the 

method to directly derivatize the HFIP-acetal products in one pot to deliver the cyclic 

ether products (Chapter 2). Additionally, with the improvements in hand the utility of the 

oxidative rearrangement was been demonstrated in the diversity-oriented total synthesis 

Scheme 1.16. Heterocycle synthesis via oxidative rearrangement 
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of natural products, allowing access to not only the natural members of the Heliannuol 

family, but also unnatural analogues (Chapters 3-5).  

While investigating the aliphatic secondary alcohols in the rearrangement, tt was 

observed that when trans-axial alcohols in a rigid system were subjected to the 

rearrangement conditions, oxidation was favored almost exclusively (1.98 to 1.100) 

Scheme 1.17A).66 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 significant 1,3-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 (1.102). 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 utilizing Py-HVI (Scheme 1.16B).44. Additionally, this 

included the first in situ synthesis of an N-HVI. This preparation, which required used of 

Scheme 1.17. Conformationally-selective oxidation of secondary alcohols 
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the bulkier TBSOTf activating agent, simplified the overall use of N-HVIs and avoided 

complications associated with isolation.  

Pendant alcohols (1.106) 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 equivalent of N-HVI reacts with the now electron-

rich aryl ring to produce diaryliodonium salts (1.108) which are easily isolated without 

the need for column chromatography. To enable this chemistry for most substrates, a 

highly reactive N-HVI is required in the form of 4-CF3-Py-HVI (1.107). This work is 

being prepared for publication at the time of writing this thesis. 

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

Another form of umpolung transformations mediated by N-HVIs 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 of two nucleophiles One such example is the formation of enolonium species, 

rendering a traditionally nucleophilic enol species electrophilic and prone to nucleophilic 

attack (1.110; Scheme 1.19). This reactivity is currently being leveraged to synthesize a 

Scheme 1.19. Umpolung activation of enol ethers 

Scheme 1.18. Aryl ether synthesis via C-H activation 
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variety of Ŭ-pyridyl ketones which are isolated as stable salts. Additionally, the N-HVI is 

synthesized in-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 substituted pyridyl moieties. As more modes of heteroatom activation 

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

investigation.  

Scheme 1.20. Aminolactonization of olefins and incorporated heterocycle scope 
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The aminolactonization of alkenoic acids was developed to deliver pyridinium 

lactones (1.115; Scheme 1.20); the first example of engaging an olefin to directly 

generate these salts.67  Pyridinium and related N alkyl(heteroaryl)onium salts are versatile 

synthetic intermediates in organic chemistry, with applications ranging from ring 

functionalizations to provide diverse 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 diverse aromatic heterocycles. Mechanistically, the reactions are 

thought to proceed via olefin activation and lactonization to deliver alkyliodonium salt 

1.14. This extremely reactive intermediate then undergoes intermolecular SN2 

displacement by a the nitrogen heterocyclic ligand of the N-HVI to deliver the final 

aminolactone salt product (1.115). The N-HVI reagents can be generated in situ, the 

products isolated via simple trituration, and subsequent derivatizations demonstrate the 

power of this platform for diversity-oriented synthesis of 6-membered nitrogen 

heterocycles. In addition to the novelty of the transformation, this project opened the door 

for the in situ synthesis of an enormous variety of N-HVIs (Scheme 1.20). This represents 

a significant discovery, as synthesized in-situ would be extremely challenging to isolate 

with pre-existing synthetic procedures such as those bearing electron-withdrawing groups 

in mesomeric positions (1.60, 1.107, 1.22, 1.23,) and those with sterically-demanding 

substituents occluding the nitrogen center (1.96, 1.116, 1.117).  

 

1.6: SCALABLE PREPARATION OF I(III) N-HVIS AND INVESTIGATION OF 

MOISTURE AND THERMAL STABILITY  
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1.6i: Improvements to Synthesis 

In light of ever-expanding suite of transformations enabled by N-HVIs, the 

disclosure of a detailed protocol for their synthesis and isolation that includes several 

useful updates to the original procedure seemed timely. As was previously mentioned, a 

key note in working with N-HVIs is their moisture sensitivity, which varies depending on 

the steric and electronic nature of the heterocyclic ligand. There are conflicting opinions 

regarding the stability of N-HVIs, however we have found that, with proper technique, a 

wide variety of N-HVIs can be reliably synthesized and handled either on the benchtop or 

using inert atmosphere conditions.  

The general synthesis proceeds as follows: N-HVIs can be readily accessed by 

following the activation protocol originally reported by Weiss52 wherein a suspension of 

commercially available PhI(OAc)2 in DCM (Figure 1.7a) is followed by addition of 

TMSOTf to form the activated monoacetate species (1.54 Figure 1.7b). Following a short 

stirring period of 5 minutes, the N-heterocycle is added which results in the rapid 

precipitation of the desired N-HVI (Figure 1.7c). The product could then be quickly 

filtered and isolated and stored for future use. It was qualitatively known that N-HVIôs 

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 

Figure 1.7. Stages of N-HVI Synthesis 
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were introduced: A) substitution of solvent, B) Glovebox filtration and C) Inert benchtop 

filtration; each will be discussed below. Five representative N-HVIs including electron 

rich (1.56), electron-deficient (1.60, 1.107), and sterically demanding (1.96) heterocyclic 

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

Modification A: Substitution of Solvent 

 Oftentimes, the lengthy filtrations are due to the thick and gummy consistency of 

the N-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 (Et2O) was used 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 was beneficial in cases where the heterocyclic ligand is soluble in Et2O (1.55, 

1.96, 1.107) and served the desired purpose to lower the solubility of the N-HVI and 

expedite filtration. This allowed for a simple benchtop filtration in the case of (1.96, 

Scheme 1.21. Synthesis of N-HVIs  
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1.107) as compared to the synthesis of these reagents in CH2Cl2 where even brief 

exposure to atmospheric moisture led to rapid degradation.  

Modification B: Glovebox Filtration  

The simplest and most reliable procedural modification is to perform the 

filtration/isolation and store the material in a moisture- and oxygen-excluding glovebox. 

(Figure 1.8). Owing to the use of harshly acidic TMSOTf, synthesis of the N-HVI in a 

glovebox is difficult and requires several precautions to maintain the gloveboxôs integrity 

including the extreme care to prevent volatilization of harmful halogenated reagents. To 

avoid this onerous procedure, the N-HVI can be brought into the glovebox following its 

synthesis and prior to filtration (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.  

Modification C: Inert Benchtop Filtration  

Supplementing the use of a glovebox, our report disclosed the use of a filter stick 

for inert handling of sensitive reagents (Figure 1.9). To perform an inert filtration using 

the filter stick, two 3-neck (24/40) flasks are utilized. For each flask, the rightmost neck 

is connected to a glass adapter, which is connected via vacuum tubing to a Schlenk 

Figure 1.8. Glovebox filtration of N-HVI  
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apparatus. The two remaining necks are stoppered using the proper sized rubber septa 

(Figure 1.9a), and the same synthetic procedure to produce the N-HVI is carried out. 

Upon precipitation of the product, the septum on the leftmost neck of the reaction flask is 

removed and replaced with a dry filter stick. The septum on the central neck of the 

receiving flask is then replaced with the other, shallow end of the filter stick (Figure 

1.9b). The entire apparatus is then flipped, and the suspension is allowed to fall into the 

filter stick. The receiving flask is then placed in a ï78 °C dry ice/acetone bath (Figure 

1.9c). After the solvent has fully passed through the material 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 cake. This rinsing 

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

few minutes before being placed into a dry flask for drying to completeness.  

Regardless of the synthetic method, it is crucial to store the synthesized N-HVI in 

anhydrous conditions for optimal longevity and prolonged reactivity. In all cases, 

glovebox storage would be ideal, however storage in a dessicator is typically satisfactory 

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 batches (>40 grams) of 

Figure 1.9. Inert benchtop filtration of N-HVIs  
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various N-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 distinct N-HVI is presented in Table 

1.1. 

 

N-HVI  Ligand Properties Modification(s) for Best Results 

DMAP-HVI (1.56) Electron-rich None; A not compatible 

Py-HVI (1.55) Electron-neutral A; (B or C optional) 

2-MeO-Py-HVI (1.96) Sterically-hindered A; (B or C optional) 

4-CF3-Py-HVI (1.107) Electron-deficient A;  B or C (B preferred) 

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

 

Table 1.1. Summary of optimal conditions for N-HVI Synthesis 

1.6ii: Investigation of Physical Properties 

Our numerous efforts to avoid degradation due to moisture either during isolation 

or storage prompted a deeper investigation into the mechanism by which the N-HVIs are 

decomposing. Moisture instability was briefly mentioned in the seminal report, and it was 

known that degradation could be qualitatively observed by yellowing of the N-HVI. 

Figure 1.10. Crystal structure of moisture-degradation product 
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Fortunately, during attempts to obtain a crystal structure of the desired 2-MeO-Py-HVI, 

the degradation product also crystallized and was given unambiguous structure 

assignment (Figure 1.10). The species formed is an oxo-bridged dimer derived from 

incorporation of a water molecule and loss of a pyrine ligand (1.96*). Qualitatively, the 

formation of this product can be tracked visually by yellowing of the N-HVI, as is 

demonstrated in Figure 1.11 with the degradation of 2-MeO-Py-HVI (1.96) 

 To better understand and observe the time scale on which this degradation 

occurs, the time course of the reaction with atmospheric moisture was monitored by 1H 

NMR (Figure 1.13). A sample of 2-MeO-Py-HVI (1.96) was placed on a watch glass and 

samples taken at 5 minute intervals over the course of 15 minutes.  The findings indicate 

that the N-HVI begins decomposing within 5 minutes and nearly fully converted to the 

far less reactive oxo-bridged dimer after 10 minutes show an upfield shift in the ortho- 

and para-hydrogen peaks of both the phenyl iodide moiety as well as the nitrogen ligand. 

Figure 1.11. Visually observed degradation of 2-MeO-Py-HVI  
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This is in line with the expected shift with the incorporation of oxygen and decrease of 

cationic character/increase of electron density at the iodine center.  

Finally, A well known property of HVIs (in particular I(V) reagents i.e. 2-

iodoxybenzoic acid; IBX) is their thermal and shock sensitivity.68 For reference, the 

shock sensitivity of IBX was evaluated by evaluating the impact of a steel ball onto a 

small sample.69 The sample ñexploded violently under impact.ò The thermal stability of 

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 I(V) reagents, however, as I(III) reagents 

have also demonstrated concerning trends in thermal stability. Nachtscheim and co-

workers evaluated various pseudocyclic N-ligated I(III) reagents by thermogravimetric 

analysis (TGA), which measures the mass of a sample with increasing temperature, and 

differential scanning calorimetry (DSC), which measures the energy released by a sample 

Figure 1.12. Degradation of 2-MeO-Py-HVI tracked by 1HNMR  
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as temperature increases. The results show increasing thermal sensitivity, or 

explosiveness, with increasing nitrogen content in the heterocycle as indicated by sharp 

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, TGA was performed on each reagent with 

PhI(OAc)2 as a control (Figure 1.12), beginning at ambient temperature and warming 

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, explosive event. Therefore, 

it can be concluded that each N-HVI 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.  

 

  

Figure 1.13. TGA of N-HVIôs with PhI(OAc)2 as a control 
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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 particular those in the I(III) oxidation state, 

represent an ever-expanding class of oxidants that fit these requirements. Within I(III) 

reagents, N-HVIs, which possess two N-heterocyclic ligands bound to a central iodine 

atom, represent a modular, tunable, and reactive class 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 has further 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 di-functionalization of olefins, among others. This Chapter described our efforts in 

the improved synthesis, isolation, and storage of varied N-HVI analogues as well as 

insights into their moisture and thermal stability. A portion of these findings relating to 

the synthesis of 1.55 and 1.107 will be reported in Organic Syntheses, through which we 

aim to demystify and standardize the synthesis and handling of N-HVIs. With this 

information in hand, we believe that N-HVIs wil l be more broadly adopted by the 

synthetic community and their potential be fully realized as a new toolbox for I(III) 

reagent design and oxidative transformations.  

Experimental data for this chapter can be found in Appendix A. 
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CHAPTER 2: IMPROVEMENTS TO UMPOLUNG RING EXPANSION OF 

BENZYLIC ALCOHOLS  

2.1: BACKGROUND AND SIGNIFICANCE  

Medium-sized 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 garnered substantial interest.1 Unlike the related furan and pyran rings, the 

synthesis of 7-9 membered rings is often difficult due to entropic penalties, unfavorable 

transannular interactions (Prelog strain), torsional (Pitzer) strain and angle (Baeyer) strain 

associated with their formation.2,3 Prior strategies have relied on approaches such as 

Prins-type cyclizations,4,5 sequential thiolactone synthesis and derivatization,6 ring 

closing metathesis,7ï9 regioselective epoxide cleavage,10 and cyclopropane 

fragmentation11 (Scheme 2.1). Despite their utility, these prior approaches often require 

complex pre-functionalized 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 directly access medium-sized 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 

Scheme 2.1. Prior approaches to medium-sized cyclic ethers 
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current ñflatlandò of medicinal chemistry libraries and enable late-stage derivatization of 

complex molecules.  

In devising a method to access medium-sized 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 carbon-bound oxygen 

atom suitably electrophilic to promote a carbon to oxygen bond migration, driven by with 

cleavage of the weak OïO bond (Scheme 2.2A).12,13 Unfortunately requirement of  an 

alkyl peroxide has limited the synthetic utility of the Criegee Rearrangement14ï17 and 

renders it ineffective for late-stage derivatizations. It was hypothesized that a peroxide 

could be replaced by a readily available alcohol, with a similar electrophilic intermediate 

intercepted through activation with an I(III) hypervalent iodine (HVI) reagent (Scheme 

2.2B). Hypervalent iodine reagents are ideal for this transformation due to their low cost, 

low toxicity, ease of handling and availability, and excellent leaving group ability (see 

Chapter 1 for more information on HVI chemistry).18 As such, they have been utilized in 

a variety of other electrophilic rearrangements such as Hofmann rearrangements,19,20 and 

carbocyclic ring expansions;21 however there existed no reports employing an alcohol 

functionality in rearrangement chemistry. Their application in the context of alcohols was 

Scheme 2.2. Proposed approach to medium-sized cyclic ethers 
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effectively limited to oxidations to the corresponding carbonyls, via either one- or two-

electron processes.22,23 

2.2: HVI-MEDIATED  ELECTROPHILIC HETEROATOM REARRANGEMENT  

2.2i: Reaction Optimization 

To begin method development, benzylic tertiary alcohols were first investigated 

in the desired transformation.24 Following a screen of various I(III) HVIs on model 

substrate 2.14 it was quickly discovered that all oxygen-ligated reagents were 

incompetent in the desired transformation. Instead, the only product observed was styrene 

2.16 resulting from the net elimination of the activated alcohol (Scheme 2.3A). It was 

hypothesized that the lack of desired rearrangement was due to the electronics of the 

iodine center, rendering them insufficiently electron-deficient to impart sufficient partial 

Scheme 2.3. Initial screening of HVI -mediated oxidative rearrangement 
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positive charge on the alcohol oxygen. Based on this hypothesis, (poly)cationic nitrogen-

ligated I(III) reagents25 (N-HVIs) were screened as the presence of datively-bound 

heterocyclic ligands rendered the iodine center more electron-deficient.  In fact, the use 

of Py-HVI provided phenol 2.28 in modest yield, arising from the desired rearrangement 

followed by the addition of water as the terminal nucleophile and subsequent ring 

opening of the resulting unstable hemi-acetal (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 HVI-mediated 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. Therefore, HFIP was added to the reaction 

mixture which necessitated the reactions to be performed at lower temperatures, however, 

the desired medium-sized cyclic ethers were isolated with incorporation of HFIP as the 

terminal nucleophile (Scheme 2.4). Subsequent screening of N-HVI ligands showed Py-

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

as ease of synthesis and functional group tolerability. 

While the addition of HFIP facilitated the desired rarrangement, the resulting 

HFIP-acetals were hydrolytically unstable, and this was amplified in acidic media. Use of 

Scheme 2.4. Optimized reaction conditions and N-HVI screen 
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aqueous workup resulted in complete decomposition of the desired product 2.30 to 

phenol 2.28. Furthermore, reaction temperatures exceeding 0 °C even in the absence of 

water resulted in ring opening of the medium-ring ether. Re-cyclization was examined, 

however thermodynamically disfavored. It was found that isolation of the HFIP-acetals 

could be achieved via concentration at or below 0 °C, followed by rapid purification 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 the co-elution of desired 

product, phenyl iodide, and undesired open-chain byproduct. Once purified, the acetal 

products can be stored indefinitely at cold (ï20 °C) temperatures in the absence of 

moisture. Despite finding a strategy for the isolation and handling of the HFIP-acetals, a 

long-term, more practical solution was sought and this will be addressed 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 

includes substitution at the Ŭ-position of the tertiary alcohol, on the aromatic ring, and on 

the aliphatic ring. Substituents including alkyl groups, ˊ-systems, and electron-neutral 

and deficient aryl groups were all included. (Scheme 2.5). Each of the rearrangements 

yielded the HFIP acetal with the exception of phenyl substituted 2.43 and indole substrate 

2.52, which underwent spontaneous elimination of HFIP to provide the enol ether. The 

tolerability of ˊ-systems 2.41 and 2.42 is notable given the known reactivity of I(III) 

reagents as ˊ-bond activators in various transformations.  

The substitution on the aromatic and aliphatic rings was also evaluated. It was 

found that substitution on the aromatic ring was widely tolerated, including electron-rich 
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groups (2.48), halogens (2.49), electron-deficient groups (2.50) and boronic esters (2.51). 

Protected indole (2.52) was also tolerated under the reaction conditions, a gratifying 

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 product (2.46) in good yield. 

Finally, the reaction from the benzosuberol provided 8-membered heterocycle 2.47 in 

good overall yield. This widely variable alcohol scope demonstrates the power and utility 

of this novel transformation, delivering a large library of heterocyclic products. For 

applications of this method in the diversity-oriented synthesis (DOS) of natural products, 

see Chapters 3 & 4. 

Scheme 2.5. Substrate scope of tertiary alcohol rearrangement 
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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 

ketone via competitive Ŭ-elimination following activation by the I(III) N-HVI, chemistry 

that is well-established for HVI reagents. Despite this potential pathway, secondary 

benzylic alcohols proved to be extremely successful in the pre-existing conditions, 

providing the rearranged heterocyclic product (2.53) in a reported 97%, with only 3% 

oxidation to the tetralone product (Scheme 2.6). Additional secondary benzylic substrates 

were screened including the electron-rich 4-methoxy (2.54) and boronic ester (2.55) 

substituted arenes. In each case, rearrangement was overwhelmingly favored over 

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

Next, a range of C2-substituted aliphatic cis-alcohols were targeted, where the 

migratory aptitude of the CïC 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 Baeyer-Villiger oxidation (phenyl > tertiary > secondary > 

primary). Additionally, a factor that must be considered is the selectivity of cis vs. trans 

alcohols pathway to undergo either the desired pathway or oxidation via Ŭ-elimination. 

Taking advantage of the modularity of N-HVI reagent synthesis, a screen of various N-

ligands quickly revealed that a novel 2-OMe-Py-HVI (2.56) gave excellent levels of 

Scheme 2.6. Oxidative rearrangement of secondary benzylic alcohols 
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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 from volatility, leading to decreased 

isolated yields (2.57, 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 with a variety of substitutents at the 

resulting Ŭ-position. Additionally, it was demonstrated that pyrans were readily 

synthesized from the corresponding cyclopentanols, however it was limited to aryl-

substituted alcohol starting materials. Finally, tetrahydrofurans 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 in cis alcohols (Scheme 2.8). This phenomenon likely results from a 

conformational bias of the activated species, where in cis alcohols the equilibrium would 

greatly favor the alcohol existing in the axial conformation. When activated by N-HVI, 

significant 1,3-diaxial interactions would disfavor the transition state required for 

Scheme 2.7. Scope of rearrangement on secondary aliphatic alcohols 
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oxidation to the ketone (Path B), whereas the transition state for bond migration would be 

favored.   

 

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 ether 

oxygen. Activation of the endocyclic oxygen led to undesired open-chain products 

Scheme 2.8. FMO analysis of iodate ester intermediates 

Scheme 2.9. General reactivity of HFIP acetals 
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(Scheme 2.9). After extensive optimization, HBF4ÅOEt2 was found to be effective for 

activation of tertiary benzylic susbtrates (Scheme 2.10). For example, HFIP acetal 2.37 

could be reduced to the corresponding cyclic ether (2.76) with the addition of 

triethylsilane and HBF4ÅOEt2 at low temperatures. Additionally, the hydride could be 

swapped for a nitrile or allyl nucleophile to provide the corresponding products in 

moderate yield. Elimination to provide the enol ether product required harsher conditions. 

In all of the derivatizations, the remaining mass balance consists of the corresponding 

open-chain phenol product following hydrolysis upon workup. It should be noted that in 

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

competence under the derivatization conditions.  

Derivatization of the HFIP acetals derived from secondary alcohols was found to 

be more difficult, and required re-optimization of conditions since the addition of 

HBF4ÅOEt2 resulted in a complex mixture of products. It was hypothesized that dual 

Scheme 2.11. Derivatization of secondary aliphatic alcohols 

Scheme 2.10. Derivatization of tertiary benzylic HFIP acetals 
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activation would be necessary, where the more Lewis basic endocyclic oxygen weakly 

first coordinates to an acidic group thereby allowing the less Lewis-basic exocyclic HFIP 

oxygen to be activated upon addition of Lewis acid. Indeed, screening of conditions 

found that the addition of HFIP prior to TMSOTf was beneficial, likely proceeding 

through a hydrogen bonding interaction with the endocyclic oxygen atom. This strategy 

proved quite successful, providing cyclic ethers derived 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 these procedures.  More specifically, 

deoxycholic acid was subjected to the secondary aliphatic rearrangement conditions to 

provide HFIP acetal 2.86. The acetal was then subjected to substitution of the HFIP 

moiety for a hydride, nitrile, and allyl group thereby adding diversity to the already 

complex molecule (Scheme 2.12). These results demonstrate the potential role of the N-

HVI mediated umpolung alcohol rearrangement in late-stage natural product or complex 

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

 

2.4: IMPROVEMENTS TO SYNTHESIS OF CYCLIC ETHERS  

Scheme 2.12.  CTD manipulations of deoxycholic acid 
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2.4i: Initial Discovery 

As is discussed in Chapter 3 during the synthesis of Heliannuol D, the main pitfall 

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 (secondary starting 

materials). In the case of the tertiary alkynyl alcohol 2.90 with a benzylic methyl group 

on the aliphatic ring, concentration of the product following the rearrangement resulted in 

dramatic changes to the desired product:open-chain ratio leading to inconsistent yields 

(Scheme 2.13). Despite the variability in yields, HFIP acetal 2.91 could be obtained and 

subjected to the subsequent hydride reduction as was necessary for the continuation of 

the synthesis of heliannuol D. Despite the reported success of HBF4ÅOEt2 on similar 

scaffolds (54%; 2.76, Scheme 2.10), it proved ineffective in this more complex substrate; 

as was previously mentioned, only a single substrate (2.37) was examined in the initial 

study. Conversely, when second generation conditions (HFIP, TMSOTf, Et3SiH) were 

implemented, the reduced cyclic ether product could be isolated in 74% yield, a 20% 

increase from the reported yield on a similar scaffold (Scheme 2.14A).   

Scheme 2.13. Undesired decomposition of HFIP acetal 2.91 in HFIP 
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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 0 °C. This led to the hypothesis that the two steps 

could be amenable to a telescoped, one-pot protocol. Telescoping reactions is 

advantageous in various transformations when reaction conditions are compatible due to 

the inherent benefits such as avoiding intermediate isolations and purifications, use of 

less solvent making the process greener, and oftentimes improvement in overall yield. 

Therefore a one-pot rearrangement and subsequent reduction was attempted from alcohol 

2.90 using standard equivalents of N-HVI (1.2 equiv.) and HFIP (20 equiv.) in CH2Cl2 

(Scheme 2.14B). Upon complete consumption of 2.90 and formation of HFIP acetal 2.91 

by TLC, the temperature of the reaction was adjusted to 0 °C and Et3SiH was added, 

followed by the TMSOTf after five minutes. This resulted in complete conversion of 2.91 

to reduced ether 2.93.  The reaction was then worked up according to the typical 

derivatization procedure: quench with aqueous sodium bicarbonate and extraction into 

CH2Cl2. The yield was found to consistently be around 60%, which represents a 15% to 

almost two-fold greater yield over the 2-step protocol, as well as proving much more 

Scheme 2.14. Improved acetal reduction and one-pot sequence 
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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. 

Based on qualitative observation of distinct reaction, it was proposed that the one-

pot reduction occurs quantitatively from the intermediate HFIP acetal (2.37), and any 

limitation in yield was be due to open-chain byproduct (2.28) formation in rearrangement 

step. To probe this, an NMR experiment was performed on model substrate 2.14 in the 

presence of an internal standard (CH2Br2) to monitor the yield of HFIP acetal 2.78 and 

subsequent reduced ether 2.76. It is worth noting that the quantity of HFIP (10 equiv. 

rather than 20 equiv.) and triethylsilane (3 equiv. 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% (46% isolated); Scheme 2.15).  While the 

decreased quantity of HFIP led to poorer conversion to HFIP acetal 2.37, the decrease in 

triethylsilane proved inconsequential. 

2.4ii: Development of One-Pot Method 

Identifying the value in this transformation to provide expedient access to 

otherwise challenging medium-sized 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 two reasons. 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, 

Scheme 2.15. Determination of yield-limiting step by 1HNMR  
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structural diversity could be readily introduced 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 rate and conversion of the rearrangement with 20 equivalents 

being optimal. Lastly, the quantity of Et3SiH could be decreased to 3 equivalents with no 

change in yield.  

A variety of tertiary alcohols were then synthesized and subjected to the 

transformation (Scheme 2.16). A range of alkyl substituents were tolerated to synthesize 

benzo-fused oxepanes (2.76, 2.94-2.97), 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 groups both on the aromatic ring and at 

the benzylic position on the aliphatic ring was found to have very little effect on reaction 

Scheme 2.16. Substrate scope of one-pot rearrangement/reduction protocol 
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yields (2.76 vs 2.93). Secondary benzylic alcohols (2.98, 2.99) were also examined in the 

one-pot protocol, however this gave dimished yields. The reason for this is still unknown, 

however is the subject on ongoing investigation. 

We then turned our attention to larger ring sizes, including 8-membered and even 

9-membered rings, the latter of which had proven too labile to be accessed under the prior 

two-step procedure. Gratifyingly, the synthesis of benzo-fused oxocanes was readily 

achieved in excellent yields (2.100-2.102). Once again, incorporation of a benzylic 

methyl group on the aliphatic ring had little effect on the yield of the sequence (2.100 vs 

2.101). Interestingly, no diastereoselectivity was observed which is contrary to what was 

observed in the 7-membered ring system (2.93). Finally, the synthesis of 9-membered 

rings was proved successful under the reaction conditions (2.103). In the two prior 

reports there was no success in synthesizing the 9-membered cyclic ethers, therefore this 

demonstrates a vast improvement to the method and access to otherwise challenging 

structures. Overall, The improvements made to the synthesis of medium-sized cyclic 

ethers via this one-pot procedure are reflected in yield (>15% yield over two steps) and 

overall reaction time and handling.  

2.4iii: Failed or Unoptimized Substrates 

Several substrates 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 substrate 2.104, the rearrangment step was quite sluggish 

and increases in time or temperature led to decomposition of the HFIP acetal. This result 

was rationalized by the propensity of N-HVIs to activate olefins26 leading to competitive 

complexation of the reagents. In the case of electron-rich substrate 2.105, the desired 

cyclic ether product could be isolated in 49% calculated yield, however co-elution with 

the product resulting from ionization of 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 cyclooctanol 2.106 underwent 

successful rearrangement, however the reduction led to undesired reductive cleavage of 

the cyclic ether and isolation of the open-chain alcohol.  

2.4iv: Future Directions 

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 shown in 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 date. Optimization for these two transformations is currently the subject of additional 

investigation. Additionally, a one-pot N-HVI synthesis/rearrangement/reduction has been 

performed (Scheme 2.17B). The reaction requires the use of tert-butyldimethylsilyl 

trifluoromethanesulfonate (TBSOTf) instead of TMSOTf to activate the N-HVI precursor 

to prevent TMS protection of the tertiary alcohol. The overall transformation has 

demonstrated some initial success and ultimately represents the performance of 3 distinct 

Figure 2.1. Unsuccessful or unoptimized substrates in one-pot procedure 
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reactions in one flask without any conentrations or isolations. Once again, the 

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

 

2.5: CONCLUSIONS 

The seminal work on the N-HVI mediated umpolung rearrangement of cyclic 

alcohols to deliver medium-ring ethers was a landmark methodology, providing facile 

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 a one-pot derivatization 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 terms of diversity-

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. 

  

Scheme 2.17. Preliminary advancements to one-pot procedure 
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CHAPTER 3: DIVERGENT TOTAL SYNTHESIS OF HELIANNUOL D V IA 

I(III) 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 against specific invasive species. 

One example of a class of molecule which displays these characteristics is the 

Heliannuols are a class of environmentally benign molecules isolated from Helianthus 

annus, or the common sunflower which were first isolated in 1993 by Macias 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.1 

Structurally, all members of the Heliannuol family exhibit a similar core scaffold of a 

benzofused cyclic ether ring. The ether ring in each molecule is between 5- to 8-members 

with the oxygen directly bound to the benzene ring, and a benzylic stereocenter is also 

always present (Figure 3.1).2 The inherent challenges involved with forming the ring has 

Figure 3.1. Representative Heliannuols 
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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 an I(III) N-HVI-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.  

The proposed biosynthesis of Heliannuol D and A are predictably quite similar 

(Scheme 3.1).1 Both natural products 3.1 and 3.2 are believed to arise from ɔ-bisaboline 

(3.7) via an oxidation to the corresponding quinone (3.8).  Reduction to the hydroquinone 

and epoxidation of the remaining trisubstituted olefin provides the direct precursor to the 

natural product (3.9). The medium-ring ethers are then formed via two divergent epoxide 

openings; attack of the ortho phenolic oxygen on the epoxide via an acid-mediated 8-

endo-tet cyclization affords Heliannuol A (3.3), whereas 7-exo-tet cyclization affords 

Heliannuol D (3.2). 

3.2: PRIOR RACEMIC TOTAL SYNTHESES OF HE LIANNUOL D  

Scheme 3.1. Proposed biosynthesis of Heliannuols A and D 
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Since its discovery in 1994, many groups have devoted significant efforts toward 

the synthesis of Heliannuol D with 14 reported syntheses as of 2017.3ï9 The most 

employed tactic to access the medium-ring ether is the biomimetic attack of the phenolic 

oxygen into an epoxide via a 7-exo-tet cyclization.10 Ring-closing metathesis (RCM)11 is 

another common strategy, however less traditional approaches to access the 7-membered 

ring have been described including a pinacol/pinacolone rearrangement and acid-induced 

tertiary alcohol ionization.3,9,12. 

The first synthesis of Heliannuol D was reported in 2000, six years after its 

isolation and characterization. The synthesis, disclosed by Vyvyan and Looper13, 

commences with the site-selective bromination of o-methylanisol (3.10, Scheme 3.2). 

Bromide 3.11 was then subjected to lithium/halogen exchange and subsequent addition of 

B(OiPr)3 afforded the corresponding boronic ester which was oxidized with tert-butyl 

hydrogen peroxide (TBHP) deliver phenol 3.13. Treatment with bromine enabled a 

regioselective bromination ortho to the free phenol, which was subsequently protected as 

the benzyl ether. Aryl bromide 3.13 was then treated with tBuLi followed by zinc 

chloride to provide corresponding arylzinc species and subsequent Negishi coupling with 

Scheme 3.2. First racemic synthesis of Heliannuol D (Vyvyan, 2000) 
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vinyl triflate 3.14 to afford styrenyl olefin 3.15. was reduced with Birch reduction of the 

conjugated alkene installed the benzylic methyl stereocenter in racemic fashion and also 

deprotected the benzyl ether to reveal phenol 3.16. The remaining trisubstituted olefin 

was then epoxidized using mCPBA, which provided a 1:1 mixture of diastereomers. The 

biomimetic ring formation was then performed with the addition of KOH and following 

demethylation (±) ï Heliannuol D was isolated in 12% overall yield. While this synthesis 

is rather efficient (9 steps), the use of lithium metal, tert-butylliuthium, and Birch 

conditions pose significant safety risks. 

In 2003 Macias4 disclosed a high yielding synthesis of (±) ï Heliannuol D relying 

on a biomimetic ring formation (Scheme 8). Beginning with bis acetylated hydroquinone 

3.18, a Lewis acid-catalyzed Fries rearrangement delivered ortho acetylated 3.19.  

Addition of Grignard 3.20 provided the corresponding tertiary alcohol, which upon 

treatment with potassium bisulfate afforded isomeric styrene 3.22. Reaction with mCPBA 

furnished the epoxide and hydrogenation conditions simultaneously unmasked the 

diphenol via benzyl ether deprotection and reduced the remaining styrene to afford a 1:1 

diastereomeric ratio of epoxide 3.23. The biomimetic ring closure upon treatment with 

Scheme 3.3. Concise racemic synthesis of Heliannuol D (Macias, 2003) 
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NaOH delivered both epimers of Heliannuol 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 biomimetic ring formation in the synthesis of Heliannuol D.  

An alternative approach to Heliannuol D was reported by Venkateswaran in 2003 

which is a pinacol/pinacolone rearrangement to access the medium-ring ether.6 The 

synthesis commences with the condensation of ethyl formate with acetophenone 3.24 

followed by dehydration to afford chromone 3.25.  Alpha hydroxylation was then carried 

out in the presence of PhI(OAc)2, followed by methylation of the resulting alcohol to 

afford chromone 3.26. Irradiation with constant ethylene flow afforded the [6.6.4] fused 

ring system as the major product, which upon treatment with methyl Grignard afforded 

tertiary alcohol 3.28. To forge the key 7-membered ring, 3.28 was exposed to Lewis acid 

to facilitate a pinacol-pinacolone rearrangement and furnish bridged ketone 3.29. 

Addition of mCPBA formed the desired Baeyer-Villager product 3.30 which upon 

hydrogenation in the presence of an oxidant and methanol provided the ring-opened 

Scheme 3.4. Baeyer Villiger approach to Heliannuol D (Venkateswaran, 

2003) 
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methyl ester 3.31. With the desired 7-membered ring still intact, treatment with excess 

methyl Grignard afforded the expected tertiary alcohol group and concluded the formal 

synthesis of (±) ï Heliannuol D. At the time of our initial investigation, this synthesis 

served as the only example which utilized a ring expansion as the key ring-forming step 

in the formal synthesis of Heliannuol D.  

Another common method for constructing the medium-sized benzylic ether ring 

scaffold is by ring-closing metathesis (RCM) of the corresponding diol. While RCM is 

effective at delivering medium-sized rings, the precursors often require lengthy 

sequences to synthesize and leave little room for divergence.  Venkateswaran and 

coworkers9 displayed the utility of this method in their expedient follow-up synthesis of 

Heliannuol D. Styrenol 3.32 was O-alkylated with ethyl bromoacetate to afford ether 

3.33. Upon treatment with LDA and allyl bromide, the Ŭ-allylated product di-olefin 3.34 

was obtained. The key RCM was accomplished using HGII; alternative RCM catalysts 

resulted in low-yielding intermolecular reactions. The resulting olefin of 3.35 was 

hydrogenated to deliver almost the cis isomer almost exclusively (>95%), and upon 

treatment with excess methyl Grignard the ethyl ester was converted to the tertiary 

alcohol thus completing the formal synthesis of (±) ï Heliannuol D. 

Scheme 3.5. RCM approach to Heliannuol D (Venkateswaran, 2002) 
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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 to deliver a single 

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 starting material is lost. Drawing 

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

The first asymmetric synthesis of (+) ï Heliannuol D was disclosed by Shishido 

in 2000.14  Drawing from the chiral pool, the synthesis commences with the phenol 

protection of 3.37 to 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 cross-coupling precursor 3.40. In the presence of Pd(0), cyclization was enabled 

to forge the desired 7-membered ring with the cis isomer 3.41 as the major product. 

Finally, acid-mediated MOM ether deprotection of the phenolic oxygen delivered (+) ï 

Heliannuol D. This cyclization method offers a unique metal-mediated approach to the 

bicyclic ring scaffold.  

Scheme 3.6. Enantioselective synthesis of Heliannuol D (Shishido, 2003) 
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Shishido disclosed a subsequent asymmetric synthesis of (+)ïHeliannuol D by 

employing a chiral directing group in his 2010 synthesis.7 Beginning with dimethoxy 

bromoarene 3.42, 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 the ɓ-position of the imide, delivering the desired product 

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

pure 3.45 was obtained in 71% yield. A subsequent hydrolysis of the imide provided 

enabled cleavage of the chiral auxiliary to provide carboxylic acid 3.46. Demethylation 

was carried out using boron tribromide, which also facilitated attack of the resulting 

Scheme 3.7. Asymmetric dihydroxylation route to Heliannuol D (Shishido, 2010) 
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phenolic oxygen into the pendant carboxylic acid moiety, and following MOM protection 

of the remaining phenolic oxygen, lactone 3.47 was obtained in excellent yield over 2 

steps. Reductive cleavage of the lactone ring afforded aldehyde 3.48, which was 

subjected to Wittig conditions to deliver enol ether 3.49. Hydrolysis of the enol ether 

followed by a subsequent Wittig reaction and phenol protection delivered trisubstituted 

olefin 3.50. In an identical fashion to his previous synthesis, Shishido performs the 

Sharpless asymmetric dihydroxylation to afford chiral alcohol 3.51, which was mesylated 

to afford cyclization precursor 3.53. Upon treatment with basic methanol, the sequential 

silyl deprotection and SN2 reaction provided cyclized product 3.41, which following 

MOM ether deprotection was transformed to (+) ï Heliannuol D. Shishidoôs cyclization 

method in this report is highly reminiscent of the biosynthesis, however he bypasses the 

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

alcohol.  

Scheme 3.8. Biomimetic asymmetric synthesis of Heliannuol D (Shishido, 2014) 
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In 2014, Shishido completed another total synthesis of (+) ï Heliannuol D, this 

time successfully incorporating the biomimetic ring closure step in the process5. The 

synthesis commences with a Mitsunobu reaction to couple phenol 3.56 and chiral alcohol 

3.57 with complete inversion of stereochemistry.  A Lewis acid-mediated Claisen 

rearrangement was performed, which led to enantiomerically pure phenol 3.59 via 

chirality transfer. Following protection of the phenolic oxygen, hydrogenation 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 

aldehyde 3.60. A Julia-Kociensky reaction was then carried out using an isopropyl 

sulfone to install the trisubstituted E olefin 3.61. Asymmetric dihydroxylation followed 

by epoxide ring formation afforded enantiopure epoxide 3.63, which could be opened 

following silyl deprotection of the phenolic oxygen in a biomimetic pathway. After 

hydrolysis of the MOM ether, (+) ï 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 are nearly 

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 of room for improvement. 

Additionally, while ring formation is shown to be far more facile in the 7-membered ring 

system than in the 8-, the 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 forming step as it is often challenging due to the inherent 

properties of medium-sized cyclic ethers. Our group recently disclosed an I(III) N-HVI-

mediated umpolung alcohol rearrangement method which utilizes readily-available 

starting materials to access variably substituted medium sized cyclic ethers analogous to 

those found in Heliannuols (Chapter 2).15,16 This ring-expansion strategy would serve as 

the key step in the synthesis and provide expedient access to the most challenging 

structural component of Heliannuol D (3.66 to 3.65; Scheme 3.9).   

 Having addressed the synthesis of the 7-membered cyclic aryl ether, the focus 

shifted to determining the ideal late stage functionalization and incorporation of 

asymmetry. Access to the alpha tertiary alcohol substituent was envisioned to proceed via 

sequential Grignard additions into the corresponding nitrile 3.64, which could be installed 

by derivatization of the HFIP acetal (3.65) following the rearrangement from the 

Scheme 3.9. First-generation retrosynthesis of Heliannuol D 
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corresponding alcohol (3.66). 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 point of divergence to 

access various analogues and serves as the once-removed precursor to the key 

rearrangement step. Various routes to access the 3.67 were investigated including an 

aryne [4+2] cycloaddition, asymmetric Ni(0)-mediated couplings, asymmetric Heck 

reactions, and stereoretentive homologations.  

  Our initial route to ketone 3.67 arose 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 iodoarene 3.70 with nBuLi resulted in 

isolation of butylated product  3.74 (Scheme 3.10). Mechanistically, this product is 

thought to arise from lithium-halogen exchange of the iodide, followed by rapid 

elimination of the ortho-bromide and conversion to the electrophilic aryne species. The 

aryne can then undergo subsequent attack by an additional equivalent of butyllithium and 

deliver 3.74 following a quench. While this reactivity was undersired in the prior 

approach, we proposed that the aryne intermediate could be leveraged to rapidly 

assemble the desired ketone via a formal [4+2] benzyne Diels-Alder reaction with a 

suitable diene (Scheme 3.11A).  Furthermore, 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 

Scheme 3.10. Proposed aryne synthesis observed in prior investigations 
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generate the reactive intermediate under mild conditions. Based off the Kobayashi 

protocol for the mild generation of benzynes, we proposed the synthesis of ortho-silyl 

haloarenes as precursors (Scheme 3.11B). 

 As is the case with all Diels-Alder reactions, two regioisomers are possible (3.78, 

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 for the 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 formed triple 

Scheme 3.11. Aryne Diels-Alder approach to key ketone intermediate 

Scheme 3.12. Investigations and pitfall of aryne approach 
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bond.17 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). While the desired aryne intermediate 

3.73 lacked ortho-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 

haloarene 3.77 via lithium-halogen exchange with n-butyllithium and subsequent 

silylation with TMSCl. It was found that tert-butyllithium as the lithiating agent and 

TMSOTf as the nucleophilic TMS source were optimal, delivering the desired silylated 

arene 3.76 in near quantitative yield. Unfortunately, subsequent bromination ortho to the 

TMS group did not proceed in any appreciable yield despite the electron-rich aryl system 

(Scheme 3.12C). Multiple electrophilic halogen sources (NIS, I2, NBS) were screened, 

however each set of conditions 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 approaches to 3.67 

3.5: APPROACHES VIA ASYMMETRIC NI(0) SP 3-SP3 CROSS-COUPLINGS  

One unique sequence to deliver chirality at the benzylic position of various arenes 

was disclosed by Fu and co-workers which detailed the synthesis of chiral boronic esters 

from easily synthesized zincates (Scheme 3.13) using Ni(0) catalysis18. The chiral 

Scheme 3.13. Proposed asymmetric Ni(0)-catalyzed approach 
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boronic esters (3.85) were then demonstrated as coupling partners in a subsequent 

stereoretentive homologation to aryl halides via a protocol disclosed by Aggarwal and 

coworkers.19 This sequence provides expedient access to acetal 3.86, which upon 

deprotection and cyclization would provide either ketone 3.67 or 3.66 directly desired 

alcohol precursor to the key oxidative rearrangement. The substrates required for 

Heliannuol D closely resemble substrates found in the seminal work which prompted 

investigation of the route. 

First, the synthesis of the racemic Ŭ-chloro boronic ester was performed by 

deprotonation of dichloromethane using nBuLi followed by a quench with 

trimethylborate and acidic workup to cleanly provide boronic acid 3.87 (Scheme 3.14) 

Treatment of 3.87 with pinacol under anhydrous conditions to afford boronic ester 3.88, 

which smoothly underwent methylation with methyllithium in the presence of zinc 

chloride to provide product 3.83 in 58% yield overall. To prepare the organozinc 

coupling partner, the corresponding alkyl bromide was stirred with fine zinc dust in 

dimethylacetamide (DMA) at elevated temperatures. The subsequent enantioselective 

coupling of 3.83 and 3.84 provided the desired acetal (3.85) after filtration through silica, 

Scheme 3.14. Evaluation of asymmetric Ni(0)-catalyzed approach 
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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, de-activated silica, and alumina. Unfortunately, each modification 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 bromide 3.77, chiral boronic ester 3.85 was added. 

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 acetal 3.86 was 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 bromine-substituted by 

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

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 acetal 3.86, alternative Ni-catalyzed 

approaches were investigated. 

Two additional Ni-catalyzed approaches were discovered, both describing the 

asymmetric coupling of benzylic bromides with zincates (Scheme 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 bromides (3.89) using (S)-

(iPr)-Pybox as the chiral ligand20. 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 zincates (3.92) with acyclic benzylic bromides (3.91) using the chiral 

isoquinoline oxazoline ligand (L** ) shown in Scheme 3.16B21. This method is largely 

intolerant of linear zincates, as migrations tend to occur leading to undesired branched 

Scheme 3.15. Potential alternative Ni(0)-catalyzed approaches 
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products with diminished enantioselectivity. Our proposal, seen in Scheme 3.16C, stems 

from a combination of the two works shown above, wherein we would need to utilize an 

acyclic benzylic bromide (3.94) and a linear zincate (3.84); both of which are not 

traditionally tolerated by each standalone method. 

To begin our investigations, the racemic benzylic bromide 3.94 was first 

synthesized by lithium-halogen exchange with aryl bromide 3.77 and addition into 

acetaldehyde, followed by treatment with PBr3 (Scheme 3.16).  Next, the two distinct 

conditions to perform the coupling of benzylic bromide 3.94 with 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 reaction was the benzylic bromide 

starting material and the quenched zincate product. Other products were formed during 

the course of each reaction, however they were never characterized.  

Attempts were made to combine the two reported reaction conditions to enable 

the desired cross-coupling reaction. As was mentioned previously, neither standalone 

method is tolerant of both the acyclic benzylic bromide 3.94 and linear zincate 3.84, only 

one or the other. One representative combination of conditions can be seen in Scheme 

Scheme 3.16. Unsuccessful alternative Ni(0)-mediated approaches 
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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 continued search 

for alternatives. 

3.6: ASYMMETRIC RELAY HECK COUPLING  

In 2012 and 2013 the Sigman 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(II) catalysts, respectively (Scheme 3.17).22,23 In each reaction, 

there are two regiochemically isomeric products possible arising from aryl insertion into 

either end of the olefin with the ɓ product typically favored as a result of ligand and aryl 

electronics, wherein electron-rich aryl substrates typically suffer from poorer 

regioselectivity.24,25 This transformation would provide expedient access to the benzylic 

stereocenter with reportedly high enantioselectivity. Subsequently the major product 

(3.99) could undergo acid-mediated cyclization into the resulting aldehyde which would 

provide cyclic alcohol 3.66 or ketone 3.67 depending on the cyclization method. 

Scheme 3.17. Reported redox-relay Heck oxidation to deliver chiral aldehydes 
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Early investigations began with the syntheses of arylboronic acid 3.101 from the 

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

and hydrolysis to the desired boronic ester (Scheme 3.18). Cis-alkenyl alcohol 3.103 was 

delivered from the hydrogenation of alkyne 3.102 using Lindlarôs catalyst. With both 

starting materials in hand 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 desired 3.104 was only favored by less than 3:2 over the undesired 3.105 and the 

mixture of regioisomers was inseparable via column chromatography. This 

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

added disadvantage of co-elution of dba ligand upon column chromatography 

purification. While the magnitude of lack of selectivity observed was surprising, it had 

Scheme 3.18. Performance of redox-relay Heck coupling 
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been reported that electron-rich arenes suffer relatively poorer selectivity. We therefore 

attempted to tune the electronics of the arene either by varying substitutions on the 

oxygen atom substitution for electron-neutral or withdrawing precursors which could 

later by converted to the required alcohol (Table 3.1). Each of the boronic acids was 

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

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

results we concluded that the electron-withdrawn oxygen protecting group -TFAA 

 

R = Boronic acid yield Heck coupling yield Ratio (ɔ:ɓ) 

-OMe 82%  69% 1.0 : 0.69 

-OTFAA  16%  21% 1.0 : 0.11 

-OPiv NA  NA NA 

-COCH3 80% 23% 1.0 : 0.40 

NO2 NA  NA NA 

-F 99%  23% 1.0 : 0.40 

-H 83%  70% 1.0 : 0.40 

Table 3.1. Screening of aryl substituents in relay Heck coupling 

Scheme 3.19. Attempted acid-mediated cyclization from chiral aldehyde 
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provided the best regiochemical 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.  

Despite the relatively low regiochemical outcome, -OMe substrate was utilized in 

subsequent transformations due to its ease of synthesis and similarity to the phenol 

substitution found in Heliannuol D. To access the alcohol required for the rearrangement 

to occur, an acid-mediated Friedel-Crafts type alkylation was envisioned wherein the 

activated para position of the electron-rich 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 material 3.105 and styrenyl product 3.106 (Scheme 

 

Acid Conditions Result 

3M HCl  Added @ 0°C in THF, warmed until SM consumed 3.106, 3.105 

TiCl 4 Added @ 0°C in THF, warmed until SM consumed 3.106, 3.105 

AlCl 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 

Et3SiH Added @ 0°C in THF, raised to reflux No reaction 

BF3ÅOEt2 Added @ 0°C in THF, warmed until SM consumed Complex mixture 

HPF6 Added @ 0°C in THF, warmed until SM consumed 3.106, 3.105 

SiO2 + HCl Added @ 0°C in EtOH, warmed until SM consumed 3.106, 3.105 

Table 3.2. Screen of acids to enable cyclization of chiral aldehyde 
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3.19A). This elimination product was also used to determine the enantiomeric excess of 

the reaction, since the racemate could be easily synthesized rather easily. While the 

desired alcohol 3.66 was not isolated, the conditions were selective for 6-membered ring 

formation and did likely proceed via the desired alcohol which underwent subsequent 

elimination to 3.106 (Scheme 3.19B).  In an effort to enable to isolation of 3.66, a panel 

of acids were screened for their competence in the desired transformation (Table 3.2). 

Unfortunately, each acid screened led to the formation of 3.106 without any observation 

of desired alcohol 3.66 or failed to react at all.  

While acid-mediated cyclization represents the most straightforward approach to 

alcohol 3.66 from 3.104, a lengthier sequence of oxidation and cyclization could also be 

carried out. As such, a mixture of 3.104 and 3.105 were subjected to Pinnick oxidation to 

the corresponding carboxylic acids then conversion to the corresponding acyl chlorides 

with oxalyl chloride (Scheme 3.20). At the stage of the acyl chloride, a Friedel-Crafts 

acylation was carried out in the presence of aluminum trichloride to forge the desired 

ketone product (3.108) and the 5-membered ring isomer (3.107). At this stage the 

regioisomers became separable by column chromatography and the desired 3.108 was 

cleanly isolated. Following a quantitative sodium borohydride reduction, the alcohol 

required for the key oxidative rearrangement (3.66) was delivered in 43% overall yield. 

While this sequence delivers provides excellent enantioselectivity (97:3 er), the issues 

Scheme 3.20 Synthesis of chiral alcohol via oxidation/cyclization sequence 
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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  

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

approach was devised which would 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 coupling26ï28 or an asymmetric hydrogenation 

following a traditional Heck reaction to afford the same product (Scheme 3.21A).29ï31 

Each of these pathways requires the use of olefin precursor 3.109, derived from a Friedel-

Crafts reaction between bromoarene 3.77 and acyl chloride 3.111 Scheme 3.21B). Acyl 

chloride 3.111 was easily synthesized from 4-pentenoic acid in quantitative yield, and the 

subsequent Friedel-Crafts acylation reaction with 3.77 under standard conditions did not 

Scheme 3.22. Unsuccessful Friedel-Crafts reaction en route to Heck precursor 

Scheme 3.21. Proposed Heck pathways to desired chiral alcohol 
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deliver any desired product, instead resulting in the recovery of aryl bromide 3.77 and 

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 from the 3.111 and 

the 4-pentenoic acid, with the best conditions providing the 3.109 in 6% yield. (Table 

3.3).  

Efforts toward the synthesis of 3.109 evolved to target formation the C-C bond at 

the alpha position of the corresponding acetophenone 3.113, which is easily synthesized 

from the reaction of arene 3.77 and acetyl chloride in the presence of AlCl3. In the 

proposed transformation, the enolate of 3.113 could react with allyl bromide to deliver 

the desired product either via a SN2 or SN2ô reaction pathway. Therefore, acetophenone 

3.113 was 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 

additives such as triethylborane to suppress formation of dialkylation.32ï34 Screening 

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

 

R = Acid  Outcome 

-Cl AlCl 3 Polymerization, recovery of 3.77 

-Cl TfOH (cat.) Polymerization, recovery of 3.77 

-Cl TfOH Polymerization, recovery of 3.77 

-Cl HFIP No reaction, recovery of 3.77 

-Cl ZnCl2 Polymerization, recovery of 3.77 

-Cl FeCl3 Polymerization, recovery of 3.77 

-OH TFA+TFAA 6% 3.109, recovery of 3.77 

Table 3.3. Screen of acids in Friedel-Crafts acylation 
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and dialkylation products and LDA was ineffective in this transformation. The addition 

of triethylborane with KH produced the most promising results, delivering olefin 3.109 in 

22% yield with no dialkylation product. 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, bromoarene 3.77 was converted to acyl chloride 3.114 by treatment with 

(COCl)2 and AlCl3 in good yield. 3.114 was then subjected to nucleophilic addition of the 

required Grignard in the presence of catalytic copper iodide to prevent di-alkylation 

which provided 3.109 in 78% yield (Scheme 3.23).35  

 With improved access to 3.109 in 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 

 

Base Additive Result 

LDA   
None Trace 3.109, recovered SM 

Pd(PPh3)4 (cat.) Trace 3.109, recovered SM 

NaH  
None Mix; mono- and dialkylation 

Triethylborane Complex mixture of products 

KH   
None Mix; mono- and dialkylation 

Triethylborane 22% 3.109 

Table 3.4. Screen of bases in enolate formation of acetophenone 3.113 

Scheme 3.23. Efficient synthesis of Heck precursor 
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sources, Pd(OAc)2 and Pd2dba3, 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 avail26,28. Therefore, attention shifted to optimization of the traditional 

Heck reaction to produce olefin 3.110, which we envisioned could be hydrogenated 

asymmetrically to provide the desired stereocenter. Multiple conditions were screened 

(Table 3.5) including the use of Pd(II) or Pd(0) sources in the presence of 

triphenylphosphine ligand. A base screen was also performed however no set of 

conditions was providing the product with full completion of starting material. Ligandless 

Heck conditions36,37 provided the best results, wherein tetrabutylammonium bromide 

provided the desired product in a greater than 6:1 ratio of product 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 and 3.110 was isolated in modest yield (Scheme 

3.24A). A pitfall of the reaction is the undesired and irreversible conversion of ketone 

Catalyst Ligand/Reductant Base Ratio (A:B)  

Pd(OAc)2 PPh3 AgCO3 1.00 : 0.44 

Pd(OAc)2 PPh3 TEA 1.00 : 0.59 

Pd(OAc)2 PPh3 K2CO3 1.00 : 0.41 

Pd2(dba)3 PPh3 AgCO3 1.00 : 0.24 

Pd2(dba)3 PPh3 TEA 1.00 : 0.12 

Pd(OAc)2 Bu4NBr K2CO3 1.00 : 6.67 

Pd(OAc)2 Bu4NCl K2CO3 Only Product 

 Table 3.5. Screen of Heck conditions 
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3.110 to naphthol 3.115 with prolonged exposure to palladium. Once isolated, however, 

3.110 was stable to storage and handling.  

Synthetic efforts became focused on the selective hydrogenation of the exocyclic 

olefin in the presence of the acetophenone moiety. When 3.110 was subjected to 

hydrogenation conditions using palladium on carbon under a hydrogen atmosphere, 

global reduction was observed followed by benzylic alcohol cleavage to afford tetralin 

3.116 (Scheme 3.24B). Conversely, treatment of 3.110 with Wilkinsonôs catalyst 

afforded the selective hydrogenation of the olefin with full conversion, leaving the ketone 

untouched (Scheme 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 time-consuming catalyst/ligand screen. Thus, the 

subsequent sodium borohydride reduction provided the racemic alcohol required for the 

key N-HVI mediated oxidative rearrangement.  

  

Scheme 3.24. Heck reaction and subsequent reductions 
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3.8: N-HVI MEDIATED OXIDATIVE REARRANGEMENT  

The novelty of our total synthesis of Heliannuol D stems from innovative 

approach to the medium-sized heterocycle which the N-HVI mediated oxidative 

rearrangement strategy15,16. The method had also been performed and optimized with 

good yield on a similar molecular scaffold in the seminal publication (Scheme 3.25A). 

Therefore, standard conditions were applied to tetralin 3.66 using pyridinium hypervalent 

iodine reagent which provided HFIP acetal 3.119 in low yield (Scheme 3.25B). In 

Scheme 3.25. Precedented and unsuccessful ring expansion 

Scheme 3.26. 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 ketone products were observed.  

Instead, product degradation seemed likely since aldehydic protons were observed 

in crude NMR samples arising from ring-opening acetal decomposition (Scheme 3.26A).  

2-MeO-Py-HVI and DMAP-HVI were screened in an effort to alter reactivity 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 negatively affecting the reaction as 

has been observed previously. Therefore, tetralol 3.122 was subjected to standard 

rearrangement conditions resulting in a drastic improvement in isolated yield to 60% 

(Scheme 3.27A). This result prompted revision to the overall synthesis 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 C-H activation step would be incorporated to install the oxygen atom 

Scheme 3.27. Successful ring expansion and modified retrosynthesis 
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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 corresponding des-MeO aryl substrate 

(Scheme 3.27B).  

Therefore, the modified synthesis commenced with the quantitative conversion of 

acid 3.130 to acyl chloride 3.131 using oxalyl chloride (Scheme 3.28A). Following a 

cuprate addition to afford 3.129 and subsequent Heck coupling, hydrogenation of the 

exocyclic olefin was 3.133 performed with Wilkinsonôs catalyst. Sodium borohydride 

reduction provided alcohol 3.128 which was poised for the key oxidative rearrangement, 

which proceeded in a 60% yield to deliver the heterocyclic core of Heliannuol D. The 

ensuing transformation entailed the derivatization of HFIP acetal 3.127 to the 

corresponding nitrile,  which has been previously reported and utilized HBF4, TMSOTf 

and BF3ÅOEt2.
15,16 In this substrate HBF4 was unsuccessful, resulting in decomposition to 

the open chain product, however BF3ÅOEt2 and TMSOTf both provided the desired 

product. Typical yields using boron trifluoride hovered in the teens with the best result 

Scheme 3.28. Continued racemic synthesis HFIP acetal derivatization 
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providing desired product in 32% yield. Conversely, TMSOTf provided the desired 

nitrile product (3.126) in roughly 45% yield consistently (Scheme 3.28B).  

Next, efforts were made to methylate the nitrile and deliver the corresponding 

methyl ketone following hydrolysis which is typically performed using organometallic 

reagents such as methyllithium or methylmagnesium halides,38,39 and less commonly 

trimethylaluminum.40 As can be seen in Scheme 3.29A, various attempts were made to 

methylate nitrile 3.126 using traditional organometallics, and all were unsuccessful 

resulting in no observed reaction and only recovery of starting material. Modulation of 

temperatures and conditions was futile, which prompted re-evaluation of the synthetic 

route.  

Scheme 3.29. Failed nitrile derivatization and modified retrosynthesis 
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Ultimately methyl ketone (3.134) was desired, and aside from nitrile 3.126, the 

desired methyl ketone 3.134 can also be delivered via hydration of the corresponding 

alkyne (3.136, Scheme 3.29B) by transition metal catalysis.41,42 Alkyne 3.135 is readily 

accessible from HFIP acetal 3.317 via reductive cleavage of the HFIP moiety. The only 

modification from the prior synthetic sequence up to the key rearrangement step is a 

Grignard addition from ketone 3.133 to deliver tertiary alcohol 3.138 rather than a 

hydride reduction. (Scheme 3.29C).  

3.9: COMPLETION OF RACEMIC SYNTHESIS   

Analagous to the prior sequence, the modified synthetic procedure began with 

cuprate addition into acyl chloride 3.131 followed by a Heck coupling and hydrogenation 

of the resulting olefin to deliver ketone 3.133 (Scheme 3.30). Rather than reduction of the 

ketone in molecule 3.133, alkynylmagnesium bromide was added to deliver the alkynyl 

Scheme 3.30. Racemic synthesis of des-OH Heliannuol D 
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tertiary alcohol 3.138 in good yield as an inconsequential mixture of diastereomers 

(~3:2). The rearrangement reaction on alcohol 3.138 proceeded smoothly to deliver a 

single diastereomer of HFIP acetal 3.137 in modest yield as a single diastereomer. Single 

crystal X-ray analysis of HFIP acetal 3.137 revealed 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 acetal 3.137 was reduced using 

TMSOTf and triethylsilane which resulted in clean conversion to the reduced product 

3.136 with 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 alkyne 3.136 to deliver ketone 3.134 with 

unchanged diastereoselectivity. The addition of methyl Grignard provided tertiary alcohol 

3.139 in quantitative yield, providing the des-hydroxylated natural product. Various 

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

the total synthesis of Heliannuol D.  

To install the phenol functionality on the ring, para-bromination and iodination 

was carried out from ketone 3.134 and tertiary alcohol 3.139.43,44 (Scheme 3.31). To 

transform the various haloarenes to their corresponding phenols, Ullman-type conditions 

Scheme 3.31. Para-halogenation of cyclic aryl ethers 
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were applied wherein a copper catalyst in the presence of water and potassium hydroxide 

promotes the desired transformation according to literature precedent (Table 6). 

Screening commenced with the screening of bromide substrate 3.140 using previous 

literature procedures45, however no desired product was obtained from these efforts and 

only starting material was recovered. The analogous transformation from the 

corresponding iodoarenes was then evaluated,45,46 which revealed complete 

decomposition in ketone 3.141, likely due to the acidic protons present in the ketone 

substrate and the highly basic conditions. Evaluation of 3.142 revealed a 55% yield of 

desired product when 8-hydroxyquinoline was employed as the ligand along with tert-

butanol as a solvent, and full conversion was observed with 1,10-phenanthroline as the 

ligand in a 1:1 DMSO:water solvent system. With the successful installation of the 

phenol moiety, the racemic synthesis of (±)-Heliannuol D (3.2) was complete resulting in 

a 5:1 diastereomeric ratio of trans (epi) to cis isomers. Prior to continuing to the 

asymmetric synthesis, optimization was performed on select transformations or substrates 

requiring further attention. 

Substrate Conditions Target Outcome 

3.140 CuI, KOH, PEG400, No solvent 3.143 SM only 

3.140 CuI, KOH 3.143 SM only 

3.141 CuI, KOH, 1,10-phenanthroline 3.143 Complex mixture 

3.141 CuI, KOH, tBuOH 3.143 Complex mixture 

3.142 CuI, KOH, 8-OH-quinoline, tBuOH 3.2 55% 

3.142 CuI, KOH, 1,10-phenanthroline 3.2 99% 

 Table 3.6. Ullman conditions for hydroxylation of aryl halides 
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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 

epimerization 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 

desired 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.  

Thermodynamic deprotonation conditions were first investigated using catalytic 

alkoxide bases with their corresponding alcoholic solvents. Inversion of selectivity 

favoring the cis isomer using tert-butoxide and tert-butanol within 10 minutes, howeve, 

the epimerization stalled at a ratio of 3:2 cis to trans. This ratio was not improved with 

 

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 @ -78°C 1:5 

LDA (0.95 equiv.) 5 hours @ RT then quench @ RT 1:5 

Table 3.7. Evaluation of epimerization conditions 
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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 thermodynamically 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 sub-stoichiometric LDA was 

attempted, however no epimerization was observed. Therefore, epimerization efforts 

culminated in the inversion of the observed ratio to 3:2 favoring the desired cis isomer 

using catalytic amounts of alkoxide salts in alcoholic solvents. 

3.10ii: Optimization of Rearrangement/Reduction Sequence 

The isolation and purification of the HFIP acetals is a non-trivial 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 

Scheme 3.32. Issues with rearrangement and telescoping with subsequent reduction 
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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 co-solvent) and temperature (roughly 0 °C). Therefore, the possibility 

of telescoping the rearrangement into the reduction and performing the two reactions in  

one-pot was investigated. Telescoping reactions is generally preferred as it reduces 

isolation and purification times, and from a green perspective utilizes less solvent. 

Therefore, a rearrangement reaction was performed, and upon complete consumption of 

starting alcohol 3.138 triethylsilane and TMSOTf were added (Scheme 3.32B). 

Following aqueous work-up and purification on column chromatography, the alkynyl 

ether product 3.136 was 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 acetal (3.137) Identifying the utility of the synthetic 

modification, the one-pot 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 alkyne 3.136 to methyl ketone 3.134 was initially 

performed using oxymercuration conditions,41 however, the low yield, use of toxic 

mercury reagents, and challenging 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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gold-catalyzed hydration42. While the catalyst is quite costly, the catalyst loading is a 

fraction of the amount required for the oxymercuration, and isolation and purification are 

often facile (Scheme 3.35B). Following literature protocol, a hydration reaction was 

performed with [(iPr)AuCl], which was synthesized and provided by William Sabbers, 

with the addition of AgSbF6 and water. Following heating to 100 °C overnight, the 

starting material was fully consumed. Purification was vastly improved, affording 67% of 

3.134 following 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 one-pot oxidation protocols were evaluated. First, 

a ruthenium-catalyzed method which had been reported to hydroxylate activated arenes 

was attempted,47 however no desired product was obtained and instead a complex 

mixture of products was observed (Scheme 3.34A).The second method investigated is the 

Scheme 3.33. Improved method for alkyne hydration 
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aryl oxidation using phthaloyl peroxide (PPO) followed by hydrolysis of the resulting 

ester to provide the desired phenol48,49. The phthaloyl 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 

phenolic products 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 discussed 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 

Scheme 3.34. Evaluation of alternative late-stage aryl oxidations 
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hydrogenating catalysts and conditions exist, they are often quite expensive or require 

multiple steps to synthesize (Scheme 3.35A). An alternative approach to the necessary 

chiral ketone emerged in the synthesis of Erogorgiaene reported by Aggarwal and co-

workers.50,51 The synthesis commenced with the stereoselective Noyori reduction of 

acetophenone 3.14552 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 ester 3.149. TBAF-induced de-borylation53 provided 

ester 3.150 which was subjected to polyphosphoric acid to deliver the ring-closed 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 the chiral catalyst 

during the reduction.  

The synthesis commenced with the asymmetric reduction of acetophenone 3.145 

using the (R,R)-catalyst to provide the opposite enantiomer from the previous report with 

excellent enantioselectivity (Scheme 3.38). Following conversion to carbamate 3.147, the 

Scheme 3.35. Deviation from Heck approach and alternative asymmetric strategy 




























































































































































































































































































































































































































































































































































































































































































































































