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ABST RACT  

Re2O7-MEDIATED SPIROCYCLIC ETHER SYNTHESIS FROM ACYCLIC 

PRECURSORS: SYNTHESIS AND H2O2-MEDIATED TARGETED CELLULAR 

RELEASE OF A PEDERIN ANALOGUE 

 

Cephas Ofoe Dodzi Afeke, PhD 

 

University of Pittsburgh, 2021 

 

 

 

 

The synthesis of spirocyclic ethers from acyclic precursors bearing ketones that are flanked 

by an allylic alcohol and an alkene in the presence of Re2O7 via a sequence of allylic alcohol 

transposition, oxocarbenium ion formation, and Prins cyclization is described. The method is atom 

economical and results in significant increases in molecular complexity, with multiple 

stereocenters being set relative to a stereocenter in the substrate.  

 

 

The use of self-immolative linkers in stimulus-responsive release of organic molecules and 

biological effectors demonstrate utility for the development of prodrugs and other therapeutics. 

This project describes the total synthesis of a pederin analogue (10-demethoxy-13-O-methyl 

pederin) which has shown cytotoxicity towards a number of cancer cells. Subsequent borylation 

of the analogue at the C7-hydroxy substituent via a new borylation strategy afforded a small 

molecule biological agent which leverages the unique hydrogen peroxide environment of cells 
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under oxidative stress to release the cytotoxic pederin analogue, thereby providing an opportunity 

for future advancements in anticancer therapy. 
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1.0 Re2O7-MEDIATED SPIROCYCLIC ETHER SYNTHESIS FROM ACYCLIC 

PRECURSORS 

1.1 Introduction 

The advantage of structural complexity with respect to target selectivity is revealed in 

recent surveys1 of compounds at the various stages of drug discovery, highlighting the importance 

of developing new methods to increase complexity.2 Numerous metrics can be used to assess 

molecular complexity. Allu and co-workers3 proposed a simple and flexible metric to calculate 

molecular complexity, which is aimed at lowering the correlation with molecular weight. Results 

based on over 260,000 molecules indicate that the synthetic and molecular complexity (SMCM) 

score is the least correlated to molecular weight, when compared to two other known complexity 

measures by Baron and Chanon4 as well as Bertz and co-workers.5 However, the intuitive approach 

reported by Whitlock6 provides a simple guide for determining the change in complexity in a 

reaction. In this approach, Whitlock used the number of rings, unsaturated bonds, heteroatoms, 

and chiral centers to calculate the complexity of natural products. Our group has used these metrics 

to guide a program directed toward the rapid generation of spirocyclic and bridged bicyclic acetals 

from structurally simple precursors. Xun Han’s work in spiroacetal formation through telescoped 

cycloaddition and carbon–hydrogen bond functionalization,7 Peh’s convergent one-pot oxidative 

[n + 1] approaches to spiroacetal synthesis,8 Hanna’s diverted total synthesis of potent and rapidly 

accessible Bistramide analogues9 as well as Caplan’s total synthesis of Divergolide E and H10 

highlight these efforts. This dissertation describes a new rearrangement reaction that results in the 
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formation of structurally complex spirocyclic ethers from acyclic precursors, in which two rings 

and up to four stereocenters are generated. 

1.1.1 Review of the synthesis of spirocyclic compounds 

Spirocycles are common components in many biologically active compounds.11 Their 

structural rigidity allows for the orientation of functional groups in unique spatial arrangements, 

and when used appropriately, spirocyclization provides an excellent way to enforce the desired 

conformation for ligand–protein binding.12 Furthermore, conformational restriction may reduce 

off-target activities.13 The structural complexity of spirocycles also lends inspiration to synthetic 

chemists in developing new approaches for accessing these scaffolds.14  

1.1.1.1 Iodine-mediated spirocycle formation 

Ley and co-workers used a polymeric (diacetoxyiodo)benzene (PIDA) reagent to achieve 

the synthesis of the spirocyclic core of natural product (+)-epidihydromaritidine (Scheme 1.1). In 

this report, para-substituted phenol (I) was cyclized to spirodienone (II) using polymer supported 

(diacetoxy)iodobenzene reagent. The desired product was obtained in 70% yield without 

conventional work-up procedure and purification by chromatographic technique. Furthermore, the 

synthesized spirocyclic compound (II) was converted into the alkaloid (+)-epidihydromaritidine 

(III) in three chemical steps.15 
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Scheme 1.1 Oxidative spirocyclization of para-substituted phenol to spirodienone 

 

Similarly, Marco and co-workers reported the synthesis of naturally occurring spiroacetals 

aculeatin A and B with the use of [Bis(trifluoroacetoxy)iodo]benzene (PIFA) as an electrophile 

(IV) in one step during their synthesis. (Scheme 1.2).16 

 

 

Scheme 1.2 Oxidative spirocyclization of p-substituted phenolic substrate to aculeatin A & B 

1.1.1.2 Acid/base-promoted spirocycle formation 

The Dolby group accomplished the synthesis of (±)-acorone from 4-methyl-3-cyclohexene 

carboxaldehyde (V) using an intramolecular base-catalyzed (NaOEt in ethanol) aldol cyclization.17 

A similar method reported by Martin et al. in 1978 used base-promoted aldol cyclo-condensation 

to synthesize racemic acorone (Scheme 1.3).18 
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Scheme 1.3 Base-catalyzed cyclization in the synthesis of (±)-acorone and (±)-isoacorone 

 

Deslongchamps and co-workers also embarked on the synthesis of agarospirol and hinesol 

from a ketoester (VIII) in which the common spirocyclic core (XI) of the compounds was accessed 

by treatment of a cyclopropane intermediate (IX) with acid (Scheme 1.4).19 

 

 

Scheme 1.4 Spirocyclization in the synthesis of Hinesol 
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1.1.1.3 Biologically active natural products 

Spiroacetals are frequently found in biologically active natural products20 and as such are 

increasingly being used as scaffolds in high throughput chemistry for drug discovery (Figure 1.1).  

 

Figure 1.1 Representative bio-active spiroketals 

 

Spirocyclic ethers, while less common, provide a similar geometry and rigidity and are not 

susceptible to acid-mediated ring opening, suggesting that these structures could be useful entries 

in lead-generation efforts.21  

1.1.1.4 Acid-catalyzed intramolecular SN1 oxaspirocyclization 

Notable amongst these efforts is the methodology by Young and co-workers describing an 

Amberlyst-15-catalyzed intramolecular SN1’ oxaspirocyclization of allylic alcohols providing 
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spirocyclic ethers in quantitative yields. This method has also been applied to the total synthesis 

of theaspirane and theaspirone (Scheme 1.5).22 The synthesis commenced by selective reduction 

of the α,β-unsaturated bond in β-ionine (XVI) using triphenyltin hydride to give a ketone 

intermediate (XIII) with a C-C single bond. Subsequent oxidation of the allylic methylene group 

of the ketone intermediate (XIII) with tert-butyl hydroperoxide and catalytic amount of chromic 

anhydride, followed by Luche reduction of the enone gave the diol (XIV). Amberlyst-15-catalyzed 

SN1’ oxaspirocyclization finally converted the secondary allylic alcohol into theaspirane (XV) in 

95% yield, which by allylic oxidation afforded theaspirone (XVII) in 67% yield.  

Scheme 1.5 Amberlyst-15-catalyzed oxaspirocyclization in synthesis of thespirane and analogue. 

 

Paquette and co-workers described the preparation of the natural products dactyloxene B 

and C in seven steps from a common chiral intermediate XX (Scheme 1.6).23 The synthesis 

involved the nucleophilic addition of a substituted dihydrofuran (XVIII) into trans-2,3-

dimethylcyclopentanone (XIX). The product of this reaction (XX) was then treated with Dowex-

50× 4-400 resin for two days to provide the desired chromatographically separable spirocyclic 

1.1.1.5 Spirocyclization via oxocarbenium ion-initiated pinacol rearrangement 
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ketone intermediates XXI and XXII in 63% combined yield. These intermediates were further 

functionalized in a few steps to obtain the natural products. 

 

Scheme 1.6 Synthesis of naturally occurring spirocyclic ethers via oxocarbenium ion initiated pinacol 

rearrangement 

1.2 Rhenium(VII) Oxide Chemistry 

Since the original report by Osborn and co-workers on the use of rhenium(VII) oxide in 

the 1,3-transposition of allyl alcohols24, the methodology has widely been studied and applied for 

the transposition of  a variety of 1°, 2° and 3° allylic alcohols in the synthesis of useful organic 

molecules and synthetic intermediates.25,26 
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1.2.1 Re2O7-catalyzed lactol formation Leucascandrolide A total synthesis 

Jung and co-workers embarked on the total synthesis of leucascandrolide A macrolactone, 

in which one of the later steps required allylic alcohol transposition prior to the macrolide 

formation.27 They postulated that the desired transposed product would be formed preferentially 

under equilibrating conditions due to the capacity of the transposed alcohol to engage in hydrogen 

bonding with the tetrahydropyran ether, and in consideration of the report by Kozmin and co-

workers28 of the unexpected stability of the leucascandrolide macrolactol, for its potential to add 

into the pendent C1 carbonyl group. Subjecting the untransposed alcohol (1b) to Re2O7 in Et2O 

gave the desired lactol product in 69% yield (Scheme 1.7). 

 

 

Scheme 1.7 Re2O7-mediated allylic alcohol transposition and lactol formation 

1.2.2 Formation of bridged and spirocyclic ketals 

Xie and co-workers demonstrated that the experimentally facile sequence of Re2O7-

mediated allylic alcohol isomerization followed by nucleophilic addition into an oxocarbenium 

ion can be used to generate stereocenters with high levels of thermodynamic control29. They 

concluded that stereocontrol is maximized when the energetic difference between diastereomeric 
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products is sufficient to create a strong preference, when reversibility in the cyclization reaction is 

facilitated by increasing the stability of the oxocarbenium ion intermediate, and when 

stereochemical scrambling is promoted by increasing the substitution on the intermediate allyl 

cation. Applying these principles to more complex substrates led to the syntheses of bridged and 

spirocyclic ketals with good to excellent levels of stereocontrol (Scheme 1.8). 

 

 

Scheme 1.8 Formation of bridged and spirocyclic ketals 

1.2.3 Epoxide trapping mechanism in the formation of tetrahydropyran rings 

Xie and co-workers also demonstrated that epoxide cascade reactions can be initiated by 

rhenium(VII) oxide mediated allylic alcohol transposition reactions. These transformations are 

possible because rhenium oxide has dual roles as a transposition catalyst and as an acid that 
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enhances the electrophilicity of the epoxide group and promotes product ionization, thereby 

allowing thermodynamically controlled stereochemical equilibration (Scheme 1.9).30 

 

 

Scheme 1.9 Mechanism for epoxide trapping 30 

1.2.4 Heterocycle formation via traceless trapping groups 

Previous studies into the utility of Re2O7 in heterocycle synthesis leave vestiges of the 

electrophiles from the starting substrates in the final product, leading Xie and co-workers to 

subsequently demonstrate an approach to heterocycle synthesis via Re2O7 a cascade sequence of 

allylic alcohol transposition, intramolecular trapping, ionization and intermolecular termination, 

involving the use of traceless electrophiles. Aldehydes and ketones act as trapping groups, and 

silanes, π-nucleophiles and alcohols act as terminating agents in the formation of various 

tetrahydrofuran and tetrahydropyran products. (Scheme 1.10).31 They concluded, work that 

relative stereochemistry of reactions with chiral substrates could be achieved by manipulating the 
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rates of transposition and termination (i.e. high stereocontrol can be achieved when the rate of 

transposition is high, and the rate of termination is low).  

 

 

 

Scheme 1.10 Top - Transposition, trapping, ionization and nucleophilic termination sequence. Bottom - An 

analysis of competitive processes for relative diastereocontrol. a = isomerization, b = cyclization, c = 

ionization, d = termination 

1.2.5 Functional group tolerance and competitive termination by π-nucleophile 

Xie established tolerance of this reaction with a variety of functional groups including 

esters, bromides and alkenes (Scheme 1.11).31 
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Scheme 1.11 Functional group tolerance of the traceless trapping reaction 

 

However, upon screening the alkene substrate A-4 under the conditions for the bimolecular 

reaction, Xie and co-workers observed the formation of spirocyclic ether side products (<10%) 

which were identified as 6 and 7 in addition to the expected product B-4. Substrate A-4, when 

exposed to Re2O7 without the addition of Et3SiH, delivered a combined yield of 91% of 6 and 7 in 

a 2.5:1 ratio (Scheme 1.12).32 Hence establishing the fact that the intermolecular trapping by 

Et3SiH is much faster than intramolecular trapping by an alkene.  

 

 

Scheme 1.12 Formation of spirocyclic products 
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Xie postulated that the formation of 6 and 7 occurs through a Prins32,33 cyclization reaction 

between the pendent alkene and the oxocarbenium ion intermediate via a possible mechanism in 

Scheme 1.13, with perrhenate ion or traces of water quenching the resultant carbocation.  

 

 

Scheme 1.13 Plausible mechanism for the formation of spirocyclic products 

1.2.6 Re2O7-catalyzed Prins reaction 

This interesting result bears similarity with the report by Rychnovsky and co-workers of 

Prins cyclization reactions catalyzed by Re(VII) complexes (Scheme 1.14).34  

 

Scheme 1.14 Re(VII) catalyzed Prins cyclization 
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In their study, activation was achieved via the formation of perrhenate ester from the 

hemiacetal, and solvolysis of the ester to form a tight ion pair intermediate with the pendent alkene 

adding into the carbocation and leading to cyclization and hydroxy-substituted THP formation. 

1.2.7 Problem statement & research objective 

Despite the enormous efforts over the last few years in developing stereoselective methods 

for the synthesis of complex structures, the regio and stereocontrolled generation of tertiary carbon 

centers continue to be an important goal in organic synthesis and particularly so in the formation 

of spirocyclic scaffolds.35 

The objective of this research, motivated by Xie’s observation of the formation of 

spirocyclic products with Re2O7 in the absence of an external nucleophilic quencher in the 

bimolecular reaction, is to explore the unimolecular Re2O7-catalyzed pathway as a viable synthetic 

approach towards the formation of a variety of spirocycles from acyclic precursors. This research 

also seeks to investigate the level of control that existing stereocenters in the acyclic precursors 

have on the generation of new stereocenters in the spirocyclic products. 

1.3 Results and Discussion 

We began with the synthesis of compound 5, which was the substrate used by Xie in his 

work that generated the spirocyclic ether. Olefin cross metathesis between 5-bromo-1-pentene and 

cis-2-butene-1,4-diol catalyzed by the second-generation Grubbs-Hoveyda catalyst and 

subsequent alcohol protection afforded the allyl alcohol S2. Lithium-halogen exchange and 
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nucleophilic acyl substitution with the Weinreb amide followed by deprotection afforded 

compound 5 in 40% yield (Scheme 1.15). We also observed quantitative amounts of 

Wurtz coupling products as reason for the poor yield. 

 Subjecting substrate 5 to Re2O7 in CH2Cl2 at room temperature quickly and efficiently 

afforded spirocyclic ether 6 and its diastereomer 7 in 94% overall yield as a 4:1 mixture (Scheme 

1.16). This transformation generates two rings and three stereocenters with good atom economy. 

The major isomer was the equatorial alcohol as determined by 1H NMR coupling constant as 

well as one-dimensional Nuclear Overhauser Effect (NOE) analyses, and the relative 

stereocontrol between the alkene-containing stereocenter and the fully substituted carbon was 

extremely high. We propose that the reaction proceeds through the formation of oxocarbenium 

ion 8, followed by Prins-type cyclization through a chair transition state with nucleophilic attack 

by the alkene from the stereoelectronically preferred axial trajectory, and perrhenate approach 

through an anti-addition pathway36 to generate perrhenate ester 9. 
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Scheme 1.15 Preparation of 5 

 Perrhenate ester cleavage with HOReO3 provides the major isomer while regenerating 

Re2O7. The formation of the minor isomer could either arise from a syn-addition in the Prins 

step37 or through the intermediacy of boat transition state 10. Independent oxidations of 6 and 7 

produced the common ketone 11, in which the structure was confirmed by crystallographic 

analysis of the corresponding 2,4-dinitrophenylhydrazone (Figure 1.2),38 thereby confirming 

that epimeric alcohols were produced in this reaction. 
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Scheme 1.16 Spirocyclic ether formation 
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Figure 1.2 X-ray crystal structure of derived hydrazone from 11 

The ratio of diastereomers was minimally influenced by solvent polarity although solvents 

such as water, ethyl acetate, and diethyl ether were incompatible with the transformation (Table 

1.1). 
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Table 1.1 Optimization study for spirocycle formation 

No Catalyst Solvent Temp (°C) Time (h) Yield (%) d.r. (6:7) 

1 Re2O7·SiO2 DCM rt 0.25 0 n/a 

2 Re2O7·SiO2 DCM 0 1 0 n/a 

3 Re2O7 DCM rt 0.4 94 4:1 

4 Re2O7 DCM rt 1.75 89 2:1 

5 Re2O7 MeCN rt 1 91 4:1 

6 Re2O7 Hexanes rt 1.5 32 4:1 

7 Re2O7 MeNO2 rt 2 53 4:1 

8 Re2O7 Et2O rt 1 0 n/a 

9 Re2O7 H2O rt 1 0 n/a 

10 Re2O7 EtOAc rt 1 0 n/a 

       

 

We observed an erosion in the ratio of 6 to 7 at prolonged reaction times, ultimately leading 

to a 2:1 diastereomeric mixture. Monitoring the reaction progress by 1H NMR in CD2Cl2 provided 

greater insights into the transformation. The reaction proceeded more slowly in the NMR 

experiment due to the diminished mixing of the sparingly soluble catalyst, thereby providing an 

opportunity to observe the diastereomeric ratios at lower conversions than those accessible in a 

standard reaction apparatus. This study showed that the initial diastereomeric ratio of 6/7 is greater 

than 11:1 and reduces with increased conversion (Figure 1.3), indicating that the Prins reaction 

initially proceeds from 8 to 9, with the expected anti-addition to the alkene. Equilibration, 

presumably as the result of a retro-Prins reaction from 6 to 8 via intermediate 934 though a simple 

substitution cannot be ruled out, is rapid and competitive with cyclization, as evidenced by the loss 

of stereoselectivity prior to starting material consumption. The axial alcohol 7 is 
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thermodynamically preferred due to its capacity to engage in hydrogen bonding (Scheme 1.16) 

with the tetrahydropyran ring. This is evidenced by a 10.4 Hz coupling between the alcohol proton 

and the methine proton at the alcohol stereocenter relative a 3.7 Hz coupling in the case of 

compound 6. 

 

 

Figure 1.3 Diastereocontrol as a function of conversion 

 

Having demonstrated the viability of the initial spirocyclization, we set out to determine 

the extent to which existing stereocenters in the substrate would influence the generation of newly 

formed stereogenic centers in the spirocyclic ether products. We envisioned that selectivity in this 

endeavor would be driven by faster equilibration of the stereocenters in the intermediates relative 

to the terminal Prins cyclization step. Substrate 12 was accessed in seven steps38 starting with the 

mCPBA epoxidation of the tri-substituted alkene of β-citronellene, followed by cross metathesis 

with cis-2-butene-1,4-diol and resultant allyl alcohol protection. Oxidative epoxide cleavage with 

periodic acid to give an aldehyde intermediate was followed by the Grignard addition of the 
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pentene chain. Subsequent oxidation of the resultant secondary alcohol and silyl ether cleavage 

afforded compound 12 in 67% yield (Scheme 1.17). 

 

 

Scheme 1.17 Preparation of 12 

 

We postulated that non-stereoselective transposition, hemiacetal formation, and ionization 

will form oxocarbenium ions 13 and 14. The oxocarbenium ions, and presumably their hemiacetal 

precursors, are in equilibrium because all steps are reversible. Thus, 13, with the methyl and vinyl 

groups in equatorial orientations, should be the favored intermediate (Scheme 1.18). Xie and co-

workers have previously observed in the bimolecular variants of this process that stereoselectivity 

improves as the rate of the final nucleophilic addition is lowered,31 consistent with a model in 

which stereocontrol increases as the rate of equilibration becomes greater than the rate of 

nucleophilic addition. Thus, reactions proceed through the thermodynamically preferred 

oxocarbenium ion. 
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Scheme 1.18 Relative stereocontrol from a chiral substrate 

 

Subjecting substrate 12 to Re2O7 demonstrated that equilibration is indeed faster than 

cyclization, with compounds 15 and 16 being the only observed stereoisomers in a 4:1 mixture. 

No products that contain the diastereomeric skeleton represented by 17 were isolated or observed 

thereby illustrating stereocontrol that is directed by the Curtin-Hammett kinetics.39 As before, 

oxidation of the isomeric alcohols provided the same ketone, therefore proving that the spirocyclic 

scaffolds were the same for both isomers. 

We prepared substrate 18 where the methyl substitution is incorporated at the C4 position 

in ten total steps starting with the mono TBS protection of 3-methyl-1,5-pentanediol. Parikh-

Doering oxidation followed by Horner-Wadsworth-Emmons olefination and DIBAL-H reduction 

of the resultant α,β-unsaturated ester afforded the allylic alcohol portion which was protected with 

tert-butyl diphenyl silane (TBDPS). Selective deprotection of the TBS ether followed by a 
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sequence of PCC oxidation, Grignard addition, oxidation and TBDPS ether cleavage afforded 

substrate 18 in 81% yield from the final step (Scheme 1.19). 

 

Scheme 1.19 Preparation of substrate 18 

 

Subjecting substrate 18 to Re2O7 resulted in a spirocycle with excellent stereoinduction at 

the C4 position. The methyl substituent orientates towards the equatorial position in both major 

and minor diasteromers with a 3.6:1 ratio of major and minor alcohols. 

However, subjecting substrate 2038 with the methyl substitution at the C3 position to Re2O7 

led to diminished stereocontrol (Scheme 1.20) at the methyl stereocenter. Ambiguity at the alcohol 

stereocenter was eliminated via oxidation to give the two products 21 and 21a. The erosion of 

stereoinduction from the 3-methyl substituent can be attributed to the destabilization of the 

conformation with an equatorially oriented methyl group in the intermediate oxocarbenium ion 

due to allylic 1,2-strain.40 
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Scheme 1.20 Diminished stereocontrol via allylic 1,2-strain 

 

We moved the methyl stereocenters onto the chain that leads to the cyclohexyl ring and the 

results observed were somewhat different (Scheme 1.21). 

 

Scheme 1.21  Influence of stereocenters on the cyclohexane ring system 
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These examples produce diastereomeric mixtures, but the orientations of the methyl groups 

with respect to the ring system differ, while the hydroxy group is exclusively in an equatorial 

orientation (Scheme 1.21). These results show that an axially oriented methyl group in the 

transition state leading to the cyclohexyl ring slows the Prins reaction sufficiently to allow for 

stereochemical equilibration of the oxocarbenium ion, leading to a useful, albeit not perfect, level 

of stereocontrol. We postulate that the methyl groups in 22 and 24 promote cyclization through 

enhancing the population of the reactive conformer.41 This is illustrated in Scheme 1.22, whereby 

24 reacts to form oxocarbenium ions 26 and 27, with 26 cyclizing rapidly to form 25, and 27 

cyclizing more slowly to form stereoisomer 28. The lack of epimerization at alcohol stereocenter 

in this case can be explained by the conformationally induced rate increase in the Prins reaction 

and the slowed rate of retro-Prins reaction relative to the unsubstituted case, making the formation 

of 25 and 28 faster than stereochemical equilibration. 

 

Scheme 1.22 Effect of incorporating a substituent into the cyclohexane subunit 
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 The stereochemistry for 25 and 28 were determined by 1H NMR coupling constant and 

one-dimentional Nuclear Overhauser Effect (1-D NOE) analyses, with the methine proton at the 

alcohol stereocenter found to have greater than 8 Hz coupling for both 25 and 28, representing 

equatorial orientation of the alcohol in both compounds. 1-D NOE correlations observed between 

the methine protons at both stereocenters of the cyclohexyl ring of 25 indicated equatorial methyl 

orientation and the absence of such correlation in 28 suggests the opposite methyl stereochemistry.  

This method is also compatible with various π-nucleophiles. Terminal alkyne substrate 29 

cyclized to form ketones 11 and 30 in good chemical yield, but as a 1:1 mixture. This can be 

understood by the expected similarity in the thermodynamic stability of the isomeric products and 

the ease in which β-alkoxy ketones can proceed through ring opening and reclosure via an 

intermediate such as 31 (Scheme 1.23). 

 

Scheme 1.23 Alkyne nucleophile in cyclization reaction 

 

1,1-Disubstituted alkene 32 undergoes cyclization to yield tertiary alcohol 33, 

accompanied by the dehydration product 34. The dehydration product is derived from 33 rather 

than though an ene-type reaction with the oxocarbenium ion intermediate, as demonstrated by a 

time course study that showed a decreasing ratio of 33/34 over time, with 34 being the exclusive 
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spirocyclization product after 2.5 h. The formation of the tertiary alcohol as a single stereoisomer 

is consistent with the oxocarbenium ion that forms through the retro-Prins reaction being more 

strongly associated with the disubstituted alkene, leading to a favored pathway in which proton 

loss occurs in preference to stereochemical isomerization (Scheme 1.24). 

 

Scheme 1.24 1,1-Disubstituted alkene in cyclization reaction 

 

 Employing a prochiral nucleophile in these reactions leads to the generation of an 

additional stereocenter with high control, as seen with the conversion of (Z)-alkene substrate 35 to 

36 and diastereomeric alcohol 37 (Scheme 1.25). 

 

Scheme 1.25 (Z) alkene substrate in cyclization reaction 

 

Thus, four new stereocenters can be created in this process with good to excellent levels of 

stereocontrol. Alcohols 36 and 37 undergo oxidation to form the same product indicating that, for 

this example, diastereomeric alcohols are formed from competitive anti- and syn-nucleophilic 

additions in the Prins step rather than through the intermediacy of a boat transition state. 

Dehydration of the allylic alcohol via an E1 mechanism can be a significant competitive pathway 

if the Prins reaction is slow (not shown). This was observed during attempts to generate 
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cyclopentyl units, as poor orbital overlap slows the Prins cyclization, and when an (E)-alkene is 

used as a nucleophile, due to steric clashes with the tetrahydropyran in the transition state (Scheme 

1.26). 

 

Scheme 1.26 (E) alkene substrate leading to dehydration 

1.4 Conclusion 

We have demonstrated that Re2O7 promotes the conversion of ketones that are flanked by 

an allylic alcohol an alkene to hydroxy-substituted spirocyclic ethers. These reactions significantly 

increase molecular complexity while demonstrating perfect atom economy. The transformation 

proceeds through an allylic alcohol isomerization followed by a dehydrative oxocarbenium ion 

formation and a Prins reaction. The carbon−carbon bond formation generally proceeds with 

excellent stereocontrol. The hydroxy group incorporation initially follows an anti-addition 

pathway, although the resulting alcohol isomerizes via a retro Prins pathway. Integrating a methyl 

group into the substrate delivers products good to excellent relative stereocontrol, indicating that 

stereochemical equilibration of the intermediate oxocarbenium ion is faster than the Prins reaction. 

Variations on the nucleophilic π-system allow for structural alterations of the product or the 

generation of additional stereocenters. The structurally rigid products and the potential for further 
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functionalization should prove to be useful in the design of new scaffolds for preparing biological 

screening libraries. 

1.5 Experimental 

1.5.1 General information 

All reactions were performed in dry solvents under argon atmosphere using oven dried 

glassware unless otherwise specified. Dichloromethane was distilled over CaH2 whereas diethyl 

ether and tetrahydrofuran solvents were distilled over sodium and benzophenone before use. Flash 

column chromatography with 60 Å silica gel and reagent grade solvents i.e. ethyl acetate, hexanes, 

diethyl ether or pentanes as eluent was performed to purify all compounds made. Analytical TLC 

was performed on E. Merck pre-coated (25 mm) silica gel 60 F-254 plates and visualized under UV 

(254 nm). High resolution and low-resolution mass spectra were collected on a VG 7070 

spectrometer. IR spectra were obtained on a PerkinElmer FT-IR UATR spectrometer. 1H NMR 

and 13C NMR spectra were taken on a Bruker Avance 300 spectrometer at 300 MHz and 75 MHz 

respectively, a Bruker Avance 400 spectrometer at 400 MHz and 100 MHz, or a Bruker Avance 

500 spectrometer at 500 MHz and 125 MHz and a Bruker Avance 600 MHz and 150 MHz as 

specified. The chemical shifts are reported in parts per million (ppm) on the delta (δ) scale. The 

solvent peak was used as a reference value, for 1H NMR: CHCl3 = 7.26 ppm, CH2Cl2 = 5.31 ppm, 

C6H6 = 7.16 ppm, for 13C NMR: CDCl3 = 77.2 ppm. Data are reported as follows: m = multiplet, 

s = singlet, d = doublet, t = triplet, q = quartet, pent = pentet, dd = doublet of doublets, dt = doublet 

of triplets, sext = sextet, sept = septet, oct = octet, dq = doublet of quartet, dp = doublet of pentet, 
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ddd = doublet of doublet of doublets, ddt = doublet of doublet of triplets, tt = triplet of triplet, br = 

broad. 

1.5.2 General procedure for Re2O7-catalyzed spirocycle formation 

To a solution of substrate (0.1 - 0.2 mmol) in DCM (0.5 – 1.5 mL), stirring at rt (unless 

otherwise noted) was added Re2O7 (3-6 mol %), and the mixture stirred until starting substrate was 

consumed. The reaction mixture was quenched with a few drops of pyridine, concentrated in vacuo 

and purified via flash column chromatography with 0 – 10% ethyl acetate in hexanes as eluent in 

gradient elution.  

 

Preparation of (10E)-12-hydroxydodeca-1,10-dien-6-one (5) 

 

(E)-6-bromohex-2-en-1-ol (S1) 

To a solution of cis-2-butene-1,4-diol (3.54 g, 40.2 mmol) and 

5-bromo-1-pentene (3.0 g, 20.1 mmol) in DCM (10.0 mL) was added Hoveyda-Grubbs II catalyst 

(40 mg, 0.064 mmol) and the mixture stirred at rt for 16 h. The reaction mixture was concentrated 
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in vacuo and purified via flash column chromatography with 40% hexanes in ethyl acetate as eluent 

to yield 1.38 g (38.4%) of brown oil. 1H NMR (300 MHz, CDCl3): δ (ppm) 5.60-5.75 (m, 2H), 

4.09 (d, J = 4.3 Hz, 2H), 3.41 (t, J = 6.7 Hz, 2H), 2.18-2.30 (m, 2H), 1.90-1.99 (m, 2H), 1.46 (s, 

1H); 13C NMR (75 MHz, CDCl3): δ (ppm) 130.7, 130.5, 63.5, 33.1, 32.0, 30.5; HRMS (ESI) m/z 

calcd for C6H10BrO [M-H]- 176.9915, found 176.9816. 

 

(E)-((6-bromohex-2-en-1-yl)oxy)(tert-butyl) dimethylsilane (S2) 

  To a solution of S1 (1.68 g, 9.38 mmol) and tert-butyl dimethyl 

silyl chloride (2.83 g, 18.8 mmol) in DCM (50 mL) was added imidazole (1.92 g, 28.1 mmol) and 

DMAP (0.12 g, 0.94 mmol) and the mixture stirred at rt for 3 h. The reaction was quenched with 

water and extracted with DCM, concentrated in vacuo, and purified via flash column 

chromatograpy with 10% ethyl acetate in hexanes to yield 2.46 g (89%) of colorless oil as product: 

1H NMR (300 MHz, CDCl3): δ (ppm) 5.54-5.66 (m, 2H), 4.12 (d, J = 1.1 Hz, 2H), 3.40 (t, J = 6.7 

Hz, 2H), 2.12-2.22 (m, 2H), 1.93 (pent, J = 6.8 Hz, 2H), 0.90 (s, 9H), 0.06 (s, 6H); 13C NMR (75 

MHz, CDCl3): δ (ppm) 130.8, 128.7, 63.7, 33.1, 32.1, 30.5, 26.0, 18.4, -5.1; HRMS (ESI) m/z 

calcd for C12H24OSiBr [M-H]-  291.0780, found 291.0827. 

 

N-methoxy-N-methylhex-5-enamide (S3) 

To a solution of 5-hexenoic acid (1.8 g, 14.1 mmol) in DCM (45 mL) 

at 0 °C was added N,O-dimethylhydroxylamine hydrochloride (1.65 g, 16.9 mmol), DCC (3.48 g, 

16.9 mmol), DMAP (0.21 g, 1.69 mmol) and triethylamine (1.71 g, 16.9 mmol) and stirred until 

starting material was fully consumed. The reaction mixture was filtered through celite, washed 
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with 0.5 N HCl and extracted with DCM after which the crude product was purified via flash 

column chromatography with 20% ethyl acetate in hexanes and concentrated in vacuo to yield a 

pale-yellow oil (2.09 g, 87.3%): 1H NMR (300 MHz, CDCl3): δ (ppm) 5.70 (ddt, J = 17.1, 10.2, 

7.1 Hz, 1H), 4.94 (dd, J = 17.2, 1.69 Hz), 4.88 (dd, J = 10.2, 1.5 Hz), 3.59 (s, 3H), 3.08 (s, 3H), 

2.33 (t, J = 7.4 Hz, 2H), 2.02 (dt, J = 7.3, 7.0 Hz, 2H), 1.64 (pent, J = 7.7 Hz, 2H); 13C NMR (75 

MHz, CDCl3): δ (ppm) 174.3, 138.0, 114.9, 61.1, 33.2, 32.1, 31.0, 23.6; HRMS (ESI) m/z calcd 

for C8H16O2N [M+H]+  158.1181, found 158.1175. 

 

(10E)-12-hydroxydodeca-1,10-dien-6-one (5) 

   To an oven dried round bottom flask was added S2 

(1.86 g, 6.4 mmol) and diethyl ether (20 mL) and the solution was stirred at ‒78 °C. After 1 h of 

stirring, tert-butyllithium solution (1.7 M, 7.50 mL, 12.8 mmol) was added slowly and stirred for 

0.25 h after which S3 (1.0 g, 6.4 mmol) was added dropwise and stirred for an additional 0.5 h 

while maintaining the reaction at ‒78 °C. The reaction mixture was quenched with excess 2N HCl,  

extracted with diethyl ether and the crude product purified via chromatography with 20% ethyl 

acetate in hexanes to yield 0.5 g (40% yield) of colorless oil: 1H NMR (500 MHz, CDCl3): δ (ppm) 

5.75 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.60-5.68 (m, 2H), 5.00 (dd, J = 17.2, 1.2 Hz, 1H), 4.97 (dd, 

J = 10.2, 1.0 Hz, 1H), 4.08 (d, J = 3.1 Hz, 2H), 2.39 (t, J = 7.4 Hz, 4H), 2.04 (dt, J = 6.8, 6.3 Hz, 

4H), 1.66 (pent, J = 7.4 Hz, 4H), 1.48 (s, 1H); 13C NMR (125 MHz, CDCl3): δ (ppm) 210.8, 138.0, 

132.1, 129.8, 115.2, 63.6, 42.0, 41.9, 33.1, 31.6, 23.1, 22.8; HRMS (ESI) m/z calcd for C12H21O2 

[M+H]+  197.1536, found 197.1532. IR (thin film) cm-1: 3408, 3114, 2930, 1708 1410, 1216, 1088, 

970, 912. 
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(2R,6R,8R)-2-vinyl-1-oxaspiro [5.5]undecan-8-ol (6) and (2R,6R,8S)-2-vinyl-1-

oxaspiro[5.5] undecane-8-ol (7). 

 

The general procedure for spirocycle synthesis was followed with 5 (20.0 mg, 0.1 mmol) 

and Re2O7 (3.0 mg, 0.006 mmol) in DCM (1.0 mL) for 25 mins at rt after which the crude mixture 

was purified with 10% ethyl acetate in hexanes via flash column chromatography to give 18.6 mg 

(93% yield) of product mixture 6 and 7 with diastereomeric ratio (d.r.) of 4:1 respectively. Major 

(slower-eluting) Isomer (6): 1H NMR (400 MHz, CDCl3): δ (ppm) 5.80 (ddd, J = 17.2, 10.5, 5.1 

Hz, 1H), 5.20 (dt, J = 17.2, 1.6 Hz, 1H), 5.03, (dt, J = 10.5, 1.5 Hz, 1H), 4.04 (dt, J = 11.0, 5.4 Hz, 

1H), 3.74 (tt, J = 11.0, 4.2 Hz, 1H), 2.68 (ddt, J = 13.5, 4.0, 2.6 Hz, 1H), 1.95 (d, J = 13.0 Hz, 1H), 

1.71-1.84, (m, 2H), 1.64-1.67 (m, 2H), 1.52-1.58 (m, 2H), 1.36-1.44, (m, 2H), 1.30 (s, 1H) 1.15-

1.28 (m, 3H), 0.87 (dd, J = 13.2, 10.9 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ (ppm) 140.1, 114.0, 

74.1, 70.1, 67.0, 39.1, 38.3, 36.1, 35.9, 31.4, 19.5, 19.2; HRMS (ESI) m/z calcd for C12H21O2 

[M+H]+  197.1536, found 197.1533; IR (thin film) cm-1: 3399, 2946, 2861 1458 1265, 1020, 735. 

Minor (faster-eluting) Isomer (7): 1H NMR (500 MHz, CDCl3): δ (ppm) 5.79 (ddd, J = 17.2, 

10.5, 5.8 Hz, 1H), 5.25 (dt, J = 17.2, 1.4 Hz, 1H), 5.07, (dt, J = 10.5, 1.4 Hz, 1H), 4.22 (ddd, J = 

12.0, 5.7, 1.0 Hz, 1H), 3.95 (dp, J = 10.3, 3.5 Hz, 1H), 3.55 (d, J = 10.0 Hz, 1H), 2.48 (d, J = 14.0 

Hz, 1H), 1.94-2.02, (m, 1H), 1.75-1.78 (m, 1H), 1.64-1.74 (m, 4H), 1.38-1.45, (m, 4H), 1.22-1.33 

(m, 3H); 13C NMR (125 MHz, CDCl3): δ (ppm) 139.3, 115.0, 74.2, 71.6, 67.7, 39.8, 36.4, 33.3, 

31.5, 19.4, 19.0, 15.9; HRMS (ESI) m/z calcd for C12H21O2 [M+H]+ 197.1536, found 197.1533; 

IR (thin film) cm-1: 3402, 2927, 2872, 1463, 1263, 1077, 703. 
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1.5.3 General procedure for reaction optimization 

The general protocol for spirocycle formation was followed with 10 mg (0.05 mmol) of 5 

and catalyst (3 mol%) in 0.5 mL of each solvent listed and stirred at the respective temperature in 

a sealed 1-dram vial. The reaction mixture was quenched with a drop of pyridine, filtered through 

a plug of silica in a Fisherbrand 9-inch borosilicate Pasteur pipet column with 20% ethyl acetate 

in hexanes, and concentrated under reduced pressure to obtain total product yield. The 

concentrated mixture was then dissolved in CDCl3 and analyzed with NMR spectroscopy for the 

diastereomeric ratio. 

1.5.4 General procedure for conversion studies (kinetic experiment) 

To a solution of 5 (10 mg, 0.05 mmol) in CD2Cl2 (0.2 mL) in a Wilmad 5 mm diameter, 7-

inch borosilicate NMR tube was added 50 µL of 0.25 M solution of 1,4-difluorobenzene [(5.7 mg, 

0.05 mmol) in CD2Cl2 (0.2 mL)] as internal standard. 1H NMR spectrum was obtained on the 

sample with a Bruker Avance 600 MHz spectrometer at t=0, after which the sample was removed 

from the spectrometer, loaded with Re2O7 (2 mg, 0.004 mmol), shaken and inserted back into the 

spectrometer for analysis after 5 min. The removal of sample from spectrometer, vigorous shaking 

of the reaction mixture and re-insertion of the sample into the spectrometer and analysis for product 

yield and d.r. were repeated every 5 min for the first 25 min and then at 10 min intervals afterwards. 
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1.5.5 Determination of stereochemistry at quaternary stereocenter 

1.5.5.1 Procedure for oxidation of (6) and (7) 

 

To a solution of a 1:1 mixture of 6 and 7 (40 mg, 0.2 mmol) in dichloromethane (2 mL) 

was added PCC (86 mg, 0.4 mmol) and Celite (0.1 g) and reaction stirred at rt for 15 min. The 

crude reaction mixture was then purified via flash column chromatography with 20% ethyl acetate 

in hexanes as eluent and the eluted fractions concentrated under reduced pressure to yield a 

colorless oil (35 mg, 88%) identified by NMR spectroscopy as a single ketone product with the 

same identity as compound 11. 1H NMR (500 MHz, CDCl3): δ (ppm) 5.77 (ddd, J = 17.5, 10.6, 

5.3 Hz, 1H), 5.17 (dt, J = 17.3, 1.6 Hz, 1H), 5.04 (dt, J = 10.6, 1.5 Hz, 1H), 4.04 (ddt, J = 11.2, 

2.6, 1.1Hz, 1H), 2.96 (dt, J = 13.9, 1.6 Hz, 1H), 2.31-2.38 (m, 2H), 2.25-2.31 (m, 1H), 2.10-2.19 

(m, 1H), 1.85-1.89 (m, 1H), 1.75-1.83 (m 2H), 1.63-1.70 (m, 3H), 1.56-1.59 (m, 1H), 1.39-1.45 

(m, 1H), 1.20-1.42 (m, 1H); 13C NMR (125 MHz, CDCl3): δ (ppm) 210.0, 139.5, 114.6, 70.6, 46.4, 

40.9, 38.9, 34.7, 31.1, 29.7, 20.5, 18.9. 
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1.5.5.2 Procedure for hydrazone preparation for X-ray studies 

 

To a solution of 11 (30 mg, 0.15 mmol) in methanol (3 mL) was added 2,4-

dinitrophenylhydrazine (61 mg, 0.31 mmol) and the mixture was refluxed under argon atmosphere 

until starting material 11 was fully consumed. The reaction mixture was concentrated and purified 

via flash column chromatography with 10% ethyl acetate in hexanes after which the eluted 

fractions were concentrated to yield a yellow-orange powdery precipitate (51 mg, 91%). The 

precipitate was then recrystallized via vapor diffusion by dissolving it in approximately 80 µL of 

ether in a 1-dram borosilicate glass vial and placing the vial in a larger 4-dram glass vial containing 

approximately 5 mL of pentane. The bigger vial containing the smaller 1-dram vial was capped 

tightly and allowed to sit for 96 h at room temperature for the recrystallized hydrazone to form. 

The regenerated crystals were dried under vacuum and analyzed with X-ray crystallography for 

the crystal structure of the derived hydrazone. 
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Preparation of (9R,10E)-12-hydroxy-9-methyldodeca-1,10-dien-6-one (12) 

 

(9R,10E)-12-hydroxy-9-methyldodeca-1,10-dien-6-one (12)  

1H NMR (400 MHz, CDCl3): δ (ppm) 5.77 (ddt, J = 17.0, 10.2, 6.7 Hz, 

1H), 5.60 (dt, J = 15.4, 5.4 Hz, 1H), 5.50 (dd, J = 15.1, 7.7 Hz, 1H), 4.95-

5.03 (m, 2H), 4.09 (t, J = 4.6 Hz, 2H), 2.39 (t, J = 7.8 Hz, 2H), 2.37 (t, J = 

7.8 Hz, 2H), 2.12 (sept, J  = 7.0 Hz, 1H) 2.04 (qt, J = 7.0, 1.6 Hz, 2H), 1.66 

(pent, J = 7.3 Hz, 2H), 1.48-1.59 (m, 2H), 1.32 (t, J = 5.6 Hz, 1H), 1.00 (d, J = 6.8 Hz, 3H); 13C 

NMR (100 MHz, CDCl3): δ (ppm) 211.1, 138.0, 137.9, 128.1, 115.2, 63.7, 42.0, 40.7, 36.2, 33.1, 
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30.4, 22.8, 20.5; HRMS (ESI) m/z calcd for C13H23O2 [M+H]+ 211.1693, found 211.1689; IR (thin 

film) cm-1: 3406, 3107, 2927, 1709 1454, 1087, 971, 632. 

 

(2S,3R,6R,8S)-3-methyl-2-vinyl-1-oxaspiro[5.5]undecan-8-ol (15) and (2S,3R,6R,8R)-

3-methyl-2-vinyl-1-oxaspiro[5.5]undecan-8-ol (16) 

The general procedure for spirocycle synthesis 

was followed with 12 (15.0 mg, 0.1 mmol) and 

Re2O7 (2.0 mg, 0.004 mmol) in DCM (0.7 mL) 

for 10 mins at 0 °C. The reaction mixture was 

purified via flash column chromatography with 10% ethyl acetate in hexane and the eluted 

fractions concentrated in vacuo to give 11.6 mg (77% yield) of product mixture 15 and 16 with 

diastereomeric ratio of 4:1 respectively. Major (slower-eluting) isomer (15): 1H NMR (500 MHz, 

CDCl3): δ (ppm) 5.77 (ddd, J = 17.2, 10.3, 6.8 Hz, 1H), 5.22 (d, J = 17.1, 1H), 5.12 (d, J = 10.4 

Hz, 1H), 3.74 (tt, J = 10.9, 4.8Hz, 1H), 3.58 (dd, J = 10.1, 7.0 Hz, 1H), 2.66 (dd, J = 13.2, 1.8 Hz, 

1H), 1.97 (d, J = 11.6 Hz, 1H) 1.72-1.81 (m. 1H), 1.52-1.63 (m, 4H), 1.38-1.50 (m, 3H), 1.24-1.33 

(m, 4H), 0.82 (d, J = 6.6 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ (ppm) 138.6, 116.5, 73.7, 67.1, 

39.0, 38.3, 36.7, 36.0, 35.3, 28.1, 22.7, 19.6, 17.8; HRMS (ESI) m/z calcd for C13H23O2 [M+H]+  

211.1698, found 211.1691; IR (thin film) cm-1: 3343, 2929, 2859, 1451, 1274, 1025, 920. Minor 

(faster-eluting) isomer (16): 1H NMR (500 MHz, CDCl3): δ (ppm) 5.75 (ddd, J = 17.4, 10.3, 7.3 

Hz, 1H), 5.28 (dd, J = 17.2, 1.0 Hz, 1H), 5.16 (dd, J = 10.4, 1.2 Hz, 1H), 3.95 (dp, J = 10.4, 3.7 

Hz, 1H), 3.78 (dd, J = 9.7, 7.3 Hz, 1H), 3.53 (d, J = 9.0 Hz, 1H), 2.48 (d, J = 14.2 Hz, 1H), 1.88-

2.06 (m, 2H), 1.63-1.78 (m, 2H), 1.41-1.51 (m, 3H), 1.38-1.42 (m, 3H), 1.30-1.37 (m, 2H), 0.83 

(d, J = 6.4 Hz, 3H); 13C NMR (125 MHz, CDCl3): 137.9, 117.6, 78.6, 73.8, 67.7, 39.7, 37.0, 35.3, 
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34.0, 33.3, 27.9, 17.7, 16.0; HRMS (ESI) m/z calcd for C13H23O2 [M+H]+  211.1698, found 

211.1692; IR (thin film) cm-1: 3336, 2925, 2853, 1453, 1025, 920. 

 

Preparation of (E)-12-hydroxy-8-methyldodeca-1,10-dien-6-one (18) 

 

(E)-12-hydroxy-8-methyldodeca-1,10-dien-6-one (18) 

1H NMR (500 MHz, CDCl3): δ (ppm) 5.76 (ddt, J = 17.0, 10.2, 6.7 Hz, 

1H), 5.63 (m, 2H), 5.00 (dq, J = 17.2, 1.7 Hz, 1H), 4.97 (ddt, J = 10.3, 2.0, 

1.2 Hz, 1H), 4.09 (d, J = 3.6 Hz, 2H), 2.36-2.41 (m, 3H), 2.20 (dd, J = 16.0, 

7.8 Hz, 1H), 2.10 (sept, J  = 6.7 Hz, 1H), 2.01-2.07 (m, 2H), 1.92-2.00 (m, 

2H), 1.66 (pent, J = 7.4 Hz, 2H), 1.50 (br, 1H), 0.89 (d, J = 6.6 Hz, 3H); 13C NMR (125 MHz, 

CDCl3): δ (ppm) 210.7, 138.0, 131.1, 130.7, 115.2, 63.6, 49.5, 42.5, 39.5, 33.1, 29.1, 22.7, 19.8; 

HRMS (ESI) m/z calcd for C13H22O2Na [M+Na]+  233.1512, found 233.1505; IR (thin film) cm-1: 

3413, 2929, 1708, 1371, 912, 736. 

 

(2R,4R,6R,8S)-4-methyl-2-vinyl-1-oxaspiro[5.5]undecan-8-ol (19) and (2R,4R,6R,8R)-

4-methyl-2-vinyl-1-oxaspiro[5.5]undecan-8-ol (19a) 
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The general procedure for spirocycle synthesis was 

followed with 18 (42 mg, 0.2 mmol) and Re2O7 (3 mg, 0.006 mmol) in DCM (1.0 mL) for 15 min 

at rt. The resultant mixture was purified via flash column chromatography using 0-20% ethyl 

acetate in hexanes as eluent in gradient elution and the eluted fractions concentrated in vacuo to 

give 32 mg (76% yield) of product mixture 19 and 19a of d.r. of 3.6:1 with 19 as the major isomer. 

Major (slower-eluting) isomer (19) 1H NMR (500 MHz, CDCl3): δ (ppm) 5.81 (ddd, J = 17.3, 

10.6, 5.2 Hz, 1H), 5.21 (dt, J = 17.5, 1.6 Hz, 1H), 5.04 (dt, J = 10.5, 1.6 Hz, 1H), 4.03 (dd, J = 

11.5, 3.4 Hz, 1H), 3.75 (tt, J = 11.1, 4.2 Hz, 1H), 2.61 (d, J = 13.3 Hz, 1H), 1.98 (d, J = 13.5 Hz, 

1H), 1.85-1.90 (m. 1H), 1.80 (qt, J = 13.3, 3.7Hz, 1H), 1.66 (d, J = 13.1 Hz, 1H), 1.52-1.56 (m, 

2H), 1.44 (ddd, J = 13.5, 3.8, 1.7 Hz, 1H), 1.25 (td, J = 13.0, 4.1 Hz, 1H), 1.17 (qd, J = 13.2, 4.0 

Hz, 1H), 0.98 (t, J = 12.8 Hz, 1H) 0.91 (dd, J = 13.2, 11.3 Hz, 1H), 0.89 (d, J  = 6.1 Hz, 3H) 0.86 

(t, J = 12.4 Hz, 1H), 0.84 (t, J = 12.4 Hz, 1H); 13C NMR (125 MHz, CDCl3): δ (ppm) 140.0, 114.1, 

74.4, 70.2, 67.1, 45.1, 40.1, 39.1, 39.0, 36.0, 25.4, 22.5, 19.6; HRMS (ESI) m/z calcd for C13H23O2 

[M+H]+  211.1693, found 211.1690;  IR (thin film) cm-1: 3338, 2928 1480, 1263, 1020, 735. Minor 

(faster-eluting) isomer (19a) 1H NMR (500 MHz, CDCl3): δ (ppm) 5.80 (ddd, J = 17.2, 10.5, 5.8 

Hz, 1H), 5.26 (dt, J = 17.3, 1.5 Hz, 1H), 5.08 (dt, J = 10.5, 1.3 Hz, 1H), 4.22 (dd, J = 11.4, 5.7, 

Hz, 1H), 3.94 (pent, J = 3.1 Hz, 1H), 2.43 (d, J = 14.3 Hz, 1H), 1.95-2.02 (m, 1H), 1.83-1.89 (m, 

1H), 1.77(dd, J = 13.6, 3.5 Hz, 1H), 1.62-1.72 (m, 2H), 1.38-1.55 (m, 4H), 1.29 (d, J = 14.1 Hz, 

1H), 1.18-1.26 (m, 1H), 0.90 (d, J = 6.6 Hz, 3H), 0.86-0.93 (m, 2H); 13C NMR (125 MHz, CDCl3): 

δ (ppm) 139.1, 115.1, 74.6, 71.7, 67.7, 45.4, 40.1, 39.8, 34.7, 33.3, 25.3, 22.3, 16.0; HRMS (ESI) 
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m/z calcd for C13H23O2 [M+H]+  211.1693, found 211.1695; IR (thin film) cm-1;  3420, 2927, 2868 

1465, 1025, 920. 

 

Preparation of (10E)-12-hydroxy-7-methyldodeca-1,10-dien-6-one (20) 

 

 (10E)-12-hydroxy-7-methyldodeca-1,10-dien-6-one (20) 

 

1H NMR (400 MHz, CDCl3): δ (ppm) 5.76 (ddt, J = 17.0, 10.2, 6.7 Hz, 

1H), 5.63-5.65 (m, 2H), 4.96-5.04 (m, 2H), 4.08 (t, J = 3.2 Hz, 2H), 2.52 

(sept, J = 6.7 Hz, 1H), 2.47 (dt, J = 17.2, 7.3 Hz, 1H), 2.41 (dt, J = 17.2, 

7.3 Hz, 1H), 1.99-2.08 (m, 4H), 1.76 (dp, J = 8.8, 4.0 Hz, 1H), 1.66 (pent, 

J = 7.4 Hz, 2H), 1.35-1.44 (m, 1H), 1.31 (t, J = 5.3 Hz, 1H), 1.06 (d, J = 7.0 Hz, 3H); 13C NMR 

(100 MHz, CDCl3): 214.4, 138.1, 132.2, 129.6, 115.2, 63.6, 45.7, 40.3, 33.1, 32.1, 29.9, 22.6, 16.5; 

HRMS (ESI) m/z calcd for C13H23O2 [M+H]+  211.1698, found 211.1694; IR (thin film) cm-1: 

3400, 2934, 1706, 1425, 1268, 1078, 923. 

(2R,5S,6S)-5-methyl-2-vinyl-1-oxaspiro[5.5]undecan-8-one (21) and (2S,5S,6R)-5-

methyl-2-vinyl-1-oxaspiro[5.5]undecan-8-one (21a) 
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The general procedure for spirocycle synthesis was 

followed with 20 (20.2 mg, 0.1 mmol) and Re2O7 

(3.0 mg, 0.006 mmol) in DCM (1.2 mL) at rt for 10 

min and the crude product mixture purified via 

flash column chromatography with 20% ethyl acetate in hexane. The eluted fractions were 

concentrated and immediately subjected to PCC (40.0 mg, 0.19 mmol) and Celite (40.0 mg) in 

DCM (1.0 mL) at rt for 15 minutes. The resultant crude mixture was then purified via flash column 

chromatography using 10 % ethyl acetate in hexanes to give 18 mg (88% yield over 2 steps) of 

product mixture 21 and 21a with d.r. of 2.2:1 with 21 as the major diastereomer. 1H NMR (600 

MHz, CDCl3) Mixture of diastereomers (21 and 21a): δ (ppm) 5.77 (ddd, J = 17.2, 10.5, 5.4 Hz, 

0.3H), 5.74 (ddd, J = 17.3, 10.6, 5.0 Hz, 0.7H), 5.16 (dt, J = 17.3, 1.4 Hz, 0.3H), 5.15 (dt, J = 17.3, 

1.6 Hz, 0.7H), 5.00-5.04 (m, 1H), 4.05-4.08 (m, 0.3H), 4.00-4.03 (m, 0.7H), 2.98 (dt, J = 13.8, 1.9 

Hz, 0.3H), 2.85 (dt, J = 13.9, 2.4 Hz, 0.7H), 2.48 (d, J = 13.8 Hz, 0.3H), 2.23 (d, J = 13.9 Hz, 

0.7H), 2.16-2.35 (m, 3H), 1.97-2.06 (m, 1H), 1.74-1.95 (m, 1H), 1.63-1.73 (m, 2H), 1.54-1.60 (m, 

2H), 1.41-1.50 (m, 1H), 1.28-1.40 (m, 1H), 1.03 (d, J = 7.0 Hz, 0.9H), 0.89 (d, J = 6.7 Hz, 2.1H); 

13C NMR (150 MHz, CDCl3) Mixture of diastereomers (21 and 21a): δ (ppm) 210.74, 210.34, 

139.60, 139.31, 114.59, 114.43, 80.66, 78.93, 70.59, 70.13, 48.36, 41.30, 40.83, 40.78, 38.99, 

35.73, 34.44, 32.79, 31.62, 27.74, 26.03, 25.63, 20.67, 20.47, 17.32, 14,24; HRMS (ESI) m/z calcd 

for C13H21O2 [M+H]+  209.1542, found 209.1567. 

  

 



43 

Preparation of (3R,10E)-12-hydroxy-3-methyldodeca-1,10-dien-6-one (22) 

 

(3R,10E)-12-hydroxy-3-methyldodeca-1,10-dien-6-one (22) 

1H NMR (500 MHz, CDCl3): δ (ppm) 5.63-5.66 (m, 2H), 5.62 (ddd, J = 

17.0, 10.3, 7.9 Hz, 1H), 4.96 (d, J = 17.0 Hz, 1H), 4.93 (d, J = 10.3 Hz, 

1H), 4.09 (dd, J = 5.0, 4.7 Hz, 2H), 2.36-2.41 (m, 4H), 2.09 (sept, J = 7.4 

Hz, 1H), 2.02-2.07 (m, 2H), 1.66 (pent, J = 7.4 Hz, 2H), 1.58-1.64 (m, 1H), 

1.48-1.55 (m, 1H), 1.24-1.27 (m, 1H), 1.00 (d, J = 6.8 Hz, 3H); 13C NMR (125 MHz, CDCl3): 

210.9, 143.8, 132.2, 129.8, 113.4, 63.7, 42.0, 40.6, 37.6, 31.6, 30.2, 23.1, 20.3; HRMS (ESI) m/z 

calcd for C13H23O2 [M+H]+  211.1693, found 211.1694; IR (thin film) cm-1: 3408, 2937, 1720, 

1338, 1210, 1062, 941, 716. 
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(2R,6S,8R,9R)-9-methyl-2-vinyl-1-oxaspiro[5.5]undecan-8-ol (23) and (2R,6S,8S,9R)-

9-methyl-2-vinyl-1-oxaspiro[5.5]undecan-8-ol (23a) 

 

The general procedure for spirocycle synthesis 

was followed with 22 (15.3 mg, 0.1 mmol) and 

Re2O7 (2.0 mg, 0.004 mmol) in DCM (1.0 mL) at 

rt for 15 min after which the reaction mixture was 

purified via flash column chromatography with 0-5% ethyl acetate in hexanes (gradient elution) 

and concentrated in vacuo  to give 11.0 mg (73% yield) of product mixture 23 and 23a with 

diastereomeric ratio of 3:1 respectively. Major (faster-eluting) isomer (23): 1H NMR (400 MHz, 

CDCl3): δ (ppm) 5.82 (ddd, J = 17.5, 10.6, 5.1 Hz, 1H), 5.21 (dt, J = 17.3, 1.7 Hz, 1H), 5.05 (dt, J 

= 10.6, 1.6 Hz, 1H), 4.04 (ddt, J = 12.0, 5.4, 1.6 Hz, 1H), 3.32 (dd, J = 11.3, 3.0 Hz, 1H), 2.70 

(ddd, J = 13.5, 3.7, 2.7 Hz, 1H), 1.70-1.79 (m, 1H), 1.61-1.68 (m, 2H), 1.46-1.57 (m, 2H), 1.36-

1.42 (m, 3H), 1.18-1.35 (m, 4H), 1.02 (d, J = 6.4 Hz, 3H), 0.92 (dd, J = 13.6, 11.0 Hz, 1H); 13C 

NMR (100 MHz, CDCl3): 140.2, 114.1, 74.3, 72.4, 70.1, 40.6, 39.5, 38.1, 36.1, 31.5, 28.3, 19.4, 

18.2; HRMS (ESI) m/z calcd for C13H23O2 [M+H]+  211.1693, found 211.1704; IR (thin film) cm-

1: 3401, 3028, 2929, 1442, 1054, 916, 776. Minor (slower-eluting) isomer (23a): 1H NMR (400 

MHz, CDCl3): δ (ppm) 5.81 (ddd, J = 16.6, 10.6, 5.9 Hz, 1H), 5.23 (dt, J = 17.2, 5.4 Hz, 1H), 5.08 

(dt, J = 10.5, 1.3 Hz, 1H), 4.19 (dd, J = 11.1, 6.0 Hz, 1H), 3.36 (td, J = 7.4, 3.4 Hz, 1H), 2.62 (br, 

1H), 1.96-2.05 (m, 1H), 1.88-1.95 (m, 1H), 1.77-1.83 (m, 1H), 1.60-1.76 (m, 5H), 1.22-1.32 (m, 

4H), 1.05-1.16 (m, 1H), 0.98 (d, J = 6.9 Hz, 3H); 13C NMR (100 MHz, CDCl3): 139.7, 114.9, 74.4, 

73.4, 71.3, 31.6, 26.6, 19.1, 17.3 (Note: some peaks did not emerge beyond baseline and hence 

could not reported);  HRMS (ESI)  m/z calcd for C13H23O2 [M+H]+  211.1693, found 211.1698; 

IR (thin film) cm-1: 3371, 2978, 1472, 1050, 946, 718. 
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Preparation of (E)-12-hydroxy-4-methyldodeca-1,10-dien-6-one (24). 

 

(E)-12-hydroxy-4-methyldodeca-1,10-dien-6-one (24) 

1H NMR (500 MHz, CDCl3): δ (ppm) 5.74 (ddt, J = 14.4, 11.2, 7.2 

Hz, 1H), 5.61-5.69 (m, 2H), 4.99-5.02 (m, 2H), 4.09 (d, J = 3.7 Hz, 2H), 

2.41 (dd, J = 15.9, 5.4 Hz, 1H), 2.38 (t, J = 6.3 Hz, 2H), 2.19 (dd, J = 16.0, 

7.9 Hz, 1H), 2.11 (oct, J = 6.6 Hz, 1H), 2.03-2.07 (m, 3H), 1.95-2.01 (m, 

2H), 1.66 (pent, J = 7.4 Hz, 2H), 0.90 (d, J = 6.9 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ (ppm) 

210.6, 136.7, 132.2, 129.8, 116.4, 63.7, 49.4, 42.6, 41.2, 31.6, 28.9, 23.0, 19.8; HRMS (ESI) m/z 

calcd for C13H22O2Na [M+Na]+  233.1512, found 233.1507; IR (thin film) cm-1: 3391, 3107, 2927, 

1706, 1370, 1088, 998, 703. 

 

(2R,6S,8S,10R)-10-methyl-2-vinyl-1-oxaspiro[5.5]undecan-8-ol (25)& 

(2R,6S,8S,10S)-10-methyl-2-vinyl-1-oxaspiro[5.5]undecan-8-ol (28) 

The general procedure for spirocycle synthesis was 

followed with 24 (30 mg, 0.14 mmol) and Re2O7 (2 mg, 

0.004 mmol) in DCM (1.0 mL) for 2 h by slowly warming 

the reaction from 0 C to rt. The resultant crude mixture was purified via flash column 

chromatography with 10% ethyl acetate in hexanes as eluent to give a 21 mg (70% yield) of 
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product mixture 25 and 28 with d.r. of 3.8:1 and 25 as the major diastereomer. Major (faster-

eluting) isomer (25) 1H NMR (500 MHz, CDCl3): δ (ppm) 5.81 (ddd, J = 17.3, 10.6, 5.2 Hz, 1H), 

5.20 (dt, J = 17.3, 1.7 Hz, 1H), 5.05 (dt, J  = 10.5, 1.5 Hz, 1H), 4.04 (ddt, J = 11.4, 3.1, 1.4 Hz, 

1H), 3.80 (tt, J =  11.3, 4.2 Hz, 1H), 2.71 (ddt, J = 13.2, 4.2, 2.2 Hz, 1H), 1.95-2.04 (m, 2H), 1.71-

1.78 (m, 1H), 1.63-1.68 (m, 2H), 1.58 (ddt, J = 13.4, 4.1, 2.4 Hz, 1H), 1.36-1.41 (m, 3H), 1.24 (qd, 

J = 11.7, 4.2 Hz, 1H), 0.94 (dd, J = 13.3, 12.2 Hz, 1H), 0.90 (d, J = 6.6 Hz, 3H), 0.86 (t, J = 11.2 

Hz, 1H), 0.80 (dd, J = 13.3, 11.4 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ (ppm) 140.1, 114.2, 

74.3, 70.2, 66.9, 47.9, 47.8, 38.0, 36.1, 31.4, 25.7, 21.9, 19.3; HRMS (ESI) m/z calcd for C13H23O2 

[M+H]+  211.1693, found 211.1689; IR (thin film) cm-1: 3370, 2930, 2868, 1457, 1366, 1024, 735. 

Minor (slower-eluting) isomer (28) 1H NMR (600 MHz, CDCl3): δ (ppm) 5.81 (ddd, J = 17.0, 

10.4, 5.9 Hz, 1H), 5.20 (d, J = 17.3 Hz, 1H), 5.05 (d, J = 10.4 Hz, 1H), 4.14 (dd, J = 10.9, 5.5 Hz, 

1H), 3.61 (tt, J = 9.0, 4.4 Hz, 1H), 2.69 (dt, J = 11.8, 1.8 Hz, 1H), 1.96 (d, J = 12.1 Hz, 1H), 1.67-

1.72 (m, 3H), 1.64 (d, J = 12.9 Hz, 1H), 1.57 (d, J = 12.3 Hz, 1H), 1.50-1.54 (m, 1H), 1.39-1.47 

(m, 1H), 1.19-1.31 (m, 4H), 1.07 (t, J = 11.7 Hz, 1H), 0.94 (d, J = 6.3 Hz, 3H); 13C NMR (150 

MHz, CDCl3) δ (ppm) 140.1, 114.8, 74.2, 71.1, 68.4, 49.0, 44.7, 39.9, 32.3, 31.7, 26.4, 22.2, 19.3; 

HRMS (ESI) m/z calcd for C13H23O2 [M+H]+  211.1693, found 211.1687; IR (thin film) cm-1: 

3375, 2927, 2869, 1411, 1365, 1019, 720. 
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Preparation of (E)-12-hydroxydodec-10-en-1-yn-6-one (29) 

 

(E)-12-hydroxydodec-10-en-1-yn-6-one (29)  

1H NMR (500 MHz, CDCl3): δ (ppm) 5.60-5.68 (m, 2H), 4.09 (d, J = 0.9 Hz, 

2H), 2.54 (t, J = 7.2 Hz, 2H), 2.42 (t, J = 7.4 Hz, 2H), 2.22 (dt, J = 6.8, 2.6 

Hz, 2H), 2.04-2.07 (m, 2H), 1.95 (t, J = 2.6 Hz, 1H), 1.78 (pent, J = 7.1 Hz, 

2H), 1.68 (pent, J = 7.4 Hz, 2H), 1.49 (s, 1H); 13C NMR (125 MHz, CDCl3) 

δ (ppm) 210.2, 132.0, 129.9, 83.6, 69.0, 63.6, 42.1, 41.1, 31.5, 23.1, 22.2, 

17.8; HRMS (ESI) m/z calcd for C12H18O2Na [M+Na]+  217.1199, found 217.1192; IR (thin film) 

cm-1: 3414, 3288, 2934, 1706, 1372, 1091, 973, 639. 
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(2R,6S)-2-vinyl-1-oxaspiro[5.5]undecan-8-one (11) and (2R,6R)-2-vinyl-1-

oxaspiro[5.5]undecan-8-one (30) 

The general procedure for spirocycle synthesis was followed 

with 29 (25 mg, 0.13 mmol) and Re2O7 (3 mg, 0.006 mmol) 

in DCM (0.8 mL) at rt for 10 min. The crude reaction mixture 

was then quenched with a drop of pyridine and loaded onto 

60 Å silica gel to be purified via gradient-elution flash column chromatography with 0-5% ethyl 

acetate in hexanes as eluent. The eluted fractions were combined and concentrated under reduced 

pressure to yield 20.2 mg (81%) of product mixture of 11 and 30 in a 1:1 ratio. Faster-eluting 

product (11) 1H NMR (500 MHz, CDCl3): δ (ppm) 5.77 (ddd, J = 17.5, 10.6, 5.3 Hz, 1H), 5.17 

(dt, J = 17.3, 1.6 Hz, 1H), 5.04 (dt, J = 10.6, 1.5 Hz, 1H), 4.04 (ddt, J = 11.2, 2.6, 1.1Hz, 1H), 2.96 

(dt, J = 13.9, 1.6 Hz, 1H), 2.31-2.38 (m, 2H), 2.25-2.31 (m, 1H), 2.10-2.19 (m, 1H), 1.85-1.89 (m, 

1H), 1.75-1.83 (m 2H), 1.63-1.70 (m, 3H), 1.56-1.59 (m, 1H), 1.39-1.45 (m, 1H), 1.20-1.42 (m, 

1H); 13C NMR (125 MHz, CDCl3) δ (ppm) 210.0, 139.5, 114.6, 70.6, 46.4, 40.9, 38.9, 34.7, 31.1, 

29.7, 20.5, 18.9; HRMS (ESI) m/z calcd for C12H19O2 [M+H]+  195.1380, found 195.1376; IR (thin 

film) cm-1: 2933, 2870, 1711, 1440, 1227, 1048, 984, 710.  Slower-eluting product (30) 1H NMR 

(500 MHz, CDCl3): δ (ppm) 5.77 (ddd, J = 17.2, 10.6, 5.2 Hz, 1H), 5.16 (dt, J = 17.3, 1.4 Hz, 1H), 

5.02 (dt, J = 10.5, 1.2 Hz, 1H), 3.92 (dd, J = 11.6, 3.3 Hz, 1H), 2.37-2.44 (m, 3H), 2.28-2.36 (m, 

1H), 2.19-2.26 (m, 1H), 1.74-1.87 (m, 3H), 1.68-1.74 (m, 2H), 1.56-1.67 (m, 2H), 1.48-1.53 (m, 

1H), 1.38 (td, J = 13.1, 5.8 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ (ppm) 209.9, 139.6, 114.1, 

70.6, 55.5, 40.9, 34.6, 30.9, 29.7, 28.4, 20.0, 19.4; HRMS (ESI) m/z calcd for C12H19O2 [M+H]+  

195.1380, found 195.1376; IR (thin film) cm-1: 2932, 2850, 1715, 1442, 1225, 1019, 982. 
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Preparation of (E)-12-hydroxy-2-methyldodeca-1,10-dien-6-one (32) 

 

(E)-12-hydroxy-2-methyldodeca-1,10-dien-6-one (32) 

1H NMR (400 MHz, CDCl3): δ (ppm) 5.60-5.70 (m, 2H), 4.72 (dt, J = 1.3, 

0.7 Hz, 1H), 4.66 (dt, J = 1.9, 1.0 Hz, 1H), 4.09 (d, J = 3.6 Hz, 2H), 2.39 

(t, J = 7.6 Hz, 2H), 2.38 (t, J = 7.6 Hz, 2H), 2.02-2.10 (m, 2H), 2.00 (t, J = 

7.7 Hz, 2H), 1.71 (pent, J = 7.8 Hz, 2H), 1.69 (s, 3H), 1.67 (pent, J = 7.4 

Hz, 2H), 1.50 (s, 1H); 13C NMR (100 MHz, CDCl3): δ (ppm) 211.0, 145.1, 132.2, 129.8, 110.6, 

63.7, 42.1, 42.0, 37.1, 31.6, 23.1, 22.2, 21.4; HRMS (ESI) m/z calcd for C13H22O2Na [M+Na]+  

233.1512, found 233.1504; IR (thin film) cm-1: 3401, 3110, 2932, 1707, 1338, 1065, 921, 703 . 
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(2R,6S,8S)-8-methyl-2-vinyl-1-oxaspiro[5.5]undecan-8-ol (33) and (2R)-8-methyl-2-

vinyl-1-oxaspiro[5.5]undec-7-ene (34) 

 

The general procedure for spirocycle synthesis was followed 

with 33 (43.7 mg, 0.21 mmol) and Re2O7 (3 mg, 0.006 

mmol) in DCM (1.3 mL) at ‒10 C. The reaction was slowly 

warmed up to 0 C for 2 h after which the crude mixture was 

purified with gradient-elution flash column chromatography using 0-10% ethyl acetate in hexanes 

as eluent and eluted fractions concentrated in vacuo to give 37.6 mg (86% yield) of product mixture 

33 and 34 of ratio of 2.6:1 with 33 as the major product. Major (slower-eluting) product (33) 1H 

NMR (500 MHz, CDCl3): δ (ppm) 5.80 (ddd, J = 17.1, 10.6, 5.3 Hz, 1H), 5.20 (d, J = 17.2 Hz, 

1H), 5.05 (d, J = 10.5 Hz, 1H), 4.03 (dd, J = 11.3, 4.4 Hz, 1H), 2.26 (d, J = 13.9 Hz, 1H), 1.67-

1.77 (m, 2H), 1.61-1.67 (m, 3H), 1.53-1.61 (m, 3H), 1.42 (dt, J = 12.4, 4.1 Hz, 1H), 1.33-1.38 (m, 

3H), 1.32 (s, 3H), 1.22-1.28 (m, 2H); 13C NMR (125 MHz, CDCl3): δ (ppm) 140.0, 114.1, 73.8, 

71.2, 70.6, 42.0, 40.9, 40.01, 36.3, 31.6, 28.1, 19.4, 19.3; HRMS (ESI) m/z calcd for C13H21O2H 

[M-H]- 209.1536, found 209.1533; IR (thin film) cm-1: 3377, 2927, 2851, 1439, 1022, 916, 776. 

Minor (faster-eluting) product (34) 1H NMR (500 MHz, CDCl3): δ (ppm) 5.84 (ddd, J = 16.8, 

10.5, 5.8 Hz, 1H), 5.35 (s, 1H), 5.21 (d, J = 16.8 Hz, 1H), 5.06 (d, J = 10.5 Hz, 1H), 4.10 (dd, J = 

11.2, 5.2 Hz, 1H), 2.30 (d, J = 16.7 Hz, 1H), 2.10-2.15 (m, 1H), 2.08 (d, J = 17.1 Hz, 1H), 1.96-

2.05 (m, 1H), 1.67-1.75 (m, 3H), 1.62-1.67 (m, 4H), 1.52-1.56 (m, 1H), 1.25 (s, 3H); 13C NMR 

(125 MHz, CDCl3): δ (ppm) 140.4, 131.5, 120.3, 114.4, 72.6, 70.9, 36.6, 36.3, 31.9, 31.7, 23.8, 

23.0, 19.3; HRMS (ESI) m/z calcd for C13H21O [M+H]+ 193.1587, found 193.1583; IR (thin film) 

cm-1: 2931, 2844, 1438, 1043, 918,737.  
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Preparation of (2E,11Z)-1-hydroxytrideca-2,11-dien-7-one (35) 

 

(2E,11Z)-1-hydroxytrideca-2,11-dien-7-one (35) 

1H NMR (500 MHz, CDCl3): δ (ppm) 5.61-5.69 (m, 2H), 5.47 (dqt, J = 

12.9, 7.3, 1.7 Hz, 1H), 5.34 (dtq, J = 12.4, 7.2, 1.6 Hz, 1H), 4.09 (d, J = 

3.0 Hz, 2H), 2.40 (t, J = 7.2 Hz, 2H), 2.39 (t, J = 7.2 Hz, 2H), 2.02-2.10 

(m, 4H), 1.67, (pent, J = 7.6 Hz, 2H), 1.64 (pent, J = 7.5 Hz, 2H), 1.51-1.58 (m, 1H), 1.59 (ddt, J 

= 6.9, 1.76, 0.8 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ (ppm) 210.9, 132.2, 129.8, 129.6, 124.8,  

63.7, 42.2, 42.0, 31.6, 26.2, 23.6, 23.1, 12.8; HRMS (ESI) m/z calcd for C13H22O2Na [M+Na]+  

233.1512, found 233.1508; IR (thin film) cm-1: 3404, 3115, 2929, 1707, 1408, 1371, 1266, 1087, 

971, 736. 

 

(2R,6R,7S,8S)-7-methyl-2-vinyl-1-oxaspiro[5.5]undecan-8-ol (36) and (2R,6R,7S,8R)-

7-methyl-2-vinyl-1-oxaspiro[5.5]undecan-8-ol (37) 

The general procedure for spirocycle synthesis was 

followed with 36 (10 mg, 0.05 mmol) and Re2O7 (3 mg, 

0.006 mmol) in DCM (0.6 mL) for 1h at 0 °C. The crude 

reaction mixture was then purified via gradient-elution flash column chromatography with 0-10% 

ethyl acetate in hexanes as eluent and the eluted fractions concentrated in vacuo to give 8.1 mg 

(81%) of product mixture 36 and 37 with diastereomeric ratio 4:1 and 36 as the major isomer. 
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Major (slower-eluting) isomer (36) 1H NMR (400 MHz, CDCl3): δ (ppm) 5.83 (ddd, J = 16.9, 

10.4, 5.8 Hz, 1H), 5.22 (dt, J = 16.9, 1.6 Hz, 1H), 5.07 (dt, J = 10.5, 1.6 Hz, 1H), 4.00 (dd, J = 9.2, 

6.2 Hz, 1H), 3.79 (td, J = 9.9, 4.4 Hz, 1H), 2.39-2.46 (m, 1H), 1.96 (dt, J = 13.7, 4.0 Hz, 1H), 1.68-

1.76 (m, 3H), 1.61-1.66 (m, 4H), 1.46-1.54 (m, 1H), 1.28-1.38 (m, 2H), 1.18-1.25 (m, 2H), 0.98 

(d, J = 7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ (ppm) 139.9, 114.7, 76.1, 70.7, 70.5, 53.4, 

36.4, 34.8, 30.8, 29.7, 26.2, 23.6, 18.7; HRMS (ESI) m/z calcd for C13H23O2 [M+H]+  211.1693, 

found 211.1687; IR (thin film) cm-1: 3402, 2956, 2869, 1467, 1284, 1042, 917, 735. Minor (faster-

eluting) isomer (37) 1H NMR (400 MHz, CDCl3): δ (ppm) 5.82 (ddd, J = 17.3, 10.6, 5.9 Hz, 1H), 

5.22 (dt, J = 17.3, 1.6 Hz, 1H), 5.05 (dt, J = 10.6, 1.6 Hz, 1H), 4.16 (dd, J = 11.4, 3.4 Hz, 1H), 

4.02 (dq, J = 11.6, 4.4 Hz, 1H), 3.78 (d, J = 11.6 Hz, 1H), 2.63 (pent, J = 6.8 Hz, 1H), 2.34-2.43 

(m, 1H), 2.00-2.08 (m, 1H), 1.79 (dt, J = 11.4, 4.5 Hz, 1H), 1.71 (ddt, J = 13.5, 3.4, 1.5 Hz, 1H), 

1.62-1.65 (m, 2H), 1.47-1.52 (m, 2H), 1,37-1.45 (m, 2H), 1.27-1.30 (m, 2H), 0.86 (d, J = 6.9 Hz, 

3H); 13C NMR (100 MHz, CDCl3): δ (ppm) 140.4, 113.9, 70.6, 69.1, 68.5, 53.4, 34.3, 33.4, 33.0, 

31.4, 28.8, 19.2, 18.4; HRMS (ESI) m/z calcd for C13H23O2 [M+H]+  211.1693, found 211.1687; 

IR (thin film) cm-1: 3403, 2981, 2876, 1414, 1254, 1012, 937, 731. 
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2.0 SYNTHESIS AND H2O2-MEDIATED TARGETED CELLULAR RELEASE OF A 

PEDERIN ANALOGUE 

2.1 Introduction  

Reactive oxygen species (ROS) are well-known for playing a dual role as destructive and 

constructive species in cells. Indeed, ROS are engaged in many redox-governing activities of the 

cells for the preservation of cellular homeostasis.43 However, its overproduction, despite the 

enormous antioxidant and repair mechanisms that developed in biological systems, has been 

reported to result in oxidative stress44 which is considered a deleterious process and is involved in 

the damage of cell structures, causing various diseased states including neurodegenerative 

disorders, cancer, diabetes, reperfusion injuries, aging and arthitis.45 The unique chemical 

environment in tissues that are impacted by oxidative stress creates opportunities for localized 

biological effector activation or release, providing the potential for targeted therapy. This has 

resulted in the development of new prodrugs with better therapeutic profiles than their 

corresponding parent drugs, and it is believed that the use of the targeted prodrug approach will be 

facilitated in the coming few years with the percentage of prodrugs in the medicines market 

expected to exceed 20%.46. 

Hydrogen peroxide (H2O2) is the most persistent of the reactive oxygen species formed 

through oxidative stress47 and is a highly attractive agent for initiating effector release because, in 

addition to its localized production, it is small and can diffuse into sterically crowded sites while 

exhibiting a unique reactivity profile. The concentration of H2O2 in cancer cells has been 

determined to be several orders of magnitude higher than in normal cells48 thereby providing an 



54 

opportunity for selective release. This dissertation describes the development of a new small 

molecule agent that uses endogenous H2O2 to release biological effectors, thereby creating 

opportunities to activate therapeutically beneficial cellular pathways. 

2.2 The Role of Boron in Drug Design 

Boron has unique chemical properties which make it a special element in drug discovery. 

It is in the same period as carbon and nitrogen which form the basis of life, as well as being strongly 

Lewis acidic and having empty p-orbitals that allow for dative bonding with biological 

nucleophiles like hydroxyl and amine groups present in enzyme pockets.77 Nevertheless medicinal 

chemists have overlooked the element, holding largely unfounded beliefs that boron is toxic. These 

beliefs have been disproven by the plethora of studies which found boron not to be inherently toxic 

and however can be considered in drug discovery.78 

The involvement of boron compounds in drug design have gained notoriety over the past 

decade with the approval of boron-containing drugs by the FDA including bortezomib (Velcade®), 

a dipeptide boronic acid for treatment of multiple myeloma (the first in-class proteasome inhibitor 

as well as the first boron-containing drug on the market), tavaborole (Kerydin) for the treatment 

of onychomicosis and crisaborole (Eucrisa) for the treatment of mild to moderate atopic dermatitis 

(Figure 2.1).79-81 Several other boron-containing compounds are being evaluated for different 

therapeutic applications.77 
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Figure 2.1 Boron-containing drugs approved by FDA 

2.2.1 Boronate-based small molecules for H2O2-mediated molecular release 

Boronic acid (and ester-containing) prodrugs targeting the overexpressed level of reactive 

oxygen species within tumor microenvironment represent a promising area for the discovery of 

new selective anticancer chemotherapy.49 This strategy that emerged only ten years ago50 is 

exponentially growing and could become clinically useful in future.51 

The use of H2O2 to release compounds through boronate oxidation was significantly 

advanced by the Chang group,52 who showed (among other developments) that the oxidative 

conversion of aryl boronates such as compound 2.1 to their corresponding phenols 2.2 promotes 

ionization of benzylic carbamates or carbonates (1,6-elimination), ultimately leading to 

fluorophore 2.3 and quinone methide (2.4) release (Scheme 2.1). 

 

 

Scheme 2.1 Fluorophore release through aryl boronate oxidation and 1,6-elimination 
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Similarly, Lo’s employment of the conversion of boronate 2.5 to phenol, to effect benzylic 

leaving group departure, (Scheme 2.2)53 also played a part in the development of numerous 

fluorophore-releasing compounds and other diagnostic tools in oxidatively stressed cells.54 

 

 

Scheme 2.2 Boronate probe in H2O2-mediated reporter signal release 

 

Fréchet and co-workers described the modification of Dextran, a water-soluble 

biocompatible polymer of glucose, at its hydroxyl functionalities with arylboronic esters in the 

preparation of oxygen-sensitive dextran (Oxi-DEX), a carrier biopolymer that selectively releases 

its payload in the presence of biologically relevant concentrations of H2O2 (Scheme 2.3).55 When 

used in a model vaccine application, Oxi-DEX particles loaded with ovalbumin (OVA) increased 

the presentation to CD8+ T-cells 27-fold relative to OVA encapsulated in a classical vehicle not 

sensitive to oxidation. No presentation was observed from cells incubated with unencapsulated 

OVA. 
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Scheme 2.3 Synthesis and degradation of Oxi-DEX 

 

Subsequently, Mosey and co-workers reported the preparation of structurally diverse α-

alkoxy carbamates via the multicomponent sequence of nitrile hydrozirconation, acylation and 

alcohol addition.56 They demonstrated that these carbamates release their alcohol component in 

response to precise chemical stimuli, and that the rate of alcohol release is controlled by the rate 

of quinone methide formation rather than boronate oxidation or the collapse of the tetrahedral 

intermediate. This study thus provides an entry into the development of drug delivery vehicles 

(Scheme 2.4). 
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Scheme 2.4 Peroxide-mediated alcohol release from α-alkoxy carbamate 

 

The accompanying release of quinone methide alkylating agents in these and other release 

methods however, limits applications of these approaches to processes in which cytotoxicity is the 

end result and precludes applications in which cellular function is promoted.57 Our group has 

embarked on a project to develop new boronate-based motifs for peroxide-mediated molecular 

release without the accompanying release of toxic by-products. 

Hanna and coworkers have described the liberation of alcohols, aldehydes and ketones and 

the intracellular fluorophore release through peroxide mediated fragmentation of α-boryl ethers 

that can be accessed through operationally facile ketone or aldehyde borylation reactions (Scheme 

2.5).58 They observed that α-boryl ethers release alcohols extremely rapidly in the presence of 

H2O2, while α-boryl carbonates decompose somewhat more slowly, providing a predictable 

mechanism for controlling the rate of alcohol release.  
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Scheme 2.5 A) Molecular release in the presence of H2O2. B) Synthesis of α-boryl ethers and related 

structures 

 

2.2.2 Research objectives 

Based on the findings by Hanna and co-workers, we have set out to develop a boronate-

based small molecule agent for H2O2-mediated targeted release of its payload in malignant tumor 

cells. Our objective is to synthesize a potent cytotoxin that can be functionalized into a boronate-

based biological agent to be activated in cells under oxidative stress. 

Our group previously described the total synthesis of pederin (Figure 2.2)59 (a natural 

product isolated from the beetles of the Paederis family and the causative agent of the 

inflammatory condition known as Paederis dermatitis)60 and analogues. This potent cytotoxin61 is 

known to target the 60S subunit of the ribosome62 with protein synthesis inhibition being its mode 

of biological activity.63  
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Figure 2.2 Structure of pederin 

 

The potency of pederin and its analogues was measured in cell viability studies against the 

HCT-116 colon cancer cell line64, and it was determined that pederin has a 0.6 ±0.1 nM GI50 value 

which amounts to potent cytotoxity. The absence of the C10 methoxy group in pederin results in 

the reduction of potency by about 6 nM, contrary to reports that related compounds that lack 

oxygenation at C10 show significantly diminished activity.65 In the pederin/ribosome complex 

studied, the lack of hydrogen-bonding contacts involving the C13 hydroxyl group suggests that it 

serves no role in ribosome binding. This is consistent with results by Siedel-Dugan and co-

workers66 showing that deoxygenation at the corresponding position of a related natural product, 

psymberin, rather increased activity. Replacement of the C13 hydroxyl group in pederin with a 

methyl ether, results in an analogue with significantly higher cytotoxicity, which suggests that 

enhanced hydrophobicity at C13 could be a general strategy to enhance potency in these family of 

natural products. 

Based on the structure-activity relationship (SAR) studies conducted with pederin and its 

analogues59, we chose to synthesize another pederin analogue 2.18 (Figure 2.3A), which would be 

the cytotoxic biological effector to be used in this research. This analogue bears the methyl ether 

at C13 and lacks the C10 methoxy substituent. We assumed that this compound would possess a 

significant level of potency towards similar cell lines that are affected by pederin. 
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Figure 2.3 A) Proposed pederin analogue as biological effector B) Similar less potent analogue 

 

This assumption of potency of the proposed analogue was informed by the fact that a 

similar analogue 2.18b (Figure 2.3B) that was studied59 as part of the SAR studies highlights the 

importance of the exocyclic alkene. Removing two functional groups from pederin resulted in 

more than a hundred-fold reduction in potency of the analogue. In the pederin/ribosome model, 

the exocyclic alkene of the pederic acid fragment (left-hand fragment) of pederin intercalates 

between adjacent adenine and guanine residues in the binding pocket and it was proposed that this 

interaction acts as an anchor that organizes other functional groups of the acyl fragment into a 

suitable binding orientation. Deletion of the exocyclic alkene in 2.18b causes a disruption in the 

structural organization of the compound by the removal of ring conformational restraints, and this 

reduces the binding contribution of the adjacent acyl fragment thereby reducing activity. Hence, 

we envision that in the absence of the C10 ether substituent, restoring the exocyclic alkene as well 

as etherifying the C13 hydroxy substituent will generate a significantly potent cytotoxin. 

The synthesis of the proposed analogue 2.18 is envisaged to follow the synthetic route for 

the preparation of the left- and right-hand components of pederin and analogues59,64 (Scheme 2.6). 
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Scheme 2.6 Retrosynthetic analysis of pederin analogue 

Compound 2.18 can be accessed by coupling the C7-benzoylated pederic acid 2.19 with 

the amine from the hydrogenation of nitrile 2.20 to form the amide bond, followed by benzoyl 

ester cleavage. As earlier reported, the nitrile 2.20 can be prepared from the corresponding lactol 

2.21 which can be accessed from the known keto alcohol 2.22.67 The pederic acid fragment 2.19 

can also be accessed via the reported route by Green and co-workers in the total synthesis of 

theopederin.68

2.3 Results and Discussion 

2.3.1 Total synthesis of a pederin analogue 

We began the synthesis of the cytotoxic pederin analogue with the preparation of 

compound 2.20 from the keto alcohol 2.22 (Scheme 2.7). 
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Scheme 2.7 Synthesis of keto alcohol 22 

Reagents and conditions: a) Morpholine, reflux, 98% crude yield. b) acetyl chloride, THF, reflux, 

73%. c) H2O, NaHCO3, rt, 68%. d) Leighton's Silane (44)26, toluene, -15 °C, 98%, 94% ee. 

 

Compound 2.43 was refluxed with morpholine in toluene with the removal of water under 

Dean-Stark experimental setup to yield the enamine product, which was subsequently reacted with 

acetyl chloride to form a keto iminium salt. Hydrolysis of the iminium salt and subsequent 

Leighton allylation69 with 2.44 afforded keto alcohol 2.22 in excellent yield and enantiomeric 

excess. 

 Methylation of keto alcohol 2.22 with 2,6-di-tert-butylpyridine and methyl triflate 

afforded compound 2.23 in 80% yield (Scheme 2.8). 

 

 

Scheme 2.8 Synthesis of nitrile 2.20 from keto alcohol 2.22 
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Reagents and conditions: a) Methyl triflate, 2,6-di-tert-butylpyridine, CH2Cl2, 0 °C to rt, 80%. 

b) (+)-DIP-Cl, MeOCH2CHO, Et3N, Et2O, ‒78 °C, then LiBH4, Et2O, ‒40 °C. 72%. c) O3, PPh3, 

CH2Cl2, ‒78 °C, 95%. d)TMSCN, BiBr3, CH3CN, 0 °C, then BF3·OEt2, ‒40 °C, 69%. e) NaH, MeI, 

DMF, 0 °C, 97%. 

 

From compound 2.23, a one-pot Paterson boron aldol reaction70 with α-methoxy 

acetaldehyde followed by ketone reduction with LiBH4 afforded the diol 2.24 after peroxide 

quenching and work-up. Ozonolysis of 2.24 afforded the lactol 2.25 which underwent cyanation 

at the C2 position to obtain the nitrile 2.26. Williamson etherification of the secondary alcohol of 

2.26 with methyl iodide completed synthesis of nitrile 2.20 in excellent yield. 

As indicated earlier, preparation of the left-hand component (the pederic acid fragment) of 

the natural product analogue follows the protocol used by Green and co-workers. Synthesis of 

compound 2.19 began with the three-step preparation of the dithiolane-protected δ-lactone 2.27 

(Scheme 2.9).  

 

 

Scheme 2.9 Preparation of 2.27 

 

Reagents and conditions: a) LiClO4, TMS-QD, DIPEA, Et2O, DCM, ‒78 °C, (crude). b) LDA, 

THF, ‒78 °C, t-butyl acetate, 56%. c) BF3•OEt2, ethanedithiol, DCM, ‒45 °C - rt, 81%. 

 



65 

Reaction of acetyl chloride and acetaldehyde in the presence of LiClO4 and TMS-

quinidine, followed by Claisen condensation with tert-butyl acetate, and a two-component 

dithiolane protection of the β-ketoester and lactonization afforded compound 2.27 as a single 

diastereomer after recrystallization. 

 

 
Scheme 2.10 Synthesis of pederic acid fragment 2.19 

 

Reagents and conditions: a) LDA, THF, ‒78 °C, CH3OC(O)CH2OC(CH3)2OCH3, ZnCl2, HMPA, 

then 10-CSA, (MeO)3CH, MeOH/DCM (1:1), rt, 94%. b) BzCl, DMAP, pyridine, 86%. c) PIFA, 

CH3CN/H2O (8:1), ‒15 °C to rt, 92%. d) TiCl4‒Zn‒CH2I2, THF, rt, 80%. e) Me3SnOH, DCE, 80 

°C, 56%. 

Claisen condensation between lactone 2.27 and the glycolate followed by reaction with 

camphorsulfonic acid and trimethyl orthoformate afforded compound 2.28, which was 

benzoylated at C7-hydroxy to afford 2.29. Dithiolane cleavage and subsequent methylenation of 

the resultant ketone with the Takai variant of the Lombardo methylenation reagent71 gave 

compound 2.31. The Nicolaou protocol for mild methyl ester hydrolysis72 was employed for the 
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hydrolysis of the methyl ester 2.31 to obtain the benzoyl-protected pederic acid fragment 2.19 in 

moderate yield (Scheme 2.10). 

To put the analogue together, nitrile 2.20 was first reduced to the corresponding amine 2.32 

under hydrogen atmosphere with catalytic amounts of palladium on carbon and platinum (IV) 

oxide. The crude amine 2.32 was then used in the coupling reaction with the pederic acid 

component 2.19 in the presence of EDC•HCl and N-hydroxybenzotriazole to obtain the C7-

benzoylated pederin analogue 2.33. Benzoyl ester removal with 0.55 equivalents of potassium 

carbonate afforded the pederin analogue 2.18 in 88% yield (Scheme 2.11). 

 

 

Scheme 2.11 Completion of the synthesis of analogue 2.18 

2.3.2 Borylation of pederin analogue 

After the synthesis of the pederin analogue 2.18, we focused on finding an effective 

borylation strategy for the conversion of the C7 hydroxy substituent to an α-boryl ether, as 

previously shown in the work by Hanna and co-workers. We attempted to synthesize compound 

2.39 as our borylated analogue from the 2.18 and chloride 2.38 (Scheme 2.12). However, the 

synthesis of the chloride 2.38 proved unsuccessful as strategies to incorporate the pinacol borane 

(BPin) group in the molecule failed.  
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Scheme 2.12 Unsuccessful initial attempt at borylation 

 

Owing to significant purity challenges, we were not quite successful as well in our initial 

attempts to prepare compound 2.40 which would be the negative control for the borylated analogue 

in the targeted release study.  

Our attention was shifted to the previously reported borylation strategy Mosey and co-

workers56 in the versatile approach to α-alkoxy carbamate synthesis and stimulus-responsive 

alcohol release. In this study they prepared the carbamate 2.42 from chloroformate 2.35 in a multi-

component reaction involving the hydrozirconation of tert-butyl nitrile, nucleophilic acyl 

substitution with the chloroformate 2.35 followed by the addition of alcohol nucleophile into the 

acylimine intermediate (Scheme 2.13). 

 

 

Scheme 2.13 α-alkoxy carbamate synthesis 



68 

Addition of alcohol to chloroformate 2.35 would generate the carbonate, which we 

envision would be an effective linker for molecular release under H2O2 conditions akin to what 

was observed with carbamate 2.42 in Mosey’s work. Hence, we successfully prepared compound 

2.36 from 2.35 and the pederin analogue 2.18, and the corresponding negative control substrate 

2.34 in excellent yields with tetramethyl ethylenediamine (TMEDA) as base in THF. (Scheme 

2.14). 

 

 

Scheme 2.14 Preparation of borylated pederin analogue 2.36 and negative 2.34 control from 2.18 

2.3.3 Pederin analogue release and cell viability studies 

Through our collaboration with Prof. Alex Deiters’ lab, initial biological evaluation of the 

synthesized pederin analogue and negative control was performed73 in comparison with the 

cytotoxic anti-cancer chemotherapy drug doxorubicin. Cell viability studies were carried out 

specifically by Amy Ryan of the Deiters’ research group, in which GI50 values were obtained for 
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the various cell lines after incubation for 48 hours (Figure 2.4).73 The synthesized pederin analogue 

2.18 has demonstrated superior potency over doxorubicin and compound 2.34 in HeLa (cervical 

cancer), HCT116 (human colorectal carcinoma), HEK293T (transfectable derivative of the human 

embryonic kidney cells) and MCF7 (breast cancer) cell lines. Although diminished to a sub-

micromolar activity in the HuH7 (liver carcinoma) cells, the pederin analogue is still slightly more 

potent than doxorubicin and the negative control. 
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Figure 2.4 Evaluation of cytotoxicity of pederin analogues and doxorubicin 

 

We performed NMR experiments to study the breakdown pattern of the pederin boronate 

analogue 2.36, as an entry into the actual targeted release study in cells. The reaction conditions 

were selected to mimic physiological pH and temperature74, and the molecular breakdown with 

and without H2O2 was evaluated (Figure 2.5). In the presence of peroxide, 2.36 breaks down to 

release the analogue 2.18, CO2 and acrolein (Scheme 2.15). 
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Scheme 2.15 Boronate linker cleavage from compound 2.36 

 

 

Figure 2.5 1H NMR analysis of pederin boronate breakdown 

 

The analogue 2.36 was found to be quite stable to pH 7.4 and 37 °C in deuterated 

acetonitrile prior to the addition of H2O2. The addition of peroxide leads to the breakdown as 

expected with the release of acrolein and pederin analogue 2.18. The NMR signal around 9.6 ppm 

represents acrolein release whereas the upfield shift of the singlet peak at 5 ppm to 4.2 ppm 

represents the release of compound 2.18. The half-life of the compound 2.36 in the presence of 

peroxide was also evaluated in the NMR study (Figure 2.6). We found that the half-life of 2.36 in 
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the presence of 11 equivalents of peroxide was approximately 4 minutes whereas it is about 2 

minutes in the presence of 15 equivalents of H2O2. 

 

 

Figure 2.6 Breakdown of pederin boronate 2.36 over time 

 

Ryan also carried out a biological evaluation of the pederin-boronate 2.36 in comparison 

with the pederin analogue 2.18, the negative control 2.34 and doxorubicin when incubated with 

RAW 264.7 cell lines (Figure 2.7).73 No significant difference was observed between the negative 

control and the boronate. 
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Figure 2.7 Biological evaluation of pederin-boronate 2.36 

 

HeLa cells stimulated with paraquat (to enhance peroxide production in the cells) were 

incubated with the pederin analogues and cytotoxity was evaluated by SRB assay. Significant 

change in GI50 values was observed for cells incubated with paraquat and those without paraquat, 

indicating considerable release of pederin analogue 2.18 from 2.36 in cells having high levels of 

peroxide (Figure 2.8).73  

 

 

Figure 2.8 Evaluation of boronate release in HeLa cells stimulated with paraquat 
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Further cell studies are currently on-going in the Deiters’ group to unravel the viability of 

the targeted release strategy in the activation of cellular pathways, with the overall aim of providing 

a fundamental basis for designing uniquely selective probes and potential prodrugs for disease 

states that are characterized by oxidative stress.  

2.4 Conclusion 

In conclusion, we have synthesized a new pederin analogue with nanomolar toxicity 

towards a variety of cells under oxidative stress. We have also developed a new boronate-based 

small molecule probe which effectively releases the pederin analogue under peroxide conditions 

to cancer cells. This release strategy, having shown promise in cell viability studies, provides 

future opportunities into the development of potential anti-cancer prodrugs and other therapeutics.  

2.5 Experimental 

2.5.1 General information 

All reactions were performed in dry solvents under argon atmosphere using oven dried 

glassware unless otherwise specified. Dichloromethane was distilled over CaH2 whereas diethyl 

ether and tetrahydrofuran solvents were distilled over sodium and benzophenone before use. Flash 

column chromatography with 60 Å silica gel and reagent grade solvents i.e., ethyl acetate, hexanes, 

diethyl ether or pentanes as eluent was performed to purify all compounds made. In the case of 

boron-based compounds, the silica gel used was pretreated with 5% boric acid and dried under 
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vacuum before used for the purification of the said compounds. Analytical TLC was performed on 

E. Merck pre-coated (25 mm) silica gel 60 F-254 plates and visualized under UV (254 nm). High 

resolution and low-resolution mass spectra were collected on a VG 7070 spectrometer. IR spectra 

were obtained on a PerkinElmer FT-IR UATR spectrometer. 1H NMR, 11B and 13C NMR spectra 

were obtained on a Bruker Avance 300 spectrometer at 300 MHz and 75 MHz respectively, a 

Bruker Avance 400 spectrometer at 400 MHz and 100 MHz, or a Bruker Avance 500 spectrometer 

at 500 MHz and 125 MHz and a Bruker Avance 600 MHz and 150 MHz as specified. The chemical 

shifts are reported in parts per million (ppm) on the delta (δ) scale. The solvent peak was used as 

a reference value, for 1H NMR: CDCl3 = 7.26 ppm, CD2Cl2 = 5.31 ppm, C6D6 = 7.16 ppm, CD3CN 

= 1.93 ppm, for 13C NMR: CDCl3 = 77.2 ppm. Data are reported as follows: m = multiplet, s = 

singlet, d = doublet, t = triplet, q = quartet, pent = pentet, dd = doublet of doublets, dt = doublet of 

triplets, sext = sextet, sept = septet, oct = octet, dq = doublet of quartet, dp = doublet of pentet, ddd 

= doublet of doublet of doublets, ddt = doublet of doublet of triplets, tt = triplet of triplet, br = 

broad. 

2.5.2 Pederin analogue synthesis 

Preparation of (R)-4-methoxy-3,3-dimethylhept-6-en-2-one (2.23) 
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(R)-4-methoxy-3,3-dimethylhept-6-en-2-one (2.23) 

To a solution of keto alcohol 2.2267 (611 mg, 3.91 mmol) in 

dichloromethane (15 mL) at 0 °C under argon atmosphere was added 2,6-

di-tert-butyl pyridine (1.35 g, 7.04 mmol) and stirred for 10 min whereupon methyl triflate (962 

mg, 5.37 mmol) was added dropwise and the reaction mixture stirred at 0 °C for another 10 min. 

The reaction was then warmed slowly to rt and stirred for 38 h after which water (30 mL) was 

added to the mixture and the organic layer separated. The aqueous layer was extracted with 

dichloromethane (3 x 30 mL) and the combined organic phase washed with saturated NaHCO3(aq) 

(20 mL) and brine (30 mL). The organic mixture was dried with Na2SO4, filtered and concentrated 

under reduced pressure to give crude product. The crude product was purified with flash column 

chromatography (20% ethyl acetate in hexanes) to obtain the desired product (550 mg, 82%). 1H 

NMR (300 MHz, CDCl3): δ (ppm) 5.88 (ddt, J = 17.2, 10.0, 7.2 Hz, 1H,), 5.10 (ddt, J = 17.0, 3.1, 

1.5 Hz, 1H), 5.04 (ddt, J = 10.1, 2.0, 1.1 Hz, 1H), 3,42 (dd, J = 6.4, 5.3 Hz, 1H), 3.38 (s, 3H), 2.20 

(ddd, J = 5.4, 1.4, 1.4 Hz, 1H), 2.18 (ddd, J = 5.7, 1.5, 1.5 Hz, 1H), 2.16 (s, 3H), 1.15 (s, 3H), 1.08 

(s, 3H) ); 13C NMR (75 MHz, CDCl3): δ (ppm) 213.4, 136.2, 116.7, 86.1, 60.1, 52.5, 35.8, 26.7, 

21.1, 20.4; HRMS (ESI) m/z calcd for C10H19O2 (M+H)+ 171.1380, found 171.1388; IR (thin film) 

cm-1: 2968, 1732, 1638, 1421, 1176, 845, 780. 

 

(2S,4R,6R)-1,6-dimethoxy-5,5-dimethylnon-8-ene-2,4-diol (2.24) 

To a solution of (+)-B-chlorodiisopinocamphenylborane ((+)-DIP-

Cl) (1.50 g, 4.68 mmol) in Et2O (3.0 mL) at 0 ºC was added Et3N 

(497 mg, 4.91 mmol), followed by a solution of 2.23 (530 mg, 3.11 

mmol) in Et2O (2.0 mL). The reaction mixture was stirred at 0 ºC for 30 min, then was cooled to 

–78 ºC, whereupon 2-methoxy acetaldehyde67 (800 mg, 10.8 mmol) was added slowly dropwise. 
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The resulting mixture was stirred at –78 ºC overnight. LiBH4 (2 M in THF, 6.0 mL, 12.0 mmol) 

was added dropwise at –78 ºC and the reaction was stirred for 22 h. The reaction was slowly 

warmed up to –40 ºC and stirred for 3 h, then was quenched with MeOH (10 mL), H2O2 (30% aq., 

10 mL) and stirred overnight. The organic layer and aqueous layer were separated, and the aqueous 

phase was extracted with EtOAc (3x30 mL). The combined organic layer was washed with brine 

(30 mL) and ice-cold satd. Na2S2O3 (aq.) (30 mL), dried with Na2SO4, filtered, and concentrated 

under reduced pressure. The resulting crude product was purified by flash chromatography (40% 

EtOAc in hexanes) to provide the desired product 2.24 as a viscous oil (dr = 15:1, 552 mg, 72%): 

1H NMR (300 MHz, CDCl3) Major diasteromer: δ (ppm) 5.91 (ddt, J = 17.1, 10.1, 7.1 Hz, 1H), 

5.11 (dq, J = 17.3, 1.7 Hz, 1H), 5.06 (d, J = 10.1 Hz, 1H), 4.40 (d, J = 1.7 Hz, 1H), 4.17 (s, 1H), 

4.06-3.98 (m, 1H), 3.82 (d, J = 11.0 Hz), 3.44 (s, 3H), 3.42-31 (m, 2H), 3.39 (s, 3H), 3.18 (dd, J = 

7.9, 3.8 Hz), 2.41-2.25 (m, 2H), 1.65-1.43 (m, 3H), 1.61 (dt, J = 14.0, 2.5 Hz, 1H), 1.51-1.44 (m, 

1H), 0.97 (s, 3H), 0.85 (s, 3H); ); 13C NMR (75 MHz, CDCl3): δ (ppm) 136.5, 116.7, 90.3, 78.0, 

76.9, 71.4, 60.3, 59.2, 41.4, 35.1, 34.3, 21.8, 20.8; m/z calcd for C13H27O4 (M+H)+ 247.1903, found 

247.1917; IR (thin film) cm-1: 3548, 2959, 1628, 1407, 1206, 822, 793. 

 

(4R,6R)-6-((S)-2-hydroxy-3-methoxypropyl)-4-methoxy-5,5-

dimethyltetrahydro-2H-pyran-2-ol (2.25) 

Ozone was gently bubbled through a solution of 2.24 (371 mg, 1.51 

mmol) in CH2Cl2 (50 mL) at –78 ºC until the reaction mixture 

sustained a deep blue color. Ph3P (1.18 g, 4.52 mmol) was added and the reaction mixture was 

warmed to rt and stirred for 4 h. The reaction mixture was concentrated under reduced pressure 

and purified by flash chromatography (CH2Cl2: EtOAc = 2:1 then EtOAc: MeOH = 10:1) to 

provide the desired product 2.25 as an impure mixture with traces of triphenylphosphine oxide 
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(approx. 352 mg, 95% crude yield); HRMS (ESI) m/z calcd for C13H24O5Na (M+Na)+ 271.1516, 

found 271.1531; IR (thin film) cm-1: 3609, 2967, 1414 1375, 1206, 1124, 1085, 822, 793. 

 

(2S,4R,6R)-6-((S)-2-hydroxy-3-methoxypropyl)-4-methoxy-5,5-

dimethyltetrahydro-2H-pyran-2-carbonitrile (2.26) 

To a solution of 2.25 (111 mg, 0.45 mmol) in anhydrous CH3CN (5 

mL) was added TMSCN (600 µL, 4.5 mmol) at 0 ºC. After stirring 

at 0 ºC for 20 min, BiBr3 (101 mg, 0.22 mmol) was added to the reaction as powder in one portion. 

The reaction mixture was stirred at 0 ºC for 1 h, then cooled to –35 ºC, whereupon freshly distilled 

BF3•OEt2 (24 µL, 0.2 mmol) was added dropwise. The reaction was monitored by TLC closely 

and more BF3•OEt2 (24 µL, 0.2 mmol) was added to complete the cyanation. The reaction mixture 

was added to ice-cold sat. NaHSO4 (0.25M, aq., 20 mL). The aqueous layer was extracted with 

EtOAc (3 x 15 mL). The organic layers were combined and washed with saturated NaHCO3 (aq., 

20 mL), dried with Na2SO4, filtered, and concentrated under reduced pressure. The resulting crude 

product was purified by flash chromatography (30% EtOAc in hexanes) to provide the desired 

product 2.26 as a viscous oil (80 mg, 69% yield): 1H NMR (500 MHz, CDCl3): δ (ppm) 4.96 (dd, 

J = 6.1, 0.9 Hz, 1H), 3.96 (pent, J = 5.4 Hz, 1H), 3.62 (dd, J = 10.5, 2.0 Hz, 1H), 3.42-3.35 (m, 

2H), 3.40 (s, 3H), 3.38 (s, 3H) 3.17 (dd, J = 11.8, 4.4 Hz, 1H), 2.70 (d, J = 1.0 Hz), 2.08 (ddd, J = 

13.6, 4.5, 1.2 Hz, 1H), 1.86 (ddd, J = 13.5, 11.8, 6.1 Hz, 1H), 1.77 (ddd, J = 14.6, 5.4, 2.2 Hz, 1H), 

1.66 (ddd, J = 14.6, 10.5, 6.7 Hz, 1H), 0.98 (s, 3H), 0.86 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 

(ppm) 117.4, 81.1, 80.9, 75.9, 69.2, 64.0, 59.2, 57.7, 39.2, 32.2, 29.0, 22.2, 12.7; HRMS (ESI) m/z 

calcd for C13H23NO4Na (M+Na)+ 280.1519, found 280.1531; IR (thin film) cm-1: 3458, 2848, 

2231, 1460, 1365, 1160, 841. 
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(2S,4R,6R)-6-((S)-2,3-dimethoxypropyl)-4-methoxy-5,5-

dimethyltetrahydro-2H-pyran-2-carbonitrile (2.20) 

To a solution of 2.26 (77 mg, 0.3 mmol) in DMF (1.5 mL) was added 

NaH (60% in mineral oil, 18 mg, 0.45 mmol) at 0 ºC. After stirring 

for 10 min, MeI (85 mg, 0.6 mmol) was added, and the reaction was stirred for 30 min at 0 ºC. 

TLC showed the starting material was fully consumed after 4 hrs. The reaction was quenched with 

saturated 3 mL of saturated NH4Cl (aq.) and the mixture was separated. The organic layer was 

extracted with EtOAc (3 x 3 mL). The organic layers were combined, washed with brine (3 x 3 

mL), dried with Na2SO4, filtered, and concentrated under reduced pressure. The resulting crude 

product was purified by flash chromatography (20% EtOAc in hexanes) to provide the desired 

product 2.20 as an oil (80 mg, 97%): 1H NMR (500 MHz, CDCl3): δ (ppm) 4.93 (dd, J = 6.0, 1.1 

Hz, 1H), 3.54-3.51 (m, 1H), 3.49 (dd, J = 10.3, 1.8 Hz, 1H), 3.47-3.45 (m, 1H), 3.44-3.41 (m, 1H), 

3.39 (s, 3H), 3.38 (s, 3H), 3.38 (s, 3H), 3.16 (dd, J = 11.8, 4.5 Hz, 1H), 2.07 (ddd, J = 13.5, 4.5, 

1.4 Hz, 1H), 1.88-1.78 (m, 2H), 1.71-1.63 (m, 1H), 0.97 (s, 3H), 0.85 (s, 3H); 13C NMR (125 MHz, 

CDCl3): δ (ppm) 117.6, 81.1, 79.0, 77.6, 72.9, 64.0, 59.2, 57.7, 57.1, 39.1, 29.6, 29.1, 22.1, 12.6; 

HRMS (ESI) m/z calcd for C14H26NO4 (M+H)+ 272.1856, found 272.1871; IR (thin film) cm-1: 

2852, 2204, 1447, 1363, 1206, 1104, 841, 710.  
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Preparation of (9R,10S)-9,10-dimethyl-8-oxa-1,4-dithiaspiro[4.5]decan-7-one (2.27) 

 

 

(9R,10S)-9,10-dimethyl-8-oxa-1,4-dithiaspiro[4.5]decan-7-one (2.27) 

To a solution of S468 (2.50 g, 11.6 mmol) in CH2Cl2 (69.0 mL) at –40 °C 

were sequentially added 1,2-ethanedithiol (3.00 mL, 34.7 mmol) and 

BF3·Et2O (7.30 mL, 57.8 mmol). The reaction was warmed to room temperature. After 48 hours, 

the reaction mixture was carefully poured into a 0 °C solution of saturated aqueous NaHCO3 (100 

mL). The reaction mixture was extracted with CH2Cl2 (3 x 50 mL), and the combined organic 

layers were washed with saturated aqueous NaHCO3 (20 mL) and brine (20 mL), then dried 

(Na2SO4), filtered, and concentrated under reduced pressure to afford a crude orange residue. The 

material was purified via flash column chromatography (hexanes to 20% EtOAc in hexanes) to 

afford the desire product and its C2 diastereomer (~12.3:1) as a yellow solid. The solid was 

recrystallized from 20% ethyl acetate in hexanes to obtain the desired product (2.05 g, 81%). 1H 

NMR (500 MHz, CDCl3): δ (ppm) 4.88 (dq, J = 6.5, 2.7 Hz, 1H), 3.43-3.28 (m, 4H), 3.12 (dd, J = 

18.5, 0.9 Hz, 1H), 3.06 (d, J = 18.4 Hz, 1H), 2.16 (ddq, J = 7.1, 2.6, 0.8 Hz, 1H), 1.37 (d, J = 6.5 

Hz, 3H), 1.18 (d, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ (ppm) 168.1, 78.5, 68.1, 44.1, 

43.6, 39.5, 39.4, 18.8, 11.4; HRMS (ESI) m/z calcd for C9H15O2S2 (M+H)+ 219.0508, found 

219.0519; IR (thin film) cm-1: 3108, 2841, 1742, 1421, 1375, 1163, 861, 727. 
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methyl (S)-2-hydroxy-2-((7R,9R,10S)-7-methoxy-9,10-dimethyl-

8-oxa-1,4-dithiaspiro[4.5]decan-7-yl)acetate (2.28) 

To a solution of LDA in THF (0.5M, 23.2 mmol, 46.6 mL) was added 

a solution of freshly prepared methyl 2-((2-methoxypropan-2-

yl)oxy)acetate75 (3.76 g, 23.2 mmol) in THF (23.2 mL) slowly dropwise over 10 min at ‒78 °C 

and the mixture stirred for an hour. Freshly distilled HMPA (6.20 g, 34.6 mmol) was added slowly 

dropwise over 8 min and the reaction was stirred for 15 min, whereupon ZnCl2 (1.0 M, 23.2 mmol, 

23.2 mL) was added slowly over 15 mins and the reaction stirred for 2 h. A solution of 2.27 (460 

mg, 2.1 mmol) in THF (12.4 mL) was then added added over 4 mins and the reaction stirred at ‒

78 °C for 2 h and slowly warmed to ‒40 °C and stirred for 17 h. The reaction was quenched with 

saturated NH4Cl (aq.) (40 mL) and the aqueous layer was extracted with with ethyl acetate (3 x 30 

mL). The combined organic layer was washed with brine, dried over MgSO4 and concentrated 

under reduced pressure to give an orange oil as crude product. The crude product was diluted with 

a 1:1 mixture of MeOH and DCM (60 mL) followed by the addition of CH(OMe)3 (10.92 g, 102.9 

mmol) whereupon 10-camphorsulfonic acid (0.65 g 2.8 mmol) was added. The mixture was stirred 

at rt for 2 h and then poured into ice-cold saturated NaHCO3 (aq.) (40 mL) in a separatory funnel. 

The aqueous layer was extracted with Et2O (3 x 30 mL) and the combined organic layers was 

washed with saturated NaHCO3 (aq.) (40 mL), brine (50 mL), dried with Na2SO4 and concentrated 

under reduced pressure. The crude product was then purified with flash column chromatography 

(30% ethyl acetate in hexanes) to provide the desired product as an oil (637 mg, 94% over 2 steps): 

1H NMR (500 MHz, CDCl3): δ (ppm) 4.36 (dq, J =6.5, 1.9 Hz, 1H), 4.27 (d, J = 5.6 Hz, 1H), 3.81 

(s, 3H), 3.32 (s, 3H), 3.30-3.10 (m, 4H), 2.81 (d, J = 5.6 Hz, 1H), 2.32 (d, J = 14.5 Hz, 1H),  2.26 

(dd, J = 14.5, 1.0 Hz, 1H), 1.67 (tq, J = 7.1, 1.2 Hz, 1H), 1.19 (d, J = 6.6 Hz, 3H), 0.99 (d, J = 6.9 
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Hz, 3H); 13C NMR (125 MHz, CDCl3): δ (ppm) 172.2, 99.0, 72.8, 69.4, 68.4, 52.6, 48.2, 45.8, 

39.4, 37.9, 18.7, 9.8; HRMS (ESI) m/z calcd for C13H22O5S2 (M-H)- 321.0909 found 321.1724; IR 

(thin film) cm-1: 3325, 2852, 1741, 1468, 1377, 1342, 1210, 848, 769. 

 

(S)-2-methoxy-1-((7R,9R,10S)-7-methoxy-9,10-dimethyl-8-oxa-

1,4-dithiaspiro[4.5]decan-7-yl)-2-oxoethyl benzoate (2.29) 

To a solution of 2.28 (630 mg, 1.95 mmol) in dry pyridine (21.0 mL) 

at 0 °C was added benzoyl chloride (1.98 g, 14.1 mmol) followed by 

DMAP (50 mg, 0.4 mmol) and the mixture was stirred at 0 °C for 10 min and warmed to rt. Stirring 

was continued at rt for 17 h and then cooled to 0 °C whereupon tartaric acid (10% w/v, 50 mL) 

was added and stirred for 10 min. The aqueous and organic layers were separated, and the aqueous 

layer was extracted with ethyl acetate (3 x 40 mL). The combined organic layers was washed with 

tartaric acid (10% w/v, 30 mL), NaHCO3 (30 mL), brine (30 mL), dried over MgSO4 and 

concentrated under reduced pressure. The crude product was purified with flash column 

chromatography to obtain the desired product (720 mg, 86%): 1H NMR (300 MHz, CDCl3): δ 

(ppm) 8.08-8.05 (m, 2H), 7.61-7.55 (m, 1H), 7.47-7.42 (m, 2H), 5.37 (s, 1H), 4.40 (dq, J = 6.5, 

1.8 Hz, 1H), 3.78 (s, 3H), 3.35-3.11 (m, 4H), 3.30 (s, 3H), 2.84 (d, J = 14.6 Hz, 1H), 2.40 (dd, J = 

14.6, 1.1 Hz, 1H), 1.69 (tq, J = 6.9, 1.4 Hz, 1H), 1.19 (d, J = 6.5 Hz, 3H), 1.00 (d, J = 7.0 Hz, 3H); 

13C NMR (75 MHz, CDCl3): δ (ppm) 168.4, 165.6, 133.6, 130.1(2C), 128.9, 128.4(2C), 98.6, 71.9, 

69.5, 68.2, 52.4, 47.8, 45.8, 39.4, 38.0, 37.4, 18.7, 9.8; HRMS (ESI) m/z calcd for C20H26O6S2Na 

(M+Na)+ 449.1063 found 449.1078; IR (thin film) cm-1: 3082, 2882, 1780, 1707, 1455, 1329, 

1242, 1110, 870, 749. 
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(S)-2-methoxy-1-((2R,5S,6R)-2-methoxy-5,6-dimethyl-4-

oxotetrahydro-2H-pyran-2-yl)-2-oxoethyl benzoate (2.30) 

To a 50 mL round bottom flask wrapped in aluminum foil was 

added a solution of 2.29 (669 mg, 1.57 mmol) in MeCN/H2O (8:1 

v/v, 20 mL). The solution was stirred at ‒15 °C for 20 min whereupon 

(Bis(trifluoroacetoxy)iodo)benzene (2.06 g, 4.80 mmol) was added and stirring continued at ‒15 

°C for 30 min. The mixture was poured into saturated NaHCO3(aq.) (50 mL) and extracted with 

ethyl acetate (3 x 50 mL). The organic phase was dried with Na2SO4 and concentrated under 

reduced pressure and the purified with flash column chromatography (30% ethyl acetate in 

hexanes) to obtain the desired product (507 mg, 92%): 1H NMR (400 MHz, CDCl3): δ (ppm) 8.06-

8.04 (m, 2H), 7.63-7.58 (m, 1H), 7.48-7.44 (m, 2H), 5.48 (s, 1H), 4.19 (dq, J = 6.5, 2.8 Hz, 1H), 

3.83 (s, 3H), 3.28 (s, 3H), 3.26 (d, J = 15.7 Hz, 1H), 2.65 (dd, J = 15.7, 1.0 Hz, 1H), 2.35 (dq, J = 

7.2, 2.6 Hz, 1H), 1.25 (d, J = 6.6 Hz, 3H), 1.07 (d, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3): 

δ (ppm) 208.8, 168.5, 165.3, 133.8, 130.0(2C), 128.5(2C), 100.9, 77.2, 70.9, 68.1, 52.6, 48.8, 48.6, 

41.8, 16.9, 9.8; HRMS (ESI) m/z calcd for C18H22O7Na (M+Na)+ 373.1263 found 373.1272; IR 

(thin film) cm-1: 3079, 2868, 1740, 1712, 1699, 1446, 1319, 1240, 1115, 859, 763. 

(S)-2-methoxy-1-((2R,5R,6R)-2-methoxy-5,6-dimethyl-4-

methylenetetrahydro-2H-pyran-2-yl)-2-oxoethyl benzoate 

(2.31) 

To a solution of 2.30 (500 mg, 1.42 mmol) in THF (10 mL) under 

nitrogen atmosphere was added freshly prepared Takai-Lombardo 

methylenation reagent71 (0.2 M, 1.6 mmol, 8 mL) slowly dropwise. The reaction was monitored 

until starting material was fully consumed whereupon the mixture was poured into ice-cold 
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saturated NaHCO3(aq.) (30 mL) and extracted with ethyl acetate (3 x 20 mL). The organic phase 

was washed with NaHCO3(aq.) (30 mL), brine, dried with MgSO4 and concentgrated under 

reduced pressure. The crude product was purified with flash column chromatography (20% ethyl 

acetate in hexanes) to obtain the desired product (390 mg, 80 %): 1H NMR (400 MHz, CDCl3): δ 

(ppm) 8.10-8.08 (m, 2H), 7.62-7.58 (m, 1H), 7.48-7.45 (m, 2H), 5,42 (s, 1H), 4.87 (dd, J = 1.9, 

1.9 Hz, 1H), 4.80 (dd, J = 1.9, 1.9 Hz, 1H), 3.91 (dq, J = 6.5, 2.5 Hz, 1H), 3.81 (s, 3H), 3.26 (s, 

3H), 2.92 (dt, J = 14.5, 2.1 Hz, 1H), 2.46 (d, J = 14.5 Hz, 1H), 2.23 (dq, J = 6.8, 2.3 Hz, 1H), 1.15 

(d, J = 6.5 Hz, 3H), 0.95 (d, J = 7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ (ppm) 168.6, 165.6, 

146.2, 133.6, 130.0(2C), 128.5(2C), 110.0, 99.3, 77.2, 72.1, 69.4, 52.4, 48.4, 41.5, 33.7, 17.7, 11.6; 

HRMS (ESI) m/z calcd for C19H24O6Na (M+Na)+ 371.1465 found 371.1482; IR (thin film) cm-1: 

3090, 2874, 1748, 1689, 1451, 1327, 1252, 1105, 979, 830, 773. 

 

(S)-2-(benzoyloxy)-2-((2R,5R,6R)-2-methoxy-5,6-dimethyl-4-

methylenetetrahydro-2H-pyran-2-yl)acetic acid (2.19) 

To a solution of 2.31 (400 mg, 1.15 mmol) in dichloroethane (64 mL) 

was added Me3SnOH (1.04 g, 5.75 mmol) and the mixture stirred at 80 

°C for 8 h. The reaction mixture was cooled to rt whereupon NaHSO4(aq.) (0.01 M, 50 mL) was 

added and the aqueous and organic layers separated. The aqueous layer was extracted with ethyl 

acetate (3 x 30 mL) and the combined organic layer was dried with MgSO4 and concentrated under 

reduced pressure. The crude product was purified with flash column chromatography (30-80% 

ethyl acetate in hexanes, 100% ethyl acetate then 5% methanol in ethyl acetate) to obtain the 

desired product (214 mg, 56%): 1H NMR (300 MHz, CDCl3): δ (ppm) 8.11-8.09 (m, 2H), 7.63-

7.58 (m, 1H), 7.49-7.44 (m, 2H), 5.67 (s, 1H), 4.93 (dd, J = 1.9, 1.9 Hz, 1H), 4.84 (dd, J = 1.9, 1.9 

Hz, 1H), 4.09 (dq, J = 6.5, 2.5 Hz, 1H), 3.26 (s, 3H), 2.67-2.53 (m, 2H), 2.32 (dq, J = 6.6, 2.4 Hz, 
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1H), 1.26 (d, J = 6.3 Hz, 3H), 1.12 (d, J = 7.2 Hz, 3H); HRMS (ESI) m/z calcd for C18H21O6 (M-

H)- 333.1333 found 333.1334; IR (thin film) cm-1: 3205, 3063, 2887, 1760, 1737, 1453, 1338, 

1241, 1085, 955, 867, 710. 

((2S,4R,6R)-6-((S)-2,3-dimethoxypropyl)-4-methoxy-5,5-

dimethyltetrahydro-2H-pyran-2-yl) methanamine (2.32) 

To a solution of 2.20 (36 mg, 0.13 mmol) in glacial acetic acid (2 

mL) in a 5 mL round bottom flask purged with hydrogen gas was 

added Pd/C (10% w/w, 7 mg, 0.006 mmol) and PtO2 (7 mg, 0.03 mmol) whereupon a balloon 

filled with hydrogen gas was mounted over the mixture and stirred at rt until complete consumption of 

nitrile. The reaction mixture was filtered through a plug of celite and the filtrate azeotroped with 

toluene under reduced pressure. The crude product was diluted with saturated NaHCO3(aq.) (30 

mL) and extracted with dichloromethane. The organic phase was dried over Na2SO4 and 

concentrated under reduced pressure. The crude product (34 mg) was used directly in the 

subsequent amide coupling reaction. 

Benzoylated Pederin Analogue (2.33) 

To a solution of 2.19 (34 mg, 0.101 mmol) and 2.32 

(28 mg, 0.101 mmol) in DMF (5 mL) at 0 °C was 

added a solution of N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (21.3 mg, 0.111 

mmol) and HOBt (15 mg, 0.111 mmol) in DMF (3 mL). The mixture was stirred at 0 °C for 5 min 

whereupon Hunig’s base (7.8 mg, 0.061 mmol) was added. The reaction proceeded at 0 °C for 10 

min and the mixture was slowly warmed to rt and stirred overnight. The mixture was diluted with 

water (30 mL) and extracted with ethyl acetate (3 x 10 mL). the organic phase was washed with 
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water (30 mL), brine (20 mL), dried over MgSO4 and concentrated under reduced pressure. The 

crude product was purified with flash column chromatography (30% ethyl acetate in hexanes) to 

obtain the desired product (49 mg, 81%): 1H NMR (400 MHz, CDCl3): δ (ppm) 8.13-8.09 (m, 2H), 

7.60-7.56 (m, 1H), 7.47-7.43 (m, 2H), 6.97 (dd, J = 7.8, 3.1 Hz, 1H), 5.42 (s, 1H), 4.87  (dd, J = 1.8, 

1.8 Hz, 1H), 4.80 (dd, J = 1.8, 1.8 Hz, 1H), 4.04-3.96 (m, 2H), 3.80 (ddd, J = 13.9, 8.6, 5.6 Hz, 1H), 

3.53-3.31 (m, 4H), 3.40 (s, 3H), 3.33 (s, 3H), 3.28 (s, 3H), 3.22 (s, 3H), 3.12 (ddd, J = 13.0, 8.5, 3.8 

Hz, 1H), 3.04 (dd, J = 8.1, 3.2 Hz, 1H), 2.80 (dt, J = 14.5, 2.0 Hz, 1H), 2.48 (d, J = 14.5 Hz, 1H), 

2.25 (dq, J = 4.5, 2.5 Hz, 1H), 1.78-1.64 (m, 4H), 1.19 (d, J = 6.6 Hz, 3H), 1.00 (d, J = 7.0 Hz, 3H), 

0.96 (s, 3H), 0.88 (s, 3H); 13C NMR (100 MHz, CDCl3): δ (ppm) 166.8, 145.9, 133.3, 130.0 (2C), 

129.5, 128.4 (2C), 110.2, 99.3, 81.6, 78.1, 77.2, 74.8, 72.5, 69.6, 59.0, 57.4, 56.9, 48.3, 41.5, 38.1, 

33.9, 29.5, 27.0, 18.0, 11.8 (three signals are buried with the baseline due to low concentration); 

HRMS (ESI) m/z calcd for C32H48NO9 (M-H)- 590.3324 found 590.3317; IR (thin film) cm-1: 

3425, 3016, 2897, 1720, 1692, 1453, 1329, 1271, 1079, 961, 880, 754. 

Pederin Analogue (2.18) 

To a solution of 2.33 (40 mg, 0.07 mmol) in 

methanol (1.5 mL) was added K2CO3 (5 mg, 0.04 

mmol) and the mixture stirred at rt for 4 h. A solution 

of brine (3 mL) and HCl(aq.) (1N, 3 mL) was added 

to the reaction mixture and extracted with ethyl 

acetate (3 x 10 mL) the combined organic phase was washed with NaHCO3(aq.) (3mL), dried over 

MgSO4 and concentrated under reduced pressure. The crude product was purified with flash 

column chromatography (30-80% ethyl acetate in hexanes) to obtain the desired product (30 mg, 

88%): 1H NMR (400 MHz, CDCl3): δ (ppm) 7.13 (dd, J = 7.0, 3.8 Hz, 1H), 4.85 (dd, J = 1.7, 1.7 

Hz, 1H), 4.73 (dd, J = 1.7, 1.7 Hz, 1H), 4.20 (d, J = 3.8 Hz, 1H), 4.03-3.97 (m, 2H), 3.95 (d, J = 
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3.8 Hz, 1H), 3.75 (ddd, J = 13.3, 7.9, 4.6 Hz, 1H), 3.45-3.34 (m, 4H), 3.38 (s, 3H), 3.37 (m, 3H), 

3.32 (s, 3H), 3.31 (s, 3H), 3.15 (ddd, J = 13.1, 8.9, 4.2 Hz, 1H), 3.04 (dd, J = 6.3, 4.3 Hz, 1H), 2.33 

(d, J = 14.3 Hz, 1H), 2.24 (dq, J = 7.1, 4.7 Hz, 1H), 2.14 (d, J = 14.3 Hz, 1H), 1.72-1.62 (m, 4H), 

1.19 (d, J = 6.6 Hz, 3H), 1.00 (s, 3H), 0.96 (d, J = 7.0 Hz, 3H), 0.90 (s, 3H); 13C NMR (100 MHz, 

CDCl3): δ (ppm) 171.2, 145.5, 110.6, 100.0, 81.7, 78.3, 77.2, 76.4, 74.3, 70.9, 69.4, 67.1, 59.2, 57.6, 

57.1, 48.4, 42.6, 41.4, 37.9, 33.0, 29.2, 27.4, 25.1, 18.0, 11.9; HRMS (ESI) m/z calcd for 

C25H45NO8Na (M+Na)+ 510.3037 found 510.3062; IR (thin film) cm-1: 3437, 3310, 3026, 2906, 

1723, 1689, 1455, 1322, 1238, 1088, 977, 868, 795. 

Pederin Analogue – (Allyl Carbonate (2.34)) To a 

solution of 2.18 (5.4 mg, 0.011 mmol) in THF (0.2 

mL) was added TMEDA (3.8 mg, 0.033 mmol) and 

allyl chloroformate (4.0 mg, 0.033 mmol) and 

stirred at rt. The mixture was concentrated under 

reduced pressure and purified with flash column 

chromatography (10-20% ethyl acetate in hexanes) 

to obtain the desired product (6.1mg, 97%): 1H NMR (400 MHz, CDCl3): δ (ppm) 6.95 (dd, J = 7.8, 

3.2 Hz, 1H), 5.93 (ddt, J = 17.4, 10.6, 5.7 Hz, 1H), 5.40-5.34 (m, 1H), 5.29-5.25 (m, 1H), 5.09 (s, 

1H), 4.84 (dd, J = 1.8, 1.8 Hz, 1H), 4.73 (dd, J = 1.8, 1.8 Hz, 1H), 4.68-4.64 (m, 2H), 4.01-3.93 (m, 

2H), 3.78 (ddd, J = 13.4, 8.2, 5.1 Hz, 1H), 3.54-3.41 (m, 4H), 3.39 (s, 3H), 3.37 (s, 3H), 3.30 (s, 3H), 

3.22 (s, 3H), 3,12 (ddd, J = 13.2, 8.8, 3.7 Hz, 1H), 3.04 (dd, J = 7.7, 4.3 Hz, 1H), 2.58 (dt, J = 14.6, 

2.4 Hz, 1H), 2.38 (d, J = 14.6 Hz, 1H), 2.22 (dq, J = 7.3, 4.9 Hz, 1H), 1.73-1.63 (m, 4H), 1.17 (d, J = 

6.6 Hz, 3H), 0.98 (s, 3H), 0.96 (d, J = 7.0 Hz, 3H), 0.89 (s, 3H); HRMS (ESI) m/z calcd for 

C29H49NO10Na (M+Na)+ 594.3249 found 594.3273; IR (thin film) cm-1: 3422, 3062, 2927, 1770, 

1659, 1468, 1347, 1251, 1138, 938, 818, 725. 
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Preparation of Chloroformate (2.35) 

Chloroformate (2.35) 

A previously reported protocol56 for the preparation of 2.35 was 

followed with alcohol S5 (70 mg, 0.38 mmol) and phosgene (15% wt, 

500 µL, 0.76 mmol) to afford product (90 mg, 97% crude yield) upon evaporation of all volatiles 

in the reaction mixture. Crude 1H NMR (400 MHz, CDCl3): δ (ppm) 6.49 (dt, J = 18.0, 5.1 Hz, 

1H), 5.72 (dt, J = 18.0, 1.4 Hz, 1H), 4.18 (dd, J = 5.1, 1.6 Hz, 2H), 1.02 (s, 12H).  

Boronate-Pederin Analogue (2.36) 

The procedure for the synthesis of 2.34 was followed 

with 2.18 (7.6 mg, 0.015 mmol) and 2.35 (5.5 mg, 

0.023 mmol) to obtain the desired product 2.36 (9.6 

mg, 89%): 1H NMR (400 MHz, C6D6): δ (ppm) 6.94 

(dd, J = 7.7, 4.5 Hz, 1H), 6.60 (dt, J = 18.1, 4.9 Hz, 

1H), 5.73 (dt, J = 18.2, 1.5 Hz, 1H), 5.09 (s, 1H), 

4.83 (dd, J = 1.6, 1.6 Hz, 1H), 4.79-4.66 (m, 2H), 4.74 (dd, J = 1.6, 1.6 Hz, 1H), 4.00-3.94 (m, 

2H), 3.82-3.74 (m, 1H), 3.54-3.41 (m, 4H). 3.39 (s, 3H), 3.37 (s, 3H), 3.30 (s, 3H), 3.23 (s, 3H), 

3.13 (ddd, J = 13.0, 8.9, 3.5 Hz, 1H), 3.04 (dd, J = 7.8, 4.2 Hz, 1H), 2.58 (d, J = 14.6 Hz, 1H), 2.38 
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(d, J = 14.6 Hz, 1H), 1.76-1.64 (m, 4H), 1.26 (s, 12H), 1,17 (d, J = 6.8 Hz, 3H), 0.98 (s, 3H), 0.96 

(d, J = 7.2 Hz, 3H), 0.88 (s, 3H); 11B NMR (400 MHz, C6D6): δ (ppm) 30.49; 13C  NMR (100 

MHz, C6D6): 165.3, 151.7, 145.2, 144.6, 127.4, 126.3, 109.1, 98.5, 82.0, 81.9, 80.4, 77.6, 75.1, 

75.0, 68.4, 68.1, 63.2, 57.7, 55.9, 55.7, 47.0, 40.8, 37.2, 33.1, 29.2, 26.1, 23.7 (4C) 23.6 (2C), 16.8, 

10.6; HRMS (ESI) m/z calcd for C35H60NO12BNa (M+Na)+ 720.4101 found 720.4098; IR (thin 

film) cm-1: 3442, 3100, 2947, 1769, 1692, 1448, 1351, 1235, 1121, 915, 847, 775. 

2.5.3 Boronate breakdown – 1H NMR study 

2.5.3.1 1H NMR sample preparation 

Compound 2.36 (8.4 mg, 0.012 mmol) was dissolved in CD3CN (475 μL) and D2O (50 μL) 

was added followed by pH 7.4 phosphate buffer (25 μL, 0.1 M, D2O) and methylbenzoate (internal 

standard, 25 μL, 1.5 M, CD3CN). The resulting solution was transferred to an NMR tube. This 

sample preparation is modeled after Phillips' protocol.76 

2.5.3.2 Procedure for monitoring pederin breakdown of pederin analogue 2.36 

The release of pederin analogue 2.18 from the breakdown of 2.36 was monitored via 1H 

NMR spectroscopy at 300 K. An initial 1H NMR scan of compound 2.36 in CD3CN and phosphate 

buffer (pH 7.4) was taken to obtain baseline integration values relative to the internal standard 

(methylbenzoate). The NMR sample was treated with a solution of H2O2•Urea (3.0 M, 60 μL, 15 

equivalents), and mixing was achieved by inverting the NMR tube three times. The release of 

pederin analogue 2.18 was directly measured by integration of the C7 methine proton adjacent the 

alcohol functional group. 
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APPENDIX A (SPECTROSCOPIC DATA FOR CHAPTER 1) 
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13C NMR 75 MHz CDCl3 
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1H NMR 400MHz CDCl3 
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2-D COSY NMR 500MHz CDCl3 
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2-D COSY NMR 600MHz CDCl3 
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1-D NOE NMR 600MHz CDCl3 
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2-D COSY NMR 600MHz CDCl3 
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1-D NOE NMR 600MHz CDCl3 
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