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Chapter 1 outlines the discovery, biological mechanistic investigations, 

syntheses, and derivatization of (–)-englerin A, a guaiane sesquiterpene natural 

product exhibiting potent and selective renal cancer cell growth inhibition first 

described in 2009. The cellular mechanism by which the compound kills renal cancer 

cells is the subject of intense and ongoing study. The synthesis of new englerin tool 

compounds and analogues have been and continue to be used to investigate the 

mechanism(s) of action against renal cancer cells. The synthesis of analogues have 

also supported advancement of an englerin-derived compound to therapeutic 

candidacy.  

Chapter 2, the first project herein, describes synthesis and development of a 

next generation series of analogues addressing the inherent therapeutic liabilities 

present within the natural product. This series of analogues is informed by a 

compendium of structure–function data and improved biological activities. The 

various substituents being incorporated into these analogues address the lethality 

observed in mice as well as the stability of the compound when administered orally. 

The goal of this project is to construct an analogue that may proceed through 

therapeutic candidacy ultimately leading to the development of an anti-cancer 

treatment. 

Chapter 3 describes the efforts towards the synthesis and development of a 

new series of englerin-inspired proteomic tool compounds to aid in the elucidation of 

an unambiguous mechanism of action of (–)-englerin A against cancer cells. The tool 

ABSTRACT 



 xxv 

compounds will integrate covalent modifiers and clickable moieties for the purposes 

of cellular target identification and other mechanism studies in order to support the 

development of new drugs toward renal carcinoma based on englerins. Determining 

the mechanism of action is extremely important in the development of (–)-englerin A 

as a cancer therapeutic. Although there have been tool compounds developed in the 

past, the mechanism of action is still largely unknown. There is still a need for further 

development of tool compounds to probe this biological mechanism of action.  

Chapter 4 describes the synthesis of an acyldepsipeptide fragment fluorescent 

tool compound used by the Karl Schmitz group to investigate the biological 

mechanism of action of acyldepsipeptide fragments towards tuberculosis. This tool 

compound was developed in a collaboration with Karl Schmitz and Joseph Fox of the 

University of Delaware.  
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ENGLERIN A: ISOLATION, BIOLOGICAL ACTIVITY, SYNTHESES, AND 
DEVELOPMENT TOWARDS ANTI-RENAL CANCER THERAPAUTIC 

CANDIDACY 

1.1 Introduction to (–)-Englerin A 

In 2018, 18.1 million new cases of cancer diagnosis and 9.6 million cancer-

related deaths were reported by the World Health Organization. By 2040, it is 

estimated that there will be 29.5 million new cases of cancer per year and 9.5 million 

cancer-related deaths per year.1 Renal cell carcinoma (RCC) is one type of cancer that 

affects the filtering of blood within the kidneys and is ranked as one of the top 10 most 

common malignancies in male and female subjects within the US.2 Current strategies 

of treatment of RCC include surgery, immunotherapy, radiation therapy, molecular-

targeted therapy, and chemotherapy. Within chemotherapy, the two drugs most 

commonly prescribed, bevacizumab and sorafenib, exhibit major side effects and 

require long-term administration. The treatment of renal cancer is a multi-billion 

dollar annual health burden in the United States alone. There is a need to further 

explore innovative treatment strategies for RCC.3  

Small molecules are the most important approach to chemotherapy, 

representing more than 80% of the top 100 oncology drugs.4  In the context of renal 

cancer, three of the top four treatments are small molecules, one of which has its 

origin in a natural product. Biologically active natural products offer unique scaffolds 

that can be manipulated toward the development of novel drug leads.  

Chapter 1 
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The plant species Phyllanthus engleri is native to Tanzania and Zimbabwe and 

is known to traditional medicine systems of the indigenous cultures within these areas. 

The plant is most commonly used as a medicine for chest congestion by either 

smoking the stem bark or by consuming it as a gruel in water.5 The fruit and leaves are 

not considered to be toxic, however breathing the smoke from the burning root bark is 

reportedly lethal.6  

In early 2009, the Molecular Targets Laboratory led by Dr. John Beutler at the 

National Cancer Institute discovered two new guaiane sesquiterpenes, englerins A 

(1.1) and B (1.2) (figure 1.1) in the 1:1 CH2Cl2 – MeOH extractives of the stem bark 

of Phyllanthus engleri in a bioassay-guided fractionation process specifically 

searching for renal cancer cell growth inhibitors; this study constituted the first 

interrogation of Phyllanthus engleri though the plant samples had been collected 

decades prior. (–)-Englerin A (EA) was shown to be responsible for the activity in the 

fractionation process – growth inhibition activity against the A498, 786–0, ACHN, 

RXF–393, SN12C, and UO–31 cell lines with GI50 values under 11 nM except for 

SN12C (GI50 = 87 nM).7 While EA was active in mouse xenografts, intravenous 

toxicity associated with the compound was observed and characterized by the Beutler 

group and independently as part of a Novartis study toward englerins as potential 

diabetes therapeutics.8 Englerin B has no significant activity.7  
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Figure 1.1 The structures of (–)-englerin A, englerin B, and englerin B acetate 

1.2 Biological Mechanism of Action Investigations 

Upon unveiling EA and its potent, selective anti-renal cancer activity, 

mechanism of action studies were conducted to elucidate the pathway by which EA 

causes death to cancer cells. Understanding the interactions between EA and the target 

site within these cancer cell lines is crucial to the development of EA as an anti-renal 

cancer drug candidate. An unambiguous determination of the structure and 

confirmation of the binding pocket along with the nature of the binding of EA to that 

pocket allows for greater predictions of relevant drug interactions and a more in depth 

understanding of structure–function relationships. 

1.2.1 Necrosis in RCC due to Ca2+ uptake and Production of Reactive Oxygen 
Species 

In 2012, the first study of the biological mechanism of action of EA was 

conducted by the Joe Ramos and William Chain groups.9 Within this study, there are a 

few key findings that are the basis for future biological research relevant to EA. They 
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used human RCC cell lines A-498 and UO-31 and the human glioblastoma cell line 

SF-295 as model cell lines for this experiment. First, it was reported that EA induces 

necrotic cell death of RCC cell lines but does not affect normal kidney cells. Next, 

they were able to identify evidence for two possible modes of action leading to the cell 

death. The first of which is the overproduction of reactive oxygen species (ROS) that 

are known to be typical inducers of necrotic signals. This study was also the first study 

to recognize an increase in cytoplasmic Ca2+ within the RCC cells, but they were not 

able to identify exact signaling pathways associated with these findings. These are 

extremely important findings, especially with the case of Ca2+ influx, that will end up 

being the subject of intense and ongoing studies related to the biological mechanism of 

action of EA. 

1.2.2 Stimulation of PKCθ in the A498 Renal Cancer Cell Line 

A 2013 study investigating the mechanism of action of EA within the 786–0, 

OK262, and UOK257 RCC cell lines implicated several isoforms of protein kinase C 

(PKC) as potential cellular molecular targets of the natural product.8b The involvement 

of PKC and specifically PKCθ as the target isoform was strongly supported utilizing 

PKC knock-out studies within the 786–0 cell line.  

A novel mechanism of action of EA in the context of cancer was proposed 

through further investigation into the involvement and role of PKCθ in the 

cytotoxicity of EA within this cell line (figure 1.2). The proposed mechanism of action 

is initiated by the binding and activation of PKCθ by EA within the cell; PKCθ then 

proceeds through two pathways simultaneously.  
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Figure 1.2 The proposed biological mechanism of action of EA in the 786-0 cell line 

One of these pathways begins with the phosphorylation and inhibition of 

insulin receptor substrate 1 (IRS1), which reduces glucose intake through decreased 

signaling of Glut1 via the P13K/AKT pathway. This leads to glucose starvation within 

the cell. The second pathway involves the phosphorylation of the gene regulatory 

protein heat shock factor 1 (HSF1) by PKCθ and enhancement of the transcriptional 

activity of HSF1 through a dissociation from heat shock protein 90 (Hsp90). This 

results in a dependence of the cell on glucose, which when coupled with the absence 

of available glucose within the cell, leads to cell death. 

1.2.3 Multiple Mechanisms of Cell Death and Autophagy 

A 2013 study supported the conclusion that EA induces cellular death by 

multiple mechanisms and likely has multiple cellular targets.10 These results showed 

that EA induces caspase-independent apoptosis along with necrosis, as well as 

increasing the levels of autophagic vessels in A498 cells. It was suggested that 

autophagy is more likely a failed cell survival mechanism than a cell death mechanism 
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in the RCC cells. These results also demonstrated that EA may block the G2/M 

transition in the cell cycle and may inhibit the activation of AKT and ERK kinases, 

which are involved in cell proliferation and autophagy of cancer cells. 

1.2.4 Modulation of L-Type Calcium Channels 

In 2016, it was reported that voltage-dependent Ca2+ L-Type (Cav1.2) channels 

are a molecular target of EA.11 Cross-natural product target-interference studies 

supported by molecular dynamics simulations supported this conclusion. Cross-natural 

product target-interference uses a small molecule with similar pharmacophore features 

to the molecule of interest as a tool compound to study the biological mechanism of 

action. In this study, the anti-cancer compound, piperlongumine (figure 1.3), was used 

to represent EA due to their similar shape, aromatic and hydrophobic features, and 

hydrogen bond character. 

 

Figure 1.3 The anti-cancer compound piperlongumine 

Using the rat cardiomyocytic cell line, H9C2, which does not express 

TRPC4/5, it was found that EA inhibits the influx of Ca2+ in a concentration-

dependent manner. Molecular dynamics simulations using the open-state Cav1.2 

homology model12 were used to predict interactions of EA within the dihydropyridine 
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binding site. An important hydrogen-bonding interaction was identified between 

Leu121 and the glycolate hydroxyl present in EA, as well as hydrophobic CH–π 

interaction between the cinnamate phenyl in EA and the methylene of Phe202. 

1.2.5 Transient Receptor Potential Canonicals and their Role in RCC 
Cytotoxicity Mediated by EA 

Transient receptor potential (TRP) proteins are one class of nonselective cation 

channels used to control cellular function through the regulation of Na+, K+, and Ca2+ 

concentration within the cytosol. These channels can be activated through the voltage 

across the plasma membrane or through the binding of an external ligand or another 

protein.13 These proteins form homo- and heterotetramers to form the channels 

involved in the transportation of these cations. Within the mammalian TRP family, 

there exists a subfamily called the Transient Receptor Potential Canonicals (TRPC). 

There are 7 of these channels, all of which exist in humans except for TRPC2.14 

The TRPCs can be found in a variety of cells and tissues including the brain, 

placenta, adrenal gland, retinal endothelia, testis, and kidneys.13, 15 The TRPCs can be 

divided into 3 structural subgroups, TRPC1/4/5, TRPC3/6/7, and TRPC2. TRPC1, 

TRPC4, and TRPC5 are reported to be involved in pathophysiological functions such 

as seizure, anxiety, fear, Huntington’s disease, Parkinson’s, intestinal motility, cardiac 

remodeling, visceral pain sensation, and neurite growth.16 TRPC1, TRPC4, and 

TRPC5 exist as both homomers and heteromers with one another, although it is 

suggested that homomeric TRPC1 channels do not serve any function.17 TRPC3/6/7 

also tend to interact with one another forming heterotetramers, but the TRPC3/6/7 and 

TRPC1/4/5 subgroups do not normally interact with each other.18 It was also reported 
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that TRPC5 has a 65% and 45% sequence identity to TRPC4 and TRPC1, 

respectively.19 

In 2015, the Christmann, Beech, and Waldmann groups identified TRPC1/4/5 

ion channels as potential cellular targets of EA within the A498 RCC cell line.20 

Influenced by a study suggesting a link between TRPC4 and RCC21, they began their 

investigation by looking at the levels of expression of TRPC4 of the cell lines within 

the NCI60. They found that the A498 cell line exhibited the highest degree of 

expression of TRPC4 within the NCI60. Whole-cell voltage-clamp recordings 

revealed a large EA-induced current in cells expressing human TRPC1, TRPC4, 

and/or TRPC5. Their studies also suggested that EA does not proceed via G-protein 

signaling and appears to activate the ion channels through a direct external interaction 

at the leaflet of the bilayer. It was determined that the EA-induced activation of 

TRPC1, TRPC4, and/or TRPC5 causes an influx of Ca2+ into the cell, overloading the 

cell with these ions leading to cell death. 

In 2016, David Beech published another article suggesting that the ion 

channels are not as selective as initially thought, and that Na+ and K+ are also 

included. Within this study, it was suggested that Na+/K+–ATPase counteracts the 

influx of cations through extrusion of these ions but is not able to keep up with the rate 

of influx. As a result, the cells are overloaded with Ca2+, Na+, and K+.22 It is suggested 

that this may be a due to the presence of TRPC1.22-23  

As mentioned previously, intravenous administration of EA to mice and rats is 

lethal.5-6 In 2018, David Beech et al. explored the nature of this lethality and the role 

that TRPC4/5 plays in mediating this adverse reaction.24 Using TRPC4 and TRPC5 

knockout studies, they were able to show that these ion channels appear to be directly 
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relevant to the adverse reactions. In TRPC4 and TRPC5 single knockout mice, partial 

protection of the mice against the adverse effects of EA is observed after 

intraperitoneal (i.p.) injection. In TRPC4/5 double knockout mice, mice show no 

adverse reaction to both intraperitoneal and intravenous (i.v.) administration. These 

results were further supported through the pre-administration of Pico14525, a known 

selective inhibitor of TRPC4/5 channels with no known adverse effects, preventing the 

adverse effects of EA. 

It has been suggested that investigation into the delivery of EA may allow for 

safe administration of the compound. It is shown that EA is lethal when administered 

via i.v. injection but explorations of other methods of delivery in a time-dependent 

manner may be beneficial for safe and efficient administration.17 

In 2019, Insuk So et al. identified specific EA interaction sites within TRPC5 

using a patch clamp technique.19b They measured the EA-induced current increases of 

TRPC5 channels featuring various mutations within the pore region based on their 

propensity to sense H+ and HO– ions. The TRPC currents were measured in human 

embryonic kidney cells (HEK293). Their results suggested that there are 3 residues 

that are involved in the EA interaction site; Lys554, His594, and Glu598; and several 

other residues that may be indirectly involved. They also mentioned that it is possible 

that the inactivity of EA on the channel because of these mutations may be a result of 

permeability changes or modulation of gating. They concluded that EA interacts with 

at least 3 amino acids causing activation and opening of the TRPC5 channel due to a 

confirmational change in the selectivity filter gate and the inner gate at the bundle 

crossing. 
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1.2.5.1 Further Investigation of TRPC Channels  

Due to the high abundance of TRPC1/4/5 in other parts of the body and its 

frequent involvement in other biological activities, research has been conducted to 

better understand these channels. This research can be applied to RCC cell lines 

featuring these channels to further develop our understanding of the interaction of EA 

with these ion channels to elucidate a biological mechanism of action. The research 

from a few of these articles is presented here. 

Unambiguous determination of the structure of TRC1, TRPC4, and TRPC5 

have been under investigation as it would allow for an in-depth investigation of 

exactly how these channels interact with biologically active small molecules, such as 

EA. There have been a few reports regarding the structural determination of these ion 

channels. 

The first of which was in May of 2018 by the Raunser group. Using cryo-

electron microscopy (cryo-EM), they were able to isolate wild type TRPC4 in its 

unliganded (apo), closed state from zebrafish (76% sequence identity to human 

TRPC4).26 They initially tried isolating human TRPC4 expressed in HEK293 cells but 

found it to be too unstable for structural investigations. The final structure that was 

elucidated using cryo-EM contained 70% of the entire structure, including residues 

18–753 with some missing loops. Residues 754–915 could not be resolved suggesting 

a high flexibility in this region. This structure allows for the identification of the cation 

conducting pore, including the selectivity filter and lower gate. There were also 2 key 

sites identified as protein modulator interaction sites.  

In June of 2018, the structure of mouse TRPC4 in its apo state was disclosed. 

The final structure featured residues 1–758 and excluded residues 759–974. 

Electrophysiological studies were performed to ensure the truncated structure featured 
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similar biophysical properties to full length TRPC4. With the structure in hand, they 

began exploration into its functional application by studying its interaction with EA. 

The results showed that mutation of Cys549A or Cys554A resulted in insensitivity to 

EA, suggesting that the structure’s pore loop architecture is disrupted through 

disulfide bond formation, leading to an inaccessible channel. 

In 2021, Chen et al. revealed the structure of human TRPC5 in its apo state as 

well as in complex with certain inhibitors.27 There exist a few small molecule TRPC 

inhibitors that are used as tools in the investigation of these channels (figure 1.4). 

There are multiple classes of these inhibitors, one of which is the clemizole (CMZ) 

class featuring benzimidazole-derived compounds, including M084 and AC1903 that 

inhibit TRPC5.28 Another class are methylxanthine derivatives such as HC–070, 

which is a TRPC4/5 inhibitor, Pico145, and the activator AM237.25, 29 Tonantzitlolone 

is an activator of TRPC1/4/5 channels with nanomalor potency first reported in 

2018.30 EA is also used as a tool compound for TRPC channel investigation. The 

inhibitors used in Chen’s investigation of TRPC5 were EA, CMZ, and HC–070. 



 12 

 

Figure 1.4 Alternative TPRC channel activators and inhibitors used for biological 
investigations 

Unfortunately, they were not able to isolate the structure of the TRPC5 channel 

with EA bound, but they were able to prepare samples of the apo state of TRPC5, the 

CMZ–bound structure, and the HC–070–bound structure. Using these structures, they 

identified 3 possible inhibitor binding pockets (IBP-A–C). IBP-A is located inside the 

voltage sensor-like domain (VSLD). This binding site is accessible through the 

intracellular side via penetration of the plasma membrane. This aligns with the TRPC4 

structure of the zebrafish showing inhibition inside the VSLD as well.26 IBP-B is 
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located close to the extracellular side and is a common modulatory ligand binding site 

in the TRPC channels. IBP-C is the third binding site and is located between the 

VSLD and pore domain. It is suggested that this site is important for the gating of both 

TRPC and TRPV ion channels.27 

1.2.6 Rewiring Phosphosignaling via Hsp27 Hyperphosphorylation 

In 2022, Gunaratne et al. explored other possible mechanisms of action of EA 

on RCC using proteomics mass spectrometry coupled with computational and 

biological techniques to develop an EA-responsive phosphorylation landscape of 

A498 cells.31 They compared the phosphoproteomic profile of EA-treated cells with 

that of the untreated cells followed by a phosphosignaling network analysis. They 

were able to identify key cellular stress signaling events induced by EA. 

Their results show that EA activates p38 signaling leading to a downstream 

hyperphosphorylation of the mediator, heat shock protein 27 (Hsp27). One site of 

elevated phosphorylation on Hsp27 is Ser65, which reveals cytotoxic effects in the 

normally EA-unresponsive HEK293 cell line. This suggests that Hsp27 may play a 

key role in mediating the cytotoxic effects EA. It is also worth noting that kidney 

cancer cells feature the highest expression of Hsp27 when compared to 375 cancer cell 

lines, suggesting that this mechanism may persist in other RCC cell lines.32 

1.2.7 EA-Mediated Effects in Other Biological Systems 

EA has not only been found to inhibit the growth of RCC cells but has shown 

to be active in other diseases as well. In 2017, David Beech et al. showed that EA 

mediates cytotoxicity in synovial sarcoma cells (SW982) (IC50 = 30 nM) through a 

similar manner to that of RCC cells. EA causes an influx of Na+ into the cell through 
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an activation of heteromeric TRPC4/1 channels. This is coupled with insufficient 

counteractive expulsion of Na+ and K+ by Na+/K+–ATPase ultimately leading to cell 

death.33 

In 2016, EA was found to be potently active in Ewing’s sarcoma cells. The 

Woldemichael group studied the biological interactions between EA and Ewing’s 

sarcoma cells causing the necrosis and apoptosis of these cells.34 Through a high 

throughput screen, they were able to identify EA as inhibiting the activity of EWS-

FLI1, an abberant transcription factor seen as a key contributor in the tumorigenesis 

and progression of Ewing’s sarcoma.35 This transcription factor is only found in 

Ewing tumors leaving it as an attractive target for small molecule treatment of the 

disease. Through this study they were able to reveal a few things that may contribute 

to the mechanism of action of EA in these cells. EA was found to decrease the 

phosphorylation of EWS-FLI1 leading to a decreased ability to bind to DNA, which 

appears to be mediated by intracellular PKCβI as EA also leads to an increase in 

cytosolic calcium levels. It was also determined that EA correlated with decreased 

tumorigenicity in Ewing’s cells and cell cycle arrest. This study was able to use EA to 

show possible targets for the treatment of Ewing’s sarcoma and the biological 

mechanism of action of the treatment of these targets. 

EA has also shown to be a potent inhibitor of triple-negative breast cancer cell 

lines, Hs578T and BT–549.36 Triple-negative breast cancers (TNBCs) represent 15–

20% of all breast cancers and are defined by a lack of estrogen receptor, progesterone 

receptor, and human epithelial growth factor receptor amplification. The current 

treatments for these cancers provide 23–55% relapse-free 10-year survival, 

emphasizing the demand for alternative treatment options.37 The groups of John 
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Beutler and Susan Mooberry were able to identify 2 TNBC cell lines sensitive to 

cytotoxicity by EA, Hs578T (IC50 = 16 nM) and BT–549 (IC50 = 5.4 nM). The 

sensitivity of these cell lines is attributed to the higher levels of expression of TRPC4 

in BT–549 and both TRPC4 and TRPC1 in Hs578T. Higher TRPC4 expression led to 

increased levels of Ca2+, while when TRPC1 was present, it was mainly elevated 

levels of Na+ that were measured. It was also shown that increases in the Ca2+ 

concentration initiated mitochondrial depolarization which is likely contributing to the 

cytotoxicity observed in BT–549.36  

In 2021, EA was found to possess analgesic and anti-inflammatory properties 

unrelated to the TRPC4/5 channels.38 Using a carregeenan model of inflammation in 

mice, treatment with EA showed a reduction in inflammation and an observed 

analgesic effect that was shown to be independent of TRPC4/5 channel activation. 

However, at the end of their study, they report that the lack of an identifiable target 

along with the reported cytotoxicity may render EA an invaluable drug discovery 

target for this application. 

1.3 Total and Formal Syntheses of Englerin A 

Since the first disclosure of EA in 2009, it has a been a popular target for the 

synthetic community due its complex and intricate structure and promising biological 

activity. As of this writing, there are over twenty total and formal syntheses along with 

a few articles published featuring unique strategies of achieving adaptable core 

structures that could be applied to the synthesis of EA. This review features all of the 

published total and formal syntheses of EA in chronological order as well as the 

published alternative strategies that have not been used in the synthesis of EA. 
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1.3.1 Christmann – Total Synthesis of (+)-Englerin A and Determination of 
Absolute Stereochemistry (October 2009) 

The first synthesis of englerin A was published in 2009 by Mathias Christmann 

et al. starting from cis,trans-nepetalactone, the psychoactive component of catnip.39 

The 5-membered ring of nepetalactone will be the 5-membered ring in englerin while 

the lactone will be transformed into the 7-membered ring through the following steps 

(figure 1.5). Using m-CPBA to afford epoxide 1.3, they then performed a ring 

contraction using NaOMe to afford lactone 1.4. A Barbier40 coupling was used to 

afford homoallylic alcohol 1.6. They perform a reductive ring opening of the lactone 

followed by the acetal protection of the resultant 1,2-diol. An oxidation of the primary 

alcohol using IBX, followed by an epimerization of the resultant aldehyde, and a 

Wittig41 olefination affords diene 1.7. From here a ring closure, ether bridge 

formation, and installation of the cinnamate and glycolate esters is all that remains. 

This is accomplished through a Grubbs42 ring closing metathesis of 1.7, acetal 

deprotection, and installation of the TBS-protected glycolate ester to afford 1.8. An 

oxidation of the olefin to the epoxide and an epoxide ring opening cyclization under 

thermal conditions completes the core. A Yamaguchi43 esterification to install the 

cinnamate ester followed by the removal of the TBS protecting group completes the 

synthesis of (+)-englerin A is 15 steps and a 10.9% yield overall. This allowed for the 

determination of the absolute configuration of englerin A, as (+)-englerin A is the 

inactive enantiomer of englerin A. In 2011, the Christmann group applied the same 

route in the synthesis of the biologically active enantiomer (–)-englerin A using a 

synthetic nepetalactone.44  
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Figure 1.5 Total synthesis of (+)-englerin A completed by Mathias Christmann et al. 

1.3.2 Echavarren – Total Synthesis of (–)-Englerin A (April 2010) 

On April 6th of 2010, the Echavarren45 and Ma46 groups published concurrent 
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Echavarren in 2006.48 This methodology allowed for the completion of the 7,5-ring 

system featuring the ether bridge through a [2+2+2] cycloaddition of linear precursors.  

In order to reach the linear precursor 1.14, they started with commercially 

available and inexpensive geraniol (figure 1.6). A Sharpless49 epoxidation of geraniol 

followed by an Appel50 chlorination and reaction with n-BuLi afforded enyne 1.10. A 

TES-protection, oxidative cleavage to afford the aldehyde, and Wittig41 olefination 

gave enal 1.11. A stereoselective Denmark51 aldol reaction sets them up the Au-

catalyzed Prins cyclization followed by a deprotection/protection sequence to afford 

the completed core 1.15. A few oxidative manipulations along with installation of the 

acyl side chains will give them EA. Isomerization of 1.15 to 1.16 was accomplished 

through an epoxidation/reduction sequence. Diastereoselective, catalytic 

hydrogenation of the allylic alcohol 1.16 followed by an esterification of the alcohol 

installs the cinnamate ester. A deprotection of the TBS group gives (–)-englerin B. A 

Yamaguchi43 esterification with the protected glycolate ester with a final deprotection 

of the TBDPS group completes the synthesis of EA in 18 steps at an overall yield of 

7%. 
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Figure 1.6 Total synthesis of (–)-englerin A completed by Antonio Echavarren et al. 

1.3.3 Ma – Total Synthesis of (–)-Englerin A (April 2010) 

Also on April 6th of 2010, the Ma group disclosed a synthesis of EA utilizing a 

similar strategy shown in figure 1.7.46 Starting with (R)-(+)-citronellal, a geminal 

dibromination and elimination generates the terminal alkyne. Allylic oxidation with a 

boron-mediated enantioselective aldol addition of the resultant aldehyde affords enyne 

1.17. The Au-catalyzed [2+2+2] cycloaddition affords the core structure 1.18. An 

epoxidation and subsequent epimerization give allylic alcohol 1.19. Inversion of the 

stereochemistry of the two alcohols is informed through an oxidation and reduction of 

the resultant ketones. A directed hydrogenation of the alkene affords 1.20. A selective 

Dess-Martin52 oxidation of one alcohol and Yamaguchi43 esterification of the other 

affords ketone 1.21. Installation of the glycolate was performed by reduction of the 
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ketone and activation of the alcohol with an imidazole sulfonate followed by 

substitution with cesium glycolate. This synthesis of EA was completed in 15 steps 

with and overall yield of 8.1%. 

 

Figure 1.7 Total synthesis of (–)-englerin A completed by Dawei Ma et al. 

1.3.4 Nicolau and Chen – Total Synthesis of (±)-Englerin A & Formal Synthesis 
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alcohol 1.23 setting them up for a Sonogashira54 with TMS acetylene giving enyne 

1.24 (figure 1.8). Removal of the TMS group followed by a gold-catalyzed ring 

closure forms furan 1.25. A formylation and Grignard55 addition into the newly 

formed aldehyde affords alcohol 1.26. When treated with m-CPBA, 1.26 undergoes a 

Achmatowicz56 rearrangement expanding the ring to lactol 1.27. This sets them up for 

the [5+2] cycloaddition which is accomplished by activation of the alcohol with mesyl 

chloride and elimination of the mesylate to afford the oxopyrylium 1.28. This 

oxopyrylium in the presence of ethyl acrylate completes the 7-membered ring 

featuring the ether bridge, 1.29, through the [5+2] cycloaddition. The remainder of the 

synthesis involves formation of the 5-membered ring and installation of the ester side 

chains.  
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Figure 1.8 Total synthesis of (±)-englerin A completed by the K. C. Nicolau and 
David Chen groups 
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allylic alcohol is followed by a diastereoselective hydrogenation of the olefin. The 

ester is then transformed to the methyl ketone through the Weinreb59 amide to afford 

1.32. Using a Baeyer-Villiger60 oxidation, the ketone is taken to the acetate to install 

the oxygen at the correct position on the core, 1.33. A Yamaguchi43 esterification is 

used to install the cinnamate ester. Removal of the acetyl protecting group leaves the 

free alcohol where the glycolate is then installed through another Yamaguchi43 

esterification and a final deprotection of the TBS-protected glycolate. This completes 

their synthesis of (±)-englerin A in a total of 17 steps in a 2.9% yield overall.  

They then proceeded to show the enantioselective formal synthesis of EA 

through a stereoselective [5+2] cycloaddition with the proceeding steps leading to 

unsaturated ketoester 1.29. 

1.3.5 Theodorakis – Formal Synthesis of (–)-Englerin A (August 2010) 

In August of 2010, the Theodorakis group published an enantioselective formal 

synthesis of EA that is initiated through a [4+3] cycloaddition between furan 1.35 and 

diazo compound 1.34 to afford the ether bridged 7-membered ring 1.36 (figure 1.9).61 

Formation of the 5-membered ring ensues first through a removal of the auxiliary by 

treatment with DIBAL followed by Lewis acid to afford the rearrangement to the 

unsaturated ketone 1.37. Next, a Rubottom62 oxidation oxidizes the α-position of the 

ketone to the alcohol retaining the undesired stereochemistry. Following a TBS 

protection of the alcohol, a thiazolium salt-catalyzed 1,4-addition with propanal 

afforded diketone 1.38. An aldol condensation is accomplished using NaHMDS 

followed by heating in NaOMe/MeOH to complete the scaffold of EA 1.39. Reduction 

and benzyl protection of the remaining ketone gives a benzyl protected allylic alcohol. 

A hydroboration/oxidation/TBS protection of the internal olefin within the 7-
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membered ring with subsequent hydrogenation to remove the benzyl protecting group 

affords allylic alcohol 1.40. Deoxygenation to remove the alcohol was achieved 

through dehydration with Burgess63 reagent followed by hydrogenation. Global 

deprotection of the TBS alcohols achieves 1.41 completing their formal synthesis of 

EA in 15 steps at a 5% overall yield. They reference the work completed by Ma46 to 

accomplish the rest of the synthesis from intermediate 1.41. 

 

Figure 1.9 Formal synthesis of (–)-englerin A completed by Emmanuel Theodorakis 
et al. 
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1.3.6 Chain – Total Synthesis of (–)-Englerin A (April 2011) 

In April of 2011, the Chain lab developed an innovative strategy towards the 

synthesis of EA by breaking the core into 2 key pieces, furanone 1.44 and enal 1.47.64 

These pieces can be stitched together through a Michael addition65 and SmI2 reductive 

cyclization. The furanone and enal pieces can each be made in 2 steps from 

commercially available starting materials (figure 1.10). The synthesis of the furanone 

commences with a Claisen66 condensation between isopropyl methyl ketone and α-

chloroester 1.42. The resultant diketone 1.43 is then cyclized under basic conditions to 

afford the furanone 1.44. The second key piece, enal 1.47, is obtained by starting with 

(R)-(+)-citronellal. Eschenmoser’s67 salt is used to complete an α-methenylation which 

can then be cyclized using Grubbs’42 olefin metathesis. This sets them up for the first 

key step, the Michael addition, connecting the α-position of the furanone to the β-

position of the unsaturated aldehyde to afford 1.48 in a diastereomeric ratio of 2:1 of 

the desired diastereomer to the sum of the others. The aldehyde that is remaining is 

then coupled to the β-position of the unsaturated ketone to complete the core 1.49. The 

resultant alcohol 1.49 is esterified with cinnamic acid under Yamaguchi43 conditions. 

The remaining ketone is reduced to the alcohol and activated with a sulfonyl imidazole 

to give 1.51. Substitution of the sulfonate with cesium hydroxyacetate affords EA in 8 

steps in an overall yield of 20%; the Chain approach to EA remains the most efficient 

synthesis to date. 
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Figure 1.10 Total synthesis of (–)-englerin A completed by Chain and coworkers 
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Barbier40 addition of allylic bromide 1.53 to install one final olefin. This produces a 

mixture of diastereomers at the newly formed alcohol, both of which are pushed 

forward. A protection of the 1,2-diol with a carbonate sets them up for the key relay 

ring closing metathesis reaction that completes the formation of the 7,5-ring system. 

This reaction allows for the coupling of both alkenes to the central alkyne using 

Stewart-Grubbs42 catalyst. Removal of the carbonate protecting group affords the diol 

1.55. The next thing that needs to be done is formation of the ether bridge. By first 

protecting the alcohol with a TBS group, they can use an oxymercuration reaction 

with Hg(O2CCF3)2 to construct the alkyl mercury 1.56. An oxidative demercuration 

removes the Hg leaving allylic alcohols 1.57 and 1.58. EA can then be furnished from 

1.58 through an interception of the synthesis described by Echavarren in 7 steps.45 

This completes the formal synthesis of EA by achieving intermediate 1.58 in 12 steps 

at a 6.8% yield overall. 
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Figure 1.11 Formal synthesis of (–)-englerin A completed by Kathlyn Parker et al. 
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achieved through a tosylation of the alcohol followed by reduction of the ester to the 

alcohol and finally substitution of the tosylate with NaCN. A Sharpless49 asymmetric 

epoxidation is used followed by a TBS protection of the alcohol to transform allylic 

alcohol 1.62 into epoxynitrile 1.63. Treatment of 1.63 under Stork’s cyclization 

conditions completes the 5-membered ring in 9 steps. They then work to prepare for a 

Grubbs cyclization to construct the 7-membered ring.  

The nitrile is transformed into an alkene first by protecting the alcohol with a 

MOM group. The nitrile is then reduced to the aldehyde with DIBAL and subjected to 

a Wittig41 olefination to afford terminal olefin 1.65. On the other alkyl chain, the TBS 

on the primary alcohol is removed and the alcohol is oxidized to the aldehyde under 

Swern70 conditions. Attempts at coupling the aldehyde with allylic bromide 1.66 under 

Barbier40 conditions using Zn along with Nozaki-Hiyama73 allylation conditions using 

CrCl2 were unfruitful, resulting in either low yield or low diastereoselectivity. 

Treatment with indium afforded an 8:1 d.r. of the desired diastereomer 1.67 to its 

epimer in a 95% yield. The inseparable mixture of epimers is treated with 

concentrated HCl to remove the MOM protecting group and to allow for 

chromatographic separation of the epimers. Protection of the 1,2-diol sets them up for 

the Grubbs42 metathesis affording the internal olefin. Asymmetric epoxidation of the 

resulting olefin using monoperoxypthalate (MMPP) gave epoxide 1.69. A removal of 

the carbonate protecting group followed by selective esterification of the secondary 

alcohol using a Steglich74 esterification affords the protected glycolate ester. The ether 

bridge can be formed through an epoxide ring opening cyclization under thermal 

conditions to afford free alcohol 1.70. A Yamaguchi43 esterification followed by a 

TBDPS deprotection affords EA in a total of 24 steps at an overall 14% yield.  



 30 

 

Figure 1.12 Total synthesis of (–)-englerin A completed by Susumi Hatakeyama et al. 
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intramolecular aldol condensation, SmI2 cyclization, and a Shapiro76 reaction using the 

hydrazone before realizing the transformation through an intramolecular Heck77 

reaction strategy. Vinyl Grignard55 in the presence of cerium trichloride afforded 

allylic alcohol 1.75 through the addition into the aldehyde. An acylation of the 

resultant alcohol allowed for its removal using ammonium formate in the presence of 

palladium tetrakis affording olefin 1.76. Enolization of the ketone followed by a 

Heck77 coupling between the alkene and newly formed vinyl triflate completed the 

core structure of EA, 1.77. A selective epoxidation of the more electron-rich olefin 

followed by reductive opening of the epoxide using DIBAL afforded alcohol 1.78. 

Inversion of the alcohol was accomplished through an oxidation/reduction sequence 

and hydroboration–oxidation of the less substituted olefin affording diol 1.79. 

Hydrogenation of the tetrasubstituted olefin using Pfaltz78 catalyst followed by 

esterification with acyl protected glycolic acid chloride affords 1.80. Yamaguchi43 

esterification and saponification of the acyl protecting group affords EA in a total of 

15 steps in a 3.5% yield overall. In this publication, they were also able to complete 

the total syntheses of Englerin B, oxyphyllol, and orientalol E and F. 
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Figure 1.13 Total synthesis of (–)-englerin A completed by the groups of Bing-Feng 
Sun, Guo-Qiang Lin, and Yong-Jia Shang 
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closing metathesis was used to complete the core minus the ether bridge, 1.83 (figure 

1.14). At this point, the ester was transformed into the methyl ketone through 

Weinreb59 amide formation then treatment with MeLi. This also resulted in 

dehydration of the alcohol to give the unsaturated ketone 1.84. An epoxidation of the 

unsaturated ketone followed by asymmetric dihydroxylation of the other olefin and 

selective esterification using the TBS-protected glycoloyl chloride affords epoxide 

1.85. A single pot Wittig41 olefination and ether bridge formation under acidic 

conditions affords enol 1.86. A hydrogenation of the resultant olefin and esterification 

of the free alcohol using cinnamoyl chloride completes the synthesis of EA in 12 steps 

with an overall yield of 16%. 

 

Figure 1.14 Total synthesis of (–)-englerin A completed by Peter Metz et al. 
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1.3.11 Shen – Total Synthesis of (–)-Englerin A (January 2014) 

In 2014, the Shen group described a concise enantioselective total synthesis of 

EA featuring a pinacol coupling and Grubbs metathesis to complete the core (figure 

1.15).81 Starting with the cyclopentyl enal 1.87, a known compound prepared from 

(R)-(–)-carvone, they began exploring the pinacol coupling and Grubbs42 metathesis 

with a variety to ketones. Eventually, the pinacol product was obtained through the 

addition of dithiane 1.88 followed by deprotection and allyl Grignard55 addition into 

the unmasked ketone to afford 1.89. A Grubbs metathesis closes the 7-membered ring. 

The ether bridge was completed through an iodonium intermediate 1.90 using NaIO4 

and NaHSO3 to afford iodo-compound 1.91. Esterification of the alcohol using 

cinnamoyl chloride followed by substitution of the iodide with an acetate group 

affords (–)-englerin B acetate. Saponification, esterification with a protected glycolate, 

and deprotection affords EA in a total of 10 steps and an overall yield of 11%. 

 

Figure 1.15 Total synthesis of (–)-englerin A completed by Zhengwu Shen et al. 
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1.3.12 Hashimoto and Anada – Total Synthesis of (–)-Englerin A (July 2015) 

In 2015, Hashimoto and Anada collaborated on the asymmetric total synthesis 

of EA utilizing a carbonyl ylide cycloaddition along with an intramolecular aldol 

condensation to complete the core.82 Their synthesis commenced with the 

Reformatsky80 reaction between succinic anhydride and 2-bromoisobutyrate with a 

subsequent decarboxylation under acidic conditions (figure 1.16). Treatment of the 

resultant keto acid with CDI followed by t-butyl malonic acid results in the diketoester 

1.93. This can then be treated with mesylazide to perform a diazo transfer producing 

the carbonyl ylide cycloaddition precursor 1.94. A rhodium catalyst mediated the 

cycloaddition between 1.94 and ethyl vinyl ether to afford the oxa-bridged 7-

membered ring, 1.95. This method was originally developed by this group as a means 

of providing 8-oxabicyclo[3.2.1]octane derivatives with high enantioselectivity.83 

They recognized the utility of the reaction and saw its potential application to the 

synthesis of EA.  
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Figure 1.16 Total synthesis of (–)-englerin A completed by the Masahiro Anada and 
Shunichi Hashimoto groups 
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diastereoselective hydrogenation of the endocyclic alkene. A TES protection of the 

alcohol and ruthenium tetroxide-mediated oxidation of the ethyl ether to the acetate is 

followed by a reductive excision of the tosylate group and removal of the acetate 

group to afford 1.100. The PMB protected glycolate is installed followed by 

deprotection and cinnamate esterification of the other alcohol. A final deprotection of 

the PMB alcohol completes the synthesis of EA in 25 steps at an overall yield of 5.2%. 

1.3.13 Iwasawa – Total Synthesis of (±)-Englerin A (January 2016) 

In January of 2016, Iwasawa et al. described the racemic synthesis of englerin 

A using an intermolecular [3+2] cycloaddition strategy of a carbonyl ylide.85 Similar 

cycloaddition strategies have been applied to the synthesis of englerin A, but these 

syntheses are limited by the fact that they require electron-deficient dipolarophiles. As 

a result, further functionalization is required for the transformation of these electron 

deficient groups, such as esters, into the oxygen featured at C9. The benefit of this 

method is that it is an inverse demand cycloaddition, so these oxidative 

transformations post-cycloaddition are not needed. They use a Pt catalyst to complete 

a cycloaddition between a carbonyl ylide 1.101, made in 3 steps from hex-4-ynoic 

acid, and benzyl vinyl ether to furnish the ether-bridged 7-membered ring (figure 

1.17).  
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Figure 1.17 Total synthesis of (–)-englerin A completed by Nobuharu Iwasawa et al. 
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to afford olefin 1.107. From here, a series of oxidative manipulations and 

esterifications complete the synthesis of (±)-englerin A. A Luche58 reduction of the 

ketone to the alcohol and a stereoselective hydrogenation of the tetrasubstituted olefin 

resulted in removal of the benzyl protecting affording the diol. A regioselective 

esterification to afford the protected glycolate followed by an esterification of the final 

alcohol and TBS deprotection of the glycolate complete the total synthesis of (±)-

englerin A in 14 steps at an overall yield of 16% from the ynone 1.101. 

1.3.14 López and Masacareñas – Total Synthesis of (–)-Englerin A (October 
2016) 

In October of 2016, the López and Masacareñas groups collaborated on the 

synthesis of EA that also featured a cycloaddition strategy.86 In this case the bicyclic 

core was synthesized through a [4+3] cycloaddition of an allenediene precursor 

catalyzed by Pt. This allenediene precursor is synthesized in 5 steps starting with the 

alkylation of diethyl malonate using bromodiene 1.108 shown in figure 1.18. A 

decarboxylation and Weinreb59 amide formation affords 1.109. Treatment with a 

lithium alkynylide results in the formation of the ynone 1.111. Asymmetric 

hydrogenation using a Noyori87 catalyst followed by reduction of the ketone and TBS 

protection of the resultant alcohol results in the formation of the allenediene 1.113. 

Treatment with a Pt catalyst in o-xylene constructs the 7,5-ring system 1.114. In order 

to install the ether bridge, a regioselective dihydroxylation of 1.114 followed by a 

selective pivaloyl monoprotection and deprotection of the TBS alcohol affords diol 

1.115. A tandem asymmetric epoxidation of the remaining olefin and ring opening 

cyclization afforded the completed core 1.116. This was accomplished using the L-

Shi88 catalyst. A regioselective tosylation of the alcohol on the 5-membered ring 
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allowed for methyl substitution affording diol 1.117. A Steglich74 esterification was 

used to install the PMB-protected glycolate and a Yamaguchi43 was used to install the 

cinnamate. A final removal of the PMB group with DDQ completes the total synthesis 

of EA in 17 steps at an 8.8% yield. 
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Figure 1.18 Total synthesis of (–)-englerin A completed by the groups of Fernando 
López and José Mascareñas 
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1.3.15 Iwabuchi – Formal Synthesis of (–)-Englerin A (September 2017) 

In September of 2017, Iwabuchi described a formal synthesis of EA utilizing a 

strategy involving a Nazarov89 cyclization in order to install the 5-membered ring onto 

the oxo-bridged 7-membered ring.90 They can obtain the oxo-bridged 7-membered 

ring through a route previously developed by Iwabuchi by starting with 1,3-

cycloheptadiene91 (figure 1.19). From 1.118, they began with a 1,4-reduction of the 

enone followed by triflation of the resulting enolate. The vinyl triflate subjected to a 

Stille92 coupling to afford dienone 1.119. The Nazarov cyclization is accomplished 

through treatment with triflic acid to complete the bicyclo[5.3.0]decane 1.120. 

Hydrogenation using Pd/C followed by reduction and activation of the resulting 

alcohol affords sulfamate 1.121. Under Du Boi’s93 conditions the sulfamate undergoes 

an oxidative annulation to afford the intermediate 1.122. When treated with acid in 

THF an overall transposition of the initial ketone along with opening of the ether 

bridge affords 1.123. The enone is subjected to a 1,4-reduction and the newly formed 

alcohol is MOM-protected. The remaining ketone was treated with LiHMDS and 

NTf2Ph to give the enol triflate which was subjected to a Negishi94 coupling to afford 

a trisubstituted olefin. A dihydroxylation of the olefin affords diol 1.124. Their plan at 

this point was to intercept Hatakeyama’s synthesis by reaching intermediate 1.125 

which could be achieved in a few more steps. A one-pot procedure accomplishing 

protection of the diol along with removal of the MOM-group and oxidation of the 

resultant free alcohol gives the ketone. An isopropyl addition into the ketone using 

conditions developed by Ishihara95 and dehydration using Burgess63 reagent completed 

their formal synthesis of EA in 13 steps from ketone 1.118 in an overall yield of 58% 

to 1.125. 
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Figure 1.19 Formal synthesis of (–)-englerin A completed by Yoshiharu Iwabuchi et 
al. 
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1.3.16 Shoji – Formal Synthesis of (±)-Englerin A (August 2017) 

In August of 2017, the Shoji group described a formal synthesis of racemic 

englerin A utilizing a regio- and diastereoselective [4+3] cycloaddition strategy to 

construct the oxo-bridged 7-membered ring.96 This strategy achieves this 

cycloaddition using a furan 1.129 and an unsaturated aldehyde 1.128 as shown in 

figure 1.20. The aldehyde was synthesized in 4 steps starting with ketone 1.126. 

Conversion of the ketone to the less electrophilic imine allowed for monoalkylation to 

afford ketone 1.127. Treatment with NaHMDS and silyl chloride followed by heating 

in toluene afforded silyl enol ether 1.128. This is the unsaturated aldehyde that is then 

subjected to the [4+3] cycloaddition with furan 1.129 to complete the bridged 7-

membered ring 1.130. From here, a benzylation of the free alcohol and Wacker57 

oxidation of the terminal olefin was followed by a McMurry97 coupling to close the 5-

membered ring 1.131. A hydroboration–oxidation of the less substituted olefin 

followed by hydrogenation of the remaining alkene complete their formal synthesis of 

(±)-englerin A through intermediate 1.132. They reference the synthesis completed by 

Shang et al. as a means of completing the total synthesis.75 The complete formal 

synthesis from the starting ketone 1.126 to diol 1.132 was completed in a 4.8% yield 

over 10 steps. 
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Figure 1.20 Formal synthesis of (±)-englerin A completed by Mitsuru Shoji et al. 
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cyclopropanation of an olefin to achieve lactone 1.136. Opening the lactone and 

protecting the newly formed alcohol with a chloroacetyl group sets them up for an 

ozonolysis of the less substituted olefin to afford ketone 1.137. This is then subjected 

to the intramolecular [3+2] cycloaddition mediated by scandium triflate to afford the 

completed core 1.138.  

 

Figure 1.21 Total synthesis of (–)-englerin A completed by Zhongwen Wang et al. 
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Ketone 1.139 is achieved by decarboxylation to remove one ester followed 

reductive cleavage of the other ester using DIBAL and a Dess-Martin52 oxidation of 

the resultant alcohol. The unsaturated aldehyde  is generated through a Saegusa84 

oxidation and the aldehyde is removed through a Tsuji-Wilkinson101 decarbonylation. 

Chemoselective hydroboration-oxidation of the resulting alkene affords diol 1.140. 

Diastereoselective hydrogenation of the remaining olefin is followed by a Steglich74 

esterification to install the protected glycolate ester, incorporation of the cinnamate, 

and deprotection of the glycolate to complete the synthesis of (–)-englerin A. They 

achieved the synthesis of EA in 18 steps at a 7.8% yield. This synthesis was used as a 

way to showcase the intramolecular cross cycloaddition step used to construct the core 

of EA. They also completed the total syntheses of (–)-englerin B, (+)-orientalols E and 

F, and (–)-oxyphyllol using this strategy. 

1.3.18 Tchabanenko – Total Synthesis of (±)-Englerin A (January 2019) 

In January of 2019, Tchabanenko’s group described a synthesis using a 

strategy similar to that of Nicolau and Chen53 in 2010. Their strategy employed a 

[4+3] cycloaddition through a pyrylium ion generated in situ to construct the 7-

membered ring with the ether bridge.102 This synthesis initiated with the 

transformation of furanal 1.141 into pyrone 1.142 through a Grignard55 addition into 

the aldehyde, oxidative ring expansion using m-CPBA, and an acetate protection of 

the free alcohol (figure 1.22). When heated in a sealed tube with vinyl acetate, the 

[4+3] cycloaddition commences affording the 7-membered ring 1.143. A vinyl 1,4 

addition followed by an ozonolysis affords aldehyde 1.144. An epimerization at the 

alpha position of the aldehyde followed by a Wittig41 olefination and hydrogenation of 

the resultant olefin affords ketone 1.145. An aldol condensation is accomplished in 2 
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steps through the use of KHMDS followed by an elimination of the activated alcohol 

under basic conditions to afford the completed core 1.146. A reduction of the ketone 

and olefin are followed by a Yamaguchi43 esterification affording cinnamate 1.147. 

The total synthesis is completed through removal of the acetate, activation of the 

alcohol with imidazolium sulfonate, and substitution with cesium glycolate. The 

synthesis of (±)-englerin A was accomplished in 17 steps at an overall yield of 5.7%. 
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Figure 1.22 Total synthesis of (±)-englerin A completed by Kirill Tchabanenko et al. 
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1.3.19 Plietker – Total Synthesis of (–)-Englerin A (May 2019) 

In May of 2019, the Plietker group used a TMSOTf-mediated [4+3] 

cycloaddition strategy between diketoester 1.150 and TMS enolate 1.152 (figure 

1.23).103 The diketoester 1.150 can be synthesized in 2 steps by an enantioselective, 

catalytic, decarbonylative aldol between ketodiol 1.148 and ketoester 1.149 along with 

a Yamaguchi43 esterification to perform an early installation of the TBDPS-protected 

glycolate ester. The intramolecular [4+3] cycloaddition mediated by TMSOTf begins 

with nucleophilic attack between the ketones in 1.150 to afford oxonium 1.151. A 

Mukaiyama99 aldol with TMS enolate 1.152 affords intermediate 1.153. Elimination of 

a TMS alcohol and a final Mukaiyama99 aldol afford oxo-bridged 7-membered ring 

1.155 diastereoselectively. Towards the construction of the 5-membered ring, 

alkylation and Krapcho104 decarboxylation afford olefin 1.156. A triflation of the 

ketone sets them up for a Heck77 coupling to form the 5-membered ring 1.157. When 

treated with MeSiCl2H, a Pd-catalyzed regio-and diastereoselective 1,4-hydrosilation 

of diene 1.157 is accomplished. Upon oxidative work-up with hydrogen peroxide, core 

structure 1.159 is afforded. To invert the stereogenic center bearing the newly formed 

alcohol, oxidation to the ketone and a CBS105-reduction is used. Hydrogenation of the 

remaining olefin, cinnamate esterification, and TBDPS deprotection afford the final 

product (–)-englerin A in a grand total of 12 steps with a 7.2% yield. 
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Figure 1.23 Total synthesis of (–)-englerin A completed by Bernd Plietker et al. 
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to produce guaia-6,10(14)-diene with a titer of 0.8 g/L through fed-batch fermentation 

of the engineered bacteria S. cerevisiae YL06. This cell line uses the mevalonate 

pathway to produce this scaffold. With guaia-6,10(14)-diene in hand, they can reach 

EA in just 6 steps as shown in figure 1.24. Using Shenvi’s cobalt-catalyzed 

isomerization, they isomerized the exocyclic double bond into the 7-membered ring 

1.160.107 A Sharpless49 asymmetric dihydroxylation was achieved allowing for 

protected glycolate ester formation to give 1.161. Asymmetric epoxide formation of 

the remaining olefin resulted in ether bridge formation when treated with acetic acid. 

Finally, a Yamaguchi43 esterification and removal of the silyl protecting group affords 

(–)-englerin A in a total of 6 steps from the guaia-6,10(14)-diene with a yield of 38%. 
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Figure 1.24 Total synthesis of (–)-englerin A completed by the Mathias Christmann 
and Tiangang Liu groups 
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first epoxidized the internal olefin followed by a cobalt catalyzed epimerization of the 

external alkene to afford 1.162. A dihydroxylation of the olefin results in ring closure 

and opening of the epoxide to the alcohol 1.163. They then complete the synthesis by 

two esterification reactions and a PMB deprotection to afford (–)-englerin A in 6 steps 

and a 14.2% yield from guaia-6,10(14)-diene. 

 

Figure 1.25 Total synthesis of (–)-englerin A completed by Zheng Xiang et al. 
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1.3.22 Alternative Approaches to the Synthesis of Englerin A 

Several published works feature methodologies that could be used to form the 

guaiane scaffold, but that have not yet been applied toward the synthesis of EA or its 

associated analogues. A few of these publications are not directly applicable to the 

synthesis of englerin A but hold the potential of being applied to the synthesis of its 

analogues with some reaction modification.109 One method that could be applied 

directly to the synthesis of englerin was completed by the Wang group in 2018.110  

This methodology features a tandem C–H oxidation/oxa-[3,3] Cope111 

rearrangement/aldol cyclization as a means of constructing 8-

oxabicyclo[3.2.1]octanes. Under their optimized conditions, they can perform this 

transformation under the promotion of the oxidant T+BF4– and ZnBr2 with the additive 

2,6-dichloropyridine (figure 1.26). This method is versatile as it is applied to a wide 

range of systems and can generate a few different mono- and bicyclic scaffolds 

featuring different substitution patterns and the ether bridge in moderate to high yields 

and diastereoselectivities. The 5,7-ring system 1.166o shows that this method has the 

potential to be applied to the synthesis of EA. 



 56 

 

O
R6

R5 OTBS

R3

R2

R1

R4

O
R6

R5 OTBS

R3

R2

R1

R4

1.164
O

O

R1

O
O

R1

O
O

R1R2

T+BF4
–, ZnBr2

DCP, 4Å MS
DCE, RT

1.165
R4

R5

R6

O
O

CH3

O
O

CH3
H3C

O
O

iPrH3C
O

O

nBuH3C
O

O

CH3
H3C

CH3

O
O

CH3
CH3

O
O

CH3
H3C

CH3
CH3

O
O

CH3
H3C

CH3
Ph

O
O

CH3

CH3

O
O

CH3

Ph
O

O

CH3
Ph

CH3
O

O

iPrPh

R

RO
O

CH3
H3C

O
O

nBuPh

H3C

O O

H3C

H3C

CH3

CH3

H

O
OH3C

H

O OH3C

CH3

CH3

H

H3C

O O

CH3

CH3

H

O

H3C

H3C

CH3

O

CH3
O

H3C

H3C

CH3
O

CH3
CH3

H

O
O

CH3

O
O

CH3

O
O

iPr

CH3

1.166q, 61%
d.r.(α:β) > 20:1

1.166m, 61%
d.r. = 16.5:1

1.166i, 84%
d.r. > 20:1

1.166e, 56%
d.r. > 20:1

1.166f, 82%
d.r. = 12.5:1

1.166a, 62%
d.r. = 12.5:1

1.166b, 72%
d.r. = 11.1:1

1.166c, 57%
d.r. = 7.7:1

1.166d, 85%
d.r. = 12.5:1

1.166g, 66%
d.r. > 20:1

1.166h, 88%
d.r. > 20:1

1.166l, 91%
d.r. > 20:1

1.166k, 90%
d.r. > 20:1

1.166j, 47%
d.r. > 20:1

1.166n, 56%
d.r. > 20:1

1.166o, 42%
R = CO2Et
d.r. > 20:1

1.166p, 41%
d.r. = 3.5:1

1.166s, 71%
d.r. = 4.0:1

1.166r, 60%
d.r. = 2.2:1

1.166t, 52%
d.r.(α:β) = 6.2:1

1.166u, 82%
d.r.(α:β) > 20:1

1.166v, 90%
d.r.(α:β) > 20:1

1.166w, 68%
d.r.(α:β) > 20:1



 57 

Figure 1.26 Method developed by Shao-Hua Wang et al. describing the synthesis of 
8-oxabicyclo[3.2.1]octanes 

1.4 Englerin Analogues and Structure–Function Studies 

With over 20 different syntheses of englerin disclosed, many groups have 

contributed synthetic analogues of EA with the intent to develop a structure–function 

relationship study of englerins. This would allow for a greater understanding of the 

biological activity of englerin as well as increase the chances of developing englerin 

into a RCC therapeutic. To date, there are hundreds of analogues that have been 

evaluated giving the scientific community a growing data set and understanding of the 

importance of many of the positions on englerin along with respect to what can and 

cannot be altered in the pursuit of a therapeutic lead compound. 

Ideally, when the analogues are prepared, these materials are screened via the 

NCI60112, but at a minimum, most materials are evaluated in the A498 RCC cell line 

which is the most sensitive to EA. Unless otherwise noted, throughout this chapter the 

GI50 and IC50 values discussed are recorded with the A498 cell line. The overarching 

goal of the development of these analogues is to increase the pharmaceutical (or drug-

like) properties of these materials while maintaining potency within the therapeutic 

window.113 This discussion is generally organized by the exploration of each position 

around the EA core structure rather than chronologically. The positions around EA are 

shown in figure 1.27. 
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Figure 1.27 (–)-Englerin A with its positions around the scaffold labeled 

1.4.1 C1 – C5 

The cyclopentyl ring comprised of C1 through C5 has not been the subject of 
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Figure 1.28 Englerin analogues featuring modifications from C1 through C5 
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1.4.2 C6 

The C6 position is one of the most widely explored positions on the molecule. 

EA features an O-linked cinnamate ester at C6 and this residue appears tolerant to the 

widest variety of manipulations. Several synthetic efforts have contributed to this 

growing dataset,44, 86, 116 and the most potent cinnamate modifications from these 

efforts are featured on the left side of figure 1.29 with GI50 values less than 100 nM. A 

selected panel of other substitutions that were evaluated are shown to the right, all of 

which have GI50 values greater than 1 µM. Included in these analogues are alterations 

in size, saturation levels, electronic nature, and hydrophilicity/phobicity, as well as 

incorporating a large number of different heterocycles. In general, what we have 

learned is that potency against RCC is maximized when this group is large and 

hydrophobic. A Michael acceptor moiety is not required for activity which is shown 

by the various naphthyl and fully saturated analogues which may alleviate some 

reservations for the pharmaceutical development of the englerins. Substitution on the 

phenyl ring seems to be tolerated though these modifications do not increase potency 

relative to EA. As of this writing, it would seem that the incorporation of heterocycles 

at this position is not tolerated. 
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Figure 1.29 Englerin analogues featuring modifications at C6 

The utility of changes to the C6 position include potency tuning and the 

opportunity for handles that support tool compound development. In ongoing studies 

of novel analogues, it is common to include a handful of the known potent cinnamate 

mimics along with the other modifications under investigation. It is important however 

to note that indeed there are cases where the identity of the C6 residue is critical. Such 

cases will be discussed further in Chapter 2. 

1.4.3 C7 

The C7 bridgehead is another position that has been examined less extensively, 

but indeed may be one of the most important positions on the molecule with respect to 

activity exploration. C7 features an isopropyl sidechain in EA, and known steric 

manipulations of the alkyl group at this position include decreasing its size to a methyl 

or an ethyl and increasing its size to a cyclohexyl (figure 1.30).44, 115-116 There are also 

substitutions of the isopropyl with cyclopropane, phenyl, and piperidine derivatives 

though these modifications were accompanied by unsaturation at C4–C5 elsewhere in 

the EA scaffold. Decreasing the size of the isopropyl unit (methyl 1.183, ethyl 1.184) 

resulted in significant loss of potency. The piperidine derivatives 1.188 and 1.189 

were similarly inactive. The cyclohexyl analogue 1.186 retained potency beautifully 

(GI50 = 19 nM) while the phenyl 1.185 and cyclopropyl 1.187 analogues were less 

active at 191 nM and 100 nM, respectively. However, potency is not the most 

important consideration at C7; the mechanism of action of C7-modified EA analogues 

appears to be significantly different than EA itself. 
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Figure 1.30 Englerin analogues featuring modifications at C7 
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Beutler group prepared (–)-englerin B acetate which exhibited a GI50 of 1,350 nM but 

importantly, retained selectivity towards the renal cancer cell lines. This suggests that 

the hydroxyl function or other heteroatoms at this position are extremely important, 

likely due to hydrogen bonding interactions present in the binding pocket of the 

biological target(s).  

This position has been extensively investigated by several groups,44, 86, 116-117 

but the therapeutic candidacy of EA-inspired materials requires more study of this 

position. Of the C9 analogues evaluated, the most potent are featured on the left side 

of figure 1.31. Some acceptable modifications include the α-methyl 1.190a, reverse 

ester 1.190b, and the esterified glycolate series 1.190g. There was a slight increase in 

the value of the GI50 within methyl glycolate 1.190c, epoxide 1.190e, and sulfonate 

1.190f. Other modifications that led to a more drastic decrease in potency include 

replacing the hydroxyl with an amine 1.191a, incorporating an additional carbon 

between the core and the glycolate 1.190m, and the furan series 1.190j and 1.190k. 



 65 

 

Figure 1.31 Englerin analogues featuring modifications at C9 
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resulted in the development of orally bioavailable analogues.117a With the glycolate 

ester at this position, there is an increased susceptibility to cleavage of this group by 

gastric acid. This is indicated by the detection of englerin B in the plasma of mice after 

treatment with EA. Modifications with C9-amino analogues were accomplished with 

the hopes of creating a more robust linkage to the scaffold while retaining the potency 

and selectivity of the natural product. While these analogues were more stable and 

retained good potency (GI50 (A498) = 162 nM for 1.190d) the GI50 values of 1.190d 

within the other RCC cell lines were greater than 1 µM. In this case, variation of the 

other cinnamate moieties did not productively influence potency within all of the RCC 

cell lines. 

Another interesting analogue is the ether analogue 1.190l. While this 

compound is no longer lethal to RCC, it does still readily bind to the TRPC ion 

channels, acting as a competitive nonagonist binder and potent inhibitor of the effects 

of EA (IC50 = 62 nM). This could serve as a useful tool compound in the investigation 

of the mechanism of action of EA and its associated analogues.117c 

1.5 Proteomic Tool Compounds for Mechanistic Investigation 

On top of the vast number of analogues synthesized in the context of structure–

function studies, several tool compounds have been generated. Tool compounds 

include mechanistic probes that can enable the elucidation of molecular targets via 

binding of the tool compound to the target site and isolation of the compound-target 

complex using the tool compound as a functional handle. The Christmann group was 

the first to describe structural modifications for bioconjugation. The tool compounds 

developed by his group featured cinnamate and glycolate modifications at C6 and C9, 

respectively (figure 1.32).44, 116a 
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Figure 1.32 Proteomic tool compounds developed by Mathias Christmann et al. and 
William Chain et al. 
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The Chain group published a series of tool compounds in 2016 with 

modifications at C7, replacing the isopropyl sidechain with a label attachment point.118 

These tool compounds featured long chains with a terminal alcohol which was 

subsequently labeled with biotin 1.196, a diarylketone 1.198, or a diazirine 1.199. Due 

to the hydrophobic nature of the long chain alcohol, a second generation of 

compounds incorporated a polyethylene glycol chain (1.197) to increase its solubility 

in biological systems.  

Unfortunately, no fruitful biological mechanistic information was acquired 

using these probes so there is still a need for functional proteomic tool compounds. 

The exact interactions that take place within these cells leading to their death is still a 

mystery and will require further investigation to elucidate.  

1.6 Conclusion 

Englerin A is a potent and selective anti-renal cancer compound discovered in 

2009 by John Beutler in the Molecular Targets Laboratory (MTL) at the NCI from the 

extracts of the African plant Phyllanthus engleri. Although there is evidence to 

support specific biological mechanisms of action, the full mechanisms of action are 

still unclear and are the subject of intense and ongoing investigations. The 

development of englerin as an anti-renal cancer therapeutic through the synthesis and 

evaluation of analogues is ongoing. Piecing together the bits of information learned 

from each new series of analogues may allow for further progression of englerin. The 

community has arrived at an exciting point in the development of englerin-inspired 

materials for the treatment of human cancers. 
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SYNTHESIS OF A NEXT-GENERATION SERIES OF ENGLERIN 
ANALOGUES CONTAINING A C7-CYCLOHEXYL GROUP, 

HYDROPHOBIC C6-ESTERS, AND C9-GLYOLATE ISOSTERES 

2.1 Targeted series of analogues 

With the combined knowledge gained through the synthesis and biological 

evaluation of the vast compendium of englerin analogues to date, front line efforts are 

directed toward the selection of bits and pieces of each generational advance to design 

new active, drug-like analogues. 1  In what is perhaps the most important advance to 

date, replacing the C7-isopropyl group with larger alkyl groups such as cyclohexyl is 

advantageous; large groups at C7 appear to directly ablate TRPC4 agonism and thus 

diminish or eliminate the non-specific lethality observed with the natural product 

associated with this activity in vivo. 2 Ablation of ion channel agonism activity while 

retaining potency toward RCC is of prime importance in the development of a safe 

therapeutic, and thus the focus of my work is the development of new analogues that 

feature a C7-cyclohexyl modification as the primary platform. It is also quite clear that 

the hydrogen bond donor/acceptor network presented by the C9-glycolate in the 

natural product is key to the activity in englerins, but such a function is also vulnerable 

to hydrolytic degradation. Hydrolysis of the glycolate leaves englerin B in its wake, 

which is inactive; thus, my research will also focus on finding a robust alternative to 

the glycolate function that retains the necessary hydrogen bonding capability. By 

incorporating a wide variety of isosteres and glycolate alternatives, we may be able to 

Chapter 2 
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determine a suitable group that is less sensitive to acid and base mediated hydrolysis, 

but that will retain potency within a desirable range and selectivity for RCC cell lines. 

The last major variable we will alter is the C6-ester function, which is a cinnamate in 

the natural product. As executed in the past, we will feature a variety of hydrophobic 

cinnamate moieties or mimics at C6 that have been shown to retain favorable activity.  

Indeed, relatively small changes at this position may allow us to greatly influence 

potency into desirable ranges. 

The targeted analogues will feature the C9-isosteres and C6-cinnamate 

moieties shown in figure 2.1. Amongst these isosteres include more substituted 

glycolates, replacement of the carbonyl with groups such as fluorine and oxetane, 

amines and amides, ethers and esters, and heterocycles. One feature common to most 

of the isosteres is that they would be bound to the scaffold by a carbon–carbon bond 

linkage rather than by a carbon–heteroatom linkage such as the carbon–oxygen bond 

present in EA. The glycolate is particularly vulnerable to cleavage by gastric acid, 

which we attribute to the presence of the a-electron-withdrawing hydroxyl group, but 

importantly, the C6-cinnamate or cinnamate mimics are quite stable at a variety of pH 

ranges in vivo. Our “reverse ester” series of compounds (figure 2.1) should allow us to 

generate carbon-linked hydrogen bonding networks with favorable activity profiles.  

Amongst the C6 residues, our common pool includes cinnamate, 4-methylcinnamate, 

naphthoate, and the phenyl cyclopropyl ester, among other readily accessible 

hydrophobic mimics.   
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Figure 2.1 Targeted novel englerin-based analogues 
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linked glycolate isosteres and mimics. Based on a single reverse ester analogue 
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function. The simplest means of incorporating carbon at C9 with the least changes to 

our synthetic route entailed installing a nitrile group via nucleophilic displacement of 

the known C9-sulfonylimidazole; with nitrile installed with the correct 

stereochemistry at C9, the desired analogue family could be accessed in just a few 

steps by transformation of the nitrile to the desired reverse esters or to a wide array of 

the other targeted isosteres.  

Our approach to the next generation of analogues is based on the synthetic 

route developed by our group in 2020 in the development of the original series of C7-

alkyl modified analogues, 2 which in turn was adapted from the 2011 total synthesis of 

(–)-englerin A developed by our group. 4 The core scaffold of EA is constructed in two 

steps by joining two key intermediates together exploiting classical carbonyl 

chemistry. 4 Thus, our approaches rely upon the furanone 2.1 and the aldehyde 2.2 

(figure 2.2).  

 

Figure 2.2 Retrosynthetic analysis of the core structure of the englerin analogues 
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The furanone 2.1 is synthesized in two steps starting with a Claisen5 

condensation between cyclohexyl methyl ketone and a-chloroester 2.3 (figure 2.3), 

affording the chlorodiketone 2.4.  In solution, the chlorodiketone exists as a tauomeric 

mixture but is straightforward to characterize. Upon treatment of the chlorodiketone 

2.4 with DBU, an intramolecular substitution reaction of the chlorine atom with the 

tautomeric alcohol is induced and cyclizes the system to afford the furanone 2.1.  

 

Figure 2.3 Synthesis of furanone 2.1 

The aldehyde is also synthesized in two steps starting from (R)-(+)-citronellal 

as shown in figure 2.4. Alternatively, enantiomerically pure citronellyl butyrate1 can 

be reduced under the action of LiAlH4 to give citronellol, and subsequent oxidization 

via the Swern6 protocol affords (R)-(+)-citronellal in higher enantiomeric purity than 

that which is received from typical suppliers. From here, treatment of citronellal with 

Eschenmoser’s7 salt affords the unsaturated aldehyde 2.2. A ring-closing metathesis 

under the action of the Grubbs’8 2nd Generation catalyst results in the cyclopentenyl 

aldehyde 2.2, setting the stage for the first key step, the Michael9 addition. 
 

 
1 We gratefully acknowledge Advanced Biotech for their gracious donation of 1 kg of 
enantiomerically pure citronellyl butyrate in support of our mission to develop 
anticancer natural product analogues. 
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Figure 2.4 Synthesis of cyclic unsaturated aldehyde 2.2 

The Michael9 addition forms the first key carbon–carbon bond in the 

construction of the englerin core; the lithium enolate derived from the furanone 2.1 

engages the unsaturated aldehyde 2.2 at the b-position (figure 2.5). Following quench 

with ammonium chloride, this reaction affords an inseparable mixture of 

diastereomers (ca. 2:1 desired:å others) which is inconsequential for subsequent steps. 

The mixture of diastereomers so obtained undergoes a carbonyl-alkene cyclization 

event to complete the englerin core; treatment of the diastereomeric mixture with a 

mixture of samarium(II) iodide (SmI2) and hexamethylphosphoramide (HMPA) in 

THF reductively couples the aldehyde to the b-position of the unsaturated furanone. 

H
CH3

CH3

H

O

H3C CH3

CH3

H

O

H3C CH3

NEt3

CH2Cl2, 22˚C
99%

Grubbs’ II

CH2Cl2, Reflux
86%

2.6

O

2.5

citronellyl butyrate

CH3O

H3C CH3

O

H3C

1. LiAlH4, Et2O
    0˚C → 22˚C
    80%

2. (COCl)2, DMSO
    NEt3, CH2Cl2
    –78˚C → 22˚C
    92%

N
CH3H3C

Cl

2.2

1 kg
Donated by 
Advanced

Biotech



 85 

 

Figure 2.5 The Michael addition between furanone 2.1 and aldehyde 2.2  

This reaction proceeds through a radical mechanism featured in figure 2.6. 
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Figure 2.6 Samarium diiodide reductive coupling pathways and products 
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shown in figure 2.7. This would remove the issues of selectivity observed within the 

SmI2 coupling. One could generate the radical from this C–Si linkage 

electrochemically due to its low oxidation potential. 11 The silyl group could be added 

into the furan through a conjugate silyl addition. 12 Work toward the generation and 

use of these intermediates under electrooxidative conditions is ongoing, and a similar 

strategy wherein this silyl group is used to generate a radical via photochemical 

oxidation is also currently under investigation. 13  

 

Figure 2.7 Proposed route to core compound 2.12 using electroauxiliaries 
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the original work, despite extensive efforts toward the optimization of this reaction by 

screening a variety of solvents, electrolytes, electrodes, and additives in divided and 

undivided cells under both constant current and constant potential, we were not able to 

obtain our product in any synthetically useful yield. 

 

Figure 2.8 Electrochemical coupling to afford bicyclic ester 2.15 accomplished by 
R.D. Little 

 

Figure 2.9 The electrochemical reductive cyclization of Michael adduct 2.7 to afford 
the core 2.12 
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electron transfer processes (PCET).2, 15 After trying a number of these conditions, we 

were not able to generate any synthetically useful amount of product. 

In a final alternative strategy, we explored the use of dithianes as a possible 

entry point to alternative nucleophiles to forge the desired carbon–carbon bond. 

Following the condensation of a dithiol and an aldehyde, the resultant dithiane 

contains an acidic proton; treatment with t-BuLi in the presence of HMPA should 

afford a nucleophile that might undergo a 1,4-addition (figure 2.10). These reactions 

are well-known, 16 although intramolecular examples are rare. The Michael adduct was 

readily converted into the dithiane 2.16 in 51% yield (78% brsm) by stirring with 

propanedithiol. However, extensive reaction screening with various butyllithiums in 

the presence of HMPA only afforded the desired cyclization product in low yields. 

Presumably, competitive extended deprotonation of the furanone precluded any 

productive cyclization sequences, however, lithiation experiments quenched with 

sources of deuterium did not provide any useful information to make any definitive 

conclusions.  

 
 
2 I gratefully acknowledge Profs. Tehshik Yoon and Uttam Tambar for detailed 
private communications and discussions of my work and the key suggestion to screen 
proton coupled electron transfer (PCET) processes toward the cyclized target. 
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Figure 2.10 Synthetic strategy to synthesize the core utilizing the acidic proton 
present in dithianes 
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may appear trivial, and not much of an improvement, but we welcomed such a modest 

increase, and at greater scale.  

The final conditions employed after optimization are as follows. The samarium 

powder used in the reaction must be freshly ground from the ingot and the 

diiodoethane must be washed and recrystallized by taking the powder up in diethyl 

ether, washing the organic solution with a saturated aqueous sodium thiosulfate 

solution (5x), and concentrating to afford a flakey, white crystal. 5.5 equivalents of 

samarium and 3.1 equivalents of diiodoethane are then charged into an oven-dried 

flask which is flushed with argon 3 times and backfilled with argon. Dry, degassed 

THF is then charged into the flask with stirring and stirred for at least 3 hours to afford 

SmI2 as a deep purple solution. This solution is then transferred by cannula into an 

oven-dried flask containing 150 mg of the Michael adduct 2.7, 12 equivalents of 

HMPA, and THF under argon over a 90-minute period. The resultant purple reaction 

mixture is then stirred for an additional 4 hours before quenching the remaining SmI2 

with saturated aqueous ammonium sulfate solution at 0˚C. We employed these 

conditions for the remainder of our study toward next-generation analogues. 

 

Figure 2.11 Final conditions used after optimization of the SmI2 reductive coupling 

HO
H

HOH

H3C

Cy

O

CH3HO
H

H
HO

H3C

Cy

O

CH3

SmI2 (3.1 equiv)
HMPA (12 equiv)

THF, 5.5 h
22˚C
12%2.7 2.12



 92 

With the core scaffold in hand in serviceable yield, the alcohol at C6 can be 

esterified using a Yamaguchi17 esterification to afford the cinnamate 2.19 as shown in 

figure 2.12. A stereoselective reduction of the ketone to the alcohol followed by 

activation of the alcohol with an imidazole sulfonate affords 2.20. In the case of our 

syntheses of EA and its associated analogues, it is at this stage where cesium 

hydroxyacetate or an azide salt are employed in substitution reactions to displace the 

sulfonate to afford EA or an intermediate toward the synthesis of amide analogues, 

respectively. An analogous substitution reaction with a cyanide source should have 

provided access to the target carbon-linked analogue class. 

 

Figure 2.12 Transformation of Michael adduct 2.7 to imidazole 2.20 
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potassium ion and enhance the reactivity of the anion in THF, exploring temperature 

profiles from –10 to 60˚C. After several attempts, we only recovered starting material 

under these conditions and so we moved to the use of sodium cyanide in DMSO. After 

prolonged heating at 80˚C, starting material again remained unchanged. After 

switching the solvent to DMF and using NaCN, we were able to see some 

consumption of SM after heating the solution at 60˚C for 20 hrs; however, the only 

product we could identify in this case was that resulting from conjugate addition of the 

cyanide into the cinnamate as shown in figure 2.13. On the basis of this result, we 

concluded that perhaps the nitrile installation should precede the C6-ester installation.  

We elected to protect the C6 hydroxyl group of the samarium cyclization product and 

reexplore the cyanation conditions.  

 

Figure 2.13 Nitrile substitution attempt on imidazole 2.20 resulting in the 1,4-addition 
product 2.22 
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the C9-ketone to the corresponding alcohol under the action of sodium borohydride 

proceeded in 55% yield; activation of the alcohol with sulfuryl imidazole proceeded 

smoothly in 66% isolated yield. Returning to screening conditions for the substitution 

of the sulfonate with a nitrile, multiple attempts only resulted in trace desired product 

(figure 2.14). The major isolated product in these screens was the alcohol 2.23, 

presumably via cleavage of the sulfonate by the cyanate (figure 2.14).  

 

Figure 2.14 Cyanation conditions evaluated along with the observed products 

We decided to switch to alternative activating groups such as the p-

toluenesulfonyl- or methanesulfonyl-groups, which could be readily installed on the 
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alcohol. 18 We returned to the same series of conditions starting with KCN and 18-

crown-6 in DMF, and brought the temperature up to reflux at 110˚C. Along with 

recovered starting material, we obtained a new product – the alcohol 2.24 that resulted 

from the substitution of the tosylate with water (figure 2.14), which presumably 

occurred during the aqueous quench and workup. Most of the material was being 

recovered as starting material unchanged however, so we further explored traditional 

polar aprotic solvents such as DMSO which allowed more extensive temperature 

screening. Employing both NaCN and KCN with 18-crown-6 up to 135˚C, we saw no 

difference in products other than a trace amount of the desired product. We again 

switched solvents to one with a higher boiling point which was DMPU and attempted 

the addition up to 200˚C. With the use of NaCN, we observed full consumption of the 

starting material and isolated the same alcohol 2.24 as well as the olefin 2.25 that 

results from the elimination of the sulfonate. We also tried using a different cyanide 

source such as acetone cyanohydrin and saw only recovered starting material. We then 

decided to try the mesylate instead of the tosylate although in the research conducted 

by the Hamada group, 18 they appeared to obtain better results with the tosyl group. 

When the mesylate was treated with NaCN in DMPU and was heated up to 185˚C, we 

still were only able to obtain recovered starting material and the elimination product 

2.25. 

We then decided to go to a much more reactive activating group and turned to 

the triflate. Repeating these same series of reaction conditions but with less heat, we 

again saw recovered starting material, the alcohol 2.24, the elimination product 2.25, 

and the product resulting from PMB removal. We also tried using 
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tetrabutylammonium cyanide due to its increased solubility in THF to avoid isolation 

of the triflate but were only able to see a trace amount of desired product by NMR.  

We also explored more non-traditional means of achieving the desired 

cyanation outcome as shown in figure 2.15. One such approach is the Mitsunobu-type 

reaction developed by Shô Itô et al. using acetone cyanohydrin and phosphonium ylide 

2.27 to replace an alcohol with a nitrile, but we only recovered starting material 

unchanged. 19 The Van Leusen reaction employs TOSMIC in a single pot, multi-step 

transformation of ketones into alkyl nitriles. 20 This reagent is fairly versatile in that it 

can be used to achieve a number of different transformations, including formation of 

oxazoles and imidazoles. When ketone 2.26 was treated with TOSMIC, complete 

consumption of starting material was achieved relatively quickly and cleanly into one 

product. Upon intensive analysis using NMR, mass spectrometry, and IR 

spectroscopy, we were able to determine that it was not the desired nitrile product but 

unfortunately, we were never able to conclusively identify what this material was. We 

also attempted addition of the nitrile through a tosylhydrazone intermediate using the 

conditions shown in figure 2.15, but this failed to afford the desired product as well. 
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Figure 2.15 Additional attempts at achieving nitrile 2.27 
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using this reagent. We then began turning to less commonly used olefination reagents 

such as the phosphine oxide 2.29 shown in figure 2.16. Using a strong base such as n-

BuLi to generate the anion, we still were only able to recover starting material out of 

this reaction. Because we did not observe any products resulting from addition of 

these reagents into the ketone, we moved to more reactive reagents. 
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Figure 2.16 Olefination conditions attempted in the pursuit of vinyl ether 2.33 and 
aldehyde 2.34 
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and strong base, we again only recovered starting material. Interestingly, when we 

treated 2.26 with the chlorosilane 2.32 and base, starting material was consumed. This 

reagent is known to undergo a Peterson-type olefination that proceeds through an 

epoxide intermediate. In our hands, we believe starting material was transformed into 

the putative epoxide intermediate, but upon treatment with strong acid, we observed 

no hydrolysis to afford the desired product. 

2.2.3 Furan as a Masked Carboxylic Acid in Classic Total Syntheses and 
Methodologies3 

Furan has been employed as a masked carboxylic acid equivalent in a number 

of classic total syntheses of natural products and various methods have been 

developed to achieve oxidative cleavage of the furan to the carboxylic acid. 25 

Landmark achievements in total synthesis exploiting this strategy include the 

completion of monensin in 1979 by Kishi25v and the completion of N-acetylneuraminic 

acid in 1988 by Danishefsky, 25e both of which are shown in figure 2.17. In Kishi’s 

synthesis of Monensin, this furan was unmasked to the acid using standard ozonolysis 

conditions and was achieved in a 55% yield. Danishefsky decided to use a 

modification of the oxidative cleavage conditions developed by Sharpless25d in 1981 

(figure 2.18) where RuO4 is generated in situ to perform the transformation. 

Danishefsky was able to complete this transformation in a 90% yield. One significant 

drawback to the Sharpless conditions is CCl4 as a required solvent. In an effort to 

replace this environmentally hazardous reagent, Prof. James Bull in 2020 optimized 

 
 
3 I gratefully acknowledge Prof. Erik J. Sorensen for detailed private communications 
and discussions of my work and the key suggestion to screen furan nucleophiles as 
masked carboxylic acids. 
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these conditions using a greener solvent system of heptane, ethyl acetate, and water on 

azetidine, oxetane, and cyclobutene-containing substrates also shown in figure 2.18. 25h  

 

Figure 2.17 Classic total syntheses featuring the masked carboxylic acid strategy 
through the incorporation of a furan 

 

Figure 2.18 Methods developed to affect the oxidative cleavage of furans into 
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2.3 Application of Masked Carboxylic Acids to Englerin Analogue Synthesis 

We began our work with masked carboxylic acids by addressing a weakness 

identified in our prior work in cyanation chemistry. Due to the PMB ether being 

cleaved in previous reaction attempts when exploring addition of the nitrile, we 

switched to using a TBS group to protect the alcohol in core structure 2.12 (figure 

2.19). Using TBSOTf and triethylamine in dichoromethane, the TBS protection can be 

accomplished in a 99% yield to afford ketone 2.39. Furan was added to n-BuLi in the 

presence of TMEDA at –78˚C and stirred at that temperature to afford the lithiated 

furan nucleophile. The ketone is then added to the resultant solution at –78 °C, and 

upon warming, the furan addition product 2.40 was obtained in 59% yield as a single 

diastereomer. The exact configuration of the stereogenic center bearing the furan was 

unknown at this time, although we suspected it was the same configuration as that 

shown in figure 2.19 based on the outcomes of sodium borohydride-mediated 

reduction reactions with ketones like 2.39. 
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Figure 2.19 Synthesis of furan 2.41 from the core 2.12 
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2.20). We decided to try the ozonolysis as featured in Kishi’s synthesis of monensin in 

1979. 25v The ozonolysis proceeded very quickly (ca. < 5 minutes) with clean 

conversion to the carboxylic acid product, but upon isolation, we obtained a yield of 

13%. We then decided to employ the conditions developed by Sharpless in 1981. 25d 

Under these conditions, we were able to obtain product in a yield of 44% with 30% of 

the material being funneled into side product 2.43. This is the result of incomplete 

oxidation due to the presence of acid in the solution. 25t The addition of sodium 

bicarbonate to the solution to act as a buffer has been successfully used to prevent the 

unproductive formation of these dicarbonyl compounds, such as in Danishefsky’s 

synthesis of N-acetylneuraminic acid. 25e, t, y Upon trying these conditions used by 

Danishefsky, we observed full consumption of starting material completely void of 

dicarbonyl side product 2.43, but upon isolation we realized the carboxylic acid 

product decomposes on silica gel. We also tried purification on deactivated silica gel 

and alumina and observed the same result. At this point we decided to push the crude 

material into the next step without further purification outside of routine workup and 

filtration over celite.  
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Figure 2.20 Attempted conditions to oxidatively cleave the furan 2.41 into the 
carboxylic acid 2.42 
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Figure 2.21 The Steglich esterification used to transform acid 2.42 into ester 2.44 
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alkoxide salts such as NaOCH3 or NaOEt. We were more hesitant to treat this 

compound with these reagents due to a fear of transesterification. We instead decided 

to try NaOt-Bu but just as expected, we observed decomposition of the material as 

well as transesterification to the corresponding tert-butyl ester.  

 

Figure 2.23 Attempted epimerization conditions 
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upon reductive excision of the alcohol. There may be a reaction that could replace the 

current method of reductive excision that is not guaranteed to invert this stereocenter. 

What we are battling is trying to attain the thermodynamic product while avoiding the 

kinetic protonation event leading to the undesired stereochemistry. As of this writing, 

we consider this as an acceptable route to the analogues especially with an optimized 

yield of 60% over those 3 steps (figure 2.23). 

The next transformation to be completed is the installation of the cinnamate 

group. To accomplish this, the first step is a deprotection of the TBS group using 

TBAF in THF which proceeded smoothly to afford free alcohol 2.46 (figure 2.24). 

The product of this deprotection is also sensitive to silica gel and converts cleanly to 

an unusable compound during the column. After much trial and error, the best way to 

handle this compound is to subject the crude material to the next reaction after 

filtering through celite. If a higher purity of this material is necessary, it can be 

accomplished by quickly running the material through a short plug of deactivated 

silica gel.  
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Figure 2.24 Completion of the reverse ester analogue 2.47 
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and the steps were repeated in the syntheses of the remaining analogues with variation 

of the cinnamate moiety. 

The optimized route was applied to the synthesis of the naphthoate 2.48 and 

the cyclopropyl analogue 2.49 with overall yields of 18% and 44%, respectively, over 

the last 3 steps. These 2 compounds were also shipped to John Beutler at the NCI for 

biological evaluation. The 4th analogue that was made is the methyl cinnamate 

analogue 2.50. This was made during the process of route optimization, so we were 

not able to acquire enough at the time to send to the NCI for biological testing. With 

the optimized route though, the synthesis of any of these reverse ester analogues with 

variation of the C6-cinnamate moiety can be readily accomplished. 
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Figure 2.25 Other completed reverse ester analogues with variation at C6 

2.4 Oxy Analogues 

Our next idea avoided the epimerization step by leaving the alcohol in place 

resulting from the addition of the furan. By proceeding through the synthesis to the 

formation of the various isosteres with this alcohol intact, we were able to save 2 steps 

in the synthetic route, including the epimerization step. This would be extremely 

useful when it comes to the addition of the rest of the isosteres, as you may be able to 

lithiate and add a number of the different heterocycles into the ketone 2.39. An 

alternative is to use the carboxylic acid after oxidative cleavage as a point of 

2.49

2.48

HO
H

HO

H3C

Cy
CH3

O

O
HHO

O CH3

HO
H

HO

H3C

Cy
CH3

O

O
HHO

O

O

HO
H

HO

H3C

Cy
CH3

O

O
HHO

2.50



 112 

divergence to the different isosteres if lithiation is an issue. The oxygen on the back 

side would also come with the added benefit of increased hydrophilicity. 

For this to be a viable strategy, the analogues retaining this oxygenated group 

on the back side of the ester would have to show retained potency and selectivity 

against RCC cell lines. We decided to first target the reverse ester isostere with the 

free alcohol on the back side shown in figure 2.26. Oxidative cleavage of the furan 

was unsuccessful resulting in the spontaneous decomposition back to the ketone 2.39, 

as expected, so we decided to protect this alcohol instead. 

 

Figure 2.26 An example of the reverse ester analogues with the C9-oxygen intact 
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This one also formed a small amount of product, but the product was inseparable from 

the PMBCl under a variety of purification conditions. There is one other possible 

PMB protecting reagent 2.51 developed by Dudley27 that reportedly works better for 

tertiary alcohols, but we have not had the opportunity to try this reagent on this 

substrate. 
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Figure 2.27 Conditions attempted in the protection of the alcohol resulting from the 
furan addition 

We then moved to protecting this alcohol with a TBS group, but to avoid any 

overlapping protecting groups, we used the PMB protected C6-alcohol 2.55. 

Employing the same conditions used to TBS protect the C6-alcohol, we treated 

alcohol 2.55 with TBSOTf and triethylamine in dichloromethane. After a few hours, 

only starting material was observed by TLC, so the solution was brought to 40˚C. 

Although we were able to see a small amount of product, it was nothing worth further 

pursuit.  

Another option would be the methyl group as a protecting group which is 

beneficial due to its ease of installation. The one drawback is that it is unlikely that 

this group could be easily removed after addition, which may not necessarily be a bad 

thing if the analogue is active with the methyl present. We initially tried the 

methylation using NaH and dimethylsulfate, which seemed to cause some 

decomposition of the starting material (figure 2.27). We tried 2 other sets of conditions 

including methyl iodide with NaH and trimethyloxonium tetrafluoroborate with Proton 

Sponge and were able to obtain a yield of 95% using the methyl iodide. Taking 

another attempt at including a removable protecting group, we attempted the 

protection of this alcohol with a MOM group but were unsuccessful. We decided to 

move forward with the methyl ether 2.53 into the next step. 

Oxidative cleavage of the furan, featured in figure 2.28, seems to proceed 

relatively smoothly, although the sensitivity of the acid prevents further purification, 

so it is pushed to the next step as a crude mixture. The esterification of this acid does 

not proceed as readily as it has with the other reverse ester analogues and is possibly 
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the reason for the low yield in this synthesis. Attempting a few different sets of 

esterification conditions including the Yamaguchi17, a Steglich26 esterification using 

EDC and DMAP, and a Steglich esterification using EDC and HOBt, we were really 

only able to see anything greater than a trace amount of product within the Yamaguchi 

esterification (figure 2.29). Purification of the product is no easy task either as it is 

inseparable from the 2,4,6-trichlorobenzoyl chloride. In an effort to reach the final 

analogue, we proceeded with this set of reaction conditions, although this step is 

definitely worth further investigation in the future.  

 

Figure 2.28 Oxidative cleavage of the furan to reveal carboxylic acid 2.57 
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Figure 2.29 Conditions used in attempts to esterify 2.57 into reverse ester 2.58 

Treatment with TBAF appears to proceed cleanly to the alcohol, but upon 

purification through a short plug of deactivated silica gel, we isolate 8% of the 

material that we had going into the oxidative cleavage. This is an important issue that 

warrants further investigation to find out exactly at which step or steps we are losing 

the bulk of this material. It could be during any one of the three reactions or 

purification steps. The final two steps include the esterification of the free alcohol to 

install the cinnamate using cinnamoyl chloride and DMAP. The crude material from 

this reaction is then subjected to DDQ in dichloromethane and water to remove the 

PMB group revealing the final analogue 2.61 in a yield of 21% over the two steps. 

These last two steps will also need further investigation to ensure maximum efficiency 

in the production of these analogues. 
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Figure 2.30 The final 3 steps in the synthesis of the C6-methoxy analogue 2.61 

2.5 Biological Data of Analogues Submitted to the NCI 

At the time of this writing, there have been 5 analogues made, 3 of which have 

been sent to John Beutler at the NCI for biological evaluation. The 3 analogues that 

are currently being investigated at the NCI are the cinnamate analogue 2.47, the 

naphthyl analogue 2.48, and the cyclopropyl analogue 2.49. We were not able to 

synthesize enough of the methylcinnamate analogue 2.50 and the C6-methoxy 

analogue 2.61 for proper biological testing, so we are waiting until we have more 

material to send these analogues off. 

Of the 3 analogues that are being investigated at the NCI, we have NCI60 data 

for 2 of them, the cinnamate analogue 2.47 and the naphthyl analogue 2.48. The 

desired biological properties that are being investigated are a selectivity towards 

cancer, high or maintained potency towards the death of those cancers, ablation of 
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nonspecific lethality, and increased stability to acidic and basic media. The data that 

we currently have on these 2 analogues is representative of 2 of those parameters.  

The cinnamate analogue 2.47 and the naphthyl analogue 2.48 show a high 

selectivity for the renal cancer cell lines as well as for Triple Negative Breast Cancer 

(TNBC). Both of these analogues have an increase in the IC50 values when compared 

to the natural product, but the naphthyl analogue is promising as it still features 

potency in the nanomolar range. The IC50 values for these 2 analogues are shown for 

the RCC cell lines A498 and UO31 as well as the TNBC cell line HS578T and are as 

follows: cinnamate analogue 2.47 (A498 – IC50 = 1.9 µM; UO31 – IC50 = 2.8 µM; 

HS578T – IC50 = 2.1 µM) and naphthyl analogue 2.48 (A498 – IC50 = 234 nM; UO31 

– IC50 = 355 nM; HS578T – IC50 = 245 nM). 

Further biological testing of these analogues is necessary to evaluate their 

safety and stability when administered to animals. As we await biological results, we 

continue to push through the synthesis of unique analogues based on the current 

structure–function data in the pursuit of developing a treatment for cancers.  
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General Information: These experimental procedures have been published 

previously in its current or a substantially similar form and I have obtained 

permission to republish it.1 All electrochemical reactions were performed in either an 

H-type divided cell separated by a sintered glass frit or a single compartment 

glassfalcon tube with electrodes separated by a glass microscope slide (Fisherbrand®, 

plain, precleaned, 2.5 cm x 7.5 cm x 0.1 cm). All non-electrochemical reactions were 

performed in single-neck oven- or flame-dried round bottom flasks fitted with rubber 

septa under a positive pressure of argon, unless otherwise noted. Air- and moisture-

sensitive liquids were transferred via syringe or stainless-steel cannula. Organic 

solutions were concentrated by rotary evaporation at or below 35˚C at 10 Torr 

(diaphragm vacuum pump) unless otherwise noted. Compounds were isolated using 

flash column chromatography2 with silica gel (60-Å pore size, 40–63μm, standard 

grade, Silicycle). Analytical thin-layer chromatography (TLC) was performed using 

glass plates pre-coated with silica gel (0.25 mm, 60-Å pore size, 5–20 μm, Silicycle) 

 
 
1 (a) Wu, Z.; Suppo, J. S.; Tumova, S.; Strope, J.; Bravo, F.; Moy, M.; Weinstein, E. 
S.; Peer, C. J.; Figg, W. D.; Chain, W. J.; Echavarren, A. M.; Beech, D. J.; Beutler, J. 
A., ACS Med. Chem. Lett. 2020, 11, 1711-1716. (b) Reed, H.; Paul, T. R.; Chain, W. 
J., J. Org. Chem. 2018, 83, 11359-11368. (c) Bush, T. S.; Yap, G. P. A.; Chain, W. J., 
Org. Lett. 2018, 20, 5406-5409. (d) Lewis, R. S.; Garza, C. J.; Dang, A. T.; Pedro, T. 
K.; Chain, W. J., Org. Lett. 2015, 17, 2278-2281. (e) Li, Z.; Nakashige, M.; Chain, W. 
J., J. Am. Chem. Soc. 2011, 133, 6553-6556. 
 
2 Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923–2925. 

Experimental Procedures 
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impregnated with a fluorescent indicator (254 nm). TLC plates were visualized by 

exposure to ultraviolet light (UV), then were stained by submersion in aqueous ceric 

ammonium molybdate solution (CAM), acidic ethanolic p-anisaldehyde solution 

(anisaldehyde), or aqueous methanolic iron(III) chloride (FeCl3), followed by brief 

heating on a hot plate (215˚C, 10–15 s). 

 

Materials: Commercial reagents and solvents were used as received with the 

following exceptions. Triethylamine, dichloromethane, diethyl ether, tetrahydrofuran, 

and 1,2-dimethoxyethane were purified by the method of Pangborn, et. al.3 

Tetrabutylammonium hexafluorophosphate was recrystallized from ethanol (23 g /300 

mL) at 65˚C. Reticulated vitreous carbon (RVC) foam (carbon – vitreous – 3000C – 

foam; thickness: 10 mm; bulk density: 0.05 g/cm3; porosity: 96.5%; pores/cm: 40) 

was obtained from Goodfellow USA and cut to appropriate size for reaction scale. 

After 150 h of use, RVC electrodes were discarded and freshly cut electrodes were 

used. 

 

Instrumentation: Proton (1H), carbon (13C), fluorine (19F), and silicon (29Si) nuclear 

magnetic resonance (NMR) spectra were recorded on Bruker AV400 CryoPlatform 

QNP or Bruker AVIII600 SMART NMR spectrometers at 23˚C. Proton chemical 

shifts are expressed in parts per million (ppm, d scale) downfield from 

tetramethylsilane and are referenced to residual protium in the NMR solvent (CHCl3: δ 

7.26, CD3COCD2H: δ 2.05). Carbon chemical shifts are expressed in parts per million 

 
 
3 Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. 
Organometallics 1996, 15, 1518–1520. 
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(ppm, d scale) downfield from tetramethylsilane and are referenced to the carbon 

resonance of the NMR solvent (CDCl3: δ 77.16, CD3COCD2H: δ 29.84). Data are 

represented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, 

q = quartet, m = multiplet, br = broad, app = apparent), integration, and coupling 

constant (J) in Hertz (Hz). Accurate mass measurements were obtained using an 

Agilent 1100 quaternary LC system coupled to an Agilent 6210 LC/MSD-TOF fitted 

with an ESI or an APCI source, or Thermo Q-Exactive Orbitrap using electrospray 

ionization (ESI) or a Waters GCT Premier spectrometer using chemical ionization 

(CI). 
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Synthesis of Citronellol 

 

Citronellyl butyrate (51.5 mL, 200 mmol, 1 equiv) was added dropwise over 2 

h to a stirred slurry of lithium aluminum hydride (8.3 g, 220 mmol, 1.1 equiv) in THF 

(1 L) at 0˚C. The resultant solution was warmed to 22˚C and stirred for 2 h. The 

solution was cooled to 0˚C and the excess lithium aluminum hydride was carefully 

quenched through the sequential dropwise addition of water (25 mL), 3 N sodium 

hydroxide solution (25 mL), and water (40 mL) with 5 min in between additions. The 

organic layer was filtered over a pad of celite and dried over anhydrous sodium 

sulfate. The dried solution was concentrated, and the butanol byproduct was removed 

using vacuum distillation (70˚C) to afford a clear, colorless oil (25.1 g, 161 mmol, 

80%). 
 

1H NMR (400 MHz, CDCl3) d: 5.09 (tt, J1 = 7.1, J2 = 1.5 Hz, 1H), 3.76 – 3.60 

(m, 2H), 1.98 (qq, J = 14.4, 6.9 Hz, 2H), 1.68 

(s, 3H), 1.68 – 1.50 (m, 6H), 1.46 – 1.28 (m, 

4H), 1.23 – 1.12 (m, 1H), 0.90 (d, J = 6.5 Hz, 

3H). 
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13C NMR (101 MHz, CDCl3) d: 131.4, 124.8, 61.3, 40.1, 37.4, 29.3, 25.9, 25.6, 

19.7, 17.8. 

 

TLC:  5% ethyl acetate–hexanes, Rf = 0.06 (CAM). 
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Synthesis of (R)-(+)-citronellal 2.5 

 

DMSO (25.0 mL, 354 mmol, 2.20 equiv) was added dropwise to a solution of 

oxalyl chloride (15.0 mL, 177 mmol, 1.10 equiv) in dichloromethane (1 L) at –78˚C. 

The resultant solution was stirred at that temperature until gas evolution ceased (ca. 35 

min), then was stirred for an additional 5 min. A solution of citronellol (29.4 mL, 161 

mmol, 1 equiv) in dichloromethane (50 mL) was added dropwise to the reaction 

mixture, and the resultant solution was stirred for 15 min, whereupon triethylamine 

(114 mL, 821 mmol, 5.10 equiv) is added. The resultant solution was warmed to 22˚C 

over 30 min, then was stirred for an additional 45 min. The excess oxidant was 

quenched with 1N aqueous hydrochloric acid solution (100 mL) and the solution was 

extracted with dichloromethane (3 x 400 mL). The combined organic extracts were 

dried over anhydrous sodium sulfate and the dried solution was concentrated. The 

crude oil was taken up in diethyl ether (20 mL) and filtered through a plug of basic 

alumina to afford a clear, slightly yellow oil (22.9 g, 148 mmol, 92%) that was used 

without further purification. 
 

1H NMR (400 MHz, CDCl3) d:  9.75 (t, J = 2.4 Hz, 1H), 5.11 – 5.05 (m, 1H), 

2.40 (ddd, J1 = 16.0 Hz, J2 = 5.6 Hz, J3 = 2.1 

Hz, 1H), 2.22 (ddd, J1 = 16.0 Hz, J2 = 8.0 Hz, 

CH3OH

H3C CH3

CH3

H
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H3C CH3
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J3 =2.7 Hz, 1H), 2.11 – 1.92 (m, 3H), 1.68 (s, 

3H), 1.60 (s, 3H), 1.41 – 1.18 (m, 2H), 0.96 (d, 

J = 6.7 Hz, 3H). 

 

13C NMR (101 MHz, CDCl3) d:  203.2, 131.9, 124.2, 51.1, 37.1, 27.9, 25.8, 

25.5, 20.0, 17.8. 

 

TLC:  5% ethyl acetate–hexanes, Rf = 0.42 (CAM). 
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Synthesis of Unsaturated Aldehyde 2.6 

 

A solution of triethylamine (54 mL, 390 mmol, 6.0 equiv) and (R)-(+)-

citronellal (11.6 mL, 64.0 mmol, 1 equiv) in dichloromethane (50 mL) was added 

dropwise to a stirred suspension of Eschenmoser’s salt (18 g, 190 mmol, 3.0 equiv) in 

dichloromethane (550 mL). The resultant clear, yellow solution was stirred for 48 h, 

whereupon excess Eschenmoser’s salt was quenched by the addition of water (100 

mL). The aqueous layer was extracted with dichloromethane (3 x 100 mL) and the 

combined organic extracts were washed with brine (200 mL) and dried over 

anhydrous sodium sulfate. The dried solution was partially concentrated, then silica 

gel (150 g) was added to the crude solution. The solution was stirred for 5.5 h, 

whereupon the solution was filtered using diethyl ether. The crude solution was 

concentrated and purified using flash column chromatography (silica gel, starting with 

2% diethyl ether–hexanes, grading to 3% diethyl ether–hexanes) to afford a clear, 

yellow oil (10.5 g, 63.4 mmol, 99%). 
 

1H NMR (400 MHz, CDCl3) d:  9.51 (s, 1H), 6.21 (s, 1H), 5.97 (s, 1H), 5.06 (t, J 

= 7.1, 1H), 2.75 – 2.62 (m, 1H), 1.93 – 1.81 (m, 

2H), 1.65 (s, 3H), 1.55 (s, 3H), 1.53 – 1.46 (m, 
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1H), 1.42 – 1.30 (m, 1H), 1.05 (d, J = 6.9 Hz, 

3H). 

 

13C NMR (100 MHz, CDCl3) d:  194.9, 155.6, 133.3, 131.8, 124.3, 35.7, 31.1, 

25.9, 25.8, 19.7, 17.8. 

 

TLC:  10% ethyl acetate–hexanes, Rf = 0.59 (UV, 

CAM). 
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Synthesis of Cyclic Enal 2.2 

 

The second-generation Grubbs catalyst (933 mg, 1.10 mmol, 0.05 equiv) was 

added in portions to a solution of aldehyde 2.6 (3.60 g, 22.0 mmol) in 

dichloromethane (200 mL) heated at reflux. The resultant brown solution was heated 

at reflux for 48 h, then was cooled and concentrated. Purification of the residue by 

flash column chromatography (silica gel, 4% ethyl acetate–hexanes) afforded a pale 

yellow oil (2.40 g, 21.8 mmol, 99%).  
 

1H NMR (300 MHz, CDCl3) δ:  9.76 (s, 1H), 6.80 (m, 1H), 3.06–2.98 (m, 1H), 

2.68–2.55 (m, 1H), 2.27–2.14 (m, 1H), 1.63–

1.53 (m, 2H), 1.13 (d, J = 7.0 Hz, 3H).  

 

13C NMR (75 MHz, CDCl3) δ:  190.0, 153.2, 151.8, 36.8, 32.6, 32.1, 19.4.  

 

FTIR (NaCl, thin film), cm-1:  2957, 1716, 1683, 1458.  

 

HRMS:  ESI [M – H]– Calcd. for C7H9O: 111.0804. 

Found: 111.0810. 
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TLC:  10% ethyl acetate–hexanes, Rf = 0.47 (UV, 

KMnO4) 
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Synthesis of Chlorodiketone 2.4 

 

A solution of n-butyllithium (2.65 M, 4.90 mL, 13.0 mmol, 1.30 equiv) was 

added dropwise to a stirred solution of N,N-diisopropylamine (2.00 mL, 14.0 mmol, 

1.40 equiv) in THF (20 mL) at –78˚C. The resultant solution was warmed briefly to 

0˚C, then was cooled to –78˚C whereupon a solution of cyclohexyl methyl ketone 

(1.27 g, 10.0 mmol, 1 equiv) in THF (4 mL) was added dropwise over 10 min. The 

resultant mixture was stirred at –78˚C for 30 min, whereupon neat ethyl 2-

chloropropanoate (1.50 mL, 12.0 mmol, 1.20 equiv) was added. The resultant mixture 

was allowed to warm to 23˚C and stirred at that temperature for 16 h. The solution was 

cooled to 0˚C and was quenched by the addition of saturated aqueous ammonium 

chloride solution (15 mL). The layers were separated and the aqueous layer was 

extracted with dichloromethane (3 × 10 mL). The combined organic layers were dried 

over anhydrous sodium sulfate and the dried solution was concentrated. Purification of 

the residue by flash column chromatography (silica gel, starting with 0% ethyl 

acetate–hexanes, grading to 4% ethyl acetate–hexanes) afforded the chlorodiketone 

2.4 (1.42 g, 6.55 mmol, 65%) as a clear, yellow oil. 
 

1H NMR (400 MHz, CDCl3) d:  15.2 (s, 1H), 5.82 (s, 1H), 4.36 (q, J = 6.9 Hz, 

1H), 2.22 (tt, J1 = 11.3 Hz, J2 = 3.3 Hz, 1H), 

EtO CH3
O

Cl
CH3
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1.91-1.69 (m, 5H), 1.67 (d, J = 6.9 Hz, 3H), 

1.45-1.18 (m, 5H).  

 

13C NMR (100 MHz, CDCl3) d:  197.2, 192.6, 94.9, 56.7, 46.3, 29.65, 29.63, 

25.84, 25.81(2C), 21.9.  

 

HRMS:  ESI [M+H]+ Calcd. for C11H18ClO2: 217.0995. 

Found: 217.0988. 

 

TLC:  2% ethyl acetate–hexanes, Rf = 0.37 (UV). 

  



 133 

Synthesis of Furanone 2.1 

 

1,8-Diazabicyclo[5.4.0]undec-7-ene (5.50 mL, 36.7 mmol, 1.70 equiv) was 

added dropwise to a stirred solution of chlorodiketone 2.4 (4.68 g, 21.6 mmol, 1 

equiv) in THF (100 mL) at 22˚C. A pale, yellow precipitate formed immediately. The 

resultant suspension was stirred at 22˚C for 12 h, whereupon the suspension was 

partitioned between water (60 mL) and ethyl acetate (60 mL). The layers were 

separated, and the aqueous phase was extracted with ethyl acetate (3 x 60 mL). The 

combined organic layers were dried over anhydrous sodium sulfate and the dried 

solution was concentrated. Purification of the residue using flash column 

chromatography (silica gel, starting with 5% ethyl acetate–hexanes, grading to 15% 

ethyl acetate–hexanes) afforded a pale, yellow oil (3.13 g, 17.4 mmol, 81%). 
 

1H NMR (400 MHz, CDCl3) δ:  5.36 (s, 1H), 4.46 (q, J = 7.1 Hz, 1H), 2.47–

2.38 (m, 1H), 2.01–1.93 (m, 2H), 1.84-1.77 (m, 

2H), 1.75–1.68 (m, 1H), 1.42 (d, J = 7.1 Hz, 

3H), 1.40–1.25 (m, 5H). 

 

13C NMR (100 MHz, CDCl3) δ:  206.1, 197.7, 100.8, 82.3, 39.8, 29.99, 29.94, 

25.89, 25.72, 25.70, 16.6. 
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HRMS:  ESI [M + H]+ Calcd. for C11H17O2: 181.1229. 

Found: 181.1222. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.30, (UV, 

CAM). 
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Synthesis of Michael Adduct 2.7 

 

A solution of n-butyllithium (2.58 M, 8.20 mL, 21.1 mmol, 1.30 equiv) was 

added to a stirred solution of N,N-diisopropylamine (3.20 mL, 22.7 mmol, 1.40 equiv) 

in THF (170 mL) at –78˚C. The resultant solution was warmed briefly to 0˚C, then 

was cooled to –78˚C whereupon a solution of the furanone 2.1 (2.92 g, 16.2 mmol, 1 

equiv) in THF (15 mL) was added dropwise. The resultant mixture was stirred at –

78˚C for 30 min, whereupon a solution of the aldehyde 2.2 (1.87 g, 17.0 mmol, 1.16 

equiv) in THF (8 mL) added dropwise. The reaction mixture was stirred at –78˚C for 

30 min, then was warmed to 22˚C and stirred at that temperature for 2 h. The reaction 

mixture was then cooled to 0˚C, whereupon saturated aqueous ammonium chloride 

solution (50 mL) was added carefully. The layers were separated and the aqueous 

layer was extracted with dichloromethane (3 × 60 mL). The combined organic layers 

were dried over anhydrous sodium sulfate and the dried solution was concentrated. 

Purification of the residue by flash column chromatography (silica gel, starting with 

5% ethyl acetate–hexanes, grading to 18% ethyl acetate–hexanes) afforded the 

Michael adduct 2.7 (3.18 g, 11.0 mmol, 68%, 2:1 d.r. desired:S others) as a light 

yellow oil.  
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1H NMR (400 MHz, CDCl3) d:  9.65 (d, J = 3.3 Hz, 1H), 5.34 (s, 1H), 2.93 

(ddd, J1 = 15.6 Hz, J2 = 8.6 Hz, J3 = 7.2 Hz, 

1H), 2.70-2.64 (m, 1H), 2.46-2.32 (m, 2H), 

2.01-1.67 (m, 7H), 1.41-1.21 (m, 7H), 1.32 (s, 

3H), 1.02 (d, J = 7.2 Hz, 7 3H).  

 

13C NMR (100 MHz, CDCl3) d:  206.9, 204.6, 196.7, 101.4, 90.9, 54.4, 43.8, 

39.8, 39.0, 34.6, 30.2, 29.7, 26.7, 25.9, 25.7, 

25.6, 21.1, 16.1.  

 

HRMS:  ESI [M + H]+ Calcd. for C18H27O3: 291.1960. 

Found: 291.1954. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.41 (UV, 

CAM). 
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Synthesis of Englerin Core 2.12 

 

A solution of samarium(II) iodide in THF [0.1 M, 15.4 mL, 1.54 mmol, 3.09 

equiv, freshly prepared from samarium powder ground from the ingot (427 mg, 2.84 

mmol, 5.50 equiv) and 1,2-diiodoethane (435 mg, 1.54 mmol, 3.09 equiv) (washed 

with a saturated aqueous sodium thiosulfate solution (5x) and recrystallized from Et-

2O] was added dropwise to a solution of the Michael adduct 2.7 (150 mg, 0.50 mmol, 

1 equiv) and HMPA (1.1 mL, 6.2 mmol, 12 equiv) in THF (15 mL) over 90 min. The 

resultant deep purple mixture was stirred at 22˚C for 4 h, then was cooled to 0˚C and 

excess samarium(II) iodide was quenched by the addition of saturated aqueous 

ammonium chloride solution (6 mL). The resultant mixture was diluted with diethyl 

ether (20 mL), the layers were separated and the aqueous layer was extracted with 

dichloromethane (3 × 10 mL). The combined organic layers were dried over 

anhydrous sodium sulfate, and the dried solution was concentrated. Purification of the 

residue by flash column chromatography (silica gel, starting with 5% ethyl acetate–

hexanes, grading to 15% ethyl acetate–hexanes) afforded the ketoalcohol 2.12 (18 mg, 

0.060 mmol, 12%) as a pale yellow oil.  
 

1H NMR (400 MHz, CDCl3) d:  3.92 (d, J = 10.5 Hz, 1H), 2.45 (d, J = 18.4 Hz, 

1H), 2.33 (d, J = 18.4 Hz, 1H), 2.31-2.25 (m, 

1H), 2.01-1.88 (m, 2H), 1.87-1.77 (m, 3H), 

H CH3
O

H

HOH

H3C

Cy

O

H CH3
O

H

HO
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O SmI2
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1.76-1.58 (m, 5H), 1.50 (br s,1H), 1.41-1.23 

(m, 6H), 1.21 (s, 3H), 1.17-1.14 (m, 1H), 0.89 

(d, J = 7.2 Hz, 3H).  

 

13C NMR (100 MHz, CDCl3) d:  216.0, 83.5, 83.0, 70.2, 49.4, 46.5, 43.2, 41.7, 

31.2, 30.6, 27.9, 27.20, 27.14, 26.8, 26.6, 24.4, 

18.1, 16.9.  

 

HRMS:  ESI [M + H]+ Calcd. for C18H29O3: 293.2117. 

Found: 293.2108. 

 

TLC:  25% ethyl acetate–hexanes, Rf = 0.44 (CAM, 

UV). 
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Synthesis of Cinnamate Ester 2.19 

 

Cinnamic acid (10.5 mg, 0.071 mmol, 2.00 equiv), 2,4,6-trichlorobenzoyl 

chloride (22 mg, 0.089 mmol, 2.5 equiv), triethylamine (14 mg, 0.14 mmol, 4.0 

equiv), and 4-dimethylaminopyridine (0.8 mg, 0.007 mmol, 0.2 equiv) were added 

sequentially to a solution of the ketoalcohol 2.12 (10.4 mg, 0.036 mmol, 1 equiv) in 

toluene (2 mL). The resultant mixture was stirred at 23˚C for 41 h, then excess acid 

chloride was quenched by the addition of 1N aqueous hydrochloric acid solution (1 

mL). The layers were separated and the aqueous layer was extracted with 

dichloromethane (3 × 2 mL). The combined organic layers were dried over anhydrous 

sodium sulfate and the dried solution was concentrated. Purification of the residue by 

flash column chromatography (silica gel, starting with 2% ethyl acetate–hexanes, 

grading to 3% ethyl acetate–hexanes) afforded the ketoester 2.19 (14.9 mg, 0.0353 

mmol, 99%) as a colorless oil. 
 

1H NMR (400 MHz, CDCl3) d:  7.67 (d, J = 16.0 Hz, 1H), 7.56–7.52 (m, 2H), 

7.42–7.38 (m, 3H), 6.40 (d, J = 16.0 Hz, 1H), 

5.38 (d, J = 10.6 Hz, 1H), 2.61 (d, J = 18.4 Hz, 

1H), 2.45 (d, J = 18.4 Hz, 1H), 2.14–2.05 (m, 

1H), 1.90–1.71 (m, 6H), 1.69-1.59 (m, 3H), 

H CH3
O

H
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H3C

Cy

O

H CH3
O
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O
O
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1.53 (ddd, J1 = 13.7 Hz, J2 = 10.6 Hz, J3 = 6.4 

Hz,1H), 1.25 (s, 3H), 1.24–1.10 (m, 7H), 0.94 

(d, J = 7.1 Hz, 3H). 

 

13C NMR (100 MHz, CDCl3), d:  215.6, 165.6, 145.6, 134.3, 130.7, 129.1 (2C), 

128.4 (2C), 117.8, 83.5, 82.5, 70.7, 48.5, 46.1, 

44.1, 42.9, 31.3, 30.8, 27.9, 27.2, 27.1, 26.7, 

26.6, 23.4, 18.2, 17.0.  

 

HRMS:  ESI [M + H]+ Calcd. for C27H35O4: 423.2535. 

Found: 423.2537. 

 

TLC:  10% ethyl acetate–hexanes, Rf = 0.53 (UV, 

CAM). 
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Synthesis of Alcohol 2.62 

 

Sodium borohydride (3.4 mg, 0.09 mmol, 2.0 equiv) was added to a solution of 

the ketoester 2.19 (19 mg, 0.045 mmol, 1 equiv) in methanol (2.5 mL) at 0˚C. The 

resultant mixture was stirred at the temperature for 30 min, and excess borohydride 

was quenched by the addition of saturated aqueous ammonium chloride solution (2 

mL). The resultant mixture was extracted with dichloromethane (3 × 10 mL), the 

combined organic layers were dried over anhydrous sodium sulfate, and the dried 

solution was concentrated. Purification of the residue by flash column chromatography 

(silica gel, 15% ethyl acetate–hexanes) afforded the alcohol 2.62 (15.7 mg, 0.0370 

mmol, 82%) as a colorless oil.  
 

1H NMR (400 MHz, CDCl3) d:  7.66 (d, J = 16.0 Hz, 1H), 7.56–7.51 (m, 2H), 

7.41–7.37 (m, 3H), 6.41 (d, J = 16.0 Hz, 1H), 

5.21 (d, J = 10.2 Hz, 1H), 4.21- 4.15 (m, 1H), 

2.40-2.31 (m, 2H), 2.16-2.10 (m, 1H),2.07 (dd, 

J1 = 13.7 Hz, J2 = 5.1 Hz, 1H), 1.99-1.88 (m, 

1H), 1.87–1.77 (m, 4H), 1.77–1.62 (m, 4H), 

1.59 (br d, J = 4.6 Hz, 1H), 1.45-1.36 (m, 1H), 

H CH3
O

H

HO

H3C

Cy

O
O

Ph
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H
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OH
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1.32 (s, 3H), 1.29-1.21 (m, 3H), 1.14-1.02 (m, 

3H), 0.95 (d, J = 7.1 Hz, 3H).  

 

13C NMR (100 MHz, CDCl3) d:  165.9, 144.9, 134.6, 130.5, 129.0 (2C), 128.3 

(2C), 118.5, 84.6, 81.5, 81.0, 72.3, 49.1, 46.4, 

44.1, 39.6, 31.56, 31.41, 28.0, 27.4, 27.1, 26.9, 

26.7, 24.4, 23.6, 17.0.  

 

HRMS:  ESI [M + H]+ Calcd. for C27H37O4: 425.2692. 

Found: 425.2690. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.42 (UV, 

CAM). 

  



 143 

Synthesis of Imidazole 2.20 

 

A solution of n-butyllithium (2.60 M, 0.100 mL, 0.260 mmol, 7.00 equiv) was 

added to a stirred solution of hexamethyldisilazane (0.058 mL, 0.280 mmol, 7.70 

equiv) in THF (1 mL) at 0˚C. The resultant solution was warmed briefly to 23˚C, then 

was cooled to 0˚C whereupon a solution of alcohol 2.62 (15.7 mg, 37.0 μmol, 1 equiv) 

in THF (1 mL) was added. The resultant mixture was stirred at that temperature for 30 

min, then was cooled to –10˚C whereupon N,N’-sulfuryldiimidazole (55 mg, 0.28 

mmol, 7.7 equiv) was added. The reaction mixture was warmed to 23˚C and stirred at 

that temperature for 18 h. Excess N,N’-sulfuryldiimidazole was quenched by the 

addition of methanol (0.5 mL) and the resultant mixture was concentrated. The residue 

was partitioned between saturated aqueous sodium bicarbonate solution (2 mL) and 

dichloromethane (2 mL). The layers were separated and the aqueous layer was 

extracted with dichloromethane (3 × 2 mL). The combined organic layers were dried 

over anhydrous sodium sulfate and the dried solution was concentrated. Purification of 

the residue by flash column chromatography (silica gel, 33% ethyl acetate-hexanes) 

afforded the imidazole 2.20 (20.2 mg, 0.0364 mmol, 98%) as a colorless oil. 
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1H NMR (400 MHz, CDCl3) d:  8.02 (s, 1H), 7.65 (d, J = 16.0 Hz, 1H), 7.58–

7.52 (m, 2H), 7.42–7.39 (m, 3H), 7.37 (t, J = 

1.4 Hz, 1H), 7.25–7.23 (m, 1H), 6.39 (d, J = 

16.0 Hz, 1H), 5.19 (d, J = 10.0 Hz, 1H), 4.58 

(dd, J1 = 10.9 Hz, J2 = 4.7 Hz, 1H), 2.29 (dd, J1 

= 14.6 Hz, J2 = 11.0 Hz, 1H), 2.18–2.12 (m, 

1H), 2.09 (dd, J1 = 14.5 Hz, J2 = 4.8 Hz, 1H), 

2.04–1.90 (m, 2H), 1.85 (ddd, J1 = 12.3 Hz, J2 

= 12.3 Hz, J3 = 7.8 Hz, 1H), 1.79–1.53 (m, 

8H), 1.41–1.20 (m, 3H),1.18 (s, 3H), 1.12–1.00 

(m, 3H), 0.93 (d, J = 7.1 Hz, 3H).  

 

13C NMR (100 MHz, CDCl3), d:  165.6, 145.6, 137.3, 134.3, 131.8, 130.7, 129.1 

(2C), 128.4 (2C), 118.1, 117.8, 90.6, 85.2, 

81.2, 70.9, 48.8, 46.5, 43.6, 35.7, 31.31, 31.28, 

27.7, 27.1, 26.8, 26.7, 26.5, 23.9, 22.7, 16.8.  

 

HRMS:  ESI [M + H]+ Calcd. for C30H39N2O6S: 

555.2529. Found: 555.2526. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.38 (UV, 

CAM). 
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Synthesis of p-methoxybenzyl ether 2.26 

 

PMB acetimidate (230 mg, 0.81 mmol, 3.0 equiv) and lanthanum triflate (16 

mg, 0.027 mmol, 0.10 equiv) are added to a stirred solution of ketoalcohol 2.12 (78.8 

mg, 0.269 mmol, 1 equiv) in toluene (mL) at 22˚C. The resultant solution is stirred for 

24 h, whereupon the solution is concentrated and adhered to silica for purification 

using flash column chromatography (silica gel, starting with 1% ethyl acetate–

hexanes, grading to 7% ethyl acetate–hexanes). PMB ether 2.26 (55.0 mg, 0.133 

mmol, 49%) was isolated as a clear, yellow oil along with recovered starting material 

(38.9 mg, 0.133 mmol, 49%). 
 

1H NMR (600 MHz, CDCl3) d:  7.22 (d, J = 8.6 Hz, 2H), 6.87 (d, J = 8.6 Hz, 

2H), 4.65 (d, J = 10.5 Hz, 1H), 4.53 (d, J = 

10.5 Hz, 1H), 3.81 (s, 3H), 3.76 (d, J = 10.1 

Hz, 1H), 2.48 (d, J = 18.6 Hz, 1H), 2.42 – 2.38 

(m, 1H), 2.36 (d, J = 18.7 Hz, 1H), 1.95 – 1.90 

(m, 1H), 1.90 – 1.85 (m, 1H), 1.85 – 1.75 (m, 

4H), 1.75 – 1.63 (m, 2H), 1.63 – 1.57 (m, 1H), 

1.45 (ddd, J1 = 13.5, J2 = 10.1, J3 = 6.4 Hz, 

H CH3
O

H

HOPMB

H3C

Cy

O

H CH3
O

H
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La(OTf)3
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1H), 1.41 – 1.32 (m, 1H), 1.29 – 1.19 (m, 4H), 

1.19 – 1.11 (m, 1H), 0.97 (d, J = 7.1 Hz, 3H). 

 

13C NMR (151 MHz, CDCl3), d:  216.3, 159.3, 131.0, 129.1 (2C), 113.9 (2C), 

83.24, 83.17, 76.9, 72.5, 55.5, 49.5, 46.1, 42.5, 

41.9, 32.6, 31.1, 29.9, 27.6, 27.3, 27.1, 26.9, 

26.7, 22.8, 18.2, 17.3. 

 

HRMS:  ESI [M+H]+ Calcd. for C26H37O4: 412.2692. 

Found: 413.2683. 

 

TLC:  10% ethyl acetate–hexanes, Rf = 0.43 (UV, 

CAM). 
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Synthesis of Alcohol 2.23 

 

Sodium borohydride (10 mg, 0.27 mmol, 2.0 equiv) was added to a solution of 

the ketone 2.26 (55 mg, 0.13 mmol, 1 equiv) in methanol (8 mL) at 0˚C. The resultant 

mixture was stirred at the temperature for 4.7 h, and excess borohydride was quenched 

by the addition of saturated aqueous ammonium chloride solution (2 mL). The 

resultant mixture was extracted with dichloromethane (3 × 15 mL), the combined 

organic layers were dried over anhydrous sodium sulfate, and the dried solution was 

concentrated. Purification of the residue by flash column chromatography (silica gel, 

starting with 3% ethyl acetate–hexanes, grading to 10% ethyl acetate–hexanes) 

afforded the alcohol 2.23 (26.5 mg, 0.064 mmol, 48%) as a colorless oil. 
 

1H NMR (600 MHz, CDCl3) d:  7.24 (d, J = 8.6 Hz, 2H), 6.87 (d, J = 8.6 Hz, 

2H), 4.68 (d, J = 10.5 Hz, 1H), 4.51 (d, J = 

10.5 Hz, 1H), 4.05 (dt, J = 10.1, 4.6 Hz, 1H), 

3.80 (s, 3H), 3.62 (d, J = 9.6 Hz, 1H), 2.50 – 

2.40 (m, 1H), 2.29 – 2.19 (m, 2H), 2.02 – 1.96 

(m, 1H), 1.94 (dd, J = 13.8, 5.5 Hz, 1H), 1.84 – 

1.71 (m, 5H), 1.68 – 1.59 (m, 2H), 1.47 (d, J = 

H CH3
O

H

HOPMB

H3C

Cy

O

H CH3
O

H
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Cy

OH
HNaBH4

CH3OH
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4.7 Hz, 1H), 1.28 (s, 3H), 1.27 – 1.24 (m, 2H), 

1.24 – 1.15 (m, 3H), 0.97 (d, J = 7.1 Hz, 3H). 

 

13C NMR (151 MHz, CDCl3) d:  159.1, 131.6, 129.0 (2C), 113.9 (2C), 85.2, 

81.2 (2C), 77.9, 72.1, 55.4, 49.3, 47.5, 42.3, 

38.8, 32.9, 31.8, 29.9, 27.7, 27.2, 27.1, 27.0, 

26.8, 23.8, 23.6, 17.4. 

 

HRMS:  ESI [M+H]+ Calcd. for C26H39O4: 415.2848. 

Found: 415.2841. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.28 (UV, 

CAM). 
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Synthesis of Imidazole 2.63 

 

A solution of alcohol 2.23 (7.9 mg, 0.019 mmol, 1 equiv) in THF (1 mL) was 

added to a solution of potassium hexamethyldisilazane (27 mg, 0.13 mmol, 7.0 equiv) 

in THF (1 mL) at 0˚C. The resultant solution was stirred for 30 min at that 

temperature, whereupon the solution is cooled to –10˚C. Sulfuryl imidazole (29 mg, 

0.15 mmol, 7.7 equiv) was added and the resultant solution was stirred for 22 h. 

Excess N,N’-sulfuryldiimidazole was quenched by the addition of methanol (0.5 mL) 

and the resultant mixture was concentrated. The residue was partitioned between 

saturated aqueous sodium bicarbonate solution (2 mL) and dichloromethane (2 mL). 

The layers were separated and the aqueous layer was extracted with dichloromethane 

(3 × 2 mL). The combined organic layers were dried over anhydrous sodium sulfate 

and the dried solution was concentrated. Purification of the residue by flash column 

chromatography (silica gel, starting with 5% diethyl ether–hexanes, grading to 12% 

diethyl ether–hexanes) afforded the imidazole 2.63 (6.8 mg, 0.012 mmol, 66%) as a 

clear, yellow oil. 
 

1H NMR (600 MHz, CDCl3) d:  7.97 (s, 1H), 7.32 (s, 1H), 7.20 (d, J = 8.6 Hz, 

2H), 7.18 (s, 1H), 6.90 – 6.85 (m, 2H), 4.64 (d, 
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J = 10.4 Hz, 1H), 4.52 – 4.47 (m, 1H), 4.47 (d, 

J = 10.2 Hz, 1H), 3.81 (s, 3H), 3.60 (d, J = 9.6 

Hz, 1H), 3.48 (q, J = 7.0 Hz, 2H), 2.50 – 2.41 

(m, 1H), 2.19 – 2.11 (m, 1H), 2.06 – 1.99 (m, 

2H), 1.95 (ddd, J1 = 13.4, J2 = 9.6, J3 = 6.4 Hz, 

1H), 1.80 – 1.67 (m, 2H), 1.67 – 1.59 (m, 1H), 

1.59 – 1.50 (m, 1H), 1.43 (s, 2H), 1.28 – 1.22 

(m, 3H), 1.20 (t, J = 7.0 Hz, 3H), 1.18 – 1.10 

(m, 2H), 0.95 (d, J = 7.1 Hz, 3H), 0.90 – 0.86 

(m, 2H), 0.86 – 0.82 (m, 1H). 

 

13C NMR (151 MHz, CDCl3), d:  159.3, 131.0, 129.1 (2C), 113.9 (2C), 90.9, 

85.9, 80.8, 76.7, 72.3, 66.0, 55.5, 48.9, 47.4, 

41.9, 34.8, 32.7, 31.5, 30.5, 29.85, 27.53, 27.0, 

26.9, 26.8, 26.6, 23.4, 22.7, 17.3. 

 

HRMS:  ESI [M+H]+ Calcd. for C29H41O6N2S: 

545.2685. Found: 545.2673. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.29 (UV, 

CAM). 
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Synthesis of Tosylate 2.64 

 

A solution of alcohol 2.23, DMAP, and tosyl chloride in dichloromethane was 

heated at 40˚C for 17 h, whereupon the solution was cooled to 22˚C. The solution was 

adhered to silica gel and purified using flash column chromatography (silica gel, 

starting with 1% ethyl acetate–hexanes, grading to 12% ethyl acetate–hexanes) to 

afford tosylate 2.64 (9.7 mg, 0.017 mmol, 74%) as a clear yellow oil. 
 

1H NMR (600 MHz, CDCl3) d:  7.77 (d, J = 8.0 Hz, 2H), 7.33 (d, J = 8.0 Hz, 

2H), 7.20 (d, J = 8.4 Hz, 2H), 6.87 (d, J = 8.5 

Hz, 2H), 4.64 (d, J = 10.5 Hz, 1H), 4.48 – 4.43 

(m, 2H), 3.81 (s, 3H), 3.58 (d, J = 9.7 Hz, 1H), 

2.44 (s, 3H), 2.15 – 1.95 (m, 4H), 1.79 – 1.72 

(m, 3H), 1.72 – 1.63 (m, 1H), 1.63 – 1.60 (m, 

1H), 1.63 – 1.50 (m, 3H), 1.26 (s, 3H), 1.24 – 

1.13 (m, 3H), 1.12 (s, 3H), 0.94 (d, J = 7.1 Hz, 

3H). 
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13C NMR (151 MHz, CDCl3), d:  159.2, 145.0, 131.3, 130.0, 129.0, 128.0, 113.9, 

86.5, 85.7, 80.9, 77.2, 72.2, 55.4, 49.1, 47.2, 

42.1, 35.7, 32.8, 31.7, 29.9, 27.6, 27.1, 27.0, 

26.9, 26.7, 23.4, 22.8, 21.8, 17.3. 

 

HRMS:  ESI [M+H]+ Calcd. for C33H44O6S: 568.2859. 

Found: 568.2860. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.45 (UV, 

CAM). 
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Synthesis of Mesylate 2.65 

 

A solution of alcohol 2.23, DMAP, and mesyl chloride in dichloromethane was 

heated at 40˚C for 22 h, whereupon the solution was cooled to 22˚C. The solution was 

adhered to silica gel and purified using flash column chromatography (silica gel, 

starting with 1% ethyl acetate–hexanes, grading to 12% ethyl acetate–hexanes) to 

afford mesylate 2.65 (4.4 mg, 0.0089 mmol, 52%) as a clear yellow oil. 
 

1H NMR (600 MHz, CDCl3) d:  7.27 – 7.20 (m, 4H), 6.89 – 6.84 (m, 4H), 4.72 

– 4.64 (m, 3H), 4.51 (d, J = 10.5 Hz, 2H), 4.06 

(dd, J1 = 11.1, J2 = 5.5 Hz, 1H), 3.80 (s, 6H), 

3.63 (m, 2H), 2.99 (s, 3H), 2.51 – 2.42 (m, 

2H), 2.40 – 2.33 (m, 1H), 2.29 – 2.17 (m, 3H), 

2.10 – 2.03 (m, 1H), 2.04 – 1.91 (m, 2H), 1.83 

– 1.70 (m, 12H), 1.68 – 1.55 (m, 9H), 1.35 (s, 

4H), 1.30 – 1.12 (m, 12H), 0.97 (d, J = 7.1 Hz, 

6H), 0.86 (m, 2H). 
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TLC:  20% ethyl acetate–hexanes, Rf = 0.28 (UV, 

CAM). 
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Synthesis of Alcohol 2.66 

  

Furan (42 mg, 0.62 mmol, 22 equiv) was added dropwise to a stirred solution 

of N,N,N’,N’-tetramethylethylenediamine (42 µL, 0.28 mmol, 10 equiv) and n-

butyllithium (2.58 M in hexane, 0.11 mL, 0.28 mmol, 10 equiv) in THF (0.2 mL) at –

78˚C. The reaction was warmed to 0˚C and stirred at that temperature for 65 min. The 

solution was cooled to –78˚C, whereupon a solution of ketone 2.26 (11.6 mg, 0.028 

mmol, 1 equiv) in THF (0.2 mL) was added via syringe. The resultant clear, yellow 

solution was warmed to 22˚C and stirred at that temperature for 16 h and then was 

recooled to 0˚C.  Excess furanyllithium was quenched by the addition of saturated 

aqueous ammonium chloride solution (1 mL). The crude mixture was extracted with 

dichloromethane (3 x 3 mL), and the combined organic extracts were dried over 

anhydrous sodium sulfate. The dried solution was concentrated, then was adhered to 

silica and purified using flash column chromatography (silica gel, starting with 5% 

ethyl acetate–hexanes, grading to 10% ethyl acetate–hexanes) to afford a slightly 

yellow oil (6.7 mg, 0.014 mmol, 62%). 
 

1H NMR (600 MHz, CDCl3) d:  7.38 (d, J = 1.8 Hz, 1H), 7.27 (d, J = 8.7 Hz, 

1H), 6.88 (d, J = 8.5 Hz, 2H), 6.34 (dd, J1 = 

3.3, J2 = 1.8 Hz, 1H), 6.28 (d, J = 3.3 Hz, 1H), 
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4.71 (d, J = 10.5 Hz, 1H), 4.55 (d, J = 10.5 Hz, 

1H), 3.81 (s, 3H), 3.68 (d, J = 9.0 Hz, 1H), 

2.56 (d, J = 14.4 Hz, 1H), 2.51 – 2.44 (m, 2H), 

2.41 (d, J = 14.4 Hz, 1H), 2.23 (s, 1H), 2.08 – 

1.96 (m, 2H), 1.90 (qd, J1 = 11.5, J2 = 6.0 Hz, 

1H), 1.86 – 1.81 (m, 2H), 1.80 – 1.70 (m, 2H), 

1.70 – 1.60 (m, 1H), 1.44 – 1.14 (m, 4H), 1.12 

– 1.03 (m, 1H), 0.99 (d, J = 6.5 Hz, 2H), 0.93 – 

0.78 (m, 3H). 

 

13C NMR (151 MHz, CDCl3) d:  159.8, 159.2, 141.6, 131.6, 129.2, 113.9, 110.4, 

106.2, 85.33, 84.9, 84.0, 78.1, 72.1, 55.4, 50.6, 

46.9, 45.5, 43.9, 33.2, 31.8, 29.9, 28.5, 27.8, 

27.5, 27.2, 26.8, 23.8, 22.8, 21.2, 17.3. 

 

TLC:  10% ethyl acetate–hexanes, Rf = 0.27 (UV, 

CAM). 
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Synthesis of Furan 2.67 and Alcohol 2.68 

  

Triethylsilane (4.5 µL, 0.028 mmol, 2.0 equiv) and trifluoroborane etherate 

(8.0 µL, 0.056 mmol, 4.0 equiv) were added to a solution of alcohol 2.66 (6.7 mg, 

0.014 mmol, 1 equiv) in dichloromethane (0.3 mL) at 0˚C. The resultant cloudy, 

brown solution was stirred for 20 min at that temperature, whereupon excess 

triethylsilane was quenched by the addition of saturated aqueous sodium bicarbonate 

solution (0.5 mL). The solution is warmed to 22˚C and the biphasic mixture was 

extracted with dichoromethane (3 x 2 mL). The combined organic extracts were 

washed with saturated aqueous sodium bicarbonate solution (2 mL) and brine (2 mL) 

and then dried over anhydrous sodium sulfate. The dried solution was concentrated 

and adhered to silica for purification using flash column chromatography (silica gel, 

starting with 3% ethyl acetate–hexanes, grading to 10% ethyl acetate–hexanes) to 

afford the furan 2.67 (2.6 mg, 0.0075 mmol, 54%) as a yellow oil and p-

methoxybenzyl furan 2.68 (2.0 mg, 0.043 mmol, 31%) as a yellow oil. 
 

Furan 2.67: 

1H NMR (151 MHz, CDCl3) d:  7.31 (d, J = 1.8 Hz, 1H), 6.29 (dd, J1 = 3.2, J2 = 

1.8 Hz, 1H), 6.14 (d, J = 3.2 Hz, 1H), 3.79 (d, J 
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= 11.1, 1H), 3.13 (dd, J1 = 11.8, J2 = 8.2 Hz, 

1H), 2.34 (dd, J1 = 13.3, J2 = 8.2 Hz, 1H), 2.24 

– 2.12 (m, 2H), 2.01 (ddd, J1 = 13.1, J2 = 10.1, 

J3 = 7.4 Hz, 1H), 1.94 – 1.88 (m, 2H), 1.84 – 

1.79 (m, 2H), 1.72 – 1.65 (m, 2H), 1.65 – 1.58 

(m, 2H), 1.44 (s, 3H), 1.38 – 1.17 (m, 4H), 1.12 

– 1.03 (m, 1H), 1.03 – 0.93 (m, 1H), 0.92 – 0.85 

(m, 3H), 0.83 (d, J = 7.1 Hz, 3H). 

 

13C NMR (600 MHz, CDCl3) d:  153.8, 140.7, 110.4, 106.5, 85.5, 84.8, 71.5, 

49.7, 47.3, 46.3, 42.6, 33.1, 31.8, 30.4, 28.2, 

27.3, 27.10, 27.05, 26.8, 24.9, 24.4, 16.9, 14.3. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.56 (UV, 

CAM). 

 

p-methoxybenzyl furan 2.68: 

1H NMR (151 MHz, CDCl3) d:  7.17 – 7.12 (m, 2H), 6.85 – 6.80 (m, 2H), 6.00 

(dd, J1 = 3.1, J2 = 1.1 Hz, 1H), 5.89 (d, J = 3.0 

Hz, 1H), 3.83 (s, 2H), 3.79 (s, 3H), 3.76 (d, J = 

10.2 Hz, 1H), 3.07 (dd, J1 = 11.8, J2 = 8.2 Hz, 

1H), 2.28 (dd, J1 = 13.3, J2 = 8.2 Hz, 1H), 2.19 
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– 2.07 (m, 2H), 1.95 (ddd, J1 = 13.1, J2 = 10.2, 

J3 = 7.4 Hz, 1H), 1.91 – 1.86 (m, 2H), 1.85 – 

1.78 (m, 3H), 1.69 – 1.57 (m, 2H), 1.37 (s, 3H), 

1.33 – 1.18 (m, 4H), 1.18 – 1.02 (m, 3H), 0.90 – 

0.82 (m, 3H), 0.81 (d, J = 7.2 Hz, 3H). 

 

13C NMR (600 MHz, CDCl3) d:  158.4, 153.5, 152.4, 130.7, 129.8 (2C), 114.0 

(2C), 106.9, 106.4, 85.4, 84.6, 71.5, 55.5, 49.9, 

47.3, 46.3, 42.7, 33.9, 32.9, 31.7, 30.3, 28.2, 

27.27, 27.10, 27.05, 26.8, 24.9, 24.6, 22.9, 17.0, 

14.3. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.47 (UV, 

CAM). 
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Synthesis of Silyl Ether 2.39 

  

TBSOTf (150 µL, 0.70 mmol, 5.0 equiv) was added to a solution of alcohol 

2.12 (42 mg, 0.14 mmol, 1 equiv) and triethylamine (195 µL, 1.4 mmol, 10 equiv) in 

dichloromethane (2 mL) at –10˚C. The resultant solution was stirred at that 

temperature for 30 min, then was warmed to 22˚C and stirred at that temperature for 

13 h. Silica was added to quench the excess TBSOTf and the solution was 

concentrated for purification using flash column chromatography (silica gel, starting 

with 1% ethyl acetate–hexanes, grading to 2% ethyl acetate–hexanes) to afford the 

ketone 2.39 (57.9 mg, 0.142 mmol, 99%) as a clear, yellow oil. 
 

1H NMR (151 MHz, CDCl3) d:  3.94 (d, J = 9.8 Hz, 1H), 2.42 (s, 2H), 2.29 – 

2.20 (m, 1H), 1.92 – 1.75 (m, 4H), 1.74 – 1.56 

(m, 4H), 1.37 – 1.09 (m, 12H), 0.87 – 0.85 (m, 

10H), 0.17 – 0.05 (m, 9H). 

 

13C NMR (600 MHz, CDCl3) d:  217.0, 83.6, 82.7, 68.9, 50.1, 45.5, 40.0, 37.9, 

31.2, 30.4, 26.9, 26.7, 26.5, 26.3, 26.0 (3C), 

26.0, 23.1, 18.4, 17.9, 16.7, -3.1, -4.3. 
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FTIR (KBr, pellet), cm–1: 1755, 1113, 1094. 

 

HRMS:  ESI [M+H]+ Calcd. for C24H43O3Si: 407.2981. 

Found: 407.2993. 

 

TLC:  5% ethyl acetate–hexanes, Rf = 0.60 (CAM). 
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Synthesis of Alcohol 2.40 

  

Furan (0.63 mL, 8.7 mmol, 22 equiv) was added dropwise to a stirred solution 

of N,N,N’,N’-tetramethylethylenediamine (0.58 mL, 3.9 mmol, 10 equiv) and n-

butyllithium (2.5 M in hexane, 1.6 mL, 3.9 mmol, 10 equiv) in THF (2 mL) at –78˚C. 

The reaction was warmed to 0˚C and stirred at that temperature for 65 min. The 

solution was cooled to –78˚C, whereupon a solution of ketone 2.39 (160 mg, 0.393 

mmol, 1.0 equiv) in THF (2 mL) was added via syringe. The resultant clear, yellow 

solution was warmed to 22˚C and stirred at that temperature for 16 h and then was 

recooled to 0˚C.  Excess furanyllithium was quenched by the addition of saturated 

aqueous ammonium chloride solution (5 mL). The crude mixture was extracted with 

dichloromethane (3 x 15 mL), and the combined organic extracts were dried over 

anhydrous sodium sulfate. The dried solution was concentrated, then was adhered to 

silica and purified using flash column chromatography (silica gel, starting with 1% 

ethyl acetate–hexanes, grading to 2% ethyl acetate–hexanes) to afford a slightly 

yellow, puffy solid (110 mg, 0.232 mmol, 59%). 
 

1H NMR (151 MHz, CDCl3) d:  7.37 (d, J = 1.7 Hz, 1H), 6.34 (dd, J1 = 3.3, J2 = 

1.6 Hz, 1H), 6.31 (d, J = 3.3 Hz, 1H), 3.88 (d, J 

= 8.7 Hz, 1H), 2.60 (d, J = 14.4 Hz, 1H), 2.40 – 

H CH3
O

H

HOTBS

H3C

Cy

O

HO
H

HOTBS

H3C

Cy
CH3

OH
O

n-BuLi, THF
TMEDA

furan
–78˚C → 22˚C

2.39 2.40



 163 

2.30 (m, 3H), 2.25 (s, 1H), 2.00 – 1.92 (m, 2H), 

1.92 – 1.82 (m, 3H), 1.81 – 1.73 (m, 2H), 1.72 – 

1.61 (m, 3H), 1.54 (s, 3H), 1.44 – 1.36 (m, 1H), 

1.25 – 1.14 (m, 8H), 0.97 – 0.83 (m, 9H), 0.17 – 

0.06 (m, 6H). 

 

13C NMR (600 MHz, CDCl3) d:  146.6, 141.4, 110.4, 106.2, 84.2, 70.3, 50.2, 

47.4, 43.3, 39.2, 31.8, 31.3, 29.9, 27.4, 27.3, 

27.1, 27.0, 26.5, 26.3 (3C), 24.5, 21.2, 18.6, 

16.9, -2.8, -4.0. 

 

FTIR (KBr, pellet), cm–1: 3451 (br), 2928, 2854, 1462, 1106. 

 

HRMS:  ESI [M+H]+ Calcd. for C28H47O4Si: 475.3244. 

Found: 475.3232. 

 

TLC:  5% ethyl acetate–hexanes, Rf = 0.36 (CAM). 
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Synthesis of Furan 2.41 

  

Triethylsilane (88 µL, 0.55 mmol, 2.0 equiv) and trifluoroborane etherate (140 

µL, 1.1 mmol, 4.0 equiv) were added to a solution of alcohol 2.40 (131 mg, 0.277 

mmol, 1 equiv) in dichloromethane (5.5 mL) at 0˚C. The resultant solution was stirred 

for 20 min at that temperature, whereupon excess triethylsilane was quenched by the 

addition of saturated aqueous sodium bicarbonate solution (3 mL). The solution is 

warmed to 22˚C and the biphasic mixture was extracted with dichoromethane (3 x 5 

mL). The combined organic extracts were washed with saturated aqueous sodium 

bicarbonate solution (6 mL) and brine (6 mL) and then dried over anhydrous sodium 

sulfate. The dried solution was concentrated and adhered to silica for purification 

using flash column chromatography (silica gel, starting with 0% diethyl ether–

hexanes, grading to 2% diethyl ether–hexanes) to afford the furan 2.41 (111 mg, 0.242 

mmol, 87%) as a thick, clear, yellow oil. 
 

1H NMR (600 MHz, CDCl3) d:  7.31 (d, J = 1.8 Hz, 1H), 6.29 (dd, J1 = 3.2, J2 = 

1.9 Hz, 1H), 6.10 (d, J = 3.2 Hz, 1H), 3.85 (d, J 

= 9.4 Hz, 1H), 3.05 (dd, J1 = 11.7, J2 = 8.7 Hz, 

1H), 2.44 – 2.35 (m, 1H), 2.21 – 2.11 (m, 2H), 

1.96 (ddd, J1 = 13.4, J2 = 9.4, J3 = 6.5 Hz, 1H), 
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1.93 – 1.87 (m, 1H), 1.85 – 1.74 (m, J1 = 15.0, 

J2 = 9.2 Hz, 2H), 1.69 – 1.51 (m, 6H), 1.42 (s, 

3H), 1.35 – 1.16 (m, 6H), 1.03 – 0.96 (m, 1H), 

0.93 – 0.85 (m, 8H), 0.80 (d, J = 7.1 Hz, 3H), 

0.16 – 0.04 (m, 6H). 

 

13C NMR (151 MHz, CDCl3) d:  154.3, 140.7, 110.3, 106.3, 86.2, 84.1, 70.7, 

48.9, 47.2, 47.1, 39.4, 32.2, 31.22, 31.18, 27.3, 

27.1, 26.8, 26.7, 26.4, 26.3 (3C), 25.0, 23.1, 

18.7, 16.7, -2.9, -3.9. 

 

FTIR (KBr, pellet), cm–1: 2922, 2851, 1463. 

 

HRMS:  ESI [M+H]+ Calcd. for C28H47O3Si: 459.3289. 

Found: 459.3283. 

 

TLC:  2.5% ethyl acetate–hexanes, Rf = 0.73 (CAM). 
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Synthesis of Carboxylic Acid 2.42 

  

Ruthenium dioxide (39 mg, 0.29 mmol, 1.1 equiv) was added to a stirred 

solution of sodium periodate (342 mg, 1.60 mmol, 6.0 equiv) in carbon tetrachloride 

(4.0 mL), acetonitrile (6.0 mL), and water (4.0 mL) at 22˚C. The resultant cloudy, 

black solution was stirred vigorously for 20 min, whereupon sodium bicarbonate (2.2 

g, 26.1 mmol, 100 equiv) and water (2.6 mL) were added. The resultant solution was 

stirred for 5 min, whereupon a solution of furan 2.41 (120 mg, 0.261 mmol, 1 equiv) 

in acetonitrile (2.6 mL) and ethyl acetate (0.5 mL) was added. The solution is stirred 

for 1 h, whereupon sodium periodate is added until the solution becomes a dark green 

suspension. The suspension is diluted with water and brought to a pH less than 7 

through the slow addition of 2 N hydrochloric acid solution. The resultant gray 

suspension was extracted with ethyl acetate (3 x 30 mL) and the combined organic 

layers were dried over anhydrous sodium sulfate. The dried solution was filtered 

through CeliteÒ and concentrated to afford a sticky black oil that was used in the 

following step without further purification. 
 

1H NMR (600 MHz, CDCl3) d:  3.83 (d, J = 9.4 Hz, 1H), 2.77 – 2.70 (m, 1H), 

2.51 (dd, J1 = 13.7, J2 = 7.9 Hz, 1H), 2.29 – 

2.22 (m, 1H), 1.99 – 1.90 (m, 2H), 1.89 – 1.85 
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(m, 1H), 1.85 – 1.75 (m, 1H), 1.73 – 1.69 (m, 

1H), 1.67 – 1.55 (m, 3H), 1.46 (s, 3H), 1.33 – 

1.25 (m, 8H), 1.24 – 1.16 (m, 2H), 1.15 – 1.07 

(m, 1H), 0.90 – 0.87 (m, 9H), 0.83 (d, J = 7.1 

Hz, 3H), 0.14 – 0.05 (m, 6H). 

 

13C NMR (151 MHz, CDCl3) d:  175.8, 86.8, 84.0, 70.5, 52.0, 49.4, 47.6, 39.1, 

31.2, 31.1, 30.7, 29.9, 27.2, 27.1, 26.7, 26.6, 

26.3, 26.2 (3C), 25.0, 24.5, 16.8, -2.8, -4.0. 

 

HRMS:  ESI [M–H]– Calcd. for C25H43O4Si: 435.2931. 

Found: 435.2935. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.28 (CAM). 
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Synthesis of PMB-protected Ethylene Glycol 2.69 

  

A stirred solution of ethylene glycol (6.90 mL, 124 mmol, 1 equiv), anisyl 

alcohol (17.0 mL, 137 mmol, 1.10 equiv), and Amberlyst-15 resin (730 mg) in 

dichloromethane (240 mL) was heated at reflux for 20 h, whereupon dichloromethane 

(50 mL) and water (100 mL) were added. The layers were separated and the aqueous 

layer was extracted with dichloromethane (3 x 100 mL). The combined organic 

extracts were dried over anhydrous sodium sulfate and the dried solution was 

concentrated. The crude yellow oil was purified using flash column chromatography 

(silica gel, starting with 15% ethyl acetate–hexanes, grading to 50% ethyl acetate–

hexanes) to afford a clear, colorless oil. 
 

1H NMR (600 MHz, CDCl3) d:  7.27 (d, J = 8.4 Hz, 2H), 6.89 (d, J = 7.8 Hz, 

2H), 4.49 (s, 2H), 3.80 (d, J = 1.3 Hz, 3H), 

3.75 – 3.71 (m, 2H), 3.58 – 3.55 (m, 2H). 

 

13C NMR (151 MHz, CDCl3) d:  159.5, 130.2, 129.6 (2C), 114.0 (2C), 73.1, 

71.2, 62.0, 55.4. 
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Synthesis of Ester 2.44 

  

DCC (6.8 mg, 0.033 mmol, 1.3 equiv) was added to stirred solution of 

carboxylic acid 2.42, DMAP (4.3 mg, 0.035 mmol, 1.4 equiv), and the PMB-protected 

ethylene glycol (27 mg, 0.15 mmol, 6.0 equiv) in dichloromethane (0.2 mL). The 

resultant solution was stirred for 44 h, whereupon the solution was diluted with 

dichloromethane (2 mL). The solution was then washed with water (2 x 1 mL) and 

saturated ammonium chloride solution (2 x 1 mL), then was dried over anhydrous 

sodium sulfate. The dried solution was filtered through CeliteÒ and concentrated to 

afford a gray oil that was used without further purification.  
 

1H NMR (600 MHz, CDCl3) d:  7.27 – 7.23 (m, 2H), 6.91 – 6.85 (m, 2H), 4.48 

(s, 2H), 4.28 – 4.12 (m, 2H), 3.83 (d, J = 9.4 

Hz, 1H), 3.81 (s, 3H), 3.64 (t, J = 4.8 Hz, 2H), 

2.72 (dd, J = 11.6, 7.9 Hz, 1H), 2.55 (dd, J = 

13.6, 8.0 Hz, 1H), 2.29 – 2.20 (m, 1H), 1.97 

(ddd, J = 13.4, 9.4, 6.6 Hz, 1H), 1.94 – 1.85 

(m, 1H), 1.85 – 1.66 (m, 2H), 1.66 – 1.59 (m, 

5H), 1.53 – 1.46 (m, 1H), 1.43 (s, 4H), 1.39 – 
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1.20 (m, 9H), 1.19 – 1.13 (m, 4H), 1.12 – 1.04 

(m, 2H), 0.92 – 0.84 (m, 3H), 0.83 (d, J = 7.1 

Hz, 3H), 0.14 – 0.05 (m, 6H). 

 

13C NMR (151 MHz, CDCl3) d:  172.0, 159.5, 130.1, 129.5 (2C), 114.0 (2C), 

86.7, 84.0, 73.0, 70.6, 67.6, 63.8, 55.4, 52.4, 

49.3, 47.4, 39.3, 31.18, 31.16, 30.9, 27.2, 27.1, 

26.8, 26.7, 26.3, 26.2 (3C), 25.1, 24.4, 16.9, 

14.3, -2.8, -3.9. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.63 (CAM). 
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Synthesis of Reverse Ester 2.45 

  

PMB-protected ethylene glycol (450 mg, 2.5 mmol, 100 equiv) was added 

dropwise to a stirred suspension of sodium hydride (60% in mineral oil, 19.1 mg, 

0.478 mmol, 19.1 equiv, pre-washed with hexanes [3 x 1 mL]) in tetrahydrofuran (0.5 

mL) at 0˚C. The resultant clear, yellow solution was warmed to 22˚C and stirred at 

that temperature until the bubbling ceased (ca. 5 min) whereupon a solution of the 

ester 2.44 in tetrahydrofuran (0.5 mL) was added dropwise. The resultant mixture was 

stirred for 48 h, then was cooled to –78˚C and excess base was quenched by the 

addition of saturated aqueous ammonium chloride solution (2 mL). The resultant 

biphasic mixture was extracted with dichloromethane (3 x 10 mL) and the combined 

organic layers were dried over anhydrous sodium sulfate. The dried solution was 

concentrated to afford a gray oily residue. Purification by flash column 

chromatography (basic alumina, starting with 5% ethyl acetate–hexanes, grading to 

25% ethyl acetate–hexanes) afforded the reverse ester 2.45 as a yellow oil (9.0 mg, 

0.015 mmol, 60% over 3 steps). 
 

1H NMR (600 MHz, CDCl3) d:  7.25 (d, J = 5.7 Hz, 2H), 6.90 – 6.84 (m, 2H), 

4.48 (d, J = 5.1 Hz, 2H), 4.24 (t, J = 4.8 Hz, 

2H), 3.80 (s, 3H), 3.78 – 3.73 (m, 1H), 3.66 – 
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3.62 (m, 2H), 2.75 – 2.69 (m, 1H), 2.30 (td, J1 

= 13.9, J2 = 6.0 Hz, 1H), 2.07 – 1.99 (m, 1H), 

1.99 – 1.90 (m, 1H), 1.90 – 1.82 (m, 1H), 1.81 

– 1.74 (m, 1H), 1.74 – 1.65 (m, 1H), 1.65 – 

1.60 (m, 1H), 1.43 – 1.40 (m, 1H), 1.38 – 1.14 

(m, 14H), 1.14 – 1.00 (m, 9H), 0.98 – 0.78 (m, 

4H), 0.09 (s, 6H). 

 

13C NMR (151 MHz, CDCl3) d:  175.0, 143.5, 129.5 (2C), 126.7, 114.0 (2C), 

84.8, 84.0, 72.9, 69.8, 67.8, 63.7, 55.4, 49.6, 

49.1, 47.1, 38.8, 37.3, 32.9, 32.1, 31.4, 30.9, 

30.2, 29.5, 27.3, 26.9, 26.2 (3C), 24.6, 22.9, 

21.3, 17.2, 14.3. 

 

FTIR (KBr, pellet), cm–1: 2960, 2874, 1639, 1252, 1152. 

 

TLC:  10% ethyl acetate–hexanes, Rf = 0.39 (CAM). 
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Synthesis of Alcohol 2.46 

  

TBAF (1.0 M in THF, 0.24 mL, 0.24 mmol, 8.0 equiv) is added to a stirred 

solution of silyl ether 2.45 (18 mg, 0.029 mmol, 1 equiv) in THF (0.3 mL) at 22˚C. 

The solution is stirred for 21 h, whereupon water (1 mL) is added. The resultant 

solution is extracted with diethyl ether (3 x 3 mL) and the combined organic extracts 

were washed with saturated aqueous ammonium chloride solution (4 mL). The 

solution was then filtered through a pad of celite and concentrated to afford the crude 

alcohol 2.46 as a clear, yellow oil that was used without further purification.  
 

1H NMR (600 MHz, CDCl3) d:  7.21 – 7.16 (m, 2H), 6.84 – 6.78 (m, 2H), 4.41 

(s, 2H), 4.18 (dd, J = 5.7, 3.7 Hz, 2H), 3.74 (s, 

3H), 3.65 (d, J = 10.2 Hz, 1H), 3.58 (dd, J1 = 

5.5, J2 = 4.1 Hz, 2H), 3.47 (d, J = 5.5 Hz, 1H), 

2.66 (dd, J1 = 9.5, J2 = 4.9 Hz, 1H), 2.46 – 2.37 

(m, 2H), 2.30 – 2.24 (m, 2H), 2.20 (dd, J1 = 

13.5, J2 = 4.9 Hz, 2H), 2.11 – 2.05 (m, 1H), 

2.03 – 1.98 (m, 1H), 1.98 – 1.92 (m, 2H), 1.87 

– 1.77 (m, 1H), 1.76 – 1.67 (m, 1H), 1.62 – 
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1.42 (m, 2H), 1.41 – 1.33 (m, 1H), 1.31 – 1.13 

(m, 3H), 1.12 (s, 2H), 0.91 (t, J = 7.3 Hz, 1H), 

0.88 – 0.76 (m, 5H). 

 

13C NMR (151 MHz, CDCl3) d:  175.0, 159.4, 130.1, 129.5 (2C), 114.0 (2C), 

86.5, 85.4, 72.9, 70.9, 67.8, 65.9, 63.8, 55.4, 

50.3, 48.2, 47.2, 42.8, 40.7, 33.2, 32.0, 31.4, 

31.1, 30.8, 30.6, 29.3, 28.7, 27.5, 27.4, 26.7, 

25.6, 23.3, 22.8, 21.3, 17.2, 14.3. 

 

FTIR (KBr, pellet), cm–1: 3360 (br), 3182, 2924, 2853, 1729. 

 

HRMS:  ESI [M–H]– Calcd. for C29H42O6: 485.2909. 

Found: 485.2914. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.16 (CAM). 
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Synthesis of Cinnamate 2.70 

  

A solution of the alcohol 2.46, cinnamoyl chloride (7.5 mg, 0.045 mmol, 3.0 

equiv), DMAP (5.5 mg, 0.045 mmol, 3.0 equiv) in triethylamine (0.5 mL) and 

dichloromethane (1 mL) were stirred and heated to 80˚C in a sealed flask for 18 h. The 

solution was then cooled to 22˚C and concentrated. The crude residue was taken up in 

diethyl ether (10 mL) and filtered over celite. The crude solution was concentrated to a 

yellow oil and used without further purification.  
 

HRMS:  ESI [M+H]+ Calcd. for C38H49O7: 617.3478. 

Found: 617.3455. 

 

TLC:  10% ethyl acetate–hexanes, Rf = 0.36 (UV, 

CAM). 
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Synthesis of Reverse Ester Analogue 2.47 

  

DDQ (36 mg, 0.15 mmol, 10 equiv) was added to a stirred solution of 

cinnamate 2.70 in dichloromethane (1 mL) and water (20 µL). The resultant deep red 

solution was stirred for 18 h, whereupon saturated aqueous sodium bicarbonate 

solution (1 mL) is added. The biphasic solution was partitioned between ethyl acetate 

(5 mL) and water (2 mL) and the organic layer was dried over anhydrous sodium 

sulfate. The dried organic layer was concentrated and adhered to silica gel for 

purification using flash column chromatography (silica gel, starting with 15% diethyl 

ether–hexanes, grading to 50% diethyl ether–hexanes) to afford reverse ester analogue 

2.47 (4.8 mg, 0.0097 mmol, 66% over 3 steps) as a clear, yellow oil. 
 

1H NMR (600 MHz, CDCl3) d:  7.67 (d, J = 16.0 Hz, 1H), 7.58 – 7.51 (m, 2H), 

7.42 – 7.37 (m, 2H), 6.41 (d, J = 16.0 Hz, 1H), 

5.15 (d, J = 10.2 Hz, 1H), 4.32 – 4.26 (m, 1H), 

4.24 – 4.19 (m, 1H), 3.86 (t, J = 4.7 Hz, 2H), 

2.85 (dd, J1 = 9.4, J2 = 5.0 Hz, 1H), 2.41 (dd, 

J1 = 13.5, J2 = 5.0 Hz, 1H), 2.22 (dd, J1 = 13.4, 

J2 = 9.4 Hz, 1H), 2.16 – 2.06 (m, 1H), 1.97 – 
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1.88 (m, 2H), 1.88 – 1.84 (m, 1H), 1.84 – 1.74 

(m, 2H), 1.74 – 1.67 (m, 2H), 1.67 – 1.47 (m, 

2H), 1.31 – 1.22 (m, 4H), 1.18 – 1.04 (m, 3H), 

0.96 (d, J = 7.1 Hz, 3H), 0.91 – 0.86 (m, 3H), 

0.86 – 0.80 (m, 3H). 

 

13C NMR (151 MHz, CDCl3) d:  175.3, 165.8, 145.2, 134.5, 130.5, 129.1 (2C), 

128.3 (2C), 118.2, 86.1, 85.5, 71.7, 66.5, 61.5, 

49.9, 47.4, 47.2, 43.9, 31.3, 31.1, 28.5, 27.7, 

27.4, 26.9, 26.7, 24.6, 21.3, 17.2, 14.3. 

 

HRMS:  ESI [M+H]+ Calcd. for C30H41O6: 497.2903. 

Found: 497.2896. 

 

TLC:  50% ethyl acetate–hexanes, Rf = 0.48 (UV, 

CAM). 
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Synthesis of Diester 2.71 

  

A solution of the alcohol 2.46, the phenyl cyclopropyl acid chloride (8.1 mg, 

0.045 mmol, 3.0 equiv), DMAP (6.9 mg, 0.056 mmol, 3.8 equiv) in triethylamine (0.5 

mL) and dichloromethane (1 mL) were stirred and heated to 80˚C in a sealed flask for 

18 h. The solution was then cooled to 22˚C and concentrated. The crude residue was 

taken up in diethyl ether (10 mL) and filtered over celite. The crude solution was 

concentrated to a yellow oil and used without further purification.  
 

HRMS:  ESI [M–H]– Calcd. for C39H49O7: 629.3478. 

Found: 629.3488. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.64 (UV, 

CAM). 
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Synthesis of Reverse Ester Analogue 2.49 

  

DDQ (39 mg, 0.15 mmol, 10 equiv) was added to a stirred solution of diester 

2.71 in dichloromethane (1 mL) and water (20 µL). The resultant deep red solution 

was stirred for 18 h, whereupon saturated aqueous sodium bicarbonate solution (1 mL) 

is added. The biphasic solution was partitioned between ethyl acetate (5 mL) and 

water (2 mL) and the organic layer was dried over anhydrous sodium sulfate. The 

dried organic layer was concentrated and adhered to silica gel for purification using 

flash column chromatography (silica gel, starting with 0% diethyl ether–

dichloromethane, grading to 10% diethyl ether–dichloromethane) to afford reverse 

ester analogue 2.49 (3.3 mg, 0.0065 mmol, 44% over 3 steps) as a clear, yellow oil. 
 

1H NMR (600 MHz, CDCl3) d:  7.32 – 7.26 (m, 2H), 7.24 – 7.18 (m, 1H), 7.14 

– 7.07 (m, 2H), 5.13 – 4.99 (m, 2H), 4.31 – 

4.24 (m, 1H), 4.22 – 4.17 (m, 1H), 3.88 – 3.81 

(m, 2H), 3.35 (s, 1H), 2.83 – 2.78 (m, 1H), 

2.57 – 2.50 (m, 1H), 2.48 (ddd, J1 = 9.2, J2 = 

6.5, J3 = 4.1 Hz, 1H), 2.40 – 2.29 (m, 1H), 2.27 

(s, 1H), 2.18 – 2.06 (m, 2H), 1.94 (m, 2H), 
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1.90 – 1.86 (m, 1H), 1.86 – 1.81 (m, 1H), 1.81 

– 1.74 (m, 1 H), 1.74 – 1.67 (m, 1H), 1.67 – 

1.58 (m, 2H), 1.52 – 1.45 (m, 1H), 1.43 (s, 

3H), 1.31 – 1.18 (m, 4H), 1.18 – 1.08 (m, 3H), 

0.93 – 0.90 (m, 3H), 0.90 – 0.86 (m, 2H), 0.86 

– 0.80 (m, 2H). 

 

13C NMR (151 MHz, CDCl3) d:  175.3, 172.2, 140.1, 128.7, 128.6, 126.7, 126.7, 

126.4, 126.3, 126.3, 125.7, 86.0, 85.99, 85.5, 

85.4, 72.2, 72.1, 66.5, 61.5, 49.9, 49.9, 47.2, 

47.2, 47.1, 47.1, 44.3, 34.5, 31.2, 31.1, 30.5, 

29.9, 29.8, 29.5, 28.5, 27.8, 27.4, 26.9, 26.83, 

26.78, 24.70, 24.68, 22.8, 21.3, 17.2, 16.4, 

14.3. 

 

HRMS:  ESI [M–H]– Calcd. for C31H41O6: 509.2903. 

Found: 509.2909. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.16 (CAM). 
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Synthesis of Naphthoate 2.72 

  

A solution of the alcohol 2.46, 2-naphthoyl chloride (20 mg, 0.10 mmol, 3.0 

equiv), DMAP (13 mg, 0.10 mmol, 3.0 equiv) in triethylamine (0.5 mL) and 

dichloromethane (1 mL) were stirred and heated to 80˚C in a sealed flask for 18 h. The 

solution was then cooled to 22˚C and concentrated. The crude residue was taken up in 

diethyl ether (10 mL) and filtered over celite. The crude solution was concentrated to a 

yellow oil and used without further purification.  
 

HRMS:  ESI [M+H]+ Calcd. for C40H49O7: 641.3478. 

Found: 641.3488. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.51 (UV, 

CAM). 
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Synthesis of Reverse Ester Analogue 2.48 

 

DDQ (39 mg, 0.17 mmol, 5 equiv) was added to a stirred solution of diester 

2.72 in dichloromethane (1 mL) and water (20 µL). The resultant deep red solution 

was stirred for 18 h, whereupon saturated aqueous sodium bicarbonate solution (1 mL) 

is added. The biphasic solution was partitioned between ethyl acetate (5 mL) and 

water (2 mL) and the organic layer was dried over anhydrous sodium sulfate. The 

dried organic layer was concentrated and adhered to silica gel for purification using 

flash column chromatography (silica gel, starting with 0% diethyl ether–

dichloromethane, grading to 10% diethyl ether–dichloromethane) to afford reverse 

ester analogue 2.48 (3.1 mg, 0.0060 mmol, 18% over 3 steps) as a clear, yellow oil. 
 

1H NMR (600 MHz, CDCl3) d:  8.57 (s, 1H), 8.03 (dd, J1 = 8.6, J2 = 1.7 Hz, 

1H), 7.96 (d, J = 8.1 Hz, 1H), 7.89 (d, J = 8.7 

Hz, 2H), 7.63 – 7.53 (m, 2H), 5.35 (d, J = 10.2 

Hz, 1H), 4.35 – 4.29 (m, 1H), 4.27 – 4.20 (m, 

1H), 3.87 (t, J = 4.8 Hz, 2H), 3.51 – 3.45 (m, 

1H), 2.93 (dd, J1 = 9.4, J2 = 5.0 Hz, 1H), 2.50 

O

HO
H

HO

H3C

Cy
CH3

O

O
HPMBO

O

HO
H

HO

H3C

Cy
CH3

O

O
HHODDQ, CH2Cl2

H2O, 22˚C

2.482.72



 183 

(dd, J1 = 13.4, J2 = 5.0 Hz, 1H), 2.40 (dd, J1 = 

13.4, J2 = 9.4 Hz, 1H), 2.18 – 2.09 (m, 1H), 

2.02 – 1.96 (m, 1H), 1.96 – 1.88 (m, 2H), 1.88 

– 1.83 (m, 1H), 1.77 – 1.71 (m, 2H), 1.71 – 

1.61 (m, 2H), 1.61 – 1.52 (m, 2H), 1.36 – 1.31 

(m, 1H), 1.30 – 1.23 (m, 2H), 1.21 (t, J = 7.1 

Hz, 2H), 1.17 – 1.04 (m, 2H), 1.01 (d, J = 7.1 

Hz, 3H), 0.91 – 0.80 (m, 3H). 

 

13C NMR (151 MHz, CDCl3) d:  175.3, 165.4, 135.7, 132.6, 131.3, 129.5, 128.4, 

127.9, 127.64, 126.9, 125.7, 125.4, 86.2, 85.6, 

72.3, 66.5, 61.5, 50.0, 47.5, 47.2, 44.1, 34.8, 

31.3, 31.1, 30.5, 28.6, 27.7, 27.3, 26.8, 26.6, 

24.7, 21.3, 17.3. 

 

HRMS:  ESI [M+H]+ Calcd. for C32H41O6: 521.2903. 

Found: 521.2891. 

 

TLC:  50% ethyl acetate–hexanes, Rf = 0.30 (CAM). 
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Synthesis of Methyl Cinnamate 2.73 

 

β-Methylcinnamic acid (6.6 mg, 0.041 mmol, 4.0 equiv), 2,4,6-

trichlorobenzoyl chloride (12 mg, 0.050 mmol, 5.0 equiv), triethylamine (11 µL, 0.080 

mmol, 8.0 equiv), and DMAP (0.5 mg, 0.004 mmol, 0.4 equiv) were added 

sequentially to a stirred solution of alcohol 2.46 in toluene (0.5 mL) at 22˚C. The 

solution was stirred at that temperature for 42 h, whereupon excess benzoyl chloride 

was quenched by the addition of 1N hydrochloric acid solution (0.3 mL). The resultant 

solution was extracted with dichloromethane (3 x 2 mL) and the combined organic 

extracts were washed with 0.1N sodium hydroxide solution (2 mL). The organic 

extracts were dried over anhydrous sodium sulfate and the dried solution was 

concentrated to afford the crude diester 2.73 as a greenish, yellow oil that was used 

without further purification.  
 

HRMS:  ESI [M+H]+ Calcd. for C39H51O7: 631.3635. 

Found: 631.3621. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.44 (UV, 

CAM). 
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Synthesis of Reverse Ester Analogue 2.50 

  

DDQ (34 mg, 0.15 mmol, 15 equiv) was added to a stirred solution of diester 

2.73 in dichloromethane (0.1 mL) and water (10 µL). The resultant deep red solution 

was stirred for 96 h, whereupon saturated aqueous sodium bicarbonate solution (0.5 

mL) is added. The biphasic solution was partitioned between ethyl acetate (5 mL) and 

water (2 mL) and the organic layer was dried over anhydrous sodium sulfate. The 

dried organic layer was concentrated and adhered to silica gel for purification using 

flash column chromatography (silica gel, starting with 15% diethyl ether–hexanes, 

grading to 50% diethyl ether–hexanes) to afford reverse ester analogue 2.50 (0.9 mg, 

0.0018 mmol, 18% over 3 steps) as a clear, yellow oil. 
 

1H NMR (600 MHz, CDCl3) d:  7.49 (d, J = 6.5 Hz, 2H), 7.43 (d, J = 7.6 Hz, 

1H), 7.41 – 7.35 (m, 2H), 6.09 (s, 1H), 5.12 (d, 

J = 10.2 Hz, 1H), 4.24 (ddt, J1 = 47.7, J2 = 

12.2, J3 = 4.6 Hz, 3H), 3.85 (s, 2H), 2.83 (dd, J 

= 9.5, 5.0 Hz, 1H), 2.57 (s, 3H), 2.40 – 2.27 

(m, 2H), 2.21 – 2.10 (m, 2H), 2.06 – 1.83 (m, 

3H), 1.83 – 1.68 (m, 3H), 1.65 – 1.47 (m, 2H), 
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1.47 – 1.00 (m, 3H), 0.96 (d, J = 7.0 Hz, 3H), 

0.92 – 0.80 (m, 5H), 0.78 – 0.68 (m, 1H). 

 

13C NMR (151 MHz, CDCl3) d:  175.3, 165.7, 156.0, 132.8, 129.2, 128.7 (2C), 

126.5 (2C), 117.3, 86.2, 85.4, 71.1, 66.5, 61.5, 

49.9, 47.4, 47.2, 43.9, 33.9, 32.1, 29.5, 28.5, 

27.7, 27.4, 26.9, 22.9, 21.3, 18.20, 17.3, 14.3. 

 

HRMS:  ESI [M+H]+ Calcd. for C31H43O6: 511.3060. 

Found: 511.3051. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.13 (CAM). 

  



 187 

Synthesis of Methyl Ether 2.53 

  

A solution of alcohol 2.40 (40 mg, 0.084 mmol, 1 equiv) in THF (0.4 mL) was 

added dropwise to a stirred suspension of sodium hydride (60% in mineral oil, 20 mg, 

0.48 mmol, 5.0 equiv, pre-washed with hexanes [3 x 1 mL]) in tetrahydrofuran (0.4 

mL) at 0˚C. The resultant clear, yellow solution was warmed to 22˚C and stirred at 

that temperature until the bubbling ceased (ca. 5 min). Methyl iodide (26 µL, 0.42 

mmol, 5.0 equiv) was added to the reaction mixture and the solution was stirred for 16 

h. Saturated aqueous sodium bicarbonate solution (1 mL) was added to quench the 

excess sodium hydride and methyl iodide. The solution was extracted with 

dichloromethane (3 x 3 mL) and the combined organic extracts were dried over 

anhydrous sodium sulfate. The dried solution was concentrated, and the crude oil was 

adhered to silica gel for purification using flash column chromatography (silica gel, 

starting with 0% diethyl ether–hexanes, grading to 3% diethyl ether–hexanes) to 

afford methyl ether 2.53 (39.1 mg, 0.080 mmol, 95%) as a clear, yellow oil. 
 

1H NMR (600 MHz, CDCl3) d:  7.42 (dd, J1 = 1.9, J2 = 0.8 Hz, 1H), 6.38 – 6.31 

(m, 2H), 3.85 (d, J = 9.5 Hz, 1H), 3.12 (s, 3H), 

2.45 (d, J = 14.4, 1H), 2.34 – 2.26 (m, 2H), 2.10 

(ddd, J1 = 12.8, J2 = 9.4, J3 = 6.5 Hz, 1H), 1.98 
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(d, J = 12.7 Hz, 1H), 1.95 – 1.85 (m, 4H), 1.81 

– 1.75 (m, 2H), 1.66 – 1.58 (m, 2H), 1.40 – 1.03 

(m, 2H), 0.90 (s, 9H), 0.89 – 0.86 (m, 5H), 0.85 

– 0.82 (m, 6H), 0.12 (d, J = 7.6 Hz, 6H). 

 

13C NMR (151 MHz, CDCl3) d:  157.2, 142.0, 110.0, 109.8, 90.0, 85.7, 85.7, 

70.2, 53.6, 50.4, 47.3, 39.3, 36.4, 31.8, 31.4, 

27.4, 27.3, 27.2, 27.0, 26.5, 26.3 (3C), 24.4, 

22.9, 21.9, 18.7, 17.0, 14.3, -2.8, -4.0. 

 

FTIR (KBr, pellet), cm–1: 2927, 2854, 1462, 1255, 1108. 

 

HRMS:  ESI [M+H]+ Calcd. for C29H49O4Si: 489.3400. 

Found: 489.3396. 

 

TLC:  5% ethyl acetate–hexanes, Rf = 0.70 (CAM). 
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Synthesis of Carboxylic Acid 2.57 

  

Ruthenium dioxide (12 mg, 0.088 mmol, 1.1 equiv) was added to a stirred 

solution of sodium periodate (100 mg, 0.48 mmol, 6.0 equiv) in carbon tetrachloride 

(1.4 mL), acetonitrile (2.1 mL), and water (1.4 mL) at 22˚C. The resultant cloudy, 

black solution was stirred vigorously for 20 min, whereupon sodium bicarbonate (670 

mg, 8.0 mmol, 100 equiv) and water (1.2 mL) were added. The resultant solution was 

stirred for 5 min, whereupon a solution of furan 2.53 (39 mg, 0.080 mmol, 1 equiv) in 

acetonitrile (1.2 mL) and ethyl acetate (0.3 mL) was added. The solution is stirred for 

75 min, whereupon sodium periodate is added until the solution becomes a dark green 

suspension. The suspension is diluted with water and the resultant mixture was 

extracted with ethyl acetate (3 x 20 mL) and the combined organic layers were dried 

over anhydrous sodium sulfate. The dried solution was filtered through CeliteÒ and 

concentrated to afford a sticky black oil that was used in the following step without 

further purification. 
 

HRMS:  ESI [M–H]– Calcd. for C26H45O5Si: 465.3036. 

Found: 465.3036. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.25 (CAM).  
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Synthesis of Reverse Ester 2.58 

  

PMB-protected ethylene glycol (30 mg, 0.16 mmol, 2.0 equiv), 2,4,6-

trichlorobenzoyl chloride (50 µL, 0.32 mmol, 4.0 equiv), triethylamine (67 µL, 0.48 

mmol, 6.0 equiv), and DMAP (2.4 mg, 0.020 mmol, 0.25 equiv) were added 

sequentially to a stirred solution of acid 2.57 in toluene (4 mL) at 22˚C. The solution 

was stirred at that temperature for 40 h, whereupon excess benzoyl chloride was 

quenched by the addition of saturated aqueous ammonium chloride solution (1 mL). 

The resultant solution was extracted with dichloromethane (3 x 2 mL) and the 

combined organic extracts were dried over anhydrous sodium sulfate. The dried 

solution was concentrated and filtered through a plug of basic alumina, starting with 

3% ethyl acetate–hexanes, grading to 25% ethyl acetate–hexanes to afford a crude 

yellow oil containing ester 2.58 that was used without further purification.  
 

HRMS:  ESI [M+H]+ Calcd. for C36H59O7Si: 631.4030. 

Found: 631.4027. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.59 (CAM). 
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Synthesis of Alcohol 2.59 

  

TBAF (1.0 M in THF, 0.64 mL, 0.64 mmol, 8.0 equiv) is added to a stirred 

solution of silyl ether 2.58 in THF (0.8 mL) at 22˚C. The solution is stirred for 2 h, 

whereupon water (1 mL) is added. The resultant solution is extracted with diethyl 

ether (3 x 3 mL) and the combined organic extracts were washed with saturated 

aqueous ammonium chloride solution (4 mL). The solution was then filtered through a 

pad of celite and concentrated to afford the crude alcohol 2.59 as a clear, yellow oil 

that was purified using flash column chromatography (deactivated silica gel, starting 

with 5% ethyl acetate–hexanes, grading to 30% ethyl acetate–hexanes). Alcohol 2.59 

(4.4 mg, 0.0085 mmol, 11% over 3 steps) was isolated as a clear, yellow oil. 
 

1H NMR (600 MHz, CDCl3) d:  7.19 – 7.14 (m, 2H), 6.81 – 6.78 (m, 2H), 5.23 

(s, 2H), 4.47 – 4.43 (m, 1H), 4.43 (s, 1H), 4.41 

(s, 2H), 4.40 – 4.30 (m, 2H), 3.91 – 3.86 (m, 

1H), 3.75 – 3.72 (m, 3H), 3.68 (t, J = 4.5 Hz, 

1H), 3.63 (t, J = 4.8 Hz, 2H), 3.51 (t, J = 4.5 

Hz, 1H), 3.24 (s, 3H), 3.08 – 3.00 (m, 1H), 

2.35 – 2.22 (m, 3H), 2.10 – 2.05 (m, 1H), 2.04 
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– 1.96 (m, 2H), 1.91 – 1.69 (m, 2H), 1.67 – 

1.38 (m, 4H), 1.36 – 1.31 (m, 3H), 1.29 – 0.96 

(m, 4H), 0.92 – 0.64 (m, 2H). 

 

13C NMR (151 MHz, CDCl3) d:  165.2, 129.9, 129.5, 114.0, 97.0, 86.1, 85.7, 

73.1, 73.0, 71.2, 70.9, 68.0, 67.3, 64.9, 62.1, 

61.0, 56.3, 55.4, 52.4, 46.8, 46.0, 43.9, 37.3, 

35.0, 32.1, 31.9, 30.8, 30.2, 29.5, 28.8, 27.5, 

27.4, 27.2, 27.0, 26.9, 26.7, 25.4, 22.8, 21.6, 

17.0, 14.3. 

 

HRMS:  ESI [M+H]+ Calcd. for C30H45O7: 517.3165. 

Found: 517.3168. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.18 (CAM). 
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Synthesis of Diester 2.60 

  

A solution of the alcohol 2.59 (4.4 mg, 0.0085 mmol, 1 equiv), cinnamoyl 

chloride (5.5 mg, 0.033 mmol, 3.9 equiv), DMAP (3.9 mg, 0.032 mmol, 3.8 equiv) in 

triethylamine (0.4 mL) and dichloromethane (0.8 mL) were stirred and heated to 80˚C 

in a sealed flask for 18 h. The solution was then cooled to 22˚C and concentrated. The 

crude residue was taken up in diethyl ether (10 mL) and filtered over celite. The crude 

solution was concentrated to a yellow oil and used without further purification.  
 

1H NMR (600 MHz, CDCl3) d:  8.02 – 7.99 (d, J = 8.7 Hz, 1H), 7.70 (d, J = 

16.1 Hz, 2H), 7.58 – 7.50 (m, 3H), 7.43 – 7.33 

(m, 5H), 7.31 – 7.26 (m, 2H), 6.94 – 6.90 (m, 

4H), 6.90 – 6.85 (m, 4H), 6.48 (d, J = 16.0 Hz, 

3H), 4.53 (s, 2H), 4.49 (s, 1H), 4.47 – 4.42 (m, 

1H), 4.38 (t, J = 4.8 Hz, 2H), 3.87 – 3.85 (m, 

1H), 3.81 – 3.79 (m, 4H), 3.72 (t, J = 4.8 Hz, 

2H), 3.37 (s, 1H), 2.00 – 1.01 (m, 6H), 0.98 – 

0.93 (m, 3H). 
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13C NMR (151 MHz, CDCl3) d:  167.1, 159.5, 145.2, 130.5, 130.1, 129.6 (2C), 

129.5, 129.1 (2C), 128.3, 128.3 (2C), 118.1, 

114.0 (2C), 73.0, 67.8, 66.0, 63.9, 55.4, 53.6, 

51.9, 37.3, 32.92, 32.1, 31.7, 30.2, 29.5, 28.1, 

27.2, 22.9, 19.9, 15.4, 14.3, 11.6. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.40 (CAM). 
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Synthesis of Methyl Ether Analogue 2.61 

  

DDQ (13 mg, 0.055 mmol, 6.5 equiv) was added to a stirred solution of diester 

2.60 in dichloromethane (0.1 mL) and water (10 µL). The resultant deep red solution 

was stirred for 25 h, whereupon saturated aqueous sodium bicarbonate solution (0.5 

mL) is added. The biphasic solution was partitioned between ethyl acetate (5 mL) and 

water (2 mL) and the organic layer was dried over anhydrous sodium sulfate. The 

dried organic layer was concentrated and adhered to silica gel for purification using 

flash column chromatography (silica gel, starting with 20% diethyl ether–hexanes, 

grading to 50% diethyl ether–hexanes) to afford methyl ether analogue 2.61 (1.0 mg, 

0.0019 mmol, 21% over 2 steps) as a clear, yellow oil. 
 

1H NMR (600 MHz, CDCl3) d:  7.70 (d, J = 17.1 Hz, 1H), 7.58 – 7.51 (m, 2H), 

7.42 – 7.36 (m, 3H), 6.44 (d, J = 16.0 Hz, 1H), 

5.22 (d, J = 9.9 Hz, 1H), 4.43 (tdd, J1 = 16.3, J2 

= 11.3, J3 = 4.5 Hz, 2H), 3.91 (t, J = 5.0, 2H), 

3.42 (s, 3H), 2.56 (d, J = 5.9 Hz, 2H), 2.16 – 

2.03 (m, 3H), 1.94 (d, J = 13.2 Hz, 1H), 1.90 – 

1.85 (m, 2H), 1.83 – 1.74 (m, 1H), 1.74 – 1.62 
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(m, 2H), 1.38 (s, 3H), 1.31 – 1.18 (m, 6H), 

1.03 – 1.16 (m, 2H), 0.95 (d, J = 6.9 Hz, 3H), 

0.92 – 0.83 (m, 2H). 

 

13C NMR (151 MHz, CDCl3) d:  173.3, 165.1, 145.4, 133.7, 130.6, 129.1 (2C), 

128.3 (2C), 118.2, 86.1, 85.4, 71.7, 67.4, 60.7, 

56.4, 51.9, 46.3, 45.1, 36.2, 31.6, 31.4, 29.85, 

28.7, 27.6, 27.4, 26.8, 26.6, 23.9, 21.5, 16.7. 

 

HRMS:  ESI [M+H]+ Calcd. for C31H43O7: 527.3009. 

Found: 527.3009. 

 

TLC:  50% ethyl acetate–hexanes, Rf = 0.55 (CAM). 
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EFFORTS TOWARD THE SYNTHESIS OF NOVEL TOOL COMPOUNDS 
FEATURING A C7-CYCLOHEXYL GROUP, MODIFIED C10-

APPENDAGES, AND SUBSTITUTED C6-CINNAMATE MOIETIES 

3.1 Targeted Series of Tool Compounds 

The development of proteomic tool compounds to aid in the elucidation of an 

unambiguous mechanism of action of EA against cancer cells is extremely important 

in the development of EA as a cancer therapeutic.1 Although there have been tool 

compounds developed in the past2, the mechanism of action is still ambiguous and an 

open question. There is still a need for further development of tool compounds to 

probe this biological mechanism.1  

The previous tool compounds that have been explored featured modifications 

at C6, C7, and C9 where the cinnamate, isopropyl, and glycolate reside in the natural 

product, respectively.2 The probes that we are currently targeting will feature 

modifications at C6 and C10 in the form of covalent modifiers (figure 3.1). Because 

the analogue with the C7-cyclohexyl is not a TRPC4/5 agonist, new compounds will 

feature the C7-cyclohexyl to probe the underlying mechanism. These tool compounds 

will also feature the reverse ester appendage at C9 as this modification appears to be 

more likely to appear in a drug candidate than the glycolate. At C10 we will include a 

long alkyl chain with a terminal alcohol as an attachment point for the covalent 

linkers, such as radical generating diarylketones or carbene generators such as 

Chapter 3 
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diazirines. At C6 we will use coumaric acid instead of cinnamic acid to leave another 

attachment point for more functional handles. 

 

Figure 3.1 Next-generation proteomic tool compounds incorporating covalent 
modifiers 

We imagine the tool compound being covalently bound to the target protein 

within the binding pocket using the covalent modifiers at C10 initiated by an external 

stimulus. When bound to the cellular target, we can use the functional handle on the 

coumarate group at C6 as means of isolating the protein. For example, if an alkyne 

were the functional handle at C6, one could use click chemistry to selectively couple 

to the tool compound using activated beads or a modified resin allowing for isolation 

of the protein.1 The alcohol chain at C10 would be incorporated into the furanone from 

the beginning of the synthesis and carried through. 
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Figure 3.2 Synthesis of the Furanone 

We will utilize the same strategy used in the synthesis of the analogues where 

the compound can be broken into a furanone intermediate 3.2 and an aldehyde 

intermediate 3.3 as shown in figure 3.2. The synthesis of these tool compounds would 

begin with the synthesis of the furanone 3.2. As mentioned previously, the length of 

the alkyl chain at C9 is important in that it may have a negative effect on the solubility 

of the compound within a biological system if too long. For this reason, we will start 

with a 3-carbon linker to the attachment point. This means that the furanone will 

feature this alkyl chain, which can be followed back to the synthesis of the a-

chloroester 3.4. 

 

Figure 3.2 Retrosynthetic analysis of the proteomic tool compounds 
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There were two simple ways we could go about the synthesis of the a-

chloroester 3.5, both of which are shown in figure 3.3. The first option, and the one we 

tried first, was through a lactone ring opening of d-valerolactone 3.7 to ester 3.8. 

Protection of the resultant alcohol followed by an a-chlorination would yield a-

chloroester 3.5. When attempting this route, we found that the free alcohol was 

sensitive and would spontaneously lactonize back to lactone 3.7 during the process of 

attempting to protect the alcohol under both acidic and basic conditions (figure 3.4). 

 

Figure 3.3 Synthetic routes to achieve α-chloroester 3.5 
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Figure 3.4 Attempts at affording ester 3.9 

We then decided to move to the second option of reaching a-chloroester 3.5, 

which was by starting with 1,5-pentanediol. Starting with the diol, a monoprotection 

followed by an oxidation of the remaining alcohol affords the acid. From here the acid 

can be esterified and an a-chlorination would afford the a-chloroester 3.5 (figure 3.3). 

Upon execution, we performed a monoprotection of the diol using PMBOH and 

Amberlyst-15 resin to obtain the PMB protected alcohol 3.13 in a 69% yield (figure 

3.5). Upon treatment of the alcohol 3.13 under Zhao’s modified Anelli oxidation 

conditions3 to bring the alcohol to the acid, we were only able to obtain the product in 

a 20% yield with 50% of my material going towards the benzylic oxidation product 

3.15.  
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Figure 3.5 Synthesis of acid 3.14 and the undesired ester byproduct 3.15 

To avoid this undesired oxidation, we moved to protection using a TBS group 

and could accomplish this protection at a 75% yield (figure 3.6). When treated under 

the oxidation conditions, we could afford the acid 3.17 in 93% using an acid/base 

extraction to purify the acid which was used without further purification. The acid was 

then brought to the methyl ester 3.18 using dimethyl sulfate. A chlorination alpha to 

the ester was achieved through a trapping of the enolate as the silyl enol ether, then 

nucleophilic attack on the electrophilic chlorine source, NCS. This was achieved at 

67% to afford a-chloroester 3.19.  
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Figure 3.6 Synthesis of furanone 3.21 from 1,5-pentanediol 

Subjecting this to the Claisen4 condensation with cyclohexyl methyl ketone 

affords diketone 3.20, which can be cyclized to the furanone 3.21 under basic 

conditions by using DBU. With the furanone intermediate in hand, we were then set 

up to perform the Michael5 addition with the previously made aldehyde piece 3.3. 
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3.2 Michael Addition and Samarium Diiodide Reductive Cyclization 

Upon subjection of the furanone and aldehyde intermediates to the Michael 

addition, we obtained an inseparable mixture of diastereomers with a diastereomeric 

ratio of 3.6:1 of the major diastereomer to the sum of the other diastereomers (figure 

3.7). It is difficult to tell exactly which diastereomer is which within this mixture, so 

the entire mixture is pushed into the next step. The conditions used for this 

transformation were the same conditions used in previous Michael additions towards 

our englerin analogues.  

 

Figure 3.7 The Michael addition and SmI2 cyclization using furanone 3.21 
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ensued. We purified the large number of fractions but were not able to see the 
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which we presumed was the pinacol product, as observed in previous SmI2 

cyclizations. Upon attempts at elucidation of the exact structure using 1D and 2D 

NMR, it appeared to be the pinacol product with the TBS group removed. There were 

a few inconsistencies though that made for a tough elucidation, such as the absence of 

the olefin within the furanone portion that would be present in the pinacol product. 

Luckily, I was able to grow a crystal of the product that allowed for examination using 

X-Ray crystallography for its unambiguous structural determination.  

The major product of the SmI2 cyclization is shown in figure 3.8. The first 

thing that we noticed was that the TBS group was removed from the long chain 

alcohol and that the resultant free alcohol participated in a 1,4-addition into the 

furanone. Next, the product is the result of the pinacol coupling. Finally, the product is 

the result of the wrong diastereomer altogether, meaning that the Michael addition is 

no longer selective for the desired product when the long chain alcohol is present. 

Upon studying the transition state models of this Michael addition as shown in figure 

3.9, it is apparent what happened. 
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Figure 3.8 Structure of the pinacol product 3.24 resulting from the Michael addition 
and SmI2 cyclization of furanone 3.21 

 

Figure 3.9 Transition state models of the Michael addition 
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The C4-methyl group of the aldehyde fragment effectively shields one face of 

the a,b-unsaturated system, encouraging approach of nucleophiles to the open surface. 

The face of the furanone that is approached by the aldehyde is then determined by the 

preference of either overlapping the ring systems or overlapping the aldehyde ring 

with the substituent alpha to the carbonyl in the furanone. In the case of the cyclohexyl 

analogues with a methyl at C10, the desired scenario is observed which involves the 

overlap of the aldehyde ring with the methyl group at C10. When this C10-methyl 

group is replaced with the alkyl chain with a terminal bulky TBS-protected alcohol, 

the system then shifts its preferred transition state to the overlapping rings. We had a 

couple ideas of how to overcome this transition state dilemma along with the issue of 

the protecting group cleavage. 

3.3 Attempts to Fix Selectivity of Michael Addition 

The first thing we would need to do is to replace the protecting group with a 

more robust protecting group. A TBDPS group is more robust, but is also larger and 

more sterically bulky, so we also decided to try a PMB group. The other modification 

we decided to make was to extend the alcohol out one more carbon. Again, we do not 

want to make this chain too long due to a fear of decreased solubility.  

The application of these changes can be shown in figure 3.10. Instead of 

starting with 1,5-pentanediol, we started with 1,6-hexanediol. TBDPS monoprotection 

followed by oxidation affords acid 3.26. An esterification using dimethyl sulfate 

followed by an a-chlorination leads to the a-chloroester 3.28. This was then subjected 

to the Claisen4 condensation to afford diketone 3.29, which can be cyclized under 

basic conditions to afford TBDPS-protected furanone 3.30. 
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Figure 3.10 Synthesis of TBDPS-protected furanone 3.30 
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TBAF, the compound does a simultaneous TBS deprotection and cyclization to afford 

furanone 3.36 in a 31% yield along with 40% of the cyclized TBS-protected product. 

The TBS-protected product can be deprotected to afford the free alcohol 3.36 in a 47% 

yield. The free alcohol can then be protected as the PMB ether 3.37 using PMBOH 

and Amberlyst-15 resin. 

 

Figure 3.11 Synthesis of PMB-protected furanone 3.37 
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When the TBDPS-protected furanone 3.30 was subjected to the Michael5 

addition, we obtained a 1.2:1 diastereomeric mixture of the major diastereomer to the 

sum of the others (figure 3.12). When subjected to the SmI2 cyclization, we were not 

able to observe any product by NMR. The 1.2:1 d.r. is suggestive of a decrease in the 

selectivity toward the undesired diastereomer observed previously. 

 

Figure 3.12 Results of the Michael addition and SmI2 cyclization using furanones 
3.30 and 3.37 

When the PMB-protected furanone 3.37 was subjected to the Michael5 
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the major diastereomer of the Michael addition though. We needed to come up with an 

alternate plan again. 

3.4 Attempt to Fix Diastereoselectivity with an Olefin 

Because it appeared that making the group on the alkyl chain smaller was 

pushing the selectivity of the Michael addition in our favor to some degree, we 

decided we needed to go even further. Our strategy was to get rid of the alcohol all 

together so that we would not have to worry about the steric bulk of a protecting 

group. We decided instead to use a terminal olefin at this position as shown in figure 

3.13 with allylic furanone 3.39. The synthesis of this furanone was attempted in a 

similar fashion but starting with 1-penten-5-ol.  

 

Figure 3.13 Allylic furanone 3.39 
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Regardless, methylation of the acid results in the volatile methyl ester, which we had 

trouble isolating as a pure sample.  

The synthesis of this olefin may need to be approached from another angle. It 

should be possible to synthesize the allylic furanone 3.39 by using the same 1,5-diol 

route. Once the furanone is in hand as a protected alcohol, you can deprotect the 

alcohol and form the olefin through an elimination reaction (figure 3.14). The alcohol 

may have to be activated to encourage elimination.  

 

Figure 3.14 An alternative route to allylic furanone 3.39 through an elimination 
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the olefin on the a-chloroester 3.47 as shown in figure 3.15. With the allylic furanone 

3.39 in hand, we can test it within the Michael5 addition and SmI2 sequence. 

 

Figure 3.15 An alternative route to allylic furanone 3.39 through a Wittig olefination 
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the compound in a similar manner as done previously to afford the reverse ester tool 

compound. If there are issues with unwanted interactions of the olefin during the SmI2, 

it may be worth exploring the transformation of the olefin back into the protected 

alcohol after the Michael5 addition. But if this is not the case, we can take the olefin to 

the protected alcohol after a protection of the C6-alcohol 3.51. If we were to leave the 

olefin as is throughout the synthesis, it would be cleaved to the aldehyde during the 

oxidative cleavage of the furan, which is one route that can be explored.  

With the core in hand, one possible route to the tool compound scaffold 3.61 is 

shown in figure 3.16. A TBS protection of the alcohol can be followed by a 

hydroboration/oxidation sequenced to afford alcohol 3.53. This alcohol can then be 

protected by another protecting group such as the MOM group or the TBDPS group. 

Addition of the furan into the ketone can be followed by a reductive excision to ablate 

the alcohol leaving furan 3.56. You can then obtain the reverse ester 3.59 through the 

three-step sequence developed towards the synthesis of the reverse ester analogues. 

Oxidative cleavage of the furan to the acid 3.57 can be followed with a Steglich7 

esterification to afford the ester 3.58. The ester can then be epimerized to afford the 

reverse ester scaffold 3.59. From here, you can selectively remove the TBS group and 

perform an esterification with the acid chloride derived from coumaric acid. At this 

point, a MOM deprotection allows for the installation of the covalent modifiers at C10 

and a final deprotection of the PMB group on the reverse ester affords the tool 

compound. These tool compounds would then be sent to John Beutler for further 

biological mechanism of action studies to help elucidate the biological pathway 

leading to the potent and selective activity of these englerin analogues.1  
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Figure 3.16 Synthetic route towards the proteomic tool compounds using allylic 
furanone 3.39 
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General Information: These experimental procedures have been published 

previously in its current or a substantially similar form and I have obtained 

permission to republish it.1 All electrochemical reactions were performed in either an 

H-type divided cell separated by a sintered glass frit or a single compartment 

glassfalcon tube with electrodes separated by a glass microscope slide (Fisherbrand®, 

plain, precleaned, 2.5 cm x 7.5 cm x 0.1 cm). All non-electrochemical reactions were 

performed in single-neck oven- or flame-dried round bottom flasks fitted with rubber 

septa under a positive pressure of argon, unless otherwise noted. Air- and moisture-

sensitive liquids were transferred via syringe or stainless-steel cannula. Organic 

solutions were concentrated by rotary evaporation at or below 35˚C at 10 Torr 

(diaphragm vacuum pump) unless otherwise noted. Compounds were isolated using 

flash column chromatography2 with silica gel (60-Å pore size, 40–63μm, standard 

grade, Silicycle). Analytical thin-layer chromatography (TLC) was performed using 

glass plates pre-coated with silica gel (0.25 mm, 60-Å pore size, 5–20 μm, Silicycle) 

 
 
1 (a) Wu, Z.; Suppo, J. S.; Tumova, S.; Strope, J.; Bravo, F.; Moy, M.; Weinstein, E. 
S.; Peer, C. J.; Figg, W. D.; Chain, W. J.; Echavarren, A. M.; Beech, D. J.; Beutler, J. 
A., ACS Med. Chem. Lett. 2020, 11, 1711-1716. (b) Reed, H.; Paul, T. R.; Chain, W. 
J., J. Org. Chem. 2018, 83, 11359-11368. (c) Bush, T. S.; Yap, G. P. A.; Chain, W. J., 
Org. Lett. 2018, 20, 5406-5409. (d) Lewis, R. S.; Garza, C. J.; Dang, A. T.; Pedro, T. 
K.; Chain, W. J., Org. Lett. 2015, 17, 2278-2281. (e) Li, Z.; Nakashige, M.; Chain, W. 
J., J. Am. Chem. Soc. 2011, 133, 6553-6556. 
 
2 Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923–2925. 

Experimental Procedures 
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impregnated with a fluorescent indicator (254 nm). TLC plates were visualized by 

exposure to ultraviolet light (UV), then were stained by submersion in aqueous ceric 

ammonium molybdate solution (CAM), acidic ethanolic p-anisaldehyde solution 

(anisaldehyde), or aqueous methanolic iron(III) chloride (FeCl3), followed by brief 

heating on a hot plate (215˚C, 10–15 s). 

 

Materials: Commercial reagents and solvents were used as received with the 

following exceptions. Triethylamine, dichloromethane, diethyl ether, tetrahydrofuran, 

and 1,2-dimethoxyethane were purified by the method of Pangborn, et. al.3 

Tetrabutylammonium hexafluorophosphate was recrystallized from ethanol (23 g /300 

mL) at 65˚C. Reticulated vitreous carbon (RVC) foam (carbon – vitreous – 3000C – 

foam; thickness: 10 mm; bulk density: 0.05 g/cm3; porosity: 96.5%; pores/cm: 40) 

was obtained from Goodfellow USA and cut to appropriate size for reaction scale. 

After 150 h of use, RVC electrodes were discarded and freshly cut electrodes were 

used. 

 

Instrumentation: Proton (1H), carbon (13C), fluorine (19F), and silicon (29Si) nuclear 

magnetic resonance (NMR) spectra were recorded on Bruker AV400 CryoPlatform 

QNP or Bruker AVIII600 SMART NMR spectrometers at 23˚C. Proton chemical 

shifts are expressed in parts per million (ppm, d scale) downfield from 

tetramethylsilane and are referenced to residual protium in the NMR solvent (CHCl3: δ 

7.26, CD3COCD2H: δ 2.05). Carbon chemical shifts are expressed in parts per million 

 
 
3 Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. 
Organometallics 1996, 15, 1518–1520. 
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(ppm, d scale) downfield from tetramethylsilane and are referenced to the carbon 

resonance of the NMR solvent (CDCl3: δ 77.16, CD3COCD2H: δ 29.84). Data are 

represented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, 

q = quartet, m = multiplet, br = broad, app = apparent), integration, and coupling 

constant (J) in Hertz (Hz). Accurate mass measurements were obtained using an 

Agilent 1100 quaternary LC system coupled to an Agilent 6210 LC/MSD-TOF fitted 

with an ESI or an APCI source, or Thermo Q-Exactive Orbitrap using electrospray 

ionization (ESI) or a Waters GCT Premier spectrometer using chemical ionization 

(CI). 
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Synthesis of TBS-protected 1,5-pentanediol 3.16 

 

A solution of tert-butyldimethylchlorosilane (10.1 g, 66.7 mmol, 1 equiv) in 

dichloromethane (100 mL) was added dropwise via addition funnel to a stirred 

solution of pentane-1,5-diol (10.5 mL, 100.0 mmol, 1.50 equiv) and triethylamine 

(13.9 mL, 100 mmol, 1.50 equiv) in dichloromethane at 0˚C. The solution was 

warmed to 22˚C and stirred at that temperature for 16 h. The resultant solution was 

diluted with water (100 mL) and the aqueous layer was extracted with ethyl acetate (3 

× 30 mL). The combined organic layers were washed with water (60 mL) and brine 

(60 mL) before being dried over anhydrous sodium sulfate. The dried solution was 

concentrated, then was purified using flash column chromatography (silica gel, 

starting with 5% ethyl acetate–hexanes, grading to 10% ethyl acetate–hexanes) to 

afford a clear, colorless oil (11.0 g, 50.3 mmol, 75%). 
 

1H NMR (600 MHz, CDCl3) δ:  3.60 (t, J = 6.5 Hz, 2H), 3.57 (t, J = 6.5 Hz, 

2H), 1.51 – 1.62 (m, 4H), 1.33 – 1.40 (m, 2H), 

0.85 (s, 9H), 0.00 (s, 6H). 

 

13C NMR (151 MHz, CDCl3) δ:  63.1, 63.0, 32.5, 26.0, 22.0, 18.4, -5.3. 

 

HO OH HO OTBS

TBSCl
NEt3

CH2Cl2
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TLC:  50% ethyl acetate–hexanes, Rf = 0.71, 

(KMnO4). 
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Synthesis of Carboxylic Acid 3.17 

 

A solution of aqueous sodium hypochlorite (0.28%, 21 mL, 0.82 mmol, 0.020 

equiv) and a solution of aqueous sodium chlorite (2.0 M, 42 mL, 82 mmol, 2.0 equiv) 

were added simultaneously dropwise via addition funnel to a stirred solution of 

alcohol 3.16 (9.0 g, 41 mmol, 1.0 equiv), TEMPO (450 mg, 2.9 mmol, 0.070 equiv), 

and phosphate buffer (0.02 M, 160 mL, pH 6.7) in acetonitrile (200 mL) over a 2-hour 

period at 35˚C. The solution was stirred for 4 h, whereupon it was cooled to 22˚C, 

water (100 mL) was added, and the pH of the solution is adjusted to 8 using potassium 

hydroxide. The solution was cooled to 0˚C, whereupon the remaining oxidant was 

quenched using aqueous sodium sulfite (6.1%, 200 mL). The resultant solution was 

warmed to 22˚C and was stirred for 30 min at that temperature. Diethyl ether (150 

mL) was added, and the resultant biphasic solution was adjusted to pH 3-4 using 

aqueous 2 M HCl. The aqueous layer is discarded, and the organic layer was washed 

with water (2 x 80 mL) and brine (80 mL). The solution was dried over anhydrous 

sodium sulfate, and the dried solution was concentrated to afford a clear, colorless oil 

(7.90 g, 34.0 mmol, 83%). 
 

1H NMR (600 MHz, CDCl3) δ:  3.63 (t, J = 6.3 Hz, 2H), 2.38 (t, J = 7.5 Hz, 

2H), 1.70 (quint, J = 7.5 Hz, 2H), 1.57 (m, 

2H), 0.89 (s, 9H), 0.04 (s, 6H). 

HO OTBS
HO OTBS

OTEMPO
NaOCl/NaClO2
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ACN, 35˚C 3.173.16
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13C NMR (151 MHz, CDCl3) δ:  179.9, 62.8, 33.9, 32.1, 26.1, 21.4, 18.5, -5.2. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.10, 

(KMnO4). 
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Synthesis of Ester 3.18 

 

Dimethyl sulfate (2.77 mL, 29.2 mmol, 1.05 equiv) was added dropwise to a 

stirred solution of carboxylic acid 3.17 (6.46 g, 27.8 mmol, 1 equiv) and potassium 

carbonate (4.23 g, 30.6 mmol, 1.10 equiv) in dimethylformamide (60 mL) at 65˚C. 

The resultant solution was stirred for 90 min, whereupon the solution was cooled to 

0˚C and water (40 mL) was added. The aqueous layer was extracted with 

dichloromethane (3 x 20 mL). The combined organic layers were washed with water 

(50 mL) and brine (50 mL) before being dried over anhydrous sodium sulfate. The 

dried solution was concentrated, then was adhered to silica and purified using flash 

column chromatography (silica gel, 2% ethyl acetate–hexanes) to afford a clear, 

yellow oil (5.48 g, 22.2 mmol, 80 %). 
 

1H NMR (600 MHz, CDCl3) δ:  3.66 (s, 3H), 3.61 (t, J = 6.3 Hz, 2H), 2.33 (t, J 

= 7.5 Hz, 2H), 1.70 – 1.65 (m, 2H), 1.50 – 1.56 

(m, 2H), 0.88 (s, 9H), 0.04 (s, 6H). 

13C NMR (151 MHz, CDCl3) δ:  74.3, 62.8, 51.6, 33.9, 32.3, 26.1, 21.6, 18.5, -

5.2. 

 

TLC:  10% ethyl acetate–hexanes, Rf = 0.57, 

(KMnO4). 
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Synthesis of α-Chloroester 3.19 

 

A solution of n-butyllithium (2.56 M, 3.91 mL, 10.0 mmol, 1.50 equiv) was 

added to a stirred solution of N,N-diisopropylamine (1.41 mL, 10.0 mmol, 1.50 equiv) 

in THF (20 mL) at –78˚C. The resultant solution was warmed briefly to 0˚C, then was 

cooled to –78˚C whereupon chlorotrimethylsilane (1.27 mL, 10.0 mmol, 1.50 equiv) 

was added followed by a dropwise addition of a solution of ester 3.18 (1.65 g, 6.70 

mmol, 1 equiv) in THF (7 mL). The resultant solution was stirred at 22˚C for 16 h, 

whereupon the solution was concentrated carefully to afford the crude silyl enol ether. 

The clear, yellow oil is taken up in pentane, filtered over celite, and concentrated. A 

solution of N-chlorosuccinimide (1.33 g, 10.0 mmol, 1.50 equiv) in THF (50 mL) is 

added dropwise to a stirred solution of the crude silyl enol ether in THF (50 mL) at –

78˚C. The solution is stirred for 16 h, whereupon the excess N-chlorosuccinimide is 

quenched using saturated aqueous sodium thiosulfate solution (20 mL). The organic 

layer is dried over anhydrous sodium sulfate and concentrated. The crude chloroester 

3.19 is taken up in hexanes, filtered, and concentrated. Purification by flash column 

chromatography (silica gel, 2% diethyl ether–hexanes) afforded a clear, yellow oil 

(1.27 g, 4.54 mmol, 67%). 
 

1H NMR (600 MHz, CDCl3) δ:  4.35 (dd, J = 8.1, 5.9 Hz, 1H), 3.78 (s, 3H), 

3.64 (t, J = 6.3 Hz, 2H), 2.16 – 2.09 (m, 1H), 

H3CO OTBS H3CO OTBS

O
1. n-BuLi, i-Pr2NH
    TMSCl, THF
    –78˚C → 22˚C

2. NCS, THF
    –78˚C

O

Cl
3.193.18
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2.02 – 1.94 (m, 1H), 1.73 – 1.57 (m, 2H), 0.88 

(s, 9H), 0.04 (s, 6H). 

 

13C NMR (151 MHz, CDCl3) δ:  170.4, 62.2, 57.3, 53.0, 31.9, 29.2, 26.0, 18.4, -

5.2. 

 

TLC:  10% ethyl acetate–hexanes, Rf = 0.29, 

(KMnO4). 
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Synthesis of Chlorodiketone 3.20 

 

A solution of n-butyllithium (2.64 M, 1.70 mL, 4.49 mmol, 1.5 equiv) was 

added to a stirred solution of N,N-diisopropylamine (0.68 mL, 4.8 mmol, 1.6 equiv) in 

THF (30 mL) at –78˚C. The resultant solution was warmed briefly to 0˚C, then was 

cooled to –78˚C, whereupon a solution of cyclohexyl methyl ketone (0.58 mL, 4.2 

mmol, 1.4 equiv) in THF (2 mL) was added dropwise. The resultant solution was 

stirred at –78˚C for 30 min, whereupon a solution of chloroester 3.19 (0.84 g, 3.0 

mmol, 1 equiv) in THF (6 mL) was added. The resultant solution was warmed to 22˚C 

and stirred at that temperature for 8 h. The resultant clear, yellow solution was cooled 

to 0˚C and was quenched with saturated aqueous ammonium chloride solution (10 

mL). The layers were separated, and the aqueous layer was extracted with 

dichloromethane (3 x 7 mL). The combined organic layers were dried over anhydrous 

sodium sulfate and the dried solution was concentrated. Purification of the residue by 

flash column chromatography (1% diethyl ether–hexanes), afforded 3.20 as a clear, 

colorless oil (0.628 g, 1.68 mmol, 59%).  
 

1H NMR (600 MHz, CDCl3) δ:  15.21 (s, 1H), 5.79 (s, 1H), 4.27 (dd, J1 = 8.3, 

J2 = 5.6 Hz, 1H), 3.68 – 3.60 (m, 2H), 2.22 (tt, 

J1 = 11.7, J2 = 3.4 Hz, 1H), 2.15 – 2.05 (m, 

H3CO OTBS

O

Cl
CH3

O OTBS

O

Cl
Cy

OHn-BuLi, i-Pr2NH

THF
–78˚C → 22˚C3.19 3.20
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1H), 1.99 – 1.92 (m, 1H), 1.90 – 1.84 (m, 2H), 

1.84 – 1.77 (m, 2H), 1.75 – 1.66 (m, 2H), 1.66 

– 1.58 (m, 1H), 1.43 – 1.17 (m, 6H), 0.89 (s, 

9H), 0.05 (s, 6H). 

 

13C NMR (151 MHz, CDCl3) δ:  197.4, 191.9, 95.6, 62.4, 61.7, 46.4, 32.1, 29.7, 

29.5, 26.1, 25.9, 25.9, 25.6, 18.4, -5.2. 

 

TLC:  5% ethyl acetate–hexanes, Rf = 0.59, (UV, 

CAM). 
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Synthesis of Furanone 3.21 

 

1,8-Diazabicyclo[5.4.0]undec-7-ene (1.51 mL, 10.1 mmol, 1.40 equiv) was 

added dropwise to a stirred solution of chlorodiketone 3.20 (2.71 g, 7.23 mmol, 1 

equiv) in THF (25 mL) at 22˚C. A pale, yellow precipitate formed immediately. The 

resultant suspension was stirred at 22˚C for 12 h, whereupon the suspension was 

partitioned between water (10 mL) and ethyl acetate (10 mL). The layers were 

separated, and the aqueous phase was extracted with ethyl acetate (3 x 10 mL). The 

combined organic layers were dried over anhydrous sodium sulfate and the dried 

solution was concentrated. Purification of the residue using flash column 

chromatography (silica gel, starting with 5% ethyl acetate–hexanes, grading to 20% 

ethyl acetate–hexanes) afforded a pale, yellow oil (1.95 g, 5.78 mmol, 80%). 
 

1H NMR (600 MHz, CDCl3) δ:  5.37 (s, 1H), 4.43 (dd, J1 = 7.7, J2 = 4.3 Hz, 

1H), 3.66 – 3.60 (m, 2H), 2.48 – 2.40 (m, 1H), 

1.99 – 1.93 (m, 3H), 1.84 – 1.76 (m, 2H), 1.75 

– 1.67 (m, 2H), 1.66 – 1.60 (m, 2H), 1.44 – 

1.29 (m, 4H), 1.30 – 1.23 (m, 1H), 0.88 (s, 

9H), 0.03 (s, 6H). 

 

OTBS

O

Cl
Cy

OH

O

O

Cy

OTBS
DBU, THF

22˚C 3.21
3.20
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13C NMR (151 MHz, CDCl3) δ:  205.2, 197.8, 101.7, 85.8, 62.8, 39.8, 30.0, 

29.9, 28.0, 27.9, 26.1, 25.9, 25.7, 25.7, -5.2. 

 

TLC:  5% ethyl acetate–hexanes, Rf = 0.07, (UV, 

CAM). 
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Synthesis of Michael Adduct 3.62 

 

A solution of n-butyllithium (2.62 M, 1.87 mL, 4.90 mmol, 1.28 equiv) was 

added to a stirred solution of N,N-diisopropylamine (0.748 mL, 5.30 mmol, 1.28 

equiv) in THF (50 mL) at –78˚C. The resultant solution was warmed briefly to 0˚C, 

then was cooled to –78˚C, whereupon a solution of the 3-furanone 3.21 (1.29 g, 3.81 

mmol, 1 equiv) in THF (5 mL) was added dropwise. The resultant solution was stirred 

at –78˚C for 30 min, whereupon a solution of aldehyde 3.3 (485 mg, 4.40 mmol, 1.16 

equiv) in THF (5 mL) was added. The reaction mixture was stirred at –78˚C for 30 

min, then was warmed to 22˚C and stirred at that temperature for 1 h. The reaction 

mixture was then cooled to 0˚C, whereupon the remaining enolate was carefully 

quenched with saturated aqueous ammonium chloride solution (20 mL). The layers 

were separated, and the aqueous layer was extracted with dichloromethane (3 x 40 

mL). The combined organic layers were dried over anhydrous sodium sulfate and the 

dried solution was concentrated. Purification of the residue by flash column 

chromatography (silica gel, starting with 1% ethyl acetate–hexanes, grading to 5% 

ethyl acetate–hexanes) afforded a mixture of diastereomers (d.r. = 3.6:1 major : Σ 

others) as a clear, yellow oil (0.563 g, 1.25 mmol, 33%). 
 

 

O

O

Cy
O

H

CH3

O

O

Cy

H O
H CH3

H

OTBS

OTBSObserved
3.62

3.21

3.3
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–78˚C → 22˚C
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1H NMR (600 MHz, CDCl3) δ:  9.63 (d, J = 3.3 Hz, 1H), 5.37 (s, 1H), 3.57 – 

3.48 (m, 2H), 2.94 (q, J = 8.8 Hz, 1H), 2.71 

(ddd, J = 9.8, 6.8, 3.3 Hz, 1H), 2.48 – 2.40 (m, 

1H), 2.36 – 2.28 (m, 1H), 2.00 – 1.92 (m, 4H), 

1.87 – 1.68 (m, 5H), 1.62 – 1.53 (m, 1H), 1.46 

– 1.22 (m, 7H), 1.20 (t, J = 7.0 Hz, 1H), 1.01 

(d, J = 7.2 Hz, 3H), 0.86 (s, 9H), 0.01 (s, 6H). 

 

13C NMR (151 MHz, CDCl3) δ:  206.3, 204.6, 197.5, 103.4, 93.4, 63.0, 54.2, 

44.1, 40.0, 39.2, 34.6, 31.6, 30.2, 30.0, 26.8, 

26.2, 26.1, 25.9, 25.8, 25.8, 16.1, -5.1. 

 

TLC:  10% ethyl acetate–hexanes, Rf = 0.19, (UV, 

CAM). 
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Synthesis of Pinacol Product 3.24 

 

A freshly prepared solution of samarium (II) iodide in THF (0.10 M, 8.5 mL, 

0.85 mmol, 4.0 equiv) was added dropwise via cannula over 1 h to a stirred solution of 

the mixture of diastereomers resulting from the Michael addition (97.5 mg, 0.217 

mmol, 1 equiv) and hexamethylphophoramide (0.700 mL, 4.02 mmol, 18.5 equiv) in 

THF (10 mL) at 22˚C. The resultant solution was stirred for 3 h, whereupon the 

reaction mixture was cooled to 0˚C and excess SmI2 was quenched using aqueous 1 M 

HCl (10 mL). The aqueous layer is extracted with dichloromethane (3 x 20 mL). The 

combined organic layers were washed with saturated aqueous sodium bicarbonate 

solution (40 mL), dried over anhydrous sodium sulfate, and concentrated. Purification 

of the residue by flash column chromatography (silica gel, starting with 5% ethyl 

acetate–hexanes, grading to 30% ethyl acetate–hexanes) afforded diol 3.24 as a white 

crystal (170 mg, 0.506 mmol, 60%). 
 

1H NMR (600 MHz, CDCl3) δ:  3.87 (t, J = 12.0, 1H), 3.78 (s, 1H), 3.65 (dt, J1 

= 12.1, J2 = 3.5 Hz, 1H), 3.15 (s, 1H), 2.43 – 

2.22 (m, 3H), 2.16 (m, 1H), 2.05 – 1.95 (m, 

1H), 1.93 – 1.84 (m, 2H), 1.84 – 1.78 (m, 1H), 

1.78 – 1.71 (m, 4H), 1.71 – 1.68 (m, 1H), 1.68 

SmI2
HMPA

THF
22˚C

OO

H

Cy

HO OH

CH3
H

3.62 3.24

O

O

Cy

H O
H CH3

H
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– 1.59 (m, 2H), 1.59 – 1.46 (m, 2H), 1.46 – 

1.38 (m, 1H), 1.38 – 1.28 (m, 1H), 1.19 (m, 

1H), 1.12 (tt, J1 = 12.8, J2 = 3.2 Hz, 1H), 1.04 

(d, J = 7.3 Hz, 3H), 1.01 – 0.92 (m, 2H). 

 

13C NMR (151 MHz, CDCl3) δ:  110.2, 94.2, 91.6, 75.7, 61.7, 51.1, 50.3, 49.8, 

45.4, 37.7, 32.5, 29.2, 28.7, 28.2, 27.9, 26.6, 

26.5, 26.4, 20.5, 19.6.  
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Synthesis of TBS-protected 1,6-hexanediol 3.25 

 

Imidazole (749 mg, 11.0 mmol, 2.20 equiv) and tert-butyldiphenylchlorosilane 

(1.42 mL g, 5.50 mmol, 1.10 equiv) were added to a stirred solution of hexane-1,6-

diol (591 mg, 5.00 mmol, 1 equiv) in DMF (50 mL). The solution was stirred for 3 h, 

whereupon water (20 mL) was added. The resultant solution was extracted with ethyl 

acetate (3 × 50 mL). The combined organic layers were dried over anhydrous sodium 

sulfate. The dried solution was concentrated, then was purified using flash column 

chromatography (silica gel, starting with 5% ethyl acetate–hexanes, grading to 16% 

ethyl acetate–hexanes) to afford a clear, colorless oil (1.16 g, 3.26 mmol, 65%). 
 

1H NMR (600 MHz, CD2Cl2) δ:  7.73 – 7.66 (m, 4H), 7.46 – 7.37 (m, 6H), 3.70 

(t, J = 6.5 Hz, 2H), 3.59 (t, J = 6.6 Hz, 2H), 

1.61 (p, J = 6.7 Hz, 2H), 1.54 (p, J = 6.7 Hz, 

2H), 1.47 – 1.31 (m, 4H), 1.07 (s, 9H). 

 

13C NMR (151 MHz, CD2Cl2) δ:  136.0, 134.7, 129.9, 128.0, 64.4, 63.1, 33.3, 

33.0, 27.1, 26.1, 26.0, 19.5. 

 

HO
OH

HO
OTBDPS

TBDPSCl
Imidazole

DMF, 22˚C
3.251,6-hexanediol
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TLC:  10% ethyl acetate–hexanes, Rf = 0.24, (UV, 

KMnO4). 
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Synthesis of Carboxylic Acid 3.26 

 

A solution of aqueous sodium hypochlorite (0.28%, 5.0 mL, 0.20 mmol, 0.020 

equiv) and a solution of aqueous sodium chlorite (2.0 M, 10.0 mL, 20 mmol, 2.0 

equiv) were added simultaneously dropwise via addition funnel to a stirred solution of 

alcohol 3.25 (3.6 g, 10 mmol, 1.0 equiv), TEMPO (110 mg, 0.70 mmol, 0.070 equiv), 

and phosphate buffer (0.02 M, 40 mL, pH 6.7) in acetonitrile (50 mL) over a 2-hour 

period at 35˚C. The solution was stirred for 2 h, whereupon it was cooled to 22˚C, 

water (50 mL mL) was added, and the pH of the solution was adjusted to 8 using 

potassium hydroxide. The solution was cooled to 0˚C, whereupon the remaining 

oxidant was quenched using aqueous sodium sulfite (6.1%, 50 mL). The resultant 

solution was warmed to 22˚C and was stirred for 30 min at that temperature. Diethyl 

ether (40 mL) was added, and the resultant biphasic solution was adjusted to pH 3-4 

using aqueous 2 M HCl. The aqueous layer is discarded, and the organic layer was 

washed with water (2 x 20 mL) and brine (20 mL). The solution was dried over 

anhydrous sodium sulfate, and the dried solution was concentrated to afford a clear, 

colorless oil (3.01 g, 8.12 mmol, 81%). 
 

1H NMR (600 MHz, CDCl3) δ:  7.66 (dd, J1 = 6.6, J2 = 1.5 Hz, 4H), 7.45 – 7.35 

(m, 5H), 3.66 (t, J = 6.4 Hz, 2H), 2.34 (t, J = 7.5 

HO
OTBDPS

HO
OTBDPS

OTEMPO
NaOCl/NaClO2

Phos. Buffer
ACN, 35˚C 3.263.25
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Hz, 2H), 1.67 – 1.54 (m, 4H), 1.46 – 1.38 (m, 

2H), 1.05 (s, 9H). 

 

13C NMR (151 MHz, CDCl3) δ:  180.0, 135.7, 134.2, 129.7, 127.7, 63.8, 34.2, 

32.3, 27.0, 25.5, 24.6, 19.3. 
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Synthesis of Ester 3.27 

 

Dimethyl sulfate (1.94 mL, 20.5 mmol, 1.30 equiv) was added dropwise to a 

stirred solution of carboxylic acid 3.26 (5.84 g, 15.8 mmol, 1 equiv) and potassium 

carbonate (2.40 g, 17.4 mmol, 1.10 equiv) in DMF (40 mL) at 65˚C. The resultant 

solution was stirred for 90 min, whereupon the solution was cooled to 0˚C and water 

(30 mL) was added. The aqueous layer was extracted with dichloromethane (3 x 20 

mL). The combined organic layers were washed with water (30 mL) and brine (30 

mL) before being dried over anhydrous sodium sulfate. The dried solution was 

concentrated, then was adhered to silica and purified using flash column 

chromatography (silica gel, starting with 5% ethyl acetate–hexanes, grading to 10% 

ethyl acetate–hexanes) to afford a clear, yellow oil (5.18 g, 13.5 mmol, 85 %). 
 

1H NMR (400 MHz, CDCl3) δ:  7.72 – 7.64 (m, 4H), 7.48 – 7.34 (m, 6H), 3.71 

– 3.62 (m, 5H), 2.30 (t, J = 7.6 Hz, 2H), 1.69 – 

1.50 (m, 4H), 1.47 – 1.34 (m, 2H), 1.07 (s, 

9H). 

 

13C NMR (101 MHz, CDCl3) δ:  174.3, 135.7, 134.2, 129.7, 127.7, 63.8, 51.6, 

34.2, 32.3, 27.0, 25.5, 24.9, 19.3. 

 

HO
OTBDPS

H3CO
OTBDPS

OO DMS
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65˚C3.26 3.27
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TLC:  20% ethyl acetate–hexanes, Rf = 0.50, (UV, 

KMnO4). 
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Synthesis of Chlorodiketone 3.28 

 

A solution of n-butyllithium (2.50 M, 6.00 mL, 15.0 mmol, 1.50 equiv) was 

added to a stirred solution of N,N-diisopropylamine (2.12 mL, 15.0 mmol, 1.50 equiv) 

in THF (30 mL) at –78˚C. The resultant solution was warmed briefly to 0˚C, then was 

cooled to –78˚C whereupon chlorotrimethylsilane (1.90 mL, 15.0 mmol, 1.50 equiv) 

was added followed by a dropwise addition of a solution of ester 3.27 (3.85 g, 10.0 

mmol, 1 equiv) in THF (10 mL). The resultant solution was stirred at 22˚C for 3 h, 

whereupon the solution was concentrated carefully to afford the crude silyl enol ether. 

The clear, yellow oil is taken up in pentane, filtered over celite, and concentrated. A 

solution of N-chlorosuccinimide (1.99 g, 15.0 mmol, 1.50 equiv) in THF (75 mL) is 

added dropwise to a stirred solution of the crude silyl enol ether in THF (75 mL) at –

78˚C. The solution is stirred for 16 h, whereupon the excess N-chlorosuccinimide is 

quenched using saturated aqueous sodium thiosulfate solution (30 mL). The organic 

layer is dried over anhydrous sodium sulfate and concentrated. The crude chloroester 

3.28 is taken up in hexanes, filtered, and concentrated. Purification by flash column 

chromatography (silica gel, starting with 1% diethyl ether–hexanes, grading to 3% 

diethyl ether–hexanes) afforded a clear, yellow oil (2.66 g, 6.30 mmol, 76%). 
 

1H NMR (600 MHz, CDCl3) δ:  7.67 (d, J = 7.4 Hz, 4H), 7.46 – 7.37 (m, 5H), 

4.31 – 4.25 (m, 1H), 3.79 (s, 3H), 3.69 (t, J = 

H3CO
OTBDPS H3CO

OTBDPS
OO

Cl

1. n-BuLi, i-Pr2NH
    TMSCl, THF
    –78˚C → 22˚C

2. NCS, THF
    –78˚C 3.283.27
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5.6 Hz, 2H), 2.08 – 1.90 (m, 2H), 1.65 – 1.56 

(m, 3H), 1.56 – 1.47 (m, 1H), 1.07 (s, 9H). 

 

13C NMR (151 MHz, CDCl3) δ:  170.3, 135.7, 134.1, 129.7, 129.7, 129.7, 127.8, 

127.8, 63.5, 57.3, 52.9, 34.8, 31.8, 27.0, 22.6, 

19.4. 

 

TLC:  10% ethyl acetate–hexanes, Rf = 0.50, (UV, 

KMnO4). 
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Synthesis of Chlorodiketone 3.29 

 

A solution of n-butyllithium (2.50 M, 6.96 mL, 17.4 mmol, 1.50 equiv) was 

added to a stirred solution of N,N-diisopropylamine (2.63 mL, 18.6 mmol, 1.60 equiv) 

in THF (120 mL) at –78˚C. The resultant solution was warmed briefly to 0˚C, then 

was cooled to –78˚C, whereupon a solution of cyclohexyl methyl ketone (2.23 mL, 

16.2 mmol, 1.40 equiv) in THF (8 mL) was added dropwise. The resultant solution 

was stirred at –78˚C for 30 min, whereupon a solution of chloroester 3.28 (4.88 g, 11.6 

mmol, 1 equiv) in THF (24 mL) was added. The resultant solution was warmed to 

22˚C and stirred at that temperature for 8 h. The resultant cloudy, orange solution was 

cooled to 0˚C and the excess base was quenched with saturated aqueous ammonium 

chloride solution (40 mL). The layers were separated, and the aqueous layer was 

extracted with dichloromethane (3 x 30 mL). The combined organic layers were dried 

over anhydrous sodium sulfate and the dried solution was concentrated. Purification of 

the residue by flash column chromatography (1% diethyl ether–hexanes), afforded 

3.29 as a clear, yellowish orange oil (4.74 g, 9.24 mmol, 59%).  
 

1H NMR (600 MHz, CDCl3) δ:  15.24 (s, 1H), 7.72 – 7.62 (m, 4H), 7.47 – 7.33 

(m, 6H), 5.79 (s, 1H), 4.19 (dd, J1 = 8.3, J2 = 

5.6 Hz, 1H), 3.66 (t, J = 5.8 Hz, 2H), 2.22 (tt, 

H3CO
OTBDPS

O

Cl

CH3

O
OTBDPS

O

Cl
Cy
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3.28 3.29

n-BuLi, i-Pr2NH

THF
–78˚C → 22˚C
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J1 = 11.6, J2 = 3.4 Hz, 1H), 2.04 – 1.94 (m, 

1H), 1.94 – 1.76 (m, 5H), 1.73 – 1.67 (m, 1H), 

1.66 – 1.53 (m, 1H), 1.52 – 1.45 (m, 1H), 1.45 

– 1.29 (m, 3H), 1.29 – 1.26 (m, 2H), 1.26 – 

1.17 (m, 2H), 1.04 (s, 9H). 

 

13C NMR (151 MHz, CDCl3) δ:  197.4, 192.0, 135.7, 134.0, 129.7, 127.8, 95.6, 

63.5, 61.8, 46.4, 35.1, 31.9, 29.7, 27.0, 25.9, 

25.8, 22.8, 19.3. 

 

TLC:  5% ethyl acetate–hexanes, Rf = 0.54, (UV, p-

anisaldehyde). 
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Synthesis of Furanone 3.30 

 

1,8-Diazabicyclo[5.4.0]undec-7-ene (0.31 mL, 2.1 mmol, 1.40 equiv.) was 

added dropwise to a stirred solution of chlorodiketone 3.29 (0.76 g, 1.5 mmol, 1 

equiv.) in THF (5 mL) at 22˚C. A pale, yellow precipitate formed immediately. The 

resultant suspension was stirred at 22˚C for 12 h, whereupon the suspension was 

partitioned between water (3 mL) and ethyl acetate (5 mL). The layers were separated, 

and the aqueous phase was extracted with ethyl acetate (3 x 5 mL). The combined 

organic layers were dried over anhydrous sodium sulfate and the dried solution was 

concentrated. Purification of the residue using flash column chromatography (silica 

gel, starting with 5% ethyl acetate–hexanes, grading to 20% ethyl acetate–hexanes) 

afforded a clear, yellow oil (0.73 g, 1.5 mmol, quantitative). 
 

1H NMR (600 MHz, CDCl3) δ:  7.68 – 7.63 (m, 4H), 7.46 – 7.36 (m, 6H), 5.38 

(d, J = 2.7 Hz, 1H), 4.40 (dd, J1 = 7.6, J2 = 4.1 

Hz, 1H), 3.70 – 3.62 (m, 2H), 2.47 – 2.38 (m, 

1H), 2.00 – 1.94 (m, 2H), 1.94 – 1.89 (m, 1H), 

1.89 – 1.74 (m, 2H), 1.74 – 1.69 (m, 1H), 1.69 

– 1.63 (m, 1H), 1.63 – 1.46 (m, 4H), 1.41 – 

1.29 (m, 4H), 1.29 – 1.19 (m, 2H), 1.05 (s, 

9H). 

OTBDPS
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13C NMR (151 MHz, CDCl3) δ:  205.3, 197.8, 135.7, 134.1, 129.7, 127.7, 101.7, 

85.9, 63.6, 39.8, 32.3, 31.1, 30.0, 29.9, 27.0, 

25.9, 25.7, 25.7, 21.0, 19.4. 

 

TLC:  5% ethyl acetate–hexanes, Rf = 0.08, (UV, 

CAM). 
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Synthesis of Michael Adducts 3.63 

 

A solution of n-butyllithium (2.60 M, 1.20 mL, 3.12 mmol, 1.30 equiv) was 

added to a stirred solution of N,N-diisopropylamine (0.470 mL, 3.36 mmol, 1.40 

equiv) in THF (35 mL) at –78˚C. The resultant solution was warmed briefly to 0˚C, 

then was cooled to –78˚C, whereupon a solution of the 3-furanone 3.30 (1.14 g, 2.40 

mmol, 1 equiv) in THF (2 mL) was added dropwise. The resultant solution was stirred 

at –78˚C for 30 min, whereupon a solution of aldehyde 3.3 (306 mg, 2.78 mmol, 1.16 

equiv) in THF (2 mL) was added. The reaction mixture was stirred at –78˚C for 30 

min, then was warmed to 22˚C and stirred at that temperature for 1 h. The reaction 

mixture was then cooled to 0˚C, whereupon the remaining enolate was carefully 

quenched with saturated aqueous ammonium chloride solution (5 mL). The layers 

were separated, and the aqueous layer was extracted with dichloromethane (3 x 15 

mL). The combined organic layers were dried over anhydrous sodium sulfate and the 

dried solution was concentrated. Purification of the residue by flash column 

chromatography (silica gel, starting with 10% diethyl ether–hexanes, grading to 20% 

diethyl ether–hexanes) afforded a mixture of diastereomers (d.r. = 1.2:1 major : Σ 

others) as a clear, yellow oil (0.587 g, 1.00 mmol, 42%). 
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1H NMR (600 MHz, CDCl3) δ:  9.63 (d, J = 3.3 Hz, 1H), 7.68 – 7.59 (m, 3H), 

7.43 – 7.32 (m, 5H), 5.38 (s, 1H), 3.65 – 3.50 

(m, 1H), 2.92 (q, J = 8.8 Hz, 1H), 2.75 – 2.60 

(m, 1H), 2.47 – 2.25 (m, 1H), 1.97 – 1.89 (m, 

2H), 1.89 – 1.67 (m, 4H), 1.64 – 1.08 (m, 5H), 

1.01 (s, 9H). 

 

13C NMR (151 MHz, CDCl3) δ:  206.3, 204.6, 202.7, 197.5, 135.7, 134.1, 134.0, 

129.7, 127.7, 103.3, 93.7, 63.6, 59.7, 54.0, 

46.3, 44.1, 39.9, 39.1, 36.8, 34.9, 34.9, 34.5, 

33.8, 32.7, 30.2, 30.1, 29.9, 26.9, 26.7, 26.1, 

25.8, 25.8, 25.7, 25.7, 19.3, 19.3, 19.2, 18.9, 

16.0. 

 

TLC:  20% ethyl acetate–hexanes, Rf = 0.39, (UV, 

CAM). 
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Synthesis of TBS-protected 1,6-hexanediol 3.31 

 

A solution of tert-butyldimethylchlorosilane (10.1 g, 66.7 mmol, 1 equiv) in 

dichloromethane (100 mL) was added dropwise via addition funnel to a stirred 

solution of hexane-1,6-diol (11.8 g, 100.0 mmol, 1.50 equiv) and triethylamine (13.9 

mL, 100 mmol, 1.50 equiv.) in dichloromethane at 0˚C. The solution was warmed to 

22˚C and stirred at that temperature for 16 h. The resultant solution was diluted with 

water (100 mL) and the aqueous layer was extracted with ethyl acetate (3 × 30 mL). 

The combined organic layers were washed with water (60 mL) and brine (60 mL) 

before being dried over anhydrous sodium sulfate. The dried solution was 

concentrated, then was purified using flash column chromatography (silica gel, 

starting with 5% ethyl acetate–hexanes, grading to 20% ethyl acetate–hexanes) to 

afford a clear, colorless oil (9.74 g, 41.9 mmol, 63%). 
 

1H NMR (400 MHz, CDCl3) δ:  3.61 (dt, J1 = 12.9, J2 = 6.5 Hz, 4H), 1.60 – 

1.45 (m, 4H), 1.36 (t, J = 6.4 Hz, 4H), 0.88 (s, 

9H), 0.04 (s, 6H). 

 

13C NMR (101 MHz, CDCl3) δ:  63.3, 63.1, 32.9, 32.9, 26.1, 25.8, 25.7, 18.5, -

5.1. 

 

TBSCl
NEt3

CH2Cl2
0˚C → 22˚C

HO
OH HO

OTBS

3.311,6-hexanediol
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TLC:  20% ethyl acetate–hexanes, Rf = 0.32, 

(KMnO4, CAM). 
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Synthesis of Carboxylic Acid 3.32 

 

A solution of aqueous sodium hypochlorite (0.28%, 11 mL, 0.43 mmol, 0.020 

equiv) and a solution of aqueous sodium chlorite (2.0 M, 22 mL, 44 mmol, 2.0 equiv) 

were added simultaneously dropwise via addition funnel to a stirred solution of 

alcohol 3.31 (5.1 g, 22 mmol, 1 equiv), TEMPO (240 mg, 1.5 mmol, 0.070 equiv), and 

phosphate buffer (0.02 M, 80 mL, pH 6.7) in acetonitrile (100 mL) over a 2-hour 

period at 35˚C. The solution was stirred for 4 h, whereupon it was cooled to 22˚C, 

water (100 mL) was added, and the pH of the solution was adjusted to 8 using 

potassium hydroxide. The solution was cooled to 0˚C, whereupon the remaining 

oxidant was quenched using aqueous sodium sulfite (6.1%, 100 mL). The resultant 

solution was warmed to 22˚C and was stirred for 30 min at that temperature. Diethyl 

ether (75 mL) was added, and the resultant biphasic solution was adjusted to pH 3-4 

using aqueous 2 M HCl. The aqueous layer was discarded, and the organic layer was 

washed with water (2 x 40 mL) and brine (40 mL). The solution was dried over 

anhydrous sodium sulfate, and the dried solution was concentrated to afford a clear, 

colorless oil (4.42 g, 17.9 mmol, 82%). 
 

1H NMR (600 MHz, CDCl3) δ:  3.61 (t, J = 6.5 Hz, 2H), 2.36 (td, J1 = 7.6, J2 = 

1.7 Hz, 2H), 1.65 (p, J = 6.6 Hz, 2H), 1.53 (p, 

HO
OTBS

HO
OTBS

O
TEMPO

NaOCl/NaClO2

Phos. Buffer
ACN, 35˚C 3.323.31
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J = 6.6 Hz, 2H), 1.43 – 1.35 (m, 2H), 0.89 (s 

9H), 0.04 (s, 6H). 

 

13C NMR (151 MHz, CDCl3) δ:  180.1, 63.1, 34.2, 32.6, 26.1, 25.5, 24.6, 18.5, -

5.2.  



 256 

Synthesis of Ester 3.33 

 

Dimethyl sulfate (3.4 mL, 36 mmol, 2.0 equiv) was added dropwise to a stirred 

solution of carboxylic acid 3.32 (4.42 g, 17.9 mmol, 1 equiv) and potassium carbonate 

(7.4 g, 54 mmol, 1.1 equiv) in DMF (50 mL) at 65˚C. The resultant solution was 

stirred for 23 h, whereupon the solution was cooled to 0˚C and water (90 mL) was 

added. The aqueous layer was extracted with dichloromethane (3 x 60 mL). The 

combined organic layers were washed with water (90 mL) and brine (90 mL) before 

being dried over anhydrous sodium sulfate. The dried solution was concentrated, then 

was adhered to silica and purified using flash column chromatography (silica gel, 

starting with 5% ethyl acetate–hexanes, grading to 10% ethyl acetate–hexanes) to 

afford a clear, yellow oil (4.06 g, 15.6 mmol, 87 %). 
 

1H NMR (600 MHz, CDCl3) δ:  3.66 (s, 3H), 3.60 (t, J = 6.5 Hz, 2H), 2.31 (t, J 

= 7.6 Hz, 2H), 1.64 (p, J = 7.6 Hz, 2H), 1.59 – 

1.49 (m, 2H), 1.40 – 1.32 (m, 2H), 0.89 (s, 

9H), 0.04 (s, 6H). 

 

13C NMR (151 MHz, CDCl3) δ:  174.3, 63.1, 51.6, 34.3, 32.6, 26.1, 25.6, 24.9, 

18.5, -5.2. 

 

HO
OTBS

H3CO
OTBS

OO DMS
K2CO3

DMF
65˚C 3.333.32
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TLC:  20% ethyl acetate–hexanes, Rf = 0.79, 

(KMnO4). 
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Synthesis of α-chloroester 3.34 

 

A solution of n-butyllithium (2.50 M, 6.88 mL, 17.2 mmol, 1.10 equiv) was 

added to a stirred solution of N,N-diisopropylamine (2.43 mL, 17.2 mmol, 1.10 equiv) 

in THF (35 mL) at –78˚C. The resultant solution was warmed briefly to 0˚C, then was 

cooled to –78˚C whereupon chlorotrimethylsilane (2.18 mL, 17.2 mmol, 1.10 equiv) 

was added followed by a dropwise addition of a solution of ester 3.33 (4.06 g, 15.6 

mmol, 1 equiv) in THF (10 mL). The resultant solution was stirred at 22˚C for 3 h, 

whereupon the solution was concentrated carefully to afford the crude silyl enol ether. 

The clear, yellow oil is taken up in pentane, filtered over celite, and concentrated. A 

solution of N-chlorosuccinimide (2.30 g, 17.2 mmol, 1.10 equiv) in THF (80 mL) is 

added dropwise to a stirred solution of the crude silyl enol ether in THF (80 mL) at –

78˚C. The solution is stirred for 16 h, whereupon the excess N-chlorosuccinimide is 

quenched using saturated aqueous sodium thiosulfate solution (30 mL). The organic 

layer is dried over anhydrous sodium sulfate and concentrated. The crude chloroester 

3.34 is taken up in hexanes, filtered, and concentrated. Purification by flash column 

chromatography (silica gel, starting with 1% diethyl ether–hexanes, grading to 3% 

diethyl ether–hexanes) afforded a clear, yellow oil (4.32 g, 14.6 mmol, 94%). 
 

1H NMR (600 MHz, CDCl3) δ:  4.28 (dd, J1 = 8.1, J2 = 6.0 Hz, 1H), 3.78 (s, 

3H), 3.61 (t, J = 6.0 Hz, 2H), 2.11 – 1.87 (m, 

H3CO
OTBS H3CO

OTBS
OO

Cl

1. n-BuLi, i-Pr2NH
    TMSCl, THF
    –78˚C → 22˚C

2. NCS, THF
    –78˚C3.33 3.34
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2H), 1.56 – 1.38 (m, 4H), 0.88 (s, 9H), 0.04 (s, 

6H). 

 

13C NMR (151 MHz, CDCl3) δ: 170.4, 62.8, 57.3, 53.0, 34.9, 32.1, 26.1, 22.6, 18.5, -

5.2. 

 

TLC:  5% ethyl acetate–hexanes, Rf = 0.50, (UV, 

KMnO4). 
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Synthesis of Chlorodiketone 3.35 

 

A solution of n-butyllithium (2.50 M, 2.3 mL, 5.9 mmol, 1.5 equiv) was added 

to a stirred solution of N,N-diisopropylamine (0.88 mL, 6.2 mmol, 1.6 equiv) in THF 

(50 mL) at –78˚C. The resultant solution was warmed briefly to 0˚C, then was cooled 

to –78˚C, whereupon a solution of cyclohexyl methyl ketone (0.76 mL, 5.5 mmol, 1.4 

equiv) in THF (8 mL) was added dropwise. The resultant solution was stirred at –78˚C 

for 30 min, whereupon a solution of chloroester 3.34 (1.2 g, 4.0 mmol, 1 equiv) in 

THF (5 mL) was added. The resultant solution was warmed to 22˚C and stirred at that 

temperature for 8 h. The resultant cloudy, orange solution was cooled to 0˚C and the 

excess base was quenched with saturated aqueous ammonium chloride solution (20 

mL). The layers were separated, and the aqueous layer was extracted with 

dichloromethane (3 x 30 mL). The combined organic layers were dried over 

anhydrous sodium sulfate and the dried solution was concentrated. Purification of the 

residue by flash column chromatography (silica gel, starting with 1% diethyl ether–

hexanes, grading to 3% diethyl ether–hexanes), afforded 3.35 as a clear, yellow oil 

(1.12 g, 2.88 mmol, 72%).  
 

1H NMR (600 MHz, CDCl3) δ:  15.22 (s, 1H), 5.80 (s, 1H), 4.21 (dd, J = 8.3, 

5.6 Hz, 1H), 3.64 – 3.56 (m, 3H), 2.37 – 2.28 

H3CO
OTBS

O

Cl

CH3

O
OTBS

O

Cl
Cy

OH

3.353.34

n-BuLi, i-Pr2NH

THF
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(m, 1H), 2.23 (tt, J1 = 11.6, , J2 = 5.7 Hz, 1H), 

2.12 (s, 1H), 2.05 – 1.98 (m, 1H), 1.95 – 1.75 

(m, 7H), 1.73 – 1.64 (m, 2H), 1.60 – 1.50 (m, 

4H), 1.50 – 1.43 (m, 1H), 1.43 – 1.36 (m, 2H), 

1.36 – 1.24 (m, 1H), 1.24 – 1.16 (m, 1H), 0.89 

(s, 9H), 0.04 (s, 6H). 

 

13C NMR (151 MHz, CDCl3) δ:  197.3, 191.8, 95.5, 62.7, 61.6, 46.3, 35.1, 32.1, 

29.5, 28.5, 25.9, 25.8, 25.7, 25.7, 22.7, 18.3, -

5.3. 

 

TLC:  5% ethyl acetate–hexanes, Rf = 0.64, (UV, 

CAM). 
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Synthesis of Furnaones 3.36 and 3.64 

 

Tetrabutylammonium fluoride (3.5 mL, 3.5 mmol, 2.5 equiv.) was added to a 

stirred solution of chlorodiketone 3.35 (0.76 g, 1.5 mmol, 1 equiv.) in THF (15 mL) at 

22˚C. The resultant yellow solution was stirred at 22˚C for 1 h, whereupon water (5 

mL) was added. The mixture was extracted with dichlormethane (3 x 15 mL) and the 

combined organic layers were washed with saturated aqueous ammonium chloride 

solution. The combined organic layers were dried over anhydrous sodium sulfate and 

the dried solution was concentrated. Purification of the residue using flash column 

chromatography (silica gel, starting with 5% ethyl acetate–hexanes, grading to 100% 

ethyl acetate–hexanes) afforded 3.64 as a clear, yellow oil (197 mg, 0.56 mmol, 40%) 

and 3.36 as a clear, yellow oil (104 mg, 0.44 mmol, 31%). 
 

Furanone 3.64: 

1H NMR (600 MHz, CDCl3) δ:  5.37 (s, 1H), 4.40 (dd, J = 7.7, 4.1 Hz, 1H), 

3.65 – 3.55 (m, 2H), 2.47 – 2.37 (m, 1H), 2.01 

– 1.89 (m, 3H), 1.89 – 1.76 (m, 2H), 1.76 – 

1.63 (m, 2H), 1.60 – 1.50 (m, 2H), 1.50 – 1.42 

(m, 2H), 1.42 – 1.30 (m, 4H), 1.30 – 1.22 (m, 

1H), 0.88 (s, 10H), 0.03 (s, 6H). 
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13C NMR (151 MHz, CDCl3) δ:  205.3, 197.9, 101.7, 86.0, 62.9, 39.9, 32.6, 

31.2, 30.1, 29.9, 26.1, 25.9, 25.7, 25.7, 21.1, 

18.5, -5.2. 

 

TLC:  5% ethyl acetate–hexanes, Rf = 0.08, (UV, 

CAM). 

 

Furanone 3.36: 

1H NMR (600 MHz, CDCl3) δ:  5.35 (s, 1H), 4.38 (dd, J1 = 7.7, J2 = 4.2 Hz, 

1H), 3.60 (t, J = 6.5 Hz, 2H), 2.41 (tt, J1 = 

11.1, J2 = 3.6 Hz, 1H), 1.98 – 1.85 (m, 4H), 

1.82 – 1.73 (m, 2H), 1.72 – 1.61 (m, 2H), 1.61 

– 1.51 (m, 2H), 1.51 – 1.42 (m, 2H), 1.42 – 

1.26 (m, 5H), 1.26 – 1.17 (m, 1H). 

 

13C NMR (151 MHz, CDCl3) δ:  205.4, 198.1, 101.6, 85.8, 62.4, 39.8, 32.3, 

31.0, 29.9, 29.8, 25.8, 25.59, 25.58, 20.9.  
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Synthesis of Alcohol 36 

 

Tetrabutylammonium fluoride (2.5 mL, 2.5 mmol, 2.5 equiv.) was added to a 

stirred solution of furanone 3.64 (350 mg, 1.0 mmol, 1 equiv.) in THF (10 mL) at 

22˚C. The resultant bright yellow solution was stirred at 22˚C for 2.5 h, whereupon 

water (5 mL) was added. The mixture was extracted with dichloromethane (3 x 15 

mL) and the combined organic layers were washed with saturated aqueous ammonium 

chloride solution. The combined organic layers were dried over anhydrous sodium 

sulfate and the dried solution was concentrated. Purification of the residue using flash 

column chromatography (silica gel, starting with 20% ethyl acetate–hexanes, grading 

to 100% ethyl acetate–hexanes) afforded 3.36 as a clear, yellow oil (113 mg, 0.475 

mmol, 47%). 
 

1H NMR (600 MHz, CDCl3) δ:  5.35 (s, 1H), 4.38 (dd, J1 = 7.7, J2 = 4.2 Hz, 

1H), 3.60 (t, J = 6.5 Hz, 2H), 2.41 (tt, J1 = 

11.1, J2 = 3.6 Hz, 1H), 1.98 – 1.85 (m, 4H), 

1.82 – 1.73 (m, 2H), 1.72 – 1.61 (m, 2H), 1.61 

– 1.51 (m, 2H), 1.51 – 1.42 (m, 2H), 1.42 – 

1.26 (m, 5H), 1.26 – 1.17 (m, 1H). 
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13C NMR (151 MHz, CDCl3) δ:  205.4, 198.1, 101.6, 85.8, 62.4, 39.8, 32.3, 

31.0, 29.9, 29.8, 25.8, 25.59, 25.58, 20.9.  
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Synthesis of PMB ether 3.37 

 

A heterogeneous mixture of alcohol 3.36 (220 mg, 0.91 mmol, 1 equiv), anisyl 

alcohol (0.22 mL, 1.8 mmol, 2.0 equiv), and Amberlyst-15 ion exchange resin (20 mg, 

10% by weight) in dichloromethane (10 mL) was heated at reflux for 48 h. The 

mixture was cooled to 22˚C, whereupon the solution was diluted with 

dichloromethane (10 mL) and water (10 mL). The aqueous layer was extracted with 

dichloromethane (3 x 10 mL) and the combined organic layers were washed with brine 

(15 mL). The resultant solution was dried over anhydrous sodium sulfate, 

concentrated, and adhered to silica for purification using flash column 

chromatography (silica gel, starting with 10% ethyl acetate–hexanes, grading to 22% 

ethyl acetate–hexanes) to afford 3.37 as a clear, yellow oil (157 mg, 0.439 mmol, 

48%). 
 

13C NMR (101 MHz, CDCl3) δ:  205.4, 198.1, 159.3, 133.2, 129.4, 128.8, 114.1, 

113.9, 72.7, 69.8, 65.2, 55.4, 39.8, 31.1, 30.0, 

29.9, 29.5, 25.8, 25.7, 21.5. 

 

TLC:  40% ethyl acetate–hexanes, Rf = 0.57, (UV, 

CAM). 
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Synthesis of Michael Adducts 3.65 

 

A solution of n-butyllithium (2.50 M, 2.08 mL, 5.2o mmol, 1.30 equiv) was 

added to a stirred solution of N,N-diisopropylamine (0.790 mL, 5.60 mmol, 1.40 

equiv) in THF (50 mL) at –78˚C. The resultant solution was warmed briefly to 0˚C, 

then was cooled to –78˚C, whereupon a solution of the 3-furanone 3.37 (1.43 g, 4.00 

mmol, 1 equiv) in THF (2 mL) was added dropwise. The resultant solution was stirred 

at –78˚C for 30 min, whereupon a solution of aldehyde 3.3 (440 mg, 4.40 mmol, 1.10 

equiv) in THF (2 mL) was added. The reaction mixture was stirred at –78˚C for 30 

min, then was warmed to 22˚C and stirred at that temperature for 17 h. The reaction 

mixture was then cooled to 0˚C, whereupon the remaining enolate and base were 

carefully quenched with saturated aqueous ammonium chloride solution (5 mL). The 

layers were separated, and the aqueous layer was extracted with dichloromethane (3 x 

40 mL). The combined organic layers were dried over anhydrous sodium sulfate and 

the dried solution was concentrated. Purification of the residue by flash column 

chromatography (silica gel, starting with 10% ethyl acetate–hexanes, grading to 30% 

ethyl acetate–hexanes) afforded a mixture of diastereomers (d.r. = 2.6:1 major : Σ 

others) as a clear, yellow oil (0.785 g, 1.68 mmol, 42%). 
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1H NMR (600 MHz, CDCl3) δ:  9.63 (d, J = 3.3 Hz, 1H), 7.24 – 7.19 (m, 3H), 

6.91 – 6.88 (m, 1H), 6.88 – 6.83 (m, 3H), 5.38 

(d, J = 7.6 Hz, 1H), 4.38 (s, 3H), 3.80 (d, J = 

4.8 Hz, 6H), 3.40 – 3.30 (m, 3H), 3.00 – 2.86 

(m, 1H), 2.75 – 2.62 (m, 1H), 2.48 – 2.25 (m, 

3H), 2.04 (s, 3H), 1.99 – 1.90 (m, 4H), 1.85 – 

1.68 (m, 9H), 1.55 – 1.46 (m, 2H), 1.45 – 1.27 

(m, 5H), 1.16 – 1.07 (m, 1H), 1.00 (d, J = 12.0 

Hz, 3H). 

 

13C NMR (151 MHz, CDCl3) δ:  206.3, 204.6, 202.7, 197.5, 159.2, 130.8, 129.9, 

129.3, 128.8, 114.1, 113.8, 113.8, 103.5, 103.3, 

93.6, 72.7, 72.6, 69.7, 65.2, 60.6, 59.7, 55.4, 

55.4, 55.4, 54.0, 46.1, 44.0, 39.9, 39.0, 36.8, 

34.8, 34.8, 34.5, 33.8, 30.1, 30.1, 29.9, 29.8, 

26.7, 26.0, 25.8, 25.71, 25.65, 21.2, 19.5, 19.4, 

18.9, 16.0, 14.3. 

 

TLC:  10% ethyl acetate–hexanes, Rf = 0.11, (UV, 

CAM). 
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Synthesis of Diol 3.38 

 

A freshly prepared solution of samarium (II) iodide in THF (0.10 M, 8.5 mL 

mL, 0.85 mmol, 4.0 equiv) was added dropwise via cannula over 1 h to a stirred 

solution of 3.65 (100 mg, 0.213 mmol, 1 equiv) and hexamethylphosphoramide (0.69 

mL, 3.9 mmol, 19 equiv) in THF (10 mL mL) at 22˚C. The resultant solution was 

stirred for 4 h, whereupon the reaction mixture was cooled to 0˚C and excess SmI2 

was quenched using aqueous 1 M HCl (5 mL). The aqueous layer is extracted with 

dichloromethane (3 x 20 mL). The combined organic layers were washed with 

saturated aqueous sodium bicarbonate solution (30 mL), dried over anhydrous sodium 

sulfate, and concentrated. Purification of the residue by flash column chromatography 

(silica gel, starting with 5% ethyl acetate–hexanes, grading to 30% ethyl acetate–

hexanes) afforded diol 3.38 as a yellow oil (16 mg, 0.034 mmol, 16%). 
 

1H NMR (600 MHz, CDCl3) δ:  7.26 (d, J = 7.1 Hz, 2H), 6.87 (d, J = 8.7 Hz, 

2H), 4.43 (s, 2H), 4.34 (s, 1H), 3.80 (s, 4H), 

3.45 (td, J1 = 5.2, J2 = 2.7 Hz, 2H), 2.46 (ddd, 

J1 = 14.8, J2 = 10.8, J3 = 6.6 Hz, 1H), 2.35 – 

2.29 (m, 1H), 2.28 – 2.19 (m, 1H), 2.18 – 2.08 

(m, 1H), 2.07 – 2.00 (m, 1H), 1.88 – 1.82 (m, 

HO
H

O
Cy

CH3

O H
H

OPMB

O
Cy

HO
OH

CH3

H

H

PMBO

SmI2
HMPA

THF
22˚C3.65 3.38



 270 

2H), 1.79 (ddd, J1 = 14.8, J2 = 7.5, J3 = 3.0 Hz, 

1H), 1.76 – 1.69 (m, 1H), 1.68 – 1.57 (m, 4H), 

1.56 – 1.48 (m, 2H), 1.48 – 1.36 (m, 2H), 1.31 

– 1.12 (m, 5H), 1.02 (d, J = 7.2 Hz, 3H). 

 

13C NMR (151 MHz, CDCl3) δ:  169.1, 159.2, 131.0, 129.4, 113.9, 97.6, 96.3, 

91.7, 75.1, 72.6, 70.2, 55.4, 51.1, 50.9, 37.8, 

37.6, 34.8, 30.9, 30.4, 30.4, 28.9, 26.3, 26.0, 

26.0, 22.0, 20.9, 19.3. 
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SYNTHESIS OF AN ACYLDEPSIPEPTIDE FLUORESCENT MECHANISTIC 
PROBE 

4.1 Introduction to Clp 

Antibiotic development is a hotly pursued field of science that is urgently 

expanding due to the nature of bacterial evolution. Bacterial pathogens can become 

increasingly more resistant to routine and front-line antibiotics enhancing the need to 

develop novel antibiotics with new mechanisms of action. One series of targets of 

increasing interest recently are the proteolytic complexes formed between ClpP and 

the AAA+ partners. 1 AAA+ is an acronym for “ATPases associated with diverse 

cellular activities” and are necessary for the recognition of substrates and regulation of 

the proteolytic activity of ClpP. ClpP is a tetradecameric serine peptidase that is only 

active when associated with AAA+ unfoldases such as ClpX, ClpC, and ClpA. 2 

In their active form, these proteases selectively degrade misfolded proteins and 

native protein targets involved in regulating stress responses and virulence-factor 

production. 3 This process begins with two heptameric Clp rings stacking “face to 

face” forming a barrel-shaped heterotetradecameric channel that acts as a proteolytic 

chamber. This chamber is large enough to accommodate hundreds of amino acids and 

consists of 14 active sites where serine peptidases may bind. At the ends of the 

chamber are narrow passageways that are nearly inaccessible without the assistance of 

AAA+ partners. The AAA+ promote the entry of proteins through these openings after 

binding, unfolding, and translocating these substrates into the proteolytic chamber. 

Chapter 4 
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These conformational changes allowing this process to occur are driven by ATP 

hydrolysis after association of the heterotetrametric channel with AAA+ partners. 2a, d, 

3i, 4 Without the association of this channel with AAA+ partners, only small peptides 

with the ability to diffuse into the channel through pores can be degraded by this 

protease. 5 

4.1.1 Clp in Mycobacterium tuberculosis 

These enzymes are essential for virulence in some pathogenic bacteria such as 

Mycobacterium tuberculosis (Mtb) highlighting them as appealing targets for 

antibiotic development. 6 One feature unique to Mtb is that it has two co-transcribed 

genes, clpP1 and clpP2. Each of the respective cognate gene products Mtb ClpP1 and 

ClpP2 form heptameric rings that are inactive by themselves but active upon 

heterotetradecamer formation. The assembly of this ClpP1P2 is stabilized by its 

interaction with ClpX or ClpC1, the active translocation of proteins into the 

degradation chamber, or the binding of N-blocked peptide agonists that are able to 

mimic the substrate interactions within the active site. 7 

4.1.2 Acyldepsipeptides (ADEPs) – Introduction and bioactivity 

One such class of “agonists” with the ability to mimic these substrate binding 

interactions is the acyldepsipeptide antibiotics (figure 4.1). The ADEPs feature a 

potent antibacterial activity against Gram-positive bacterial pathogens, and one 

cellular target of this class of antibiotics is the ClpP peptidase. 2a, 6a, c, 8 
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Figure 4.1 Examples of acyldepsipeptide antibiotics 

Within Mtb, the ADEPs competitively bind to an active site on the 

heterotetradecamer causing an inhibition of the Clp protease activity. They are able to 

bind within the same hydrophobic pockets as the AAA+ partners and typically bind by 

mimicking the LGF loops present in the AAA+ partners. 6b, c, 7e, 9 The binding of these 

ADEPs within these active sites leads to a widening of the axial pores at the ends of 

the channels allowing for the acceptance of a wider variety of proteins into the 

channel. It can now indiscriminately accept and degrade larger peptides and 
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unstructured proteins lacking the proper degrons eventually leading to an inhibition of 

cell division and ultimately cell and bacterial death. 8a, b, 10 

4.1.3 ADEP Fragments and Analogues 

In order to develop a structure-activity relationship of these ADEPs, a variety 

of analogues were synthesized and biologically evaluated (figure 4.1). Through these 

studies, it was determined that the N-acyl phenylalanine portion of the structure is 

imperative for its activity, which can be seen by the synthesis of analogues 4.3 and 

4.4. It was suggested that this is the portion of the molecule that mimics the LGF loop 

allowing for the favorable interactions and binding with Clp proteases. 5, 11 

With this realization, people began exploring truncated analogues featuring 

this portion of the molecule, known as ADEP fragments (figure 4.2). It was found that 

many of these simplified analogues featuring the N-acyl phenylalanine portion, 

retained some of the antibacterial activity against Mtb. These fragments offer the 

benefit of a quicker and more facile synthesis of analogues along with a faster 

exploration of structural differences. Upon an investigation into the mechanism of 

action of these ADEP fragments within Mtb, it is apparent that they interact differently 

than the full cyclic ADEPs do. 5 
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Figure 4.2 Selected acyldepsipeptide fragments and their minimum inhibitory 
concentrations 

It is suggested that they bind to a distinct site on the ClpP1P2 and stabilize the 

ClpXP1P2 complex. Through this stabilization, they are able to enhance the rate of 

ATP-dependent degradation of protein substrates by ClpXP1P2. This mechanism is 

still unclear and is in need of further investigation. There were three suggested 

mechanisms of action resulting from this stabilization that could lead to the 

antibacterial activity observed. The first is that an activation of the ClpXP1P2 leads to 

the degradation of proteins essential for viability of the cell disrupting the regulatory 
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processes. One example provided is the degradation of a protein that accumulates at a 

specific point within the cell cycle, that when not present at a high enough 

concentration, leads to cell cycle arrest. 5 

The second possible mechanism of action resulting from the stabilization of 

ClpXP1P2 is the disruption of the interaction between ClpC1 and ClpP1P2. This 

disruption could lead to the inhibition of essential proteolytic processes that are 

typically carried out by ClpP1P2. Without these processes, the death of the cell and 

bacteria follow. The final theory is that the stabilization of binding between ClpX and 

ClpP1P2 sequester the tetradecamer away from ClpC1, which may be a necessary 

interaction in order to perform essential proteolytic duties. Another suggestion is that 

it may indeed act in the same manner as the ADEPs and that the exact mechanism of 

action may change based on a number of parameters such as binding affinity or 

intracellular concentration. 5 

In order to truly understand these interactions, further investigation into the 

mechanisms of action must take place. As mentioned previously, one possibility in the 

exaction of this exploration is through the use of tool compounds. 

4.2 ADEP Fragment Tool Compound Exploration 

In a collaboration with Profs. Joseph M. Fox and Karl Schmitz, we worked to 

develop an acyldepsipeptide fragment fluorescent mechanistic probe compound. We 

evaluated possible ADEP fragment fluorescent probe targets and the effects that 

various changes in the structure may impart on the physiological properties of the 

compound, and we settled on the fluorescent probe 4.13 (figure 4.3). This is a 

variation of the ADEP fragment 4.511 but features an ethylene diamine linker 

connecting the TAMRA fluorophore to a serine found within the peptide chain. 
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Figure 4.3 Acyldepsipeptide fragment fluorescent probe compound 

4.2.1 Prior Synthesis of the ADEPs and their Fragments 

The ADEP fragment of the mechanistic probe compound is based on a known 

material (4.5 in figure 4.4) previously synthesized by Jason Sello et al. in 2014. 11 The 

synthesis of this ADEP fragment began with Z-L-serine methyl ester 4.14. A 

Stelgich12 esterification coupling N-Boc-L-proline to the free alcohol of the serine 

ester affords diester 4.15 in a 97% yield. Replacing the Boc protecting group with the 

acetyl group present in the final fragment was accomplished through a Boc 

deprotection under the action of TFA followed by treatment of the resultant free amine 

with acetic anhydride under basic conditions. This replacement afforded the amide 

4.16 in 85% over the two steps. Hydrogenolysis of the Cbz protecting group reveals 

the primary amine that then participates in an amide coupling with N-Boc-

difluorophenylalanine using HATU and i-Pr2NEt. Removal of the Boc group by 
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treatment with TFA allowed for the final amide coupling of (E)-2-heptenoic acid with 

HATU and i-Pr2NEt to afford the final product 4.5 in 72% yield over the final four 

steps. This route is simple and high-yielding, so my plan was to follow this route as 

much as possible in the synthesis of the fluorescent probe. 

 

Figure 4.4 Previous synthesis of the acyldepsipeptide fragment 4.5 by Jason Sello et 
al. 

4.2.2 Synthesis of ADEP Fluorescent Probe Compound 

There will have to be some modifications made to this route though in order to 

install the ethylene diamine linker that can be deprotected at the end to participate in 
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protecting group that lacked redundant functionality, could withstand the conditions 

exposed to throughout the synthesis, and that could be selectively removed at the end 

of the synthesis without interfering with any other portion of the molecule. 

After sifting through possible options of protecting groups and determining our 

best protecting group strategy, we determined that the 2-

(trimethylsilyl)ethoxycarbonyl (Teoc) protecting group was most suitable for this 

route. We anticipated the possibility of a struggle during the deprotection of the Boc 

groups due to the slight acid sensitivity of the Teoc group. As Louis A. Carpino in 

1978 worded it, “…this sensitivity toward acids makes it impossible to use this group 

in conjunction with t-BOC...” 13 Nevertheless, we found a couple potential ways to 

selectively remove the Boc group in the presence of a Teoc group, so we decided to go 

for it anyway. We also were able to purchase the acetyl-protected proline, allowing for 

the avoidance of one of the Boc deprotection steps.  

The synthesis of this fluorescent probe is initiated with the preparation of the 

Teoc-protected ethylene diamine linker. After screening a variety of polar solvents, we 

found that the reaction between ethylene diamine and Teoc succinimide proceeds 

relatively smoothly in DMF, but there were immediately issues during the isolation 

and purification processes. Due to the high polarity of the monoprotected product, 

extraction from the aqueous layer proved to be difficult, but was overcome with the 

addition of a small amount of triethylamine into the biphasic mixture of ethyl acetate, 

DMF, and water during the extraction. The addition of the triethylamine was used to 

coax the transfer of the product into the organic layer. Once separated, the purification 

of the compound was accomplished by pushing the mixture through a short plug of 

silica gel with the highly polar solvent system of ethyl acetate, isopropanol, and water. 
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Once the optimal extraction, isolation, and purification conditions were determined the 

overall reaction afforded the linker at a 64% yield. 

The amide coupling of the linker to Z-L-serine was accomplished using the 

coupling agent HATU along with i-Pr2NEt in DMF to affording amide 4.18 in a 96% 

yield as shown in figure 4.5. From here, the free alcohol of the serine can participate in 

an ester coupling with N-acetyl-L-proline under Steglich12 conditions using EDC as a 

coupling agent to afford peptide 4.19 in an 84% yield. Hydrogenolysis of the Cbz 

group using H2 and Pd/C afforded the free amine in quantitative yield. Upon our first 

attempt to couple the resultant free amine to N-Boc-difluorophenylalanine using 

HATU and i-Pr2NEt, we obtained the desired product in the low yield of 41%. 

Switching from HATU and i-Pr2NEt to EDC and DMAP increased the yield to 80% 

affording the peptide 4.22.  
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Figure 4.5 Synthesis of peptide 4.22 towards the synthesis of the probe compound 
4.13 

The next step in the sequence is the selective deprotection of the Boc group in 

the presence of the Teoc group. One way around this selective deprotection is by 

coupling on a difluorophenylalanine with a different protecting group on it. The issue 

is that the Boc-protected difluorophenylalanine is expensive and that purchasing this 

compound with a different protecting group, such as Cbz, is even more expensive. We 

attempted to switch the protecting group on the difluorophenylalanine with a Cbz 

through a series of steps involving the methylation of the acid to the ester, removal of 

the Boc group, and protection of the free amine with a Cbz group, but we found that 

this route was low yielding and inefficient. We decided to dig into the various 
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conditions that we felt may afford the selective deprotection of the Boc group in the 

presence of the Teoc group.  

To screen these conditions, we chose to not to test them against the precious 

material 4.22, but to instead use a mixture of peptide 4.18 and boc-

difluorophenylalanine 4.21. The first set of conditions that we tried were freshly 

distilled TMSOTf and 2,6-lutidine in dichloromethane at 0˚C, but it did not appear that 

either substrate underwent any deprotection. 14 Another set of conditions that was 

employed was refluxing the mixture of starting materials in acetonitrile with ceric 

ammonium nitrate as an oxidative cleavage of the Boc group, but again we did not see 

any fruitful amount of deprotection of either product. 15 

The final method of selective deprotection that we explored was through the 

use of freshly distilled SiCl4 and phenol in dichloromethane. 16 The proposed 

mechanism involves the in-situ generation of HCl as shown in figure 4.6. Upon a first 

attempt at the usage of this method on a scout reaction of the same two substrates 4.18 

and 4.21, it appeared that the Boc group was cleaved quickly and that as time passed, 

the reagents began to remove the Teoc group. This showed promise in its application 

to the actual system. After carefully monitoring the rate of the reaction relative to the 

removal of the Boc and Teoc groups, we found that the reaction was nearly complete 

after 2 minutes, at which point, the Teoc group would begin to come off. When 

applied to the real system 4.22 (figure 4.7), the reaction appeared to be complete after 

1 minute and the removal of the Teoc group began after 3 minutes. This was a brief 

window, but with careful timing, the selective deprotection was possible.  
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Figure 4.6 Proposed mechanism of the generation of HCl towards the deprotection of 
the Boc group 

 

Figure 4.7 Final steps in the synthesis of fluorescent probe compound 4.13 

When brought to a larger scale with the goal of isolation and purification of the 
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investigation into the reasoning behind this apparent drop in yield we determined that 

we were losing the material during the quench. We were quenching the reaction with a 

slow dropwise addition of saturated aqueous sodium bicarbonate at 0˚C. Although the 

solution of bicarbonate is basic, the reaction of water with the SiCl4 was quick to 

generate HCl. This HCl may have been in a concentration too high to be fully 

quenched by the NaHCO3 before reacting with the remaining Teoc protected amine to 

afford the doubly deprotected product. To combat this occurrence, once the solution 

was at 0˚C but immediately before the addition of the aqueous NaHCO3, I shot in 80 

equivalents of triethylamine to sequester any HCl formed during the process. This 

modification to the procedure brought the yield from 7% to 57%, which was high 

enough to proceed to the following steps.  

The next step is the coupling of the heptanoic acid to the resultant free amine, 

which was accomplished using HATU and i-Pr2NEt. Removal of the Teoc protecting 

group from peptide 4.24 using TBAF afforded the unprotected ethylene diamine linker 

in 30% over the two steps. A final coupling of the TAMRA fluorophore using the 

TAMRA-NHS ester afforded the final ADEP fragment fluorescent probe compound 

4.13, which was handed off to the Schmitz lab for their biological mechanism of 

action investigations of ADEP fragments against Mtb. 
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General Information: These experimental procedures have been published 

previously in its current or a substantially similar form and I have obtained 

permission to republish it.1 All electrochemical reactions were performed in either an 

H-type divided cell separated by a sintered glass frit or a single compartment 

glassfalcon tube with electrodes separated by a glass microscope slide (Fisherbrand®, 

plain, precleaned, 2.5 cm x 7.5 cm x 0.1 cm). All non-electrochemical reactions were 

performed in single-neck oven- or flame-dried round bottom flasks fitted with rubber 

septa under a positive pressure of argon, unless otherwise noted. Air- and moisture-

sensitive liquids were transferred via syringe or stainless-steel cannula. Organic 

solutions were concentrated by rotary evaporation at or below 35˚C at 10 Torr 

(diaphragm vacuum pump) unless otherwise noted. Compounds were isolated using 

flash column chromatography2 with silica gel (60-Å pore size, 40–63μm, standard 

grade, Silicycle). Analytical thin-layer chromatography (TLC) was performed using 

glass plates pre-coated with silica gel (0.25 mm, 60-Å pore size, 5–20 μm, Silicycle) 

 
 
1 (a) Wu, Z.; Suppo, J. S.; Tumova, S.; Strope, J.; Bravo, F.; Moy, M.; Weinstein, E. 
S.; Peer, C. J.; Figg, W. D.; Chain, W. J.; Echavarren, A. M.; Beech, D. J.; Beutler, J. 
A., ACS Med. Chem. Lett. 2020, 11, 1711-1716. (b) Reed, H.; Paul, T. R.; Chain, W. 
J., J. Org. Chem. 2018, 83, 11359-11368. (c) Bush, T. S.; Yap, G. P. A.; Chain, W. J., 
Org. Lett. 2018, 20, 5406-5409. (d) Lewis, R. S.; Garza, C. J.; Dang, A. T.; Pedro, T. 
K.; Chain, W. J., Org. Lett. 2015, 17, 2278-2281. (e) Li, Z.; Nakashige, M.; Chain, W. 
J., J. Am. Chem. Soc. 2011, 133, 6553-6556. 
 
2 Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923–2925. 

Experimental Procedures 
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impregnated with a fluorescent indicator (254 nm). TLC plates were visualized by 

exposure to ultraviolet light (UV), then were stained by submersion in aqueous ceric 

ammonium molybdate solution (CAM), acidic ethanolic p-anisaldehyde solution 

(anisaldehyde), or aqueous methanolic iron(III) chloride (FeCl3), followed by brief 

heating on a hot plate (215˚C, 10–15 s). 

 

Materials: Commercial reagents and solvents were used as received with the 

following exceptions. Triethylamine, dichloromethane, diethyl ether, tetrahydrofuran, 

and 1,2-dimethoxyethane were purified by the method of Pangborn, et. al.3 

Tetrabutylammonium hexafluorophosphate was recrystallized from ethanol (23 g /300 

mL) at 65˚C. Reticulated vitreous carbon (RVC) foam (carbon – vitreous – 3000C – 

foam; thickness: 10 mm; bulk density: 0.05 g/cm3; porosity: 96.5%; pores/cm: 40) 

was obtained from Goodfellow USA and cut to appropriate size for reaction scale. 

After 150 h of use, RVC electrodes were discarded and freshly cut electrodes were 

used. 

 

Instrumentation: Proton (1H), carbon (13C), fluorine (19F), and silicon (29Si) nuclear 

magnetic resonance (NMR) spectra were recorded on Bruker AV400 CryoPlatform 

QNP or Bruker AVIII600 SMART NMR spectrometers at 23˚C. Proton chemical 

shifts are expressed in parts per million (ppm, d scale) downfield from 

tetramethylsilane and are referenced to residual protium in the NMR solvent (CHCl3: δ 

7.26, CD3COCD2H: δ 2.05). Carbon chemical shifts are expressed in parts per million 

 
 
3 Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. 
Organometallics 1996, 15, 1518–1520. 
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(ppm, d scale) downfield from tetramethylsilane and are referenced to the carbon 

resonance of the NMR solvent (CDCl3: δ 77.16, CD3COCD2H: δ 29.84). Data are 

represented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, 

q = quartet, m = multiplet, br = broad, app = apparent), integration, and coupling 

constant (J) in Hertz (Hz). Accurate mass measurements were obtained using an 

Agilent 1100 quaternary LC system coupled to an Agilent 6210 LC/MSD-TOF fitted 

with an ESI or an APCI source, or Thermo Q-Exactive Orbitrap using electrospray 

ionization (ESI) or a Waters GCT Premier spectrometer using chemical ionization 

(CI). 
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Synthesis of Teoc-protected Ethylene Diamine 4.25 

 

Triethylamine (1.7 mL, 12.0 mmol, 5.2 equiv) followed by N-[2-

(Trimethylsilyl)ethoxycarbonyloxy]succinimide (600 mg, 2.3 mmol, 1 equiv) was 

added to a stirred solution of ethylene diamine (0.60 mL, 9.0 mmol, 3.9 equiv) in 

DMF (25 mL) at 22˚C. The solution was stirred for 80 min at that temperature, then 

water (10 mL) was added. The aqueous layer was extracted with ethyl acetate (3 x 40 

mL). The combined organic layers were dried over anhydrous sodium sulfate, and the 

dried solution was concentrated. Purification of the residue by filtering through a short 

plug of silica gel (starting with 4:4:1 isopropanol : ethyl acetate : water, grading to 

4:4:3 isopropanol : ethyl acetate : water) afforded the monoprotected diamine 4.25 

(300 mg, 1.47 mmol, 64%) as a clear, yellow oil. 
 

1H NMR (400 MHz, CDCl3) d:  4.12 (t, J = 8.6 Hz, 2H), 3.39 (s, 2H), 3.08 (t, J 

= 5.5 Hz, 2H), 0.97 (t, J = 8.7 Hz, 2H), 0.03 (s, 

9H). 

 

13C NMR (101 MHz, CDCl3) d:  157.8, 63.5, 42.4, 29.8, 17.9, -1.4. 

 

TeocHN
NH2

H2N
NH2

TeocOSu
NEt3, DMF

60°C
4.25ethylene
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TLC:  20% MeOH–dichloromethane, Rf = 0.08 

(KMnO4). 
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Synthesis of Amide 4.18 

 

HATU (99 mg, 0.26 mmol, 1.1 equiv) and Hunig’s base (0.10 mL, 0.52 mmol, 

2.2 equiv) were added to a stirred solution of Z-L-serine (57 mg, 0.24 mmol, 1.0 

equiv) in DMF (2.0 mL) at 0˚C. The resultant solution was stirred at that temperature 

for 10 min, then was warmed briefly to 22˚C. The solution was recooled to 0˚C, 

whereupon a solution of the Teoc-protected diamine (48 mg, 0.24 mmol, 1.0 mmol) in 

DMF (0.5 mL) was added. The resultant solution was allowed to warm to 22˚C and 

was stirred at that temperature for 6 h. The solution was diluted with ethyl acetate (10 

mL) and washed with water (5 mL), saturated aqueous sodium bicarbonate solution (5 

mL), and brine (5 mL). The organic layer was dried over anhydrous sodium sulfate 

and concentrated. Purification of the residue by flash column chromatography (silica 

gel, starting with 0% methanol–dichloromethane, grading to 8% methanol–

dichloromethane) afforded the amide 4.18 (98 mg, 0.23 mmol, 96%) as a clear, yellow 

solid. 
 

1H NMR (400 MHz, CDCl3) d:  7.34 (d, J = 5.5 Hz, 5H), 7.02 (s, 1H), 6.01 – 

5.94 (m, 1H), 5.23 (s, 1H), 5.11 (d, J = 3.6 Hz, 

2H), 4.21 (s, 1H), 4.11 (t, J = 8.5 Hz, 2H), 4.02 

(d, J = 11.2 Hz, 1H), 3.66 (dd, J = 11.6, 5.4 

TeocHN
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HO

O OH

NHCbz

HATU, DIPEA

DMF, 22˚C
N
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O OH

NHCbzNHTeoc
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Hz, 1H), 3.39 – 3.27 (m, 3H), 2.87 (s, 2H), 

0.94 (t, J = 8.0 Hz, 2H), 0.01 (s, 9H). 

 

13C NMR (101 MHz, CDCl3) d:  171.4, 157.8, 156.5, 136.0, 128.60, 128.58, 

128.34, 128.27, 128.1, 67.3, 63.5, 62.8, 56.0, 

40.5, 40.4, 17.7, -1.5. 

 

TLC:  10% MeOH–dichloromethane, Rf = 0.50 

(Ninhydrin, KMnO4, UV). 
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Synthesis of Ester 4.20 

 

4-dimethylaminopyridine (3 mg, 0.023 mmol, 0.1 equiv) and EDC (88 mg, 

0.46 mmol, 2.0 equiv) were added to a stirred solution of N-acetyl-L-proline (39 mg, 

0.25 mmol, 1.1 equiv) and alcohol 4.18 (98 mg, 0.23 mmol, 1.0 equiv) in 

dichloromethane (15 mL). The solution was stirred at 22˚C for 19 h, whereupon water 

(5 mL) was added. The aqueous layer was extracted with ethyl acetate (3 x 10 mL) 

and the combined organic extracts were washed with saturated aqueous sodium 

bicarbonate solution (10 mL) and brine (10 mL). The organic solution was dried over 

anhydrous sodium sulfate and concentrated. Purification of the residue by flash 

column chromatography (silica gel, starting with 1% methanol–dichloromethane, 

grading to 2% methanol–dichloromethane) afforded the ester 4.20 (109 mg, 0.192 

mmol, 84%) as a clear, yellow oil. 
 

1H NMR (400 MHz, CDCl3) d:  7.46 (s, 1H), 7.37 – 7.25 (m, 5H), 5.94 (d, J = 

7.1 Hz, 1H), 5.88 (s, 1H), 5.10 (d, J = 2.7 Hz, 

2H), 4.56 (dd, J1 = 10.6, J2 = 4.0 Hz, 1H), 4.41 

– 4.30 (m, 2H), 4.15 – 4.06 (m, 2H), 3.71 – 

4.60 (m, 1H), 3.58 – 3.47 (m, 1H), 3.40 (q, J = 

N

O

OH
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5.8 Hz, 1H), 3.30 (q, J = 6.0 Hz, 2H), 2.25 – 

1.89 (m, 8H), 1.32 – 1.15 (m, 1H), 0.97 – 0.88 

(t, J = 6.9 Hz, 1H), 0.01 (s, 9H). 

 

13C NMR (101 MHz, CDCl3) d:  171.9, 171.3, 170.5, 169.4, 157.1, 155.7, 136.4, 

128.6, 128.2, 67.1, 63.9, 62.9, 60.5, 59.1, 52.7, 

48.3, 40.7, 40.1, 29.4, 25.2, 22.4, 21.2, 17.9, 

14.3, -1.4. 

 

TLC:  10% MeOH–dichloromethane, Rf = 0.66 

(Ninhydrin, KMnO4, UV). 
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Synthesis of Free Amine 4.26 

 

Pd/C (15 mg, 0.014 mmol, 3 mol%) was added to a stirred solution of the 

protected amine 4.20 (255 mg, 0.45 mmol, 1 equiv) in methanol (25 mL). The reaction 

flask was sealed with a septum, the headspace was removed under vacuum, and the 

flask was charged with hydrogen gas. The stirred suspension was then sparged with H2 

for 20 min at 22˚C, then was stirred for 90 min. The solution was filtered over celite 

with methanol and concentrated to give the amine 4.26 (196 mg, 0.45 mmol, 

quantitative) as a clear, brownish–yellow oil. 
 

1H NMR (400 MHz, CDCl3) d:  7.99 (s, 1H), 7.34 (s, 1H), 5.82 (s, 1H), 4.58 

(dd, J1 =  11.5, J2 = 4.8 Hz, 1H), 4.45 (dd, J1 = 

8.5, J2 = 4.6 Hz, 1H), 4.40 – 4.30 (m, 1H), 4.18 

– 4.07 (m, 4H), 3.92 (s, 1H), 3.70 – 3.60 (m, 

1H), 3.58 – 2.48 (m, 1H), 3.44 – 3.38 (m, 1H), 

3.38 – 3.30 (m, 1H), 2.22 (s, 1H), 2.19 – 2.12 

(m, 2H), 2.11 (s, 2H), 2.04 (s, 4H), 1.26 (t, J = 

7.2 Hz, 2H), 1.00 – 0.91 (m, 2H), 0.02 (s, 9H). 
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13C NMR (101 MHz, CDCl3) d:  172.5, 171.9, 171.3, 171.0, 157.8, 63.2, 63.0, 

62.5, 61.3, 60.6, 59.2, 54.7, 53.6, 48.8, 48.2, 

41.0, 40.6, 39.7, 29.6, 29.5, 25.23, 25.16, 22.8, 

22.4, 21.2, 17.9, 14.3, -1.3. 

 

TLC:  10% MeOH–dichloromethane, Rf = 0.32 

(Ninhydrin, UV). 
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Synthesis of Amide 4.22 

 

4-dimethylaminopyridine (1 mg, 0.006 mmol, 0.1 equiv) and EDC (23 mg, 

0.12 mmol, 2.0 equiv) were added to a stirred solution of Boc-difluorophenylalanine 

(20 mg, 0.065 mmol, 1.1 equiv) and amine 4.26 (25 mg, 0.059 mmol, 1 equiv) in 

dichloromethane (1 mL). The solution was stirred at 22˚C for 26 h, whereupon water 

(2 mL) was added. The aqueous layer was extracted with ethyl acetate (3 x 10 mL) 

and the combined organic extracts were washed with saturated aqueous sodium 

bicarbonate solution (10 mL) and brine (10 mL). The organic solution was dried over 

anhydrous sodium sulfate and concentrated. Purification of the residue by flash 

column chromatography (silica gel, starting with 1% methanol–dichloromethane, 

grading to 10% methanol–dichloromethane) afforded the ester 4.22 (34 mg, 0.047 

mmol, 80%) as a clear, yellow oil. 
 

1H NMR (600 MHz, CDCl3) d:  7.32 (d, J = 7.8 Hz, 1H), 7.17 (s, 1H), 6.73 – 

6.64 (m, 3H), 5.79 (s, 1H), 5.27 (d, J = 8.2 Hz, 

1H), 4.68 – 4.59 (m, 2H), 4.47 (s, 2H), 4.15 – 

4.08 (m, 2H), 3.66 (p, J = 5.6 Hz, 1H), 3.57 – 
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3.47 (m, 1H), 3.32 (s, 3H), 3.17 – 3.10 (m, 

1H), 2.98 – 2.91 (m, 1H), 2.25 – 2.09 (m, 4H), 

2.09 – 1.96 (m, 1H), 1.38 (d, J = 9.8 Hz, 9H), 

1.28 – 1.22 (m, 1H), 0.98 – 0.92 (m, 2H), 0.01 

(s, 9H). 

 

13C NMR (151 MHz, CDCl3) d:  171.9, 171.8, 168.6, 164.0, 163.9, 162.4, 162.3, 

157.6, 155.4, 112.4, 112.2, 102.8, 80.5, 64.4, 

63.2, 60.9, 54.5, 53.0, 48.7, 40.9, 40.4, 37.7, 

29.8, 28.9, 28.4, 25.1, 22.8, 22.4, 17.9, -1.4. 

 

TLC:  10% MeOH–dichloromethane, Rf = 0.30 

(Ninhydrin, UV). 
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Synthesis of Free Amine 4.27 

 

A solution of Boc-protected amine 4.22 (50 mg, 0.070 mmol, 1 equiv) in 

dichloromethane (1 mL) was added to a stirred solution of silicon tetrachloride (0.16 

mL, 1.4 mmol, 20 equiv) and phenol (400 mg, 4.2 mmol, 60 equiv) in 

dichloromethane (2 mL) at 22˚C. The resultant solution was stirred at that temperature 

for 1 min, whereupon the reaction mixture was cooled to 0˚C and diluted with 

dichloromethane (3 mL). Triethylamine (0.78 mL, 5.6 mmol, 80 equiv) was quickly 

added to the vigorously stirred solution at 0˚C, then the excess silicon tetrachloride 

was quenched by the dropwise addition of saturated aqueous sodium bicarbonate 

solution (2 mL). The resultant biphasic solution was separated and the aqueous layer 

was extracted with ethyl acetate (3 x 5 mL). The combined organic layers were 

washed with brine (7 mL), then they were dried over anhydrous sodium sulfate and 

concentrated for purification using flash column chromatography (silica gel, starting 

with 2% methanol–dichloromethane, grading to 8% methanol–dichloromethane) to 

afford free amine 4.27 (24.3 mg, 0.396 mmol, 57%) as a clear, yellow oil. 
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1H NMR (400 MHz, CDCl3) d:  6.90 – 6.61 (m, 4H), 4.76 – 4.54 (m, 1H), 4.54 

– 4.29 (m, 1H), 4.17 – 4.07 (m, 2H), 4.07 – 

489 (m, 1H), 3.89 – 3.70 (m, 1H), 3.70 – 3.54 

(m, 1H), 3.54 – 3.44 (m, 1H), 3.44 – 3.37 (m, 

1H), 3.37 – 3.25 (m, 2H), 2.25 – 1.92 (m, 8H), 

1.25 (d, J = 2.8 Hz, 4H), 1.16 (d, J = 6.2 Hz, 

2H), 1.03 – 0.80 (m, 3H), 0.02 (s, 9H). 

 

TLC:  10% MeOH–dichloromethane, Rf = 0.33 

(Ninhydrin, UV). 
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Synthesis of Peptide 4.24 

 

HATU (8.4 mg, 0.022 mmol, 1.1 equiv) and Hunig’s base (8.0 µL, 0.044 

mmol, 2.2 equiv) were added to a stirred solution of peptide 4.27 (12 mg, 0.020 mmol, 

1 equiv) and (E)-heptenoic acid (3.0 µL, 0.022 mmol, 1.1 equiv) in DMF (0.1 mL) at 

22 ˚C. The resultant solution was stirred at that temperature for 135 min, whereupon 

the solution was diluted with ethyl acetate (5 mL) and washed with water (1 mL), 

saturated aqueous sodium bicarbonate solution (1 mL), and brine (1 mL). The organic 

layer was dried over anhydrous sodium sulfate and concentrated. Purification of the 

residue by flash column chromatography (silica gel, starting with 2% methanol–

dichloromethane, grading to 8% methanol–dichloromethane) afforded the amide 4.24 

as a clear, yellow oil. 
 

1H NMR (400 MHz, CDCl3) d:  7.65 – 7.56 (m, 1H), 6.79 – 6.66 (m, 3H), 6.10 

(d, J = 25.1 Hz, 1H), 5.62 – 5.50 (m, 1H), 5.39 

– 5.22 (m, 1H), 4.88 – 4.81 (m, 1H), 4.81 (d, J 

= 11.1 Hz, 1H), 4.564 – 4.57 (m, 1H), 4.47 – 

4.31 (m, 1H), 4.31 – 4.20 (m, 1H), 4.17 – 4.03 
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(m, 2H), 3.83 – 3.61 (m, 1H), 3.55 – 3.21 (m, 

4H), 3.21 – 3.11 (m, 1H), 3.00 – 2.69 (m, 1H), 

2.22 (d, J = 2.7 Hz, 2H), 2.09 – 2.02 (m, 1H), 

2.02 – 1.94 (m, 2H), 1.70 – 1.63 (m, 1H), 1.25 

(d, J = 2.5 Hz, 39H), 0.93 – 0.86 (m, 6H), 0.06 

– -0.05 (m, 9H). 

 

13C NMR (101 MHz, CDCl3) d:  169.8, 158.8, 157.2, 143.8, 139.9, 138.4, 131.1, 

128.9, 121.0, 112.1, 111.4, 102.8, 100.2, 99.0, 

68.3, 63.0, 61.6, 54.4, 52.1, 48.8, 40.0, 38.7, 

36.2, 34.6, 32.1, 29.9, 29.5, 29.1, 24.9, 23.9, 

23.2, 22.8, 22.3, 20.4, 18.0, 14.3, 13.8, -1.4. 

 

TLC:  10% MeOH–dichloromethane, Rf = 0.50 

(Ninhydrin, KMnO4, UV). 
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Synthesis of Free Amine 4.28 

 

Trifluoroacetic acid (1.5 mL) was added to a stirred solution of Teoc-protected 

amine 4.24 in dichloromethane (3.5 mL) at 0˚C. The solution was stirred at that 

temperature for 80 min, whereupon the solution was warmed to 22˚C and the TFA was 

blown off with a stream of nitrogen. The crude yellow oil was purified using UPLC 

(Phenomenex 00G–4252–N0, Luna 5µ C18(2) 100A, 250 x 10.00 mm 5 micron, Ret. 

Time = 6.670 min, Flow Rate = 5 mL/min, 60% ACN–H2O) to afford the free amine 

4.28 (19.4 mg, 0.0335 mmol, 30% over 2 steps) as a clear, colorless oil. 
 

1H NMR (400 MHz, CDCl3) d:  7.71 – 7.29 (m, 3H), 6.88 – 6.61 (m, 4H), 5.83 

(d, J = 15.4 Hz, 1H), 5.57 – 5.31 (m, 2H), 4.69 

– 4.51 (m, 3H), 4.51 – 4.35 (m, 2H), 4.27 – 4.20 

(m, 2H), 3.95 (s, 3H), 3.68 – 3.59 (m, 1H), 3.56 

– 3.47 (m, 2H), 3.45 – 3.28 (m, 1H), 3.19 – 3.02 

(m, 4H), 3.01 – 2.84 (m, 2H), 2.85 (s, 1H), 2.19 

– 2.08 (m, 2H), 2.05 (s, 3H), 2.04 – 1.89 (m, 
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4H), 1.89 (p, J = 2.5 Hz, 3H), 1.42 – 1.21 (m, 

4H), 0.90 – 0.80 (m, 5H). 

 

13C NMR (101 MHz, CDCl3) d:  173.3, 173.2, 171.5, 171.0, 170.5, 167.4, 164.4, 

164.3, 162.0, 161.8, 147.3, 140.2, 139.8, 139.7, 

137.4, 136.9, 136.0, 122.4, 121.4, 121.3, 120.5, 

112.3, 112.1, 103.2, 102.9, 102.8, 102.7, 77.4, 

63.9, 61.3, 53.7, 52.6, 48.8, 40.3, 39.8, 37.4, 

36.4, 34.6, 31.9, 30.2, 29.8, 29.7, 29.3, 24.9, 

22.5, 22.4, 22.3, 22.3, 13.8, 13.7, 13.7. 

 

TLC:  10% MeOH–dichloromethane, Rf = 0.50 

(Ninhydrin, KMnO4, UV). 
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Synthesis of Fluorescent Mechanistic Probe 4.13 

 

Triethylamine (1.7 µL, 0.012 mmol, 2.2 equiv) and TAMRA-NHS (2.9 mg, 

0.0055 mmol, 1 equiv) were added to a stirred solution of peptide 4.28 (3.5 mg, 

0.0060 mmol, 1.1 equiv) in dichloromethane (1 mL) at 22˚C. The solution was stirred 

at that temperature covered in foil for 80 min, whereupon the solution was 

concentrated and the crude pink oil was purified using UPLC (Phenomenex 00G–

4252–N0; Luna 5µ C18(2) 100A, 250 x 10.00 mm 5 micron; Ret. Time = 25.000 min; 

Flow Rate = 5 mL/min; starting at 30% ACN–H2O, grading to 50% ACN–H2O) to 

afford the fluorescent probe 4.13 as a bright pink oil.  
 

HRMS:  Calcd. for C53H60F2N7O10 [M+H]+: 992.4370. 

Found: 992.4357. 
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CRYSTAL STRUCTURE DATA FOR PINACOL PRODUCT 3.24 
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Crystallographic Experimental Data for 3.24 

X-ray structural analysis for 3.24: Crystals were grown by slow evaporation of 

saturated solutions in diethyl ether and mounted using viscous oil onto a plastic mesh 

and cooled to the data collection temperature. Data were collected on Bruker D8 

Venture Photon III diffractometer with Cu- Kα radiation (λ = 1.54178 Å) focused with 

Goebel mirrors. Unit cell parameters were obtained from 48 data frames, 0.5º ω, from 

different sections of the Ewald sphere.  

The unit-cell dimensions, equivalent reflections and systematic absences in the 

diffraction data are uniquely consistent with P212121/n. The Flack parameter refined to 

zero indicating the true hand of the data has been determined. The data were treated 

with multi-scan absorption corrections.1 Structures were solved using intrinsic phasing 

methods2 and refined with full-matrix, least-squares procedures on F2.3 

Non-hydrogen atoms were refined with anisotropic displacement parameters. 

Hydrogen atoms were located from the difference map and allowed to refine freely 

isotropic atomic displacement factors. Atomic scattering factors are contained in the 

SHELXTL program library.2 

 

 

 
 
1 Apex3 [Computer Software]; Bruker AXS Inc.: Madison, WI, USA, 2015. 

2 Sheldrick, G.M. Acta Cryst. 2015, A71, 3–8. 

3 Sheldrick, G.M. Acta Cryst. 2015, C71, 3–8. 
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Crystal data and structure refinement details for 3.24 

 

Identification code chai052 

Empirical formula C20H32O4 

Formula weight 336.45 

Temperature/K 100 

Crystal system orthorhombic 

Space group P212121 

a/Å 10.1226(6) 

b/Å 10.6976(6) 

c/Å 16.7624(10) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 1815.16(18) 

Z 4 

ρcalcg/cm3 1.231 

μ/mm-1 0.669 

F(000) 736.0 

Crystal size/mm3 0.467 × 0.462 × 0.236 
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Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 9.808 to 150.628 

Index ranges -12 ≤ h ≤ 12, -12 ≤ k ≤ 13, -20 ≤ l ≤ 20 

Reflections collected 12977 

Independent reflections 3717 [Rint = 0.0292, Rsigma = 0.0326] 

Data/restraints/parameters 3717/0/345 

Goodness-of-fit on F2 1.061 

Final R indexes [I>=2σ (I)] R1 = 0.0300, wR2 = 0.0792 

Final R indexes [all data] R1 = 0.0301, wR2 = 0.0793 

Largest diff. peak/hole / e Å-3 0.27/-0.15 

Flack parameter -0.03(3) 

 

 


