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ABSTRACT
The oral microbiome represents an extremely diverse environment that harbors
many species of bacteria; over 700 different species have been identified overall. These
organisms may be either commensal or pathogenic, and reside in multi-species
communities of bacterial biofilms. As such, these bacteria may be 100-1000 times less
susceptible to antibiotic treatment than their planktonic counterparts. One pathogenic
organism that exists as a biofilm in the oral cavity is Streptococcus mutans, the main
etiologic agent contributing to dental caries. Recently, the myxobacterial natural product
carolacton was isolated and shown to be lethal to S. mutans cells in a biofilm at low (10
nM) concentration. As part of an endeavor to take inspiration from natural products to
develop new therapeutics to combat biofilms, our group became interested in carolacton.
This dissertation describes research conducted into the synthesis and biological
evaluation of carolacton. Total synthesis enabled the biological evaluation of carolacton
as well as several analogs. A novel compound was identified that was shown to elicit a
phenotypic response from S. mutans that was different from that elicited by carolacton. In
an effort to uncover novel simplified carolacton derivatives that maintain bioactivity
and/or act via a different mechanism, we have exploited the power of diverted total
synthesis in order to obtain a 1st-generation library of carolacton analogs. By leveraging a
common intermediate that we were then able to diversify, we have obtained a library of
simplified aryl analogs. Preliminary testing of these analogs has revealed a compound
that inhibits growth and formation of S. mutans biofilms. This research has enabled us to
obtain compounds that will serve to guide future drug discovery efforts, as well as act as
tool compounds to help identify novel drug targets in S. mutans biofilms.
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CHAPTER 1
CAROLACTON: A POTENT ANTI-BIOFILM NATURAL PRODUCT
1.1 Privileged Scaffolds from Nature as Leads for New Drugs
A current resurgence of interest in natural products as lead compounds for drug
development to address a variety of ailments has resulted in what Shen has described as
the “New Golden Age of Natural Products Drug Discovery”.1 Drastic advances in
methods both for the discovery of new natural products and their synthetic construction
has opened up previously unexplored avenues of disease treatment. Indeed, natural
products represent a class of molecules with great potential for use in the therapeutic
realm. Microorganisms produce a staggering amount of secondary metabolites that have
been evolutionarily designed as defense mechanisms against competing organisms,
thereby providing scientists with a host of molecules that possess inherent drug-like
properties.2-6 Exploration of these metabolomes has led to the identification of many
natural products that serve as a platform for drug discovery efforts, particularly evidenced
by the awarding of the 2015 Nobel Prize in Physiology or Medicine for the development
of natural product-based therapies for parasitic diseases.7 However, it is believed that we
have only identified a small fraction of the available natural products, leaving the vast
majority yet unexplored.5,8 It is estimated that approximately 99% of all external species
remain are as of yet not characterized, representing an overwhelming portion of the
natural product space that remains uncharted.3
Many bacterial natural products have been designed to act as highly potent
weapons in the battle against other microorganisms competing for resources.2-6 As such,
there is potential to exploit these molecules as leads to develop novel treatments against
1

disease-causing agents. Furthermore, examination of the libraries of natural products that
have been isolated and characterized reveals the presence of “privileged scaffolds”,9,10 a
term coined by Evans in 1988 (Figure 1.1).11 Prominent examples include the β-lactams
1.312,13 (e.g. penicillin), tetracyclines 1.4,13 macrolides 1.2,13 coumarins 1.1,14,15 and
glycopeptides 1.5.16,17 These scaffolds tend to impart drug-like characteristics, while
alteration to the scaffold decoration can lead to high levels of potency and specificity.
Using these scaffolds as a starting point, Nature has generated thousands of distinct
molecules by way of biosynthesis,10 thus providing inspiration for chemists to take
advantage of the principle of privileged scaffolds via isolation and synthesis of natural
products. Through the power of synthesis, these scaffolds may be modified in order to
introduce new analogs that possess improved bioactivity and are more favorable drug
candidates.17
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Figure 1.1: Examples of privileged scaffolds in drug development
1.2 Twelve-Membered Macrolactones as Privileged Scaffolds
The macrolactone is a scaffold present in a wide variety of natural products.
Macrolactones represent an extremely diverse subset of natural products, and are often
2

found to possess interesting bioactivity. As such, they have become a prominent means of
discovery of new therapeutic leads.18-21 Ranging in size from ten to greater than twenty
atoms and often including other privileged motifs, the macrolactones have been heavily
studied and exploited for their biological properties. The subset of this class of molecules
encompassing the twelve-membered macrolactones may potentially be considered a
privileged scaffold (Figure 1.2). These are “small” macrolactones and have the advantage
of low molecular weight, amenability to synthesis using well-precedented technology,
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Figure 1.2: Examples of twelve-membered macrolactones with important
biological properties
and the ability to diversify syntheses to generate analogs, thus guiding structure-activity
relationship (SAR) and mechanism of action (MoA) studies. The great diversity in
regards to the biological profiles and targets of these molecules implies that there are
many therapeutic targets remaining to be described.10 There are numerous examples of
twelve-membered macrolactones which have proven to be extremely useful in developing
3

novel drug leads and elucidating previously unknown drug targets, as are discussed in
detail in a review by Brzozowski and Wuest.22
1.3 Diverted Total Synthesis of Natural Products
Modern methods of isolation and synthesis have led to the rapid advancement of
new compounds as leads for drug discovery. Of particular importance is the generation of
analogs that lead to improved activity and/or the discovery of entirely new targets and
MoAs. Traditionally, however, the synthesis of analogs of natural products has suffered
from several drawbacks. For instance, although it is possible to generate analogs via
direct manipulation of the natural product, this avenue can be inefficient; it is only a
viable strategy if the parent compound can be isolated in relatively high yield. Also, it is
impossible to introduce any deep-seated structural changes to the molecule, thus limiting
the creativity of the chemist. Additionally, Nature has limited resources for the generation
of compounds; the biosynthesis of polyketide natural products like those discussed here
involves incorporation of only a few building blocks such as acetyl, malonyl,
methylmalonyl, methoxymalonyl, etc.23 Therefore, leveraging biosynthesis to generate
analogs limits the researcher. Chemists have thus been forced to devise methods of
synthesis that enable the efficient and simple procurement of analogs of natural products
that are not limited by the parent scaffold or by Nature’s machinery.
In recent years, the strategy of diverted total synthesis (DTS) (Figure 1.3) has
gained popularity as a method of obtaining compounds otherwise unavailable from
Nature or through manipulation of the parent compounds. The term “divergent total
synthesis” was coined in 2006 by Danishefsky24 when he described the usefulness of
synthetic natural product analogs as a means to uncovering biological information.
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Through clever design of a synthetic route, one may employ the concept of DTS to
quickly amend their synthesis to access otherwise unavailable compounds. The twelvemembered macrolactone class of compounds is poised uniquely well for such endeavors.
Syntheses to access these compounds tend to be modular and convergent. Several
fragments are synthesized prior to being coupled and cyclized. Side chain and
macrocyclic decorations may be carried through as part of a coupling fragment or
synthesized separately and coupled to the macrocycle at a later stage. Synthesis in this
manner presents certain advantages: 1) asymmetric reactions are often easily modulated
to alter stereochemistry in the end product, 2) using varied coupling partners to generate
the core scaffold allows for creation of structural libraries of analogs with minimal
alteration to the route, and 3) late stage manipulation via oxidations, reductions, and
substitutions allows for easy manipulation of specific functional groups.
Building
Blocks

Advanced
Intermediates

Natural Product
Total synthesis
Biosynthesis

Diverted Total
Synthesis

Analogs

Figure 1.3: Diverted total synthesis allows access to analogs not otherwise
attainable
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Indeed, there are many examples in the literature of times when DTS has greatly
aided in drug discovery efforts. Examples of cases where DTS has enabled drug
development and target elucidation specifically in regards to twelve-membered
macrolactones include compounds such as cruentaren A (1.9),25 pladienolide B (1.6),26
mycolactone (1.10),27 FD-895 (1.7),28 apicularen A (1.8),29 the oximidines (1.11),29 and
many more (Figure 1.2). A peritinant example that highlights the power of DTS in the
drug development realm is the case of iso-fludelone (Scheme 1.1).30 The natural product
epothilone (1.12) was found to be a highly potent anti-cancer agent. However, its
usefulness was hindered by toxicity and stability issues. Therefore, DTS led to the
synthesis of an analog lacking the epoxide (1.13) and thus reducing toxicity. Further
development led to increased potency via the unsaturated macrocycle 1.14. Replacement
of the methyl group by a non-oxidizable trifluoromethyl increased stability, affording
fludelone (1.15). Finally, further manipulation of the heterocyclic moiety afforded isoS
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Scheme 1.1: Diverted total synthesis led to the discovery of iso-fludelone
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fludelone (1.16). Fludelone and iso-fludelone were then advanced into clinical trials. For
further examples, the reader is referred to reviews concerning the utility of DTS.22,30-33
1.4 The Oral Microbiome: A Complex, Multi-species Environment
1.4.1 Biofilms in the Human Oral Cavity
The previous sections have described the importance of natural products in the
development of treatments for disease. Of particular interest is the possibility of using
natural products as a source of inspiration to develop drugs capable of combatting
bacterial biofilms. Biofilms represent a communal aspect of the bacterial lifecycle, and
are a burden to many industries as well as to human health.34,35 Importantly, the
development of a biofilm leads to a 100-1000 fold increase in bacterial resistance,35
thereby rendering most common treatments useless. Biofilms are capable of forming in a
variety of environments, often adhering to a surface by way of secretion of an
exopolymeric substance (EPS).34 One particular environment that is universally prone to
colonization by biofilm-forming bacteria is the human oral cavity. The oral cavity is an
ideal environment for the formation of biofilms due to the presence of surfaces (e.g.
teeth, gums, tongue, etc.) for colonization and a constant flow of nutrients and air.36,37 As
such, bacteria residing in the oral cavity have been shown to be implicated in a huge
number of diseases, including dental caries, gingivitis, and tonsillitis, as well as systemic
diseases such as endocarditis and pneumonia.38,39 It is the ability of these bacteria to form
a biofilm that lends to their pathogenicity and staying power.
The general lifecycle of an oral biofilm is shown in Figure 1.4. In the oral cavity
(and in many other environments), biofilms are composed of several species of bacteria
(as discussed in detail in the next section).34,36,37 When planktonic cells are placed under
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stress (i.e. the presence of an antibiotic) signaling networks trigger organisms classified
as “primary colonizers” to coordinate and form a biofilm as a form of defense.36
Attachment to a surface (e.g. the enamel surface of a tooth) and aggregation of bacteria is
facilitated by the excretion of the EPS.34 Further aggregation of the bacteria leads to
formation of microcolonies. As the biofilm matures, secondary (“late”) colonizers begin
to attach and integrate into the biofilm. Further, signaling cascades can lead to the
dispersion of the biofilm, thus allowing bacteria to migrate to new territories. Depending
on the location and composition of the biofilm, its constituents may interact with each
other in symbiotic or pathogenic manners.38

Figure 1.4: Lifecycle of an oral biofilm
1.4.2 Heterogeneity of Oral Biofilms
The Human Microbiome Project has shown that the human body is home to a vast
number of bacteria, many of which are essential to our survival, and some which are
dangerous pathogens.40 Indeed, the oral cavity is known to be home to many diferent
species of bacteria.36 As mentioned in the previous section, oral biofilms are always
composed of several species of bacteria consisting of commensals (beneficial bacteria),
symbiots, and/or pathogens. In fact, it has been shown that in the typical human oral
cavity, up to 200 species of bacteria may reside, however this estimate is conservative, as
over 700 species of oral colonizers have been identified.36,38 Among the species residing
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in the oral microbiome are commensal bacteria such as S. sanguinis and S. gordonii and
pathogenic bacteria such as Streptococcus mutans (SMU, Section 1.4.3), P. gingivalis,
and Streptococcus sobrinus.38 However, the composition of the oral microbiome is highly
variable, with several distinct environments harboring different species.37,38 Adding to
this complexity is that the constitution of the oral cavity varies drastically among age
populations, and across socioeconomic and geographical separations, and even as a result
of personal habits (e.g. smoking, diet, hygiene, etc.). Even factors such as salivary flow
and pH result in differences among individuals.37,38 Furthermore, the constitution of
bacterial communities varies based on the location in the oral cavity itself. For example,
the enamel surface of teeth is colonized almost entirely by Gram-positive streptococci. At
the gum-tooth junction, Gram-positive and Gram-negative bacteria are present, while
subgingival environments are composed of Gram-negative anaerobes.36
Unfortunately, medicine often attempts to focus on a single organism as the
culprit of a particular disease or condition. However, it is the multi-species communal
nature of the oral microflora that is the major contributing factor to the disease. For
instance, an abnormal inflammatory response to commensal bacteria may be exacerbated
by the presence of pathogenic bacteria, thus leading to periodontitis.38,39 Additionally,
SMU, the main etiologic agent contributing to dental caries, is a prominent constituent of
multi-species oral biofilms, and will be discussed further in the next section.
1.4.3 Streptococcus mutans: A Late Colonizer of Oral Biofilms
SMU is a Gram-positive coccal microbe that resides most commonly in the oral
cavity.41-43 It is classified as facultatively anaerobic, and in the laboratory thrives in a
microaerophillic (low oxygen) environment maintained at 37 °C, although it may be
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grown anaerobically. As mentioned in the previous section, the pathogencicity of SMU
results from its ability to undergo a phenotypic shift to the biofilm state.36-39 The
formation of SMU biofilms is sucrose dependent; in the presence of sucrose,
glycosyltransferases form extracellular polysaccharides (glycans) that enable SMU to
“stick” to the surface of teeth, thus facilitating biofilm formation.41-43 (Figure 1.5)

Figure 1.5: S. mutans is a secondary colonizer that causes acidification
and tooth decay
SMU is characterized as a late colonizer of oral biofilms; in the first stages of
biofilm development, SMU composes only about 2% of oral Streptococci, however this
rises to about 30% during the later stages.37 The pathology of SMU stems from its ability
to outcompete and outlast other organisms in the oral cavity. In fact, SMU is known to
produce substances (lactic acid, peroxide, bacteriocins, etc.) that may provide it with a
competitive advantage over neighboring bacteria.36 These capabilities enable the
establishment and progression of dental caries, the single most common chronic
childhood disease, and a disease that particularly effects developing populations.36-38 The
extreme acidophilicity and acidogenic properties of SMU lead to the demineralization of
tooth enamel.37,38 Additionally, SMU has been shown to be involved in cardiovascular
disease and endocarditis.38,39 The threatening pathogenicity of SMU, coupled with its
ability to evade common antibiotic stress, has resulted in a need to discover and develop
10

compounds capable of attacking it in its biofilm state while remaining harmless to
commensal bacteria.
Of particular importance to the work discussed in future sections are the signaling
networks utilized by SMU. It is known that SMU relies heavily on two-component
signaling systems (TCS) to regulate its lifecycle. SMU utilizes fourteen such systems,
including ComDE and VikKR.44,45 Among other functions, ComDE is responsible for
genetic competence,44,45 and VikKR is part of the oxidative stress response.46 SMU also
relies on signaling via a serine/threonine protein kinase (STPK), PknB, and its cognate
serine/threonine protein phosphatase (STPP), PppL.46 It should be noted that this is the
only STPK identified in SMU. Additionally, there is significant evidence of crosstalk
between PknB and the TCSs mentioned above; ComDE and VikKR.46 It is known that
pknB mutations give rise to defects in biofilm formation and acid tolerance. Specifically,
pknB mutants display morphological changes, including increased lysis and rounding of
cells in addition to hypersensitivity to low pH and osmotic stress.46
1.4.4 Narrow Spectrum Drugs to Combat Biofilms
Disease-causing bacteria such as SMU that exist in communities with commensal
organisms present a very difficult problem for medical practitioners; that is, how can one
attack the pathogenic bacteria without disrupting the composition of the essential
microflora? It is obvious that the highly complex nature of multi-species environments
coupled with the rapid evolution of resistance necessitates the advancement of new
treatments.34 Thus, there is a demand to develop drugs that are capable of specifically
targeting a single organism among a myriad of different species. Such “narrow-spectrum”
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antibiotics would be essential weapons in the fight against bacteria that are constantly
evolving new mechanisms of resistance.
Narrow spectrum antibiotics that are capable of attacking a single organism such
as SMU in a multi-species biofilm would be invaluable to human life. One can conceive
of compounds that could interrupt the biofilm lifecycle at various stages of development,
and/or act as adjuvants for treatments that are otherwise rendered ineffective. As alluded
to earlier, the search for such drug leads is a driving force for searching the metabolomes
of microorganisms for natural products with drug-like activity. This search has indeed
led to the recent discovery of a natural compound named carolacton.47,48 The interesting
and potentially valuable bioactivity of carolacton has attracted the attention of our group,
as well as several others. The following sections will detail the discovery and
biological activity of carolacton, as well as describe studies that have attempted to
elucidate its MoA.
1.5 Carolacton: Isolation and Initial Reports of Bioactivity
One compound that has emerged with the potential to specifically target SMU
within a biofilm is carolacton (1.17), a myxobacterial natural product (Figure 1.6).44,47,48
Myxobacteria are ubiquitous Gram-negative soil bacteria known to contain generally
large genomes (9-13 Mbp) and thus regularly produce a large number of low molecular
weight secondary metabolites.44 This unusually dense metabolome presents an ideal
opportunity for the discovery of new compounds and especially for the identification of
new and interesting biological targets. One particular myxobacteria whose metabolome
has been extensively characterized is Sorangium cellulosum. In 1998, during a study
aimed at discovering new antibiotics from myxobacteria, the macrolide ketocarbonic acid
12

carolacton was isolated from an extract of the S. cellulosum strain So ce960 because of its
activity against an antibiotic sensitive strain of E.coli.47,48
OH

O

- Isolated from myxobacterium Sorangium cellulosum Sp ce960 (2.75 mg/L)

Carolacton
OH

O

1.17
O

- Kills S. mutans in a biofilm at low (10 nM) concentration
OMe O

- No effect on planktonic cultures
OH

- Mechanism of action and target unknown

Figure 1.6: Structure, isolation, and bioactivity of carolacton
In 2010, the complete structural assignment of carolacton was reported.48 During
isolation from the natural source, 16.6 g of crude extract from 100 L of fermentation
broth yielded 275 mg pure carolacton (2.75 mg/L). HRMS analysis in agreement with
NMR spectra confirmed a structure with the empirical formula C25H40O8 containing six
degrees of unsaturation. The structure and configuration of the double bonds were
determined using multiple NMR techniques. The absolute configurations of the
stereogenic centers were determined mainly by chemical derivitization and the relative
configurations were determined by a combination of NMR and molecular modeling
techniques. Finally, single-crystal X-ray analysis confirmed the absolute and relative
configuration of carolacton.48
Further studies focused on the metabolites of myxobacteria found that carolacton
is a potentially potent molecule capable of reducing the number of viable cells in a
biofilm comprised of SMU. It was initially reported that at a concentration of 0.005
µg/mL, 35% of biofilm cells died while planktonic cells remained virtually unaffected.48
Preliminary studies have already provided validation for the usefulness of carolacton;
impregnation into a dental composite was shown to prevent bacterial growth for forty-
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five days.49 Despite the promising results, the target and MoA of carolacton have yet to
be fully elucidated (vide infra).
1.6 Carolacton: Mechanism of Action and Target Identification Studies
1.6.1 Bioassays Used to Study SMU Biofilms
Many methods have been established that are commonly used to study the effects
of drug treatment on biofilms. For example, several metrics have been defined in order to
quantify the potency of compounds active against biofilms in one way or another.50
Minimum inhibitory concentration (MIC) described the concentration of compound
required to visibly stop growth of planktonic cells in a well plate. (In the case of
carolacton in which there is no effect on planktonic cultures, there is no MIC.) Minimum
biofilm inhibitory concentration (MBIC) described the concentration of compound
required to stop growth of a biofilm when the compound is dosed prior to the beginning
of biofilm formation. Minimum biofilm eradication concentration (MBEC) is defined as
the concentration of compound required to destroy a biofilm that has already formed (i.e.
the compound is dosed after the biofilm has been allowed to form).50
Throughout the remainder of this dissertation, the growth and characterization of
SMU biofilms will be important. Therefore, a brief introduction to growth conditions and
characterization methods is appropriate here. SMU biofilms may be grown in standard
well plates to which have been added a small glass coverslip. The incorporation of
sucrose into the growth media induces biofilm formation.51 After incubation overnight, a
biofilm forms on the coverslip. When a drug compound is to be tested for its effects on
the biofilm, it is simply dosed into the growth media prior to incubation.
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In order to study the effects of drug compounds on the formation and growth of
SMU biofilms, we have turned to confocal microscopy (Figure 1.7). In this manner, we
may obtain a detailed picture of the phenotypic response of the organism to treatment
with a particular compound. In order to characterize cell viability, membrane integrity,
and morphology in a treated biofilm, several stains may be used to highlight different
cellular features. For our studies (described in future chapters) and studies described in
the following sections, the commonly used staining system is the LIVE/DEAD
combination (Figure 1.7, bottom images). This system is a combination of the Syto 9
(green) and propidium iodide (red) stains.52 Both dyes are taken up by cells and stain
DNA, with propidium iodide having a much greater affinity for DNA than Syto 9.
However, propidium iodide is membrane-impermeable in living cells. Thus, live cells are
stained only by syto 9 and take on a green color. Conversely, dead cells are stained red,
indicating membrane damage.52 Other methods are additionally, used to characterize

Figure 1.7: Top: Workflow to grow and image biofilms; Bottom: Control biofilms
stained with syto 9/propidium iodide (LIVE/DEAD)
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SMU biofilms, however they are less ubiquitous in the work described in later chapters
and will thus be described on a case by case basis.
1.6.2 ComX as a Possible Target
Much interest has been expressed in elucidating the biological mode of action of
carolacton toward SMU biofilms and planktonic cell cultures. In 201044 and 2011,53 the
first two reports investigating the biology of carolacton were published. Dobler et al.44
has shown that carolacton only very slightly affected SMU planktonic cultures grown
aerobically and anaerobically. LIVE/DEAD staining and imaging showed that most
planktonic cells stained green, but changes in cell morphology (elongation and chain
formation) were apparent, indicative of reduced acid tolerance. Confocal imaging of
biofilms confirmed the presence of significant membrane damage. An examination of
dose dependency revealed that there is a leveling effect of damage at greater than 0.1 µM,
indicating that saturation with carolacton occurs quickly and implying that the target is
present in low copies in the cell.44 Additionally, it was found that minimal damage
occurred during the first six hours of biofilm formation, indicating that carolacton exerts
its effect on a target only present at a specific time-point in biofilm formation.
To shed light on the MoA, an investigation into the quorum sensing systems of
SMU was undertaken.44 The ComCDE system is important in SMU for biofilm formation
and response to environmental stress, as well as development of genetic competence.
Figure 1.8 shows the regulatory network of the ComCDE system.45 comC encodes for an
excreted competence stimulating peptide (CSP). When the CSP reaches a sufficient
extracellular concentration, it is detected by the two-component system comprised of the
histidine kinase ComD (membrane integrated) and the response regulator ComE
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(intracellular). Activated ComE may then induce expression of the alternative sigma
factor ComX, which is implicated in competence and the stress response (remarkably,
240 different genes are involved in the ComX signaling pathway).44 In addition to
activation by ComE, ComX may also be activated by another TCS (CiaRH) as well as
stress (Figure 1.8).44,45
In a ComD knockout mutant, there was a slight decrease in sensitivity to
carolacton treatment (40% damage in the ΔcomD strain as compared to >60% in the wildtype).44 ComC and ComE knockouts were consistent with the wild-type. Interestingly, via
the construction of a pcomX-luciferase reporter strain, there was shown to be a significant
reduction in CSP-induced ComX expression after the addition of carolacton.44 Therefore,
it is possible that carolacton interferes with some other TCS and that interference is then
transferred to ComX. Although it may appear that carolacton acts by inhibiting ComDinduced ComX expression, the ComD mutant is only slight less sensitive to carolacton

Figure 1.8: ComX is positively regulated by CSP via the ComDE TCS, as well as
CiaRH and stress
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than the WT. Therefore, the authors hypothesize that interaction of carolacton with a
different TCS relays the effect to ComX.44
1.6.3 PknB as a Possible Target
Further investigation by Dobler et al. in 201153 revealed new information
concerning the biological mode of action of carolacton. Via analysis of the extracellular
eDNA and protein content of a carolacton-treated biofilm, it was determined that
carolacton leads to leakage of cellular contents, however not by causing complete cell
lysis. Since carolacton was shown to act exclusively on proliferating cells, membrane
damage is not a direct effect of carolacton treatment. Additionally, an up-regulation of
the FoF1 ATPase genes (responsible for acid tolerance), rules out acid intolerance as the
killing mechanism of carolacton.53 Based on these results, it would seem plausible that
carolacton exerts its effect on a system associated with membrane metabolism.
Analysis of several mutant strains of SMU with various deletions was then
undertaken.53 The STPK PknB is implicated in cell wall metabolism, as well as crosstalk
with TCSs of SMU such as the VicKRX and ComDE systems (Figure 1.9).46,53
Remarkably, a pknB deletion mutant was shown to be insensitive to carolacton
treatment,53 hinting at its role in the MoA of carolacton. The authors thus hypothesize
that interruption of cell wall metabolism via interaction with PknB would weaken the cell
wall, thus leading to lysis at low pH, as is observed after carolacton treatment.53 Although
the insensitivity of the PknB knockout is an interesting result that undoubtedly sheds light
on the MoA of carolacton, there was no conclusive proof provided that it is a direct target
via phosphorylation assays with the purified enzyme.
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Figure 1.9: PknB interactions with other systems in SMU
1.6.4 Comparative Proteomics Approach
In 2013, Zeng et al. set out to map the proteome of SMU and use this map as a
reference to examine differential protein expression after treatment with carolacton.54
Whereas previous reports had relied mainly on knockout studies to identify potential
cellular targets, a comparative proteomics approach was employed to identify changes in
the protein expression profile after treatment. 192 different cytoplasmic proteins were
identified, thus representing a proteomic “map”.54 SMU biofilms grown in the presence
of carolacton were subjected to similar characterization. They found that extracellular
protein concentrations in carolacton treated cells were about 3-fold higher than in the
control. A total of 39 different proteins were identified, 26 of which were also found in
the cytoplasmic fraction of the control, indicating that carolacton damaged the cells to the
point that leakage of cytoplasmic proteins into the extracellular space was possible, thus
validating previous results.54
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Alternatively, few cytoplasmic proteins showed differential expression levels
after treatment.54 Among them were three SOS response proteins involved in acid
tolerance (RecA, SsbA, and PnpA) as well as a cell wall protein (Bsp). Although it is
known that carolacton leads to acidification, it was shown that the up-regulation of the
SOS proteins was due to carolacton’s presence, not the lower pH. Up-regulation of the
cell wall protein Bsp has been linked to thicker biofilms, decreased viability, and altered
cell morphology.54 It is clear that carolacton led to up-regulation of Bsp transcription, but
the exact mechanism remains unknown. Notably, PknB was not among proteins
identified to be differentially regulated.
In 2014, Zeng expanded on this work by constructing a transcriptional regulatory
response network to carolacton treatment of SMU.55 It was found that several (86 in total)
genes could be related to the effect of carolacton treatment, including the TCS
components VicR and MbrC. Importantly, five gene deletion knockouts were constructed
and tested for their sensitivity to carolacton.55 A cysR deletion (CysR is responsible for
cysteine metabolism) was almost completely insensitive to carolacton, implying its
importance in the response to treatment. Given that several of the regulatory targets of
CysR are implicated in cell wall stability, it correlates with the observation that
interference with CysR signaling would lead to cell wall damage, as is the case with
carolacton treatment. Again, PknB was not among the proteins found to be differentially
regulated by carolacton, although PknB is known to act upstream of many of the
carolacton-perturbed systems.46,53
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Taken as a whole, the studies described above provide valuable knowledge
concerning the biology of carolacton, however, the target and MoA remain to be
conclusively elucidated. Regardless, several points can be drawn from this body of work
Figure 1.10):
•

Carolacton exerts its effect early in the biofilm lifecycle.

•

Carolacton likely exerts its effect on a target present in low copies in the cell, thus
implying a biofilm-associated signaling system.

•

There are multiple examples of gene deletion mutants that are insensitive to
carolacton treatment, thus implying a need for a different approach to unravel the
MoA.

•

The killing effect of carolacton is undoubtedly mediated by severe cell wall
damage.

Figure 1.10: Carolacton kills SMU cells in the early stages of biofilm
formation by indirectly causing membrane damage
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1.7 Summary
The need to uncover novel antibiotic treatments is one of the driving forces
behind natural products research. By mining the metabolomes of microorganisms, plants,
fungi, etc., we have access to a vast amount of currently undiscovered compounds with
potentially useful biological activity. Through the power of DTS, analog libraries of these
natural products may be procured in an efficient and timely manner, thus facilitating SAR
and MoA studies. One such molecule that has recently attracted the attention of our group
is carolacton, a natural product with the ability to kill cells in a SMU biofilm at extremely
low concentrations. Several groups have attempted to elucidate the MoA by which
carolacton exerts its effect, however the results of these studies remain inconclusive and
contradictory. The following chapter will describe synthetic efforts toward carolacton by
other groups as well as ours. Additionally, a genetic approach to developing MoA
hypotheses is described.
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CHAPTER 2
CAROLACTON: SYNTHESES AND BIOLOGICAL STUDIES
2.1 Synthetic Efforts Toward Carolacton
The interesting bioactivity of carolacton and its potential use as a therapeutic lead
demands further investigation into its biological properties and MoA. Although
carolacton may be isolated in modest yields from its natural source, several groups have
reported their synthetic efforts toward the natural product for further study, however only
two of these attempts have been met with success. Additionally, the development of
synthetic strategies has and will continue to provide access to unnatural congeners that
may shed light on important structure activity relationship information. This chapter will
describe synthetic efforts toward carolacton and analogs by other groups as well as ours.
Finally, this chapter will culminate in a description of results we have obtained by
analyzing the phenotypes of S. mutans single-gene knockouts that overlap with genes that
are known to be regulated by carolacton.
2.1.1 Kirschning Total Synthesis
The Kirschning group reported the first total synthesis of carolacton ((−)-2.1) in
2012.1 Their synthesis was highlighted by a convergent route that employed several key
stereoselective, metal-mediated C-C bond forming reactions. The retrosynthesis is shown
in Scheme 2.1. They envisioned forming the macrocycle via a Shiina macrolactonization,
and, the full carbon skeleton (−)-2.2 would be furnished by an asymmetric NozakiHiyama-Kishi reaction. The coupling precursor aldehyde (−)-2.3 would utilize a NegishiFu coupling between 2.6 and (−)-2.7, and a subsequent Ley aldol with (−)-2.5 to
introduce

the

northern
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diol.

The iodide fragment (+)-2.4 was to be furnished via a Marshall reaction between 2.9 and
(−)-2.10, and a Duthaler-Hafner aldol reaction with the titanium enolate of 2.8.1
OH
OH
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Scheme 2.1: Retrosynthesis of carolacton synthesis by Kirschning
Synthesis of the alcohol precursor ((−)-2.13) to the NHK coupling partner (−)-2.3
(Scheme 2.2) began via synthesis of bromide (−)-2.7.1 The bromide was obtained via
known procedures,2,3 starting from lactic acid and proceeding by Breit’s asymmetric
alkylation protocol.2,3 An asymmetric Negishi-Fu cross coupling4,5 of (−)-2.7 with the
racemic chloride 2.6 provided ester (−)-2.11.
O

1) Zn, I2
OTIPS 2) NiCl2-glyme,

Br

OEt

NaCl, (S,S)-Pybox, 2.6
(−)-2.7

1) DIBAL (94%)
2) MnO2
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(82%, dr >10:1)

OMe
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(57% over 2 steps,
dr >20:1)

OMe

O
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OH
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OTIPS

(−)-2.11

1) CSA (74%)
2) 2,2-DMP, PPTS (87%)

O

OH

O
MeO2C

(−)-2.13

Scheme 2.2: Synthesis of precursor to the NHK aldehyde coupling partner
The proposed model leading to the stereochemical outcome of the Fu coupling is
shown in Scheme 2.3. Transmetalation of (−)-2.7 to form the zinc species 2.14 leads to
the nickel species 2.15. Coordination of the ester (2.6) to the nickel complex 2.15 leads to
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Scheme 2.3: Mechanism of the asymmetric Fu coupling
a stereoconvergent oxidative addition to form the intermediate 2.16, which then
undergoes an enantioselective reductive elimination to provide the coupled product
(−)-2.11 with excellent selectivity.6
A lithium-mediated Ley aldol reaction with the protected glycolic acid fragment
(+)-2.5 provided the aldol adduct (−)-2.12 with high diastereoselectivity. The proposed
transition state leading to this product is shown in Scheme 2.4, in which case the
aldehyde 2.17, derived from (−)-2.11 via reduction and oxidation, reacts with the lithium
enolate of (+)-2.5.1,7,8 Subsequent tandem transesterification and removal of the TIPS
protecting group with camphorsulfonic acid, followed by protection of the resultant diol
as the dimethyl acetal, afforded alcohol (−)-2.13.1
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Scheme 2.4: Mechanism of the Ley aldol coupling
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OH

O
H

R=

OTIPS

Synthesis of the iodide coupling fragment (+)-2.4 (Scheme 2.5) began with a
Marshall reaction to join the alkyne (−)-2.10 and aldehyde 2.9 in a SN2-type reaction. The
proposed mechanism for this transformation is shown in Scheme 2.6.9-11 Formation of the
palladium allene 2.21 is followed by formation of the iodo-indium species. Net inversion
of stereochemistry of the methyl group occurs, affording the product alkyne (+)-2.18.
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(88%, over 2 steps,
dr 5.5:1)

Scheme 2.5: Synthesis of the NHK iodine coupling partner (+)-2.4
Protecting group manipulation and oxidation of (+)-2.18 furnished the aldehyde
2.19 for a Duthaler-Hafner aldol reaction with the titanium enolate of 2.8.12-14 Notably,
this reaction required significant optimization to find conditions to provide the desired
anti-Felkin product. Attempts to use Lewis acids to induce substrate controlled selectivity
only provided the undesired product. Scheme 2.7 shows a proposed stereochemical
rationale for the production of the desired product by leveraging the chiral ligands on
titanium on the enolate 2.23. In this model, Felkin addition is precluded by a steric clash
between the bulky aldehyde R group and the equatorial titanium ligand. Anti-Felkin
addition circumvents this clash, leading to the desired product (+)-2.20. Methylation and
formation of the vinyl iodide via hydrozirconation and trapping with iodine revealed the
iodide-coupling partner (+)-2.4.1
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Scheme 2.6: Mechanism of the Marshall reaction to
form alkyne (+)-2.18
The full carbon scaffold was realized via an asymmetric NHK reaction between
the aldehyde generated by Swern oxidation of (−)-2.13 and iodide (+)-2.4 that proceeded
in excellent yield and with diastereoselection resulting in a 4.7:1 mixture of epimers
(Scheme 2.8).1 Scheme 2.9 shows the mechanism of this reaction. Coordination of
chromium to the chiral ligand 2.25 forms the intermediate chromium species 2.26.
Formation of the nickel species 2.27 from (+)-2.4 leads to the chiral complex 2.28.
Aldehyde (−)-2.3 then undergoes a diastereoselective reductive elimination via 2.29 to
form (−)-2.2.15
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Scheme 2.7: Transition state models leading to
formation of the anti-Felkin aldol adduct (+)-2.20
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Scheme 2.8: Endgame for carolacton total synthesis
Finally, hydrolysis of the methyl ester of (−)-2.2 followed by macrolactonization
using the protocol developed by Shiina and formation of the terminal acid generated
protected carolacton (−)-2.24. Revealing the acid followed by removal of the PMB
protecting group, oxidation of the resultant secondary alcohol, and finally acetonide
removal with PPTS completed the synthesis of carolacton ((−)-2.1) in 4.3% overall yield
(LLS 22 steps).1 Although this synthesis was convergent, the relatively low
diastereoselection of some steps, as well as its length and the need for several metalmediated steps, makes it difficult to employ for an analog development program.
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R

(−)-2.2

2.1.2 Synthesis of Analogs by Kirschning
The Kirschning group has also reported the synthesis of several carolacton
analogs, providing useful structure-activity information.16 In total, six analogs were
synthesized and examined for their biological activity. Three of these derivatives were
obtained via semi-synthesis by alteration of carolacton, and the remaining three were
made in a divergent manner. The semisynthetic route to obtain analogs (−)-2.31, (−)-2.32,
and (−)-2.33 is shown in Scheme 2.10. Formation of the methyl-ester of carolacton ((−)2.31) was achieved via methylation of (−)-2.1. Subsequent TEMPO-mediated selective
oxidation provided ketone (−)-2.32. Alternatively, selective macrolactonization of (−)-2.1
provided the bis-macrolactone (−)-2.33.16
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Scheme 2.10: Semisynthesis of three analogs via alteration of
the carolacton scaffold
Via total synthesis, analogs (−)-2.35 and (−)-2.36 were obtained (Scheme 2.11).16
The epimers (−)-2.2 and (−)-2.34 were available from the published route to carolacton.1
Hydrolysis of (−)-2.2 followed by Mitsunobu cyclization and standard transformations

36

afforded (−)-2.35. Alternatively, (−)-2.34 was subjected to analogous transformations to
obtain the fourteen-membered lactone (−)-2.36.16
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Scheme 2.11: Synthesis of 9-epi carolacton (−)-2.35 and 14-membered
lactone (−)-2.36
It should be noted that cyclization of 2.37 obtained by hydrolysis of (−)-2.2
provided a 1:1 mixture of the precursors to (−)-2.35 and (−)-2.36 (Scheme 2.12).16
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Scheme 2.12: Mitsunobu cyclization of epimers 2.37
and 2.38 to provide isomers (+)-2.39 and (−)-2.40
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Additionally, cyclization of the acid 2.38 obtained from (−)-2.34 provided a 1:3 mixture
of the same precursors ((+)-2.39 and (−)-2.40). In the case of alcohol 2.37, subjection to
Mitsunobu conditions afforded the expected SN2 product (+)-2.39 with inversion of
configuration, as well as the product of an SN2’ reaction (−)-2.40 proceeding with
retention of configuration. Alternatively, when (+)-2.39 was exposed to the same
conditions, (+)-2.39 was generated as the product of activation of the carboxylic acid
rather than the alcohol, and (−)-2.40 was presumably the product of an SN2’ insertion
proceeding with inversion of configuration.16 Finally, subjection of the acid 2.41 (Scheme
2.13, available en route to carolacton) to silica gel chromatography conditions followed
by acetonide removal procured the bis-lactone (−)-2.42.1,16

OH

O
O

O

OH

1) SiO2 column
2) PPTS (60%)

O

OH

O

OMe O

O
O

O

OMe

OH

(−)-2.42

2.41

Scheme 2.13: Synthesis of bis-lactone (−)-2.42
With these six derivatives in hand, the authors performed biological testing
against S. mutans biofilm cultures.16 It was shown that compounds (−)-2.32, (−)-2.35,
(−)-2.36, and (−)-2.42 did not display any discernible activity, implying the importance
of the stereochemistry at C9 and oxidation state at C17. Notably, esters (−)-2.31 and (−)2.33 actually displayed activity comparable to that of carolacton. In order to explain this
pronounced activity, the derivatives were extracted from the biological cultures after
incubation. It was found that both (−)-2.31 and (−)-2.33 were hydrolyzed under the
conditions of the bioassay to form carolacton, implying their role as “pro-drugs”. No
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hydrolysis was detected when (−)-2.31 and (−)-2.33 were extracted from sterile medium
(no bacteria), implying that the degradation is the result of the activity of hydrolytic
enzymes employed by S. mutans, and not a constituent of the media.16 The minute
structural differences resulting in loss of activity, coupled with the pro-drug
characteristics of the two active compounds, reaffirms the hypothesis that the interaction
between carolacton and its target(s) is highly specific.
2.2 Formal Synthesis and Partial Syntheses from Other Groups
2.2.1 Formal Total Synthesis
In 2013, Ghosh reported routes to the C1-C8 ((−)-2.47) and C9-C19 ((−)-2.43)
fragments of carolacton.17 They envisioned coupling of these fragments via an NHK
reaction, similar to Kirschning’s strategy.1 The route described by Ghosh would intercept
two key intermediates from the total synthesis, thus representing a formal synthesis of
carolacton.
Their retrosynthesis can be seen in Scheme 2.14.17 The hypothetical NHK
reaction would occur using the aldehyde generated from (−)-2.43 and the iodide obtained
from (−)-2.47. (−)-2.43 would be obtained via cross metathesis of 2.44 and (−)-2.45.

O

Cross metathesis

2.44

OH

O

O
CO2Me

O
MeO2C

OH

HO

OTBS

2.46

(−)-2.43

(−)-2.45
Wittig

PMBO

OMe O

PMBO
OtBu

(−)-2.47

OMe OTBDPS

HO

O
PMBO

(+)-2.48

Corey-Fuchs

Aldol

Scheme 2.14: Retrosynthesis for a formal synthesis of carolacton
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2.49

Alcohol (−)-2.45 was to be synthesized in a linear manner from the mono-protected diol
2.46. Alkyne (−)-2.47 would be generated using a Corey-Fuchs reaction to install the
alkyne, preceded by an aldol reaction to set the anti-stereochemistry at C3/C4. The route
would thus commence from the α-chiral ketone 2.49.
The synthesis of alcohol (−)-2.43 is depicted in Scheme 2.15.17 Beginning with
alcohol 2.46, installation of the Evans benzyl oxazolidinone auxiliary ((R)-2.50) allowed
for stereospecific alkylation of the sodium enolate. Cleavage of the auxiliary followed by
a one-carbon Wittig homologation and deprotection afforded (−)-2.52. Installation of the
enantiomer of the previously used auxiliary (S)-2.53 allowed for another methylation.
Removal of the auxiliary and cross metathesis with the known ester (+)-2.4418,19 provided
(−)-2.43.17
1) (COCl)2, DMSO, TEA
2) NaClO2, NaH2PO4 (80% over 2 steps)
3) PivCl, TEA, then LiCl, 2.50 (85%)
OTBS

HO

O

2.46
O

(R)-2.50

1) NaHMDS, MeI
2) LiBH4 (81% over 2 steps)
3) (COCl)2, DMSO, TEA
4) PPh3+MeI-, NaHMDS
5) TBAF (86% over 3 steps)

O

OTBS
O

(−)-2.51

NH
Bn

OH

1) (COCl)2, DMSO, TEA
2) NaClO2, NaH2PO4
3) PivCl, TEA, then LiCl, 2.53
Xc
O (81% over 3 steps)

(−)-2.52
O

1) NaHMDS, MeI
2) LiBH4 (80% over 2 steps)
3) Grubbs II, 2.44

Xc

(+)-2.54

O

NH

(S)-2.53 Bn

O
OH

O

2.44 CO2Me
(73%)

O
MeO2C

(−)-2.43

Scheme 2.15: Synthesis of NHK precursor (−)-2.43
Synthesis of the C1-C8 fragment is shown in Scheme 2.16.17 The route
commenced via a Patterson aldol reaction between the boron enolate of the known ketone
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2.4920 and aldehyde 2.55 to generate the anti-aldol adduct (−)-2.56.17,21-23 Scheme 2.17
showsthe mechanism leading to this product in which the E-enolate 2.58 proceeds
through the transition state depicted by 2.59 to afford (−)-2.56.
1) Me4NHB(OAc)3 (81%)
2) DDQ
3) MeI, NaH, DMAP
(78% over 2 steps)
4) DIBAL (74%)

(Cy)2BCl, TEA
O

O

OTBDPS

O

OH

OTBDPS

2.55
PMBO

PMBO

PMBO

OMe OTBDPS

HO

(96%, dr >99:1)
(−)-2.56

2.49
1) Dess-Martin
2) CBr4, PPh3
3) BuLi, MeI (70% over 3 steps)
4) TBAF (90%)

(+)-2.48

1) Dess-Martin
2) NaClO2, NaH2PO4
OMe OH 3) tBu-trichloroacetimidate,
CSA (60% over 3 steps)

PMBO

PMBO

OMe O
OtBu

(−)-2.47

(−)-2.57

Scheme 2.16: Synthesis of NHK precursor (−)-2.47
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O
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O

2.58

H
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Scheme 2.17: Mechanism for the boron-mediated aldol
reaction to generate (−)-2.56
Stereoselective reduction of (−)-

2.56 then preceded protecting group

manipulation and methylation to afford

(+)-2.48.17

functionality,

protocol and trapping the lithiate with

using

the

Corey-Fuchs

methyl iodide, followed by deprotection of

the

Subjection to standard oxidation and

esterification

(−)-2.47.17
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silyl

Installation of the alkyne

ether

provided

conditions

(−)-2.57.
afforded

2.2.2 Partial Synthesis of Carolacton: C1-C19
In 2013, Sabitha also reported a synthesis of the full carbon framework of
carolacton.24 Similarly, they employed an NHK reaction to form the same C8-C9 bond as
Kirschning.1 Their retrosynthesis is depicted in Scheme 2.18. The NHK product 2.60
would be formed from the aldehyde generated from (−)-2.61 and the iodide (+)-2.62.
(−)-2.61 would be furnished via cross metathesis between olefins (−)-2.63 and (−)-2.64.
(−)-2.63 would be generated in a linear fashion from (−)-2.65. The vinyl iodide in
(+)-2.62 would be installed with a Corey-Fuchs reaction. The precursor (−)-2.66 would
be formed via an Evans aldol reaction and a diastereoselective epoxide opening of 2.68.24

Cross metathesis

NHK

O

OH

O

OTBS OMe OPMB
MeO

MeO
O

O

Corey-Fuchs
OPMB OMe OTBS

O

O

I
OH

(−)-2.61

(+)-2.62

2.60

Wittig
OPMB OMe OTBS
OH

(−)-2.63

(−)-2.65

O
MeO

OH

(+)-2.66
Evans Aldol

O

O (−)-2.64

OPMB OH
OTBS

(+)-2.67
Epoxide opening

OPMB

O
OH

2.68

Scheme 2.18: Retrosynthesis for synthesis of C1-C19 portion of carolacton
Synthesis of the iodide fragment can be seen in Scheme 2.19.24 Opening of
known epoxide 2.6825 to reveal alcohol (+)-2.67 with a lithium dimethyl cuprate reagent
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resulted in the production of a 6:1 mixture of the desired 1,3-diol and the 1,2-diol
product. The 1,2-diol was easily removed via oxidative cleavage with periodate.
Protection of the primary alcohol afforded (+)-2.67. Methylation followed by
deprotection and Swern oxidation provided the aldehyde, which would undergo a boronmediated aldol reaction with the Evans’ propionate auxiliary (S)-2.69 to provide (+)2.70.24
1) Me2CuLi
2) NaIO4 (80% over 2 steps)
3) TBSCl, imid. (92%)

O

OH
OTBS

PMBO

OH

PMBO

2.68

1) NaH, MeI (95%)
2) TBAF (85%)
3) (COCl)2, DMSO, TEA (92%)
4) Bu2BOTf, TEA,

(+)-2.67

(S)-2.69
1) TBS-OTf, lutidine (98%)
2) LiBH4 (90%)
3) Dess-Martin (85%)

Bn

1) Ph3P, CBr4, TEA (93%)
2) nBuLi, MeI (94%)
3) ZrCp2Cl2, DIBAL, I2 (88%)

OMe OTBS O

(+)-2.70

O

N

OMe OTBS
I

PMBO

PMBO

O
Xc

PMBO

O

(87%) O

OMe OH

(+)-2.62

2.71

Scheme 2.19: Synthesis of NHK coupling partner (+)-2.62
Scheme 2.20 shows the stereochemical model leading to the generation of this
product. Formation of the Z-enolate of (S)-2.69 and subsequent reaction with the
aldehyde 2.72 (generated by methylation, deprotection, and oxidation of (+)-2.67) leads
O
R

OH

Bu2B(OTf), TEA

O

R

H

Xc

O

O

2.72

O
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R=

OMe
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(+)-2.70

Bn

(S)-2.69
(Bu)2BO

O

O
N

Bn

2.73

O
Bn

N

Bu

H

O

O
R

Bu

O

H

2.72

B

O

H
R

2.74
dipole-minimized transition state

Scheme 2.20: Mechanism of Evans aldol reaction to
generate (+)-2.70
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to the transition state depicted by 2.74. In this case, minimization of dipoles in the
transition state leads to a facial bias induced by the auxiliary. Reductive cleavage of the
auxiliary and oxidation provided 2.71, which was then transformed into iodide (+)-2.62
via the Corey-Fuchs reaction, and subsequent methylation and iodination of the alkyne.24
Synthesis of the precursor to the NHK aldehyde coupling partner (−)-2.61
(Scheme 2.21) began from (−)-β-citronellene ((−)-2.65).24 Epoxidation with m-CPBA
followed by oxidative cleavage and Wittig homologation provided ester (−)-2.75.
Selective reduction of the internal olefin with magnesium26 and hydrolysis of the
resultant methyl ester provided (+)-2.76. Stereoselective methylation was realized via the
use of the auxiliary (S)-2.53. Removal of the auxiliary provided the olefin (−)-2.63 to
undergo cross-metathesis with the ester (−)-2.64 (readily available from D-ribose).24,27
Alcohol (−)-2.61 was then oxidized to the aldehyde to provide the NHK coupling partner.
Reaction with (+)-2.62 in the presence of CrCl2 and NiCl2 provided the alcohol 2.60 as a
1.5:1 mixture of epimers.24 This is in contrast to the analogous transformation by
1) m-CPBA (85%)
2) H5IO6
3) Ph3PCHCO2Et (73% over 2 steps)

1) Mg, MeOH (90%)
2) LiOH-H2O (85%)
OEt

(−)-2.65

(−)-2.75

Grubbs II,
1) PivCl, TEA, LiCl, (S)-2.53 (95%)
2) NaHMDS, MeI (92%)
3) LiBH4 (90%)

O

MeO

1) Dess-Martin (85%)
2) (+)-2.62, CrCl2, NiCl2, DMSO (31%, dr 1.5:1)

OH

O

O
MeO
O

O
MeO

O

O

(75%)

(−)-2.63

(+)-2.76

O

O (−)-2.64

OH

OH

O

OH

(−)-2.61

OTBS OMe
OPMB

O

2.60

Scheme 2.21: Synthesis of alcohol (−)-2.61 and NHK coupling to generate C1-C19
portion of carolacton
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Kirschning, which utilized a chromium-coordinating chiral ligand to achieve good
diastereoselectivity.1
2.2.3 Synthesis of the Carolacton Macrocycle
Also in 2013, Reddy reported a synthesis of the carolacton macrocycle
((−)-2.77).28 The retrosynthesis is shown in Scheme 2.22. The macrocyclization to afford
(−)-2.77 would occur via ring closing metathesis of (−)-2.78. The ester would be
generated from acid 2.79 and alcohol (−)-2.80. Wittig homologations would form the
backbone of (−)-2.80, beginning from the allylic alcohol 2.82.28
O

RCM

OH

O

OH
O

(−)-2.77

O

O

O

O

O

2.79

CO2H

Yamaguchi
Esterification

(−)-2.80

(−)-2.78

OH

Wittig

Wittig

OH

TBDPSO

2.82

HO

(−)-2.81

OPMB

Scheme 2.22: Retrosynthesis for the carolacton macrocycle
Their forward synthesis is shown in Scheme 2.23.28 Beginning with the known
allylic alcohol 2.82,29 a Sharpless asymmetric epoxidation was performed. The epoxide
intermediate was then opened with trimethylaluminum, and the resultant diol was then
cleaved to reveal the aldehyde. Subjection to a Wittig homologation afforded ester (+)2.83. Reduction of the ester and another Sharpless epoxidation provided (−)-2.84.
Iodination allowed for subsequent epoxide opening via Zn-mediated elimination. Further
protecting group manipulations afforded (−)-2.81, which was then subjected to an
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oxidation/Wittig homologation/reduction sequence to provide the substrate for another
Sharpless epoxidation, resulting in formation of (−)-2.85. Opening the epoxide with

OH

TBDPSO

1) (-)-DIPT, Ti(OiPr)4,
hydroperoxide (87%)
2) Me3Al (80%)
3) NaIO4
4) Ph3PC(Me)CO2Et (88% over 2 steps)

TBDPSO

CO2Et

(+)-2.83

2.82

1) DIBAL (85%)
2) (+)-DIPT, Ti(OiPr)4,
hydroperoxide (96%)

OH

TBDPSO

O

HO

O

(−)-2.84
1) (COCl)2, DMSO, TEA
2) Ph3PCHCO2Me (93%)
3) DIBAL, (91%)
4) (+)-DIPT, Ti(OiPr)4,
hydroperoxide (90%)

1) PPh3, imid., I2
2) NaI, Zn dust, MeOH (88%)
3) NaH, PMBBr (88%)
4) TBAF (86%)
(−)-2.81

OPMB

1) Me3Al (79%)
2) Ph3P, I2, imid. (63%)
3) DDQ (60%)

H

HO
H

2,4,6-trichlorobenzoyl chloride
TEA, DMAP
O

2.79

(−)-2.85

(−)-2.80

OPMB

O

OH

OH
O

OH

O
CO2H

(64%)

O

1) TFA (73%)
2) Grubbs II (67%)

O

O

O

(−)-2.77

(−)-2.78

Scheme 2.23: Synthesis of the carolacton macrocycle
trimethyl aluminum and subsequent cleavage of the diol to reveal the terminal olefin,
followed by deprotection of the PMB-ether, generated (−)-2.80. Esterification with the
known acid 2.7930 under Yamaguchi conditions afforded (−)-2.78. Attempts at ringclosing metathesis (RCM) in the presence of the acetonide in (−)-2.78 was met with
failure. Thus the acetonide was removed with TFA, and RCM provided the carolacton
macrocycle (−)-2.77.28
2.2.4 Partial Synthesis of Carolacton: C1-C16
Continuing their work toward synthesis of carolacton,28 Reddy recently published
a synthesis of the C1-C16 fragment.31 The retrosynthesis is shown in Scheme 2.24. The
fragment (−)-2.86 was to be furnished via reduction and Wittig homologation of the
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lactone (+)-2.87, obtained via and RCM/reduction sequence of (+)-2.88. The ester would
be generated by and esterification of alcohol (+)-2.90 and acid 2.89. The alcohol would
be synthesized from (+)-2.91, employing two asymmetric Roush crotylations. The route
would thus commence from alcohol 2.92.31
O
OH

OTBS OMe
OTBS OMe

O

OPMB

OPMB

(−)-2.86
Wittig

RCM, [red.]

Roush Crotylation

Steglich
Esterification

O

O

OTBS OMe

OH

(+)-2.87

O

OTBS OMe

HO

OPMB

OPMB

2.89

(+)-2.88

(+)-2.90

O

Wittig

OMe

OPMB

OH

TBDPSO

(+)-2.91

2.92

Scheme 2.24: Retrosynthesis for the C1-C16 portion of
carolacton
The forward synthesis is shown in Scheme 2.25.31 Beginning with the known
alcohol 2.92,32 derived from the Roche ester, several straightforward transformations
afforded (−)-2.93. Opening of the epoxide via iodine displacement of the primary alcohol
and Zn-mediated elimination provided the terminal olefin, which was then subjected to
hydroboration-oxidation to procure (+)-2.94. Protecting group manipulations and
oxidation provided the aldehyde (+)-2.91. Roush crotylation then proceeded by formation
of the E-crotylboronate.31 In this case, facial selectivity is induced by the use of the chiral
tartrate when forming the crotylboronate reagent. Anti/syn selectivity is determined by
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1) (COCl)2, DMSO, TEA
2) PPh3CHCO2Me (93%)
3) DIBAL (82%)
4) (+)-DIPT, Ti(OiPr)4,
hydroperoxide (81%)
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1) NaH, PMBBr (80%)
2) TBAF (78%)
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1) trans-2-butene, KOtBu, nBuLi,
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OPMB
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1) O3, Me2S
2) PPh3C(Me)CO2Et (90%)
3) DIBAL (87%)

OH

1) (COCl)2DMSO, TEA
2) trans-2-butene, KOtBu, nBuLi,
B(OiPr)3, then 1M HCl, (+)-DIPT (67%)

OTBS OMe

OH

OH

OTBS OMe

OPMB

OPMB

(+)-2.96

(+)-2.90

DCC, DMAP
O

1) Hoveyda-Grubbs II (66%)
2) 2,4,6-(iPr)3-benzenesulphonyl
hydrazide,TEA (65%)

(91%)
HO
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O

O

OTBS OMe

O
O

OTBS OMe
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OPMB

(+)-2.87

(+)-2.88

1) DIBAL (90%)
2) PPh3CH3Br, nBuLi (55%)

OH

OTBS OMe
OPMB

(−)-2.86

Scheme 2.25: Synthesis of the C1-C16 portion of carolacton
the olefin geometry in the boronate, while R/S selectivity is governed by choice of tartate.
The competing transition states leading to the stereochemical outcome are shown in
Scheme 2.26.
Protection of the resultant alcohol provided (+)-2.95, which was then subjected to
ozonolysis, Wittig homologation, and reduction to generate (+)-2.96. Oxidation and
subjection to another Roush crotylation revealed the alcohol (+)-2.90. Esterification with
acid 2.89 procured (+)-2.88, which was cyclized via RCM using Hoveyda-Grubbs 2nd
Generation catalyst. Selective diimide reduction of the resultant olefin with 2,4,6triisopropylbenzenesulphonyl

hydrazide

provided
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Scheme 2.26: Mechanism of the asymmetric Roush
crotylation
(+)-2.87.33,34 Reduction of the lactone and one-carbon homologation of the hemiacetal
provided (−)-2.86, thus representing the C1-C16 portion of carolacton.31
2.3 Total Synthesis by Phillips
The only other total synthesis published to date is from Phillips and Hallside in
collaboration with our group (Scheme 2.27).35 Previously we had been engaged in a
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Scheme 2.27: Retrosynthesis for total synthesis of carolacton
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project aimed at the total synthesis of carolacton concurrently with the Phillips group.
When the Phillips group successfully completed their synthesis, our collaboration
developed with the goal of our group performing all of the biological analysis of
synthetic carolacton as well as the several analogs that were produced. Thus the
chemistry described in this section was originally developed in the Phillips lab and has
been repeated and expanded upon in our lab. The retrosynthetic strategy can be seen in
Scheme

2.27.35

The

macrocycle

(−)-2.1

could

be

furnished

through

an

esterification/RCM/hydrogenation sequence of the acid (−)-2.100 and alcohol-bearing
sidechain fragment (+)-2.101. The acid ((−)-2.100) was available via an SN2’ ring
opening of the lactone (−)-2.102, synthesized from D-gulonolactone (2.104). The side
chain ((+)-2.101) was generated via a Leighton crotylation, preceded by an aldol reaction
utilizing the Evans’ dipropionate auxiliary 2.105.35
Thus, synthesis of the acid fragment ((−)-2.100) began with D-gulonolactone
(2.104) (Scheme 2.28).35 Formation of the bis-acetonide 2.106 followed by reduction of
OH

HO
HO

O

2,2-DMP
Acetone, TsOH
(67%)

O
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(99%)

1) NaIO4
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(98%)
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CuBr-Me2S,
THF/Me2S,
AllylMgBr,

O

O
O

(60%)

O

OH

(−)-2.100

(−)-2.102

Scheme 2.28: Synthesis of acid coupling partner (−)-2.100
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1) DIBAL-H (96%)
2) BzCl, Pyridine (91%)

O

O

2.104

HO

O

O

2.110

OH

the lactone and protection as the benzoyl ester provided 2.107. Selective deprotection of
theexocyclic acetal gave the diol 2.108, which was then subjected to an oxidative
cleavage to afford an aldehyde for Wittig homologation to generate the Z-alkene 2.109
exclusively. Removal of the benzoyl protecting group and oxidation to the lactone
(−)-2.102 procured the substrate for the key SN2’ ring-opening. In situ formation of the
homodialkylcuprate species from copper(I)bromide-dimethyl sulfide and allylmagnesium
bromide led to formation of the acid (−)-2.100 as a single diastereomer.35
Trost first investigated the selectivity of this asymmetric reaction in his studies
directed toward the transfer of chirality via the use of cuprate reagents.36 Scheme 2.29
shows the two possible conformations of the lactone. The syn conformer syn-(−)-2.102 is
destabilized by a steric clash between the allylic methyl and the substituents on the ring.
The reactive anti conformer anti-(−)-2.102 then results in production of the observed
product.36
O
O

O
O

O

O
H

O
O

H

anti-(−)-2.102

syn-(−)-2.102

Scheme 2.29: Syn and anti
conformations of lactone
(−)-2.102
Synthesis of the side chain fragment (+)-2.101 commenced from the known
Evans’ dipropionate 2.105 (Scheme 2.30).37 The aldol reaction with 2.111 proceeded
with good diastereoselectivity to afford (+)-2.112.35 The almost exclusive production of
the anti-anti product (+)-2.112 was determined by the configuration of the methyl group
alpha to the E-enolate 2.119. Scheme 2.31 shows the transition state depicted by 2.119
that leads to the formation of the desired product.
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Scheme 2.30: Synthesis of sidechain coupling fragment (+)-2.101
Methylation of the secondary alcohol, followed by reductive removal of the
auxiliary with lithium borohydride and concurrent reduction of the ketone allowed for
one-pot selective oxidation of the primary alcohol and Wittig homologation with 2.113 to
afford the ester (−)-2.114. Protection of the alcohol preceded a two-step
reduction/oxidation sequence to provide the aldehyde (+)-2.117 for a Leighton
crotylation. The crotylation proceeded to provide the alcohol (+)-2.101 with good
diastereoselectivity.35
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The endgame of the synthesis is shown in Scheme 2.32.35 Coupling of the two
fragments proceeded via esterification of the alcohol (+)-2.101 and acid (−)-2.100 using
EDCI to afford the ester (−)-2.100, which then readily underwent RCM using Grubbs
second-generation catalyst to provide the macrocycle (−)-2.120. Selective hydrogenation
of the southern olefin was achieved in a straightforward manner using palladium on
carbon under a hydrogen balloon. Presumably, the selectivity of this reaction is based on
sterics, with the C11-C12 olefin being significantly more accessible than the other two.
This protocol also served to remove the PMB protecting group to procure (−)-2.121.
Revealing the alcohol with TBAF allowed for a one-pot oxidation of the secondary and
primary hydroxyls to the ketone andaldehyde, respectively. Following oxidation to the
acid under Pinnick conditions provided (−)-2.122, and removal of the acetal provided
carolacton ((−)-2.1) in 14 steps (LLS).35
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Scheme 2.32: Endgame to synthesize carolacton
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2.4 Carolacton Analogs
The total synthesis by Phillips and Wuest35 described in section 2.3 not only
procured the natural product, but made analogs readily available (Figure 2.1) in amounts
sufficient to test their biological activity, thus providing initial SAR data concerning the
MoA of carolacton. In addition to two intermediates tested ((−)-2.123 and (−)-2.124),
another compound, termed CD1 (2.125) was obtained and tested as well.35
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Figure 2.1: Structures of compounds obtained via total
synthesis of carolacton
Unsurprisingly, none of the compounds displayed an inhibitory effect on the
growth of planktonic cultures, and thus MICs were not available (results for CD1 have
not been published).35 This is in accord with our prior knowledge of the effect of
carolacton on SMU (Chapter 1 and references therein). Interesting results, however, were
obtained when biofilms were grown in the presence of these compounds. (Figure 2.2).
First, our results validated the activity of carolacton (Chapter 1). LIVE/DEAD staining
showed cell death in biofilms down to the lowest concentration tested (500 nM) (Figure
2.2, middle).35 Additionally, the morphological response of individual cells was in accord
with previously described results, indicating similarities between carolacton-treated cells
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and a PknB deletion mutant. One of the intermediates, CL16 ((−)-2.123), showed
comparable activity to carolacton, albeit at a much higher concentration (62.5 µM)
(Figure 2.2, right).35 The other intermediate, CL18 ((−)-2.124), did not have an
appreciable effect on biofilm growth or viability at concentrations less than 250 µM.35
Although it remains unclear as to why these compounds had such drastically different
activity, one can make the inference that the presence of the diol moiety in carolacton
plays a significant role in bioactivity.

Figure 2.2: Left: Control biofilms grown in the absence of compound; Middle:
Biofilms treated with carolacton; Right: Biofilms treated with CL16 ((−)-2.123)
The most interesting result was obtained upon testing the truncated analog CD1
(Figure 2.3) (not published). CD1 (2.125) differs from carolacton ((−)-2.1) substantially:
it contains a truncated side chain lacking the terminal acid, it retains the acetal-protecting
group, and it is epimerized at the western methyl group (C14 of carolacton). Upon
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visualizing the phenotypic response to treatment with CD1, we noticed obvious
differences as compared to the response when treated with carolacton. While carolactontreated biofilms manifest as semi-mature biofilms displaying some of the architecture
characteristic of SMU biofilms (consistent with the observation that carolacton exerts its

Figure 2.3: Left: Control biofilms grown in the absence of compound; Middle:
Biofilms treated with carolacton; Right: Biofilms treated with CD1 (2.125)
effect during the initial biofilm growth phase), CD1-treated biofilms appeared flat and
did not have the architecture apparent in normal SMU biofilms. With the guidance of
Prof. Bettina Buttaro (Temple Medical School), we have inferred that CD1 is interfering
with the formation of microcolonies, thus representing a different phenotypic
response than that of carolacton! This result was exciting as it led us to develop a
hypothesis that structural changes to carolacton may result in compounds that may not
only retain efficacy, but may also exert their effect on a different time-point in the biofilm
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lifecycle. Guided by this discovery, we endeavored to design and synthesize carolacton
analogs that would be synthetically simpler to procure and possibly serve as tool
compounds to help elucidate the MoA of carolacton. This analog development project
will be further discussed in Chapter 3.
2.5 Phenotypic Analysis of SMU Deletion Mutants
In addition to this initial synthetic work and biological evaluation, we have also
endeavored to utilize what is known about the SMU genome to guide hypotheses
concerning the MoA and target of carolacton, while taking advantage of our experience
with imaging of altered SMU phenotypes. As such, we have developed collaboration with
Prof. Robert Quivey (Univ of Rochester), a renowned expert in SMU genetics. The
Quivey group has made significant progress in characterizing the SMU genome;38 they
have been able to procure a library of >1100 SMU mutants containing single gene
knockouts, including several lethal knockouts, thus representing about 75% of the SMU
genome. By comparatively examining the Quivey knockout library and the differentially
regulated genes associated with carolacton exposure, we hoped to identify a concise
library of gene knockouts whose phenotypes we could probe for clues to the target of
carolacton and its MoA. Additionally, in this manner we would be able to search for
deletion mutants whose phenotypes resembled that of biofilms treated with CD1, thus
providing initial MoA information for this new compound.
Microarray analysis of a pknB knockout mutant has shown that there are more
than 75 processes regulated by this kinase.39 As such, we sought to investigate the
phenotypes of phenotypes of gene-deletion mutants corresponding to genes regulated by
PnkB. Additionally work detailed in Chapter 1 has shown that there are 86 specific genes
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Figure 2.4: Venn diagram showing overlap of gene deletion strains
available in the Quivey library with genes regulated by PknB and
carolacton
differentially regulated by carolacton (pknB was not one of them).40,41 Figure 2.4 shows
the overlap between the genes known to be involved in the PknB regulatory pathway with
genes regulated by carolacton. Therefore, we sought to devise a library of SMU mutants
that would allow us to probe the resultant phenotypes of gene deletion mutants
corresponding to genes perturbed by carolacton and genes regulated by PknB.
Examination of mutants available from the Quivey library38 and PknB39 and carolactonregulated genes,40,41 we devised a library of twenty strains to interrogate that had some
degree of overlap.
Utilizing confocal microscopy, we grew biofilms of these strains and examined
their phenotypes. We identified four strains that displayed phenotypes similar to
carolacton-treated biofilms, and, remarkably, an additional four that were comparable to
CD1 treated biofilms (Figure 2.5). Among the phenotypes comparable to carolactontreated biofilms were knockouts of pknB, vicR, gtfB, and rgpG (Figure 2.5, top).
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Unsurpisingly, VicR is part of a TCS in SMU that is known to cross-talk with PknB.39
Additonally, GtfB41 and RgpG38 are known to be implicated in cell wall metabolism.

Figure 2.5: Images of knockout strains that resemble carolacton-treated biofilms
(top) and CD1-treated biofilms (bottom)
These results are in line with the general consensus that carolacton exerts it effect
by somehow interfering with cell wall integrity, thus leading to cell lysis. Furthermore,
the appearance of several phenotypes similar to the carolacton phenotype provides
evidence that more work is needed to conclusively uncover the target of carolacton.
Indeed, these results show that it is unlikely that PknB is the direct target of carolacton,
since multiple phenotypes resemble the carolacton treated biofilms, as well as the pknB
knockout. Furthermore, examination of the carolacton-resembling phenotypes in
comparison to the PknB regulatory network (Figure 2.6) shows that the vicR, gtfB, and
rgpG knockouts, which all resemble carolacton-treated cultures, are part of the PknB
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network.39 This may indicate that the apparent perturbation of PknB by carolacton is
actually the result of perturbation of a target downstream of PknB.
Additionally, we also identified four phenotypes that resembled CD1 treated
biofilms: knockouts of mbrC, rplO, dpr, and fabT (Figure 2.5, bottom). Notably, MbrC
and FabT constitute components of two-component systems within the PknB network
(Figure 2.6).39 This is interesting in that it may be the case that both carolacton and CD1
exert their effect by perturbing targets that are part of the PknB network, but which are
expressed at different point in the biofilm lifecycle. Although it remains inconclusive as
to the exact way in which carolacton interacts with these signaling networks, this
examination of the phenotypes of a rationally designed library of mutants has allowed us
to uncover information to help guide future investigations into MoA. The next logical
step along this path would be to interrogate the efficacy of carolacton when dosed against
these mutant strains.

Figure 2.6: Regulatory network of PknB showing phenotypes resembling
carolacton and CD1 treated biofilms
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2.6 Summary
Chapter 2 has described the total synthesis of carolacton by two groups as well as
a formal synthesis and three partial syntheses. Notably, the synthesis by Phillips allowed
our group to validate the biological activity of carolacton, as well as investigate the
activity of the analogs. One of these analogs, CD1, was shown to induce a phenotype
different than that of carolacton treated biofilms, thus prompting further investigation into
analog synthesis (next chapter). Additionally, through collaboration with the Quivey lab,
we have identified several mutant strains of SMU containing single-gene knockouts that
display similar phenotypes to carolacton and CD1 treated cells. These results will
undoubtedly provide a starting point for future MoA and target studies in the Wuest lab.
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CHAPTER 3
DESIGN, SYNTHESIS, AND BIOACTIVITY OF ANALOGS
3.1 Leveraging Diverted Total Synthesis to Provide Rationally Designed Libraries
In recent years, a trend has developed that couples the total synthesis of bioactive
natural products with the production of analogs in an effort to facilitate drug-development
and target identification quests.1-6 Via the conduit of diverted total synthesis (DTS), there
has been significant progress in the development of compounds otherwise unattainable by
manipulation of the parent compound, the goal of which being two-fold: 1) to develop
compounds that maintain efficacy but are operationally simpler to obtain and 2) to
discover tool compounds with specific activity to probe MoA of biological pathways.
In hopes of accomplishing these goals, we sought to develop the first carolacton
analog library obtained through DTS. Our rationale for the implementation of this
strategy stems from several sources. First, we have shown that subtle structural changes
to carolacton (i.e. the truncated analog CD1) induce a discrete phenotypic response in
SMU biofilms different from that of the natural product (Chapter 2). Therefore, we
devised a plan to construct simplified structures that would retain efficacy and/or elicit a
different response to both guide future drug development and identify novel drug targets
in SMU biofilms.
We were encouraged by preliminary results that carolacton has the potential to be
utilized as a therapeutic compound. Indeed, when a dental composite was impregnated
with carolacton, SMU biofilm formation was prevented for >40 days.7 However, neither
isolation nor synthesis of the natural product has yet to provide amounts of material
conducive to industrial manufacturing. An important drawback to the reported total
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syntheses of carolacton is the construction of the highly functionalized side chain.8,9 The
presence of three stereocenters and the use of sensitive reactions have precluded largescale synthesis. Therefore, the prospect of developing simplified compounds with similar
efficacy and obtainable on a large scale is extremely attractive.
We therefore sought to design a first-generation analog library of simplified
compounds that would serve to validate the utility of DTS in this endeavor and shed light
on additional SAR information. Our synthetic route toward the natural product made us
well positioned to utilize DTS for these purposes (Scheme 3.1, left). Thus we decided to
leverage the intermediate acid (−)-3.1 en route to carolacton9 in order to generate analogs
bearing simplified side chains, as well as modifications to the core macrocyclic structure.
Via this strategy, coupling with allylic alcohols of type 3.2 would furnish macrocycles of
type 3.3, which could then be diversified via simple transformations.
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Scheme 3.1: Left: Plan to leverage the acid (−)-3.1 to generate analogs;
Right: Points of diversification in aryl analogs shown in red
Examination of the structures of carolacton and CD1 allow for the rational design
of a first generation analog library. We focused on compounds containing the carolacton
macrocycle appended with an aryl side chain, generating intermediates resembling 3.4
(Scheme 3.1, right). Our decision to incorporate an aryl appendage (hence “carylacton”)
was influenced by two specific observations (Figure 3.1). 1) A previous synthesis of the
similar natural product pladeniolide B10 (3.5) showed that incorporation of an aryl
appendage was simple and amenable to further incorporation of various aryl substituents
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(3.6, Figure 3.1, top). Remarkably, these simplified pladienolide analogs (3.6) were
shown to maintain activity comparable to the natural product (3.5).10 2) The aryl group in
3.8 overlays well with the natural structure of carolacton (3.7) while incorporating
enhanced side chain rigidity (Figure 3.1, bottom) and would allow for the incorporation
of varying side chains via aryl-alkyl coupling reactions. We also chose to vary the side
chain length of our analogs. Incorporation of a pentyl side chain was chosen to mimic the
natural carbon chain length of carolacton, while the truncated methylene derivative was
made to probe the overall importance of the functionality as evidenced by the bioactivity
of the analogous truncated side chain analog CD1 (Chapter 2).
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Figure 3.1: Top: Structures of pladienolide B and
aryl analogs: Bottom: Structures of carolacton and
proposed aryl analogs
Additionally, computational modeling shows that there is likely a hydrogen bond
between the side chain acid and northern diol, causing a putative bicyclic secondary
structure (Figure 3.2). We postulated that the aforementioned analogs would test this
hypothesis. That is, if the H-bonding network is required for activity, then perturbing
chain length should have drastic effects. The decision to retain the saturation state of the
macrocyclic intermediate was made to reduce flexibility of the macrocycle and shorten
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the synthetic sequence. Retention of the terminal hydroxyl as the alcohol was inspired by
previous reports that the acid moiety in carolacton is not essential for bioactivity,11,12 and,
additionally, to probe the importance of the hypothesized side chain-macrocycle H-bond
interaction. Finally, we sought to interrogate the significance of the macrocyclic diol
moiety by either maintaining or removing the acetal-protecting group.
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Figure 3.2: Model of carolacton showing
hydrogen-bonding network
To achieve these goals and develop a 1st generation library to probe the above
questions, we pursued the strategy depicted in Scheme 3.2. Initial efforts focused on
synthesizing large amounts of the key acid (−)-3.1 to then take on to the corresponding
macrocycles (3.9) via an esterification/RCM sequence. The macrocycles could then be
diversified to a “saturated” series (3.10) by way of selective reduction (analogous to the
total synthesis of carolacton). Subsequent protecting group manipulations and oxidations
would lead to a 16-membered analog library (3.11 thru 3.18). The remaining sections of
this chapter will describe the synthesis of this library and detail the preliminary results of
biological testing of a portion of the library.
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Scheme 3.2: Composition of proposed aryl analog library
3.2 Synthesis of Analogs
3.2.1 Improved Route to the Key Acid
The feasibility of our DTS quest hinged on our ability to procure large amounts of
a key intermediate that could then be diversified to a variety of congeners. We identified
acid (−)-3.1 as this intermediate.9 In this manner, we could synthesize allylic alcohols
bearing simplified aryl side chains that could be incorporated into the macrocycle in a
manner analogous to the total synthesis. Therefore, we first sought to improve the
previous route to this acid (Scheme 2.28) to address efficiency and scalability. Scheme
3.3 details our improved route. Although the step count remains the same, we were able
to improve the yields of several steps, as well as incorporate operationally simpler
procedures. The elimination of pyridine in the benzoyl protection step to provide 3.21
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allowed for the reaction to be safely performed on >50 g scale. Alteration to the Wittig
olefination to afford 3.23 included eliminating the need to adsorb sodium periodate on
silica, as well as procuring freshly made phosphonium salt, which resulted in a simpler
purification. Removal of the benzoyl group with K2CO3 to generate 3.24 was
accomplished in three hours, as compared to using NaOH, which required up to three
days. Notably, the route to (−)-3.25 could be performed on multi-gram scale (> 6 g in
about two months) with minimal effort expended on purification (two columns).
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O

O
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(70%)
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OH

(−)-3.1

Scheme 3.3: Improved route to the key acid (−)-3.1
Of particular significance was our improvement of the key SN2’ ring opening to
afford the acid (−)-3.1 (Figure 3.3, conditions in red indicate alterations to the previous
routein Scheme 2.28). Prior to our studies, this reaction involved formation of the
homodialkylcuprate from copper (I) bromide-dimethylsulfide and allylmagnesium
bromide.9 This reaction suffered from several drawbacks: it required rigorous
temperature control, dimethyl sulfide was required as a co-solvent, the copper source
required recrystallization from dimethylsulfide, and yields were inconsistent and not
reproducible. In our hands, this reaction never exceeded ~30% yield. After screening
several conditions of varying reaction times, temperatures, reaction stoichiometry, and
reagents, it was discovered that by using copper (I) cyanide (thus employing cyanide as a
“dummy” ligand and generating a mono-alkyl cuprate) led to formation of the desired
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acid in a high-yielding and reproducible manner. This procedure, adapted from the work
of the Trost group concerning chirality transfer using organocopper reagents,13 was much
less sensitive to temperature change, and was run in THF without the need for co-solvent.
Additionally, we found that we obtained better yields when we used allylmagnesium
bromide prepared freshly rather than that purchased from Sigma. This optimization
allowed us to perform this reaction on gram-scale with consistent yields (70-90%). We
have also found that this reaction proceeds well when Cu(I)I is used in place of Cu(I)CN,
resulting in reduced reagent toxicity. However, these conditions were not investigated for
scalability.
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- No reagent purification
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(~90% on 200 mg scale)
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Figure 3.3: Improvements made to
organocuprate reaction to afford (−)-3.1

the

SN2'

3.2.2 Synthesis of Truncated Side Chain Analogs
With an improved, scalable route to the acid in hand, we sought to procure
simplified side chain-coupling partners for incorporation into the analog scaffold. As
described earlier, we chose to synthesize allylic alcohols bearing an aryl appendage.
Hence, Roush crotylation of benzylic aldehydes using E-crotylboronate 3.31 (prepared
and stored according to known methods)14 would allow for the generation of allylic
alcohols in a stereoselective manner that would be poised for an esterification/RCM
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sequence to generate the macrocycles. It should be noted that, while not pursued here,
this strategy would allow for the synthesis of all four diastereomers of the crotyl adduct,
which could be leveraged to generate a series of epimeric analogs. Additionally,
asymmetric allylations would allow for the generation of a desmethyl series.
We chose to incorporate side chains of two lengths for the first generation analog
library. A truncated version was chosen to mimic the side chain length of CD1, while an
extended pentyl version was pursued to mimic the side chain length of carolacton
(Scheme 3.4). Synthesis of the truncated version began from 1,3-benzenedimethanol
(3.26). Mono-protection of this substrate followed by benzylic oxidation facilitated by
manganese dioxide provided the aldehyde 3.27. Crotylation employing Roush’s Ecrotylboronate (3.31, synthesized according to known procedures)14 provided the desired
product (−)-3.32 without any detectable production of the syn-diastereomer.
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(56% over 2 steps)
3.26

OTBS
Br

3.31

3.27

a. 9-BBN, THF

O

CO2iPr

B

O

CO2iPr

4 Å MS, PhMe, -78oC
(n = 1, 85%)
(n = 5, 83%)
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b. K2CO3,
PdCl2(dppf), DMF
3.28

(86%)

OH

OTBS
n

(−)-3.32 (n=1)
(−)-3.33 (n=5)

3.30

Scheme 3.4: Synthesis of aryl sidechain coupling partners
Synthesis of the pentyl side chain fragment (Scheme 3.4) began from 3bromobenzaldehyde (3.28). This substrate readily underwent a Suzuki-Miyaura aryl-alkyl
cross coupling15 with TBS-protected pentenol (3.29, readily available in one step from 4pentenol) to provide aldehyde 3.30. Notably, it was found that this reaction was greatly
accelerated by the addition of base (in this case K2CO3) as an aqueous solution.
Additionally, when TBDPS was used as the protecting group, yields of the Suzuki
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coupling were reduced and inconsistent (Scheme 3.5). Crotylation, analogous to that
described above, then provided the precursor for esterification ((−)-3.33). In this manner,
it would also be possible to install side chains of varying lengths and containing differing
levels of functionality.

a. 9-BBN
O

OTBDPS
Br

3.28

3.34

O

OTBDPS
5

b. K2CO3, PdCl2(dppf),
DMF

3.35

Scheme 3.5: Synthesis of TBDPSprotected pentyl sidechain precursor
3.35
3.2.3 Macrocycle Synthesis
With gram-scale routes to the coupling partners in hand ((−)-3.1, (−)-3.32, and
(−)-3.33), we sought to assess the feasibility of employing the esterification/RCM
sequence used in the total synthesis route (Scheme 3.6).9 Several conditions were
screened for their propensity to facilitate the esterification, including DCC, EDCI,
Yamaguchi, and Shiina protocols. We found that the best results were obtained using
freshly prepared Shiina reagent16 (2-methyl-6-nitrobenzoic anhydride, MNBA) to afford
(−)-3.36 and (−)-3.37. Use of freshly prepared MNBA according to known procedures
provided the best yields. Additionally, EDCI could be used to achieve comparable yields.
Although the Yamaguchi protocol is arguably the most commonly used system for
esterifications of this type, we favored the Shiina protocol since there is no need to isolate
the intermediate mixed anhydride. However, it should be noted that this reaction never
achieved full conversion to product; in all cases the alcohol starting material could be
recovered and recycled. Nevertheless, with the esters in hand, we next assessed the key
RCM cyclization strategy. Using the Grubbs second-generation catalyst afforded the
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macrocycles (−)-3.38 and (−)-3.39 in good yields. Occasionally, a small amount of the Zisomer was detectable, but was easily separated. We also found that performing the RCM
reaction in the presence of 5 mol% catalyst, instead of 10%, led to comparable yields,
albeit with simpler purification, which turned out to be extremely important for the
success of the following reactions (discussed below).
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Scheme 3.6: Synthesis of macrocycles via esterification/RCM sequence
With both macrocycles ((−)-3.38 and (−)-3.39) in hand, we found ourselves at the
first point of diversification. We sought to generate two series of analogs: “saturated” and
“unsaturated” (Scheme 3.7). The unsaturated analogs would retain the sp2-sp2 bond on
the southern portion of the macrocycle, thus likely enhancing the rigidity of the substrate
and informing SAR. Conversely, the saturated analogs would be similar to that of the
natural product. To generate the saturated analogs, we were encouraged by the selectivity
of the olefin reduction in the total synthesis9 using palladium on carbon and a hydrogen
balloon. We judged that this reaction would actually proceed better in our hands, as our
substrate only contained two olefins (as compared to three in the analogous substrate en
route to carolacton). Gratifyingly, hydrogenation afforded the desired products (−)-3.40
and (−)-3.41 in good yields, and hydrogenation of the more hindered olefin was never
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Scheme 3.7:
macrocycles
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detected. It should be noted that rigorous purification of the starting material was
necessary, as the presence of any remnants of the ruthenium catalyst from the RCM
hindered this hydrogenation.
Additionally, the reaction proceeded with poor yield (if at all) when TBDPS was
used as the terminal alcohol-protecting group; at best resulting in 38% yield after four
iterations of re-subjecting the crude reaction mixture to the reaction conditions (Scheme
3.8).
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3.2.4 Endgame
With a route to the saturated and unsaturated macrocycles in hand, we next
developed an endgame strategy consisting of protecting group manipulations and
oxidations to build our analog library. As previously shown in Scheme 3.2, we had the
goal of synthesizing various analogs either maintaining the acetonide protecting group or
revealing the diol. Additionally, we would alter the oxidation state of the side chain
alcohol by conversion to the acid. Our general approach to achieve these analogs is
shown in Scheme 3.9. Removal of the silyl ether of each of the four macrocycles ((−)3.38, 3.39, 3.40, 3.41) would reveal the alcohols (3.44), which could then be subjected to
oxidative conditions to furnish the acids (3.45). Conversely, global removal of the
acetonide and silyl ethers would furnish the triols (3.46). Selective two-step oxidation of
the primary alcohol would then provide the diol-acid compounds (3.47). Alternatively,
rather than a global deprotection, the acetonide could be removed to form the
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Scheme 3.9: General strategy for diversification of (un)saturated macrocycles
(alternative plans denoted with red arrows)
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diol (3.44). Another alternative would be deprotection at a later stage of the acids (3.45)
to provide the diol-acids (3.47).
Scheme 3.10 depicts the realization of the first portion of this strategy. Removal
of the TBS protecting groups with TBAF procured the first four analogs of our library
((−)-3.48, 3.49, 3.50, 3.51). Subsequent oxidation using the Parikh-Döering protocol
provided the intermediary aldehydes which where then subjected to Pinnick oxidation
conditions to afford the acids ((−)-3.52, 3.53, 3.54, 3.55) thus providing the next four
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Scheme 3.10: Synthesis of first eight analogs bearing the acetonide protecting
group
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analogs, encompassing the acetonide-containing members of our library. Notably, we
found that the use of neat 2-methyl-2-butene as a chloride scavenger (as compared to a
solution in THF), as well as the addition of acetonitrile as a co-solvent, were important
for the success of the final oxidation. Attempts at one-pot conversions to the acid also
failed, but were not rigorously pursued.
Our next endeavor required removal of the acetonide protecting group in order to
provide the triol compounds. Two strategies were envisioned to accomplish this goal
(Scheme 3.11). The first required the removal of the acetonide from the primary alcohols
such as (−)-3.48 (described above), which would provide the corresponding triols of type
(−)-3.56. Conversely, global deprotection of the fully protected macrocycles (e.g. (−)3.38) would allow for an earlier stage of divergence. To our dismay, all of the conditions
that were employed to remove the acetonide from the primary alcohol-containing
compound (−)-3.48 were met with failure (Scheme 3.12).
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Scheme 3.11: Options to generate the triol-containing compounds
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Scheme 3.12: Attempts to deprotect the acetonide in the presence of the
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Attempts to use HF-pyridine, as performed on the analogous substrate in the total
synthesis,9 only resulted in recovery of starting material. Acidic conditions resulted in
decomposition (1N HCl) or recovery of a minimal amount of product (60% AcOH). The
best yield was obtained by employing 80% AcOH with heating and extended reaction
time, however the production of an acylated side-product precluded further investigation
of this reaction. Additionally, attempts at global deprotection of the acetonide and silyl
ethers of (−)-3.38 with either TFA or PTSA proceeded with extremely low yields
(Scheme 3.13).
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OH

At this point, however, we sought to optimize the global deprotection strategy.
Gratifyingly, global deprotection of (−)-3.38, (−)-3.39, (−)-3.40, and (−)-3.41 using 1N
HCl in MeOH/THF afforded the corresponding triols (−)-3.56, (−)-3.57, (−)-3.58, and
(−)-3.59 in acceptable yields (Scheme 3.14). It is noted here that 22.5 hours appeared to
be an appropriate time for this reaction, as judged by monitoring the reaction progress by
TLC. Allowing extended reaction times resulted in significant decomposition of the
product,
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yields.

With the triol series in hand, we sought to perform selective oxidations of the
primary alcohols in the presence of the two secondary alcohols (e.g. (−)-3.56 and (−)3.57) to afford the acid series (Scheme 3.15). Our hope was that the use of mild
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Scheme 3.15: Strategy to synthesize diol-acid
compounds
conditions would favor the more accessible primary alcohols over the allylic secondary
alcohol. Unfortunately, attempts at two-step oxidations using a Parikh-Döering/Pinnick
oxidation sequence did not provide the acids on both substrates bearing the truncated
((−)-3.56) and pentyl ((−)-3.57) side chains (Scheme 3.16). In the case of the benzylic

OH
OH

1) MnO2, rt, o/n (17%)
2) NaClO2, NaH2PO4,
tBuOH/H O/ACN
2
(decomp.)
1) SO3-Pyr, DMSO
TEA (25%)
2) NaClO2, NaH2PO4,
tBuOH/H O/ACN
2
(decomp.)

OH
OH
O

O

O

OH

O

OH
OH
O

O

1) SO3-Pyr, DMSO
TEA (33%)
2) NaClO2, NaH2PO4,
tBuOH/H O/ACN
2
(decomp.)
CO2H

O

(−)-3.60
OH

O

OH

TPAP, NMO-H2O
ACN

OH

O

O

O

no reaction
(−)-3.56
OH
OH
O

O

OH

1) SO3-Pyr, DMSO
TEA (not purified)
2) NaClO2, NaH2PO4,
tBuOH/H O/ACN
2
(decomp.)

OH

(−)-3.60
OH
OH
O

O

CO2H

5

4
(−)-3.61

O

OH

OH

OH

(−)-3.60

O

(−)-3.57

4
(−)-3.61

Scheme 3.16: Attempts to synthesize the acids in the presence of the diols
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alcohols, the use of MnO2 to furnish the aldehydes resulted in minimal yields,
presumably due to the presence of the allylic alcohol. Oxidation of the benzylic or pentyl
substrates via the Parikh-Döering protocol resulted in increased yields, however, the
subsequent Pinnick oxidations resulted in decomposition. Attempts to directly carry the
aldehyde intermediate through without purification did not succeed. Additionally, a onepot protocol employing TPAP17, as well as a TEMPO18 mediated oxidation to furnish the
aldehyde, were unsuccessful.
Therefore, we refocused our efforts on generating the diol-acid compounds by
reversing the order of processes, that is, via removal of the acetonide from the previously
generated protected acids (Scheme 3.17). In this manner, 1:1 TFA/water accomplished
the removal of the acetonide from (−)-3.52 to provide (−)-3.60. All that remains for the
completion of the library is for the acetonide to be removed from (−)-3.53, (−)-3.54, and
(−)-3.55 to provide the remaining analogs.
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Scheme 3.17: Removal of the acetonide in the
presence of the acid

3.3 Biological Evaluation of the Carylacton Library
3.3.1 Compounds Tested
The initial results of biological testing of a portion of the aforementioned analog
library are described below. To date, we have tested six of our compounds for their
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bioactivity against S. mutans UA159. The compounds that have been evaluated are
shown in Figure 3.4. None of these compounds displayed any discernible effect on
planktonic cultures. Additionally, three of them ((−)-3.49, (−)-3.50, and (−)-3.51) did not
have any effect on cultures induced for biofilm growth. However, the remaining three
((−)-3.53, (−)-3.56, and (−)-3.59) did provide interesting results. The following sections
will discuss the results of biological testing, as well as provide hypotheses concerning the
MoA of the bioactive compounds.
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Figure 3.4: Analogs tested for bioactivity
3.3.2 Effects of Two Compounds on Cells within a Biofilm
Two of the compounds tested did indeed have an effect on cells in S. mutans
biofilms ((−)-3.53, (−)-3.56). As per usual, the compounds were dosed under biofilminducing conditions; biofilms were allowed to grow overnight and were then examined to
determine their phenoptypic response using confocal microscopy and a LIVE/DEAD
stain, as described in Chapters 1 and 2. The acid compound (−)-3.53 appeared to cause a
significant degree of cell death, similar to carolacton, albeit at higher concentration (125
µM, Figure 3.5, middle). (−)-3.56, although initially appearing similar to the control
(Figure 3.5, top), in fact led to cell lysis at the concentration tested (125µM, Figure 3.5,
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bottom). This is evidenced by the haziness of the biofilm, indicative of staining of
extracellular material. It should be noted that this effect is separate from the effect of
carolacton;9 however, insufficient evidence precludes a hypothesis of what is leading to
this difference, and the high concentration of compound required to elicit this response
renders this result irrelevant. (Images of carolacton and CD1-treated biofilms at higher
concentrations than previously shown are included for comparison.)

Figure 3.5: Top: Control image and biofilms treated with carolacton
and CD1; Middle: Biofilms treated with (−)-3.53; Bottom: Biofilms
treated with (−)-3.56
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3.3.3 One Compound Prevents Biofilm Formation and Cell Growth
The most interesting results thus far have originated from analysis of the effect of
compound (−)-3.59 on biofilm growth (Figure 3.6). When dosed in biofilm-inducing
conditions (sucrose-supplemented media), (−)-3.59 inhibited biofilm formation as low as
63 µM. Indeed, there was no indication of attachment of cells to the glass coverslip,
implying that (−)-3.59 interferes with cell adhesion and attachment to a surface. (Since
there was no cell attachment and biofilm formation, imaging of biofilms affected by this

Figure 3.6: Compound (−)-3.59 inhibits biofilm formation and cell growth
compound was not possible). Additionally, the media in effected wells was clear,
indicating a lack of planktonic cell growth. However, when the supernatant from these
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wells was plated onto solid media without compound, colony formation appeared normal,
meaning that the compound was not lethal; rather it was cytostatic. Taken together, this
evidence indicates that (−)-3.59 prevents initial adhesion to a surface, thus precluding
biofilm formation, and also prevents cell growth in the presence of sucrose. Importantly,
it should be reiterated that this effect is different from the effect of carolacton treatment.
In the case of carolacton dosing, cell attachment to a surface always occurs and biofilm
formation is apparent, however the compound is lethal to proliferating cells in the
biofilm, an effect that is only discernible by confocal imaging. Conversely, (−)-3.59
appears to disallow even the earliest stages of biofilm development.
3.3.4 Hypotheses Concerning Different Phenotypic Responses
As has been made apparent, we have identified several compounds with several
structural differences that appear to elicit different phenotypic responses when dosed
against S. mutans under biofilm inducing conditions. These differential responses,
particularly those seen with carolacton, CD1 and the new analog (−)-3.59 imply that each
compound is interacting with a different target in the SMU biofilm cycle. Given that the
different stages of the biofilm lifecycle are characterized by altered gene expression,
metabolism, and protein translation,19-23 it is possible that there are a plethora of targets
available which, when perturbed, would lead to disruption of the biofilm. Our results
imply that our three most active compounds disturb the biofilm lifecycle by perturbing
targets present only at specific time-points during biofilm maturation.
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By scrutinizing the results of these compounds against SMU biofilms and
characterizing the resultant phenotypes with confocal microscopy, one can make certain
predictions as to the specific time-point in the biofilm lifecycle that each compound is
affecting. Figure 3.7 details our hypotheses concerning the placement of each compound
in the cycle. From our results and prior reports in the literature, we have determined that
carolacton is lethal to proliferating cells9,24,25 in the early stages of biofilm development.
Judging from the disruption the biofilm architecture and cellular morphology induced by
CD1, it is plausible that this compound disrupts the biofilm during a later stage in
maturation, such as during the formation of microcolonies. Finally, the new aryl analog

Figure 3.7: Three most active compounds appear to perturb different points in the
biofilm lifecycle
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(−)-3.59 clearly interferes with the initial attachment of cells to a surface, therefore
preventing biofilm formation. Additionally, this compound appears to be cytostatic,
preventing cell growth in the presence of sucrose. Although we have so far identified
three additional compounds with visible effects on biofilms,9 they have been at
significantly higher concentrations, and do not contribute to our understanding of the
MoA of the other compounds.
The discovery of structurally distinct yet related compounds that elicit different
phenotypic responses is important for two specific reasons. First, they provide SAR
information that will help to guide future analog development. For example, further
alterations to the (−)-3.59 scaffold may deliver a compound with the same growtharresting effect but at a more useful concentration for a drug lead. Importantly, the
activity of this compound validates our hypothesis that simplified compounds can lead to
the uncovering of a new target. Secondly, it is possible that these compounds may serve
as a set of “tools” to aid in deconvoluting the SMU biofilm cycle. With compounds in
hand that effectively disturb each stage of the cycle, one may be able to identify specific
targets present at each stage. This information would be invaluable for designing new
derivatives that can be remarkably specific and efficacious.
Regarding the interesting biological activity of compound (−)-3.59, an
examination of the processes involved in early biofilm development enables us to
develop a hypothesis concerning its specific mechanism of action. It is known that
several glucan-binding proteins (GbpA-D), either cell wall associated or excreted, are
directly involved in the adherence of cells to a surface when sucrose is present (Figure
3.8).26 Additionally, a gbpB deletion mutant was unable to be characterized due to
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significantly disrupted cell growth. Knockouts of gbpA, gbpC, and gbpD displayed
decreased virulence and stunted biofilm growth.26 It is therefore feasible that a compound
such as (−)-3.59 may interfere with the function of one or more of the glucan-binding
proteins. This conjecture may be further tested by various experiments, such as testing
3.55 against a cell line overexpressing gbpB (and the other Gbp’s), and determining
binding of the compound to purified proteins in in vitro assays.

Figure 3.8: Sucrose induces SMU to synthesize Gbp’s in order to adhere to a surface
3.4 Summary
We have designed a first generation library of simplified carolacton analogs
containing an aryl appendage and side chains of varying lengths. A diverted total
synthetic approach was used to construct a library of analogs, leveraging a common
intermediate to gain facile access to the entire library. In this manner, sixteen analogs
were available in only three to seven steps from a common macrocyclic intermediate.
Initial biological testing has revealed interesting biological activity for several of these
analogs, including the identification of a compound that precludes biofilm formation and
cell growth in biofilm-inducing conditions. Characterization of the differential
phenotypic responses to several compounds has allowed us to develop hypotheses
concerning SAR and MoA. These results will serve to guide future generations of analog
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synthesis, as well as provide a set of tools useful for identifying novel biofilm-disrupting
targets in SMU.
3.5 Conclusions
The work presented here has described studies related to the synthesis and
biological evaluation of the natural product carolacton. Due to the propensity of
carolacton to kill cells in a SMU biofilm at extremely low concentrations, several groups
have endeavored to provide an explanation for its biological activity, however reports
have been contradictory and/or inconclusive (Chapter 1). Additionally, several groups
have reported attempts at total syntheses of carolacton (Chapter 2), including the first
successful report in 2012 by Kirschning8 and another in 2014 by Phillips and Wuest9.
Biological testing of several carolacton analogs obtained during the latter synthesis has
resulted in the identification of a compound CD1 that elicits a phenotypic response
separate from that of carolacton. As such, we have pursued a quest oriented toward the
generation of a first generation library of carolacton analogs.
Utilizing the power of DTS, we have leveraged a key intermediate en route to
carolacton to develop a set of scaffolds that were then diversified to generate a series of
analogs containing an aryl side chain. Improvement of the route to the key acid
compound required for this strategy has resulted in the development of a “process”
approach, enabling gram-scale production of the acid. Simple synthesis of various side
chains permitted the production of macrocycles that could then be diversified via simple
transformations. Initial biological testing of some members of this library has resulted in
the identification of three compounds with noticeable biofilm-perturbing activity,
including one that inhibited biofilm formation and cell growth. Our results informed
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several hypotheses concerning the different MoAs of these compounds. The utility of this
work lies in the possibility of using these results to guide future generations of analog
synthesis, as well as to provide tool compounds to identify novel targets in SMU
biofilms.
3.6 Future Directions
Work is currently underway to synthesize the remaining members of the analog
library via deprotection of compounds (−)-3.53, (−)-3.54, and (−)-3.55 in the manner
described in Scheme 3.17. Upon completion of the library, biological testing of each
compound and phenotypic analysis will be undertaken to ascertain any effects on SMU
biofilms. These results will be published in due course. The Wuest lab will continue to
develop new libraries of analogs bearing various changes to the scaffold.
The collaboration with Quivey will continue to provide useful comparisons
between phenotypes of compound-treated biofilms and biofilms grown from mutant
SMU cell lines. The next logical step in this direction is to test our active compounds
against the knockouts bearing similar phenotypes to treated cells to determine if activity
is perturbed. Conversely, testing our compounds against cells lines engineered to
overexpress these genes will further provide important MoA information.
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CHAPTER 4
SUPPORTING INFORMATION
4.1 Biological Supporting Information
4.1.1 Bacterial Strains and Culture Conditions
Streptococcus mutans UA159 was obtained from Prof. Bettina Buttaro (Temple
Medical School) as described previously.1,2 S. mutans deletion mutants were obtained
from Prof. R. Quivey (University of Rochester) as agar stabs. Freezer stocks were
prepared and stored for use.
4.1.2 MIC Assay
Minimum inhibitory concentrations were obtained as described previously.1
Compound solutions were made in either DMSO or methanol.
4.1.3 Biofilm Inhibition Assay
Biofilms were prepared as described previously.1,2 Compound solutions were
made in either DMSO or methanol. For testing of new analog, biofilms were grown in a
5% CO2 atmosphere overnight. In the case of compound (−)3.59, 0.01 mL of the
supermatant in the well was dropped onto a plate of agar-supplemented THB media and
allowed to incubate overnight at 37oC in a 5% CO2 atmosphere. Cell viability was
determined by colony growth.
4.1.4 Analysis of Deletion Mutants
Cells were grown from freezer stocks on solid agar-supplemented THB plates for
48 hours at 37oC in a 5% CO2 atmosphere. A single colony was taken from the plate and
grown in liquid THB media for 24 hours. 0.002 mL of the liquid culture was diluted to
1mL in fresh THB for biofilm growth. Biofilms were grown for 24 hours on ethanol99

soaked coverslips in each well of a 24-well plate at 37oC in a 5% CO2 atmosphere.
Biofilms were then imaged as previously described.1 See Table 4.1 for a list of all strains
imaged.
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Table 4.1: All SMU gene deletion mutants obtained from the Quivey library
Oralgen ID

Locus

Gene Name(s)

0210

SMU.232

ilvH

0223

SMU.246

rgpG

0328

SMU.363

glnR

0438

SMU.484

pknB

0491

SMU.540

dpr

0501

SMU.551

ftsA

0555

SMU.609

bsp

0556

SMU.610

pac pags-5 spaP
sr

0846

SMU.933

atmA

0847

SMU.934

0914

SMU.1004

gtfB

0918

SMU.1008

llrG

0947

SMU.1038c

vicR ycbL

1092

SMU.1193

yhcF

1158

SMU.1266

hisH

1166

SMU.1276c

ezrA

1446

SMU.1591

ccpA regM

1591

SMU.1745c

fabT

1779

SMU.1960c

levE

1823

SMU.2007

rl15 rplO

Common Name
Functional Class
acetolactate synthase,
Amino acid biosynthesis:
small subunit
Pyruvate family
putative glycosyl
Cell envelope: Biosynthesis and
transferase Ndegradation of surface
acetylglucosaminyltransfer
polysaccharides and
ase), RgpG
lipopolysaccharides
transcriptional regulator
Regulatory functions: DNA
glutamine synthetase
interactions
repressor
putative serine/threonine
Regulatory functions: Protein
protein kinase
interactions
Transport and binding proteins:
peroxide resistance protein
Cations and iron carrying
Dpr
compounds
cell division protein FtsA Cellular processes: Cell division
putative 40K cell wall
Unknown function: General
protein precursor
cell surface antigen SpaP
putative amino acid ABC
transporter, periplasmic
amino
putative amino acid ABC
transporter, permease
protein

Cell envelope: Other

Transport and binding proteins:
Amino acids, peptides and
amines
Transport and binding proteins:
Amino acids, peptides and
amines
Energy metabolism:
glucosyltransferase-I
Biosynthesis and degradation of
polysaccharides
Signal transduction: Twoputative response regulator
component systems
Signal transduction: Twoputative response regulator
component systems
putative transcriptional
Regulatory functions: DNA
regulator
interactions
putative glutamine
Amino acid biosynthesis:
amidotransferase HisH
Histidine family
putative septation ring
Cellular processes: Cell division
formation regulator
catabolite control protein
Regulatory functions: DNA
A, CcpA
interactions
putative transcriptional
Regulatory functions: DNA
regulator
interactions
putative PTS system,
mannose-specific IIB
Signal transduction: PTS
component
Protein synthesis: Ribosomal
50S ribosomal protein L15
proteins: synthesis and
modification
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4.2 Synthesis Supporting Information
4.2.1 Instrumentation and General Notes
NMR spectra were recorded using the following spectrometers: Bruker Advance
500 (500/125 MHz) or Bruker Advance 400 (400/100 MHz). Chemical shifts are quoted
in ppm relative to tetramethylsilane and with the indicated solvent as an internal
reference. The following abbreviations are used to describe signal multiplicities: s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad), dd (doublet of
doublets), dt (doublet of triplets), etc. Accurate mass spectra were recorded on an Agilent
6520 Accurate-Mass Q-TOF LC/MS, infrared spectra were obtained using a Thermo
Nicolet Nexus 670 FTIR spectrophotometer, and specific rotation measurements were
made with a 1 dm path length using a Perkin Elmer 341 Polarimeter.
Non-aqueous reactions were performed under an atmosphere of argon, in oven
and flame-dried glassware, with HPLC-grade solvents (dichloromethane (DCM),
tetrahydrofuran (THF), toluene (PhMe), acetonitrile (ACN)) dried by passage through
activated alumina. Amine bases were freshly distilled from CaH2 prior to use. Brine
refers to a saturated aqueous solution of sodium chloride.
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4.2.2 Experimental Procedures and Data
OH

OTBS

4.1

(3-(((tert-Butyldimethylsilyl)oxy)methyl)phenyl)methanol (4.1) Prepared according to
known procedures:3 A flask was charged with sodium hydride (60% w/w, 583 mg, 14.6
mmol) and THF (32 mL). The slurry was cooled to 0°C and a solution of 1,3benzenedimethanol (5.87 g, 42.5 mmol) in THF (9 ml) was added slowly via cannula.
The mixture is stirred at this temperature for 15 minutes before addition of tertbutylammonium iodide (123 mg, 0.332 mmol) and portion-wise addition of tertbutyldimethylsilyl chloride (1.0 g, 6.6 mmol). The reaction was allowed to warm to room
temperature slowly and stirred 20 hours. The reaction was quenched by addition of water.
The organic layer was separated and the aqueous layer was extracted 4 times with DCM.
The combined organic layers were washed with brine, dried over sodium sulfate, filtered,
and concentrated. The crude product was passed through a short column of silica gel (4:1
hexanes/EtOAc). The eluate was concentrated to afford a clear oil (1.13 g, 68%), which
was used directly in the next step.
1

H NMR (400 MHz, CDCl3) δ 7.36 – 7.31 (m, 2H), 7.27 (s, 2H), 4.75 (s, 2H), 4.69 (d, J

= 4.4 Hz, 2H), 0.95 (s, 9H), 0.11 (s, 6H)
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O

OTBS

3.27

3-(((tert-Butyldimethylsilyl)oxy)methyl)benzaldehyde (3.27) To a solution of 4.1 (1.13
g, 4.48 mmol) in DCM (30 mL) was added MnO2 (3.9 g, 45 mmol). The reaction was
stirred at room temperature for ~3 days and was then filtered through a pad of celite. The
eluate was concentrated and the residue was reconstituted in DCM. The solution was
passed through a short plug of silica gel with DCM (~200 mL). The eluate was
concentrated to afford the product as a clear oil (922 mg, 82%).
1

H NMR (500 MHz, CDCl3) δ 10.02 (s, 1H), 7.84 (s, 1H), 7.79 – 7.75 (m, 1H), 7.64 –

7.59 (m, 1H), 7.50 (t, J = 7.6 Hz, 1H), 4.81 (s, 2H), 0.95 (s, 9H), 0.12 (s, 6H); 13C NMR
(126 MHz, CDCl3) δ 192.55, 142.77, 136.57, 132.17, 129.06, 128.49, 127.28, 64.43,
26.06, 18.54, -5.15; IR (neat): 2954, 2929, 2885, 2856, 2722, 1703, 1607, 1590, 1471,
1462, 1389, 1253, 1140, 1101, 1074, 1006, 938, 835, 776, 686, 669, 652 cm-1; HRMS
Accurate Mass (ES+): Found 251.1483 (1.6 ppm), C14H22O2Si (M+H+) requires 251.1467

OH

OTBS

(−)-3.32

(1S,2S)-1-(3-(((tert-Butyldimethylsilyl)oxy)methyl)phenyl)-2-methylbut-3-en-1-ol
((−)-3.32) A flask was charged with a stir bar and powdered 4Å mol sieves (250 mg) and
was then flame dried. A solution of E-crotylboronate in toluene (prepared via known
procedure,4 1.29M, 8.5 mL) was added, followed by additional toluene (19 mL). The
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solution was cooled to -78°C. 3.27 (922 mg, 3.68 mmol) was then added as a solution in
toluene (9 mL + 2 mL wash) slowly via syringe pump over ~20 minutes. The reaction
was stirred for 3 hours at this temperature. NaOH was then added (2M (aq), 14 mL) and
the reaction was transferred to a 0 °C cooling bath and stirred for 20 minutes. The
reaction was then filtered through a pad of celite. The organic layer was separated and the
aqueous layer was extracted 4 times with diethyl ether. The combined organic layers are
washed with water and brine, dried over sodium sulfate, filtered, and concentrated. The
crude product was purified by flash column chromatography (4:1 hexanes/EtOAc) to
afford the product alcohol as a clear oil (961 mg, 85%). The product was thus obtained as
a single diastereomer as determined by 1H NMR.
1

H NMR (500 MHz, CDCl3) δ 7.36 – 7.18 (m, 4H), 5.88 – 5.75 (m, 1H), 5.25 – 5.14 (m,

2H), 4.75 (s, 2H), 4.36 (d, J = 7.8 Hz, 1H), 2.52 – 2.42 (m, 1H), 2.12 (s, 1H), 0.94 (s,
9H), 0.87 (d, J = 6.8 Hz, 3H), 0.10 (s, 6H);

13

C NMR (126 MHz, CDCl3) δ 142.50,

141.61, 140.84, 128.30, 125.57, 124.67, 116.91, 78.05, 65.10, 46.39, 26.09, 18.56, 16.68,
-5.07; IR (neat): 3436, 3078, 3031, 2956, 2928, 2856, 1710, 1639, 1607, 1488, 1472,
1462, 1387, 1360, 1254, 1155, 1097, 1032, 1005, 938, 910, 836, 774, 707, 680, 662 cm-1;
[α]25D -39 (c = 1.00 in CHCl3); HRMS (ES+): Found 329.1896 (-1.7 ppm), C18H30O2SiNa
(M+Na+) requires 329.1913
OTBS

3.29

tert-Butyldimethyl(pent-4-en-1-yloxy)silane (3.29) Prepared according to known
procedures:5 A flask was charged with 4-penten-1-ol (2.35 mL, 23.2 mmol) and DMF (23
mL). The solution was cooled to 0°C, followed by addition of tert-butyldimethylsilyl
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chloride (4.55 g, 30.2 mmol), imidazole (2.06 g, 30.2 mmol), and DMAP (142 mg, 1.16
mmol). The reaction was allowed to slowly warm to room temperature and was stirred
for 19 hours. The reaction was quenched by addition of brine and the organic layer was
separated. The aqueous layer was extracted 5 times with EtOAc. The combined organic
layers were washed with a saturated aqueous ammonium chloride, sodium bicarbonate,
water, and brine, dried over sodium sulfate, filtered, and concentrated. The crude product
was purified by flash column chromatography (5% EtOAc in hexanes) to afford the
product alkene as a clear oil (3.68 g, 79%). NOTE: The product is a volatile compound.
Care should be taken when removing solvent. Refrain from leaving under vacuum for
extended periods. Experimental data matched that previously described.5
1

H NMR (500 MHz, CDCl3) δ 5.88 – 5.78 (m, 1H), 5.07 – 4.92 (m, 2H), 3.62 (t, J = 6.5

Hz, 2H), 2.13 – 2.07 (m, 2H), 1.65 – 1.58 (m, 2H), 0.89 (s, 9H), 0.05 (s, 6H)

O

OTBS
5

3.30

3-(5-((tert-Butyldimethylsilyl)oxy)pentyl) benzaldehyde (3.30) A 2-neck flask fitted
with a reflux condenser and septum was charged with 3.29 (1.25 g, 6.24 mmol) and THF
(2.8 mL). The solution was cooled to 0 °C followed by slow addition of 9-BBN (0.5M in
THF, 12.5 mL). The reaction was allowed to warm to room temperature in the presence
of the cooling bath, and was then stirred a further 19 hours at room temperature. DMF
(16 mL), PdCl2(dppf)-CH2Cl2 (69 mg, 0.094 mmol), meta-bromobenzaldehyde (3.28,
0.36 mL, 3.12 mmol) and potassium carbonate (1.55 g, 11.2 mmol) were added. The
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mixture was heated to 50°C and stirred a further 24 hours. The reaction was then cooled
to room temperature and poured into a separatory funnel containing water (50 mL).
Toluene was added (it may be necessary to add additional water for layers to separate)
and the organic layer was separated. The aqueous layer was extracted 5 times with
toluene (4x 50 mL), and the combined organic layers were washed 4 times with water (4x
25 mL) and one time with brine, dried over sodium sulfate, filtered, and concentrated to
afford a viscous brown oil as the crude product. Purification by flash column
chromatography (0 to 10% EtOAc in hexanes) afforded the product aldehyde as a clear
oil (821 mg, 86%).
1

H NMR (500 MHz, CDCl3) δ 10.00 (s, 1H), 7.72 – 7.61 (m, 2H), 7.54 – 7.40 (m, 2H),

3.60 (t, J = 6.5 Hz, 2H), 2.72 – 2.68 (m, 2H), 1.70 – 1.62 (m, 2H), 1.55 – 1.50 (m, 2H),
1.41 – 1.33 (m, 2H), 0.88 (s, 9H), 0.03 (s, 6H); 13C NMR (126 MHz, CDCl3) δ 192.74,
143.91, 136.66, 134.86, 129.52, 129.05, 127.65, 63.17, 35.76, 32.76, 31.21, 26.09, 25.57,
18.49, -5.14; IR (neat): 2928, 2856, 2726, 1702, 1603, 1588, 1471, 1462, 1386, 1360,
1301, 1250, 1142, 1096, 1005, 938, 910, 833, 774, 692, 651 cm-1; HRMS (ES+): Found
307.2117 (+2.4 ppm), C18H30O2Si (M+H+) requires 307.2093

OTBS

OH

(−)-3.33

(1S,2S)-1-(3-(5-((tert-Butyldimethylsilyl)oxy)pentyl)phenyl)-2-methylbut-3-en-1-ol
((−)-3.33) Prepared according to the procedure for (−)-3.32 3.30 (821 mg, 2.68 mmol),
3.31 (6.2 mL, 8.0 mmol), toluene (20 mL), and NaOH (2M, 10mL) yielded 810mg (83%)
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of the product as a clear oil. Purified by column chromatography (10% EtOAc in
hexanes).
1

H NMR (500 MHz, CDCl3) δ 7.26 – 7.22 (m, 1H), 7.15 – 7.12 (m, 2H), 7.11 – 7.08 (m,

1H), 5.86 – 5.76 (m, 1H), 5.23 – 5.15 (m, 2H), 4.33 (dd, J = 8.0, 2.0 Hz, 1H), 3.60 (t, J =
6.6 Hz, 2H), 2.66 – 2.57 (m, 2H), 2.53 – 2.42 (m, 1H), 1.67 – 1.59 (m, 2H), 1.57 – 1.51
(m, 2H), 1.40 – 1.33 (m, 2H), 0.89 (s, 9H), 0.86 (d, J = 6.8 Hz, 3H), 0.04 (s, 6H);

13

C

NMR (126 MHz, CDCl3) δ 142.84, 142.48, 140.92, 128.24, 127.86, 126.98, 124.31,
116.79, 78.07, 63.31, 46.37, 36.09, 32.83, 31.47, 25.66, 18.49, 16.71, -5.14; IR (neat):
3438, 3080, 3022, 2928, 2856, 1639, 1607, 1471, 1462, 1387, 1361, 1254, 1155, 1098,
1005, 911, 833, 813, 774, 707, 679, 661 cm-1; [α]25D -24.1 (c = 4.20 in CHCl3); HRMS
(ES+): Found 385.2544 (+0.5 ppm), C22H38O2SiNa (M+Na+) requires 385.2539
O

O

O
O

O

O

3.20

(3aR,6S,6aR)-6-((R)-2,2-Dimethyl-1,3-dioxolan-4-yl)-2,2-dimethyldihydrofuro
[3,4-d][1,3]dioxol-4(3aH)-one (3.20) A round bottom flask was charged with 3.19
(40.0 g, 224 mmol), acetone (320 mL), p-toluenesulfonic acid monohydrate (2.21 g, 11.6
mmol), and 2,2-dimethoxypropane (67.0 mL, 326 mmol). The mixture was allowed to
stir 40 hours, becoming clear as the reaction proceeds. A second portion of 2,2dimethoxypropane (30 mL, 244 mmol) is added and the reaction was allowed to stir a
further 20 hours. Upon completion, sodium bicarbonate (3.00 g, 35.7 mmol) was added to
the mixture and allowed to stir for 15 minutes. The newly formed suspension was
concentrated and the clumpy solid slurry was dissolved in dichloromethane (200 mL).
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The solution was added to a separatory funnel and water (200 mL) was added, forming
two layers. The aqueous layer was extracted with dichloromethane (2x 200 mL). The
combined organic layers were then dried over MgSO4, filtered, and reduced to give a
white solid, which was then recrystallized in hot ethyl acetate to afford the bis-protected
product as white crystals. The mother liquor was concentrated and dissolved in acetone
(200 mL) and another portion of p-toluenesulfonic acid monohydrate (2.21 g, 11.6 mmol)
is added. The mixture was allowed to stir a further 48 hours, after which the same workup
procedure was followed, yielding white crystals (41.69 g, 72%). Experimental data
matched that previously described.1,6,7
1

H NMR (400 MHz, CDCl3) δ 4.84 (d, J = 5.6 Hz, 1H), 4.74 (dd, J = 5.6, 3.5 Hz, 1H),

4.50 – 4.36 (m, 2H), 4.26 – 4.17 (m, 1H), 3.86 – 3.76 (m, 1H), 1.48 (s, 3H), 1.47 (s, 3H),
1.40 (s, 3H), 1.38 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 173.38, 114.39, 110.28, 80.89,
75.97, 75.74, 75.14, 65.05, 26.57, 25.66, 25.14

O

O

O
O

O

OH

4.2

(3aR,6S,6aR)-6-((R)-2,2-Dimethyl-1,3-dioxolan-4-yl)-2,2-dimethyltetra
hydrofuro[3,4-d][1,3]dioxol-4-ol (4.2) A flame dried round bottom flask was charged
with 3.20 (4.65 g, 18.0 mmol) and dry dichloromethane (90 mL). The stirring solution
was cooled to -78oC and neat DIBAL-H (3.8 mL, 21.6 mmol) was added via syringe. The
reaction aws maintained at that temperature for 3 hours, then it was added to a stirring
solution of 50% saturated Rochelle’s salt (90 mL) at 0oC. The thick white slurry was
warmed to room temperature and stirred for 3 hours. The reaction was then poured into a
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separatory funnel and the organic layer was separated. The aqueous layer was extracted
with dichloromethane (3x 90 mL). The organic fractions were combined, washed with
brine, dried over sodium sulfate, filtered, and concentrated. The lactol was obtained as a
white solid (4.51 g, 96%) and used without further purification. If necessary, the product
may be recrystallized from hot ethanol. Experimental data matched that previously
described.1,6,7
1

H NMR (500 MHz, CDCl3) δ 5.44 (d, J = 2.5 Hz, 1H), 4.68 (dd, J = 5.9, 3.8 Hz, 1H),

4.61 (d, J = 5.9 Hz, 1H), 4.34 (dt, J = 8.5, 6.9 Hz, 1H), 4.19 (dd, J = 8.5, 6.5 Hz, 1H),
4.10 (dd, J = 8.5, 3.8 Hz, 1H), 3.71 (dd, J = 8.4, 7.1 Hz, 1H), 3.40 (d, J = 2.5 Hz, 1H),
1.43 – 1.41 (m, 6H), 1.36 (s, 3H), 1.27 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 112.80,
109.78, 101.24, 85.72, 81.97, 79.85, 75.53, 66.00, 26.72, 25.96, 25.42, 24.73

O

O

O
O

O

OBz

3.21

(3aR,6S,6aR)-6-((R)-2,2-Dimethyl-1,3-dioxolan-4-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl benzoate (3.21) A flame dried round bottom flask was
charged with 4.2 (41.9 g, 160 mmol) and dry dichloromethane (1000 mL). The solution
was cooled to -78oC, whereupon triethylamine (56 mL, 400 mmol) was added, followed
by DMAP (2.0 g, 16 mmol), and freshly distilled benzoyl chloride (28.0 mL, 241 mmol).
The reaction was allowed to stir overnight while warming to room temperature. Upon
completion, the reaction was added to an equal volume of water at 0 oC and the layers
were separated. The aqueous layer was extracted with dichloromethane (2x 300 mL), and
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the organic layer was washed with 0.5M HCl (3 x 300 mL), H2O (2 x 300 mL), NaHCO3
(3 x 300 mL), and brine (400 mL). The organic fractions were then combined and dried
over MgSO4, filtered, and reduced, yielding a white solid (58.35 g, >99%). Experimental
data matched that previously described.1,6,7
1

H NMR (500 MHz, CDCl3) δ 8.04 – 7.97 (m, 2H), 7.61 – 7.53 (m, 1H), 7.47 – 7.39 (m,

2H), 6.50 (s, 1H), 4.90 – 4.80 (m, 2H), 4.43 (q, J = 7.2 Hz, 1H), 4.29 – 4.20 (m, 2H), 3.76
(t, J = 7.8 Hz, 1H), 1.51 (s, 3H), 1.46 (s, 3H), 1.39 (s, 3H), 1.32 (s, 3H); 13C NMR (101
MHz, CDCl3) δ 164.95, 133.54, 129.94, 129.70, 128.56, 113.70, 110.11, 101.87, 85.55,
84.91, 79.66, 75.66, 66.07, 26.90, 26.14, 25.48, 24.93
O

O

HO
HO

O

OBz

3.22

(3aR,6S,6aR)-6-((R)-1,2-Dihydroxyethyl)-2,2-dimethyltetrahydrofuro[3,4-d]
[1,3]dioxol-4-yl benzoate (3.22) A flame dried round bottom flask was charged with
3.21 (10.0 g, 27.4 mmol), H2O (17 mL), and acetic acid (150 mL). The slurry was heated
to 35oC and allowed to stir overnight. The now clear solution was reduced, co-evaporated
with toluene (40 mL), reduced, and recrystallized from hot ethanol, yielding white
crystals (8.57 g, 96%). Experimental data matched that previously described.1,6,7
1

H NMR (500 MHz, CDCl3) δ 8.08 – 7.94 (m, 2H), 7.64 – 7.55 (m, 1H), 7.52 – 7.41 (m,

2H), 6.43 (s, 1H), 4.95 – 4.88 (m, 2H), 4.30 – 4.24 (m, 1H), 4.19 – 4.09 (m, 1H), 3.89 –
3.69 (m, 2H), 2.84 (s, 1H), 2.21 (s, 1H), 1.52 (s, 3H), 1.35 (s, 3H); 13C NMR (101 MHz,
CDCl3) δ 165.18, 133.68, 129.93, 129.49, 128.60, 113.56, 101.08, 85.74, 82.56, 79.56,
70.86, 63.15, 26.13, 24.79
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O

O

O
OBz

O

4.3

(3aR,6R,6aR)-6-Formyl-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl

benzoate

(4.3) A round bottom flask was charged with 3.22 (3.07 g, 9.47 mmol), 1,4-dioxane (100
mL), and water (100 mL). Sodium metaperiodate (4.05 g, 18.9 mmol) was added and the
reaction was allowed to stir for ~90 minutes. The mixture was then filtered over celite,
rinsed with ethyl acetate (3 x 100 mL), and added to a separatory funnel. The aqueous
layer was extracted with ethyl acetate (3 x 100 mL) and the organic layers were
combined, washed with brine (200 mL), dried over MgSO4, filtered, and reduced. The
resulting viscous oil was then co-eluted with toluene and once again reduced, yielding the
intermediate aldehyde as a cloudy oil which was used for the next reaction without
further purification.

O

O

O

OBz

3.23

(3aR,6S,6aR)-2,2-Dimethyl-6-((Z)-prop-1-en-1-yl)tetrahydrofuro[3,4-d][1,3]dioxol-4yl benzoate (3.23) A flame dried round bottom flask was charged with freshly prepared
ethyltriphenylphosphonium iodide8 (4.59 g, 11.0 mmol) and tetrahydrofuran (82 mL),
forming an insoluble white suspension. A solution of 1.0 M KHMDS (10.9 mL) was
added, immediately forming an orange solution. The ylide solution was allowed to stir 90
minutes, and was then cooled to -78 oC, whereupon a solution of 4.3 (assuming
quantitative yield) in THF (60 mL) was added to the ylide. The reaction was then allowed
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to stir overnight, warming to room temperature. Upon completion, the reaction was
quenched with saturated ammonium chloride (100 mL). The layers were separated and
the aqueous layer was extracted with ethyl acetate (3 x 150 mL). The organic layers were
combined and washed with brine (200 mL), dried over MgSO4, filtered, and reduced.
Purification via column chromatography (7:3 hexanes/ EtOAc) afforded the product
olefin (1.96 g, 70% two steps) as a white crystalline solid. Experimental data matched
that previously described.1
1

H NMR (400 MHz, CDCl3) δ 8.06 – 8.01 (m, 2H), 7.62 – 7.56 (m, 1H), 7.48 – 7.43 (m,

2H), 6.41 (s, 1H), 5.88 – 5.79 (m, 1H), 5.70 – 5.62 (m, 1H), 5.00 (dd, J = 8.2, 3.7 Hz,
1H), 4.90 (d, J = 5.7 Hz, 1H), 4.82 (dd, J = 5.8, 3.7 Hz, 1H), 1.74 (dd, J = 7.0, 1.7 Hz,
3H), 1.54 (s, 3H), 1.36 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 165.22, 157.74, 133.49,
129.87, 128.56, 123.94, 113.25, 101.53, 99.77, 85.65, 81.06, 77.88, 26.26, 25.07, 14.03

O

O

O

OH

3.24

(3aR,6S,6aR)-2,2-Dimethyl-6-((Z)-prop-1-en-1-yl)tetrahydrofuro[3,4-d]
[1,3]dioxol-4-ol (3.24) A flame dried round bottom flask was charged with 3.23 (4.77 g,
15.6 mmol), tetrahydrofuran (44 mL), and methanol (44 mL). K2CO3 (2.59 g, 18.8 mmol)
was then added to the flask and the reaction was allowed to stir 3 h, at which point the
starting material was completely consumed by TLC (if starting material remained, the
reaction was allowed to continue stirring until which time TLC shows complete
conversion to product). The mixture was then filtered, reduced, and purified by column
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chromatography (3:1-1:2 hexanes/ EtOAc) to afford the lactol (3.11 g, 99%) as a clear
oil. Experimental data matched that previously described.1
1

H NMR (400 MHz, CDCl3) δ 5.87 – 5.77 (m, 1H), 5.68 – 5.59 (m, 1H), 5.41 (d, J = 2.2

Hz, 1H), 5.00 (dd, J = 8.6, 3.7 Hz, 1H), 4.71 (dd, J = 5.8, 3.7 Hz, 1H), 4.65 (d, J = 5.8
Hz, 1H), 2.42 (d, J = 2.4 Hz, 1H), 1.75 (dd, J = 7.0, 1.8 Hz, 3H), 1.48 (s, 3H), 1.33 (s,
3H); 13C NMR (126 MHz, CDCl3) δ 129.84, 124.40, 112.66, 101.14, 85.99, 81.44, 75.58,
26.24, 24.96, 13.92

O

O

O

O

(−)-3.25

(3aR,6S,6aR)-2,2-Dimethyl-6-((Z)-prop-1-en-1-yl)dihydrofuro[3,4-d]
[1,3]dioxol-4(3aH)-one ((−)-3.25) A flame dried round bottom flask was charged with
oxalyl chloride (0.11 mL, 1.3 mmol) and dry dichloromethane (6.5 mL). The stirring
solution was cooled to -78 oC and DMSO (0.37 mL, 5.2 mmol) was added. The solution
was maintained at this temperature for 1 hour and 20 minutes at which time a solution of
3.24 (126 mg, 0.63 mmol) in dry dichloromethane (1.7 mL + 2x 0.4 mL washes) was
added via canula at -78 oC. The reaction was maintained at this temperature for 2 hours
and 30 minutes, then triethylamine (0.50 mL, 3.6 mmol) was added. The reaction was
allowed to stir in the presence of the cooling bath for 2 hours, then at room temperature
for an additional 1 hour. The reaction was then poured into a separatory funnel and
washed with 0.5M HCl (2x 10 mL), saturated sodium bicarbonate (2x 10 mL), and brine.
The organic fraction was dried over sodium sulfate, filtered and concentrated. Elution
114

through a short plug of silica gel with dichloromethane (~50 mL) and concentration of
the eluate afforded the product lactone as a white solid (117 mg, 94%), which may be
used without further purification. Experimental data matched that previously described.1
1

H NMR (500 MHz, CDCl3) δ 6.00 – 5.92 (m, 1H), 5.72 – 5.65 (m, 1H), 5.28 (ddd, J =

8.8, 3.6, 1.2 Hz, 1H), 4.83 (d, J = 5.3 Hz, 1H), 4.77 (dd, J = 5.3, 3.6 Hz, 1H), 1.79 (dd, J
= 7.1, 1.8 Hz, 3H), 1.50 (s, 3H), 1.40 (s, 3H);

13

C NMR (101 MHz, CDCl3) δ 174.26,

132.57, 122.31, 114.15, 77.85, 76.35, 74.64, 65.65, 26.91, 25.97, 13.87

O
O

O

OH

(−)-3.1

(4R,5R)-2,2-Dimethyl-5-((R,E)-3-methylhexa-1,5-dien-1-yl)-1,3-dioxolane-4carboxylic acid ((−)-3.1) A flame dried round bottom flask (previously rinsed in a base
bath and oven dried) was charged with copper (I) cyanide (474 mg, 5.29 mmol) and dry
THF (258 mL). The slurry was cooled to -10 °C in an ice-salt water bath and freshly
prepared allylmagnesium bromide9 (0.72M, 7 mL, 5.04 mmol) was added very slowly.
The solution was stirred at -10 oC for 30 minutes prior to dropwise addition of a solution
of (−)-3.25 (500 mg, 2.52 mmol) in THF (3 mL + 2 mL wash). The reaction was
maintained at this temperature for ~ 10 minutes, then allowed to warm to room
temperature and stirred an additional 3 hours at which point the staring material has been
consumed (by TLC). The reaction was quenched by addition of a 9:1 solution of
saturated aqueous ammonium chloride and 1M ammonium hydroxide (200 mL total
volume). The solution was stirred ~ 1 hour until it reached a deep blue color. The reaction
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was then poured into a separatory funnel and the aqueous layer was separated and
acidified to ~ pH 2 with 0.5M HCl. The acidified aqueous layer was extracted with
diethyl ether (5x 50 mL). The combined organic layers were washed with saturated
aqueous ammonium chloride (2x 50mL) and brine, dried over sodium sulfate, filtered and
concentrated. Purification via column chromatography (9:1 DCM/MeOH) provided the
acid as a brown oil (426 mg, 70%). Experimental data matched that previously described1
1

H NMR (500 MHz, CDCl3) δ 5.84 (dd, J = 15.4, 7.1 Hz, 1H), 5.78 – 5.68 (m, 1H), 5.40

– 5.33 (m, 1H), 5.03 – 4.97 (m, 2H), 4.84 (t, J = 7.6 Hz, 1H), 4.64 (d, J = 7.5 Hz, 1H),
2.31 – 2.24 (m, 1H), 2.15 – 2.09 (m, 1H), 2.06 – 1.98 (m, 1H), 1.63 (s, 3H), 1.42 (s, 3H),
0.98 (d, J = 6.7 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 173.78, 142.58, 136.64, 122.04,
116.33, 111.27, 78.80, 76.91, 40.85, 36.10, 27.05, 25.41, 19.53

O
O

O

O

OTBS

(−)-3.36

Representative Procedure A: Shiina Esterification
(4R,5R)-(1S,2S)-1-(3-(((tert-Butyldimethylsilyl)oxy)methyl)phenyl)-2-methyl
but-3-en-1-yl-2,2-dimethyl-5-((R,E)-3-methylhexa-1,5-dien-1-yl)-1,3-dioxolane-4carboxylate ((−)-3.36) A flame dried flask was charged with (−)-3.1 (235 mg, 0.979
mmol) and DCM (6 mL). 2-methyl-6-nitrobenzoic anhydride (MNBA, prepared
according to known procedures),10 (337 mg, 0.979 mmol), DMAP (10 mg, 0.082 mmol),
and triethylamine (0.37 mL, 2.6 mmol) were added and the solution was stirred for 15
minutes at room temperature. A solution of (−)-3.32 (250 mg, 0.816 mmol) was added as
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a solution in DCM (6 mL + 2 mL wash). The reaction was stirred 24 hours and quenched
with saturated aqueous ammonium chloride. The organic layer was separated and the
aqueous layer was extracted 4 times with DCM. The combined organic layers were
washed with brine, dried over sodium sulfate, filtered, and concentrated. Purification by
flash column chromatography (0 to 10% EtOAc in hexanes) afforded the product as a
clear oil (339 mg, 79%).
1

H NMR (500 MHz, CDCl3) δ 7.32 – 7.24 (m, 3H), 7.22 – 7.17 (m, 1H), 5.85 – 5.64 (m,

3H), 5.61 (d, J = 7.5 Hz, 1H), 5.19 – 5.10 (m, 1H), 5.10 – 5.03 (m, 2H), 5.01 – 4.92 (m,
2H), 4.79 – 4.71 (m, 3H), 4.61 (d, J = 7.0 Hz, 1H), 2.74 – 2.64 (m, 1H), 2.08 – 1.95 (m,
2H), 1.89 – 1.83 (m, 1H), 1.66 (s, 3H), 1.40 (s, 3H), 0.95 (s, 9H), 0.90 (d, J = 6.9 Hz,
3H), 0.82 (d, J = 6.6 Hz, 3H), 0.10 (s, 6H);

13

C NMR (126 MHz, CDCl3) δ 169.12,

142.70, 141.55, 139.54, 138.49, 136.78, 128.24, 126.06, 125.80, 125.13, 122.13, 116.19,
115.96, 110.95, 80.33, 79.37, 78.34, 64.93, 43.04, 40.72, 35.93, 27.18, 26.08, 25.81,
19.16, 18.53, 16.06, -5.09; IR (neat): 3076, 2956, 2928, 2856, 1758, 1733, 1641, 1471,
1462, 1379, 1253, 1217, 1183, 1162, 1082, 1042, 1004, 973, 913, 880, 836, 815, 776,
703, 668, 567, 561 cm-1; [α]25D -61.6 (c = 0.92 in CHCl3); HRMS (ES+): Found 551.3152
(-1.1 ppm), C31H48O5SiNa (M+Na+) requires 551.3163
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O

O

OTBS

(−)-3.37

(4R,5R)-(1S,2S)-1-(3-(5-((tert-Butyldimethylsilyl)oxy)pentyl)phenyl)-2-methyl but-3en-1-yl-2,2-dimethyl-5-((R,E)-3-methylhexa-1,5-dien-1-yl)-1,3-dioxolane-4carboxylate ((−)-3.37) Prepared according to Representative Procedure A: (−)-3.1 (386
mg, 1.61 mmol, 10 mL DCM), (−)-3.33 (468 mg, 1.29mmol, 13 mL DCM), MNBA (554
mg, 1.61mmol), triethylamine (0.58 mL, 4.19 mmol), and DMAP (16 mg, 0.13 mmol),
yielded 637 mg (84%) of the ester. Purified by column chromatography (0 to 10% EtOAc
in hexanes).
1

H NMR (500 MHz, CDCl3) δ 7.24 – 7.18 (m, 1H), 7.14 – 7.03 (m, 3H), 5.82 – 5.61 (m,

3H), 5.58 (d, J = 7.6 Hz, 1H), 5.13 – 5.06 (m, 1H), 5.06 – 5.00 (m, 2H), 4.99 – 4.91 (m,
2H), 4.77 – 4.70 (m, 1H), 4.59 (d, J = 7.0 Hz, 1H), 3.60 (t, J = 6.6 Hz, 2H), 2.70 – 2.66
(m, 1H), 2.61 – 2.56 (m, 2H), 2.02 – 1.93 (m, 2H), 1.87 – 1.81 (m, 1H), 1.65 (s, 3H), 1.63
– 1.52 (m, 4H), 1.40 – 1.34 (m, 5H), 0.91 – 0.86 (m, 12H), 0.79 (d, J = 6.6 Hz, 3H), 0.04
(s, 6H); 13C NMR (126 MHz, CDCl3) δ 169.17, 142.73, 142.69, 139.65, 138.52, 136.80,
128.20, 127.65, 124.78, 122.10, 116.18, 115.90, 110.96, 80.35, 79.40, 78.40, 63.35,
43.12, 40.73, 36.06, 35.91, 32.87, 31.41, 27.18, 26.14, 25.83, 25.72, 19.15, 18.53, 16.16,
-5.11; IR (neat): 2929, 2857, 1735, 1641, 1608, 1461, 1372, 1234, 1163, 1091, 1022,
997, 974, 913, 880, 834, 774, 706, 661 cm-1; [α]25D -47.3 (c = 0.30 in CHCl3); HRMS
(ES+): Found 602.4218 (-2.3 ppm), C35H60O5SiN (M+NH4+) requires 602.4241
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O

OTBS

(−)-3.38

Representative Procedure B: Ring-Closing Metathesis
(3aR,6S,7S,8E,11R,12E,13aR)-6-(3-(((tert-Butyldimethylsilyl)oxy)methyl)phenyl)2,2,7,11-tetramethyl-6,7,10,11-tetrahydro-3aH-[1,3]dioxolo[4,5-c][1]oxacyclo
dodecin-4(13aH)-one ((−)-3.38) A flask was charged with (−)-3.36 (80 mg, 0.150 mmol)
and DCM (30 mL). Grubbs 2nd generation catalyst (6.0 mg, 0.0076 mmol, 5 mol%) was
added and the reaction was stirred at room temperature for 20 hours. The solvent was
removed and the crude residue was purified by flash column chromatography (0 to 3%
EtOAc in hexanes) to afford the product as a yellowish oil (59 mg, 78%). NOTE: In our
experience, degassing solvent prior to use had no noticeable effect on the outcome of the
reaction.
1

H NMR (400 MHz, CDCl3) δ 7.28 – 7.25 (m, 3H), 7.21 – 7.17 (m, 1H), 5.87 – 5.75 (m,

1H), 5.58 (d, J = 10.8 Hz, 1H), 5.38 – 5.22 (m, 3H), 4.77 – 4.69 (m, 3H), 4.45 (d, J = 6.6
Hz, 1H), 2.66 – 2.49 (m, 1H), 2.39 – 2.19 (m, 2H), 2.16 – 1.98 (m, 1H), 1.66 (s, 3H), 1.37
(s, 3H), 1.08 (d, J = 6.7 Hz, 3H), 0.93 (s, 9H), 0.75 (d, J = 6.8 Hz, 3H), 0.08 (s, 6H); 13C
NMR (101 MHz, CDCl3) δ 169.85, 141.81, 139.29, 138.85, 134.70, 130.68, 128.43,
126.56, 126.12, 125.54, 123.65, 111.03, 80.72, 79.11, 78.43, 64.91, 43.29, 38.54, 35.90,
26.90, 26.07, 25.99, 20.99, 17.61, -5.07; IR (neat): 2955, 2928, 2856, 1796, 1750, 1472,
1461, 1379, 1252, 1222, 1180, 1161, 1081, 1001, 968, 879, 814, 776, 735, 703, 670 cm-1;
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[α]25D -34.4 (c = 1.00 in CHCl3); HRMS (ES+): Found 523.2869 (+1.3 ppm),
C29H44O5SiNa (M+Na+) requires 523.2856

O
O

O

O

OTBS

(−)-3.39

(3aR,6S,7S,8E,11R,12E,13aR)-6-(3-(5-((tert-Butyldimethylsilyl)oxy)

pentyl)phenyl)-

2,2,7,11-tetramethyl-6,7,10,11-tetrahydro-3aH-[1,3]dioxolo[4,5-c][1]oxacyclo
dodecin-4(13aH)-one ((−)-3.39) Prepared according to Representative Procedure B: (−)3.37 (162 mg, 0.277 mmol), Grubbs 2nd Generation catalyst (12 mg, 0.014 mmol, 5
mol%), and DCM (55 mL) yielded 124 mg (81%) of the product as a clear oil. Purified
by column chromatography (0 to 3% EtOAc in hexanes).
1

H NMR (500 MHz, CDCl3) δ 7.23 – 7.17 (m, 1H), 7.15 – 7.06 (m, 3H), 5.85 – 5.78 (m,

1H), 5.57 (d, J = 10.8 Hz, 1H), 5.35 – 5.29 (m, 1H), 5.29 – 5.23 (m, 2H), 4.77 – 4.70 (m,
1H), 4.47 (d, J = 6.7 Hz, 1H), 3.60 (t, J = 6.6 Hz, 2H), 2.62 – 2.55 (m, 3H), 2.34 – 2.21
(m, 2H), 2.09 – 1.99 (m, 1H), 1.67 (s, 3H), 1.63 – 1.57 (m, 2H), 1.57 – 1.51 (m, 2H), 1.39
– 1.33 (m, 5H), 1.09 (d, J = 6.8 Hz, 3H), 0.89 (s, 9H), 0.75 (d, J = 6.8 Hz, 3H), 0.04 (s,
6H);

13

C NMR (126 MHz, CDCl3) δ 169.81, 142.99, 139.25, 138.84, 134.79, 130.59,

128.44, 127.93, 125.20, 123.69, 111.00, 80.76, 79.11, 78.42, 63.28, 43.30, 38.53, 35.98,
35.88, 32.79, 31.40, 26.88, 26.10, 25.96, 25.68, 21.00, 18.47, 17.65, -5.15; IR (neat):
2954, 2928, 2856, 1751, 1608, 1586, 1459, 1379, 1251, 1222, 1180, 1085, 1002, 968,

120

880, 834, 813, 775, 705, 662 cm-1; [α]25D -69.4 (c = 1.90 in CHCl3); HRMS (ES+):
Found 557.3639 (-1.8 ppm), C33H52O5Si (M+H+) requires 557.3657

O
O

O

O

OTBS

(−)-3.40

Representative Procedure C: Hydrogenation
(3aR,6S,7S,11R,13aR,E)-6-(3-(((tert-Butyldimethylsilyl)oxy)methyl)phenyl)-2,2,7,11tetramethyl-6,7,8,9,10,11-hexahydro-3aH-[1,3]dioxolo[4,5-c][1]oxacyclododecin4(13aH)-one ((−)-3.40) To a solution of (−)-3.38 (36 mg, 0.072 mmol) in ethanol (7.2
mL) was added palladium on carbon (10% w/w, 6 mg). The reaction was sparged with
hydrogen gas 5 times from a balloon and stirred for 1.5 hours. The reaction was passed
through a pad of celite with EtOAc (100 mL) and the solvent was removed. The residue
was purified by preparative TLC (3% EtOAc in hexanes, eluted twice, to remove a more
non-polar impurity) to afford the product as a clear oil (25 mg, 69%).
1

H NMR (400 MHz, CDCl3) δ 7.26 – 7.20 (m, 3H), 7.19 – 7.14 (m, 1H), 5.72 – 5.59 (m,

2H), 5.51 (d, J = 11.3 Hz, 1H), 4.87 – 4.82 (m, 1H), 4.70 (s, 2H), 4.52 (d, J = 6.6 Hz,
1H), 2.44 – 2.33 (m, 1H), 2.28 – 2.17 (m, 1H), 2.03 – 1.92 (m, 1H), 1.68 (s, 3H), 1.41 –
1.36 (m, 6H), 1.02 (d, J = 6.6 Hz, 2H), 0.93 (s, 9H), 0.68 (d, J = 7.0 Hz, 3H), 0.08 (s,
6H);

13

C NMR (126 MHz, CDCl3) δ 169.49, 141.63, 139.92, 135.89, 128.32, 126.56,

125.95, 125.46, 122.37, 110.98, 79.40, 78.66, 65.00, 36.26, 35.81, 33.87, 29.44, 26.95,
26.09, 26.03, 21.06, 18.54, 17.99, 15.91, -5.06; IR (neat): 2956, 2928, 2856, 2904, 1752,
121

1462, 1379, 1250, 1224, 1176, 1123, 1081, 1006, 976, 815, 776, 719, 702, 668, 617 cm-1;
[α]25D -106 (c = 1.88 in CHCl3); HRMS (ES+): Found 525.3036 (+2.4 ppm),
C29H46O5SiNa (M+Na+) requires 525.3012
O
O

O

O

OTBS

(−)-3.41

(3aR,6S,7S,11R,13aR,E)-6-(3-(5-((tert-Butyldimethylsilyl)oxy)pentyl)phenyl)-2,2,7,11tetramethyl-6,7,8,9,10,11-hexahydro-3aH-[1,3]dioxolo[4,5-c][1]oxacyclododecin4(13aH)-one ((−)-3.41) Prepared according to Representative Procedure C: (−)-3.39 (20
mg, 0.036 mmol), Pd/C (10% w/w, 2 mg), and EtOH (3.6 mL) yielded 11 mg (55%) of
the product as a clear oil. Purified by preparative TLC (3% EtOAc in hexanes, eluted
twice).
1

H NMR (500 MHz, CDCl3) δ 7.20 – 7.15 (m, 1H), 7.11 – 7.08 (m, 2H), 7.07 – 7.03 (m,

1H), 5.71 – 5.60 (m, 2H), 5.49 (d, J = 11.5 Hz, 1H), 4.87 – 4.80 (m, 1H), 4.54 (d, J = 6.6
Hz, 1H), 3.59 (t, J = 6.6 Hz, 1H), 2.58 – 2.54 (m, 2H), 2.42 – 2.36 (m, 1H), 2.28 – 2.17
(m, 1H), 2.01 – 1.94 (m, 1H), 1.68 (s, 3H), 1.63 – 1.50 (m, 6H), 1.39 – 1.37 (m, 3H), 1.37
– 1.32 (m, 3H), 1.08 – 1.04 (m, 2H), 1.02 (d, J = 6.5 Hz, 3H), 0.89 (s, 9H), 0.68 (d, J =
7.0 Hz, 3H), 0.04 (s, 6H);

13

C NMR (126 MHz, CDCl3) δ 169.49, 142.84, 139.98,

135.91, 128.29, 128.24, 127.83, 125.18, 122.37, 110.99, 79.50, 78.69, 63.37, 36.36,
36.02, 35.82, 33.90, 32.85, 31.41, 29.44, 26.96, 26.14, 26.04, 25.73, 21.07, 18.53, 17.97,
15.95, -5.10; IR (neat): 2928, 2856, 2360, 1753, 1608, 1460, 1379, 1250, 1223, 1176,

122

1085, 1005, 977, 874, 834, 775, 705, 667 cm-1; [α]25D -63.9 (c = 0.43 in CHCl3); HRMS
(ES+): Found 581.3630 (-0.8 ppm), C33H54O5SiNa (M+Na+) requires 581.3638

O
O

O

O

OH

(−)-3.48

Representative Procedure D: TBS removal
(3aR,6S,7S,8E,11R,12E,13aR)-6-(3-(Hydroxymethyl)phenyl)-2,2,7,11-tetramethyl6,7,10,11-tetrahydro-3aH-[1,3]dioxolo[4,5-c][1]oxacyclododecin-4(13aH)-one

((−)-

3.48) To a solution of (−)-3.38 (21 mg, 0.0420 mmol) in THF (0.42 mL) was added tetrabutylammonium fluoride (1M in THF, 0.13 mL), and the reaction was stirred for 1 hour.
The reaction was quenched with saturated aqueous ammonium chloride and diluted in
diethyl ether. The organic layer was separated and the aqueous layer was extracted 4
times with diethyl ether. The combined organic layers were washed with water and brine,
dried over sodium sulfate, filtered, and concentrated. The crude product was purified by
preparative TLC (3:2 hexanes/EtOAc) to afford the product alcohol as a clear oil (15 mg,
94%).
1

H NMR (400 MHz, CDCl3) δ 7.36 – 7.31 (m, 1H), 7.32 – 7.26 (m, 1H), 7.28 – 7.22 (m,

1H), 5.82 (dd, J = 15.7, 6.6 Hz, 1H), 5.58 (d, J = 10.8 Hz, 1H), 5.36 – 5.23 (m, 3H), 4.76
– 4.70 (m, 1H), 4.67 (s, 2H), 4.46 (d, J = 6.7 Hz, 1H), 2.69 – 2.52 (m, 1H), 2.36 – 2.20
(m, 2H), 2.11 – 1.99 (m, 1H), 1.65 (s, 3H), 1.37 (s, 3H), 1.08 (d, J = 6.5 Hz, 3H), 0.76 (d,
J = 6.8 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 169.89, 141.29, 139.45, 139.38, 134.63,
123

130.77, 128.78, 127.33, 127.02, 126.40, 123.67, 111.10, 80.69, 79.22, 78.43, 65.31,
43.15, 38.49, 35.87, 26.91, 25.99, 20.95, 17.61; IR (neat): 3467, 2959, 2929, 2872, 1746,
1455, 1378, 1293, 1251, 1221, 1183, 1161, 1082, 1039, 1000, 969, 910, 880, 785, 729,
705, 673, 647 cm-1; [α]25D -76.4 (c = 1.40 in CHCl3); HRMS (ES+): Found 387.2169
(+0.3 ppm), C23H30O5 (M+H+) requires 387.2166

O
O

O

O

OH

(−)-3.49

(3aR,6S,7S,8E,11R,12E,13aR)-6-(3-(5-Hydroxypentyl)phenyl)-2,2,7,11-tetramethyl6,7,10,11-tetrahydro-3aH-[1,3]dioxolo[4,5-c][1]oxacyclododecin-4(13aH)-one

((−)-

3.49) Prepared according to Representative Procedure D: (−)-3.39 (35 mg, 0.063 mmol),
TBAF (1M in THF, 0.63 mL), and THF (0.63 mL) yielded 19 mg (68%) of the product as
a clear oil. Purified by preparative TLC (1:1 EtOAc/hexanes).
1

H NMR (400 MHz, CDCl3) δ 7.25 – 7.20 (m, 1H), 7.16 – 7.08 (m, 3H), 5.82 (dd, J =

15.6, 6.6 Hz, 1H), 5.56 (d, J = 10.8 Hz, 1H), 5.37 – 5.22 (m, 3H), 4.73 (t, J = 7.1 Hz,
1H), 4.47 (d, J = 6.6 Hz, 1H), 3.63 (t, J = 6.6 Hz, 2H), 2.64 – 2.56 (m, 3H), 2.37 – 2.23
(m, 2H), 2.12 – 2.02 (m, 1H), 1.66 (s, 3H), 1.64 – 1.53 (m, 4H), 1.43 – 1.33 (m, 5H), 1.09
(d, J = 6.7 Hz, 3H), 0.76 (d, J = 6.8 Hz, 3H);

13

C NMR (126 MHz, CDCl3) δ 169.88,

142.83, 139.44, 138.90, 134.81, 130.65, 128.50, 128.12, 125.24, 123.70, 111.09, 80.88,
79.21, 78.44, 63.05, 43.20, 38.52, 35.91, 32.73, 31.28, 26.92, 25.99, 25.51, 20.99, 17.65;
IR (neat): 3313, 2927, 2855, 1748, 1608, 1456, 1379, 1221, 1182, 1083, 969, 880, 786,
124

753, 705, 667 cm-1; [α]25D -46.2 (c = 0.58 in CHCl3); HRMS (ES+): Found 443.2788 (0.4 ppm), C27H38O5 (M+H+) requires 443.2792

O
O

O

O

OH

(−)-3.50

(3aR,6S,7S,11R,13aR,E)-6-(3-(Hydroxymethyl)phenyl)-2,2,7,11-tetramethyl6,7,8,9,10,11-hexahydro-3aH-[1,3]dioxolo[4,5-c][1]oxacyclododecin-4(13aH)-one
((−)-3.50) Prepared according to Representative Procedure D: (−)-3.40 (28 mg, 0.058
mmol), TBAF (1M in THF, 0.17 mL), and THF (0.56 mL) yielded 19.5 mg (90%) of the
product as a clear oil. Purified by preparative TLC (3:2 hexanes/EtOAc).
1

H NMR (500 MHz, CDCl3) δ 7.31 – 7.24 (m, 3H), 7.24 – 7.21 (m, 1H), 5.70 – 5.59 (m,

2H), 5.52 (d, J = 11.5 Hz, 1H), 4.87 – 4.82 (m, 1H), 4.66 (s, 2H), 4.54 (d, J = 6.6 Hz,
1H), 2.44 – 2.34 (m, 1H), 2.28 – 2.20 (m, 1H), 2.02 – 1.94 (m, 1H), 1.67 (s, 3H), 1.44 –
1.33 (m, 7H), 1.11 – 1.05 (m, 2H), 1.02 (d, J = 6.6 Hz, 3H), 0.69 (d, J = 7.0 Hz, 3H); 13C
NMR (101 MHz, CDCl3) δ 169.60, 141.08, 140.42, 135.87, 128.70, 127.19, 126.84,
126.42, 122.32, 111.03, 79.32, 78.63, 65.38, 36.23, 35.81, 33.83, 29.34, 26.94, 26.01,
21.07, 17.91, 15.91; IR (neat): 3500, 2931, 2360, 2342, 1748, 1455, 1379, 1223, 1182,
1162, 1123, 1083, 974, 909, 873, 837, 738, 729, 704, 648 cm-1; [α]25D -100 (c = 0.50 in
CHCl3); HRMS (ES+): Found 411.2125 (-1.7 ppm), C23H32O5Na (M+Na+) requires
411.2142

125
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(−)-3.51

(3aR,6S,7S,11R,13aR,E)-6-(3-(5-Hydroxypentyl)phenyl)-2,2,7,11-tetramethyl6,7,8,9,10,11-hexahydro-3aH-[1,3]dioxolo[4,5-c][1]oxacyclododecin-4(13aH)-one
((−)-3.51) Prepared according to representative Procedure D: (−)-3.41 (21 mg, 0.038
mmol), TBAF (1M in THF, 0.11 mL), and THF (0.38 mL) yielded 10.7 mg (64%) of the
product as a clear oil. Purified by preparative TLC (3:2 hexanes/EtOAc).
1

H NMR (400 MHz, CDCl3) δ 7.21 – 7.15 (m, 1H), 7.12 – 7.08 (m, 2H), 7.07 – 7.03 (m,

1H), 5.71 – 5.57 (m, 2H), 5.48 (d, J = 11.5 Hz, 1H), 4.85 (dd, J = 6.5, 3.2 Hz, 1H), 4.54
(d, J = 6.6 Hz, 1H), 3.62 (t, J = 6.6 Hz, 2H), 2.58 (t, J = 7.6 Hz, 2H), 2.43 – 2.35 (m, 1H),
2.28 – 2.18 (m, 1H), 2.04 – 1.93 (m, 1H), 1.68 (s, 3H), 1.65 – 1.52 (m, 6H), 1.42 – 1.32
(m, 7H), 1.13 – 1.05 (m, 2H), 1.02 (d, J = 6.6 Hz, 3H), 0.68 (d, J = 7.0 Hz, 3H);

13

C

NMR (101 MHz, CDCl3) δ 169.53, 142.59, 139.95, 135.88, 128.36, 128.27, 128.07,
125.11, 122.34, 111.02, 79.53, 78.64, 63.04, 36.23, 35.88, 35.81, 33.87, 32.73, 31.20,
29.39, 26.94, 26.01, 25.45, 21.07, 17.93, 15.94; IR (neat): 3392, 2932, 2859, 2360, 2341,
1748, 1608, 1456, 1380, 1184, 1123, 1083, 976, 874, 836, 785, 752, 705, 667 cm-1; [α]25D
-100.6 (c = 0.72 in CHCl3); HRMS (ES+): Found 445.2935 (-1.4 ppm), C27H40O5 (M+H+

) requires 445.2949
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(−)-4.3

Representative Procedure E: Parikh-Döering Oxidation
3-((3aR,6S,7S,8E,11R,12E,13aR)-2,2,7,11-Tetramethyl-4-oxo-4,6,7,10,11,13ahexahydro-3aH-[1,3]dioxolo[4,5-c][1]oxacyclododecin-6-yl)benzaldehyde

((−)-4.3)

To a solution of (−)-3.48 (10 mg, 0.026 mmol) in DCM (0.26 mL) was added DMSO
(0.04 mL, 0.52 mmol) and triethylamine (0.04 mL, 0.26 mmol). The solution was cooled
to 0 oC and SO3-Pyr (33 mg, 0.21 mmol) was added in a single portion. The reaction
mixture was removed from the cooling bath and allowed to stir at room temperature for
45 minutes. The reaction was then quenched with saturated aqueous ammonium chloride,
diluted in DCM, and poured into a separatory funnel. The organic layer was removed and
the aqueous layer was extracted 5x DCM (5 mL). The combined organic layers were
washed with brine, dried over sodium sulfate, filtered, and reduced. The residue was
purified by preparative TLC (4:1 hexanes/EtOAc) to afford the product as a clear oil (8
mg, 80%).
1

H NMR (500 MHz, CDCl3) δ 10.01 (s, 1H), 7.88 (s, 1H), 7.85 – 7.78 (m, 1H), 7.64 –

7.55 (m, 1H), 7.50 (t, J = 7.6 Hz, 1H), 5.83 (dd, J = 15.7, 6.7 Hz, 1H), 5.65 (d, J = 10.8
Hz, 1H), 5.36 – 5.21 (m, 3H), 4.78 – 4.72 (m, 1H), 4.48 (d, J = 6.6 Hz, 1H), 2.66 – 2.57
(m, 1H), 2.37 – 2.31 (m, 1H), 2.30 – 2.24 (m, 1H), 2.12 – 2.05 (m, 1H), 1.66 (s, 3H), 1.37
(s, 3H), 1.09 (d, J = 6.8 Hz, 3H), 0.77 (d, J = 6.8 Hz, 3H); 13C NMR (101 MHz, CDCl3)
127

δ 192.15, 169.90, 140.35, 139.60, 136.78, 134.20, 134.07, 131.21, 130.07, 129.32,
128.66, 123.52, 111.19, 79.99, 79.23, 78.34, 43.20, 38.41, 35.84, 26.88, 25.96, 20.90,
17.45; IR (neat): 2958, 2927, 2876, 2851, 2726, 2257, 1821, 1748, 1699, 1604, 1535,
1455, 1379, 1290, 1250, 1220, 1180, 1161, 1040, 1000, 969, 911, 880, 785, 731, 696,
675, 650 cm-1; [α]25D -65.3 (c = 0.30 in CHCl3); HRMS (ES+): Found 407.1825 (-0.9
ppm), C23H28O5Na (M+Na+) requires 407.1834

O
O

O

O

O
H

(−)-4.4

5-(3-((3aR,6S,7S,8E,11R,12E,13aR)-2,2,7,11-Tetramethyl-4-oxo-4,6,7,10,11,13ahexahydro-3aH-[1,3]dioxolo[4,5-c][1]oxacyclododecin-6-yl)phenyl)pentanal ((−)-4.4)
Prepared according to Representative Procedure E: (−)-3.49 (10 mg, 0.026 mmol),
DMSO (0.03 mL, 0.45 mmol), triethylamine (0.03 mL, 0.23 mmol), SO3-Pyr (29 mg,
0.18 mmol), and DCM (0.23 mL) yielded 6.2 mg (63%) of the product as a clear oil.
Purified by preparative TLC (4:1 hexanes/EtOAc).
1

H NMR (400 MHz, CDCl3) δ 9.76 (t, J = 3.6 Hz, 1H), 7.22 (t, J = 7.4 Hz, 1H), 7.16 –

7.07 (m, 3H), 5.82 (dd, J = 15.6, 6.6 Hz, 1H), 5.56 (d, J = 10.9 Hz, 1H), 5.36 – 5.23 (m,
3H), 4.76 – 4.70 (m, 1H), 4.47 (d, J = 6.6 Hz, 1H), 2.64 – 2.52 (m, 3H), 2.49 – 2.42 (m,
2H), 2.36 – 2.21 (m, 2H), 2.11 – 2.01 (m, 1H), 1.70 – 1.62 (m, 7H), 1.37 (s, 3H), 1.08 (d,
J = 6.7 Hz, 3H), 0.75 (d, J = 6.8 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 202.69, 169.89,
142.25, 139.42, 139.06, 134.77, 130.70, 128.56, 128.47, 125.49, 123.69, 111.08, 80.79,
79.20, 78.46, 43.87, 43.29, 38.54, 35.90, 35.71, 30.97, 26.92, 26.00, 21.86, 21.01, 17.66;
128

IR (neat): 3031, 2959, 2024, 2873, 2854, 2720, 2360, 2343, 1748, 1724, 1608, 1559,
1488, 1457, 1379, 1252, 1222, 1183, 1084, 1041, 1000, 970, 880, 786, 706, 667 cm-1;
[α]25D -84 (c = 0.22 in CHCl3); HRMS (ES+): Found 463.2487 (+2.7 ppm), C27H36O5Na
(M+Na+) requires 463.2460
O
O
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(−)-4.5

3-((3aR,6S,7S,11R,13aR,E)-2,2,7,11-Tetramethyl-4-oxo-4,6,7,8,9,10,11,13aoctahydro-3aH-[1,3]dioxolo[4,5-c][1]oxacyclododecin-6-yl)benzaldehyde

((−)-4.5)

Prepared according to Representative Procedure E: (−)-3.50 (14 mg, 0.036 mmol),
DMSO (0.05 mL, 0.72 mmol), triethylamine (0.05 mL, 0.36 mL) SO3-Pyr (46 mg, 0.29
mmol), and DCM (0.36 mL) yielded 12.5 mg (89%) of the product as a clear oil. Purified
by preparative TLC (4:1 hexanes/EtOAc).
1

H NMR (400 MHz, CDCl3) δ 9.99 (s, 1H), 7.84 – 7.83 (m, 1H), 7.80 – 7.77 (m, 1H),

7.60 – 7.55 (m, 1H), 7.47 (t, J = 7.6 Hz, 1H), 5.74 – 5.63 (m, 2H), 5.59 (d, J = 11.5 Hz,
1H), 4.86 (dd, J = 6.5, 3.3 Hz, 1H), 4.55 (d, J = 6.6 Hz, 1H), 2.46 – 2.35 (m, 1H), 2.33 –
2.23 (m, 1H), 2.06 – 1.97 (m, 1H), 1.67 (s, 3H), 1.46 – 1.35 (m, 6H), 1.13 – 1.06 (m, 2H),
1.02 (d, J = 6.6 Hz, 3H), 0.69 (d, J = 7.0 Hz, 3H);

13

C NMR (126 MHz, CDCl3) δ

192.19, 169.65, 141.40, 136.72, 135.92, 134.18, 129.80, 129.23, 128.77, 122.31, 111.13,
78.64, 78.58, 36.33, 35.81, 33.77, 29.27, 26.92, 25.99, 21.05, 17.90, 15.79; IR (neat):
2959, 2926, 2852, 2729, 2160, 2031, 1974, 1790, 1749, 1698, 1604, 1455, 1379, 1288,
1224, 1178, 1160, 1124, 1082, 977, 908, 873, 837, 789, 728, 696, 650 cm-1; [α]25D -84.4
129

(c = 0.50 in CHCl3); HRMS (ES+): Found 409.1999 (+0.8 ppm), C23H30O5Na (M+Na+)
requires 409.1991
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(−)-4.6

5-(3-((3aR,6S,7S,11R,13aR,E)-2,2,7,11-Tetramethyl-4-oxo-4,6,7,8,9,10,11,13aoctahydro-3aH-[1,3]dioxolo[4,5-c][1]oxacyclododecin-6-yl)phenyl)pentanal ((−)-4.6)
Prepared according to Representative Procedure E: (−)-3.51 (7.0 mg, 0.016 mmol),
DMSO (0.02 mL, 0.315 mmol), triethylamine (0.02 mL, 0.157 mmol) SO3-Pyr (20 mg,
0.126 mmol), and DCM (0.16 mL) yielded 6 mg (86 %) of the product as a clear oil.
Purified by preparative TLC (4:1 hexanes/EtOAc) .
1

H NMR (500 MHz, CDCl3) δ 9.75 (s, 1H), 7.19 (t, J = 7.5 Hz, 1H), 7.13 – 7.04 (m, 3H),

5.71 – 5.60 (m, 2H), 5.49 (d, J = 11.5 Hz, 1H), 4.86 – 4.84 (m, 1H), 4.54 (d, J = 6.6 Hz,
1H), 2.59 (t, J = 7.1 Hz, 2H), 2.46 – 2.43 (m, 2H), 2.40 – 2.35 (m, 1H), 2.25 – 2.18 (m,
1H), 2.02 – 1.95 (m, 1H), 1.68 (s, 3H), 1.66 – 1.61 (m, 4H), 1.42 – 1.34 (m, 6H), 1.09 –
1.05 (m, 2H), 1.02 (d, J = 6.6 Hz, 3H), 0.68 (d, J = 7.0 Hz, 3H); 13C NMR (126 MHz,
CDCl3) δ 202.74, 169.52, 142.02, 140.15, 135.91, 128.44, 128.22, 127.87, 125.40,
122.36, 111.01, 79.45, 78.67, 43.87, 36.33, 35.82, 35.68, 33.88, 30.92, 29.41, 26.96,
26.03, 21.85, 21.07, 17.95, 15.94; IR (neat): 2926, 2855, 1749, 1724, 1608, 1488, 1456,
1379, 1223, 1180, 1124, 1084, 977, 911, 874, 836, 785, 731, 706, 648 cm-1; [α]25D -76.6
(c = 0.60 in CHCl3); HRMS (ES+): Found 443.2757 (-4.0 ppm), C27H39O5 (M+H+)
requires 443.2797
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O
O

O

O
CO2H

(−)-3.52

Representative Procedure F: Pinnick Oxidation
3-((3aR,6S,7S,8E,11R,12E,13aR)-2,2,7,11-Tetramethyl-4-oxo-4,6,7,10,11,13ahexahydro-3aH-[1,3]dioxolo[4,5-c][1]oxacyclododecin-6-yl)benzoic acid ((−)-3.52) To
a rapidly stirring solution of (−)-4.3 (8.0 mg, 0.021 mmol) in tert-butyl alcohol (0.42 mL)
and acetonitrile (0.21 mL) was added 2-methyl-2-butene (neat, 0.11mL), and the reaction
vessel was sparged with argon. The solution was cooled to 0 °C, and a freshly prepared
solution of NaH2PO4 (12 mg, 0.10 mmol) and NaClO2 (10 mg, 0.11 mmol) in water (0.62
mL) was added dropwise. The reaction was slowly warmed to room temperature and
stirred overnight. The reaction was quenched by addition of a saturated aqueous solution
of sodium thiosulfate (1 mL) and diluted in EtOAc. The aqueous layer was separated and
acidified to pH 3 with 1N HCl. The acidified aqueous layer was extracted 5x EtOAc (5x
5 mL). The combined organic extracts were washed with brine, dried over sodium
sulfate, filtered, and concentrated. The residue was purified by preparative TLC (1%
AcOH, 49% hexanes, 50% EtOAc) to afford the product (6 mg, 75%) as an off white
residue.
1

H NMR (500 MHz, CDCl3) δ 8.10 (s, 1H), 8.06 – 8.02 (m, 1H), 7.60 – 7.55 (m, 1H),

7.44 (t, J = 7.7 Hz, 1H), 5.87 – 5.79 (m, 1H), 5.65 (d, J = 10.8 Hz, 1H), 5.36 – 5.21 (m,
3H), 4.78 – 4.71 (m, 1H), 4.50 (d, J = 6.6 Hz, 1H), 2.70 – 2.57 (m, 1H), 2.35 – 2.24 (m,
131

2H), 2.11 – 2.02 (m, 1H), 1.66 (s, 3H), 1.38 (s, 3H), 1.09 (d, J = 6.8 Hz, 3H), 0.77 (d, J =
6.8 Hz, 3H);

13

C NMR (101 MHz, CDCl3) δ 170.96, 169.90, 139.76, 139.54, 134.21,

133.65, 131.14, 130.31, 129.67, 129.40, 128.81, 123.56, 111.17, 80.09, 79.21, 78.36,
43.28, 38.46, 35.87, 26.89, 25.97, 20.94, 17.50; IR (neat): 2957, 2925, 2853, 2360, 1749,
1727, 1693, 1554, 1486, 1455, 1379, 1252, 1222, 1177, 1083, 1039, 970, 913, 880, 814,
784, 758, 696, 668 cm-1; [α]25D -169 (c = 0.40 in CHCl3); HRMS (ES+): Found 423.1777
(-0.1 ppm), C23H28O6Na (M+Na+) requires 423.1778

O
O

O

O

O
OH

(−)-3.53

5-(3-((3aR,6S,7S,8E,11R,12E,13aR)-2,2,7,11-Tetramethyl-4-oxo-4,6,7,10,11,13ahexahydro-3aH-[1,3]dioxolo[4,5-c][1]oxacyclododecin-6-yl)phenyl)pentanoic

acid

((−)-3.53) Prepared according to Representative Procedure F: (−)-4.4 (5.0 mg, 0.011
mmol), tert-butyl alcohol (0.23 mL), 2-methyl-2 butene (0.06 mL), acetonitrile (0.11
mL), NaH2PO4 (7.0 mg, 0.057 mmol), NaClO2 (6.0 mg, 0.062 mmol), and H2O (0.34
mL) yielded 3.3 mg (65%) of the product as an off-white residue. Purified by preparative
TLC (1% AcOH, 49% hexanes, 50% EtOAc).
1

H NMR (500 MHz, CDCl3) δ 7.22 (t, J = 7.5 Hz, 1H), 7.16 – 7.12 (m, 2H), 7.10 – 7.08

(m, 1H), 5.85 – 5.79 (m, 1H), 5.56 (d, J = 10.8 Hz, 1H), 5.35 – 5.24 (m, 3H), 4.76 – 4.72
(m, 1H), 4.48 (d, J = 6.7 Hz, 1H), 2.65 – 2.55 (m, 3H), 2.39 – 2.34 (m, 2H), 2.34 – 2.30
(m, 1H), 2.28 – 2.24 (m, 1H), 2.10 – 2.02 (m, 1H), 1.69 – 1.63 (m, 7H), 1.38 (s, 3H), 1.09
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(d, J = 6.8 Hz, 3H), 0.76 (d, J = 6.8 Hz, 3H);

13

C NMR (101 MHz, CDCl3) δ 177.74,

169.87, 142.32, 139.48, 138.99, 134.78, 130.68, 128.55, 128.52, 125.43, 123.65, 111.12,
80.82, 79.21, 78.40, 43.16, 38.51, 35.88, 35.54, 33.63, 30.76, 26.91, 26.00, 24.37, 21.01,
17.65; IR (neat): 2925, 2854, 1747, 1707, 1608, 1488, 1455, 1412, 1378, 1221, 1182,
1162, 1084, 1042, 1000, 969, 880, 786, 755, 705, 667 cm-1; [α]25D -67.2 (c = 0.33 in
CHCl3); HRMS (ES+): Found 457.2576 (-0.9 ppm), C27H36O6 (M+H+) requires 457.2585
O
O

O

O

O
OH

(−)-3.54

3-((3aR,6S,7S,11R,13aR,E)-2,2,7,11-Tetramethyl-4-oxo-4,6,7,8,9,10,11,13aoctahydro-3aH-[1,3]dioxolo[4,5-c][1]oxacyclododecin-6-yl)benzoic

acid

((−)-3.54)

Prepared according to Representative Procedure F: (−)-4.5 (5.0 mg, 0.013 mmol), tertbutyl alcohol (0.26 mL), 2-methyl-2 butene (0.07 mL), acetonitrile (0.13 mL), NaH2PO4
(8.0 mg, 0.065 mmol), NaClO2 (6.0 mg, 0.071 mmol), and H2O (0.39 mL) yielded 5 mg
(100%) of the product as an off-white residue. Purified by preparative TLC (1% AcOH,
49% hexanes, 50% EtOAc).
1

H NMR (500 MHz, CDCl3) δ 8.06 (s, 1H), 8.02 – 7.98 (m, 1H), 7.57 – 7.53 (m, 1H),

7.40 (t, J = 7.7 Hz, 1H), 5.72 – 5.62 (m, 2H), 5.58 (d, J = 11.5 Hz, 1H), 4.87 (dd, J = 6.6,
3.6 Hz, 1H), 4.57 (d, J = 6.5 Hz, 1H), 2.46 – 2.35 (m, 1H), 2.31 – 2.23 (m, 1H), 2.05 –
1.98 (m, 1H), 1.68 (s, 3H), 1.42 – 1.36 (m, 6H), 1.11 – 1.07 (m, 2H), 1.03 (d, J = 6.6 Hz,
3H), 0.70 (d, J = 7.0 Hz, 3H);

13

C NMR (126 MHz, CDCl3) δ 170.82, 169.60, 140.81,

135.91, 133.64, 130.10, 129.55, 129.30, 128.68, 122.34, 111.09, 78.75, 78.59, 36.38,
133

35.81, 33.80, 29.31, 26.94, 26.00, 21.06, 17.92, 15.81; IR (neat): 2927, 2853, 2553, 1781,
1749, 1681, 1608, 1589, 1454, 1413, 1380, 1283, 1228, 1175, 1123, 1084, 979, 940, 893,
873, 825, 782, 758, 723, 695, 677 cm-1; [α]25D -130.5 (c = 0.36 in CHCl3); HRMS (ES+):
Found 369.1669 (-0.3 ppm), C20H26O5Na (M+Na+) requires 369.1672

O
O

O

O

O
OH

(−)-3.55

5-(3-((3aR,6S,7S,11R,13aR,E)-2,2,7,11-Tetramethyl-4-oxo-4,6,7,8,9,10,11,13aoctahydro-3aH-[1,3]dioxolo[4,5-c][1]oxacyclododecin-6-yl)phenyl)pentanoic

acid

((−)-3.55) Prepared according to Representative Procedure F: (−)-4.6 (6.0 mg, 0.014
mmol), tert-butyl alcohol (0.27 mL), 2-methyl-2 butene (0.07 mL), acetonitrile (0.14
mL), NaH2PO4 (8.1 mg, 0.068 mmol), NaClO2 (6.7 mg, 0.075 mmol), and H2O (0.41
mL) yielded 5.7 mg (92%) of the product as an off-white residue. Purified by preparative
TLC (1% AcOH, 49% hexanes, 50% EtOAc).
1

H NMR (500 MHz, CDCl3) δ 7.21 – 7.16 (m, 1H), 7.13 – 7.09 (m, 2H), 7.07 – 7.03 (m,

1H), 5.70 – 5.59 (m, 2H), 5.49 (d, J = 11.5 Hz, 1H), 4.85 (ddd, J = 6.5, 3.9, 0.9 Hz, 1H),
4.55 (d, J = 6.5 Hz, 1H), 2.64 – 2.57 (m, 2H), 2.41 – 2.32 (m, 3H), 2.26 – 2.19 (m, 1H),
2.02 – 1.94 (m, 1H), 1.68 (s, 3H), 1.66 – 1.60 (m, 4H), 1.41 – 1.36 (m, 6H), 1.09 – 1.05
(m, 2H), 1.02 (d, J = 6.6 Hz, 3H), 0.68 (d, J = 7.0 Hz, 3H); 13C NMR (126 MHz, CDCl3)
δ 169.51, 142.11, 140.09, 135.91, 128.38, 127.90, 125.33, 122.32, 111.08, 79.50, 78.62,
76.91, 36.22, 35.83, 35.51, 33.89, 33.62, 32.08, 30.68, 29.40, 26.94, 26.03, 24.36, 22.85,
134

21.09, 17.95, 15.94, 14.28; IR (neat): 2921, 2852, 1750, 1708, 1607, 1554, 1456, 1377,
1284, 1224, 1178, 1124, 1085, 977, 874, 836, 787, 720, 706 cm-1; [α]25D -48.1 (c = 0.54
in CHCl3)

OH
OH
O

O

OH

(−)-3.56

Representative Procedure G: Global Deprotection
(3R,4R,5E,7R,9E,11S,12S)-3,4-Dihydroxy-12-(3-(hydroxymethyl)phenyl)-7,11dimethyloxacyclododeca-5,9-dien-2-one ((−)-3.56) To a solution of (−)-3.38 (16 mg,
0.032 mmol) in MeOH (1.4 mL) and THF (0.32 mL) was added 1N HCl (1.4 mL), and
the reaction vessel was sparged with argon. The reaction was stirred for 22.5 hours.
Water was added, and the mixture was diluted in EtOAc. The organic layer was separated
and the aqueous layer was extracted 5 times with EtOAc (5x 5 mL). The combined
organic fractions were washed with brine, dried over sodium sulfate, filtered, and
concentrated. Purification by preparative TLC to remove less polar impurities (5%
MeOH in DCM) afforded the product (9 mg, 82%) as an off-white residue.
1

H NMR (400 MHz, CDCl3) δ 7.42 – 7.19 (m, 4H), 5.42 – 5.26 (m, 4H), 5.08 – 4.96 (m,

1H), 4.68 (s, 2H), 4.48 – 4.40 (m, 1H), 4.11 – 4.04 (m, 1H), 2.67 – 2.53 (m, 1H), 2.27 –
2.18 (m, 2H), 1.81 – 1.68 (m, 1H), 1.08 (d, J = 6.6 Hz, 3H), 0.71 (d, J = 6.8 Hz, 3H); 13C
NMR (126 MHz, CDCl3) δ 172.01, 141.37, 139.31, 135.26, 134.12, 131.42, 128.81,
127.27, 127.10, 126.49, 126.12, 81.54, 74.04, 73.78, 65.26, 43.51, 40.92, 38.36, 21.41,
135

17.69; IR (neat): 3398, 2956, 2924, 2870, 2848, 2246, 2160, 2029, 1977, 1725, 1616,
1555, 1491, 1453, 1374, 1235, 1195, 1111, 1081, 1018, 966, 907, 840, 791, 705, 673,
646, 591 cm-1; [α]25D -62.4 (c = 0.74 in CHCl3); HRMS (ES+): Found 369.1669 (-0.3
ppm), C20H26O5Na (M+Na+) requires 369.1672

OH
OH
O

O

OH

(−)-3.57

(3R,4R,5E,7R,9E,11S,12S)-3,4-Dihydroxy-12-(3-(5-hydroxypentyl)phenyl)-7,11dimethyloxacyclododeca-5,9-dien-2-one

((−)-3.57)

Prepared

according

to

Representative Procedure G: (−)-3.39 (19 mg, 0.034 mmol), MeOH (1.7 mL), THF (0.37
mL), and 1N HCl (1.7 mL) yielded 8 mg (57 %) of the product as an off-white residue.
Purified by preparative TLC (5% MeOH in DCM).
1

H NMR (500 MHz, CDCl3) δ 7.26 – 7.22 (m, 1H), 7.15 – 7.09 (m, 3H), 5.41 – 5.35 (m,

2H), 5.35 – 5.29 (m, 2H), 5.07 – 4.97 (m, 1H), 4.45 (d, J = 2.8 Hz, 1H), 4.09 (d, J = 2.8
Hz, 1H), 3.61 (t, J = 6.5 Hz, 2H), 2.67 – 2.54 (m, 4H), 2.25 – 2.18 (m, 2H), 1.80 – 1.70
(m, 1H), 1.69 – 1.52 (m, 6H), 1.41 – 1.32 (m, 2H), 1.08 (d, J = 6.5 Hz, 3H), 0.72 (d, J =
6.8 Hz, 3H);

13

C NMR (126 MHz, CDCl3) δ 171.96, 142.83, 138.81, 135.22, 134.31,

131.26, 128.62, 128.53, 128.05, 126.56, 125.17, 81.67, 74.11, 73.80, 62.99, 43.42, 40.93,
38.36, 35.82, 32.62, 31.10, 25.29, 21.42, 17.69; IR (neat): 3409, 2925, 2854, 1729, 1608,
1589, 1488, 1453, 1373, 1235, 1192, 1111, 1080, 1018, 965, 887, 839, 794, 706, 647 cm-

136

1

; [α]25D -36.2 (c = 0.64 in CHCl3); HRMS (ES+): Found 403.2481 (+0.2 ppm), C24H34O5

(M+H+) requires 403.2479

OH
OH
O

O

OH

(−)-3.58

(3R,4R,7R,11S,12S,E)-3,4-Dihydroxy-12-(3-(hydroxymethyl)phenyl)-7,11dimethyloxacyclododec-5-en-2-one ((−)-3.58) Prepared according to Representative
Procedure G: (−)-3.40 (14 mg, 0.028 mmol), MeOH (1.4 mL), THF (0.30 mL), and 1N
HCl (1.4 mL) yielded 5 mg (50 %) of the product as an off-white residue. Purified by
preparative TLC (5% MeOH in DCM).
1

H NMR (500 MHz, CDCl3) δ 7.34 – 7.26 (m, 3H), 7.24 – 7.21 (m, 1H), 5.61 (dd, J =

15.4, 2.3 Hz, 1H), 5.55 – 5.45 (m, 1H), 5.29 (d, J = 11.4 Hz, 1H), 4.68 (s, 2H), 4.53 –
4.46 (m, 1H), 4.19 (dd, J = 8.8, 3.7 Hz, 1H), 3.25 (d, J = 8.8 Hz, 1H), 2.47 – 2.35 (m,
2H), 2.29 – 2.19 (m, 1H), 2.02 – 1.94 (m, 1H), 1.79 (s, 1H), 1.48 – 1.28 (m, 3H), 1.13 –
1.07 (m, 2H), 1.01 (d, J = 6.5 Hz, 3H), 0.67 (d, J = 7.0 Hz, 3H); 13C NMR (126 MHz,
CDCl3) δ 171.98, 141.23, 140.28, 134.54, 128.73, 127.08, 126.93, 126.00, 125.57, 80.86,
73.78, 73.02, 65.32, 36.77, 35.84, 34.60, 28.76, 21.86, 18.96, 15.66; IR (neat): 3441,
3413, 3240, 2965, 2936, 2857, 2360, 2342, 1727, 1451, 1373, 1353, 1307, 1247, 1203,
1125, 1096, 1051, 1016, 982, 908, 890, 864, 837, 799, 784, 718, 668, 654 cm-1; [α]25D -

137

49.8 (c = 0.90 in CHCl3); HRMS (ES+): Found 371.1874 (+4.0 ppm), C20H28O5Na
(M+Na+) requires 371.1834

OH
OH
O

O

OH

(−)-3.59

(3R,4R,7R,11S,12S,E)-3,4-Dihydroxy-12-(3-(5-hydroxypentyl)phenyl)-7,11dimethyloxacyclododec-5-en-2-one ((−)-3.59) Prepared according to Representative
Procedure G: (−)-3.41 (11 mg, 0.020 mmol), MeOH (1.0 mL), THF (0.22 mL), and 1N
HCl (1.0 mL) yielded 5 mg (63 %) of the product as an off-white residue. Purified by
preparative TLC (5% MeOH in DCM).
1

H NMR (400 MHz, CDCl3) δ 7.25 – 7.17 (m, 1H), 7.14 – 7.04 (m, 3H), 5.66 – 5.44 (m,

2H), 5.26 (d, J = 11.4 Hz, 1H), 4.50 (s, 1H), 4.19 (d, J = 3.6 Hz, 1H), 3.60 (t, J = 6.5 Hz,
2H), 2.61 (t, J = 7.4 Hz, 2H), 2.54 – 2.46 (m, 1H), 2.42 – 2.33 (m, 1H), 2.27 – 2.17 (m,
1H), 2.01 – 1.93 (m, 1H), 1.67 – 1.51 (m, 7H), 1.38 – 1.31 (m, 4H), 1.11 – 1.04 (m, 2H),
1.01 (d, J = 6.5 Hz, 3H), 0.68 (d, J = 7.0 Hz, 3H);

13

C NMR (126 MHz, CDCl3) δ

171.94, 142.63, 139.77, 134.50, 128.45, 127.97, 125.59, 124.99, 81.00, 73.81, 73.01,
63.02, 36.65, 35.78, 34.63, 32.62, 30.98, 28.77, 25.18, 21.87, 18.92, 15.66, 1.17; IR
(neat): 3423, 2930, 1732, 1553, 1450, 1373, 1201, 1125, 1055, 1013, 979, 844, 780, 710
cm-1; [α]25D -52.9 (c = 0.17 in CHCl3); HRMS (ES+): Found 427.2445 (-1.0 ppm),
C24H36O5Na (M+Na+) requires 427.2455

138

OH
OH
O

O

O
OH

(−)-3.60

3-((2S,3S,4E,7R,8E,10R,11R)-10,11-Dihydroxy-3,7-dimethyl-12-oxooxacyclododeca4,8-dien-2-yl)benzoic acid ((−)-3.60) To a solution of (−)-3.52 (6.0 mg, 0.015 mmol) in
H2O (0.08 mL) at room temperature was added TFA (0.08 mL), and the reaction vessel
was sparged with argon. The reaction was allowed to stir for 48 hours. The solvent was
removed and the residue was co-evaporated with ethanol twice to remove residual water.
If necessary, nonpolar impurities may be removed by taking up the product in
acetonitrile, washing 5 x 1mL pentane, and reducing the acetonitrile fraction. In this
manner, 4.4 mg (79%) of the product was obtained as an off-white residue.
1

H NMR (500 MHz, CDCl3) δ 8.08 (s, 1H), 8.04 (d, J = 7.7 Hz, 1H), 7.58 (d, J = 7.5 Hz,

1H), 7.46 (t, J = 7.5 Hz, 1H), 5.45 – 5.31 (m, 4H), 5.03 (dd, J = 14.9, 9.6 Hz, 1H), 4.49
(s, 1H), 4.16 – 4.11 (m, 1H), 2.68 – 2.57 (m, 1H), 2.24 (d, J = 12.6 Hz, 2H), 1.77 (q, J =
12.2 Hz, 1H), 1.09 (d, J = 6.4 Hz, 3H), 0.72 (d, J = 6.7 Hz, 3H); 13C NMR (126 MHz,
CDCl3) δ 172.11, 170.57, 139.68, 135.35, 133.69, 133.46, 131.81, 130.41, 129.78,
129.32, 128.89, 126.45, 81.00, 74.10, 73.82, 43.48, 40.91, 38.36, 21.40, 17.55; IR (neat):
3409, 2957, 2926, 2871, 1721, 692, 1609, 1591, 1453, 1411, 1375, 1192, 1109, 1080,
1019, 967, 909, 861, 839, 800, 757, 730, 697, 667, 656 cm-1; [α]25D -139 (c = 0.50 in
CHCl3); HRMS (ES+): Found 383.1503 (+3.2 ppm), C20H24O6Na (M+Na+) requires
383.1471
139
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Figure 4.1: 1H NMR spectrum of 4.1 in CDCl3
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Figure 4.2: 1H NMR spectrum of 3.27 in CDCl3
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Figure 4.3: 13C NMR spectrum of 3.27 in CDCl3
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Figure 4.4: IR spectrum of 3.27
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Figure 4.5: 1H NMR spectrum of (−)-3.32 in CDCl3
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Figure 4.6: 13C NMR spectrum of (−)-3.32 in CDCl3
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Figure 4.7: IR spectrum of (−)-3.32
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Figure 4.8 1H NMR spectrum of 3.29 in CDCl3
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Figure 4.9: 1H NMR spectrum of (−)-3.30 in CDCl3
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Figure 4.10: 13C NMR spectrum of (−)-3.30 in CDCl3
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Figure 4.11: IR spectrum of (−)-3.30
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Figure 4.12: 1H NMR spectrum of (−)-3.33 in CDCl3
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Figure 4.13: 13C NMR spectrum of (−)-3.33 in CDCl3
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Figure 4.14: IR spectrum of (−)-3.33
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Figure 4.15: 1H NMR spectrum of 3.20 in CDCl3
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Figure 4.16: 13C NMR spectrum of 3.20 in CDCl3
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Figure 4.17: 1H NMR spectrum of 4.2 in CDCl3
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Figure 4.18: 13C NMR spectrum of 4.2 in CDCl3
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Figure 4.19: 1H NMR spectrum of 3.21 in CDCl3
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Figure 4.20: 13C NMR spectrum of 3.21 in CDCl3
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Figure 4.21: 1H NMR spectrum of 3.22 in CDCl3
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Figure 4.22: 13C NMR spectrum of 3.22 in CDCl3
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Figure 4.23: 1H NMR spectrum of 3.23 in CDCl3
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Figure 4.24: 13C NMR spectrum of 3.23 in CDCl3
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Figure 4.25: 1H NMR spectrum of 3.24 in CDCl3
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Figure 4.26: 13C NMR spectrum of 3.24 in CDCl3
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Figure 4.27: 1H NMR spectrum of (−)-3.25 in CDCl3

180

Figure 4.28: 13C NMR spectrum of (−)-3.25 in CDCl3
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Figure 4.29: 1H NMR spectrum of (−)-3.1 in CDCl3
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Figure 4.30: 13C NMR spectrum of (−)-3.1 in CDCl3
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Figure 4.31: 1H NMR spectrum of (−)-3.36 in CDCl3
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Figure 4.32: 13C NMR spectrum of (−)-3.36 in CDCl3
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Figure 4.33: IR spectrum of (−)-3.36
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Figure 4.34: 1H NMR spectrum of (−)-3.37 in CDCl3
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Figure 4.35: 13C NMR spectrum of (−)-3.37 in CDCl3
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Figure 4.36: IR spectrum of (−)-3.37
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Figure 4.37: 1H NMR spectrum of (−)-3.38 in CDCl3

190

Figure 4.38: 13C NMR spectrum of (−)-3.38 in CDCl3
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Figure 4.39: IR spectrum of (−)-3.38
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Figure 4.40: 1H NMR spectrum of (−)-3.39 in CDCl3
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Figure 4.41: 13C NMR spectrum of (−)-3.39 in CDCl3
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Figure 4.42: IR spectrum of (−)-3.39
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Figure 4.43: 1H NMR spectrum of (−)-3.40 in CDCl3
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Figure 4.44: 13C NMR spectrum of (−)-3.40 in CDCl3
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Figure 4.45: IR spectrum of (−)-3.40
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Figure 4.46: 1H NMR spectrum of (−)-3.41 in CDCl3
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Figure 4.47: 13C NMR spectrum of (−)-3.41 in CDCl3
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Figure 4.48: IR spectrum of (−)-3.41
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Figure 4.49: 1H NMR spectrum of (−)-3.48 in CDCl3

202

Figure 4.50: 13C NMR spectrum of (−)-3.48 in CDCl3
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Figure 4.51: IR spectrum of (−)-3.48
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Figure 4.52: 1H NMR spectrum of (−)-3.49 in CDCl3
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Figure 4.53: 13C NMR spectrum of (−)-3.49 in CDCl3
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Figure 4.54: IR spectrum of (−)-3.49
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Figure 4.55: 1H NMR spectrum of (−)-3.50 in CDCl3
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Figure 4.56: 13C NMR spectrum of (−)-3.50 in CDCl3
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Figure 4.57: IR spectrum of (−)-3.50
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Figure 4.58: 1H NMR spectrum of (−)-3.51 in CDCl3
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Figure 4.59: 13C NMR spectrum of (−)-3.51 in CDCl3
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Figure 4.60: IR spectrum of (−)-3.51
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Figure 4.61: 1H NMR spectrum of (−)-4.3 in CDCl3
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Figure 4.62: 13C NMR spectrum of (−)-4.3 in CDCl3

215

Figure 4.63: IR spectrum of (−)-4.3
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Figure 4.64: 1H NMR spectrum of (−)-4.4 in CDCl3

217

Figure 4.65: 13C NMR spectrum of (−)-4.4 in CDCl3
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Figure 4.66: IR spectrum of (−)-4.4
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Figure 4.67: 1H NMR spectrum of (−)-4.5 in CDCl3
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Figure 4.68: 13C NMR spectrum of (−)-4.5 in CDCl3

221

Figure 4.69: IR spectrum of (−)-4.5
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Figure 4.70: 1H NMR spectrum of (−)-4.6 in CDCl3
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Figure 4.71: 13C NMR spectrum of (−)-4.6 in CDCl3
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Figure 4.72: IR spectrum of (−)-4.6
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Figure 4.73: 1H NMR spectrum of (−)-3.52 in CDCl3
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Figure 4.74: 13C NMR spectrum of (−)-3.52 in CDCl3

227

Figure 4.75: IR spectrum of (−)-3.52
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Figure 4.76: 1H NMR spectrum of (−)-3.53 in CDCl3
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Figure 4.77: 13C NMR spectrum of (−)-3.53 in CDCl3
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Figure 4.78: IR spectrum of (−)-3.53
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Figure 4.79: 1H NMR spectrum of (−)-3.54 in CDCl3
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Figure 4.80: 13C NMR spectrum of (−)-3.54 in CDCl3
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Figure 4.81: IR spectrum of (−)-3.54
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Figure 4.82: 1H NMR spectrum of (−)-3.55 in CDCl3
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Figure 4.83: 13C NMR spectrum of (−)-3.55 in CDCl3

236

Figure 4.84: IR spectrum of (−)-3.55

237

Figure 4.85: 1H NMR spectrum of (−)-3.56 in CDCl3

238

Figure 4.86: 13C NMR spectrum of (−)-3.56 in CDCl3

239

Figure 4.87: IR spectrum of (−)-3.56
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Figure 4.88: 1H NMR spectrum of (−)-3.57 in CDCl3

241

Figure 4.89: 13C NMR spectrum of (−)-3.57 in CDCl3

242

Figure 4.90: IR spectrum of (−)-3.57
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Figure 4.91: 1H NMR spectrum of (−)-3.58 in CDCl3
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Figure 4.92: 13C NMR spectrum of (−)-3.58 in CDCl3
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Figure 4.93: IR spectrum of (−)-3.58
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Figure 4.94: 1H NMR spectrum of (−)-3.59 in CDCl3
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Figure 4.95: 13C NMR spectrum of (−)-3.59 in CDCl3

248

Figure 4.96: IR spectrum of (−)-3.59
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Figure 4.97: 1H NMR spectrum of (−)-3.60 in CDCl3
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Figure 4.98: 13C NMR spectrum of (−)-3.60 in CDCl3

251

Figure 4.99: IR spectrum of (−)-3.60

