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Abstract
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PART ONE - Integramycin

Chapter 1. Introduction and Background

I.A. Isolation and Biology

Natural products have long been used as the source of inspiration for or the actual
treatment of disease.'” This is because many are found to have remarkable biological
activity for use in modern medicine.” Those of polyketide origin are among the most
potent of natural products and the literature continues to be filled with reports of novel
polyketides with outstanding and diverse biological profiles.* There is great promise for
developing a natural product or similar small molecule into a drug when the biological
target of the small molecules is known. Entire research programs are devoted to this
science. One such program was established at Merck for molecules active against HIV-
integrase.’

The HIV life cycle (Figure I-1°) is a well-understood biochemical process.”” The
virus must enter the host cell, convert its RNA into DNA, integrate that DNA into the
host genome, and transcribe that DNA into viral proteins and enzymes.

Figure I-1. The HIV life cycle These proteins are then packaged
and expelled from the cell for maturation
and infection of additional healthy cells.

e A series of enzymes play a role in this

CCRS receptor
—OR-

CXCRY receptor life cycle, including fusion (step 1),

HIV RNA

nucleoside (or non-nucleoside) reverse

» / é - \ transcriptase (step 2), integrase (step 3),
1 and protease (step S5) enzymes.
Integration of viral DNA (step 3) into
the host genome is a stepwise process
- catalyzed by HIV-integrase.
- 03880, 'dh



Integrase inhibition alone is sufficient to shut down the entire viral propagation
process.® The earliest inhibitors of this type were hydroxylated aromatic inhibitors
(Figure 1-2). These catechols, however, had too diverse biological profiles and were not
developed as lead compounds. A far more successful class of integrase inhibitors were
the diketo acids (DKAs). Unfortunately, these inhibitors were too toxic to be developed
further.” To date, only one integrase inhibitor, Raltegravin,”'’ is FDA-approved for use in
treatment of HIV.

Figure I-2. Early HIV-Integrase Inhibitors.
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quercetagetin L-731,988 (Merck)

Despite these limitations, research into the catechols and DKAs resulted in an
understanding of the probable catalytic core domain as well as other features of the
enzyme. One of the most valuable pieces of information was a possible mode of action
for inhibition of HIV-integrase. It likely requires a divalent metal for activity (both
catechols and DKAs are effective chelating agents). This makes natural products like
polyketides a promising avenue to discovery of active compounds in the suppression or
inhibition of the enzyme. This background prompted the research group at Merck to
embark on a discovery project aimed at finding natural products for alterative lead
structures in the inhibition of HIV-integrase.’

The Merck program began with screening crude fermentation extracts of bacteria
cultures for activity against HIV-integrase. Several natural products were identified from

C e . . .11.12
initial screening of crude extracts: equisetin,

interic acid, and complestatin. From
Actinoplanes sp. extracts they discovered yet another novel compound, found to inhibit
recombinant HIV-I integrase (specifically, the strand transfer reaction). The potent nature
of this molecule (ICsp 4 pum) sparked interest in identification and full structural
elucidation, and also validated additional research in its stereochemistry, conformation,

and biological activity."



Figure I-3. Structures of Integramycin and Methanol Adduct (1a and 1b)

1a R=H (integramycin)
1b R=Me

Integramycin (1a, Figure I-3) was isolated by size exclusion chromatography and
reverse-phase HPLC as a colorless powder. The molecular formula was suggested by
high-resolution ESI-MS; its carbon skeleton was elucidated by ?C NMR spectroscopy.
The preliminary deduction was further refined with the help of vicinal couplings,
NOESY correlations, ChemDraw 3-D modeling, and Dreiding models. Further
experimentation (2D TOCSY and HMBC) led to the deduction of the relative
stereochemistry shown in Figure I-3. Due to its complex NMR pattern, it was proposed to
exist in several tautomeric forms, and this required spectral data to be collected in several
solvents. Aminal 1b (from reaction with methanol) and the acetate analogue of 1a (from
reaction with acetic anhydride and pyridine, not shown) helped support the assignment.
Figure I-4A is the authors’ three-dimensional molecular model with the observed
NOESY correlations. The most significant of these are independently shown and

discussed (Figure I-4B-D).



Figure I-4. A. Singh’s Chem 3D Model of Integramycin (1a)."> B-D. Key NMR Data.
A

4H
z H8 to H9, H13 3J,4 = 10 Hz
and NOESY

9.6 Hz H7 to H8, H13

H7 experiences a NOESY interaction with both H8 and H16, and the coupling
constant (9.6 Hz) indicated a diaxial relationship between all of these protons (arrows in
Figure I-4A). H8 couples with both H9 and H13 (arrows in Figure I-4B) where the *Juy
of 4Hz suggests that the latter two are axial with H8 becoming equatorial with respect to
them. NOESY correlations were also observed between H8 and H13 and H9 (arrows in
Figure 1-4B). Coupling constant analysis was enabled by the assumption that the
cyclohexene adopts a half chair conformation with the cis-fused cyclohexyl unit sitting
perpendicular and adopting the expected chair conformation. The observed 10Hz
coupling between H10 and both H9 (arrows in Figure [-4C) indicated both of the protons
were axial. Compilation of these data gave the relative stereochemistry (7S, 8R, 9R, 13R,

16S, 18R, 198, 218, 23R, 258, 26S), shown in for 1a in Figure I-3.



I.B. Previous Work on Integramycin

Because of its unique structure and potential for development into a novel therapy for
HIV, integramycin attracted attention from the synthetic community. It has been the
subject of particular study by two groups. The Floreancig'* and Roush" groups both
succeeded in a stereoselective synthesis of the spiroketal moiety. The Floreancig report is
briefly presented, but a more detailed presentation of Dineen and Roush’s studies of the

octalin of 1a'® are contained in the next section.

I.B.1. Floreancig’s Synthesis of the Spirocycle

The first synthetic efforts reported for 1la were those by Wang and Floreancig
(Scheme I-1)."* The authors envisioned the entire molecule being constructed from three
smaller segments; these would have the task of supplying the tetramic acid, octalin, and
spirocycle 3.

Scheme I-1. Floreancig Retrosynthetic Analysis.

OH

They saw the spirocycle 3 arise from a C,0-dianion reaction with a lactone (shown in
Scheme 1-2). This sequence required use of several rather exotic reagents for proper
stereocontrol but had the advantage of providing the spirocycle that was poised for
further functionalization. The lactone was available in several steps from a homoallylic
alcohol; the key reaction of this sequence was the regioselective addition of formic acid
across the olefin present in the molecule. Ru3(CO);, was utilized as an inexpensive

source of the transition metal catalyst.



Scheme I-2. Floreancig Route to Spirocycle.
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Additional studies in this group were directed at the tetramic acid unit. These are not

discussed here, but are reported in thesis documents of interest.'’

1.B.2. Roush’s Synthesis of the Spirocycle and Octalin

Two relevant research efforts focused on integramycin emerged from the Roush
group. The first was a synthesis of the octalin unit utilizing their depth of understanding
of intramolecular Diels-Alder chemistry.'® The more recent publication involves a
synthesis of the spiroketal."’

Although their spirocycle studies fall chronologically after their octalin studies, they
are discussed first (Scheme I-3). The authors envisioned a construction of the natural
product that involved the already formed octalin, a properly fuctionalized tetramic acid
(currently in the form of an alkyl halide), and a linear segment 4 which was proposed to

assemble into the spirocycle.

Scheme I-3. Roush Retrosynthetic Analysis.
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The successful construction of the spirocycle 5 involved both a Nozaki-Hiyama-Kishi

reaction (between an vinyl iodide and aldehyde, leading to 4) and a Horner-Wadsworth-
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Emmons (HWE, not shown) to install the olefin and cyclohexane (Scheme I-4). To
complete the closure, the authors chose N-lodosuccinimide as a promoter. Unfortunately,
several more steps were required, and although this route gave modest quantities of
valuable synthetic intermediates like spirocycle 5, no further studies toward a total
synthesis of 1a were revealed.

Scheme I-4. Roush Route to Spirocycle 5.
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Prior to this spirocycle synthesis, Dineen and Roush successfully completed a
stereoselective synthesis of the octalin core of 1a.'® Based on their own previous work,'®
they envisioned the Diels-Alder reaction to proceed in one of two ways, either would
give rise to the cis-fused bicycle (see Scheme I-9, Transition State (TS) analysis and
surrounding discussion).

In their initial synthetic work, Dineen and Roush were unsuccessful in observing any
cis-fused octalins (Scheme I-5A). Their precursor triene (from Horner-Emmons reaction
of 6 with ethyl glyoxylate) reacted in situ to give two main stereoisomers in a ratio of 4 to
1. Because they were not expecting any frans-fused bicycles, they reasoned that perhaps
the terminal carboethoxy group was interfering with their expected Diels-Alder reaction.
Thus, they prepared the substrate 7 (Scheme [-5B), but found that it, like 6, reacted to a

trans-octalin. All of their adducts were assigned by NOE and coupling constant analysis.



Scheme I-5. A. IMDA Examples From the Roush Work.
A
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Since these substrates seemed to prefer reaction to give trans-fused bicycles, the

authors considered altering the tether substituent, and synthesized the C10(H) precursor

(8, Scheme I-6). Here, they finally observed a competitive IMDA where the trans- and
cis-fused bicycles (9 and 10, respectively) were generated in equal molar ratios.

Scheme I-6. Lewis Acid Catalysis of Allylic Alcohol.

Me Me,AICI H
= 2 i
| (1 5 equiv.) : Me
OPMB + |
10 N0nc CHzClz -78°C /\OPMB 10 P OPMB
0 67%, 1:1 0 CHO
then deactylation, g : o .
8 oxidation 9 (from E-dienophile) 10 (from Z-dienophile)

Octalin 10, with the stereochemistry as desired, was surmised to arise from the Z-
dienophile, so Roush and coworkers’ new strategy was to utilize an alkene of this kind.
When they completed the required chemistry toward Z E, E-triene 11 (Scheme I-7), they
found it cyclized under their same mild conditions, and provided 12 in a straightforward
fashion. The cis ring fusion procured, they went about accessing the remainder of the
stereocenters at C7 and C9 (to 13, matching the stereochemistry of 1a) through a series of
manipulations. There was also work in this group on a synthesis of the tetramic acid,"

but those efforts are not summarized here.



Scheme I-7. Completion of the Roush Synthesis of Core of Integramycin.
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In the end, the Roush group prepared cis-fused octalin 13 that had the stereochemistry
as reported for 1a and made some key observations that were relevant to our studies. For
example, they discovered a reversal in selectivity for IMDA of (otherwise identical) E-
and Z-dienophiles. Interestingly, none of their E,E,E-trienes cyclized to give cis-fused
bicycles. They prefer to think these events occur via boatlike transition states,”
regardless of starting alkene geometry or activation of the dienophile. Their analysis and
rational will enter into our appraisal of integramycin.

We appreciate the Roush work for the successful completion of the octalin portion of
the natural product 1a and their contribution to the body of work on IMDA reactions.
However, our interest in integramycin (1a) has always been its biosynthesis. The Roush
work, although elegant, was not biomimetic and did not address the relative
stereochemistry of an IMDA as a biosynthetic event. The absolute configuration of the
natural product has not been determined.” For our analysis and the remainder of this
document, consideration will be given to the antipode (2, Figure I-5).

Figure I-5. Integramycin 1a and Antipode 2.

OH

Me

1a . 2



I.C. Mechanistic and Biosynthetic Considerations

We propose a spontaneous (= non-enzymatic) intramolecular Diels-Alder reaction as
the key biosynthetic event that accounts for the octalin portion of the natural product
integramycin (1a). Before more discussion and how we came to think this way, there was
a wealth of background information and thought that went into this hypothesis. A detailed
understanding of IMDA reactions, polyketide synthesis (including enzymatic

involvement), and the outcomes of previous research all figured into our proposal.

I.C.1. The Diels-Alder Reaction — Key Predictions and Details

I.C.1.a. Asynchronous Reactions and Frontier Molecular Orbital (FMO) analysis

Because this project is fundamentally about our biosynthetic hypothesis and the
likelihood of non-enzymatic IMDA based on observed stereochemistry (especially a cis
ring fusion), we first surveyed the literature for a full understanding of IMDA transition
states. In the early days of theory, Dewar suggested that most multi-bond reactions must
occur asynchronously. Houk’s computations on simple intermolecular Diels-Alder
reactions did not support this claim.”’ For IMDA reactions of unsubstituted trienes, ab
initio studies and molecular mechanics using Monte Carlo conformational searching have
found low or no trans/cis selectivity. The same report contained experimental work that
found no selectivity for the same type of system.

Houk used the concept of asynchronocity (Figure I-6) to explain his observations of a
slight preference for one stereochemical result in intramolecular cycloadditions.”' The
concept is that the “internal” bond is expected to be longer, simply because the
unsubstituted termini can approach one another and interact (i.e. for the “peripheral
bond”) to a greater extent in the transition state. In the case of other substitution,
specifically an electron withdrawing group (EWG) on the dienophile terminus, Houk
coined the term “twist-asynchronous” to describe the asynchronous, albeit concerted,

nature of the reaction.
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Figure I-6. Houk’s IMDA Transition State Analysis of Terminally Substituted
Dienophiles.

internal

peripheral

With an EWG on the terminus of the dienophile, more strain is introduced in the alkyl
tether region. Relief of this strain comes from movement of the carbon marked “*”
(twisting out), and those marked “¢” (swinging inward). Houk claimed there is no
additional strain if the tether is four carbons long because it can adopt a chair-like
conformation. The outcome of Figure 1-6 is a trans-fused bicycle.

Roush complemented the analysis of IMDA transition states with a Frontier
Molecular Orbital (FMO) analysis.” Trans selectivity should increase for the substrate 14
(Figure 1-7) since the coefficients on C2 and C7 increase relative to C1 and C10. There is
a greater extent of internal bonding in the transition state, so a greater amount of “twist
asynchronicity” is expected. Experiments with EWGs at the terminus of the dienophile
such as CONR,, COMe, and CHO support this explanation. Conversely, a high degree of
cis-selectivity is predicted with an internally activated dienophile (c.f. 15). Now, the
termini C1 and C10 have larger coefficients relative to C2 and C7 and experience greater
bonding in the TS.

Figure I-7. FMO Analysis on Activated Dienophiles.

10

14 15
Indeed, strong cis-selectivity was experimentally observed® for internally activated

dienophiles (16, Scheme 1-8) that supports this FMO analysis.

11



Scheme I-8. Gras’ Experimental Observations.

16

As suggested from Gras’ figure, the tether between the diene and dienophile does not
have to adopt a chair-like conformation. Houk explored the possibility of half-chair and
twist boat transition structures, but these studies were unable to predict experimental
outcomes. Further experiments and computations (especially optimized computational
parameters) need to be performed to discern the likelihood of these other transition state

conformations.

I.C.1.b. Invoking a Boat-like Transition State

In the event where the tether is substituted, Roush and Coe completed a thorough
experimental and computational analysis.** One of the main conclusions was that cis-
selectivity of certain substrates results from direct involvement of boat-like transition
states. They concluded that IMDA of 1,7,9-trienes containing 3-oxo functionality will
cyclize through a transition state where the alkyl tether adopts a boat-like conformation,
an idea originally introduced and utilized by Taber.” A twist boat has also been
suggested. When cyclohexanes contain three trigonal centers (as in these systems), the
twist boat becomes comparable to a chair. Again, there is not yet sufficient computational
support for many of these predictions.

Nevertheless, Roush took these predictions and elected to experimentally study the
hypothesis that twist-boat or boat-like conformations of the tether in the transition state
are not only tolerated but actually favored in the case of 1,7,9-decatrien-3-ones (e.g 17,
Scheme 1-9). The severity of non-bonded interactions in the chair transition state (chair-
18) forces the tether to adopt a boat-like conformation (boat-18). Note that a cis-fused
bicycle is produced from either TS (again, known for this type of activation, see Scheme
I-8), but it is possible, with the proper tether, to tailor the reaction to proceed through

whichever of 18 produces the desired cis-decalin.
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Scheme I-9. Roush’s IMDA Analysis for 1,7,9-decatrien-3-ones.
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As illustrated in above section, the boat-like transition state may prevail (especially
where chair-like is precluded), in some cases, and this will enter into our analysis of 1a as

well.
I.C.2. Self Assembly in Natural Product Synthesis

I.C.2.a. The Squalene Example.

The question of Diels-Alder chemistry in natural product biosynthesis is rooted in a
larger question of molecular self-assembly. Molecular self-assembly has been described
as the construction of higher-ordered entities by spontaneous union of two or more
components through either covalent or non-covalent bonding.>* The prototypical example
is that of squalene oxide (Scheme I-10). The process begins with an acyclic chain and is
assembled into only one enantiomer of the product dammarandienol under the direction
of an enzyme that ensures this stereospecificity.

Scheme I-10. The Self-Assembly of Squalene.

“AMH _ H
\ SN cascade
Obé—/%\’!\%/ o H cyclization HO |
H H

squalene oxide Dammaradienol
There are numerous examples of natural products that are presumably biosynthesized
with elements of self-assembly. Many of the biosynthetic transformations might include a

Diels-Alder reaction. However, despite a wealth of study, there are few established Diels-
13
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Alderases, or enzymes that catalyze the formation of the Diels-Alder adduct.
this background that we began to analyze natural products and investigate potential Diels-

Alder chemistry in their biosynthesis.

1.C.2.b. The IMDA Reaction: Enzymatic or Non-enzymatic Catalysis

This section will attempt to incorporate elements of the Diels-Alder discussion with
the known facts of biosynthesis and the idea of molecular assembly. As discussed above,
the Diels-Alder reaction minimally requires a conjugated 4m electron system (the diene)
and a 2m electron moiety (the dienophile). When these elements are located in the same
molecule the subsequent IMDA reaction has the ability to generate highly exotic
molecular frameworks. IMDA reactions have recently been invoked as key steps in the
synthesis of natural products, and there is considerable interest in the possibility of these
reactions occurring in nature.

IMDA reactions may be an explanation for chemists who question how living
organisms construct such complex molecules, such as 1a. These intramolecular reactions
are possible biological routes for the way molecules are synthesized. We admit that there
are established enzymes for IMDA catalysis. For example, the enzymes solanapyrone

2728 and lovastatin nonaketide synthase® (Scheme I-11 top and bottom,

synthase
respectively) are known Diels-Alderases and their substrates solanapyrone and lovastatin
were isolated in optically pure form from precursors (19 and 20), as compared to the

nonselective laboratory syntheses.

14



Scheme I-11. Examples of Diels-Alderases and Substrates.
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It is relatively easy to propose a Diels-Alder reaction. According to Oikawa, a Diels-
Alder reaction is indicated when the precursor and adduct have both been isolated. If
these adducts are found alongside their regio- and diastereomers, and if the reaction
feasibly occurred without the intervention of an enzyme, it is sometimes labeled a
biological Diels-Alder cycloaddition.”

It is far more difficult to propose an enzymatic Diels-Alder reaction. This is especially
the case if no precursor is isolated alongside the natural product (as in the case of 1a)
Natural products that are isolated as racemic mixtures point to non-enzymatic biological
pathways. Conversely, those chiral IMDA adducts that appear to arise from achiral
precursors suggest the presence of an external chiral influence, i.e. an enzyme. If these
chiral molecules arise from chiral precursors, no additional conclusions about the
biosynthesis, specifically, the involvement of an enzyme, can be made. Therein lies the
difficulty of a biosynthetic hypothesis on spontaneous IMDA reactions.

For our expedition into the world of biosynthetic IMDA, we also took guidance from

30,31 Rate

the known phenomenon of Diels-Alder chemistry in aqueous media.
accelerations and increasing amounts of endo-derived (frans-fused, more discussion to
follow) adducts have been reported. Whatever the explanation (hydrophobic effect or
hydrogen-bonding that increases the reactivity of the substrate), this supports our

hypothesis that a biosynthetic intermediate on the way to integramycin can undergo
15



spontaneous Diels-Alder reaction to generate the natural product rapidly and selectively,

as mentioned at the outset of this section.

1.C.3. Hoye Group Biosynthetic Hypothesis

I.C.3.a. Biomimetic Total Synthesis of UCS1025A7>

It had already been established by our group that certain features and reactivity of
molecules point to their non-enzymatic biosynthesis. In pioneering work, Hoye and
Dovornikovs found that the closed lactone precursor 22 (Scheme 1-12), equipped with a
tetramic acid-like moiety, underwent lactone opening to 23. Carboxylate 23 rapidly
cyclized at room temperature in D,O, pH 7.2 (biological conditions) to give the open
form of the natural product UCS1025A and its tetra-epimer. The lack of
diastereoselectivity (they observed a 1:1 mixture of UCS1025A and the tetra-epimer) did
not support the notion that the substrate-controlled IMDA reaction occurs non-
enzymatically, but the observed half-life gives credence to the hypothesis of biosynthetic
IMDA.

Scheme I-12. Observed IMDA Cyclization During the Synthesis of UCS1025A and its
Tetra-epimer.
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We also noticed in the literature that there were several natural products (e.g.
equisetin'” and phomasetin,'' Figure I-8) that contain octahydronaphthalene units as well
as tetramic acid moieties.”* The stereochemistry of these (as frans-fused systems) have
been unambiguously established by both the isolation group and subsequent syntheses.
Two syntheses of equisetin were reported utilizing IMDA reactions that occurred under
mild conditions without external asymmetric induction. Importantly, these reactions were

found to be highly endo-selective, as was that of UCS1025A. The theme of endo-
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selectivity is prevalent in the natural products that are thought to arise from IMDA
reactions. Unfortunately, the synthesis and characterization of tetramic acid-containing
natural products is made complicated by complex spectral data. Not only does the
tetramic acid exist in several tautomeric forms, there are overlapping signals from the
decalin-type fused ring system. Simple coupling constant analysis is often not sufficient
for determination of these structures. Indeed, the stereochemistry of BU-4514N>" has not
been established. For delaminomycin only the #rans-fusion of the decalin system can be
extracted from its complex 'H NMR data (Figure 1-8).>°

Figure I-8. Other Octalinoyl-Containing Tetramic Acids.
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1.C.3.b. The Problem With Integramycin

Before our analysis of the natural product, it is critical to remind the reader that the
absolute configuration of the natural product has not be established.” Thus, for the
remainder of this document, consideration will be given to the antipode of 1a, i.e.
structure 2 (c.f. Figure I-5).

We are now charged with incorporating the background detailing theoretical IMDA
(section I.C.1.) with Nature (section 1.C.2.) For IMDA reactions to be viable biosynthetic
events, the cyclization precursor must contain a highly activated dienophile tethered to a
diene fragment. We also learned that there are two modes of cycloaddition, exo and endo,
furnishing cis- or trans-fused octalins, respectively (Figure 1-9). The preferred mode for

shown activation (EDG for the diene, EWG for the dienophile) is endo.
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Figure I-9. Exo vs. endo IMDA of 1,7,9-Decatrienes.

trans

exo endo
The stereochemistry of integramycin (2), however, is not consistent with an endo
mode of cyclization.’® Rather, the stereochemistry as assigned must arise from the exo TS
A of the linear precursor (Scheme I-13). This conformation is unlikely due to the high
energetic cost of a number of non-bonding steric interactions, especially those
experienced by the two axial substituents (OH and methyl), as well as the eclipsing of the
spiroketal substituent (R) and the tetramic acid moiety (“Het*”).

Scheme I-13. Required IMDA Chemistry to Generate Relative Stereochemistry of 2.
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R = spirocycle Me
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HO H

OH R
HO \\H / /
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If the tether is allowed to adopt the other chair conformation (B, Scheme I-13), the
substrate is unable to undergo a concerted [4+2] cycloaddition. Taken together, it seems
unlikely that this linear polyketide precursor would be able to proceed through the
required transition state that results in the reported stereochemistry of the natural product.
Rather than invoke a Diels-Alderase® that enables such a high energy
preorganization for the cycloaddition leading to integramycin, we note that a simple bond
rotation about C8-C9 of transition state B (Scheme I-14), results in C. Transition state C
appears to have relieved all the unfavorable energetics of A. Moreover, it has now

adopted an endo organization and is capable of Diels-Alder reaction (removing the
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difficulties of B). The stereochemical implications, however, of intramolecular reaction
of C are in contrast to the reported structure of integramycin (2). The ring fusion is now
trans, and the stereochemistry at C7 and C8 is inverted. Nevertheless, of all the transition
states considered for the same linear precursor, C is probably the lowest in energy, and it
being endo, is kinetically favored.

Scheme I-14. Change in IMDA Stereochemical Outcome Upon Bond Rotation.

R : OH

Me

Het* < \Me

AW HoL g Me
A | i
R = spirocycle HOMH&*_) HO : H : R EHO
H \ Me = : :
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It is this analysis, alongside our own interpretation of the data provided in the
isolation report,” that we hypothesize that the structure 2 is incorrect, and that instead,
the natural product exists with the stereochemistry about the octalin as shown in 7,8-epi-2
(Scheme 1-14).**

We plan to probe a possible biosynthetic Diels-Alder event and our stereochemical
hypothesis through an entirely synthetic effort. We can prepare a linear precursor 24,
which we proposed will cyclize to 26; octalin 26 performs as a model for 2 (Scheme I-
15). An ethyl group is a surrogate for the spirocycle, and a 2,4-pyrrolidinone now takes
the places of the more functionalized tetramic acid of 2 (in some cases I will try to
incorporate the C5 functionality, linear 25 and cyclized 27). We plan to perform
exhaustive analysis on the IMDA adduct to confidently determine its relative
configuration. Once in hand, that information will be used to compare to the data reported
for integramycin. We expect that our data for 26 (or 27) data will match very well to 2,

thus calling the reported structure of integramycin into question.
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Scheme I-15. Plan for Model of 2
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This is the plan we set out with and hoped to answer these big questions:** Will the
Diels-Alder reaction occur on 24? If so, what is the stereochemistry of the product(s)?
Can we further probe the reaction to determine if it is spontaneous in nature? Is the

reported structure of integramycin correct?
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Chapter II. Synthetic Strategies and Progress Toward a Model
Compound

All synthetic strategies presented in this chapter attempt to construct a Diels-Alder
precursor (such as 24 or 25) in protected form (retrosynthetic arrow, Scheme 1-16) until
unveiling and Diels-Alder chemistry occurs. Targeted octalins are 26 and 27.

Scheme I-16. Ultimate Unveiling and IMDA of a General Reactive Triene.

Me
Me deprotection then \li Me
e
. Me IMDA PG10
HO™ = s

N-PG2
PG30
X
26 (X = H)
27 (X =OH X = H or OPG4

II.A. Retrosynthetic Analysis I

This section encompasses all those synthetic routes (Scheme I-17) toward protected
precursor 28 (or 29) that bring in the heterocycle intact and where the final carbon-carbon
bond (C7-C8) is formed via Horner Wadsworth Emmons (HWE) olefination of aldehyde
30 and phosphonate 32 (or 33). Aldehyde 30 is available from a C¢ aldehyde 31. We plan
to set both the relative and absolute configuration at what will become C9 and C10 by
Crimmins aldol chemistry.”” Routes toward the phosphonate include both a construction
from maleimide (for 33) and the more common Lacey-Dieckmann®® construction (for 32)

using various [-keto amide equivalents.
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Scheme I-17. Retrosynthetic Analysis 1.
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The advantage of this plan is that the heterocycle can be installed at the very end and
all that remains is a global deprotection to reveal the reactive substrate. This method
relied on a few assumptions; one is that the fully protected 28 (or 29) is reasonably stable.
We also preferred to think that deprotection will occur smoothly to give the IMDA
precursor (24 or 25 from Scheme I-15). The protecting groups were to be deliberately
chosen so that the deprotection reaction and the anticipated cyclization event can be

easily monitored.

II.A.1. Route to Aldehyde 30.

ITA.1.a. Work on the E,E-diene

In the forward direction, the synthesis of HWE aldehyde 30 began with the vinyl
magnesium bromide addition to 2-methyl-2-pentenal (31, Scheme 1-18). This reaction
occurred rapidly at 0 °C and was sufficiently clean that the bis-allylic alcohol 34 could be

used without purification.
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Scheme I-18. Preparation of £, E-diene.
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Although 1,4-addition is possible with starting material 31, only the desired 1,2-
addition was observed. This reaction is a reliable >90% yield and the product is easily
characterized.

Hg(OAc),-mediated ether formation® resulted in the allyl-vinyl-ether 35. Once
isolated, 35 underwent reaction upon heating in benzene or toluene and afforded a
mixture (2.5:1) of Claisen rearrangement products 36 and 37. Alternatively, when this
reaction was conducted under reflux conditions with catalytic Hg(OAc),, full conversion
of 34 to the same approximate ratio (by NMR) of 36 and 37 was observed. The
transformation usually occurred with good mass recovery. Aldehydes 36 and 37 were
somewhat separable in my hands by medium pressure liquid chromatography (MPLC)
and 36 was carried forward in ca. 80% purity.

There were two main observations relevant to the Clasien rearrangement of 35. First,
the sigmatropic rearrangement is regioselective. The bis-allylic system has two alkenes
poised to react, but the terminal alkene engages preferentially over the trisubstituted one.
The regioselective rearrangement of bis-allylic-vinyl ether 35 can be rationalized by the
effect of the C4’ methyl group (Scheme 1-19; 1,4-diene numbering). There are both steric
and electronic effects.*”*' The C4> methyl group is electron donating, which increases the
enthalpic activation parameter (AH) for the rearrangement of that olefin. Substitution at

C5’, theoretically proposed to retard the Claisen rearrangement of that same olefin, has
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also been reported to accelerate that regiochemistry (35—36).** Thus, the substitution at
C4’ and C5’ has opposing effects, and the end result is that a portion of the reaction
occurs with undesired regiochemistry, leading to 37.

As for sterics, the chair-like TS for the rearrangement with the terminal olefin
(TS(36)) contains fewer non-bonded steric interactions; the other conformation (TS(37))
is more sterically congested, leading to the observed regioselective outcomes. One last
consideration is that 36, being trisubstituted, is the more stable of the two products. The
alternative Clasien rearrangement gives a less substituted olefin (37).

Scheme I-19. Regioselectivity of Claisen Rearrangement of 35.
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Second, the reaction is E-selective. At times, conditions seem to generate very minor
amounts of Z isomers (by NMR analysis), but overwhelmingly the frans alkene is
favored. Scheme 1-20 illustrates the intermediacy of a chair-like transition state, where
for either enantiomer, the alkyl R group is positioned equatorial. In the chair flipped
version of these TSs, the R group would occupy an axial position, and these chair
conformations would not figure greatly into the product-generating step. The chair-like
transition states shown produce only the E-alkene. The newly formed trans-olefin,
conjugated to the existing olefin, results in the requisite E,E-diene (contained in 36) for

the IMDA.
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Scheme I-20. Stereoselectivity of Claisen Rearrangement of 35.
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When the intermediate allyl-vinyl-ether 35 could be isolated as the major product (as
in the rightmost arrow in Scheme I-18), there was an opportunity to investigate the
catalytic effect of Hg(II) on the Claisen rearrangement.”™* Several Hg(Il) salts were
chosen as additives to the reaction of allyl-vinyl ether 35. This study confirmed catalysis
by Hg(II) salts (mild conditions and increased conversion of 35), but sadly, there was no
discernable change in product ratio 36:37.

Before moving onto preparation for the aldol reaction (Section II.A.1.b), a short
study was conducted on the Johnson-Claisen rearrangement (Scheme 1-21). This would
also furnish the desired E,E-diene, but with a pendent ester instead of aldehyde. A few
steps are required for conversion to the necessary aldehyde 36, but if the regioselectivity
were improved, the extra steps would be justified. In the preparation, a solution of
bisallylic alcohol 34, the orthoacetate (trimethyl or triethyl), and an acid catalyst (TsOH
or propionic) in toluene was heated to reflux overnight, where the product esters (methyl

and ethyl esters of 36 and 37) were observed and analyzed.
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Scheme I-21. Johnson-Claisen studies.
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The main conclusions from this study are that (i) the starting material generally
underwent 100% conversion to the ketene acetal (brackets of Scheme 1-21), (ii) in
contrast to the standard Claisen conditions, this intermediate seemed to undergo slower
[3,3] sigmatropic rearrangement, (iii) the mixture of constitutional esters from poor
regioselectivity was generated with the same make-up (i.e. 2.5:1) (iv) the product esters
were as difficult to separate as the corresponding aldehydes 36 and 37 and (v) both TsOH
and propionic acid worked well in catalytic amounts, although the latter led to greater
conversion of the intermediate ketene aectal. Lastly, there appeared to be a greater
contribution from the undesired Z E,-alkene (shown in both regioisomers, Figure I-10).
Since neither the regioselectivity nor separability of the products improved, this reaction
was not useful for constructing the diene. Aldehyde 36 from the Claisen route (Scheme I-
18) was carried forward.

Figure I-10. Potential Stereoisomers From Johnson-Claisen.

R = Me, Et
I1.A.1.b. Crimmins Aldol Model Studies’’ and Application to Aldehdye 36

For the anticipated aldol reaction for the 1,2-stereochemistry at C9 and Cl10,
propionylated auxiliary 39 must first be prepared. It was usually synthesized from 38 by

46,47
(

one of two methods. Although conditions A propionic anhydride as the acylating
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agentin the presence of an amine base and LiCl) were easier, this reaction took longer for
less conversion and was not as useful on a big scale. Instead, the established preparation
using nBuLi and propionyl chloride (conditions B) were used.” The crystalline chiral
auxiliary 39 was carried forward for use in the aldol reaction.

Scheme I-22. Preparation of Aldol Reagent Imide.
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Before using the real substrate (i.e., aldehyde 36), it was instructive to work out the
conditions on a model system (hexanal). Scheme 1-23 illustrates the key synthetic step for
establishing the required asymmetry. There are well-documented procedures using boron
triflate-derived enolates to mediate transformations like 39 (and hexanal) to 40.%
However, the difficultly of making and storing these reagents prompted me to explore
titanium catalysis. Crimmins and coworkers concluded years of study in an excellent
report’’ of the various conditions under which Evans syn and anti, as well as the “non-
Evans syn” aldol adducts can be synthesized. The conditions were chosen according to
the literature prescription for the desired stereochemical outcome (9R, 10S).

Scheme I-23. Crimmons’ Aldol Reaction With Hexanal.
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(preferred) NMP (1 equiv)

hexanal (1.1 equiv)
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In a series of experiments designed to gain experience with this reaction, the Evans
syn aldol adduct was obtained from propionaldehyde and hexanal. It was found that
although the reaction required both temperature changes and careful order of addition, the
workup was simple and good yields were reproducible. In the course of these model
studies, I found that the use of the cheaper N-methyl pyrrolidone (NMP, Reagent Set B,
Scheme 1-23) in the place of one equivalent of (-)-sparteine gave the same results. This
verified that (-)-sparteine does not provide asymmetric induction; its role in this reaction
is simply as a ligand. Although the NMP is more difficult to remove after the completion
of the reaction, it helps to reduce the costs of the reaction system that might otherwise
only use (-)-sparteine as a ligand (Reagent Set A).

The reaction is known to give excellent diastereoselectivities. The mechanism of this
reaction accounts for the different stereochemical outcomes.”” Key features are the
stereoselective generation of the enolate and the interaction of amine ligands with the
titanium coordination to the enolate oxygen. As shown in Figure I-11, the Z-enolate is
formed selectively due to 1,3-allylic strain of the corresponding E-enolate.

In the presence of at least two equivalents of amine (e.g. two equivalents of a
bidentate ligand such as (-)-sparteine or tetramethylethylenediamine, or one equivalent of
a bidentate ligand and one equivalent of a monodentate ligand such as NMP), the
addition reaction is expected to proceed through a transition state like TS(A). The excess
amine displaces chlorides on the titanium core and organizes the enolate and aldehyde in
the chair-like TS geometry. Opposite facial selectivity is observed where an excess of
TiClais used. Here the reaction presumably occurs through the transition state geometry
TS(B) where chloride comes back to ligate to titanium. Under our conditions, we expect

the reaction to go through TS(A), which gives the Evans syn product (R,S-40).
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Figure I-11. Mechanism of Crimmons Aldol Reaction (Hexanal Substrate).
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While scaling-up the desired aldehyde 30 for use in the aldol reaction, we tried the
sequence: aldol reaction, TBS-protection, reductive cleavage of chiral auxiliary, and
oxidation to a final aldehyde on a model system (Scheme [-24). Protection of the
secondary alcohol 40 to 41 proceeded sluggishly. After a three-day reaction, full
conversion of the starting alcohol was reached, but the yield was relatively low for this
type of transformation. Optimization entailed running this reaction in DMF (versus
CH,Cl,) and under extremely high concentration.

The reductive cleavage of 41 was best performed using LiBH4. Although somewhat
low yielding (36% isolated yield) to alcohol 42, the reaction was rapid and the auxillary
could be recovered when the reduction was performed on a large scale. The lower yield
could be attributed to silyl migration between molecules (bottom of Scheme 1-24), but
there was never any GCMS evidence for this process (from 42 or 45, see Scheme [-25).
In fact, no major byproduct was observed for this reaction; the low yields could be due to

poor mass recovery after the workup.
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Scheme I-24. Further Chemistry on Hexanal Aldol Product.
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A variety of oxidation conditions were surveyed to determine the optimal oxidation
procedure for a primary alcohol like 42. Many conditions are available for this reaction,

and the results ranged from marginally successful to very successful.

Table I-1. Oxidation Conditions of Model 42.

Entry Scale (mg Conditions Yield Comments
ROH)
1 10 IBX (1.5 equiv), DMSO, rt, 4h 80% clean
2 10 DMP (1.1 equiv), CH,Cly, rt, 4 h 70% clean
3 10 (COC), (2 equiv), DMSO (4 equiv), 70% clean
Et;N (6 equiv), -50 °C
4 10 "Pr,EtN (3.2 equiv), DMSO (1 equiv), 60% H,0 workup
SOs-py (3.0 equiv), CH,Cl, rt unsuccessful, loss of mass
and purity after CuSO4
workup

As illustrated in Table I-1, most conditions lead to complete and clean conversion to
the oxidized product 43 (>90% pure by 'H NMR analysis). After purification, yields
typically dropped to 70-80%. The hypervalent iodine reagents, IBX (entry 1) and Dess-
Martin periodinane (DMP, entry 2) worked very well and gave 43 in good yields. Swern
oxidation also gave the desired product in good yield. Finally, the Parikh-Doering
conditions (entry 4) for the oxidation gave the desired product, but it required standard

CuSO4workup. Although a more tedious process, the aldehyde appeared in 60% yield.
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ITA.1.c. Completion of Aldehyde 30.

After completing the oxidation, I tried the sequence on my actual substrate (Scheme
1-25). In the aldol reaction with 36, evidence for the aldol adduct appeared in the 'H
NMR spectrum. This product was purified by MPLC and entered into the protection (to
44), reduction (to 45), and oxidation (to 30) sequence worked out on the hexanal model.

Scheme I-25. Crimmins’ Aldol on Aldehyde 36 and Generation of Aldehyde 30.
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Me Me CH2C|2, -78 °C to rt, Me Me
45 70-80 % 30

+ auxillary 38

Notably, over the course of scale up studies, a number of these steps could be
shortened and purification steps combined to achieve higher and faster throughput. For
example, chromatography was usually reserved for after the silylation and oxidation
steps. The byproducts and remaining reagents after the aldol did not interfere with the
TBS protection leading to 44. Likewise, the cleaved auxiliary 38 did not offend the
Swern oxidation of 45. The sequence has currently been scaled to generate 4-5 grams of
purified aldehyde 30.

Before proceeding, I tried one alternative on the aldol product (corresponding to the
un-silylated 44, Scheme I1-25). Trans-amidation to the Weinreb amide®® and DIBAL-H
reduction would result in nearly the same product (B-hydroxy aldehyde, not numbered,
compare to 30) To this end, the aldol adduct was involved in trans-amidation to 46 using
the HCI salt of N,O-dimethyl hydroxylamine mediated by AlMe; (Scheme 1-26). This
afforded the amide material for the DIBAL-H reduction, which gave the B-hydroxy
aldehyde. '"H NMR spectrum showed evidence of some compound that could be the

elimination product 47.
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Scheme I-26. Weinreb Amide Route to Aldehyde 30.
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Because the free hydroxyl group would still need protection (resulting in 30) prior to
aldol reaction, the Weinreb amide route was the same number of steps and judged to be
unnecessary. Instead, the bulk of the aldol material was protected to 44 and the reductive
cleavage-oxidation chemistry was used in scale up reactions (Scheme I-25). This material
was ready for the HWE reaction (see Retrosynthetic Analysis I, Scheme 1-19) and was

stable to storage over months in the refrigerator.

I1.A.2. Routes to Heterocycles 32 and 33 and Various Coupling Reactions

The preparation of the HWE coupling partner 32 (or 33) was far less certain (Scheme
[-27, additional retrosynthetic details). We were attracted to the known chemistry to a
substrate like 48,”' but a bond-forming reaction at C3 on such a heterocycle was going to
be a challenge. At this stage, the proper reaction for building functionality off C3 (right
arrow in Scheme) was not explicitly worked out, but there were some literature
procedures for similar reactions. General compounds 48 would ultimately be built from

maleic anhydride.
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Scheme I-27. General Ways to Hetereocycles 32 and 33.
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There are several ways to access the heterocycle 32 (downward arrow in Scheme) but

the primary and most reliable is a Lacey-Dieckmann’® strategy (from 49, ultimately from

glycine).

I1.A.2.a. From Maleimide to Alkyl Halides 60a and 60b

Maleimide can be elaborated to a more functional compound such as intermediate 48
(Scheme I-27, retrosynthetic analysis).”’ To test the route starting from maleimide, I
attempted the first few steps on the imide itself (Scheme 1-28).

Scheme I-28. Oxidation and Reduction of Maleimide (503).a

O i) Bry (1.5 equiv),

(¢}
MeOH, rt, 16 h NaBH4 (1 equiv)
| NR | 5 NR
ii) NaOMe 4eqU|v) MeO THF/HZO @1, veo
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~80% 1 :3) Yield NYD
50a 51a 52a 53a
aseries:R=H ! f

CH,ClI, or 1,4-Dioxane, A,
or TsOH, PhMe, A

*The related series b-d denote where the R in Scheme I-28 is DMB (b), PMB (¢), or Bn (d).

The bromination and elimination steps to 52a occurred in high yield and essentially
oxidized the molecule to the tricarbonyl species. In this case, the ketal S1a was formed to
varying extents. Should it become the main product, it is easily converted to 52a under
acidic conditions. Thermal elimination of MeOH was not attempted. NaBH4 reduction
provided the carbinolamide 53a with complete regioselectivity, as expected.”’
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I knew that the 5-hydroxyl group needed to be transformed into a methyl ether and the
nitrogen must be protected before any reaction of 53a. I then sought to prepare the same
aminal 53a, except to protect the imide nitrogen first. 2,4-dimethoxybenzyl (DMB) was
chosen as the protecting group. This could be easily removed under mild (oxidation)
conditions that the rest of the molecule could tolerate.

First I tried reductive amination on maleimide (Scheme I-29). I saw no conversion
and did not attempt this reaction again. In hindsight, it is very difficult to perform
reductive amination on imides like malaimide. The imide nitrogen is not very
nucleophilic under standard conditions. This is suggested by the scarcity of examples in
the literature that involve direct alkylation.”

Scheme I-29. Attempted Reductive Amination of Imide 50a.
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Maleimide, however, does have proper nucleophilicity under Mitsunobu condtions
(Scheme 1-30). With the proper primary benzyl alcohol, the protecting group on the imide
nitrogen can be installed. Conditions have been designed to ensure that the reactivity of
maleimide as a Michael-acceptor does not interfere with the Mitsunobu reaction.
Unfortunately, I did not see the desired outcome (50c¢) when I tried to react maleimide
with p-methoxybenzylalcohol.

Scheme I-30. Attempted Mitsunobu with 50a.
0 0

PhsP, DEAD, ROH OH
| "NH — | N-PMB  gop -
THF, -78 °C
O O OMe
50a 50c

Alternatively, the protecting group can be installed by using a ring opening-ring
closing sequence on maleic anhydride (Scheme I-31). The first experiments were
completed using benzyl amine as a model, with the intention of moving to the DMBNH,
series after the chemistry was optimized. In the event, benzyl amine quickly opens the

anhydride to the amic acid 54, which then reclosed upon treatment with acetyl chloride.
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Presumably, the mixed anhydride is reactive enough that the imide (i.e. 50d) is reformed,
although now protected. Depending on how long the reaction required, HCl would
sometimes add across the maleimide alkene (byproduct S55). Elimination with
triethylamine cleanly regenerated the maleimide 50d, which was generally recrystallized
for storage.

Scheme I-31. Transformation of Maleic Anhydride to Maleimide 50d.

O  CHen, () o 0
/\@ rt 2 hr NH AcCl NEt; (1 equiv),
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54 55 50d

Although a straightforward sequence for benzyl amine, synthesis of the DMB variant
50b (product, Scheme [-29) was hampered at the outset. DMBNH, is commercially
available, but costly. I attempted to prepare it first by reductive amination of the
corresponding aldehyde (Scheme 1-32). With NH4OAc followed by a variety of reducing
agents, the desired DMBNH,; could not be obtained. Only the double alkylation product
(DMB),NH was isolated along with recovery of varying amounts of the reduced
aldehyde.

Scheme I-32. Attempted Reductive Amination of DMBNH,.
i) NH4OAc

OMe
\\@\ (10 equiv) ﬁ Major by-product:
*ﬁ/—>
i) Reducing Agent
(see text) HN(DMB),
H,NDMB
| OMe
hydroxylamine, K@\ Zn, HOAc
OMe

Na,CO3 heat, 60-80 %

80-90 % 56

This type of difficulty in reductive amination for the formation of a primary amine
has been reported in the literature.™* 1 abandoned that route in favor of a two-step
sequence involving the intermediacy of oxime 56. This material was easily prepared by

heating the aldehyde in a basic solution of hydroxylamine. The best conditions for the
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reduction were Zn/AcOH, and these afforded the primary amine as desired in sufficient
purity for the next step.

Alternatively, benzyl amines can be prepared in good yield via the corresponding
azide, followed by Staudinger reduction. I tested this route on the p-methoxybenzyl
alcohol (Scheme I-33). Although high yielding and effective, this route was inferior due
to the large quantities of triphenylphosphineoxide (TPPO) that are produced in the
Staudinger reduction step.

Scheme I-33. Azide Route to Aryl Amines.

PhsP,
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With the DMBNH; in hand (see Scheme [-32), the protected maleimide 50b was
realized using the same protocol developed for BnNH, (Scheme 1-34). The yields were
comparable, but the scalability was poor. Because of the added time required to prepare
the starting amine, I was never able to generate sufficient quantities (i.e. >one gram) of
N-DMB maleimide (50b).
Scheme I-34. Transformation of Maleic Anyhydride to Maleimide 50b.

OMe 0 i. CHsCN, tt, 2 hr, o
then AcCl, A
HoN X + | o | NDMB
| _ ii. EtsN, 1t, 1h
OMe 0 ~40 % 0

50b
Additionally, I recalled that this sequence calls for bromination of the maleimide S0b
(see Scheme 1-28). Under the conditions prescribed, the DMB group was prone to
bromination. I tried the reaction anyways, and I saw the mass and characteristic NMR
resonances for desired product 58, but I also found evidence of products having
additional bromine incorporation by GCMS.
Scheme I-35. Attempted Oxidation of 50b.
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Thus, it was decided that the DMB would be replaced by a different protecting group,
and I settled on the PMB variant. It would also be easily removable under mild conditions
once the rest of the chemistry on the heterocycle was completed. I already knew I could
access larger quantities of the PMBNH,, and the aromatic moiety is not nearly as electron
rich as in the DMB, so it would hopefully remained untouched after maleimide 50¢ was
treated with electrophilic bromine.

While the sufficient quantities of S0c¢ were being scaled up in preparation for aldol
reaction (shown generally in Scheme 1-27), the remaining chemistries were performed on
the NBn series (50-53d) for practice (Scheme 1-36). In order to utilize the regioselective
reduction methodology reported by the Coster lab,”' the maleimide had to be oxidized
first. Accordingly, maleimide 50d was treated with Br, and NaOMe. This typically
resulted in varying amounts (generally 1:3) of the methoxy maleimide 52d and the ketal
51d in a combined yield of 80%. These two solids were easily separated by flash column
chromatography. Fractional crystallization may provide an alternate purification method.
The conversion of 51d to 52d is straightforward under acidic conditions.

Enol ether 52d was regioselectively reduced (Scheme 1-36) to 53d via treatment with
NaBH4in THF/H,O at 0 °C. The crude carbinolamide was treated with TMSCI in MeOH,
where the methyl ether was formed in good yield and purified by column
chromatography. This heterocycle 59 was typically stored for subsequent reactions, but a
portion of it was converted®>"° to the iodide 60a or bromide 60b. These are all candidates
for the aldol reaction (c.f. Scheme 1-27); 59 can be deprotonated, whereas 60a and 60b
can undergo metal-halogen exchange and become reactive in aldol-type reactions (to be

discussed later).
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Scheme I-36. Completion of Heterocycle 59 From 50d.
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I1.A.2.b. Future Work for the Completion of 33

At this point in the project, I was not successful in producing sufficient quantities of
the necessary heterocycles to be exploited in a later synthetic route toward my desired
IMDA precursor. I was not ready to attempt C3-acylation chemistry to build up the
phosphonate (general reaction shown in Scheme [-37).

Scheme I-37. The Key C3 Reaction to Build Functionality From 59 and 60a/b.

R"COCI
S 0 or (‘? ) 0
R™CHO then ox, (EtO),P.
| N-PG . > | N-PG
MeO tc. -
OMe et MeO

OMe

59, 60a, or 60b 33

In fact, this whole route was disfavored because I was working on the Lacey-
Dieckman methodology toward 32 at the time. With this background, it is appropriate to
delay all discussion on reactivity and properties of 59, 60a, and 60b to the next section,

where they re-enter the synthetic route in a slightly different way (IL.B).

I1.A.3. Route to Heterocycle 32 by Lacey-Dieckmann
It was becoming clear by the studies described in the previous section that the C5-OH
functionality of 33 required creativity and the use of nearly unprecedented reactions. A

quick way into Diels-Alder chemistry was sought in order to learn more about the E,E
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diene (e.g., in 30) and its behavior in IMDA reactions (with a proper dienophile placed on
the molecule). There is a reported route via Lacey-Dieckmann cyclization (49 to 32),
shown to be very successful for the synthesis of phosphonate esters of tetramic acids.”’

The common acyclic intermediate 49 can be arrived at by one of three routes (Scheme
[-38). They mainly differ by the f-keto equivalent employed for transformation into the
tricarbonyl 49. The Schlessinger method (Route A) involves the later- stage installation of
the phosphonate ester via bromide displacement of 61 by the sodium salt of
diethylphosphite. Bromide 61 comes from reaction of the amine 62 with the product of
Brz2-induced ring opening of diketene. Route B requires reaction of appended 1,3-diox-5-
en-4-one 63 (available in three steps from 64) and the amine 62. Lastly, Route C relies on
a thioester/amine coupling reaction to form the amide bond present in 49. Phosphonate
thioester 65 is ultimately built from Meldrum’s acid (66). In an attempt to quickly access
a coupling partner for our aldehyde 30, work on these routes commenced.

Scheme I-38. Lacey-Dieckman Methodology for HWE Coupling Partner 32.
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All routes required glycine derivative 62. Reductive amination of the methyl ester of
glycine with p-OMe benzaldehyde proceeded with satisfactory yields, but enough of 62
was isolated for subsequent syntheses (Scheme 1-39). Upon scaling up, the reaction
appeared to give higher yields, but there was still a significant amount of one major by-
product.

Scheme I-39. Preparation of 62.
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MeOJ\/ 8 EtOH, rt. 1h MeOJ\/ PMB
MeO 20 - 60% 62
(1.45 equiv) (1.0 equiv)

I1.A.3.a. Lacey-Dieckmann Starting From Diketene

Route A (Scheme 1-38) was attractive because it was fewer steps and the acetylation
step using diketene was well-documented in the literature.”’ It also avoided the use of a
very polar phosphonate until later in the sequence, so I hoped that chromatography would
be straightforward.

With amine 62 in hand (from Scheme I-39), reaction with diketene was studied
(Scheme 1-40). Careful vacuum distillation provided the pure diketene, which exists as
the B-lactone with an exocyclic methylene. Treatment with Br, led to what appeared in
the "H NMR spectrum to be intermediate 67, although there were other components
present in the reaction mixture. Nevertheless, the glycine derivative 62 was added to this
mixture, but remained unreacted (‘'H NMR analysis). In the future, more care or
screening of reaction conditions (e.g. temperature) is needed to ensure that the presumed
intermediate 67 is actually present and that 62 is sufficiently reactive for production of
61.

Scheme I-40. Attempted acetoacetylation of amine 62 starting from diketene.

o} Bry, (4 equiv), o o 62 (1 equiv), o o
[e) -30 °C, CDCly EtsN (1 equiv)
Br OMe
Br e e N
R \)J\/U\Br -20°C N
(4 equiv) 67 61 PMB O

While I was working out these factors (including preparation of diketene instead of
purifying it from stored samples, see Scheme I-41), I commenced work on the alternative

Route B (Scheme 1-38).
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Scheme I-41. Preparation of Diketene and Two Step Process to Dicarbonyl.

(o] Et3N, 0 o Bro 0 o)
------ >
Me)]\CI R Br\)J\/U\Nuc

Et,0, 0 °C then Nuc

obtained as a solution

I1.A.3.b. Lacey-Dieckmann Starting From 1,3-dioxenone

I then focused on the synthesis of the phosphonate 63 (Scheme [-42). This series of

d>®** and known to give the products reliably. The enolate of

reactions is well-documente
64 is generated by LDA, and subsequent reaction with hexachloroethane gave the 6-Cl
product 68a (the bromide analogue 68b was prepared a different way in a later study, but
included here for numbering). Yields were good but improved upon scale up and the
desired chloride 68a was suitable for use following purification. In my hands, chloride
displacement by sodium or potassium diethyl phosphite to give 63 resulted in very little
conversion unless a large excess of the phosphite anion was used. Purification was
difficult. Phosphonate 63 could be chromatographed, but because it required highly polar
mobile phases, excess starting material travelled alongside it. Water workup to remove
the excess phosphite was not attempted on scale because of the presumed hydrolytic
lability of the 1,3-dioxenone. Distillation required special care due to the thermal lability
of 63 above 40 °C. My work on this route ended due to these and other concerns.

Despite the fact that 63 is thermally labile above 40 °C and sensitive to water, this
route to 49 deserves more attention. Once the phosphonate 63 is in hand, the reaction
with 62 is known to occur quickly and the resulting tricarbonyl 49 is ready for the Lacey-
Dieckmann cyclization and subsequent HWE experiments (dotted arrows, Scheme 1-42).

Scheme I-42. Attempted Use of 63 for Acetylation of 62.

Me_ Me Me_ Me Me_ Me
> . > (OEt),P(O)H, NaH, PV
0" o i) LDA, C,Clg, 0”0 o 0 o
_— X N Il
MeMO THF, -78 to -25 °C MO DM3|:£)040(;/'[0 rt (EtO)ZPMO
- O, - Oo
64 60-70% 68a (X =Cl) 63
68b (X = Br)
O OH
; O O O i o
amine 62 It TBAF
fffffffffffff - (EIO)QPMN/\H/OMe o (Eto)z"v%
solvent, A ; N—-PMB
49 IIDMB 0 Et,0, rt, 5 min 32 o



I1.A.3.c. Lacey-Dieckmann Starting From Meldrum’s acid

There was yet another route toward the phosphonate (Route C, Scheme 1-38). This
would still require the late-stage Dieckmann reaction, but the Dieckmann substrate 49
would be accessed through a silver-mediated amide bond forming reaction. This route
required yet another acetylation source, Meldrum’s acid (66).°*°!

In the forward direction, 66 is cleanly acetylated®® with Br-acetyl bromide at 0 °C
in the presence of pyridine to the tricarbonyl compound 69 (Scheme 1-43). This reaction
is easily scaled and the product often crystallized upon storage. Ring-opening occurred
by heating with a appropriate thiol [RSH, in Scheme, typically ‘Bu and nonyl (mixture of
isomers) mercaptan were used and worked equally well] and gave the thioesters 70a%%*
and 70b in good to excellent yields. This reaction was only complicated by the difficulty
in working with volatile mercaptans. Optimization included performing this reaction with
(at most) 2 equivalents of thiol and minimal solvent (DCM worked and no significant

improvement was noted with any others).

Scheme I-43. Preparation of Bromo-Thioesters 70 From Meldrum’s Acid.
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The bromide displacement to the phosphonate thioester (Scheme 1-44) required some
experimentation. Much like the substitution reaction of 68a, this displacement was only
efficient if a large excess of the phosphite anion was used, and the chromatography of the
product 65a and 65b was tedious because of the leftover phosphite. Later I realized I
could take advantage of the water solubility of the phosphite; iterative water washes were
able to greatly diminish the proportion of phosphite that remained. This made
chromatography of the desired product more manageable. The silver mediated coupling

reaction®!:%>%

with 62 worked quickly to give, majorly, the desired amide 49. Modest
yields accompanied this reaction every time despite full conversion of the thioesters 65. It

could be that once the thioester is activated by treatment with silver, it is prone to
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decomposition on its own or by a nucleophile other than the amine 62 that might be
present in the reaction. Fortunately, I found appropriate conditions to purify the highly
polar 49 by MPLC before attempting the Dieckmann reaction.

Scheme I-44. Amide 49 From Bromo-Thioesters 70.
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The Dieckmann reaction on 49°° was only attempted a few times. The product of the
ring closure was clearly observed by LCMS within minutes after treatment with TBAF in
Et;0. The starting material 49 was poorly soluble in ether, so the reaction mixture was
commonly heterogeneous. Even so, I observed an increase in hetereogeneity after the
TBAF was administered. The product heterocycle 32°7 was even less soluble in ether, and
was observed to precipitate if the reaction was conducted at higher concentration or
larger scale. I hypothesized the precipitate was the ammonium salt of the tetramate,
32-TBA. This precipitate could be collected by filtration, or, surprisingly, extracted into
organic solvents such as ethyl acetate or dichloromethane.

Unfortunately, tetramate 32*TBA was difficult to purify under normal phase
chromatography conditions, and although the cyclized product was obtained and
characterized, I had very little material to try the Horner-Wadsworth-Emmons chemistry.
In future studies, I took the care to acidify the reaction mixture after the Dieckmann (last
step, Scheme [-44) to ensure the neutral tetramic acid 32 was in hand. In summary
(Figure I-12), the various anionic forms®’ and ammonium salts as well as the
corresponding neutral tautomeric forms of this species are of interest and could be the

result of additional studies.
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Figure I-12. Equilibrium Between the Acid and Conjugate Base of Tetramate 32.
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A similar approach can be used to prepare the corresponding phosphorane starting
from dioxinonoe 64. This is a slight modification from Retrosynthetic Analysis I in
Scheme I-17. Phosphorane 72, instead of 49, was sought as a Dieckmann substrate.
Instead of nucleophilic substitution, the methyl group was brominated under radical
conditions (Scheme 1-45). Although known for this substrate, the bromination did not
proceed efficiently in my hands, and only gave modest yields of the 68b. Phosphine
displacement works well, but the subsequent deprotonation does not. Phosphorane 71,%
although nicely behaved on the LCMS, was difficult to isolate. Opening with 62 and
acetone expulsion was even more of a challenge and gave a product that was hard to
analyze. There are likely too many functional groups that were labile under the vast array
of reaction conditions, so this route to 72 was abandoned in favor of another.

Scheme I-45. Use of 1,3-Dioxenone (64) in the Preparation of Phosphorane 74.
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In the second route towards the phosphorane 74°® (downward arrow from 64, Scheme
1-45), the necessary reactions were performed in a different order. The hope was that
bromination would be cleaner on a methyl ketone like that in 73. Additionally, installing
the phosphorane near the end would ease the handling of these substrates. First, the amine
62 opened 66 and the bromination of the methyl ketone was attempted. The yields were
still poor for this radical reaction, and it appeared that conversion, regiochemistry, and
overbromination were the main contributors to this result. Phosphine displacement and
deprotonation gave the desired ylide 72, but this compound was difficult to work with. It
was not amenable to chromaptography and I was unable to recrystallize it. Still, I
attempted TBAF treatment for the ring closure to heterocycle 74. This gave what might
have been the Dieckmann product (monitoring by LCMS), but the product could not be
purified. Despites these difficulties, there is still a lot of promise for this route. The ylide
is the direct Wittig coupling partner for 30, and if the sequence could be performed on
scale, purification by recrystallization would likely be successful.

Although neither reagent (phosphonate 32 and phosphorane 74) was in the preferred
pure form, I still attempted to use them in the highly-anticipated Horner Wadsworth
Emmons®' and Wittig reactions, respectively (Scheme I-46). Unfortunately, I did not
observe any of the coupled product in either case. I saw no reaction in the case of

phosphonate 32. Likewise, I did not see any conversion of aldehyde 30 in the presence of

phosphorane 74.
Scheme I-46. Atttempted Olefination Reactions of Aldehyde 30.
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I would still advise further studies here. These types of reagents are known, and more
practice in their preparation and use would improve these results. I also think the major
obstacle to success is the scale up of the heterocycle. If it could be prepared in larger
quantities, purification and reactions on model substrates provide additional insight and

increase the likelihood of successful union with aldehyde 30.

I1.A.4. Short Study on 3-Acyl Tetramic Acids 76 and 77.

At this stage, the unanswered questions surrounding the behavior of the tetramic
acid unit were many (see Figure I-12) and I needed to learn more about these systems. I
did not generate sufficient quantities of phosphonate 32 or phosphorane 74 to conduct
additional studies. Besides, these compounds contained a lot of interfering functionality; I
was more interested in the heterocycle itself. I chose 2,4-pyrrolidinedione 76 and 77 as
model systems to perform preliminary studies with the goal of determining the
characteristics of tetramic acids.

Figure I-13. Model Tetramates.
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B.J.L. Royles previously summarized tetramic and tetronic acids in a comprehensive
review.” Contained in this was a discussion on both the acidity and tautomeric
preferences. This unit is rarely drawn in the tricarbonyl or doubly enolized (to pyrrole)
form (left and right panels of Figure I-14, respectively). Instead, it is known to take one
of various mono-enolized tautomeric forms (central panel). With this specific substitution
at C3 and with the NH variant, four major forms are predicted. The interconversion
between A and B is internal and rapid, a process too fast to see discrete A or B on the
NMR timescale. Likewise, C and D are internal tautomeric forms and rapidly
interconvert. The pairs AB and CD can be considered in slow equilibrium with one
another. Here, conversion requires an external way to move the proton between species.

NMR data and computations suggest a ratio of 15:5:0:80 for A:B:C:D.”
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Figure I-14. Royles’ Illustration of Tautomeric Forms of 3-Acetyl-2,4-Pyrrolidinedione.
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It is with this background that I began my studies on the tetramic acids 76 and 77.

I1.A.4.a. Preparation and Properties of 76 and 77.

Compound 76 is known in the literature and can be accessed easily by the same ring
opening of 1,3-dioxenone 64 (Scheme 1-47). It is easily purified by MPLC or column
chromatography. The Dieckmann reaction proceeded exceedingly well in Et;O with two
equivalents of TBAF,®' generating a precipitate that was typically collected by vacuum
filtration (it can also be collected by extracting the crude reaction slurry with ethyl
acetate, drying, and concentrating). The solid was likely the ammonium salt of the
tetramate (76°TBA). It was then dissolved in neutral water and treated with acid (HCI or
TFA) dropwise until a pH of <2 was achieved. Over the course of this acidification the
neutral tetramic acid 76 precipitated and could be obtained in a similar fashion as the salt
TBA. Vacuum filtration was the preferred method for reactions performed on scale.

The 3-carbomethoxyl system 77 was also studied (Scheme 1-47, lower set of
arrows). It was prepared in a different way. Amide 78 was generated under standard
peptide bond conditions. The Dieckmann reaction occurred without event to generate the
deprotonated heterocycle, 77°TBA, which underwent acidification under the same
conditions as the corresponding ketone 76. This ester showed similar trends between the
salt 77°TBA and the neutral 77 as observed in the ketone case (reaction times, conditions,

solubility).
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Scheme I-47. Preparation of 76 and 77
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Besides the shift in NMR resonances that accompany this acidification, the salts
76°TBA and 77°TBA and the neutral forms 76 and 77, respectively, display remarkably
similar properties. They have similar solubility in most organic solvents and streak on the
TLC plate. Despite this last feature, the anionic and neutral form both appeared to be
somewhat amenable to column chromatography. There is mainly one tautomer in the 'H
NMR spectrum, making up 90-95% of all possible forms (c.f. Figure I-14). Based on the
known preference of A-D in Figure I-14,° 76 and 77 are displayed as the exocyclic Z-

1somer.

I1.A.4.b. Alkylation and Further Functionalization Studies of 76 and 77

I wanted to learn a little more about the tautomeric forms of these tetramic acids. I
had more of the ester 77 on hand, so a series of experiments were conducted to trap the
various enol forms by O-alkylation or silylation (Scheme 1-48). Very few were
successful. I attempted to silylate this substrate (right arrow from 77) with TMSCI in the
presence of an amine base and I did not observe any reaction to 79a. Monitoring the
reaction by NMR spectroscopy, I could not see incorporation of TMS. Even with a large
excess, I was not convinced that any of the three carbonyls enolized to the silyl ketene
acetal, or that any C-Si bond was formed. The same observation was made in the case of
TBSCI. For TBS, the silyl enol ether 79b is presumably more robust. Even so, there was

not sufficient NMR evidence for formation of the desired product.
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The methylation (Scheme 1-48, left arrow from 76) of these substrates is challenging.
The first issue is whether the electrophile is reactive enough, and then, there is the
additional concern to where it will react. I tried a variety of conditions and methylating
agents, even those more commonly used in the alkylation of carboxylic acids (DMF-
dimethyl acetal) or carbanions (methyl iodide). The only conditions that gave the
alkylated product 80 were the diazomethane equivalent TMSCHN,, and there was a small
amount of dialkylated product by LCMS (location of the second alkyl group unknown).
Scheme I-48. Attempted Functionalization of 3-Carbomethoxy-2,4-pyrrolidinedione 77.

OMe o Conditions o 0 Et3N_‘I_L'\IfSCI’ OSi* o
€0 NPMB MeO NPMB Meo)\/'/i(/NPMB
80 O 77 0O or TBSOTH, o
N EtzN, CDCly
Conditions: 79a (Si* = TBS)
LiOH+H,0 79b (Si* = TMS)
OMe or or
Me. A THF/
N OMe )
y Et;N, Mel  (Pr),EtN, H,0/ o 5 o
© TMSCHN, MeOH s ,
DMF, rt MeOH, CHzCN HO)K/l/i/{/NPMB ...... - JjNR
o) o)
82
83a (R = PMB)
83b (R = H) - later
sections

There are several ways that additional alkylation might have been occurring (Scheme
1-49). My own NMR data suggested that 81 was the likely constitution.
Scheme I-49. Outcome of Alkylation of 77.

over-alkylation

(o] 0 OMe o) OMe 0 (@] OMe
Meo)‘j/i(/NPMB /K/l/ifNPMB * Meo)jifNPMB or Meo)‘jiéNPMB
77 O MeO

Methyl ester 77 also provided an opportunity to investigate decarboxylation
(downward arrow, Scheme 1-48) of the corresponding acid 82. This might have been a
way to access 2,4-pyrrolidinedione 83a (83b was sought in a later study and is included
here for numbering) with the hope that anion chemistry is possible at C3. Unfortunately,
a number of saponification conditions (alkali hydroxides, alkoxide bases, etc) did not

effect the transformation to acid 82. Neither the acid nor the decarboxylated product 83a
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was observed by LCMS. A literature search revealed that heterocycle 83a was likely
unstable anyways; 83b it is known to partake in decompositions pathways such as
dimerization (Figure I-15). The process is known for tetronic acids as well.

Figure I-15. Dimers of Tetramatic and Tetronic Acids.

The above studies pointed to the difficulty in working with this compounds. They are
highly acidic (pH ~ 2-3) and are capable of existing in many tautomeric forms, which I
was unable to effectively trap with silylating or methylating agents. In the case where the
enol was trapped, it appeared that the exocyclic isomer (80, Scheme 1-48) was present.

The focus of this set of studies was not necessarily another route to the HWE partner,
but I realized that functionality might be built off the 3-acyl tetramate 76. The goal was to
install a reactive group on the methyl ketone. Various bromination conditions were
attempted (Scheme I-50). This would be another avenue into the desired phosphonate
moiety of 32.” Although I failed at the time, this line of study is still valuable. Taking the
time to optimize the bromination to 84 and displacement to arrive at 32 is justified since
76 is generated in good yield and purity. The route remains attractive.

Scheme I-50. Potential Further Functionalization of Tetramate 76.
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I1.A4.c. Deuterium Exchange of Tetramic Acid 76.

The acidity and reactivity of the resulting anion of the 3-acyl tetramates was
investigated in one final way, deuterium incorporation (Scheme I-51). When ketone 76
was treated with a base (NaOMe or TEA) and MeOD, deuterium incorporation occurred
at only one site in the molecule. Although only at the methyl ketone, there was an array

of products containing 1, 2, or (presumably) 3 deuterium atoms.
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Scheme I-51. Deuterium Exchange of 76
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These deuterium studies clearly show that the methyl group is more exchangeable
than the methylene at C5. The result was the same for 1 equivalent of base versus 2 or 3.
A collection of the various anions and polyanions are contained in Figure I-16. The first
deprotonation certainly occurs at C3, followed by formation of the dienoyl dianion
(second structure), instead of the pyrolle-type anion (third structure). If the latter was in
play, D-incorporation would have occurred at C5. Instead, only exchange at the methyl

group was noted. Trianion formation under these conditions depends on the on pKa3 for

tricarbonyl 76.
Figure I-16. Anionic, Dianionic, and Trianionic Forms of Tetramate 76.
00 o 00 50O o 0O 00 o 00 o 00 70O
Me)jiNPMB %ijPMB Mi:‘ijPMB Me)jj/NPMB %ji(/NPMB jjv;fNPMB
o o o) ©o0 ©o o

anion

trianion
dianion

I1.A.5. Summary of Retrosynthetic Analysis I

In conclusion, although the aldehyde 30 and phosphonate 32 were successfully
prepared, this route was severely hindered by scalability and purification of the latter.
Although a late stage HWE has been used successfully for these types of synthetic

57,59
endeavors,””

it was not operative for my substrates. Thus, an alternative route was
imagined with a different bond-forming event for the preparation of protected

intermediate 28 or 29 (General introduction, Scheme 1-17). This route (and further along,
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Retrosynthetic Analysis III) should make use of some of the best and most robust
chemistry from this section for advancing to my goal of a highly reactive IMDA

substrate.

I1.B. Retrosynthetic Analysis 11

This section encompasses all those synthetic routes that bring in the heterocycle intact
and where the final carbon-carbon bond is formed via aldol reaction of the halo-
heterocycle (now with the C5 alcohol, e.g. 60a) and the ene-aldehyde 97 (Scheme 1-52).
Routes toward aldehyde 97 follow that presented in ILA (i.e., from 31) but with
additional homologation steps. Routes toward the heterocycles 59, 60a, and 60b were
featured in IL.A (i.e., from maleic anhydride), but these halo-heterocycles are now used in
an entirely different fashion. Other heterocycles were constructed and are reported in this
section so that any various compounds used in a union with ene-aldehyde 97 might be
reported together.
Scheme I-52. Retrosynthetic Analysis II.
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This route takes one particular idea from II.A. That is, it relies on a way to acetylate
or alkylate C3 of the heterocycle 59 (see Scheme 1-27, reaction of 48). The precedent was
not explicitly drawn in II.A but now is shown in Scheme I-53. Jones and co-workers
reported anion chemistry of these types of systems (left panel) and previous members of

our group’”® successfully performed substitution reactions (right panel). Jones’

d"*"" was direct deprotonation of the tetramic acid 86 followed by treatment with

metho
an aldehyde electrophile (shown with pentenal) to give alcohol 87 in good yield. Our

group’s methodology was metal-halogen exchange of 88a or 88b (they differ in
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protecting groups) followed by treatment with the appropriate electrophile.’*”* Weinreb
amides, acid chlorides (not shown) and aldehydes were all found to engage in this
reaction, giving 3-acyl compounds like 90a or in the reaction with aldehyde 89b, alcohol
91. Oxidation afforded the corresponding ketone 90b in just one additional step.

Scheme I-53. Methods for C3-Anion Chemistry.
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The precedent illustrated above encouraged me to attempt a similar union with my
substrate. [ had previously prepared the required heterocycles 59, 60a, and 60b (Scheme

1-36), so construction of aldehyde 97 was undertaken.

I1.B.1. Route to Ene-Aldehyde 97

Aldehyde 97 is theoretically available in one step from aldehyde 30, already prepared
in Retrosynthetic Analysis 1. The two-carbon homologation reaction only requires
phosphorane 92. The model reaction with cyclohexyl carboxaldehyde (Scheme 1-54)
worked fairly well (left arrow, to 93). Although full conversion was not realized, and
there were few byproducts, the product was identifiable by several methods. Even though
this was a modest result, I still tried the reaction on my substrate 30. Unfortunately, even

with excess reagent and days under high concentration, no event occurred to give any
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desired product. This result, coupled with the expense of the homologation reagent 92,
prompted me to abandon this method after only one try.

Scheme I-54. Homologation of CyCHO and attempted homologation of aldehyde 97.
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Alternatively, the two-carbon homologation can be effected by a Wittig-reduction-
oxidation sequence (Scheme I-55). Although 3 steps in comparison to Scheme 1-54, the
chemistry is basic and popular, and all the intermediates are amenable to MPLC or
column chromatography. The Wittig reagent 94 was easily prepared in two steps from
ethyl-o-bromoacetate as shown in Scheme [-55. Bromide displacement by
triphenylphosphine and deprotonation afforded phosphorane 94, which was
recrystallized. The aldehyde 30 was reacted with 94. This key reaction must be conducted
under very high concentration, and even then, it is sluggish and I occasionally saw
incomplete conversion of the ester 95. Nevertheless, it was used repeatedly, and could be
scaled to >2 grams. The subsequent DIBAL reduction to allylic alcohol 96 and Swern
oxidation occurred without event to provide the desired ene-aldehyde 97.

Scheme I-55. 3-Step Homologation of Aldehdyde 30.
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Upon scale up, it was more common to add the phosphorane 94 directly to the pot
where Swern oxidation’” had been used to produce aldehyde 30 (Scheme I-56). In this
way, one work-up and one purification step were avoided.

Scheme I-56. Optimization of Homologation Sequence.
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I1.B.2. The Heterocycle

At the same time, I had the desired heterocycles in hand (Figure I-17, from IL.A.) for
the coupling reaction. Direct deprotonation of C3,” or metal halide exchange of the
iodide 60a or bromide 60b generates the organometallic species required for reaction (see
Scheme I-53).”

Figure I-17. Substrates for C3Anion Chemistry.
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I1.B.2.a. From Maleimide Route - Deuterium studies and Reactions of 59, 60a, and
60b

In the case of carbon acid 59, deprotonation is reported to occur at C3, and reaction
with an appropriate aldehyde (shown generally as RCHO, Scheme 1-57) would give the
aldol product (represented generally as allylic alcohol C3-aldol). This is the result if the
organometallic C3-Li is in play. Alternatively, it has been suggested that if the
substitution at C5 is not sufficiently bulky, deprotonation can occur there.”’ The result of

this reaction (with the same aldehyde) delivers a different aldol product, the homoallylic
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alcohol CS5-aldol. This requires organometallic C5-Li (shown as this isomer, though
anionic character certainly exists on the oxygen of the amide) to be operative.

Scheme I-57. Regiochemistry of Alkylation of 59 and Respective Organometallics.
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Over the course of my studies, I became convinced that heterocycle 59 was not
selective for the desired C3 anion. I attempted to prepare the heterocycle with a larger C5
alkoxy group (Scheme I-58). I was successful in the incorporation of isopropanol into
53d°' to furnish aminal 98a, but I saw no reaction with tBuOH (for 98b). Similarly, I did
not observe any silylation upon treatment of the carbinolamide with TIPSCI or TBSCIL
Nevertheless, I could test the isopropoxy-substituted heterocycle 98a for deprotonation.

Scheme I-58. Substitution at C5 With a Bulkier Group.
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The alkyl halides 60a and 60b, as opposed to 59, are only capable of a C3 anionic
species (C3-Li or C3-Mg, Scheme 1-59), and these will provide the C3 alkylated or
acylated products of the type C3-aldol. The hope was that both aldehydes and acid

3233 The C3-acyl compound

chlorides were appropriate electrophiles for this reaction.
could be generated directly, or simple oxidation of the aldol product would provide the
desired functionality.

Scheme I-59. General Scheme for Metal-Halogen Exchange and Subsequent Reaction.
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From NMR monitoring of the reaction, it was surprisingly not straightforward to
assign the site of alkylation. For this reason, I performed a deuterium study on the alkyl
halide first (Scheme 1-60), to characterize the species 59-C3d first, and it would serve as
the basis for assignment of regiochemistry for the same experiment on 59. In the event,
metal-halogen exchange with MeMgBr and quenching with acetic acid-d cleanly gave
59-C3d with full exchange at C3.

Scheme I-60. Deuterium Substitution at C3 of Iodide 60a.
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The deprotonation of 59 and quenching with the same acid afforded a different
product (Scheme I-61). From NMR analysis, it was clear that HS (observed and assigned
by 59-C3d) had exchanged to deuterium. In this case, there was only about 50%
exchange, but the result was clear. At C3, there was still a proton. Thus, the anion
chemistry on 59 would not be useful unless the site of reaction could be altered by bulk
of an electrophile. If the electrophile could not get close enough to CS5, reaction at C3
from a species like C5-Li (Scheme 1-57) is possible. If C5 is sufficiently hindered, even
though deuterium incorporation occurred there, an aldehyde might not react there.

Scheme I-61. Deuterium Substitution at C5 of 59.
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With evidence that more reliable and useful chemistry was available with the halides
60a and 60b, a short study was conducted on the various bases and electrophiles that
could contribute to and participate in the reaction of these heterocycles. Table I-2
presents a summary of the chemistry used. A detailed discussion is not provided here; it
is only noted that two bases ("BuLi, MeMgBr) were found to enable and two types of
electrophiles (aldehydes, acid chlorides) were found to participate in the reaction. Even

highly functionalized ene-aldehyde 97 was used. The mass of product 102 was confirmed
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by LCMS and enough material was obtained for 'H NMR characterization, but no further
studies (e.g. IMDA) could be conducted. Benzylic 99 and allylic alcohol 100 were
produced as a mixture of diasterecomers (see experimental). The synthesis of the C3-
benzoyl- (103) and propionyl- (104) heterocycles was achieved as well.

Table I-2. Summary of C3-Alkylation and Acylation Reactions.

entry hetereocycle base electrophile product
OH o
1a 60a MeMgBr PhCHO Ph
| NBn 99
1b 60b "BulLi MeO
OMe
OH o (6] 0
Me x Me N
2 60a MeMgBr 31 Me |l NBn Me | NBn
MeO MeO
100 OMe 101 OMe
oTBS OH o
Me N NN e
3 60a MeMgBr 97 102 Me Me n
MeO
OMe
O o
Ph
4 60b nBulLi PhCOCI | NBn 103
MeO
OMe
0 o
le) Me
5 60a "BulLi M | NBn 104
e\)km
MeO

OMe
Sadly, although anion chemistry at C3 was promising (Table I-2), experiments were
generally unsuccessful. Most often, unreacted starting material was returned or MeMgBr
addition to aldehydes was observed. Compounds 99-104 were never generated in good
yield. Moreover, scale up of the reagents (both 60a and 97 for my real system) was
tedious and time consuming. They could never be produced on a large enough scale for
the reaction to be useful. Additionally, initial experiments for the deprotection of 59

indicated very harsh conditions would be necessary for hydrolysis of the C4 enol ether.
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Other routes toward a suitable heterocycle were sought with the hope that aldol chemistry

of these was more successful.

I1.B.2.b. Attempted Synthesis From Tartaric Acid
There were promising reports for the construction of and subsequent anion chemistry
of heterocycles from tartaric acid.” I hoped to access a structure like 105 (Scheme I-62).

Scheme 1-62. General Anion Chemistry of Diols 105.
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105a (R = PMB)
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Here, deprotonation would be available at C3 or C4 (tetramate numbering). Either way,
after alkylation (to the triol shown), loss of water would likely give a bisallylic alcohol
(third general structure). Further transformations (oxidation to the ketone, reduction at
C5) might be available to afford the desired C3-acylated tetramate.

In order to access the diol for these studies, I used the known route starting from
tartaric acid (Scheme 1-63, top arrow). The acid was easily converted to the anhydride
106 upon heating in acetyl chloride.” The product 106 was crystalline and easily
handled. Elimination of acetic acid was effected by treatment with pyridine,”* and the
product enol was re-acetylated to provide 107. At this stage, I tried to effect ring opening
with benzyl amine, but I did not observe any of the desired amic acid.

Scheme I-63. Preparation of Diol 105a and Subsequent Substitution Attempt.
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I was, however, able to transform the anhydride 106 into the imide 108 (downward
arrow). This process was performed in the same fashion as previously (for series S0a-d),
but the yields were modest. Perhaps alternative protecting groups could be used. Even so,
I isolated the imide and then removed the acetyl groups (AcCl, MeOH) in anticipation of
anionic chemistry on diol 105a. At this point, I had come to the end of my available
material, but I was still able to run a model anion experiment.” I choose methyl iodide; I
wanted to use a sufficiently reactive electrophile. The constitution remains unknown but
by GCMS, the mass of two methyl groups were added to the heterocycle. Unfortunately,
even if this was more successful, the reaction would not be a very good predictor of the
chemistry that I desired for my real substrate (alkyl halide versus ene-aldehydes like 97).
The chemistry from tartaric acid was not very promising. In favor of other, more
reliable chemistries, I moved to the malic acid series. I had more success with this
substrate, and even though a number of functional group interconversions remained for

the heterocycle to mimic that of 2, it was a worthwhile study.

IL.B.2.c. Attempted Synthesis From Malic Acid’®

Malic acid was easily dehydrated to the anhydride 109 under the same conditions as
the related tartartic acid (Scheme 1-64). Anhydride 109 was then converted to imide 110
using the standard conditions (here simple benzyl amine was used in for initial study).
Removal of the acetyl group was achieved in modest yield. The free alcohol is typically
used for subsequent transformations on the imides like 111. One such transformation is
an aldol reaction.”’ I chose citronellal as a model; although not a-branched, it is a longer
chain aldehyde like the one I would use. In the event, alcohol 111 was treated with two
equivalents of commercial NaHMDS at low temperature and subsequent addition of
citronellal afforded diol 112. The relative configuration of the aldol product was not
determined, since the two stereogenic centers would be destroyed in the subsequent
oxidation reaction. Dess-Martin oxidation converted 112 to its keto-analog 113. This
tricarbonyl substrate likely exists as a collection of tautomeric forms, so the
stereochemistry of the C3 substituent was not determined. All of these reactions were

monitored by TLC and LCMS.
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Scheme I-64. Preparation of Alcohol 111 and C3-Substitution Reaction.
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The model system (Scheme [-64) was successful, but I continued to practice to ensure
the reaction on my system (ene-aldehyde 97) would succeed. I tried with one of my
earlier aldehydes (36, Scheme 1-65), but unfortunately saw poor yield of the desired aldol
product. Frustrated by this result after having success with citronellal, I stepped back to a
simpler system, benzaldehyde. Generation of the dianion followed by treatment with the
PhCHO gave a mixture of diastereomers 115, visible by differences in NMR
characteristics. A portion of this mixture of diols was monosilylated and separation of
diastereomers was performed, giving pure samples of 117a and 117b. Based on the
literature,”’ the stereochemsistry of the major aldol products (there are two of them) are
as shown in Scheme I-65.

Alternatively, treatment of diols 115 with Dess-Martin afforded the 3-acetyl tetramic
acid derivatives (middle arrow, Scheme [-65). All the stereochemical information from

the aldol reaction is likely be destroyed by keto-enol tautomerization as shown.
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Scheme I-65. Attempted C3 Substitution with Aldehyde 36 and Benzaldehyde.
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The reaction conditions now worked out for another model compound, I planned on
experimenting on my real system. However, as one last set of experiments, I wanted to
ensure that the imide derived from malic acid (e.g. 110, Scheme 1-64) could undergo
functional group manipulations. In particular, I wanted to be confident that reduction
could occur at C5 so that the carbinolamide was a viable intermediate (see Scheme 1-62,
last set of reactions).

To my delight, reduction by NaBH, in ethanol followed by sulfuric acid treatment
provided the alkylated carbinol amide 118 (Scheme I-66).”® Surprisingly, the acetyl
protecting group remained intact, but it was subsequently removed by treatment with
NaOEt to afford alcohol 119. Unfortunately, this reduced compound was not effective in
the aldol reaction. No trace of desired product 120 was observed by LCMS when the
reaction was attempted with NaHMDS and benzaldehyde. Thus, while the route from
malic acid might allow for aldol reaction (successes of Scheme 1-64 and I-65), only

certain oxidation states are accessible for the heterocycle.
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Scheme I-66. Reduction of Diol 118 at C5 and Attempted C3-Alklation.
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Lastly, I did return to the best conditions for the aldol reaction of 111 and finally
attempted the experiment on my real substrate, aldehyde 97. [ was very happy to observe
the mass of the coupled product 121 by LCMS, but I was unsuccessful in acquiring
enough material for full characterization.

Scheme I-67. Attempted Union of 111 and Ene-Aldehyde 97.
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The work on various heterocycles available from malic acid’® was promising. Sadly, a
lot of these studies went unutilized since I could not prepare the adduct 121 in sufficient
quantities to perform additional experimentation (either oxidation state manipulation of

the tetramate or IMDA chemistry).

I1.B.3. Attempts to Synthesize and Attach Selected Model Heterocycles to 97

It was over the course of these studies that I considered a detour from the
heterocycles I was working on. It is clear that integramycin (2) contains a tricky tetramic
acid. As important as that unit is for the Diels-Alder reaction as described in the
introduction, as a brief reprieve, it was worthwhile to attach my triene to any heterocycle.
As long as this was straightforward chemistry, I could characterize the IMDA precursor
and the product and start to construct a library of IMDA adducts. This would mostly
serve as a list of the various half lives and stereochemical outcome of the IMDA reaction.

The heterocycles I began targeting are shown in Figure I-18. These all have been reported
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to engage in aldol reactions, and I hoped to be successful in that chemistry and begin to
study some [4+2] chemistry.
Figure I-18. Various Heterocycles Under Study.
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I planned on preparing the tetramic acid 83b (Figure I-18) by the methodology that
afforded the 3-acyl derivatives 77 I studied in II.A. For the 6-membered ring 122, I
planned to start with Meldrum’s acid (66). After what I had discovered with tetramic
acids, I hoped this ring would be easier to handle and analyze. Heterocycle 1227 would
be useful as a model because it would still result in a tricarbonyl unit to activate the
dienophile. Lastly, appending y-butyrolactone® or NMP®' looked to be straightforward
and would contribute to the conclusions I planned to draw on activation of my triene (e.g.
in 97). With these substrates either direct deprotonation or formation of the silyl enol

ethers for use in Mukaiyama aldol chemistry was envisioned.

I1.B.3.a. 2,4-Pyrrolidinedione 83b (Tetramic Acid)

I knew that the preparation and handling of 2,4-pyrrolidinedione was going to be
tricky. There are numerous reports of this compound being prone to polymerization. Even
so, there was enough in the literature to provoke study. 1,3-Dioxenone 64 had already
been used as a f3-keto equivalent and looked like it would perform the same way with an
intramolcular trap. Bromination of the methyl group proceeded as previously described
(Section II.A.). Bromide displacement by NaN; occurred nearly quantitatively to afford
azide 123. Standard Staudinger reduction conditions resulted in full conversion of the

starting material, but the amine 124 was difficult to purify. A number of attempts were
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made to either chromatograph or “salt out” the amine, but these were unsuccessful. I did
take a portion of the crude material and heated in toluene to try to achieve 83b, but
LCMS did not indicate any desired product.

Scheme I-68. Attempt to Synthesize 83b from 1,3-Dioxenone (64).

PPh;,
NBS, AIBN Me><Me NaN; Me><Me H,0 Me><Me A
4 — > O 0 5 o0 - 070 —x—> 83
v Br AN ARy DMR0°C Ne N K HN A A, Phve
68b 123 124

Despite these less encouraging results, a few more experiments were performed in an
effort to realize the desired dione 83b. The Dieckmann reaction had previously proven to
be efficient, so ring closure under those conditions and a way to remove any temporary
C3 substituent was devised (see Scheme [-69). A pendant allyl ester was sought at the C3
site; I planned to perform subsequent deallyation and decarboxylation. Though the
Dieckman precursor amide 125 was easily prepared by standard peptide bond conditions,
the Dieckmann reaction failed under a variety of conditions. Cyclized product 126 could
not be obtained for further study.

Scheme I-69. Attempt to Synthesize 83b from Decarboxylation.

0 o
NaH, PhH, A
s EDCI PN or Na, MeOH
Meof O Voo NH e \/\Ojlj/i(/NH _____ - 83b
e
0 CHACN, H;0 125 TH 126 g

0
I also tried direct ring closure from methyl ketone 127 (Scheme 1-70). The precursor
was cleanly formed under peptide bond conditions, but it could not be converted to the
heterocycle 83a. This struggle, with this particular Dieckmann substrate, was known in
the literature,”' so this route was not examined any further.

Scheme I-70. Attempt to Synthesize 83b by Dieckmann Reaction.

o}
NHPMB  AcoH, DCC J TBAF 0o
MeO Me NPMB
> MeO > NPMB
o CH4CN, H,0 Et,O
127 O 83a
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I1.B.3.b. The 6-membered Ring

With the very limited success and lessons learned from the previous study, I moved
on to what I hoped to be a more manageable heterocycle. Six-membered ring 122
(Scheme 1-71) is known” and was likely not subject to the problems of the five-
membered ring. It also looked relatively straightforward to synthesize. The reaction
began with coupling of N-Boc-f-alanine with Meldrum’s acid in the presence of DCC
and DMAP. The crude tricarbonyl 128 was sufficiently pure for further reaction. Upon
heating in ethyl acetate, the desired ring closure/ring opening was observed in one hour
(LCMS), and conversion was modest, but fairly clean to the desired heterocycle 122.
Sadly, heating longer to effect further conversion only led to complications, and I still
could not achieve the level of conversion that I desired. Although the LCMS indicated
the desired reaction had occurred, I could not confirm this by NMR analysis and I was
unable to isolate the desired compound.

Scheme I-71. Attempt to Synthesize Heterocycle 122 by Ring-opening/Ring-closing
Sequence.

0]

BocHN/\)]\OH o o o o
+ DCC, DMAP
o) —_ BOCHN/\)YJ\O —_— NBoc === | NBoc
rt, overnight 0 O/% Me  EtOAc, A
0 80-90% 128 Me © 12 HO
)vMe
0”0 Me
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Although not very encouraging for access to the targeted 6-membered heterocycle,
the route above did promote DCC coupling as an effective way to prepare tricarbonyl
species much like my desired one (see box, Scheme I-72, bolded). Although the ester 95
could be converted to the corresponding acid 129, the coupling with Meldrum’s acid to
130 was unsuccessful. There are number of factors that might have led to this failure (the
acid 129 was used crude, among others) so this reaction is worth attempting again. The
tricarbonyl moiety is hypothesized to have a great effect on the chemistry of the attached

alkene.
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Scheme I-72. Attempted DCC Coupling with Ene-acid 129 and Meldrum’s acid.

acid 66 O O OTBS
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I1.B.3.c. y-Butyrolactone and NMP

In an effort to attach any heterocycle to aldehyde 97, the chemistry of y-butyrolactone
and NMP was researched. Test reactions were performed with these heterocycles and
model aldehydes. Direct aldol reaction was attempted with NMP®' and 2-methyl-2-
pentenal 31 (Scheme I-73, top). Using LDA as the base, the reaction proceeded in poor
yield to give the aldol adduct 131. Enough desired product was isolated for
characterization before oxidation to ketone 132 was carried out with MnO,. The desired
product was observed by LCMS.
Scheme I-73. Direct Aldol on NMP and y-butyrolactone with 31.

O%Me

Me a1 OH o OH
O "Buli, (PONH, 0 MnO, 0 0
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131 132

O&\/\/Me

O nBuLi, ( 'Pr)2NH
N AN = %2
O THF-78°C Me f, &, 0oM Me

134

Similarly, the reaction y—butyrolactone80 gave a low yield of adduct 133 (Scheme I-
73, bottom). Alcohol 133 was oxidized (this time under Dess-Martin conditions) to
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generate the net-acylation product 134. Low yields were discouraging and prevented me
from considering this reaction for the real system (i.e. ene-aldehyde 97).

Figuring that the deprotonation was the problem, I considered the corresponding
Mukaiyama aldol methodology for this coupling reaction. The silyl enol 135 either could
not be prepared from NMP; I saw only C-silylation (136, Scheme 1-74, left). The
expected product is not formed, maybe due to the strain associated with the bulky TMS
interfering with either the vinyl proton or the N-methyl group in either rotamer (Scheme
1-74, right panel).

Scheme I-74. Attempted Preparation of Mukaiyama Regent 135.

Me

nBuLi, (iPr),NH, E *e Me
(0] TMSCI OTMS ™S 0 : Me‘Si,’ 0-Sit e
— X = observed: ! H 0 ‘Me
NMe THF, -78 °C NMe NMe : _ = N-Mo
! N-Me
135 136 ;

The silyl enol ether derived from butyrolactone (137) was realized, however, using
LDA as a base and trapping the enolate with TMSCI (Scheme 1-75). The Mukaiyama
aldol reaction of 137% with model aldehyde 138 (TiCly as the Lewis Acid) was
moderately successful. The aldol adduct was observed by LCMS, but the product had
incorporated a TMS group (139). The silyl group was easily removed by treatment with
TBAF.

Scheme I-75. Mukaiyama Aldol Reaction of y-butyrolactone and Aldehyde 138.

= Me
0N
4 M
O nBuli, (ProNH,  OTMS ° OTMS o OH o
TMSCI = TiCl, 138 . TBAF e
o ———> 0 > N o —_— AN o
THF, -78 °C THF, -78 °C Me DCM Me
137 139 140

also used: MgCly, ZnCl,

This reaction was attempted with several different Lewis Acids. Under certain
conditions (BF3;*OEt;), the dehydrated product 141 was observed (Scheme I-76).
Interestingly, it appeared that the f3,y-unsaturated enone was formed. This requires 1,4
elimination of water (or TMSOH) from what would be considered the less reactive end of
system 139. The diene could not be coerced into conjugation (as in 142) by treatment

with a base.
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Scheme I-76. Mukaiyama Aldol of y-Butyrolactone and 138 Under BF;*OEt, Promotion.

138

EtgN
BF4+OFEt, OTMSo | _TMSOH or NaH 0
135 —— (Mo W e\(\/\d
THF, -78 °C Me Me 0
139 142

With the experience on that model series (Scheme I-76), I moved to my real substrate.
The Mukiayama aldol appeared to be working well, so those conditions were applied.
There were additional considerations. The real substrate 97 was very sensitive to acids
(Lewis and Bronstead promote IMDA) so a very mild Lewis acid was chosen for the
reaction. In practice, the silyl ketene acetal 137 was added to a cooled, stirred solution of
aldehyde 97 and MgCl, in THF. This reaction was monitored by LCMS, which indicated
that a successful union occurred. Aldol adduct 143 was recovered in modest yield, which
enabled characterization by 'H NMR spectroscopy. The oxidation reaction to the
corresponding ketone 144 was performed on a very small scale, but its success was
confirmed by LCMS.

Scheme I-77. Mukaiyama Aldol Reaction of y-Butyrolactone and Aldehyde 97.
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Various conclusions were drawn from this study. The aldol reaction with any of these
simpler heterocycles worked modestly; it was not robust at the scale it was performed,
and it was difficult to justify the time and energy in optimizing these conditions. These
substrates would only serve as models to see if any heterocycle imparts reactivity to the

triene arm in a Diels-Alder sense. I returned to the real system with candor.
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I1.B.4. Summary of Retrosynthetic Analysis I1

The experiments in Retrosynthetic Analysis II (Section II.B) as a whole were
instructive in building functionality into a heterocycle and learning the details of various
aldol reactions of these heterocycles. The deuterium studies indicated that there are
several acidic sites on some of these five-membered rings. The tartaric and malic acid
routes to an appropriate substrate were moderately successful but could not be performed
on scale. Moreover, the aldol chemistry was simply not robust enough for application of
large quantities of ene-aldehyde 97. Lastly, although informative in other ways,
experimentation with heterocycles 83b, 122, y-butyrolactone, and NMP did not lead to
discoveries in IMDA chemistry as I hoped they would.

I1.C. Retrosynthetic Analysis 111

This section encompasses all those synthetic routes that build the final heterocycle
from intramolecular Claisen condensation (Dieckman reaction) of a fully linear
precursor. This is markedly different than the previous two sections, where two fragments
(one a heterocycle and one the diene or triene chain) were joined as one of the very last
reactions. The last reaction in this sequence will be the Dieckmann. This synthesis plan
relies on the aldehyde as used in Retrosynthetic Analysis I (30, Section II.A.) to build
into a long chain that will cyclize first to the heterocycle and then ultimately to the octalin
(Scheme 1-78).
Scheme I-78. Retrosynthetic Analysis III.

OTBS
— o N Me —— 37
Me

Me
30

R = appropriate Dieckmann precursor
or something that can be built into a
Dieckmann precursor

I1.C.1. Build 1,3-Dioxenone from Aldehyde 30.
Phosphorane 71 (Scheme 1-80) had previously been prepared and used as a p-keto

equivalent, a substrate for ring-opening with an amine (II.A.) The idea, if triene 145
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could be obtained, was ring opening by an amine under mild conditions that the rest of
the molecule could tolerate (Scheme I-79). This would transform my aldehyde 30 into
another 3-keto equivalent.

Scheme I-79. Plan for Building (3-keto Amide From Ring-Opening of 145.

Me Me
O O OTBS
o 0 OTBS heat with amine Me
1 /
o%\//)\/\.)\/v/w“ﬂe RRN - -
Me Me
Me Me
145

Phosphorane 71°® is known to participate in Wittig chemistry on a variety of
aldehydes, so I attempted the reaction with aldehyde 30 (Scheme I-80, downward arrow
from 64). Unfortunately, | was unable to effect a successful olefination. The reaction was
sluggish and required extremely high concentration and extended times. Although the
desired product 145 could be detected by NMR analysis, there was difficulty in
purification. The dioxenone, stable to chromatography in its other forms, underwent ring
opening and subsequent decarboxylation to the methyl ketone 148. This was the only
triene isolated after column chromatography.

Scheme I-80. Attempted Transformation of 30 into 3-Keto Donor.

Me Me
Me_ Me "BulLi, (Pr)NH Me_ Me 30
o o) TBSCI, 1) o j\ (0] OH OTBS
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64 146 147 V€ e
M M Me Me v
e e 30
o><o 0”0 OTBS
— —X>>
71 145 Me Me
(6] OTBS
Me = N Me
148 Me Me
observed

A different way of forming (what would become) the C7-C8 alkene was Mukaiyama
aldol followed by dehydration (Scheme I-78, right arrow from 64). The required reagent

146 was prepared from parent 1,3-dioxenone, but the aldol reaction with aldehyde 30
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failed; no evidence for 147 was observed. With these failures, I set out to study other

reactions to append the required functionality to my aldehyde.

I1.C.2. Build Dicarbonyl First, Then React at o.—Site

Another way to build the additional carbonyl functionality is through
aldol/dehydration chemistry (like the attempted reaction with 146, Scheme 1-80). At the
start of Scheme I-81, the bis-silylated species 149 was made in preparation for a
Mukaiyama reaction. After distillation, the bis-silyl enol ether 149 was used under
standard Mukaiyama aldol conditions and reacted with aldehyde 30. Sadly, the desired
product was not present by LCMS. Indeed, no reaction was observed, and the subsequent
reaction to eliminate H,O to complete the olefination to 151 was not needed.

Scheme I-81. Attempted Installation of Dicarbonyl by Mukaiyama Chemistry.

nBuLi, (Pr),NH 30
o o TBSCI, TMSO  OTMS
8107 e THE, 78 °C BuO* N
149
O O OH OTBS o o OTBS
BuO =N Me _____ > 15,0 = NS Me
150 Me Me 151 Me Me

Instead of continuing to work with the aldehyde 30 as an electrophile for aldol-type
reactions, I returned to Wittig olefination chemistry. The carbonyl functional groups can
be added one at a time. Reaction with phosphorane 153 would furnish the C7-C8 alkene
and add one carbonyl (Scheme 1-82). The required reagent was prepared in two steps
from Cl-acetylchloride. First, amidation by reaction of hydroxyl amine provided the
amide 152 in excellent yield, then chloride displacement and deprotonation were
straightforward to produce Wittig reagent 153.* Olefination gave rise to the o,p-
unsaturated Weinreb amide 154, which carried the rest of the triene chain. After a short
chromatography exercise, the substitution reaction was carried out. In the event, the
lithium ketene acetal of t-butyl acetate was generated at -78 °C and allowed to react with

the amide 154. This produced p-keto ester 151 in satisfactory yield. Ester 151 was easily
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purified by column chromatography and remarkably stable to storage for months in the
refrigerator.

Scheme I-82. Stepwise Synthesis of Dicarbonyl 151.
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Ester 151 is reactive and can undergo substitution at the methylene center (Scheme I-
83).% Addition of an isocyanate to 151 in the presence of a Lewis acid (MgCl,) resulted
in the acylation to give the tricarbonyl compound 155. This reaction was only moderately
successful with alkyl isocynates like 'PrNCO, but worked well with PhNCO. The
carbamate was purified by chromatography and its IMDA behavior was studied (see
Chapter III). No additional experiments were performed on ester 151 or anything
structurally similar. If this route were to be viable to the desired heterocycle, the proper
elements must be present for ring closure to the tetramic acid. Currently, that was not
possible on tricarbonyl 155.

Scheme I-83. Further Reaction of 151 to Tricarbonyl 1585.

PhNCO
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In this section, it was shown that functionality can be built off the aldehyde 30 in a

stepwise fashion, but further development into a Dieckmann precursor was not

established.

I1.C.3. Amide Bond As Last Step Before Dieckmann

I1.C.3.a. Peptide Bond from Acid 156 and Amine 62
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One way to continue to build the proper functionality for the Dieckmann reaction was
to transform ester 151 into amide 157a (Scheme [-84, 157b is used later and included
here for numbering). The ester 151 underwent saponification under basic aqueous
conditions® to acid 156. This substrate was submitted to the coupling conditions with
amine 62. The amide bond was not realized, but the IMDA activity of the substrate
(either as the ester 151 or the acid 156, should it be formed prior to [4+2]) was surprising
and very interesting (more discussion is provided in Chapter III).

Scheme I-84. Attempted Amide Bond from Acid 151 and Glycine Derivative 62.
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HO Me
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Studies in this section started to indicate that once the third alkene is installed, the
trienes were typically Diels-Alder reactive. Depending on which functionality was
present, they underwent IMDA reaction at room temperature or under many of the
reaction conditions. Thus, it was wise to build both the alkene and proper carbonyl units
at the same time to reduce the number of steps and the opportunities for premature Diels-
Alder chemistry. With this strategy in mind, I returned to phosphonate 49, which I had
previously prepared (Scheme I-85, see section IL.A. for preparation of 49). Unfortunately,
I was unable to effect any HWE reaction. I saw no reaction to 157a but recovered both
the aldehyde 30 and phosphonate 149. Likely the dianion was not formed; future studies
taught that similar substrates required at least 60 minutes for the double deprotonation

event.61
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Scheme I-85. Attempted HWE with Phosphonate 49 and aldehyde 30.
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I1.C.3.b. Through Thioester 159 and Amine 62

The last and ultimately most successful sequence that I attempted relied on aldehyde
30 and a Horner-Wadsworth-Emmons olefination that simultaneously installed two of the
three required carbonyls (Scheme [-86). It made use of the phosphonates 65 I had
previously prepared (section ILA.)
Scheme I-86. Modified Retrosynthetic Analysis III.
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Instead of reacting the thioesters 65 as in that sequence (to produce amide 49), I
worked off the other end of the molecule, the thioester would stay intact for triene 159.
After that, thioester/amine coupling as performed before would leave 157a for
deprotection and IMDA chemistry.

The HWE reaction of 65a/b and aldehyde 30°' (Scheme I-87) required optimization.
Eventually, I resorted to using a large excess of the dianion (6 equivalents in most cases)
for the best conversion and rate. The unreacted phosphonate 65 could be recovered by
MPLC or flash chromatography. The desired trienes 159 were stable to storage over

months in the refrigerator.
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Scheme I-87. Use of Phosphonate-thioester 65 in HWE with 30.
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The subsequent thioester-amine reaction® proceeded quickly to give desired amide
product 157a in modest yield (Scheme I-88). The thioester was somewhat labile to
Ag(OCOCF3;). At times, what appeared to be the methyl ketone 148 was observed eluting
from the MPLC. This might be the result of thioester conversion to the acid 156 followed
by decarboxylation under the reaction conditions. Fortunately, the amide product 157a
could easily be separated from the byproducts and was advanced in pure form for the
Dieckmann reaction.

Scheme I-88. Thioester-amine Coupling of 159 and 62.
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The Dieckmann conditions were applied as previously and the desired intramolcular
Claisen reaction on 157a occurred to furnish the heterocycle 75a (Scheme 1-89). As
before (see discussion in II.A), what is actually produced under the reaction conditions is
the BuyN" salt. This could be protonated upon treatment with acid (HCI or TFA) and

carefully stored for a short time in the refrigerator.
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Scheme I-89. Dieckmann Reaction of 157a.
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This almost completed the synthesis of IMDA precursor 24. The remaining reactions
were only the removal of the PMB and TBS groups (gives 24) and intramolecular Diels-
Alder to generate the model of integramycin, octalin 26.

Before attempting the deprotection on 75a, an analogous sequence was planned for
the methyl ester of glycine, a primary amine. Since the PMB group was only used to
protect any N-H from anionic chemistry, once that threat was removed, I was free to
work with the primary amine in acquiring the amide 157b (Scheme 1-90). Though the
thioester amine coupling worked in comparable yield and rate to the N-PMB case, the
Dieckmann reaction to 75b was wholly unsuccessful under TBAF conditions.®’

Scheme I-90. Coupling with a 1° Amine and Failed Dieckman.
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The desired heterocycle could not be realized under other basic conditions (Scheme I-
91). I saw conversion to the acid 160 (LCMS), or IMDA reaction with no heterocycle
formed. This latter cyclization also occurred overnight upon storage at room temperature

(again, the IMDA of these reactive intermediates is discussed in Chapter III).
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Scheme I-91. Additional Attempts at Dieckmann of 157b.
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I returned to the more robust PMB-amide 75a. There are certainly plenty of examples
in the literature for protecting group removal, but I was seeking conditions that were mild
enough for my triene to remain intact. I already knew that this substrate was prone to
Diels-Alder chemistry (Scheme 1-92). NMR samples were found to react in either CDCl;
over a couple days or in MeOD overnight. Octalins 162 (stereochemistry unidentified)
appeared in about the same ratio in either case.

Scheme 1-92. First Warning of IMDA Lability of 75a.
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For PMB removal, CAN and DDQ were the most appropriate,”> but I found neither
effected the desired change to NH amide 75b (Scheme 1-93). Although harsh, TFA was
used next. The TBS group was particularly labile under these conditions, but the PMB
was robust unless the reaction was heated. Unfortunately, as the two protecting groups
fell off (or before), the substrate underwent Diels-Alder reaction. A fourth reaction also
occurred; the cyclohexanol transesterified to the TFA ester 163. The remainder of the
chemistry on this molecule included basic methanolic removal of the ester and a start to

the characterization of the octalinoyl containing tetramic acid (26).
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Scheme 1-93. Attempted Deprotection Towards IMDA Precursor.

0 OH OTBS 0 OH oTBS
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I1.C.4. Summary of Retrosynthetic Analysis III.

Retrosynthetic plan III was by far the most successful in my efforts to synthesize 26.
Although early efforts to build the appropriate Dieckmann precursor were unsuccessful,
ultimately amide 157a was produced and Dieckmann reaction furnished protected IMDA
substrate 75a. In the end, I succeeded in my goal of building 26 as a model for
integramycin (2), but my formal study of IMDA of 75a/b (or the deprotected version 24)

was hindered by premature cycloaddition.

IL.D. Conclusions for Chapter II

Three retrosynthetic plans were attempted with the ultimate goal of synthesizing
IMDA precursor 24 (or 25). Although none was successful, various key intermediates
along the way were used to piece together the protected version 75a. In section IL.A. I
discussed the preparation of aldehyde 30, a key player in all synthetic plans. Although
HWE of 30 with an already intact heterocycle failed, key reactions were optimized and
parts of this strategy were used in future efforts. The strategy in II.B. attempted to use
ene-aldehyde 97 for various coupling reactions. Aldol reactions on this substrate never
reached efficiency, and the heterocycles that were far too laborious to prepare. Finally,
the studies presented in II.C. or Retrosynthetic Analysis III, did result in the construction
of 75a (protected version of 24), but simultaneous Diels-Alder chemistry became an
added complication before the protecting groups could be removed. Ultimately, 26 was

produced by the route, but details are discussed in the next Chapter. This spontaneous
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Diels-Alder chemistry leading to 26 set the stage for characterization studies. Both the

chemistry and structure elucidation are summarized in Chapter III.
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Chapter III. Intramolecular Diels-Alder

A triene can undergo cycloaddition when it is sufficiently activated. I built several
trienes over the course of my study (Chapter II) with the general structure shown in
Scheme [-94 and many were reactive toward Intramolecular Diels-Alder (IMDA)
cycloaddition.

Scheme I-94. General Triene Cycloaddition.
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Before discussion of these Diels-Alder reactions, an explanation of the numbering
is needed. Any linear triene was numbered as it was previously in Chapters I or II.
Octalins were named (not numbered) based on their stereochemical outcomes
(e.g. endo-1). Cyclcoadducts of any triene other than 97 were not labelled unless
they had already been assigned a number in the previous Chapter(s).

III.A. Observed Reactions

There are two components to the study of the IMDA reactions of various substrates.
First, how reactive are these precursors (how fast and selective is the reaction)?
Following this is a more fundamental question of the stereochemistry of the Diels-Alder
adduct. In this Chapter, reactions of ene-aldehyde 97 are discussed. Following this
overview, the IMDA of other trienes is presented for comparison and additional thought.

Finally, these studies are summarized before II1.B. (characterization studies).

II1.A.1. IMDA of Ene-Aldehyde 97

Over the course of my studies toward reactive Diels-Alder precursor 25 (Figure I-19,
c.f. Scheme 1-15, Chapter I), I worked through and adjusted several synthetic plans
(Chapter II).

Figure I-19. Target IMDA Precursor.
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Even though my efforts were focused on construction of reactive substrates, I did not
observe any Diels-Alder chemistry until I prepared the enal 97. It was first indicated from
an NMR sample which I had stored for some time before returning to it (Scheme 1-95,
reaction).

Scheme I-95. First IMDA Observed.
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My initial observations were that the reaction proceeded to about 50% completion in
5-6 days, and there were several (but two main) diasteromers that were produced under

these conditions. Based on the literature>>

and intuition, these two main isomers are
endo-1 and endo-11 (Figure 1-20). The full discussion and assignment of the two major
stereoisomers is defered to Section III.B, but these are the structures that I used as a
platform for all my experiments.

Figure I-20. Two Main Stereoisomers From IMDA reaction of 97.

H
TBSO™ o Me TBSO’()L;/\Q/ME
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MAJOR: endo-I MINOR: endo-I

Before embarking on a more routine study to understand the chemistry of this
aldehyde, I established methods to analyze both the rate and stereoselectivity of the
reaction. Although TLC, GCMS, and LCMS were useful techniques, the best method for
monitoring the reaction was 'H NMR spectroscopy. The starting material was converted
under the conditions of any GC method, and generally the substrates were too non-polar
for LCMS to be useful. '"H NMR analysis was the most informative for conversions,
isomer ratios, and judging the efficiency of the reaction under various conditions. The
aldehyde 97 was the first and became the most studied of all of the trienes prepared.

After the initial result, and methods for analyzing features of the IMDA
chemistry, the synthesis of aldehyde 97 was scaled up and subjected to a number of

conditions (Table 1-3). These were chosen based on intuition for the IMDA and known
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catalysis for this type of cyclization. In every case, two main stereoisomers arose from
the reaction mixture. Conversion and other noteworthy features of each condition were
recorded in this study.

Table I-3. IMDA of Ene-aldehyde 97.

Me
OTBS y IMDA
e >
OM\l)\/\/v\/ TBSO Me

Me Me Me CHO

97 major stereoisomer A

minor stereoisomer B

Entry Conditions® Time A:B Conversion Notes
1 CDCl;, 1t 2 wk 4:1 >95% 5% other isomers
2 CDCl; A 2hr 3:1 100%

3 Benzene, A 1 hr 1.5:1 to 4:1 100% 3710% other
4 Toluene, A 1 hr 4:1 100%

5 Xylenes, A < lhr 2:1 100%

6 TsOH, CDCl 20 min 11 100%

7 BF;-OFEt,, CDCls, -20 °C <30 min 21 100%

8 BF;-OEt,,CD,Cl,, -78 °C 10 min 21 100%

? Me,AICI, CDCls, -78 °C 1 hr 1.5:1 80%

10 Et;N, CDCly, rt be®

1 PhsP, CDCL, 1t be"

12 I,, CDCl, tt <1hr 1:6 100% maj. pdt not

identified

* A is heating to reflux in these cases, so temperature is the boiling point of the respective solvent
b background reaction, corresponding to entry 1. If these samples were monitored for the two weeks
allowed in entry 1, the same ratio A:B and conversion would likely be observed

From the initial serendipitous reaction (Scheme I-95), I found that the Diels-Alder
reaction of enal 97 followed the general characteristics of Diels-Alder reactions.*® For
example, the reaction was more rapid but less selective at higher temperatures (entries 1
vs. 2). If the reaction was conducted in higher boiling solvents (benzene, toluene,
xylenes, entries 3-5) the outcome was a faster and even less selective cycloaddition.
However, there seemed to be a plateau where even as the reaction was conducted at
higher and higher temperatures, the selectivity did not continue to diminish. It seems
under thermal conditions, the Diels-Alder reaction of 97 proceeded with at least 2:1
diasteroselectivity up to almost 5:1. I also noted that under higher heating and shorter
reaction times, there is a larger contribution from isomers other endo-I and endo-11. No

doubt that at higher temperatures, some of the previously unattainable transition states
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leading to higher energy isomers can be reached. To add to these considerations, cis/trans
isomerization could be occurring under very harsh thermal conditions (e.g. entry 5,
xylenes boiling point ca. 140 °C).

Besides thermal Diels-Alder chemistry, the aldehyde 97 was found to cyclize under
both Bronstead and Lewis acidic conditions (entries 6-9).> This type of catalysis has
been thoroughly studied by both experimental and theoretical means. In general,
reactions become faster and more selective. Interestingly, I observed roughly the same
selectivity (A:B) under these Lewis Acidic conditions. Of course, the stereochemistry of
A and B has already been predicted to be endo in both cases, so little can be learned
about endo vs. exo selectivity. An additional complication for these LA conditions was
how rapid the reaction was. In Entry 7, for example, by the time the NMR analysis was
performed, all of the starting material was converted to the cycloadducts A and B. The
reaction was complete in at most 30 minutes, but likely much more quickly. Thus, for
extremely facile IMDAs, there was a limitation with the method of analysis. To add to
these factors, many of the reactions were performed on small scale, so catalyst loadings
were difficult to judge. Again, a detailed discussion of the identity of molecules A and B
is provided in the next section.

Lastly, I tried a few conditions for this Diels-Alder reaction when the geometry of the
dienophile may be reversed (isomerization of the starting material from E to Z). For
example, Et;N, triphenylphosphine, and elemental iodine®” are known to cause cis/trans
isomerization of alkenes. Scheme [-96 shows an example for endo-I. 1 knew that 97
reacted to endo-1 (top arrow) but if the Z-alkene were accessed under the reaction

conditions, it might undergo Diels-Alder reaction to give epi-endo-1.
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Scheme 1-96. E to Z Isomerization and Result of [4+2].
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H
Et
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TBSO = _____» TBSO
Me \\/‘(
H
H Me

Sadly, in my experiments, I saw no interesting or different IMDA outcomes (entries

epi-endo-|

10 and 11, just a background reaction). Lastly, observations made entry 12 are probably
due to HI catalysis. The stereoisomers were the same as those already observed, so it is
likely that no alkene isomerization occurred there.

It should be pointed out that study of these other alkenes (like Z-97) and the
stereochemcal outcomes (i.e. epi-endo-1, see II1.B.) are important. Geometrical isomers
of the dienophile are especially worthy of study because rates and selectivity of Diels-
Alder reactions are closely tied to the nature of the dienophile.® Very interesting
outcomes (other than the epimer of the parent) have been observed.'® At times, this one
change in structure opens a whole new pathway for reactivity by bringing in more
accessible transition states, including the likelihood of not only chair, but boat-like, and
other details of cycloaddition (see Chapter I). Further study for substrate 97 should

include outright construction of the Z-alkene to experimentally probe its mode of IMDA.

ITI.A.2. Other Trienes IMDA

The discovery of the Diels-Alder chemistry engaged by aldehyde 97 was not
immediately followed by additional successful attempts at cycloaddition of other
substrates. Heating methyl ketone 148 in CDCls, for example, affected no change
(Scheme 1-97). Very rigorous conditions (heating benzene beyond its boiling point for

extended reaction times) were required for conversion of ethyl ester 95 into a set of
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cycloadducts. There were, as expected, two major stereoisomers (approximately 4:1) and
several other vinyl resonances indicated a few minor isomers. Unfortunately, these were
not as easy to separate as the corresponding aldehydes, so full structural assignment was
not attempted. However, comparison to the aldehydes indicated that these isomers
possessed the same stereochemistry (full discussion on the stereochemistry is contained
in the next section). Efforts to engage ethyl ester 95 in Diels-Alder activity by Lewis acid
catalysis were met with failure. When triene 95 was treated with BF3;*Et,O or TiCly in
CDCls, only decomposition was observed.

Scheme 1-97. IMDA of Ester 95 and Methyl Ketone 148.

M
o) OTBS DA ©
M
X )J\/\l)\/\/%/ e [EE— TBSO Me
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148 (X = Me)

Over the course of my synthetic studies, nitrile 164 and Weinreb amide 154 were also
prepared (Scheme 1-98). These substrates are also capable of Diels-Alder chemistry, but
resisted it. Even after heating 164 overnight in CDCl3;, NMR did not confer any cyclized
product, although broadened peaks and loss of peak integrity were noted. For amide 154,
there was no hint of reaction at room temperature, and the substrate required refluxing
CDCls overnight for conversion into a variety of products. Crude NMR analysis betrayed
that there were greater than 2 cycloadducts formed in the process, but further purification
and analysis was not performed. From these studies and those mentioned above, it
seemed only the most electron deficient of the carbonyls, like the aldehyde 97, are
sufficiently to promote facile Diels-Alder cycloaddition on this type of precursor.

Scheme I-98. Attempted IMDA of Nitrile 164 and Weinreb Amide 154.

OTBS
NC.~ N~ Me
Me 164 Me
—/#—> cycloadducts
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MeN™ 7 ANA~Me
1
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154
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In much the same way, '‘Bu acetoacetate derivative 151 (Scheme 1-99) was reluctant
to undergo cycloaddition. An NMR sample was monitored for 8 days at room
temperature, and finally a reaction appeared to take place. Although the adducts were not
isolated, crude NMR confirmed that starting material alkenes were being consumed and
new, broadened singlets appeared in the expected region for H14. The other resonances
that were typically diagnostic (carbinol, a-protons) did not appear in the expected region.
Surprisingly, the reaction of the OH analogue of ester 151 (i.e. 165) was just slightly
more reactive. These reactions in particular were hampered by low concentration of
triene 165 and insufficient material to attempt a more thorough study.

Scheme I-99. Attempted IMDA of B-keto Ester 151 and Alcohol 165.

14

Me
o o OR y MDA "o Me
‘BUOMK/\H\/\NV e —_— Me
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O~ "OBu
151 (R =TBS)
165 (R = H)

sluggish for 151, accelerated for 165

Surprisingly, the pre-Dieckmann substrate 157a (Scheme 1-100) was also not very
reactive at room temperature. This substrate has an additional carbonyl that might impart
activation, but did not engage in cycloaddition. Heating was not attempted. On the other
hand, the free N-H variant 157b was highly reactive in Diels-Alder chemistry; the
formation of IMDA adducts was detected after storage overnight at ambient conditions.
The rate or half-life was difficult to gauge but the selectivity was generally between 2:1
and 3:1 in all cases (room temperature, neat or in solution).

Scheme I-100. IMDA of Amides 157.
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At the time of this study of Diels-Alder reactions, one of the most relevant models
prepared was the tricarbonyl 155. Gratifyingly, this substrate did cyclize under NMR

study, although at room temperature the reaction was sluggish and required about two
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weeks for ca. 50% conversion. The cycloadducts formed in about 3:1 ratio, which was
similar to much of the chemistry already observed for other substrates.

Scheme I-101. IMDA of Tricarbonyl Triene 155.
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In total, a spectrum of Diels-Alder chemistry was observed with these reactive
intermediates. Although a broad range of reactivity, the stereochemistry of the resulting
octalins was always somewhere in the area of 1:1 to 4:1 in favor of what might be
assumed to be the major isomer (from comparison of each to the octalin endo-1).

As introduced in the last Chapter, Diels-Alder chemistry of 75a was observed
immediately (c.f. Scheme 1-92). As soon as the Dieckmann reaction had taken place, the
substrate 75a (either as the ammonium salt or in neutral form) had to be handled with
care. For example, the anionic species (75a*°TBA) was found to cyclize slowly in polar
media (typically methanol) whereas the Diels-Alder reaction of the neutral was even
more rapid. The product began to appear by NMR within 5 minutes of neutralizing the
anion. The reaction in organic solvents is facile, and seems to be more selective
compared to polar solvents. The selectivity, however, was poor, ranging from 2:1 to 1:1
in some of the acidification experiments. Several NMR studies were conducted, and
although formal studies are yet to be completed, the half-life of 75a in IMDA reactions is
less than one hour in methanol. For this substrate, acid was found to accelerate the

reaction (this had been the case for other trienes).
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Scheme I-102. IMDA of Heterocycle Triene 75a.
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I1.A.3. Summary of Findings

In summary, several trienes were found to exhibit Diels-Alder reactivity in either
organic or partially aqueous media, or were found to undergo cycloaddition upon storage
on the benchtop. There are some general conclusions about this chemistry: i) heating
increases the rate but decreases selectivity ii) protecting groups retard the reaction iii) the
addition of a carbonyl (and even a second one) does not necessarily activate the
dienophile iv) the Dieckmann product 75a is very reactive and v) acids and polar solvents
accelerate the reaction. The following section will describe the characterization studies
that were required to draw conclusions about the particular mode of this interesting

chemistry.

II1.B. Characterization Studies

It was clear from initial screening of the 'H NMR that a Diels-Alder reaction had
occurred in many cases (Figure I-21, example of 97). Consumption of vinyl protons and
appearance of a broad singlet corresponding to the lone vinyl proton (i.e. H14) in the
octalin product were most illustrative. The mobility of the carbinol also indicated that
change was occurring. Moreover, the appearance of a few well-defined resonances and

downfield movement of resonances suggested that rigid ring systems were formed.
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Figure I-21. General Key Features of all IMDA of 97.
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The NMR was often used to monitor these reactions and it also served as the tool of
choice for structural assignment. Beside a few attempts to prepare crystalline derivatives
of any of my Diels-Alder adducts, I returned again and again to the power of NMR.
Many sophisticated experiments were available and they were utilized to support my
assignments from III.A. There are 12 protons that must be distinguished for a confident
stereochemical assignment to be made. Even after careful purification of each of the two
major diastereomers of 97, the required resolution was not reached. Despite these few
unanswered questions, the tentative assignments were made (Scheme 1-95) and are
expanded upon in Scheme 1-103.

Scheme I-103. IMDA of aldehyde 97 leading to major and minor product and proposed
TSs.
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Both isomers (endo-I and endo-11) were assigned a frans ring-fusion, indicative of an
endo-type IMDA. The presumed transition states are shown the middle of Scheme I-103.
Both lead to the octalin structures as drawn. It is easy to see from the transition states and
structures of the products why the left side is favored over the right. In the major case
(leftmost arrows), all but one of the substituents occupies an equatorial position on the
bicyclic ring system, a feature that is also indicated by the TS toward endo-I. In the minor
isomer (rightmost arrows), all but one are situated with an axial-like orientation, and this
feature appears in the TS for endo-Il. Both isomers are portrayed in standard decalin
fashion (bottom row, with a flat representation alongside it). That is, although one ring is
formally a cyclohexene (and probably looks more like a half boat), it is still shown in
chair form for simplicity. For the remainder of this chapter, these are the structures upon
which I based my experiments and NMR analysis. These will be used to interpret the data
that was produced over the course of this chapters’ studies. Tables are provided at the end
of the experimental for Part One for endo-1 (Table 1-4), endo-II (Table I-5), 7epi-endo-1
(Table 1-6), and 7epi-endo-11 (Table I-7). There is an additional table for the endo-1 data
in benzene (Table I-8). These contain all 'H and (most) °C NMR data.

II1.B.1. NMR Strategies

The first strategy in combatting the overlapping resonances was a set of NMR
methods. Of course, experiments such as '"H-'"H cosy, 'H-"cC HMQC, '"H-"*C HMBC,
and NOE will give relationships and simplify spectra, but I was seeking a way to move
the resonances around along the ppm scale. To this end, spectra were taken in a variety of
different solvents and solvent pairs. I found that for certain regions of the spectra,
benzene titrations were especially advantageous in the separation of two overlapping
multiplets. The region most affected by these studies was that inside 1.5-2.5 ppm, and as
benzene content of the sample increased, most peaks shifted. The changes were easily
tracked. Resonances moved in different increments, so peak resolution was successful in
some cases. Brief analysis of the titration studies for each isomer is provided below.

The assignment of a few protons in endo-1 (Figure I-22 graphic) was straightforward
in CDCl;. However, benzene titrations (Figure [-22, increasing benzene content as the

spectra are overlaid above the original CDCl; spectrum) enabled deduction of coupling
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constants associated with H17b and H9 (ddq, J=11, 9.3, 7 Hz), which were previously
overlapped ca. 0 1.85 ppm.
Figure I-22. Benzene Titrations of Major IMDA Isomer endo-I in CDCls.
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Not all peaks could be pulled apart. Notably, the peak shape of H13 could not be

s

resolved and this was critical to structure assignment. Even through the process of
benzene titration, HI3 remained underneath the singlet associated with methyl 37
(numbering as in 2) and the multiplet of H17a.

In the case of the minor isomer, the benzene titration was successful in separating two

pairs of overlapping multiplets (Figure I-23, NMR referenced to CDCls). H7 and H12ax
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(furthest downfield in the figure) were well understood, but certainly H9 and H13 (the
second furthest set of overlapping resonances) not accessible by any other means until
this titration afforded excellent resolution of the two (& H9 1.9 ppm to 2.35 ppm & H13
1.9 ppm to 2.2 ppm). In this stacked plot, each spectrum is referenced to CDCl;, so

resonance shifts are opposite that of Figure [-22.

Figure I-23. Benzene Titrations of Minor IMDA isomer endo-1I in CDCl;.
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Interestingly the H12,, proton resonates at 2.45 ppm, far downfield of its HI12q
partner and either of the H11 protons. Presumably, the deshielding from the axial OTBS

is responsible for such a phenomenon (see Figure 1-23 graphic). This isomer, in general,
93



had fewer complications in its spectral data. The peaks were more spread out and it was
clear from 1H-1H COSY data that H9, H10, and H16 were all equatorial. H7, H8, and
H13 were all understood to be axial. This completed the assignment of relative
stereochemistry of the octalin. Despite this confidence, unfortunately, the benzene
titrations were not wholly successful in resolving each of the remaining peaks, and

alternative means were sought to understand these NMR data.

IT1.B.2. Substrate Modifications

The complexity in the NMR could not be eased by methods and solvent pairs that I
tried (IIL.B.1.) I turned to minor chemical modifications of the analyte in an attempt to
effect small changes in some of the overlapping regions. For example, the aldehydes
endo-1 and endo-11 can be reduced or oxidized, the TBS group can be removed, or the
substrate can undergo bromoetherification or iodolactonization. Each or any of these
could result in a substrate with more clarity in its NMR spectra. In all the experiments
summarized below, I assumed I was working with stereoisomers as drawn in Scheme I-
103.

I tried to prepare a crystalline derivative of the aldehyde according to known
procedure (Scheme I-104, bottom arrow). Though the reaction worked to build a solid
hydrazine, I could not obtain suitable crystalline sample of 166.

Scheme I-104. Derivative of IMDA adduct endo-1 or endo-I11.
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The next easiest modifications were simple protecting and functional group

interconversions using the aldehyde and hydroxyl groups as handles. The TBS group was

removed with HFepy in a solution of buffered THF (Scheme 104, top arrows). The free
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alcohol 167 was readily purified by pipette column, but to my disappointment, the change
in octalin substitution did not impart major changes in the NMR. Because H10 had
already been assigned and was always resolved, I attempted a destructive method -
oxidation of alcohol 167 to cyclohexanone 168. Sadly, this reaction was not successful,
but if it did work, 168 could be valuable in the future. Oxidation would certainly disrupt
the octalin and could have a clarifying effect on the resulting NMR spectrum.

Bromoetherification (Scheme I-105)*® would indicate if the aldehyde in isomer endo-I
was equatorial (as in endo-1) or axial (as in 7epi-endo-1). This study began with reduction
of endo-1 by NaBHy. The primary alcohol 169, if axial, was situated in a position that
made it capable of trapping one of the bromonium ions formed from action on the alkene
with Br,. Although this reaction failed [bromide 170 was not suggested by any analysis,
or the regioisomer where OH attacked C14 (not shown)], this experiment should be
repeated before attempting to draw stereochemical conclusions about endo-1 from the
lack of reaction. That is, a result of no reaction could indicate that the alcohol is
equatorial or that the reaction conditions need to be modified).

Scheme I-105. Reduction of endo-I to Alcohol 169 and Attempted Bromoetherification.
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Iodolactonization (Scheme 1-106) would provide the same information as
bromoetherification (c.f. Scheme I-105). This modification began with saponification of
ester 171 (from IMDA of 95, section III.A.3.) The acid 172 was produced after basic
methanolic treatment and subjected to standard iodolactonization conditions. Sadly, no

intramolecular closure to lactone 173 was observed. Again, this reaction was only
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possible with an axial acid group in 7epi-endo-1, but before inferring that 172 has an
equatorial acid, the experiment should be attempted again to confirm that no reaction
meant no possible reaction.

Scheme I-106. Saponification to Acid 172 and Attempted lodolactonization.
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Additional chemical modifications were also available so the substrate was more
amenable to NMR study. The most successful were epimerizations (discussed in the next

section).

IT1.B.3. Epimerizations to 7epi-endo-1 and 7epi-endo-11.

The tentative assignments in Scheme [-103 were not just based on the assumption that
the two endo modes of cycloaddition were operative. They were also rooted in some of
the key features of the NMR. For example, although overlapping multiplets hinder the
interpretation of many resonances between 2.2 and 1.1 ppm, the carbinol H10 and a-
proton H7 were always visible. One of my biggest concerns with endo-1 was that since
H7 experienced no large 3 Jan (ddd, J = 6.7, 6.7, 5.4 Hz), it might be equatorial (Scheme

1-107, inconsistent with endo mode of addition).
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Scheme I-107. D-exchange to For Peak Shape Analysis and J values.
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HS8 was usually available for interpretation (6 = 1.1 ppm). If H7 were exchanged for
D, the peak for H8 would become a dd. From the disappearance of one J, I could
determine the Hz value of H7-H8 relationship. The first experiment in deuterium
exchange (Scheme I-108) indicated that, actually, epimerization® was occurring with Na
in MeOH-d4. These conditions successfully installed the deuterium at the most acidic site,
but I saw other changes occur in the spectrum besides loss of complexity and the
disappearance of one entire resonance. GCMS confirmed that the newly formed octalin
was fundamentally different.

Scheme I-108. Observed Epimerization Upon H-D Exchange on endo-I.

H M H M
A n, M A v, M
TBSO © . 1h. TBSO” N ©
Me  CHO >95% conversion Me CHO
endo-|

Reasoning that the most likely reaction was epimerization, I performed the reaction
with methanol to confirm that structural changes were occurring under these harshly
basic reaction conditions (Scheme I-109, I show endo-I as the starting material).*® The
results were the same. The product octalin had a different retention time on the GCMS (A

= (0.3 min) and the NMR showed a number of differences (Figure I-24, to be discussed).
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Scheme I-109. Epimerization of Major IMDA Isomer endo-1.
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The extent of this epimerization is surprising. As assigned, and required by endo-
IMDA, the aldehyde substituent is situated equatorial in the starting material (see 3D
representation, Scheme 1-109), but the conversion to the axial position is facile and nearly
quantitative. Intuitively, this does not seem very likely, but it is possible that this
epimerization results in the more stable stereoisomer with H7 equatorial. Presumably, the
epimerization required the intermediacy of endo-I-enol, which then undergoes subsequent
keto-enol tautomerization that places H7 equatorial (protonation from the underside of
the ring as drawn).

The epimerization helped support the stereochemical assignment (endo-1) previously
made. The stacked NMRs (Figure I-24 bottom is the starting material, top is the
epimerization product) show the shifted resonances, and it makes sense that certain
protons are affected electronically by epimerization. Only the main features of this study
are mentioned.

Figure 1-24 is an expanded region, but the other notable resonances, the aldehyde CH
and H14 moved after epimerization. The aldehyde moved from 6 9.46 to 9.74 ppm and
H14 moved from 0 5.42 to 5.19 ppm.
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Figure I-24. Stacked "H NMR of endo-I (bottom) and 7epi-endo-I (top) in CDCl;.
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This epimerization supported the tentative assignment of the major isomer in a few

ways. First of all, peaks H7 and H9 were now easily identified. The peak shape of H7

changed dramatically; now the biggest coupling constant was not 7, but 2 Hz. This

indicated that H7 became equatorial in the epimerization process. The chemical shift was

also now 2.69, and that is consistent with equatorial protons being deshielded and moving

downfield. The conversion to an axial aldehyde also led to peak shifting. For example,

H13, presumed to be axial (but overlapping with others) it moved from ca. 1.7 to 1.83 (!)

It must experience heavy through-space deshielding, an action only possible if the CHO
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group was axial. A minor shift was even observed for the methyl triplet (located near
CHO on the octalin), which moved upfield without the equatorial aldehyde to deshield it.

In the case of the thermally minor Diels-Alder isomer, endo-I1, the same conditions
were not sufficient to induce epimerization of the aldehyde (Scheme 1-110). There was
very little conversion at room temperature, and the substrate required heating for any
change. Even after heating overnight, full conversion was not reached (ca. 80 %
epimerization).
Scheme I-110. Epimerization of Minor IMDA Isomer endo-I1.

H H

Me Me
TBSO™ ™ H A, overnight TBSO™ o
Me CHO ca. 80% conversion Me CHO
endo-II 7epi-endo-lI
Me keto-enol Me keto-enol Me
TBSO ,~~ M tautomerization  tpon M tautomerization  Tpo~ M
CHO ~— =
CHOH CHO
Me Me Me
endo-lI-enol

Epimerization for the minor isomer was helpful in several ways. First, the qualitative
observation that it was more difficult for this transformation means that the epimer is less
stable (higher energy) than the starting material. This is consistent with the aldehyde
occupying an axial position that is situated 3 carbons away from the axial methyl group.
1,7-interactions are likely setting up a high energetic barrier for both CHO and C9(Me) to
be axial (see rightmost 3-D representation, Scheme I-110).

A comparison NMR is provided for this discussion. (Figure I-25, bottom is the
starting material, top is the epimerized product). The resonances outside this expanded
region shifted very little (CHO 0 9.80 to 9.84, H14 & 5.21 to 5.28, and H10 6 3.72 to 3.70
ppm). More notably, the methyl doublet shifts >0.1 ppm downfield, consistent with the
aldehyde being axial and able to deshield this group through space. Remarkably, the axial
H13 shifts downfield almost 0.5 ppm! This is also consistent with greater through-space
deshielding interaction with the carbonyl. H7 is now a ddd with small Js (5, 2, and 2 Hz),

in endo-11, it was a ddd with a clear diaxial coupling (J = 10, 6, and 5 Hz), suggesting that
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it is seated equatorially in 7epi-endo-11. These data support the tentative assignment given
earlier (c.f. Figure 1-103).
Figure I-25. Stacked "H NMR of endo-II (bottom) and 7epi-endo-1I (top) in CDCl;.

Me Me
M M
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Me Me
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=
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The epimerized octalins were thoroughly analyzed by additional NMR experiments,
including the use of different solvents, co-solvents, and additives. These and the data

presented above all supported the assignment of the major and minor isomers (Figure I-

26)
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Figure I-26. Summary of Structural Assignments IMDA Products of 97.

Major: Confirmed By: Open Questions:
H Me H Me
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. Me
: H
Minor: - Me "
_ TBSO =~ benzene titrations acces to every
Me — CHO imerizati 2
TBSO -1 epimerization resonance?
Me CHO Me
endo-Il

II1.B.4. The D, Strategy

The benzene titrations and epimerization reactions provided a good picture of the
stereoisomers, and I became more and more confident in the assignment. One final
experiment was performed to prepare a substrate even more amenable to NMR analysis.
Upon inspection of the NMR of the various thermal and epimerized thermal
stereoisomers, it was clear that the primary interferences were coming from the
methylene pair at carbon 17 (H17a/b). These resonances offered no relevant information
to the stereochemistry of the octalin and only served to make the spectra more complex.
Strategic incorporation of deuterium would alleviate some of these complexities but
structural assignment would not be compromised. The best place in the synthetic route to
install the deuterium was prior to any synthetic efforts. To this end, 2-methyl-2-pentenal
31 was heated in D,O in the presence of pyridine” for 48 hours, and approximately 96%
deuterium incorporation was realized (Scheme I-111). The remainder of the synthesis
was enacted as previous; key d, intermediates are shown. Note that the numbering of

these compounds based on the parent.
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Scheme I-111. D, Incorporation of Octalins endo-I and endo-11 from 31.
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Naturally, the 97-d, substrate underwent Diels-Alder reaction in the same fashion as

the parent molecule, and the major and minor isomers endo-1 and endo-II could be

separated and characterized.

Sure enough, "H NMR spectrum (Figure 1-27, bottom is the control and top is the d,

analogue) was simplified and more easily interpreted. I gained access to every resonance

that was critical to the identification of the stereochemistry of the octalin. Interestingly,

the spectra taken in benzne-ds were the most informative.
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Figure I-27. Stacked "H NMR of endo-I (bottom) and endo-I-d, (top) in Benzene.
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Most importantly, H13 was resolved it was convincingly assigned as an axial proton.

Also, here in the d, case, H9 was re-analyzed for its shape and it was far easier to see that

it shared two axial vicinal partners in addition to the methyl group. To my delight, every

resonance could be resolved and analyzed for its shape. The full assignment is presented

in Table form following the experimentals.

Admittedly, less analysis was completed on the minor isomer endo-11-d,. This isomer

had been more amenable to prior characterization than the former. Nevertheless, the d,

experiment served to support the prior assignment. In particular, the region near 1.5 ppm
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(CDCl3) was simplified (Figure I-28), enabling verification of assignments in that area.
Previously, there were 4 protons in that region that were very close together.

Figure I-28. Stacked "H NMR of endo-II (bottom) and endo-II-d, (top) in CDCls.
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Although not critical to the assignment of ring fusion (see above discussion on the
most critical of peak identification), this simplification allowed for each and every
resonance to be accounted for and lent much support to the tentative assignment.

Analogous epimerization experiments were not attempted with the d, material. These

could further support the conclusions drawn in this section for the structure and
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stereochemistry of the two major Diels-Alder adducts of the system. The assignments

now stand as presented in Scheme 1-103, endo-I and endo-I1.

II.C. Post IMDA: Additional Reactions Toward Model 26

After the work in characterization of the Diels-Alder adducts, and knowing that
similar activation would likely result in similar stereochemical outcomes, I made a push
to acquire some of model compound 26 for analysis and potential comparison to the
natural product. Some of these reactions were briefly presented at the end of Chapter II,
but are discussed in more detail here. I went forward with removing the protecting groups
(Scheme I-112) on the already-cyclized material 162a. General TBS cleavage conditions
were applied and this transformation was clean, but sluggish and additional fluoride
reagent had to be added over the course of the reaction.

Scheme I-112. TBS Removal from Octalin 162a.
Me Me

M M

TBSO - © HF*py, py, THF HO < ©
Me ] > Me

1e) | N-PMB or H,SiFg, MeCN, rt o)

| N- PMB
162a HO 174a HO

Removal of the PMB group’” was far more difficult. Rather than try on alcohol 174a
(of which I had milligram quantities), I went back to the IMDA adduct 162a (Scheme I-
113). T had no success with any of the standard oxidative cleavage methods (CAN,
DDQ). I tried several times and also attempted the Lewis acid AICl; but the amide
protecting group remained through all these efforts.

Scheme I-113. Attempted PMB Removal of Octalin 162a.

TBSO
— Me
N-PMB

Conditions:
DDQ, CDClg

162a CAN, MeCN, H,0 162b (R = TBS)
AICl3, anisole 26(R=H)

To my relief, I found that acidic removal of the PMB group was possible in refluxing

TFA/CH,Cl; (Scheme I-114). Under these conditions, the TBS group also fell off, but the
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recovery was poor and transesterification to the TFA ester 163 occurred. Methanolic
K,COs smoothly gave the free alcohol 26, but this step was also low yielding due to poor
recovery. At this stage I was handling sub-milligram quantities of material, so
characterization data is scare on this compound.

Scheme I-114. Removal of PGs.
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I also attempted the epimerization under the conditions employed in the previous
section (Scheme I-114, bottom arrows), but no change in the '"H NMR resulted from these
conditions.

With the Diels-Alder reaction already completed to give octalin 161b, and knowing
the difficulty in removing the PMB group, 161b was pursued as an intermediate into
162b (Scheme I-115). Several bases were used to try to encourage the heterocycle to
close to 162b, but these failed. Likewise, silylative Dieckmann conditions did not provide
access to the heterocycle. The Dieckmann reactions of primary amines are more
stubborn. Even the standard silylation experiment failed; I did not observed the formation
of any silyl enol ether 176, or it was too labile to be isolated. This compound might have
been worthwhile to study, to see how the tricarbonyl 161b compared to 176 behaved

(tautomeric forms, etc.)."
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Scheme I-115. Attempted Dieckmann of 161b.
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In a similar way, I tried to understand the tetramic acid 162a by silylating one or
more of the carbonyls after the successful Dieckmann reaction (Scheme I-116). I saw no

silyl incorporation at any site under these conditions. A more aggressive reagent may be

necessary.
Scheme I-116. Attempted Silylation of 162a.
Me Me Me
" TBSCI, " "
TBSO - ®  EtNorpy,  TBSO Z e TBSO - e
Me CD”CI > Me or Me “
0" Y 'n-PMB 8 0" Y 'N-PMB TBSO N-PMB
HO TBSO TBSO
162a 177 178

or regioisomers from other tautomeric forms

IIL.D. Comparison to Natural Product, Conclusions, and State of the
Project

There still remains a vigorous analysis and comparison to the natural product.
Admittedly, only a model compound has been prepared, (26, with limited spectral data)
but the protons of interest have been named and noted, and should be sufficient when

108



returning to data given for the natural product. Without performing an exhaustive
comparison, there are still conclusions that can be made.

The main conclusion is this. The aldehyde 97 was established to cyclize
spontaneously into two endo-adducts I and II. By analogy, assuming the tetramic acid
imparts similar activation, the stereochemical outcome would be the same. Thus, I would
assign the structure of my synthetic intermediate 26 from what I learned from 97
(Scheme I-117).

Scheme I-117. Assumption of Identical Stereochemistry of 26.

H Me stereochemistry H Me
,(Ij/ applied ’(Ij/
L W, M o ., Me
TBSO” ¢ HOTN 7
Me CHO Me /
0"\ NH
endo-I 26 HO

Then, the (limited) data for 26 must be compared to the data for 1a."” If there is a
sufficient match, we have acquired data that suggests that structure of the natural product
is incorrect.

Finally, a triene was prepared that mimics a growing polyketide chain in the proposed
biosynthesis of integramycin. This triene underwent spontaneous Diels-Alder chemistry
in the laboratory to selectively produce a mixture of endo-type (and no significant
contribution from the exo-type) IMDA adducts. Although not under physiological
conditions, this was still a spontaneous reaction that establishes a benchmark for the
substrate in other settings.

Intuition and literature searches can be performed to develop a hypothesis for Diels-
Alder under these other setting (e.g. biologically relevant conditions). My prediction is
that the reaction will occur faster in aqueous medium®' and generate adducts with the
same stereochemistry as I assigned to my products. There is already selectivity in this
Diels-Alder reaction. The question of 100% selectivity (e.g. endo-1 over endo-Il,
however, will be more difficult to face.”> Whether or not an aqueous medium will
promote only endo, and only one endo product is an open question. Our hope is that the

reaction will be so rapid, only one stereoisomer will be observed, and (coupled with the
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expected similarity between spectral data for 26 and 2), our hypothesis of a spontaneous

biosynthetic Diels-Alder reaction will be supported.
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Part One Experimental Section

General Methods:

Reactions requiring anhydrous conditions were performed under an atmosphere of
nitrogen or argon in flame-dried glassware cooled under a stream of nitrogen. Dry
diisopropylethylamine and triethylamine were distilled from CaHz; dried
dimethylformamide and pyridine were stored over 3A MS. Anhydrous THF, diethyl
ether, toluene, and methylene chloride were dried by being passed through a column of

activated alumina

"BuLi, was titrated with 1,4-cyclooctadiene by No-D NMR spectroscopy.

MPLC refers to medium pressure liquid chromatography (25-60 psi) using hand-packed
columns of E. Merck silica gel (18-32 [m, 60 A), a Waters HPLC pump, and Waters

R403 differential refractive index detector.

Analytical TLC was performed using TLC plastic sheets with F2s4 indicator and detection
was performed by UV-light or potassium permanganate, p-anisaldehyde, or cerium

ammonium nitrate/ethanol staining.

The 'H and >C NMR spectra were acquired on a Varian VI-500 (500 MHz 'H, 125.7
MHz *C), VI-300 (300 MHz 'H, 75.4 MHz "*C), or VXR-300 (300 MHz 'H, 75.4 MHz
C) spectrometers. '"H NMR chemical shifts in CDCls are referenced to MesSi (0.00
ppm), or to CHCl; (7.26 ppm) where specified, in DMSO to CD2HS(O)CDs peak (2.50
ppm), in CD3CN to CD2HCN peak (1.94 ppm), D20 to HOD (4.80 ppm), CD30D to
CD,HOD peak (3.31 ppm), CsDs to CsDsH peak (7.16 ppm). °C NMR chemical shifts in
CDCls are referenced to >CDCls peak (77.23 ppm). °C NMR chemical shifts in CsDs are
referenced to >CsDg peak (128.39 ppm). The following format was used to report 'H
NMR data: chemical shift in ppm [multiplicity, coupling constant(s) in Hz, integral]. The
following abbreviations are used to describe multiplicities: s (singlet), d (doublet), t
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(triplet), q (quartet), pent (pentet), m (multiplet), nform (non-first order multiplet), and br
(broad)."H NMR assignments are indicated by number or letter (e.g., H-3a), where given,
and complex structures are numbered in their structures in order to simplify proton

assignment numbering and naming.

Infrared (IR) spectra were recorded on a Midac Corporation Prospect 4000 FT-IR
spectrometer (only the most intense and/or diagnostic peaks are reported) using a NaCl

plate (thin film) or flat plate with ZnSe crystal. Absorptions are reported in cm-i.

High-resolution mass spectra were recorded on a Bruker Biotof II (ESI-TOF) instrument

using PEG or PPG as an internal calibrant.

Tandem gas chromatography/low resolution mass spectroscopy (GC/MS) using electron
impact ionization (EI) was performed at 70 eV on an Agilent Technologies 6890N series
gas chromatograph equipped with an Agilent Technologies 5975 inert XL mass selective

detector. The methods are given in () and in the order : start temp-final temp-time of run.

Tandem liquid chromatography/low resolution mass spectroscopy (LC/MS) using
multimode ESI- APCI ionization mode was performed on an Agilent Technologies 1100
series liquid chromatograph equipped with an Agilent Technologies G1956B LC/MSD
SL mass selective detector. The Methods are labeled as follows:

A: ‘col5, 0-100, 22, sm, ES/APC’
B: ‘col5, 50-100, sm, fr70, ES/AP, -/+’
C: ‘Pat-coll, 50-100, +/-all’

Some compounds included in the experimental section are known in the literature.

Tables mentioned but not included in the text are located at the end of this experimental.

'H NMR file names are included. They are located at the end of the 'H NMR data and are

contained follow the general form [se(notebook number)pg(page number)...]
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Experiments (Chapter 11.4.)

Hg(OAc),
Me X MgBr OH (0.2 equiv)
NP
O/\M/\/ - W\/Me T,
e
[O XN
31 3¢ Me _
rt, overnight
or heating

/\O (l) \o
\/5\(\/ Me 4 W\/\/ Me + \/\(\/ Me
Me Me Me

35 36 37

Preparation of E-4-methyl-1,4-heptadien-3-ol (34):

To an oven-dried round bottom flask equipped with a stir bar was added E-2-methyl-2-
pentenal 31 (104 mg, 1.06 mmol, 1 equiv). Dry THF (5 mL) was added and the reaction
flask cooled to 0 °C. Vinyl magnesium bromide (solution in THF ~0.89 M, 1.5 mL, 1.3
mmol, 1.2 equiv) was added via syringe, and the internal temperature was maintained
under 5 °C. The reaction was stirred for 30 minutes at 0 °C and then allowed to warm to
room temperature. After one hour, the reaction was quenched with saturated NH4Cl
solution, extracted with Et,O, dried over MgSOj, and concentrated to give the bis-allylic
alcohol 34 (120 mg, 90%) as a pale yellow oil in >98% purity by GC-MS.

"H NMR (500 MHz, CDCl3): 8 5.9 (ddd, 1H, J=17.2, 10.4, 5.6, CH,=CH), 5.5 (ddd,
IH,J=1.1,7.1, H-C=C), 5.3 (ddd, 1H, J= 1.5, 1.5, 17.2, CH,=C), 5.1 (ddd, 1H, J= 1.5,
1.5, 10.4, CH,=C), 4.5 (bd, 1H, J= 5.6, HCOH,), 2.1 (dp, 1H, J= 1.5, 7.5, CH,CHj3), 1.6
(s, 3H, CH3), and 1.0 (t, 3H, J= 7.5, CHs).

3C NMR (125 MHz, CDCls): § 139.3, 135.2, 128.8, 114.7, 78.4, 20.9, 14.0, and 11.7.
IR: 3403, 2965, 2934, 2874, 1456, 1379, 991, and 921 cm™.

GC-MS: M- = 126; R; = 4.9 min (50 °C—250 °C, ramp 20 °C/min, hold 250 °C 5 min).

General preparation of (E)-4-methyl-3-(vinyloxy)hepta-1,4-diene (35): (selpg81f1)
Bis-allylic alcohol 34 was weighed into a screw-capped culture tube. An appropriate
amount of Hg(OAc), (generally 20 mol %) was then added followed by ethyl vinyl ether

(generally 1 ml/mmol). The culture tube was capped and left to stir overnight (even
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longer times were required for full conversion) at room temperature, after which time the
reaction mixture was diluted with diethyl ether. Water and brine were used to wash the
inorganics, and following the final wash, the organic layer was dried over Na,SO4 and
concentrated to give the vinylallyl ether product 35 (yields typically 85-95%) which
could be chromatographed (20:1 Hexanes:EtOAc) or used crude in subsequent reactions.
NMR (500 MHz, CDCls): 6 6.33 (dd, J = 16, 6.5 Hz, 1H), 5.82 (ddd, J = 16.1, 10.5, 5.5
Hz 1H), 5.47 (br t, J = 7.2 Hz 1H), 5.28 (ddd, J = 17.3, 1.5, 1.5 Hz 1H), 5.20 (ddd, J =
10.5, 1.4, 1.4 Hz, 1H), 4.52 (br d, J = 5.5 Hz, 1H), 4.35 (dd, J = 14.1, 1.4 Hz, 1H), 4.02
(dd, J = 6.6, 1.4 Hz, 1H), 2.05 (pent, J = 7.6 Hz, 2H), 1.57 (s, 3H), and 0.88 (t,J = 7.5
Hz, 3H)

Claisen Product (4E,6E)-6-methylnona-4,6-dienal (36):

Alternatively the procedure for allyl vinyl ether 35 could be modified so that the reaction
was heated in an excess of ethyl vinyl ether overnight, where conversion to the Claisen
products 36 and 37 was observed. The same workup applied, and chromatography or
distillation gave a mixture of 36 and 37 in approximately 3:1 ratio. Fractionation of
chromotrographic fractions was commonly used to increase this ratio.

"H NMR (500 MHz, CDCl3): § 9.79 (t, J = 1.6 Hz, 1H), 6.09 (d, J = 15.6 Hz, 1H), 5.53
(ddd, J =15.5, 6.8, 6.8 Hz, 1H), 5.40 (t,J = 7.2 Hz, 1H), 2.55 (dt, J = 7.1, 1.4 Hz, 2H),
2.44 (q,J = 7.0 Hz, 2H), 2.12 (pent, J = 7.5 Hz, 2H), 1.71 (s, 3H), and 0.98 (t, J = 7.5
Hz, 3H)

3C NMR (125 MHz, CDCL): 8 202.2, 136.2, 133.5, 127.6, 124.6, 43.7, 26.2, 25.5, 21.5,
and 14.2. [seVIpg76aldmixC13]

GCMS (5025015): R, = 7.07 min, 152(M", 40), 137(30), 93(100), 81(100), and 67(60)
TLC (12:1 Hex:EtOAc): R¢=0.4

Claisen Product (E)-3-ethyl-4-methylhepta-4,6-dienal (37):

"H NMR (500 MHz, CDCl): 8 9.67 (t, J = 2.4 Hz, 1H), 6.56 (ddd, J = 16.8, 10.5, 10.5
Hz, 1H), 5.92 (d, J = 10.8 Hz, 1H), 5.04 (dd, J = 16.8, 2.1 Hz, 1H), 5.04 (dd, J = 10.1,
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2.0 Hz, 1H), 2.56 (pent, J = 7.3 Hz, 2H), 2.46 (dd, J = 7.6, 2.7 Hz, 1H), 2.44 (dd, J = 6.7,
2.4 Hz, 1H), 1.45 (pent, J = 7.4 Hz, 3H) and 0.85 (t,J = 7.4 Hz, 3H)

3C NMR (125 MHz, CDCLy): § 202.4, 139.0, 132.8, 132.6, 116.1, 47.4,45.0, 13.1, 12.3,
and 11.9. [seVIpg76aldmixC13]

GCMS (5025015): R = 6.35 min, 152(M", 15), 119(20), 95(80), 81(80), and 67(100).
ESI-MS: Exact Mass calc. for mixture of the aldehydes [C10H;s0K]", 191.0833, found
191.0983.

TLC (12:1 Hex:EtOAc): R¢=0.4

Johnson-Claisen Products:

0]

MGOW Me

Me
(4E,6E)-methyl 6-methylnona-4,6-dienoate (Methyl Ester of 36)

"H NMR (500 MHz, CDCI3): § 6.98 (d, J = 15.5 Hz, 1H), 5.52 (dt,J = 15.4, 7.1 Hz,
1H), 5.39 (t,J = 7.3 Hz, 1H), 3.67 (s, 3H), 2.49-2.31 (m, 4H), 2.12 (pent, J = 7.5 Hz,
2H), 1.70 (s, 3H), and 0.97 (t, J = 7.5 Hz, 3H). (referenced to CDCl;) [selpg95{2]
The intermediate and minor isomer were not characterized due to complications in the

NMR. These could not be separated and individually analyzed.

O O O R1=
o)kNH — O)kNJK/ Me
(- / Q9
. LiCI (1.1 equiv), o me I me
w NEt, (1.3 equiv), RT n 39 0
THF, tt,
4-6 h, > 95%

(R)-3-(1-Oxopropyl)-4-(phenylmethyl)-2-oxazolidinone (39):°

Preparation:

A flame-dried round bottom flask equipped with a stir bar was cooled under N,. To the
flask was added (R)-4-(phenylmethyl)-2-oxazolidinone 38 (8 g, 45.2 mmol, 1.0 equiv,
LiCI (2.113 g, 42.5 mmol, 1.1 equiv), Et3N (5.94 g, 54.2 mmol, 1.3 equiv), and THF (150
mL). The reaction mixture was cooled to -20 °C at which time propionic anhydride (7.05

g, 54.2 mmol, 1.3 equiv) was added. Following stirring at room temperature for 6 hours,
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the THF was removed under reduced pressure and the residue was taken up in EtOAc.
HCI (0.2 N) was added, and the organic layer was separated and washed sequentially
with brine, 1 M sodium bicarbonate, and brine. The organic layer was dried over sodium
sulfate, filtered, and concentrated to a viscous oil containing both the product 39 and
unreacted starting material. Flash column chromatography (2:1 EtOAc: Hexanes) gave
the pure acylated compound (6.5 g, 90% borsm).

"H NMR (500 MHz, CDCl3): § 7.1-7.4 (m, 5H, ArH), 4.6 (m, 1H, NCH), 4.2 (m, 2H,
OCH,CH), 3.2 (dd, 1H, J=13.4, 3.3, PhCH,), 2.9 (m, 2H, CH,CH3), 2.7 (dd, 1H, J =
13.4,9.6, PhCH,), and 1.2 (t, 3H, J = 7.4, CH3).

3C NMR (125 MHz, CDCLy): 8 174.2, 153.7, 135.5, 129.6, 129.1, 127.5, 69.2, 55.4,
38.1,29.4, and 8.5.

IR: 2981, 2940,1781, 1701, 1389, 1375, 1248, 1213, 1079, and 703 cm™’

GC-MS: M"™ =233; R;=10.9 min (50 °C—250 °C, ramp 20 °C/min, hold 250 °C 5

min).

Alternatively, the acetylated oxazolidinone could be prepared from treatment of the sm

with n-BuLi followed by addition of propionyl chloride.

50 TiCls amine(s) O O OH Detailed Conditions:
O)kNJyMe hexanal )KNJH/'\/\/\M o
- ° O\IJ € (-)-sparteine (1 equiv)
o CH,Cly, -78 10 0 °C, e parine (1 o
70-90 % Bn _
39 40 hexanal (1.1 equiv)

(R)-4-benzyl-3-((2R,3S)-3-hydroxy-2-methyloctanoyl)oxazolidin-2-one (40)

"H NMR (500 MHz, CDCl3): & 7.29-7.13 (m, 5H), 4.67-4.58 (m, 1H), 4.13(dd, J = 10.9,
3.0 Hz, 1H), 4.11 (dd, J = 9.1, 3.0 Hz, 1H), 3.88 (ddd, J = 8.5, 4.4, 2.6 Hz, 1H), 3.69 (dq,
J=12.6,7.1 Hz, 1H), 3.24 (dd, J = 13.5, 3.5 Hz, 1H), 2.70 (dd, J = 13.4, 9.9 Hz, 1H),
2.27 (app pent, J = 7.2 Hz, 1H), 1.30-1.21 (m, 8H), 1.19 (d, J = 7.1 Hz, 3), and 0.82 (t, J
= 7.0 Hz, 3H). [senb30smwkpup]
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O OTBS

(0]
TBSCI, imid, DMAP,
OXNJH/'\/\/\MG . OXNJ\/'\/\/\MG
\,—J,’ Me CHzclz, rt., 3d. \,—J,/ Me
Bn 40 Bn 41

- - - e
Et,0, 0 °C, HO \I)\/\ﬁ'\’Ie Me
Me 42 Me 43

(R)-4-benzyl-3-((2R,3S)-3-((tert-butyldimethylsilyl)oxy)-2-
methyloctanoyl)oxazolidin-2-one (41)

Preparation for 40: see the process described for unprotected 44, next scheme in these
experimentals. Preparation for 41: A round bottom flask was charged with crude 40 (1
equiv.), imidazole (2.5 equiv.), DMAP (0 or 0.25 equiv.), and TBSCI (1.5 equiv.). This
mixture of solids was dissolved in enough DMF for a concentration of 1 molar, and left
to stir at room temperature overnight (up to 24 hours), where TLC (10:1 Hex:EtOAc)
confirmed full consumption of the alchol 40. The reaction was quenched with water
(same volume DMF) and extracted with ethyl acetate (3X). The organics were washed
with brine, dried (Na,SOj). and concentrated under reduced pressure. MPLC (12:1
Hex:EtOAc) gave the protected aldol product 41 in 60-80% yield.

"H NMR (500 MHz, CDCl;): & 7.37-7.18 (m, 5H), 4.61 (dddd, J = 9.8, 6.7, 3.0, 3.0 Hz,
1H), 4.21-4.14 (m, 2H), 3.87 (dq, J = 4.8, 6.9 Hz 1H), 3.31 (dd, J = 13.4, 3.3 Hz, 1H),
2.78 (dd, J = 13.3,9.9 Hz, 1H), 1.55-1.50 (m, 2H), 1.38-1.25 (m, 6H), 1.22 (d,J = 7.0
Hz, 3H), and 0.88 (t, J = 7.5 Hz, 3H). [selpg34-3d]

(2S,35)-3-((tert-butyldimethylsilyl)oxy)-2-methyloctan-1-ol (42)

Preparation: A solution of 41 (1 equiv.) in THF (0.5 molar) and MeOH (2 equiv) was
cooled to 0 °C by an ice bath. LiBH4 (2 M in THF, 2 equiv.) was dispensed into this
solution via syringe and the resulting solution was stirred at 0 °C for one hour, followed
by warming to rt and stirring an additional hour. TLC was used to confirm reduction was
complete, and a saturation solution of Rochelle’s salt (equal volume to reaction mixture)
was added slowly and stirring continued 1 additional hour, or until 2 clear layers were

observed. Extraction into Et,0O, drying over MgSO,, and concentration completed the
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workup procedure, and the crude diol was recovered as a white solid, after which
chromatography (8:1 Hex:EtOAc) gave a colorless oil. Typical yields were 40-60%, and
could not be improved by additional extraction or varying the quench.

"H NMR (500 MHz, CDCl3): § 3.75 (ddd, J = 8.0, 5.3, 2.9 Hz, 1H), 3.70 (ddd, J = 10.6,
8.6, 3.4 Hz, 1H), 3.52 (ddd, J = 10.4, 6.7, 5.0 Hz, 1H), 2.67 (dd, J = 6.8, 3.6 Hz, 1H),
1.97 (dddq, J = 7.9, 4.9, 3.0, 7.2 Hz, 1H), 1.52-1.38 (m, 2H), 1.35-1.23 (m, 6H), 0.893 (s,
9H), 0.892 (t, J = 7.5 Hz, 3H), 0.80 (d,, J = 7.0 Hz, 3H), 0.09 (s, 3H), and 0.07 (s, 3H).
(referenced to CHCls) [selpg40f2better]

(2R,3S5)-3-((tert-butyldimethylsilyl)oxy)-2-methyloctanal (43)

Preparation: There were the same conditions worked out for 30 (below)

"H NMR (500 MHz, CDCl3): § 9.77 (s, 1H), 4.1 (ddd, J = 6.6, 6.6, 3.5 Hz, 1H), 2.45 (dq,
J=3.5,7.0Hz, 1H), 1.52-1.45 (m, 2H), 1.36-1.24 (m, 6H), 1.06 (d, J = 7.0 Hz, 3H),
0.90 (t,J = 6.7 Hz, 3H), 0.87 (s, 9H), 0.07 (s, 3H), and 0.04 (s, 3H). [selpg45crd]

TiCl, (1 equiv)
(-)-sparteine (1 equiv)
o o NMP gseqUIV) O O OTBS LiBH, (2 equiv),
MeOH (2 equiv,
. CHyCl,, 7810 0 °C, ) Me Me Et20, 0 °C,
Bn Bn 40-50 %
39 then TBS protection 44
OTBS Swern OoTBS
H O/\H\/\/W Me - OW\\/\/ Me
Me Me Me Me
45 30

(R)-4-benzyl-3-((2R,3S,6E,8E)-3-hydroxy-2,8-dimethylundeca-6,8-
dienoyl)oxazolidin-2-one (unprotected 44).

Preparation:

To a stirred solution of propionylated auxially 39 in CH,Cl, at 0 °C was added TiCly

dropwise. The resulting yellow suspension was stirred for an additional 10 minutes,
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followed by dropwise addition of (-)-sparteine. The resulting dark red solution was
stirred for another 20 minutes, then cooled to -78 °C. NMP was added and the solution
stirred for 10 minutes. Finally, a solution of aldehyde in CH,Cl, was added and the
reaction mixture was first stirred at -78 °C for one hour then allowed to warm to 0 °C.
The amber solution was quenched with half-saturated aqueous NH4Cl solution at 0 °C
and allowed to warm to room temperature. The organic layer was separated and the
aqueous later extracted twice with CH,Cl,. The combined organic layers were then
washed with brine, dried over Na,SOs, and concentrated to give the crude aldol adduct as
a yellow oil which was generally used without purification. Alternatively, MPLC (4:1
Hexanes:EtOAc) can be performed and yielded the purified adduct as a colorless oil.

"H NMR (500 MHz, CDCl3): § 7.4-7.1 (m, 5H, ArH), 6.09 (d, J = 15.6 Hz, 1H), 5.54
(ddd, J =15.5, 6.8, 6.8 Hz, 1H), 5.37 (t,J = 7.2 Hz, 1H), 4.73-4.67 (m, 1H), 4.22 (dd, J
=16.7,9.0 Hz, 1H), 4.18 (dd, J = 9.0, 3.0 Hz, 1H), 3.97 (ddd, J = 8.9, 3.8, 3.8 Hz, 1H),
3.76 (dq, J = 7.0, 2.8 Hz, 1H), 3.24 (dd, J = 13.4, 3.5 Hz, 1H), 2.79 (dd, J = 13.4, 9.4 Hz,
1H), 2.35-2.08 (m, 4H), 1.71 (s, 3H) 1.70-1.63 (m, 1H), 1.54-146 (m, 1H), 1.26 (d, 7=7.0
Hz, 3H) and 0.97 (t, J = 7.2 Hz, 3H). (referenced to CHCIl;) [Ipg150c22]

ESI-MS: Exact mass calc. for [C,3H3NO4Na]", 408.2145, found 408.2138.

TLC (4:1 Hex:EtOAc): Rr=0.25

(R)-4-benzyl-3-((2R,3S,6E,8E)-3-((tert-butyldimethylsilyl)oxy)-2,8-dimethylundeca-
6,8-dienoyl)oxazolidin-2-one (44)

Preparation: See 41 (above)

The crude aldol adduct was dissolved in a minimal amount of DMF (to givea 1 M
solution) and imidazole (2.5 equiv), DMAP (0.25 equiv), and TBSCI (1.1 equiv) were
added and the solution stirred at rt for 24 hours. Additional portions of imidazole and
TBSCI (1 equiv each) were added stirring was continued for an additional 12 hours. After
TLC indicated full conversion, the reaction mixture was diluted with CH,Cl, and
quenched with water. The organic layer was separated and washed with additional
portions of water (3x), dried over Na,SO., and concentrated to give the protected alcohol

as a yellow oil. Flash column chromatography (or MPLC, 10:1 Hexanes:EtOAc) afforded
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the desired product as a colorless oil contaminated with minor amounts of the reaction
byproduct Me;Si-O-SiMes.

"H NMR (500 MHz, CDCl3): § 7.4-7.1 (m, 5H, ArH), 6.05 (d, J = 15.6 Hz, 1H), 5.53
(ddd, J =15.3, 6.7, 6.7 Hz, 1H), 5.37 (t,J = 7.2 Hz, 1H), 4.60 (dddd, J = 9.9, 6.5, 3.0,
3.0 Hz, 1H), 4.18-4.11 (m, 2H), 4.02 (q, J = 5.5 Hz, 1H), 3.88 (dq, J/ = 6.9, 5.1 Hz, 1H),
3.29 (dd, J = 13.3, 3.2 Hz, 1H), 2.76 (dd, J = 13.4, 9.7 Hz, 1H), 2.20-2.06 (m, 4H), 1.71
(s, 3H) 1.69-1.58 (m, 2H), 1.22 (d, J = 6.9 Hz, 3H), 0.97 (t, J = 7.5 Hz, 3H), 0.89 (s, 9H),
0.05 (s, 3H), and 0.0 (s, 3H) (referenced to CHCls) [selpg186f1]

BC NMR (125 MHz, CDCLy): § 175.4, 153.2, 135.5, 135.0, 133.0, 132.7, 129.6, 129.1,
127.5,127.1,72.9, 66.2, 55.9, 43.0, 37.8, 35.6, 28.5, 26.0, 21.5, 14.4, 14.3, 12.4, 12.1,
-3.9, and -4.6. [seVIpg76aldoltbsC13]

ESI-MS: Exact mass calc. for [C20H4sNO4SiNa]’, 522.3010, found 522.3014

TLC (4:1 Hex:EtOAc): R¢=0.8

(2S,3S,6E,8E)-3-((tert-butyldimethylsilyl)oxy)-2,8-dimethylundeca-6,8-dien-1-o0l (45)
Preparation:

A flame-dried round bottom flask was cooled under N, and to it was added the protected
aldol adduct, MeOH (2 equiv), Et,O (to 0.4 M) and the ensemble cooled to 0 °C. LiBH4
(2 M in THF, 2 equiv) was added dripwise and the reaction allowed to warm to rt and
stirred for an hour. Aqueous Rochelle’s salt was added to quench the reaction, and the
misxture stirred for 30 minutes or under 2 clear layers were observed. The aqueous layer
was extracted twice with Et;O and dried over MgSO,. Concentration gave the
monoprotected diol as an oil, which could be carried forward in crude form or
chromatographed (4:1 Hexanes:EtOAc, preferred over large scale) to yield the desired
diol. Varying amounts of the cleaved auxillary were recovered over the course of these
experiments on various scales, and were responsible for a cloudy crude product.

"H NMR (500 MHz, CDCl3): § 6.07 (d, J = 15.6 Hz, 1H), 5.54 (ddd, J = 15.6, 6.9, 6.9
Hz, 1H), 5.39 (t,J = 7.3 Hz, 1H), 3.77 (ddd, J = 8.0, 5.2, 3.0 Hz, 1H), 3.71 (ddd, J =
10.9, 8.6, 3.0 Hz, 1H), 3.52 (ddd, J = 10.8, 6.6, 5.1 Hz, 1H), 2.64 (dd, J = 6.6, 3.3 Hz,
1H), 2.26-2.18 (m, 1H), 2.13 (pent, J = 7.5 Hz, 2H), 2.06-1.96 (m, 1H), 1.72 (s, 3H),
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1.61-1.55 (m, 2H), 0.98 (t, J = 7.5 Hz, 3H), 0.90 (s, 9H), and 0.81 (d, J = 7.1 Hz)
selpg183f4

ESI-MS: Exact mass calc. for [C19H35Si0,Na]", 349.2533, found, 349.2536.
TLC (6:1 Hex:EtOAc): R,=0.4

(2R,3S,6E,8E)-3-((tert-butyldimethylsilyl)oxy)-2,8-dimethylundeca-6,8-dienal (30)
Preparation:

An oven-dried round bottom flask was cooled under a stream of N, and charged with
DMSO (4 equiv) and CH,Cl, (0.5 M). The flask and its contents were cooled to -78 °C
and (CICO), (2 equiv) was added dropwise and stirred for 10 minutes. A solution of the
mono-TBS diol (1 equiv) in CH,Cl, was then added slowly over 5 minutes. Stirring
continued until a cloudy suspension was observed, then NEt; was added to the flask and
the reaction mixture allowed to warm to rt. Upon completion of the reaction (monitored
by TLC), saturated aqueous NH4Cl was added and the organic layer separated, dried, and
concentrated. The residue was purified by flash column chromatography (20:1
Hexanes:EtOAc) to give the aldehyde as a colorless oil (isolated yields generally 80-
90%). seVpgS7fc

"H NMR (500 MHz, CDCl3): § 9.78 (d, J = 0.9 Hz, 1H), § 6.06 (d, J = 15.6 Hz, 1H),
5.51(ddd, J = 15.6, 6.8, 6.8 Hz, 1H), 5.38 (t,J = 7.3 Hz, 1H), 4.12 (ddd, J = 6.6, 6.6, 3.6
Hz, 1H), 2.47 (ddq, J = 7.0, 3.7, 1.0 Hz, 1H), 2.20-2.01 (m, 4 H), 1.72 (s, 3H), 1.66-1.53
(m, 2H), 1.06 (d, J = 7.0 Hz, 3H), 0.98 (t, J = 7.5 Hz, 3H), 0.87 (s, 9H), 0.08 (s, 3H), and
0.04 (s, 3H)

LCMS (Method B): Tg = 15.6 min, m/z “pos” = 325.3 (M+1)"

TLC (6:1 Hex:EtOAc): R¢= 0.6

O i) Bro (1.5 equiv), O
MeOH rt, 16 h NaBH, (1 equiv)
| NH T | 5 NH
)NaOMe (4 equiv), MeO THFH,0 (211), o o”
0 n,20 h MeO ¢ 0°C,2h OH
~80% (1:3) Yield NYD
50a 51a 52a 53a
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50a-53a were not amedable to GCMS analysis. Their NMR data were used to judge the

process of most reactions and that is all that is provided here.

3,3-dimethoxypyrrolidine-2,5-dione (51a)

Preparation: A solution of 50a (1 equiv) in MeOH (4 mL/mmol) was cooled to 0 °C
(ice-salt bath) and 1.5 equiv of Br, were dispensed drropwise via syringe. The resulting
red-brown solution was stirred at room temperature overnight or approx. 16 hrs. The
recaction mixture was concentrated and fresh MeOH was applied, followed by solid
NaOMe (or freshly prepared solution of Na in MeOH, 4 equiv). An exotherm was
observed over this second set of events. The reaction was allowed to stir 4 hours at room
temperuature, when TLC indicated there was no remaining starting material. The reaction
was quenched with additional MeOH and EtOAc was added. The aqueous phase was
neutralized with HCI and additionally extracted into EtOAc. The combined organic layers
were washed with brine, dried, and concentrated to give a mixture of S1a and 52a, which
were separated by MPLC (1:3 Hex:EtOAc). Depending on the length of stirring, S1a was
the major product (approx. 3:1 over 52a)

TH NMR (500 MHz, CDCls): & 3.44 (s, 6H) and 2.86 (s, 2H). [selpg48col2f2]

3-methoxy-1H-pyrrole-2,5-dione (52a)

Preparation: Produced alongside 51a (see preparation above). Alternatively, the ketal
51a could be treated with catalytic TsOH (spatuala tip) and heated in PhMe to reflux 1-2
hours, where conversion to 51a was confirmed NMR.

"H NMR (500 MHz, CDCl3): § 6.99 (br s, 1H), 5.44 (s, 1H), and 3.95 (s, 3H).
[selpg48AL2]

5-hydroxy-4-methoxy-1H-pyrrol-2(5H)-one (53a)
Preparation: NaBH, (1 equiv) was added in one portion to a stirred solution of 52a in
THF/H,0 (2:1, to 0.5 molar reaction concentration) at 0 °C. The solution was kept was 0

°C for an additional two hours, then quenched with acetone. The reaction mixture was
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concentrated. 53a (and the remainder of the series 5S3b-d) were typically recovered (60-
70%) and used crude.

"H NMR (500 MHz, CDCLy): 8 5.87 (br s, 1H), 5.42 (d, J = 1.7Hz, 1H), 5.01 (d, J = 1.4
Hz, 1H), and 3.86 (s, 3H) [selpg63crd]

O CH4CN, Q c o a ) o
rt, 2 hr AcCl NEt; (1 equiv),
HzN/\© . 2N NH e NBn AR " NBn
OH A EtOAG, tt,
0 o Cl 0 overnight o)
35% over 3 steps
54 55 50d

(Z)-4-(benzylamino)-4-oxobut-2-enoic acid (54)

Preparation: Benzylamine (1 equiv) was added via syringe to a solution of maleic
anhydride (1 equiv) in CH;CN at room temperature. Within 5 minutes, a ppt was formed,
and the mixture stirred another hour, when it was concentrated. The amic acid was
recovered off the rotary evaporator as solid (recoveries/yields 95% to quantitative), and
used as such.

"H NMR (500 MHz, CDCl3): § 7.39-7.28 (m, 5H), 7.06 (br s, 1H), 6.33 (d, J = 12.8 Hz,
1H), 6.22 (d, J = 12.8 Hz, 1H), and 4.54 (d, J = 5.8 Hz, 2H). [selpg67 red 1hr]

1-benzyl-3-chloropyrrolidine-2,5-dione (55)

Preparation: The amid acid 54 was dissolved in AcCl (1-2 equiv) and stirred for one
hour at room temperature. At this point, 55 was typically observed and could be isolated
by quenching with saturated NaHCO3, dilution into water and extraction into EtOAc.
Alternatively, TEA (1 equiv) could be added directly to the reaction pot, and stirred for
an additional hour. Water and EtOAc were added. The organic layer was separated, dried,
and concentrated to 50d, which was recovered in sufficient purity to be used crude.

"H NMR (500 MHz, CDCl3): & 7.40-7.30 (m, 5H), 4.73 (d, J = 14.1 Hz, 1H), 4.68 (d, J-
14.1 Hz, 1H), 4.62 (dd, J = 8.6, 3.9 Hz), 3.30 (dd, J = 18.8, 8.6 Hz, 1H), and 2.91 (dd, J
= 18.8, 3.9 Hz, 1H). [selpgl95accladdn]

1-benzyl-1H-pyrrole-2,5-dione (50d)
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Preparation: See procedure for 55 above, where TEA is added to a solution of 55.

"H NMR (500 MHz, CDCl3): & 7.35-7.27 (m, 5H), 6.71 (s, 2H), and 4.68 (s, 2H).
[selpgl95 teaaddn]

GCMS (5027016): R, =9.05 min, 187(M", 100), 169(10), 159(15), 130(35), 106(4), and
91(20).

TLC (1:1 Hex:EtOAc): Rr=0.1

hydroxylamine,

Na,CO Zn, HOAc
O OMe 2-~3 OMe
| 80-90 % heat, 60-80 %
ﬁ 7 t j o ﬁ
OMe OMe
H,NDMB

2,4-dimethoxybenzaldehyde oxime (56)

"H NMR (500 MHz, CDCl3): 8 8.42 (s, 1H), 7.21 (br s, 1H), 7.64 (d, J = 8.6 Hz, 1H),
6.51 (dd, J = 8.6, 2.5 Hz, 1H), 6.45 (d, J = 2.3 Hz, 1H), 3.840 (s, 3H), and 3.835 (s, 3H).
[selpgl13cry]

GCMS (5025015): R;=9.14 min, 181(M", not observed), 163(100), 134(40), 120(30),
and 77(20).

(2,4-dimethoxyphenyl)methanamine (H,NDMB)
"H NMR (500 MHz, CDCls): § 7.04 (d, J = 8.1 Hz, 1H), 6.39 (d, J = 2.3 Hz, 1H), 6.36
(dd, J =8.1,2.4 Hz, 1H), 3.76 (s, 3H), 3.73 (s, 3H), and 3.68 (s, 2H) [selpgl54seccr]

GCMS (502921H): R, = 8.66 min, 167(M", not observed), 166(100), 151(50), 136(20),
121(30), and 108(10).

OMe 0O i. CH3CN, rt, 2 hr,
then AcCl, A
HaN + | o
ii. Et3N rt, 1h
OMe 0 ~40 %

HCI-50b

3-chloro-1-(2,4-dimethoxybenzyl)pyrrolidine-2,5-dione (HCI-50b)
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"H NMR (500 MHz, CDCl3): & 7.17 (d, J = 8.4 Hz, 1H), 6.44-6.42 (m, 2H), 472 (d, J =
14.4 Hz, 1H), 4.66 (d, J = 14.5 Hz, 1H), 4.62 (dd, J = 8.6, 3.8 Hz, 1H), 3.793 (s, 3H),
3.788 (s, 3H), 3.29 (dd, J = 18.7, 8.6 Hz, 1H), and 2.90 (dd, J = 18.7, 3.8 Hz, 1H)
[selpgl72accl]

1-(2,4-dimethoxybenzyl)-1H-pyrrole-2,5-dione (50b)

Preparation: See 50d above.

"H NMR (500 MHz, CDCL3): 8 7.09 (d, J = 8.9 Hz, 1H), 6.69 (s, 2H), 6.42-6.40 (m, 2H),
4.66 (s, 2H), 3.79 (s, 3H), and 3.78 (s, 3H). [selpg15612]

referenced to CHCI3!
0 0 0
Br, then NaOMe, NaBH,
| 'NBn o Moo NBn .\ | 'NBn .
", THF/H,O (2:1),
0 ~80% (1:3) MeO ¢ MeO™ T 0°G 2(h )
50d 51d | ! s2d
TsOH,
PhMe, A, 90%
O O |2! py, O
TMSCI, MeOH or Bry, Et3N X
| NBn @— | 'NBn —— | 'NBn
MeO rt, 70-80% MeO acetone MeO
OH OMe 80-90% OMe
53d 59 60a (X =)

60b (X = Br)

1-benzyl-3,3-dimethoxypyrrolidine-2,5-dione (51d)

Preparation: See 51a and 52a above.

"H NMR (500 MHz, CDCl3): & 7.36-7.28 (m, 5H), 4.68 (s, 2H), 3.42 (s, 6H), and 2.82 (s,
2H) [selpg201af3]

1-benzyl-3-methoxy-1H-pyrrole-2,5-dione (52d)

Preparation: See 51a and 52a above.

"H NMR (500 MHz, CDCL): & 7.36-7.28 (m, 5H), 5.41 (s, 1H), 4.66 (s, 2H), and 3.92 (s,
3H). [selpg209f4]

GCMS (5027016): R, = 10.7 min, 217(100, M"), 189(15), 174(30), 106(60), and 69(40).
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TLC (1:4 Hex:EtOAc): R¢= 0.6

1-benzyl-5-hydroxy-4-methoxy-1H-pyrrol-2(S5H)-one (53d)

Preparation: See 53a above.

"H NMR (500 MHz, CDCLs): & 7.34-7.26 (m, 5H), 5.06 (d, J = 9.2 Hz, 1H), 5.03 (s, 1H),
495 (d,J =15.0 Hz, 1H), 4.18 (d, J = 15.2 Hz, 1H), 3.80 (s, 3H), and 2.78 (br d, J =
10.2 Hz, 1H). [selpg241cr] referenced to CHCI3!

GCMS (5027016): R, = 11.5 min, 219(10, M"), 106(100), and 91(25).

TLC (1:8 Hex:EtOAc): Rr=0.1

1-benzyl-4,5-dimethoxy-1H-pyrrol-2(SH)-one (59)

Preparation: The carbinolamide 53d was dissolved in MeOH (10 mL/mmol, dissolution
was slow at colder temperatures) and cooled to 0 °C. TMSCI (3 equic) was added via
syringe and the reaction was allowed to warm to rt, and stirred an additional 12 hours
(although it was typically complete prior to that time). The reaction was quenched with
water and extracted into EtOAc (3x). The organic layers were washed with brine, dried,
and concentrated. The crude product was recovered as a whitish oil, which was loaded
onto the MPLC (1:1.5 Hex:EtOAc) to give the purified 59 as a white solid (yields 30-
50%).

"H NMR (500 MHz, CDCl3):  7.35-7.25 (m, 5H), 5.13 (s, 3H), 5.05 (s, 1H,
C(OMe)HN-), 4.97 (d, J = 15.0 Hz, 1H), 4.01 (d, J = 15.0 Hz, 1H), 3.81 (s, 3H), 3.11 (s,
3H) [selpg2423]

3C NMR (125 MHz, CDCL): 8 171.6, 170.3, 137.3, 128.8, 128.5, 127.6, 95.4, 85.1,
58.5, 50.6, and 42.3.

GCMS (5029021): R, = 11.0 min, 233 (70, M"), 202(20), 128(40), 113(30), 91(100).
TLC (1:2 Hex:EtOAc): R¢=0.5

1-benzyl-3-iodo-4,5-dimethoxy-1H-pyrrol-2(SH)-one (60a)
Preparation: To a solution of 59 (1 equiv) in DMF (2 mL/mmol ip to 1 molar) was

added pyridine (1 equiv) and I, (4 equiv). The reaction was stirred at rt for 4-12 hours and
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concentrated for direct loading onto the MPLC (1:2 Hex:EtOAc). The product iodide was
isolated in 40-80% yield. Alternatively, the reaction could be worked up by addition of
saturated NaHCOj (gas evolution) and then Na,S,03 and extraction into DCM. This
procedure led to higher yields (>60%) and greater purity.

"H NMR (500 MHz, CDCls):  7.35-7.28 (m, 5H), 5.24 (s, 1H), 5.03 (d, J = 14.8 Hz,
1H), 4.13 (s, 3H), 4.05 (d, J = 14.8 Hz, 1H), and 3.10 (s, 3H). [selpg26712]

GCMS (5027016): R, =12.6 min, 359(65, M"), 344(10), 328(25), 200(15), 91(100).

TLC (1:4 Hex:EtOAc): R¢,=0.3

1-benzyl-3-bromo-4,5-dimethoxy-1H-pyrrol-2(5H)-one (60b)

Preparation: 59 (lequiv) was taken up in DCM (1 mL/mmol) followed by addition of
TEA (1.5 equiv) and Br; (1 equiv). Simple concentration was not effective. A full
aqueous workup was preferred. HCI1 (10% in water) was added to quench the reaction,
DCM was the extraction solvent. After acid wash, 0.1 M NaHCO; was added, followed
by brine. The recovered organic phase was dried (MgSQO4) and concentrated. Recoveries
were >80%. The alkyl bromide was typically of sufficient purity to be used in further
reactions.

"H NMR (500 MHz, CDCls): & 7.37-7.28 (m, 5H), 5.14 (s, 1H), 5.01 (d, J-14.8 Hz, 1H),
4.16 (s, 3H), 4.05 (d, J = 14.8 Hz, 1H), and 3.12 (s, 3H). [selpg277isoMPLC2]

GCMS (5027016): R, =12.1 min, 313(40, M"), 311(40, M"), 281(30), 206(10), and
91(100).

TLC (1:4 Hex:EtOAc): R¢,=0.3

0O 0]
then NaOMe NaBH,
NPMB —————> NPMB NPMB ———————> NPMB
| r, 20 h MeO THF/H,0 (2:1), |
o MeO 0°C,2h  MeO

OR

TMSCI, 53c (R=H)
MeOH
PMB varient of 59

(R = Me)

50c

1-(4-methoxybenzyl)-1H-pyrrole-2,5-dione (50c)

Preparation: See 50d above using PMBNH; and maleic anhydride.
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"H NMR (500 MHz, CDCls): § 7.29 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 6.69
(s, 2H), 4.61 (s, 2H), and 3.78 (s, 3H). [sellpg132 accl]
GCMS (5029021): R, = 10.35 min, 217(100, M"), 174(40), 136(35), 121(20).

3,3-dimethoxy-1-(4-methoxybenzyl)pyrrolidine-2,5-dione (51c¢)

Preparation: See 51a and 52a above.

"H NMR (500 MHz, CDCLs): 8 7.29 (d, J = 8.7 Hz, 2H), 6.82 (d, J = 8.5 Hz, 2H), 4.61
(s, 2H), 3.78 (s, 3H), 3.41 (s, 6H), and 2.79 (s, 2H). [some of sellpg38f1]

GCMS (5027016): R, = 11.75 min, 279(40, M"), 247(50), 158(20), 121(100), and 88(50).

3-methoxy-1-(4-methoxybenzyl)-1H-pyrrole-2,5-dione (52c)

Preparation: See 51a and 52a above.

"H NMR (500 MHz, CDCl3): 8 7.29 (d, J = 8.7 Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H), 5.38
(s, 1H), 4.59 (s, 2H), 3.90 (s, 3H), and 3.77 (s, 3H). [sellpg4113] referenced to
chloroform here

GCMS (5027016): R, = 11.97 min, 247(100, M"), 232(10), 204(20), 136(50).

5-hydroxy-4-methoxy-1-(4-methoxybenzyl)-1H-pyrrol-2(5H)-one (53¢)
Preparation: See 53a above.

"H NMR (500 MHz, CDCl3): 8 7.22 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 5.05
(d,J =9.5Hz, 1H), 5.03 (s, 1H), 4.89 (d, J = 14.9 Hz, 1H), 4.14 (d, J = 14.9 Hz, 1H),
3.81 (s, 3H), and 3.79 (s, 3H). [sellpg47cr]

4,5-dimethoxy-1-(4-methoxybenzyl)-1H-pyrrol-2(SH)-one (PMB variant of 59)
Preparation: See preparation of 59.

"H NMR (500 MHz, CDCL3): 8 7.21 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 5.12
(s, 1H), 5.03 (s, 1H), 4.90 (d, J = 14.8 Hz, 1H), 3.95 (d, J = 14.8 Hz, 1H), 3.80 (s, 3H),
3.78 (s, 3H), and 3.11 (s, 3H). [sellpg48f3] referenced to chloroform here!
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o}
o} I NEts, NaBH, o
NHsCl + - N.
MeOJ\/ 8 EtOH, rt. 1h MeOJ\/ PMB
MeO

- 60%
20 - 60% 62

methyl 2-((4-methoxybenzyl)amino)acetate (62)

Preparation: A solution of glycine methyl ester (HCl salt, 1 equiv) and p-anisaldehyde
(1.05 equiv) in MeOH (or EtOH, 1 molar) was stirred for 30 minutes and treated with
NaBHj (3 equiv). The reactiuon was typically complete in a few hours, when it was
concentrated and taken up in EtOAc. After filtration through a pad of SiO,, it was
concentrated to a liquid (occasionally a solid was observed upon storage) and used crude
for further reactions. TEA was sometimes added at upon first mixing the amine and
aldehyde. Yields 80-90%.

"H NMR (500 MHz, CDCl3): 8 7.25 (d, J = 8.6 Hz, 2H), 6.87 (d, J = 8.8 Hz, 2H), 3.80
(s, 3H), 3.74 (s, 2H), 3.73 (s, 3H), and 3.41 (s, 2H). [seVpg41fil2]

ESI-MS: Exact mass calc. for [C;1H;sNOsNa]", 232.0944, found 232.0957.

Me_ Me MeXMe Me. Me
OEt),P(O)H, NaH,

0" "0 i) LDA, C.Clg, (oNe] (OED-P(O) o o o

= _— X . o > 11
Me O  THF -78t0-25°C 0 DMROClor (EORP N0
- 00 - o,
64 60-70% 68a (X = Cl) ° 63
68b (X =Br)

6-(chloromethyl)-2,2-dimethyl-4H-1,3-dioxin-4-one (68a)

Preparation: 68a was synthesized according to an Org. Synth. Preparation [Organic
Syntheses, Coll. Vol. 8, p.192 (1993); Vol. 66, p.194 (1988).]. Both 68a and 63 had
NMR and mass data that were consistent with the reported values.

"H NMR (500 MHz, CDCls):  5.57 (s, 1H), 4.03 (s, 2H), and 1.73 (s, 9H).

[selllpgl183 fcl]
diethyl ((2,2-dimethyl-4-ox0-4H-1,3-dioxin-6-yl)methyl)phosphonate (63)

Preparation: See note for 68a. It could washed free of excess phoshphite by brief

exposure to water in the form of a water/EtOAc partition.
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"H NMR (500 MHz, CDCl3):  5.40 (d, J = 3.7 Hz, 1H), 4.17 (g, J = 7.0 Hz, 2H), 4.15
(q,J = 7.0 Hz, 2H), 2.80 (d, J = 22.1 Hz, 2H), 1.72 (s, 6H), and 1.35 (t, J = 7.1 Hz, 6H).
[selll193 bat2pc3]

LCMS (Method B): Tg = 7.51 min, m/z “pos” = 296.0 (M+18)"

TLC (100% EtOAc): R¢= 0.1

K DCM 0°C DCM, A M Br\MSR

Me Me
>95 % 60-80%
—t
Me Me 70a (R = 'Bu)

66 oo 70b (R = CoHyg)
5-(2-bromo-1-hydroxyethylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione (69)
Preparation: Meldrum’s Acid (1 equiv) was weighted directly into a round bottom flask
and DCM (to 1M) was added. The solution was cooled to 0 °C, and pyridine (2 equiv)
was added, followed by stirring for another 10-15 minutes. Bromoacetyl bromide (1.1
equiv) was added via dropping funnel over the course of 30-40 minutes. Various levels of
precipitation were observed in these reactions. The orange-brown reaction suspension
was stirred for an additional 1 hour at rt, followed by quenching and concentration to a
bright orange-brown solid that was used without purification. Yields >95% for this
reaction.

"H NMR (500 MHz, CDCls) &: 4.68 (s, 2H, -CH,-) and 1.77 (s, 6, -CHs) [seIVpgl65cr]
IR (neat): 2983 cm’™

S-tert-butyl 4-bromo-3-oxobutanethioate (70a)

Preparation: The acetylation Meldrum’s acid (69) was weighed into a culture tube.
‘BuSH (1, but more commonely 0.90 equiv) was dispensed via syringe under the
protection of a hood. The reaction mixture was dissolved in a minimal amount of DCM
(or benzene, typically 1 mL/gram 69) and the culture tube was sealed and heated with an
oil bath. After one hour, the mixture had turned black and the reaction was removed from

heat and cooled to rt. At this point, all thiol had had been consumed, as measured by
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odor, and the reaction was concentrated on a rotary evaporator and purified by flash
column chromatography (10:1 Hex:EtOAc). Isolated yields 70-90%. The thioester was
nearly as odorous as the thiol, but care was taken that it did not remain on the rotovap for
extended periods of time.

"H NMR (500 MHz, CDCl3) §: keto form 4.05 (s, 2H), 3.83 (s, 2H), and 1.48 (s, 9H);
enol form: 12.7 (s, 1H), 5.58 (s, 1H), 3.79 (s, 2H), and 1.52 (s, 9H) keto:enol = approx.
1.3:1. [selVpgl75mplc]

S-(2-methyloctan-2-yl) 4-bromo-3-oxobutanethioate (70b)

Preparation: See that described for 70a and use ‘nonyl-SH instead. This thiol was far
less volatile and the crude reaction or MPLC fractions could be concentrated on the
rotary evaporator without aprehension.

Note: This spectrum is complicated by the presence of both keto and enol tautomeric
forms, as well as the mixture of enol isomers. Ranges are given for all the peak
assignments)

"H NMR (500 MHz, CDCl3) 8: 12.72-12.66 (broad singlets, enol), 5.62-5.58 (m, enol),
4.04-4.03 (m, 2H, -CH;-), 3.84-3.78 (m, 2H, -CH,Br), and 2.01-0.80 (m, nonyl chains).
[seVpgl29m]

ESI-MS: Exact mass calc. for [C;3H23:BrO,SNa]", 345.0494, found 345.0496.

o
(OEt),PH
Br (EtO),P.
SR THF, 0 °C SR
70a (R = 'Bu) 70-80% 65a (R = 'Bu)
70b (R = CoHyg) 65b (R = CgHyg)

S-tert-butyl 4-(diethoxyphosphoryl)-3-oxobutanethioate (65a)

"H NMR (500 MHz, CDCl3) 8: keto form 4.20-4.12 (m, 4H), 3.81 (s, 2H), 3.25 (d, ] =
22.7 Hz, 2H), 1.47 (s, 9H), and 1.35 (t, J = 7.0 Hz, 6H); enol form: 12.97 (s, 1H), 5.47 (d,
J=3.2 Hz, 1H), 4.20-4.12 (m, 4H), 2.72 (d, ] =22.3 Hz, 1H), 1.51 (s, 9H), and 1.34 (t,J
= 7.0 Hz, 6H) keto:enol = approx. 4:1 [selVpgl182s1]
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LCMS (Method B): Tg = 14.0 min, m/z “pos” = 311.0.0 (M+1)"
TLC (100% EtOAc): R¢=0.1

S-(2-methyloctan-2-yl) 4-(diethoxyphosphoryl)-3-oxobutanethioate (65b)

"H NMR (500 MHz, CDCls) 8: 12.95 (br s, enol), 5.51-5.46 (m, enol), 4.17 (dq, J = 7.1,
1.0 Hz, 4H), 3.81 (s, 2H), 3.25 (d, J = 22.2 Hz, 2H), 3.24 (d, J =22.3 Hz, 2H, other
form), 2.71 (d, J =22.3 Hz, 2H), 1.94-1.07 (m, nonyl), 1.35 (t, J = 7.1 Hz, 6H), 1.34 (t,J
= 7.1 Hz, 6H, other form), and 0.98-0.78 (m, nonyl). [seVpgl76test1]

ESI-MS: Exact mass calc. for [C17H3305PSNa]", 403.1679, found 403.1659.

TLC (1:2 Hex:EtOAc): Rr=0.1

BU4N®
2 9095
o CONNP
62 TBAF N-PMB
652 (EtO)zlg\)J\/U\N/\[(OMe A aeTBA g
65b  Ag(OCOCFy), BMB O Et,0, rt, 30 min or
THF, t
50-60 % 49 9 OH o
(EtO).P
N-PMB
32 e}

methyl 2-(4-(diethoxyphosphoryl)-N-(4-methoxybenzyl)-3-oxobutanamido)acetate
(49)

NOTE: '"H NMR spectrum is complicated by the interconverting rotamers for this amide.
Moreover, there are various keto and enol forms. 'H NMR data will be given in ranges
wherever possible. And it appears that the ratio of either of these (keto/enol or two
different rotamers) is ~3:1.

"H NMR (500 MHz, CDCl3): & 7.19-7.12 (m, 2H), 6.91-6.85 (m, 2H), 5.46 (d, J = 3.2
Hz, 1H), 5.16 (d, J = 3.1 Hz, 1), 5.11-5.01 (range for enol form alkenes), 4.62-4.52
(collection of singlets for benzylic protons), 4.17-4.09 (m, 4H), 4,06-3.70 (collection of
methylene pairs of various forms and methyl ether singlets), 3.32 (d, J = 22.6 Hz, 2H),
2.79 (d, J = 22.2 Hz, 2H), and 1.36-1.29 (overlapping triplets from phosphonate).
[seVIpg28cr]

143



LCMS (Method B): Tg = 12.4 min, m/z “pos” = 430.0 (M+1)", m/z “neg” = 428.0 (M-1)
TLC (100% EtOAc): R¢=0.15

(Z)-diethyl (2-hydroxy-2-(1-(4-methoxybenzyl)-2,4-dioxopyrrolidin-3-
ylidene)ethyl)phosphonate (32)

"H NMR (500 MHz, CDCl;): 8 7.18 (d, J = 8.6 Hz, 2H), 6.87 (d, J = 8.5 Hz, 2H), 4.54
(s, 2H), 4.18 (app pent, J = 7.2 Hz, 4H), 3.80 (s, 3H), 3.61 (s, 2H), and 1.33 (app t, J =
7.1 Hz, 6H). [seVIpg29ppt]

LCMS (Method B): Tg = 8.9 min, m/z “pos” = 398.0.0 (M+1)", m/z “neg” = 396.0 (M-
1).

TLC (98:2 EtOAc:MeOH): R¢=0.15

M ><Me NBS, AIBN Me><Me
o O - = o O
MeMO hv, rt, 2 hr. Br\Mo
-40%
64 30-40% 68b
62
T
OMe
Me Ny
PMB O

73

6-(bromomethyl)-2,2-dimethyl-4H-1,3-dioxin-4-one (68b)
"H NMR (500 MHz, CDCLs): & 5.54 (s, 1H), 3.89 (s, 2H), and 1.73 (s, 9H). [sellIpg67{3]

methyl 2-(N-(4-methoxybenzyl)-3-oxobutanamido)acetate (73)
"H NMR (500 MHz, CDCl3): 8 7.17 (d, 8.7 Hz, 1H), 7.12 (d, J = 8.7 Hz, 2H), 6.89 (d, J
= 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz, 1H), 5.26 (s, 0.3H), 4.96 (s, 0.10H), 4.63 (s, 0.25 H),
4.60 (s, 0.8 H), 4.52 (s, 2.3 H), 4.05 (s, 0.66 H), 4.03 (s, 1.6 H), 3.92 (s, 0.8 H), 3.88 (s,
0.3 H), 3.81 (s, 3.25 H), 3.80 (s, 1.5H), 3.73 (s, 1.3H), 3.72 (s, 2.2 H), 3.70 (s, 1.2 H),
3.64 (s, 1.4 H), 3.55 (s, 0.8 H), 2.323 (s, 1.9 H), 2.315 (s, 1.1 H), 1.96 (s, 0.3 H), and 1.95
(s, 0.9 H). [selVpg53 fc]

144



(also complicated by keto/enol and rotamers here. there is a bigger contribution from the
enol form in this molecule. reported the two major keto forms, and just reported all the
peaks here)

LCMS: Method B, R;= 7.0 min, m/z = 294 (M+1)"
TLC (1:2 Hex/EtOAc): Rf=0.2

BU4N@
O O
0o OH
J N TBAF 0 HCI 0
Me NPMB Me” N e MY
> NPMB NPMB
MeOm) Et,O H,0
0 0
o
73 76°TBA 76

(Z)-3-(1-hydroxyethylidene)-1-(4-methoxybenzyl)pyrrolidine-2,4-dione TBA salt
(76°TBA)

"H NMR (500 MHz, CDCL3): 8 7.7.16 (d, J = 8.7 Hz, 2H), 6.80 (d, J = 8.6 Hz, 2H), 4.48
(s, 2H), 3.78 (s, 3H), 3.37 (s, 2H), 2.42 (s, 3H) [selVpg54 settled] NBu4 peaks at 3.28,
1.64, 1.43, 0.99.

(Z2)-3-(1-hydroxyethylidene)-1-(4-methoxybenzyl)pyrrolidine-2,4-dione (76)

"H NMR (500 MHz, CDCl;): 8 7.18 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 4.54
(s, 2H), 3.80 (s, 3H), and 2.45 (s, 2H). [selVpg86_ ac]

GCMS/LCMS: NA (76 does not behave on either of these instruments).

MeO OH O O [eJC) 0 OH o
DCC J\/U\ TBAF . HCI ~
62 MeO NPMB > MeO NPMB > MeO NPMB
CH4CN, H,0 MeOTH Et,0 H,0
60-65 % 78 60-80% 0 0
0 77°TBA 77

methyl 3-((2-methoxy-2-oxoethyl)(4-methoxybenzyl)amino)-3-oxopropanoate (78)
"H NMR (500 MHz, CDCls): § (major rotomer) 7.14 (d, J = 8.7 Hz, 2H), 6.90 (d, J = 8.7
Hz, 2H), 4.57 (s, 2H), 4.04 (s, 2H), 3.8 (s, 3H), 3.75 (s, 3H), 3.71 (s, 3H), and 3.60 (s,
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2H). 8 (minor rotomer) 7.18 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 4.61 (s, 2H),
3.95 (s, 3H), 3.80 (s, 3H), 3.76 (s, 3H), 3.71 (s, 2H), and 3.48 (s, 2H). [selVpg42fcc]
about 2:1 ratio of rotomers here

LCMS: Method B, R;= 6.9 min, m/z =310 (M+1)" [TVpg33ov]

TLC (1:2 Hex/EtOAc): Rf=0.2

(E)-3-(hydroxy(methoxy)methylene)-1-(4-methoxybenzyl)pyrrolidine-2,4-dione-
TBA salt (77°TBA)

"H NMR (500 MHz, CDCl3): 8 7.16 (d, J = 8.5 Hz, 2H), 6.79 (d, J = 8.5 Hz, 2H), 4.46
(s, 2H), 3.77 (s, 3H), 3.68 (s, 3H), and 3.38 (s, 2H), [selVpg35 1] NBu4 peaks at 3.30,
1.64,1.44, 1.0.

(E)-3-(hydroxy(methoxy)methylene)-1-(4-methoxybenzyl)pyrrolidine-2,4-dione (77)
'"H NMR (500 MHz, CDCls): § 7.17 (d, J = 8.7 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 4.53
(s, 2H), 3.93 (s, 3H), 3.83 (s, 2H), and 3.79 (s, 3H). [selVpg51 accol]

Experiments (Chapter I1.B.)

0
PPhs
OTBS EtOJ\¢ 0 0TBS
94
Me Me
0 DCM, 1t, 2 d, EO ! W\A/V
Me g9 Me 80-90% e g5 e
DMSO
DIBAL-H OTBS L, OxalyIchioride, EtN OTBS y
e e
> HO = Zacd o~ a4
Et,0, 0 °C S CH,Cly, -78 °C to 1t, D
e Me Me Me
40-60% %6 70-80 % 97

(2E,4S,5S,8E,10E)-ethyl 5-((tert-butyldimethylsilyl)oxy)-4,10-dimethyltrideca-

2,8,10-trienoate (95)

"H NMR (500 MHz, CDCl3): § 7.02 (dd, J = 15.8, 7.2 Hz, 1H), 6.05 (d, J = 15.6 Hz,

1H), 5.80 (dd, J = 15.8, 1.3 Hz, 1H), 5.51 (ddd, J = 15.7, 6.9, 6.9 Hz, 1H), 5.37 (t,J =

6.9 Hz, 1H), 4.19 (dq, J = 2.3, 7.1 Hz, 4H), 3.64 (ddd, J = 6.8, 4.7, 4.7 Hz, 1H), 2.48
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(ddq, J = 3.6, 2.0, 6.7 Hz, 1H), 2.12 (app pent, J = 7.8 Hz, 2H), 2.19-2.00 (m, 2H), 1.71
(s, 3H), 1.54-1.43 (m, 2H), 1.29 (t,J = 7.1 Hz, 6H), 1.03 (d, J = 6.8 Hz, 3H), 0.98 (t, J =
7.5 Hz, 3H), 0.90 (s, 9H), 0.05 (s, 3H), and 0.04 (s, 3H). [selllpgl151 fl11]

LCMS: Method B, R; = 19.7 min, m/z “pos” = 395 (M+1)", 412 (M+18)" .

TLC (4:1 Hex:EtOAc): R¢= 0.6

(2E48S,5S,8E,10E)-5-((tert-butyldimethylsilyl)oxy)-4,10-dimethyltrideca-2,8,10-
trien-1-o0l (96)

"H NMR (500 MHz, CDCl3): 8 6.05 (d, J = 15.3 Hz, 1H), 5.75 (dddd, J = 15.6, 6.9, 1.4,
1.4 Hz, 1H), 5.62 (dddd, J = 15.5, 5.7, 5.7, 1.3), 5.53 (ddd, J = 15.6, 7.0, 7.0, 1H), 5.37
(brt,J=7.0Hz, 1H), 4.13-4.10 (m, 2H), 3.55 (ddd, J = 6.8, 4.8, 4.8 Hz, 1H), 2.34 (dd, J
=7.0,5.0 Hz), 2.12 (app pent, J = 7.4 Hz, 2H), 2.21-2.06 (m, 2H), 1.72 (s, 3H), 1.52-
1.42 (m, 2H), 0.98 (t, J = 7.5 Hz, 3H), 0.97 (d, J-7.0 Hz, 3H), 0.90 (s, 9H), 0.05 (s, 3H),
and 0.04 (s, 3H). [selllpgl76 fc2]

TLC (4:1 Hex:EtOAc): Rg=0.2

(2E48S,5S,8E,10E)-5-((tert-butyldimethylsilyl)oxy)-4,10-dimethyltrideca-2,8,10-
trienal (97)

"H NMR (500 MHz, CDCl3): 8 9.53 (d, J = 7.9 Hz, 1H), 6.96 (dd, J = 15.8, 6.5 Hz, 1H),
6.11 (ddd,J =15.8, 7.9, 1.3 Hz, 1H), 6.05 (d, J = 15.5 Hz, 1H), 5.50 (ddd, J = 15.6, 7.0,
7.0 Hz, 1H), 5.38 (t, J = 7.0 Hz, 1H), 3.70 (ddd, J = 7.5, 4.5, 4.5 Hz, 1H), 2.64 (ddq, J =
4.3,1.4,6.7 Hz, 1H), 2.22-2.16 (m, 1H), 2.12 (app pent, J = 7.4Hz, 2H), 2.08-2.00 (m,
1H), 1.71 (s, 3H), 1.57-1.50 (m, 1H), 1.43 (dddd, J = 13.3, 10.3, 7.5, 5.4 Hz, 1H), 1.07
(d,J=6.9 Hz, 3H), 0.98 (t, J = 7.5 Hz, 3H), 0.90 (s, 9H), 0.08 (s, 3H), and 0.05 (s, 3H).
[selllpg22{2]

LCMS: Method A, R; = 18.5 min, m/z “pos” = 351.3 (M+1)".

TLC (10:1 Hex:EtOAc): Re=0.2
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TMSCI,

0 iPrOH 0
ﬁNBn — ﬁNBn
MeO MeO )
OH O'Pr
53d 98a

1-benzyl-5-isopropoxy-4-methoxy-1H-pyrrol-2(SH)-one (98a)

Preparation: A solution of 53d (1 equiv) was dissolved in isopropanol (for 1 molar
reaction) and treated with TMSCI (3 equiv) via syringe. The reaction was quenched with
MeOH or water and the product extracted into EtOAc. MPLC (1:4 Hex:EtOAc) was
performed to purify 98a. Starting material 1(10-30%) was also recovered .

"H NMR (500 MHz, CDCl3): § 7.34-7.23 (m, 5H), 5.07 (s, 1H), 5.03 (d, J = 15.5 Hz,
1H), 4.96 (s, 1H), 4.01 (d, J = 15.3 Hz, 1H), 3.79 (s, 3H), 3.74 (q, J = 6.1 Hz, 1H), 1.17
(d,J=6.2Hz, 3H), and 1.12 (d, J = 6.1 Hz, 3H). [selpg25013]

referenced to CDCI3

GCMS (5027016): R, = 11.6 min, 261 (35, M"), 218(40), 203(50), 106(50), and 91(100).
TLC (1:2.5 Hex:EtOAc): R,=0.2

0 0
| MeMgBr D.3
LM Twecon L

eLUs

MO e THF, -78 °C MO e
60a 59-C3d

1-benzyl-4,5-dimethoxy-1H-pyrrol-2(5H)-one-C3d (59-C3d)
"H NMR (500 MHz, CDCls): § 7.34-7.28 (m, 5H), 5.05 (s, 1H), 4.95 (d, J = 15.2 Hz,
1H), 4.09 (d, J = 15.0 Hz, 1H), 3.89 (s, 3H), and 3.15 (s, 3H) [selpg281 concn]

o) o)
nBuLi
[N “ecom L5 NEn
e,
MeO™  bte THF, -78 °C MeO  Mome
59 59-C5d

1-benzyl-4,5-dimethoxy-1H-pyrrol-2(SH)-one-C5d (59-C5d)
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"H NMR (500 MHz, CDCly): 8 7.33-7.27 (m, SH), 5.18 (s, 1H), 4.97 (d, J = 15.0 Hz),
4.03 (d, J = 15.0 Hz, 1H), 3.82 (s, 3H), and 3.11 (s, 3H). [selpg249cr]

OH o
Ph
|  'NBn 99
MeO
OMe

1-benzyl-3-(hydroxy(phenyl)methyl)-4,5-dimethoxy-1H-pyrrol-2(SH)-one (99)
Probably a mixture of two isomers here:

"H NMR (500 MHz, CDCl3): & 7.46-7.24 (m, 20H), 5.75 (br s, 1H), 5.72 (br s, 1H), 5.22
(s, 2H),4.97 (d, J = 14.9 Hz, 1H), 4.94 (d, J = 14.8 Hz, 1H), 4.91 (brd, J = 11 Hz, 1H),
4.58 (brd,J =9.6 Hz, 1H), 4.02 (d, J = 15.4 Hz, 2H), 3.96 (s, 3H), 3.93 (s, 3H), 3.23 (s,
3H), and 3.03 (s, 3H). [selpg28413]

LCMS (isomer unknown): Method A, R; = 17.6 min, m/z “pos” = 340.0 (M+1)", 362.0
(M+23)".

TLC (1:2 Hex:EtOAc): R¢=0.2

OH o O 1)

Me. Me\/%
Me |l NBn Me | NBn
100 MeO 101 MeO T
(E)-1-benzyl-3-(1-hydroxy-2-methylpent-2-en-1-yl)-4,5-dimethoxy-1H-pyrrol-2(5H)-
one (100)
One isomer:
"H NMR (500 MHz, CDCls): § 7.35-7.27 (m, 5H), 5.47 (ddpent, J = 7.1, 7.1, 1.5 Hz,
1H), 5.18 (s, 1H), 4.99 (br, d, J = 9.0 Hz, 1H), 4.97 (d,J = 14.9 Hz, 1H),4.72 (d,J = 9.6
Hz, 1H), 3.99 (d, J = 14.9 Hz, 1H), 3.93 (s, 3H), 3.10 (s, 3H), 2.05 (app pent, J = 7.2 Hz,
2H), 1.68 (d, J = 1.1 Hz, 3H), and 0.96 (t, J = 7.5 Hz, 3H). [selpg293{2]
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Other isomer isolated:

"H NMR (500 MHz, CDCls): § 7.35-7.27 (m, 5H), 5.42 (ddpent, J = 7.1, 7.1, 1.3 Hz,
1H), 5.20 (s, 1H), 5.02 (br d, J = 8.3 Hz, 1H), 4.98 (d, J = 14.9 Hz, 1H), 4.32 (br d, J =
9.5 Hz, 1H), 3.98 (d, J = 14.9 Hz, 1H), 3.94 (s, 3H), 3.11 (s, 3H), 2.05 (app pent, J = 7.5
Hz, 2H), 1.67 (d, J = 1.0 Hz, 3H), and 0.97 (t, J = 7.5 Hz, 3H). [selpg29313]

LCMS (Both isomers): Method A, R, = 15.9 min, m/z “pos” = 314.3 (M-17)".

TLC (Both isomers, 1:1 Hex:EtOAc): R¢= 0.2

(E)-1-benzyl-4,5-dimethoxy-3-(2-methylpent-2-enoyl)-1H-pyrrol-2(5H)-one (101)
'H NMR (500 MHz, CDCl;): 8 7.34-7.27 (m, 5H), 6.54 (ddq, J = 7.2, 7.2, 1.4 Hz, 1H),
5.06 (s, 1H), 4.97 (d, J = 14.8 Hz, 1H), 4.02 (d, J = 14.8 Hz, 1H), 3.82 (s, 3H), 3.2 (s,

3H), 2.33 (app pent, J = 7.5 Hz, 2H), 1.89 (d, J = 1.1 Hz, 3H), and 1.08 (t,J = 7.5 Hz,
3H). [selpg295mplc]

OTBS OH g
Me X X

- NB
Me Me | n
MeO
102 OMe

1-benzyl-3-((2E,4S,5S,8E,10E)-5-((tert-butyldimethylsilyl)oxy)-1-hydroxy-4,10-
dimethyltrideca-2,8,10-trien-1-yl)-4,5-dimethoxy-1H-pyrrol-2(SH)-one (102)

"H NMR (500 MHz, CDCl3):  7.34-7.25 (m, 5H), 6.02 (d, J = 15.6 Hz, 1H), 5.77-5.75
(m, 1H, overlaps with an impurity), 5.49 (ddd, J = 15.4, 6.9, 6.9 Hz, 1H), 5.36 (t, J = 7.5
Hz, 1H), 5.16-5.11 (m, 1H), 5.14 (s, 1H), 4.96 (d, J = 14.8 Hz, 1H), 4.27-4.19 (m, 1H),
3.98 (d,J = 14.9 Hz, 1H), 3.94 (s, 3H), 3.54 (ddd, J = 6.8, 4.6, 4.6 Hz, 1H), 3.06 (s, 3H),
2.40-2.35 (m, 1H), 2.19-2.08 (m, 1H), 2.12 (app pent, J = 7.4 Hz, 2H), 2.07-1.97 (m,
1H), 1.70 (s, 3H), 1.63-1.55 (m, 1H), 145-1.39 (m, 1H), 0.97 (t,J = 7.5 Hz, 3H), 0.95 (d,
J = 6.8 Hz, 3H), 0.88 (s, 9H), and 0.04 (s, ~6H). [sellpg65f4] was one isomer.

LCMS: Method B, R; = 12.5 min, m/z “pos” = 566.3 (M-17)", 606.3 (M+23)" .

TLC (2.5:1 Hex:EtOAc): R¢,=0.1
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The minor stereoisomer could not be obtained in pure form. f5 has the other stereoisomer.
Several isomers are observed by LCMS with the molecular ions detailed above.

[This structure is also supported by LCMS data on the corresponding ketone (oxidation
product): Method B, Ry = 12.7 min, m/z “pos” = 582.3 (M+1)", 604.3 (M+23)"; m/z
“neg” = 580.3 (M-1)71].

O o
Ph
| 'NBn 103
MeO
OMe

3-benzoyl-1-benzyl-4,5-dimethoxy-1H-pyrrol-2(5H)-one (103)

"H NMR (500 MHz, CDCl3): & 7.92-7.88 (m, 2H), 7.52 (dddd, J = 8.8, 6.8, 1.3, 1.3 Hz,
1H), 7.36 (app t, J = 7.8 Hz, 3H), 7.25 (d, J = 1.9 Hz, 1H), 7.19 (d, J = 2.0 Hz, 1H), 7.17
(d, J=2.0 Hz, 2H?), 5.32 (s, 1H), 4.61 (d, J = 15.1 Hz, 1H), 4.15 (d, J = 15.1 Hz, 1H),
3.80 (s, 3H), and 3.00 (s, 3H). [selpg278f4] [selpg262f2] also works

BC NMR (125 MHz, CDCl3): § 193.5, 171.1, 171.0, 137.3, 135.7, 133.3, 130.2, 129.3,
128.4,128.1, 127.4, 96.7, 58.9, 51.0, and 43.4. (consider 97.8 also!, Ipg278f4C)

LCMS: Method A, R; = 15.5 min, m/z “pos” = 338.0 (M+1)", 360.0 (M+23)"; m/z “neg”
=336.0 (M-1).

TLC (1:2 Hex:EtOAc): R¢,=0.3

0O o
Me
| NBn 104
MeO
OMe

1-benzyl-4,5-dimethoxy-3-propionyl-1H-pyrrol-2(SH)-one (104)

"H NMR (500 MHz, CDCLy): 8 7.36-7.27 (m, 5H), 5.20 (s, 1H), 5.02 (d, J = 14.8 Hz,
1H), 4.08 (s, 3H), 4.00 (d, J = 14.8 Hz, 1H), 3.11 (s, 3H), 3.01 (dq, J = 10.8, 7.2 Hz, 1H),
2.95(dq,J =10.9,7.2 Hz, 1H), and 1.11 (t, J = 7.2 Hz, 3H). [selpg273{3]

LCMS: Method A, R, = 14.2 min, m/z “pos” = 288.0 (M+1)", m/z “neg” = 290.3.0 (M-
1).
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TLC (1:1 Hex:EtOAc): Rr=0.1

7
0 9
' MeMgBr OH OTBS
| NBn —_— > Me
MeO MeCO,D Me = 2
OMe THF, -78 °C Me Me
60a common byproduct

(BE,5S,6S,9E,11E)-6-((tert-butyldimethylsilyl)oxy)-5,11-dimethyltetradeca-3,9,11-
trien-2-ol (common byproduct)

"H NMR (500 MHz, CDCl;):  6.04 (d, J = 15.6 Hz, 1H), 5.68 (dd, J = 15.6, 7.0 Hz,
1H), 5.65 (dd, J = 15.6, 7.3 Hz, 1H), 5.55-5.47 (m, 2H), 5.37 (t, J-7.2 Hz, 1H), 4.28 (app
pent, J = 6.5 Hz, 1H), 3.54 (ddd, J = 6.6, 5.0, 5.0, 5.0 Hz, 1H), 2.30 (app pent, J = 6.8,
1H), 2.20-1.99 (m, 3H), 2.12 (app pent, J = 7.5 Hz, 2H), 1.72 (s, 3H), 1.52-1.42 (m, 2H),
1.28 (d, J = 6.3 Hz, 3H), 0.98 (t,J = 7.5 Hz, 3H), 0.96 (d, J = 6.8 Hz, 3H), 0.90 (s, 9H),
0.05 (s, 3H), and 0.04 (s, 3H). [sellpg5313]

LCMS: Method A, R; = 18.7 min, m/z “pos” = 367.3 (M+1)", 384.3 (M+18)".

TLC (4:1 Hex:EtOAc): R¢,=0.3

[This structure is also supported by LCMS on the corresponding methyl ketone

Method A, R; = 18.8 min, m/z “pos” = 365.3 (M+1)" (see 145)]

0 H,NPMB, 0
HO, , COZH ACCl, A ACO,/ AcCL ACO,l
L IS o — s NPMB
HO”>CO,H  9598%  AcO CH4CN AcO
0 o)
106 108

(3S,45)-1-(4-methoxybenzyl)-2,5-dioxopyrrolidine-3,4-diyl diacetate (108)

"H NMR (500 MHz, CDCl3): § 7.32 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 5.53
(s, 2H), 4.70 (d, J = 14.1 Hz, 1H), 4.65 (d, J = 14.2 Hz, 1H), 3.79 (s, 3H), and 2.19 (s,
6H). [sellpg8914]

GCMS (5027016): R, = 12.8 min, 335 (5, M"), 275 (10), 216(100), 121(20).

TLC (1:1 Hex:EtOAc): Rr=0.1
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0 0
JiCOzH AcCl, A HoNBn, AcCl AcCl

E— 0] —_— NBn —— NBn

HO™ "CO,H 95-98% AcO CH3CN AcO EtOH HO
O 60-70% (0] 40-50%
109 110 111

(S)-2,5-dioxotetrahydrofuran-3-yl acetate (109)
"H NMR (500 MHz, CDCLs): § 5.54 (dd, J = 9.6, 6.5 Hz, 1H), 3.39 (dd, J = 18.9, 9.6 Hz,
1H), 3.04 (dd, J = 18.9, 6.5 Hz, 1H), and 2.23 (s, 3H). [sellpgl52cr]

(S)-1-benzyl-2,5-dioxopyrrolidin-3-yl acetate (110)

"H NMR (500 MHz, CDCl;): § 7.40-7.38 (m, 2H), 7.35-7.30 (m, 3H), 5.45 (dd, J = 8.7,
4.8 Hz, 1H), 4.72 (d, J = 14.1 Hz, 1H), 4.68 (d, J = 14.1 Hz, 1H), 3.17 (dd, J = 18.3, 8.7
Hz, 1H), 2.67 (dd, J = 18.4, 4.8 Hz, 1H), and 2.16 (s, 3H). [sellpg153mplc]

GCMS (5027016): R, = 10.9 min, 247 (1, M"), 187 (100), 132 (80), 91 (30).

TLC (1:1 Hex:EtOAc): Rr=0.1

(S)-1-benzyl-3-hydroxypyrrolidine-2,5-dione (111)

"H NMR (500 MHz, CDCl3):  7.40-7.28 (m, 5H), 4.67 (br s, 1H), 4.63 (ddd, J = 8.3,
5.1,2.2 Hz, 1H), 3.08 (dd, J = 18.2, 8.4 Hz, 1H), 2.934 (d, J = 2.3 Hz, 1H), and 2.69 (dd,
J=18.2,4.8 Hz, 1H). [sellpgl54mplc]

GCMS (5027016): R, = 10.2 min, 205 (M", 100), 187(15), 148(20), 106(35), and
91(100).

TLC (1:4 Hex:EtOAc): R¢= 0.6
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Me
(0] = = OH 0
NaHMDS Me 36 Me.
NBn > Me NBn
HO THF, 0 °C 114 HO
o) o)
111
NaHMDS
PhCHO
THF, 0 °C o O o Oi o
[Ox] Ph Ph
> NBh =~ NBn
H HO HO
OH, o o] o}
Ph
ﬁ‘:ﬁNBn 116
HO
0
115 TBSCI OH, o OH. o
imid.
. Ph Ph
/I:NBn + )j:léNBn
DMF, rt TBSO TBSO
o) o)

117a 117b
(3S)-1-benzyl-3-hydroxy-4-((4E,6E)-1-hydroxy-6-methylnona-4,6-dien-1-

yDpyrrolidine-2,5-dione (114)

"H NMR (500 MHz, CDCl3): & 7.39-7.27 (m, 5H), 6.11 (d, J = 15.4 Hz, 1H), 5.54 (ddd,
J=15.2,6.9,69 Hz, 1H), 538 (t,J = 7.1 Hz, 1H), 4.74 (ddd, J = 3.4, 3.4, 2.3 Hz, 1H),
4.67 (overlapping singlets, 2H), 4.44-4.38 (m, 1H), 2.71 (dd, J = 5.2, 2.5 Hz, 1H), 2.31-
2.02 (m, 2H), 2.12 (app pent, J = 7.4 Hz, 2H), 1.71 (d, J = 0.9 Hz, 3H),  1.47-1.34 (m,
2H), and 0.98 (t, J = 7.5 Hz, 3H). [sellpg181{2]

LCMS: Method B. Four peaks were observed in the “neg” because a mixture of 36 and
37 was used in this reaction. Ry = 11.3 min, 11.5 min, 11.9 min, 12.2 min m/z “neg” =
416 (M+59) in all cases. These structures were supported by the mono-TBS derivatives
(as in 117) which ran slower (15.1 min) and m/z “neg” = 530 (M+59)

TLC (2:1 Hex:EtOAc): Rr=0.15

(3S,4S)-1-benzyl-3-hydroxy-4-((R)-hydroxy(phenyl)methyl)pyrrolidine-2,5-dione
(115a, corresponds to 117a)

"H NMR (500 MHz, CDCl3): & 7.41-7.28 (m, 10H), 5.57 (d J = 2.8 Hz, 1H), 4.78 (d, J =
4.9 Hz, 1H), 4.73 (d, J = 14.4 Hz, 1H), 4.68 (d, J = 14.4 Hz, 1H), 3.08 (dd, J = 4.9, 2.9

Hz, 1H), and 2.43 (br s, 1H). [sellpgl75£2]
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TLC (2:1 Hex:EtOAc): R,=0.4

(3S,4S)-1-benzyl-3-hydroxy-4-((S)-hydroxy(phenyl)methyl)pyrrolidine-2,5-dione
(115b, corresponds to 117b)

"H NMR (500 MHz, CDCl3): § 7.39-7.27 (m, 10H), 5.14 (d, J = 7.3 Hz, 1H), 4.65 (d, J
=14.3 Hz, 1H), 4.61 (d, J = 14.2 Hz, 1H), 4.37 (d,J = 5.4 Hz, 1H), 3.19(dd, J=7.2 5.4
Hz, 1H) and 2.61 (br s, 1H). [sellpgl71c2 fl1]

LCMS: Method B, one diastereomer: R; = 7.8 min, m/z “neg” = 370 (M+59)’, other
diastereomer: R; = 8.9 min, m/z “neg” = 356 (M+Cl)’, 370 (M+59)".

TLC (2:1 Hex:EtOAc): R,=0.4

(3S,4S)-1-benzyl-3-((tert-butyldimethylsilyl)oxy)-4-((R)-
hydroxy(phenyl)methyl)pyrrolidine-2,5-dione (117a)

"H NMR (500 MHz, CDCl3): § 7.40-7.27 (m, 10H), 5.51 (dd, J = 4.6, 2.9 Hz, 1H), 4.76
(d,J =14.4 Hz, 1H), 4.67 (d,J = 14.4 Hz, 1H),4.57 (d,J = 3.3 Hz, 1H), 3.04 (br t, J =
3.2 Hz, 1H), 2.23 (dd, J = 4.6, 1.0 Hz, 1H), 0.62 (s, 9H), 0.01 (s, 3H), and -0.28 (s, 3H).
[sellpgl7612]

LCMS: Method B, R; = 14.25 min, m/z “pos” = 426 (M+1)", “neg” = 484 (M+59)" for
TLC (8:1 Hex:EtOAc): Rg=0.2

(3S,4S)-1-benzyl-3-((tert-butyldimethylsilyl)oxy)-4-((S)-
hydroxy(phenyl)methyl)pyrrolidine-2,5-dione (117b)

"H NMR (500 MHz, CDCl3): § 7.39-7.17 (m, 10H), 5.02 (dd, J = 7.2, 2.0 Hz, 1H), 4.67
(d,J =14.1 Hz, 1H), 4.59 (d, J = 14.1 Hz, 1H), 4.33 (d,J = 4.0 Hz, 1H), 3.15 (dd, J =
7.1,4.0 Hz, 1H), 0.78 (s, 9H), 0.09 (s, 3H), and -0.13 (s, 3H). [sellpgl177{2]

LCMS: Method B, R = 14.28 min, m/z “ “neg” = 484.0 (M+59)

TLC (8:1 Hex:EtOAc): R¢,=0.3

(4S)-3-benzoyl-1-benzyl-4-hydroxypyrrolidine-2,5-dione (116)

155



"H NMR (500 MHz, CDCl3): 8 8.065 (d, J = 8.2 Hz, 1H), 8.062 (d, J = 8.6 Hz, 1H),
7.66 (ddt, J =8.7, 6.9, 1.3, 1.3 Hz, 1H), 7.54 (d, J = 8.3 Hz, 1H), 7.53 (d, J = 8.2 Hz,
1H), 7.38-7.27 (m, 5H), 5.18 (d, / = 4.8 Hz, 1H), 4.70 (d, J = 14.0 Hz, 1H), 4.69 (d, J =
4.8 Hz, 1H), 4.64 (d, J = 14.1 Hz, 1H), 0.85 (s, 9H), 0.16 (s, 3H), and 0.05 (s, 3H).
[sellpgl79cr]

GCMS (5029021): R, = 14.45 min, 309 (0, M"), 291(100), 158(10), 130(100), 102(60).

OTBS
A O

Ph
NBn

TBSO

(3S)-1-benzyl-3-((tert-butyldimethylsilyl)oxy)-4-(((tert-
butyldimethylsilyl)oxy)(phenyl)methyl)pyrrolidine-2,5-dione (bis protected 115)

"H NMR (500 MHz, CDCl3): § 7.39-7.17 (m, 10H), 5.34 (d, J = 3.5 Hz, 1H), 4.54 (d, J
=143 Hz, 1H), 4.48 (d, J = 14.1 Hz, 1H), 4.40 (d, J = 3.2 Hz, 1H), 3.08 (t, J = 3.3 Hz,
1H), 0.91 (s, 9H), 0.85 (s, 9H), 0.19 (s, 3H), 0.17 (s, 3H), 0.01 (s, 3H), and -0.05 (s, 3H).
[sellpgl7712]

0 NaBH, 0 o | OEt OEt
then H2804 Na :
NBh — NBh —> NBn ! Ji;NBn Ji;NBn
EtOH EtOH, rt i
AcO AcO ’ HO !
o) OFEt oEt | A HO™ Y
110 118 119 H

OEt

O
J:{(NBn or /E;NBn
AcO AcO
O

OEt
(3S)-1-benzyl-2-ethoxy-5-oxopyrrolidin-3-yl acetate (118)
'H NMR (500 MHz, CDCl3): & 7.35-7.24 (m, 5H), 5.07 (d, J = 6.3 Hz, 1H), 5.00 (d, J =
15.1 Hz, 1H), 4.47 (s, 1H), 4.04 (d, J = 15.0 Hz, 1H), 3.65 (dq, J = 9.4, 7.0 Hz, 1H), 3.46
(dq,J =9.3,7.0 Hz, 1H), 2.96 (dd, J = 17.9, 6.4, 0.9 Hz, 1H), 2.41 (d,J = 17.9 Hz, 1H),
2.01 (s, 3H), and 1.18 (t, J = 7.0 Hz, 3H). [sellpg170f2]
GCMS (5027016): R, = 11.16 min, 277 (10, M"), 232(10), 217(8), 189(10), 91(100),
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There are two diastereomers by GCMS for 118.
TLC (1:2 Hex:EtOAc): Rr=0.1

O OEt
,EIENBn or J:;NBn
HO HO
OEt (0]

(4S)-1-benzyl-5-ethoxy-4-hydroxypyrrolidin-2-one (119)

'H NMR (500 MHz, CDCls): 8 7.35-7.23 (m, 5H), 4.98 (d, J = 15.0 Hz, 1H), 4.50 (s,
1H), 4.25 (brd, J = 6.1 Hz, 1H), 4.07 (d, J = 15.1 Hz, 1H), 3.53 (dq, J/ =9.2, 7.1 Hz,
1H), 3.44 (dq, J = 9.2, 7.0 Hz, 1H), 2.90 (ddd, J = 17.6, 6.3, 0.9 Hz, 1H), 2.34 (dd, J =
17.6, 1.4 Hz, 1H), and 1.18 (t, J = 7.0 Hz, 3H). [sellpgl65mplc] see also IIpgl74mplc
very good lots of sample

GCMS (5027016): R, = 11.16 min, 235 (15, M"), 191(10), 118(10), 91 (100).

TLC (1:4 Hex:EtOAc): Rg=0.2

o o

9 NH,CI S0t T 9

AcOH, DCC s
Me™  NPMB MeO =oel S0l
-
M

MeOTH CH4CN, H,0 i CH4CN, H,0 °0

o 127 125 o

allyl 3-((2-methoxy-2-oxoethyl)amino)-3-oxopropanoate (125)

"H NMR (500 MHz, CDCl3): 8 7.60 (br s, 1H), 5.92 (dddd, J = 16.4, 10.4, 5.9, 5.9 Hz,
1H), 5.36 (dq, J = 17.2, 1.6 Hz, 1H), 5.28 (dq, J = 10.4, 1.3 Hz, 1H), 4.86 (dt, J = 5.9,
1.4 Hz, 2H), 4.09 (d, J = 5.3 Hz, 2H), 3.77 (s, 3H), and 3.4 (s, 2H). [selllpgl131cr]
LCMS: Method A, R;=11.5 min., m/z=216 (M+1)"

methyl 2-(N-(4-methoxybenzyl)acetamido)acetate (127)

"H NMR (500 MHz, CDCls): § (major rotomer) 7.12 (d, J = 8.8 Hz, 2H), 6.89 (d, J = 8.7
Hz, 2H), 4.56 (s, 2H), 4.03 (s, 2H), 3.81 (s, 3H), 3.71 (s, 3H), and 2.24 (s, 3H). & (minor
rotomer) 7.17 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 4.58 (s, 2H), 3.91 (s, 2H),
3.79 (s, 3H), 3.71 (s, 3H), and 2.11 (s, 3H). [selVpg55 _testfc18] about a 2:1 or 2.5:1 ratio
of rotamers here.
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LCMS (Method B): Tk = 6.8 min, m/z “pos” = 252 (M+1)"
TLC (1:4 Hex:EtOAc): Rr=0.25

o DCC DMAP /\)Jjjl\
——» BocHN NBoc <=—= NBoc
BOCHN/\)J\OH rt, overnight /%Me EtOAc A HO
122

80-90%

tert-butyl (3-(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl)-3-oxopropyl)carbamate (128)
"H NMR (500 MHz, CDCl3): § 5.12 (br s, 1H), 3.52 (br q, J = 6.3 Hz, 2H), 3.22 (t, J =
6.3 Hz, 2H), 1.71 (s, 6H), and 1.42 (br s, 9H). [selllpg137 chl 14 10]

tert-butyl 4-hydroxy-2-oxo-5,6-dihydropyridine-1(2H)-carboxylate (122)

"H NMR (500 MHz, DMSO-dy): § 4.94 (br s, 1H), 3.69 (t, J = 6.5 Hz, 2H), 2.42 (t, J =
6.4 Hz, 2H), and 1.42 (s, 9H). [selllpg136 crRECR]

LCMS: Method B, R; = 2.1 min “neg” m/z = 212 (M-1); “pos” = 157 (M-'Bu)"

[[IIpg168 TRP6]

31
O nBuLi, (Pr),NH, Mno,
Me\/\
NMe g 78 c NMe 1, pem

(E)-3-(1-hydroxy-2-methylpent-2-en-1-yl)-1-methylpyrrolidin-2-one (131)

"H NMR (500 MHz, CDCl3): & 5.42 (tq, J = 7.1, 1.5 Hz, 1H), 5.27 (s, 1H), 3.98 (d, J =
10.1 Hz, 1H), 3.32 (ddd, J = 9.7, 9.7, 7.3 Hz, 1H), 3.28 (ddd, J = 9.7, 9.7, 2.4 Hz, 1H),
2.87 (s, 3H), 2.58 (q, J = 9.8 Hz, 1H), 2.07 (pent, J = 7.6 Hz, 1H), 2.03 (pent, J = 7.6 Hz,
1H), 1.91 (dddd, J = 13.3, 9.5, 7.3, 2.4 Hz, 1H), 1.64 (s, 3H), 1.59 (dddd, J = 13.2, 9.4,
9.4,9.4 Hz, 1 H), and 0.96 (t, J = 7.5 Hz, 3H). [selllpg70{2]

LCMS: Method A, R; = 16.9 min “pos” m/z = 180.3 (M-17)", 198.3 (M+1)".

TLC (1:1 Hex:EtOAc): Rr=0.1

158



(E)-1-methyl-3-(2-methylpent-2-enoyl)pyrrolidin-2-one (132, keto form)

"H NMR (500 MHz, CDCLy): § 6.89 (tq, J = 7.2, 1.0 Hz, 1H), 4.25 (dd, J = 9.3, 4.8 Hz,
1H), 3.56 (ddd, J = 8.9, 8.9, 6.3 Hz, 1H), 3.34 (ddd, J = 9.0, 9.0, 4.3 Hz, 1H), 2.85 (s,
3H), 2.44 (ddd, J = 13.0, 8.8, 4.6, 4.6 Hz, 1H), 2.34 (pent, J = 7.5 Hz, 1H), 2.33 (pent, J
=7.6 Hz, 1H), 2.16 (dddd, J = 12.8, 9.1, 9.1, 6.3 Hz, 1H), 1.81 (s, 3H), and 1.12 (t, J =
7.6 Hz, 3H). [selllpg73cr]

31

O nBuLj, (iPr),NH, OH o DMP 9 o
Me x » Me x
O THR-78°C ve i O rtoDCM Me o0
133 134

(E)-3-(1-hydroxy-2-methylpent-2-en-1-yl)dihydrofuran-2(3H)-one (133)

One diastereomer:

"H NMR (500 MHz, CDCl3):  5.47 (tq, J = 7.1, 1.6 Hz, 1H), 4.39 (ddd, J = 9.0, 9.0, 2.1
Hz, 1H), 4.22 (ddd, J = 10.5, 9.1, 6.6 Hz, 1H), 4.12 (d, J = 1.1 Hz, 1H), 4.09 (d, J = 9.7
Hz, 1H), 2.76 (ddd, J = 11.3, 11.3, 9.3 Hz, 1H), 2.12 (dddd, J = 13.1, 8.9, 6.6, 2.1 Hz,
1H), 2.07 (pent, J = 7.3 Hz, 1H), 2.05 (pent, J = 7.2 Hz, 1H), 1.90 (dddd, J = 13.2, 10.9,
10.9, 8.8 Hz, 1H), 1.66 (d, J = 1.0 Hz, 3H), and 0.97 (t, J = 7.2 Hz, 3H), [selllpg71{2]
LCMS (Method B): Tg = 7.28 min, m/z “pos” = 167.3 (M-17)" and 202.3 (M+18)" .
TLC (3:1 Hex:EtOAc): Rr=0.15

Another diastereomer:

"H NMR (500 MHz, CDCl3): § 5.57 (tpent, J = 7.2, 1.4 Hz, 1H), 4.58 (br s, 1H), 4.37
(ddd, J = 8.8, 8.8, 4.0 Hz, 1H), 4.23 (ddd, J = 8.6, 8.6. 8.6 Hz, 1H), 4.12 (br s, 1H), 4.10
(d,J =9.6 Hz, 1H), 2.81 (ddd, J = 9.3, 9.3, 2.9 Hz, 1H), 2.33 (dq, J = 12.9, 8.8 Hz, 1H),
(taken from above): ) 2.12 (dddd J = 13.1, 8.9, 6.6, 2.1 Hz, 1H), 2.07 (pent, J = 7.3 Hz,
1H), 2.05 (pent, J = 7.2 Hz, 1H), 1.96 (br d, J = 3.9 Hz, 1H), 1.90 (dddd, J = 13.2, 10.9,
10.9, 8.8 Hz, 1H), 1.61 (brs, 3H), and 0.98 (t, J = 7.5 Hz, 3H). [selllpg71f4]

LCMS (Method B): Tg = 7.72 min, m/z “pos” = 167.3 (M-17)" and 202.3 (M+18)"

(could be reversed with its diastereomer)
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TLC (3:1 Hex:EtOAc): Rr=0.15

(E)-3-(2-methylpent-2-enoyl)dihydrofuran-2(3H)-one (134)

"H NMR (500 MHz, CDCls): 8 6.86 (tq, J = 7.2, 1.4 Hz, 1H), 4.47 (ddd, J = 8.7,7.3,7.3
Hz, 1H), 4.37 (ddd, J = 8.4, 8.4, 5.3 Hz, 1H), 4.33 (dd, J = 9.3, 5.5 Hz, 1H), 2.71 (dddd,
J=13.1,7.8,54,5.4Hz, 1H), 2.40 (dddd, J = 12.9, 9.2, 8.3, 7.1 Hz, 1H), 2.36 (pent, J =
7.6 Hz, 1H), 2.35 (pent, J = 7.6 Hz, 1H), 1.83 (d, J = 1.1 Hz, 3H), and 1.13 (t,J = 7.6
Hz, 3H). [selllpg75cr] also looks to be in the enol form here from 5 H’s on ring.

TLC (1:1 Hex:EtOAc): R¢=0.5

nBuLi, (Pr),NH, E nBuLi, (iPr),NH,

_TMSCL s 2 ; TMSCI L
' —_— > =
l:/fNMe THF, -78 °C NMe Ezfo THF, -78 °C Eio
136 E 137

1-methyl-3-(trimethylsilyl)pyrrolidin-2-one (136)

'H NMR (500 MHz, CDCLs): 8 3.34 (ddd, J = 9.4, 9.4, 4.3 Hz, 1H), 3.30 (dd, J = 8.2,
7.2 Hz, 1H), 2.81 (d, J = 0.7 Hz, 3H), 2.21 (ddd, J = 12.2, 9.9, 5.0 Hz, 1H), 1.96 (br dd, J
=10.2,4.8 Hz, 1H), 1.91 (ddd, J = 12.5, 8.4, 4.0 Hz, 1H), and 0.11 (s, 9H). [selllpg88cr]

((4,5-dihydrofuran-2-yl)oxy)trimethylsilane (137)
"H NMR (500 MHz, CDCls): 8 4.29 (dd, J = 9, 8 Hz, 2H), 3.68 (t, J = 2.2 Hz, 1H), 2.63
(dt,J =2.2,9.0 Hz, 2H) and 0.27 (s, 9H). (referenced to CHCls) [selllpg95d3]

Experiments (Chapter 11.C.)

Me Me
Me_ Me
o><o 30 0~ "o OTBS Q QTBS Ve
O)\)vpphs Oé“\/\/\l)\/\MMe + Me = N
Me Me
71 145  Me Me 148
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6-((1E,3S,4S,7E,9E)-4-((tert-butyldimethylsilyl)oxy)-3,9-dimethyldodeca-1,7,9-trien-
1-yl)-2,2-dimethyl-4H-1,3-dioxin-4-one (145)

"H NMR (500 MHz, CDCl3): & 6.63 (dd, J = 15.7, 7.4 Hz, 1H), 6.05 (d, J = 15.6 Hz,
1H), 5.88 (dd, J = 15.7, 1.2 Hz, 1H), 5.51 (ddd, J = 15.6, 6.9, 6.9 Hz, 1H), 5.38 (t, J =
7.5 Hz, 1H), 5.25 (s, 1H), 3.67-3.61 (m, 1H), 2.50-2.43 (m, 1H), 2.18-2.00 (m, 2H), 2.13
(app pent, J = 7.5 Hz, 2H), 1.72 (s, 3H), 1.71 (s, 3H), 1.70 (s, 3H), 1.65-1.54 (m, 2H),
1.06 (d, J = 6.9 Hz, 3H), 0.98 (t, J = 7.5 Hz, 3H), 0.89 (s, 9H), 0.05 (s, 3H), and 0.04 (s,
3H). [selVpglO6recr]

(BE,5S,6S,9E,11E)-6-((tert-butyldimethylsilyl)oxy)-5,11-dimethyltetradeca-3,9,11-
trien-2-one (148)

"H NMR (500 MHz, CDCl3): 8 6.88 (dd, J = 16.2, 6.9 Hz, 1H), 6.05 (app dd, J = 16.2,
1.2 Hz, 2H), 5.51 (ddd, J = 15.6, 6.9, 6.9 Hz, 1H), 5.38 (t,J = 7.4 Hz, 1H), 3.67 (ddd, J
=7.1,4.7,4.7 Hz, 1H), 2.51 (ddq, J = 4.5, 1.6, 6.8 Hz, 1H), 2.26 (s, 3H), 2.24-2.01 (m,
2H), 2.12 (app pent, J = 7.5 Hz, 2H), 1.71 (d, J = 0.9 Hz, 3H), 1.56-1.50 (m, 1H), 1.43
(dddd, J = 13.0, 10.3, 7.3, 5.6 Hz, 1H), 1.04 (d, J = 6.9 Hz, 3H), 0.98 (t,J = 7.5 Hz,
3H), 0.90 (s, 9H), 0.07 (s, 3H), and 0.05 (s, 3H). [sellpg54cr]

LCMS (Method A): Tg = 18.6 min, m/z “pos” = 365.3 (M+1)"

TLC (4:1 Hex:EtOAc): Rg=0.2

(0] 30 (0] OTBS
PPh
Mell\lJ\7 ST M F AN Me
OMe DCM, rt, overnight OMe Me Me
153 154

(2E,4S,5S,8E,10E)-5-((tert-butyldimethylsilyl)oxy)-N-methoxy-N,4,10-
trimethyltrideca-2,8,10-trienamide (154)

"H NMR (500 MHz, CDCl3): & 7.00 (dd, J = 15.6, 7.6 Hz, 1H), 6.39 (dd, J = 15.8, 1.4
Hz, 1H), 6.04 (dq, J = 15.6, 1.5 Hz, 1H), 5.51 (ddd, J = 15.7, 6.9, 6.9 Hz, 1H), 5.36 (t,J
= 7.2 Hz), 3.69 (s, 3H), 3.64 (ddd, J = 6.5, 4.9, 4.9 Hz, 1H), 3.24 (s, 3H), 2.52 (br sextet,
J=6.7Hz, 1H), 2.12 (pent, J = 7.3 Hz, 2H), 2.20-2.01 (m, 2H), 1.71 (s, 3H), 1.56-1.47
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(m, 2H), 1.05 (d, J = 6.8 Hz, 3H), 0.98 (t, J = 7.5 Hz, 3H), 0.90 (s, 9H), and 0.05 (s, 6H).
[selllpgl13mplcl]

3C NMR (125 MHz, CDCL): § 167.1, 150.4, 135.1, 133.0, 132.6, 127.1, 118.4, 75.3,
61.8,42.2,34.2,28.8,26.2,26.0,21.5,18.3, 15.0, 14.4, 12.4, -4.1, and -4.2.

LCMS: Method B, Ry = 15.1 min, m/z =410 (M + 1)" [IIpg169 cr]

TLC (4:1 Hex:EtOAc): Rg=0.2

0]

‘BUOJ\ Me
j)\/ OTBS ) (0] O OTBS
"BulLi, ("Pr)NH
Me Me
= t =
Me[l\j = = —_— BuO = /W

OMe Me Me THF, -78 °C Me Me
154 40.50 % 151

(4E,6S,7S,10E,12E)-tert-butyl 7-((tert-butyldimethylsilyl)oxy)-6,12-dimethyl-3-
oxopentadeca-4,10,12-trienoate (151)

Probably the enol?

"H NMR (500 MHz, CDCl3): & 6.63 (dd, J = 15.7, 7.6 Hz, 1H), 6.04 (d, J = 15.5 Hz,
1H), 5.73 (ddd, J = 15.6, 1.5, 1.5 Hz, 1H), 5.58-5.46 (m, 2H), 5,37 (t,J = 7.2 Hz, 1H),
4.90 (s, 1H), 3.65 (ddd, J = 7.1, 4.7, 4.7 Hz, 1H), 2.55-2.37 (m, 1H), 2,19-1.99 (m, 2H),
2.12 (app pent, J = 7.5 Hz, 2H), 1.71 (s, 3H), 1.49-1.42 (m 2H), 1.04 (d, J = 6.9 Hz, 3H),
0.98 (tJ = 7.5 Hz, 3H), 0.902 (s, 9H), 0.895 (s, 9H), 0.06 (s, 3H), and 0.04 (s, 3H).
[seIVpg89 mplcchk]

LCMS (Method B): Tg = 17.5 min, m/z “pos” = 496.3(M+1)", m/z “neg” = 463.3(M-1),
TLC (10:1 Hex:EtOAc): Re=0.4

1l e
EtO),P. — > RS /\I)\/\M
(Et0), \)J\)J\SR THF, 0 °C M M

50-60% € €
65b (R = CgHyg) 159b (R = CgHg)
919 9

(4E,6S,7S,10E,12E)-S-(2-methyloctan-2-yl) 7-((tert-butyldimethylsilyl)oxy)-6,12-
dimethyl-3-oxopentadeca-4,10,12-trienethioate (159b)

Preparation:
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NaH (12 equiv, 60% dispersion in mineral oil) was measured into an oven-dried round
bottom flask and placed under an atmosphere of N,. THF was added via syringe and the
suspension cooled to 0 °C. A solution of the phosphonate thioester (6 equiv) in THF was
then added and stirred for 60 minutes, when a solution of the aldehyde (1 equiv) was
added and the flask allowed to warm to rt. When TLC indication complete consumption
of the aldehyde, the reaction was worked up as follows. Saturated NH4Cl was added, the
layers separated, and the aqueous extracted with two portions of Et,O. The combined
organic layers were dried over Na,SO4 and concentrated to give the crude product as a
pale yellow oil. MPLC (2x, 1:2 Hexanes:EtOAc then 20:1 Hexanes:EtOAc) separated
the unreacted phosphonate and triene product. Typical yield were 60-70%.

"H NMR (500 MHz, CDCls): § 12.61-12.51 (m, various enol protons), 6.75-6.69 (m,
1H), 6.04 (d, J = 15.6 Hz, 1H), 5.66 (d, J = 15.6 Hz, 1H), 5.51 (ddd, J = 15.5, 6.9, 6.9
Hz, 1H), 5.37 (t,J = 7.2 Hz, 1H), 5.34, 5.32 (various enol form d, / = 1.7 Hz), 3.71 (s,
2H), 3.61 (appq, J = 5.2 Hz, 1H), 2.44 (sextet, J = 6.4, 1H), 2.18-2.00 (m, 4H), 1.71 (s,
3H), 1.53-1.41 (m, 4H), 1.38-1.17 (m, 8H), 1.01 (d, J = 6.8 Hz, 3H), 0.98 (t,J = 7.5 Hz,
3H), 0.94 (t,J = 6.8 Hz, 3H), 0.89 (s, 9H), 0.87 (s, 6H), 0.05 (s, 3H), and 0.03 (s, 3H)
seVpgl53redolf2 or seVpgl77mplct2

ESI-MS: Exact Mass calc. for [C3,Hsg03SSiNa]’, 573.3768, found 573.3781.

(4E,6S,7S,10E,12E)-S-tert-butyl 7-((tert-butyldimethylsilyl)oxy)-6,12-dimethyl-3-
oxopentadeca-4,10,12-trienethioate (157a, R = CoHj9)

"H NMR (500 MHz, CDCl3): § 12.59 (d, J = 1.4 Hz, 1H), 6.73 (dd, J = 15.6, 7.5 Hz,
1H), 6.04 (d, J = 15.6 Hz, 1H), 5.66 (ddd, J = 15.7, 1.5, 1.5 Hz, 1H), 5.51 (ddd, J = 15.5,
6.8, 6.8 Hz, 1H), 5.37 (br t, J= 7.2 Hz, 1H), 5.32 (s, 1H), 3.61 (ddd, J = 6.4, 6.4, 4.8 Hz,
1H), 2.45 (br sextet, J = 6.7 Hz, 1H), 2.12 (pent, J = 7.5 Hz, 2H), 2.21-1.99 (m, 2H),

1.71 (s, 3H), 1.54-1.47 (m, 1H), 1.52 (s, 9H), 1.32-1.25 (m, 1H), 1.01 (d, J = 6.8 Hz, 3H),
0.98 (t,J = 7.5 Hz, 3H), 0.89 (s, 9H), 0.05 (s, 3H), and 0.03 (s, 3H). (reported for the

main tautomeric form, seVpg64mplc).
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3C NMR (125 MHz, CDCls): 8 (mixture of tautomers) 196.5, 166.9, 152.9, 145.2, 135.4,
135.2,133.03, 133.0, 132.9, 132.7, 129.4, 127.1, 126.8, 123.9, 100.6, 75.4, 75.1, 56.1,
48.4,42.4,42.3,34.3, 34.0, 30.44, 30.38, 29.9, 29.84, 29.79, 29.1, 29.0, 26.1, 26.03,
25.98,21.6, 18.3, 14.7, 14.38, 14.36, 14.35, 12.49, 12.47, -4.09, -4.13, and -4.19.
[seVIpg74 Vpgb4C]

LCMS: Method B, R; = 19.6 min, “pos” m/z=481.2 (M + 1)", 503.0 (M+23)", “neg” =
479.3 (M-1Y..

TLC (20:1 Hex:EtOAc): Re=0.2

o o oTBS
o o OTBS Me
Me 62 PMBN = N
RS = 7N _— OMe Me Me
Me Me Ag(OCOCFy),
159a (R = 'Bu) THF, rt 0o 157a
159b (R = CoHso) 50-60 %

Methyl 2-((4E,6S,7S,10E,12E)-7-((tert-butyldimethylsilyl)oxy)-N-(4-
methoxybenzyl)-6,12-dimethyl-3-oxopentadeca-4,10,12-trienamido)acetate (157a)
Preparation:
An oven dried culture tube was cooled under N, and to it was added the thioester triene
(1 equiv), amine (1.3 equiv), and THF to a concentration of typically 0.2 M. Crushed
molecular sieves were added and the mixture was rapidly stirred. Meanwhile, a solution
of Ag(OCOCFs;) was prepared by measuring the solid salt into a test tube and adding
approximately 1 mL dry THF. This solution was added dropwise to the reaction mixture.
Within 5 minutes, the mixture turned a dark orange color and TLC indicated the reaction
was completed. The entire mixture was passed through a pipette of Celite and diluted
with Et,O, washed with saturated NaHCO3, dried and concentrated. The residue was
purified by MPLC (8:1 Hexanes:EtOAc), yielding the amide as an orange oil (typically
50-60%).
"H NMR (500 MHz, CDCl3): & 14.03 (s, enolic H), 7.14 (d, H=8.6 Hz, 2H), 6.89 (d, J =
8.6 Hz, 2H), 6.04 (d, J = 15.6 Hz, 1H), 5.75 (d, J = 15.6 Hz, 1H), 5.51 (ddd, J = 14.4,
7.0, 7.0 Hz, 1H), 5.37 (t, J = 7.2 Hz, 1H), 5.26 (s, enol H, 1H), 4.58-4.50 (m, 2H), 4.10
(d,J=17.2 Hz, 1H), 4.04 (d, J = 17.2 Hz, 1H), 3.81 (s, 3H), 3.80 (appq, J = 5.4 Hz, 1H),
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3.73 (s, 3H), 3.70 (d, J = 10.2 Hz, 1H), 3.69 (d, J = 10.2 Hz, 1H), 3.61 (appq, J = 5.4 Hz,
1H), 2.43 (sextet, J = 5.9 Hz, 1H), 2.16-2.08 (m, 1H), 2.11 (pent, J = 7.4 Hz, 2H), 2.08-
2.01 (m, 1H), 1.71 (s, 3H), 1.53-1.47 (m, 2H), 1.01, (d, J = 6.9 Hz, 3H), 0.98 (t,J = 7.5
Hz, 3H), 0.88 (s, 9H), 0.04 (s, 3H), and 0.03 (s, 3H). seVpgl55pc4 or seVIpg36f3dp
ESI-MS: Exact Mass calc. for [C34H53NO6SiNa]’, 622.3534, found 622.3558.

LCMS: Method C, R; = 6.7 min, m/z “pos” = 582.3 (M-17)", 600.3 (M+1)", m/z “neg” =
634.3 (M+35)’, 658.3 (M+59)".

TLC (4:1 Hex:EtOAc): Rg=0.2

BU4N @
M/ OTBS y 0 OHO oTBS
PMBN v as e TBAF, _~_Me
—> pweN T 7 Z
OMe Me Me Et,0, rt, 5 min Me Me
@ 157a o 75a°TBA
o OH oTBS
HCl or TFA Vo
—— pwN [ 7 - Y
H,O Me Me

0]
75a

(2)-3-((2E4S,5S,8E,10E)-5-((tert-butyldimethylsilyl)oxy)-1-hydroxy-4,10-
dimethyltrideca-2,8,10-trien-1-ylidene)-1-(4-methoxybenzyl)pyrrolidine-2,4-dione
(75a*TBA)

In a typical experiment, the amide was taken up in THF (for about 0.2 M) and a solution
of TBAF (1M in THF, 2 equiv.) was added dropwise. A precipitate (or in most cases, a
ring of an orange oil was formed on the stir bar and sides of the culture tube) was
observed within a few minutes (but often was stirred as long as overnight) and the
reaction mixture was then concentrated under reduced pressure to give the tetramate-
ammonium salt as a viscous orange oil.

"H NMR (500 MHz, CDCl3): 8 7.74 (d, J = 15.6 Hz, 1H), 7.16 (d, J = 8.6 Hz, 2H), 6.80
(d,J =8.6 Hz, 2H), 6.74 (dd, J = 15.5, 7.4 Hz, 1H), 6.02 (d, J = 15.6 Hz, 1H), 5.51 (ddd,
J=14.2,6.9 Hz, 1H), 5.35(t,J = 7.0, 1H), 4.51 (app d, J = 14.8 Hz, 1H), 4.47 (app d, J
= 14.8 Hz, 1H), 3.77 (s, 3H), 3.71 (appq, J = 8.4 Hz, 1H), 3.35 (s, 2H), 2.53-2.49 (m,
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1H), 2.20-2.03, m, 4H), 1.70 (s, 3H), 1.52-1.48 (m, 1H), 1.32-1.26 (m, 1H), 1.05 (d, J =
6.8 Hz, 3H), 0.97 (t,J = 7.5 Hz, 3H), 0.90 (s, 9H), 0.06 (s, 3H), and 0.04 (s, 3H).

Various TBAF peaks were found to complicate the analysis of this compound (3.29, 1.63,
1.43, 0.99) and of the ion pair. [seVIpg37ov]

(2)-3-((2E4S,5S,8E,10E)-5-((tert-butyldimethylsilyl)oxy)-1-hydroxy-4,10-
dimethyltrideca-2,8,10-trien-1-ylidene)-1-(4-methoxybenzyl)pyrrolidine-2,4-dione
(75a)

The crude orange oil was dissolved in deionized water and the solution acidified with
dropwise addition of HCI (TFA was also used for this protonation reaction) until the pH
of the water was ~2. At this point a brown precipitate was usually observed. The water
was drawn off with a pipette, leaving the precipitate as the crude product. Additional
product could be obtained by extraction of the aqueous phase with ethyl acetate, drying
the organic layer over Na,SO4 and concentrated to give an oil with the same
spectroscopic data as that observed for the originally acquired solid.

"H NMR (500 MHz, CDCls): & 7.25 (dd, J = 15.9, 7.4 Hz, 1H), 7.10 (dd, J = 15.9, 1.3
Hz, 1H), 6.05 (d, J = 15.8 Hz, 1H), 5.51 (ddd, J = 15.6, 7.2, 7.2 Hz, 1H), 5.37 (t,J = 6.3
Hz, 1H), 4.58 (d, J = 12.1 Hz, 1H), 4.54 (d, J = 12.1 Hz, 1H), 3.80 (s, 3H), 3.70-3.66 (m,
1 Hz), 3.59 (s, 2H), 2.60 (app sextet, J-6.7 Hz, 1H), 2.21-2.00 (m, 4H), 1.71 (s, 3H), 1.59-
1.43 (m, 2H), 1.08 (d, J = 6.8 Hz, 3H), 0.97 (t, J = 7.5 Hz, 3H), 0.90 (s, 9H), 0.06 (s,
3H), and 0.05 (s, 3H).

seVIpg42ppt? and also VIpgd2pptH series (VIpgd2pptH1, VIpgd2pptH6 (think I took the
same tube, twice to NMR)

LCMS (Method C): Tg = 6.1 min, m/z “pos” = 568 (M+1)", m/z “neg” = 566 (M-1),
TLC (4:1 Hex:EtOAc): Rr=0.1

NHCI
OMe O O OTBS
O O OTBS
Me (0] HNJJ\)J\/\H\/\/W Me
RS = ~ Y OMe Me Me
Me Me Ag(OCOCF;),
THF, rt

159a (R = Bu) 50.60 r% 0 157b
159b (R = CgH19)
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methyl 2-((4E,6S,7S,10E,12E)-7-((tert-butyldimethylsilyl)oxy)-6,12-dimethyl-3-
oxopentadeca-4,10,12-trienamido)acetate (157b)

"H NMR (500 MHz, CDCl3): & 7.73 (bs, 1H), 7.05 (dd, J = 16.1, 6.9 Hz, 1H), 6.13 (dd, J
=16.1, 1.3 Hz, 1H), 6.05 (d, J = 15.5 Hz, 1H), 5.50 (ddd, J = 15.5, 6.9, 6.9 Hz, 1H), 5.38
(t,J = 6.9 Hz, 1H), 4.08 (d, J = 5.4 Hz, 2H), 3.96 (s, 3H), 3.76 (s, 2H), 3.67 (ddd, J =
9.1,4.6,4.6 Hz, 1H), 2.54 (dquin, J = 4.4, 1.3 Hz, 1H), 2.12 (quint, J = 7.6 Hz, 1H),
2.19-2.00 (m, 2H), 1.71 (s, 3H), 1.56-1.49 (m, 1H), 1.45-1.38 (m, 1H), 1.05 (d, J = 6.8
Hz, 3H), 0.99 (t, J = 8.5 Hz, 3H), 0.90 (s, 9H), 0.06 (s, 3H), and 0.04 (s, 3H). seVpgl11
(stuff)

LCMS (of ocatlin pdt of IMDA): Method C: Tg = 5.9 min, m/z “pos” = 480 (M+1)", m/z
“neg” =478 (M-1)

Structure additionally supported by LCMS (Method C): Tr = 5.8 min, m/z “pos” = 366
(M+1)", m/z “neg” = 364 (M-1) of the deprotected variant.

TLC (1:2 Hex:EtOAc): R,=0.4

Me
0 OH OTBS cDC Me
DCls, 2d TBSO
Me 3
SV N S Me o
Me Me MeOD, overnight 0
0 | NPMB

75a 162a HO

3-(7-((tert-butyldimethylsilyl)oxy)-2-ethyl-3,8-dimethyl-1,2,4a,5,6,7,8,8a-
octahydronaphthalene-1-carbonyl)-4-hydroxy-1-(4-methoxybenzyl)-1H-pyrrol-
2(SH)-one (162a).
Octalin 162a was commonly observed upon storage of 75a under ambient conditions.
Quantities were also gathered from NMR samples of 75a in various solvents (CDCl3, or
MeOH-d4, or C¢Ds. These were typically concentrated under reduced pressure and loaded
onto the MPLC (4:1 Hex:EtOAc) for separation of the major isomer (tentatively assigned
the configuration of endo-1) and the minor (assigned the relative configuration of endo-II)
"H NMR (500 MHz, CDCl3): 6 7.19 (d, J = 8.7 Hz, 2H, aromatic), 6.88 (d, ] = 8.7 Hz,
2H, aromatic), 5.49 (br sextet, J = 1.4 Hz, H14), 4.55 (d, J = 14.6 Hz, benzylic), 4.51 (d, J
= 14.7 Hz, benzylic), 3.82 (t, ] = 6.7 Hz, H7), 3.81 (s, 3H, -OMe), 3.60 (d, J = 17.4 Hz,
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H2a), 3.56 (d, J = 17.4 Hz, H2b), 3.12 (ddd, J = 10.6, 9.2, 4.4 Hz, H10), 2.25 (brq, J =
6.4 Hz, H16), 1.95 (dq, J = 12.9, 3.3 Hz, H12eq), 1.89 (dq, J = 12.3, 3 Hz, H1leq), 1.76
(s, 3H, Me36), 1.71 (brt, J = 10 Hz, H13), 1.51 (app pent, J = 7.2 Hz, H17a), 1.47-1.22
(m, 5H, HS, H9, H11ax, H12ax, H17b), 0.93 (t, J = 7.4 Hz, Mel8), 0.90 (d, ] = 6.4 Hz,
3H, Me37), 0.87 (s, 9H, ‘Bu), 0.03 (s, 3H, SiMe), and 0.01 (s, 3H, SiMe).
[seVIpg60IImain] Note also that within the multiplet 6 1.47-1.22 ppm, COSY analysis
indicated that the order of those resonances is something like: H9/H11ax, H17b, H12ax,
HS.

BC NMR (125 MHz, CDCls): § 192.0, 191.4, 173.7, 159.7, 138.2, 130.0, 129.9, 127.4,
114.6, 102.6, (77.1), 55.5, 55.1,49.5, 46.7,46.2, 45.2, 43.7, 39.7, 35.8, 30.1, 26.1, 21.8,
19.6, 18.3, 16.1, 13.9, -3.7, -4.5. [seVIpg60commajC]

LCMS: Method C, R; = 7.4 min, m/z “pos” = 568.3 (M+1)", m/z “neg” = 566.3 (M-1)".
TLC (4:1 Hex:EtOAc): Rr=0.1

Me
M
TBSO s ©
Me
0 NH
MeO
161b

o}
methyl 2-(3-(7-((tert-butyldimethylsilyl)oxy)-2-ethyl-3,8-dimethyl-1,2,4a,5,6,7,8,8a-
octahydronaphthalen-1-yl)-3-oxopropanamido)acetate (161b)
"H NMR (500 MHz, CDCl3): § 13.37 (d, J = 1.3 Hz, enolic), 7.69 (br t, J = 5.0 Hz, NH),
5.53 (brq,J =2 Hz, H14),4.05 (dd, J = 5.5, 1.7 Hz, H4), 3.75 (s, 3H, OMe), 3.42 (d, ] =
17.1 Hz, H2a), 3.31 (d, J = 17.2 Hz, H2b), 3.14 (ddd, ] = 10.4, 9.3, 4.4 Hz, H10), 2.85 (t,
J=7.0Hz, H7), 2.19 (br q, J = 6.7 Hz, H16), 1.96 (dq, J = 12.7, 3 Hz, H12eq), 1.93-1.89
(m, 1H, Hl1eq), 1.78 (q, J = 1.7 Hz, Me36), 1.72-1.54 (m, H13, H17a), 1.43-1.21 (H9,
Hllax, H12ax, H17b), 1.06 (ddd, J = 10.6, 10.6, 6.7 Hz, HS), 0.98 (t, J = 7.3 Hz, 3H,
Mel8), 0.878 (d, J = 6.8 Hz, 3H, Me37), 0.877 (s, 9H, ‘Bu), 0.04 (s, 3H, SiMe), and 0.03
(s, 3H, SiMe).
LCMS: Method C, R; = 6.0 min, m/z “pos” = 480.3 (M+1)", m/z “neg” = 478.3 (M-1),

514.3 (M+35)",
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TLC (4:1 Hex:EtOAc): Rr=0.1

Auxiliary Compounds:
0 oTBS

HO™ 7 AN Me

Me Me
(2E,4S,5S,8E,10E)-5-((tert-butyldimethylsilyl)oxy)-4,10-dimethyltrideca-2,8,10-

trienoic acid

"H NMR (500 MHz, CDCl;):  6.98 (dd, J = 16.0, 7.1 Hz, 1H), 6.04 (d, J = 15.4 Hz,
1H), 5.81 (d, J = 16.0 Hz, 1H), 5.51 (ddd, J = 15.2, 7.1, 7.1 Hz, 1H), 5.37 (t,J = 7.1 Hz,
1H), 3.66 (ddd, J = 6.7, 5.0, 5.0 Hz, 1H), 2.48 (app sextet, J = 7 Hz, 1H), 2.12 (pent, J =
7.5 Hz, 2H), 2.19-2.00 (m, 2H), 1.71 (s, 3H), 1.56-1.41 (m, 2H), 1.03 (d, J = 6.8 Hz, 3H),
0.98 (t,J = 7.5 Hz, 3H), 0.89 (s, 9H), 0.05 (s, 3H), and 0.04 (s, 3H). [selllpg148rptt7]

0] OH

Eto)J\/\l)\/\/\(\/ Me
Me Me

(2E,4S,5S,8E,10E)-ethyl 5-hydroxy-4,10-dimethyltrideca-2,8,10-trienoate

"H NMR (500 MHz, CDCl;): § 6.94 (dd, J = 15.7, 7.8 Hz, 1H), 6.09 (d, J = 15.3 Hz,
1H), 5.86 (dd, J = 15.8, 1.4 Hz, 1H), 5.53 (ddd, J = 15.5, 7.0, 7.0, 1H), 5.39 (t,J = 7.3
Hz, 1H), 4.19 (q,J = 7.1 Hz, 2H), 3.60 (ddd, J = 8.9, 5.2, 3.2 Hz, 1H), 2,43 (dddq, J =
7.2,5.2,1.4, 6.8 Hz, 1H), 2.29, (app sextet, J = 7 Hz, 1H), 2.18 (app pent, J = 7 Hz, 1H),
2.12 (app pent, J = 7.4 Hz, 2H), 1.72 (s, 3H), 1.59 (dddd, J = 13.9, 8.6, 6.8, 3.1 Hz, 1H),
1.49 (dddd, J = 14.0,9.4, 8.5, 5.9 Hz, 1H), 1.30 (t, J = 7.1 Hz, 3H), 1.09 (d, J-6.8 Hz,
3H), and 0.98 (t, J = 7.5 Hz, 3H). [sellpg44{2]

Experiments (Chapter I11)

OTBS

Me 164 Me
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(2E48S,5S,8E,10E)-5-((tert-butyldimethylsilyl)oxy)-4,10-dimethyltrideca-2,8,10-
trienenitrile (154)

"H NMR (500 MHz, CDCl3): 8 6.82 (dd, J = 16.6, 6.6 Hz, 1H), 6.05 (d, J = 15.4 Hz,
1H), 5.52 (ddd, J = 15.5, 6.9, 6.9 Hz, 1H), 5.38 (t, J = 7.2 Hz, 1H), 5.30 (dd, J = 16.5 1.7
Hz, 1H), 3.634 (ddd, J = 7.2, 4.4, 4.4 Hz, 1H), 2.50 (ddq, J = 4.3, 1.7, 6.8 Hz, 1H), 2.13
(app pent, J = 7.4 Hz, 2H), 2.19-1.98 (m, 2H), 1.72 (s, 3H), 1.69-1.57 (m, 1H), 1.53-1.46
(m, 1H), 1.02 (d, J = 6.9 Hz, 3H), 0.98 (t, J = 7.6 Hz, 3H), 0.90 (s, 9H), 0.054 (s, 3H),
and 0.048 (s, 3H). [selllpgl 17mplcl, seems to be contaminated with some of the —
HOTBS elimination product]

(0]
M py-, M
04\/\/ e e O&w e —— k/\/WMe
Me

D,0, A Me D D
’ 3 Me D D
31 95-98 % 31-d, 36d
OTBS Me
— 7 A AN cMe - TBSO Me
Me Me D D Me CHO DD
97-d, endo-I-d,
endo-ll-d,
0PN Me
Me D D
31-d,

(E)-2-methylpent-2-enal (31-d;)
"H NMR (500 MHz, CDCl3): 8 9.40 (s, 1H), 6.47 (s, 1H), 1.73 (d, J = 1.3 Hz, 3H), and
1.09 (s, 3H). [selllpg35or 44 3d]

OH

Me D D
344,

E-4-methyl-1,4-heptadien-3-ol (34-d;)
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"H NMR (500 MHz, CDCls): & 5.87 (ddd, J = 17.2, 10.5, 5.6, 1H), 5.47 (s, 1H), 5.28
(ddd,J =173, 1.5, 1.5 Hz, 1H), 5.15 (ddd, J = 10.4, 1.3, 1.3 Hz, 1H), 4.51 (br s, 1H),
1.60 (s, 3H), and 0.96 (s, 3H). [selllpg43c]

N Me

36d, MeDD
(4E,6E)-6-methylnona-4,6-dienal (36-d;):
"H NMR (500 MHz, CDCl3): 8 9.78 (t,.J = 1.5 Hz, 1H), 6.09 (d, J = 15.6 Hz, 1H), 5.52
(ddd, J = 15.7, 6.8, 6.8 Hz, 1H), 5.39 (br s, 1H), 2.55 (dddd, J = 8.6, 6.8, 1.2, 1.2, 1H),
1.70 (d, J = 1.2 Hz, 3H), and 0.96 (s, 3H) [selllpg43{4]

O)kNJH/l\/\/WMe
. Me Me D D

(R)-4-benzyl-3-((2R,3S,6E,8E)-3-hydroxy-2,8-dimethylundeca-6,8-
dienoyl)oxazolidin-2-one (noTBS-44-d,)

"H NMR (500 MHz, CDCl3): § 7.36-7.18 (m, 5H), 6.09 (d, J = 15.6 Hz, 1H), 5.54 (ddd,
J=155,7.0,7.0 Hz, 1H), 5.36 (br s, 3H), 4.74-4.63 (m, 1H), 4.27-4.10 (m, 2H), 3.97
(ddd,J =9.0,4.1,2.7 Hz, 1H), 3.75 (dq, J = 2.8, 7.0 Hz, 1H), 3.24 (dd, J = 13.4, 3.4 Hz,
1H), 2.78 (dd, J = 13.4, 9.4 Hz, 1H), 2.40-1.96 (m, 4H), 1.71 (d, J/ = 1.3 Hz, 1H), 1.69-
1.60 (m, 1H), 1.55-1.43 (m, 1H), 1.26 (d, J = 7.1 Hz, 3H), and 0.95 (s, 3H).

[selllpg49 chkl.5h]

O O OTBS

o >N N~ Me
. Me Me D D
Bn 44-d,

(R)-4-benzyl-3-((2R,3S,6E,8E)-3-((tert-butyldimethylsilyl)oxy)-2,8-dimethylundeca-
6,8-dienoyl)oxazolidin-2-one (44-d,)
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"H NMR (500 MHz, CDCls):  7.35-7.20 (m, SH), 6.05 (dq, J = 15.6, 1.5 Hz, 1H), 5.53
(ddd, J = 15.6, 6.8, 6.8 Hz, 1H), 5.36 (s, 1H), 4.60 (dddd, J = 12.7, 6.8, 3.0, 3.0, 1H),
4.16 (ddd, J = 9.1,9.1, 2.7 Hz, 1H), 4.02 (app q, J = 5.6 Hz, 1H), 3.88 (dq, J = 5.1, 6.9
Hz, H), 3.29 (dd, J = 13.3, 2.3 Hz, 1H), 2.76 (dd, J = 14.6, 9.7 Hz, 1H), 2.20-2.07 (m,
2H), 1.71 (d, J = 1.3 Hz, 3H), 1.69-1.58 (m, 2H), 1.22 (d, J = 6.9 Hz, 3H), 0.95 (br s,
3H), 0.89 (s, 9H), 0.05 (s, 3H), and 0.01 (s, 3H). [selllpg50£1]

o] OTBS

EtO = A Me

Me Me D D
95-d;

(2E,4S,5S,8E,10E)-ethyl 5-((tert-butyldimethylsilyl)oxy)-4,10-dimethyltrideca-
2,8,10-trienoate (95-d,)
"H NMR (500 MHz, CDCl3): § 7.02 (dd, J = 15.8, 7.2 Hz, 1H), 6.04 (dq, J = 15.5, 1.4
Hz, 1H), 5.79 (dd, J = 15.8, 1.4 Hz, 1H), 5.50 (ddd, J = 15.6, 7.1, 7.1 Hz, 1H), 5.36 (br s,
1H), 4.18 (dq, J = 1.1, 7.1 Hz, 1H), 3.63 (ddd, J = 6.6, 4.8, 4.8 Hz, 1H), 2.47 (ddq, J =
4.8,1.4, 6.7 Hz, 1H), 2.21-1.97 (m, 2H), 1.71 (d, J = 1.3 Hz, 3H), 1.64-1.41 (m, 2H),
1.29 (t,J = 7.1 Hz, 3H), 1.02 (d, J = 6.8 Hz, 3H), 0.96 (br s, 3H), 0.89 (s, 9H), 0.05 (s,
3H), and 0.04 (s, 3H). [selllpg52mplc] referenced to CHCl; here

OTBS
HOM\H\/V/WMG
Me Me D D

96-d
(2E,4S,5S,8E,10E)-5-((tert-butyldimethylsilyl)oxy)-4,10-dimethyltrideca-2,8,10-
trien-1-ol (96-d,)
"H NMR (500 MHz, CDCl3): 8 6.05 (dq, J = 15.5, 1.4 Hz, 1H), 5.73 (ddd, 15.5, 7.0, 1.3,
1.3 Hz, 1H), 5.62 (ddd, J = 15.6, 5.8, 5.8, 1.1 Hz, 1H), 5.53 (ddd, J = 15.7, 6.9, 6.9 Hz,
1H), 5.36 (br s, 1H), 4.14-4.08 (m, 2H), 3.55 (ddd, J = 6.8, 4.8, 4.8 Hz, 1H), 2.34 (app
sextet, J = 7 Hz, 1H), 2.20-2.13 (m, 1H), 2.08-2.00 (m, 1H), 1.71 (d, J = 1.3 Hz, 3H),
1.53-1.42 (m, 2H), 0.97 (d, J = 6.9 Hz, 3H), 0.96 (br s, 3H), 0.90 (s, 9H), 0.05 (s, 3H),
and 0.04 (s, 3H). [selllpg59extraf]
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OTBS

0P NF NP Me

Me Me D D
97-d,

(2E48S,5S,8E,10E)-5-((tert-butyldimethylsilyl)oxy)-4,10-dimethyltrideca-2,8,10-
trienal (97-d;)

"H NMR (500 MHz, CDCl3): 8 9.52 (d, J = 7.9 Hz, 1H), 6.96 (dd, J = 15.9, 6.5 Hz, 1H),
6.11 (ddd, J = 15.9, 9.1, 1.2 Hz, 1H), 6.05 (d, J = 15.6 Hz, 1H), 5.50 (ddd, J = 15.6, 6.9,
6.9 Hz, 1H), 5.37 (br s, 1H), 3.70 (ddd, J = 7.6, 4.5, 4.5 Hz, 1H), 2.64 (ddq, J = 1.7, 4.9,
6.7 Hz, 1H), 2.22-2.14 (m, 1H), 2.08-2.00 (m, 1H), 1.71 (d, J = 1.3 Hz, 3H), 1.56-1.50
(m, 1H), 1.46-1.39 (m, 1H), 1.07 (d, J = 6.9 Hz, 3H), 0.96 (br s, 3H), 0.90 (s, 9H), 0.07
(s, 3H), and 0.05 (s, 3H). (referenced to CHCls) [selllpg5413]

7-ethyl-8-(4-hydroxy-2-oxo0-2,5-dihydro-1H-pyrrole-3-carbonyl)-1,6-dimethyl-
1,2,3,4,4a,7,8,8a-octahydronaphthalen-2-yl 2,2,2-trifluoroacetate (163)
ESI-MS: Exact mass calc. for [Co1HasF3NOsNa]', 452.1655, found 452.1636.

Me

Me
O

HO
Me
(0]

| NH

HO
3-(2-ethyl-7-hydroxy-3,8-dimethyl-1,2,4a,5,6,7,8,8a-octahydronaphthalene-1-
carbonyl)-4-hydroxy-1H-pyrrol-2(SH)-one (26)

ESI-MS: Exact mass calc. for [C19H,7NO4Na]", 356.1832, found 356.1848.
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Table I-4: °C and 'H NMR Data for endo-1 (CDCls, 125 and 500 MHz).

Carbon Proton
Nﬁrt;)lil: o Oc on mult J (Hz)
CHO 205.4 9.47 d 54
56.1 2.58 ddd 6.7,6.7,5.4
44.7 1.13 ddd 10.6, 10.6, 7.0
453 1.47-1.34 m
10 77 3.17 ddd 10.7,9.1,4.2
11ax 35.8 1.47-1.34 m
lleq 35.8 1.95-1.89 m
12ax 30.2 1.31-1.22 m
12eq 30.2 1.95-1.89 m
13 39.7 1.75-1.65 m
14 129.6 5.42 brs
15 137.3 NA
16 42 2.19 br q 6.8
17a 22 1.75-1.65 m
17b 22 1.52 app sextet 7.4
18 13.2 1.00 t 7.4
Me36 19.9 1.73 q 1.6
Me37 16.8 0.93 d 6.4
Si-Me -3.7 0.05 S
Si-Me -4.5 0.04 S
4° of ‘Bu 21 NA
‘Bu methyl groups 26.1 0.88 S

* numbering as in integramycin (1a). Me36 is allylic. Me37 is the substituent at C9.
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endo-ll

Table I-5: °C and 'H NMR Data for endo-1I (CDCls, 125 and 500 MHz).

Proton
Nﬁrtg&l ~ On mult J (Hz)
CHO 9.8 d 4.5
7 2.49-2.4 m (10.1,5.7,4.7)
8 1.56-1.42 m
9 1.96-1.88 m
10 3.71 app q, ddd 2.8
11ax 1.56-1.42 m
lleq 1.62 nform (12.2, 5.6, 2.0)
12ax 2.49-2.4 m (12.3,10.3,3.7)
12eq 1.56-1.42 m
13 1.96-1.88 m
14 5.21 brs
15 NA
16 2.25 nform
17a 1.71 app pent 7.5
17b 1.56-1.42 m
18 0.95 t 7.6
36 1.67 t 1.8
37 0.754 d 7.3
Si-Me 0.04 s
Si-Me 0.03 S
4° of ‘Bu NA
‘Bu methyl groups 0.89 S

* numbering as in integramycin (1a). Me36 is allylic. Me37 is the substituent at C9.
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Me 18

Table I-6: °C and "H NMR Data for 7-epi-endo-1 (CDCls, 125 and 500 MHz).

Carbon Proton
Nﬁ:ﬁ;l; o dc Ou mult J (Hz)
CHO 205.2 9.73 d 1.7
48.4 2.69 ddd 34,14, 14
41.5" 1.14 ddd 11.2,11.2,3.3
41.6° 1.68 ddq 11.0,9.3, 6.4
10 77.4 3.16 ddd 10.9,9.3, 4.6
11ax 35.9 1.42 dddd 13.2,13.2,10.8, 4.3
lleq 35.9 1.92 dddd 10.9, 4, 4,4
12ax 25.1 1.01 ddd 13.1,12.2,12.2,3.5
12eq 25.1 1.2 dddd 11.3,4.3,4.3,43
13 38.1 1.87 br dd 11.2,11.2
14 126.8 5.18 q 1.4
15 135.6 NA
16 41.1° 2.18 m very brd, 9 or 10 Hz
17a 31.6 1.79-1.70 m
17b 31.6 1.79-1.70 m
18 12.9 0.94 t 7.4
36 222 1.72 t 1.6
37 15.2 1.07 d 6.5
Si-Me -3.7¢ 0.07 S
Si-Me -4.4° 0.06 s
4° of '‘Bu 18.3 NA
tB‘gjrr:lfs;yl 26.1 0.9 s

* numbering as in integramycin (1a). Me36 is allylic. Me37 is the substituent at C9.
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Table I-7: °C and "H NMR Data for 7-epi-endo-11 (CDCls, 125 and 500 MHz)

Proton
Nﬁ:ﬁﬁ: . on mult J (Hz)
CHO 9.84 d 5.1
2.25 ddd 5.1,1.7,1.7
8 1.57-1.50
1.83-1.71
10 3.7 app q 2.8
11ax 1.65 dddd 43,14.3,45,2.1
lleq 1.57-1.50
12ax 1.46-1.40
12eq 2.35 ddd 11.8,3.7,2.5
13 2.39 dd sextets 11.9,11.8, 1.8
14 5.28 ddq 1.4,1.4,0.7
15 NA
16 1.83-1.71
17a 1.83-1.71
17b 1.34 ddd 14.0, 10.1, 7.1
18 0.94 t 7.4
36 1.7 t 1.7
37 0.86 d 7.4
Si-Me 0.022 s
Si-Me 0.018 s
4° of ‘Bu NA
‘Bu methyl group 0.87 S

* numbering as in integramycin (1a). Me36 is allylic. Me37 is the substituent at C9.
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Table I-8: °C and "H NMR Data for Endo-I (C¢Ds, 125 and 500 MHz)

Proton
Atom
Number® dH mult J (Hz)
CHO 9.39 d 5.2
2.47 ddd 6.6, 6.6, 5.1
8 0.95 ddd 13.9,13.9,6.3,6.3
1.24 ddq 10.8,9.0, 6.4
10 3.03 ddd 10.8,9.1,4.6
11lax 1.40-1.30 m
lleq 1.85 dq 12.6, 3.4 (or 4.4!)
12ax 1.08 ddd 13.1,13.1,34
12eq 1.71 dq 13.1,3.5
13 1.54-1.42 m
14 5.29 ddq 34,1.7,1.7
15 NA
16 1.93 br q, app q 7
17a 1.54-1.42 m
17b 1.40-1.30 m
18 0.87 t 7.4
36 1.58 ddd 25,15, 1.5
37 1.01 d 6.3
Si-Me 0.07 S
Si-Me 0.06 S
4° of 'Bu NA
‘Bu methyl groups 1.02 S

* numbering as in integramycin (1a). Me36 is allylic. Me37 is the substituent at C9.
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PART TWO: Isolation of Natural Products

Chapter IV. Alkaloids from Amazonian Plants

IV.A. Introduction and Background

Drug discovery and development is a costly and time-consuming process. There are
many different approaches, but all require an understanding of both the target disease and
the chemistry of small molecules. The process must involve scientists and medical

specialists with a wealth of specialty training and a defined goal.

IV.A.1. Ethnopharmacology and Schizophrenia

One of the many approaches for drug discovery is investigation of natural products
(NPs), many of which are known to have biological activity. The ability to harness this
activity in a safe and effective way for the treatment of a wide variety of diseases would
have a monumental effect in health care today. Of course, there must be a strategy in-
hand before conducting research. The number and type of living organisms capable of
providing natural products is overwhelming.

In the specific case of botanical natural products, there is a wealth of information
available. Many times, this knowledge comes from traditional medicine and folklore
around these plants, guiding Western research aimed as the discovery of new therapeutic
agents. After all, it must be that when these plants have a known effect on humans, there
are chemical components responsible for those effects. Ethnopharmacology — the
interdisciplinary investigation of biologically active substances used by indigenous
cultures — is commonly used to describe this approach to drug discovery.”
Ethnopharmacology has been discussed at-length in the literature and there is much
journal space and many volumes dedicated to the topic (e.g. J. of Ethnopharmacology).
As such an established method, it is an attractive place to begin.

Richard Evans Schultes is commonly considered the Father of Ethnobotony. This
field focuses not only on the medical arena, but also the areas of food coloring, fiber,
poison, fertilizers, ornamentals, and oils. Schultes spent his career developing and

illustrating the utility of ethnobotony. One of his most relevant contributions for
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ethnopharamacologists was a series of publications reviewing Amazonian plants,

particularly those of the Apocynaceae family (see Section IV.C.2.a).”>"

This large and
diverse collection of plants is reputedly the most abundant in alkaloids. Though
taxonomically very difficult to understand, it is worth the challenge. There are number of
species with known medicinal properties to probe, and the identification of their
alkaloidal components is a necessary step in the development of treatments derived from
them.

Dennis J. McKenna, an ethnopharmacologist and our collaborator in pharmacy,
recognized that the plants profiled by Schultes were specifically used for their
psychoactive properties. Prof. McKenna also had a long-standing interest in developing
treatments for diseases of the central nervous system, namely, schizophrenia. Professor
McKenna noted the connection between Schultes’ psychoactive plants and schizophrenia.
He felt that launching a project, which took advantage of Schultes’ guidance, would be
worthwhile.”* There are treatments available for schizophrenia but there is room for
improvement. For example, there has been an imbalance in treatment of the positive
(overt, like hallucinations, disorganized speech, catatonic behavior) versus negative
(neurocognitive deficits, like in attention, long-term memory, and verbal ability)
symptoms of this disease. Because schizophrenia has not yet been addressed from the
perspective of natural product treatments, there was great potential in using the
information gathered by Schultes. The goal was to gain an even better understanding of
what it is that makes these plants psychoactive and to leverage those small molecules in

disease therapy today.

IV.A.2. The Approach (Scheme II-1)

The process proposed by McKenna begins with the collection of Amazonian plants.”
Once obtained, he aimed to (i) discern which plants contain biologically active
components (ii) isolate and perform structure elucidation of the chemical components
present in these plants (iii) perform additional biological testing on pure natural

96,97

products and (iv) develop these natural products into potential treatments. The first

step requires that the plant components be extracted and tested for biological activity. The
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extracts proven to be most active (by radioligand binding assays, discussed later) would
be probed for their phytochemical components (step ii). The hope was that the natural
products would have novel structures. Following this, a more in-depth biological activity
profile could be generated from testing the isolated molecule rather than the crude extract
(step iii). Finally, the natural product could be chemically modified or a library be built to
examine how changes in the structure affect the biological activity of the natural product
(step iv); this information would be used to guide the development of a possibly more
potent molecule with the desired characteristics for a drug.

The guidance provided by Schultes was very useful, but due to the botanical diversity
he presented and the wealth of plants that Prof. McKenna and his partners collected, we
needed a way to further prioritize the plants for study. The method had to quickly and
easily determine which species were most likely to be psychoactive. Professor McKenna
proposed that radioligand binding methodologies be employed.” Various targets were
sought, including serotonin, adrenergic, dopamine, opiate, muscarinic acetylcholine, and
cholinergic receptors.”” Radioligand binding is commonly used in the drug discovery
process. It is rapid, cost-effective, and widely applicable for a number of receptors (those
listed above, especially serotonin, muscarinic acetylcholine, and cholinergic). This last

9101 1y fact, it

feature is why radioligand binding is so well suited for the neurosciences.
has already been demonstrated to be useful in other research endeavors.'”> With all these
details of the project planned, Professor McKenna was successful in acquiring the funds

and launched a research project.

IV.A.3. Final Consideration/Motivation

We recognize that we are not undertaking a brand new program for drug discovery.
We simply note that previous findings for active plant components have been more of the
serendipitous type, where alleviation of symptoms was observed for various

ethnomedicines.'*

Prof. McKenna designed a more formal approach and aimed to
identify the particular chemical components responsible for these effects. This will lead
to a better understanding of the mode of action (particularly in reversing the

neurocognitive deficit symptoms by its sufferers). Such a systematic research endeavor
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should result in the identification of particular natural products and their corresponding
biological activity. We also recognize that regardless of our success in NP isolation, drug
discovery is far longer-term goal. It would be beneficial if we could simply arrive at a
structural scaffold from which other bioactive agents might be envisioned.'*>'**

Lastly, it is worth emphasizing the critical nature of proper structural determination.
The literature is replete with many instances where new natural product structures have
been incorrectly assigned.'” Professor Hoye has extensive expertise in both the
development and use of NMR analysis techniques for determination of complex
molecular structures—a skill set that will also be very valuable to me. In order to
understand how a molecule behaves toward its biological target (for example, a CNS
receptor), structure is of utmost importance. As already mentioned, it is not uncommon
for other investigators (for example, medicinal chemists involved in drug discovery) to
use the discoveries of natural products chemists as a launching pad for the development
of new drug leads. This opportunity is severely compromised when a new compound is
incorrectly assigned. As a synthetic organic chemist, I am familiar with the power and
limitations of the various methods for determining structure, and these I kept in mind

when conducting isolation and structure elucidation work.

IV.B. Previous Work

Previous work was performed both abroad and locally. The process began with a
literature survey and field expeditions. Various Amazonian plants were extracted and
tested for biological activity. Several plants were advanced into a study of their

phytochemistry.

IV.B.1. McKenna and Roth”

As described in section IV.A.2, the work began with an identification and pre-
selection of targeted species. Professor McKenna enlisted the help of collaborators at the
Universidad Nacional de la Amazonia Peruana and Gracia Ethnobotanicals (both located
in Iquitos, Peru). This entailed an exhausting literature survey, (including many of the

published works by Schultes””’), NAPRALERT surveys, herbarium surveys, and
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interviews with local informants. (Scheme II-1, “body of folklore). From this, a list of
targeted species was generated and priorities were assigned. The next step was specimen
collection. Over the course of approximately 20 months, several expeditions were

conducted in the Loreto province of Peru.

Scheme II-1. Steps in McKenna’s Ethnopharmcological Approach

Current Status

plant i * .
body of identification ﬁ separation & extraction

folklore ~anq coltection

biological testing

of crude extract

Following documentation (vouchers and collection numbers were assigned) and
export authorizations, the collected species were analyzed and arranged according to their
folk uses and phytochemical distribution (information gathered from the literature). Chart
II-1 shows that alkaloids, aside from those labeled unclassified, are among the most
represented. Thus, these are the types of compounds expected to be present and isolable
in the plant samples. This information was important for me, a chemist, to envision the
ways in which expected chemical constituents were to be handled.

Chart II-1. Phytochemical Distribution of McKenna’s Collection”
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After the various ethnobotanical characteristics were summarized, the plants were
prepared for the biological testing phase of this project. Professor McKenna enlisted the
help of the Hoye laboratory. Extracts were performed as prescribed (and are detailed in a
later section). For most plant material, crude extracts were used in the biological testing,
but in some cases, partially fractionated extracts were also tested. Bryan Roth’s NIMH
Psychoactive Drug Screening Program at the University of North Carolina — Chapel Hill
performed both receptor binding and, on a subset of extracts, functional assays. The
former assay assigned “hits,” or those samples that displayed inhibition of the radioactive
ligand. The latter determined if any samples had agonist or antagonist activity. The
receptors under study were subtypes of the general type serotonin, alpha adrenergic,
dopamine, histamine, muscarinic acetylcholine, and several reuptake inhibitors.”” The
Tabernaemontana family'®® gave promising results in both of these assays, and were
noted as high priority in the isolation work. This was somewhat expected after reading

through Schultes’ commentary on the family.

IV.B.2. Ziyad and Laura

This was the status of the project for a number of months until a graduate researcher
initiated research into the alkaloidal content of the most promising fractions. The next
steps required further understanding the exact chemical components (Scheme I1-2).

Scheme II-2. Remaining Steps in McKenna’s Ethnopharmcological Approach

My Work
||
structure determination . CNS
o e.g. alkaloid B
isolation,
fractionation, H " X " assay
purification é e.g. phenollc CNS activity 1

- e.g. flavanoid
o

Ziyad Al-Rashid completed a thorough screen of the most promising biological extracts.
He narrowed the number to the most promising samples with respect to alkaloid content,
again, these were the most likely constituents present in the plant samples. By TLC, then
'H NMR analysis of crude extracts, Al-Rashid identified the most deserving species of
study to be (* denotes where species yielded pure alkaloids in tractable quantities)

Ambolania occidentales A* Aspidosperma excelsum A*
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Erythrina ulei harm* Eucharis ulei
Hamelia patens* Potalia resinifera*
Tabernaemontana heterophylla Yohimbine bark

The alkaloids isolated from this study are shown in Figure II-1 (left panel). These
were already known in the literature,'””"'” but demonstrated that our lab was capable of
this type of research.

Figure II-1. Compounds Isolated in Previous Studies.
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Another previous group member was able to successfully identify an alkaloidal
component out of Potalia resinifera. Laura Kwong, an undergraduate researcher,
performed the same extraction protocol on this species (out of the family Gentianaceae),
and using MPLC techniques (CMA mobile phase) and isolated sweroside''* (Figure II-1,
right panel). The assignment was based on the comparison of '"H NMR chemical shifts
and J-couplings with the literature. Although successful in this investigation, Laura was
unable to isolate and identify the chemical components of the other species she studied:
Remijia peruviana (rubiaceae), Tabernaemontana heterophyllla (apocynaceae), Rinora

racemosa (violaceae), Hamelia patens (rubiaceae), and Mansoa alliaceae (bignoniaceae).

IV.C. My Contributions to This Project

When I entered the project, a list of plants of interest had already been generated, and

several had been studied for their phytochemical content. With advances in our
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laboratory in reverse phase application of our MPLC instrumentation, there was interest

in developing and applying this technique to the remaining plants species of interest.

IV.C.1. Reverse-Phase Medium Pressure Liquid Chromatography (RPLC) as the
Primary Technique
The first step was development of the proper technique for isolation. Ideally, this

would also be useful in preliminary analysis.

IV.C.1.a. Motivation for Reverse Phase Liquid Chromatography

Alkaloids like those in Figure II-1 are typically isolated by column chromatography
on standard reverse-phase conditions and preparative TLC. In situations where dimers are
present, there is a Size Exclusion Chromatography (SEC) step to separate the
components. In addition to these commonly used techniques, others were employed by
both Ziyad and Laura, and I wanted to consider those as well. For TLC study of our
selected plant species, Sonnenschein’s reagent had already been used and was chosen.
There are a variety of stains available that are useful in testing for alkaloidal-like
molecules, but based on experimentation with brucine and cinchona alkaloid (see Figure
II-2), this was the most robust. Sonnenschein’s stain is a solution of phosphomolybdic
acid in aqueous nitric acid (HNO3).

From the previous work, I had some ideas (beyond TLC) for the best methods for
analysis and isolation. Moreover, knowing the preponderance of dimers that might be
present, I was unsure that GC (as used by previous workers) would be the proper
analytical technique. Our LCMS instrument is a very powerful tool, and I had experience
with it, so I chose that as my primary analytical tool. Learning LCMS instrumentation,
data analysis, and design of experiments would be crucial to the identification of the
components in our plants of choice.

Along with LCMS for analysis, I needed a method for isolation. Despite the tendency
for using reverse-phase techniques (mentioned above), Ziyad and Laura had used normal
phase and preparative TLC. I sought techniques that were more robust and applicable to

the very polar compounds I was expecting. Higher throughput of material was a primary
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goal. Moreover, we knew that we would be attempting to analyze the most minor
components, and | desired a way (beyond LCMS) to detect these. I settled on Reverse
Phase Liquid Chromatography (RPLC). It could be correlated with LCMS data and it was
an opportunity to use my skills from MPLC and develop this technique.

There were some concerns. Even with my comfort with the MPLC (generally normal
phase, which I had already decided might not be suitable for this study), I did not have
the experience working with very basic and polar nitrogenous compounds. Further, it had

to be established that the detection method (RI) was effective.

IV.C.1.b. RPLC Development

A test set of alkaloids was selected to develop a proper chromatographic method''"-'"2
(see Figure II-2). These were chosen based on availability and similarity to natural
products expected from our plant sources. A few more alkaloids came online as the
project progressed, courtesy of Prof. McKenna, and these were incorporated into the
experiments.

Figure II-2. Model Alkaloids for RPLC Development.
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My experience in MPLC was limited to normal phase separations using standard
mobile phases and packing materials. I began with these types of systems, knowing that I

would be working out more exotic conditions and branching into reverse-phase quickly.
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Previous group members had worked on both of these fronts (Ziyad had primarily used
preparative TLC, where Laura used MPLC and CMA-type mobile phases)

With normal phase, it was clear that while solvent mixtures such as 1:1 hexanes:ethyl
acetate could be used to move a number of components in crude extracts, a more
powerful system was CMA (chloroform:methanol:ammonium hydroxide).'> CMA was
therefore selected for initial MPLC runs [standard packing materials, MPLC grade silica
gel (32-60 angstrom)]. The typical composition in CMA was 80:18:2. Although Laura
found these types of systems useful, I soon discovered these to be too polar, and
application of these chromatographic conditions to the crude extracts showed all
components eluting with the solvent front. (see example, Picture II-1). A number of other
systems were screened, containing varying ratios of chloroform, methanol, and

ammonium acetate (95:5:0 to 98:1:1).'"*

In the end, although useful for TLC analysis, in
my hands, none of these were highly successful in separation technology.

Picture II-1. Normal Phase Chromatogram of T. heterophylla (CMA mobile phase)
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In reverse-phase systems, there are several considerations. The main is whether our
current techniques would be applicable. Our pumps had to be able to withstand the

increased backpressure expected from aqueous phases. We had to learn to pack our
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columns with different materials. As mentioned, there is the ability to separate based on
size, and we had to decide if that was an important feature for us. There was an open
question of loading capabilities. We had to consider our RI detectors (sensitivity and
detection) and look to add another method of detection (UV).

Based on work by previous group members (M.J. Richards), our pumps were
demonstrated to be suitable for the new solvent systems. Ms. Richards also found column
packing was best performed by a slurry method. Her previous studies indicated that at
least a 7:3 MeOH:H,O could be used at a flow rate of 5 ml/min. I found that increasing
the water content did not bring significant issues. Moreover, a flow rate of 6 mL/min was
effective for all samples, and that I did not have a problem loading up to 100 mg onto the
column (standard loop injection as in normal phase).

The biggest problem that I encountered with initial RPLC experiments was peak
shape. No matter the composition (polarity) of the solvent system or the flow rate, peak
tailing was observed. Even the different types of molecules studied (brucine, closely
associated with strychnos alkaloids, versus cinchona alkaloid, see Figure II-2) showed
similar behavior. Some examples are given at throughout this section. One particularly
disappointing experiment is where I combined three commercial samples (quinine,
hydroquinidine 4-Clbenzoate, and the cinchonidine alkaloid). LCMS indicated these to be
separable and I had observed them to be differentially retained on the column. These
components co-eluted and the peak looked no different than as if one chemical were
present (compare Pictures II-2 and II-3). Thus, although I was able to move components
off the column, the similar retention and tailing was surely going to hinder separation

attempts

189



Picture II-2. Hydroquindine 4-Cl-benzoate (Alone) and Picture II-3. Mixture of 3 Test
Alkaloids (Quinine, Hydroquinidine 4-Cl-benzoate, and the Cinchonidine alkaloid)
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Tailing is a common concern in reverse phase chromatography. There are many
additives that can be used to adjust the mobile phase properties and improve peak shape.
Although differing the composition of the MeOH/H,O system did not work, I thought
additives were promising. DMF is commonly added'"” but I did not see an improvement
when I attempted to follow quinine elution under 80:10:10 MeOH:H,O:DMF conditions.
I then tried both an acid (TFA)''"* and base (diethylamine)''® and both immediately
improved peak shape and elution behavior for all compounds in the test series. For the
latter, I began by using 80:10:10 MeOH:H,O:Et;NH, but through experimentation, I
found that scaling back to 80:19:1 had the same beneficial effect. Loadings as low as 0.5
% Et:NH were attempted, but tailing was found to become observable in these cases.
Thus, I settled on Et,NH as an additive, and depending on the polarity, the ratio of MeOH
to H,O would be varied. This was tested and proven effective on all the alkaloids in the

test set (Picture 11-4).
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Before applying to the real system, I also confirmed that my system would be
effective for another test molecule. Uracil is often used as a standard in reverse-phase
HPLC, and it was important that it behaved well under the chromatographic conditions I
designed. Moreover, it was important that I be convinced that changing the solvent
system could vary the retention of uracil. Uracil''” is so polar that it seemed to elute with
the solvent front (Picture II-5) regardless of how I varied the mobile phase, even to
contain mostly MeOH. I could not even successfully load the sample of uracil in anything
containing more that 50% MeOH. However, I was satisfied that I actually saw this very
sticky molecule move effectively down a preparative reverse phase column (albeit at the
solvent front), and I moved forward. I also reasoned that uracil would not interfere with
separation of the other less polar compounds since it could always be assumed to elute
quickly off the column, leaving the rest of components to elute, subject to increasing or
decreasing polarity as I pleased.
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Picture II-5. Uracil Behavior cations).




I began with another proof of principle experiment for my chosen mobile phase with
Et,NH additive. I mixed a selection of my test compounds, as previously attempted, for
separation (Picture II-6). With the new solvent system, I was delighted to see baseline
separation of the three alkaloids I chose. I also noticed as I was working with these that
they had different RI responses. That is, uracil seemed to elicit the most dramatic
response with the same mass loading of sample. That became a factor to consider when
moving onto more complicated samples, as well as a reason for including a UV detector
in line for additional analytical power.

Picture II-6. Improved Separation of a Mixture of Test Alkaloids (Uracil, Quinine,

Hydroquinidine 4-chlorobenzoate).
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NMR spectroscopy and, more commonly, LCMS evaluated the success of these types
of experiments. This provided a way to judge not only the purity of the eluting
compounds but also test if materials were stable to conditions. It gave yet another
measure of the polarity of the expected alkaloids and an opportunity to tune the methods
of the instrument to work best for the expected compounds.

Finally, the stage was set for the purification of crude extracts. The only remaining
concern is that RPLC solvents are higher boiling (compared to hexanes, ethyl acetate
used in corresponding normal phase) and that column fractions might be difficult to

concentrate. Moreover, there always seemed to be remaining Et;HN (although it being
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the lowest boiling of the mobile phase constituents). Or rather, it was retained in my
fractions by some other form (protonation or otherwise). Later, in some cases I found

this impurity could be removed by running the sample through plug of silica gel.

IV.C.2. Application of RPLC to Collected Amazonian Plants

With the chromatographic conditions developed and proven to be robust, I moved
onto more challenging samples. The typical process was to test the crude extracts and
some of the roughly partitioned extracts. Because of the wide variety and varying levels
of polarity in the components of a plant, these rough partitions were beneficial in roughly
separating less polar components by way of hexane/ACN partition. With these less polar
species, normal phase chromatography could also be considered. In fact, it was expected
that iterative use of the appropriate chromatographies (normal phase, reverse phase, or a
series which used both) would be required to supply our alkaloids in pure form.

As the project advanced, we hoped to identify the actual chemical structures that are
responsible for the biological activity. At the very least, we would make an original
contribution to the field by reporting the novel natural products we isolate. Success at the
outset was very likely - we had already discovered that there are biologically active
components contained in these plants and we have the tools (now I could confidently use
RPLC) to isolate and identify them.

We identified which species were most promising through the biological testing. We
were also looking to select species that met the following qualifications:

sufficient plant material in stock

relatively understudied — chances to novel structures would be higher

IV.C.2.a. History of T. heterophylla, T. siphilita, and T. sananho

The first species, Tabernaemontana heterophylla (Picture I1-6''®) is most commonly
referred to by the heterophylla identifier but has several synonyms: T. tenuiflora,
Peschiera heterophylla, P. diversifolia, P. senuifolia, and Stenosolen heterophylius. It was
identified by Vahl,'"” and has been called into question, but is unquestionably a member

of Apocynaceae. It has a number of folk uses in Amazonian ethnomedicine,” including
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Peru and Brazil, where it is used in tea for “old people who are slow and forgetful.” Its
ethnopharmacology is relatively well studied and it is known to contain indole
alkaloids.'”*'*! Some examples are provided in Figure II-3. Laura Kwong performed
some preliminary work on this species, but there was still promise of identifying the
chemical components. In fact, since this species is so well understood, it seemed an
appropriate way to begin my endeavors in natural product isolation. As a novice, I would
be working with extracts known to contain tractable quantities of alkaloids and practice
my techniques before moving on to more challenging systems.

Picture II-7. Tabernaemontana heterophylla.
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Figure II-3. Selected Alkaloids from T. heterophylla.
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From another source, dimers'*""'** have been found in the extracts (Figure 1I-4), as well
as some other indole alkaloids of interest.

Figure II-4. Alkaloids from T. heterophylla, Representing a More Diverse Family.
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It was with this information that I approached the species (see Section IV.C.2.b.)

T. siphilita (Picture II-8''®) was also selected for study. This species is widely
distributed in South America and has a large part of its history in Columbia and Ecuador.
Its folk uses include treating eyes with drops of its latex to prevent sleep and taking the
root in water for rheumatism.

Picture II-8. Tabernaemontana siphilitica.

“ . TABERNAEMONTANA tetrastachya Hek
i

Fig. 12. Tabe. t ya Humboldt, B land et Kunth: 1, habit witl
buds (x3); 2, flower (x 2). (Drawn by J. B. Clark.)

The photochemistry of T. siphilitica is also fairly diverse, and it is known to contain

several types of indole alkaloids and dimers (representative are shown in Figure II-
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5)'*%!12 Tt is probably the second best known of the three Tabernaemontana species

discussed in this chapter.

Figure II-5. Selected Alkaloids from T. siphiitica.
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What is evident from this sampling is that the T. siphiitica (tetrastachya'*") species
contains a number of different skeletal systems. These have been discussed in numerous
sources. Moreover, the set of dimers are fundamentally different than T. heterophylla.

T. Sananho'®

(Picture II-9) was the final species chosen for study. It is most widely
distributed in the uppermost Amazon and has the most and best-documented folk uses of
all the plants chosen for this study. It is best described as an all-purpose medicinal

plant.'"®

Its many uses include fever reduction, emesis, diuresis, and calmative therapy.
The plant can be used orally (the root in water) or topically (wash wounds with ground

bark and leaves).
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Picture II-9. Tabernaemontana sananho.

TABERNAEMONTANA Sananho rar

Fig. 11. Tabcrgaemontana Sananho Ruiz et Pavon: 1, habit with flower and buds (x ‘g):
2, flower (X 2 ). (Drawn by J. B. Clark.)

T. sananho is understudied compared to T. heterophylla. Schultes strongly
encouraged a thorough phytochemical and pharmacological investigation. In fact, it has
only been reported to contain a few alkaloids'*® (notably, esters 201 and 202) that were
mentioned in the previous text and figures.

Figure II-6. Selected Alkaloids from T. sananho.
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We had various parts of the plants on hand, and the typical extraction process was used.

IV.C.2.b. Alkaloids of T. heterophylla, T. siphilita, and T. sananho

The extraction process was performed exactly how prescribed. The details of the
process are summarized in Table II-1. In general, the parts of the plants were extracted as
they came, and in this series, they were divided by part. Between 9 and 25 g of plant

material were extracted into 1:1 MeOH:CH,Cl, for 6 days. In some cases, the extraction
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solvent was decanted one or more times during this process and fresh solvent was
supplied for further extraction. Crude mass recovery was typically 3-9 % of dried plant
weight. Further extraction (beyond 6 days) was attempted in some cases, but never
greatly contributed to the mass recovery.

Table II-1. Extraction Details for Plant Samples.

) ) mass extraction hexane acetonitrile
Species Identifier =~ NB page ) partition insoluble
material  recovery layer layer
Hex/MeCN
heterophylla 87RTS [Ipg203 25g 870 mg 215 mg 25 mg 45 mg
(IIpg227)
87BK [pg205 25 750 Hex/MeCN 285 26 38
pg g mg mg mg mg
(IIpg228)
siphiitica 42WP IIpg234 I5¢g 720 mg no
sananho 97LVS [Ipg235 9¢g 790 mg no
97RTS Ipg236 20g 1.01g no

As the table indicates, recoveries around lg were realized for all extractions,
regardless of the starting mass of plant material. If partitioning was attempted, the
recoveries suffered even more. For example, in the first entry, 2/3 of the extract was lost,
and it seemed like very little of the crude extract was contained in either the hexane or
acetonitrile layers. Most was insoluble. This was also observed in the second entry, where
over half the extract was lost upon fractionation. For future endeavors here, a better
partition process must be adopted.

After the crude material was submitted to LC/MS, I analyzed the data. I was looking
for general features such as a measure of the rough number, polarity, and mass of the
components. Based on the literature, I could hypothesize the identity of various
components, but verification by other means (typically 'H NMR spectroscopy) was

necessary.

T. HETEROPHYLLA

In the case of T. heterophylla, I partitioned the recovered crude material (approx. 0.9
g) but most of the mass remained insoluble when treated with 1:1 Hexanes:MeCN
solvent pair; only 70 mg total were obtained from concentration of the hexane or

acetonitrile layer). This insoluble material was further examined when the soluble
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material was spent. Because the partition did not yield material with dramatically
different LC/MS chromatograms, this process was not applied to the crude extracts of T.
siphiitica or T. sananho. At this stage, extracts in various forms were taken onto MPLC
separation under the conditions developed in the first part. Three compounds were
identified with confidence, with the iboga alkaloids (201, 202) the more abundant.

Figure II-7. Alkaloids found from T. heterophylla
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The iboga type alkaloids 201 and 202 were expected, the first indication that they
were present came for LCMS analysis of the acetonitrile layer from the secondary
partition. Though seemingly easily separable, they were more difficult in practice, but
using my optimized conditions and fractionation of MPLC peaks, I was able to separate
these two alkaloids. Their identity is based on LCMS ionization behavior and congruence
with the reported "H NMR data.'*"'** Likewise, olivacine (205) gave appropriate mass

and spectral data to confirm its identity by comparison to literature.'**"*!

T. SIPHILITICA

For T. siphiitica, a partition was not performed, but crude extracts were loaded
directly (or after Celite filtration, see experimental) onto the RPLC. Pictures 11-10 and II-
11 show that iterative chromatographies were required for separation of the compounds
of interest. The first RPLC collected the iboga-type alkaloids 201 and 202, and the

second was needed to separate these from one another.
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Picture II-10. RPLC of Crude T. siphiitica Extracts and Picture II-11 RPLC to separate
201 and 202.

Figure II-8. Alkaloids found from T. siphiitica
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201 coronaridine 202 voacangine 206 19,20-didehydroyohimbine
In the T. siphiitica case, coronaridine (201) was identified as the main component
based on the LCMS trace of a crude extract. A number of other components were present
with varying polarities, and these masses were consistent with the known alkaloids
already presented in Figure II-5, but these were never definitely identified. Discussion on
206 (a yohimbine derivative) is deferred to the following section, because it remained

unassigned until it was also acquired from Tabernaemontana sananho.
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T. SANANHO

For T. sananho. again the crude extracts were subjected to RPLC without prior
fractionation. A typical trace is given in Picture II-12 and shows that partial purification
is necessary, but components were never directly isolated from the first RPLC run since
baseline separation was not realized under these conditions.

Picture II-12. RPLC of crude T. sananho extracts.
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The experience allowed from investigation into T. heterophylla and T siphiitica was a
valuable leading into study of T. sananho. This species was unlike the previously studied
in two ways. First, the alkaloidal content seemed to vary based on the part of the plant
under study. Further, T. sananho gave LCMS data that suggested that corynanthe-, not
the expected (and previously observed) iboga-type alkaloids were the most prevalent

Figure II-9. Alkaloids found from T. sananho
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For example, the main component ionized in the positive to give an adduct with m/z 353

and in the negative m/z 411 (LCMS). As more data was collected and a literature search
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was undertaken,””'* this was assigned as 19,20-didehydroyohimbine.**"?” LCMS
analysis of the bark of this plant suggested a much smaller contribution of this alkaloid,

where the iboga type (e.g. 201) was more represented.

IV.C.3. Alkaloids Prepared
As further verification of structure and demonstration of functionality, alkaloids 201

and 202 were used in further reactions.'®

Besides these goals, there was an added
opportunity to acquire data on the reaction products, which were also known natural
products (Scheme II-3, alkaloids 203 and 204). In this way, specific reactions were
chosen to lead to these chemicals, and verification of my assignment of 201 and 202 was
completed. These reactions were monitored by LCMS and the products analyzed by
LCMS and 'H NMR data.

In the event, the base was prepared by dissolution of sodium metal in methanol
(Scheme II-3). A small quantity of water was added, followed by a solution of either 201
or 202 in methanol. Surprisingly, supposed intermediate acid 207 was not observed, even
when the reaction was attempted at room temperature. Upon heating, the mass
corresponding to either ibogamine or ibogaine was observed by LCMS, and heating was
discontinued when LCMS indicated full conversion of the esters. RPLC provided
ibogamine (203) and ibogaine (204) with satisfactory 'H NMR spectra, enabling
verification of both these desired decarboxylated products and further evidence for the
presence of coronaridine (201) and voacangine (202) in the plant samples studied.

Scheme II-3. Decarboxylation of 201 and 202."

R R I R
Na !
| N —_— | N | \ N
N MeOH, H,0, A N i N
H H H
MQOZC HO2C

201 coronaridine (R=H) 203 ibogamine (R=H) _
202 voacangine (R=OMe) 204 ibogaine (R=OMe) 207 R = H or OMe

One of the goals at the outset of this project was to design a way to incorporate
different functionality for the ultimate goal of library construction. This remains to be

done on the alkaloids of Scheme II-3. I only had the opportunity to attempt a couple
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preliminary reactions on 206, but the second (see Scheme II-5) demonstrated that
alkaloids isolated from our dried plant material could be handled in further chemical
reactions. In the future, researchers could construct libraries not through modification of
the isolated NPs, but use a more synthetic approach where various functionality might be
incorporated into route intermediates.

One of the first ways to modify the structure of the yohimbine analogue 206 was
simple oxidation to give the skipped cyclohexeneone 208. Not only would this provide
more support for the assignment of 206, it was a way to access the cyclic ketone 208,
which has been reported as a natural product. This was another exercise in searching the
literature to complete another structural assignment. Unfortunately, I was unable to see
any conversion to the oxidized product under standard Dess-Martin periodinone
conditions (Scheme I1-4). LCMS analysis revealed only the starting material with every
attempt. Other oxidation conditions were not attempted due to insufficient supply of
alcohol 206.

Scheme I1-4. Attempted Oxidation of 206.

DMP, NaHCOs3, K
CDCly H“
MeO,C’ Y
206 19,20-didehydroyohimbine 208 o0x0-19,20-didehydroyohimbine

Gratifyingly, I was able to modify alcohol 206 to its corresponding acetate (Scheme
11-5)."" The conversion to this desired product was somewhat sluggish and required
extended reaction times, but the acetylated didehydro yohimbine (209) was realized after
workup and RPLC. The acetates of diastereomers of 206 (as well as yohimbine itself) had
been characterized, but this is one of the diastereomers that had not. Never the less, the
reaction provided additional proof for identity of the starting material, and showed that
reaction of the alcohol could be used to install various functionality into these types of

alkaloids, should libraries be desired for biological testing.
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Scheme II-5. Acetylation of 206."’

Ac,0, EtzN 3 6
_— N
CHZC|2, rt M OHC\\ z o
e -
2 O
Me

206 19,20-didehydroyohimbine 209 acetyl-19,20-didehydroyohimbine

IV.D. Concluding remarks and Future Directions

Over the course of 10 months, I succeeded in using RPLC for the isolation and
identification of the major components of three plant species. This was only a small
advance in the overall goal of the project. Gratifyingly, this project did empower me as
an organic chemist. I added the skills of a natural products chemistry and now have a
more diverse, alternative perspective on how to identify and approach new opportunities
in the field of ethnopharmacology.

Ultimately, the goal was to identify a novel structure and developing it into a
potential therapeutic. I was not able to advance to the medicinal chemistry component of

the project.

IV.D.1. Known Biological Activity of Alkaloids in Tabernaemontana Series.

The successful isolation and preliminary manipulations of these indole alkaloids
shows them to be robust to handling and storage, but can undergo reaction. Along with
our preliminary screening that identified them as biologically active, this makes them
ideal candidates for future study. A number of reports on the activity of these compounds
have appeared over the years, but study of analogues could yield promising results in the
area of diseases of the central nervous system. These reported findings will not be
discussed at length, but the references given provide a more detailed discussion.

The isolated alkaloids all had been shown to have some level of biological activity.
Voacangine (202) has been tested in pharmacological screening and found to have a

slight central stimulating effect. However, it appeared to have no effect on the heart and
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was inactive in P388 and KB cell cultures. Coronaridine (201) had autonomic and CNS
activity and exhibited estrogenicity. Interestingly, it was active against P388 cell cultures.
206 has not been studied for its biological activity. However, yohimbine has been
extensively studied and is best known to have an effect in erectile dysfunction. It also has
an effect on memory and could be used in treating Alzheimer’s. Olivacine (205) was
researched in different ways, but found to inhibit the growth of Protozoa. It also
displayed KB and L-1210 activities.

The alkaloids I prepared also appear in the literature for their activity. Ibogaine (204)
is probably the most studied of the alkaloids that I observed.'* It has extensive central-
stimulating properties and a transient hypotensive effect. It is labeled as a true
hallucinogenic agent.'*' It is not surprising, then, that ibogamine (203) has central-
stimulating properties. Disappointingly, it is inactive in both the P-388 and KB systems
in cell cultures studies. It has also been thoroughly evaluated for its CNS activity, but
research into it as a therapeutic agent has ceased due to high cytotoxicity. O-Ac 19,20-
didehydroyohimbine (209) was isolated as a natural product, but no biological testing has

been performed to date.

IV.D.2. Future directions

This project holds a lot of promise. Methodology (RPLC) was developed for handling
the various components present in extracts of Amazonian plants. Alkaloids from these
extracts were successfully isolated and characterized. The next step would be continue
study on these alkaloids for different ways that their known (or unknown) biological
activity could be exploited. New alkaloids are also likely to be discovered by further
investigation into the plant species. In the future, not only should the more minor
components be targeted, but also lesser-known plants should be investigated by the same
method. For this exercise, a lot was learned and a methodology developed, but the
brightest future is in what is not known and is yet to be discovered about these

Amazonian plants.
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Certainly, in the long-term, a research program with this focus has the potential to
impact modern medicine. Using clues from traditional medicine, new drug candidates
could be discovered and new therapies could be developed.

Finally, this study was only enabled by a healthy working relationship between Prof.
McKenna and all the required partners. These number many, and include traditional
healers, faculty at the Universidad Nacional Amazonia Peruana in Iquitos, government
officials both in the United States and abroad, Dr. Bryan Roth and scientists at the NIMH
Psychoactive Drug Screening Program, and faculty at the University of Minnesota. At
this stage, the project is best described as an exercise in ethnopharmacology, but as it
advances, it becomes part a much more complex process of mass bioprospecting.'*> Mass
bioprospecting, or biodiversity prospecting encompasses the steps taken to convert
indigenous or traditional medicine knowledge to commercial product. It is a much larger-
scale operation and requires an agreement on issues such as genetic access, prior
informed consent, intellectual property, and sharing of benefits. It is these requirements,
as well as the necessity for highly trained botonists to live with and gain the trust of
indigenous community, and competition from other technologies such as combinatorial

chemistry and natural product libraries that limit the expansion of our studies.

IV.E. Selected Experimentals and "H NMR data

Various RPLC traces are provided in the text of this section. Additional information
relevant to the handling and chemistry of the alkaloids (where applicable) is given below.
This includes processes starting with plant extraction, sample preparation, and further
chemistries performed on the natural products. For example, experimental details of
reactions in Scheme II-2, II-3, and II-5 are described.

The acquired "H NMR spectra for all the known alkaloids are provided in this section.
The reader is directed to the references for the known data on compounds 201-206 and

209.

. 95
General Extraction Process:
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Plants were extracted as they came: dried, ground, and sorted by plant part. Between 9
and 25 g of plant material were extracted into 1:1 MeOH:CH,Cl, (approximately 100 mL
for 25 g material) for 6 days. Gravity filtration and concentration resulted in the crude
extract, which was submitted to LC/MS for analysis. Typical mass recovery was 3-9 % of
dried plant weight. If further fractionation was desired, the crude extract was partitioned
between hexanes and acetonitrile (40 mL total per gram crude extract). These fractions,
and any remaining insoluble material were analyzed in the same way as the crude

extracts.

Crude or partitioned extracts could be loaded directly onto a flash or pipette column and
eluted with the chosen mobile phase, typically solutions comprised of chlorinated
solvents (DCM or chloroform), methanol, and NH4OH. Further preparation was required
for the RPLC process. Methanol was added to the sample, the suspension was vigorously
mixed and then filtered through a pipette of Celite. The resulting solution was
concentrated under reduced pressure, then diluted by a minimal amount of solvent (0.5
mL for a 50 mg RPLC sample). The mobile phase was individually chosen for each
RPLC run, and was always the chosen proportion of methanol and water. RPLC
instrument loading was performed in the standard way. Elution of components was
detected by differential RI and UV absorbance. Concentration was followed by LCMS
and collection of the "H NMR spectrum for analysis of purity, and the process repeated if

further purification was necessary.

Saponification of 201 to 203 and 202 to 204

R R
Na
| N —_— ‘ N
N MeOH, H,0, A N
H H
MeOQC

201 coronaridine (R=H) 203 ibogamine (R=H)
202 voacangine (R=OMe) 204 ibogaine (R=OMe)

201 coronaridine'* to 203 ibogamine:
The residue from column chromatography (201, 10 mg, 0.027 mmol, 1 equiv) was

dissolved in a solution of NaOH (0.5 M, 0.2 mL, 0.1 mmol, 4 equiv) followed by addition
207



of 0.2 mL of water. The solution was stirred at room temperature for 1 hour, at which
point the volatiles were removed by rotary evaporation. The residue was dissolved in
water (0.2 mL) and treated with concentrated HCI (approx. 5 pL, pH of resulting solution
~1) and heated to 100 °C for 5 minutes. The solution was neutralized with NaHCO; and
subjected to LCMS analysis. The major peak gave the mass of the desired decarboxylated
product II-3. The crude ibogamine (203) could be purified by pipette column (1:1
Hexanes:Ethyl Acetate) and the resulting '"H NMR data was consistent with that reported

for the natural product.'*’

202 voacangine to 204 ibogaine:

15 mg of voacangine'* (202, 0.044 mmol, 1 equiv) was dissolved in a solution of NaOH
(0.5 M, 0.4 mL, 0.2 mmol, ca. 4 equiv). Following addition of water (0.4 mL), the
solution was stirred at rt for one hour then concentrated by rotary evaporator. The
resulting residue was dissolved in water (0.5 mL) and acidified to pH ~1 by addition of
HCI. This solution was heated to 100 °C for 5 minutes, followed by cooling and
neutralization by dropwise addition of a saturated solution of NaHCOs;. The crude
product was analyzed by LCMS, which indicated that 204 was the major product. The
crude ibogaine (204) was purified by RPLC (80:20:1 MeOH:H,0:Et,NH) and gave 'H
NMR data that matched that reported for the natural product. The spectrum is provided

below.

Acetylation of 206 to 209:

AC,0, EtgN 3 i
_— N
CHchQ, rt MeoHC\‘ z 0
2 b\(
Me
206 19,20-didehydroyohimbine 209 acetyl-19,20-didehydroyohimbine

19,20-didehyroyohimbine"**"*” (5 mg, 0.014 mmol) was dissolved in DCM (50 uL) and
treated with 10 pL each Ac,O and Et;N. The mixture was stirred at room temperature for

12 hours, at which time LCMS indicated that the starting material had completely
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undergone reaction to the bis-ester 209. The reaction was concentrated under reduced
pressure and loaded directly onto a pipette column (eluting with 94:4:2
CHCIl3:MeOH:NH4OH), providing acetylated derivative 209 (1 mg, 20%) whose spectral
data was consistent with that known for 209."* Both the starting material and product 'H

NMR spectra are provided.
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PART THREE - Polyols From Renewable Resources

General Introduction and background

Polymers, or plastics, are materials that humanity cannot live without. There are
many different types and applications, but a common feature of all is that they are built
from much smaller units, monomers. For one particular type of polymer, a polyurethane
(PU), the starting materials are an alcohol and an isocyanate (Scheme III-1). The reaction
results in a carbamate, or urethane linkage that is denoted by the bracket.

Scheme III-1. General Reaction to a Carbamate.

O
R-OH + OCN-R  —> R‘\OJ\NR
alcohol isocyanate H
—
R/R' = alkyl, aryl, etc carbamate/urethane

For polymerization leading to a polyurethane, these components must be difunctional
so that more than two units can be chemically linked (Scheme III-2). Now there are
multiple carbamates (brackets), all connected by whatever is contained in R and R’.

Scheme III-2. General Reaction to a Polyurethane.

(e} O o
HO-R-OH + OCN-R-NCO — N N
diol diisocyanate .HI s |H~ H —
R/R' = alkyl, aryl, etc polyurethane

For many applications, one of these starting materials should be at least trifunctional. In
this way, different polymer chains can be connected together (i.e. cross-linked, see
network of PU, Scheme III-3). In a real formulation, there are many additives. A short
chain diol is commonly added for the construction of a polyurethane. This results in a
series of carbamate linkages that are closely spaced. This creates hard segments amidst
what might otherwise be soft, longer carbon chains (depending on the identity of R and
R’). The number and ratio and use of even more additives depend on the application of

the final PU.

Scheme II1-3. Construction of a Cross-linked PU.
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-R
OCN" 'NCO

diisocyanate

n Hgo
/\/OH
HO -n CO,
short diol
((?H)n-Z
_R'. [-NHCOO-R'-OCONH-R-]
HO OH [(-HN-R-NHCOO-CH,CH,-OCO-),]
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Because of the volume of PU-plastics and the increasing demand for them, coupled
with decreasing supply of the starting materials (typically petroleum based), there is a
need for renewable materials to contribute to the final product. The biggest way to make
an impact is the polyols component of the final PU. If we can synthesize a polyol that is
made from renewable, rather than petroleum-based resources, we could make a
difference in the PU industry, and plastics in general. We chose soybean oil as the first

renewable pre-monomer'** (Chapter V) and later studied terpenoids (Chapter VI) for this

purpose.
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Chapter V. Polyols from Soybean Qil

V.A. Introduction and Previous Work

Soyoil is a triglyceride with an array of side chain fatty acids (Figure III-1).'*>'° T

n
nature, one discrete soyoil triglyceride contains any three of several fatty acid side chains.
These side chains are named based on their length (16 or 18 carbons) and their lipid
number (number of double bonds/unsaturation). Possible side chains for a soy
triglyceride include (# carbons:lipid #): palmitic (16:0), stearic (18:0), oleic (18:1),
linoleic (18:2), or linolenic (18:3). The prevalence of these side chains varies but follows
roughly the percentages listed alongside the various chains in Figure III-1.

Figure III-1. A Soyoil Triglyceride.
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— — — Me Linolenic acid (7.8%)

The use of soybean oil as a monomer in polymer synthesis has been the subject of study
for a long time. The plastics industry already developed and commercialized a vegetable
oil-based polyol BiOH®.'*" This product arises from a two-step sequence where the
alkenes of vegetable oils are epoxidized, then opened by action a nucleophile like
methanol. This generates a secondary alcohol from what used to be an alkene. Thus, diols
or triols are obtained if this sequence is performed on the linoleic or linolenic components
of the triglyceride. This polyol has seen most of its application in flexible PU foams. The

other main industry contribution is Renuva technology,'**

which converts soyoil to a
polyol. Polyols generated under the Renuva technology are used in more varied PU
applications (beyond flexible foams for Cargill’s BIOH®). In academia, there are a
number of ways vegetable oil alkenes have been functionalized. One of the most

promising is hydroformylation of the alkene, followed by reduction to a primary alcohol.
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We targeted a polyol of MW 2-6 kg/mol and containing anywhere from 2-6 hydroxyl
groups. We first considered that we would have to oligomerize soyoil. One clear way is
through the alkene functionality. A leader in the field of vegetable oil oligomerization is
Richard Larock. His research group has investigated soyoil as well as other oils for their

metathesis behavior,'*1°!

Likewise, other groups have polymerized soyoil through
alternative (i.e. non metathesis) methods. We hope to make use of this known
oligomerization chemistry but add an additional alkene functionalization step to prepare

suitable polyols for our targeted PUs.

V.B. My Studies on Soybean Oil (SBO)

The first step in working with a new molecule is gaining an understanding of its
fundamental properties. After that, working on a particular part or functional group

becomes more intuitive.

V.B.1 General Characteristics and Handling of Soybean Oil

My first question was whether or not soyoil could be chromatographed (Scheme III-
4). Under standard MPLC conditions, I found that the commercial soybean oil could be
chromatographed, and contained (as expected) an array of triglycerides. The fastest
moving molecules were the most saturated, while those at the tail of the peak had greater
levels of unsaturation (as indicated by more linolenic methyl groups in the NMR
spectrum).
Scheme I1I-4. Chromatography of Soyoil.

MPLC

. . some separation of more or less saturated triglycerdies
Commercial Soybean Oil _— P gy

and
oxidized triglycerides?
There was also an additional, more polar component. By LCMS, this was an array of
species with added mass compared to the main peak. These are likely products of
autoxidation (a way to add mass to molecules that occurs just upon storage). This is

discussed in later section.
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V.B.1.a Cleavage to Methyl Esters or Di- and Mono- Glycerides

Soyoil can be cleaved to the fatty acids (or esters or amides) that comprise it. This can
be performed under a variety of conditions, and the resulting esters or amides are easily
analyzed by GCMS and LCMS (Scheme III-5). The first experiment revealed (as
expected) that the resulting fatty acid chains exist in varying degrees of unsaturation.
Complete cleavage to the methyl esters was induced by heating in methanol with
BF;*OEt,. This reaction released the entire glycerol backbone and afforded only methyl
esters. Amines were also used to cleave the side chains. If amides were desired, the
reaction proceeded without the catalyst, but still required heating (approximately 2 hours
for full conversion).

Scheme III-5. Cleavage of Soyoil Into Component Fatty Acid Esters/Amides.
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The resulting esters and amides were not separable by MPLC, but they were all
discrete, observable peaks on GCMS and our high-performance LCMS. The elution order
changed depending on the functional group. For the esters, this order was observed by
GCMS [ester (boiling point at 760 mm Hg)]: methyl palmitate (335), methyl linoleic
(369), methyl oleate (354), methyl linolenate (364), and methyl stearate (355-56). This

does not follow a molecular weight or boiling point trend. Presumably there are
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variations in the contribution from polarity and boiling point that make this order more
random.

The same experiment and analysis by LCMS displayed the following elution order:
methyl palmitate, methyl linolenate, methyl linoleate, and methyl oleate. Methyl stearate
was not observed under the same method. This trend indicates that the more unsaturated
fatty acids are more polar. This behavior profile matches what was observed by
preliminary MPLC experiments with soyoil triglycerides themselves.

The presence of octyl and 2-hydroxyl propyl amides (from SBO cleavage with octyl
amine and ethanol amine, Scheme III-5) were also easily confirmed by LCMS. The octyl
amides were retained longer than the esters, but displayed the same trend in elution: octyl
linolenamide, octyl linoleamide, octyl palmamide, octyl oleamide, and octyl stearamide.
The same general trend is confirmed, where the singly, doubly, and triply unsaturated
compounds are increasingly polar. The saturated hydrocarbon chains did not fit into this
trend. When cleavage occurred by heating with ethanolamine, most polar component was
the amide corresponding to the linolenate side chain, followed by linoleate, oleate, and
stearate. The amide derived from palmitate seemed to elute slightly after the linolenic
amide. This collected of experiments gave behavior profiles for not only the individual
fatty acids, but an idea for how soyoil might be handled in future experiments.

The use of BF3*OEt, in these reactions gave interesting results. For example, there
were often several peaks in the crude reaction LCMS trace with the same nominal
masses. It was soon revealed that this catalyst is used for cationic polymerization of

alkenes.!>%!%3

In promoting such a union, isomerization into conjugation or isomerization
to trans alkenes may occur (an example on individual fatty acids is given in Scheme III-
10). Unfortunately, '"H NMR analysis did not support this prediction. Studies on the
action of BF3*OEt; on alkenes will be discussed in V.B.1.c. Here, it just noted that during
the cleavage of soyoil, the BF;*OEt, conditions carried with it the possibility of cis/trans
isomerization, positional isomerization, and even crosslinking of chains.

Another useful experiment was the partial cleavage of the triglyceride to mono and

di-glycerides (Scheme III-6)."** The rate of the first cleavage had to be studied and

compared to the second and third. There were other questions to be answered. Can it be
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performed under controlled conditions to get only one product? Which is preferred, the
1,2- or the 1,3-diglyceride?
Scheme I1I-6. Partial Cleavage of Soyoil.
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In the event, the soyoil was heated neat with one equivalent of octylamine. I isolated
each of the diacylglycerides (DAGs, Scheme III-5), where the 1,3- variety predominated
in the crude reaction mixture. Although both monoacylglycerides (MAGs) were observed
as the reaction was monitored (see Figure I11-2), I was unable to isolate them; presumably
the chromatographic conditions were not suitable for the high polarity of these diols.
Future work could include pre-treating the columns with a suitable reagent (typically
triethylamine) to reduce the acidity, enabling the elution of these diols.

Figure III-2. NMR spectrum of Cleavage with Octyl Amine at Low Conversion.

1,2- ,3-
TAG DAG 2-MAG DAG 1-MAG

T T T T T T T T T T T
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As Figure III-2 indicates, all expected species (Scheme I1I-6) were observed as the
reaction proceeded. The DAGs were most amenable to chromatography and could be
further studied. The 1,3-DAG and 1,2-DAG were independently dissolved in toluene and
heated. They gave identical product ratios, 1,3-DAG to 1,2-DAG of 4:1. This confirmed
what the crude soyoil cleavage reaction had indicated, that under these conditions, DAGs
are likely in the form of the 1,3-isomer. Though the mechanism is still under debate, it is
clear that the acyl shift from the secondary to the primary hydroxyl group is favored.'
Lastly, I considered that the partial cleavage to a MAG or DAG resulted in available
hydroxyl groups for further reaction. This strategy could be developed to furnish our

target polyol itself, provided we can work off the remaining side chain.

V.B.1.b Metathesis of Soybean Oil

Now with an understanding of how soyoil could be handled and some ways to
analyze it, it was time to test out metathesis as a way to grow molecular weight of the
polymer. The general reaction is shown in Scheme II1-7. We are not the first to study this

type of oligomerization methodology.'*"'**!*

In the presence of a metathesis catalyst
like G2 (right panel, Scheme I1I-7), any alkene of the triglyceride is prone to insertion to
form a metal carbene. This species can react with any available remaining alkene. When
that alkene is on another soyoil molecule, a cross linking event occurs and a hydrocarbon
is released. Dihydrobenzene is formed in this reaction when the metal inserts into the

terminal end of a linolenic side chain, then reacts further down the chain'”’.

Scheme III-7. Metathesis of Soybean Oil.
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The formal study of this chemistry was charged to a post-doc working on the project,
Senthil A. Gurusamy-Thalavelu. He performed the reaction and routinely provided crude
samples to me for additional studies. The first of these was methanolic cleavage of the
crude reaction product. The GCMS showed evidence for the bisester and hydrocarbon
product in Figure III-3. These could only arise after a successful metathesis event.

Figure III-3. Cleavage Products of MSBO.
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Second, I submitted the crude product to MPLC and found that separation of the soyoil
oligomers was possible (Scheme III-8 and picture of MPLC trace).
Scheme II1-8. MPLC of Crude MSBO.*
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“the sensitivity of the RI detector was adjusted at the middle of this run to observe the slowest eluting
components. Mass data for each component cannot be gathered from just looking at this trace.

As expected, the slower eluting peaks become broader, and represented a decreasing
percentage of the total composition (by concentration of MPLC fractions). The later
fractions had a lower ratio of vinyl protons to those corresponding to the triglyceride
backbone. This indicated (as expected) that there was further oligomerization in these
samples. At the limit of infinite retention times, it appeared that there had to be at least
1.5 double bonds for each backbone unit. This information has implications for the limit

of oligomerization by metathesis chemistry.
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The mass recovery for the column was approximately 95%. This was true for solvent
systems ranging from 1:1 to 12:1 (Hexanes:Ethyl Acetate). Thus, there were likely very
few (or no) further oligomers present prior to MPLC. Understanding this result was
critical for the success of the methodology. If the greatest level of oligomerzation is that
which was indicated by the MALDI data (7 or 8), there will be a practical limit to the

molecular weight of the polyol.

V.B.1.c. Oligomerization of Soybean Oil by Other Methods

158-161
Even over the course of

"There are many additional ways to polymerize alkenes.
my studies, I discovered what appeared to be oligomerization of alkenes under the
BF;*OEt; cleavage conditions (discussed in section V.B.l.a, Scheme III-5). After the
reaction was judged complete, the crude mixture was loaded onto the MPLC. While there
was evidence for the methyl esters from triglyceride cleavage, all fractions still contained
the glycerol backbone by 'H NMR analysis. This means that a reaction was occurring,
but it was not only the cleavage. Moreover, these spectra for these gave poor peak shape
and resolution, indicating that oligomerization had occurred. A search of the literature
revealed that BF; does, in fact, promote oligomerization of alkenes.'*>1> Thus, a short
study of alkene polymerization under such conditions was conducted.

By NMR analysis, disappearance of alkene functionality was noted upon heating
methyl linoleate (301) or methyl linolenate (302) with BF;*OEt, (Scheme III-9). Both the
vinyl resonances and those assigned to allylic protons disappeared. Additionally, the 'H
NMR spectrum had broadened resonances, characteristic of oligomerization and "C
NMR data did not indicate the presence of any olefins in the reaction mixture. Beyond
the use of NMR spectroscopy, however, studies on the linking of fatty acid esters were
complicated. Unfortunately, the nonpolar nature and higher molecular weight of the
substrates limited the available methods for their analysis. Neither LCMS (too greasy)
nor GCMS (too high molecular weight) would be able to accurately convey the

chemistry.
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Scheme II1-9. Observed Oligomerization of 301 and 302.
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I also attempted to intercept this reaction before all of the olefins were consumed
(Scheme 111-10).'> The goal was to observe any changes in the alkene region such as
isomerization'®® from cis to trans (e.g. E,E-301 or E,E,E-302) or from skipped into
conjugated (e.g. A", A'"2301 or A, A'™!% A1%.302) olefins. Although
identification of various species could not be confirmed by NMR data, after only 15
minutes of heating 301 or 302, the GCMS showed the appearance of several more peaks
bearing the same molecular weight.

Scheme II1-10. Alkene Isomerization of 301 and 302 Under BF;°OEt,.
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The fragmentation pattern was not used to draw conclusions as to which isomers were
present, but the presence of isomers was indicated. Likely these were a combination of
cis/trans isomers but not alkene positional isomers, since the NMR spectrum did not
contain any resonances for conjugated dienes or trienes. In the future, more attention
could be given to this study and investigation into the products of this reaction could be

performed
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A more tractable reaction to probe the BF;*OEt; reaction was with a lower molecular
weight starting material, where the products could be isolated and chromatographed. In
this study, I also planned to investigate the difference between using stoichiometric
versus catalytic BF;*OEt,.

Linear hydrocarbons were too volatile, but cyclohexene worked well. In the study, the
alkene was heated in the presence of the catalyst (Figure I1I-4, reaction arrow) and the
reaction monitored by GCMS. For a stoichiometric charging of catalyst, GCMS clearly
showed dimers, trimers, tetramers, and in one case, the mass corresponding to a
pentamer. The molecular formulas consistent with these masses give UN (unsaturation)
or RDB (ring double bond) values of 3, 4, and 5 for these oligomers, respectively. This is
expected for the union of alkenes. Unfortunately, the various oligomers could not be
separated and were analyzed together. "H NMR analysis indicated that few (if any) vinyl
protons remaining after the reaction. Examples of structures that account for the observed
masses and that are consistent with the NMR data are given in Figure I11-4.

Figure I11-4. Potential Products of Cyclohexene Oligomerization.
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When the reaction was conducted with only catalytic BF3*OEt,, the GCMS told a
different story (Figure III-5). Oligomers were formed, but they were often oxidized

relative to those structures reported above.'®* For example the trimer in this case was

observed to have a MW of 242 (vs. 246) and the tetramer weighed 324 (vs. 328).
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Additionally, the GC suggested a pentamer, but one that was further oxidized than what
would be expected. Potential structures for these oxidized oligomerization products are
given in the Figure III-5, along with their UNs.

Figure III-5. Potential Products of Oxidative Oligomerization of Cyclohexene.
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This study clearly illustrated the capability of alkenes to oligomerize by heating with
BF;°OEt,, and it was useful to learn and think about how spectra and GCMS behavior
might change when this occurs. While those details of soybean oil polymerization were
being sorted by Senthil, it was necessary to move on to the next step in the construction

of the polyol: olefin functionalization.

V.B.1.d. Oxidation Studies of Soybean QOil and Fatty Acid Methyl Esters

One last consideration before moving forward was the general reactivity of the
skipped dienes and trienes present in the triglyceride. From the MPLC of soyoil (section
V.B.1, Scheme I11-4) we already had a concern about oxidation of these molecules. What
is the stability of these skipped dienes and trienes?

Commercial soyoil is slightly yellow color; this indicates that a reaction has
occurred.'® Under normal phase chromatography conditions, the collected sections of
one broad peak gave slightly varied '"H NMR data. More polar cuts of the peak had
higher levels of unsaturation. This was established by the study in Scheme III-4. The
most noteworthy observation from these studies is that there was a much slower eluting
peak representing 5-10% of the mass balance of each soyoil sample. Although the LCMS

is sometimes difficult to interpret due to fragmentation of samples, it was clear that this
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more polar peak has substantial mass increase, far more than possible for a soy
triglyceride. Somehow, upon storage, incorporation of mass had occurred. Based on the
general array, it appeared that 34 mass units were added to each triglyceride. A possible
explanation is addition of H,O,. Other than these observations, however, there are few
firm conclusions to make.

I tried to gather evidence for autoxidation by moving to a simpler system. Linoleic
acid (303) was exposed to air at either room temperature or heating to high temperatures
(>200 °C, Scheme III-11). By LCMS, it appeared that 16 and (upon further heating) 32
mass units were added to the acid. There are a lot of possible explanations, but structures
like bis-allylic alcohol 303, peroxide 304, and diol 305 would account for those masses.
11 did not gather any evidence with a peroxide test. The 'H NMR specrum displayed
resonances in the region expected for the new functionality that is exemplified in Scheme
II-11 (304, 305, and 306).

Scheme III-11. Observed Autoxidation of Linoleic Acid (303).
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In a similar experiment performed on methyl linolenate (302, Scheme III-12), more rapid
conversion of the starting material was noted. The most abundant of the molecular ions
indicated the products added 64 mass units to their starting molecular weights. There was
evidence that was as few as 48 to as many as 96 mass units added to the methyl

linolenate.
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Scheme III-12. Observed Autoxidation of 302.
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There are many ways to account for this extra mass (64 units). The first shown is the
result of tetra-allylic oxidation (307). Bishydrogenperoxide 308 would also give rise to
that mass. The '"H NMR spectrum showed a reduction the number of alkenes, so the
bisdioxane 309 should be considered. Of those alkenes remaining, a number have moved
into conjugation with one another; now resonances between 6.3-6.6 ppm were present.
Further analysis was not performed. The present study supports the prediction of
autoxidation chemistry, but there is an opportunity for further investigation (such as
exposure of 302 or 303 to sunlight). These studies taught us that autoxidation should be
considered, but it is not a big concern. After all, harsh conditions were required for these

decomposition pathways.

V.B.2 Studies on Olefin Functionalization
The oligomerization of soyoil now safely in Senthil’s hands, it was time to move onto
the incorporation of alcohol functionality on the soy molecule. A number of model

studies were designed; some were based on a previous group member’s work in this area.

V.B.2.a. Brief Background and Mandy Schmit’s Studies

Mandy worked on modifying the alkene into the desired hydroxyl functionality.'®”'®
She used mercaptoethanol (332, Scheme I11-13) to effectively click the unit onto methyl
oleate (310) and linoleate (301).'” The thiol-ene reaction can occur at either end of the
alkene, and for the remainder of this chapter, the products shown will be named by the
carbon number that the C-S bond forms (starting from the terminus of the fatty acids).

Scheme II1-13. Mandy’s Thiol-ene on Methyl Oleate (310) and 301.
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The chemistry was easily evaluated on the individual fatty acids but there was an added
complication using this methodology on soybean oil. The molecular weight is too high
for many analytical methods we were accustomed to using. Nevertheless, Mandy found
evidence for mercaptoethanol incorporation onto the fatty acid side chain under radical
conditions. This was the first important result. She also saw isomerization of remaining
alkenes under the reaction conditions.

Mandy’s most relevant observation was the cross-linking reaction of oleate 310 with
a difunctional thiol (1,3-propane dithiol, 311, Scheme III-14A). This reaction was
powerful in that it combined a cross-linking (method to grow molecular weight) event

with an olefin functionalization (hydroxyl incorporation) event.'”
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Scheme II1-14. Mandy’s Bis Thiol-ene on 310 and 301 with 1,3-propanedithiol (311).
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Mandy also did the reaction on linoleate-type dienes (301, Scheme III-14B). She saw
conversion to the net bis-ene product 313, which is still capable of further ene reactions
and greater cross linking for molecular weight growth. Additionally, every added chain
contributes an ester group. These esters can be converted to alcohols through the
appropriate chemical modification.

Mandy’s studies proved that thiol-ene reactions are effective in joining alkenes of
fatty acids together. Her research culminated in the successful cross-linking of soybean
oil itself. She reacted soybean oil with enough dithiol for one half of the double bonds to
be affected. Though the analysis of this reaction was difficult, there were several
conclusions. Mainly, the viscosity increased dramatically, the dithiol appeared to fully
react under the conditions, and that C-C bond formation was likely occurring alongside
the thiol-ene chemistry. It is difficult to account for the variations in soybean oil and

analysis methods are very limited, but there is promise for this methodology.

V.B.2.b. My Contributions to the Use of Thiol-Ene Chemistry Soybean Oil
The first experiment that I did was reproducing Mandy’s result and evaluating the

cross-linking reaction. If the bis thiol-ene reaction was going to be useful, it needed to be
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performed on a bigger scale. Fortunately, this reaction proved robust and worked nicely
on one gram of material (Scheme III-15); it was complete in one hour, and it was easily
purified by MPLC. The bis-ester 312 was smoothly reduced by treatment with LiAlHj.
The product diol 314 was also amenable to chromatography.

Scheme III-15. Scale-up of Thiol-ene of 310 and Reduction to Diol.
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This chemistry was only used to prepare the diol 314, but further crosslinking/reduction
sequences on more unsaturated systems (see Scheme III-14B with 301) has the potential
to generate polyols of higher molecular weights and variable functionalities.

I also wanted to repeat and understand more about the click reaction on soybean oil.
(Scheme III-16). I found similar issues surrounding the viscosity and solubility of the
resulting crude material. In fact, solubility issues (with the dithiol 311 and the DMPA)
were the main issue and made research difficult. I attempted to take the crude reaction
product and cleave the triglyceride backbone, leaving only the functionalized (and linked)
alkenes. I saw none of the expected products from this sequence (and examples is shown
in Scheme III-16). This was another situation where we were limited in our choice of
analytical tools. Further research in this area requires methods that are adept for much
higher molecular weight materials.

Scheme II1-16. Thiol-ene Reaction on Soyoil.
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As an extension of Mandy’s work, and with the goal of using the thiol-ene not only as a
cross-linking tool, but a way to add another reactive group, I elected to use thiol-ene with
a new difunctional thiol. This one was designed to bring in an alcohol concurrently with
the cross-linking event.

Lipoic acid (LA, or 315, Scheme I1I-17) is a natural product that arises from action on
octanoic acid. I performed functional group manipulations'’' to test an array of LA
derivatives (Scheme III-17) and determine which would be best suited for the proposed
click chemistry. In all cases the disulfide bond was reduced and various chemistry was
performed on the side chain to generate the acid, alcohol, and ester dithiols (316, 317,
and 319, respectively).

Scheme II1-17. Transformations of LA.

NaBH, O
OH
NaHCO3, 0 °C HS o
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O LiAIH4 or
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> OMe

O
(Y\/\)]\OMe then NaBH, HS SH
s-o 319
318

The reduction reaction was straightforward, complete in less than one hour, and the
product dithiol acid 316 was very clean, but could be chromatographed if desired. The
LAIH4 (or borane) reduction gave full conversion to the dithiol alcohol 317, but mass
recovery was a big problem and only small quantities of this material were ever available
after the reaction.'”” The formation of dithiol ester 319 was also difficult. I had already
started to notice that acid 315 and ester 318 (from reaction of 315 and diazomethane) had
a tendency to undergo a different reaction under various conditions, so I had limited
success in accessing 319, which requires the same esterification step.

This is a known difficulty of working with LA and disulfides in general. It is the

173-176

polymerization of disulfides (Scheme III-18) that reduces the utility of any reaction

on LA. The mass of both the dimerized (320) and trimerized (321) LA was observed by
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LCMS under many of the methylation conditions that I used (Scheme III-18). I realized,
however, that the products are disulfide bonds themselves, and these I knew how to
reduce (as in Scheme I11-17). This strategy would provide access to a useful dithiol (e.g.
319) after decomposition of the disulfide bonds.

Scheme III-18. Observed Oligomerization of 318 and Route to Potential Recovery.

(Y\/\/COZME (y\/\/COZMe

S-S S s
318 MeO,C s s _CO,Me
\/\/\E/S_S\J/\/\
time NaBHy,
or acid 321 NaHCO; CO,Me
(Y\/\/COQMe e
H,0,0°C HS SH
IS IS 319
S S
MCOQMG
320

Despite these difficulties, I still had small quantities of dithiol ester 319 in hand, and
wanted to test the thiol-ene reaction. I chose cyclohexane as a model system (Scheme II1-
19). This reaction immediately worked to afford the linked cyclohexane 322, but there
was a small amount of mono-ene product 323 that had to be removed by
chromatography.

Scheme II1-19. Bis Thiol-ene of LA Dithiol (319) With Cyclohexene.

COZMe
CO,Me CO,Me

HS SH
sS 319
g :
e (LD 9
S S HS S
322 323

With this result, I returned to the fatty acids to see if long chain alkenes could be linked

in the same way. I tried this reaction on all variants of the dithiol (316, 317, ad 319) from
Scheme III-17. Using the same conditions that worked for thiol-ene 311, oleate 310 was

subjected to the thiol-ene linking reaction, Scheme I11-20.
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Scheme I11-20. Attempted Cross-linking of 310 With Dithiols 316, 317, and 319.
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The reaction with acid 316 (Scheme II1-20, R = CO,H) was monitored by LCMS and
within an hour, several reaction intermediates appeared. The mono-ene product (327,
Scheme II1-21) was produced cleanly but conversion was low. Upon reacting for several
more hours, and following chromatography, small quantities of the desired product 324
were obtained with the rest of the mass balance from the starting methyl oleate (310, now
isomerized to a 4:1 ratio trans:cis alkene). For further support of this structure, the linked
monomer 324 was subjected to LiAlH4 treatment. Sadly, this is not reveal any of the
expected mass. Similarly, I tried to gather evidence for the mono-ene product 327
(Scheme I11-21). Though there appeared to be some present in the crude reaction mixture
but no masses corresponding to diol 330 were observed after attempted reduction of 327.

Scheme III-21. Attempted Reduction of Mono-ene Products 327-329.

¢}
Me
MGOM M/Me
S _ HO 8 A
LiAIH, s
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SH OH
330 SH
R= COH 327
CH,OH 328
COZMG 329

These reactions were also analyzed to see if any C-C bond formation had occurred.
By mass, I saw no direct dimerization of the starting material (310), but carbon radicals
are generated in this process, and this side reaction might be a factor in the efficiency of

the thiol-ene chemistry.
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In the reaction with lipoic acid alcohol (317, Scheme I1I-20) the first ene reaction also
occurred quickly (Scheme III-21, 328) with the product 325 appearing by LCMS within
one hour. After two hours, the olefin looked to be mostly consumed, along with the
dithiol starting material. Like the previous experiment, I successfully isolated the
geometrically-isomerized starting material (trans-310, confirmed by the shift of the vinyl
resonances in the NMR spectrum). 1 was, however, unable to find any desired product
(325) alongside it. I did not attempt to reduce the expected product to the triol.

Having only modest success with the bis-thiol ene click reaction, I did not spend any
time optimizing, but I tried one last time with the methyl ester of lipoic acid (319,
Scheme I11-20). The result was similar to the previous trials. In one hour, LCMS showed
conversion to the product of mono-ene reaction 329, but no further linking to bis-ene
product 326 was observed. To promote this second ene reaction, another portion of
DMPA was added. Although analysis was complicated by the abundant DMPA

7178 the mass of the desired linked monomers appeared by LCMS.

byproducts,
Unfortunately, I was unable to isolate the desired bisester 326 for further characterization
and reduction was also forgone.

The general trend with these thiol-ene reactions, is that the first click reaction is fairly
rapid, but the secondary thiol does not undergo addition at a comparable rate. Only with
more initiator does the second ene event occur (and even then, the conversion is modest).
Although not thoroughly examined due to lack of material, these reactions would be
extremely useful since LiAlH4 reduction would give produce a triol (as shown in Scheme
I1-20). Molecular weight could be grown using the more oxidized fatty acids (e.g.
linoleate, linolenate), where additional linking is possible.

Similar reactions were attempted on soyoil (Scheme I1I-22) and a few observations
were made. The most relevant are that the click reactions will occur without direct light
treatment in the Rayonet. When the reaction is performed on soyoil, DCM is required to
solubilize the DMPA. Lastly, the dimers and further oligomers obtained from reaction on
soyoil are difficult to analyze. '"H NMR spectroscopy gives an idea for consumption of
alkene functionality, but the degree of molecular weight growth was not investigated. A

destructive way to approach this is LiAlH4 reduction of the crude reaction mixture. When
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this was attempted, the main peak of the LCMS gave the mass appropriate for linked
oleol alcohol (e.g. 8,8-314). Interestingly, no other nominal mass was observed in this
experiment. Perhaps the more highly cross-linked products were not visible by LCMS.
By NMR analysis, it would be difficult to tell the difference between 314 and further
oligomers.

Scheme I11-22. Attempted Cross-linking of Soyoil by 311.
HS” ™" sH

311 MO Gty
s

(0.5 equiv.)
DMPA (20 mol %)

soybean oil _—
hv 370 nm

then LiAIH,, Et,0 o /\/\/\/\;—Cgmg
8,8-314
Mandy had seen the thiol-ene reaction (Scheme III-22) occur without an initiator. She
(and subsequently, I) tested the reaction using the disulfide as the thiol radical generator.
The reaction could also be reversed, where thiols become thiol radicals. I ran a control
reaction (Scheme I1I-23) to see if dimerization (331 to 333, 332 to 334) was occurring
under these conditions.

Scheme I11-23. Radical Chemistry of Thiols.
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+ others

I observed very little disulfide formation for any thiols I tried, but if the disulfide enters
back into radical chemistry, there should be little change in the reaction. This remains for
future work; if thiol-ene chemistry can be enacted under ambient light with no special

initiator that holds even more power.
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V.B.2.c. Disulfide Addition to the Alkenes in Soybean Oil

Among the many more ways there are to append a group to one or both carbons of an
alkene is disulfide chemistry.'””'™ One advantage to this chemistry is that disulfides are
less odorous than thiols. Additionally, the reaction introduces functionality at both carbon
atoms, thus expanding our ability to design and synthesize polyols with a range of
molecular weights and functional numbers. Moreover, the products may be slightly easier
to analyze by NMR spectroscopy since the expected resonances are more spread out.
Unlike the thiol-ene, however, there are not as many cross-linking opportunities.

The general reaction is shown in Scheme III-24. The main features are bis-
functionalization of the alkene, two new C-S bonds, and anti addition of the disulfide.
The bottom panel illustrates this last point. Anti addition to a frans alkene gives the
erythro product, whereas the theryo product arises from anti addition to a cis alkene. The
latter is expected for the alkenes in this study.

Scheme I11-24. General Disulfide Addition Across an Alkene.

RSSR, I, SR

/:/_> RS)_ASR —~ RS)_iSR

Historically, this reaction was performed as a means of analysis of double bonds, both
their stereochemistry and their position on long alkyl chains. Because it is reportedly
high-yielding and capable of adding to both ends of an alkene, it was worthwhile to
investigate on our systems. I set out to examine how well it worked on individual fatty
acids, as well as explore the substrate scope of the disulfide. For example, can R (Scheme
I11-24) somehow carry in the desired OH functionality to the alkene?

I chose dimethyl disulfide as a starting point. The expected products would have
suitable masses for analysis and informative NMR properties. It was a basic starting point
before more complex case. I found this reaction worked well right away (Scheme I1I-25);
it required heating but only catalytic I,, with typical isolated yields up to 80% of addition
product 336. Only one of the two possible threo stereoisomers is drawn. Bis-sulfide 336

was easily purified and analyzed.
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Scheme II1-25. Disulfide Reaction under I, conditions: DMDS and 310.
(0]

o Me;Sy, |2 M
M e
MeOJ\M e — MeOJ\ME;
6 Et,0, A MeS SMe
310 336

The only problem with this reaction was conversion. I had to use two-fold excess of the
disulfide for acceptable conversion (approximately 90%). I did not systematically
optimize this reaction, so this is an area for improvement. The workup was also relatively
involved, but could be managed.

Although our methodology for polyol synthesis required only chemistry on isolated
olefins (those likely to arise after metathesis of soyoil), I also attempted this reaction on
the linoleate (Scheme IITI-26) and linolenate (Scheme I11-27) methyl esters.'®' This was
an opportunity to investigate the conversion problem'® and see how much functionality
could be installed. Using an excess of DMDS, reaction on methyl linoleate gave a

183
Based on

mixture of products, those corresponding to one disulfide addition (i.e. 337s).
the MPLC recovery, it seems that one isomer is favored 2:1 (7,8-337 : 9,10-337). These
seemed to be partially separable, but were characterized as a mixture.

Scheme I11-26. Disulfide Reaction Under I, Conditions on 301.

MeS SMe
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° 339
The rate of the reaction was approximately the same as in the oleate case (c.f. Scheme III-
25). Sadly, the fully reacted 339 was not observed to a large extent, even with a huge
excess disulfide and extended reaction times. This suggests that it would be hard to install

>2 hydroxyls on each chain, if so desired on our real substrate.
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In the reaction of linolenate (Scheme II1-27), the mono- and bis-reacted (e.g. 340 and
341, respectively) substrate could be isolated and characterized. Three regioisomers are
available for the former, but based on the diagnostic linolenate methyl resonance,
reaction at the Q-3 lipid surely occurred (i.e. 3,4-340) and the GCMS indicated the other
major mono-reacted product was where the Q-9 lipid had been engaged (i.e. 9,10-340).
Only the flanking alkenes reacted to form the bis- product 341. The perfunctionalized 342
was not observed, even with a huge excess DMDS. These last two observations were
indicated by the low conversion to 339 in Scheme I11-26.

Scheme II1-27. Disulfide Reaction Under I, Conditions on 302.
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I did not optimize this reaction for each fatty acid variant. If the chemistry was clean
enough on a more useful disulfide, attention had to there. I did, however, perform one
more practice reaction before moving on to installing hydroxyls. Scheme III-28 shows
dibenzyl disulfide reacting with methyl oleate under I, catalysis. The reaction is clean to
vicinal sulfides 343, but the conversion was never as high as required. This reaction
served to demonstrate that the disulfides can carry other functional groups, and these can
be reasonably large. The reaction was not attempted with the linoleate or linolenate

variants.
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Scheme II1-28. Disulfide Reaction of Dibenzyldisulfide under I, conditions on 310.
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I discovered limitations in this reaction, similar to those I had already encountered
over the course of soyoil studies. For higher molecular weight disulfide reactions, such as
the one shown in Scheme III-28, the GCMS cannot be used for analysis. This reaction
also introduced some complexity due to diastereotopic groups and made NMR analysis
difficult. These issues were understood as best as I could and I was confident that the
reaction with a more useful disulfide (diethanol disulfide, 334) would be tractable.

The conditions that worked best for DMDS were used for the reaction of diethanol
disulfide (334) and methyl oleate (310, Scheme II1-29). The result was satisfactory. The
reaction proceeded more slowly than the previous studies and conversion to the diol 344
was modest. The reason for this seemed to be transesterification of both the starting
material (giving rise to 345) and the bis-sulfide product (giving rise to 346). These
proposed structures were supported by acetylation studies (lower panel), which gave the
expected masses for products 347 and 348.

Scheme I11-29. Disulfide Reaction of 334 and 310 under I, conditions.
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Transesterification under I, conditions was confirmed by a model study (Scheme III-
30) where methyl oleate (310) was treated with I, and stirred in either EtOH or "PrOH.
The ethyl and propyl esters of oleate appeared at room temperature after only s few
hours.

Scheme II1-30. Observed Transesterification of 310 promoted by I,.

O I, O
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In the real system, where extended reaction times (and heating) was necessary,
transesterifcation would continue to be a problem. It would certainly lead to lower
conversions and yields. With the protected form of the disulfide (349, Scheme I11-31), the
reaction was much improved. There were still issues with modest conversion, and the
unreacted disulfide was difficult to remove from the crude mixture, but the desired
functionalized alkene product 350 was isolated. I tried higher temperatures as a way to
approach the conversion issues. Under these conditions, the reaction was more efficient
with less byproduct (likely a reaction intermediate) formation. As encouraging as this
modification, the burden of having to unveil the diol limited the utility of 349. However,
if the deprotection could be performed efficiently or in a controlled way to release only
certain amounts of hydroxyls, it might still be useful. This would be yet another way to
tailor our polyol to fit into the desired specifications (functional numbers).

Scheme III-31. Attempted disulfide reaction of 349 with 310 under I, conditions.
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Although the I, reaction was worthwhile on a fairly large range of substrates, BF;*OEt,
was found to be a superior catalyst.'™ The yield immediately improved in the reaction of
methyl oleate (310) and dimethyl disulfide (Scheme III-32). These conditions were far
more mild and efficient; the reaction occurred at room temperature and only required a
slight excess of the disulfide for full conversion. The only problem was the use of

MeNO; and DCM as a solvent, but it was quickly discovered that the reaction worked
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wells in DCM alone. The reaction with the diethanol disulfide (334), however, was
sluggish unless a stoichiometric amount of BF3*OEt, was used. With the protected diol
349, the reaction furnished desired product 350 cleanly, but again, required
stoichiometric catalyst for reasonable rates.

Scheme II1-32. Disulfide Reaction of 310 Under BF;*OEt, Conditions.
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Although not completely optimized, these new conditions were applied to the DMDS
reaction with doubly and triply unsaturated fatty acid esters (301 and 302, Scheme III-
33). The mono addition products (337 and 338) were cleanly generated, but as a mixture.
Even with a large excess of the disulfide and extended reaction times, the bis-addition
product (339, Scheme III- 26) was not observed by LCMS or NMR analysis. The reaction
of triply unsaturated methyl linolenate (302, Scheme III-33, lower panel) was then
studied. In this case, the reaction was again rapid to produce the mono addition product
9,10-340, but further additions were slower and reaction at the third and final alkene
seemed impossible. The mono- (340) and bis- addition (341) products were easily
separable and could be characterized. The former was produced as a mixture of
regioisomers (with 3,4-340, see Scheme III-27). With more effort, these might be
separable from one another. The tetra functionalized, 341, again seemed to be produced
as one regioisomer. That is, the reaction always proceeded to give functionalization at the
flanking alkenes. This mimics the results presented in Scheme II1-27.

Scheme II1-33. Disulfide Reaction of 301 and 302 under BF;°OEt, Conditions.
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In general, the BF;*OEt, made the reaction more efficient, scalable, and reproducible.
Complete consumption of alkene and methods of analysis continued to be a problem. It
might be that the fatty acid chain cannot support per-functionalization of its alkenes (e.g.
302, where 6 new bonds have to form). The conversion, of course, is not an issue if the
reaction can be performed in a controlled way. Leftover alkene is not likely to be a
problem in the formulation of a PU.

The LCMS (the preferred method of analysis for this reaction) problem was more
serious. The data from this instrument was often misleading. The molecular ion was not
always observed; some of these sulfides occasionally lost (SMe) upon ionization. This
problem was somewhat mitigated by use of the negative ionization mode, if the analyte
was capable of this adduction.

Following these studies with DMDS (and the lessons learned from using the LCMS
as a tool in this reaction), the new conditions were applied to more complex starting
materials and diethanol disulfide. Although the double addition product was not observed
with DMDS, it was worth trying to push that reaction with 301 and diol 334 (Scheme III-
34), since it directly installs the required alcohols for PUs. In the event, it was possible to
set up this reaction to consume all alkenes, but it required a large excess of disulfide (>10
equiv) and purification of 352 was tedious and usually unsuccessful.

Scheme I11-34. Disulfide reaction of 334 and 310 Under BF;*OEt, Conditions.

H .
Ou~g- S0 ROOR RO OR
334 g ( B 2
MeO —_——— BF*OEt s S 8 s
6 3 Me MeOW_MMe
) 6 3
301 MeN02 o)

Ac,0, |: R=H 352
Py R=Ac 353

The unreacted diol 334 interfered with product isolation. Acetylation (to 353) did help,
but purification was still troublesome. I also tried reduction of the remaining disulfide to
its components mercapoethanol (332). This reduction did work, but the new contaminant
was the TPPO that was difficult to remove. So under I, versus the BF5 conditions, the

addition of disulfide 334 was superior with the latter because the threat of
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transesterification (c.f. Scheme III-30) was eliminated, making more starting diol
available for alkenes.

Along the course of these studies, the chemistry was working well enough that it
seemed reasonable to move forward with various unsymmetrical disulfides. The
advantage was that we could start to control how many hydroxyl groups were
incorporated. We could adjust to only one, or in the case of a diol, perhaps we would be
able to spread them a little farther apart (spacing of the OH functionality has implications
for the properties of the PU). Disulfide exchange in the presence of BF; and other

catalysts'®>'"

is well-known and occurs readily to give a statistical mixture of products
(Scheme III-35). In my system, two main disulfides (i.e. DMDS and 334) were available.

Scheme I11-35. Disulfide Exchange Reaction of DMDS and 334.
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A mixture of DMDS, 334, and 354 was observed from this reaction.'®” The mixture
was used as such in the subsequent reaction with an alkene. To begin with, I attempted it
on the more manageable cyclohexene (Scheme I1I-36). There were minor difficulties in
the analysis (cleavage of the C-S bond upon chemical ionization of the LCMS), but the
expected products (symmetrical 355 and 357 and crossed product 356) were separated
with modest success. They were taken on to acetylation for more structural support. The
separation of the acetylated derivatives 358 and 359 was not trivial, but they could be
identified with confidence in the 'H NMR spectrum from a rough separation. Mass
balance was not taken to confirm that a statistical mixture was in fact, realized.
Alternatively, the disulfides DMDS and 334 could be added directly to the reaction pot
with the alkene without premixing. In this case, the reaction profile was identical. This
confirms the exchange reaction is rapid and reaches equilibrium complete prior to

addition to alkenes.
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Scheme II1-36. Mixed Disulfide Reaction of DMDS and 334 on Cyclohexene.
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This reaction was then applied to our methyl oleate system (Scheme III-37). It was
monitored by LCMS and after only a few hours, there were peaks corresponding to the
expected three products 336, 344, and 360. Once again, molecular ions were difficult to
discern. Acetylation and separation gave the adducts of both symmetrical disulfides (350)
and the mixed one (361). Key NMR features gave confidence to the assigned structures.

Scheme II1-37. Mixed Disulfide Reaction of DMDS and 334 on 310.
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The key feature of this reaction is that diethanol disulfide (334) reacts far slower than
either the DMDS or the mixed disulfide. Further study would provide more information
for the best way to vary the starting ratio to optimize both the exchange and addition
reaction. That is, the alcohol or diol products 360 and 344 could be obtained at will,
depending on which was desired for PU formation.

Lipoic acid can also undergo disulfide exchange under the same conditions (Scheme
I11-38). The newly formed disulfides (although existing as a mixture with the starting
materials) could be used in this same reaction. This strategy was promising in a similar
way to section V.B.2.b, where lipoic acid dithiol addition to two fatty acids does the job
of cross-linking chains and installing hydroxyl groups simultaneously (c.f. Scheme III-

20). The proposed disulfide exchange is illustrated in Scheme III-38.
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Scheme I11-38. Disulfide Exchange reaction of 318 and DMDS or 334.
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The general reaction preparation is shown in Scheme I1I-39. In the end, two alkenes react
at both of their carbon centers to furnish 4 new bonds and afford a triol.
Scheme III-39. General Strategy for Simultaneous Cross-linking/Functionalization of

Alkenes.
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The exchange reactions (Scheme III-38) were somewhat easy to monitor. The
DMDS-exchanged 318 (=362) can be observed by GCMS (although the molecular ion
was very weak), but the diethanol disulfide-exchanged 334 (to give the analogous
structure to 362) was more difficult. I tried with lipoic acid (315) and the diol 334, but
this reaction was difficult to analyze as well.

Despite the uncertainty surrounding the extent of exchange, the disulfide addition
reaction was attempted on cyclohexene (Scheme I11-40). The problem was probably the
small scale. The product 364 should have been, but was not, easily observed by LCMS.
Besides scale, perhaps additional Lewis acid treatment of the fragile bis-disulfide 362
enabled re-exchange and damaged the reagent before it could engage in the reaction.

Scheme I11-40. Attempted Cross-linking / Functionalization of Cyclohexene.
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This was the last of the studies performed with the intent of functionalizing the alkene
with a sulfide group. By the time I would have been able to go through and scale up for
this (already) unreliable chemistry, the project had advanced.

V.C. Studies on Epoxidized Soybean Qil
Epoxidized soybean oil (ESBO) is readily available and cheap. It provided an

alternative to soybean oil and a whole new set of functionality (epoxides) to learn how to
react. As with soybean oil itself, I looked to understand ESBO before I went ahead and

performed chemistry to transform it.

V.C.1. General Studies With Methyl Epoxy Soyates

Epoxidized soybean oil (Figure I11-6) is where all the alkenes of the triglyceride have
undergone conversion to epoxides. Just as there are an average of 4.4 double bonds per
soyoil triglyceride, there is an average of 4.4 epoxides for each ESBO molecule.

Figure II1-6. Epoxidized Soy Triglyceride with 6 Epoxides.
O 0

OJ]\/\/\/\A/\/\/\/ Me
ESBO = o8- J\/\/\/\/Q\A/\/\
o Me

average # epoxides ~4.4
Epoxy methyl soyate can be purchased as a mixture of methyl esters where each chain
has 0, 1, 2, or 3 epoxides, arising from stearate, oleate, linoleate, and linolenete esters,

respectively.
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Scheme I11-41. MPLC Separation of Methyl Epoxy Soyates.
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All of these esters were GCMS and LCMS compatible. By GC, there appeared to be two
diastereomers of the bis epoxide 366, and three of the tris epoxide 367 (Scheme III-41).
The diastereomers could not be resolved by LCMS technology. All of the components of
methyl epoxy soyate were amenable to MPLC or flash chromatography. Currently, it is
unknown whether the diastereomers are separable; chromatographic conditions were not

optimized for that application.

V.C.2. Thiolate Opening of Methyl Epoxy Soyates

188 The method chosen for these

Epoxides can be opened in a wealth of ways.
epoxides was thiolate opening. We already had the raw materials and it was well known
that using a variety of bases, thiolates were capable of doing the job.'” We started with a
monofunctional thiol but hoped to progress to a dithiol for a simultaneous ring-
opening/chain-linking event.

The first reaction was conducted on methyl epoxy oleate (365). In the event, the
alkene was treated with mercaptoethanol (332) and a catalytic amount of KOH (Scheme
11-42). There is likely no regiochemical preference for this nucleophilic attack; only the
result of ring opening at carbon 9 is shown (9-368). Indeed, the diol appeared to be
isolated as a mixture of regioisomers (with /0-368, not shown). For the remainder of this

discussion, where there is potential for regioisomers, the ring-opened products are

distinguished by the carbon number where thiolate attack occurred.
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Scheme I11-42. 365 opening by 332.
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The reaction was easy to monitor and conversions were typically good. Both Na metal
and KOH were found to be effective, but the latter was chosen because of ease of
handling. The product diol 368 can be further modified to confirm both the structure and
NMR features. Acetylation with one or two equivalents of Ac,O furnished the mono-
protected 9-369 or bis-protected 9-370.

The diol 368 was also used in a model experiment to test a carbamate linkage reaction
(with an isocyanate, Scheme I1I-43). The reactivity difference between a primary and
secondary hydroxyl is important to understand when we are designing and crafting
polyols for our renewable PUs. Surprisingly, the secondary alcohol was somewhat
competitive with the primary, and the result of this reaction was a mixture of mono-
carbamates 372 and 373. The bis-reacted product (not shown) was not observed. This
reaction was only performed once, however, and little was discovered about ratios at
lower conversions and whether a second carbamate is even possible on this diol.

Scheme I11-43. Reaction of 368 with Isocyanate 371.
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Although the yields were modest in the ring-opening reaction, the results were
encouraging enough to move onto the bis-epoxide (366, Scheme 111-44). Action of thiol
332 on this substrate gave the desired tetraol products 374. Again, they are named based
on which site the sulfide bond forms. Only two examples are shown, I did not investigate

the regiochemistry of these reactions. The high level of hydroxyl functionality was
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confirmed by NMR integrations and preparation of the per-acetylated derivatives of 374.
Unfortunately, the yields of the epoxide opening were low with the formation of one
other major product.'”*'"!
Scheme I11-44. Epoxy Methyl Linoleate (366) Opening by 332.
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The byproduct appeared to be a diol based on the number of acetyl groups added onto
the molecule from the acetylation experiment. After a number of methods to characterize
this byproduct, the data is consistent with the structure of tetrahydrothiophene 375

(Scheme III-45). COSY data and comparison to known compounds'®*

guided this
structural assignment.

Scheme I11-45. Byproduct of 332 Opening of 366.
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When 366 is attacked by a thiol nucleophile at one of the termini of the bis-epoxide

system [numbering as in fatty acid chain, either C10 (path a) or C6 (path )], th

e
sulfur is situated 5 atoms away from the proximal end of the remaining epoxide. In path
a, it can open the other epoxide at C7, 5 atoms away, to give the tetrahydrothiophene. In
path b, the sulfur (now at C6) opens the second epoxide at C9. At some point the pendant
alcohol must release the thiol (or thionium) for product formation.'””> Assuming no
regiochemical preference exists, both thiophenes 375 are produced and have very similar
NMR properties. Attack at one of the internal carbons (C7 in path a’ and C9 in path b’)
results in a sulfide that is still situated for attack at the remaining epoxide (C10 in path a’
and C6 in path b’). These processes are essentially the reverse order of the first, so they
afford the same isomers 7,7/0-375 and 6,9-375 that were already accounted for. The NMR
data is consistent with structures 375, and comparison to similar compounds in the
literature support this assignment. The expected shifts occurred upon acetylation to 376.
If in play, the mechanism for the formation of the 375 requires the presence of the
pendant hydroxyl group. This byproduct would not be observed for other thiolate
nucleophiles. To test this, the analogous reaction was performed with butane thiol (331)
on the bis epoxide 366 (Scheme I11-46). When 2 equivalents of the thiolate were added to
the bisepoxide, the mass of the desired double addition product [377, two examples of
regiochemical attacks (6,10- and 7,9-) are provided] appeared in the LCMS, along with
some of a presumed minor regioisomer, the starting material, and a little saponification
product. When the reaction was performed with only one equivalent, there was still a
majority of the bis addition product 377, followed by unreacted 366, and a few minor
peaks. One of these minor components gave the mass of the compound that arises from
attack at one epoxide, with one intact. This experiment was run a few times, and although
the results were not always identical, the thiophane product mass was never observed.
Instead, the problem was poor conversion and difficulty in separating the components of

the reaction mixture.
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Scheme I11-46. 366 Opening by Butanethiol (331).
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Since the formation of the byproduct appears to rely on the pendant hydroxyl group, I
considered the reaction of a protected variant (378). The best way to access the starting
material was the two step sequence from diethanol disulfide (334 to 349, Scheme I11-47,
first arrow). The acetylated mercaptoethanol 378 was then used in the ring opening

reaction under the previously established conditions.

Scheme I11-47. Opening of 366 by Mono-protected Mercaptoethanol (378).
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Sadly, this reaction did not work as well. It was too complicated to be useful, and the
mass of the desired product (example 6,10-379 is provided) was not observed. The free
alcohol variant was far superior.

Despite the byproduct of the reaction of 366 with 332, these studies clearly show that
reaction at both epoxides is possible. Further experimentation is required to determine if

reaction at one and only one epoxide center can be accomplished. Preliminary work
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suggests that the second opening is just as rapid as the first. Even with one equivalent, the
main product (besides unreacted starting material) was the doubly opened epoxide
product (374, Scheme I11-44).

If a high level of alcohol functionality was desired, the tris-epoxide 367 could be
utilized in these types of reactions, but there were many questions to consider before
designing the experiment. How many equivalents will be necessary for the reaction? Will
the byproduct formation be significant? Now, there is the possibility of two
tetrahydrothiophenes being formed. Before even tackling these issues, the ring-opening
was attempted with 3 equivalents butanethiol (331, Scheme I1I-48). LCMS analysis
indicated at least two regioisomers of the triple addition product were present in the crude
reaction mixture. 4,7, /0-380 is shown as an example.

Scheme I11-48. Opening of 367 by 331.
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There was a minor amount of the double addition product. Attempts to purify the triols
380 were not highly successful. One regioisomer was collected in semi-pure form, but the
others coeluted; even the double addition product (not shown) was running alongside
these expected triols.

The first attempt with mercapoethanol (332, Scheme III-49) revealed that the tris
epoxide quite easily undergoes reaction at all three epoxides with a large excess of
nucleophile. In fact, after one hour heating, the LCMS showed only one peak with the

mass of hexaol 381 (4,7,10-regioisomer is shown as an example).
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Scheme I11-49. Opening of 367 opening by 332.
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Although the reaction seemingly proceeded very cleanly (by LCMS, the desired was the
main product), purification of the highly polar 381 was problematic. Normal phase
chromatography under a variety of mobile phases was unsuccessful, with excess 332
contaminating all samples. However, these preliminary studies show that since the
reaction was so efficient, perhaps a huge excess of thiol 332 was not required. If so, the
purification step would be rendered unnecessary. Another consideration is that the
hexaols are so densely functionalized, they might not be useful in PU formation.
Acetylation did well to mitigate the polarity (last arrow, Scheme I11-49). The per-
acetylated species (4,7,10-382) appeared by LCMS, and the purification gave a
satisfactory sample. The "H NMR spectrum, however, is complicated by what has to be a
number of diastereomers (three different for the starting material). I could not resolve
them by LCMS, but more work could be done with the method to see if that is possible.

Acetylation was also performed with an undercharging of the reagents (Scheme III-
49, last arrow). If selective capping of the primary alcohols was possible, this was
another way to control exactly how many hydroxyls were free to react in the
polyurethane-forming reaction. When the hexaol was treated with slightly over 3
equivalents of acetic anhydride, within two hours, the mass of the tris-reacted hexaol 383
was observed by LCMS, along with various amounts of the product of one or two acetyl
additions, alongside starting material. When the reaction was allowed to continue, these
ratios did not change. After stirring overnight, the products were approximately half tris-
reacted hexaol 383 and half have tetra-reacted (not shown). Other species were present,
even quantities of the hexa-reacted 382 were observed by LCMS. Unfortunately, it was

not straightforward to separate all the various esters, and full characterization of each was

265



not completed. It is clear, however, that acetylation must be optimized for control over
how many free hydroxyls are desired in the product.

I had enough crude material (381) for a few more experiments to contribute to our
understanding of the hexaol. First, I was suspicious that no tetrahydrothiophene was
observed with the tris epoxide reaction. I took the hexaol and heated it further in basic,
neutral, and acidic media to see if displacement by the sulfide and loss of ethylene oxide
was possible (Scheme III-50). This would also give some idea of the mechanism if
cyclization occurred. Surprisingly, the hexaol was robust to all these conditions. In the
future, doing the ring-opening with an undercharging of thiol would be worthwhile in
case we desired a few epoxides to remain intact (and provided the byproduct pathway can
be rendered inoperative).

Scheme II1-50. Stability of Hexaol 381 Under Various Conditions.
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Hydroxyls can also be nucleophiles for these types of epoxide opening reactions. I
attempted to react 368 (c.f. Scheme I11-42) with epoxide 384 to see if any union would
occur. Unfortunately, this was not a promising experiment (I observed no reaction), but it
is important to consider that the hydroxyls obtained from these thiolate reactions. The

reactivity of these alcohols is of utmost importance because they are the key players in

PU synthesis.
Scheme II1-51. Attempted Opening of Epoxide with 368.
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V.D. Summary and Outlook

The thiol-ene reaction, disulfide addition to alkenes, and epoxide opening were all
moderately successful. The first was a novel way to cross link alkene chains while also
installing required alcohol functionality. Disulfide addition was complicated by low
conversion and transesterification. This would likely be a problem on soyoil. The last
method, epoxide opening, must be optimized if the byproduct formation continues. Based
on the understanding gained by the experiments surrounding that reaction, it would be a

problem wherever any linoleic fatty acid chains were present.
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Chapter VI. Polyols from Terpenoids

Terpenes and terpenoids are renewable small molecules. They have natural,
sustainable sources (commonly plants). They can be converted to suitable substrates for
polymerization (Scheme III-52). One way is oxidation of the cyclic ketone to a lactone,
which is known to undergo ring-opening polymerization (ROP, discussed in section
VIL.B). Besides their use in generation of a polyol, these small molecules display
interesting NMR behavior that warranted further study (discussed in section VI.C.)
Scheme III-52. General Strategy for Converting Terpenes to Polyols

1. functionalize

terpenes/terpenoids polyol

2. polymerization
MW = 1-6K
fo=26
VI.A. Background and Previous Work
Terpenes and terpenoids are diverse and abundant in nature. Some examples are
shown in Figure III-7. Many make up a large proportion of oil extracted from various
plant sources. Examples of terpenes are a- and 3-pinene, whereas menthone and carvone

are terpenoids. These latter compounds are labeled as such because they contain oxygen.

Figure III-7. Terpenes and Terpenoids.

B B B ﬁi

(+)-o-pinene (-)-a-pinene (-)-B-pinene )-menthone (x)-carvone
Currently, the most common methodology for conversion of these small molecules
into a polymer is to incorporate the desired functionality into the monomer (Scheme III-
53, first arrow). The example is cyclohexanone oxidation e-caprolactone, a more suitable
substrate for polymerization. The lactone can undergo ROP to the targeted polyol (second
arrow). For our soyoil studies (Chapter V), we desired a polyol with 2-6 hyroxyl groups
and a molecular weight of 2-6 kg/mol and these too were the ranges we sought with the

terpenoid methodology.
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Scheme III-53. Polymerization of Cyclohexanone.
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From reading previous work of other groups, we know that both the oxidation and

ROP reactions work on a wide variety of substrates.'”

We were building off specific
research from the Hillmyer group, which demonstrated that this sequence was possible
starting from menthone and carvone (Figure III-7)."” We hoped to take their
methodology one step further and use the polyol in a polyurethane reaction.

The sequence began with Baeyer-Villiger methodology'®® as a convenient and well-
established way to achieve oxidation to the lactone. For the lactones we anticipated, the
ROP would likely be run under metal catalysis, although a number of other catalysts were
known and available. Finally, a partnership with the Macaskco group would enable us to
learn the art of polyurethane formulation for the construction of a PU film. Senthil (his
work was discussed in Chapter V) was the main polymer chemist in this collaborative

effort, and I performed a number of supporting experiments that are discussed in the next

section.

VI.B. Menthone and Carvomenthone

As mentioned, menthone and carvomenthone were chosen as the renewable
terpenoids. This study first requires an understanding of the Baeyer-Villager reaction,
then model studies could be performed on the ring opening of the resulting lactones.
Lastly, reaction with an isocyanate as a further model for the polyurethane formation was

conducted on the ring-opened lactones.

VI.B.1. The Baeyer-Villager (BV) Reaction
The Baeyer-Villager reaction was first performed on menthone (trans-400, Scheme
111-54)."° The oxidation was effected by mixing the cyclic ketone with a stoichiometric

quantity of TFA followed by portion-wise addition of mCPBA. A smooth conversion to
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menthide (frans-401) was observed every time. The lactone could be distilled or
chromatographed with ease.

Scheme I11-54. The Baeyer-Villiger Reaction of Menthone.
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The BV reaction is highly selective for insertion into the more substituted alpha
carbon of the ketone (“normal”). In fact, for the reaction of menthone, none of the other
insertion product (“abnormal”, trans-402) was ever observed by GC or NMR analysis.
Regardless of the temperature, the reaction proceeded in the same way with the same
selectivity. There were very few complications; only the modest yield and the occasional
formation of a byproduct were troublesome. The yield was sensitive to the workup
conditions. The workup was difficult on a bigger scale because it required careful
quenching of excess peracid and removal of large amounts of byproduct meta-
Chlorobenzoic acid. TFA was very effective in promoting the BV reaction, but might
also have played a role in the formation of a byproduct. Incorporation of meta-
Chlorobenzoic acid into the product was occasionally observed and contributed to the
lower yields and inefficiency of the BV reaction. The reaction with Oxone was only
attempted once to check normal/abnormal selectivity. It was found to only give rise to the
normal menthide (trans-401).

The BV reaction on carvomenthone (404, Scheme I11-55) was performed in the same
way, with one exception. The frans and cis ketones (~6:1 ratio arising from Pd/C
reduction of dihydrocarvone, 404 provided by Senthil) were taken separately into the
oxidation reaction. Careful MPLC produced diastereomerically pure cyclohexanones
trans-404 and cis-404. These were treated to the same BV conditions and became
diastereomerically pure lactones trans-405 and cis-405. Small quantities (~3-5%) of the
regioisomer (“‘abnormal” products trans-406 and cis-406) were observed. The normal and

abnormal lactones were separated by careful column chromatography.
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Scheme II1I-55. Synthesis of trans and cis Carvomenthide (405).
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In practice, carvomenthide (Scheme III-55) was used as a mixture of frans and cis

isomers (approx. 6:1) for the polymerization. However, for later studies (particularly the

NMR properties of these small molecules, see section VI.C.), the regioisomers and

diastereomers needed to be pure form. At the time, however, the BV chemistry was most

useful in generating material for the synthesis of a series of model compounds from

which we could understand the results of Senthil’s ROP reactions.

VI.B.2. Ring-Opening of Menthide and Carvomenthide

In the previous section, material was obtained for the model study of ring opening

polymerization, shown generally in Scheme I1I-56. A high-yielding and straightforward

polymerization reaction was required toward the successful preparation of a polyurethane

film.

Scheme II1-56. General ROP of Menthide.

trans-401

polymerization
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If this reaction were performed as indicated in the scheme, the resulting polymer would
contain only one hydroxyl group and could not be used as an effective crosslinking agent
(see Part Three Introduction). The trifunctional initiator diethanolamine (407) was chosen
due to its resemblance to ethylene glycol (previous used effectively used in polyol
synthesis) and good solubility properties. The general scheme is then represented in
Scheme I11-57.

Scheme II1-57. General ROP of Lactones trans-401 and 405 With Initiator 407.
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R
R
R=Me, R;=iPr PCM - (OH), o)/
x+y+z =9 or 18 < H

Also shown are the conditions and catalyst [Sn(oct),]. The result is a triol (denoted
(OH)s, either PM or PCM). The target molecular weight of either polyol was 1-3K for
this study, so for each initiator molecule, 9 or 18 equivalents of trans-401 or 405 were
used. The reaction was performed essentially neat, and the crude polymer was subject to
a short workup to remove unreacted lactone.

Senthil’s work on the synthesis of polyols from menthone-derived lactones revealed
some interesting features of this reaction. The key observations were 1) the amine reacted
first to open the lactone ii) both a 9:1 or 18:1 loading of monomer to initiator could be
used iii) menthide and carvomenthide behaved drastically different in the ring opening
and iv) there was complexity in the "H NMR spectrum. To aid the analysis (especially
point iv), I was charged with the preparation of a series of model compounds.

First, I used general ring opening conditions to prepare set of methyl ester alcohols
that would serve as a starting point (Scheme II1-58). These would be especially useful in
understanding the differences between the constitutional isomers menthide and
carvomenthide, but also help to understand the differences between cis and trans

diastereomers. The methyl esters 408 and 409 were easily obtained by acidic ring
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opening of the precursor lactones (frans-401 and 405). The reaction occurred quickly at
room temperature and gives a high yield of the lactones for future study. Note that the
carvomenthide isomers were used as mixture.

Scheme III-58. Ring Opening to Methyl Esters 408 and 409.
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With a firm understanding of the NMR properties of these alcohol esters, it was time
to prepare the model compounds relevant to Senthil’s polymers. Menthide was found to
ring open by action of diethanolamine (407) under thermal conditions (Scheme I11-59).
Depending the load of lactone frans-401, temperature, and reaction time, various ratios of
monoamide diol, monoamide/monoester, and monoamide/diester (compounds 410a-c)
were obtained. Up to 9 equivalents of the lactone were charged in this reaction. This
encouraged greater conversion and a higher proportion of the monoamide 410a was
converted to the monoamide/monoester 410b. Interestingly, this higher loading did not
dramatically increase the proportion of triol 410c. This was the first indication that
initiation of the third arm of trifunctional 407 posed some difficulty.

Scheme II1-59. Ring-opening of Menthide Under Different Monomer Loadings.
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Analysis of these molecules was much more complex than the esters in Scheme I1I-
58. First, the presence of a stereogenic center, which was not a problem in esters 408 and

409, led to many unique resonances for each of the diastereotopic protons in 410a-c
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(Figure III-8). Additionally, there are two unique rotamers for monoamide/monoester
410b model. These rotamers are unequally populated and give rise to different
resonances in different ratios in the NMR spectrum. This added to the difficulty in the
analysis of both my model compounds and the polyols prepared by Senthil.

Figure III-8. Model Compounds Derived from Menthide and 407.
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All the resulting menthanoyl-reacted initiator molecules (410a-c) were acetylated to
further mimic the environment they might experience in the polyol (reaction, left panel of
Figure III-8, products are the acetylated compounds 411a-c). All of these were useful in
understanding the complex NMR behavior of Senthil’s polyol PM. Much of the
complexity comes from the region of the spectrum where the initiator protons reside.
Depending on the rotamer, and the exact distance from the stereogenic center,
diastereotopic protons were identical or had their own unique chemical shift and peak
shape. Understanding all these details of the NMR spectroscopic data was a massive
undertaking, but the experimental section illustrates the attention given.

In the case of carvomenthide, each diastereomer (trans-405 and cis-405) was subject
to the same conditions (Figure III-8). These reactions afforded compounds 412a-¢ and
414a-c (derived from trans-405 and cis-405, respectively). The acetylation reaction was
again conducted, furnishing 413a-c and 415a-c in high yields. In this way, 12 analogous

model compounds were obtained.
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Figure III-9. Model Compounds Derived From frans and cis Carvomenthide (405).
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There were only subtle differences in the ring opening of the carvomenthides
compared to the menthide series. The former were slightly more complicated by the fact
that the secondary alcohol obtained after ring opening became competitive with the
primary alcohols of the initiator. When the secondary alcohol was particularly aggressive,
various quantities of 1,2,2 monoamide/bisester (e.g. 412d, Figure III-10) were observed
alongside the desired 1,2,3 monoamide/bisester 412¢. This seemed to be a bigger
problem for trans-405.

Figure III-10. Different Ways to Attach Three Monomers to 407.
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At times, the desired monoamide diester was contaminated with up to 10-15% the
undesired. They were difficult to separate, but could done satisfactorily by HPLC. The
competition between chain elongation and full initiation was greater with a larger excess
of the monomer and when the reaction was heated higher. Indeed, if a large excess of
monomer was used and the reaction heated for long periods at high temperatures, even
higher-order oligomers were observed by LCMS (x+y+z =4, 5, or 6!, Figure IlI-11). This
was only investigated in carvomenthide case. The secondary alcohol arising from ring
opening of menthide is more severely limited in its ability to undergo reaction with
additional monomer under these solely thermal conditions.

Figure III-11. Higher Order Oligomers from Thermal Ring-opening of Carvomenthides.

Me
O\/\N/\/O 0 H
OMe Me y
(@)
Me

Me Me

A

z

X+y+z=4,506

The higher-order oligomers were primarily observed by LCMS, but integration of
certain NMR resonances were useful in providing support for these 4-, 5-, and 6-mers.
Unfortunately, once the oligomerization proceeded to this level, these compounds were
not easily separated from one another. Although conversion was low to these species, and
their formation required very harsh conditions (heating >200 °C, overnight), this result
supported the hypothesis that ring-opening of these lactones is possible under thermal
conditions alone. This is especially encouraging given the disadvantages in the use a lot
of today’s ROP catalysts.****"!

It was along this thinking (thermal polymerization, available catalysts, our
complicated monomers) that we became curious about the limitations of our current ROP
conditions (c.f. Scheme III-57). These were among the more sophisticated. Senthil
typically conducted the reaction with extreme care, pre-treating all reagents and
conducting most studies in the glovebox. I performed a brief study on the polymerization

conditions employed by Senthil to determine if that level of care was required. In my
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experiments, I tested polymerization using reagents out of the bottle and took no special
care to protect them from air and moisture (Scheme I11-60).

Scheme I11-60. Ring-opening Polymerization Study.
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I found that employing all the other experimental conditions but using reagents as
received, the ring opening reaction occurred. However, the conversion was poor; about
25% of the monomer reacted and no further conversion was noted upon heating for an
extended time. Thus, there are practical limitations to this reaction and some care has to

be taken in the handling of reagents. It is not as robust as might be desired.

VI.B.3. Trial Carbamate Linkage Reactions

The next step in the construction of polyurethanes (either films or foams, for any
application) is reacting the polyol in a formulation that typically consists of varying
amounts of a diisocyanate, short chain diol, a catalyst, and a number of other additives for
various reasons (see the General Introduction for Part Three). The key reaction, of course,
is the urethane bond-forming event. This type of reaction occurs readily between any
alcohol and an isocyanate, according to the sterics and electronics of the alcohol and
isocyanate.

The goal of my next short study was to use my previously prepared compounds
(Scheme I11-58) to determine if our polyols would participate in the reaction. If so, I was
interested in the main differences between the alcohols. As shown earlier, the alcohols
408 and 409 are similar but different. They are both secondary, but 408 (derived from
menthide) contains a greater degree of branching at its adjacent carbons compared to 409

(from carvomenthide). We predicted this would slow its reaction with isocyanate. In the
277



study, the methyl ester alcohols were first reacted separately to understand the products
and their diagnostic GCMS, LCMS, and '"H NMR characteristics. The relevant reaction
details and NMR resonances in both the starting materials and products (416 and 417) are
shown in Scheme I11-61.

Scheme I11-61. Carbamate Reaction Diagnostic NMR Resonances.
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These reactions occurred quickly at room temperature and the carbamates were easily
chromatographed. Importantly, all four of the carbinol resonances were unique in the 'H
NMR spectrum, meaning these reactions could be confidently followed by this method.

With the products understood from Scheme III-61 studies, the lactones were then
mixed in a competition experiment (Scheme I1I-62). The reaction with isocyanate 371
was performed at room temperature and monitored by 'H NMR analysis. At the first time
point, it appeared that there was twice as much of the carbamate was formed from
carvomenthide (i.e. 417) versus menthide (i.e. 416).

Scheme I11-62. Competition Experiment for Carbamate Formation.
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In conclusion, some supporting studies were performed for the ring opening
polymerization project headed by Senthil. I found that the Baeyer-Villiger worked
especially well on menthone (#rans-400), but generated small quantities of abnormal
carvomenthides (406). The thermal ring opening of the lactones trans-401 and 405 by
diethanolamine (407) occurred to give varying ratios of mono-, bis-, and tris-derivatized
initiator. The carvomenthide suffered from competitive chain elongation versus initiation.
The ring opening polymerization reaction was investigated to see if how robust it was.
The alcohols resulting from ring opening of menthide (trans-401) and carvomenthide
(405) were tested in carbamate-forming reactions where the secondary alcohol derived

from carvomenthide was shown to be about twice as reactive towards isocynates.

VI.C. NMR studies and Comparison to Computational Studies

VI.C.1. Motivation

The goal of the Center for Sustainable Polymers project was the synthesis of a
renewable polyol to use in the construction of a polyurethane. As small molecule
chemists, we were happy to learn the polymerization reactions. However, we had interest
in the details of the small monomers we were using. We wanted to understand some of
their complex NMR behavior. Literature searches revealed that detailed analysis of both
the ketones and lactones had not been performed (or reported). We were particularly
suited to complement the existing literature knowledge with our expertise in NMR
analysis. We looked to contribute to both the experimental and computational data on
these substrates. In particular, we wanted to challenge our computational methods®”* as
they apply to stereoisomers. Since | had acquired all the necessary data on a number of
cis/trans isomers, this was a natural progression. In the following sections, the ketones
will be under study first, followed by the lactones. Special care is taken to discuss
conformation of these ring systems, and key features of the NMR data will be noted.

Tables III-1-10 were constructed to display the data, and these are located at the end of

the experimental for Part Three.
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Mr. Josh Marell is the computational expert. He took over every feature of these
small molecules that can be studied with a computer. His data will be mentioned along
the way as it relates to each molecule. His modeling experiments on conformation are
usually mentioned for each molecule at the outset. An in-depth comparison of the
computed and experimental data (**C and 'H chemical shifts) will not be presented. This

document only contains a short discussion on highlights of that study.

VI.C.2. Collection of Experimental Data Set on Menthones and Carvomenthone

The ketones we faced were those terpenoids we used for conversion to lactones
(Figure III-7, see also section VI.B.1). We had access to several renewable ketones
(Figure III-12).

Figure III-12. Renewable Ketones From Previous Studies.
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A battery of experiments was conducted on each of these ketones. Besides the
standard "H and >C NMR methods, these included various solvent 'H, DEPT, 'H-'H
COSY, and 'H-"C HMQC. The computational information (°C and 'H) was easily
obtained and analysis was commenced on frans and cis menthone (400) and trans and cis
carvomenthone (404). Each stereoisomer had its own set of data. Key features of the data
set collected for each molecule will be discussed in the text with references to Tables III-

1-10, located at the end of the experimental for Part Three, for more information.

VI.C.2.a. Experimental Data for Methone and Isomenthone

Menthone (trans-400) is isolated in enantiopure form, so much less is known about
isomenthone, the cis-variant (cis-400). Moreover, oftentimes trans and cis
carvomenthone are used together, so their individual spectroscopic behavior remains to
be studied. These ketones were first set of molecules to undergo the joint experimental

and computational study.
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To furnish a complete set of data, menthone was epimerized to a mixture of menthone
and isomenthone by heating a methanolic solution in the presence of K,COj (trans- and
cis-400, Scheme III-63). This resulted in a 2:1 mixture of stercoisomers that were
separated by MPLC. The major conformers based on computational methods are depicted
in this scheme. These served as a starting point for peak shape and patterns in NMR data.

Scheme II1-63. Epimerization of Menthone (400).
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Conformation has a direct effect on NMR peak shape. Before analyzing such data,
general features of these conformers are noteworthy. Both isomers have major
conformers where the 6-membered ring is in the expected chair conformation. The minor
contributors to the conformational make-up of these cyclohexanones are chair-flipped

versions and rotational isomers about the isopropyl group.>®?

MENTHONE (Table I1I-1)

The major conformation of menthone (frans-400, Figure 11I-13) is where the chair
form seats the isopropyl substituent axially. Minor conformations are different rotamers
about the isopropyl group and, to a far lesser-extent, the chair-flipped conformer where

the isopropyl becomes axial.
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Figure III-13. Major Conformation of Menthone (400).
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With this background, analysis of the NMR properties of this molecule commenced.
Unfortunately, many of the resonances were overlapping and peak shape data could not
be reliably obtained. Benzene titrations were not effective in this case, and few other
solvents were attempted (the computational methods were best where chloroform was the
designated solvent). Gratifyingly, both H6s were resolved, and their peak shape
(especially H6p having two large coupling constants) confirmed that Me10 is equatorial.
Unfortunately, the relationship to the 'Pr group could not be confirmed by coupling
constant data, so besides literature precedent, we do not know this to be trans based only
on 'H NMR data.

Deuterium incorporation (Scheme III-64) was attempted to gain access into a few
more details of the overlapping multiplets (or at least to simplify some regions of the
spectrum). The reaction set up was extremely straightforward. A mixture of cis and trans
menthone (400, approximately 1:1) was treated with DBU and heated in THF/D,O for a
few hours, when analysis by '"H NMR indicated that approximately 90% of the starting
material had been thrice deuterated. As expected, the starting material was also
isomerized to give a greater proportion of trans isomer.

Scheme II1-64. Deuterium Incorporation of 400.
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Unfortunately, deuterium incorporation only served to remove NMR resonances that
were already easy to interpret. The simplification of other peaks was not as dramatic as |

desired, so this experiment was not particularly effective in understanding ketones trans

282



and cis-400. It guided the placement of some resonances within the multiplets, however,
so better chemical shift information could be provided for computational comparison.
Despite these limitations, NMR (including COSY and HMQC) information was
obtained for frans-400 in this section. The data is provided in Table III-1. Where
overlapping multiplets were a problem, an appropriate range of ppms was used to
compare to the computational results. HMQC was used to assign the °C spectrum. This

data was then sent to Josh for comparison with the computed data.

ISOMENTHONE (Table I1I-2)

In the case of isomenthone (cis-400), the major conformer was predicted to be as
shown in Scheme III-63 and Figure III-14. This conformer is far less intuitive; from
molecular mechanics, the preferred chair form has the isopropyl situated axially. The
second major conformer is the chair-flipped version followed by rotational conformers of
the isopropyl substituent. A similar experimental data set was obtained for this molecule.

Figure III-14. Major Conformers of Isomenthone (cis-400).

7, o i _
aMe . 6 ==
3 2,
e Me 10

cis-400 dddd, 13.2,4.5, 1.3, 1.3 Hz

The NMR spectrum for cis-400 was also complicated by overlapping multiplets
(especially H3a/f). Importantly, both of the H6 protons could be resolved and coupling
constant information was obtained. The axial H6 had two large couplings, so the
adjacent H5 had to be axial. H6a (only one large J, geminal) and H4f (three large Js)
also supported a conformation where MelO is equatorial. Comparison to cis-400-d;
(Scheme I11-64) did not strengthen any additional assignments. For cis-400, like trans-
400, where overlapping multiplets were observed, a suitable range or average chemical
shift was assigned to the proton. Carbon assignments were made through the help of
HMQC. This experimental information for comparison to menthone (trans-400) was sent

to Josh for further analysis.
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VI.C.2.b. Experimental Data for Trans- and Cis- Carvomenthone

Cis and trans carvomenthone (404) were obtained by a similar epimerization
experiment (Scheme III-55, redrawn in Scheme I11-65). This could only be driven to a 7:1
ratio of isomers, and they proved more difficult to separate than the corresponding
menthones. Through careful MPLC, I obtained diastereomerically pure samples of trans-
404 and the cis-404. The major conformers are shown alongside the reaction scheme.

Scheme II1-65. Epimerization of Carvomenthone (404).
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These constitutional isomers were better behaved than the menthone series. Their NMR

spectra contained fewer overlapped regions.

TRANS CARVOMENTHONE (Table III-3)

General conformational analysis suggested that isomer trans-404 adopted a
conformation where both substituents occupy equatorial sites on the chair cyclohexanone
(Figure ITI-15). The 'H data was remarkable. All but two protons (or methyl groups)
could be analyzed reliably. The data for H6f (2 large Js for germinal and trans dixial) as
well as H2 (one large J) was consistent with the major conformer being chair-like with

two equatorial substituents and supported the trans stereochemical assignment.
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Figure III-15. Conformational Preference of trans Carvomenthone (trans-404).
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Even more exciting was the ability to see a few of the more obscure couplings (Figure
I1I-15, right panel) such as *Juy between H2-H6p (diaxial) and *Juy 4a-6a. (W). Both the
chemical shift ('"H and "°C, assigned from HMQC) and coupling constant data was sent to

Josh for comparisons to the computational data.

CIS CARVOMENTHONE (Table I1I-4)

The story was slightly different for cis carvomenthone (cis-404, Figure I11-16). Here,
overlapping resonances made stereochemical assignment difficult and conformational
preferences were not so easily judged. At least H2 was observed to be an apparent sextet.
This indicated that H2 is equatorial and the methyl substituent at that site is axial, thus the
molecule adopts a chair conformation where the isopropyl group is equatorial, although
there are no other experimental peak shape details to support this. Sadly, this meant that
the °C data was not as easily assigned.

Figure III-16. Major Conformer of cis Carvomenthone (cis-404).
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An analogous set (to menthone) of deuterated compounds were also prepared
(Scheme I11-66). These served to support the already completed proton assignments (or in
the case of cis-404, aid additional assignments). The conditions used were identical to
those for menthone (c.f. Scheme I11-64), and deuterium incorporation reached about the
same level. Epimerization also occurred under these conditions to give the (now)

expected ratio 7:1 diastereomers of carvomenthone (trans-404-d; and cis-404-ds)
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Scheme II1-66. Deuterium Incorporation of 404.
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VI.C.2.c. Comparison to Computed Data

With these data analyzed as best it could be, these data were sent to Josh. Armed with
the full set of constitutional and stereochemical isomers, the computational method was
put to the test. Josh found that his computations successfully predicted both the
stereoisomeric pairs for menthone and carvomenthone. Importantly, the computations
gave warnings of the danger in using the expected conformational preferences (e.g. cis
carvomenthone with an axial 'Pr instead of Me group) and the experimental data
supported this prediction. Besides conformational predictions, Josh’s data matched well

with 'H and *C chemical shift data.

VI.C.3. Collection of Experimental Data Set on Menthides and Carvomenthides

A similar motivation and reasoning exists for our study of the lactones. However,
there is an added factor in these studies. A greater understanding of these molecules
could directly impact their use in ring-opening polymerization reactions.”** In general,
the same experimental and computational methods were used in the study of the lactones.
With a ring size of 7, a chair-like conformation is still expected, and these types of
representations will continue to be used, as well as the terminology axial and equatorial

as it applies to ring protons or the substituents.

VI.C.3.a. Experimental Data for Menthide and Isomenthide

Trans and cis menthide (401, section VL.B.1. Scheme III-54) was obtained as in a
previous section by BV oxidation of menthone. This reaction gave no abnormal menthide
(trans-402). Cis menthide (cis-401) was prepared in an analogous fashion (not shown)
from isomenthone acquired from experiments in Scheme II1-63. Lactones 401 were taken

forward to the full set of NMR experiments. Gratifyingly, the data were more amenable
286



to full scale analysis for these lactones compared to the corresponding ketones (see

previous section).

MENTHIDE (Table III-5)

By molecular mechanics, the major conformer resembles the chair-like
cyclohexanone, and in isomer trans-401, both substituents occupy equatorial positions on
the ring (Figure III-17, most ring protons omitted for clarity). This NMR data for this
lactone was good. All but three resonances could be independently and confidently
assigned. All but two of the °C NMR shifts were assigned with ease. H2p (2 large *Juy)
and H5a (3 large *Jun) confirm the equatorial orientation of their neighbor Me10 and ‘Pr
groups, respectively.

Figure III-17. Conformational Preference of trans-401.
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There were some additional interesting features of this molecule. The splitting pattern for
H6 is interesting. A dd is far simpler than expected for a proton with 3 different
neighbors. However, a value of 9.2 indicated that the proton is axial, so the conformer
drawn in Figure III-17 is supported despite the fact that H3 is buried in a 3-proton
multiplet. Lastly, even with the 7-membered ring, *Juu H2a to H4o (W coupling) was

observed.

ISOMENTHIDE (Table III-6)

In the case of cis menthide (cis-401, Figure III-18), the conformer predicted by
molecular mechanics is again chair-like with the isopropyl equatorial. Although H4o0/p
and H50/p were inaccessible, H3 was found to have a number of small coupling

constants (likely equatorial) and H6 had two small and one larger couplings, so it is likely
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axial. Difficulty in resolving any of the other resonances prohibited more complete
analysis for this isomer.

Figure III-18. Conformational Preference of cis-401.
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The same approach was taken for the multiplets as in the ketone case (section VI.C.2.),
where protons part of a multiplet were given the average value, or placed in the multiplet
based on resolved COSY data. The °C data for cis-401 were assigned with almost 100%
certainty and the compiled experimental data for lactones 401 was given to Josh for

further study.

VI.C.3.b. Experimental Data for Trans and Cis Normal Carvomenthide

Trans and cis carvomenthide (405) were approached next. These had been scaled up
for a previous study with a different focus (Section VL.B.1, Scheme III-55), and engaged
in the full set of NMR experiments. Again, we were looking to verify conformational

preferences and acquire trustworthy chemical shift data to marry the computational data.

TRANS NORMAL CARVOMENTHIDE (Table III-7)

Trans carvomenthide (trans-405, Figure III-19), although prepared and reported
previously, had not been analyzed to our satisfaction. Gratifyingly, the NMR behavior of
trans-405 was suitable for our extensive study. Every single proton except two could be
assigned and a large volume of coupling constant data was collected. Importantly, both
H6 and H3 were accessible, and their coupling constant data clearly illustrated that both

Mel0 and the ‘Pr group are situated equatorially around the lactone in a chair form.
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Figure III-19. Conformational Preference of trans-405.
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Carbon assignment was completed without difficulty, and this isomer fit very well into
our study because of the availability of the proton data and the level of detail with which

it could be studied.

CIS NORMAL CARVOMENTHIDE(Table I11-8)

Cis carvomenthide was also studied, and we hoped for a similar outcome for the
NMR data and full understanding of all the details of structure available from it. At the
outset, computational methods suggested that the lactone was slightly unique in that the
major conformer was one with an axial isopropyl and equatorial methyl substituent
(Figure I1I-20). This is analogous to cis carvomenthone (cis-404, section VI.C.2.b.).

Figure II1-20. Conformational Preference of cis-405.
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In this isomer, unfortunately, H3, although having a unique chemical shift, was a
complex non-first-order multiplet. Its coupling constant data could not confirm that is
was equatorial. However, both H2a. and H2 were resolved, and their shape (both with
only one large J, for their geminal relationship) supported the equatorial placement of
H3. Unfortunately, most of the remaining resonances had to be assigned as multiplets.
Interestingly, the “Jyn between H2B and H4p long range interaction was present in the
NMR data (Figure III-20, right panel). The carbon data was surprisingly robust, and

assignments were straightforward. The multiplets were interpreted as best as they could
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be, and the data for cis-405 was ready for comparison to that for the isomer trans-405 and

to the computed data for both.

VI.C.3.c. Experimental Data for Trans and Cis Abnormal Carvomenthide

As the Baeyer-Villiger reaction was under study in section VI.B.1, the application to
the carvomenthone 404 was observed to produce the abnormal BV product in small
quantities (c.f Scheme III-55, lactones 406). This provided another opportunity for a set
of experimental NMR data to be collected and yet other opportunity for our
computational methods to be tested. This set of stereoisomers would likely not be
difficult to distinguish from the normal series (405), but trans-406 and cis-406 against

one another could be a challenge for our methods.

TRANS ABNORMAL CARVOMENTHIDE (Table III-9)

Josh found the abnormal frans carvomenthide trans-406 to adopt a chair-like
conformation with both substituents situated equatorially (Figure III-21). It was difficult
to confirm this with experimental NMR data. There were several overlapping multiplets.
However, H2 was resolved and had a unique shift, and with a large (i.e. 10.9 Hz)
coupling constant, it was concluded to be axial (meaning the methyl group is equatorial).
There was support from H6pB (two large Js) and H6o. (one large value, for “Juy) for the
isopropyl group to be equatorial.

Figure III-21. Conformational Preference of Abnormal trans-carvomenthide (¢rans-406).
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Here, I also observed *Juy for the equatorial protons H4o and Hé6a (Figure I11-21, right
panel). The remainder of the chemical shift data was collected and the °C spectrum was

assigned with only minor reservations prior to comparison to the computed data.
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CIS ABNORMAL CARVOMENTHIDE (Table I11-10)

For the abnormal cis carvomenthide (cis-406), the major conformer had similar non-
intuitive characteristics as the cis carvomenthone (cis-404) and cis carvomenthide (cis-
405). This isomer was found to enjoy a low energy conformation where the isopropyl
group is axial rather than the methyl group (Figure I11-22).

Figure III-22. Conformational Preference of Abnormal cis carvomenthide (cis-406).

H_ . Me?8
Me 9

H

H
ddq, ~_ 7
9.0, 4.4, 6.7 Hz ‘\ dd, 12.8, 1.4 Hz

Peak shape analysis of the '"H NMR spectrum supported this prediction. Although there
was severe overlapping in one particular region of the spectrum, H2 and both H6a and
H6pP were accessible. H2 had a large coupling constant, so it must be axial, and with the
pair H60/f3, each only contained one large J, representing a germinal interaction. Thus,
despite the overlap, there was a high level of confidence in the data. The “C data was
similarly assigned. This analysis completed the pair of abnormal isomers relevant to the

study of our computational methods.

VI.C.3.d. Comparison to Computed Data

For the lactones, the match between the experimental data and computed data was
even better than for the ketones (section VI.C.2.) In every case, Josh was able to
distinguish between stereoisomers. That is, the match was far better for the correct
stereoisomer. The model test set was the cis and frans carvomenthides (405). The best
experimental data was obtained for these molecules, so fewer tactics had to be employed
for choosing in the midst of overlapping multiplets.

In conclusion, there are few directions for this type of study to go. Here, I already
knew the stereochemical identity for each substrate. The next step is to collect a set of
experimental data for a small molecule with similar features for which the
stereochemistry is unknown. Then, the computed data for all possible stereoisomers
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would be generated and the best match to the computed data would be the predicted

1somer.

VI.D. Concluding Remarks

Terpenes and terpenoids are interesting natural products that can be studied in a
number of ways. In this chapter, their use as precursors to ROP monomers was
investigated. First, menthone and carvomenthone were transformed into lactones, then
thermal ring-opening was used to synthesize various oligomers. Lastly, the alcohols were
studied for their potential use in carbamate formation with isocyanates.

Additionally, terpenoids can be studied for their own interesting properties. Our
computational methods for NMR data were developed and tested using the small
molecule ketones and lactones. For 10 discrete cyclic species, a full battery of NMR
experiments was completed and the data presented in Tables I1I-1-10. Likewise, a wealth
of computational data was obtained and direct comparisons between the two. The
computer modeling was able to successful predict the stereochemistry of these ketones

and lactones.
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Part Three Experimental

General Methods: See Part One Experimental and note about the included file names

Experiments (Chapter V)

(0] RJI\/\/\/\/\/\/\/\/\ Me
o)l\/\/\/\/w Me BF3’OEt2

o (forR=

)]\/\/\/\A/W OCDG‘ OCHS) i
(0] - o Me — > RWA/\A/ Me

A

— — — M
OJI\/\/\/\/_\/M e (e}

R= 0CD;
OCH,
NHCH,(CH,)sCHs
NHCH,CH,OH

Cleavage to Methyl Esters of General Structure:

o

— —= —= M
R S UL

A sample (1 g, 1.15 mmol) of soyoil was weighed into a culture tube. 10 mL MeOH,
followed by BF3;°OEt, (180 ul, 1.15 mmol). The tube was sealed and heated to reflux for
1 hour. The esters were purified by MPLC (20:1 Hex:EtOAc) to a mixture methyl esters.
"H NMR (500 MHz, CDCls): & 5.42-5.29 (m, 3H), 3.67 (s, 3H), 2.81/2.77 (br t, J = 6 Hz,
t,J = 6.8 Hz, 2H), 2.30 (t, J/ = 7.5 Hz, 2H), 2.10-1.99 (m, 4H), 1.62 (app pent, J = 7.2
Hz, 2H), 1.39-1.23 (m, 18H), 0.98/0.89/0.88 (t,J = 7.5 Hz,t,J = 6.9 Hz, and t, J = 7.0
Hz, 3H). [seIVpg222 mteset]
LCMS (Method B):
(palmitate) Tg = 14.6 min, m/z “pos” = 293.3.5 (M+23)", 309.3 (M+39)".
(linolenate) Tg = 16.1 min, m/z “pos” = 293.3 (M+1)", 310.3 (M+18)".
(linoleate) Tr = 16.7 min, m/z “pos” = 295.3 (M+1)", 312.3 (M+18)".
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(oleate) Tg = 17.4 min, m/z “pos” = 314.3.5 (M+18)".

Cleavage to Octyl Amides of General Structure:

(0]
C8H17\N p— prm— p— Me
H

These were recovered from the partial cleavage of soyoil triglycerides. (see next scheme)
"H NMR (500 MHz, CDCl3): 8 5.43-5.28 (m, ~4.5 H), 3.24 (ddd, J = 7.1, 7.1, 5.9 Hz,
2H), 2.77 (t,J = 5.9 Hz, 2H), 2.15 (t, J = 7.5 Hz, 2H), 2.09-1.97 (m, 4H), 1.68-1.57 (m,
2H), 1.55-1.43 (m, 2H), 1.40-1.20 (m, 28H), and 0.98/0.89/0.88 (t,J = 7.5 Hz, t,J = 6.9
Hz, and t, J = 6.9 Hz, 6H). [selVpg302m1{4] seVpg247 mplc also works.

LCMS (Method B):

(linolenate) Tg = 16.9 min, m/z “pos” = 390.5 (M+1)", 412.3 (M+23)", m/z “neg” =
448.3 (M+59)

(linoleate) Tg = 17.5 min, m/z “pos” = 392.5.3 (M+1)", 414.5 (M+23)", m/z “neg” =
450.5 (M+59)

(palmitate) Tg = 18.0 min, m/z “pos” = 368.5 (M+1)", 390.3 (M+23)".

(oleate) Tg = 18.3 min, m/z “pos” = 394.5 (M+1)", 416.5 (M+23)", m/z “neg” = 452.5
(M+59)

(stearate) Tr = 19.2 min, m/z “pos” = 396.5 (M+1)", 418.3 (M+23)".

Cleavage to Ethanol Amides of General Structure:
0

HO _~ NJ\/\/\/\/;/WN Me

H
Soyoil (100 mg, approx. 0.115 mmol) was mixed with ethanolamine (150 uL, 2.5 mmol)
were mixed together in a screw capped vial. The vessel was sealed and heated to 100 °C
for one hour, where full consumption the triglyceride was noted by NMR. The mixture
ethanol amides were purified by MPLC (1:14 Hex:EtOAc). About 100 mg of the amides
were isolated (60% yield). The discrete fatty acid chains were observable by LCMS, but
were characterized as a mixture.

"H NMR (500 MHz, CDCl3): 8 6.00 (br s, 1H), 5.44-5.28 (m, 3H), 3.73 (t, J = 4.9 Hz,

2H), 3.43 (app br q, J = 5.2 Hz, 2H), 2.77 (t, J = 5.9 Hz, 2H), 2.21 (t, J = 7.6 Hz, 2H),
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2.10-1.97 (m, 4H), 1.63 (app pent, J = 7.3 Hz, 2H), 1.38-1.25 (m, 16H), 0.98/0.89/0.88
(t,J=7.5Hz,t,J =6.8 Hz, and t, J = 6.8 Hz, 3H). [se]Vpg248 mplc]

LCMS (Method B):

(linolenate) Tg = 14.9 min, m/z “pos” = 322.3 (M+1)", m/z “neg” = 380.3 (M+59)
(linoleate) Tr = 15.3 min, m/z “pos” = 324.3 (M+1)", m/z “neg” = 382.3 (M+59)
(oleate) Tr = 15.3 min, m/z “pos” = 326.3 (M+1)", m/z “neg” = 384.3 (M+59)
(stearate) Tr = 16.2 min, m/z “pos” = 328.3 (M+1)", m/z “neg” = 386.3 (M+59)

O
octylamine + octyl
—_—
soybean oil é\ >\~R é\ amides
1,2-diacyl- 1,3-diacyl-  1-monoacyl- 2-monoacyl-
glyceride glyceride glyceride glyceride
(1,2-DAG) (1,3-DAG) (1-MAG) (2-MAG)

Triglyercide Cleavage to 1,2-DAG and 1,3-DAGs:

Soyoil (1 g, approx. 1.15 mmol) was mixed with octylamine (150 mg, 1.15 mmol) were
mixed together in a screw capped vial. The vessel was sealed and heated to 100 °C
overnight, where most (>90 %) of the amine had been converted to the amide(s). The
mixture of 1,3-DAG and 1,2-DAGs were separated by MPLC (4:1 Hex:EtOAc), usually

resulting in a ratio of 2:1 ratio of these constitutional isomers.

General 1,3-DAG

"H NMR (500 MHz, CDCl3): & 5.41-5.30 (m, 4.7H), 4.19 (dd, J = 11.4, 4.3 H, 2H), 4.13
(dd, J = 11.2, 5.8 Hz, 2H), 4.11-4.06 (m, 1H), 2.811/2.806/2.77 (t, J = 5.5 Hz, t, J = 5.5
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Hz, and t, J = 6.5 Hz, 2.3H), 2.35 (t, J = 7.6 Hz, 2H), 2.10-1.99 (m, 6H), 1.63 (app br
pent, J = 7.3 Hz, 4H), 1.40-1.21 (m, 36H), and 0.98/0.89/0.88 (t,J = 7.6 Hz, t,J = 7.0
Hz, and t, J = 6.9 Hz, 6H). [selVpg30212]

selVpg30212 appears to be 1,3 isomer. selVpg304fls also give good spectra for this 1,3-
isomer.

General 1,2-DAG

OY\»'*J
°0

Loh

OH
"H NMR (500 MHz, CDCl3): & 5.42-5.30 (m, 6.2H), 5.08 (pent, J = 5.0 Hz, 1H), 4.32
(dd,J=11.9,4.6 Hz, 1H), 4.24 (dd, J = 11.9, 5.6 Hz, 1H), 3.734 (dd, J = 6.4, 4.7 Hz,
1H), 3.731 (dd, J = 6.6, 5.1 Hz, 1H), 2.810/2.806/2.77 (t,J = 5.3 Hz, t, J = 5.5 Hz, and t,
J=6.6 Hz, 3H), 2.34/2.33 (t,J = 7.5 Hz, t, J = 7.5 Hz, 4H), 2.10-1.99 (m, 8H), 1.63/1.62
(pent, J = 7.1 Hz, pent, J = 7.2 Hz, 5H), 1.41-1.24 (m, 40H), 0.98/0.89/0.88 (t,J = 7.5
Hz,t,J = 6.9 Hz, and t, J = 7.0 Hz, 6H). [selVpg304 2 f2, where selVpg30213 is the

1,2-isomer, which eluted slower]

o)
O™ ﬁoA"é
S A g
Hio)l\/““% PhMe ! OH
OH \(rjf\f

Procedure for equilibration of 1,2-DAGs of 1,3-DAGs.

Pure samples (15 mg) of either 1,2-DAG or 1,3-DAG were independently subjected to
high heat to force acyl migration. Either species was recovered from triglyceride cleavage
and transterred to a culture tube via PhMe washings (0.5 mL total for this process). They
were then placed in an oil bath and heated (>100 °C) for 6-8 hours at which point NMR
indicated that both had converted to an approximate ratio of 4:1 (1,3-DAG to 1,2-DAG).
Further heating did not change this ratio, and the reaction vessels were cooled before

concentration. The equilibrated samples could be chromatographed in the same fashion as

described for the TAG cleavage.
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Ratio: 1,3;DAG favored over 1,2-DAG by 4:1. See above for spectral data.

HS™ " gH o
M Me
311 MGOM e HOM
(0.5 equiv.) S ) S
0 DMPA (20 mol %) LiAlH,
Tty e B
MeO >
6 6 hv 370 nm Et,0, rt
S S
310 1 hour HO
MeO Me 5 Me
6 6 6
up to 1 gram o)
9,9-312 9,9-314

dimethyl 9,9'-(propane-1,3-diylbis(sulfanediyl))dioctadecanoate (9,9-312).

Technical grade methyl oleate (0.5 g, 1.7 mmol), 1,3-propane dithiol (85 ul, 0.9 mmol),
and DMPA (85 mg, 0.7 mmol) were combined in a screw capped culture tube. 100 ul
DCM was added, and the reaction vessel was placed in the Rayonet reactor for one hour.
At this stage, LCMS indicated almost quantitative conversion of the alkene. The volatiles
were removed by vacuum pump and the product purified by MPLC (20:1 Hex:EtOAc),
providing 312 in 80% yield.

"H NMR (500 MHz, CDCls): 8 3.67 (s, 6H), 2.56 (t, J = 7.2 Hz, 4H), 2.55 (app pent, J =
6.5 Hz, 2H), 2.30 (t, J = 7.5 Hz, 4H), 1.82 (pent, J = 7.2 Hz, 2H), 1.62 (br pent, J = 7.4
Hz, 4H), 1.57-1.46 (m, 8H), 1.45-1.345 (m, 8H), 1.33-1.24 (m, 36H), and 0.88 (t, J = 7.0
Hz, 6H). [seVpg243mImajor]

9,9'-(propane-1,3-diylbis(sulfanediyl))bis(octadecan-1-ol) (9,9-314). A sample of 312
(80 mg, approx. 0.1 mmol) was dissolved in THF (0.5 mL) and LiAlH4 (22 mg, 0.6
mmol) was added in one portion. The reaction stirred for one hour, and was concentrated

in vacuo before subjecting to MPLC (2:1 Hex:EtOAc), which returned 60 mg of diol.

"H NMR (500 MHz, CDCl3): 8 3.64 (t, J = 6.6 Hz, 4H), 2.58 (t,J = 7.2 Hz, 4H), 2.56
(app pent, J = 6.5 Hz, 2H), 1.82 (pent, J = 7.2 Hz, 2H), 1.61-1.47 (m, 14H), 1.45-1.23
(m, 48H), and 0.88 (t, J = 6.6 Hz, 6H). [seVpg240mplc]
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NaBH, O

OH
NaHCOs, 0 °C Hs &
316
0 LiAlH,4 or
MOH BH3*SMe, (Y\/\/\OH
S-S HS SH
315 317
TMSCHN,
or MeSO, TMSCHN, 0

> OMe

(0]
(WI\OMe then NaBH, HS SH
5-¢ 319
318

5-(1,2-dithiolan-3-yl)pentanoic acid (Lipoic Acid, 315). Used as Received

"H NMR (500 MHz, CDCl3): 8 10.39 (br s, 1H), 3.58 (dq, J = 8.5, 6.4 Hz, 1H), 3.19
(ddd, J=11.0,7.1, 5.3 Hz, 1H), 3.12 (dt, J = 11.1, 6.9 Hz, 1H), 2.47 (dddd, J = 13.0,
6.6, 6.6, 5.3 Hz, 1H), 2.38 (t, J/ = 7.4 Hz, 2H), 1.92 (dq, J = 12.6, 6.9 Hz, 1H), 1.76-1.62
(m, 4H), and 1.57-1.43 (m, 2H). [seVpg281sm]

3C NMR (125 MHz, CDCl3): § 209.5 (or 180.0?), 56.5, 40.4, 38.7, 34.8, 34.0, 28.9, and
24.6. [seVpg265sm]

GCMS (5027016): R, = 8.69 min, 206(M",100), 155(20), 123(50), 95(45), and 81(40).

methyl 5-(1,2-dithiolan-3-yl)pentanoate (318). To a weighed sample of lipoic acid
(315, 100 mg, 0.49 mmol) in a screw capped vial was added DMF-dimethyl acetal (130
ul, 0.97 mmol). The resulting solution was stirred overnight added and the residue was
loaded directly onto an MPLC (4:1 Hex:EtOAc). The product methyl ester (20 mg, 20%)
was isolated as a colorless oil. I found that not all of the crude sample could be dissolved
in the MPLC mobile phase. There was a gelish solid in a lot of these reactions that could
be explained by LA polymerization.

"H NMR (500 MHz, CDCl3): 8 3.68 (s, 3H), 3.58 (dq, J = 8.2, 6.5 Hz, 1H), 3.19 (ddd, J
=11.0,7.1,5.4 Hz, 1H), 3.12 (dt,J = 11.5, 6.8 Hz, 1H), 2.47 (dddd, J = 12.9, 6.6, 6.6,
5.4 Hz, 1H), 2.33 (t,J = 7.3 Hz, 2H), 1.91 (dq, J = 12.6, 7.0 Hz, 1H), 1.74-1.61 (m, 4H),
and 1.53-1.40 (m, 2H). [seVpg275_fcc]

GCMS (5027016): R, = 8.70 min, 220(M",100), 155(30), 123(55), 95(40), and 81(35).
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6,8-dimercaptooctanoic acid (316). Lipoic acid (315, 200 mg, 1 mmol) was dissolved in
an aqueous solution of NaHCOs; (1 mL, 0.5 M) and cooled at 0 °C. Portions of NaBH4
(total 150 mg, 4 mmol) were added and the reaction was allowed to stir at room
temperature for 2 hours, at which time NMR indicated the reduction was complete. The
reaction mixture was acidified to pH ~ 2, extracted with CH,Cl,, dried over Na2SO4,
filtered, and concentrated ca. 250 mg of crude material. Purification by MPLC (1:1
Hex:EtOAc) returned 190 mg dithiol (90%) as a colorless oil. Alternatively the crude
reaction product can be flushed through a pipette of SiO,, rinsed with EtOAc,
concentrated as used as recovered.

"H NMR (500 MHz, CDCl3): § 2.93 (ddddd, J = 9.3, 7.8, 7.8, 4.6, 4.6 Hz, 1H), 2.75
(dddd, J = 13.1, 8.0, 8.0, 5.1 Hz, 1H), 2.67 (ddd, J = 13.2, 7.8, 7.8 Hz, 1H), 2.39 (t, J =
7.3 Hz, 1H), 1.91 (dddd, J = 14.1,7.9, 7.9, 4.4 Hz, 1H), 1.75 (dddd, J = 14.4,9.5, 7.8,
5.1 Hz, 1H), 1.71-1.43 (m, 6H), 1.36 (t,J = 8.0 Hz, 1H), and 1.30 (d, J = 7.7 Hz, 1 H).
[seVpgl49cr] or [seVpg2311ll]

3C NMR (125 MHz, CDCl;): 8 180.2, 42.9, 39.5, 38.9, 34.1, 26.6, 24.5, and 22.5.
[seVpg265 C13]

GCMS (5027016): R, = 8.55 min, 208(M",100), 156(50), 125(45), 95(70), and 81(75).
TLC (1:1 Hex:EtOAcv): R,=0.1

6,8-dimercaptooctan-1-ol (317). A solution of LiAlH4 (68 mg, 1.8 mmol) in Et,O (2
mL) was prepared at room temperature. To it was added a solution of lipoic acid (100
mg, 0.49 mmol) in THF (2 mL) and the reaction stirred at rt for 1 hour, when the reaction
was judged to be complete by NMR. Water (4 mL) was added to the reaction mixture, the
layers were separated, and the aqueous layer was acidified to pH = 1-2. CH,Cl, was used
to extract the crude product (2x 5 mL), and the combined organic layers were dried over
NaSO4 and concentrated to the crude alcohol. 317 underwent purification by MPLC (1:1
Hex:EtOAc), producing 20 mg (20%) of the alcoholdithiol as a whitish residue.
Alternatively, a non aqueous workup can be performed, affording 44 mg (31%) of the

alcohol 317.
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The reduction can also be performed with BH3;*SMe,. The LA (50 mg, 0.25 mmol) was
prepared as a solution in THF (200 ul) and the reagent BH3*SMe, (100 ul, 3 equiv) was
added via syringe. The reaction was quenched by addition of MeOH and concentrated
under reduced pressure to recover approx. 50 mg crude 317. MPLC (1:1 Hex:EtOAc)
was performed to yield 317 as a white residue in 10%.

"H NMR (500 MHz, CDCl3): 8 3.66 (t, J = 6.5 Hz, 2H), 2.93 (ddddd, J = 9.3, 7.6, 7.6,
4.6,4.6 Hz, 1H), 2.75 (dddd, J = 13.2, 8.0, 8.0, 5.3 Hz, 1H), 2.66 (ddd, J = 13.2,7.8, 7.8
Hz, 1H), 1.92 (dddd, J = 14.0, 7.8, 7.8, 4.5 Hz 1H), 1.75 (dddd, J = 14.3,9.3, 7.7, 5.3
Hz, 1H), 1.73-1.24 (m, 8H), 1.36 (t,J = 8.0 Hz, 1H), and 1.31 (d, J = 7.6 Hz, 1H).
[seVpg264fl1]

3C NMR (125 MHz, CDCls): 8 62.9, 42.9, 39.6, 39.2, 32.7, 26.9, 25.6, 22.5.
[seVpg264redo cr]

LCMS (Method B): Tr = 4.9 min, m/z “neg” = 193.0.3 (M-1)

TLC (1:1 Hex:EtOAc): Rr=0.1

(Y\/\/COZMe

S S

MeO,C s s CO-Me
\/\/\[/S_S\J/\/\/

time NaBH,,
CO,Me or acid 321 NaHCO;
(Y\/\/ — CO,Me e
5d W H,0, 0° C HS SH
S S
Do 319
318 S s

MCOQMe

320

methyl 6,8-dimercaptooctanoate (319). 319 was actually isolated from the reaction
mixture of 318 after treatment with NaBH4. Reactions of LA with DMF-dimethyl acetal
typically gave measurable quantities of material that was insoluble in most solvents.
MeOH and water, and sometimes THF were added to dissolve the polymeric LA and
NaBH, was added. After a suitable times (typically 1 hour), the reaction mixture was
extracted into DCM and the crude esterdithiol was subjected to purification by MPLC
(4:1 Hex:EtOAc). For every 100 mg of the gelish material from reaction to 318, 10-20

mg of the esterdithiol could be recovered by this process.
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"H NMR (500 MHz, CDCl3): & 3.68 (s, 3H), 2.93 (ddddd, J = 9.5, 7.8, 7.8, 4.8, 4.8 Hz,
1H), 2.74 (dddd, J = 13.1, 7.9, 7.9, 5.0 Hz, 1H), 2.67 (ddd, J = 13.2, 7.8, 7.8 Hz, 1H),
2.33(t,J =7.4 Hz, 2H), 1.91 (dddd, J = 14.0, 7.9, 7.9, 4.4 Hz, 1H), 1.75 (dddd, J = 14.3,
9.5,7.9,5.1 Hz, 1H), 1.71-1.40 (m, 6H), 1.35 (t, J/ = 7.9 Hz, 1H), and 1.30 (d, J = 7.6 Hz,
1H). [seVpg24711]

Alcohol S1 was also prepared for potential reaction in disulfide chemistry:

OH
S-S

5-(1,2-dithiolan-3-yl)pentan-1-ol (S1). To a solution of lipoic acid (100 mg, 0.49 mmol)
in THF (0.5 mL) was added catecholborane (100 ul, 0.97 mmol) via syringe. The reaction
was monitored by NMR of aliquots, and after 4-6 hours, water was added to quench the
reaction. The mixture was extracted by Et,O, dried, concentrated, and subjected to
chromatography (MPLC, 3:1 Hex:EtOAc). The catechol eluded first, followed by the
desired product over the course of a broaded peak, which was collected and concentrated
to a residue of approx. 10 mg.

"H NMR (500 MHz, CDCl3):  3.66 (t, J = 6.6 Hz, 2H), 3.58 (dq, J = 8.6, 6.5 Hz, 1H),
3.19 (ddd, J = 11.0, 7.2, 5.3 Hz, 1H), 3.12 (ddd, J = 11.0, 6.9, 6.9 Hz, 1H), 2.47 (dddd, J
=13.0, 6.6, 6.6, 5.3 Hz, 1H), 1.92 (dddd, J = 12.6, 7.0, 7.0, 7.0 Hz, 1H), 1.76-1.65 (m,
2H), 1.59 (app pent, J = 7.0 Hz, 2H), and 1.53-1.36 (m, 4H). [seVpg27012]

/COQMe
CO,Me CO,Me

HS SH
sS 319
g :
e (LD e
S S HS S
322 323

methyl 6,8-bis(cyclohexylthio)octanoate (322) and methyl 8-(cyclohexylthio)-6-

mercaptooctanoate (323).
Cyclohexene (10 uL, 0.1 mmol), diothiol 319 (10 mg, 0.05 mml), and DMPA (a small

crystal) were combined in a screw capped vial. The sides of the vial were washed with 50
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uL CDClIs, and placed in the Rayonet. Monitoring by NMR, the reaction was judged
complete in 3 hours. The reaction mixture was concentrated under reduced pressure and
the products were separated by MPLC (8:1 Hex:EtOAc) to afford the 322 (4 mg) and 323
(3 mg) products, which were characterized by LCMS and 'H NMR.

Data for 322

"H NMR (500 MHz, CDCl3):  3.67 (s, 3H), 2.78 (dddd, J = 7.3, 7.3, 5.6, 5.6 Hz, 1H),
2.67 (ddd, J = 8.4, 7.2, 2.1 Hz, 2H), ~2.68-2.60 (m, 2H), 2.33 (t, J/ = 7.4 Hz, 2H), 2.00-
1.92 (m, 4H), 1.84-1.70 (m, 6H), 1.66-1.40 (m, 8H), and 1.36-1.19 (m, 10H).
[seVpg245fl]

LCMS (Method C): R; = 8.8 min, m/z “pos” = 387.3. (M+1)", m/z “neg” = 385.0 (M-1)".
TLC (8:1 Hex:EtOAc): R,=0.4

Data for 323

"H NMR (500 MHz, CDCl3): 8 3.67 (s, 3H), 2.90 (dddd, J = 12.4, 9.3, 7.6, 4.8 Hz, 1H),
2.74 (ddd, J = 13.9, 8.7, 4.2 Hz, 1H), 2.71-2.62 (m, 1H), 2.64 (ddd, J = 12.6, 8.7, 7.1 Hz,
1H), 2.33 (t,J = 7.4 Hz, 2H), 2.01-1.92 (m, 2H), 1.90 (dddd, J = 13.6, 8.7, 7.1, 4.5 Hz),
1.81-1.57 (m, 7H), 1.56-1.40 (m, 3H), 1.35 (d, J = 7.4 Hz, 1H), and 1.36-1.20 (m, 5H).
[seVpg24512]

LCMS (Method C): R = 6.4 min, m/z “pos” = 305.2 (M+1)",

TLC (8:1 Hex:EtOAc): Rg=0.2

0] ansz, |2 @)
)1\9/\:/\9/'\/'9 — > k@/ Me
MeO™ e 6 Et,0, A MeO 6?_(8\%
310
Ph Ph
343

methyl 9,10-bis(benzylthio)octadecanoate (343). Methyl oleate (100 mg, 0.34 mmol),
was measured into a screw capped culture tube followed by addition of the benzyl
disulfide (400 mg, 1.6 mmol) and lastly, I, (43 mg, 0.16 mmol). A minimal amount of
Et,O (approx. 100 ul) was added to confer homogeneity, the tube was capped and heated

to 40 °C for 2 hours, at which time, NMR revealed that almost all olefinic resonances had
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disappeared. The reaction vessel was allowed to cool to room temperature and the
reaction mixture was diluted with 4-6 mL Et,O before addition of Na,S,03 (2 mL
saturated aqueous solution). This mixture was stirred until the reaction became colorless
or nearly colorless. The organic layer was separated, and the aqueaous layer was
extracted twice with additional Et,O. The organic layers were combined, dried over
NaySOy, filtered, and concentrated. Purification by MPLC (30:1 Hex:EtOAc) afforded
the bis-sulfide 343 in 50-60% yield with varying amounts of unreacted methyl oleate. See
text for discussion on catalyst loadings and conversions.

"H NMR (500 MHz, CDCl3): § 7.31-7.20 (m, 10H), 3.68 (s, 3H), 3.61 (dd, J = 13.5,3.9
Hz, 2H), 3.57 (dd, J = 13.5, 1.5 Hz, 2H), 2.62-2.58 (m, 2H), 2.31 (t,J = 7.5 Hz, 2H),
1.78-1.68 (m, 2H), 1.61 (app pent, J = 7.2 Hz, 2H), 1.43-1.35 (m, 2H), 1.33-1.03 (m,
20H), and 0.89 (t, J = 7.0 Hz, 3H). [selVpg213{2]

LCMS (Method B): Tg = 18.7 min, m/z “pos” = 419.3.0.3 (M-123)"

TLC (30:1 Hex:EtOAc): Re=0.4

0 MeS,, I 0 y
M > e
Meo)‘l\eag\:/\&a’ e Meowe
6 Et,0, A MeS SMe
310 336

(9S,10S)-methyl 9,10-bis(methylthio)octadecanoate (336). An analogous procedure
was utilized for the reaction of methyl oleate with DMDS. Full conversions could be
reached in less than one hour with fewer equivalents (usually 2) of the DMDS and 20 mol
% I». Yields 60% or better in all cases.

"H NMR (500 MHz, CDCl3):  3.67 (s. 3H), 2.70-2.67 (nfom, 2H), 2.31 (t, J = 7.5 Hz,
2H), 2.10 (s, 6H), 1.88-1.81 (m, 2H), 1.65-1.55 (m, 4H), 1.40-1.21 (m, 20H), 0.88 (t, J =
6.9 Hz, 3H). [selVpg216 f1]

LCMS (Method C): Tg = 19.1 min, m/z “pos” = 343.3 (M-47)".

TLC (16:1 Hex:EtOAc): Re=0.8
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MeS SMe

MeO —
6 3 Me
© 7,8-337
MeO __ __ MGZSQ, |2 MeS SMe
6 3 Me —_— Meoj%(’\)_&/:\/ﬁ\ Me
o) Et,0, A 5° 8
301 9,10-337
Me Me

MeS S S SMe
Me0. e A M
° 339

(Z)-methyl 12,13-bis(methylthio)octadec-9-enoate and (Z)-methyl 9,10-
bis(methylthio)octadec-12-enoate (7,8-337 and 9,10-337). Methyl linoleate (301, 100
mg, 0.34 mmol), DMDS (150 uL, 1.3 mmol), were combined in a 1:1 mixture of DCM
and MeNO; (total of 1 mL) and cooled to 0 °C. BF3*OEt, (20 ul, 0.15 mmol, .2 equiv/db)
was added and the resulting solution allowed to warm to rt. The reaction was typically
done in < 2 hours, but was occasionally stirred at room temperature overnight. The
reactions were monitored by GCMS and TLC, which indicated that even with extended
reaction times, no further reaction to the tetralkylated linoleate was observed. The
reaction was diluted with additional DCM, and a NaHCOj (satutrated aqueous) solution
was added. and stirred for 5-10 minutes. The organic layer was separated, dried over
NaySOy4, and concentrated to a mixture of regioisomers. These could be partially

separated with MPLC (15:1 Hex:EtOAc, combined yield 40-50%.

The ratio of regioiosmers was typically between 1:1 and 2:1 (when lowing loading),

depending on the loading of DMDS.

Data for Mixture of 7,8-337 and 9,10-337).

"H NMR (500 MHz, CDCls): § 5.51-5.42 (m, 2H), 3.670 and 3.667 (singlets, 3H), 2.78-
2.65 (m, 3H), 2.31 and 2.30 (ts, J = 7.5 Hz, add to 2H), 2.16-2.04 (m, 4H), 2.116, 2.108,
2.106 (s, add to 6 H), 1.91-1.82 (m, 1H), 1.66-1.53 (m, 4H), 1.43-1.25 (m, 13H), and 0.90
and 0.89 (t, J = 6.6 Hz, add to 3H). [selVpg270m21{2]

311



LCMS (Method B): Tg = 17.3 min, m/z “pos” = 341.0 (M-47)". Another same nominal
mass Tr = 16.9min, m/z “pos” = 341.0 (M-47)".
TLC (16:1:Hex:EtOAc): R¢=0.4.

MeS SMe
MeO )—MMQ
6
0 9,10-340
MeS SMe
MeO — — )—K/Me
6
MeO — — —__Me Me,S,, I, 0 3,4-340
6 E—
0o 302 Et,0, A MeS SMe MeS SMe

Meoj%(‘)\)_%)_& Me
6
(e} 341

Me Me Me Me
MeS S S S S gme

Meojlké\)_k)_k)_&/ Me
6
(0]

342
NOT OBSERVED

Preparation of 9,10- and 3,4-340 and 341.

Methyl linolenate (302, 50 mg, 0.17 mmol) was mixed with DMDS (94 mg, 90uL, 2
equiv/db) in DCM and cooled to 0 °C. BF3*OEt; (approx 10 uL, 0.05 mmol) was
dispensed via wiretrol into the loosely closed culture reaction tube. The reaction was
allowed to stir at rt for 24 hours, when it was quenched with a saturated solution of
NaHCOs. The organic layer was separated, dried, and concentrated. Crude LCMS
analysis suggested approx. 80% conversion to (generally) a 3:1 ratio of mono- and bis-
addition products (reacting at 1 or 2 alkenes, respeactively). These were separated by
MPLC (15:1 Hex:EtOAc) and analyzed by GCMS for their proposed regiochemistries.
Data for:

(12Z,15Z)-methyl 9,10-bis(methylthio)octadeca-12,15-dienoate (9,10-340) and
(9Z,127Z)-methyl 15,16-bis(methylthio)octadeca-9,12-dienoate (3,4-340).

"H NMR (500 MHz, CDCl3): & 5.53-5.30 (m, 4H), 3.675 and 3.673 (s, 3H), 2.90-2.68
(m, 4H), 2.65 (ddd, J = 9.6, 4.2, 3.0 Hz, 1H), 2.32 and 2.31 (t,J = 7.6 Hz, 2H), 2.27-2.04
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(m, 4H), 2.13/2.12/2.11 (s, 6H), 2.00-1.84 (m, 1H), 1.66-1.59 (m, 2H), 1.48-1.28 (m, 9H),
and 1.02/0.99/0.98 (t,J = 7.5 Hz, 3H). [selVpg27312]

LCMS (Method B): Tg = 17.6 min, m/z “pos” = 339.0 (M-47)".

TLC (16:1 Hex:EtOAc): Re=0.2

Data for:

(Z)-methyl 9,10,15,16-tetrakis(methylthio)octadec-12-enoate (341).

"H NMR (500 MHz, CDCl3): & 5.63-5.57 (nfom, 2H), 3.67 (s, 3H), 2.82 (ddd, J = 9.5,
4.4, 3.0 Hz, 1H), 2.80-2.67 (m, 4H), 2.65 (ddd, J = 9.4, 4, 4 Hz, 1H), 2.31 (t,J = 7.5 Hz,
2H), 2.27-2.08 (m, 2H), 2.130/2.127/2.119/2.111 (s, 12H), 1.99-1.82 (m, 2H), 1.66-1.54
(m, 2H), 1.49-1.26 (m, 12H), and 1.069/1.067 (t,J = 7.3 Hz, 3H). [selVpg273{3]
GCMS (5029021): R, = 17.44 min, 480 (M", not observed), 465(M-15,1), 433(40),
385(45), 217(30), and 89(100).

LCMS (Method B): Tg = 17.2 min, m/z “pos” = 433.0 (M-47)", 481.0 (M+1)".

TLC (16:1 Hex:EtOAc): R,=0.15

311, 334, or 349

BF4OEt, RS SR
MeO — T MeO
6 ‘g Me DCM, MeNO 6 e M
ol R o
310 336, 344, or 350

(9S,10S)-methyl 9,10-bis(methylthio)octadecanoate (336). Described above.
(10S)-methyl 9,10-bis((2-hydroxyethyl)thio)octadecanoate 344. Methyl oleate (310,
100 mg, 0.34 mmol) and diethanoldisulfide (334, 105 mg, 0.68 mmol) were combined in
I mL Et;O in a screw capped culture tube. I (43 mg, 0.17 mmol) was added, the vessel
was sealed and heated for 1.5 hours, when NMR confirmed >95% conversion of starting
material. The reaction was allowed to cool to room temperature. It was diluted with
Et20, stirred with Na2S203 (concentrated aqueous solution) until the color diminished.
The aqueous phase was extracted with Et,O, and the combined organic layers were dried,

filtered, and concentrated. Crude recovery was typically very good in these reactions.
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MPLC (1:4 Hex:EtOAc) afforded the purified diol in 26% yield. The pure material
which could be adequately analyzed by LCMS (GCMS was not useful for this
compound) and NMR.

"H NMR (500 MHz, CDCl3): 8 3.73 (t, J = 5.9 Hz, 4H), 3.67 (s, 3H), 2.82-2.75 (m, 2H),
2.734 (brt,J = 5.8 Hz, 2H), 2.727 (t,J = 6.0 Hz, 2H), 2.31 (t,J = 7.5 Hz, 2H), 1.90-1.83
(m, 2H), 1.65-1.56 (m, 4H), 1.39-1.23 (m, 20H), and 0.88 (t, J = 7.0 Hz, 3H).
[seIVpg25912] could use also selVpg226 mplc]

LCMS (Method C): Tg = 16.4 min, m/z “pos” = 373.0.3 (M-77)", m/z “neg” = 509.0
(M+59)

TLC (16:1nHex:EtOAc): R¢=0.1

(((10S)-1-methoxy-1-oxooctadecane-9,10-diyl)bis(sulfanediyl))bis(ethane-2,1-diyl)
diacetate (350). 350 can be prepared by the above method (disulfide addition chemistry
with 349) or altermatively, by modification of 334 (acetylation wtih an excess (e.g. 10
equivalents each) acetic anhydride and pyridine). Purification by MPLC (4:1
Hex:EtOAc) provided 350 in 80% yield.

Data for 350:

"H NMR (500 MHz, CDCl3): 8 4.20 (ddds, J = 11.1, 7.1, 7.1 Hz, 4H), 3.67 (s, 3H), 2.82-
2.67 (m, 6H), 2.31 (t,J = 7.5 Hz, 2H), 2.07 (s, 6H), 1.88-1.79 (m, 2H), 1.67-1.55 (m,
4H), 1.39-1.19 (m, 20H), and 0.88 (t, J = 6.8 Hz, 3H). [selVpg232 mredo]

LCMS (Method B): Tg = 16.8 min, m/z “pos” = 552.0 (M+18)".

TLC (5:1:Hex:EtOAc): R¢,=0.3

Starting material 349 disulfanediylbis(ethane-2,1-diyl) diacetate. 334 was acetylated
under the standard conditions (acetic anhydride, pyridine) and used without purification.
"H NMR (500 MHz, CDCl;): 8 4.33 (t, J = 6.6 Hz, 4H), 2.93 (t, J = 6.6 Hz, 4H), and
2.09 (s, 6H). [selVpg264 wpl]

LCMS (Method B): T = 11.5 min, m/z “pos” = 256.0.0 (M+18)".

TLC (1:8 Hex:EtOAc): Rr=0.1
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DMDS, 334
MeNOz SMe s ™OR s ™OR

Ac,0, R=H 356 357
355

Py R=Ac 358 359

DMDS (110 uL, 1.22 mmol) and 334 (188 mg, 1.22 mmol) were mixed together in the
solvent pair DCM and MeNO; (1:1, 2mL total) at room temperature and BF3*OEt; (30
uL, 0.24 mmol) was added and the solution stirred for 30 minutes. Cyclohexene (100 mg,
123 uL, 1.22 mmol) was then added and stirred for 16 hours at room temperature. The
reaction was monitored by GCMS. Workup proceeded as described above, and iterative
MPLC (2:1 to 1:8 Hex:EtOAc) was required to separate the dimethylsulfide, mixed, and

dimercaptoethanol adducts.

1,2-bis(methylthio)cyclohexane (355)

"H NMR (500 MHz, CDCls): § 2.67-2.62 (nfom, 2H), 2.21-2.16 (m, 2H), 2.13 (s, 6H),
1.78-1.68 (m, 2H), 1.56-1.46 (m, 2H), and 1.40-1.30 (m, 2H). [seVIpg2790 f1]
GCMS (5029021): R, = 6.99 min, 176 (M",90), 129(85), and 81(100).

TLC (4:1 Hex:EtOAc): R¢=0.9

2-((2-(methylthio)cyclohexyl)thio)ethanol (356)

"H NMR (500 MHz, CDCl3): 8 3.74 (br t, J = 5.7 Hz, 2H), 2.810 (t, J = 5.8 Hz, 1H),
2.807 (t,J = 5.9 Hz, 1H), 2.70 (ddd, J = 9.1, 9.1, 3.9 Hz, 1H), 2.61 (ddd, J =9.2,9.2, 3.8
Hz, 1H), 2.22-2.17 (m, 2H), 2.15 (s, 3H), 1.77-1.70 (m, 2H), 1.56-1.46 (m, 2H), and
1.38-1.29 (m, 2H). [sel Vpg278f2 tt16]

GCMS (5029021): R; = 8.90 min, 206 (M",10), 188(10), 129(40), and 81(100).

TLC (4:1 Hex:EtOAc): R,=0.4
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DMDS or 334

0 BF5*OEt, i
<_(\/\)J\OM(E - S-on OMe
s’s 3
318 RS
R= Me 362

CH,CH,OH 363

methyl 6,8-bis(methyldisulfanyl)octanoate (362). The disulfide-exchanged product
could be prepared as a mixture with 318 as presented above, but it was commonly was
obtained by cleaving the presumed polymeric lipoic acid (or associated dimers 320 and

tirmers 321) that resulted from the esterification reaction to 318.

COzMe
YT DMDS 0

s s .
MeO,C & 5 comMe  BFOEt 4_(\/\)1\ oMo
318 —> W\E/S—S\J/\N - g S-SMe

321 MeS
or corresponding dimer 320 362

A portion of this gelish solid (50 mg) was dissolved in DCM (approx. 100 uL). To it,
BF;°OEt; (15 ul) and DMDS (80 ul) were added and the reaction stirred for two days at
room temperature. Additional DMDS (50ul) was added after one day (reaction
monitored by LCMS). The reaction mixture was concentrated in vacuo and the crude
exchanged product was loaded directly onto the MPLC (6:1 Hex:EtOAc). Collection and
concentration afforded 362 as a residue, which amounted to approximately 10 mg.

"H NMR (500 MHz, CDCl3): & 3.68 (s, 3H), 2.87 (app pent, J = 6.8 Hz, 1H), 2.811 (ddd,
J=13.4,6.8, 6.8 Hz, 1H), 2.807 (ddd, J = 13.2, 7.6, 7.6 Hz, 1H), 2.41 (s, 3H), 2.40 (s,
3H), 2.34 (t,J = 7.4 Hz, 2H), 2.02 (app q, J = 7.1 Hz, 2H), and 1.76-1.37 (m, 6H).
[seVpg25912]---[seVpg259flredo] about the same

LCMS (for the corresponding acid, Method C): Tr = 5.0 min, m/z “neg” = 299.0 (M-1)".
TLC (6:1:Hex:EtOAc): Rf=0.6
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MPLC 0

methyl epoxy soyaate > )J\/\/\/\/A\/\/\/\/ M 365
e
or flash column MeO

o] 0 o}
MeO Me
o] 0] 0] o}

J\/\/\/\AAA/ Me 367
MeO

methyl 8-(3-octyloxiran-2-yl)octanoate (365).

"H NMR (500 MHz, CDCl3): 8 3.67 (s, 3H), 2.92-2.88 (m, 2H), 2.31 (t, J = 7.5 Hz, 2H),
1.67-1.59 (m, 2H), 1.55-1.20 (m, 24H), and 0.88 (br t, J = 6.7 Hz, 3H). [seVpg22612]
GCMS (5029021H): R, = 11.0 min, 312(M",1), 281(3), 199(20), 155(100), 97(30), and
55(60).

LCMS (Method C): Tg = 5.7 min, m/z “pos” = 313.3 (M+1)", 330.3 (M+18)", 362.3
(M+60)".

TLC (6:1 Hex:EtOAc): R¢=0.9

methyl 8-(3-((3-pentyloxiran-2-yl)methyl)oxiran-2-yl)octanoate (366)

"H NMR (500 MHz, CDCl3): § 3.67 (s, 3H), 3.12 (ddd, 6.0, 6.0, 4.2 Hz, 1H), 3.08 (ddd,
J= 64,64,4.2 Hz, 1H), 3.02-3.2.94 (m, 2H), 2.31 (t,J/ = 7.5 Hz, 2H), 1.86-1.71
(overlapping t, J = 6.4 Hz, 2H), 1.65-1.58 (m, 2H), 1.57-1.25 (m, 18H), and 0.90 (t, J =
6.8 Hz, 3H). [seVpg22613]

GCMS (5029021H): One diastereomer: R, = 11.6 min, 326(M",2), 295(5), 187(5),
155(100), 109(30), and 55(70). Other diastercomer: R; = 11.7 min, 326(M",2), 308(5),
277(5), 187(10), 155(100), 109(30), and 55(60).

LCMS (Method C): Tg = 4.6 min, m/z “pos” = 344.3 (M+18)".

TLC (6:1 Hex:EtOAc): Rg=0.2
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methyl 8-(3-((3-((3-ethyloxiran-2-yl)methyl)oxiran-2-yl)methyl)oxiran-2-
yDoctanoate (367)

"H NMR (500 MHz, CDCl3): 8 3.67 (s, 3H), 3.21-3.08 (m, 4H), 3.01-2.94 (m, 2H), 2.31
(t,J =7.4 Hz, 2H), 1.86-1.67 (m, 4H), 1.65-1.41 (m, 7H), 1.39-1.29 (m, 7H), and 1.09-
1.05 (overlapping t, J = 7.5 Hz, 3H). [seVpg226m2tt9]

GCMS (5029021H): One diastereomer: R; = 12.2 min, 340(M",2), 322(5), 221(10),
155(80), 81(75), and 55(100). Other diastereomer: R; = 12.3 min, 340(M",2), 221(5),
187(5), 155(80), 109(55), 81(90), and 55(100). Other diastereomer: R; = 12.35 min,
340(M",2), 322(5), 221(10), 155(100), 109(60), 81(95), amd 67(100).

LCMS (Method C): Tg =3.9 min, m/z “pos” = 341.3 (M+1)", 358.3 (M+18)".

TLC (1:1 Hex:EtOAc): R¢=0.2

OH HO AcO
HS™ >
o 332 2 ACZO
Meom/s\l\/le - > MeOMA —) MGOMA
0] MeOH, rt
365 9-368 R=H 9-369
Ac  9-370

Procedure: A culture tube was charged with 100 ul of a stock solution of KOH in MeOH
[(25 mg in 1 mL), amounted to 2.5 mg, 0.045 mmol]. Mercaptoethanol (16 uL, 0.23
mmol) was added via wiretrol, and the solution stirred briefly before a solution of methyl
epoxy oleate (70 mg, 0.23 mmol) in MeOH (0.8 mL) was added. The reaction was
monitored by LCMS, and the mass of the desired product appeared within an hour. The
crude diol was recovered by rotatly evaporation of the reaction solution, and MPLC (3:1
Hex:EtOAc) affored the pure diol as a colorless oil in 40% yield. Alternatively, this

reaction can be performed neat or in ACN.

methyl 9-hydroxy-10-((2-hydroxyethyl)thio)octadecanoate (9-368) or methyl 10-

hydroxy-9-((2-hydroxyethyl)thio)octadecanoate (10-368, not shown)).

"H NMR (500 MHz, CDCls): & 3.79-3.72 (overlapping t, J = 5.8 Hz, 2H), 3.671 and

3.668 (s, add to 3H), 3.52-3.47 (m, 2H), 2.81-2.71 (m, 2H), 2.54 (ddd, J = 9.0, 6.5, 4.1
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Hz, 1H), 2.310 and 2.306 (t, J = 7.5 Hz, adds to 2H), 1.71-1.22 (m, 28H), and 0.884 and
0.881 (t,J = 7.1 Hz, adds to 3H). [seVpg224mplc]

LCMS (Method C): Tg =5.6 min, m/z “pos” = 373.0.3 (M-17)", m/z “neg” = 449.0
(M+59).

TLC (3:1 Hex:EtOAc): Rr=0.1

methyl 10-((2-acetoxyethyl)thio)-9-hydroxyoctadecanoate (9-369) or methyl 9-((2-
acetoxyethyl)thio)-10-hydroxyoctadecanoate (10-369), not shown). A crude sample of
diol 368 (50 mg, 0.13 mmol) in CDCIl; was measured into a culture tube and treated with
acetic anhydride (12 ul, 0.13 mmol) and pyride (11 ul, 0.13 mmol). After 12 hours at rt,
the volatiles were removed by vacuum, and the residue subjected to MPLC (5:1
Hex:EtOAc) to provide the mono-acetylated diol as a pure residue for characterization by
LCMS and 'H NMR.

"H NMR (500 MHz, CDCl3): 8 4.20 (t, J = 6.9 Hz, 2H), 3.67 (s, 3H), 3.50-3.45 (m, 1H),
2.82-2.72 (overlapping t, J = 6.8 Hz, adds to 2H), 2.53 (ddd, J = 9.2, 6.3, 4.3 Hz, 1H),
2.47 (brdd, J = 12.1, 3.8 Hz, 1H), 2.33-2.28 (overlapping t, J = 7.5 Hz, 2H), 2.08 (s,
3H), 1.70-1.23 (m, 26H), and 0.883 and 0.881 (t, J = 7.0 Hz, adds to 3H). [seVpg219 e¢]
LCMS (Method C): Tg =5.3 min, m/z “pos” = 414.3 (M-17)", 450.3 (M+18)", m/z “neg”
=491.3 (M+59)".

TLC (5:1 Hex:EtOAc): Rr=0.1

methyl 9-acetoxy-10-((2-acetoxyethyl)thio)octadecanoate (9-370) or methyl 10-
acetoxy-9-((2-acetoxyethyl)thio)octadecanoate (10-370). Alternatively, the 368 can be
treated with two equivalents of acetic anhydride and pyridine and purified by MPLC
(same conditions) for access to the bis-acetylated diols 370.

"H NMR (500 MHz, CDCl3): § 4.96 (br ddd, J = 9.2, 3.5, 3.5 Hz, 1H), 4.26-4.16
(overlapping ddds, 2H), 3.67 (s, 3H), 2.85 (ddd, J = 2.69 (br q, J = 4 Hz, 1H), 2.90-2.72
(overlapping ddds, 2H), 2.31 (t, J = 7.5 Hz, 2H), 2.07 (s, 6H), 1.79-1.50 (m, 6H), 1.39-
1.25 (m, 20H) and 0.88 (t, J = 6.8 Hz, 3H). [seVpg219 2f1]

LCMS (Method C): T =6.0 min, m/z “pos” = 492.3 (M+18)".
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TLC (5:1 Hex:EtOAc): R¢,=0.3

. o
{ Qf Q03

DABCO

e MGOW mﬂw)—%

9-368

methyl 10-((2-(((3,5-dimethylphenyl)carbamoyl)oxy)ethyl)thio)-9-
hydroxyoctadecanoate or methyl 9-((2-(((3,5-
dimethylphenyl)carbamoyl)oxy)ethyl)thio)-10-hydroxyoctadecanoate (372). A round
bottom flask contained approximately 10 mg (0.026 mmol) of the diol 368 was rinsed
with 0.5 mL CDCl; and this was added to an NMR tube. Approximately 3 mg DABCO
was pulled into a wiretrol, and this was administered to the wall of the NMR tube. The
isocyante was transferred the same way (approx. 4 mg, 0.03 mmol, 1 equiv) and the tube
was shaken to incorporate all the elements. The reaction was monitored by NMR and
LCMS, and following concentration and purification by MPLC (2:1 Hex:EtOAc), ca. 2

mg of the mono-carbamate 372 was obtained for analysis

Spectral Data for 372.

"H NMR (500 MHz, CDCl3): 8 7.01 (s, 2H), 6.72 (s, 1H), 4.29 (t, J = 6.7 Hz, 2H), 3.67
(s, 3H), 3.49 (br t, J = 6.8 Hz, 1H), 2.89-2.74 (overlapping t, J/ = 6.7 Hz, 2H), 2.58-2.50
(m, 1H), 2.29 (s, 6H), 1.71-1.24 (m, 26H), and 0.88 (t, J/ = 6.8 Hz, 3H).

[seVpg220 2mplc] only had one carbamate there.

LCMS (Method C): Tg =5.8 min, m/z “pos” = 520.3 (M-17)", 555.3 (M+18)", m/z “neg”
=536.3 (M-1), 596.3 (M+59)".

TLC (2:1 Hex:EtOAc): R¢=0.2
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e.g. OH HO

o N It
MeO Me 332, KOH (@] 6,10-374
\H/\QG/Q\/L\HZ —— + adiol byproduct

Io) MeCN, rt

HO OH
366 Z S
HO s S OH
MeOM Me
6 4
0] 7,9-374

Procedure: Ground KOH pellets (10 mg, 0.18 mmol) were added to a round bottom flask
and MeOH (4 mL) was added to dissolve the solid before mercaptoethanal (130 uL, 1.84
mmol) was added. This solution was stirred as a solution off methyl epoxy linoleate (300
mg, 0.92 mmol) in MeOH (1 mL) was prepared. After addition of the epoxide, the
reaction mixture was allowed to stir for 8 hours (monitoring by LMCS). The crude tetraol
was obtained by rotary evaporation, and the product was separated from byproduct by
MPLC (1:4 Hex:EtOAc). Typically, a 1:1 mixture of the tetraol and byproduct were
produced by this procedure.

Data for mixture of 374:

methyl 10,12-dihydroxy-9,13-bis((2-hydroxyethyl)thio)octadecanoate (6,10-374) or
methyl 9,13-dihydroxy-10,12-bis((2-hydroxyethyl)thio)octadecanoate (7,9-374) are
examples.

"H NMR (500 MHz, CDCl3): 8 3.84-3.74 (m, 6H), 3.67 (s, 3H), 2.85-2.69 (m, 6H), 2.31
(t,J =7.3 Hz, 2H), 1.83-1.28 (m, 24H), and 0.90 (t, J = 6.9 Hz, 3H). [seVpg214 312]
LCMS (Method C): Tg =5.0 min, m/z “pos” = 465.3 (M-17)", m/z “neg” = 527.3
(M+35)7, 541.3 (M+59)".

TLC (1:4 Hex:EtOAc): Rr=0.1

The per-acetylated variants were prepared (no number, only mentioned in text)
e.g. OAc OAc OAc OAc

(0] AcO S S OAc (0] S OAc OAcS
MeO Me MeO Me
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7,9-bis((2-acetoxyethyl)thio)-18-methoxy-18-oxooctadecane-6,10-diyl diacetate (first
isomer shown) or ((7,9-diacetoxy-18-methoxy-18-oxooctadecane-6,10-
diyl)bis(sulfanediyl))bis(ethane-2,1-diyl) diacetate (second isomer). The crude tetraol
(80 mg, 0.17 mmol) was treated with acetic anhydride and pyridine (8 equiv each). The
reaction was monitored by LCMS. Full conversion of the starting material occurred
within 4 hours, and the product was purified by MPLC (7:1 Hex:EtOAc) to a pair of

isomers which were analyzed by 'H and 'H-"H correlation NMR.

One isomer:

"H NMR (500 MHz, CDCl3): 8 4.93 (ddd, J = 7.9, 4.1, 2.7 Hz, 1H), 4.92 (ddd, J = 8.3,
4.4,2.8 Hz, 1H), 4.23 (t,J = 6.9 Hz, 4H), 3.67 (s, 3H), 3.14 (app ddd, J = 8.8, 5.6, 3.7
Hz, 2.90 (ddd, J = 13.4, 6.6, 1.9 Hz, 1H), 2.88 (ddd, J = 13.5, 6.8, 1.9 Hz, 1H), 2.80
(ddd, J = 14.0, 7.1, 1.5 Hz, 1H), 2.78 (ddd, J = 13.3, 6.9, 1.5 Hz, 1H), 2.31 (t,J = 7.5 Hz,
2H), 2.07 (brs, 12 H), 1.80-1.75 (m, 2H), 1.62 (app br pent, J = 7.2 Hz, 2H), 1.51-1.45
(m, 2H), 1.40-1.22 (m, 16H), and 0.89 (t, J = 6.9 Hz, 3H). [seVpg213 8f2cleans]]
Other isomer:

"H NMR (500 MHz, CDCl3): § 5.20 (ddd, J = 8.8, 3.6, 3.6 Hz, 1H), 5.01 (dddd, J = 9.4,
7.0, 3.6, 3.6 Hz, 1H), 4.27-4.18 (overlapping t, J = 6.9 Hz, 4H), 3.67 (s, 3H), 2.92-2.72
(m, 6H), 2.31 (t,J = 7.5 Hz, 2H), 2.18 (ddd, J = 14.7, 7.7, 3.8 Hz, 1H), 2.07 (s, 12H),
1.82-1.46 (m, 4H), 1.78 (ddd, J = 15.1, 8.8, 6.8 Hz, 1H), 1.39-1.23 (m, 16H), and 0.89 (t,
J =6.9 Hz, 3H). [seVpg213 8f2cleans2]

LCMS (both isomers, Method C): T = 4.9 min, m/z “pos” = 668.3 (M+18)", m/z “neg”
=709.0 (M+59)". Another peak with the same nominal mass at T = 5.1 min.

TLC (2:1 Hex:EtOAc): R¢=0.2

OH HO
(0]
MeO
M/ s Me MeO s Me
o OH OH
6,9-375 7,10-375

One isomer:

322



"H NMR (500 MHz, CDCl3): 8 4.15 (br q, J = 4 Hz, 1H), 3.67 (s, 3H), 3.67-3.62 (m,
2H), 3.38 (nform, 1H), 2.35 (ddd, J = 14.2, 9.9, 4.3 Hz, 1H), 2.30 (t, J = 7.4 Hz, 2H),
1.87-1.80 (m, 1H), 1.70-1.58 (m, 4H), 1.43-1.26 (m, 18H), and 0.89 (t, J = 6.8 Hz, 3H).
[seVpg2lo6redofl slicel]

Other isomer:
'H NMR (500 MHz, CDCls): 4.32 (br s, 1H), 3.75 (ddd, J = 10.2, 6, 3 Hz, 1H), 3.67 (s,

3H), 3.50 (m, 1H), 3.39 (nform, 1H), 2.30 (t,J = 7.5 Hz, 2H), 2.18 (ddd, J = 13.3, 6.7,
1.6 Hz, 1H), 2.12-2.06 (m, 1H), 1.96 (dddd, J = 13.0, 10.2, 2.6, 2.6 Hz, 1H), 1.88 (brs,
1H), 1.75 (dddd, J = 13.5, 9.8, 6.3, 6.3 Hz, 1H), 1.66-1.57 (m, 4H), 1.47-1.25 (m, 15H),
0.90-0.87 (overlapping t, J = 6.8 Hz, 3H). [seVpg216test tt16]

LCMS (Method C): One isomer: Tg = 4.1 min, m/z “pos” = 343.3 (M-17)", 361.3
(M+1)", 378.3 (M+18)"; m/z “neg” = 405.3 (M+35)", 419.3 (M+59)".

Other isomer: (Method C): Tr = 4.5 min, m/z “pos” = 343.3 (M-17)", 361.30(M+1)"; m/z
“neg” = 405.3 (M+35), 419.3 (M+59)".

TLC (both isomers, 1:4 Hex:EtOAc): R¢=0.4

OAc o AcO
MeO MeO)J\/\/\/\/Q\(\/\/ Me
S Me OAc
OAc

O 6937 7,10-376
One isomer:
"H NMR (500 MHz, CDCls): & 5.46 (app pent, J = 2.8 Hz, 1H), 5.00 (dddd, J = 8.0, 6.5,
4.3,3.6 Hz, 1H), 3.79 (dddd, J = 10.6, 6.4, 6.4, 2.6 Hz, 1H), 3.67 (s, 3H), 3.54 (br dddd,
J=092,4.6,4.6,4.6 Hz, 1H), 2.30 (t, J = 7.5 Hz, 2H), 2.20 (ddd, J = 13.6, 6.2, 2.4 Hz,
1H), 2.11 (s, 3H), 2.09 (s, 3H), 1.78 (dddd, J = 13.9, 10.6, 3.6, 1.4 Hz, 1H), 1.70-1.45 (m,
5H), 1.34-1.23 (m, 15H), and 0.87 (br t, J = 6.5 Hz, 3H). [seVpg212sw]
Other isomer:
"H NMR (500 MHz, CDCl3): § 5.26 (ddd, J = 7.9, 7.9, 5.4 Hz, 1H), 4.95 (m, 1H), 3.67
(s, 3H), 3.50 (ddd, J = 7.4, 7.4, 1.3 Hz, 1H), 3.37 (ddd, J = 9.9, 6.9, 2.3 Hz, 1H), 2.29 (dt,
J=1.6,7.4 Hz, 2H), 2.15 (nform, 1H), 2.10 (s, 3H), 2.09 (s, 3H), 1.89 (ddd, J = 13.1,
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7.6, 7.6 Hz, 1H), 1.67-1.55 (m, 5H), 1.34-1.21 (m, 15H), and 0.90-0.85 (overlapping t, J
= 6.9 Hz, 3H). [seVpg212 f12minor]

LCMS (Method C): One isomer: Tg = 5.7 min, m/z “pos” = 385.0 (M-59)", 462.0
(M+18)".

Other isomer: (Method C): Tr = 6.2 min, m/z “pos” = 385.0 (M-59)", 462.0 (M+18)".
TLC (both isomers, 7:1 Hex:EtOAc): R¢=0.15
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Experiments (Chapter VI)

Note: the preparation of 401 and 405 (and other compounds discussed at the beginning
of Chapter VI) is differed to the end of this experimental so that all Tables and Figures
relevant to 400, 404, 401, and 405 are located together.

(6]
O Me
Me O HCI, MeOH L A ~_OH
“Me - = MeO Y
Me rt, 90-95 % Me/\ Me
trans-401 408
Me Me
HCI, MeOH (e}
OH
”t, T ho0os%  Meo
409 Me

methyl 6-hydroxy-3,7-dimethyloctanoate (menthide methyl ester, 408). To a stirred
solution of menthide (401) in MeOH was added HCI and the solution stirred for 5
minutes, after which the solvent was removed under reduced pressure and the crude
alcohol was purified by MPLC. Typical yields were 80-90% and the alcohol were
colorless oils.

"H NMR (500 MHz, CDCl3): 8 3.67 (s, 3H), 3.34 (br s, 1H), 2.34 (dd, J = 14.8, 6.0 Hz,
1H), 2.14 (dd, J = 14.8, 8.1 Hz, 1H), 1.97 (oct, J = 6.5 Hz, 1H), 1.66 (dsept, J = 4.9, 6.8
Hz, 1H), 1.56-1.47 (m, 2H), 1.38-1.31 (m, 2H), 1.24-1.18 (m, 1H), 0.96 (d, J = 6.7 Hz,
3H), 0.92 (d, J = 6.8 Hz, 3H), and 0.91 (d, J = 6.7 Hz, 3H). [seVpg207mnmplc]
LCMS (Method C): Tg =3.6 min, m/z “pos” = 203.3 (M+1)", 220.3 (M+18)".

TLC (3:1 Hex:EtOAc): Rr=0.15

methyl 6-hydroxy-3-isopropylheptanoate (carvomenthide methyl ester, 409). 409
was prepared from 405 in an analogous fashion as 408 and was purified by MPLC (10:1
Hex:EtOAc). Yields > 80% for all attempts.

"H NMR (500 MHz, CDCL): & 3.78 (sextet, J = 6.2 Hz, 1H), 3.67 (s, 3H), 2.31 (dd, J =
15.2,5.8 Hz), 2.15 (dd, J = 15.2, 6.3 Hz, 1H), 1.82-1.75 (m, 1H), 1.73 (dsept, J = 4.2, 6.8
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Hz, 1H), 1.51-1.29 (m, 4H), 1.19 (d, J = 6.2 Hz, 3H), 0.88 (d, J = 6.8 Hz, 3H), and 0.85
(d, J = 6.8 Hz, 3H). [seVpg207cmmplc]-only major isomer here

LCMS (Method C): Tg =3.5 min, m/z “pos” = 203.3 (M+1)", 220.3 (M+18)".

TLC (3:1 Hex:EtOAc): Rr=0.1

H
Ho > N~on
407
monoamide diols (410a, 412a, 414a) acetylated monoamide diols (411a, 413a, 415a)
+ ———> monoamide/monoester (410b, 412b, 414b) —>  acetylated monoamide/monoester (411b, 413b, 415b)

A K .
201 monoamide/diester (410c, 412c, 414c) acetylated monoamide/diester (411c, 413c, 415¢)

trans-405
cis-405

See Figure III-8 and I1I-9 in the text.

Preparation of 410a-c, 412a-c, 414a-c

In a typical experiment, the appropriate quantities of diethanolamine (1 equiv) and
lactone (3 equiv) were weighed directly into a culture tube. The vessel was then sealed
and heated for 2-4 hours (conversion was monitored by LC/MS). The crude reaction
mixture was loaded directly onto an MPLC column and eluted with ethyl acetate
containing 1% methanol. The compounds eluted in the following order and had the
indicated composition: unreacted lactone (~30-45%), the monoamide diester (~5-10%),

the monoamide monoester (~20-25%), and the monoamide diol (~20-25%).
Note for 410a-c, 411a-c, 412a-c, 413a-c, 414a-c, 415a-c: * protons are diastereotopic to
their (unstarred) partners. e.g. see 410a and the remaining 410-415 compounds follow

this convention.

Spectral data for monoamide 410a




"H NMR (500 MHz, CDCl;) § 3.81 (ddd, J = 11.0, 6.8, 3.7 Hz, 1H, H1), 3.77 (ddd, J =
11.6,5.9,3.9 Hz, 1H, H1%*), 3.74 (br t, J = 5.1 Hz, 2H, H1"), 3.56 (ddd, J = 14.2, 5.7, 3.7
Hz, 1H, H2), 3.54 (ddd, J = 15.2, 5.2, 5.2 Hz, 1H, H2*), 3.48 (ddd, J = 14.2, 6.8, 3.9 Hz,
1H, H2'), 3.43 (ddd, J = 15.1, 5.2, 5.2 Hz, 1H, H2'¥), 3.27 (ddd, J = 7.9, 5.2, 2.6 Hz, 1H,
H.), 2.36 (dd, J = 15.0, 7.6 Hz, 1H, H,), 2.26 (dd, J = 15.0, 6.5 Hz, 1H, H,+), 2.08-1.99
(m, 1H, Hy), 1.63 (dqq, J = 6.8, 6.8, 6.8 Hz, 1H, Hy), 1.56-1.52 (m, 2H, H/Hy), 1.33-1.24
(m, 1H, He+), 1.15-1.08 (m, 1H, Hy+), 0.94 (d, J = 6.8 Hz, 3H, H;), 0.89 (d, J = 6.8 Hz,
3H, Hy), and 0.88 (d, J = 6.8 Hz, 3H, Hy).

3C NMR (125 MHz, CDCls) § 175.0, 77.2, 60.9, 60.7, 52.4, 50.5, 41.1, 33.9, 33.5, 31.8,
31.0,20.4, 19.0, and 17.5.

IR (neat): 3550-3250, 2956, 2874, 1617, 1465, 1421, and 1054,

HRMS (ESI) (m/z): [M+Na]" calculated for [C14H20NO4Na]" 298.1989, found
298.1959.

Spectral data for monoester 410b

g' poh

\_/

SO 2 2

2 Cn @ O\/\ /\/OH
HO N Y Y Y TN

1.0

410b

"H NMR (500 MHz, CDCLy) § 4.25 (ddd, J = 11.1, 5.6, 5.6 Hz, 1H, H1), 4.21 (ddd, J =

11.1,5.9, 5.9 Hz, 1H, H1%*), 3.77+ (ddd, J = 12.1, 5.6, 5.6 Hz, 1H, H1"), 3.77- (ddd, J =

12.1, 5.8, 5.8 Hz, 1H, H1’*), 3.70-3.46 (m, 4H, H2/H2*/H2’/H2’*), 3.32+ (ddd, J = 8.6,
5.2,2.6 Hz, 1H, Hy), 3.32- (ddd, J = 8.6, 5.2, 2.7 Hz, 1H, H,), 2.39 (dd, J = 15.1, 6.7 Hz,
1H, H,), 2.30, (dd, J = 14.9, 6.7 Hz, 1H, Hy), 2.26 (dd, J = 15.5, 7.5 Hz, 1H, H,w), 2.20,

(dd, J = 15.8, 7.3 Hz, 1H, Har), 2.10-2.02 (m, 1H, Hy), 1.99-1.91 (m, 1H, Hy), 1.68-1.61

(m, 2H, HyHy), 1.60-1.49 (m, 4H, H/Hy/He/ Hy), 1.38-1.25 (m, 2H, Hee/Hew), 1.23-1.12

(m, 2H, He+/Hg+), 0.98 (d, J = 6.6 Hz, 3H, Hy), 0.96 (d, J = 6.7 Hz, 3H, Hy), 0.92 (d, J =

6.8, 6H, Hy, Hy), and 0.91 (d, J = 6.9 Hz, 6H, Hy/Hy)
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BC NMR (125 MHz, CDCl3) & 174.5, 173.7, 173.2, 173.0, 77.0, 76.8, 76.7, 62.3, 61.6,
61.2,60.2,51.0,49.5,47.9, 45.8,41.82, 41.76, 40.5, 40.4, 33.64, 33.61, 33.6, 33.4, 33.1,
31.7,31.64,31.60, 31.55, 30.9, 30.69, 30.67, 30.62, 20.3, 20.2, 19.99, 19.94, 18.97,
18.94, 17.35, 17.29, and 17.24.

IR (neat) 3600-3200 (OH), 2957, 2873 (NH), 1734 (ester CO), 1623 (amide CO), 1461,
1419, 1383 (OH), 1201, 1201, 1163, 1058, and 999 cm™.

HRMS (ESI) (m/z): [M+Na]" calculated for [C14H47NOgNa]" 468.3295, found 468.3345.

Spectral data for diester 410c
9 s N

g C pa o 2 2z o

D A I YY\;(OH
.0 5 o}
OH ' 410c

"H NMR (500 MHz, CDCl3) § 4.22 (t, J =5.6 Hz, 2H, HI/H1%*), 421 (dd, J=11.6, 5.8
Hz, 1H, H1), 4.18 (dd, J=11.7, 5.9 Hz, 1H, HI’*), 3.61 (t, J= 5.6 Hz, 4H,
H2/H2’/H2*/H2’*), 3.36-3.28 (m, 3H, He/He/He), 2.39 (dd, J = 15.1, 6.7 Hz, 1H, H,),
2.34 (dd,J = 14.9, 6.7 Hz, 1H, Ha/Hy), 2.24 (dd, J = 15.5, 7.5 Hz, 1H, H,+), 2.21 (dd, J
=15.8, 7.3 Hz, 1H, Hy), 2.18 (dd, J = 15.8, 7.3 Hz, 1H, H,+), 2.10-2.02 (m, 1H, Hy),
1.98-1.89 (m, 2H, Hy/Hy), 1.68-1.62 (m, 3H, Hy/H¢/Hy), 1.59-1.48 (m, 6H,
H/Hy/He/Hg/He/Hyr), 1.38-1.27 (m, 3H, Hex/Hew/Hers), 1.22-1.12 (m, 3H, Hgs/Hg+/Hgw),
0.96 (d, J = 6.6 Hz, 3H, Hy), 0.95 (d, J = 6.7 Hz, 3H, H;), 0.92 (d, J = 6.8, 9H, H,, Hy,
H,"), and 0.91 (d, J = 6.9 Hz, 9H, Hy, Hy, Hp).
BC NMR (125 MHz, CDCl3) § 173.3, 173.1, 173.0, 77.2, 76.93, 76.88, 62.1, 61.6, 47.3,
45.4,41.8,41.7,40.5, 33.7, 33.66, 33.63, 33.23, 33.21, 31.8, 31.7, 31.6, 30.75, 30.71,
31.66, 20.3, 20.1, 20.0, 19.1, 19.0, 17.34, 17.30, and 17.27.
HRMS (ESI) (m/z): [M+Na]" calculated for [C34HssNOgNa]™ 638.4602, found 638.4630.

a

Acetylation of amide alcohols.
In a typical experiment the isolated model triol (~50 mg) was dissolved in pyridine and

acetic anhydride (1:1, 0.5 mL). The reaction mixture was stirred at rt for 30 minutes and
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then partitioned between water and ethyl acetate. The organic layer was dried over
NaySOy, filtered, concentrated, and purified by MPLC (ca. 1:1 Hexanes:EtOAc) to give
the acetylated derivatives (yields ca. 80%).

Spectral data for monoamide triacetate 411a

2 2'
O\/\/\/O
YN

(6] 411a
"H NMR (500 MHz, CDCl;) & 4.71 (dddd, J = 13.8, 11.7, 4.7, 4.7 Hz, 1H, H,), 4.21+
(dt,J =11.3,5.7 Hz, 1H, H1), 4.21- (dt, J = 11.3, 5.6 Hz, 1H, H1"), 4.18+ (dt, J = 11.6,
6.1 Hz, 1H, H1%), 4.18- (dt, J = 11.6, 5.9 Hz, 1H, HI’*), 3.61 (brt, J = 5.5 Hz, 2H,
H2/H2*), 3.60 (brt, J = 6 Hz, 2H, H2’/H2’*), 2.31 (dd, J = 15.1, 5.5 Hz, 1H, H,), 2.18
(dd, J = 15.1, 8.2 Hz, 1H, H,:), 2.08 (s, 3H, —0,CCH3), 2.06 (s, 3H, —0,CCH3), 2.05 (s,
3H, —0,CCHj3), 2.04-1.98 (m, 1H, Hy), 1.81 (dsept, J = 6.6 Hz, 1H, Hy), 1.59 (dddd, J =
13.8,11,7,4.7, 4.7 Hz, 1H, Hy), 1.49 (dddd, J = 13.6, 11.4, 8.5, 4.7 Hz, 1H, Hg+), 1.35
(dddd, J = 13.3, 11.8, 5.0, 5.0, 1H, H,), 1.14 (dddd, J = 13.0, 11.4, 7.9, 4.9 Hz, 1H, H.),
0.94 (d, J = 6.6 Hz, 3H, H;), 0.89 (d, J = 6.8 Hz, 3H, H,), and 0.885 (d, J = 6.8 Hz 3H,
Hy).
3C NMR (125 MHz, CDCl;) § 172.9, 171.3, 171.0, 170.8, 78.8, 62.5, 62.0, 47.5, 45.7,
40.4,33.1,31.5,30.6,29.0,21.4,21.1,21.0,20.1, 18.8, and 17.7.
IR (neat) 2960, 1738, 1646, 1460, 1421, 1371, 1236, 1047, and 1027 cm™".
HRMS (ESI) (m/z): [M+Na]" calculated for [C20H3sNO;Na]" 424.2305, found 424.2311.

Spectral data for monoester triacetate 411b

g p h'
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"H NMR (500 MHz, CDCl3) & 4.74-4.68 (m, 2H, H/H,), 4.21 (ddd, J = 5.7,5.7, 2.2,
2H, HI/H1%), 4.18 (ddd, J = 6.3, 6.3, 2.8, 2H, H1’/H1°*), 3.66-3.54 (m, 4H,
H2/H2*/H2'/H2*), 2.32 (dd, J = 15.0, 5.7 Hz, 1H, H,), 2.31 (dd, J = 15.1, 5.7 Hz, 1H,
H.), 2.18 (dd, J = 15.0, 8.4 Hz, 1H, H,+), 2.12 (dd, J = 15.1, 8.4 Hz, 1H, H,~), 2.05 (2,
9H, -CO,CHj3), 2.04-1.98 (m, 1H, Hy), 1.95-1.88 (m, 1H, Hy), 1.85-1.77 (m, 2H, HyHy),
1.63-1.53 (m, 2H, Ho/Hy), 1.52-1.44 (m, 2H, Hy+/Hg+), 1.40-1.25 (m, 2H, H/Hy), 1.22-
1.11 (m, 2H, He+/He+), 0.94 (d, J = 6.6 Hz, 3H, H;), 0.93 (d, J = 6.6 Hz, 3H, H;), 0.89 (d,
J = 6.8 Hz, 6H, Hy/H,), and 0.88 (d, J = 6.8 Hz, 6H, Hy/Hy)

3C NMR (125 MHz, CDCl;) § 172.92, 172.87, 172.8, 171.2, 171.14, 171.13, 170.9,
170.7, 78.7, 78.6, 78.5, 62.4, 62.2, 61.9, 61.7, 47.42, 47.40, 45.70, 45.65, 41.6, 41.5,
40.31,40.27, 33.0, 32.99, 32.6, 31.4, 31.3, 30.6, 30.5, 30.43, 30.41, 28.92, 28.91, 28.6,
21.2,21.0,20.9, 19.98, 19.97, 19.8, 18.75, 18.72, and 17.6.

IR (neat) 2960, 2876, 1733, 1649, 1460, 1419, 1372, 1240, 1048, and 1022 cm.
HRMS (ESI) (m/z): [M+Na]" calculated for [C30HssNOgNa]™ 594.3612, found 594.3645.

Spectral data for diester triacetate 411c
0 \/
)]\ /e\/c\b/a\n/o\/\N/\/o)(\l/\:( )J\

o 411c

"H NMR (500 MHz, CDCls) § 4.74-4.68 (m, 3H, Ho/He/H), 4.20 (app q, J = 5.8 Hz,
2H, HI/H1%), 4.18 (app q, J = 6 Hz, 2H, HI’/H1°*), 3.61 (t, J = 5.8 Hz, 2H, H2/H2*),
3.60 (app q, J = 6.1 Hz, 2H, H2*/H2°*), 2.32 (dd, J = 15.1, 5.6 Hz, 1H, H,), 2.306 (dd, J
= 15.1, 5.5 Hz, 1H, H,), 2.301 (dd, J= 15.1, 5.5 Hz, 1H, H,+), 2.18 (dd, J = 15.1, 8.4 Hz,
1H, Har), 2.10 (dd, J = 15.1, 8.5 Hz, 1H, Ha+), 2.09 (dd, J = 15.0, 8.5 Hz, 1H, Hy-), 2.05
(s, 9H, —0,CCH;), 2.04-1.97 (m, 1H, Hy), 1.96-1.88 (m, 2H, Hy/Hy), 1.86-1.77 (m, 3H,
Hy/He/Hp), 1.63-1.53 (m, 3H, Hy/Ha/Hg'), 1.52-1.43 (m, 3H, Hyw/Hgw/Hgw), 1.40-1.27 (m,
3H, Ho/Ho/Her), 1.22-1.11 (m, 3H, He/Hee/Hew), 0.94 (d, J = 6.6 Hz, 3H, Hy), 0.93 (d, J =
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6.6 Hz, 6H, H;/H;+), 0.890 (d, J = 6.8 Hz, 9H, H,, H,/H,), and 0.887 (d, J = 6.8 Hz, 9H,
Hp/Hn/Hpr).

3C NMR (125 MHz, CDCls) § 172.9, 172.84, 172.81, 171.22, 171.18, 171.64, 78.8,
78.62,78.59, 62.2,61.8,47.4,45.7,41.6, 41.5,40.4, 33.1, 32.6, 31.43, 31.40, 30.6, 30.50,
30.47,29.0, 28.7, 21.34, 21.33, 20.0, 19.9, 18.82, 18.79, and 17.6.

IR (neat) 2961, 2875, 1733, 1650, 1461, 1373, 1243, 1167, and 1021 cm™.

HRMS (ESI) (m/z): [M+Na]" calculated for [C40H7NO;;Na]" 764.4919, found
764.4949.

Preparation of model amide esters S3a-c derived from diethanolamine (7) trans-
carvomenthide (trans-405).

Spectral data for 412a (monoamide derived from trans-carvomenthide)

2 2'
1 1'

412a
"H NMR (500 MHz, CDCl3) 6 3.91 (ddd, J=11.3, 7.3, 3.3 Hz, 1H, H1), 3.82 (ddd, J =
11.3,6.1,3.4 Hz, 1H, H1*), 3.80 (app t, J= 5.1 Hz, 2H, H1’/H1°*), 3.77-3.70 (m, 1H,
H.), 3.67 (ddd, J=14.2, 5.9, 3.2 Hz, 1H, H2), 3.61 (ddd, J = 15.1, 5.0, 5.0 Hz, 1H, H2"),
3.48 (ddd, J=14.2, 7.2, 3.4 Hz, 1H, H2*), 3.45 (ddd, J=15.0, 5.1, 5.1 Hz, 1H, H2’%),
2.34(dd, J=15.1, 4.4 Hz, 1H, H,), 2.25 (dd, J= 15.1, 9.3 Hz, 1H, H,+), 1.94 (nfom, 1H,
Hy), 1.74 (dsextet, J= 4.2, 6.8 Hz, 1H, H,), 1.51-1.44 (m, 1H, Hy), 1.43-1.29 (m, 3H,
H./H.+/Hg+), 1.17 (d, J = 6.2 Hz, 3H, Hy), 0.90 (d, J = 6.8 Hz, 3H, Hy), and 0.85 (d, J =
6.8 Hz, 3H, H;).
BC NMR (125 MHz, CDCl3) § 175.7, 68.7, 60.9, 60.8, 52.5, 50.7, 41.0, 37.4, 34.9, 30.2,
27.9,23.7,20.0, and 18.5.
IR (neat): 3550-3200, 2959, 2873, 1617, 1464, 1420, and 1054 cm’".
HRMS (ESI) (m/z): mass calc. for [C14H,0NO4Na]", 298.1989, found 298.1988.

Spectral data for 412b (monoamide monoester derived from trans carvomenthide)
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412b
'H NMR (500 MHz, CDCl3) & 4.33-4.2 (m, 1H, H1), 4.2-4.10 (m, 1H, H1%), 3.89-3.39
(m, 8H, HI’/HI’*/H2/H2*/H2’/H2’*/H/H¢"), 2.36 (dd, J = 15.3, 4.8 Hz, 1H, H,), 2.34
(dd, J=15.4,5.1 Hz, 1H, Hy’) 2.24 (dd, J=15.2, 8.9 Hz, 1H, H,*), 2.12 (dd, J=15.3, 8.4
Hz, 1H, H,+), 1.95-1.88 (m, 1H, Hy), 1.80-1.69 (m, 3H, Hy/Hy/H,), 1.51-1.3 (m, 4H,
H/Hy/Hc/Hg), 1.19 (d, J = 6.0 Hz, 3H, Htor £/minor), 1.182 (d, J = 6.2 Hz, 3H, H¢ or £/major),
1.176 (d, J = 6.2 Hz, Ht or p/major), 1.17 (d, J = 6.1 Hz, Hr or p/minor), 0.92-0.82 (overlapping
ds, 12H, Hy/Hp/Hi/H;).
3C NMR the spectral data for this mixture of two (inequivalently populated) rotamers is
sufficiently complex that it was difficult to determine with confidence the appropriate set
of resonances; these values were reported as observed.
(125 MHz, CDCl3) 6 175.6, 174.4, 174.2, 174.0, 68.74, 68.67, 68.4, 68.3, 62.6, 61.7,
61.5,60.5,51.2,49.9,48.2, 46.2,41.10, 41.08, 40.6, 37.5, 37.2, 36.1, 36.0, 34.64, 34.57,
30.1, 30.0, 29.9, 29.8, 27.84, 27.75, 23.74, 23.71, 20.0, 19.9, 19.8, 18.7, 18.5, 18.3, and
18.2.
IR (neat): 3500-3300, 2960, 2874, 1734, 1623, 1462, 1370, 1275, 1162, 1113, and 1066
cm™,
HRMS (ESI) calc. for [C14H47NOgNa]’, 468.3296, found 468.3315.

Spectral data for 412¢ (monoamide bisester derived from trans carvomenthide)
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412¢c

"H NMR (500 MHz, CDCls) 8 4.29 (ddd, J = 11.6, 6.8, 5.5 Hz, 1H, H1), 4.22 (t, J = 5.6
Hz, 2H, HI’/H1°*), 4.13 (ddd, J = 11.6, 5.7, 5.7 Hz, 1H, H1*), 3.8-3.7 (m, 3H,

He/He/He), 3.66-3.58 (m, 4H, H2/H2*/H2’/H2"), 2.35 (dd, J = 15.7, 5.0 Hz, 1H, H,),
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2.33(dd,J=15.4,5.1 Hz, 1H, Hy), 2.31 (dd, J = 15.4, 5.4 Hz, 1H, H,»), 2.18 (dd, J =
15.7, 8.3 Hz, 1H, Hy+), 2.133 (dd, J = 15.4, 7.8 Hz, 1H, H,+), 2.129 (dd, J=15.4, 8.3 Hz,
1H, Hy+), 1.93-1.88 (m, 1H, Hy), 1.80-1.69 (m, 5H, Hy/Hy/Hg/Hg/Hg), 1.49-1.29 (m,
12H, Ho/He« Ho/Hg+/He:/Heo«/Hg/Hg+/He/He«/Hg/Hg+), 1.183 (d, J = 6.2 Hz, 3H, Hy),
1.181 (d, J=6.2 Hz, 3H, H¢>), 1.17 (d, J = 6.2 Hz, 3H, Hy), 0.90 (d, J = 6.8 Hz, 3H, Hy),
0.881 (d, J=6.7 Hz, 3H, Hy), 0.878 (d, /= 6.7 Hz, 3H, Hy>), 0.86 (d, /= 6.8 Hz, 3H,
H;), 0.84 (d, J= 6.6 Hz, 3H, H;), and 0.83 (d, J= 6.7 Hz, 3H, H;»).

BC NMR (125 MHz, CDCl3) § 174.1, 173.99, 173.97, 68.7, 68.4, 68.3, 62.2, 61.6, 47.3,
45.6,41.0, 40.5, 37.3, 36.1, 35.9, 34.5, 30.0, 29.9, 29.8, 27.81, 27.76, 27.6, 23.79, 23.77,
23.75,23.7,19.92, 19.86, 19.8, 18.7, 18.6, and 18.3.

IR (neat): 3550-3250, 2960, 2874, 1734, 1630, 1461, 1370, 1274, 1160, and 1115 cm™".
HRMS (ESI) mass calc. for [C34HssNOgNa]", 638.4602, found 638.4649.
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Preparation of acetate derivatives S4a-c of model amide/esters S3a-c from trans-
carvomenthide.
Spectral data for 413a (acetylated 412a)

2 2'
(0] o}

o 413a
"H NMR (500 MHz, CDCls) & 4.85 (sextet, J = 6.3 Hz, 1H, H.), 4.21 (t, J= 5.6 Hz, 2H,
HI1/H1%*),4.20 (t,J=5.9 Hz, 2H, HI’/H1’*), 3.63 (t, J = 6.6 Hz, 2H, H2’/H2’*), 3.61, (t,
J=5.9 Hz, 2H, H2/H2%*), 2.33 (dd, /= 15.6, 5.6 Hz, 1H, H,), 2.14 (dd, J = 15.6, 7.5 Hz,
1H, H,+), 2.08 (s, 3H, -C10,CCH3), 2.06 (s, 3H,-C1°0O,CCH3), 2.02 [s, 3H, -
R,C(H)O,CCHj3], 1.95-1.88 (m, 1H, Hy), 1.75 (dsept, /= 6.9, 4 Hz, 1H, H,), 1.57 (dddd,
J=13.4,11.0,7.2,5.3 Hz, 1H, Hy), 1.49 (dddd, J=13.4, 10.9, 5.4, 5.4 Hz, 1H, Hg+),
1.34-1.2 (m, 2H, H/H¢+), 1.20 (d, J = 6.2 Hz, 3H, Hy), 0.87 (d, /= 6.9 Hz, 3H, H;), and
0.85 (d,/J=6.9 Hz, 3H, H;).
BC NMR (125 MHz, CDCl3) § 173.5, 170.99, 170.98, 170.9, 71.4, 62.4, 62.1, 47.5, 45.9,
40.2,34.3,33.9,29.8, 27.0, 21.6, 21.1, 21.0, 20.1, 19.6, and 18.8.
IR (neat): 2958, 2873, 1734, 1622, 1461, 1419, 1251, 1163, 1058, and 1029 cm™.
HRMS (ESI) mass calc. for [C20H3sNO7Na]", 424.2306, found 424.2260.
Spectral data for 413b (acetylated 412b)
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"H NMR (500 MHz, CDCls)  4.858 (app sextet, J = 6.2 Hz, 1H, H, or Hc"), 4.856 (app
sextet, /= 6.2 Hz, 1H, H. or He’), 4.22-4.17 (m, 4H, HI/H1*/H1’/H1°*), 3.66-3.56 (m,
4H, H2/H2*/H2’/H2°*), 2.33 (dd, /= 15.4, 5.5 Hz, 0.5H, H,), 2.32 (dd, /= 15.4, 5 Hz,
0.5H, H,), 2.31 (dd, J=15.6, 6.1 Hz, 0.5H, Hy), 2.29 (dd, /= 15.4, 6.1 Hz, 0.5H, Hy),
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2.15 (two dds, J = 15.7, 7.1 Hz, 1H, H,»), 2.14 (dd, J= 15.4, 7.3 Hz, 0.5H, H,+), 2.13
(dd, J=15.5, 7.0 Hz, 0.5H, H,~), 2.08 (s, 1.5H, -C1°0,CCH3), 2.06 (s, 1.5H, -
C1°0,CCH3), 2.025 (5, 3H, -Ce or o 02CCH3), 2.019 (s, 3H, -C or cO,CCH3), 1.94-1.87
(m, 1H, Hy), 1.79-1.67 (m, 3H, Hy/Hy/Hy), 1.62-1.53 (m, 2H, Hy/Hy), 1.53-1.43 (m, 2H,
Hg+/Hg), 1.37-1.2 (m, 4H, He/ He+/He/He), 1.20 (br d, J = 6.3 Hz, 6H, Hy/Hy), 0.876 (d,
J=6.6Hz, 1.5H, Hi or i ofhoriv), 0.871 (d, J= 6.9 Hz, 1.5H, Hi or i’ ofh or 1), 0.865 (d, J =
6.6 Hz, 1.5H, Hior i ofhori), 0.863 (d, J = 6.6 Hz, 1.5H, Hior i ofhorn’), 0.850 (d, J = 6.6
Hz, 3H, H; or > ofhor i), and 0.833 (d, J=7.0 Hz, 3H, Hi o1 ofh ori’)-

3C NMR (125 MHz, CDCls) & 173.53, 173.46, 173.2, 170.7, 71.18, 71.16, 71.0, 70.9,
62.2,62.1,61.9 61.8,47.34, 47.31,47.28, 47.26, 45.7, 45.6, 40.5, 40.4, 40.1, 39.9, 35.84,
35.84,35.76, 34.24, 34.19, 33.8, 33.7, 33.48, 33.46, 29.7, 29.61, 29.58, 26.80, 26.76,
26.7,26.6,21.8,21.39,21.38, 20.9, 20.81, 20.78, 20.75, 20.3, 20.25, 19.99, 19.96, 19.94,
19.92, 19.43, 19.37, 19.32, 19.27, 19.25, 18.81, 18.78, 18.64, 18.6, 18.5, 18.44, and
18.43.

IR (neat): 2957, 2873, 1734, 1649, 1460, 1371, 1242, 1164, 1131, and 1050 cm.
HRMS (ESI) mass calc. for [C30Hs3NOoNa]", 594.3613, found 594.3639.

Spectral data for 413c¢ (acetylated 412¢)

413c
"H NMR (500 MHz, CDCl3) 8 4.86 (sextet, J = 6.2 Hz, 3H, Ho/He/He), 4.24-4.15 (m,
AH, HI/HI*/H/HD®), 3.67-3.57 (m, 4H, H2/H2#/H2/H2°%), 2.34 (dd, J = 15.5, 5.7
Hz, 1H, H,), 2.31 (dd, J = 15.3, 5.9 Hz, 1H, Hy), 2.28 (dd, J = 15.4, 6.1 Hz 1H, Hy),
2.15 (dd, J = 15.4, 6.9 Hz, 1H, H,»), 2.14 (dd, J = 15.5, 7.4 Hz, 1H, H,w), 2.13 (dd, J =
15.5, 7.2 Hz, 1H, Hy), 2.025 (s, 3H, -0,CCH3), 2.024 (s, 3H, -0,CCH;), 2.02 (s, 3H, -
0,CCH;), 1.94-1.87 (nfom, 1H, Hy), 1.80-1.66 (m, SH, Hy/Hy/Hy/Hg/Hy-), 1.62-1.53
(m, 3H, Hy/Hg/Hg), 1.52-1.43 (m, 3H, Hge/Hg-+/Hg+), 1.37-1.20 (m, 6H,
Ho/He/He/How/Hes/He=), 1.206 (d, J = 6.3 Hz, 6H, HeHy), 1.204 (d, J = 6.3 Hz, 3H,
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Hy), 0.874 (d, J = 6.7 Hz, 3H, Hy), 0.863 (d, J = 6.4 Hz, 3H, Hy"), 0.862 (d, J = 6.3 Hz,
3H, H,), 0.850 (d, J= 6.7 Hz, 3H, Hy), 0.833 (d, J = 6.7 Hz, 3H, Hy), and 0.832 (d, J =
6.7 Hz, 3H, Hy,»).

3C NMR (125 MHz, CDCLs) & 173.7, 173.6, 173.4, 170.94, 170.91, 71.4, 71.2, 71.1,
62.3, 62.0,47.5,45.8,40.7, 40.6, 40.2, 36.0, 35.9, 34.4,33.9, 33.7, 33.6, 30.0, 29.9 29.8,
26.94,26.87,26.83, 21.60, 21.58, 20.2, 20.1, 19.7, 19.6, 19.5, 18.8, 18.7, and 18.66.

IR (neat): 2958, 2874, 1734, 1650, 1461, 1371, 1244, 1163, 1132, and 1021 cm™.
HRMS (ESI) mass calc. for [C40H7;NO1Na]’, 764.4919, found 764.4958.
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Preparation of model amide esters 414a-c derived from diethanolamine (7) and cis-
carvomenthide (cis-405).

Spectral data for 414a (monoamide derived from cis carvomenthide)

2 2'
HO\/\N/\/OH
1 1'

414a

"H NMR (500 MHz, CDCl3) 6 3.92 (ddd, J = 11.0, 7.3, 3.3 Hz, 1H, H1), 3.89-3.84 (m,
1H, He), 3.81 (ddd, J = 11.0, 6.0, 3.5 Hz, 1H, H1%*), 3.79 (t,J = 5.1 Hz, 2H, HI’/H1’*),
3.67 (ddd, J = 14.4, 6.1, 3.3 Hz, 1H, H2), 3.62 (ddd, J = 15.1, 5.2, 5.2 Hz, 1H, H2’), 3.46
(ddd, J = 14.2, 7.3, 3.4 Hz, 1H, H2%*), 3.42 (ddd, J = 15.1, 5.0, 5.0 Hz, 1H, H2’*), 2.35
(dd, J =15.5,3.8 Hz, 1H, H,), 2.26 (dd, J = 15.5, 9.9 Hz, 1H, H,+), 1.99-1.93 (m, 1H,
Hy), 1.72 (dsept, J = 4.3, 6.8 Hz, 1H, Hy), 1.50-1.34 (m, 4H, H./Hc+/Ho/Hg+), 1.17 (d, J =
7.3 Hz, 3H, Hy), 0.91 (d, J = 6.9 Hz, 3H, Hy), and 0.85 (d, J = 6.8 Hz, 3H, H)).

BC NMR (125 MHz, CDCl3) § 175.7, 66.9, 60.8, 60.7, 52.4, 50.6, 39.2, 36.0, 34.5, 29.6,
26.9, 23.2,20.5, and 18.4.

IR (neat): 3530-3100, 2959, 1617, 1464, 1421, 1368, 1128, and 1055 cm™".

HRMS (ESI) mass calc. for [C14H,0NO4Na]" 298.1989, found 298.1996.

Spectral data for 414b (monoamide monoester derived from cis-carvomenthide)

'
g ¢y a' 2 2
HO/\d/ b O\/\N/\/OH
! 1 17
o0
hl i|
f_e

1
a
C

414b i
"H NMR (500 MHz, CDCls) 8 4.34-4.10 (m, 2H, H1/H1*), 3.91-3.84 (m, 1H, H2), 3.82-
3.43 (m, 7H, HI*/H1*/H2*/H2’/H2 */HJ/H,), 2.37 (dd, J = 15.5, 4.0 Hz, 1H, H,), 2.35
(dd, J = 15.5, 4.9 Hz, 1H, H,), 2.22 (dd, J = 15.5, 9.6 Hz, 1H, H,»), 2.12 (dd, J = 15.3,
9.1 Hz, 1H, Hy»), 1.97-1.91 (m, 1H, Hy), 1.81-1.68 (m, 3H, Hy/H,/H,), 1.49-1.21 (m, 8H,
Ho/Hew/Hy/Haw/He/Hew/Hg Hy»), 1.178 (d, J = 6.2 Hz, 3H, Hyor Hp), 1.176 (d, J = 6.2
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Hz, 3H, Hror Hy), 0.888 (d, J = 6.8 Hz, 3H, H; or Hy’), 0.886 (d, J = 6.9 Hz, 3H, H; or
Hy), 0.86 (d, J = 6.9 Hz, 3H, H; or Hy-), and 0.83 (d, J = 6.8 Hz, 3H, H; or Hy).
IR (neat): 3580-3200, 2960, 1734, 1623, 1462, 1370, 1161, 1111, and 1066 cm™.
HRMS (ESI) mass calc. for [C14H47NOgNa]" 468.3296, found 468.3294.
Spectral data for 414¢ (monoamide bisester derived from cis-carvomenthide)
f‘ -
o Y jia\mwz o
g & 1 1
h' i
a

- OH
O/:\

i 414c

"H NMR (500 MHz, CDCl3) 8 4.32-4.10 (m 4H, H1/H1*/H1’/H1°*), 3.91-3.84 (m, 1H,
H.), 3.82-3.49 (m, 6H, H2/H2*/H2’/H2 */H¢/H¢>), 2.343 (dd, J = 15.3, 5.1 Hz, 1H, H,),
2.338 (dd, J = 15.5,4.6 Hz, 1H, Hy), 2.31 (dd, J = 15.1, 5.1 Hz, 1H, H,»), 2.16 (dd, J =
15.9, 8.4 Hz, 1H, Hy+), 2.13 (dd, J = 15.5, 8.4 Hz, 1H, H,+), 2.10 (dd J = 15.2, 8.4 Hz,
1H, Hy»+), 1.95 (ddddd, J= 8.4, 8.4,4.2,4.2,4.2 Hz, 1H, Hy), 1.80-1.69 (m, 5H,
Hy/Hp»/Ho/Hg/Hg), 1.49-1.22 (m, 12H,
Ho/He+/Ho/Hg+/He/Hew/Hg/Ho+/He/Heo+/Ha/Hgo+), 1.182 (d, J = 6.2 Hz, 6H, two of
H¢/He/Hy>), 1.176 (d, J = 6.2 Hz, 3H, one of Hy/H¢/Hy), 0.92 (d, J = 6.8 Hz, 3H, Hy)
0.885 (d, J = 6.7 Hz, 3H, Hy’), 0.881 (d, J = 6.8 Hz, 3H, Hy~), 0.85 (d, J = 6.8 Hz, 3H,
Hi, Hy, or H;»), 0.84 (d, J = 6.5 Hz, 3H, H;, Hy, or H;»), and 0.82 (d, J = 6.2 Hz, 3H, H;,
Hj-, or H;»).

IR (neat): 3600-3300, 2960, 1735, 1631, 1461, 1370, 1275, 1159, 1113, and 1070 cm™".
HRMS (ESI) mass calc. for [C34HssNOgNa]" 638.4602, found 638.4648.
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Acetate derivatives S2a-c of model amide esters Sla-c from cis-carvomenthide.
These tris-acetate derivatives were prepared in analogous manner to the acetates 11a-c, as
described directly above.

Spectral data for 415a (acetylated 414a)

o 2 Z o
Iy

0] 415a

"H NMR (500 MHz, CDCl;) & 4.84 (sextet, J = 6.3 Hz, 1H, H,), 4.22 (t, J = 5.6 Hz, 2H,
HI1/H1%*),4.20 (t,J = 5.9 Hz, 2H, HI’/H1°*), 3.65-3.55 (4 overlapping dts, 4H,
H2/H2*/H2’/H2’%*), 2.32 (dd, J = 15.6, 5.5 Hz, 1H, H,), 2.15 (dd, J = 15.6, 7.7 Hz, 1H,
Ha*), 2.08 (s, 3H, -O,CCH3), 2.06 (s, 3H, -O,CCH3), 2.02 (s, 3H, -O,CCHj3), 1.91 (ddddd,
J=16.8,6.8,6.8,5.5,3.8 Hz, 1H, Hy), 1.76 (dqq, J = 4.0, 6.8, 6.8 Hz, 1H, H,), 1.60
(dddd, J =13.5,11.8, 7.3, 4.8, 1H, Hy), 1.48 (dddd, J = 13.7, 11.0, 5.3, 5.3 Hz, 1H, Hg+),
1.34 (dddd, J =13.4,11.1, 6.4, 4.7 Hz 1H, H,), 1.20 (dddd, J = 13.4, 11.7, 6.5, 5.1 Hz,
1H, H¢+), 1.20 (d, J = 6.3 Hz, 3H, Hy), 0.88 (d, J = 6.9 Hz, 3H, H;), and 0.85 (d, J = 6.8
Hz, 3H, Hj).
3C NMR (125 MHz, CDCl3) § 173.4, 170.99, 170.98, 170.8, 71.5, 62.5, 62.1, 47.5, 45.1,
40.3, 34.3, 34.0, 29.6, 27.2, 21.6, 21.1, 21.0, 20.2, 19.6, and 18.7.
IR (neat): 2957, 1738, 1648, 1371, 1236, and 1047 cm™
HRMS (ESI) mass calc. for [C20H3sNO;Na]" 424.2306, found 424.2308.
Spectral data for 415b (acetylated 414b)
gt ¢ @ 2 2
)]\O ed‘ c bg. r 0\1/\N/\1r/0\[(])/

O 415b
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"H NMR (500 MHz, CDCl;) & 4.85 (sextet, J = 6.1 Hz, 1H, H,), 4.84 (sextet, J = 6.2 Hz,
1H, He), 4.14-4.21 (m, 4H, HI/H1*/H1’/H1’*), 3.68-3.53 (m, 4H, H2/H2*/H2’/H2’*),
2.31(dd,J =15.2,5.8 Hz, 1H, H,), 2.29 (dd, J = 15.6, 6.2 Hz, 1H, Hy"), 2.16 (dd, J =
15.0, 7.7 Hz, 1H, Ha+), 2.15 (dd, J = 15.3, 7.8 Hz, 1H, Hy+), 2.09 (s, 3H, -O,CCHs), 2.03
(s, 3H, -O,CCHs), 2.02 (s, 3H, -O,CCH3), 1.95-1.87 (m, 1H, Hy), 1.65-1.53 (m, 2H,
H4/Hg), 1.52-1.43 (m, 2H, Hg+/Hg+), 1.40-1.31 (m, 2H, H/H,), 1.25-1.15 (m, 2H,
He+/He), 1.204 (d, J = 6.2 Hz, 3H, Hy), 1.20 (d, J = 6.2 Hz, 3H, Hy), 0.87 (d, J = 6.8 Hz,
3H, Hy), 0.86 (d, J = 6.6 Hz, 3H, Hy), 0.85 (d, J = 6.8 Hz, 3H, H;), and 0.83 (d, J = 6.7
Hz, 3H, Hy).

BC NMR (125 MHz, CDCls) & 173.74, 173.65, 173.5, 173.4, 171.0, 170.98, 170.96,
170.8, 71.48, 71.46,71.3, 71.2, 62.4, 62.3, 62.1, 62.0, 47.51, 47.50, 45.9, 45.8, 40.72,
40.70, 40.4, 40.3, 35.9. 35.8, 34.33, 34.27, 34.0, 33.8, 33.7, 29.7, 29.63, 29.60, 27.13,
27.08, 26.98, 26.97, 26.90, 21.58, 21.57, 21.1, 21.0, 20.8, 20.1, 19.73, 19.70, 19.64,
19.60, 19.58, 18.7, 18.6, and 18.5.

IR (neat): 2958, 1734, 1649, 1371, 1243, 1050, and 753 cm’.

HRMS (ESI) mass calc. for [C30Hs3NOoNa]" 594.3613, found 594.3626.

Spectral data for 415c (acetylated 414c¢)

"H NMR (500 MHz, CDCLs) 8 4.85 [sextets, J = 6.0 Hz, 3H, Hy/Ho/He-], 4.23-4.15 (m,

4H, HI/H1*/H1’/H1’*), 3.68-3.57 (m, 4H, H2/H2*H2’/H2’*), 2.36-2.26 (3H,

Ho/Ha/Ha), 2.17-2.1 (3H, Ha#/Hy+/Hys), 2.03 (s, 6H, -COCH3), 2.02 (s, 3H, -COCH3),

1.93-1.87 (m, 1H, Hy), 1.78-1.68 (m, SH, Hy/Hy/Hy/Hy/Hy-), 1.63-1.54 (m, 3H,

Hy/Hg/Hg), 1.51-1.43 (m, 3H, Hye/Hg/Hg+), 1.41-1.31 (m, 3H, Ho/He/He), 1.29-1.14

(m, 3H, Hew/He»/Hev), 1.204 (d, J = 6.3 Hz, 6H, Hp/He), 1.20 (d, J = 6.3 Hz, 3H, Hy),
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0.88 (d, J = 6.8 Hz, 3H, Hy), 0.86 (d, J = 6.6 Hz, 6H, Hy»/Hy>), 0.85 (d, J = 6.7 Hz, 3H,
H;). 0.833 (d, J = 6.7 Hz, 3H, H;), and 0.831 (d, J = 6.7 Hz, 3H, H;»).

IR (neat): 2958, 1734, 1651, 1461, 1371, 1244, 1164, and 1022 cm™.

HRMS (ESI) mass calc. for [C40H7;NO;Na]" 764.4919, found 764.4951.
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(BR,6S5)-methyl 6-(((3,5-dimethylphenyl)carbamoyl)oxy)-3,7-dimethyloctanoate
(416). Alcohol 408 (30 mg, 0.15 mmol) was dissolved in CDCI;3 (0.6 mL). A wiretrol
contained approx. 2 mg DABCO was applied to the side wall of the culture tube,
followed by the isocyanate (371, 11 mg, 0.075 mmol), dispensed through wiretrol. The
reaction stirred at rt for 1 hour and was monitored by NMR and TLC. Concentration by
rotary evaporation and application to MPLC (4:1 Hex:EtOAc) afforded the carbamate
416 in 50% yield.

"H NMR (500 MHz, CDCl3): 8 7.04 (s, 2H), 6.70 (s, 1H), 6.53 (br s, 1H), 4.68 (ddd, J =
8.0,5.4,4.2 Hz, 1H), 3.65 (s, 3H), 2.32 (dd, J = 14.7, 5.8 Hz, 1H), 2.29 (s, 6H), 2.11 (dd,
J=14.7,8.2 Hz, 1H), 2.02-1,81 (m, 2H), 1.66-1.34 (m, 3H), 1.30-1.15 (m, 1H), 0.95 (d,
J=6.6 Hz, 3H), 0.933 (d, J/ = 6.8 Hz, 3H), and 0.929 (d, J = 6.8 Hz, 3H).
[seVpg206mnf2]

LCMS (Method C): Tg = 4.5 min, m/z “pos” = 350.0 (M+1)", 367.3 (M+18)", m/z “neg”
=348.3 (M-1).

TLC (4:1 Hex:EtOAc): Rg=0.2

(3S)-methyl 6-(((3,5-dimethylphenyl)carbamoyl)oxy)-3-isopropylheptanoate (417).
Identical conditions were applied for the preparation of the carbamate 417. The same
purification method was used, and the yield was improved to ca. 60-70 % in this case.
"H NMR (500 MHz, CDCl3): 8 7.00 (s, 2H), 6.70 (s, 1H), 6.54 (br s, 1H), 4.86 (sextet, J
= 6.2 Hz, 1H), 3.66 (s, 3H), 2.31 (dd, J = 15.1, 6.1 Hz, 1H), 2.29 (s, 6H), 2.15 (dd, J =
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15.1, 7.4 Hz, 1H), 1.86-1.23 (m, 6H), 1.27 (d, J = 6.3 Hz, 3H), 0.87 (d, J = 6.7 Hz, 1H),
and 0.84 (d, J = 6.7 Hz, 3H). [seVpg206cmfl]

LCMS (Method C): Tg = 4.6 min, m/z “pos” = 350.3 (M+1)", 367.3 (M+18)", m/z “neg”
=348.3 (M-1). 408.0 (M+59)".

TLC (4:1 Hex:EtOAc): R¢=0.2

Chapter VL.B. covers the extensive characterization efforts for both isomers of menthones
400, carvomenthones 404, menthides 401, carvomenthides 405, and abnormal
carvomenthides 406.

Characterization data for menthone is contained first, followed by carvomenthone.

Me O 1) K2COg, Me O Me O
A, MeOH )
Me —— > Me + Me”
., 2) separation ., .,
Me Me Me
~2:1 :
trans-400 trans-400 cis-400

trans-400 and cis-400.

A commercial sample of menthone (10g) was weighed into a culture tube, followed by 1
g of K2CO3. The suspension was homogenized by addition of 20 mL MeOH. The tube
was sealed and heated to reflux for 4 hours, at which time NMR indicated a 2:1 ratio
trans:cis-400. The reaction mixture was cooled to room temperature, and concentrated to
a slurry of salt and ketone products. This mixture was washed with hexanes and the
filtered through a pad of silca gel. The hexane washes were concentrated under reduced
pressure to the crude ketones, which could be separated by MPLC (20:1 Hex:EtOAc) to
afford 6 grams frans-400 and 2 grams cis-400. Mixed fractions were resubjected to the

chromatography conditions for higher recovery of each isomer.

trans-400

"H NMR (500 MHz, CDCl3) and *C NMR (125 MHz, CDCl;) data are contained in
Table I1I-1.

IR (neat): 2955, 2871, 1710, 1456, and 1202 cm’.
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HRMS (ESI) mass calc. for [C1oH;sONa]", 177.1250, found 177.1253.

cis-400

"H NMR (500 MHz, CDCl3) and *C NMR (125 MHz, CDCl;) data are contained in
Table I11-2.

IR (neat): 2957, 2871, 1708, 1457, and 1274 cm™.

HRMS (ESI) mass calc. for [C1oH;sONa]", 177.1250, found 177.1265.

Me O DBU Me O Me O
P .D D
Me — > Me™ y~ Np * MeTy® D
, THF/D,0
‘Me Me Me
400 C": 3(1 % trans-400-d5 Cis-400-d3

trans-400-dz and cis-400-d;

A mixture of cis and frans menthone (400, approximately 1:1) was treated with DBU and
heated in THF/D,O for a few hours, when NMR indicated that approximately 90% of the
starting material had been thrice deuterated and isomerized to a 2:1 ratio of trans to cis-

400-d;. These were separated by MPLC as described for the parent trans and cis-400.

Mass measurements were taken independently to confirm the presence of three D in each
ketone:

trans-400-d;

Exact mass calc. for [CioH;sD3;ONa]", 180.1438, found 180.1451.

cis-400-d;

Exact mass calc. for [CioH;sD3;ONa]", 180.1438, found 180.1439.

Carvomenthone was used as received from Senthil (from reduction of 403) but the
stereoisomers were separated prior to characterization and deuterium studies.

(0] (0] (0]
Me@ separation Me\i‘j Me.,, ij
—_— +
., -Me ., -Me ., -Me
|/ ~7:1 f |/
Me Me Me
404 trans-404 cis-404
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Separation of trans and cis-404 was performed in the same way as 400 but required

selective collection of peaks and iterative chromatographies of mixed samples.

trans-404

"H NMR (500 MHz, CDCl3) and *C NMR (125 MHz, CDCl;) data are contained in
Table I11-3.

IR (neat): 2961, 2872, 1711, 1455, 1370, and 1221 cm™.

HRMS (ESI) mass calc. for [C1oH;sONa]", 177.1250, found 177.1254.

cis-404

"H NMR (500 MHz, CDCl3) and *C NMR (125 MHz, CDCl;) data are contained in
Table I11-4.

IR (neat): 2962, 2871, 1710, 1456, and 1218 cm™.

HRMS (ESI) mass calc. for [C1oH;sONa]", 177.1250, found 177.1231.

o) o) o)
Me DBU Me,,, D Me D
- = D D + D )
Me  ThED,0 Me Me

404 Me 90-95%  trans-404-d; Me cis-404-d; Me
~7:1

trans-404-dz and cis-404-d;

A mixture of trans and cis-404 (approximately 10:1) was deuterated in an analogous way
as 400. Again, ca. 90% D incorporation of the starting material was observed and
isomerized to a 7:1 ratio of trans to cis-400-d;. These were separated by MPLC as

described for the parent frans and cis-404.

Mass measurements were taken independently to confirm the presence of three deuterium
in each ketone:

trans-404-d;

Exact mass calc. for [CioH;sD3;ONa]", 180.1438, found 180.1452.

cis-404-d;
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Exact mass calc. for [CioH;sD3;ONa]", 180.1438, found 180.1452.

mCPBA (2 equiv)

Me O CF3CO,H (1.1 equiv)
Me/\ij Me@
“'Me DCM, rt, 50-60 % Me

Me

trans-400 trans-401
Trans and cis-401 and trans and cis-405 were all prepared in the same fashion as

described (for trans-401) below.

To a stirred solution of (—)-menthone (trans-400, 1 equiv) and TFA (1 equiv) in CH,Cl,
(for reaction 0.2 M) was added 3-chloroperoxybenzoic acid (77% wt %, 2 equiv) at rt in
small portions over a period of 10 min. After the addition, the reaction mixture was
stirred for 1 h. The progress of the reaction was monitored by TLC. The slurry was
filtered and the filtrate cooled to 0 °C to give an additional amount of precipitate, which
were removed via a second filtration. The resulting filtrate was washed with aqueous
sodium bisulfite (saturated), saturated sodium bicarbonate, and saturated sodium chloride
solution. The combined organic layers were dried over sodium sulfate and the solvent
was removed via rotary evaporation. The resulting crude compound was purified by
MPLC (12:1 Hex:EtOAc) to afford (—)-menthide (and corresponding lactones cis-401,
405, and 406). Isolated yields 50-80% 77%) as a colorless oil. Cis-401 was prepared in an

identical fashion.

(0]
Me o
""Me
Me
401

Data for trans-401

"H NMR (500 MHz, CDCl3) and *C NMR (125 MHz, CDCl;) data are contained in
Table I11-5.

IR (neat): 2961, 2930, 1726, 1279, 1226, 1106, 1049, and 1019 cm-1.

HRMS (ESI) mass calc. for [C1oH;50,Na]" 193.1199, found 193.1197.
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Data for cis-401

"H NMR (500 MHz, CDCl3) and *C NMR (125 MHz, CDCl;) data are contained in
Table I11-6.

IR (neat): 2963, 2934, 1728, 1267, 1166, and 1031 cm-1.

HRMS (ESI) mass calc. for [C1oH;50,Na]" 193.1199, found 193.1201.

% Me
Me

Me

Data for trans-405

"H NMR (500 MHz, CDCl3) and *C NMR (125 MHz, CDCl;) data are contained in
Table I11-7.

IR (neat): 2960, 2934, 1727, 1279, 1251, 1170, 1044 cm™.

HRMS (ESI) mass calc. for [C1oH;30,Na]" 193.1199, found 193.1198

Data for cis-405

"H NMR (500 MHz, CDCl3) and *C NMR (125 MHz, CDCl;) data are contained in
Table I11-8

IR (neat): 2957, 2934, 1726, 1279, 1253, 1182, and 1047 cm.

HRMS (ESI) mass calc. for [C1oH;50,Na]" 193.1199, found 193.1201.

(0]
Me
(0]
Me’i
Me 406

Trans and cis-406 were byproducts from the preparation of 405. They were obtained as 3-
5% of the total recovered lactone and separated from 405, by careful chromatography

(16:1 Hex:EtOAc) and analyzed separately.
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Data for trans-406

"H NMR (500 MHz, CDCl3) and *C NMR (125 MHz, CDCl;) data are contained in
Table I11-9

IR (neat): 2961, 2934, 1730, 1274, 1182, 1092, and 1028 cm.

HRMS (ESI) mass calc. for [C1oH;50,Na]" 193.1199, found 193.1196.

Data for cis-406

"H NMR (500 MHz, CDCl3) and *C NMR (125 MHz, CDCl;) data are contained in
Table II1-10.

IR (neat): 2951, 2921, 1725, 1461, 1272, 1254, and 1175 cm’.

HRMS (ESI) mass calc. for [C1oH;50,Na]" 193.1199, found 193.1209.
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trans-400

Table III-1: °C and '"H NMR Data for Menthone (zrans-400) (CDCls, 125 and 500

MHz).
Atom Carbon Proton COSY
number' Sc Sy mult  J[Hz] (to "H#)

1 212.2
2 56.0 2.09-2.01 m H3a, H33, H7
3B 28.0 2.09-2.01 m H3a, H4B, H2, H4a
3a 28.0 1.43-131m H3p, H2, H4p, Hda
4B 34.1 1.43-1.31 m H4a, H3a, H38, HS
4a 34.1 1.92-1.88 nform’ H4B, H5, H3a, H3B, H3a, Héo!
5 35.6 1.91-1.80 nform® H6a(weak), H6p,Me10, H4p, H4a
6p 51.0 1.99 t 12.7 Hé6a, HS
60 51.0 235  ddd 12.9,4.0,2.3 H6pB, H5, H4a
7 26.1 2.14  dsept 6.8,5.2 Me8, Me9, H2

Me8 21.3 0.91 d 6.8 H7

Me9 18.8 0.85 d 6.8 H7

Mel0 223 1.01 d 6.4 H5

Yo (= trans), B (= cis) are given relative to the Me10 group
? correlations into multiplets are given to the expected proton.

? non first-order multiplet.
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Table III-2: °C and '"H NMR Data for Isomenthone (cis-400) (CDCls, 125 and 500

MHz).

Atom Carbon Proton COSY
number' Sc Sy mult  J[Hz] (to 'H#)?

1 214.4

2 57.3 2.07-1.91 m H7, H60, H3p, H3a
3p 26.9 2.07-1.91 m H3a, H4o, H4B, H2
30 26.9 1.77-1.66 m H3p, 4Ho, H4p, H2
48 29.6 148  dddd 14.0,11.2,9.3,4.2° H4a, H5, H3p, H3a
4o, 29.6 1.77-1.66 m H3a, H3B, H5, H4B
5 34.4 2.07-1.91 m H6pB, H6a, Mel0, H4pB, Ha
6p 48.2 211 dd 13.2,10.1° Hé6a, H5
601 48.2 230 dddd 13.2,451.3,1.3 H6p, H5, H2
7 27.0 2.07-1.91m H2, Me8, Me9
MeS8 21.0 094 d 6.5 H7
Me9 20.0 085 d 6.6 H7
Mel0 21.5 099 d 6.6 H5

Yo (= trans), B (= cis) are given relative to the Me10 group

? correlations into multiplets are given to the expected proton.

’ Mel0 is equatorial in the major conformer, so H4p is axial and has two large *Juy
values in addition to its “Jyy. Similarly, H6p is axial and has a large *Juy value in addition

to its ZJ HH.
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Table I1I-3: "°C and '"H NMR for Trans Carvomenthone (trans-404) (CDCls, 125; 500

MHz).
Atom Carbon Proton COSY
number' Sc Sy mult  J[Hz] (to "H#)

1 213.7
2 45.0 233  dddq 129,6.5,1.1%,6.5 Mel0, H3o, H3B, H6B
3B 352 210 dddd 12.6,6.1,3.1,3.0 H3a, H4B, Hdo, H2
3a 352 130 dddd 12.9,12.9,12.9,3.4 H2, H3p, H4a, H4B
4B 29.0 144 dddd 12.9,129,129,35 H3a, H3B, H5, H4a
4a 29.0 1.86 ddddd 12.9,3,3,3,3 H3a, H3B, H4B, H5, H6a
5 46.7 1.51-1.61 m H7, Hdo, H4B, H6a, HEP
6B 455 206 ddd  129,129,15° Hé6a, HS, H2
60 455 240 ddd  13.0,3.5,2.2° H6B, H5, Ha
7 32.9 1.51-1.61 m Me8, Me9, H5

Me8 19.7 090 d 6.6 H7

Me9 19.4 089 d 6.6 H7

Mel0 14.5 .01 d 6.5 H2

Yo (= trans), B (= cis) are given relative to the C5 'Pr group.

? correlations into multiplets are given to the expected proton.

3 *Juy correlations are observed for H2-H6p (4-bond diaxial) and H4a-H6o, (W

coupling).
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Table I1I-4: °C and '"H NMR for Cis Carvomenthone (cis-404) (CDCLs, 125 and 500

MHz).
Atom Carbon Proton COSY
number' Sc Sy mult  J[Hz] (to "H#)

1 2153
2 44.4 245  sextet 6.9 Mel0, H3a, H3p
3B 31.5 1.75 - 1.60 m H3a, H2, H4a, H4B
3a 31.5 1.87  nfom’ H3p, H2, H4a, H4p
48 25.0 1.75 - 1.60 m H4a, H3a, H3B, H5
4o, 25.0 1.75 - 1.60 m HA4B, H5, H3a, H3p
5 44.9 1.75 - 1.60 m H6a, H6B, H4o, H4P
6f 43.1 2.38-2.28m H6a, H5
601 43.1 2.38-2.28m H6p, H5
7 30.7 1.49  dsept 6.9,6.9 H5, Me8, Me9

MeS8 20.14 0.91 d 6.9 H7

Me9 20.07 08 d 6.9 H7

Mel0 16.0 110 d 6.9 H2

Yo (= trans), B (=c is) are given relative to the C5 'Pr group.

? correlations into multiplets are given to the expected proton.

? non first-order multiplet.
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Table III-5: °C and '"H NMR Data for Menthide (zrans-401) (CDCls, 125 and 500

MHz).
Atom Carbon Proton COSY
number® d¢ dy mult  J[Hz] (to "H#)
1 174.8
2B 423 2.54 dd 13.4,11.5 2a, 3
20 423 247  ddd 13.4,19,1.9* 2B, 3, 40
3 30.2°  1.90-1.80 m MelO, 2a, 2, 4f
4B 372 129 dddd 13.5,13.5,11.5,3.5 4a, 3, 5a, 5p
4a 372 195 ddddd13.5,3.5,3.5,3.5,2.0* 4p, 5B, 20
5P 30.7  1.90-1.80 m 4a, 4B, 50, 6
50 307  1.60 dddd 13.2,12.2,9.2,3.0 4B, 56
6 84.5  4.05 dd 9.2,44 5B, Sa, 7
7 33.1°  1.90-1.80 m 6, Me8, Me9
Me8 181  0.98 d 7.0 7
Me9 16.8  0.97 d 6.9 7
Mel0 23.7 1.04 d 6.7 3

‘o (= trans), p (= cis) are relative to Mel0

® correlations into multiplets are assigned to the expected proton
“assignments could be reversed

YH20: to H4a (*Jum) is observed
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Table III-6: °C and '"H NMR Data for Isomenthide (cis-401) (CDCls, 125 and 500

MHz).
Atom Carbon Proton COSY
number* d¢ dy mult  J[Hz] (to '"H#)"
1 174.5
2B 40.8 289 dd 13.6,3.4 2a, 3
20 40.8 254  dd 13.6,5.9 28,3
3 26.70  2.18 ddddq 7.2,5.9,4.4,3.7,3.2 2a, 23, MelO
4B 343  1.80-1.69m 4a, 5B, 5a
4a 343  1.80-1.69m 4B, 58, 50
5B 26.74°  1.80-1.69 m 5B, 4a, 4P, 6
50 26.74°  1.80-1.69 m Sa, 4a, 4B, 6
6 849  4.02 ddd 8.4,4.7,1.9 5a, 5B, 7
7 333 1.87  dsept 6.8,4.7 6, Me8, Me9
Me8 17.3 0982 d 6.8 7
Me9 17.7 0977 d 6.8 7
MelO 18.5 1.05 d 7.2 3

"o (= trans), p (= cis) are relative to Mel0

® correlations into multiplets are assigned to the expected proton

“assignments could be reversed
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Table III-7: °C, and 'H NMR for Trans Carvomenthide (trans-405) (CDCls, 125, 500

MHz).
Atom Carbon Proton COSY
number” d¢ dy  mult  J[Hz] (to 'H-#)°
1 175.6
2B 38.0 2.51-2.42 m 2a, 3, 4a.
2a. 380 2.51242m 2B, 3, 4o
3 40.2 1.57 ddddd 12,9,5,3.5,2.5 2a, 20, 48, 7
4a. 31.1 1.82 brdddd 13.5,3.5,3.5,3.5 4B, 5a
4B 31.1 1.47 dddd 13,13,13,3.5 3,4a, 5B, S5a
Sa 35.7 1.65 dddd 15.2,12.5,9.0,3.0 5B, 4P, 40, 6
5B 35.7 1.91 ddd 15.2,3.9,3.9 4B, 5a, 6
6 765 442  dq 92,64 Mel0, 50, 5B
7 334 1.69 dqq 6.9,6.9,3.9 3, Me8§, Me9
Me8 18.6 0.90 d 6.9 7
Me9 18.4 0.87 d 6.8 7
MelO 22.4 1.35 d 6.4 6

* o (=trans) and B (= cis) are given relative to C3 'Pr group

® correlations into multiplets are assigned to the expected proton
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Table III-8: "°C, and "H NMR for Cis Carvomenthide (cis-405) (CDCls, 125 and 500

MHz).
Atom Carbon Proton COSY
number* d¢ dy  mult J[Hz] (to '"H#)"
1 174.2
28 38.3 2.80  ddd  14.2,5.7,1.5° 20, 3, 4p°
20, 38.3 2.76 dd 14.2,3.7 2,3
3 38.7 1.57-1.51nform® 20, 2B, 3
4o 30.0 1.98  ddddd 14.1,5.0,5.0,5.0,1.2 5a, 5B, 4P, 3
48 30.0 1.65-1.58 m 4a, 3, 2p°
S50 32.0 1.80-1.66 m 58, 6, 4a
58 32.0 1.80-1.66 m 50, 6, 40,
6 76.3 444  ddq  14.8,63,1.6 MelO0, 50, 58
7 28.9 1.65-1.58 m 3, Me8, Me9
Me8 20.6 1.02 d 6.4 7
Me9 20.3 0.90 d 6.5 7
Mel0 222 1.35 d 6.3 6

* o (=trans) and B (= cis) are given relative to C3 'Pr group

b correlations into multiplets are assigned to the expected proton
¢ non first-order multiplet

d H4p and H2p experience *Juy (4 bond diaxial)
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Table II1-9: °C, "H NMR for Abnormal Trans Carvomenthide (trans-406) (CDCls, 125,

500 MHz).
Atom Carbon Proton COSY
number* d¢ dy  mult  J[Hz] (to 'H#)"
1 178.1
2 37.1 272 ddq 10.9, 6.7, 1.9 Mel0, 36, 3o
3p 3.9 1.78  nfom 30,2
30 319 1.60-1.48 m 4B, 3B, 4o
4p 31.08° 1.60-1.48m 3a, 5
4o, 31.08° 1.88-1.84m 3a, 4B, 5, 60
5 44.6  1.60-1.48 m 6a, 6, 4B, 40, 7
6f 71.6 407  dd 12.3,8.5 6a, 5
60, 71.6 416  ddd 12.4,1.9, 1.9 6B, 5, 40
7 31.12°  1.68  dsept 6.9,3.9 MeS8, Me9, 5
Me8 194 091 d 6.9 7
Me9 192 090 d 6.9 7
Mel0 184 120 d 6.7 2

* o (= trans) and B (= cis) relative to C5 "Pr group.
® correlations into multiplets are assigned to the expected proton
¢ assignments could be reversed

4'W coupling between 4Ho. and 6Ho. was observed (small *Jy).
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Table ITI-10: °C, "H NMR for Abnormal Cis Carvomenthide (cis-406) (CDCls, 125, 500

MHz).
Atom Carbon Proton COSY
number® d¢ dy  mult  J[Hz] (to 'H#)"
1 178.1
2 376 .75 ddq 9.0,4.4,6.7 3a, 38, Mel0
3B 30.5 .01 nform 3a, 40, 4p, 2
3a 305  .69-1.52 m 3B, 4a, 4P, 2
4B 28.1  .69-1.52 m 4a,3a, 33,5
4o 28.1  .69-1.52 m 48, 30, 3B, 5
5 436 42 ddddd10.2,4.3,4.3,4.3, 1.7 6a, 6B, 7, 4o, 4f
6B 69.6 .36 ddd 12.9,4.2, 1.7 6a, 5
60 69.6 .30 dd 12.8,1.4 6p, 5
7 25.6 .73 dsept 9.9,6.7 5, Me8, Me9
Me8 20.82° .01 d 6.5 7
Me9 20.75¢ 091 d 6.7 7
MelO 18.6 1.20 d 6.7 2

* o (= trans) and B (= cis) relative to C5 "Pr group.

® correlations into multiplets are assigned to the expected proton

¢ assignments could be reversed

4 small J indicates W coupling to H4p
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