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Abstract
Three methodology studies and two total synthesis endeavors are presented.
First, a study of Lewis acid and hydrogen bond mediated soft enolization of thioesters
and their addition to imines in the Mannich reaction is reported. MgBr 2•OEt2 and
Hunig’s base are used in concert with bulky thioesters and aromatic aldehydes to
generate syn--aminothioesters with moderate diastereoselectivity and yield. Next, a
biomimetic organocatalytic Mannich reaction is presented using a chiral cinchona
alkaloid to effect the enantioselective addition of an imines to thioesters with high yield
and diastereoselectivity and enantioselectivities up to 88:12.

The direct addition of enolizable aldehydes to -iodo thioesters to produce hydroxy thioesters enabled by reductive soft enolization is reported. The transformation
is operationally simple and efficient and has the unusual feature of giving high synselectivity, which is the opposite of that produced in the aldol addition with (thio)esters

iv

under conventional conditions. This method is tolerant to aldehydes and imines that
contain acidic -protons, as well as electrophiles containing other acidic protons and
base-sensitive functional groups.

The development of a strategy for the asymmetric synthesis of a large portion of
the polycyclic polyprenylated acyl phloroglucinols via N-amino cyclic carbamate
hydrazones, and its application to the first asymmetric total synthesis of both (+)- and ()-clusianone is discussed. The clusianones are synthesized with an er of 99:1 and their
anti-HIV activity is found to be 1.53 and 1.13 M, respectively. A library of clusianonelike compounds is synthesized and their biological activity has been probed.

Finally, efforts towards the total synthesis of brasilicardin A are reported. An
appropriate model system was synthesized, and conditions were established using a
pinene-based aldol reaction to synthesize the -methoxy--amino ester side chain of the
molecule.
phenanthrene

Next, efforts toward the synthesis of the anti-syn-anti- perhydrocore

are
v

discussed.

To my family. For always encouraging me to Dream Big.
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Chapter 1. A Study of Lewis Acid and Hydrogen Bond
Mediated Soft Enolization in the Context of the Mannich
Reaction.

Portions of this work were published : 1) Kohler, M. C.; Yost, J. M.; Garnsey, M.
R.; Coltart, D. M. Direct Carbon-Carbon Bond Formation via Soft Enolization: A
Biomimetic Asymmetric Mannich Reaction of Phenylacetate Thioesters. Org. Lett. 2010,
12, 3376-3379. 2) Yost, J. M.; Garnsey, M. R.; Kohler, M. C.; Coltart, D. M. Direct
Carbon-Carbon Bond Formation via Soft Enolization of Thioesters: An Operationally
Simple Mannich Addition Reaction. Synthesis-Stuttgart 2009, 56-58.
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1.1 Introduction
1.1.1 Soft Enolization
Carbon–carbon bond-forming reactions comprise the most important general
class of synthetic transformations.

Among the various methods used for the

construction of carbon–carbon bonds, those involving enolates are, by far, the most
pervasive. Indeed, it is not unreasonable to state that enolate chemistry has provided
the foundation for the advancement of synthetic organic chemistry to its present state.
Given their long and rich history, enolates (and their analogues: silyl ketene acetals, silyl
enol ethers, enamines, hydrazones, etc.) continue to play a major role in contemporary
methodological advances. While enolate chemistry is now quite well understood, it is,
nonetheless, inherently complex since multiple reaction pathways, in addition to the
desired one, are typically possible for a given transformation.

Some of the issues

associated with enolate chemistry include controlling the regio- and chemoselectivity of
deprotonation, the stereochemistry of the resulting enolate, and the chemo- and
stereoselectivity of the addition to the electrophile.
Much of the control that is possible in enolate chemistry stems from the use of
preformed enolates (Scheme 1). While effective, the step-wise procedures required for
prior enolate formation are time consuming, particularly if enolate trapping is involved,
and require that all manipulations be conducted under anhydrous conditions and, when
strong bases are used, at low temperatures.
2

Scheme 1. Chemoselectivity of Prior Enolate Formation- Stepwise
The desire to develop milder and operationally-simplified methods for carbon–
carbon bond formation has revived interest in direct carbon–carbon bond-forming
reactions, wherein the enolate intermediate is formed in the presence of the electrophile. A
particularly appealing way of effecting such transformations is through soft enolization.1
Here, a relatively weak base (e.g., tertiary amine) is used in combination with a Lewisacid to effect deprotonation reversibly.
1.1.1.1 Historical Perspective
Prior to 1950, strong bases such as LDA, LHMDS, etc. were unavailable, so
enolates were formed using hydroxide or alkoxide bases.

Consequently, reactions

involving enolates were conducted in a direct sense when mono-carbonyl compounds
were used, or they relied on the use of enolate precursors that are considerably more
acidic than water or alcohols (-ketoesters, -diesters, etc.) to enable prior enolate
formation. While operationally convenient, direct reactions of mono-carbonyls were
limited to systems in which regio- and chemoselective enolate formation, as well as the
possibility of side reactions between, for example, the base and electrophile, were not
issues. Consequently, while self-aldol and Claisen condensations were possible, direct
3

alkylation using, for example, two different enolizable carbonyl species was
problematic.
Prior enolate formation of mono-carbonyls was introduced by Hauser in 1950,2
and this ushered in a new and highly prolific era of research devoted to the functionalization of carbonyl compounds.3 Hauser demonstrated the formation of the
lithium enolates of ethyl acetate and t-butyl acetate using LiNH2 in liquid ammonia,
which were then treated with aldehydes and ketones, including those possessing protons, to furnish the corresponding -hydroxy esters. While highly significant as a
pioneering demonstration of the utility of strong bases, the superiority of lithium
dialkylamides (e.g.: LDA) and disilylamides (e.g.: LHMDS) for prior enolate formation
was established soon after.4 The bulky hydrophobic substituents of these bases impart
greater solubility in common organic solvents such as ether and THF, while at the same
time diminishing their nucleophilicity and suppressing unwanted carbonyl addition. 5
The importance of strong bases such as LDA cannot be overstated; they have provided
the basis for the advancement of enolate chemistry to its present state, revolutionizing
the field of carbon–carbon bond formation in the process.
1.1.1.2 Hard vs. Soft Enolization
Prior enolate formation requires that the carbonyl compound in question be
completely deprotonated before exposure to the electrophile. As indicated above, the
most convenient way to achieve this in mono-carbonyl systems is to use a strong base
4

such as LDA, which is a process referred to as hard enolization (Scheme 2a). An
alternative to this mode of deprotonation is soft enolization. Here, rather than forcing
deprotonation irreversibly using a base many orders of magnitude stronger than the
resulting enolate, a relatively weak base (e.g., tertiary amine) is used in combination
with a Lewis-acid to effect deprotonation reversibly (Scheme 2b).1, 6-8 Interaction of the
Lewis-acid with the carbonyl polarizes it beyond its normal state, making the -protons
susceptible to removal by the weak base. Not only are soft enolization processes easy to
carry out given their direct nature, they are also inherently milder and can be conducted
under much less stringent conditions (e.g., open to the air, untreated solvent, r.t.) than
are required of hard enolization.

Scheme 2. Hard Enolization (a) and Soft Enolization (b)
By definition, reactions employing soft enolization are direct processes since enolization
must be conducted in the presence of the electrophilic component.

Consequently, the

fundamental selectivity issues solved through the use of prior enolate formation reemerge. To be of general use, such direct reactions must possess control elements to
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ensure regio- and chemoselective enolate formation in a manner that does not affect the
electrophile. In some cases, this may be expected to require additional effort early on in
the developmental process. However, once these elements are programmed into the
system, they may be relied on to provide, ideally, a single product without additional
input from the user in the form of, for example, step-wise manipulations. This initial
investment is well worth the effort given the high return gained through simplification
of some of the key bond-forming reactions of organic synthesis, and avoidance of
protecting groups in total synthesis endeavors, not to mention the potential benefits of
reduced cost and environmental impact of such relatively mild and undemanding
methods.
1.1.1.3 The Aldol Reaction
The aldol addition is among the most important chemical reactions known9 and
provides access to some of the most prevalent structural motifs found in natural
products and pharmaceuticals. Substantial effort has gone into its development using
preformed enolates, resulting in a remarkable level of chemo-, regio- and stereochemical
control. However, the desire to develop milder and operationally-simplified chemical
methods has spawned a renewed interest in the direct aldol via soft enolization, without
reliance on preformed enolates. Rathke and coworkers pioneered this technique by
using pyridine and MgCl2 to enolize ethyl acetoacetate in the presence of an acid
chloride to ultimately form the acylated product.10 Since then, a limited number of
6

reports have appeared, and initial investigations into these in situ enolization
approaches clearly establish their potential. A few of these reports are outlined below.
In one example, Paré and co-workers described a MgI2-promoted direct aldol
addition of ketones and oxoesters with aldehydes, stoichiometric in Lewis acid.

While

aromatic ketones with aromatic aldehydes proceeded in excellent yields (94-98%),
aliphatic aldehydes afforded somewhat lower yields (ca. 70%). The use of oxoesters as
the enolate precursor was also investigated, though the yields were significantly lower
(60-72%). The authors suggest that the mechanism involves a magnesium enolate which
then adds to the aldehyde to form the aldol adduct.11

Scheme 3. Paré’s Direct Aldol Reaction via Soft Enolization
In our lab, we have reported the development of a MgBr2•OEt2-promoted direct
aldol addition using simple thioesters 1.12 as a carboxylate-derived nucleophile.12-13
Initial investigations involved the screening of a variety of thioesters, metal salts, amine
bases, and solvents. The best results were obtained when MgBr2•OEt2, i-Pr2NEt, and
CH2Cl2 were employed. More importantly, the use of MgBr2•OEt2 allowed the reactions
to be conducted open to the atmosphere using untreated, reagent grade solvent,
indicating the mild and facile nature of the reaction.
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Table 1. Coltart’s Aldol Addition Using Thioesters and Soft Enolization

Using these conditions, the scope of the reaction was investigated with a variety
of electron withdrawing and electron releasing aldehydes 1.13 (Table 1).12-13 In all cases,
reaction times were short and yields were excellent. Significantly, the reaction could be
conducted using an aldehyde having a single -proton (Table 1, entry 6) with only trace
amount (<4%) of the aldehyde self-condensation product observed. The effect of substitution on the thioester was also examined. The direct aldol addition between
benzaldehyde and each of S-phenyl thiopropionate (Table 1, entry 5) and S-phenyl-benzyloxy thiopropionate (Table 1, entry 6) gave excellent yields of the respective
diastereomeric products in short reaction times, although the diastereoselectivity
obtained was very low.
While important advances, the above methods require a stoichiometric amount
of the Lewis acid. As soft enolization develops, there is a desire for procedures that
require only a catalytic amount of the Lewis acid promoter. Several research groups
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have taken on this challenge, and reported processes in which diastereoselectivity is
obtained when sub-stoichiometric quantities of metal are used.
In 2002, Evans et al. reported the use of a catalytic amount of MgCl2, with
stoichiometric amounts of both Et3N and TMSCl to react N-acyloxazolidinones 1.16 with
non-enolizable aldehydes 1.15. The observed dr was up to 32:1 favoring the anti-aldol
product 1.17, with yields up to 94%. Unfortunately, the reaction cannot progress when
presented with -branching on the acyl substituent and -heteroatom substituted acyl
oxazolidinones react with low diastereoselectivity. The authors claim that the reaction
does not proceed through a Mukiyama aldol pathway, and that a silyl enol ether is not
formed in the process of the reaction (Scheme 4a).14

Scheme 4. Evans’ Soft Enolization Based Aldol Reactions
Evans

and

coworkers

further

extended

this

methodology

to

N-

acylthiazolidinethiones 1.19. They were able to use a catalytic amount of MgBr2•OEt2
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along with stoichiometric amounts of both Et3N and TMSCl to generate the opposite
anti--hydroxy ketone (1.20) to that seen with the N-acyloxazolidinones with excellent
diastereoselectivity and yield (Scheme 4b). While these reactions are catalytic in the
magnesium, they do still require a full equivalent of TMSCl. Nonetheless, with high dr
and yield, the reactions represent important progress in the field of soft enolization.15
Evans and coworkers then developed a catalytic asymmetric direct aldol reaction
of N-propionylthiazolidinethiones using achiral thiazolidinethiones 1.22 and a catalytic
amount of chiral Ni(II) bis(oxazoline) 1.23. They were able to use aromatic, unsaturated,
and enolizable aliphatic aldehydes to generate high syn-diastereoselectivity and
enantioselection. The syn:anti ratios were uniformly high, at about 95:5, though the
yields varied between 46% and 86% with ees up to 97% (Scheme 5).16

Scheme 5. Evans’ Enantioselective Direct Aldol Reaction
Nishyama and coworkers reported the use of chiral Phebox-rhodium complex
1.27 as a catalyst for the asymmetric direct aldol reaction via soft enolization. In their
system, a select few symmetrical ketones (1.25) could be reacted with electron deficient
aromatic aldehydes (1.26) to generate the -hydroxy ketones 1.28 in moderate yields.
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When silver triflate was added to the reaction, syn:anti ratios of up to 20:80 and ees up to
91% were observed.17

Scheme 6. Nishiyama’s Chiral Phebox-Rhodium Complexes as a Catalyst for the
Asymmetric Direct Aldol
The authors continued their work and found that they were able to effect regioselective
deprotonation in the case of cyclic enones.

Their experiments yielded high anti-

selectivity when cyclohexenone was used as the nucleophile, with an ee of 88%.18
Shibasaki and coworkers have recently reported the direct catalytic asymmetric
aldol reaction between thioamides 1.30 and aldehydes 1.29. The authors took advantage
of the soft Lewis basicity of thioamides and used a soft Lewis acid, copper, to promote
the reaction. The reaction proceeded with an ee of up to 90% and moderate yields. A
variety of aliphatic aldehydes effected the transformation, including branched and nonbranched enolizable aldehydes (Scheme 7).19
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Scheme 7. Shibasaki’s Asymmetric Aldol Reaction of Thioamides
In an extension of this methodology, the authors next explored the use of
aromatic aldehydes. The same copper catalyst was used, but initial results showed
formation of the dehydration product and a reduction in the asymmetric induction.
Upon adjustment of the conditions, the authors were able to investigate the scope of the
reaction, producing high yields and good ees using non-polar substituents on the
aldehyde. The authors then applied their methodology toward the synthesis of (R)fluoxetine HCL, tradename ProzacTM , an SSRI used for the treatment of depression and
anxiety that is currently marketed as a racemate, though evidence suggested the two
enantiomers exhibit different pharmacokinetics and bioactivity.20
1.1.1.4 The Mannich Reaction
The Mannich reaction is also a carbon–carbon bond-forming reaction that
involves the addition of an enolate to an azacarbonyl species, specifically an imine,
producing -amino carbonyl compounds. These are precursors to -lactams, which are
extremely important compounds in organic and medicinal chemistry (Figure 1). 21-22
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Figure 1. -Lactam Antibiotics
As this reaction is directly analogous to the aldol reaction, all of the issues that
need to be addressed in a direct aldol addition apply to the development of a direct
Mannich reaction.

Preformed enolates and enamines are employed by many of the

asymmetric versions of the Mannich reaction,23-25 leading to greater interest in
developing direct Mannich reactions. Like the aldol reaction, the Mannich reaction has
also been studied in the context of soft enolization. The majority of examples involving
the catalytic asymmetric Mannich addition require the use of activated enolate
precursors. Presented below are a few examples of activated enolates undergoing the
direct Mannich addition.
Shibasaki reported a direct, catalytic asymmetric Mannich reaction between the
preformed imines 1.37 and 1,1,1-trichloroketones 1.38. Using La(III)-pybox catalyst 1.39,
the -amino ketones 1.40 were obtained with excellent yield and stereoselectivity
(Scheme 8).26
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Scheme 8. Shibasaki’s Catalytic Asymmetric Mannich Reaciton with La(III)-pybox
Jorgenson used glycine imino ester 1.42 with tosyl imines 1.41 to effect the
Mannich reaction. A variety of catalyst systems and Lewis acids were examined before
finding that the best enantioselectivities were achieved using CuClO4 and N,P-ligand
1.43 in THF. Increasing the steric bulk of the ester component improved the dr of the
reaction, but diminished the er. The reaction proceeded with both enolizable and nonenolizable imines. NMR spectroscopic studies showed that only the glycine derived
component is coordinated to the catalyst, and which is deprotonated to give a neutral
Cu(I)-stabilized imino glycine alkyl ester anion (Scheme 9).

Scheme 9. Jorgenson’s Asymmetric Mannich Addition
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Another commonly used class of enolate precursors for the direct Mannich
reaction is -hydroxy ketones. One example of this comes from the laboratories of Trost.
His group used a dinuclear zinc catalyst 1.48 to add -hydroxy ketones 1.45 to N-Bocand Dpp-imines 1.50 and 1.46 respectivly with high ee and moderate dr and yield
(Scheme 10).27 His approach was an improvement over similar previously reported
works, as enolizable iminals could be used for the first time. Interestingly, it was found
that the use of the Dpp-imines 1.46 yielded the anti-Mannich adducts, whereas the NBoc imines 1.50 yielded the syn-adducts. The authors showed that the used of the
antipode of the catalyst gave the Mannich products corresponding to the opposite
enantiomer with essentially identical yields and selectivities.

Scheme 10. Trost’s Dinuclear Zinc Catalysts in the Direct Asymmetric Mannich
Reaction
15

With these studies as a basis, we wished to further explore the Mannich addition
and to develop a direct reaction that would require a less activated enolate precursor.
We decided to use thioesters as our enolate precursors, for reasons described below.

1.1.2 Importance of Thioesters
Our group has become interested in the use of thioesters as the enolate
precursors in the soft-enolization-promoted addition to imines.

Inspiration for

exploring thioesters in this regard stemmed from their pervasiveness in biological
carbon–carbon bond-forming reactions. Given the enormous evolutionary investment
involved, Nature’s choice to use thioesters over oxoesters is undoubtedly a deliberate
one based on beneficial reactivity properties. Indeed, our group was able to establish
via competition experiments the superior reactivity of thioesters over oxoesters in the
direct aldol.12-13 Additionally, the effect of the thiol on thioester reactivity was explored
with relatively electron rich thiols reacting more rapidly.
In addition to reactivity advantages, there are numerous transformations of
thioesters that can convert them into many useful functional groups for further
manipulation.6,

28

One of the advantages of these methods is their specificity for the

thioester group, allowing, for example, the reduction of the thioester component to an
alcohol or aldehyde while being tolerant of other reducible groups (Scheme 11).
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Scheme 11. Select Transformations of Thioesters
Given this information, our laboratory has been exploring soft enolization in the
context of carbon–carbon bond formation using thioesters as the enolate precursors, in
transformation such as the Claisen condensation and the aldol addition6-8 (Scheme 12).

Scheme 12: General Scheme for the Soft Enolization Mediated Claisen (a) and Aldol
(b) Reactions
Our inspiration for these studies stems from the way in which enolization occurs
in citrate synthase (CS).29-31 In this case, however, thioester activation is achieved by
hydrogen-bonding rather than metal mediated coordination (Scheme 13), and is
followed by intramolecular deprotonation by a weakly basic carboxylate residue, to
achieve the desired soft enolization event due to proximity effects (1.62).32-33 The use of
thioesters in naturally occurring carbon–carbon bond formations such as this one is
likely connected to the increased acidity of thioester -protons in comparison to other
17

simple carboxylate derivatives.34

The hydrogen bonding functionality on naturally

occurring species increases the acidity of the thioester.35

Scheme 13: Citrate Synthase Protein Side Chains Activate Thioester of AcCoA for
Deprotonation via Hydrogen Bonding
In what follows we describe the development of two related approaches to the
direct Mannich reaction involving soft enolization of thioesters. In the first approach,
thioester carbonyl activation is achieved using Mg2+ as a Lewis acid36 in combination
with an amine base, and the resulting enolates readily add diastereoselectivly to
sulfonylimines.1 In the second approach, a form of soft enolization is described which
relies on hydrogen bonding for carbonyl activation followed by intramolecular
deprotonation, thus very closely mimicking enolization in CS.

This type of soft

enolization leads to asymmetric induction in the Mannich reaction37 using thioesters.38-39

1.2 Diastereoselective Mannich Reaction
1.2.1 Results
Our studies on the direct Mannich reaction via soft enolization of thioesters
focused initially on the metal-mediated process.

To test the feasibility of this

transformation, N-benzilidene-benzenesulfonamide 1.64 was treated with S-phenyl
thioacetate 1.60 in the presence of MgBr2•OEt2 and Hunig’s base.
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Gratifingly, the

desired -sulfonylamino thioester 1.65 was obtatined in 63% isolated yield after only 15
minutes (Scheme 14a).

Scheme 14: Study of the Mg-Promoted Mannich Reaction Using Various Imines
Other imine derivatives (Scheme 14) were tested, though sulfonamide 1.64
proved to be the best for effecting this reaction. Of these, benzyl imine 1.68 yielded no
product (1.69), whereas the N-Boc derivatized system 1.6640-41 gave only modest (21%)
conversion to 1.67. A control experiment omitting MgBr2•OEt2 was conducted, but gave
no addition product, thereby establishing the essential role of the Lewis acid in the
reaction. This result is in agreement with the proposed mode of enolization. As the proton of a thioester has a pKa of about 2334, 42 it is not acidic enough to be deprotonated
to an appreciable extent by a tertiary amine under normal conditions and, therefore,
requires activation. Coordination of a metal such as magnesium to the carbonyl of the
thioester (Scheme 2, 1.4 1.7) effectively decreases the thioester’s electron density, thus
facilitating deprotonation by the weak amine base (Scheme 2, 1.7 -> 1.8).
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As N-benzylidine-benzenesulfonaimde gave the best result, the scope of the
transformation

using

S-phenyl

thioacetate

1.60

was

studied

using

various

sulfonylimines. In each case the desired product was obtained in a relatively short
period of time, with yields as high as 74% (Table 2). The reaction was tolerant of
aldehydes with both electron releasing and electron donating substituents, while
maintaining moderate yields.
Table 2: Scope of the Mg-Promoted Mannich Reaction Using the Acetate Thioester

Having established effective conditions for the direct Mannich reaction, we
turned our attention to the issue of diastereoselectivity using various propionoate
thioester derivatives (Table 3). The steric bulk of the thiol component was increased in
an effort to improve the diasteromeric outcome.43 The S-phenyl 1.78 and S-ethyl 1.79
thioesters gave about a 1:1 mixture of diastereomers, whereas use of the t-butyl thioester
1.80 yielded a 2.2:1 mixture, in favor of the syn isomer (Table 3, entries 1-3). A further
increase in the steric bulk of the enolate precursor using 1.81 and 1.82 resulted in an
even greater level of selectivity, with the 2,4,6-triisopropylphenyl thioester 1.82
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producing a 5.2:1 syn:anti ratio (Table 3, entry 5). As this was the highest selectivity we
observed, the study was continued using thioester 1.82.
Table 3: Study of the Diastereoselectivity of the Mg-promoted Mannich Reaction
Using Various Thioesters

Thioester 1.82 was reacted with several other sulfonylimines to give good
diastereoselectivity (Table 4). Imine 1.73 resulted in the lowest diastereomeric ratio
(2.1:1) and the lowest yield (61%), but the phenyl imine 1.64 gave the best
diastereoselectivity, at 5.3:1 (Table 4, entry 1 and 5). Substitution on the imine lowered
the diastereoselectivity but the yield remained high.
Table 4: The Scope of the Mg-Promoted Mannich Reaction Using the Bulky
Propionate Thioester to Generate Diastereoselectivity
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1.2.2 Stereochemical Model
Scheme 15 illustrates the stereochemical model for the selectivity observed in the
Mannich reaction. Thioester 1.92 can exist in several conformations which are shown as
1.92-1.94. Conformers 1.93 and 1.94 are unfavorable due to steric interactions; 1.93
exhibits steric crowding between the isopropyl group and the carbonyl, and 1.94 has
similar interactions between the isopropyl group and the -methyl substituent on the
thioester. Conformer 1.92 is the most stable because the bulky thiol component is
rotated away from the carbonyl oxygen, and the -methyl group is positioned away
from its bulk as well. Deprotonation of 1.92 via an open transition state would yield the
Z-(O)-enolate 1.95. Once the enolate is formed, the magnesium may complex to both the
enolate oxygen and the nitrogen on the imine to form a closed transition state (Scheme
15, 1.96). Representation 1.96 shows the most stable chair conformation, with the least
destabilizing interactions. This closed chair-like transition state will lead to 1.97 which
gives the syn-diastereomer when unfolded as observed experimentally in Table 4.

22

Scheme 15: Stereochemical Model for the Diastereoselectivity in the Mg2+ Promoted
Mannich Reaction

1.3 Biomimetic Mannich Reaction
1.3.1 Results
At this stage of our research, we had confirmed that Lewis-acid promoted soft
enolization was effective in facilitating the direct diastereoselective Mannich addition.
Using this as a basis, we set out to develop a new approach to soft enolization that
would use hydrogen bonding rather than metal mediated coordination as a carbonyl
activating mechanism to generate enantioselectivity in the reaction. Such an approach
would not only more strongly parallel the mode of enolization in citrate synthase (CS),
but would also provide an extremely convenient platform from which to develop a
catalytic asymmetric transformation through the development of a biomimeric version
of CS.
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The basic design of such a system (1.98) is shown in Scheme 16. The activating
hydrogen bonding component would be a urea or thiourea compound, with the tertiary
amine base necessary for deprotonation directly connected via a chiral linkage. We
anticipated that intramolecular deprotonation (1.100 -> 1.101) would result in relatively
fast enolate formation, as the effective molarity of the base would be very high once the
thioester was hydrogen-bonded to the (thio)urea moiety (1.100, Scheme 16).33,

35, 44

An

amine was chosen over a carboxylate (as in CS) as it would be both more strongly basic
in this application, and would lead to a relatively stable zwitterionic ammonium enolate
1.101.45 Reaction of the enolate with imine 1.102, followed by proton transfer, would
then liberate the addition product 1.104 and regenerate the catalyst (Scheme 16).

Scheme 16: Proposed Catalytic Cycle for the Asymmetric Mannich Reaction
While the present study was underway, two reports38-39

describing

intermolecular amine catalyzed deprotonation of -aryl S-trifluoroethyl thioesters (cf.
1.105 -> 1.106 -> 1.107, Scheme 17) appeared. As part of these studies, the authors
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identified a functional pKa barrier of between 16-17 units for enolate precursors, above
which simple equilibrium based deprotonation should not be feasible.38 This suggests
that use of simple S-aryl or S-alkyl thioester derivatives of phenyl acetic acid (pKa < 16.9,
cf. 1.108, Scheme 17), would not be practical in the context of equilibrium-based
deprotonation using an amine catalyst alone. To overcome this limitation, more strongly
acidic -aryl S-trifluoroethyl thioesters (pKa < 16.9, cf. 1.109) were employed, which
indeed enabled amine catalyzed additions. Unfortunately, augmenting reactivity by
relying only on electronic activation of the thioester is inherently limited. At some point,
as the thiol component of the thioester is made increasingly electron withdrawing,
competing reactions such as ketene formation and acyl transfer will likely arise,
precluding this approach as a general enolization technique.

Scheme 17. Intermolecular Amine-Promoted Deprotonation
In contrast to this approach, our proposed method of achieving the additional
activation needed for enolization uses a combination of hydrogen bonding and
proximity effects44 to enable intracomplex soft enolization (1.100 -> 1.101; Scheme 16).
Not only should this facilitate deprotonation kinetically relative to intermolecular
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processes, but the enolate that forms should also be more stable thermodynamically, due
to the cooperative internal stabilization of the hydrogen bonding and resulting
ammonium moieties. Consequently, the ability to use enolate precursors less acidic than
-aryl S-trifluoroethyl thioesters should be possible, thereby opening the door to the
development

of

a

general

mode

of

enolization-based

organocatalysis

of

monocarboxylate derivatives.
The general structure of the catalyst (1.98) we required for our work is wellknown in the context of bifunctional catalysts, which have been used to facilitate a
variety of transformations.46-49

While those reactions proceed in mechanistically

different ways not relying on proximity assisted enolization, the catalysts employed
provided us with a starting point for our own studies.
We began these studies using the known dihydroquinine derivative 1.11550-51 as
the biomimetic organocatalyst. Several thioesters were tested using this catalyst, by
combining them with imine 1.64 in toluene. While in each case the syn:anti selectivity
was excellent, the enantioselectivity varied considerably. Whereas the S-phenyl 1.110, S4-NO2-C6H4 1.111, and S-4-OMe-C6H4 1.112 thioesters exhibited essentially no
enantioselectivity, the S-ethyl 1.113 and the S-2,2,2-trifluoroethyl 1.114 thioesters gave
enantiomer ratios of 78:22 and 65:35, respectively. The S-ethyl thioester 1.113 produced
higher enantioselectivity, but a slightly lower diastereoselectivity and a significantly
lower conversion (54%) than the CH2CF3 thioester 1.114 (98%) (Table 5, entries 4 and 5).

26

The CH2CF3 thioester 1.114 allowed for a lower catalyst loading (5% vs 10%) as well as
shorter reaction times (Table 5, entries 5 and 6). A variety of solvents were tested for
their effect on the level of asymmetric induction. Of these, toluene gave both the best
diastereoselectivity and enantioselectivity, while acetonitrile gave no enantioselectivity
and the opposite diastereoselectivity than the other solvents (Table 6, entries 1 and 4).
Table 5: Screen of Conditions for the Enantioselective Mannich Reaction Using
Hydrogen Bonding Activation

Finally, several catalysts were screened (Table 5), with the thiourea 1.115 proving
to be less effective than the corresponding oxourea 1.116 (Table 5, entries 4-8). This was
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not surprising, as urea catalysts have been reported to have better anion stabilizing
capabilities than their thiourea analogs in some cases.52-54 Changing the CF3 groups on
1.116 to the methyl substituents on 1.117 did not have much of an effect on the outcome
of the reaction (Table 5, entries 9 and 10), but removal of the methyl substituents on
1.117 to make 1.118 improved the overall enantioselectivity for both thioesters (Table 5,
entries 11 and 12). The best enantioselectivity from the S-ethyl thioester 1.113 was 88:12
with a diastereoselectivity of 98:2 and the best enantioselectivity from the S-2,2,2trifluoroethyl thioester 1.114 was 81:19 with a diastereoselectivity of 93:7.
Table 6: Solvent Screen of the Organocatalytic Mannich Reaction

With these optimized conditions, several imines with various electron
withdrawing and electron donating substituents were reacted with thioesters 1.113 and
1.114. The enantioselectivity continued to be high, as did the diastereoselectivity. The
electron donating furanyl sulfonylimine 1.73 with the S-ethyl thioester 1.113 gave the
lowest enantioselectivity at 76:24 (Table 7, entry 5), while the ortho substituted 2-Me-

28

C6H4 sulfonylimine 1.72 gave the best enantioselectivity as well as the highest yield, 78%
(Table 7, entry 4).
Table 7: Scope of the Mannich Reaction Using the Urea Catalyst and the S-Ethyl
Thioester

The S-CH2CF3 thioester 1.114 gave consistently lower enantioselectivities but
higher yields.

With this thioester the phenyl sulfonylimine 1.64 gave the highest

enantioselectivities at 81:19, and the highest yield at 95%, while the furanyl
sulfonylimine 1.73 again gave the lowest enantioselectivity at 73:27 (Table 8, entries 1
and 5).
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Table 8: Scope of the Mannich Reaction Using a Urea Catalyst and the S-2,2,2Trifluoroethyl Thioester

1.3.2 Determination of the Absolute Stereochemistry
To determine whether the RR or the SS enantiomer was generated in excess in
this transformation, a chemical analysis study was conducted. This began with the
synthesis of optically pure -amino acyloxazolidinone 1.132 using a known procedure55
(Scheme 18). Our original objective was to convert this compound to the corresponding
optically pure S-ethyl thioester 1.134, and compare that using chiral HPLC analysis to
the material obtained using our catalytic method (1.120). Unfortunately, epimerization
occurred during the thioesterification step, generating 1.134 as a mixture of all four
diastereomers. In an alternate approach, 1.131 was treated with LiAlH4, which gave
alcohol 1.133 as a single enantiomer. The material obtained from our catalytic method
was reduced in an analogous manner to give 1.135 (Scheme 19). The major isomer from
this reaction (1.135) proved identical by chiral HPLC to the alcohol obtained from 1.120,
thus indirectly establishing the absolute stereochemistry as that depicted in 1.133.
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Scheme 18: Using an Optically Pure Oxazolidinone to Determine the Excess
Enantiomer

Scheme 19. Reduction of 1.120 for Determination of Absolute Stereochemistry

1.3.3 Stereochemical Model
A stereochemical model consistent with this information is shown in Scheme 20.
Intramolecular deprotonation of the hydrogen bonded thioester 1.136 produces the E(O)-enolate29,

45

that is stabilized by both the resulting ammonium ion and the urea

moiety 1.137. Now the imine can approach from either the re- or si-face of the stabilized
enolate. Approach of the si-face is blocked by the quinuclidine moiety and the re-face by
the aniline component. Decreasing the steric bulk of the aniline substituents (R), makes
the re-face more accessible leading to greater enantioselectivity. Furthermore, reducing
the size of the thioester R1 group (e.g., Ph CH2CF3 Et) decreases unfavorable
nonbonding interactions between it, the urea moiety and the Ar group of the catalyst.
This reduction in steric bulk leads to a more closely associated enolate complex 1.137,
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and consequently, improved facial selectivity during imine addition (Scheme 20, 1.138
1.139).

The tighter complexation of the enolate, brought about by better anion

stabilizing capability,53,

56

is also consistent with the higher level of asymmetric

induction obtained for the urea catalysts over their thiourea counterparts.

Scheme 20: Proposed Stereochemical Model of the Catalytic Mannich Reaction.

1.4 Conclusion
We have shown that soft enolization of thioesters can be both Lewis acid and
hydrogen bond promoted in the context of the Mannich reaction. MgBr2•OEt2 acts as an
efficient Lewis acid and, when bulky thioesters are used, diastereoselectivity of up to 5:1
is observed. The use of a chiral non-racemic hydrogen bonding activator in a catalytic
manner has also been shown to work in the Mannich reaction, with excellent
diastereomeric ratios, and the enantiomeric ratios as high as 88:12.

32

1.5 Experimental
1.5.1 General Considerations
Unless otherwise stated, the following conditions were used: Reactions were
carried out using dried solvents (see below) and under a slight static pressure of Ar (prepurified quality) that had been passed through a column (5 x 20 cm) of Drierite.
Glassware, stir bars, and syringe needles were dried in an oven at 120 °C for at least 12 h
prior to use and then either cooled in a desiccator cabinet over Drierite or assembled
quickly while hot, sealed with rubber septa, and allowed to cool under a stream of Ar.
Reactions were stirred using Teflon-coated magnetic stirring bars.

Hamilton

microsyringes were dried in an oven at 60 °C for at least 24 h prior to use and cooled in
the same manner. Commercially available Norm-Ject disposable syringes were used.
Dry benzene, toluene, Et2O, CH2Cl2, THF, MeCN and DME were obtained using an
Innovative Technologies solvent purification system. All other dry solvents were of
anhydrous quality purchased from Sigma-Aldrich. Commercial grade solvents were
used for routine purposes without further purification. Et3N, pyridine, i-Pr2NEt, 2,6lutidine, i-Pr2NH, TMEDA were distilled from CaH2 under a N2 atmosphere prior to use.
Flash column chromatography was performed on silica gel 60 (32-63). 1H and 13C NMR
spectra were recorded on a Varian spectrometer (400 MHz or 500 MHz and 100 MHz,
respectively) at ambient temperature. All 1H chemical shifts are reported in ppm ()
relative to TMS (0.00);

C shifts are reported in ppm () relative to CDCl3 (77.16).
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Diastereomeric ratios were determined by either 1H NMR HPLC analysis of the crude
materials. Percent conversions were determined by 1H NMR analysis of the crude
materials.

Enantiomeric ratios (er) were based on the major diastereomer and

determined by chiral-phase HPLC using a Hewlett-Packard 1090 Series instrument.

1.5.2 Magnesium-Promoted Mannich Reaction with Various
Sulfonylimines
1.5.2.1 Thioester Preparation
Thioesters 1.80-1.82 were prepared from the corresponding commercially available
(Aldrich) thiols and corresponding carboxylic acid under typical DCC or EDCImediated coupling conditions.6, 39, 57

t-butyl phenyl thioester (1.80). 1H NMR (CDCl3, 400 MHz): 2.47 (q, J = 7.6 Hz,
2 H), 1.46 (s, 9 H), 1.13 (t, J = 7.6 Hz, 3 H);

C NMR (CDCl3, 100 MHz)63:  201.3, 47.8,
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38.0, 30.0, 9.7; ESI-MS m/z [M + Na]+ calcd for C7H14NaOS: 169.1, found: 169.0.

2,6-dimethyl phenyl thioester (1.81). 1H NMR (CDCl3, 400 MHz):  7.24–7.11
(m, 3 H), 2.67 (q, J = 7.6 Hz, 2 H), 2.34 (s, 6 H), 1.23 (t, J = 7.6 Hz, 3 H); 13C NMR (CDCl3,
100 MHz): 197.5, 142.8, 129.8, 128.3, 127.3, 37.3, 21.8, 10.0; ESI-MS m/z [M + H]+ calcd
for C11H15OS: 195.1, found: 195.0.
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2,4,6-tri-isopropyl phenyl thioester (1.82). 1H NMR (CDCl3, 400 MHz): 7.10–
7.06 (m, 2 H), 3.41 (sept, J = 6.8 Hz, 2 H), 2.90 (sept, J = 6.8 Hz, 1 H), 2.68 (q, J = 7.6 Hz, 2
H), 1.26 (d, J = 6.8 Hz, 6 H), 1.24 (t, J = 7.6 Hz, 3 H), 1.18 (d, J = 6.8 Hz, 12 H); 13C NMR
(CDCl3, 100 MHz): 199.1, 152.5, 151.1, 122.1, 122.0, 37.1, 34.5, 32.0, 24.4, 24.0, 23.6, 10.2;
ESI-MS m/z [M + H]+ calcd for C19H29OS: 293.2, found: 293.2.

1.5.2.2 Imine Preparation
All sulfonylimines, with the exception of commercially available (Aldrich) 1.64,
were

prepared

by

benzenesulfonamide58

condensation

of

the

corresponding

aldehyde

and

Spectroscopic data for 1.70 was identical to that reported

previously.59

N-(4-Methoxybenzylidene)benzenesulfonamide (1.71). 1H NMR (CDCl3, 400
MHz):  8.97 (s, 1 H), 8.03–7.85 (m, 4 H), 7.64–7.48 (m, 3 H), 7.00–6.94 (m, 2 H), 3.88 (s, 3
H);

C NMR (CDCl3, 100 MHz):  169.8, 165.5, 138.9, 133.9, 133.4, 129.2, 127.9, 125.2,
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114.8, 55.8; ESI-MS m/z [M + Na]+ calcd for C14H13NNaO3S: 298.0, found: 298.0.
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N-(2-Methylbenzylidene)benzenesulfonamide (1.72). 1H NMR

(CDCl3, 400

MHz):  9.36 (s, 1 H), 8.05–7.98 (m, 3 H), 7.66–7.44 (m, 4 H), 7.32–7.23 (m, 2 H), 2.61 (s, 3
H);

C NMR (CDCl3, 100 MHz):  169.2, 142.5, 138.5, 134.8, 133.6, 131.7, 130.8, 130.4,
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129.2, 128.0, 126.7, 19.8; ESI-MS m/z [M + Na]+ calcd for C14H13NNaO2S: 282.1, found:
282.0.

1.5.2.3 MgBr2●OEt2 Promoted Mannich Reaction
General Procedure for the MgBr2●OEt2 promote Mannich Reaction

MgBr2•OEt2 (0.70 mmol) was added to a stirred solution of thioester 30 (0.60
mmol) and the sulfonamide (0.50 mmol) in CH2Cl2 (2.5 mL), followed by DIPEA (1.0
mmol). Stirring was continued for 12 h, then EtOAc (2.5 mL) and aq. HCl (10% v/v, 2.5
mL) were added. Stirring was continued for 5 min then the mixture was diluted in
EtOAc (50 mL). The aqueous phase was extracted with EtOAc (3 × 10 mL) and the
combined organic extracts were washed with brine (1 × 10 mL), dried (MgSO 4), and
evaporated to give a light yellow oil. Flash chromatography over silica gel (EtOAc–
hexanes, 10:90→15:85) gave syn and anti as pure, colorless solids.

1.65. (Table 2, entry 1) 1H NMR (CDCl3, 400 MHz):  7.73–7.64 (m, 2 H), 7.51–
7.02 (m, 13 H), 5.75 (d, J = 7.6 Hz, 1 H), 4.82 (q, J = 6.8 Hz, 1 H), 3.16 and 3.06 (d AB q,
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∆AB = 40.7 Hz, J = 6.4, 15.6 Hz, 2 H); 13C NMR (CDCl3, 100 MHz): 195.7, 140.3, 138.8,
134.5, 132.6, 129.8, 129.4, 129.0, 128.7, 128.1, 127.2, 126.9, 126.6, 55.2, 49.6; ESI-MS m/z [M
+ Na]+ calcd for C21H19NNaO3S2: 420.1, found: 420.1.

1.74. (Table 2, entry 2) 1H NMR (CDCl3, 400 MHz):  7.70–7.65 (m, 2 H), 7.52–
6.99 (m, 12 H), 5.84 (d, J = 7.6 Hz, 1 H), 4.79 (q, J = 6.0 Hz, 1 H), 3.12 and 3.04 (d AB q,
∆AB = 34.3 Hz, J = 6.0, 15.8 Hz, 2 H); 13C NMR (CDCl3, 100 MHz): 195.7, 140.3, 137.4,
134.5, 133.9, 132.7, 130.0, 129.4, 129.0, 128.8, 128.1, 127.1, 126.6, 54.6, 49.2; ESI-MS m/z [M
+ Na]+ calcd for C21H18ClNNaO3S2: 454.0, found: 454.1.

1.75. (Table 2, entry 3) 1H NMR (CDCl3, 400 MHz):  7.71–7.67 (m, 2 H), 7.49–
7.31 (m, 6 H), 7.27–7.22 (m, 2 H), 7.01–6.96 (m, 2 H), 6.72–6.67 (m, 2 H), 5.72 (d, J = 7.2 Hz,
1 H), 4.76 (q, J = 6.8 Hz, 1 H), 3.73 (s, 3 H), 3.16 and 3.04 (d AB q, ∆AB = 45.5 Hz, J = 6.4,
15.4 Hz, 2 H); 13C NMR (CDCl3, 100 MHz): 195.6, 159.3, 140.4, 134.4, 132.5, 130.9, 129.8,
129.3, 128.9, 127.9, 127.2, 127.0, 114.0, 55.4, 54.7, 49.7; ESI-MS m/z [M + Na]+ calcd for
C22H21NNaO4S2: 450.1, found: 450.2.
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1.76. (Table 2, entry 4) 1H NMR (CDCl3, 400 MHz):  7.69–7.62 (m, 2 H), 7.44–
7.19 (m, 8 H), 7.12–6.95 (m, 4 H), 5.88 (d, J = 7.2 Hz, 1 H), 5.08 (q, J = 6.8 Hz, 1 H), 3.16 and
3.04 (d AB q, ∆AB = 44.5 Hz, J = 6.4, 15.3 Hz, 2 H), 2.14 (s, 3 H); 13C NMR (CDCl3, 100
MHz): 195.1, 140.1, 136.9, 135.0, 134.4, 132.5, 130.6, 129.7, 129.3, 128.8, 127.9, 127.02,
127.01, 126.5, 126.1, 51.1, 49.3, 19.0; ESI-MS m/z [M + Na]+ calcd for C22H21NNaO3S2:
434.1, found: 434.2.

1.77. (Table 2, entry 5) 1H NMR (CDCl3, 400 MHz):  7.86–7.81 (m, 2 H), 7.51–
7.11 (m, 13 H), 6.33 (d, J = 16.0 Hz, 1 H), 5.92 (dd, J = 7.2, 16.0 Hz, 1 H), 5.42 (d, J = 8.4 Hz,
1 H), 4.44–4.34 (m, 1 H), 3.02 (d, J = 5.2 Hz, 2 H); 13C NMR (CDCl3, 100 MHz): 195.9,
140.8, 135.8, 134.5, 132.6, 129.8, 129.4, 129.1, 128.6, 128.1, 127.2, 126.8, 126.6, 126.5 (2
overlapping peaks), 53.5, 48.4; ESI-MS m/z [M + Na]+ calcd for C23H21NNaO3S2: 446.1,
found: 446.2..

1.87 (syn) Yield: 0.130 g (48.3%); colorless solid. 1H NMR (CDCl3):  = 7.61–7.56
(m, 2 H), 7.41–6.90 (m, 10 H), 5.67 (d, J = 9.2 Hz, 1 H), 4.46 (t, J = 9.2 Hz, 1 H), 3.32–3.14
[m, 2 H, including a qd at d = 3.27 (J = 6.8, 9.2 Hz)], 2.83 (sept, J = 6.8 Hz, 1 H), 2.43–2.27
(m, 1 H), 1.47 (d, J = 6.8 Hz, 3 H), 1.20 (d, J = 6.8 Hz, 6 H), 1.13–1.03 (m, 6 H), 0.88–0.75
(m, 6 H). 13C NMR (CDCl3):  = 199.6, 152.6, 152.1, 151.2, 140.5, 138.4, 132.4, 128.8, 128.5,
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127.8, 127.4, 127.2, 122.0 (2 overlapping peaks), 120.9, 60.6, 54.0, 34.4, 31.8, 31.5, 24.5, 24.2,
23.94, 23.91, 23.6, 23.2, 16.4. ESI-MS: m/z [M + Na]+ calcd for C31H39NNaO3S2: 560.2;
found: 560.3.

1.87 (anti) Yield: 0.025 g (9.3%); colorless solid. 1H NMR (CDCl3):  = 7.61–7.56
(m, 2 H), 7.40–6.97 (m, 10 H), 6.23 (d, J = 9.2 Hz, 1 H), 4.67 (dd, J = 4.4, 9.6 Hz, 1 H), 3.36–
3.22 [m, 2 H, including a dq at d = 3.30 (J = 4.4, 6.8 Hz)], 2.87 (sept, J = 6.8 Hz, 1 H), 2.69–
2.57 (m, 1 H), 1.40 (d, J = 7.2 Hz, 3 H), 1.23 (d, J = 6.8 Hz, 6 H), 1.18–1.09 (m, 6 H), 1.02–
0.85 (m, 6 H). 13C NMR (CDCl3):  = 202.6, 152.7, 152.1, 151.6, 141.2, 138.9, 132.2, 128.7,
128.4, 127.4, 126.8, 126.4, 122.2 (2 overlapping peaks), 120.7, 60.6, 53.1, 34.5, 32.0, 31.6,
24.6, 24.2, 24.0, 23.9, 23.7, 23.4, 17.2. ESI-MS: m/z [M + Na]+ calcd for C31H39NNaO3S2:
560.2; found: 560.3.

1.88 (syn). (Table 4, entry 2) 1H NMR (CDCl3, 400 MHz):  7.62–7.24 (m, 5 H),
7.08–6.86 (m, 6 H), 5.69 (d, J = 8.8 Hz, 1 H), 4.44 (app t, J = 9.2 Hz, 1 H), 3.28–3.12 [m, 2 H,
including a qd at  3.22 (J = 6.8, 9.4 Hz)], 2.84 (sept, J = 6.8 Hz, 1 H), 2.39–2.25 (m, 1 H),
1.44 (d, J = 6.8 Hz, 3 H), 1.20 (d, J = 6.8 Hz, 6 H), 1.14–1.03 (m, 6 H), 0.93–0.80 (m, 6 H); 13C
NMR (CDCl3, 100 MHz): 199.5, 152.6, 152.1, 151.4, 140.3, 136.9, 133.8, 132.6, 129.0, 128.9,
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128.6, 127.2, 122.1 (2 overlapping peaks), 120.6, 60.0, 53.8, 34.4, 31.9, 31.7, 24.5, 24.1, 23.93,
23.91, 23.6, 23.1, 16.3; ESI-MS m/z [M + Na]+ calcd for C31H38ClNNaO3S2: 594.2, found:
594.3.

1.88 (anti). (Table 4, entry 2) 1H NMR (CDCl3, 400 MHz):  7.64–7.24 (m, 5 H),
7.15–6.94 (m, 6 H), 6.21 (d, J = 9.2 Hz, 1 H), 4.65 (dd, J = 4.4, 8.8 Hz, 1 H), 3.36–3.18 [m, 2
H, including a dq at  3.27 (J = 4.4, 7.2 Hz)], 2.87 (sept, J = 6.8 Hz, 1 H), 2.61–2.47 (m, 1 H),
1.39 (d, J = 7.2 Hz, 3 H), 1.23 (d, J = 7.2 Hz, 6 H), 1.19–1.07 (m, 6 H), 1.03–0.87 (m, 6 H); 13C
NMR (CDCl3, 100 MHz): 202.6, 152.5, 152.1, 151.7, 141.2, 137.6, 133.4, 132.4, 128.9, 128.6,
127.9, 126.8, 122.2 (2 overlapping peaks), 120.4, 59.9, 52.9, 34.5, 32.0, 31.8, 24.6, 24.2, 23.9
(2 overlapping peaks), 23.7, 23.2, 17.1; ESI-MS m/z [M + Na]+ calcd for C31H38ClNNaO3S2:
594.2, found: 594.3.

1.89 (syn). (Table 4, entry 3) 1H NMR (CDCl3, 400 MHz):  7.64–7.57 (m, 2 H),
7.44–6.89 (m, 5 H), 6.85 (d, J = 8.4 Hz, 2 H), 6.59 (d, J = 8.4 Hz, 2 H), 5.68 (d, J = 9.2 Hz, 1
H), 4.40 (app t, J = 9.4 Hz, 1 H), 3.72 (s, 3 H), 3.33–3.13 [m, 2 H, including a qd at  3.25 (J
= 6.8, 10.0 Hz)], 2.83 (sept, J = 6.8 Hz, 1 H), 2.42–2.25 (m, 1 H), 1.45 (d, J = 6.8 Hz, 3 H),
1.20 (d, J = 7.2 Hz, 6 H), 1.14–1.03 (m, 6 H), 0.89–0.76 (m, 6 H); 13C NMR (CDCl3, 100
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MHz): 199.5, 159.1, 152.6, 152.1, 151.2, 140.6, 132.3, 130.6, 128.8, 128.6, 127.2, 122.0 (2
overlapping peaks), 120.9, 113.7, 60.1, 55.2, 54.1, 34.4, 31.8, 31.4, 24.5, 24.1, 23.91, 23.90,
23.6, 23.1, 16.4; ESI-MS m/z [M + NH4]+ calcd for C32H45N2O4S2: 585.3, found: 585.2.

1.89 (anti). (Table 4, entry 3) 1H NMR (CDCl3, 400 MHz):  7.61–7.55 (m, 2 H),
7.40–6.97 (m, 5 H), 6.92 (d, J = 8.4 Hz, 2 H), 6.64 (d, J = 8.4 Hz, 2 H), 6.15 (d, J = 9.2 Hz, 1
H), 4.62 (dd, J = 4.8, 9.2 Hz, 1 H), 3.74 (s, 3 H), 3.36–3.20 [m, 2 H, including a dq at  3.26
(J = 4.6, 7.0 Hz)], 2.87 (sept, J = 6.8 Hz, 1 H), 2.77–2.64 (m, 1 H), 1.36 (d, J = 7.2 Hz, 3 H),
1.23 (d, J = 6.8 Hz, 6 H), 1.19–1.07 (m, 6 H), 1.06–0.98 (m, 3 H), 0.97–0.88 (m, 3 H); 13C
NMR (CDCl3, 100 MHz): 202.7, 158.9, 152.6, 152.1, 151.6, 141.3, 132.1, 131.0, 128.7, 127.6,
126.9, 122.2 (2 overlapping peaks), 120.7, 113.8, 60.1, 55.4, 53.3, 34.5, 32.0, 31.7, 24.6, 24.2,
23.95, 23.93, 23.7, 23.4, 17.1; ESI-MS m/z [M + NH4]+ calcd for C32H45N2O4S2: 585.3, found:
585.3.

1.90 (syn). (Table 4, entry 4) 1H NMR (CDCl3, 400 MHz):  7.56 (app d, J = 7.6
Hz, 2 H), 7.36 (app t, J = 7.2 Hz, 1 H), 7.26–7.15 (m, 3 H), 7.09–6.79 (m, 5 H), 6.06 (d, J = 9.2
Hz, 1 H), 4.77 (app t, J = 9.8 Hz, 1 H), 3.38–3.22 [m, 2 H, including a qd at  3.30 (J = 6.8,
10.0 Hz)], 2.81 (sept, J = 6.8 Hz, 1 H), 2.07–1.97 (m, 4 H, including a s at  2.04), 1.46 (d, J =
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6.8 Hz, 3 H), 1.18 (d, J = 6.8 Hz, 6 H), 1.16–1.02 (m, 6 H), 0.81–0.69 (m, 6 H); 13C NMR
(CDCl3, 100 MHz): 199.0, 152.8, 151.9, 151.1, 140.5, 137.3, 135.9, 132.3, 130.4, 128.6, 127.7,
126.8, 126.5, 126.3, 122.0, 121.8, 121.0, 55.5, 54.3, 34.4, 31.9, 31.2, 24.6, 23.90 (2 overlapping
peaks), 23.87, 23.7, 22.9, 19.3, 16.5; ESI-MS m/z [M + NH4]+ calcd for C32H45N2O3S2: 569.3,
found: 569.3.

1.90 (anti). (Table 4, entry 4) 1H NMR (CDCl3, 400 MHz):  7.51–7.45 (m, 2 H),
7.33–7.13 (m, 3 H), 7.08–6.96 (m, 4 H), 6.81–6.73 (m, 2 H), 6.29 (d, J = 8.8 Hz, 1 H), 4.86
(dd, J = 4.4, 9.2 Hz, 1 H), 3.37–3.24 (m, 1 H), 3.14 (dq, J = 4.6, 7.0 Hz, 1 H), 2.95–2.76 [m, 2
H, including a sept at  2.88 (J = 6.8 Hz)], 2.34 (s, 3 H), 1.43 (d, J = 7.2 Hz, 3 H), 1.24 (d, J =
6.8 Hz, 6 H), 1.19–1.06 (m, 9 H), 0.96–0.89 (m, 3 H); 13C NMR (CDCl3, 100 MHz): 202.6,
152.7, 152.1, 151.6, 141.0, 136.7, 134.3, 132.0, 130.6, 128.5, 127.3, 126.7, 126.1, 126.0, 122.2 (2
overlapping peaks), 120.7, 56.9, 51.5, 34.5, 32.0, 31.7, 24.6, 24.2, 24.0, 23.9, 23.7, 23.6, 19.4,
17.4; ESI-MS m/z [M + NH4]+ calcd for C32H45N2O3S2: 569.3, found: 569.3.

1.91 (syn) 1H NMR (CDCl3):  = 7.84–7.78 (m, 2 H), 7.45–7.00 (m, 10 H), 6.17 (d, J
= 16.0 Hz, 1 H), 5.82 (dd, J = 8.4, 16.0 Hz, 1 H), 5.35 (d, J = 8.8 Hz, 1 H), 4.08 (app q, J = 7.6
Hz, 1 H), 3.34–3.05 [m, 3 H, including an app pent at  = 3.10 (J = .8 Hz)], 2.88 (sept, J =
7.2 Hz, 1 H), 1.40 (d, J = 7.2 Hz, 3 H), 1.24 (d, J = 7.2 Hz, 6 H), 1.16– 0.96 (m, 12 H). 13C
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NMR (CDCl3):  = 201.1, 152.6, 152.2, 151.5, 141.0, 135.9, 134.2, 132.6, 129.0, 128.5, 128.2,
127.4, 126.6, 124.7, 122.2 (2 overlapping peaks), 120.8, 59.4, 52.6, 34.4, 32.0, 24.4, 24.2, 23.9,
23.6, 23.5, 15.6. ESI-MS: m/z [M + Na]+ calcd for C33H41NNaO3S2: 586.2; found: 586.4.

1.91 (anti) 1H NMR (CDCl3):  = 7.83–7.77 (m, 2 H), 7.46–6.98 (m, 10 H), 6.26 (d,
J = 16.0 Hz, 1 H), 5.85 (dd, J = 6.6, 16.0 Hz, 1 H), 5.75 (d, J = 9.2 Hz, 1 H), 4.28–4.19 (m, 1
H), 3.40–3.02 [m, 3 H, including a dq at  = 3.19 (J = 4.0, 7.0 Hz)], .88 (sept, J = 6.8 Hz, 1
H), 1.39 (d, J = 7.0 Hz, 3 H), 1.30–0.84 [m, 18 H, including a d at  = 1.24 (J = 6.8 Hz)]. 13C
NMR (CDCl3):  = 202.7, 152.6, 152.2, 151.6, 141.7, 135.9, 132.4 (2 overlapping peaks),
129.0, 128.5, 128.1, 127.1, 126.7, 126.5, 122.2 (2 overlapping peaks), 120.7, 58.8, 51.5, 34.5,
32.0, 24.3, 24.2, 24.0, 23.9, 23.7, 23.4, 16.2. ESI-MS: m/z [M + Na]+ calcd for
C33H41NNaO3S2: 586.2; found: 586.4.

1.5.3 Biomimetic Mannich Reaction
1.5.3.1 Thioester Preparation
Thioesters 1.100-1.114 were prepared from the corresponding commercially
available (Aldrich) thiols and phenylacetic acid under typical DCC or EDCI-mediated
coupling conditions.6,

39, 57

Spectroscopic data for thioesters 1.11439 and 1.10060 were

identical to that reported previously.
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S-(4-Nitrophenyl) phenylthioacetate (1.111).

H NMR (CDCl3, 400 MHz): 

1

8.25–8.16 (m, 2 H), 7.60–7.52 (m, 2 H), 7.43–7.28 (m, 5 H), 3.96 (s, 2 H); 13C NMR (CDCl3,
100 MHz):  193.4, 148.2, 136.4, 134.8, 132.6, 129.9, 129.0, 128.0, 124.0, 50.6; ESI-MS m/z
[M + Na]+ calcd for C14H11NNaO3S: 296.0 found: 296.0.

S-(4-Methoxyphenyl) phenylthioacetate (1.112). 1H NMR (CDCl3, 400 MHz): 
7.40–7.22 (m, 7 H), 6.93–6.87 (m, 2 H), 3.88 (s, 2 H), 3.78 (s, 3 H); 13C NMR (CDCl3, 100
MHz):  196.4, 160.8, 136.2, 133.5, 129.8, 128.8, 127.6, 118.6, 114.9, 55.4, 50.0; ESI-MS m/z
[M + Na]+ calcd for C15H14NaO2S: 281.1, found: 281.0.

S-Ethyl phenylthioacetate (1.113). 1H NMR (CDCl3, 400 MHz):  7.38–7.22 (m,
5 H), 3.80 (s, 2 H), 2.85 (q, J = 7.6 Hz, 2 H), 1.22 (t, J = 7.6 Hz, 3 H); 13C NMR (CDCl3, 100
MHz):  197.6, 133.9, 129.7, 128.7, 127.5, 50.6, 23.8, 14.6; ESI-MS m/z [M + Na]+ calcd for
C10H12NaOS: 203.0, found: 203.0.

1.5.3.2 Catalyst Preparation
Catalysts 1.115-1.118 were prepared according to literature procedures.51
Spectroscopic data for thiourea catalyst 1.11551, 61 and urea catalyst 1.11661 were identical
to that reported previously.
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Urea catalyst 1.117. 1H NMR (CDCl3, 400 MHz):  8.75 (d, J = 4.8 Hz, 1 H), 8.02
(d, J = 8.8 Hz, 1 H), 7.78 (d, J = 2.4 Hz, 1 H), 7.46 (br s, 1 H), 7.41–7.34 (m, 2 H), 6.84 (s, 2
H), 6.68–6.56 [m, 2 H, including a d at  6.34 (J = 4.0 Hz) and a s at  6.59], 3.99 (s, 3 H),
3.44–3.30 (m, 1 H), 3.23–3.10 (m, 1 H), 2.95 (dd, J = 10.0, 13.2 Hz, 1 H), 2.67–2.54 (m, 1 H),
2.30–2.00 (m, 8 H, including a s at  2.18), 1.71–1.58 (m, 2 H), 1.55–1.31 (m, 3 H), 1.22–1.07
(m, 2 H), 0.92 (dd, J = 6.0, 13.2 Hz, 1 H), 0.72 (t, J = 7.4 Hz, 3 H); 13C NMR (CDCl3, 100
MHz, contains 2 overlapping peaks): 158.2, 155.7, 147.6, 145.4, 145.0, 138.8, 138.5, 131.8,
128.6, 124.8, 122.1, 119.2 (br s), 117.7, 102.2, 59.7, 57.2, 55.9, 41.4, 36.8, 28.0, 27.3, 26.3, 25.1,
21.4, 12.0; ESI-MS m/z [M + H]+ calcd for C29H37N4O2: 473.3, found: 473.4.

Urea catalyst 1.118. 1H NMR (CDCl3, 400 MHz):  8.77 (d, J = 4.4 Hz, 1 H), 8.03
(d, J = 9.2 Hz, 1 H), 7.78 (d, J = 2.4 Hz, 1 H), 7.63 (br s, 1 H), 7.42–7.34 [m, 2 H, including a
dd at  7.39 (J = 2.4, 9.2 Hz) and a d at  7.36 (J = 4.8 Hz)], 7.24–7.10 (m, 4 H), 6.92 (t, J =
7.2 Hz, 1 H), 6.50 (d, J = 4.8 Hz, 1 H), 3.99 (s, 3 H), 3.57–3.34 (m, 2 H), 3.27–3.15 (m, 1 H),
3.00 (dd, J = 10.4, 13.6 Hz, 1 H), 2.71–2.59 (m, 1 H), 2.18–2.08 (m, 1 H), 1.72–1.59 (m, 2 H),
1.57–1.34 (m, 3 H), 1.24–1.08 (m, 2 H), 0.97–0.88 (m, 1 H), 0.73 (t, J = 7.2 Hz, 3 H); 13C
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NMR (CDCl3, 100 MHz, contains 2 sets of overlapping peaks): 158.3, 155.6, 147.5, 145.0,
139.1, 131.8, 128.9, 128.6, 122.8, 122.2, 119.7, 119.1 (br signal), 102.1, 59.7 (br signal), 57.2,
55.9, 41.5, 36.7, 27.9, 27.3, 26.4, 25.1, 11.9; ESI-MS m/z [M + H]+ calcd for C27H33N4O2:
445.3, found: 445.4.

1.5.3.3 Imine Preparation
All sulfonylimines, with the exception of commercially available (Aldrich) 1.64,
were

prepared

by

condensation

of

the

corresponding

aldehyde

and

benzenesulfonamide.58 Spectroscopic data for 1.70 was identical to that reported
previously.59 See section 1.5.2.2 for data on other imines.

N-(Furan-2-ylmethylene)benzenesulfonamide (1.73).

H NMR (CDCl3, 400

1

MHz):  8.84 (s, 1 H), 8.03–7.97 (m, 2 H), 7.78–7.74 (m, 1 H), 7.67–7.50 (m, 3 H), 7.37 (d, J =
4.0 Hz, 1 H), 6.66 (dd, J = 1.6, 4.0 Hz, 1 H); 13C NMR (CDCl3, 100 MHz):  156.1, 150.0,
149.1, 138.3, 133.6, 129.2, 128.1, 125.2, 113.9; ESI-MS m/z [M + Na]+ calcd for
C11H9NNaO3S: 258.0, found: 258.0.

1.5.3.4 Biomimetic Mannich Reaction with Various Sulfonylimines
General procedure for the Mannich Reaction with Thioester 1.113 (R = Et).
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Urea catalyst 1.118 (0.044 g, 0.10 mmol) was added to a stirred solution of NBenzylidenebenzenesulfonamide

(1.64)

(0.123

g,

0.50

mmol)

and

S-Ethyl

phenylthioacetate (1.113) (0.270 g, 1.50 mmol) in toluene (1.0 mL) at rt. Stirring was
continued for 24 h, then concentrated and dried under reduced pressure to give a white
solid.

-Amino thioester (58). (Table 7, entry 1) Flash chromatography over silica gel,
using 22.5:77.5 EtOAc-hexanes gave 1.120 (0.165 g; 77%) as a pure, white solid,
comprised of a 95:5 (syn:anti) mixture of diastereomers. 1H NMR (CDCl3, 400 MHz): 
7.50–6.97 (m, 15 H), 4.92 (dd, J = 4.8, 10.2 Hz, 1 H), 4.80 (d, J = 4.8 Hz, 1 H), 3.96 (d, J =
10.4 Hz, 1 H), 2.62 and 2.51 (q AB q, ∆AB = 46.1 Hz, J = 7.4, 13.7 Hz, 2 H), 0.91 (t, J = 7.4
Hz, 3 H);

C NMR (CDCl3, 100 MHz): 197.2, 139.7, 138.1, 133.9, 132.4, 129.3, 128.9,

13

128.8, 128.7, 128.3, 128.1, 128.0, 127.3, 66.5, 60.0, 23.7, 14.3; ESI-MS m/z [M + Na]+ calcd
for C23H23NNaO3S2: 448.1, found: 448.2; HPLC (Daicel Chiralpak AD-H, hexane/i-PrOH =
94/6, flow rate 1.0 mL/min,  = 210 nm): tR 27.3 min (syn, major enantiomer), 46.0 min
(syn, minor enantiomer), 30.2 min (anti, major enantiomer), 49.4 min (anti, minor
enantiomer). er (syn) = 87:13.
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-Amino thioester (1.124). (Table 7, entry 5) Flash chromatography over silica
gel, using 22.5:77.5 EtOAc-hexanes gave 1.124 (0.141 g; 66%) as a pure, off-white solid,
comprised of a 92:8 (syn:anti) mixture of diastereomers. 1H NMR (CDCl3, 400 MHz): 
7.62–7.08 (m, 11 H), 6.14–6.02 (m, 2 H), 5.11 (dd, J = 8.0, 10.0 Hz, 1 H), 4.85 (apparent d, J
= 8.0 Hz, 1 H), 4.22 (d, J = 9.6 Hz, 1 H), 2.79–2.58 (m, 2 H), 1.05 (t, J = 7.4 Hz, 3 H); 13C
NMR (CDCl3, 100 MHz): 197.5, 150.3, 142.3, 140.1, 133.9, 132.3, 129.1, 129.0, 128.8, 128.6,
127.0, 110.3, 109.3, 63.8, 53.4, 23.7, 14.4; ESI-MS m/z [M + Na]+ calcd for C21H21NNaO4S2:
438.1, found: 438.2; HPLC (Daicel Chiralpak AD-H, hexane/i-PrOH = 94/6, flow rate 1.0
mL/min,  = 210 nm): tR 27.6 min (syn, major enantiomer), 30.1 min (syn, minor
enantiomer), 26.6 min (anti, major enantiomer), 32.9 min (anti, minor enantiomer). er
(syn) = 76:24.

-Amino thioester (1.121). (Table 7, entry 2) Flash chromatography over silica
gel, using 20:80 EtOAc-hexanes gave 1.121 (0.184 g; 73%) as a pure, white solid,
comprised of a 93:7 (syn:anti) mixture of diastereomers. 1H NMR (CDCl3, 400 MHz): 
7.52–7.03 (m, 14 H), 4.87 (dd, J = 4.2, 10.2 Hz, 1 H), 4.73 (d, J = 4.0 Hz, 1 H), 3.91 (d, J =
10.4 Hz, 1 H), 2.64 and 2.55 (q AB q, ∆AB = 34.8 Hz, J = 7.2, 13.6 Hz, 2 H), 0.95 (t, J = 7.4
HZ, 3 H); 13C NMR (CDCl3, 100 MHz): 197.1, 139.4, 136.7, 133.9, 133.5, 132.6, 129.6,
129.5, 128.9, 128.85, 128.82, 128.5, 127.3, 66.2, 59.4, 23.8, 14.2; ESI-MS m/z [M + Na]+ calcd
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for C23H22ClNNaO3S2: 482.1, found: 482.2; HPLC (Daicel Chiralpak AD-H, hexane/iPrOH = 88/12, flow rate 1.0 mL/min,  = 210 nm): tR 15.6 min (syn, major enantiomer),
28.0 min (syn, minor enantiomer), 21.7 min (anti, major enantiomer), 43.8 min (anti,
minor enantiomer). er (syn) = 85:15.

-Amino thioester (1.122). (Table 7, entry 3) Flash chromatography over silica
gel, using 22.5:77.5 EtOAc-hexanes gave 1.122 (0.096 g; 41%) as a pure, white solid,
comprised of a 93:7 (syn:anti) mixture of diastereomers. 1H NMR (CDCl3, 400 MHz): 
7.48–7.02 [m, 12 H, including a d at  7.08 (J = 8.8 Hz)], 6.68 (d, J = 8.8 Hz, 2 H), 4.87 (dd, J
= 4.2, 10.2 Hz, 1 H), 4.59 (d, J = 3.6 Hz, 1 H), 3.95 (d, J = 10.0 Hz, 1 H), 3.76 (s, 3 H), 2.70–
2.48 (m, 2 H), 0.94 (t, J = 7.2 Hz, 3 H); 13C NMR (CDCl3, 100 MHz): 197.3, 159.3, 139.7,
134.0, 132.3, 130.1, 129.35, 129.31, 128.9, 128.8, 128.7, 127.3, 113.7, 66.5, 59.5, 55.4, 23.7,
14.3; ESI-MS m/z [M + Na]+ calcd for C24H5NNaO4S2: 478.1, found: 478.2; HPLC (Daicel
Chiralpak AD-H, hexane/i-PrOH = 90/10, flow rate 1.0 mL/min,  = 210 nm): tR 22.7 min
(syn, major enantiomer), 32.4 min (syn, minor enantiomer), 28.2 min (anti, major
enantiomer), 42.7 min (anti, minor enantiomer). er (syn) = 84:16.
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-Amino thioester (1.123). (Table 7, entry 4) Flash chromatography over silica
gel, using 22.5:77.5 EtOAc-hexanes gave 1.123 (0.176 g; 78%) as a pure, white solid,
comprised of a 98:2 (syn:anti) mixture of diastereomers. 1H NMR (CDCl3, 400 MHz): 
7.40–6.92 (m, 14 H), 5.27 (dd, J = 5.4, 9.8 Hz, 1 H), 4.82–4.68 (m, 1 H), 4.06 (d, J = 10.0 Hz, 1
H), 2.62 and 2.50 (q AB q, ∆AB = 47.3 Hz, J = 7.2, 13.9 Hz, 2 H), 2.36 (s, 3 H), 0.89 (t, J =
7.6 Hz, 3 H);

C NMR (CDCl3, 100 MHz): 197.0, 140.0, 136.41, 136.38, 134.2, 132.1,

13

130.4, 129.1, 129.0, 128.6, 128.53, 128.51, 127.8, 126.9, 126.2, 65.9, 55.3 (br signal), 23.6, 19.4,
14.2; ESI-MS m/z [M + Na]+ calcd for C24H25NNaO3S2: 462.1, found: 462.2; HPLC (Daicel
Chiralpak AD-H, hexane/i-PrOH = 94/6, flow rate 1.0 mL/min,  = 210 nm): tR 24.9 min
(syn, major enantiomer), 30.6 min (syn, minor enantiomer), 23.2 min (anti, major
enantiomer), 34.4 min (anti, minor enantiomer). er (syn) = 88:12.
General procedure for the Mannich Reaction with Thioester 1.114 (R = CH2CF3).

-Amino thioester (1.119). (Table 8, entry 1) Urea catalyst 50 (0.011 g, 0.025
mmol) was added to a stirred solution of N-Benzylidenebenzenesulfonamide (1.64)
(0.123 g, 0.50 mmol) and S-Trifluoroethyl phenylthioacetate (1.114) (0.176 g, 0.75 mmol)
in toluene (2.5 mL) at rt. Stirring was continued for 24 h, then concentrated and dried
under reduced pressure to give a white solid. Flash chromatography over silica gel,
using 22.5:77.5 EtOAc-hexanes gave 1.119 (0.227 g; 95%) as a pure, white solid,
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comprised of a 93:7 (syn:anti) mixture of diastereomers. 1H NMR (CDCl3, 400 MHz): 
7.45–7.06 (m, 15 H), 4.97 (dd, J = 5.2, 10.2 Hz, 1 H), 4.78–4.72 (m, 1 H), 4.05 (d, J = 10.0 Hz,
1 H), 3.34 and 3.31 (q AB q, ∆AB = 31.2 Hz, J = 10.0, 15.0 Hz, 2 H); 13C NMR (CDCl3, 100
MHz): 193.8, 139.7, 137.5, 132.8, 132.4, 129.5, 129.2, 129.1, 128.8, 128.5, 128.3, 127.8,
127.2, 124.3 (q, J = 275.8 Hz), 66.5, 59.8, 30.8 (q, J = 34.4 Hz); ESI-MS m/z [M + Na]+ calcd
for C23H20F3NNaO3S2: 502.1, found: 502.2; HPLC (Daicel Chiralpak AD-H, hexane/iPrOH = 94/6, flow rate 1.0 mL/min,  = 210 nm): tR 25.6 min (syn, major enantiomer), 46.6
min (syn, minor enantiomer), 24.9 min (anti, major enantiomer), 27.6 min (anti, minor
enantiomer). er (syn) = 81:19.

Amino thioester (1.128). (Table 8, entry 5) Flash chromatography over silica
gel, using 22.5:77.5 EtOAc-hexanes gave 1.128 (0.220 g; 94%) as a pure, white solid,
comprised of a 92:8 (syn:anti) mixture of diastereomers. 1H NMR (CDCl3, 400 MHz): 
7.55–7.07 (m, 11 H), 6.13–6.07 (m, 1 H), 6.01 (d, J = 3.2 Hz, 1 H), 5.14 (apparent t, J = 9.2
Hz, 1 H), 5.00–4.91 (m, 1 H), 4.30 (d, J = 9.6 Hz, 1 H), 3.47 and 3.34 (q AB q, ∆AB = 50.1
Hz, J = 10.0, 15.0 Hz, 2 H); 13C NMR (CDCl3, 100 MHz): 194.1, 149.8, 142.5, 140.0, 132.8,
132.4, 129.24, 129.19, 129.0, 128.8, 127.0, 124.4 (q, J = 275.8 Hz), 110.4, 109.4, 63.8, 53.3, 30.8
(q, J = 34.3 Hz); ESI-MS m/z [M + Na]+ calcd for C21H18F3NNaO4S2: 492.1, found: 492.1;
HPLC (Daicel Chiralpak AD-H, hexane/i-PrOH = 94/6, flow rate 1.0 mL/min,  = 210
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nm): tR 24.6 min (syn, major enantiomer), 27.8 min (syn, minor enantiomer), 21.4 min
(anti, major enantiomer), 23.5 min (anti, minor enantiomer). er (syn) = 73:27.

Amino thioester (1.125). (Table 8, entry 2) Flash chromatography over silica
gel, using 22.5:77.5 EtOAc-hexanes gave 1.125 (0.232 g; 90%) as a pure, white solid,
comprised of a 91:9 (syn:anti) mixture of diastereomers. 1H NMR (CDCl3, 400 MHz): 
7.50–7.01 (m, 14 H), 4.92 (dd, J = 5.0, 10.2 Hz, 1 H), 4.87–4.78 [m, 1 H, including an
apparent d at  4.82 (J = 4.8 Hz)], 4.00 (d, J = 10.0 Hz, 1 H), 3.42–3.21 (m, 2 H); 13C NMR
(CDCl3, 100 MHz): 193.7, 139.5, 136.1, 134.2, 132.6, 132.5, 129.7, 129.41, 129.39, 129.0,
128.9, 128.7, 127.2, 124.2 (q, J = 276.0 Hz), 66.2, 59.2, 30.9 (q, J = 34.7 Hz); ESI-MS m/z [M +
Na]+ calcd for C23H19ClF3NNaO3S2: 536.0, found: 536.1; HPLC (Daicel Chiralpak AD-H,
hexane/i-PrOH = 94/6, flow rate 1.0 mL/min,  = 210 nm): tR 30.4 min (syn, major
enantiomer), 69.9 min (syn, minor enantiomer), 43.6 min (anti, major enantiomer), 33.0
min (anti, minor enantiomer). er (syn) = 74:26.

-Amino thioester (1.126). (Table 8, entry 3) Flash chromatography over silica
gel, using 25:75 EtOAc-hexanes gave 1.126 (0.127 g; 50%) as a pure, white solid,
comprised of a 83:17 (syn:anti) mixture of diastereomers. 1H NMR (CDCl3, 400 MHz,
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both diastereomers reported):  7.56–7.08 (m, 10 H), 7.07–6.82 [m, 2 H, including a d at 
7.03 (J = 8.6 Hz, syn) and a d at  6.85 (J = 8.0 Hz, anti)], 6.73–6.56 [m, 2 H, including a d at
 6.66 (J = 8.6 Hz, syn) and a d at  6.58 (J = 8.0 Hz, anti)], 5.72–4.67 [m, 2 H, including a d
at  5.69 (J = 8.4 Hz, anti), a dd at  4.91 (J = 5.4, 9.8 Hz, syn), and an apparent d at  4.73 (J
= 4.8 Hz, syn)], 4.17–4.00 [m, 1 H, including a d at  4.15 (J = 7.2 Hz, anti) and a d at  4.04
(J = 10.0 Hz, syn)], 3.79–3.68 [m, 3 H, including a s at  3.75 (syn) and a s at  3.70 (anti)],
3.41–3.21 (m, 2 H); 13C NMR (CDCl3, 100 MHz): 193.9, 159.5, 139.8, 132.9, 132.4, 129.5,
129.12, 129.06, 129.0, 128.7, 128.2, 127.3, 124.3 (q, J = 276.2 Hz), 113.9, 66.6, 59.4, 55.4, 30.9
(q, J = 34.7 Hz); ESI-MS m/z [M + Na]+ calcd for C24H22F3NNaO4S2: 532.1, found: 532.2;
HPLC (Daicel Chiralpak AD-H, hexane/i-PrOH = 94/6, flow rate 1.0 mL/min,  = 210
nm): tR 38.1 min (syn, major enantiomer), 63.8 min (syn, minor enantiomer), 40.6 min
(anti, major enantiomer), 45.0 min (anti, minor enantiomer). er (syn) = 76:24.

-Amino thioester (1.127). (Table 8, entry 4) Flash chromatography over silica
gel, using 22.5:77.5 EtOAc-hexanes gave 1.127 (0.209 g; 85%) as a pure, white solid,
comprised of a 97:3 (syn:anti) mixture of diastereomers. 1H NMR (CDCl3, 400 MHz): 
7.40–7.24 (m, 8 H), 7.21–7.14 (m, 2 H), 7.08–6.91 (m, 4 H), 5.30 (dd, J = 6.0, 9.6 Hz, 1 H),
5.04–4.89 (m, 1 H), 4.13 (d, J = 10.0 Hz, 1 H), 3.32 and 3.24 (q AB q, ∆AB = 30.4 Hz, J =
10.0, 15.0 Hz, 2 H), 2.30 (s, 3 H); 13C NMR (CDCl3, 100 MHz, contains 2 overlapping
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peaks): 193.7, 140.0, 136.4, 135.6, 133.1, 132.2, 130.7, 129.4, 129.2, 129.1, 128.9, 128.6,
128.4, 128.1, 126.9, 126.3, 124.3 (q, J = 276.2 Hz), 66.0, 55.3 (br signal), 30.9 (q, J = 34.3 Hz),
19.3; ESI-MS m/z [M + Na]+ calcd for C24H22F3NNaO3S2: 516.1, found: 516.2; HPLC
(Daicel Chiralpak AD-H, hexane/i-PrOH = 94/6, flow rate 1.0 mL/min,  = 210 nm): tR
24.3 min (syn, major enantiomer), 33.4 min (syn, minor enantiomer), 22.4 min (anti, major
enantiomer), 21.7 min (anti, minor enantiomer). er (syn) = 66:34.

1.5.3.5 Determination of Absolute Stereochemistry of 1.120

Compound 1.140 was prepared from 1.64 and 1.113 using a modified version of a
known6 procedure, and was then reduced to 1.141 upon treatment with LAH. 1.141 was
analyzed via chiral HPLC under conditions that gave baseline resolution of the four
stereoisomers.

Optically pure 1.13255 was converted to 1.133 upon treatment with LAH.
Compound 1.133 was then analyzed by chiral HPLC and compared to the HPLC data
for 1.141.
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Compound 1.120, prepared according to the present procedure, was converted to
1.135 upon treatment with LAH. The reduction product was analyzed by chiral HPLC
and compared to the HPLC data for 1.141 and optically pure 1.133 (obtained from 1.132)
and the major isomer was found to have the same structure as the latter.

General procedure. (1.135). LAH (1.0 M in THF, 0.75 mL, 0.75 mmol) was
added dropwise to a stirred solution of 1.120 (0.064 g, 0.15 mmol) in THF (2 mL) at –78
°C . The reaction stirred at –78 °C for 5 min, warmed to 0 ºC, stirred for 1 h, and then
slowly warmed to rt over the course of 1 h. Reaction quenched by careful addition of
10% aq. H2SO4 at 0 °C, diluted in Et2O (30 mL), washed with H2O (1 x 5 mL), brine, dried
(MgSO4) and evaporated to give a colorless solid. Flash chromatography over silica gel,
using 30:70 EtOAc-hexanes gave 1.135 (0.034 g; 62%) as a pure, white solid. 1H NMR
(CDCl3, 400 MHz):  7.55–7.50 (m, 2 H), 7.41–7.35 (m, 1 H), 7.29–7.19 (m, 5 H), 7.13–7.03
(m, 3 H), 6.96–6.90 (m, 2 H), 6.82–6.77 (m, 2 H), 5.14 (d, J = 8.0 Hz, 1 H), 4.80 (dd, J = 6.2,
8.0 Hz, 1 H), 3.94 (ddd, J = 6.2, 8.0, 11.0 Hz, 1 H), 3.68 (td, J = 5.6, 11.2 Hz, 1 H), 3.08 (td, J
= 5.8, 8.4 Hz, 1 H), 2.08 (t, J = 6.0 Hz, 1 H); 13C NMR (CDCl3, 100 MHz): 140.0, 138.6,
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136.9, 132.4, 129.0, 128.9, 128.8, 128.2, 127.9, 127.5, 127.2, 127.1, 63.2, 58.5, 54.1; ESI-MS
m/z [M + Na]+ calcd for C21H21NNaO3S: 390.1, found: 390.0.
1.120 1.135. HPLC (Daicel Chiralpak AD-H, hexane/i-PrOH = 90/10, flow rate
1.0 mL/min,  = 210 nm): tR 20.2 min (syn, major enantiomer), 34.6 min (syn, minor
enantiomer).  = 87:13.
1.132 1.133. HPLC (Daicel Chiralpak AD-H, hexane/i-PrOH = 90/10, flow rate
1.0 mL/min,  = 210 nm): tR 20.1 min (syn, major enantiomer), 34.4 min (syn, minor
enantiomer).  = 98:2.
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Chapter 2. Direct Carbon-Carbon Bond Formation via
Reductive Soft Enolization: A Kinetically Controlled synAldol Addition of -Halo Thioesters and Enolizable
Aldehydes

Portions of this work were published: Sauer, S. J.; Garnsey, M. R.; Coltart, D. M.
Direct Carbon-Carbon Bond Formation via Reductive Soft Enolization: A Kinetically
Controlled syn-Aldol Addition of -Halo Thioesters and Enolizable Aldehydes. J. Am.
Chem. Soc. 2010, 132, 13997-13999.
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2.1 Introduction
Carbon-carbon bond formation is one of the most widely used transformations in
organic synthesis.

Many methods exist to complete this transformation, with one

common example being the addition of an enolate nucleophile to a carbonyl-based
electrophile. Chapter 1 describes the Mannich reaction, which is the addition of an
enolate to an imine (Scheme 21, equation 2), and this chapter will focus on the aldol
reaction, the addition of an enolate to an aldehyde (Scheme 21, equation 1). A third
example of this type of transformation is the Claisen reaction, which is the addition of an
electrophile to a carboxylic acid derivative (Scheme 21, equation 3).

Scheme 21: Common Enolate-Based Carbon-Carbon Bond Forming Reactions
While these addition reactions are valuable tools in organic synthesis, several
issues arise when attempting to conduct them in a direct fashion. These issues include
the difficulty of controlling enolate formation and the chemoselectivity of the addition.
For a more complete discussion of these issues, see section 1.1.1. Introduced in 1951,62
prior enolate formation63 (cf. Scheme 1) provides a way of circumventing these issues
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and has led to some of the most important reactions known. While effective, the
stepwise procedures used to generate the enolates are time-consuming, particularly if
trapping is involved, and require that all manipulations be conducted under anhydrous
conditions and, when strong bases are used, at low temperature.
There are a few examples in the literature in which ketones have been used as the
enolate precursor in the direct aldol reaction.64 However, the ketones which can be used
in this process are inherently limited due to issues of chemoselectivity in the
deprotonation event. Only symmetrical ketones, such as acetone and 3-pentanone can
be used in this process, those with enolizable protons on only one side of the carbonyl,
or those which have a strong bias for deprotonation on one side, such as -aryl
ketones.65
Given these factors, along with the importance of the aldol reaction,9,

66-68

a

general, direct transformation applicable to enolizable aldehydes remains highly
desirable. The development of a broadly applicable direct aldol addition69-70 in which a
carboxylate derivative and an enolizable aldehyde are combined in the presence of a
base (etc.) has been a long standing yet unrealized goal in the field of organic synthesis.
The use of a carboxylate derivative is interesting as there are a large number of further
manipulations that are possible with these derivatives that would be more difficult or
impossible with a ketone (see Chapter 1). Unfortunately, side reactions between, for
example, the base and electrophile complicate this transformation. We have been
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studying the base mediated soft enolization71-73 of Mg2+-activated thioesters in the
development of direct versions of certain fundamental carbon-carbon bond-forming
reactions (see Chapter 1).74 Unfortunately, this method is still limited by the use of a
base to affect deprotonation, thus precluding the use of base-sensitive electrophiles.
One key factor that must be controlled in a direct reaction between base-sensitive
aldehydes and a carboxylate derivative to form the corresponding hydroxy
carboxylate system is the chemoselectivity of enolization. Since aldehydes are more
susceptible to deprotonation than simple carboxylate derivatives, a non-basic means of
enolization is desirable.10, 75-76
A few groups have harnessed the power of carboxylate derivatives for use in the
direct aldol reaction. Evans et al. reported a direct catalytic diastereoselective aldol
reaction of his N-acyloxazolidinones 2.6.14-15

This process requires a catalytic amount

of Mg2+ salt and a stoichiometric amount of Et3N and TMSCl, and generates the antialdol adducts 2.7 in high yield and selectivity (Scheme 22). However, this is still a basemediated process, limiting electrophile scope.

Scheme 22. Evans’ Direct Aldol Addition Using Carboxylate Derivatives
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A few groups have developed methods for a base free, orthogonal method for enolate
formation of carboxylate derivatives. Morken et al. reported a catalytic asymmetric
reductive aldol reaction in which ,-unsaturated ester 2.9 was combined with an
aldehyde in the presence of a chiral rhodium or indium complex (2.10) to reductively
generate selectively the syn--methyl--hydroxy esters 2.11.77-79

The highest d.r.

produced was 9.9:1 and the ee was up to 96% (Scheme 23).

Scheme 23: Morken’s Direct Aldol Addition using Carboxylate Derivatives
Shair et al. has developed a direct aldol reaction starting from malonic acid half
thioesters 2.13 (MAHT).80 Through a decarboxylation event and aledhyde addition, hydroxy thioesters 2.15 are generated in a one pot fashion (Scheme 24).

While

impressive, the synthesis of MAHTs is not trivial.

Scheme 24. Shair’s Direct Aldol Addition using Malonic Acid Half Thioesters
With these impressive studies as precedent, we wished to find a method in
which the chemoselectivity of enolization would not be a factor by generating our
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enolates in an orthogonal fashion. We hoped to find a shelf stable latent enolate that
would be easy to synthesize and could be released as an enolate under specific,
orthogonal reaction conditions. This idea took root in the form of our reductive aldol
process through the use of -iodothioesters, Mg2+ and PPh3. This was inspired by work
from Hashimoto et al. in which a similar method was developed using TiCl4 and PPh3 to
effect the addition of -bromothioesters to give respective aldol and Mannich
products.43, 81 Our work would allow for direct reactions conducted at room temperature
using a much milder Lewis acid.

By analogy to our base mediated reactions (see

Chapter 1), Mg2+ (Scheme 25-A) would polarize the thioester carbonyl, allowing PPh3 to
abstract X+ and generate the magnesium enolate (Scheme 25-B). As a base would not be
present, enolization of the electrophile should not compete, providing the desired
chemoselectivity.

Scheme 25: Chemoselectivity via Reductive Soft Enolization of -Halo Thioesters
The second key factor is the stereoselectivity of the addition, which is most easily
managed when the reaction is kinetically controlled. We expected that our PPh 362

mediated reductive aldol reaction would be under kinetic control in the addition step
(Scheme 25-C) because of the anticipated stability of magnesium aldolate under the
reaction conditions. In analogous amine mediated reactions, retro-aldol addition
occurs,12 likely due to participation of the amine through lone pair donation to Mg2+..82
In the proposed reductive aldol reaction, the related interaction with Ph 3P would be
unlikely given its soft nature.83 Thus, the retroaldol reaction would not occur, resulting
in a kinetic addition step. When viewed in this way, -halo thioesters represent a
convenient shelf-stable latent enolate,84 able to be liberated and used under mild
conditions.
In what follows, we describe the first direct addition of enolizable aldehydes and
-halo thioesters in a reductive enolization event to produce -hydroxy thioesters.
Reductive soft enolization provides access to the nucleophile in situ, thus obviating the
need for prior enolate formation. Moreover, this transformation has the unusual feature
of producing syn-selectivity, which is the opposite of that produced for (thio)esters
under conventional conditions.63 The yield and diastereoselectivity are as good or better
than these traditional methods. In addition, the reactions proceed at room temperature,
open to the air in untreated solvents. The products of these reactions are valuable and
versatile intermediates that provide access to a rich variety of carbonyl derivatives.
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2.2 Results and Discussion
2.2.1 Development of Conditions for the Reductive Aldol Reaction
We began our studies by looking at readily accessible and easily managed -halo
thioesters, which would be used in combination with Ph3P and a Mg2+ salt to facilitate
reductive soft enolization.

A related transformation employing TiCl4 is known but

requires prior enolate formation and the use of anhydrous conditions at −78 °C.43
Although we began our studies with the non-enolizable aldehyde naphthaldehyde, it
will be shown later that these mild reaction conditions are effective even for aldehydes
with acidic protons.
We began our studies by testing the Ph3P-mediated reductive aldol addition
using different -halo thioesters and various Lewis acid salts. The use of magnesium to
promote the reaction was based on previous work in the lab, such as that described in
chapter 1 with the Mannich reaction. Gratifyingly, the reaction proceeded under a range
of conditions to produce the desired aldol addition product 2.19 (Table 9).
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Table 9: A Survey of Lewis Acids for the Reductive Aldol Reaction

Notably, MgCl2 and Mg(OTf)2 failed to promote the reaction at all, and when the Lewis
acid was changed from a magnesium salt to a zinc salt, no product was observed (Table
9, enties 4, 8-11). Once it was found that iodothioester 2.17 consistently outperformed
bromothioester 2.16, iodothioester 2.17 was used exclusively for the rest of the
experimentation. Our best results were obtained using a combination of MgI2 and iodo thioester 2.17 (Table 9, entry 5), so these conditions were employed for the
remainder of our studies. Attempts to conduct the transformation in a catalytic fashion
by trapping the aldolate intermediate with either TMSCl or TMSOTf were not
successful.
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Once we had determined appropriate conditions for the aldol addition, several
carboxylic acid derivatives were tested to determine if, in fact, a thioester was the best
choice. The analogous reactions were conducted with thioester 2.17, oxoester 2.20, and
amide 2.21 (Table 10). Although in all three cases product was formed, the yield was
significantly higher in the case where the thioester was used (Table 10, entry 1). This is a
similar result to that found with the base-mediated processes studied in our lab,1
showing a possible analogy between the two different modes of enolate formation. This
result gave us justification for the further use of thioesters in this study.
Table 10: A Survey of Different Carboxylate Derivatives

With

suitable conditions

available, we

next wished to examine

the

diastereoselectivity of the transformation with -iodo propionoate thioesters 2.26-2.29
(Table 11). When the reaction was conducted with S-phenyl thioester 2.26, only a 3:1
ratio of diastereomers was produced. In pioneering work on the development of an antiselective aldol addition, Heathcock and Pirrung showed that increasing the steric bulk of
the ester component led to an increase in diastereoselectivity.85-86
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Thus, various

thioesters derived from increasingly sterically demanding thiols were examined. As
with the previous studies, an increase in the steric bulk did correlate with an increase in
diastereoselectivity (Table 11). However, in contrast to Heathcock’s work, the syn-, not
the anti-diastereomer, was preferentially formed. This syn-selectivity is the opposite of
that normally obtained for the aldol addition of (thio)esters under typical hard
enolization conditions.63 Therefore, this reaction provides an additional, and
stereochemically complimentary, direct aldol method to the many known anti-aldol
reactions. Selectivity of >20:1 in favor of the syn-product was obtained when bulky
thioester 2.29 was used (Table 11, entry 4), so this thioester was used in all subsequent
aldol additions.
Table 11: The Effect of Thioester Bulk on the Diastereoselectivity of the Reductive
Aldol Reaction

With the bulky thioester 2.29 providing high syn-selectivity, we next needed to
find the optimal reaction time. A variety of time points were taken over a 30 hour
period, and the optimal reaction time with thioester 2.29 and benzaldehyde 2.22 was
determined (Table 12).

Moderate yield was found after only 1 hour, with little
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improvement after 4 hours. The best yield was obtained after 16 hours, with very little
change when the reaction was allowed to continue for 30 hours.
Table 12: A Survey of Reaction Times on the Reductive Aldol Reaction

2.2.2 Determination of the Scope of the Reductive Aldol Reaction
Next, the scope of the transformation using a variety of aldehydes was
investigated (Table 13). We were pleased to find excellent diastereoselectivity in all
cases. The transformation worked equally well with enolizable aldehydes (Table 13,
entries 3-7), including those that were branched and unbranched at the -position. A
particularly impressive example is seen with the use of the -phenylacetaldehyde 2.38
(Table 13, entry 7), where the aldol addition proceeded in high yield and selectivity
despite the presence of the strongly acidic -protons. Aldehydes having other basesensitive functionality, such as terminal alkynes (2.39 and 2.41) and carbamates (2.41),
were also tested (Table 13, entries 8-10) and underwent the reaction smoothly. However,
the reaction did not appear to tolerate aldehydes with a free-hydroxyl group, such as phydroxy-benzaldehyde and vanillin, with which the aldol addition did not occur. This
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may be because the hydroxyl groups may interfere with the coordination of magnesium
to the carbonyl oxygen of the thioester and aldehyde in the transition state of the
addition (Scheme 30).
Table 13: The Scope of the Reductive Aldol Reaction

2.2.3 Mechanistic Studies of the Reductive Aldol Reaction
With the scope of the reaction determined, and the high syn-selectivity
established, we next wished to learn more about the origin of the selectivity. To do so,
we first needed to determine if the reaction was under kinetic or thermodynamic
control. As discussed in section 2.1, we expected that the reaction would be under
kinetic control, due to the soft nature of PPh3,83 which would not be expected to interact
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with the magnesium aldolate as an amine would in the analogous base-promoted
processes.82

Scheme 26: Reversibility Studies for the Reductive Aldol Reaction
To confirm our expectation of kinetic control in the addition step, the reaction
between 2.17 and 2.18 was carried out (Scheme 26). However, after 18 h, rather than
quenching the reaction with acid, p-tolualdehyde (2.52) was added. The mixture was
stirred for an additional 73 h and then quenched, yielding only adduct 2.19 (Scheme 26).
The lack of incorporation of p-tolualdehyde confirms the predicted stability of the
aldolate intermediate (cf. 2.51) and supports the notion of a kinetically controlled
addition. This result was confirmed by conducting the same experiment, but using
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cyclohexane carboxaldehyde 2.34, followed by addition of p-toluealdehyde 2.52 after 18
hours. This was then stirred for an additional 73 hours as before. The same result was
obtained, with 2.55 being the sole addition product observed, and no incorporation of
aldehyde 2.52.
In order to better understand the mechanism of this reaction, a series of NMR
studies was completed. We started by observing the reaction of only two of the reagents
at a time, subsequently adding in the next reagent until all of the components of the
reductive aldol reaction were in the NMR tube at once. It was observed that the reaction
could be run in deuterated chloroform with no change in the outcome of the reaction, so
in all cases equimolar amounts of the reactants and reagents were used at a
concentration of 0.2 M in CDCl3, according to the standard reaction conditions.
First, we reacted -bromothioester 2.16 with triphenylphosphine, with spectra
taken at various time points over 26 hours (Scheme 27). Based on literature precedent,
we were not surprised to see disappearance of thioester 2.16 (singlet at ~4.2 ppm) and
the formation of triphenylphosphonium salt 2.57 (doublet at ~6.0 pm).

71

Scheme 27: NMR experiment- Reaction of 2.16 with PPh3
Next, the same conditions were used over the same time course as the above
experiment, but this time MgI2 was added to the reaction (Scheme 28).

Although

phosphonium salt 2.57 still formed (doublet at ~6.0 ppm), the peak corresponding to the
-protons of bromothioester 2.16 (singlet at ~4.2 ppm) began to disappear, being
replaced with a new peak, slightly upfield at ~4.1 ppm. Upon further analysis, we
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realized that this new peak corresponded to the conversion of -bromothioester 2.16 to
-iodothioester 2.17 in situ. To confirm this, the NMR reaction was spiked with a pure
sample of -iodothioester 2.17, at which time the developing singlet at 4.1 ppm rapidly
increased in intensity. We also analyzed the sample via mass spectrometry to further
establish the presence of -iodothioester 2.17. This transhalogenation event may be the
reason for the higher yields seen in the reductive aldol reaction when the iodothioesters are used instead of the -bromothioesters (Table 9). Another interesting
result from this experiment was the formation of another peak at ~2.4 ppm, which was
determined to be dehalogenated thioester 2.58 (Scheme 28). This was formed during the
reaction via a known process87 involving the in situ derived iodothioester and MgI2.
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Scheme 28: NMR Experiment- Reaction of 2.16 with PPh3 and MgI2
In the last NMR experiment, all of the reagents required for the reductive aldol
reaction were combined and the full reaction was observed by NMR over the same time
period as the previous two experiments (Scheme 29). In this experiment, both of the
thioester peaks were consumed more rapidly, and phosphonium salt 2.57 did not form.
The lack of formation of phosphonium salt 2.57 shows that the competing aldol addition
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occurs much more rapidly than phosphonium salt formation, and therefore this side
reaction should not and does not impact the yields in this irreversible reaction.
Reduction product 2.58 was still observed, and there were broad peaks at ~3.2 and ~5.4
ppm, which are close to the chemical shifts of aldol product 2.19. We were unable to
resolve these peaks in observing the reaction, but once the reaction was either worked
up or shaken with D2O, these peaks resolved into sharper, more intense peaks
corresponding to the formation of aldol adduct 2.19.

This last observation further

supports the irreversible formation of a magnesium-aldolate intermediate 2.51 (Scheme
26-2.51-2.54), as the product appears only after the addition of water. Presumably, this
helps resolve the peaks by protonating intermediate 2.51 and removing magnesium
from the organic material.

75

Scheme 29: NMR Experiment- Reaction of 2.16 and 2.18 with PPh3 and MgI2

2.2.4 A Stereochemical Model for the Reductive Aldol Reaction
A model accounting for the observed stereoselectivity based on a kinetically
controlled addition step is shown in Scheme 30. As this is a kinetically controlled
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process, the selectivity must come from the relative energies of the transition states, and
not from the relative stabilities of the products.88

Enolization presumably occurs

through an open transition state in a manner analogous to LDA-mediated enolization in
the presence of chelating ligands.89 Alternatively, it is reversible and favors the
thermodynamically more stable Z-(O)-enolate (2.62). In either case, a greater proportion
of 2.62 forms as the steric bulk of the thioester increases, which is consistent with the
trend observed in Table 11. We were unable to observe this experimentally, as we were
consistently unable to trap the enolate as the silyl ketene acetal. Irreversible, kinetic
addition of 2.62 to the aldehyde through the lower energy Zimmerman-Traxler
transition state (2.63) then gives the syn-aldol product via aldolate 2.64.

Scheme 30: The Stereochemical Model for the Reductive Aldol Reaction

2.3 Conclusion
In summary, we have developed the first Mg2+ promoted direct addition of halo thioesters and enolizable aldehydes to produce -hydroxy thioesters via reductive
soft enolization. The scope of this method is quite broad as it is tolerant of a variety of
77

aldehydes, even those containing base-sensitive functional groups, which is not typically
possible under standard basic methods. The syn-selective nature of this reaction is the
opposite of that obtained for simple (thio)esters using amide bases (LDA, etc.) and so
provides a convenient complementary approach to this key transformation. Further
studies of this reaction will focus on elucidating its mechanism and extending the scope
of the asymmetric process in a catalytic fashion.

2.4 Experimental
2.4.1 General Considerations
Unless stated to the contrary, where applicable, the following conditions apply:
Reactions were carried out using dried solvents (see below) and under a slight static
pressure of Ar (pre-purified quality) that had been passed through a column (5 x 20 cm)
of Drierite. Glassware was dried in an oven at 120 °C for at least 12 h prior to use and
then either cooled in a desiccator cabinet over Drierite or assembled quickly while hot,
sealed with rubber septa, and allowed to cool under a stream of Ar. Reactions were
stirred magnetically using Teflon-coated magnetic stirring bars. Teflon-coated magnetic
stirring bars and syringe needles were dried in an oven at 120 °C for at least 12 h prior to
use then cooled in a desiccator cabinet over Drierite. Hamilton microsyringes were dried
in an oven at 60 °C for at least 24 h prior to use and cooled in the same manner.
Commercially available Norm-Ject disposable syringes were used. Dry benzene, toluene,
Et2O, CH2Cl2, THF, MeCN and DME were obtained using an Innovative Technologies
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solvent purification system. All other dry solvents were of anhydrous quality purchased
from Aldrich. Commercial grade solvents were used for routine purposes without
further purification. Et3N, pyridine, i-Pr2NEt, 2,6-lutidine, i-Pr2NH, TMEDA were
distilled from CaH2 under a N2 atmosphere prior to use. Flash column chromatography
was performed on silica gel 60 (230–400 mesh) or, where indicated, high purity silica gel
(5-20 mesh). In each instance, the syn-anti ratio was computed from the 1H NMR
spectrum of the crude material. All 1H chemical shifts are reported in ppm (δ) relative to
TMS; 13C shifts are reported in ppm (δ) relative to CDCl3 (77.16). Only the major (syn)
isomers are reported below. All aldehydes, MgI2 and Ph3P were commercially available
from Aldrich.

2.4.2 Procedures and Characterization
2.4.2.1 Synthesis of Thioesters

2,4,6-triisopropylbenzenethiol (2.65). This thiol was prepared according to a
literature procedure (2.34 g; 75%).90 The spectral data matched reported values, and the
crude material was used in subsequent reactions.
The following reaction is representative for the formation of all bromo-thioesters from
their respective thiols and α-bromo-acid bromides, with the exception of the S-t-Butyl thioester.
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α-Bromo-S-phenyl thioacetate (2.16).

Bromoacetyl bromide (4.06 mL, 47.0

mmol) was added to a stirred solution of benzenethiol (4.00 mL, 39.1 mmol) in CH 2Cl2
(50 mL). The solution was cooled to 0 °C, and pyridine (6.32 mL, 78.2 mmol) was added
to the mixture dropwise over 2 min. Stirring was continued for 15 min, followed by the
addition of ca. 4 mg of DMAP. The solution was warmed to room temperature and
stirring was continued for 23 h. A saturated solution of aqueous NH 4Cl was added (20
mL) to the reaction and the biphasic mixture was stirred for 10 min. The mixture was
partitioned between EtOAc (100 mL) and H2O (20 mL) and the organic phase was
isolated and washed with brine (1 x 10 mL), dried over MgSO4, and evaporated under
reduced pressure to give a yellow solid. Flash chromatography over silica gel, using
5:95 EtOAc-hexanes, gave 2.16 (6.33 g, 70%) as a pure white solid.
identical to previously reported data.91

13

1

H NMR data was

C NMR (CDCl3, 125 MHz): δ 191.1, 134.7,

130.1, 129.6, 126.9, 33.3; ESI-MS m/z calcd for C8H7BrNaOS (M + Na)+: 252.9, found:
252.9.
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α-Bromo- S-phenyl thiopropionate (2.66). Flash chromatography over silica gel,
using 10:90 EtOAc-hexanes, gave α-Bromo-S-phenyl thiopropionate (4.42 g; 50%) as a
pale yellow oil. Spectral data was identical to previously reported data.92

α-Bromo-S-2’,6’-dimethylphenyl thiopropionate (2.67). Flash chromatography
over silica gel, using 10:90 EtOAc-hexanes, gave 2.67 (3.8 g; 63%) as a colorless oil. 1H
NMR (CDCl3, 500 MHz): δ 7.26-7.15 (m, 3 H), 4.65 (q, J = 7.0 Hz, 1 H), 2.36 (s, 6 H), 1.90
(d, J = 7.0 Hz, 3 H);

C NMR (CDCl3, 125 MHz): δ 193.5, 143.1, 130.4, 128.6, 126.2, 47.7,

13

22.1, 21.7; ESI-MS m/z calcd for C11H13BrNaOS (M + Na)+: 295.0, found: 295.0.

α-Bromo-S-2’,4’,6’-triisopropylphenyl

thiopropionate

(2.68).

Flash

chromatography over silica gel, using 2.5:97.5 EtOAc-hexanes, gave 2.68 (1.89 g; 51%) as
a white solid. 1H NMR (CDCl3, 500 MHz): δ 7.09 (s, 2 H), 4.66 (q, J = 7.0 Hz, 1 H), 3.493.30 (m, 2 H), 2.91 (septet, J = 7.0 Hz, 1 H), 1.89 (d, J = 7.0 Hz, 3 H), 1.26 (d, J = 7.5 Hz, 6
H), 1.19 (d, J = 6.5 Hz, 12 H);

C NMR (CDCl3, 125 MHz): δ 195.0, 152.7, 151.7, 122.3,

13

120.8, 47.6, 34.5, 32.0, 24.4, 24.0, 23.7, 22.2; ESI-MS m/z calcd for C18H27BrNaOS (M + Na)+:
393.1, found: 393.1.
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α-Bromo-S-t-Butyl thiopropionate (2.69). 2-Methy-2-propanethiol (2.03 mL, 18.0
mmol) was added, dropwise over ca. 2 min, to a suspension of NaH (752 mg, 19.8 mmol
[60% dispersion in mineral oil, rinsed with hexane and dried over Ar]) in THF (40 mL) at
0 °C. 2-Bromopropionyl bromide (2.09 mL, 19.8 mmol) was added to the suspension,
dropwise over ca. 2 min, and the mixture was warmed to room temperature and stirred
for 46 h. A saturated solution of NH4Cl (20 mL) was added to the solution and the
biphasic mixture was stirred for 10 min. The mixture was partitioned between EtOAc
(100 mL) and H2O (20 mL) and the organic phase was isolated and washed with brine (1
x 10 mL), dried over MgSO4, and concentrated under reduced pressure to give a yellow
oil. Flash chromatography over silica gel, using 5:95 EtOAc-hexanes, gave 2.69 (2.05 g;
52%) as a pale yellow oil. 1H NMR (CDCl3, 300 MHz): δ 4.37 (q, J = 6.8 Hz, 1 H), 1.77 (d, J
= 6.8 Hz, 3 H), 1.46 (s, 9 H); 13C NMR (CDCl3, 75 MHz): δ 196.4, 49.1, 48.6, 29.7, 22.0; ESIMS m/z calcd for C7H13BrNaOS (M + Na)+: 247.0, found: 247.0.
The following reaction is representative of the formation of all of the α-iodothioesters from their
corresponding α-bromothioesters.

α-Iodo-S-phenyl thioacetate (2.17).

Sodium iodide (1.21 g, 17.3 mmol) was

added to a stirred solution of 2.16 (2.00 g, 8.65 mmol) in acetone (15 mL). The solution
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was stirred for 47 hours. The resulting suspension was partitioned between EtOAc (50
mL) and H2O (10 mL) and the organic phase was isolated and washed with a 1M
solution of Na2S2O3 (1 x 10 mL) and brine (1 x 10 mL), dried over MgSO4, and
concentrated under reduced pressure to give a yellow oil. Flash chromatography over
silica gel, using 5:95 EtOAc-hexanes, gave 2.17 (1.4 g; 58%) as a pale yellow solid.

H

1

NMR (CDCl3, 500 MHz): δ 7.43 (s, 5 H), 4.07 (s, 2 H); 13C NMR (CDCl3, 125 MHz): δ
191.2, 134.5, 130.0, 129.5, 127.2, 3.7; ESI-MS m/z calcd for C9H9INaOS (M + Na)+: 300.9,
found: 300.9.

α-Iodo-S-phenyl thiopropionate (2.26). Flash chromatography over silica gel,
using 5:95 EtOAc-hexanes, gave 2.26 (1.5 g; 63%) as a light brown oil. Spectral data was
identical to previously reported data.92

α-Iodo-S-2’,6’-dimethylphenyl thiopropionate (2.28).

Flash chromatography

over silica gel, using 5:95 EtOAc-hexanes, gave 2.28 (1.1 g; 62%) as a light brown oil. 1H
NMR (CDCl3, 300 MHz): δ 7.27-7.14 (m, 3 H), 4.85 (q, J = 6.9 Hz, 1 H), 2.37 (s, 6 H), 2.02
(d, J = 6.9 Hz, 3 H);

C NMR (CDCl3, 75 MHz): δ 194.0, 143.3, 130.3, 128.6, 126.1, 23.5,

13

22.3, 21.6; ESI-MS m/z calcd for C11H13INaOS (M + Na)+: 343.0 , found: 343.0.
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α-Iodo-S-2’,4’,6’-triisopropylphenyl

thiopropionate

(2.27).

Flash

chromatography over silica gel, using 2.5:97.5 EtOAc-hexanes, gave 2.27 (1.8 g; 67%) as a
light brown oil. 1H NMR (CDCl3, 300 MHz): δ 4.59 (q, J = 6.9 Hz, 1 H), 1.92 (d, J = 7.2 Hz,
3 H), 1.48 (s, 9 H); 13C NMR (CDCl3, 75 MHz): δ 197.4, 48.9, 29.8, 24.4, 23.5; ESI-MS m/z
calcd for C7H13INaOS (M + Na)+: 295.0, found: 294.9.

α-Iodo-S-2’,4’,6’-triisopropylphenyl

thiopropionate

(2.29).

Flash

chromatography over silica gel, using 2.5:97.5 EtOAc-hexanes, gave 2.29 (1.6 g; 55%) as a
pale yellow solid. 1H NMR (CDCl3, 400 MHz): δ 7.08 (s, 2 H), 4.86 (q, J = 6.8 Hz, 1 H),
3.53-3.32 (m, 2 H), 2.91 (septet, J = 6.8 Hz, 1 H), 2.01 (d, J = 6.8 Hz, 3 H), 1.32-1.12 (m, 18
H, [containing a d at δ 1.26, J = 6.8 Hz]);

C NMR (CDCl3, 125 MHz): 195.6, 153.1, 152.8,

13

151.6, 122.4, 122.2, 120.6, 34.5, 32.1, 31.8, 24.4, 24.0, 23.7, 23.5, 22.2; ESI-MS m/z calcd for
C18H27INaOS (M + Na)+: 441.1, found: 441.1.
2.4.2.2 Synthesis of -Hydroxy Carboxylic Acid Derivatives
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β-Hydroxy-S-phenyl thioester (2.23).

Flash chromatography over silica gel,

using 10:90 EtOAc-hexanes, gave 2.23 (30.9 mg; 80%) as an off-white powder. Spectral
data was identical to previously reported data.12

β-Hydroxy-O-Phenyl thioester (2.24).

Flash chromatography over silica gel,

using 10:90 EtOAc-hexanes, gave 2.24 (26.0 mg; 67%) as a white powder. Spectral data
was identical to previously reported data.93

β-Hydroxy-N-Phenyl thioester (2.25).

Flash chromatography over silica gel,

using 50:50 EtOAc-hexanes, gave 2.25 (17.1 mg; 44%) as a white powder. Spectral data
was identical to previously reported data.94
2.4.2.3 Synthesis of -Hydroxy Thioesters
The following reaction is representative for the formation of all β-hydroxythioesters from their
respective aldehydes and thioesters

β-Hydroxy-S-phenyl thioester (2.19). Aldehyde 2.18 (23 mg, 0.15 mmol) was
added to a stirred solution of 2.17 (50 mg, 0.18 mmol) in CH2Cl2 (3 mL). MgI2 (50 mg,
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0.18 mmol) was then added to the solution, followed by Ph3P (47 mg, 0.18 mmol).
Stirring was continued for 16 h at room temperature, followed by the addition of 3 mL
of 10% (w/w) HCl. The biphasic mixture was stirred for 10 min and then partitioned
between EtOAc (40 mL) and H2O (3 mL) and the organic layer was isolated, washed
with a 1M solution Na2S2O3 (1 x 10 mL) and brine (1 x 10 mL), dried over MgSO4, filtered
and concentrated under reduced pressure to give a yellow solid. Flash chromatography
over silica gel, using 10:90 EtOAc-hexanes, gave 2.19 (35.2 mg; 63%) as a faint yellow
solid.

H NMR (CDCl3, 300 MHz): δ 7.85-7.23 (m, 12 H), 5.37 (X of an ABX system,

1

apparent dd, J = 3.0, 5.7 Hz, 1 H), 3.19 (A of an ABX system, J = 8.4, 15.9 Hz, 1 H), 3.10 (B
of an ABX system, J = 3.9, 16.2 Hz, 1 H);

C NMR (CDCl3, 75 MHz): δ 197.6, 139.8, 134.8,

13

133.5, 133.3, 130.0, 129.6, 128.8, 128.3, 128.0, 127.2, 126.6, 126.3, 124.8, 123.9, 71.1, 52.3;
ESI-MS m/z calcd for C19H16NaO2S (M + Na)+: 331.1, found: 331.1.

α-Methyl-β-hydroxy-S-phenyl thioester (2.30).

Flash chromatography over

silica gel, using 10:90 EtOAc-hexanes, gave 2.30 (31.5 mg; 83%) as a clear, faint yellow oil
in a 3:1 mixture of diastereomers (syn:anti). The spectral data matched reported values.12
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α-Methyl-β-hydroxy-S-phenyl thioester (2.55). Flash chromatography over silica
gel, using 10:90 EtOAc-hexanes, gave 2.55 (17.5 mg; 37%) as a clear oil. Spectral data was
identical to previously reported data.95

α-Methyl-β-hydroxy-S-t-butyl thioester (2.31).

Flash chromatography over

silica gel, using 10:90 EtOAc-hexanes, gave 2.31 (32.2 mg; 85%) as a clear oil in a 3.7:1
mixture of diastereomers (syn:anti). The spectral data matched reported values.96

α-Methyl-β-hydroxy-S-2’,6’-dimethylphenyl

thioester

(2.32).

Flash

chromatography over silica gel, using 10:90 EtOAc-hexanes, gave 2.32 (30.6 mg; 78%) as
a white solid in a 15.3:1 mixture of diastereomers (syn:anti). 1H NMR (CDCl3, 400 MHz):
δ 7.40-7.10 (m, 8 H), 5.10-4.81 (m, 1 H [containing a d at δ 5.07, J = 4.8 Hz, and an
apparent t at δ 4.83, J = 6.8 Hz]), 3.25-3.11 (m, 1 H), 2.90-2.08 (m, 6 H, [containing a br s at
δ 2.75, and a br m at δ 2.40-2.08]), 1.40-0.65 (m, 3 H [containing a d at δ 1.31, J = 6.8 Hz]);
13

C NMR (CDCl3, 75 MHz): δ 201.1, 142.8, 141.3, 130.1, 128.5, 128.4, 127.9, 126.5, 74.2,

54.9, 21.6, 12.5; ESI-MS m/z calcd for C18H20NaO2S (M + Na)+: 323.1, found: 323.1.
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α-Methyl-β-hydroxy-S-2’,4’,6’-triisopropylphenyl

thioester

(2.33).

Flash

chromatography over silica gel, using 20:80 EtOAc-hexanes, gave 2.33 (30.9 mg; 89%) as
a white, crystalline solid. 1H NMR (CDCl3, 400 MHz): δ 7.68-7.24 (m, 5 H), 7.05 (s, 2 H),
5.04 (d, J = 5.6 Hz, 1 H), 3.45-3.28 (br m, 1 H), 3.26-3.16 (m, 1 H), 3.08-2.60 (m, 3 H), 1.401.00 (m, 21 H, [containing a d at δ 1.32, J = 6.8 Hz, and a d at δ 1.25, J = 6.8 Hz]); 13C NMR
(CDCl3, 75 MHz): δ 202.5, 152.7, 151.4, 141.4, 132.2, 128.5, 127.9, 126.6, 122.2, 74.42, 54.9,
34.5, 31.9, 24.0, 23.7, 13.0; ESI-MS m/z calcd for C25H34NaO2S (M + Na)+: 421.2, found:
421.2.

α-Methyl-β-hydroxy-S-2’,4’,6’-triisopropylphenyl

thioester

(2.42).

Flash

chromatography over silica gel, using 10:90 EtOAc-hexanes, gave 2.42 (29.0 mg; 65%) as
a colorless oil. 1H NMR (CDCl3, 300 MHz): δ 8.00-7.39 (m, 7 H), 7.01 (d, J = 12.0 Hz, 2 H),
5.18 (d, J = 5.7 Hz, 1 H), 3.45-3.24 (m, 2 H), 3.00-2.69 (m, 3 H), 1.70-0.73 (m, 21 H); 13C
NMR (CDCl3, 75 MHz): δ 202.3, 152,6, 152.3, 151.4, 138.7, 133.4, 133.2, 128.3, 127.8, 126.3,
126.2, 125.8, 124.4, 122.1, 121.1, 74.7, 54.7, 34.5, 31.9, 24.2, 24.0, 23.7, 23.1, 13.2; ESI-MS
m/z calcd for C29H36NaO2S (M + Na)+: 471.2, found: 471.2.
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α-Methyl-β-hydroxy-S-2’,4’,6’-triisopropylphenyl

thioester

(2.43).

Flash

chromatography over silica gel, using 10:90 EtOAc-hexanes, gave 2.43 (27.8 mg; 69%) as
a white solid. 1H NMR (CDCl3, 400 MHz): δ 7.09 (s, 2 H), 3.65 (dd, J = 4.4, 6.8 Hz, 1 H),
3.40 (septet, J = 6.8 Hz, 2 H), 3.05 (dq, J = 4.4, 6.8 Hz, 1 H), 2.91 (septet, J = 6.8 Hz, 1 H),
2.40 (br s, 1 H), 2.07 (m, apparent br d, J = 12.4 Hz, 1 H), 1.85-0.80 (m, 31 H); 13C NMR
(CDCl3, 75 MHz): δ 203.4, 152.5, 151.4, 122.2, 121.3, 76.3, 49.9, 40.5, 34.5, 32.1, 29.5, 28.6,
26.5, 26.4, 26.1, 24.3, 24.0, 12.2; ESI-MS m/z calcd for C25H40NaO2S (M + Na)+: 427.3,
found: 427.3.

α-Methyl-β-hydroxy-S-2’,4’,6’-triisopropylphenyl

thioester

(2.44).

Flash

chromatography over silica gel, using 10:90 EtOAc-hexanes, gave 2.44 (31.9 mg; 87%) as
a colorless oil. 1H NMR (CDCl3, 400 MHz): δ 7.09 (s, 2 H), 3.95 (td, J = 3.6, 8.4 Hz, 1 H),
3.39 (septet, J = 6.8 Hz, 2 H), 2.96-2.85 (m, 2 H), 2.55-2.36 (br s, 1 H), 1.60-1.15 (m, 25 H),
0.95 (t, J = 6.8 Hz, 3 H); 13C NMR (CDCl3, 100 MHz): δ 203.3, 152.3, 151.2, 122.0, 121.1,
71.8, 52.6, 36.3, 34.3, 31.9, 24.2, 23.8, 23.6, 19.1, 14.0, 11.9; ESI-MS m/z calcd for
C22H36NaO2S (M + Na)+: 387.2, found: 387.2.
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α-Methyl-β-hydroxy-S-2’,4’,6’-triisopropylphenyl

thioester

(2.45).

Flash

chromatography over silica gel, using 10:90 EtOAc-hexanes, gave 2.45 (28.6 mg; 68%) as
a colorless oil. 1H NMR (CDCl3, 400 MHz): δ 7.09 (s, 2 H), 3.98-3.90 (m, 1 H), 3.39 (septet,
J = 6.8 Hz, 2 H), 3.00-2.85 (m, 2 H), 2.48-2.40 (br s, 1 H), 1.70-0.77 (m, 33 H), 0.89 (t, J = 6.8
Hz, 3 H); 13C NMR (CDCl3, 75 MHz): δ 203.4, 152.5, 151.4, 72.2, 52.7, 34.5, 34.3, 32.1, 32.0,
29.7, 29.4, 26.1, 24.3, 24.0, 23.7, 22.8, 14.2, 12.1; ESI-MS m/z calcd for C22H36NaO2S (M +
Na)+: 387.2, found: 387.2.

α-Methyl-β-hydroxy-S-2’,4’,6’-triisopropylphenyl

thioester

(2.46).

Flash

chromatography over silica gel, using 10:90 EtOAc-hexanes, gave 2.46 (33.0 mg; 77%) as
a colorless oil. 1H NMR (CDCl3, 400 MHz): δ 7.32-7.18 (m, 5 H), 7.08 (s, 2 H), 4.00-3.94
(m, 1 H), 3.42-3.31 (m, 2 H), 2.96-2.84 (m, 3 H), 2.73-2.64 (m, 1 H), 2.57-2.51 (br s, 1 H),
1.93-1.82 (m, 1 H), 1.79-1.69 (m, 1 H), 1.33 (d, J = 6.8 Hz, 3 H), 1.26 (d, J = 6.8 Hz, 6 H),
1.20-1.14 (m, 12 H); 13C NMR (CDCl3, 75 MHz): δ 203.4, 152.5, 151.4, 141.9, 128.6, 126.1,
122.2, 121.2, 71.5, 52.8, 36.1, 34.5, 32.4, 32.1, 24.3, 24.0, 23.7, 12.1; ESI-MS m/z calcd for
C27H38NaO2S (M + Na)+: 449.2, found: 449.2.
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α-Methyl-β-hydroxy-S-2’,4’,6’-triisopropylphenyl

thioester

(2.47).

Flash

chromatography over silica gel, using 10:90 EtOAc-hexanes, gave 2.47 (33.1 mg; 80%) as
a white solid. 1H NMR (CDCl3, 400 MHz): δ 7.37-7.17 (m, 5 H), 7.09 (s, 2 H), 4.19-4.13 (br
m, 1 H), 3.45-3.33 (m, 2 H), 2.98-2.86 (m, 2 H), 2.84-2.75 (m, 2 H), 2.41 (br s, 1 H), 1.41 (d, J
= 7.2 Hz , 3 H), 1.30-1.09 (m, 18 H [containing a d at δ 1.26, J = 6.8 Hz, and a t at δ 1.18, J =
7.2 Hz]);

C NMR (CDCl3, 125 MHz): δ 203.0, 152.7, 152.4, 151.5, 138.3, 129.6, 128.9,

13

126.9, 122.3, 121.3, 73.4, 52.4, 40.9, 34.6, 32.2, 24.4, 24.1, 23.9, 12.8; ESI-MS m/z calcd for
C26H36NaO2S (M + Na)+: 435.23, found: 435.3.

α-Methyl-β-hydroxy-S-2’,4’,6’-triisopropylphenyl

thioester

(2.48).

Flash

chromatography over silica gel, using 10:90 EtOAc-hexanes, gave 2.48 (30.4 mg; 72%) as
a light-yellow oil. 1H NMR (CDCl3, 400 MHz): δ 7.51-7.34 (m, 4 H), 7.06 (s, 2 H), 5.04 (d,
J = 5.2 Hz, 1 H), 3.40-3.28 (br s, 1 H), 3.20-3.12 (m, apparent pentet, 1 H), 3.08 (s, 1 H),
3.04-2.81 (m, 3 H), 1.32-1.05 (m, 21 H); 13C NMR (CDCl3, 75 MHz): δ 202.5, 152.7, 151.6,
142.2, 132.4, 126.6, 122.3, 121.8, 121.1, 83.7, 77.6, 74.2, 54.8, 34.6, 32.1, 24,7, 24.1, 13.0; ESIMS m/z calcd for C33H39NNaO3S2 (M + Na)+: 584.2, found: 584.3.

91

α-Methyl-β-hydroxy-S-2’,4’,6’-triisopropylphenyl

thioester

(2.49).

Flash

chromatography over silica gel, using 10:90 EtOAc-hexanes, gave 2.49 (40.4 mg; 89%) as
a colorless oil. 1H NMR (CDCl3, 400 MHz): δ 7.41-7.24 (m, 2 H), 7.08-6.98 (m, 4 H), 5.19
(d, J = 4.8 Hz, 1 H), 4.80 (dd, J = 0.8, 2.4 Hz, 2 H), 3.50-3.43 (m, apparent pentet, 1 H), 3.433.32 (br s, 1 H), 3.12-2.93 (m, 2 H), 2.93-2.83 (m, apparent pentet, 1 H), 2.54 (s, 1 H), 1.321.03 (m, 21 H); 13C NMR (CDCl3, 125 MHz): δ 202.5, 154.3, 152.2, 151.1, 129.7, 128.7, 128.5,
122.0, 121.6, 121.3, 111.9, 78.3, 75.9, 71.4, 56.1, 52.4, 34.4, 31.8, 24.1, 23.9, 12.9; ESI-MS m/z
calcd for C28H36O3S (M + H)+: 453.2, found: 453.2.

α-Methyl-β-hydroxy-S-2’,4’,6’-triisopropylphenyl

thioester

(2.50).

Flash

chromatography over silica gel, using 10:90 EtOAc-hexanes, gave 2.50 (32.1 mg; 62%) as
a light-yellow solid. 1H NMR (CDCl3, 400 MHz): δ 7.38-7.26 (m, 4 H), 7.04 (s, 2 H), 6.54
(s, 1 H), 4.98 (d, J = 4.4 Hz, 1 H), 3.40-3.25 (br s, 1 H), 3.18-3.09 (m, apparent pentet, 1 H),
3.05-2.93 (br s, 1 H), 2.92-2.82 (m, apparent pentet, 1 H), 2.78 (s, 1 H), 1.51 (s, 9 H), 1.311.02 (m, 21 H); 13C NMR (CDCl3, 75 MHz): δ 202.5, 152.9, 151.4, 138.1, 136.1, 131.5, 127.3,
122.2, 121.2, 118.5, 30.8, 74.1, 54.9, 34.6, 32.0, 28.6, 24.3, 24.1, 13.0; ESI-MS m/z calcd for
C30H43NO4S (M + H + NH3)+: 531.3, found: 531.3.
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4.2.2.4 Stereochemical Determination of Aldol Addition Product

The determination of the major isomer identified in the aldol addition products
was made in accordance with the method Barrett et al. used to elucidate the relative
stereochemistry of a related class of compounds.97

The diol is generated by LAH

reduction, followed by acetonide protection of the diol to form the dioxane product.
Thioester 2.70 was used in this manner to determine that the reaction is syn-selective by
looking at the coupling constant of the splitting between the methyne protons at the two
stereocenters. Because the coupling constant between the two protons was ~2.7 Hz the
relative stereochemistry was determined to be syn, where if it was anti, the coupling
constant would be ~10 Hz.
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Chapter 3. Development of a Strategy for the
Asymmetric Synthesis of Polycyclic Polyprenylated
Acylphloroglucinols via Chiral N-Amino Cyclic
Carbamate Hydrazones: Application to the Total
Synthesis of (+)- and (–)-Clusianone

Portions of this work were published: 1) Garnsey, M. R.; Matous, J. A.; Kwiek, J.
J.; Coltart, D. M. Asymmetric Total Synthesis of (+)- and (–)-Clusianone and (+)- and (–)Clusianone Methyl Enol Ether via ACC Alkylation and Evaluation of their Anti-HIV
Activity. Bioorg. Med. Chem. Lett. 2011, 21, 2406-2409. 2) Garnsey, M. R.; Lim, D.; Yost, J.
M.; Coltart, D. M. Development of a Strategy for the Asymmetric Synthesis of Polycyclic
Polyprenylated Acylphloroglucinols via N-Amino Cyclic Carbamate Hydrazones: Application to
the Total Synthesis of (+)-Clusianone. Org. Lett. 2010, 12, 5234-5237.
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3.1 Introduction
3.1.1 Polycyclic Polyprenylated Acylphloroglucinols
The polycyclic polyprenylated acylphloroglucinols (PPAPs) are a large and
remarkably interesting class of natural products.98

All members of the PPAP family

have been isolated from plants in the Guttiferae family. They possess a wide-range of
biological activity and have intriguing structures (Figure 2). Structurally, the PPAPs are
derived from simpler monocyclic polyprenylated acylphloroglucinols (MPAPs), which
themselves have been shown to have antimicrobial, antifungal, and antifeedant activity.
All PPAPs contain either a [3.3.1] or a [3.2.1] bicyclic trione core, with the differences in
their structures being mainly attributed to differences in the degree of prenylation,
degree of oxidation, and the structure and position of the acyl group. These seemingly
minor structural, though non-trivial synthetic differences, have a drastic effect on their
biological activity.99
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Figure 2: Representative PPAPs
One of the most well-known PPAPs is hyperforin100 (3.5), which is the main
constituent of the anti-depressant St. John’s wort. St. John’s Wort has been used to treat
mild to moderate depression, as well as anxiety and schizophrenia. In vitro studies have
shown that hyperforin inhibits the synaptosomal uptake of several neurotransmitters,
including dopamine, norepinephrine, and serotonin.101
Although less well-known, a number of other PPAPs exhibit a wide range of
biological activity. Garcinol 3.6 scavenges free radicals often found in the body102-103 and
has demonstrated antibiotic activity against methicillin-resistant S. aureus.104-105
Guttiferone E 3.4, has shown strong in vitro inhibitory activity against tubulin
depolymerization (IC50 = 20 M) [paclitaxel (IC50 = 0.5 M)], making it a potential
inhibitor of cell replication. Another PPAP, nemorosone 3.3, has been shown to exhibit
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antimicrobial activity,106 cytotoxicity, and antioxidant activity.107

While not a

comprehensive list of PPAPs, the aforementioned compounds highlight the broadranging biological activities that this family of compounds has been shown to possess.
Of particular interest is (+)-clusianone (3.1), which has been shown to possess
anti-viral activity against both HIV (EC50 = 0.020 ± 0.003 µM)108 and Epstein-Barr virus
(17.4 ± 1.2% of cells were EBV-EA positive in the presence of 32 nmol of 3.1).109 A study
of the mechanism of action of (+)-clusianone revealed that it may inhibit the gp120-SCD4
interaction, suggesting that it is interfering with the viral attachment to the cellular
receptor CD4 and preventing infection.108 As of spring 2012, (-)-clusianone (3.2) has not
yet been isolated or synthesized. Although several pairs of enantiomers of PPAPs have
been isolated and characterized before, at no point have both enantiomers been tested in
the same biological assay.

Their unique structures, combined with (+)-clusianone’s

biological activity, made these compounds compelling targets for this synthetic reasons,
and for further biological investigation as anti-viral agents.

3.1.2 Prior Synthetic Work
3.1.2.1 PPAP family
Not only do PPAPs exhibit wide-ranging biological activity, but they also
possess intriguing structures. Consequently, they have attracted considerable interest
from the synthetic community and a number of PPAPs have now been synthesized
using a variety of innovative approaches.99

The first synthetic studies emerged in
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1999,110 and the first total synthesis of the PPAP garsubellin A was reported in 2005.
Despite the impressive synthetic advances in this emerging class of natural products,
only a small number of syntheses have been conducted in an asymmetric fashion.111-113
Central to the synthetic reports of various PPAPs has been the development of a
number of novel approaches to form the bicyclic [3.3.1] core. Of these, the most popular
are the Effenberger, aldol, and Michael cyclizations. There have also been reports of the
use of metathesis, [3+2] cycloaddition, metal mediated, and pinacol cyclizations. In all,
seven different bonds have been selected as the disconnection point for formation of the
bicyclic framework in these syntheses.
As noted, the first PPAP to be synthesized was garsubellin A (3.10), as reported
by Shibasaki in 2005.114

After several attempts at the synthesis in which a

Diekman/Michael cascade cyclization formed the bicycle,115-116 this group remains the
only group to use ring-closing metathesis to form the necessary bicyclic structure
(Scheme 31).

The synthesis required 23 steps from vininlogous ester 3.7 and took

advantage of an intramolecular Wacker oxidation strategy developed by their laboratory
in an earlier synthetic attempt at the same molecule.
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Scheme 31: Highlights From Shibasaki’s Total Synthesis of Garsubellin A
3.1.2.2 Clusianone
The total synthesis of (±)-clusianone has been reported by several research
groups.

Simpkins has reported the synthesis of (+)-clusianone, although this was

accomplished with a kinetic resolution of a late-stage intermediate. The highlights of
each of these syntheses are discussed below.
Danishefsky reported a synthesis of racemic clusianone that employed a novel
iodocarbocyclization developed for the synthesis of garsubellin A,117 and also used in the
synthesis of isomeric nemorosone.118

Although lower yielding in the synthesis of

clusianone, the iodocarbocyclization strategy allows for a rapid increase in molecular
complexity (Scheme 32, 3.12  3.13). The flexibility of the route was demonstrated by
using it to synthesize three different PPAPs. Overall, Danishefsky’s synthesis of (±)clusianone (3.14) proceeded in only 13 steps from the commercially available 3.11.
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Scheme 32: Highlights From Danishefksy’s Total Synthesis of (±)-Clusianone
Simpkins also reported the total synthesis of (±)-clusianone119 and, as mentioned
above, was the first to synthesize (+)-clusianone.111 The Simpkins approach employed
the Effenberger cyclization (Scheme 33, 3.16  3.17), which had been reported by Stoltz
in an earlier attempt at the total synthesis of garsubellin A.120 Following cyclization,
anion chemistry was used to assemble racemic clusianone in only three additional steps
(Scheme 33a). This same anion chemistry was then used along with a chiral lithium base
to preferentially alkylate a single enantiomer of his racemic bicycle, leaving the desired
enantiomer (+)-3.18 unalkylated in 25% yield with an ee of 98% (Scheme 33b).
Intermediate (+)-3.18 was advanced to (+)-clusianone (3.1) in the same manner as with
the racemic material. The optically enriched ketone (+)-3.18 was also alkylated with pbromobenzyl bromide and the product was crystallized.

A crystal structure was

obtained to establish for the first time the absolute configuration of (+)-clusianone.

100

Scheme 33: Highlights of Simpkin’s Total Synthesis of Clusianone (a) and His Kinetic
Resolution (b)
Marazano improved on the reported syntheses of clusianone and other PPAPs by
using the Effenberger cyclization (Scheme 34, 3.21 on the fully prenylated silyl
enol ether 3.21.121 He was the first to establish both quaternary bridgehead carbons in a
one step cyclization, which allowed for the synthesis of (±)-clusianone (3.14) in only 9
linear steps from 3.20 (Scheme 34).

Scheme 34: Highlights of Marazano’s Synthesis of (±)-Clusianone
The most recent report on the synthesis of (±)-clusianone 3.14 came from the
Porco group. His group used a novel double Michael cascade reaction (Scheme 35, 3.24
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3.25to assemble the [3.3.1] core as a single diastereomer from the functionalized
aromatic compound 3.23.122 Porco’s synthesis was completed in 10 linear steps (Scheme
35). Additionally, in a rare example of an asymmetric synthesis of any PPAP, the Porco
group demonstrated that their double Michael cascade reaction could be could be
conducted asymmetrically when performed in the presence of a chiral cinchona-based
phase transfer catalyst developed in their lab.113

This reaction was used in the

asymmetric total synthesis of hyperibone K, which was completed in only 6 synthetic
steps, the shortest synthesis of any PPAP yet, and in 90% ee.

Scheme 35: Highlights of Porco’s Synthesis of (±)-Clusianone
The previous synthetic work reported for the synthesis of (±)-clusianone
described above is impressive. Each publication improves upon the one before it, with
the length of the synthesis decreasing from Danishefsky’s 13 linear steps to Marazano’s 9
linear step synthesis. However, methods to synthesize this molecule in an asymmetric
fashion are lacking, as is true for all molecules in the PPAP family. We wished to
address this deficiency by using our recently introduced N-amino cyclic carbamate
chiral auxiliaries to develop the first asymmetric total synthesis of (+)- and (-)102

clusianone, and to demonstrate how this approach could be used as a general approach
to the asymmetric synthesis of a large portion of the PPAP family.

3.1.3 N-Amino Cyclic Carbamate Chiral Auxiliaries in the Asymmetric
-Alkylation of Ketones
Chiral auxiliaries are an excellent tool for generating enantioenrichment in a
synthesis. They are chiral compounds which are introduced into an achiral molecule to
allow the desired transformation to be carried out in a diastereoselective manner. A
versatile auxiliary must then be easy to remove, preferably in a manner compatible with
recycling, liberating the now chiral, enantioenriched compound. One example of the use
of auxiliaries is the formation of chiral hydrazones (3.27), which are used to form
azaenolates (3.28) that can be added to a variety of electrophiles in a diastereoselective
manner. Upon removal of the auxiliary, enantioenriched -alkylated ketones (3.30) are
isolated (Scheme 36). Additionally, it is well known in the literature that azaenolates
perform better in addition reactions than enolates, as they are more nucleophilic and
they provide greater regioselectivity for C-alkylation.123

Scheme 36: Generic Scheme for the Asymmetirc -Alkylation of Ketones via-Chiral
Hydrazones
The current state of the art for the asymmetric -alkylation of ketones is via the
SAMP/RAMP auxiliaries developed by Enders (Scheme 37).124 While these well-known
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dialkyl hydrazones (3.31) are stable and provide good to excellent selectivity and
yield,124-125 there are many practical limitations associated with their use. For instance,
due to the weakly acidic nature of dialkyl hydrazones, long reaction times are required
for metallation with LDA. Once formed, the azaenolate must be cooled to extremely low
temperatures (-110 °C) for the alkylation to proceed with acceptable stereoselectivly
(3.31 -> 3.32), making large scale use difficult to impossible. Additionally, the removal of
these auxiliaries has proven to be problematic, and the recommended conditions
(ozonolysis, quaternization/hydrolysis) limit functional group compatibility with the
parent molecule and hinder or prevent recycling of the auxiliary (3.32 -> 3.33).125 Finally,
the synthesis of SAMP and RAMP hydrazides is extremely costly.

Scheme 37: The Use of SAMP/RAMP in the Asymmetric -Alkylation of Ketones
We recently described the use of chiral N-amino cyclic carbamate (ACC)
auxiliaries for the asymmetric -alkylation of ketones (Scheme 38),126-127 a similar
auxiliary-based method to SAMP/RAMP but one that circumvents the issues described
above, and compliments the reactivity. ACC auxiliaries react readily with ketones to
afford the corresponding hydrazones (Scheme 38, 3.34 3.35). These undergo rapid
deprotonation to the azaenolates, which alkylate on up to a multi-gram scale with
excellent stereoselectivity and yield (Scheme 38, 3.35  3.36). Moreover, the auxiliaries
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can be recovered quantitatively and recycled (Scheme 38, 3.36  3.37 + H2NY) under
mildly acidic conditions.

Scheme 38: Asymmetric -Alkylation of Ketone via ACC Auxiliaries
Our group has developed two different sets of ACC auxiliaries, one that is
derived from either enantiomer of camphor sulphonic acid 3.39, and one that is derived
from either enantiomer of phenylalanine 3.38. The camphor derived auxiliary 3.39
requires a six step synthesis from commercially available camphor sulphonic acid which
is easily scalable (see section 3.7.2.6 for experimental procedures).126 This auxiliary has
been used in the asymmetric ,-bisalkylation of acetone127 (Scheme 39, 3.40 3.41,
and studies are underway to demonstrate its ability to direct the ,,’,’-tetraalkylation
of acetone (Scheme 39, 3.41  3.42 and 3.42  3.43). We have also demonstrated its
ability to override the inherent regioselectivity of systems such as -phenylacetone, and
alkylate on exclusively the ’-carbon. Additionally, our group has demonstrated the
success of these ACC hydrazones in the asymmetric aldol and Darzens128 reactions. This
is a powerful tool for the synthesis of tertiary chiral centers with ers of up to >99:1, and
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has been used by our group for the synthesis of (+)-and (-)-mefloquine,128 aprotoxin, and
stigmolone.127

Scheme 39: Asymmetric ,,’,’-Tetraalkylation of Acetone
The auxiliaries derived from phenylalanine (3.38) are easier to make, as they
require a one-step amination procedure from the commercially available oxazolidinones
(see experimental in section 3.7.2.6).

Although they are easier to synthesize, these

auxiliaries do not provide the same level of asymmetric induction when using simple
ketones, such as acetone and 3-pentanone. However, based on computational studies
conducted in collaboration with the Houk group,129 we have established that hydrazones
of auxiliary 3.38 derived from ketones containing steric bulk on the ’-carbon produce
equally high enantioenrichment as those derived from the more complex camphor
derived ACC 3.39 (Scheme 40, alkylation of 3.44 vs 3.47).
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Scheme 40: -Alkylation of a) 3-Pentanone Hydrazone and b) 2-Methyl-3-Pentanone
Hydrazone Using the Phenyl Alanine Derived Auxiliary 3.38
It occurred to us that this alkylation procedure could provide the basis for an
efficient and general asymmetric approach to the desired 2,3,3,4-tetrasubstituted
cyclohexanone core, and thus open the door to the asymmetric total synthesis of a range
of PPAPs. The first asymmetric total synthesis of both (+)- and (-)-clusianone discussed
below130-131 will probe the difference between these two set of auxiliaries in the case of
steric bulk on the ’-carbon.

3.2 The Asymmetric Total Synthesis of (+)-Clusianone
3.2.1 Retrosynthetic Analysis
Considering the structure of clusianone, and reviewing previous synthetic work,
we wished to use our ACC-alkylation methodology to set two of the stereocenters, and
from there develop methods for the formation of the [3.3.1]-bicyclic core. It had been
shown previously that the benzoyl and bridgehead prenyl substituents could be easily
added following cyclization to produce clusianone,119 and it was envisioned that enone
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3.49 could be used to generate bicycle 3.48 via the conjugate addition/Claisen strategy
shown in Scheme 41. As the goal of this research endeavor was to generate enantioenriched clusianone, the challenge at this point was to set the two stereocenters of enone
3.49. The stereocenter  to the carbonyl on cyclization precursor 3.49 would be set via a
late-stage alkylation of the advanced ACC hydrazone 3.50. This hydrazone would be
derived from the parent ketone, which would be formed via a methylation/BablerDauben rearrangement sequence from the chiral ketone 3.51. This ketone would also be
obtained from an ACC-mediated alkylation, this time from hydrazone 3.52, formed in
turn via condensation of the ACC-hydrazide with the known enone.

Scheme 41: Original Retrosynthetic Analysis of (+)-Clusianone (3.1)
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3.2.2 The Asymmetric Total Synthesis of (+)-Clusianone
3.2.2.1 The Use of N-Amino Cyclic Carbamate Chiral Auxiliaries
We began our studies by preparing enone 3.54, the necessary substrate for the
ACC alkylation, using a combination of literature procedures.132-133

Thus, 1,3-

cyclohexadione (3.15) was prenylated and the product was subsequently treated with
oxalyl chloride to generate -chloro enone 3.53 (Scheme 42).

This reaction was

unreliable and sporatically caused undesired of the double bond on the prenyl
substituent, resulting in low yields and a tedious separation. As a result, an alternate
strategy to generate enone 3.54 was investigated beginning with the facile and reliable
formation of the enol triflate 3.55, followed by reduction (Scheme 43). Unfortunately, all
attempts to effect the reduction134-135 were uniformly unsuccessful, resulting in recovered
starting material.

Scheme 42: The Synthesis of Enone 3.54
As such, we instead improved the conditions for the chlorination reaction to
reduce byproduct formation (see experimental, section 3.7.2.1). Continuing with the
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synthesis, metallic reduction of 3.53 gave the desired enone substrate 3.54 for the ACC
alkylation sequence (Scheme 42).127

Scheme 43: Attempted Reduction of Enol Triflate 3.55
Next, ACC auxiliary 3.56 was condensed with enone 3.54 to generate hydrazone
3.57. This was then alkylated with prenyl bromide to generate a single diastereomer of
alkylated hydrazone 3.58. The molecule was next hydrolyzed under the mild conditions
shown in Scheme 44 to give enone 3.51 with an er of 98:2. Acetone hydrazone 3.59 was
also recovered, which could easily be cleaved with hydroxylamine to regenerate 3.56
(Scheme 44).126

Scheme 44: The Use of ACC Auxiliary 3.56 in the Asymmetric Alkylation of Enone
3.54
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Based on studies ongoing in our group at the same time this work was being
conducted,129 we realized that auxiliary 3.38 might be able to be used in place of 3.56 but
still give similarly high levels of enantioenrichment (see section 3.1.3). Thus, auxiliary
3.38 was condensed with enone 3.54 and to generate hydrazone 3.60 in 95% yield
(Scheme 45). Hydrazone 3.60 was then alkylated in excellent yield by treatment with
LDA followed by prenyl bromide (3.60  3.61). The auxiliary was removed from the
alkylated product (3.61 3.51) by treatment with p-TsOHH2O in acetone/H2O, which
gave the desired ketone with excellent overall asymmetric induction (er = 99:1) (Scheme
45).

Surprisingly, unlike our previous experiences with acyclic ketones, 126 the

enantioselectivity (er = 99:1) of the alkylation was even better in this case than it was
when auxiliary 3.56 was used.

Scheme 45: Use of ACC Auxiliary 3.38 in the Asymmetric Alkylation of Enone 3.51
The enantiomeric ratios for enones 3.51 were determined by chiral HPLC. To do
so, enone 3.54 was alkylated with prenyl bromide to generate enone 3.101 in racemic
form (Scheme 63).

Conditions were established to give baseline separation of the
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enantiomers and enantioenriched 3.51 prepared via ACC alkylation was analyzed
accordingly. (see experimental section 3.7.2.1).

The (S)-configuration at the new

stereogenic center was inferred by analogy to previous studies with these auxiliaries.127
For confirmation, the stereochemical outcome of this reaction was also deduced by
comparison to the methylation of the corresponding 2-methylcyclohexenone-derived
ACC hydrazone, for which a crystal structure of the product was obtained (see
experimental, section 3.7.2.1).
With a reliable route to advanced ketone 3.51 secured, the proposed
methylation/carbonyl transposition sequence was initiated. To do this, 3.51 was treated
with MeMgBr, forming tertiary allylic alcohol 3.63 as a mixture of diastereomers. These
were used without separation in the Babler-Dauben oxidation136-137 to produce enone 3.64
(Scheme 46). Enone 3.64 is an important intermediate in the synthesis as it represents a
divergence point for the synthesis of other members of the PPAP family, and is also a
common intermediate with Simpkin’s racemic synthesis of clusianone.119

Scheme 46: The Synthesis of Enone 3.64
At this point in the synthesis, the next step was to make the ACC hydrazone
from enone 3.64 and then alkylate it with electrophiles that may be used to effect the
cyclization (Scheme 47). This would be a challenging alkylation as the auxiliary must be
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able to override the inherent stereochemical bias of the chiral ketone, and instead direct
the alkylation in the required manner. The formation of the hydrazone proceeded
smoothly via condensation of enone 3.64 with the phenylalanine auxiliary 3.38 and PPTS
in CH2Cl2 (Scheme 47).

Scheme 47: Proposed Alkylation and Hydrolysis of Late-Stage Hydrazone 3.65
For a thorough analysis, three alkylations were carried out; one using the (R)phenylalanine derived hydrazone 3.65, a second using the (S)-phenylalanine derived
hydrazone 3.70, and a third directly from the enone 3.64. The two allylated hydrazones
3.68 and 3.71 were hydrolyzed to ketones 3.69 and 3.72 respectively using the same
conditions, as shown in Scheme 48.
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Scheme 48: Three Allylations of Advanced Enone 3.64.
However, upon both 1H and

C NMR analysis, there was no discernible

13

difference between these three allylated ketones. There are several variables which
could have led to ketones 3.69 and 3.72 not being isomers of one another. First, the
auxiliaries may not have been able to override the inherent selectivity that the chiral
ketone provided. Second, the hydrolysis of the auxiliary may have caused the newly
formed stereocenter to epimerize to the thermodynamic product. Third, it is possible
that the alkylation conditions caused some -deprotonation of the hydrazone, which
would have led to epimerization of the established stereocenter.
To investigate the third possibility, hydrazone 3.65 was treated with LDA at
various temperatures and then quenched with H2O. The resulting product was then
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analyzed via HPLC, with conditions which were established for the baseline separation
of the two possible diastereomers.

Even when allowed to stir with LDA at room

temperature, there was no detectible epimerization of the resulting hydrazone (Table
14).
Table 14: Temperature Study for the Epimerization of Hydrazone 3.65 with LDA

With that possibility eliminated, we turned our attention to the other two possible
options. To properly analyze the selectivity of the alkylation, we attempted to obtain a
crystal structure of the alkylated hydrazone by alkylating hydrazone 3.65 with pbromobenzylbromide. However, all attempts at the crystallization of this compound
were unsuccessful.
While this analysis continued, the synthetic work continued with the alkylation
of hydrazone 3.65 with methyl-3-bromo propionate (Scheme 49). Again, the resulting
ketone was compared to the racemic alkylation of ketone 3.64 and no discernible
difference was detected. However, with ester 3.49 in hand, we were ready to begin
cyclization attempts.
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Scheme 49: Alkylation of Hydrazone 3.65 with Methyl-3-Bromo Propianate

3.2.2.2 Formation of the [3.3.1]-Bicyclic Core
The original plan for the cyclization is outlined in Scheme 50. Our goal was to
use a methyl cuprate to attack the -position of enone 3.49 and then the resulting enolate
(3.75) would add to the ester, generating the bicyclic core in structure 3.48.

Scheme 50: General Plan for the Cyclization of the Bicyclic Core
As shown in Scheme 51, the enone was subjected to a variety of methylating conditions.
The use of copper iodide, methyl lithium and BF3•OEt2,132 and NaOMe in MeOH, were
both unsuccessful, yielding only starting material.

Thus, the cuprate derived from

methyl magnesium bromide and CuBr•SMe2 was used in the presence of HMPA and
TMSCl,111 followed by the addition of TBAF. While these conditions were successful in
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promoting the conjugate addition, they did not yield the desired cyclized product
(Scheme 51, 3.49 3.76.

Scheme 51: The Attempted Cyclization of Enone 3.49 via Cuprate Addition and
Subsequent Diekman Condensation
In an attempt to have more control over the reaction, silyl enol ether intermediate 3.77
was isolated and then subjected to treatment with TBAF. However, this also only gave
the dimethylated ketone 3.76 with no evidence of bicycle formation. The use of TMSOTf
to promote the reaction only provided an unidentifiable side product.
At this point, we decided to change our approach and look for methods of
generating a better electrophile in hopes that this would promote the addition of the
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silyl enol ether. As we had yet to establish the effect of the auxiliary on the alkylation to
generate enone 3.49, we performed the following alkylations directly from enone 3.64.
The alkylation of enone 3.64 with iodide 3.78138 was carried out as shown in Scheme 52
to generate the thioether 3.79, and the cuprate conditions noted earlier were used to
generate the silyl enol ether 3.80.

Scheme 52: The Formation of Silyl Enol Ether 3.80
Silyl enol ether 3.80 was then subjected to the conditions shown in Scheme 53. However,
this did not yield the desired cyclization. Addition of an amine base, a Lewis acid such
as ZnCl2, changing solvent, and even using NIS did not improve the outcome of the
reaction.

Scheme 53: Attempted Cyclization of Thioether 3.80 via NCS
In a similar approach, the dithiane 3.83 was synthesized via alkylation of enone
3.54, which was used as a model system in an effort to save the advanced enone 3.64 for
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the optimized conditions (Scheme 54). The synthesis of the iodide 3.82 starts from
methyl acrylate and is shown in Scheme 55.139 Interestingly, HMPA was required140 for
the alkylation with iodide 3.82 to proceed, a trend which was seen consistently with
alkylating agents containing sulfur, and many times oxygen as well. The dithiane 3.83
was treated under the same cuprate conditions and silyl enol ether 3.84 was isolated.

Scheme 54: Synthesis of Cyclization Precursor 3.84

Scheme 55: Synthesis of Iodide 3.82
Dithiane 3.84 was treated with a variety of thiophilic metals,83 including copper, gold,
and silver74 salts in the hopes that this would promote the cyclization. However, all
attempts were unsuccessful (Scheme 56).
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Scheme 56: The Attempted Cyclization Using Silyl Enol Ether 3.84
The next approach required the synthesis of alkyne 3.92. This was completed through
alkylation of enone 3.54 with the commercially available alkyne shown in Scheme 57,
followed by methyl cuprate addition to enone 3.91 and isolation of silyl enol ether 3.92.

Scheme 57: Synthesis of Cyclization Precursor 3.92
The gold-catalyzed cyclization shown in Scheme 58, reported to provide access to PPAPlike bicyclic cores,141 was attempted, but no cyclized product was isolated.

Scheme 58: Attempted Cyclization via Silyl Enol Ether 3.93
Although all of the above attempts at the cyclization represented new and
potentially useful methodologies, the goal of our synthetic effort was to showcase the
use of the ACC-hydrazones in the first asymmetric total synthesis of (+)-clusianone.
While all avenues were not fully explored, we decided to abandon these routes in favor
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of the Effenberger cyclization, a reaction which had already been used on the same
enone to effect the bicycle formation.119
Inspired by work from the Stoltz laboratory,120 silyl enol ether 3.94 was engaged
in the Effenberger cyclization

in order to access the bicyclic framework of 3.95

diastereoselectively (Scheme 59).

Unfortunately, all attempts to effect this

transformation were uniformly unsuccessful.

Scheme 59: The Attempted Cyclization via Stoltz’s Effenberger Cyclization
We therefore used an alternative strategy for the remaining transformations
developed by Simpkins in his synthesis of racemic clusianone,119 which instead
employed methyl enol ethers 3.97a and 3.97b for the Effenberger cyclization.

The

methyl enol ethers were readily prepared as outlined in Scheme 60, and indeed
underwent the intended cyclization. Although the reaction yield was low, a careful
acid/base extraction could separate the desired product (3.95) from 3.96, and the latter
was recycled to produce additional 3.97a and 3.97b.
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Scheme 60: The Successful Bicycle Formation via the Effenberger Cyclization From
Methyl Enol Ether 3.97
With the success of the Effenberger cyclization in hand, we established a new
retrosynthetic analysis.

The cyclization to form the bicycle proved to be

diastereoselective via substrate control, without the need for the late-stage second use of
the auxiliary. Scheme 61 shows the final retrosynthetic analysis for the first asymmetric
total synthesis of (+)-clusianone 3.1.
The 2-substituted cyclohexanone 3.54 would serve as the substrate for
enantioselective ACC alkylation, ultimately giving enone 3.51. Grignard addition would
then be used to install the C3 methyl group, which would be followed by a BablerDauben oxidation producing transposed enone 3.64. At this point, the cyclohexenone
would undergo a methyl cuprate addition to produce the C3 gem-dimethyl moiety 3.97
which would be used in the Effenberger cyclization to produce bicycle 3.95. From here,
simple alkylations and acylations would give (+)-clusianone 3.1 (Scheme 61).
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Scheme 61: Final Retrosynthetic Analysis of (+)-Clusianone

3.2.2.3 Completion of the Asymmetric Total Synthesis of (+)Clusianone
With the bicyclic system 3.95 in hand, it was converted to enol ether 3.98. Based
on literature precedent,119 3.98 was subjected to bridgehead prenylation, which gave 3.99
in excellent yield. Subsequent addition of the benzoyl group (3.99  3.100), followed by
methyl enol ether hydrolysis (3.100  3.1) gave (+)-clusianone 3.1 (Scheme 62).
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Scheme 62: End Stage of the Asymmetric Total Synthesis of (+)-Clusianone 3.1
To determine the enantiomeric purity of the synthetic material, the above
synthetic sequence was carried out in a racemic fashion to the stage of the penultimate
compound. Thus, enone 3.54 was subjected to LDA-mediated prenylation, producing
(±)-3.101 (Scheme 63).

This compound was then subjected to the transformations

developed above to give (±)-3.102. The enantiomers of (±)-3.102 were then resolved via
chiral HPLC.

Subsequent analysis of synthetic 3.100 revealed an er = 99:1. (see

experimental, section 3.7.2.1).

Scheme 63: Racemic Synthesis of Methyl Enol Ether 3.102
124

3.3 The Asymmetric Total Synthesis of (-)-Clusianone
The asymmetric total synthesis of (-)-clusianone required all of the same
manipulations as described in the previous section, except the (S)-phenylalanine derived
auxiliary 3.103 was used for the alkylation step to obtain the opposite enantiomer of
ketone 3.51. This simple change in the synthesis allowed access to the other enantiomer.
To begin this process, enone 3.54 was converted to hydrazone 3.104 by acid mediated
condensation with ACC auxiliary (S)-3.103. Once formed, 3.104 was subjected to LDA
mediated prenylation, giving 3.105 in excellent yield, and as a single diastereomer, as
confirmed by 1H and 13C NMR analysis. Auxiliary removal from prenylated hydrazone
3.105 was achieved hydrolytically by treatment with p-TsOH•H2O in acetone/H2O,
producing the key synthetic intermediate 3.106 in 80% yield (Scheme 64). Analysis of
synthetic 3.106 by chiral HPLC, compared to the racemic ketone as described above,
revealed an enantiomer ratio of 99:1 indicating that minimal, if any, epimerization
occurred during removal of the ACC auxiliary.

Scheme 64: ACC-Mediated Alkylation of Enone 3.54 to Obtain Enone 3.107
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The enantiomer obtained from this alkylation sequence was opposite that obtained from
the alkylation described for (+)-clusianone 3.1, where the (R)-phenylalanine derived
auxiliary (R)-3.38 was used.
With optically active ketone 3.106 in hand, the methylation/carbonyl
transposition sequence was initiated. Treatment of 3.106 with the Grignard reagent
MeMgBr efficiently produced tertiary allylic alcohol 3.108. This underwent the Babler–
Dauben oxidation upon exposure to PCC producing enone 3.109.

-Unsaturated

ketone 3.109 was subjected to conjugate addition using a methyl cuprate to produce
3.110. Learning from the lessons of (+)-clusianone, the methyl enol ethers 3.111a and
3.111b were generated from 3.110 upon treatment with t-BuOK and Me2SO4, and the
Effenberger cyclization was used uneventfully to form the bicycle 3.112. Careful
acid/base extraction was required following this transformation to separate the desired
product (3.112) from 3.110, and the latter was recycled to produce more of 3.111a and
3.111b (Scheme 65).
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Scheme 65: Synthesis of Bicycle 3.112
Methylation of crude cyclized product 3.112 gave 3.113 in 18% yield over two
steps (35% based on recovered 3.110). Next, 3.113 was subjected to bridgehead
prenylation, which gave 3.114 in excellent yield. Subsequent addition of the benzoyl
group gave rise to clusianone methyl enol ether 3.115. Finally, simple hydrolysis was
used to afford (-)-clusianone 3.2 (Scheme 66). Compound 3.115 was analyzed via chiral
HPLC against racemic 3.102 to show the er of the penultimate compound to be 99:1 (see
experimental section 3.7.2.1).
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Scheme 66: Final Stages of the First Asymmetric Total Synthesis of (-)-Clusianone
(3.2)

3.4 A General Approach to the PPAP Family of Compounds
Currently, well over one hundred PPAPs are known. They are categorized as
type A, B, and C, depending on the position of the benzoyl moiety (Figure 3a);
clusianone is a type B system. The 2,3,3,4-tetrasubstituted cyclohexanone scaffold is a
common structural motif that is shared by the majority of all known PPAPs.98
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Figure 3: a) Type A, B, and C PPAPs and b) Naturally Occurring Stereochemical
Permutations of the C3 and C4-Alkyl Groups
In these systems, the 2- and 4-positions are always stereogenic and the 3-position is
either dimethylated or substituted with a methyl and a homoprenyl group and is
therefore also stereogenic.

With regard to absolute stereochemistry, the naturally-

occurring substitution patterns are shown in Figure 3b. We reasoned that if a general
asymmetric synthesis of the 2,3,3,4-tetrasubstituted cyclohexanone core was available
that provided access to these naturally-occurring stereochemical patterns, then it could
provide the basis for the asymmetric total synthesis of a substantial proportion of all
PAPPs.
Scheme 67 shows our proposed general strategy for the synthesis of the PPAP
family of compounds. First, it is possible to use a variety of alkylating agents in the
ACC-mediated asymmetric alkylation of enone 3.121. The scope of possible alkylating
agents has been explored by our lab in other systems and was not probed in this project,
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as most PPAP molecules possess a prenyl substituent in this position. The second
divergence point comes at the stage of the cuprate addition to advanced enone 3.123.
Here, it is possible to add either a methyl or a homoprenyl cuprate, a motif which
reflects the majority of type B PPAPs, and then to either hydrolyze the resulting silyl
enol ether, or take advantage of the regiochemically differentiated enolate to selectively
alkylate at either the 2 or the 6 carbon.

Scheme 67: Proposed General Strategy for the Asymmetric Synthesis of the PPAP
Core Structure
Compound 3.123 is common to the preparation of the different PPAP motifs
shown in Figure 3, and marks a divergence point in the synthetic strategy. As such, to
access the gem-dimethyl function (cf. 3.124), the Simpkins conjugate addition protocol119
was employed, which provided smooth access to 3.94. Silyl enol ether 3.94 could be
readily hydrolyzed to give ketone 3.96 as a mixture of diastereomers. Separately, the homoprenyl substituent was installed in an analogous fashion using a homoprenyl
Grignard reagent (Scheme 68, 3.64  3.125).
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Scheme 68: Synthesis of Representative PPAP Core Structures
We were pleased to find that this transformation proceeded with excellent
diastereoselectivity, with 3.125 being the only conjugate addition product detected. In
this case, however, the silyl enol ether function was not sufficiently stable to silica gel
chromatography to give a high yield of the pure silyl enol ether of 3.125, so we chose to
hydrolyze it directly to ketones 3.125. The relative configuration between the C3 and C4
substituents was confirmed by X-ray crystallography of the p-tolyl-N-sulfonyl
hydrazone derivative of the 2- diastereomer of 3.125 (see experimental). One example
of a PPAP with this core structure is (+)-guttiferone A 3.126, as shown in Scheme 68.
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3.5 The Synthesis of a Library of (+)-Clusianone Derivatives and
their Anti-HIV activity
3.5.1 The Anti-HIV Activity of (+)-Clusianone, (-)-Clusianone and (+)and (-)-Clusianone Methyl Enol Ether
Having completed the asymmetric total synthesis of (+)-clusianone (3.1) and (-)clusianone (3.2), we undertook an investigation into their anti-HIV activity, along with
the activity of their corresponding methyl enol ethers, 3.100 and 3.115, respectively. To
do so, we established a collaboration with the Kwiek group at The Ohio State University.
In collaboration with the Kwiek group, HIV-1 Env-psuedoviruses were created and the
ability of compounds 3.1, 3.2, 3.100, and 3.115 to block infectivity in a mammalian cell
culture system was tested in two different cell lines (3T3 and Jurkat). (See experimental
Section 3.7.2.4 for detailed experimental procedures.)
Interestingly, despite being enantiomers of one another, (+)- and (-)-clusianone
(3.1 and 3.2) exhibited very similar IC50 values of 1.53 and 1.13 M, respectively, in the
3T3 system. (+)-Clusianone obtained from natural sources was tested in C8166 human T
lymphoblastoid cells infected with HIV-1MN and was found to have an EC50 = 0.020 ±
0.003 M.108 However, compounds 3.100 and 3.115 showed no inhibition (Figure 4).
Similar results were obtained in the Jurkat cells, although the IC50 of compounds 3.1 and
3.2 were lower than the IC50 observed in the 3T3 cells (Figure 5). The IC50 values of the
clusianone compounds are higher than the reported IC50 values for AZT (~120 nM)142
and nevirapine (~40 nM).143
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Figure 4. Drug Infection on 3T3 Cells Treated with Clusianone

Figure 5. Drug Infection on Jurkat Cells Treated with Clusianone
Some PPAPs have been isolated in both their (+)- and (-)- forms. These include
the enantiomeric pairs hyperibone G144 and propolone D,145 hyperibone A144 and
garcinielliptone I,146 guttiferone E147-150 and carcinol,148 and isoxanthochymol147-148 and
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isogarcinol.151 However, the present study appears to be the first instance in which an
enantiomeric pair of PPAPs has been evaluated in the same biological assay.

3.5.2 Synthesis of a Library of (+)-Clusianone Derivatives
As is discussed in Section 3.1.1, the various members of the PPAP family of
compounds display a wide variety of biological activity, though their structures are all
quite similar. It is clear that small adjustments to their structures result in drastic
changes in biological activity. Therefore, upon completion of the first asymmetric total
synthesis of both (+)- and (-)-clusianone and investigation of their biological activity, we
wished to synthesize a small library of clusianone-like compounds and then test their
biological activity in an anti-HIV assay, as well as screen the compounds for their
activity against a variety of cancer cell lines.
We decided to vary two of the substituents on the clusianone molecule- the
bridgehead prenyl substituent and the benzoyl group (substituents indicated in bold in
Figure 6)

Figure 6. Substituents Indicated in Bold will be Changed in SAR Study
To do so, compound 3.98 was alkylated with one of three different alkylating agents:
allyl bromide, prenyl bromide, or methyl iodide. Gratifyingly, all three alkylations
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proceeded with excellent yield (Scheme 69). The prenyl moiety was chosen as this is the
natural substituent, the allyl group was chosen to look at the effect of the methyl
substituents on the natural prenyl group, and the methyl group was chosen to reduce
the bulk and the additional alkene.

Each of these compounds were submitted for

biological testing, along with 3.98, which has no substituent on the bridgehead carbon.

Scheme 69. The Alkylation of Methyl Enol Ether 3.98 With Various Alkylating Agents
Next, each of these alkylated compounds were acylated with either benzoyl
chloride or trimethyl acetyl chloride. Again, each of these acylations proceeded with
excellent yield. The benzoyl group is found on the natural compound, and the trimethyl
acetyl chloride would mimic the bulk of the phenyl ring, but not its aromatic nature,
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which may provide interesting results in the biological assays (Table 15). Each of these
compounds were submitted for biological testing.
Table 15. Acylation to Generate a Variety of Clusianone Methyl Enol Ether
Derivatives

Finally, each of the compounds in Table 15 were hydrolyzed to give a library of
clusianone-like compounds, (Table 16) which were also submitted for biological testing.
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Table 16. Hydrolysis of Library of Clusianone-Like Compounds

In addition to the above compounds, a few molecules that were synthesized earlier in
the synthesis were also submitted, including 3.125, 3.95, 3.96, 3.51, and 3.61.

Figure 7: Additional Compounds Submitted for Biological Testing
These compounds have been submitted for biological testing and we are
anxiously awaiting the results.
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3.6 Conclusion
In conclusion we have developed an effective synthetic strategy that provides
access to the 2,3,3,4-tetrasubstituted cyclohexanone scaffold, a common structural motif
that is shared by the majority of the over 100 known PPAPs. A key transformation of
this synthetic sequence is a highly enantioselective (er = 99:1) ketone -alkylation
sequence, which is achieved using our recently developed ACC alkylation method.
Using this method, we showed that either enantiomer of the auxiliary can be used to
access either enantiomer of the clusianones.

Subsequent methylation and carbonyl

transposition produces the key advanced intermediate 3.64, for either methylation or
diastereoselective

homoprenylation,

thus

securing

the

2,3,3,4-tetrasubstituted

cyclohexanone core. To demonstrate the utility of this strategy for the synthesis of
PPAPs, the first asymmetric total syntheses of both (+)- and (-)-clusianone were
conducted, taking advantage of late stage transformations developed by Simpkins in his
synthesis of racemic clusianone. It was found that (+)- and (-)-clusianone possess similar
anti-HIV activity, though their methyl enol ethers exhibited no activity. Additionally, a
small library of clusianone-like compounds were synthesized and their anti-HIV activity
is being studied.
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3.7 Experimental
3.7.1 General Considerations
Unless stated to the contrary, where applicable, the following conditions apply:
Reactions were carried out using dried solvents (see below) and under a slight static
pressure of Ar (pre-purified quality) that had been passed through a column (5 x 20 cm)
of Drierite. Glassware was dried in an oven at 120 °C for at least 12 h prior to use and
then either cooled in a desiccator cabinet over Drierite or assembled quickly while hot,
sealed with rubber septa, and allowed to cool under a stream of Ar. Reactions were
stirred magnetically using Teflon-coated magnetic stirring bars. Teflon-coated magnetic
stirring bars and syringe needles were dried in an oven at 120 °C for at least 12 h prior to
use then cooled in a desiccator cabinet over Drierite. Hamilton microsyringes were
dried in an oven at 60 °C for at least 24 h prior to use and cooled in the same manner.
Commercially available Norm-Ject disposable syringes were used.

Dry benzene,

toluene, Et2O, CH2Cl2, THF, MeCN, and DME were obtained using an Innovative
Technologies solvent purification system. All other dry solvents were of anhydrous
quality purchased from Sigma-Aldrich.

Commercial grade solvents were used for

routine purposes without further purification. Et3N, pyridine, i-Pr2NEt, 2,6-lutidine, iPr2NH, and TMEDA were distilled from CaH2 under a N2 atmosphere prior to use.
Flash column chromatography was performed on silica gel 60 (32-63). 1H and 13C NMR
spectra were recorded on a Varian spectrometer (400 or 500 MHz and 100 MHz,
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respectively) at ambient temperature. All 1H chemical shifts are reported in ppm ()
relative to TMS (0.00);

C shifts are reported in ppm () relative to CDCl3 (77.16).
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Diastereomer ratios were determined either by 1H NMR or HPLC analysis of the crude
materials. Chiral HPLC was performed on a 4.6 mm x 250 mm Chiralpak AD-H column,
using UV detection.

3.7.2 Procedures and Characterization
3.7.2.1 Towards the First Asymmetric Total Synthesis of (+)-Clusianone

(R,E)-4-benzyl-3-(2-(3-methylbut-2-enyl)cyclohex-2enylideneamino)oxazolidin-2-one (3.60). Auxiliary 3.38 (1.11 g, 5.78 mmol) was added
to a stirred solution of ketone 3.54 (790 mg, 4.81 mmol) in CH2Cl2 (15 mL) (Ar
atmosphere). p-TsOH·H2O (183 mg, 0.962 mmol) was then added and the stirring was
continued at reflux for 10 h and then cooled to rt. Saturated aqueous NaHCO 3 (10 mL)
was added and the solution was extracted with Et2O (2 x 50 mL). The combined organic
extracts were washed with brine (5 mL), dried over MgSO4, and concentrated in vacuo to
give a yellow residue. Flash chromatography over silica gel using 15:85 EtOAc-hexanes
gave 3.60 as a clear, colorless oil (1.55 g, 95%). 1H NMR (CDCl3, 500 MHz):  7.32–7.13
(m, 5 H), 6.24 (apparent t, J = 4.0 Hz 1 H), 5.23–5.19 (m, 1 H), 4.38 (apparent dq, J = 4.0,
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8.5 Hz, 1 H), 4.30 (apparent t, J = 8.0 Hz, 1 H), 4.07 (apparent t, J = 8.5 Hz, 1 H), 3.13 (dd, J
= 4.0, 14 Hz, 1 H), 3.00 (dABq,  = 32.8 Hz, J = 7.0, 16.0, 20.5 Hz, 2 H), 2.83 (dd, J = 8.5,
14.0 Hz, 1 H), 2.64 (apparent ddd, J = 4.5, 6.5, 16.5 Hz, 1 H), 2.55 (apparent ddd, J = 5.0,
10.5, 16.5 Hz, 1 H), 2.31–2.20 (m, 2 H), 1.86–1.79 (m, 1 H), 1.73 (s, 3 H), 1.72–1.65 (m, 1 H),
1.65 (s, 3 H); 13C NMR (CDCl3, 100 MHz): δ 170.3, 154.2, 137.2, 135.9, 135.8, 132.8, 129.5,
128.8, 127.2, 122.4, 66.4, 61.1, 38.1, 29.8, 28.3, 26.0, 25.7, 22.2, 17.9; ESI-MS m/z [M + Na]+
calcd for C21H26N2O2: 361.4 found: 361.1.

(R)-4-benzyl-3-((E)-((S)-2,6-bis(3-methylbut-2-enyl)cyclohex-2enylidene)amino)oxazolidin-2-one (3.61).

n-BuLi (2.35 M in hexanes, 4.7 mL, 11.1

mmol) was added dropwise over ca. 2 min to a stirred and cooled (–78 °C) solution of iPr2NEt (1.66 mL, 11.8 mmol) in THF (60 mL) (Ar atmosphere). The solution was then
transferred to an ice–H2O bath and was stirred for 30 min. This mixture was cooled to –
78 °C and a solution of hydrazone 3.60 (2.5 g, 7.4 mmol) in THF (40 mL) was added
dropwise via canula over ca. 3 min. Stirring was continued for 1 h and prenyl bromide
(1.28 mL, 11.1 mmol) was added dropwise over ca. 2 min. Stirring was continued for 1
h, and the reaction flask was transferred to an ice–H2O bath and mixture was stirred for
an additional 2.5 h. H2O (30 mL) was added, the solution was allowed to warm to rt,
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and it was then extracted with Et2O (2 x 200 mL). The organic extracts were combined,
washed with brine (15 mL), dried over MgSO4, and concentrated in vacuo to give a
residue. Flash chromatography over silica gel using 10:90 EtOAc-hexanes gave 3.61 as a
light-yellow oil (2.63 g, 87%). 1H NMR (CDCl3, 500 MHz):  7.34–7.17 (m, 5 H), 6.12 (bs,
1 H), 5.21–5.09 (m, 2 H), 4.44–4.36 (m, 1 H), 4.25 (apparent t, J = 8.0 Hz, 1 H), 4.03 (dd, J =
9.2, 11.2 Hz, 1 Hz), 3.16 (dd, J = 4.0, 13.6 Hz, 1 H), 3.11–2.91 (m, including a dABq, J = 6.8,
15.6, 42.0 Hz,  = 3.56 Hz, 3 H), 2.59 (dd, J = 10.0, 13.2, 1 H), 2.35–1.95 (m, 5 H), 1.87–1.82
(m, 1 H), 1.72 (s, 3 H), 1.70 (s, 3 H), 1.67 (s, 3 H), 1.62 (s, 3 H);

C NMR (CDCl3, 100

13

MHz): δ 173.9, 155.3, 136.0, 135.6, 134.6, 133.1, 132.6, 129.0, 128.8, 127.2, 122.5, 122.3, 67.8,
61.9, 39.9, 36.3, 30.1, 28.8, 26.0, 25.9, 24.6, 22.1, 17.91, 17.89; ESI-MS m/z [M + Na]+ calcd
for C26H34N2O2: 429.5, found: 429.2.

(S)-2,6-bis(3-methylbut-2-enyl)cyclohex-2-enone (3.51). p-TsOH•H2O (15.9 mg,
0.08 mmol) was added to a stirred solution of hydrazone 3.61 (17 mg, 0.04 mmol) in
acetone-H2O (4:1, v/v) (open to air). Stirring was continued for 40 h, saturated aqueous
NaHCO3 (3 mL) was added, the mixture was extracted with Et2O (2 x 20 mL), and the
organic extracts were combined, washed with brine (3 mL), dried over MgSO 4, and
concentrated in vacuo to give an oil. Flash chromatography over silica gel using 5:95
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EtOAc-hexanes gave 3.51 as a clear, colorless oil (7.7 mg, 80%).

H NMR (CDCl3, 400

1

MHz): δ 6.62–6.60 (m, 1 H), 5.14–5.09 (m, 2 H), 2.87 (bd, J = 7.2 Hz, 2 H), 2.56–2.50 (m, 1
H), 2.37–2.25 (m, 3 H), 2.12–2.10 (m, 2 H), 1.72 (s, 3 H), 1.71 (s, 3 H), 1.69–1.64 (m, 1 H),
1.61 (s, 6 H); 13C NMR (CDCl3, 100 MHz): δ 201.5, 144.0, 138.4, 133.5, 133.3, 122.2, 121.5,
47.4, 28.1, 28.0, 27.9, 26.0, 25.9, 25.4, 18.0, 17.8; ESI-MS m/z [M + Na]+ calcd for C16H24O:
255.2, found: 255.1; HPLC (Daicel Chiralpak AD-H, hexane-i-PrOH = 97.3/0.3, flow rate
0.5 mL/min,  = 210 nm): tR 14.2 min (major enantiomer), 13.5 min (minor enantiomer).
major:minor = 98.8:1.2.

Hydrazone 3.62 was also recovered from the reaction and

spectral data were consistent with literature values, as is the procedure for recovery of
the auxiliary.127
HPLC Trace of racemate 3.101 (see below for synthesis):

HPLC trace of chiral material 3.51:
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(R)-4-benzyl-3-((E)-((S)-2,6-bis(3-methylbut-2-enyl)cyclohex-2enylidene)amino)oxazolidin-2-one (±-3.101). n-BuLi (2.5 M in hexanes, 7.3 mL, 18.15
mmol) was added dropwise over ca. 2 min to a stirred and cooled solution (–78 °C) of iPr2NEt (2.7 mL, 19.4 mmol) in THF (30 mL) (Ar atmosphere). The solution was then
transferred to an ice–H2O bath and was stirred for 30 min. This mixture was re-cooled to
–78 °C and a solution of ketone 3.54 (2.0 g, 12.1 mmol) in THF (30 mL) was added
dropwise via canula over ca. 3 minutes. Stirring was continued for 1 h and the mixture
was transferred to an ice–H2O bath and stirred for an additional 15 min. The solution
was cooled to –78 °C and then prenyl bromide (2.2 mL, 19.4 mmol) was added dropwise
over ca. 2 min. The mixture was stirred for 1 h, and then allowed to warm to rt over 9 h.
The mixture was partitioned between H2O (30 mL) and Et2O (200 mL), and the aqueous
phase was extracted with Et2O (200 mL). The organic extracts were combined, washed
with brine (15 mL), dried with MgSO4, and concentrated in vacuo to give a residue. Flash
chromatography over silica gel using 10:90 EtOAc-hexanes gave ±-3.101 as a colorless oil
(1.52 g, 54%).

The spectral data are consistent with that obtained above for the

enantiomerically enriched material.
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(6S)-1-methyl-2,6-bis(3-methylbut-2-enyl)cyclohex-2-enol (3.63). MeMgBr (3.0
M in Et2O, 2.5 mL, 7.5 mmol) was added dropwise over ca. 3 min to a stirred and cooled
(–78 °C) solution of ketone 3.51 (585.2 mg, 2.5 mmol) in Et2O (13 mL) (Ar atmosphere).
Stirring was continued for 20 min, the cooling bath was removed, and the mixture was
stirred for an additional 10 h. The mixture was then cooled in an ice–H2O bath and
saturated aqueous NH4Cl (5 mL) was added dropwise over ca. 5 min (vigorous
bubbling). The resulting mixture was extracted with Et2O (2 x 75 mL), and the combined
organic extracts were washed with brine (5 mL), dried with MgSO4, and concentrated in
vacuo to give a light-yellow oil. Flash chromatography over silica gel using 5:95 EtOAchexanes gave 3.63 as a colorless oil (487.0 mg, 88% yield). 1H NMR (CDCl3, 400 MHz): 
5.46–5.37 (m, including two bs, 1 H), 5.21–5.16 (m, 2 H), 2.91–2.69 (m, 2 H), 2.37–2.30 (m,
1 H), 2.09–1.81 (m, 5 H), 1.73 (s, 3 H), 1.71 (s, 3 H), 1.63 (s, 3 H), 1.49–1.42 (m, 2 H), 1.34 (s,
3 H), 1.20 (s, 3 H); 13C NMR (CDCl3, 100 MHz): δ 142.5, 141.2, 132.7, 132.6, 132.5, 132.4,
124.5, 124.3, 124.0, 123.8, 123.6, 123.2, 74.7, 72.8, 47.6, 45.9, 30.2, 29.0, 28.4, 27.8, 26.0, 25.9,
25.8, 25.4, 25.3, 24.8, 23.9, 21.8, 18.04, 18.00, 17.81, 17.76; ESI-MS m/z [M + Na]+ calcd for
C17H26O: 271.2, found: 271.1.

(S)-3-methyl-2,4-bis(3-methylbut-2-enyl)cyclohex-2-enone (3.64). Crushed 3 Å
molecular sieves (4.3 g) were added to a solution of alcohol 3.63 (819.8 mg, 3.3 mmol) in
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CH2Cl2 (33 mL), followed by PCC (2.13 g, 9.9 mmol) (Ar atmosphere). The mixture was
stirred for 1 h, filtered through celite with additional CH2Cl2 (10 mL) as a rinse, and
concentrated to approximately half volume. The resulting solution was loaded directly
onto a silica gel column and eluted with 5:95 EtOAc-hexanes to give 3.64 as a clear
colorless oil (530.1 mg, 65%). The spectral data are consistent with reported values.119

(4S)-3,3-dimethyl-2,4-bis(3-methylbut-2-enyl)cyclohexanone

(3.96).

MeMgBr

(3.0 M in Et2O, 1.81 mL, 5.43 mmol) was added to a stirred and cooled (–78 °C)
suspension of CuBr•SMe2 (63.7 mg, 0.31 mmol) in THF (20 mL) followed by the addition
of HMPA (1.1 mL, 6.2 mmol) (Ar atmosphere). Stirring was continued at –78 °C for 10
min, and then a solution of ketone 3.64 (382.5 mg, 1.55 mmol) and TMSCl (0.78 mL, 6.2
mmol) in THF (6 mL) was added dropwise by syringe over ca. 3 min. Additional THF (2
x 2 mL) was used as a rinse. The mixture was warmed to –40 °C over 4 h, carefully
quenched with 10% aqueous HCl (10 mL) over ca. 5 min, allowed to warm to rt, and
extracted with Et2O (2 x 75 mL). The organic extracts were washed with brine (10 mL),
dried with MgSO4, and concentrated in vacuo to give a yellow residue.

Flash

chromatography over silica gel using 10:90 EtOAc-hexanes gave 3.96 as a colorless oil
(338.4 mg, 83%). The spectral data are consistent with reported values.119
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(S)-1-methoxy-3,3-dimethyl-2,4-bis(3-methylbut-2-enyl)cyclohex-1-ene

and

(4R)-1- methoxy-5,5-dimethyl-4,6-bis(3-methylbut-2-enyl)cyclohex-1-ene (3.97a and
3.97b). t-BuOK (125.3 mg, 1.1 mmol) was added to a solution of ketone 3.96 (195.2 mg,
0.74 mmol) in DMSO (4 mL) (Ar atmosphere). Stirring was continued for 1 h and then
Me2SO4 (0.1 mL, 1.1 mmol) was added dropwise over ca. 1 min. Stirring was continuted
for 15 min, petroleum ether (20 mL) was added, and stiriing was continued for an
additional 5 min. The biphasic solution was then transferred to a separatory funel and
the DMSO layer was extracted with petroleum ether (2 x 15 mL) and then 90:10
petroleum ether-Et2O mixture (20 mL). The combined organic extracts were washed
with H2O (10 mL) and brine (5 mL), dried with MgSO4, and concentrated in vacuo. Flash
chromatography over silica gel using 98:2 petroleum ether-Et2O contianing 0.5% Et3N by
volume gave a mixute of 3.97a and 3.97b as a colorless residue (149.2 mg, 73%), and 3.96
as a colorless residue (21.6 mg). Yield based on recovered 3.96 was 82%. Spectral data
are consistent with literature values.119
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(1S,7R)-4-hydroxy-6,6-dimethyl-5,7-bis(3-methylbut-2-enyl)bicyclo[3.3.1]non-3ene-2,9-dione (3.95). Malonyl dichloride (88.3 L, 0.91 mmol) was added to a stirred
and cooled (–20 °C) solution of methyl enol ethers 3.97a and 3.97b (228 mg, 0.83 mmol)
in Et2O (2 mL) (Ar atmosphere). Stirring was continued for 24 h and BnEt 3NCl (9.5 mg,
0.04 mmol) was added, followed by a solution of KOH (186.2 mg, 3.3 mmol) in H2O (0.55
mL). The cooling bath was removed and stirring was continued for 5 h. The solution
was diluted with H2O (10 mL) and petroleum ether (10 mL) and the pH was adjusted to
11 with 2 M NaOH. The resulting solution was extracted with petroleum ether (2 x 15
mL) and Et2O (15 mL) and the combined organic extracts were dried with MgSO4, and
concentrated in vacuo to give a yellow residue. Flash chromatography over silica gel
using 10:90 EtOAc–hexanes gave 3.96 (70 mg). The aqueous layer was cooled in an ice–
H2O bath and slowly acidified to approximately pH 2 with 10% aqueous HCl, and
extracted with CH2Cl2 (2 x 20 mL). The organic extracts were combined, dried with
MgSO4 and concentrated in vacuo to give 3.95 as a yellow solid (84 mg, 31% or 44% based
on recovered 3.96). Spectral data are consistent with literature values.119

(1S,7R)-4-methoxy-6,6-dimethyl-5,7-bis(3-methylbut-2-enyl)bicyclo[3.3.1]non3-ene-2,9-dione (3.98). Trimethylorthoformate (0.10 mL, 0.95 mmol) was added to a
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stirred solution of diketone 3.95 (12.1 mg, 0.037 mmol) in MeOH (0.4 mL) (Ar
atmosphere).

p-TsOH•H2O (0.6 mg, 0.003 mmol) was added and the mixture was

heated to 50 °C for 36 h. The mixture was then cooled, two drops of Et 3N were added,
and the mixture was concentrated in vacuo. Flash chromatography over silica gel using
10:90 EtOAc-petroleum ether gave 3.98 as a white solid (10.1 mg, 80%). Spectral data are
consistent with literature values.119

(1S,7R)-4-methoxy-6,6-dimethyl-1,5,7-tris(3-methylbut-2enyl)bicyclo[3.3.1]non-3-ene-2,9-dione (3.99)

n-BuLi (2.5 M in hexane, 0.6 mL, 1.5

mmol) was added dropwise over ca. 2 min to a stirred and cooled (–78 °C) solution of iPr2NEt (0.231 mL, 1.65 mmol) in THF (3 mL) (Ar atmosphere). The solution was then
transferred to an ice–H2O bath and was stirred for 30 min. This solution was cooled to –
78 °C and an aliquot of the LDA (0.725 mL, 0.36 mmol) was removed via syringe and
added dropwise over ca. 2 min to a stirred and cooled (–78 °C) solution of ketone 3.98
(50 mg, 0.145 mmol) in THF (3 mL) (Ar atmosphere). Stirring was continued for 20 min
and then the prenyl bromide (83.8 L, 0.725 mmol) was added. The mixture was stirred
for an additional 20 min, quenched with saturated aqueous NH 4Cl (5 mL), and allowed
to warm to rt. The mixture was then extracted with Et2O (2 x 30 mL), washed with brine
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(5 mL), dried with MgSO4, and concentrated in vacuo. Flash chromatography over silica
gel using 70:28:2 petroleum ether-CH2Cl2-EtOAc gave 3.99 as a colorless oil (53.0 mg,
89% yield). Spectral data are consistent with literature values.119

(1R,7R)-3-benzoyl-4-methoxy-6,6-dimethyl-1,5,7-tris(3-methylbut-2enyl)bicyclo[3.3.1]non-3-ene-2,9-dione (3.100). n-BuLi (2.5 M in hexane, 0.6 mL, 1.5
mmol) was added dropwise over ca. 2 min to a stirred and cooled (–78 °C) solution of
TMP (0.280 mL, 1.65 mmol) in THF (3 mL) (Ar atmosphere). The solution was then
transferred to an ice–H2O bath and stirred for 30 min. This solution was cooled to –78
°C and an aliquot of the LiTMP (0.264 mL, 0.132 mmol) was removed via syringe and
added dropwise over ca. 2 min to a stirred and cooled (–78 °C) solution of ketone 3.99
(27.2 mg, 0.066 mmol) in THF (3.3 mL) (Ar atmosphere). Stirring was continued for 1 h
at –78 °C and then benzoyl chloride (23 L, 0.2 mmol) was added and stirring was
continued for an additional 1 h. The mixture was quenched with saturated aqueous
NH4Cl (3 mL), allowed to warm to rt, and extracted with Et2O (2 x 25 mL). The organic
extracts were washed with brine (5 mL), dried with MgSO4, and concentrated in vacuo.
Flash chromatography over silica gel using 5:95 EtOAc-petroleum ether to 10:90 EtOAcpetroleum ether gave 3.100 as a white solid (30.3 mg, 90% yield). Spectral data are
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consistent with literature values.119 HPLC (Daicel Chiralpak AD-H, hexane-i-PrOH =
90/10, flow rate 0.5 mL/min,  = 210 nm): tR 7.5 min (major enantiomer), 15.1 min (minor
enantiomer). major:minor = 98.8:1.2. []25D = –22.90° (c 0.295, CHCl3).
HPLC trace of racemate 3.102 (synthesized via enone 3.101 and steps as above:

HPLC trace of the optically active material 3.100:

(+)-Clusianone (3.1).

10% aqueous LiOH (0.92 mL) was added to a stirred

solution of ketone 3.100 (21.5 mg, 0.042 mmol) in dioxane (0.92 mL). The mixture was
heated in a 90 °C oil bath for 3 h, after which it was cooled in an ice–H2O bath, acidified
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with 10% aqueous HCl over ca. 2 min, and extracted with Et2O (2 x 25 mL). The organic
extracts were combined, dried with MgSO4, and concentrated in vacuo to give 3.1 as a
yellow solid (18.5 mg, 89% yield). Spectral data are consistent with literature values. 119
[]25D = +28.09° (c 0.297, CHCl3).

Hydrazone (3.57). Auxiliary 3.56 (512.2 mg, 2.61 mmol) was added to a stirred
solution of ketone 3.54 (514.4 mg, 3.13 mmol) in CH2Cl2 (15 mL) (Ar atmosphere). The pTsOH•H2O (198.6 mg, 1.04 mmol) was then added and the stirring was continued at
reflux for 10 h and then cooled to rt. Saturated aqueous NaHCO3 (10 mL) was added
and the solution was extracted with Et2O (2 x 50 mL). The combined organic extracts
were washed with brine (5 mL), dried with MgSO4, and concentrated in vacuo to give a
yellow residue. Flash chromatography over silica gel using 10:90 EtOAc-hexanes gave
3.57 as a white solid (804.5 g, 90%).

H NMR (CDCl3, 400 MHz):  6.19 (bs, 1 H), 5.25–

1

5.21 (m, 1 H), 4.27 (dd, J = 4.0 Hz, 8.4 Hz, 1 H), 2.99 (bd, J = 6.8, 2 H), 2.64 (td, J = 4.6, 16.4
Hz, 1 H), 2.54–2.45 (m, 1 H), 2.34-2.16 (m, 4 H), 2.10–1.77 (m, 4 H, including an apparent
dt 2.07, J = 4.8, 11.6 Hz), 1.83–1.61 (m, 7 H, including two singlets at 1.72 and 1.61), 1.301.18 (m, 8 H, including two singlets at 1.26 and 1.40);

C NMR (CDCl3, 100 MHz): δ

13

169.7, 154.4, 136.4, 136.1, 132.6, 122.4, 83.0, 73.5, 48.1, 43.0, 35.5, 29.7, 27.7, 26.9, 25.9, 25.8,
25.7, 22.2, 21.3, 19.2, 17.8; ESI-MS m/z [M + Na]+ calcd for C21H30N2O2: 365.5 found: 365.2.
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Hydrazone (3.58). n-BuLi (2.5 M in hexanes, 87.6 L, 0.219 mmol) was added
dropwise over ca. 2 min to a stirred and cooled solution (–78 °C) of i-Pr2NEt (32.7 L,
0.233 mmol) in THF (1.0 mL) (Ar atmosphere). The solution was then transferred to an
ice–H2O bath and was stirred for 30 min. This mixture was cooled to –78 °C and a
solution of hydrazone 3.57 (50 mg, 0.146 mmol) in THF (0.5 mL) was added dropwise
over ca. 3 minutes. Stirring was continued for 1 h and prenyl bromide (25.3 L, 0.219
mmol) was added dropwise over ca. 2 min. Stirring was continued for 1 h, and the
reaction was transferred to an ice–H2O bath and stirred for an additional 2.5 h. H2O (2
mL) was added, the solution was allowed to warm to rt and it was extracted with Et 2O
(2 x 50 mL). The organic extracts were combined, washed with brine (2 mL), dried with
MgSO4, and concentrated in vacuo to give a residue. Flash chromatography over silica
gel using 10:90 EtOAc-hexanes gave 3.58 as a light–yellow oil. (55.8 mg, 93%) 1H NMR
(CDCl3, 500 MHz):  6.16 (bd, J = 5 Hz, 1 H), 5.23–5.20 (m, 1 H), 5.10–5.07 (m, 1 H), 4.29
(dd, J = 5, 8 Hz, 1 H), 3.12–3.00 (m, 3 H), 2.33–2.28 (m, 4 H), 2.15–2.03 (m, 2 H), 1.95–1.83
(m, 4 H), 1.75–1.57 (m, 14 H including 4 singlets at 1.73, 1.70, 1.63, 1.61), 1.30–1.40 (m, 7 H
including 2 singlets at 1.22 and 1.40);

C NMR (CDCl3, 100 MHz): δ 179.3, 156.8, 136.0,

13

135.2, 133.5, 132.9, 122.3, 122.2, 83.1, 74.3, 48.0, 42.8, 35.6, 35.5, 29.9, 27.5, 26.4, 26.0, 25.9,
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25.8, 24.5, 21.9, 21.4, 19.4, 18.0, 17.9; ESI-MS m/z [M + Na]+ calcd for C26H38N2O2: 433.3,
found: 433.3

(S)-2,6-bis(3-methylbut-2-enyl)cyclohex-2-enone (3.51). p-TsOH•H2O (45.9 mg,
0.24 mmol) was added to a stirred solution of hydrazone 3.58 (49.4 mg, 0.12 mmol) in
acetone-H2O (4:1, v/v) (2.5 mL) (open to air). Stirring was continued for 40 h, saturated
aqueous NaHCO3 (5 mL) was added, the mixture was extracted with Et2O (2 x 35 mL),
and the organics were combined, washed with brine (5 mL), dried with MgSO4, and
concentrated in vacuo to give an oil. Flash chromatography over silica gel using 5:95
EtOAc-hexanes gave 3.51 as a clear colorless oil (20.5 mg, , 74%, 88% based on recovered
starting material).

H NMR (CDCl3, 400 MHz): δ 6.62–6.60 (m, 1 H), 5.14–5.09 (m, 2 H),

1

2.87 (broad d, J = 7.2 Hz, 2 H), 2.56–2.50 (m, 1 H), 2.37–2.25 (m, 3 H), 2.12–2.10 (m, 2 H),
1.72 (s, 3 H), 1.71 (s, 3 H), 1.69–1.64 (m, 1 H), 1.61 (s, 6 H);

C NMR (CDCl3, 100 MHz): δ

13

201.5, 144.0, 138.4, 133.5, 133.3, 122.2, 121.5, 47.4, 28.1, 28.0, 27.9, 26.0, 25.9, 25.4, 18.0, 17.8;
ESI-MS m/z [M + Na]+ calcd for C16H24O: 255.2, found: 255.1. HPLC (Daicel Chiralpak
AD-H, hexane/i-PrOH = 97.3/0.3, flow rate 0.5 mL/min,  = 210 nm): tR 14.2 min (major
enantiomer), 13.5 min (minor enantiomer). Major:minor = 98.1:1.8. Hydrazone 3.59 was
also recovered from the reaction and spectral data were consistent with literature values,
which also contain procedures for the recovery of the auxiliary.126-127
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HPLC Trace of racemate 3.101:

HPLC trace of chiral material 3.51:

(R,E)-4-benzyl-3-(2-methylcyclohex-2-enylideneamino)oxazolidin-2-one
(3.140). Auxiliary 3.38 (2.30 g, 12.0 mmol) was added to a stirred solution of ketone
3.139152 (1.10 g, 10.0 mmol) in CH2Cl2 (50 mL) (Ar atmosphere). p-TsOH·H2O (760.8 mg,
0.4 mmol) was then added and the stirring was continued at reflux for 10 h and then
cooled to rt. Saturated aqueous NaHCO3 (10 mL) was added and the solution was
extracted with Et2O (2 x 100 mL). The combined organic extracts were washed with
155

brine (5 mL), dried over MgSO4, and concentrated in vacuo to give a yellow residue.
Flash chromatography over silica gel using 10:90 EtOAc-hexanes gave 3.140 as a white
solid (2.56 g, 90%). 1H NMR (CDCl3, 500 MHz):  7.32–7.14 (m, 5 H), 6.28–6.27 (m, 1 H),
4.42–4.37 (m, 1 H), 4.33–4.29 (m, 1 H), 4.10–4.05 (m, 1 H), 3.13 (dd, J = 4.0, 14 Hz, 1 H),
2.83 (dd, J = 8.5, 14.0 Hz, 1 H), 2.67–2.51 (m, 2 H), 2.30–2.20 (m, 2 H), 1.88 (s, 3 H), 1.86–
1.80 (m, 1 H), 1.77–1.69 (m, 1 H); 13C NMR (CDCl3, 100 MHz): δ 171.2, 154.2, 138.1, 135.8,
133.0, 129.5, 128.8, 127.2, 66.4, 61.0, 38.2, 28.2, 25.7, 22.4, 18.5; ESI-MS m/z [M + Na]+ calcd
for C15H20N2O2: 307.15 found: 307.4.

(R)-4-benzyl-3-((E)-((R)-2,6-dimethylcyclohex-2-enylidene)amino)oxazolidin-2-one
(3.141). n-BuLi (2.35 M in hexanes, 0.142 mL, 0.334 mmol) was added dropwise over ca. 2
min to a stirred and cooled (–78 °C) solution of i-Pr2NEt (50.0 L, 0.357 mmol) in THF
(1.5 mL) (Ar atmosphere). The solution was then transferred to an ice–H2O bath and
was stirred for 30 min. This mixture was cooled to –78 °C and a solution of hydrazone
3.140 (50 mg, 0.175 mmol) in THF (1 mL) was added dropwise via canula over ca. 3 min.
Stirring was continued for 1 h and methyl iodide (20.8 L, 0.334 mmol) was added
dropwise over ca. 2 min. Stirring was continued for 1 h, and the reaction flask was
transferred to an ice–H2O bath and mixture was stirred for an additional 2.5 h. H 2O (5
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mL) was added, the solution was allowed to warm to rt, and it was then extracted with
Et2O (2 x 35 mL). The organic extracts were combined, washed with brine (5 mL), dried
over MgSO4, and concentrated in vacuo to give a residue. Flash chromatography over
silica gel using 15:85 EtOAc-hexanes gave 3.141 as a white solid (46.9 mg, 90%).

H

1

NMR (CDCl3, 500 MHz):  7.32–7.18 (m, 5 H), 6.18–6.17 (m, 1 H), 4.44–4.37 (m, 1 H), 4.28
(t, J = 8.0 Hz, 1 H), 4.05 (dd, J = 8.5, 10 Hz, 1 H), 3.27–3.21 (m, 1 H), 3.14 (dd, J = 4.5, 13.5
Hz, 1 H), 2.65 (dd, J = 10, 13.5 Hz, 1 H), 2.80–2.30 (m, 1 H), 2.20–2.14 (m, 1 H), 2.08–2.01
(m, 1 H), 1.86 (s, 3 H), 1.70–1.67 (m, 1 H), 1.06 (d, J = 7 Hz, 3 H); 13C NMR (CDCl3, 100
MHz): δ 176.0, 155.3, 136.9, 136.8, 136.0, 131.2, 128.9, 127.2, 67.6, 61.5, 39.8, 30.2, 27.6, 21.7,
18.6, 15.9; ESI-MS m/z [M + Na]+ calcd for C18H22N2O2: 321.2, found: 321.5.
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X-ray crystal structure of 3.141:
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2-(3-methylbut-2-en-1-yl)-3-oxocyclohex-1-en-1-yl

trifluoromethanesulfonate (3.55).

Pyridine (0.45 mL, 5.54 mmol) was added dropwise over ca. 2 min to a stirred solution
of diketone 3.20 (0.5 g, 2.77 mmol) in CH2Cl2 (16 mL) (Ar atmosphere). The reaction
flask was transferred to an acetone-dry ice (–78 °C) bath triflic anhydride (0.56 mL, 3.30
mmol) was added dropwise over ca. 2 min. After 10 min at that temperature, the
reaction flask was transferred to an ice-H2O bath and stirring was continued for 1.5 h.
10% aq. HCl (5 mL) was added, the solution was allowed to warm to rt, and it was then
extracted with Et2O (2 x 150 mL). The organic extracts were combined, washed with
saturated NaHCO3 (5 mL), DI H2O (5 mL), brine (5 mL), dried over MgSO4, and
concentrated in vacuo to give an orange residue. Flash chromatography over silica gel
pretreated with Et3N using 7.5:92.5 EtOAc-hexanes gave 3.55 as a colorless oil or used
without further purification (860.0 mg, 99%). 1H NMR (CDCl3, 400 MHz):  5.00-4.90 (m,
1 H), 3.05 (d, J = 6.8 Hz, 2 H), 2.76 (t, J = 6.0 Hz, 2 H), 2.49-2.46 (m, 2 H), 2.13-2.04 (m, 2
H), 1.69 (s, 3 H), 1.67 (s, 3 H); 13C NMR (CDCl3, 125.8 MHz): δ 197.5, 162.0, 134.3, 131.5,
119.3, 118.5 (q, JCF = 320.5 Hz), 37.1, 28.8, 25.9, 23.1, 20.8, 18.0; ESI-MS m/z [M + Na]+ calcd
for C18H22N2O2: 321.2, found: 321.5.
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(R)-4-benzyl-3-((E)-((S)-3-methyl-2,4-bis(3-methylbut-2-en-1-yl)cyclohex-2-en1-ylidene)amino)oxazolidin-2-one (3.65).

Auxiliary 3.38 (943.5 mg, 5.3 mmol) was

added to a stirred solution of ketone 3.65 (655.9 mg, 2.66 mmol) in CH2Cl2 (15 mL) (Ar
atmosphere).

PPTs (133.7 mg, 0.53 mmol) was then added and the stirring was

continued at reflux for 48 h and then cooled to rt. Saturated aqueous NaHCO3 (5 mL)
was added and the solution was extracted with Et2O (2 x 150 mL). The combined
organic extracts were washed with brine (5 mL), dried over MgSO4, and concentrated in
vacuo to give a yellow residue. Flash chromatography over silica gel pretreated with
Et3N using 5:95 EtOAc-hexanes gave 3.65 as a yellow oil (1.04 g, 92.8%).

H NMR

1

(CDCl3, 500 MHz):  7.31–7.09 (m, 5 H), 5.12-5.03 (m, 2 H), 4.42–4.37 (m, 1 H), 4.29–4.25
(m, 1 H), 4.06–4.02 (m, 1 H), 3.26-3.10 (m, 2 H), 3.05 (dd, J = 4.0, 13.6 Hz, 1 H), 2.76 (dd, J =
8.4, 13.6 Hz, 1 H), 2.64-2.55 (m, 2 H), 2.22–2.12 (m, 3 H), 1.92 (s, 3 H), 1.78–1.62 (m, 2 H),
1.74 (s, 3 H), 1.71 (s, 3 H), 1.68 (s, 3 H), 1.63 (s, 3 H).
General LDA-mediated alkylation procedure:
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(R)-3-((E)-((4R,6R)-6-allyl-3-methyl-2,4-bis(3-methylbut-2-en-1-yl)cyclohex-2-en-1ylidene)amino)-4-benzyloxazolidin-2-one (3.68). n-BuLi (2.35 M in hexanes, 0.395 mL,
1.0 mmol) was added dropwise over ca. 2 min to a stirred and cooled (–78 °C) solution
of i-Pr2NEt (0.149 mL, 1.07 mmol) in THF (5 mL) (Ar atmosphere). The solution was
then transferred to an ice–H2O bath and was stirred for 30 min. This mixture was cooled
to –78 °C and a solution of hydrazone 3.65 (280 mg, 0.67 mmol) in THF (3 mL) was
added dropwise via canula over ca. 3 min. Stirring was continued for 1 h and allyl
bromide (87.0 L, 1.0 mmol) was added dropwise over ca. 2 min. Stirring was continued
for 45 min, and the reaction flask was transferred to an ice–H2O bath and mixture was
stirred for an additional 2 h. H2O (5 mL) was added, the solution was allowed to warm
to rt, and it was then extracted with Et2O (2 x 35 mL). The organic extracts were
combined, washed with brine (5 mL), dried over MgSO4, and concentrated in vacuo to
give a residue. Flash chromatography over silica gel pretreated with Et3N using 7.5:92.5
EtOAc-hexanes gave 3.68 as a yellow oil (244.0 mg, 80%). 1H NMR (CDCl3, 400 MHz): 
7.32–7.18 (m, 5 H), 5.72 (tdd, J = 7.6, 8.4, 16.8 Hz, 1 H), 5.05-4.97 (m, 4 H), 4.36 (dq, J = 4.0,
8.0 Hz, 1 H), 4.24-4.20 (m, 1 H), 4.03 (dd, J = 8.0, 11.2 Hz, 1 H), 3.43 (dd, J = 7.2, 14.8 Hz, 1
H), 3.16 (dd, J = 3.6, 13.6 Hz, 1 H), 3.15-3.08 (m, 1 H), 2.95 (dd, J = 6.0, 14.8 Hz, 1 H), 2.57
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(dd, J = 10.8, 13.6 Hz, 1 H), 2.40-2.26 (m, 2 H), 2.15-2.04 (m, 3 H), 1.90-1.60 (m, 2 H), 1.87
(s, 3 H), 1.76 (s, 3 H), 1.69 (s, 3 H), 1.67 (s, 3 H), 1.60 (s, 3 H).
General hydrolysis procedure:

(4R,6R)-6-allyl-3-methyl-2,4-bis(3-methylbut-2-en-1-yl)cyclohex-2-enone (3.69).
p-TsOH•H2O (158.0 mg, 0.83 mmol) was added to a stirred solution of hydrazone 3.68
(191.4 mg, 0.415 mmol) in acetone (3.0 mL) (open to air). Stirring was continued for 2 h,
additional p-TsOH•H2O (158.0 mg, 0.83 mmol) was added and stirring was continued
for 16 h. Saturated aqueous NaHCO3 (5 mL) was added, the mixture was extracted with
Et2O (2 x 100 mL), and the organics were combined, washed with brine (5 mL), dried
with MgSO4, and concentrated in vacuo to give an oil. Flash chromatography over silica
gel pretreated with Et3N using 7.5:92.5 EtOAc-hexanes gave 3.69 as a yellow oil (100.7
mg, 85%).

H NMR (CDCl3, 400 MHz): δ 5.73 (tdd, J = 6.8, 10.0, 17.2 Hz, 1 H), 5.14-4.87

1

(m, 4 H), 3.04-2.92 (m, 2 H), 2.70-2.64 (m, 1 H), 2.43 (tdd, J = 4.0, 8.4, 12.8 Hz, 1 H), 2.262.01 (m, 4 H), 1.93 (s, 3 H), 1.72 (s, 3 H), 1.74-1.56 (m, 2 H), 1.70 (s, 3 H), 1.66 (s, 3 H), 1.62
(s, 3 H);

C NMR (CDCl3, 125.8 MHz): δ 199.5, 158.0, 136.9, 134.7, 133.8, 131.6, 122.9,

13

122.5, 116.6, 41.6, 41.0, 34.9, 30.9, 29.9, 26.1, 25.9, 25.0, 20.3, 18.1, 18.0. Hydrazone 3.62
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was also recovered from the reaction and spectral data were consistent with literature
values, which also contain procedures for the recovery of the auxiliary.127

(S)-3-((E)-((4R,6S)-6-allyl-3-methyl-2,4-bis(3-methylbut-2-en-1-yl)cyclohex-2-en-1ylidene)amino)-4-benzyloxazolidin-2-one (3.71). n-BuLi (2.35 M in hexanes, 0.158 mL,
0.40 mmol) was added dropwise over ca. 2 min to a stirred and cooled (–78 °C) solution
of i-Pr2NEt (60.0 L, 0.43 mmol) in THF (1.5 mL) (Ar atmosphere). The solution was
then transferred to an ice–H2O bath and was stirred for 30 min. This mixture was cooled
to –40 °C and a solution of hydrazone 3.70 (111.9 mg, 0.266 mmol) in THF (1.5 mL) was
added dropwise via cannula over ca. 3 min. Stirring was continued for 15 min and the
reaction flask was transferred to an ice-H2O bath for an additional 40 min. The reaction
flask was cooled to -40 ° C and allyl bromide (48.3 L, 0.40 mmol) was added dropwise
over ca. 2 min. The reaction was slowly warmed to 0 °C over 45 min and stirring was
continued for an additional 1.5 h, the cold bath was removed and the mixture was
stirred for an additional 2 h. H2O (5 mL) was added, the solution was allowed to warm
to rt, and it was then extracted with Et2O (2 x 100 mL). The organic extracts were
combined, washed with brine (5 mL), dried over MgSO4, and concentrated in vacuo to
give a residue. Flash chromatography over silica gel pretreated with Et3N using 7.5:92.5
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EtOAc-hexanes gave 3.71 as a yellow oil (83.4 mg, 68%). 1H NMR (CDCl3, 400 MHz): 
7.33-7.16 (m, 5 H), 5.77-5.63 (m, 1 H), 5.07-4.96 (m, 4 H), 4.22-3.97 (m, 3 H), 3.44 (dd, J =
6.4, 14.8 Hz, 1 H), 3.37 (dd, J = 3.6, 14.0 Hz, 1 H), 3.11-3.05 (m, 1 H), 3.01 (dd, J = 6.8, 14.8
Hz, 1 H), 2.86 (dd, J = 9.2, 13.6 Hz, 1 H), 2.40-2.30 (m, 2 H), 2.30-2.04 (m, 3 H), 1.88 (s, 3
H), 1.75-1.55 (m, 1 H), 1.71 (s, 3 H), 1.69 (, 6 H), 1.60 (s, 3 H); ESI-MS m/z [M + Na]+ calcd
for C30H40N2O2: 483.3, found: 483.3.

(4R,6S)-6-allyl-3-methyl-2,4-bis(3-methylbut-2-en-1-yl)cyclohex-2-enone (3.72).
p-TsOH•H2O (68.5 mg, 0.36 mmol) was added to a stirred solution of hydrazone 3.71
(83.0 mg, 0.18 mmol) in acetone (2.0 mL) (open to air). Stirring was continued for 2 h,
additional p-TsOH•H2O (68.5 mg, 0.36 mmol) was added and stirring was continued for
16 h. Saturated aqueous NaHCO3 (5 mL) was added, the mixture was extracted with
Et2O (2 x 100 mL), and the organics were combined, washed with brine (5 mL), dried
with MgSO4, and concentrated in vacuo to give an oil. Flash chromatography over silica
gel pretreated with Et3N using 7.5:92.5 EtOAc-hexanes gave 3.72 as a yellow oil (36.7 mg,
52% yield, 83% based on recovered starting material).

H NMR (CDCl3, 400 MHz): δ

1

5.73 (tdd, J = 6.8, 10.0, 17.2 Hz, 1 H), 5.14-4.87 (m, 4 H), 3.04-2.92 (m, 2 H), 2.70-2.64 (m, 1
H), 2.43 (tdd, J = 4.8, 8.4, 12.8 Hz, 1 H), 2.26-2.01 (m, 4 H), 1.93 (s, 3 H), 1.72 (s, 3 H), 1.74164

1.56 (m, 2 H), 1.70 (s, 3 H), 1.66 (s, 3 H), 1.62 (s, 3 H);

C NMR (CDCl3, 125.8 MHz): δ

13

199.5, 158.0, 136.8, 134.6, 133.7, 131.6, 122.9, 122.4, 116.5, 41.6, 41.0, 34.9, 30.9, 29.9, 26.1,
25.9, 25.0, 20.3, 18.1, 18.0.

(4R)-6-allyl-3-methyl-2,4-bis(3-methylbut-2-en-1-yl)cyclohex-2-enone (3.73). Followed
the general alkylation procedure. Flash chromatography over silica gel pretreated with
Et3N using 7.5:92.5 EtOAc-hexanes gave 3.73 as a yellow oil (111.9 mg, 64%). 1H NMR
(CDCl3, 400 MHz): δ 5.73 (tdd, J = 6.8, 8.0, 17.2 Hz, 1 H), 5.14-4.87 (m, 4 H), 3.04-2.92 (m, 2
H), 2.70-2.64 (m, 1 H), 2.43 (tdd, J = 4.4, 8.8, 13.2 Hz, 1 H), 2.30-2.01 (m, 4 H), 1.93 (s, 3 H),
1.72 (s, 3 H), 1.74-1.56 (m, 2 H), 1.70 (s, 3 H), 1.66 (s, 3 H), 1.62 (s, 3 H); 13C NMR (CDCl3,
100 MHz): δ 199.5, 158.0, 136.8, 134.7, 133.8, 131.6, 122.9, 122.4, 116.5, 41.6, 41.0, 34.9, 30.9,
29.9, 26.1, 25.9, 25.0, 20.3, 18.1, 18.0.

methyl

3-((1R,5R,E)-2-(((R)-4-benzyl-2-oxooxazolidin-3-yl)imino)-4-methyl-3,5-bis(3-

methylbut-2-en-1-yl)cyclohex-3-en-1-yl)propanoate (3.74). Followed the general alkylation
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procedure. Flash chromatography over silica gel pretreated with Et3N using 7.5:92.5
EtOAc-hexanes gave 3.74 as a yellow oil (111.9 mg, 58%). 1H NMR (CDCl3, 400 MHz): 
7.34-7.18 (m, 5 H), 5.04-4.94 (m, 2 H), 4.40-4.33 (m, 1 H), 4.21 (t, J = 8.4 Hz, 1 H), 4.06 (dd, J
= 8.8, 10.8 Hz, 1 H), 3.68 (s, 3 H), 3.41 (dd, J = 7.2, 15.6 Hz, 1 H), 3.17 (dd, J = 3.6, 13.2 Hz,
1 H), 3.05-3.00 (m, 1 H), 2.95 (dd, J = 4.8, 14.0 Hz, 1 H), 2.66 (dd, J = 10.4, 13.2 Hz, 1 H),
2.42-2.22 (m, 4 H), 2.10–2.00 (m, 1 H), 1.90-1.65 (m, 4 H), 1.86 (s, 3 H), 1.76 (s, 3 H), 1.69 (s,
3 H), 1.66 (s, 3 H), 1.61 (s, 3 H); 13C NMR (CDCl3, 100 MHz): δ 173.8, 155.4, 146.1, 136.1,
133.5, 131.2, 130.8, 129.0, 128.9, 127.2, 123.0, 121.4, 67.8, 62.1, 51.7, 39.5, 37.5, 35.0, 32.1,
31.9, 30.0, 26.4, 26.2, 25.0, 25.9, 18.2, 18.1; ESI-MS m/z [M + Na]+ calcd for C31H42N2O4:
529.3, found: 529.3.

methyl 3-((1R,5R)-4-methyl-3,5-bis(3-methylbut-2-en-1-yl)-2-oxocyclohex-3-en1-yl)propanoate (3.49). Followed the general hydrolysis procedure. Flash chromatography
over silica gel pretreated with Et3N using 10:90 EtOAc-hexanes gave 3.49 as a yellow oil
(82.5 mg, 62%).

1

H NMR (CDCl3, 400 MHz): δ 5.15-5.11 (m, 1 H), 4.89-4.86 (m, 1 H), 3.66

(s, 3 H), 3.02-2.91 (m, 2 H), 2.47–2.43 (m, 1 H), 2.39 (t, J = 7.6 Hz, 2 H), 2.28-2.11 (m, 4 H),
1.93 (s, 3 H), 1.91-1.87 (m, 1 H), 1.77-1.61 (m, 3 H), 1.73 (s, 3 H), 1.70 (s, 3 H), 1.66 (s, 3 H),
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1.63 (s, 3 H);

C NMR (CDCl3, 125.8 MHz): δ 199.5, 174.1. 157.5, 134.5, 133.7, 131.5,

13

122.6, 122.2, 51.6, 41.3, 40.5, 31.7, 31.3, 29.7, 25.9, 25.82, 25.76 24.8, 20.0, 17.92, 17.90; ESIMS m/z [M + Na]+ calcd for C21H32O3: 255.2, found: 255.1. Hydrazone 3.62 was also
recovered from the reaction and spectral data were consistent with literature values,
which also contain procedures for the recovery of the auxiliary.127

(4R)-3-methyl-2,4-bis(3-methylbut-2-en-1-yl)-6-(3-(phenylthio)propyl)cyclohex-2enone (3.80). Followed the general alkylation procedure. Flash chromatography over silica
gel using 2.5:97.5 EtOAc-hexanes gave 3.80 as a yellow oil (261.3 mg, 65% yield, 76%
yield based on recovered starting material). 1H NMR (CDCl3, 500 MHz):  7.34-7.12 (m,
5 H), 5.14-4.80 (m, 2 H), 3.0-2.80 (m, 4 H), 2.50-1.95 (m, 4 H), 1.92 (s, 3 H), 1.90-1.86 (m, 1
H), 1.72-1.55 (m, 4 H), 1.71 (s, 3 H), 1.70 (s, 3 H), 1.65 (s, 3 H), 1.59 (s, 3 H) 1.48-1.38 (m, 1
H); 13C NMR (CDCl3, 125.8 MHz): δ 199.9, 157.6, 136.9, 134.5, 133.7, 131.5, 129.2, 128.9,
125.8, 122.7, 122.3, 41.3, 41.0, 33.8, 31.1, 29.9, 29.6, 26.8, 26.0, 25.8, 24.9, 20.1, 18.0.
General procedure for the conjugate addition of a cuprate to isolate the silyl enol ether:
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(((4R)-3,3-dimethyl-2,4-bis(3-methylbut-2-en-1-yl)-6-(3(phenylthio)propyl)cyclohex-1-en-1-yl)oxy)trimethylsilane (3.80). MeMgBr (3.0 M in
Et2O, 0.460 mL, 1.32 mmol) was added to a stirred and cooled (–78 °C) suspension of
CuBr•SMe2 (15.5 mg, 0.076 mmol) in THF (5.5 mL) followed by the addition of HMPA
(0.263 mL, 1.50 mmol) (Ar atmosphere). Stirring was continued at –78 °C for 10 min,
and then a solution of ketone 3.79 (149.7 mg, 0.378 mmol) and TMSCl (0.191 mL, 1.5
mmol) in THF (1.0 mL) was added dropwise by syringe over ca. 3 min. Additional THF
(2 x 0.5 mL) was used as a rinse. The mixture was warmed to –40 °C over 4 h, carefully
quenched with DI H2O (5 mL) over ca. 5 min, allowed to warm to rt, and extracted with
Et2O (2 x 100 mL). The organic extracts were washed with brine (5 mL), dried with
MgSO4, and concentrated in vacuo to give a yellow residue. Flash chromatography over
silica gel pre-treated with Et3N using 1:99 EtOAc-hexanes gave 3.80 as a colorless oil
(105.6 mg, 59%).

H NMR (CDCl3, 400 MHz): δ 7.40-7.01 (m, 5 H), 5.20-4.60 (m, 2 H),

1

3.01-2.50 (m, 4 H), 2.50-2.10 (m, 3 H), 1.71-1.50 (m, 6 H), 1.68 (s, 3 H), 1.62 (s, 3 H), 1.59 (s,
3 H), 1.55 (s, 3 H), 0.981 (s, 2 H) 0.84 (s, 2H), 0.79 (s, 1 H), 0.63 (s, 1 H), 0.14 (s, 9 H).
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6-(3,3-bis(phenylthio)propyl)-2-(3-methylbut-2-en-1-yl)cyclohex-2-enone

(3.83.

Followed the general alkylation procedure: HMPA (4 equiv.) was added directly prior to addition
of iodide 3.82. Flash chromatography over silica gel using 5:95 EtOAc-hexanes gave 3.83
as a yellow oil (134.2 mg, 47% yield). 1H NMR (CDCl3, 400 MHz):  7.45-7.20 (m, 10 H),
6.58-6.50 (m, 1 H), 5.10-5.06 (m, 1 H), 4.43-4.31 (m, 1 H), 2.84-2.75 (m, 2 H), 2.35-1.85 (m, 6
H), 1.82-1.75 (m, 3 H), 1.72 (s, 3 H), 1.71 (s, 3 H); ESI-MS m/z [M + Na]+ calcd for
C26H30OS2: 445.2, found: 445.2.

((6-(3,3-bis(phenylthio)propyl)-3-methyl-2-(3-methylbut-2-en-1-yl)cyclohex-1en-1-yl)oxy)trimethylsilane (3.84). The general procedure for the cuprate addition to isolate
the silyl enol ether. Flash chromatography over silica gel pre-treated with Et3N using 1:99
EtOAc-hexanes gave 3.84 as a colorless oil (80.2 mg, 80.5%).

H NMR (CDCl3, 400

1

MHz): δ 7.32-7.27 (m, 4 H), 7.17-7.09 (m, 6 H), 4.85-4.79 (m, 1 H), 4.21 (q, J = 7.5 Hz, 2 H),
2.69-2.64 (m, 1 H), 2.32 (dd, J = 10.0, 19.0 Hz, 1 H), 2.00-1.92 (m, 1 H), 1.80-1.37 (m, 6 H),
1.62 (s, 3 H), 1.45 (s, 3 H), 1.20-1.00 (m, 3 H), 0.72 (d, J = 8.5 Hz, 3 H), 0.06 (s, 9 H).
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2-(3-methylbut-2-en-1-yl)-6-(3-(trimethylsilyl)prop-2-yn-1-yl)cyclohex-2-enone
(3.91). Followed the general alkylation procedure: HMPA (4 equiv.) was added directly prior to
addition of bromide 3.90. Flash chromatography over silica gel using 5:95 EtOAc-hexanes
gave 3.91 as a white solid (264.8 mg, 53% yield). 1H NMR (CDCl3, 400 MHz):  6.71-6.61
(m, 1 H), 5.25-5.05 (m, 1 H), 2.91-2.85 (m, 3 H), 2.51-2.23 (m, 5 H), 1.82-1.72 (m, 1 H), 1.72
(s, 3 H), 1.61 (s, 3 H); 13C NMR (CDCl3, 125.8 MHz): δ 199.1, 144.4, 138.1, 133.5, 121.0,
105.2, 85.9, 45.9, 27.9, 27.8, 25.7, 25.6, 20.4, 17.6, 0.07.

trimethyl((3-methyl-2-(3-methylbut-2-en-1-yl)-6-(3-(trimethylsilyl)prop-2-yn-1yl)cyclohex-1-en-1-yl)oxy)silane (3.92). The general procedure for the cuprate addition to
isolate a silyl enol ether. Flash chromatography over silica gel pre-treated with Et3N using
1:99 EtOAc-hexanes gave 3.92 as a colorless oil (30.1 mg, 23%).

H NMR (CDCl3, 400

1

MHz): δ 5.10-4.90 (m, 1 H), 3.0-2.90 (m, 1 H), 2.70-2.50 (m, 2 H), 2.23-2.10 (m, 3 H), 1.801.70 (m, 2 H), 1.69 (s, 3 H), 1.64 (s, 3 H), 0.96 (d, J = 7.2 Hz, 3 H), 0.19 (s, 9 H), 0.14 (s, 9 H).
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3.7.2.2 Towards the First Asymmetric Total Synthesis of (-)-Clusianone

(S,E)-4-benzyl-3-(2-(3-methylbut-2-enyl)cyclohex-2-enylideneamino)oxazolidin-2-one
(3.104). Auxiliary 3.103 (745 mg, 3.88 mmol) was added to a stirred solution of ketone
3.54 (763.8 mg, 4.65 mmol) in CH2Cl2 (25 mL) (Ar atmosphere). p-TsOH·H2O (147.6 mg,
0.78 mmol) was then added and the stirring was continued at reflux for 10 h and then
cooled to rt. Saturated aqueous NaHCO3 (10 mL) was added and the solution was
extracted with Et2O (2 x 50 mL). The combined organic extracts were washed with brine
(5 mL), dried over MgSO4, and concentrated in vacuo to give a yellow residue. Flash
chromatography over silica gel using 10:90 EtOAc-hexanes gave 3.104 as a clear,
colorless oil (1.1 g, 85%).

H NMR (CDCl3, 500 MHz):  7.32–7.13 (m, 5 H), 6.24

1

(apparent t, J = 4.0 Hz 1 H), 5.23–5.19 (m, 1 H), 4.38 (apparent dq, J = 4.0, 8.5 Hz, 1 H),
4.30 (apparent t, J = 8.0 Hz, 1 H), 4.07 (apparent t, J = 8.5 Hz, 1 H), 3.13 (dd, J = 4.0, 14 Hz,
1 H), 3.00 (dABq,  = 32.8 Hz, J = 7.0, 16.0, 20.5 Hz, 2 H), 2.83 (dd, J = 8.5, 14.0 Hz, 1 H),
2.64 (apparent ddd, J = 4.5, 6.5, 16.5 Hz, 1 H), 2.55 (apparent ddd, J = 5.0, 10.5, 16.5 Hz, 1
H), 2.31–2.20 (m, 2 H), 1.86–1.79 (m, 1 H), 1.73 (s, 3 H), 1.72–1.65 (m, 1 H), 1.65 (s, 3 H);
13

C NMR (CDCl3, 100 MHz): δ 170.3, 154.2, 137.2, 135.9, 135.8, 132.8, 129.5, 128.8, 127.2,
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122.4, 66.4, 61.1, 38.1, 29.8, 28.3, 26.0, 25.7, 22.2, 17.9; ESI-MS m/z [M + Na]+ calcd for
C21H26N2O2: 361.4 found: 361.1.

(S)-4-benzyl-3-((E)-((R)-2,6-bis(3-methylbut-2-enyl)cyclohex-2enylidene)amino)oxazolidin-2-one (3.105).

n-BuLi (2.44 M in hexanes, 2.0 mL, 4.9

mmol) was added dropwise over ca. 2 min to a stirred and cooled (–78 °C) solution of iPr2NEt (0.73 mL, 5.2 mmol) in THF (20 mL) (Ar atmosphere). The solution was then
transferred to an ice–H2O bath and was stirred for 30 min. This mixture was cooled to –
78 °C and a solution of hydrazone 3.104 (1.10 g, 3.25 mmol) in THF (15 mL) was added
dropwise via canula over ca. 3 min. Stirring was continued for 1 h and prenyl bromide
(0.563 mL, 4.9 mmol) was added dropwise over ca. 2 min. Stirring was continued for 1
h, and the reaction flask was transferred to an ice–H2O bath and mixture was stirred for
an additional 2.5 h. H2O (20 mL) was added, the solution was allowed to warm to rt,
and it was then extracted with Et2O (2 x 100 mL). The organic extracts were combined,
washed with brine (10 mL), dried over MgSO4, and concentrated in vacuo to give a
residue. Flash chromatography over silica gel using 10:90 EtOAc-hexanes gave 3.105 as
a light-yellow oil (1.32 g, 90%). 1H NMR (CDCl3, 500 MHz):  7.34–7.17 (m, 5 H), 6.12
(bs, 1 H), 5.21–5.09 (m, 2 H), 4.44–4.36 (m, 1 H), 4.25 (apparent t, J = 8.0 Hz, 1 H), 4.03 (dd,
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J = 9.2, 11.2 Hz, 1 Hz), 3.16 (dd, J = 4.0, 13.6 Hz, 1 H), 3.11–2.91 (m, including a dABq, J =
6.8, 15.6, 42.0 Hz,  = 3.56 Hz, 3 H), 2.59 (dd, J = 10.0, 13.2, 1 H), 2.35–1.95 (m, 5 H), 1.87–
1.82 (m, 1 H), 1.72 (s, 3 H), 1.70 (s, 3 H), 1.67 (s, 3 H), 1.62 (s, 3 H); 13C NMR (CDCl3, 100
MHz): δ 173.9, 155.3, 136.0, 135.6, 134.6, 133.1, 132.6, 129.0, 128.8, 127.2, 122.5, 122.3, 67.8,
61.9, 39.9, 36.3, 30.1, 28.8, 26.0, 25.9, 24.6, 22.1, 17.91, 17.89; ESI-MS m/z [M + Na]+ calcd
for C26H34N2O2: 429.5, found: 429.2.

(R)-2,6-bis(3-methylbut-2-enyl)cyclohex-2-enone (3.106). p-TsOH•H2O (424.7 mg, 2.23
mmol) was added to a stirred solution of hydrazone 3.105 (453.9 mg, 1.11 mmol) in
acetone-H2O (4:1, v/v) (open to air). Stirring was continued for 40 h, saturated aqueous
NaHCO3 (3 mL) was added, the mixture was extracted with Et2O (2 x 20 mL), and the
organic extracts were combined, washed with brine (3 mL), dried over MgSO 4, and
concentrated in vacuo to give an oil. Flash chromatography over silica gel using 5:95
EtOAc-hexanes gave 3.106 as a clear, colorless oil (206.6 mg, 80%). 1H NMR (CDCl3, 400
MHz): δ 6.62–6.60 (m, 1 H), 5.14–5.09 (m, 2 H), 2.87 (bd, J = 7.2 Hz, 2 H), 2.56–2.50 (m, 1
H), 2.37–2.25 (m, 3 H), 2.12–2.10 (m, 2 H), 1.72 (s, 3 H), 1.71 (s, 3 H), 1.69–1.64 (m, 1 H),
1.61 (s, 6 H); 13C NMR (CDCl3

3, 122.2, 121.5,

47.4, 28.1, 28.0, 27.9, 26.0, 25.9, 25.4, 18.0, 17.8; ESI-MS m/z [M + Na]+ calcd for C16H24O:
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255.2, found: 255.1; HPLC (Daicel Chiralpak AD-H, hexane-i-PrOH = 97.3/0.3, flow rate
0.5 mL/min,  = 210 nm): tR 13.5 min (major enantiomer), 14.6 min (minor enantiomer).
major:minor = 98.5:1.5.
HPLC Trace of racemate 3.101:

HPLC trace of chiral material 3.106:

(1S,7S)-3-benzoyl-4-methoxy-6,6-dimethyl-1,5,7-tris(3-methylbut-2enyl)bicyclo[3.3.1]non-3-ene-2,9-dione (3.115). n-BuLi (2.5 M in hexane, 0.6 mL, 1.5
mmol) was added dropwise over ca. 2 min to a stirred and cooled (–78 °C) solution of
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TMP (0.280 mL, 1.65 mmol) in THF (3 mL) (Ar atmosphere). The solution was then
transferred to an ice–H2O bath and stirred for 30 min. This solution was cooled to –78
°C and an aliquot of the LiTMP (0.65 mL, 0.32 mmol) was removed via syringe and
added dropwise over ca. 2 min to a stirred and cooled (–78 °C) solution of ketone 3.114
(67 mg, 0.16 mmol) in THF (5 mL) (Ar atmosphere). Stirring was continued for 1 h at –
78 °C and then benzoyl chloride (55.7 L, 0.48 mmol) was added and stirring was
continued for an additional 1 h. The mixture was quenched with saturated aqueous
NH4Cl (5 mL), allowed to warm to rt, and extracted with Et2O (2 x 50 mL). The organic
extracts were washed with brine (5 mL), dried with MgSO4, and concentrated in vacuo.
Flash chromatography over silica gel using 5:95 EtOAc-petroleum ether to 10:90 EtOAcpetroleum ether gave 3.115 as a white solid (52.3 mg, 62% yield). Spectral data are
consistent with literature values.119 HPLC (Daicel Chiralpak AD-H, hexane-i-PrOH =
90/10, flow rate 0.5 mL/min,  = 210 nm): tR 7.5 min (minor enantiomer), 15.1 min (major
enantiomer). major:minor = 98.8:1.2.
HPLC trace of racemate 3.102:

HPLC trace of the optically active material 3.115:
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The procedures and spectra for the synthesis of compounds 3.108-3.114 and 3.2 were
identical to that described in section 3.7.2.1 for the corresponding compounds in the
synthesis of (+)-clusianone.
3.7.2.3 A General Method of the Synthesis of the PPAPs Family

(3S,4S)-3-methyl-2,4-bis(3-methylbut-2-enyl)-3-(4-methylpent-3enyl)cyclohexanone (3.125). Homoprenyl magnesium bromide (1.68 M in Et2O, 0.254
mL, 0.426 mmol [prepared by slow addition (ca. 10 min) of homoprenyl bromide to a
suspension of oven dried (120 °C) Mg° in Et2O]), was added to a stirred and cooled (–78
°C) suspension of CuBr•SMe2 (87.6 mg, 0.426 mmol) in THF (0.7 mL), followed by
addition of HMPA (84.9 L, 0.488 mmol) and TMSCl (61.7 L, 0.488 mmol) (Ar
atmosphere). Stirring was continued for 10 min, and then a solution of ketone 3.142 (30
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mg, 0.122 mmol) in THF (0.6 mL) was added dropwise over 1 h. The mixture warmed to
–30 °C over 4 h and was carefully quenched with 10% aqueous HCl (3 mL). Upon
warming to rt, it was extracted with Et2O (2 x 25 mL) and the combined organic extracts
were washed with brine (2 mL), dried with MgSO4, and concentrated in vacuo to give a
yellow residue. Flash chromatography over silica gel using 5:95 EtOAc-hexanes gave
3.125 as a colorless oil (26.4 mg, 66%). 1H NMR (CDCl3, 400 MHz): δ 5.20–4.91 (m, 3 H),
2.42–1.81 (m, 10 H), 1.72–1.60 (m, 18 H), 1.54–1.16 (m, 4 H), 0.91–0.63 (m, 3 H, including
two singlets at 0.91 and 0.63); 13C NMR (CDCl3, 100 MHz): δ 214.8, 213.3, 132.8, 132.7,
132.6, 131.7, 131.6, 124.5, 124.20, 124.17, 123.8, 123.6, 122.0, 59.1, 57.4, 45.4, 42.9, 42.52,
42.50, 40.6, 37.7, 36.9, 36.8, 28.7, 28.0, 27.2, 27.1, 26.0, 25.9, 25.94, 25.91, 25.9, 25.8, 24.5,
21.6, 21.5, 21.4, 20.4, 18.1, 18.04, 18.00, 17.9, 17.82, 17.79, 17.0; ESI-MS m/z [M + H]+ calcd
for C23H38O: 331.3, found: 331.3.

(S)-(3,3-dimethyl-2,4-bis(3-methylbut-2-enyl)cyclohex-1enyloxy)trimethylsilane (3.94). MeMgBr (3.0 M in Et2O, 1.48 mL, 4.44 mmol) was added
to a stirred and cooled (–78 °C) suspension of CuBr•SMe2 (52.2 mg, 0.25 mmol) in THF
(15 mL), followed by the addition of HMPA (0.88 mL, 5.08 mmol) (Ar atmosphere).
Stirring was continued for 10 min, and a solution of ketone 3.64 (312.5 mg, 1.27 mmol)
and TMSCl (0.64 mL, 5.08 mmol) in THF (10 mL) was added dropwise over ca. 3 min.
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The resulting mixture warmed to –40 °C over 4 h and was carefully quenched with H2O
(10 mL). Upon warming to rt, it was extracted with Et2O (2 x 50 mL) and the combined
organic extracts were washed with brine (5 mL), dried with MgSO4, and concentrated in
vacuo to give a yellow residue. Flash chromatography over silica gel (pre-treated with
1% (v/v) solution of Et3N and 2:98 EtOAC-hexanes) using 2:98 EtOAc-hexanes gave 3.94
as a colorless oil (363.2 mg, 85% yield). 1H NMR (CDCl3, 400 MHz):  5.13-5.00 (m, 2 H),
2.69 (dABq,  = 47.0 Hz, J = 6.2, 15.6, 49.2, 2 H), 2.14–1.95 (m, 2 H), 1.71–1.60 (m, 15 H,
including 4 singlets at 1.71, 1.66, 1.64, 1.61), 1.41–1.30 (m, 1 H), 1.22–1.14 (m, 1 H), 1.02 (s,
3 H), 0.86 (s, 3 H), 0.15 (s, 9 H); 13C NMR (CDCl3, 100 MHz): δ 143.3, 131.1, 128.0, 125.5,
125.4, 123.8, 123.7, 122.6, 44.8, 36.9, 29.2, 27.6, 26.3, 25.1, 24.9, 24.5, 22.5, 21.3, 17.1, 0.02.

(E)-4-methyl-N'-((3R,4R)-3-methyl-2,4-bis(3-methylbut-2-enyl)-3-(4methylpent-3-enyl)cyclohexylidene)benzenesulfonohydrazide

(3.143).

p-

Toluenesulfonyl hydrazide (28.2 mg, 0.151 mmol) was added to a stirred solution of
ketone 3.125 (31, 50 mg, 0.151 mmol) in Et2O (0.75 mL), followed by p-TsOH•H2O (5.74
mg, 0.03 mmol) (Ar atmosphere). The resulting solution was stirred for 12 h and then
partioned between H2O (3 mL) and EtOAc (30 mL). The aqueous phase was extracted
with EtOAc (30 mL) and the combined organic extracts were washed with brine (3 mL),
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dried with MgSO4, and concentrated in vacuo to give a white solid.

Flash

chromatography over silica gel using 5:95 EtOAc–hexanes gave 3.143 as a white solid
(47.7 mg, 63% or 94% yield based on recovered 3.125).

H NMR (CDCl3, 400 MHz): 

1

7.84 (d, J = 8.4 Hz, 2 H), 7.51 (bs, 1 H), 7.28 (d, J = 8.0 Hz, 2 H), 5.04–4.6 (m, 3 H), 2.65–1.80
(m, 9 H, including a singlet at 2.41 for 3 H), 1.68–1.39 (m, 23 H), 1.30–0.99 (m, 3 H), 0.70–
0.43 (m, 3 H); 13C NMR (CDCl3, 100 MHz): δ 162.1, 143.8, 135.7, 132.5, 131.5, 130.4, 129.6,
129.5, 128.4, 128.2, 124.81, 124.80, 124.43, 124.40, 123.73, 123.70, 52.0, 51.8, 43.8, 42.7, 41.1,
37.5, 36.7, 28.1, 27.8, 27.7, 27.3, 26.0, 25.8, 25.6, 22.1, 21.7, 21.5, 21.3, 18.7, 18.0, 17.9, 17.8,
17.7, 16.1; ESI-MS m/z [M+H]+ calcd for C30H46N2O2S: 499.3 found: 499.4.
X-ray crystal structure of 3.143:
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3.7.2.4 The Experimental Information for the Anti-HIV Testing
Pseudoviruses were made according to the methods of Montefiori et al. 153
Briefly, 293T-cells were co-transfected with an Env-deficient HIV-1 genome that contains
a firefly luciferase gene inserted into the HIV nef gene (pNLCH5.1) 154 and a second
plasmid containing an envelope gene (pNL4.3 [CXCR4-tropic] or pJRFL [CCR5-tropic],
both obtained from the AIDS Reagent Repository). Target cells for these HIV-1 Envpseudoviruses were 3T3.T4.CCR5 and Jurkat E6-1 cells, both of which were obtained
from the NIAID AIDS Reference Program. 3T3 cells were incubated with a 1:4 dilution
of the pJRFL HIV-1 Env-pseudoviruses and Jurakat E6-1 cells were incubated with a 1:4
dilution of the pNL4.3 HIV-1 Env-pseudoviruses. When the Env-psuedoviruses
successfully infect the target cells, the viral genome becomes integrated into the cellular
genome and luciferase is produced.

Luciferase activity was measured with the

Promega GloMax system according to the manufacturers instructions. To test the ability
of compounds 3.1, 3.2, 3.100, and 3.115 to inhibit viral infectivity, the compounds were
serially diluted three-fold from 10 M to 4.6 nM, all at a final concentration of 1%
DMSO. All infections were carried out in duplicate; the 3T3 results are representative of
three experiments and the Jurkat results are from one experiment. IC50 values were
calculated with Graphpad Prism.
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10uM
3.3uM
1.1uM
.37uM
.12uM
41nM
13.7nM
4.5nM
Control

10uM
3.3uM
1.1uM
.37uM
.12uM
41nM
13.7nM
4.5nM
Control

10
3.3
1.1
0.37
0.12

10
3.3
1.1
0.37
0.12

3T3.CD4.CCR5 Infection
(-)-Clusianone (+)-Clusianone (-)-Clusianone Methyl Enol Ether (+)-Clusianone Methyl Enol Ether
0.072
0.065
0.802
1.186
0.125
0.5
0.768
0.89
0.624
0.533
0.984
1.398
1.089
1.15
1.073
1.353
0.946
1.28
1.232
0.765
0.904
1.419
1.294
1.368
0.877
0.599
0.811
1.018
0.89
0.567
0.755
1.091
1
1
1
1

Jurkat Infection
(-)-Clusianone (+)-Clusianone (-)-Clusianone Methyl Enol Ether (+)-Clusianone Methyl Enol Ether
0.198
0.164
1.253
2.567
1.033
1.168
1.417
5.102
3.405
5.7
4.988
6.12
8.087
2.067
8.95
3.197
0.74
7.9
8.082
5.789
3.931
3.363
10.416
6.47
0.743
2.792
9.458
5.565
1.388
2.894
4.809
1.765
1
1
1
1
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3.7.2.5 The Synthesis of a Library of Clusianone-Like Compounds
General alkylation procedure 2:

n-BuLi (2.5 M in hexane, 0.6 mL, 1.5 mmol) was added dropwise over ca. 2 min
to a stirred and cooled (–78 °C) solution of i-Pr2NEt (0.231 mL, 1.65 mmol) in THF (3 mL)
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(Ar atmosphere). The solution was then transferred to an ice–H2O bath and was stirred
for 30 min. This solution was cooled to –78 °C and an aliquot of the LDA (0.725 mL, 0.36
mmol) was removed via syringe and added dropwise over ca. 2 min to a stirred and
cooled (–78 °C) solution of ketone 3.98 (50 mg, 0.145 mmol) in THF (3 mL) (Ar
atmosphere). Stirring was continued for 20 min and then the alkylating agent (0.725
mmol) was added. The mixture was stirred for an additional 20 min, quenched with
saturated aqueous NH4Cl (5 mL), and allowed to warm to rt. The mixture was then
extracted with Et2O (2 x 30 mL), washed with brine (5 mL), dried with MgSO4, and
concentrated in vacuo.

General alkylation procedure 2 was followed using 5 equiv. of allyl bromide . Flash
chromatography over silica gel using 15:85 EtOAc-hexanes gave 3.127 as a colorless oil
(51.7 mg, 90% yield). 1H NMR (CDCl3, 500 MHz):  5.81-5.73 (m, including a s at 5.79, 2
H), 5.07 (d, J = 17.0 Hz, 1 H), 5.01 (d, J = 10.0 Hz, 1 H), 4.98-4.94 (m, 1 H), 4.64-4.62 (m, 1
H), 3.75 (s, 3 H), 2.62-2.57 (m, 2 H), 2.45 (dd, J = 7.5, 14.0 Hz, 2 H), 2.13-2.09 (m, 1 H), 1.88
(dd, J = 2.5, 14.0 Hz, 1 H), 1.72-1.51 (m, 1 H), 1.68 (s, 6 H), 1.58 (s, 3 H), 1.55 (s, 3 H), 1.36
(t, J = 14.5 Hz, 1 H), 1.06 (s, 3 H), 0.73 (s, 3 H); 13C NMR (CDCl3, 125.8 MHz): δ 208.2,
196.0, 175.7, 134.3, 133.3, 133.1, 122.8, 120.5, 117.8, 107.7, 71.1, 56.7, 56.0, 46.3, 42.1, 39.8,
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35.4, 28.0, 26.0, 25.9, 24.6, 22.9, 18.2, 18.0, 16.0; ESI-MS m/z [M+H]+ calcd for C25H36O3:
385.2 found: 385.2.

General alkylation procedure 2 was followed using 10 equiv of MeI.

Flash

chromatography over silica gel using 15:85 EtOAc-hexanes gave 3.128 as a colorless oil
(47.7 mg, 95% yield). 1H NMR (CDCl3, 400 MHz):  5.74 (s, 1 H), 4.96-4.93 (m, 1 H), 4.674.64 (m, 1 H), 3.75 (s, 3 H), 2.60 (dd, J = 6.8, 14.0 Hz, 1 H), 2.44 (dd, J = 5.6, 14.4 Hz, 1 H),
2.14-2.10 (m, 1 H), 1.94 (dd, J = 3.6, 13.6 Hz, 1 H), 1.73-1.50 (m, 1 H), 1.68 (s, 6 H), 1.58 (s, 3
H), 1.55 (s, 3 H), 1.35-1.29 (m, 1 H), 1.25 (s, 3 H), 1.08 (s, 3 H), 0.73 (s, 3 H); 13C NMR
(CDCl3, 100 MHz): δ 209.0, 196.5, 176.3, 133.2, 133.1, 122.9, 120.5, 106.6, 70.7, 56.9, 52.6,
45.9, 41.9, 41.4, 27.9, 26.0, 25.9, 24.6, 22.7, 18.2, 18.0, 16.7, 16.1; ESI-MS m/z [M+H]+ calcd
for C23H34O3: 359.2, found: 359.2.
General acylation procedure:

n-BuLi (2.5 M in hexane, 0.6 mL, 1.5 mmol) was added dropwise over ca. 2 min
to a stirred and cooled (–78 °C) solution of TMP (0.280 mL, 1.65 mmol) in THF (3 mL)
(Ar atmosphere). The solution was then transferred to an ice–H2O bath and stirred for
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30 min. This solution was cooled to –78 °C and an aliquot of the LiTMP (0.264 mL, 0.132
mmol) was removed via syringe and added dropwise over ca. 2 min to a stirred and
cooled (–78 °C) solution of starting ketone (0.066 mmol) in THF (3.3 mL) (Ar
atmosphere). Stirring was continued for 1 h at –78 °C and then the acyl chloride (0.2
mmol) was added and stirring was continued for an additional 1 h. The mixture was
quenched with saturated aqueous NH4Cl (3 mL), allowed to warm to rt, and extracted
with Et2O (2 x 25 mL). The organic extracts were washed with brine (5 mL), dried with
MgSO4, and concentrated in vacuo.

The general acylation procedure was followed using 3.127 and 3 equiv of trimethylacetyl
chloride. Flash chromatography over silica gel using 5:95 EtOAc-hexanes gave 3.131 as a
white solid (25.5 mg, 89% yield). 1H NMR (CDCl3, 500 MHz):  5.82-5.74 (m, 1 H), 5.115.00 (m, 3 H), 4.81-4.79 (m, 1 H), 3.73 (s, 3 H), 2.69-2.61 (m, 2 H), 2.43-2.37 (m, 2 H), 2.132.10 (m, 1 H), 1.97 (dd, J = 4.0, 13.5 Hz, 1 H), 1.78-1.70 (m, 1 H), 1.68 (s, 3 H), 1.64 (s, 3 H),
1.60-1.52 (m, 1 H), 1.57 (s, 3 H), 1.55 (s, 3 H), 1.36-1.31 (m, 1 H), 1.10 (s, 9 H), 1.06 (s, 3 H),
0.72 (s, 3 H); 13C NMR (CDCl3, 125.8 MHz): δ 212.5, 208.0, 194.8, 170.8, 134.3, 133.5, 126.9,
122.7, 122.6, 120.5, 118.0, 71.6, 61.9, 57.5, 47.2, 45.3, 42.2, 40.1, 35.9, 27.8, 27.3, 26.1, 25.9,
24.9, 22.7, 18.3, 18.0, 15.8; ESI-MS m/z [M+Na]+ calcd for C30H44O4: 491.4, found: 491.4.
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The general acylation procedure was followed using 3.128 and 3 equiv of benzoyl
chloride. Flash chromatography over silica gel using 5:95 EtOAc-hexanes to 10:90 EtOAchexanes gave 3.132 as a white solid (25.8 mg, 99% yield). 1H NMR (CDCl3, 500 MHz): 
7.83 (d, J = 8.5 Hz, 2 H), 7.56-7.41 (m, 3 H), 5.09-5.07 (m, 1 H), 4.89-4.85 (m, 1 H), 2.59 (dd,
J = 8.0, 13.5 Hz, 1 H), 2.43 (dd, J = 6.0, 13.5 Hz, 1 H), 2.19-2.13 (m, 2 H), 1.95-1.89 (m, 1 H),
1.73 (s, 3 H), 1.63 (s, 3 H), 1.60 (s, 3 H), 1.55 (s, 3 H), 1.45-1.37 (m, 2H), 1.34 (s, 3 H), 1.06
(s, 3 H), 0.75 (s, 3 H); 13C NMR (CDCl3, 125.8 MHz): δ 208.4, 196.3, 195.8, 173.2, 138.0,
134.4, 133.5, 133.3, 129.4, 128.7, 122.8, 122.7, 121.6, 120.3, 120.2, 70.9, 61.3, 61.2, 53.9, 46.9,
42.2, 41.6, 28.0, 26.3, 26.0, 24.7, 22.3, 18.1, 17.8, 16.2; ESI-MS m/z [M+Na]+ calcd for
C30H38O4: 485.3, found: 485.4.

The general acylation procedure was followed using 3.99 and 3 equiv of trimethylacetyl
chloride. Flash chromatography over silica gel using 5:95 EtOAc-hexanes to 20:80 EtOAchexanes gave 3.129 as a white solid (16.8 mg, 84% yield). 1H NMR (CDCl3, 500 MHz): 
5.03-5.00 (m, 2 H), 4.82-4.80 (m, 1 H), 3.72 (s, 3 H), 2.63 (dd, J = 9.0, 13.5 Hz, 1 H), 2.54
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(dd, J = 4.5, 14.5 Hz, 1 H), 2.49-2.36 (m, 3 H), 2.12-2.09 (m, 1 H), 1.97 (dd, J = 4.0, 13.5 Hz,
1 H), 1.69 (s, 3 H), 1.64 (s, 9 H), 1.57 (s, 3 H), 1.53 (s, 3 H), 1.36-1.23 (m, 2 H), 1.08 (s, 9 H),
1.05 (s, 3 H), 0.72 (s, 3 H); 13C NMR (CDCl3, 125.8 MHz): δ 212.2, 208.3, 194.6, 171.6, 134.2,
133.7, 133.5, 126.8, 122.7, 120.7, 120.1, 71.6, 61.9, 58.0, 47.2, 45.5, 42.5, 39.9, 30.7, 27.9, 27.0,
26.1, 26.0, 25.9, 25.0, 22.8, 18.3, 18.1, 18.0, 15.9; ESI-MS m/z [M+Na]+ calcd for C32H48O4:
519.4, found: 519.4.

The general acylation procedure was followed using 3.128 and 3 equiv of trimethylacetyl
chloride. Flash chromatography over silica gel using 5:95 EtOAc-hexanes to 30:70 EtOAchexanes gave 3.133 as a white solid (17.7 mg, 76% yield, 97% based on recovered starting
material). 1H NMR (CDCl3, 500 MHz):  5.03-5.01 (m, 1 H), 4.83-4.81 (m, 1 H), 3.73 (s, 3
H), 2.65 (dd, J = 9.5, 14.0 Hz, 1 H), 2.42-2.38 (m, 1 H), 2.15-2.11 (m, 1 H), 2.03 (dd, J = 4.0,
14.0 Hz, 1 H), 1.80-1.73 (m, 1 H), 1.68 (s, 3 H), 1.64 (s, 3 H), 1.57 (s, 3 H), 1.56 (s, 3 H), 1.361.25 (m, 2 H), 1.29 (s, 3 H), 1.13 (s, 9 H), 1.08 (s, 3 H), 0.72 (s, 3 H); 13C NMR (CDCl3, 125.8
MHz): δ 212.3, 208.6, 195.4, 171.3, 134.1, 133.3, 126.5, 122.6, 120.5, 71.0, 61.9, 53.4, 46.7,
45.3, 41.8, 41.2, 27.6, 27.3, 25.9, 25.8, 24.8, 22.3, 18.1, 17.9, 17.2, 15.9; ESI-MS m/z [M+Na]+
calcd for C28H42O4: 465.4, found: 465.4.
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The general acylation procedure was followed using 3.127 and 3 equiv of benzoyl
chloride. Flash chromatography over silica gel using 5:95 EtOAc-hexanes to 30:70 EtOAchexanes gave 3.130 as a white solid (18.9 mg, 67%). 1H NMR (CDCl3, 500 MHz):  7.81
(d, J = 8.5 Hz, 2 H), 7.56-7.40 (m, 3 H), 5.91-5.83 (m, 1 H), 5.11-5.06 (m, 3 H), 4.83-4.81 (m,
1 H), 3.63 (s, 3 H), 2.69 (dd, J = 5.5, 14.0 Hz, 1 H), 2.57 (dd, J = 8.0, 13.5 Hz, 1 H), 2.52-2.43
(m, 2 H), 2.17-2.14 (m, 1 H), 2.07 (dd, J = 4.5, 14.5 Hz, 1 H), 1.93-1.88 (m, 1 H), 1.73 (s, 3
H), 1.61 (s, 3 H), 1.59 (s, 3 H), 1.54 (s, 3 H), 1.47-1.37 (m, 2 H), 1.05 (s, 3 H), 0.75 (s, 3 H);
13

C NMR (CDCl3, 125.8 MHz): δ 207.7, 195.73, 195.70, 172.7, 138.0, 134.5, 133.5, 133.4,

129.4, 128.8, 122.9, 122.6, 120.2, 120.1, 71.3, 61.1, 57.4, 47.2, 41.9, 40.6, 36.3, 28.1, 26.3, 26.0,
24.7, 22.5, 18.2, 18.1, 16.1; ESI-MS m/z [M+H]+ calcd for C32H40O4: 489.4, found: 489.4.

The general acylation procedure was followed using 3.99 and 3 equiv of 4-bromobenzoyl
chloride. Flash chromatography over silica gel using 5:95 EtOAc-hexanes to 20:80 EtOAchexanes gave 3.144 as a white solid (7.9 mg, 41% yield, 98% based on recovered starting
material). 1H NMR (CDCl3, 500 MHz):  7.67 (d, J = 9.0 Hz, 2 H), 7.56 (d, J = 9.0 Hz, 2 H),
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5.08-5.05 (m, 2 H), 4.90-4.80 (m, 1 H), 3.60 (s, 3 H), 2.59-2.44 (m, 4 H), 2.16-1.83 (m, 3 H),
1.73 (s, 3 H), 1.69 (s, 3 H), 1.63 (s, 3 H), 1.61 (s, 3 H), 1.59 (s, 3 H), 1.55 (s, 3 H), 1.50-1.20
(m, 2 H), 1.04 (s, 3 H), 0.74 (s, 3 H); 13C NMR (CDCl3, 125.8 MHz): δ 207.7, 195.8, 194.8,
173.7, 136.8, 134.5, 133.9, 133.4, 132.1, 130.8, 128.8, 122.7, 122.3, 120.2, 120.1, 71.3, 61.0,
58.0, 47.3, 42.0, 40.4, 30.8, 29.8, 28.1, 26.3, 26.1, 26.0, 24.7, 22.6, 18.2, 16.1, 16.0; ESI-MS m/z
[M+Na]+ calcd for C34H43BrO4: 618.3, found: 617.2 and 619.2.
General hydrolysis procedure:

10% aqueous LiOH (0.92 mL) was added to a stirred solution of the trione (0.042
mmol) in dioxane (0.92 mL). The mixture was heated in a 90 °C oil bath for 3 h, after
which it was cooled in an ice–H2O bath, acidified with 10% aqueous HCl over ca. 2 min,
and extracted with Et2O (2 x 25 mL). The organic extracts were combined, dried with
MgSO4, and concentrated in vacuo.

The general hydrolysis procedure was followed. Flash chromatography over silica gel
using 10:90 EtOAc-hexanes gave 3.134 as a white solid (10.9 mg, 66% yield, 95% yield
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based on recovered starting material).

H NMR (CDCl3, 500 MHz, -55 °C):  5.02-4.61

1

(m, 3 H), 2.74-2.00 (m, 6 H), 1.67 (br. s, 9 H), 1.62 (s, 3 H), 1.56 (s, 3 H), 1.54 (s, 3 H), 1.45
(s, 3 H), 1.32 (s, 3 H), 1.29 (s, 6 H), 1.19 (s, 3 H, ), 0.82 (br. s, 1 H), 0.74 (br. s, 1 H); 13C
NMR (CDCl3, 125.8 MHz): δ 213.4, 208.5, 194.9, 193.6, 134.8, 133.9, 122.2, 120.0, 119.6,
119.1, 118.8, 71.2, 66.8, 64.8, 59.6, 48.5, 47.6, 44.5, 42.7, 42.4, 31.8, 31.0, 28.3, 26.9, 26.6, 26.4,
26.3, 25.6, 24.9, 23.9, 23.0, 18.5, 18.4, 16.6; ESI-MS m/z [M+H]+ calcd for C31H46O4: 483.4
found: 483.4.

The general hydrolysis procedure was followed. Flash chromatography over silica gel
using 15:85 EtOAc-hexanes gave 3.135 as a white solid (17.4 mg, 97%). 1H NMR (CDCl3,
500 MHz):  7.55-7.37 (m, 5 H), 5.07 (d, J = 17.0 Hz, 1 H), 6.01-5.84 (m, 1 H), 5.20-4.80 (m,
4 H), 2.74-2.45 (m, 4 H), 2.15-1.99 (m, 3 H), 1.70 (s, 3 H), 1.63 (s, 3 H), 1.60 (s, 3 H), 1.52 (s,
3 H), 1.43-1.38 (m, 1 H), 1.05 (s, 1.5 H), 1.23 (s, 1.5 H), 0.97-0.87 (m, 1 H), 0.84 (s, 1.5 H),
0.74 (s, 1.5 H); 13C NMR (CDCl3, 125.8 MHz): δ 207.6, 207.1, 197.9, 195.2, 194.8, 193.4,
192.6, 137.4, 137.3, 134.8, 134.3, 133.6, 132.7, 129.0, 127.9, 122.4, 122.2, 120.5, 120.2, 119.2,
119.1, 118.7, 117.0, 116.3, 71.3, 67.5, 64.5, 59.3, 48.6, 47.8, 43.0, 42.5, 41.7, 36.2, 36.0, 35.3,
29.8, 28.6, 28.2, 25.9, 25.7, 24.9, 23.8, 22.8, 18.3, 18.1, 16.5; ESI-MS m/z [M+H]+ calcd for
C31H38O4: 475.3 found: 475.3.
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The general hydrolysis procedure was followed. Flash chromatography over silica gel
using 10:90 EtOAc-hexanes gave 3.136 as a white solid (14.9 mg, 61% yield, 91% yield
based on recovered starting material). 1H NMR (CDCl3, 500 MHz, -55 °C):  5.89-5.72 (m,
1 H), 5.20-4.91 (m, 3 H), 4.67-4.63 (m, 1 H), 2.78-2.45 (m, 4 H), 2.20-2.01 (m, 2 H), 1.71 (s, 3
H), 1.68 (s, 3 H), 1.66 (s, 3 H), 1.62-1.61 (m, 1 H), 1.55 (s, 3 H), 1.53 (s, 3 H), 1.46-1.36 (m, 2
H), 1.32 (s, 6 H), 1.19 (s, 2 H), 1.14 (s, 1 H), 0.82 (s, 2 H), 0.75 (s, 1 H); 13C NMR (CDCl3,
125.8 MHz): δ 213.2, 208.2, 207.7, 193.6, 134.7, 134.5, 133.8, 122.1, 118.9, 118.1, 71.0, 66.9,
64.1, 58.9, 48.1, 47.3, 44.4, 42.1, 36.2, 26.7, 26.6, 26.4, 26.3, 26.2, 26.0, 23.6, 22.7, 18.1, 16.3;
ESI-MS m/z [M+H]+ calcd for C29H42O4: 455.3 found: 455.4.

The general hydrolysis procedure was followed. Flash chromatography over silica gel
using 10:90 EtOAc-hexanes to 20:80 EtOAc-hexanes gave 3.138 as a white solid (15.9 mg,
90% yield).

H NMR (CDCl3, 500 MHz, -55 °C):  4.92-4.62 (m, 2 H), 2.74-1.88 (m, 4 H),
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1.66 (s, 3 H), 1.62 (s, 3 H), 1.57-1.19 (m, 3 H), 1.51 (s, 3 H), 1.47 (s, 3 H), 1.33 (s, 3 H), 1.28
(s, 9 H), 1.15 (s, 1 H), 1.11 (s, 2 H), 0.78 (s, 1 H), 0.71 (s, 2 H); 13C NMR (CDCl3, 125.8
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MHz): δ 212.9, 209.2, 196.1, 193.7, 135.0, 134.8, 133.9, 122.2, 119.9, 119.2, 117.1, 71.1, 67.1,
61.8, 56.0, 47.9, 47.4, 44.7, 42.8, 42.3, 41.9, 26.6, 26.4, 26.3, 23.6, 22.9, 18.5, 17.5, 17.2, 16.7;
ESI-MS m/z [M+Na]+ calcd for C27H40O4: 451.3, found: 451.3.

The general hydrolysis procedure was followed. Flash chromatography over silica gel
using 10:90 EtOAc-hexanes to 20:80 EtOAc-hexanes gave 3.137 as a white solid (16.7 mg,
82% yield). 1H NMR (CDCl3, 400 MHz):  7.54-7.35 (m, 5 H), 5.06-4.81 (m, 2 H), 2.77-1.88
(m, 4 H), 1.66 (s, 3 H), 1.62 (s, 3 H), 1.57-1.19 (m, 3 H), 1.78 (s, 3 H), 1.67 (s, 3 H), 1.55 (s, 3
H), 1.44 (s, 3 H), 1.25 (s, 1 H), 1.07 (s, 2 H), 0.85 (s, 1 H), 0.74 (s, 2 H)
3.7.2.6 Auxiliary Synthesis

(+)-Camphorsulfonyl chloride (3.145). To a flask containing l-10-camphor
sulfonic acid (2.01g, 8.61mmol), thionyl chloride (4.10g, 34.4mmol) was added dropwise
with vigorous stirring. The reaction was refluxed for 30 min then allowed to cool and
poured onto ice. The ice slurry was then partitioned and extracted with Et2O (2x), dried
(MgSO4) and concentrated in vacuo to yield 3.145 as a white solid (2.00g; 92%).
Spectroscopic data was identical to that reported previously.155-159
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(+)-10-Chlorocamphor-10-sulfine (3.146). A solution of tosyl chloride (186.2 g,
.975 mol) in pyridine (216 mL, 2.66 mol) was heated to 100 C (oil bath) and a solution of
l-10-camphor sulfonyl chloride 3.145 (222.2 g, .89 mol) in 1,2-dichloroethane (250 mL)
was added dropwise over a period of 30 minutes. Upon completion of addition, the
reaction was refluxed for 45 minutes then allowed to cool before being poured into Et 2O
(2L). The resulting dark brown precipitate was then isolated (Et2O solution saved) and
washed with Et2O. The combined organic solutions were then concentrated in vacuo to
yield a dark brown oil. Recrystallization from hexanes yielded 3.146 as tan crystals
(157.5 g; 75 %). Spectroscopic data was identical to that reported previously.
Spectroscopic data was identical to that reported previously.155-159

(+)-Ketopinic acid chloride (3.147). A solution of l-10-chlorocamphor-10-sulfine
3.146 (49.8 g, 211 mmol) in CH2Cl2 (625 mL) with pyridine (22.0 mL, 221 mmol) was
cooled to –78 C (dry ice/acetone) and treated with ozone until a pale blue solution was
observed. Reaction was then poured into pentanes (3 L) and the resulting precipitate
filtered off. The filtrate was concentrated in vacuo to yield a brown oil. Thionyl chloride
(15.4 mL, 211 mmol) and pyridine (0.3 mL, 4 mmol) were then added and the reaction
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refluxed for 2h. It was then allowed to cool before benzene was added and the solution
concentrated in vacuo to yield (+)-ketopinic acid chloride 3.147 as a brown solid (38.32 g;
91%). Spectroscopic data was identical to that previously reported.155-159

(+)-1-isocyanato-7,7-dimethylbicyclo[2.2.1]heptan-2-one (3.148). To a stirring
solution of sodium azide (4.684 g, 72.1 mmol) in water (100 mL) cooled to 0 C
(ice/water) a solution of (+)-ketopinic acid chloride 3.147 (4.832g, 24.1 mmol) in acetone
(100 mL) was added dropwise over a 60 min period. After addition was complete, the
reaction was warmed to room temperature and stirred for 3 hrs. The solution was then
partially concentrated in vacuo, diluted with H2O, and extracted with Et2O (3 x 50 mL).
The combined organic layers are then washed twice with 5 % NaHCO3, dried (MgSO4)
and concentrated in vacuo to yield the crude acid azide. The azide was then dissolved
in toluene, refluxed for 3 hrs then concentrated to yield 3.148 as a brown solid (4.32 g;
100 %). 1H NMR (400 MHz, CDCl3): δ 2.49 (dm, 1H, J = 18.7 Hz), 2.17-1.95 (m, 4H), 1.741.65 (m, 1H), 1.56-1.45 (m, 1H), 1.06(s, 3H), 0.90 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ
211.6, 128.6, 76.2, 47.3, 41.6, 40.2, 28.5, 26.8, 18.9, 18.7; IR (neat/NaCl) : 2963, 2241, 1753;
LRMS (m/z, (relative intensity)) : 179 (M+, 8), 135 (100), 110 (48); HRMS calculated for
C10H13O2N: 179.0946, found: 179.0950. Spectroscopic data was identical to that reported
previously.160
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Oxazolidinone of (+)–Ketopinic acid (3.149). CeCl37H2O (0.898 g, 2.41 mmol)
was added to a solution of isocyanate 3.148 (4.32 g, 24.1 mmol) in MeOH (125 mL)
cooled to 0 C. The solution was stirred at 0 C for 10 min, then cooled to -78 C. NaBH4
(1.28 g, 33.7 mmol) was then added in four aliquots over a period of 20 min. The
reaction was then warmed to -40 C and stirred for 2.5 hr. After warming to room
temperature, the solvent was then evaporated to remove majority of MeOH then diluted
with H2O (150 mL), extracted with EtOAc (3 x 300 mL), dried (MgSO4), filtered and
concentrated in vacuo to yield a tan powder. Recrystallization from EtOAc/hexanes
yielded 3.149 as tan crystals (3.49 g; 80 %). 1H NMR (CDCl3, 400 MHz): δ 6.85 (bs, 1H),
4.31 (apparent dd, J =8.1 Hz, 4.2 Hz, 1H), 2.30-2.25 (m, 1H), 2.01-1.96 (m, 1H), 1.87-1.82
(m, 3H), 1.32-1.21 (m, 2H), 1.03 (s, 3H), 0.97 s, 3H); 13C NMR (CDCl3, 100 MHz): δ 161.5,
86.8, 69.7, 47.2, 42.2, 35.6, 27.3, 25.6, 19.3, 19.2; ESI-MS m/z [M + H]+ calculated for
C10H15O2N: 181.11, found 181.1. Spectroscopic data was identical to that reported
previously.155-159
General Amination Procedure:
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N-ACC Hydrazide (1.150). Aqueous NH4OH (15 M, 12.12 mL, 0.182 mol) was
added dropwise (ca. 10 min) to a stirred and cooled (–5 ˚C) suspension of NH4Cl (8.22 g,
0.154 mol) in Et2O (300 mL). Bleach (216 mL, 6.0% NaOCl) was then added dropwise
(ca. 10 min) and the mixture was stirred for an additional 15 min. The organic layer was
dried over CaCl2 for 1 h at –20 C. The solution was filtered immediately prior to use to
yield an ethereal solution of NH2Cl (approx. 0.15 M).
KOt-Bu (2.48 g, 22.1 mmol) was added to a solution of 3.149 (2.0 g, 11.0 mmol) in
THF (75 mL) (Ar atmosphere), and the resulting suspension was stirred for 3 hr. A
vigorous nitrogen sparge was then initiated and the previously prepared ethereal
solution of NH2Cl (110 mL, 16.5 mmol) was added dropwise (ca. 15 min). The mixture
was stirred for 1.5 h, with periodic addition of Et2O to account for solvent loss due to
evaporation. The mixture was then quenched with 1 M aqueous Na 2SO3 (50 mL). The
aqueous phase was extracted with Et2O (twice), and the combined organic layers were
dried (MgSO4), filtered, and concentrated under reduced pressure to yield a yellow oil
(1.98 g) (~ 9:1 3.149:3.150). The crude material (1.98 g, 9.78 mmol) was dissolved in
acetone (30 mL) and p-TsOH·H2O (~ 25 mg) was added. The mixture was stirred for 12 h
then partitioned between saturated aqueous NaHCO3 and Et2O. The aqueous phase was
extracted with Et2O (twice) and the combined organic layers were dried (MgSO4),
filtered, and concentrated under reduced pressure to give a pure, white solid (2.17 g,
94%). 1H NMR (CDCl3, 400 MHz): δ 4.16 (dd, J = 8.2, 4.1 Hz, 1H), 3.91 (s, 2H), 2.30-2.10
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(m, 2H), 2.05-1.70 (m, 3H), 1.36-1.24 (m, 1H), 1.18 (s, 3H), 1.0 (s, 3H); 13C NMR (CDCl3,
100 MHz): δ 160.2, 83.2, 72.1, 47.3, 42.7, 35.1, 25.8, 25.4, 20.7, 19.5; ESI-MS m/z [M + H]+
calcd for C10H17N2O2: 197.26, found 197.1.

N-ACC Hydrazide 3.38. The general amination procedure was followed to yield a
yellow oil. Spectroscopic data was identical to that reported previously.161
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Chapter 4. Efforts Toward the Total Synthesis of
Brasilicardin A Aglycone
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4.1 Introduction
4.1.1 Isolation and Biological Activity
Brasilicardin A (4.1) was isolated from the cultured broth of the pathogenic
actinomycete Nocardia brasiliensis in 1998.162 It is a tricyclic metabolite and consists of a
rare anti/syn/anti-perhydrophenanthrene core (1), an N-acetylglucosamine (2), a
rhamnose (3), and an amino acid moiety (4; Figure 8).

It has been shown that

brasilicardin A is biosynthesized from glucose via the nonmevalonate pathway.163

Figure 8: The Structure of Brasilicardin A 4.1
Terpenoid 4.1 has been shown to possess potent immunosuppressive activitiy,
with an IC50 value of 0.057 g/mL,164 and displays a wide range of cytotoxic activity
against a variety of cell lines (IC50 range of 0.07-100 g/mL). Specifically, 4.1 has been
shown to have cytotoxic effects against adriamycin-resistant murine lymphoma cells
(IC50 = 0.078 g/mL).165 The immunosuppressive potency of 4.1 is comparable to that of
cyclosporin A (CyA) and FK-506 but also appears to be less toxic than CyA.164
Additionally, it has been shown that 4.1 has a different immunosuppressive mechanism
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than that of CyA and FK-506.164 It is well known that the immunosuppressive activities
of CyA and FK-506 depend on the inhibition of the protein phosphatase calcineurin,166
however this same inhibition also leads to nephrotoxicity and arterial hypertension.167-168
brasilicardin A acts as an immunosuppressant via a novel target, the amino acid
transporter system L, which is used by cells for the transport of large neutral amino
acids with branched or aromatic side chains. It arrests cell progression at the G1 phase,
while potently inhibiting the uptake of amino acids that are the substrates for the amino
acid transporter system L.169 This is a significant discovery as it suggests a new target
for immunosuppressive drugs.
Since its report in 1998, three congeners of 4.1, brasilicardin B-D have been
reported, with the structures differing from brasilicardin A only in the substitution of
the side chains. Biological assays of these molecules show that the methoxy group on
the -methoxy--amino acid side chain and the glucosamine unit are important for the
immunosuppressive and cytotoxic activities of brasilicardin A.170 The same group that
isolated brasilicardin A also completed an SAR study on several of its derivatives.171
Through this work, it was shown that addition of a small group, such as a methyl, on the
amine increased the immunosuppressive activity of the molecule, while addition of
larger groups on the same amine resulted in a significant reduction in the activity.
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4.1.2 Structure and Synthetic endeavors
As

previously

noted,

brasilicardin

A

contains

a

rare

anti/syn/anti-

perhydrophenanthrene core. This is an interesting motif for a natural product, as this
ring fusion pattern forces the central B ring into a boat conformation (Figure 9, 4.2).172
Synthetically, this means that the synthesis of 4.1 would require careful kinetic control
over the ring fusion process, as thermodynamically controlled experiments would
almost certainly lead to the more stable chair/chair/chair (anti/anti/anti-) pattern.172 A
few important natural products share this tricyclic anti/syn/anti-motif.173-175

Figure 9: The anti/syn/anti-core of Brasilicardin
In 2003, Danishefsky reported a novel synthetic approach to the anti/syn/antiperhydrophenanthrene core of brasilicardin A.176 The key step to this synthesis involved
a Diels-Alder reaction of 4.5 followed by a reductive methylation to set the anti/syn/antiring substitution, with the synthesis starting from commercially available 4.3 (Scheme
70).
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Scheme 70: Danishefsky’s Synthesis of the anti/syn/anti-perhydrophenanthroline
Core
Following this publication, Coltart pursued the first asymmetric total synthesis of
brascilicardin A using the same general strategy described in Scheme 70. There are two
main functional components present on brasilicardin A that are not present in the
published model study shown in Scheme 70: the A ring on brascilicardin A contains a
dimethyl moiety and a trans diol, and the C ring contains a -methoxy--amino methyl
ester.

To add the required functionality to the A ring, the commercially available

cyclohexadione 4.9 was used to asymmetrically synthesize methylated WielandMiescher ketone 4.10. Using a Li/NH3 reduction and subsequent methylation led to both
the trans-decalin moiety and the dimethylated quaternary carbon.

The Rubottom

oxidation, followed by the Evans-anti diol reduction gave the desired anti-diol.
Following a series of functional group manipulations, hydrazone 4.13 was synthesized
(Scheme 71).
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Scheme 71: Coltart’s Synthesis of Advanced Hydrazone 4.13
With hydrazone 4.13 in hand, -sulphenylation and the Shaprio olefination,
followed by a series of oxidations, gave the Diels-Alder precursor 4.15, analogous to 4.5
in the model system publication. Enone 4.15 cleanly underwent cycloaddition to set the
syn-stereochemistry between rings A and C, followed by reductive methylation to set
the anti-stereochemistry between rings B and C. Reduction of 4.17 followed by the
Barton deoxygenation gave TBS enol ether 4.18. From here, the enone was synthesized,
taking advantage of the regiodifferentiated silyl enol ether 4.18 and the resulting enone
(4.19) was reduced to give the advanced intermediate 4.20 (Scheme 72). The synthesis
will be discussed in detail in section 4.3.
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Scheme 72: Coltart’s Synthesis of Advanced Intermediate 4.20
It is from this body of work that the inspiration for the total synthesis of
brasilicardin A evolved. In this chapter, the key ideas behind this synthesis will be
discussed, beginning with the development of a method for the incorporation of the methoxy--amino methyl ester side chain starting from the advanced intermediate 4.20.
Initially, exploration of this synthetic path would be accomplished through the use of a
model system.

Once the synthesis of the -methoxy--aminoester side chain was

established, the total synthesis of brasilicardin A was addressed.

4.2 A Model Study for the -Methoxy--Amino Acid Side Chain
4.2.1 Synthesis of Model System
The model system that was chosen was carveol (4.22) due it its similarity to the
advanced intermediate 4.20. As is depicted in Scheme 73, the chosen model system
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alcohol 4.22 shares many structural features with the advanced intermediate 4.20, which
we hoped to be able to synthesize in our pursuit of brasilicardin A. They are both allylic
alcohols with an alkenyl methyl group on carbon 2, and contain a carbon chain syn to
the alcohol. They are also both six-membered rings. For these reasons, carveol 4.22 was
used throughout the course of the study as the model system.
Using known literature procedures,177 enone 4.21 was reduced with LiAlH4 to
produce syn-carveol 4.22. The syn-relationship between the alcohol and the alkenyl-side
chain was established by comparison to the literature. One noted difference between the
model system 4.22 and advanced intermediate 4.20 is that the model system lacks the
sensitive diol protecting group present in the advanced intermediate 4.20. Later in the
study we will address this issue with a model system that does contain this diol
protection group. This second model system is shown in Scheme 89 and its sole purpose
was to ensure that the established conditions did not affect the cyclohexylacetal
protecting group.

Scheme 73: The Model System 4.22 Derived from Carvone
With a large quantity of carveol 4.22 in hand, the first challenge was to establish
a method to stereoselectively form the carbon-carbon bond between carbon 3 and the
205

required side chain. We recognized that the simplest way to incorporate the -methoxy-amino acid side chain would be through an aldol-type process, so a method was
established to synthesize aldehyde 4.24 from carveol 4.22. In order to directly translate
the stereochemical information on C1 to C3, we decided to explore the use of a [3,3]sigmatropic rearrangement, namely the Claisen rearrangement.
First, a series of vinylation conditions were explored. As shown in Table 17, a
variety of gold178 and palladium179-180 metals were used, along with ethyl vinyl ether to
give moderate yields of the vinyl ether (Table 17, entries 1-5). Eventually, it was found
that the use of Hg(OAc)2 and ethyl vinyl ether181-182 gave the highest yield of the desired
vinyl ether 4.23 (Table 17, entry 6).

From there, the Claisen rearrangement183 was

completed by heating vinyl ether 4.23 in toluene in a pressure tube at 180 °C. Aldehyde
4.24 would be the starting point for most of the approaches described in the subsequent
sections to generate the -methoxy--amino acid.
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Table 17: Conditions for the Vinylation of Carveol 4.22

4.2.2 Syn -Bromo Aldol Approach
The first approach explored was the use of the Evans oxazolidinone 4.28 to effect
the syn-aldol reaction between -halo-oxazolidinone 4.28 and aldehyde 4.24.184 This type
of aldol reaction has been used extensively in the literature for the synthesis of complex
molecules, though generally in the beginning stages of the synthesis. 185-190 Scheme 74
shows the retrosynthetic analysis of such an approach. The -methoxy--amino methyl
ester 4.25 would come from reduction of the azide 4.26. Azide 4.26 would come from
SN2 displacement of the halide in syn-aldol adduct 4.27, derived from the -halo
acyloxazolidinone 4.28 and aldehyde 4.24.
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Scheme 74: Retrosynthetic analysis of the -Halo Aldol Approach
The standard conditions for the Evan’s -bromo aldol reaction were tested,
beginning with the use of -bromo-acyloxazolidinone 4.29 with triethylamine and
nBu2BOTf.185 Although promising, only a 45% yield was achieved (Table 18, entry 1).
Unfortunately, in repeating the experiment this result could not be improved, with
yields decreasing and eventually producing only 50% recovered starting material and no
desired aldol adduct (Table 18, entries 1-4). In an attempt to improve the yield, the base
was switched from Et3N to Hunig’s base191 (Table 18, entries 5-6), but this did not
provide better results.

The benzyl oxazolidinone 4.29 was then switched to the

isopropyl oxazolidinone 4.30, and in entry 7 the yield returned to 45%, with 70% yield
based on recovered starting material.

While another promising result, continued

attempts to repeat the result led to inconsistent yields (Table 18, entries 7-9). Finally, bromooxazolidinone 4.30 was switched for -chlorooxazolidinone 4.31, but this also did
not improve the reaction yield (Table 18, entry 10).
We then attempted to use soft enolization conditions that have been developed
in our lab192 to effect this transformation, using magnesium salts.
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Unfortunately,

MgBr2•OEt2 yielded an unacceptable 1.5:1 mixture of diastereomers (Table 18, entry 11).
Other soft enolization conditions were explored, developed by Evans14 using MgCl2.
This gave a promising 10:3 mixture of diastereomers, unfortunately favoring the
undesired anti-adduct (Table 18, entry 12).
Table 18: Attempts at the Evans -Halo Aldol Reaction

Although the reactions carried out with Evan’s aldol were low yielding, the
isolated product was used in the next step to cleanly yield the -hydroxy--azido
acyloxazolidinone 4.33 with the desired anti-stereochemistry (Scheme 75).185 Preliminary
attempts at the methylation of the alcohol (NaH and MeI) led to the desired methylation
but also the retro-aldol.

209

Scheme 75: The SN2 Displacement with NaN3
The lack of reliability and low yield noted in the previous attempts at the Evans
-halo syn-aldol reaction is a common issue when using this type of chemistry.193
Generally, even when used in the total synthesis of complex products, the yields for this
reaction range from 50-75%.185-190 As this aldol reaction is generally completed at the
beginning of these syntheses with commercially available or simple aldehydes, lower
yields may be acceptable. However, completing this reaction at the very late stage of
our synthesis warranted a more reliable reaction with higher yields. This issue of low
and unreliable yields was addressed by a group of researchers at National Chung-Hsing
University in 1999.193-194 They developed a camphor-derived auxiliary which could be
used for the bromination/stereoselective aldol addition of acylthioimide 4.34 with
various aldehydes, (Scheme 76), achieving high yields and exceptionally high levels of
asymmetric induction.

Scheme 76: The General Scheme for the Camphor-Based Aldol Reaction
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Using this chemistry, acyl oxazolidinethione 4.34 was synthesized195 and treated
with aldehyde 4.24 (Scheme 77). This is a one-pot, multi-step, reaction in which the acyl
oxazolidinethione 4.34 is first enolized with TiCl4 and Hunig’s base, and then elemental
bromine is added. Next, additional Hunig’s base is added, followed by the aldehyde. A
50% yield of the desired syn-aldol adduct 4.36 was obtained, however, there were a
number of side products. Based on both 1H NMR and ESI MS, these products included
-bromoacetate 4.39, the Darzens product 4.37, and the acetate aldol 4.38, as well as
some potential decomposition products (Scheme 77). As noted in the literature, the
product may not be stable on room temperature silica gel, so purification was attempted
with cooled silica gel and cold solvents (0 °C). Unfortunately, these efforts did not
reduce decomposition.

Scheme 77: Attempted Aldol Addition of Aldehyde 4.24 and Oxazolidinethione 4.34
In order to exert more control over the reaction, we next attempted to synthesize
and isolate the -bromo oxazolidinethione and then react it with the aldehyde 4.24,
hoping to eliminate the formation of the acetate aldol product 4.38. The direct acylation
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of the oxazolidinethione from -bromoacetyl bromide was tried using standard
conditions (See Section 2.4.2). However, this yielded a mixture of two products that
were inseparable by column chromatography. Next, we tried a series of conditions to
brominate acyloxazolidinethione 4.34 beginning with TiCl4, Hunig’s base, and Br2 (Table
19). This provided a 50% yield of the same mixture of products obtained from the direct
acylation previously described (Table 19, entry 1). Next LDA and Br2 was used,196 but
this yielded starting material and a series of over-brominated products (Table 19, entry
2). Finally, in a stepwise procedure, the TMS enolate was synthesized197 and isolated,
and then reacted with 1 equivalent of NBS.198 This procedure gave the same mixture of
products found in the first two attempts at the synthesis of 4.39 (Table 19, entry 3).
Table 19: Attempted -Bromination of Acyloxazolidinethione 4.34

As this procedure was not an improvement over the use of the Evans
oxazolidinone, it was not pursued any further and a new approach was explored.
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4.2.3 Epoxide Approach
In light of the difficulty of the -bromo aldol approach, we decided to attempt a
different method for the formation of the anti-heteroatom side chain. It was envisioned
that epoxide 4.41, synthesized using the Sharpless asymmetric epoxidation,199-200 could
be used as the substrate for a nucleophilic attack of a nitrogen species to generate the
anti-relationship between the oxygen and the nitrogen.

Diol 4.40 would then only

require oxidation state adjustment to generate the desired -methoxy--amino methyl
ester 4.25 (Scheme 78).

Scheme 78: The Retrosynthetic Analysis for the Epoxide Approach
Epoxide 4.41 was synthesized as shown in Scheme 79.

The aldehyde was

subjected to the Horner-Wadsworth-Emmons olefination to give ,-unsaturated ester
4.42 in 92% yield.201 This was then reduced to the allylic alcohol 4.43 with DIBAL-H.
Finally, the Sharpless asymmetric epoxidation conditions were used202 to give epoxide
4.41 as a single diastereomer (as determined by 1H NMR) in 95% yield.
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Scheme 79: The Synthesis of Epoxide 4.41
Epoxide 4.41 could not be used as the substrate for the azide ring opening, as we
needed to be able to control the regioselective opening of the epoixde. Since the 2,3epoxide 4.41 is equally substituted on both carbons, we needed to alter the substrate to
either electronically favor the 2 carbon for opening or use an intra-molecular process to
favor the desired epoxide ring-opening.
The first attempt at the epoxide ring opening was through the use of carbamate
4.44, which was synthesized201 from epoxide 4.41 in 80% yield. A variety of conditions
to effect the intramolecular epoxide ring opening were screened to generate alcohol 4.45
(Table 20), but almost all of them gave the same mixture of desired product 4.45 and acyl
transfer product 4.46. Strong bases such as NaH201 (Table 20, entries 2 and 7) and
NaHMDS203 (Table 20, entries 6,10, 11, and 13), Lewis acids such as MgI2 (Table 20, entry
4 and 12), TMSOTf (Table 20, entry 5), and TMSCl (Table 20, entry 8), and different
counterions such as sodium (Table 20, entries 2,3,6,7,10,11,and 13), and potassium (Table
20, entries 1 and 9) were all used in various combinations but to no avail. The Lewis
acid mediated reactions gave either starting material or decomposition of material, and
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reducing the temperature slowed the reaction without affecting the product mixture
(Table 20, entries 6, 10, and 11). Even a bulky base such as potassium tert-butoxide,
which had been reported to solve this acyl transfer issue in the literature,201, 204 did not
change the outcome (Table 20, entry 9). We also tried adding methyl iodide to the
reaction mixture to trap the epoxide oxygen as the methyl ether and eliminate the
opportunity for acyl transfer.

However, this simply led to the same mixture of

methylated products (Table 20, entries 7 and 13).
Table 20: Attempted Intramolecular Carbamate Epoxide Ring Opening

As the stereochemical relationship of the oxygen and nitrogen was still anti- to
one another the acyl transfer initially did not appear to be a serious issue. However, the
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two products could not be separated from one another via column chromatography and
the manipulations required to take this mixture of acylated material forward in the
synthesis were tedious and time-consuming. Therefore, a new method for epoxide ringopening was explored.
Next, an intermolecular approach for the epoxide ring opening was attempted.
To do so, the electronics of the system were altered to favor the desired epoxide ring
opening on carbon 2. This was first done by synthesizing allylic epoxide 4.48 (Scheme
80). Alcohol 4.41 was oxidized via the Swern oxidation205 to aldehyde 4.47, which
underwent the Wittig methenylation206-207 to produce allylic epoxide 4.48 in 87% yield
(Scheme 80). We then opened the epoxide with NaN3 in an SN2 manner.208 However,
this product immediately underwent a [3,3]-sigmatropic rearrangement to give the more
thermodynamically stable209 vinyl azide 4.50 (Scheme 80). The structure of the product
was determined via 1H NMR and HMQC analysis. It is also possible that an SN2’
reaction took place, which would yield the same result, but evidence in the literature
suggests the former as the mechanism of the reaction.209

Scheme 80: The Synthesis and Ring Opening of Epoxide 4.48
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Although frustrating, this result, along with data from the literature, suggested
that it was possible to regioselectivly open the epoxide; however it required a different
nucleophile that would not undergo the subsequent rearrangement. For this, we tried
tosylamine210 and benzyl amine211 under the conditions shown in Table 21. However,
neither resulted in any addition reaction.
Table 21: The Attempted Ring Opening of Epoxide 4.48

In an effort to prevent the [3,3]-sigmatropic rearrangement, the substrate was
altered to dimethyl alkene 4.52212 (Scheme 81). It was anticipated that desired product
4.54 would be more stable and less likely to rearrange compared to the disubstituted
alkene. However, instead of azide ring opening of the epoxide, SN2’ addition of the
solvent (methanol) was observed as the sole product (Scheme 81, 4.53).
alcohol was tried as an alternative but this did not give the desired product.
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Tert-butyl

Scheme 81: Synthesis of Alkene 4.52 and Attempted Azide Addition
Based on the previous results, it was clear that a system that would not undergo
[3,3]-sigmatropic rearrangements or SN2’ addition was needed. This system was found
in the form of the ,-unsaturated ester 4.55, synthesized from aldehyde 4.47 via the
Horner-Wadsworth-Emmons reaction201 in 95% yield.

Finally, the azide was

successfully added213 to the epoxide without any side reactions, albeit in only moderate
yield (Scheme 82).

Scheme 82: Synthesis of Azide 4.56
Azide 4.56 was then subjected to a variety of methylation conditions. The use of
strong bases such as NaH and NaHMDS led to decomposition of the material,
presumably through some combination of retroaldol, -deprotonation, Michael addition,
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and esterification pathways. Finally, successful methylation conditions were found in
the use of Meirwein’s salt and the very mild Proton Sponge (Scheme 83).
With the anti-stereochemistry between the oxygen and the nitrogen set, the next
task was to oxidatively cleave the ,-unsaturated double bond in the presence of the
ring olefin on 4.57.

Several sets of conditions were tested with titanium214 and

vanadium-mediated215 processes yielding no reaction and OsO4 chemoselectively
oxidizing the ring olefin. Finally, it was found that t-BuOOH and t-BuLi were able to
promote the selective epoxidation of the ,-unsaturated ester.216 However, this was
only accomplished with low yield and with trans-esterification to the t-butyl ester
(Scheme 83).

Scheme 83: Continuation of the Epoxide Approach
Although

the

aforementioned

reactions

were

effecting

the

desired

transformations, the now 8 step synthesis of the side chain, several with less than 60%
yield, was becoming unappealing. While still a viable option for the synthesis of the
side chain, we decided to set it aside and try a completely new route.

4.2.4 Ireland-Claisen Rearrangement Approach
With the Claisen rearrangement working well in the synthesis of aldehyde 4.24,
we thought we could take advantage of a different [3,3]-sigmatropic rearrangement in
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order to form the C3-side chain carbon-carbon bond.

The approach is outlined in

Scheme 84, and would require esterification of carveol 4.22 followed by the IrelandClaisen rearrangement.

The “R” group would already contain the desired anti-

stereochemistry between the oxygen and the nitrogen. The advantage to this approach
over the others was that it would require fewer manipulations with the precious carveol
material, and the desired anti-stereochemistry would be set before the esterification
using known procedures.

Scheme 84: Retrosynthetic Analysis for the Ireland-Claisen Approach
It occurred to us that Garner’s aldehyde 4.62217 contained the necessary
stereochemistry for the side chain and would be a perfect substrate for the esterification
(Scheme 85).

Thus, Garner’s aldehyde 4.62 was synthesized according to known

procedures217 and was used in the acetate aldol reaction with a pseudoephedrine
derived acyl auxiliary.218 The stereochemistry of the addition was established based on
the known procedure.219 Amide 4.63 was then hydrolyzed to carboxylic acid 4.64, the
resulting alcohol was methylated in a two-step process, and alcohol 4.22 was coupled
with carboxylic acid 4.65 via DCC and DMAP (Scheme 85).
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Scheme 85: Synthesis of Ireland Claisen Substrate 4.66
With ester 4.66 in hand, the Ireland-Claisen rearrangement was attempted (Table
22). We were aware of the challenges we would be faced with in this rearrangement.
The biggest challenge was the possibility of elimination of the methoxy group upon
deprotonation, to generate 4.68, instead of formation of the enolate 4.67 required for the
rearrangement to occur. We had evidence from similar reactions that the rearrangement
would occur over the elimination if the conditions were carefully controlled,220-222 and
that, in fact, favorable lithium chelation between the methoxy and the enolate oxygen
may even improve the selectivity (Scheme 86).

Scheme 86. Two Possible Pathways for the Base Mediated Ireland-Claisen of 4.66
However, the use of LiHMDS with Et3N223-224 resulted in decomposition of the material
(Table 22, entry 3), and the addition of TMSCl to the reaction gave byproduct 4.70 as
shown in Table 22, entry 4. Switching the base to LiTMP and adding HMPA yielded the
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elimination product 4.68 (Table 22, entry 5), and LDA with TMSCl225 gave a mixture of
starting material and the elimination product (Table 22, entry 2).
Table 22: Attempted Ireland-Claisen Rearrangement

There is also evidence in the literature226 that this approach may work with a
dianion, in which the free hydroxyl is used instead of the methoxy substituent. While
we have not tried this, it is still a possibility for future studies.

4.2.5 Pinene Aldol Approach
It was decided at this point to return to the aldol reaction, after finding a pinenebased aldol approach developed by Solladie-Cavallo,227 which would directly give both
the desired stereochemistry and atom connectivity for the -methoxy--amino methyl
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ester side chain. In the original publication, both an enolizable and an ,-unsaturated
aldehyde were used to produce -hydroxy--amino esters in high yield and d.r. This
approach looked promising as it was direct and would require minimal manipulation of
the molecule after the aldol reaction.

There are a number of examples of this

methodology being used in total syntheses in the literature.228

The first is from

University of Alberta, in a paper that describes a general and stereospecific route to
sphingosine, sphinganines, and phytosphingosines completed by Bundle et al. (Scheme
87a).229 In this paper, Bundle used the pinene-based aldol reaction to produce a variety
of -hydroxy--amino ester adducts 4.73, including some with enolizable aldehydes,
and all with good yield and excellent diastereoselectivity.

A second example was

published by Shioiri et al.230 This group also used both an enolizable aldehyde and an
,-unsaturated aldehyde to generate the aldol adducts 4.75 as a single diastereomer in
the syntheses of sulfobacin A and flavocristamide A (Scheme 87b).

Scheme 87: The use of the Pinene-Based Aldol Reaction in Total Synthesis
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Based on these findings, we set forward to test this reaction with our model
system aldehyde 4.24. Both the imine derived from -pinene231-232 and the ClTi(OEt)3233234

were synthesized according to literature procedures and detailed in experimental

section 4.5.2.5. Gratifyingly, the reaction proceeded to produce aldol adduct 4.77 in 70%
yield as a single diastereomer (Scheme 88). The product was isolated as a mixture of the
ethyl ester and the i-Pr ester. This i-Pr ester came from the residual Ti(Oi-Pr)4 in the
commercially available Ti(OEt)4.

This transesterification was not a problem as the

methyl ester was the desired end product.

Scheme 88: Successful use of the Pinene-Based Aldol Reaction with Aldehyde 4.24
It was noted that the diol protecting group on the “real” system was extremely
acid sensitive, so we wanted to make sure that the Lewis acidic titanium species would
not affect it. As a result, another model system was synthesized yielding aldehyde 4.78
(Scheme 89) which was reacted under the same conditions for the pinene aldol reaction.
Thankfully, the aldol adduct 4.79 was isolated in 62% yield without affecting the
protecting group on the diol. Thus, a method for potentially generating the -methoxy-amino ester side chain motif of brasilicardin A was found.
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Scheme 89: Testing the Stability of the Diol Protecting Group under the Aldol
Conditions
The next task was to remove the auxiliary (Table 23). The published conditions
called for 1M HCl in THF.227 While successful in removing the auxiliary, these acidic
conditions protonated the desired amino product 4.80 and it was not recovered (Table
23, entry 1). Next, CuCl2 in THF/H2O was tested,235-236 conditions known to hydrolyze
imines, but unfortunately this did not produce the desired product (Table 23, entry 2).
The use of BF3•OEt2237 yielded the ketone auxiliary, but again the desired product was
not isolated, and may have been lost during work up (Table 23, entry 3). Finally,
hydroxylamine hydrochloride was tested, using a set of conditions developed by our lab
to hydrolyze hydrazones to hydrazines,126 and this produced the desired amino alcohol
4.80 in 87% yield. This was only achieved after discovering that the desired product
reacts with residual acetaldehyde found in the commercially available reagent grade
EtOAc to yield compound 4.81 as a byproduct (Table 23, entries 4 and 5).

225

Table 23: Screening of Conditions for the Auxiliary Removal

Upon removal of the auxiliary, the next task was to selectively methylate the
hydroxyl in the presence of the amine (Table 24). First, methylation conditions were
screened before the auxiliary was removed. However, as the auxiliary also contains a
hydroxyl, it proved difficult to assess which hydroxyl had been methylated, and this
process would also eliminate the opportunity for auxiliary recycling (Table 24, entries 15). Therefore, conditions in which the amino alcohol could be selectively methylated on
the hydroxyl upon auxiliary removal were explored. As the hydroxyl is more acidic
than the amine, the use of a strong base, such as NaH238 or KHMDS239 and a methylating
reagent was expected to result in selective methylation. Although some desired product
was isolated in the case of KHMDS, this did not prove to be a useful process (Table 24,
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entries 6 and 7). Instead, the amine was protected with a boc group.240 With this
protection, the amine (now a carbamate) contained the most acidic proton, but the
neutral alcohol was expected to be more nucleophilic. Thus, Meirwein’s salt and Proton
Sponge241 were used to give the desired methylation, albeit in low yield (Table 24, entry
8). Next, an excess of MeOTf and DTBMP were used,242 which resulted in Boc removal
and methylation of both the amine and the hydroxyl groups (Table 24, entry 9). This
was presumably caused by the presence of triflic acid, thus the reaction was run again
with an excess of DTBMP and the desired methylated product 4.82 was isolated in 77%
yield (Table 24, entry 10).
Table 24: Screening of Methylation Conditions
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At this point, the only manipulations remaining were Boc removal and the
transesterification to the methyl ester. The boc group was cleanly removed with TFA,
and transesterification occurred with NaOMe and MeOH to give 4.25 (Scheme 90).

Scheme 90: Completion of the Model Study
In the end, a six-step synthesis of the -methoxy--amino methyl ester side chain
of brasilicardin A was achieved. It takes advantage of the chiral pool, using a derivative
of -pinene to set the anti-stereochemistry between the hydroxyl and the amine via an
anti-aldol reaction. Following removal of the auxiliary and selective methylation, the
product of this aldol reaction was transformed into the desired -methoxy--amino
methyl ester 4.25. With this task completed, our attention turned to the asymmetric total
synthesis of brasilicardin A.

4.3 Progress Toward the Total Synthesis of Brasilicardin A
Aglycone
Detailed in this last section is the progress towards the asymmetric total
synthesis of brasilicardin A aglycone. The synthesis of brascilicardin A was based on
the culmination of work contained in the publication176 entitled “Novel synthetic
approach to the 8,10-dimethyl anti-syn-anti-perhydrophenanthrene skeleton,” and work
completed by Dr. Coltart in his post-doctoral research described in the introduction
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(section 4.1.2), of the synthesis of the anti/syn/anti-perhydrophenanthronine core of the
molecule.
The synthesis began with commercially available cyclohexadione 4.9 and was
converted in two steps to the diketone 4.10, with an er of 97:3 and an overall yield of 80%
(Scheme 91).243 Diketone 4.10 was selectively protected244 on the saturated ketone with
ethylene glycol and p-TsOH in 85% yield. The trans-stereochemistry between rings A
and B were set with the selective enolization of ,-unsaturated ketone 4.84 via a
lithium/liquid ammonia reduction and subsequent methylation.245

This reaction

required very careful control over the conditions, but produced a 98% yield of the
desired anti-dimethylated ketone 4.11. The molecule then underwent the Rubottom
oxidation, via formation of the TBS enol ether 4.85 via treatment with LiHMDS followed
by TBSOTf and subsequent oxidation with mCPBA to generate the -siloxy ketone 4.86.
This ketone was then treated with Bu4NBH4 in the anti-Evans reduction to give the
necessary anti-stereochemistry seen in compound 4.12. The molecule was next treated
with perchloric acid to hydrolyze the ketal protecting group and remove the silyl
protecting group. The resulting diol was then immediately subjected to pTsNHNH2 to
generate hydrazone 4.87 in 81% yield over the two steps. Finally, the diol was protected
to give hydrazone 4.13 in 80% yield. Hydrazone 4.13 was synthesized in 30% overall
yield from commercially available 4.9 in 10 steps (Scheme 91), with all steps completed
on a large scale (10-40 g).
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Scheme 91: Synthesis of Hydrazone 4.13
With hydrazone 4.13 in hand, two different routes to the anti/syn/anti core were
explored. Initially, it was thought that the syn-stereochemistry could be set via a
diastereoselective cuprate addition from enone 4.90, followed by alkylation of the
resulting enolate to generate the final stereocenter for the ring fusions (4.89, Scheme 92).
The presumed stereochemistry of the additions was supported by stereochemical
modeling. The final ring would be closed via ring closing metathesis.
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Scheme 92: Retrosynthetic Analysis for the Synthesis of the anti/syn/anti Core
To explore this route, enone 4.90 was synthesized. The dianion of hydrazone
4.13 was formed and quenched with MeI to give the methylated hydrazone 4.91 in 89%
yield. Hydrazone 4.91 then underwent the Shapiro olefination to give alkene 4.92, the
substrate for allylic oxidation.

The selenium dioxide allylic oxidation cleaved the

protecting group, which had to be replaced, yielding allylic alcohol 4.93 in 60% yield
over two steps. This was then oxidized to enone 4.90 with Dess-Martin periodinane
(Scheme 93).

Scheme 93: Synthesis of Enone 4.88
With enone 4.90 in hand, the cuprate/alkylation sequence was attempted. First,
conditions for the 1,4-addition of an allyl group were explored (Table 25). The first set of
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conditions tested were the same as those used in the total synthesis of clusianone130
(TMSCl, HMPA, CuBr●SMe2 and the Grignard reagent, Table 25, entry 1). However,
these conditions led exclusively to the 1,2-addition product 4.95. The use of CuI with the
Grignard (Table 25, entry 2) led to the same result. The use of BF3•OEt2132 gave back
starting material (Table 25, entry 3), and bulkier silylating agents such as TIPSCl and
TBDMSOTf gave no reaction (Table 25, entries 4-5).

Addition of LiCl to the reaction,

which is reported to help solubilize the cuprate and improve the chemoselectivity for the
1,4-addition,246 also led to the 1,2-addition product (Table 25, entry 7). Use of allylTMS
and iodine, a process reported to yield the 1,4-addition product exclusively,247 provided
only starting material (Table 25, entry 8). While disappointed with these results, it was
noted that allyl groups are historically difficult to add to the -carbon of ,-unsaturated
ketones.246 To verify if this was the problem, the cuprate addition was attempted using
MeMgBr instead of the allyl moiety (Table 25, entry 6) and this indeed yielded the
desired 1,4-addition.
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Table 25: Attempted Cuprate Addition of Enone 4.90

Although unable to favor the 1,4-addition of the allyl group, we recognized that
the same transformation could be accomplished with 1,2-addition of the allyl group
followed by a [3,3]-sigmatropic rearrangement.248-249 First, the anionic oxy-Cope was
attempted on alcohol 4.95, with KOt-Bu and 18-crown-6,248 but this yielded only starting
material (Table 26, entry 1).

As this was unsuccessful, the more facile siloxy-cope

rearrangement was attempted. The alcohol was silylated under standard conditions250
and the siloxy cope was attempted by heating 4.96 in toluene at reflux.250 However, this
yielded only starting material, as did increasing the temperature (by heating in a
pressure tube) and changing the solvent (Table 26, entries 2-5).
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Table 26: Attempted [3,3]-Sigmatropic Rearrangement of Alkene 4.95

With the noted route not providing the desired results, a different route, similar
the work of Coltart and Danishefsky, was explored.176 In this route, the stereochemistry
of the final ring would be set via a Diels-Alder reaction of 4.15 followed by a reductive
methylation (Scheme 94). The previously described hydrazone (4.13) would be used for
this route.

Scheme 94: Retrosynthetic Analysis of the Diels-Alder Based Route
To begin this route, the dianion of hydrazone 4.13 was formed upon addition of
two equivalents of n-Buli, followed by treatment with PhSSPh to yield the sulphenylated
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hydrazone 4.98 in 98% yield. Upon treatment with additional n-BuLi, and heating to -20
°C, the hydrazone underwent the Shapiro elimination in 79% yield to give the vinyl
thioether 4.99. Next, vinyl thioether 4.99 was subjected to selenium dioxide mediated
allylic oxidation. Under these conditions, the diol protecting group was also cleaved
and had to be re-introduced, and allylic alcohol 4.100 was then isolated in 56% yield
over two steps. Finally, a two-step oxidation sequence was completed. The thioether
was oxidized to the sulphone and the alcohol was oxidized via the Swern oxidation to
give the enone 4.15 in 64% yield, over two steps (Scheme 95).

Scheme 95: Synthesis of Enone 4.15
Next, the task of establishing the syn-stereochemistry between C2 and C3 was
accomplished with the Diels-Alder reaction.176 Enone 4.15 was treated with diene 4.6,
synthesized via known procedures251 and the suspension was heated to 130 °C in a
pressure tube. This gave cycloadduct 4.16 as a single diastereomer, by NMR analysis,
with a syn-relationship between C2 and C3 and between C3 and C4 (Scheme 96).
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Scheme 96. Diels-Alder Reaction of Enone 4.15
At this point, all three of the required rings were in place, with the desired antirelationship between C1 and C2 and syn-relationship between C2 and C3. However, the
syn-relationship between C3 and C4 was the opposite of the desired stereochemistry.
We envisioned taking advantage of the -sulphonyl ketone to regioselectivly generate
the thermodynamic enolate, and then C4-methylate it. Based on molecular modeling,
the electrophilic methyl group should approach the enolate from the top, less hindered,
face, thereby giving the desired anti-stereochemistry between C3 and C4.

Using

standard conditions,176 reductive enolization was accomplished and MeI was added.
However, the result was a complicated mixture of products (Scheme 97). The major
product (25%) was O-methylated material 4.101. A smaller quantity of the desired C-4
methylated material 4.17 was isolated as well (15%), in addition to simple protonated
material 4.104 (5%), enone 4.102 (23%), and -hydroxy ketone 4.103 (5%). Repetition of
the experiment did not improve the results. We tried using a different method for the
regioselective enolate formation, Me2CuLi,252 but this also did not yield the desired
product.
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Scheme 97. Attempted Reductive Methylation of 4.16
We therefore decided to try a different alkylating agent. Manders reagent was
specifically designed with the goal of eliminating the problem of O-alkylation253 of
enolates. If successful, -ketoester 4.105 would be generated, which could be reduced in
the next step. Again, the enolate was reductively generated with lithium naphthalenide
and this time Mander’s reagent was added. This reaction was much cleaner, giving a
single methyl ester product. Although a promising result, upon 13C NMR analysis, it
became clear that we had isolated exclusively the O-acylated material (4.106) (Scheme
98).

Scheme 98. Attempted Acylation of 4.16 with Manders Reagent
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To eliminate the possibility of O-alkylation, we decided to make tosyl-hydrazone
4.107 and then take advantage of the umpolong methodology developed by another
member of our lab254 to generate the methylated material. We felt this route had a strong
likelihood of success, as we had already demonstrated that this methodology works well
with sterically congested systems, including quaternary carbon formation. However, all
attempts to generate hydrazone 4.107 were met with failure (Table 27).
Table 27. Attempted Hydrazone Formation

As the issue with this reaction was C- vs. O- alkylation, we next decided to
remove the ketone functionality completely before formation of the carbanion from the
sulfone. This would not add any steps to the synthesis, as the oxygen functionality
would need to be removed either way. Therefore, we reduced the ketone to alcohol
4.108 with NaBH4. With alcohol 4.108 in hand, we decided to try to form the dianion, by
addition of 1 equiv. of n-BuLi prior to the addition of lithium naphthalenide. This again
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led to O-alkylation, with no C-alkylation (Scheme 99).

Preseumably, the observed

product would have been generated via protonation from something in the reaction
mixture.

This proton may have come from the solvent, THF, or from incomplete

deprotonation of the alcohol.

In either instance, this can be avoiced in the future by

using solvents without even mildly acidic protons, such as hexanes, or using more nBuLi to ensure complete deprotonation of the alcohol.

Scheme 99. Attempted Dimethylation of Alcohol 4.108
Our next approach was to eliminate the oxygen from the ring completely.
This was accomplished with elimination via the Burgess reagent255-256 followed by
hydrogenation of olefin 4.111 with H2 Pd/C.

While we have not yet tried the

methylation step using 4.112, we are hopeful that this will finally lead us to the
compound with the correct stereochemistry.
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Scheme 100. New Route for the Installation of the C4 Methyl Group

4.4 Conclusion
The asymmertric total synthesis of brasilicardin A was investigated. First, a
model system was developed which would mimic the anticipated late stage
intermediate in the synthesis and conditions were developed to synthesize the methoxy--amino ester side chain. The conditions that were established center on the
use of an aldol reaction, with the ketone nucleophile being derived from -pinene as a
chiral auxiliary. The reaction establishes the anti-stereochemistry between the amino
group and the hydroxyl. Upon removal of the auxiliary, selective methylation and
transesterification, the desired -methoxy--amino-ester was obtained.
Next, the total synthesis of brasilicardin A was investigated. The synthesis of
cycloaddition adduct 4.16 was established, and conditions for the reductive methylation
are being investigated. Upon successful methylation and deoxygenation, the C ring will
need to be altered from silyl enol ether 4.18 to the a,-unsaturated enone 4.19. From
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there, the conditions developed in the model study can be tested on the real system to
complete the first asymmetric total synthesis of brasilicardin A.

4.5 Experimental
4.5.1 General Considerations
Unless stated to the contrary, where applicable, the following conditions apply:
Reactions were carried out using dried solvents (see below) and under a slight static
pressure of Ar (pre-purified quality) that had been passed through a column (5 x 20 cm)
of Drierite. Glassware was dried in an oven at 120 °C for at least 12 h prior to use and
then either cooled in a desiccator cabinet over Drierite or assembled quickly while hot,
sealed with rubber septa, and allowed to cool under a stream of Ar. Reactions were
stirred magnetically using Teflon-coated magnetic stirring bars. Teflon-coated magnetic
stirring bars and syringe needles were dried in an oven at 120 °C for at least 12 h prior to
use then cooled in a desiccator cabinet over Drierite. Hamilton microsyringes were
dried in an oven at 60 °C for at least 24 h prior to use and cooled in the same manner.
Commercially available Norm-Ject disposable syringes were used.

Dry benzene,

toluene, Et2O, CH2Cl2, THF, MeCN, and DME were obtained using an Innovative
Technologies solvent purification system. All other dry solvents were of anhydrous
quality purchased from Sigma-Aldrich.

Commercial grade solvents were used for

routine purposes without further purification. Et3N, pyridine, i-Pr2NEt, 2,6-lutidine, iPr2NH, and TMEDA were distilled from CaH2 under a N2 atmosphere prior to use.
241

Flash column chromatography was performed on silica gel 60 (32-63). 1H and 13C NMR
spectra were recorded on a Varian spectrometer (400 or 500 MHz and 100 MHz,
respectively) at ambient temperature. All 1H chemical shifts are reported in ppm ()
relative to TMS (0.00);

C shifts are reported in ppm () relative to CDCl3 (77.16).

13

Diastereomer ratios were determined either by 1H NMR or HPLC analysis of the crude
materials. Chiral HPLC was performed on a 4.6 mm x 250 mm Chiralpak AD-H column,
using UV detection.

4.5.2 Procedures and Characterization
4.5.2.1 Synthesis of Model System

(1R,5R)-2-methyl-5-(prop-1-en-2-yl)cyclohex-2-enol (4.22). LiAlH4 (4.85 g, 127.7
mmol) was added in aliquots to a stirred and cooled (ice-H2O bath) solution of enone
4.21 (10 mL, 63.8 mmol) in Et2O (320 mL) (Ar atmosphere) and stirring was continued
for 2 h. 10% aq HCl (10 mL) was slowly added to the cooled suspension, it was allowed
to warm to rt, and the solution was extracted with Et2O (2 x 400 mL). The combined
organic extracts were washed with brine (15 mL), dried over MgSO4, and concentrated in
vacuo and was used without purification. Spectral data were consistent with literature
values.177
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(4R,6R)-1-methyl-4-(prop-1-en-2-yl)-6-(vinyloxy)cyclohex-1-ene

(4.23).

Hg(OAc)2 (3.0 g, 9.38 mmol) was added to a stirred solution of alcohol 4.22 (5.71 g, 37.5
mmol) in ethyl vinyl ether (190 mL) (Ar atmosphere) and stirring was continued for 24
h. Saturated aqueous NaHCO3 (10 mL) was added and the solution was extracted with
Et2O (2 x 400 mL). The combined organic extracts were washed with brine (15 mL),
dried over MgSO4, and concentrated in vacuo. Flash chromatography over silica gel pretreated with 5% Et3N using 2:98 EtOAc-hexanes gave 4.23 as pale yellow oil (4.46 g,
67%). 1H NMR (CDCl3, 500 MHz):  6.36 (dd, J = 6.5, 14.5 Hz, 1 H), 5.58-5.56 (m, 1 H),
4.73 (s, 2 H), 4.36 (dd, J = 1.5, 14.5 Hz, 2 H), 4.01 (dd, J = 1.5, 6.5 Hz, 1 H), 2.29-2.18 (m, 2
H), 2.10-2.05 (m, 1 H), 1.99-1.92 (m, 1 H), 1.73 (s, 3 H), 1.71 (s, 3 H), 1.55 (apparent dt, J =
10, 12.5 Hz, 1 H);

C NMR (CDCl3, 100 MHz): δ 151.1, 148.7, 134.2, 125.8, 109.4, 88.5,

13

79.1, 40.7, 34.5, 31.1, 20.5, 19.2.

2-((1R,5S)-2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1-yl)acetaldehyde

(4.23).

alkene 4.23 (3.69 g, 20.7 mmol) was heated in a pressure tube in toluene (8 mL) at 150 °C
for 15 h (Ar atmosphere). The solution was cooled and concentrated in vacuo. Flash
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chromatography over silica gel using 7.5:92.5 EtOAc-hexanes gave 4.24 as colorless oil
(3.49 g, 95%) Spectral data were consistent with literature values.257
4.5.2.2 -Halo Aldol Approach

(S)-4-benzyl-3-((2S,3R)-2-bromo-3-hydroxy-4-((1R,5S)-2-methyl-5-(prop-1-en-2yl)cyclohex-2-en-1-yl)butanoyl)oxazolidin-2-one (4.32). Et3N (40.4 L, 0.292 mmol) was
added to a stirred and cooled (-78 °C) solution of oxazolidinone 4.29 (62.1 mg, 0.208
mmol) in CH2Cl2 (1 mL) (Ar atmosphere). nBu2BOTf (1 M in CH2Cl2, 0.229 mL, 0.229
mmol) was then added, the cold bath was removed and the solution was stirred for 1.5
h. The solution was cooled to -78 °C and aldehyde 4.24 (55.6 mg, 0.312 mmol) was
added. Stirring continued for 30 min and the reaction flask was transferred to an iceH2O bath and the mixture was stirred for an additional 1.5 h. 1 M (aq) NaHSO4 (2 mL)
was added, the solution was extracted with Et2O (2 x 75 mL) and the combined organic
extracts were concentrated in vacuo. The resulting yellow oil was dissolved in Et2O (2
mL) and cooled in an ice-H2O bath. A 1:1 mixture of MeOH and 30% H2O2 in H2O (2
mL) was added dropwise and stirring continued for 1 h. Saturated aqueous NaHCO3 (2
mL) was added and the solution was extracted with Et2O (2 x 75 mL). The combined
organic extracts were washed with saturated aqueous NaHCO3 (2 x 2 mL) then with
brine (3 mL), dried over MgSO4, and concentrated in vacuo to give a yellow residue.
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Flash chromatography over silica gel using 20:80 EtOAc-hexanes gave 4.32 as a white
solid (48.8 mg, 49%). 1H NMR (CDCl3, 500 MHz):  7.36-7.21 (m, 5 H), 5.62 (d, J = 4.0 Hz,
1 H), 5.50-5.48 (m, 1 H), 4.75-4.71 (m, 3 H), 4.28-4.22 (m, 2 H), 4.15-4.13 (m, 1 H), 3.30 (dd,
J = 3.0, 13.5 Hz, 1 H), 3.18 (br. s, 1 H), 2.84-2.79 (m, 1 H), 2.49 (br. s, 1 H), 2.19-2.03 (m, 4
H), 1.91-1.85 (m, 1 H), 1.17-1.11 (m, 2 H), 1.74 (s, 3 H), 1.68 (s, 3 H);

C NMR (CDCl3, 100

13

MHz): δ 169.5, 152.4, 150.3, 136.1, 134.7, 129.6, 129.5, 127.7, 123.3, 108.7, 67.6, 66.4, 55.2,
50.9, 41.5, 38.3, 37.0, 36.1, 34.7, 31.2, 21.4, 20.9.

(S)-3-((2R,3R)-2-azido-3-hydroxy-4-((1R,5S)-2-methyl-5-(prop-1-en-2yl)cyclohex-2-en-1-yl)butanoyl)-4-isopropyloxazolidin-2-one (4.33).

NaN3 (11.2 mg,

0.172 mmol) was added to a stirred solution of bromide 4.32 (36.9 mg, 0.086 mmol) in
DMSO (0.5 mL) (Ar atmosphere). Stirring continued for 15 h and DI H2O (2 mL) was
added. The solution was extracted with Et2O (2 x 75 mL) and the combined organic
extracts were washed with brine (3 mL), dried over MgSO4, and concentrated in vacuo to
give a yellow residue. Flash chromatography over silica gel using 25:75 EtOAc-hexanes
gave 4.33 as a white solid (22.1mg, 66%). 1H NMR (CDCl3, 500 MHz):  5.51 (br. s, 1 H),
4.99 (d, J = 8.0 Hz, 1 H), 4.71 (br. s, 2 H), 4.53-4.50 (m, 1 H), 4.39-4.36 (m, 1 H), 4.30 (dd, J
= 2.0, 9.0 Hz, 1 H), 4.15-4.09 (m, 1 H), 2.51-2.38 (m, 2 H), 2.27-2.24 (m, 1 H), 2.18-2.13 (m, 1
H), 2.10-1.95 (m, 2 H), 1.95-1.86 (m, 1 H), 1.73 (s, 3 H), 1.67 (s, 3 H), 1.52-1.47 (m, 1 H),
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1.17-1.09 (m, 1 H), 0.952 (d, J = 7.0 Hz, 3 H), 0.91 (d, J = 7.0 Hz, 1 H);

C NMR (CDCl3,

13

100 MHz): δ 170.2, 154.6, 150.1, 135.7, 123.6, 108.8, 70.3, 64.0, 63.6, 63.6, 59.2, 41.5, 38.7,
35.9, 31.1, 28.6, 21.4, 20.9, 18.0, 14.8.
4.5.2.3 Epoxide Approach

(E)-ethyl 4-((1S,5S)-2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1-yl)but-2-enoate
(4.42). KOtBu (944.0 mg, 8.42 mmol) was added to a stirred and cooled (ice-H2O bath)
solution of triethylphosphinoacetate (1.78 mL, 8.98 mmol) in THF (12 mL) (Ar
atmosphere). The cold bath was removed and stirring was continued for 1 h. The
reaction flask was cooled to -78 °C and aldehyde 4.24 (1.0 g, 5.61 mmol) in a solution of
THF (7 mL) was added dropwise. Stirring was continued for 1.5 h and saturated
aqueous NH4Cl (10 mL) was added. The solution was extracted with CH2Cl2 (2 x 400
mL) and the combined organic extracts were washed with brine (5 mL), dried over
MgSO4, and concentrated in vacuo to give a yellow residue. Flash chromatography over
silica gel using 5:95 EtOAc-hexanes gave 4.42 as a colorless oil (1.18 mg, 91%). 1H NMR
(CDCl3, 500 MHz):  6.91 (td, J = 8.0, 16.0 Hz, 1 H), 5.86 (d, J = 16.0 Hz, 1 H), 5.51 (br. s, 1
H), 4.70 (br. d, J = 7.0 Hz, 2 H), 4.19 (q, J = 7.0 Hz, 2 H), 2.54-2.50 (m, 1 H), 2.34 (br. s, 1 H),
2.23-2.12 (m, 2 H), 2.05-2.02 (m, 1 H), 1.91-1.80 (m, 2 H), 1.72 (s, 3 H), 1.68 (s, 3 H), 1.29 (t,

246

J = 7.5 Hz, 3 H), 1.22-1.15 (m, 1 H);

C NMR (CDCl3, 100 MHz): δ 166.6, 150.0, 147.7,

13

135.0, 124.1, 123.0, 108.8, 60.3, 41.6, 39.4, 36.2, 35.0, 31.2, 21.3, 20.8, 14.4.

(E)-4-((1S,5S)-2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1-yl)but-2-en-1-ol
(4.43). DIBAL-H (1 M in toluene, 15 mL, 15.0 mmol) was added dropwise over ca. 2 min
to a stirred and cooled (ice-H2O bath) solution of ester 4.42 (1.24 g, 5.0 mmol) in Et2O (50
mL) (Ar atmosphere). The cold bath was removed and stirring was continued for 1 h.
The reaction flask was transferred to an ice-H2O bath and a solution of saturated
aqueous Rochelle’s salt (sodium potassiou salt of tartaric acid, 50 mL) was slowly added
dropwise over ca. 10 min. The cold bath was removed and vigorous stirring was
continued until the solution separated into two clear layers (ca. 1 h). The solution was
extracted with Et2O (2 x 300 mL) and the combined organic extracts were washed with
brine (10 mL), dried over MgSO4, and concentrated in vacuo to give a light yellow
residue. Flash chromatography over silica gel using 20:80 EtOAc-hexanes gave 4.43 as a
colorless oil (0.925 g, 90%). 1H NMR (CDCl3, 500 MHz):  5.72-5.60 (m, 2 H), 5.47 (br. S, 1
H), 4.69 (s, 2 H), 4.10 (d, J = 5.0 Hz, 2 H), 2.40-2.35 (m, 1 H), 2.23 (br. s, 1 H), 2.16-2.01 (m,
3 H), 1.90-1.80 (m, 2 H), 1.72 (m, 3 H), 1.67 (s, 3 H), 1.45-1.35 (m, 1 H), 1.23-1.16 (m, 1 H);
13

C NMR (CDCl3, 100 MHz): δ 150.4, 135.9, 131.0, 130.9, 123.5, 108.6, 63.9, 41.7, 39.8, 35.9,

34.8, 31.3, 21.3, 20.9.
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((2S,3S)-3-(((1R,5S)-2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1yl)methyl)oxiran-2-yl)methanol (4.41). Ti(OiPr)4 (0.342 mL, 1.15 mmol) was added to a
stirred and cooled (-20 °C) solution of diisopropyl-L-tartrate (0.401 mL, 1.92 mmol) and
powdered 4 Å MS (793.4 mg) in CH2Cl2 (12 mL) (Ar atmosphere). A solution of tBuOOH in decane (5.5 M, 1.40 mL, 7.68 mmol, pretreated with whole 4 Å MS
immediately before use) was then added and stirring was continued for 20 min. A
solution of alcohol 4.43 (793.4 mg, 3.84 mmol) in CH2Cl2 (7 mL) was added dropwise
over ca. 30 min and stirring was continued for 14 h. The reaction flask was transferred
to an ice-H2O bath and was poured into a pre-cooled solution of FeSO4 and tartaric acid
in DI H2O (10 mL). Stirring was continued in an ice-H2O bath for 30 min and the
solution was extracted with Et2O (2 x 100 mL). The combined organic extracts were
washed with a cold (0 °C) solution of 30% NaOH in brine (10 mL) and stirred for 1 h at
rt. The solution was extracted with Et2O (2 x 100 mL), washed with brine (5 mL), dried
over MgSO4, and concentrated in vacuo to give an orange residue. Flash
chromatography over silica gel using 25:75 EtOAc-hexanes gave 4.41 as a colorless oil
(815.8 mg, 95%). 1H NMR (CDCl3, 500 MHz):  5.51-5.50 (m, 1 H), 4.72 (s, 2 H), 3.92
(ddd, J = 3.0, 5.5, 12.5 Hz, 1 H), 3.64 (ddd, J = 4.5, 7.5, 11.5 Hz, 1 H), 2.97 (dt, J = 2.0, 5.5
Hz, 1 H), 2.92-2.90 (m, 1 H), 2.35 (br. s, 1 H), 2.20-2.14 (m, 1 H), 2.07-1.96 (m, 2 H), 1.92248

1.83 (m, 2 H), 1.64-1.58 (m, 2 H), 1.74 (s, 3H), 1.69 (s, 3 H), 1.37-1.30 (m, 1 H);

C NMR

13

(CDCl3, 100 MHz): δ 150.0, 135.3, 123.7, 108.8, 61.7, 58.4, 54.7, 41.7, 38.9, 35.5, 35.3, 31.2,
21.3, 20.8; ESI-MS m/z [M + Na]+ calcd for C14H22O2: 245.2 found: 245.1.

((2S,3S)-3-(((1R,5S)-2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1yl)methyl)oxiran-2-yl)methyl benzylcarbamate (4.44). Benzyl isocyanate (0.618 mL,
4.77 mmol) was added to a stirred solution of Et3N (1.02 mL, 7.34 mmol) and alcohol 4.41
(815.8 mg, 3.67 mmol) in CH2Cl2 (37 mL) (Ar atmosphere) and stirring was continued for
16 h. Saturated aqueous NH4Cl (5 mL) was added and the solution was extracted with
CH2Cl2 (2 x 150 mL). The combined organic extracts were washed with brine (5 mL),
dried over MgSO4, and concentrated in vacuo to give a yellow residue. Flash
chromatography over silica gel using 20:80 EtOAc-hexanes gave 4.44 as a colorless oil
(1.14 g, 87.7%). 1H NMR (CDCl3, 500 MHz):  7.35-7.26 (m, 5 H), 5.50 (br. s, 1 H), 5.14
(m, 1 H), 4.71 (s, 2 H), 4.38-4.36 (m, 3 H), 3.98-3.95 (m, 1 H), 2.96-2.84 (m, 2 H), 2.34-1.80
(m, 6 H), 1.73 (s, 3 H), 1.67 (s, 3 H), 1.62-1.56 (m, 1 H), 1.36-1.28 (m, 1H);

C NMR

13

(CDCl3, 100 MHz): δ 156.2, 150.0, 138.4, 135.1, 128.8, 127.7, 127.6, 123.7, 108.7, 65.4, 55.7,
55.4, 45.2, 41.6, 38.8, 35.4, 35.2, 31.2, 21.3, 20.9; ESI-MS m/z [M + Na]+ calcd for C14H22O2:
245.2 found: 245.1.
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(2R,3S)-3-(((1R,5S)-2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1yl)methyl)oxirane-2-carbaldehyde (4.47).

DMSO (0.649 mL, 4.36 mmol) was added to

a stirred and cooled (-78 °C) solution of oxalyl chloride (0.381 mL, 4.36 mmol) in CH2Cl2
(15 mL) (Ar atmosphere) and stirring was continued for 10 min. A solution of alcohol
4.41 (881.6 mg, 3.97 mmol) in CH2Cl2 (5 mL) was added dropwise over ca. 2 min and
stirring continued for 15 min. Et3N (2.77 mL, 19.85 mmol) was added and after 5 min the
cold bath was removed and stirring continued for 2 h. DI H2O (5 mL) was added and
the solution was extracted with CH2Cl2 (2 x 200 mL). The combined organic extracts
were washed with brine (5 mL), dried over MgSO4, and concentrated in vacuo to give a
yellow residue. Flash chromatography over silica gel using 10:90 EtOAc-hexanes gave
enone 4.47 as a white solid (762.2 mg, 87%). 1H NMR (CDCl3, 500 MHz):  9.02 (d, J = 6.5
Hz, 5 H), 5.53 (br. s, 1 H), 4.72 (s, 2 H), 3.26-3.23 (m, 1 H), 3.13 (dd, J = 2.0, 6.5 Hz, 1 H),
2.40 (br. s, 1 H), 2.20-1.85 (m, 4 H), 1.74 (s, 3 H), 1.69 (s, 3 H), 1.64-1.57 (m, 2 H), 1.36-1.28
(m, 1 H); 13C NMR (CDCl3, 100 MHz): δ 198.5, 149.7, 134.5, 124.3, 109.0, 59.1, 55.6, 41.6,
38.8, 35.24, 35.21, 31.1, 21.2, 20.8.

(2S,3S)-2-(((1R,5S)-2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1-yl)methyl)-3vinyloxirane (4.48).

KHMDS (0.5 M in THF, 13.07 mL, 6.54 mmol) was added to a

stirred and cooled (ice-H2O bath) solution of (methyl)triphenylphosphonium bromide
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(2.46 g, 6.89 mmol) in THF (60 mL) (Ar atmosphere) and stirring was continued for 50
min. A solution of aldehyde 4.47 (762.0 mg, 3.44 mmol) in THF (10 mL) was added
dropwise over ca. 2 min and stirring continued for 45 min, the cold bath was removed
and stirring was continued for 15 h. Saturated aqueous NH4Cl (5 mL) was added and
the solution was extracted with Et2O (2 x 200 mL). The combined organic extracts were
washed with brine (5 mL), dried over MgSO4, and concentrated in vacuo to give a yellow
residue. Flash chromatography over silica gel using 10:90 EtOAc-hexanes gave enone
4.48 as a white solid (654.1 mg, 87%). 1H NMR (CDCl3, 500 MHz):  5.61-5.44 (m, 3 H),
5.26 (d, J = 10.0 Hz, 1 H), 3.08 (d, J = 7.5 Hz, 2 H), 2.83 (dt, J = 2.0, 6.0 Hz, 1 H), 2.36 (br. s,
1 H), 2.20-1.80 (m, 5 H), 1.73 (s, 3 H), 1.69 (s, 3 H), 1.64-1.61 (m, 1 H), 1.37-1.30 (m, 1 H);
13

C NMR (CDCl3, 100 MHz): δ 150.0, 135.9, 135.3, 123.7, 119.2, 108.8, 89.1, 58.9, 41.7, 38.8,

35.8, 35.3, 31.3, 21.3, 20.8.

(S)-4-azido-1-((1R,5S)-2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1-yl)but-3-en2-ol (4.50).

NaN3 (5.72 mg, 0.088 mmol) was added to a stirred solution of NH4Cl (11.1

mg, 0.208 mmol) and epoxide 4.48 (9.1 mg, 0.040 mmol) in MeOH/H2O (5:1, 1.2 mL).
Stirring was continued at reflux for 8 h and saturated aqueous NaHCO3 (3 mL) was
added and the solution was extracted with Et2O (2 x 50 mL). The combined organic
extracts were washed with brine (3 mL), dried over MgSO4, and concentrated in vacuo to
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give a yellow residue. Flash chromatography over silica gel using 20:80 EtOAc-hexanes
gave azide 4.50 as a white solid (3.0 mg, 28%). 1H NMR (CDCl3, 400 MHz):  5.80 (s, 1
H), 5.49 (s, 1 H), 4.71 (d, J = 5.2 Hz, 2 H), 4.35 (br. s, 1 H), 3.84-3.79 (m, 1 H), 2.15-1.80 (m,
5 H), 1.73 (s, 3 H), 1.68 (s, 3 H), 1.59-1.49 (m, 2 H), 1.32-1.21 (m, 1 H).

(2S,3S)-2-(((1R,5S)-2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1-yl)methyl)-3-(2methylprop-1-en-1-yl)oxirane (4.52).
added

to

a

stirred

and

KHMDS (0.5 M in THF, 2.58 mL, 1.29 mmol) was
cooled

(ice-H2O

bath)

solution

of

isopropyltriphenylphosphonium iodide (586 mg, 1.36 mmol) in THF (4 mL) (Ar
atmosphere) and stirring was continued for 5 min. A solution of aldehyde 4.47 (75 mg,
0.339 mmol) in THF (3 mL) was added dropwise over ca. 2 min and stirring continued
for 45 min, the cold bath was removed and stirring was continued for 15 h. Saturated
aqueous NH4Cl (3 mL) was added and the solution was extracted with Et2O (2 x 100
mL). The combined organic extracts were washed with brine (3 mL), dried over MgSO4,
and concentrated in vacuo to give a yellow residue. Flash chromatography over silica gel
pretreated with Et3N using 5:95 EtOAc-hexanes gave enone 4.52 as a white solid (49.6
mg, 67%). 1H NMR (CDCl3, 400 MHz):  5.50-5.48 (m, 1 H), 4.86-4.83 (m, 1 H), 4.71 (s, 2
H), 3.27 (dd, J = 2.5, 11.0 Hz, 1 H), 2.82 (dt, J = 2.5, 7.0 Hz, 1 H), 2.35-1.88 (m, 5 H), 1.80 (s,
3 H), 1.75 (s, 3 H), 1.73 (s, 3 H), 1.69 (s, 3 H), 1.80-1.67 (m, 2 H), 1.38-1.29 (m, 1 H).
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(E)-ethyl 3-((2S,3S)-3-(((1R,5S)-2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1yl)methyl)oxiran-2-yl)acrylate (4.55). KOtBu (304.5 mg, 2.71 mmol) was added to a
stirred and cooled (ice-H2O bath) solution of triethylphosphinoacetate (0.575 mL, 2.90
mmol) in THF (3 mL) (Ar atmosphere). The cold bath was removed and stirring was
continued for 1 h. The reaction flask was cooled to -78 °C and aldehyde 4.47 (400 mg,
1.81 mmol) in a solution of THF (3 mL) was added dropwise over ca. 2 min. Stirring was
continued for 2 h and saturated aqueous NH4Cl (3 mL) was added. The solution was
extracted with CH2Cl2 (2 x 200 mL) and the combined organic extracts were washed with
brine (3 mL), dried over MgSO4, and concentrated in vacuo to give a yellow residue.
Flash chromatography over silica gel pretreated with Et3N using 5:95 EtOAc-hexanes
gave 4.55 as a colorless oil (444.5 mg, 85%). 1H NMR (CDCl3, 500 MHz):  6.68 (dd, J =
7.5, 15.5 Hz, 1 H), 6.13 (d, J = 15.5 Hz, 1 H), 5.50 (br. s, 1 H), 4.71 (br. s, 2 H), 4.20 (q, J =
7.0 Hz, 2 H), 3.19 (d, J = 6.5 Hz, 1 H), 2.91-2.890 (m, 1 H), 2.37 (br. s, 1 H), 2.19-1.83 (m, 7
H), 1.73 (s, 3 H), 1.68 (s, 3 H), 1.29 (t, J = 7.0 Hz, 3 H);

C NMR (CDCl3, 100 MHz): δ

13

165.8, 149.9, 144.8, 134.9, 123.9, 123.8, 108.9, 60.7, 60.2, 56.5, 41.7, 38.8, 35.8, 35.3, 31.2, 21.3,
20.8, 14.3.
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(2S,3S)-2-(((1R,5S)-2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1-yl)methyl)-3-(2methylprop-1-en-1-yl)oxirane (4.52).

NaN3 (473.9 mg, 7.29 mmol) was added to a

stirred solution of NH4Cl (389.3 mg, 7.28 mmol) and ester 4.55 (704.5 mg, 2.43 mmol) in
EtOH (6 mL). Stirring was continued at reflux for 4 h and DI H2O (3 mL) was added and
the solution was extracted with Et2O (2 x 150 mL). The combined organic extracts were
washed with brine (3 mL), dried over MgSO4, and concentrated in vacuo to give a yellow
residue. Flash chromatography over silica gel pretreated with Et3N using 15:85 EtOAchexanes gave enone 4.56 as a white solid (422.2 mg, 50%). 1H NMR (CDCl3, 400 MHz): 
6.92 (dd, J = 8.0, 15.5 Hz, 1 H), 6.11 (d, J = 15.5 Hz, 1 H), 5.50 (br. S, 1 H), 4.71 (d, J = 7.5
Hz, 2 H), 4.23 (q, J = 7.0 Hz, 2 H), 4.10 (dd, J = 3.5, 7.5 Hz, 1 H), 4.03-3.95 (m, 1 H), 2.301.86 (m, 6 H), 1.73 (s, 3 H), 1.68 (s, 3 H), 1.77-1.61 (m, 1 H), 1.50 (td, J = 7.5, 14.5 Hz, 1 H),
1.31 (t, J = 7.0 Hz, 1 H); 13C NMR (CDCl3, 100 MHz): δ 165.5, 149.9, 140.2, 136.0, 126.0,
124.0, 108.9, 72.0, 67.2, 61.0, 41.7, 37.7, 36.2, 35.4, 31.1, 21.6, 20.8, 14.3.

(4R,5S,E)-ethyl

4-azido-5-methoxy-6-((1R,5S)-2-methyl-5-(prop-1-en-2-

yl)cyclohex-2-en-1-yl)hex-2-enoate (4.56).

Proton sponge (19.3 mg, 0.09 mmol) was

added to a stirred solution of alcohol 4.56 (16.8 mg, 0.05 mmol) and crushed 4 Å MS (3.0
mg) in CH2Cl2 (1 mL). Trimethyloxonium tetrafluoroborate (8.9 mg, 0.06 mmol) was
added and stirring was continued for 24 h. The solution was filtered and DI H2O (2 mL)
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was added and the solution was extracted with Et2O (2 x 75 mL). The combined organic
extracts were washed with 10% aq. HCl (3 mL), the saturated aqueous NaHCO3 (3mL),
then brine (3 mL), dried over MgSO4, and concentrated in vacuo to give a yellow residue.
Flash chromatography over silica gel using 2.5:97.5 EtOAc-hexanes gave ester 4.57 as a
white solid (3.8 mg, 25%). 1H NMR (CDCl3, 400 MHz):  6.89 (dd, J = 6.8, 15.6 Hz, 1 H),
6.09 (dd, J = 1.6, 12.0 Hz, 1 H), 5.50-5.40 (m, 1 H), 4.72-4.71 (m, 2 H), 4.22 (q, J = 7.2 Hz, 2
H), 4.18-4.15 (m, 1 H), 3.43 (s, 3 H), 2.21-1.82 (m, 7 H), 1.73 (s, 3 H), 1.64 (s, 3 H), 1.49-1.43
(m, 1 H), 1.31 (t, J = 7.2 Hz, 3 H); ESI-MS m/z [M + Na]+ calcd for C19H29N3O3: 370.2,
found: 370.2.

ethyl

3-((1S,2S)-1-azido-2-methoxy-3-((1R,5S)-2-methyl-5-(prop-1-en-2-

yl)cyclohex-2-en-1-yl)propyl)oxirane-2-carboxylate (4.58). t-BuOOH (5.5 M in decane,
53.9 L, 0.297 mmol) was added to a stirred and cooled (-78 °C) solution of t-BuLi (1.7 M
in hexanes, 0.128 mL, 0.218 mmol) in THF (1 mL). A solution of enone 4.57 (68.7 mg,
0.198 mmol) in THF (0.5 mL) was added dropwise over ca. 2 min and stirring was
continued for 3 h. Sodium sulfite (20 mg) was added and stirring was continued for 10
min. DI H2O (3 mL) was added and the solution was extracted with Et2O (2 x 100 mL).
The combined organic extracts were washed with 10% aq. HCl (3 mL), then brine (3 mL),
dried over MgSO4, and concentrated in vacuo to give a yellow residue. Flash
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chromatography over silica gel using 7.5:92.5 EtOAc-hexanes gave epoxide 4.58 as a
white solid (18.3 mg, 25%). 1H NMR (CDCl3, 400 MHz):  5.48 (br. s, 1 H), 4.71 (d, J = 5.6
Hz, 2 H), 4.32-4.20 (m, 2 H), 3.52-3.51 (m, 2 H), 3.47-3.46 (m, 2 H), 3.42 (s, 3 H), 2.21-1.82
(m, 6 H), 1.74 (s, 3 H), 1.69 (s, 3 H), 1.56-1.50 (m, 1 H), 1.31 (t, J = 7.2 Hz, 3 H), 1.27-1.10
(m, 1 H); ESI-MS m/z [M + Na]+ calcd for C19H29N3O4: 386.2, found: 386.2.
4.5.2.4 Ireland-Claisen Approach

(R)-tert-butyl
carboxylate.

4-((S)-1,3-dimethoxy-3-oxopropyl)-2,2-dimethyloxazolidine-3-

Crushed KOH (1.5 g, 26.8 mmol) was added in aliquots to a stirred

solution of carboxylic acid 4.64 (774.2 mg, 2.68 mmol) in THF (16 mL) (Ar atmosphere).
Bu4NHSO4 (91.0 mg, 0.268 mmol) was then added followed by dropwise addition of
Me2SO4 (1.53 mL, 16.1 mmol) over ca. 5 min. Stirring was continued for 2 h and the
reaction flask was transferred to an ice-H2O bath. DI H2O (5 mL) was added and the
solution slowly warmed to rt and stirring continued for 14 h. 10% aq. NH 4OH (3 mL)
was added, stirring continued for 10 min, and the solution was extracted with Et2O (2 x
150 mL). The combined organic extracts were washed with saturated aqueous NaHCO3,
then brine (3 mL), then dried over MgSO4, and concentrated in vacuo to give a yellow
residue as the methyl ester. The combined aqueous layers were acidified to pH = 1 with
10 % aq. HCl and extracted with CH2Cl2 (2 x 100 mL). The combined organic layers
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were washed with brine, dried with MgSO4 and concentrated in vacuo to give unreacted
carboxylic acid. The methyl ester was used without further purification.

H NMR

1

(CDCl3, 500 MHz):  4.20-3.80 (m, 4 H), 3.70 (s, 3 H), 3.43 (s, 3 H), 2.60-2.40 (m, 2 H), 1.601.40 (m, 15 H); ESI-MS m/z [M + Na]+ calcd for C15H27NO6: 340.2, found: 340.2.

(S)-3-((R)-3-(tert-butoxycarbonyl)-2,2-dimethyloxazolidin-4-yl)-3methoxypropanoic acid (4.65).

A solution of the methyl ester (850 mg, 2.68 mmol) in

THF (15.2 mL) was added in dropwise over ca. 2 min to a stirred and cooled (ice-H2O
bath) solution of KOH (4 M, 7.5 mL) in MeOH (7.5 mL) (Ar atmosphere). The cold bath
was removed and stirring was continued at reflux for 4 h and DI H2O (5 mL) was added
and the solution cooled to rt. The solution was extracted with Et2O (2 x 150 mL) and the
combined organic extracts were washed with brine (3 mL), dried over MgSO4, and
concentrated in vacuo. The combined aqueous layers were acidified to pH = 2 with 10 %
aq. HCl and extracted with CH2Cl2 (2 x 100 mL). The combined organic layers were
washed with brine, dried with MgSO4 and concentrated in vacuo to 4.65 as a white solid
(588.6 mg, 72.4%) which was used without further purification.

H NMR (CDCl3, 400

1

MHz):  4.25-3.66 (m, 4 H), 3.47 (s, 3 H), 2.80-2.48 (m, 2 H), 1.52 (s, 3 H), 1.50 (s, 3 H), 1.45
(s, 3 H).
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(R)-tert-butyl

4-((S)-1-methoxy-3-(((1R,5R)-2-methyl-5-(prop-1-en-2-

yl)cyclohex-2-en-1-yl)oxy)-3-oxopropyl)-2,2-dimethyloxazolidine-3-carboxylate (4.66).
DMAP (47.4 mg, 0.388 mmol) was added to a stirred solution of carboxylic acid 4.65
(588.6 mg, 1.94 mmol) and alcohol 4.22 (354.4 mg, 2.33 mmol) in CH2Cl2 (10 mL) (Ar
atmosphere). DCC (520 mg, 2.52 mmol) was added and stirring was continued for 14 h.
The solution was filtered through a pad of celite and DI H2O (5 mL) was added. The
solution was extracted with CH2Cl2 (2 x 150 mL) and the combined organic extracts were
washed with saturated aqueous NaHCO3 (5 mL), brine (3 mL), dried over MgSO4, and
concentrated in vacuo to give a yellow residue. Flash chromatography over silica gel
using 15:85 EtOAc-hexanes gave ester 4.66 as a white solid (573.3 mg, 66%). 1H NMR
(CDCl3, 400 MHz):  5.60 (br. s, 1 H), 5.49 (br. s, 1 H), 4.72 (d, J = 8.4 Hz, 1 H), 4.13-3.83
(m, 4 H), 3.45 (s, 3 H), 2.56-2.40 (m, 2 H), 2.40-1.92 (m, 4 H), 1.72 (s, 3 H), 1.65 (s, 3 H),
1.60 (s, 3 H), 1.51 (s, 3 H), 1.49 (s, 9 H), 1.62-1.46 (m, 1 H), 1.31 (t, J = 7.0 Hz, 1 H); ESI-MS
m/z [M + Na]+ calcd for C24H39NO6: 460.3 found: 460.2
4.5.2.5 Pinene-Aldol Approach
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triethoxytitanium(IV) chloride.

Acetyl chloride (1.89 mL, 26.5 mmol) was

added dropwise over ca. 10 min to Ti(OEt)4 (distilled at 120 °C at 5 torr directly prior to
use, 5.5 mL, 26.5 mmol). (Ar atmosphere). Stirring was continued at reflux (80 °C) for 2
h and was then cooled to rt. Distillation (120 °C, 1.1 torr) gave ClTi(OEt) 3 as a viscous
oil. Stored under Ar at rt away from light. Stable for about 1 week.

(1S,2S,5S)-2-hydroxy-2,6,6-trimethylbicyclo[3.1.1]heptan-3-one

(4.113).

KMnO4 (2 g, 12.6 mmol) was added to a stirred and cooled (ice-H2O bath) solution of
(1R)-(+)--pinene (11.7 mL, 73.3 mmol) in acetone (90% aq., 150 mL). The reaction flask
was transferred to the cold room (0 °C) and additional KMnO4 (2 g, 12.6 mmol, for a
total of 20.9 g, 131.9 mmol) was added every hour for 10 hours and stirring was
continued for an additional 23 h. The solution was filtered through a pad of celite and
was concentrated in vacuo. DI H2O (5 mL) was added and the solution was extracted
with Et2O (2 x 500 mL) and the combined organic extracts were washed saturated
aqueous NaHCO3 (5 mL), brine (3 mL), dried over MgSO4, and concentrated in vacuo to
give a dark residue. Distillation (73-75 °C at 0.70 torr) gave ketone 113 as an oil (5.16 g,
42%). Spectral data were consistent with literature values.231
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ethyl

2-((E)-((1S,2S,5S)-2-hydroxy-2,6,6-trimethylbicyclo[3.1.1]heptan-3-

ylidene)amino)acetate (4.76).

A solution of ketone 4.113 (1.2 g, 7.15 mmol) in benzene

(5 mL) was added dropwise over ca. 10 min to a stirred and cooled (ice-H2O bath)
suspension of glycine ethyl ester (1.98 g mL, 14.3 mmol; synthesized from the HCl salt
via neutralization with NaH in THF and concentration in vacuo) in benzene (20 mL) (Ar
atmosphere). BF3•OEt2 (0.225 mL, 1.78 mmol) was dropwise over ca. 2 min and stirring
was continued at reflux with a Dean-Stark apparatus for 6 h. The solution was cooled to
rt and concentrated in vacuo. Flash chromatography over silica gel pretreated with Et3N
using 100 % Et2O gave 4.76 as pale yellow solid. Spectral data were consistent with
literature values.232

(2S,3S)-ethyl

3-hydroxy-2-((E)-((1S,2S,5S)-2-hydroxy-2,6,6-

trimethylbicyclo[3.1.1]heptan-3-ylidene)amino)-4-((1R,5S)-2-methyl-5-(prop-1-en-2yl)cyclohex-2-en-1-yl)butanoate (4.77).

A solution of ClTi(OEt)3 (479.9 mg, 2.19 mmol)

in CH2Cl2 (3.2 mL) was added dropwise over ca. 2 min to a stirred and cooled (ice-H2O
bath) solution of imine 4.76 (556.3 mg, 2.19 mmol) in CH2Cl2 (2.2 mL) (Ar atmosphere).
A solution of aldehyde 4.24 (429.4 mg, 2.41 mmol) in CH2Cl2 (2.2 mL) was added
dropwise over ca. 2 min followed by Et3N (0.610 mL, 4.38 mmol).
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Stirring was

continued for 4 h and cold brine (10 mL) was added. The solution was extracted with
EtOAc (2 x 200 mL) and the combined organic extracts were washed with brine (10 mL),
dried over MgSO4, and concentrated in vacuo to give a yellow residue. Flash
chromatography over silica gel pretreated with Et3N using a gradient from 15:85 EtOAchexanes to 30:70 EtOAc-hexanes gave aldol adduct 4.77 as a white solid (480.9 mg, 51%
yield, 78% yield based on recovered starting material). 1H NMR (CDCl3, 400 MHz): 
5.46-5.45 (m, 1 H), 5.07 (sept, J = 6.0 Hz Hz, 0.15 H), 4.71 (s, 2 H), 4.23-4.11 (m, 3.85 H),
3.20 (br. s, 1 H), 2.52-1.88 (m, 12 H), 1.73 (s, 3 H), 1.71 (s, 3 H), 1.51 (s, 3 H), 1.33 (s, 3 H),
1.60-1.20 (m, 2 H), 1.25 (t, J = 6.8 Hz, 3 H), 0.87 (s, 3 H); ESI-MS m/z [M + Na]+ calcd for
C26H41NO4: 432.3 found: 432.3.

(2S,3S)-ethyl

3-hydroxy-2-((E)-((1S,2S,5S)-2-hydroxy-2,6,6-ethyl

spiro[benzo[d][1,3]dioxole-2,1'-cyclohexane]-5-carboxylate

(4.115).

Ethyl-3,4-

dihydroxybenzoate 114 (600 mg, 3.29 mmol) was added to a stirred solution of
cyclohexanone (1.02 mL, 9.88 mmol) in benzene (20 mL) (Ar atmosphere). p-TsOH
(188.0 mg, 0.987 mmol) was added and stirring was continued at reflux with a DeanStark apparatus for 4 h. The reaction mixture was then cooled to rt and concentrated in
vacuo to give a yellow residue. Flash chromatography over silica gel using 10:90 EtOAchexanes gave acetal 4.115 as a white solid (800 mg, 92.7% yield). 1H NMR (CDCl3, 400
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MHz):  7.62-7.59 (m, 1 H), 7.40 (s, 1 H), 6.76-6.73 (m, 1 H), 4.33 (q, J = 6.8 Hz, 2 H), 1.931.99 (m, 4 H), 1.78-1.70 (m, 4 H), 1.54-1.46 (m, 2 H), 1.36 (t, J = 6.8 Hz, 3 H).

spiro[benzo[d][1,3]dioxole-2,1'-cyclohexan]-5-ylmethanol (4.116) LiAlH4 (184.1
mg, 4.85 mmol) was added in aliquots to a stirred and cooled (ice-H2O bath) solution of
ester 1.115 (317.9 mg, 1.21 mmol) in Et2O (10 mL) (Ar atmosphere). Stirring continued
was for 1.5 h and 10 aq. HCl (5 mL) was added dropwise over ca. 5 min and the cold
bath was removed. The solution was extracted with Et2O (2 x 200 mL) and the combined
organic extracts were washed with DI H2O (5 mL), brine (5 mL), dried over MgSO4, and
concentrated in vacuo to give a yellow residue. Alcohol 4.116 was used without
purification in the next reaction. 1H NMR (CDCl3, 400 MHz):  6.79-6.69 (m, 3 H), 4.56
(s, 2 H), 1.91-1.88 (m, 4 H), 1.76-1.70 (m, 4 H), 1.57 (br. s, 1 H), 1.53-1.47 (m, 2 H).

spiro[benzo[d][1,3]dioxole-2,1'-cyclohexane]-5-carbaldehyde (4.78). NMO (181
mg, 1.54 mmol) was added to a stirred solution of alcohol 4.116 (226.7 mg, 1.03 mmol)
and crushed 4 Å MS (453.4 mg) in CH2Cl2 (10 mL) (Ar atmosphere). TPAP (36.2 mg,
0.103 mmol) was added and stirring was continued for 1.5 h. The reaction mixture was
filtered through a plug of silica gel with an eluent of 50:50 EtOAc in hexanes (200 mL) to
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give an off-white solid. Alcohol 4.78 was used without further purification in the next
reaction. 1H NMR (CDCl3, 400 MHz):  9.78 (s, 1 H), 7.36 (dd, J = 1.6, 8.0 Hz, 1 H), 7.26
(d, J = 1.6 Hz, 1 H), 6.84 (d, J = 8.0 Hz, 1 H), 1.94-1.91 (m, 4 H), 1.80-1.70 (m, 4 H), 1.541.49 (m, 2 H).

(2S,3S)-ethyl

3-hydroxy-2-((E)-((1S,2S,5S)-2-hydroxy-2,6,6-

trimethylbicyclo[3.1.1]heptan-3-ylidene)amino)-3-(spiro[benzo[d][1,3]dioxole-2,1'cyclohexan]-5-yl)propanoate (4.79).

A solution of ClTi(OEt)3 (30.8 mg, 0.141 mmol) in

CH2Cl2 (0.21 mL) was added dropwise over ca. 2 min to a stirred and cooled (ice-H2O
bath) solution of imine 4.76 (35.6 mg, 0.141 mmol) in CH2Cl2 (0.15 mL) (Ar atmosphere).
A solution of aldehyde 4.78 (33.8 mg, 0.155 mmol) in CH2Cl2 (0.15 mL) was added
dropwise over ca. 2 min followed by Et3N (39.3 L, 0.282 mmol). Stirring was continued
for 4 h and cold brine (2 mL) was added. The solution was extracted with EtOAc (2 x 100
mL) and the combined organic extracts were washed with brine (2 mL), dried over
MgSO4, and concentrated in vacuo to give a yellow residue. Flash chromatography over
silica gel pretreated with Et3N using a gradient from 20:80 EtOAc-hexanes to 30:70
EtOAc-hexanes gave aldol adduct 4.79 as a white solid (23.8 mg, 36% yield, 62% yield
based on recovered starting material). 1H NMR (CDCl3, 400 MHz):  6.79-6.63 (m, 3 H),
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5.09 (d, J = 8.4 Hz, 1 H), 4.29-4.12 (m, 3 H), 2.50-1.45 (m, 13 H), 1.40 (s, 3 H), 1.27 (s, 3 H),
1.29 (s, 3 H), 1.22 (t, J = 7.2 Hz, 3 H), 0.81-0.80 (m, 2 H); ESI-MS m/z [M + Na]+ calcd for
C27H37NO6: 494.3, found: 494.3.

(2S,3S)-ethyl

2-amino-3-hydroxy-4-((1R,5S)-2-methyl-5-(prop-1-en-2-

yl)cyclohex-2-en-1-yl)butanoate (4.80).

Hydroxylamine hydrochloride (145.9 mg, 2.10

mmol) was added to a stirred solution of imine 4.77 (226.5 mg, 0.525 mmol) in THF/H2O
(4:1, 6.0 mL). Stirring was continued for 14 h and saturated aqueous NaHCO3 (5 mL)
was added. The solution was extracted with Et2O (2 x 150 mL) and the combined organic
extracts were washed with brine (2 mL), dried over MgSO4, and concentrated in vacuo to
give a yellow residue. Flash chromatography over silica gel pretreated with Et3N using a
gradient from 50:50 Et2O-hexanes to 100% Et2O to 30:70 MeOH in CH2Cl2 gave amino
alcohol 4.80 as a white solid (128.1 mg, 87%). 1H NMR (CDCl3, 500 MHz):  5.46 br. s, 1
H), 5.08 (sept., J = 6.0 Hz, 0.25 H), 4.21 (q, J = 7.0 Hz, 1.75 H), 4.03-4.40 (m, 1 H), 3.58 (d, J
= 4.0 Hz, 0.75 H), 3.54 (d, J = 9.0 Hz, 0.25 H), 2.32-1.75 (m, 6 H), 1.72 (s, 3 H), 1.68 (s, 3 H),
1.41-1.27 (m, including a t, J = 6.5 Hz, 5 H), 1.68 (s, 3 H), 1.77-1.61 (m, 1 H), 1.50 (td, J =
7.5, 14.5 Hz, 1 H), 1.31 (t, J = 7.0 Hz, 1 H); 13C NMR (CDCl3, 100 MHz): δ 173.9, 150.1,
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136.5, 123.2, 108.7, 72.0, 61.3, 58.4, 41.8, 36.8, 36.1, 31.2, 22.0, 21.6, 20.8, 14.4; ESI-MS m/z
[M + H]+ calcd for C16H27NO3: 282.2 found: 282.2.

(2S,3S)-ethyl 2-((tert-butoxycarbonyl)amino)-3-hydroxy-4-((1R,5S)-2-methyl-5(prop-1-en-2-yl)cyclohex-2-en-1-yl)butanoate (4.82).

1 M NaOH (65 L) was added to

a stirred and cooled (ice-H2O bath) solution of amine 4.80 (14.5 mg, 0.051 mmol) in
EtOH/H2O (1:1, 0.5 mL). Boc2O (16.9 mg, 0.077 mmol) was added, the cold bath was
removed, and stirring was continued for 14 h. 10% aq. HCl (5 mL) was added and the
solution was extracted with EtOAc (2 x 100 mL). The combined organic extracts were
washed with brine (2 mL), dried over MgSO4, and concentrated in vacuo to give a yellow
residue. Flash chromatography over silica gel using 25:75 EtOAc-hexanes gave
carbamate 4.82 as a white solid (15.7 mg, 81%). 1H NMR (CDCl3, 400 MHz):  i-Pr ester:
5.50-5.48 (m, 1 H), 5.09 (sept, J = 6.8 Hz, 1 H), 4.70 (s, 2 H), 4.35 (br. s, 1 H), 4.10 (br. s, 1
H), 2.89 (d, J = 7.6 Hz, 1 H), 2.29-1.88 (m, 6 H), 1.73 (s, 3 H), 1.68 (s, 3 H), 1.45 (s, 9 H), 1.29
(d, J = 6.0 Hz, 6 H), 1.30-1.20 (m, 1 H); ethyl ester: 5.50-5.48 (m, 1 H), 4.70 (s, 2 H), 4.36 (br.
s, 1 H), 4.24 (q, J = 6.8 Hz, 2 H), 4.13 (br. s, 1 H), 2.84 (d, J = 6.8 Hz, 1 H), 2.29-1.87 (m, 6
H), 1.73 (s, 3 H), 1.67 (s, 3 H), 1.45 (s, 9 H), 1.31 (t, J = 7.0 Hz, 6 H), 1.28-1.20 (m, 2 H).
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(2S,3S)-ethyl 2-((tert-butoxycarbonyl)amino)-3-methoxy-4-((1R,5S)-2-methyl-5(prop-1-en-2-yl)cyclohex-2-en-1-yl)butanoate (4.83).

Di-tert-butylmethyl pyridine (1.16

g) was added to a stirred solution of alcohol 4.82 (489.9 mg, 1.28 mmol) in CH2Cl2 (6.4
mL). Methyl triflate (0.507 mL, 4.48 mmol) was added and stirring was continued for 14
h. Saturated aqueous NH4Cl (5 mL) was added and the solution was extracted with
CH2Cl2 (2 x 200 mL). The combined organic extracts were washed with brine (5 mL),
dried over MgSO4, and concentrated in vacuo to give a yellow residue. Flash
chromatography over silica gel using 20:80 EtOAc-hexanes gave carbamate 4.83 as a
white solid (259.6 mg, 46.3% yield, 77% based on recovered starting material). 1H NMR
(CDCl3, 400 MHz):  5.48-5.47 (m, 1 H), 5.35-5.33 (m, 1 H), 5.09 (sept, J = 6.0 Hz, 0.2 H),
4.50 (dd, J = 2.8, 9.2 Hz, 1 H), 4.23 (q, J = 7.2 Hz, 2 H), 3.68-3.55 (m, 1 H), 3.38 (s, 3 H),
2.46-1.84 (m, 5 H), 1.75 (s, 3 H), 1.67 (s, 3 H), 1.45 (s, 9 H), 1.30 (t, J = 7.2 Hz, 3 H), 1.331.26 (m, 2 H) 1.18-1.13 (m, 1 H).
4.5.2.6 Toward the Asymmetric Total Synthesis of Brasilicardin A
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(R)-5,8a-dimethyl-3,4,8,8a-tetrahydronaphthalene-1,6(2H,7H)-dione

(4.10).

Triethylamine (36.5 mL, 261.6 mmol) was added to a suspension of cyclohexanedione 4.9
in ethyl acetate (1200 mL). Ethyl vinyl ketone (30.8 mL, 309.1 mmol) was then added
and the stirring was continued at 70 °C for 14 h and then cooled to rt. The reaction
solution was concentrated in vacuo to give a dark brown oil which was purified via
distillation (125 °C at 0.6 torr) to yield a clear yellow oil and a white solid which was
removed via filtration of the distillate to yield a clear yellow oil (40.4 g, 81%). Spectral
data were consistent with literature values.243 D-phenylalanine (37.6 g, 227 mmol) was
added to a stirred solution of the trione (47.9 g, 227 mmol) in DMF (1000 mL) (Ar
atmosphere). D-camphor sulfonic acid (26.5 g, 113 mmol) was then added and the
stirring was continued at room temperature for 12 hours. The solution was then heated
to 30 °C for 24 h, and the temperature was increased by 10 °C every 24 h until the
reaction stirred at 70 °C for 24 h and then cooled to rt. Saturated aqueous NaHCO3
cooled with ice (50 mL) was added and the solution was extracted with Et2O (3 x 800
mL).

The combined organic extracts were washed with brine (20 mL), dried over

MgSO4, and concentrated in vacuo to give a yellow residue. Flash chromatography over
silica gel using a gradient from 100% hexanes to 15:85 EtOAc-hexanes gave 4.10 as pale
yellow solid or purification via distillation (122 °C at 0.6 torr) gave a clear yellow oil
which solidified upon standing (36.6 g, 85%).

Spectral data were consistent with

literature values.243 HPLC (Daicel Chiralpak AD-H 4.0 mm x 10 mmL, 5 m, hexane-i-
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PrOH = 99/1, flow rate 1.0 mL/min,  = 210 nm): tR 21.2 min (major enantiomer), 22.7 min
(minor enantiomer). major:minor = 97:3.

(R)-5',8a'-dimethyl-3',4',8',8a'-tetrahydro-2'H-spiro[[1,3]dioxolane-2,1'naphthalen]-6'(7'H)-one (4.84). p-TsOH·H2O (36.1 g, 190 mmol) was added to a stirred
solution of diketone 4.10 (36.6 g, 190 mmol) in ethylene glycol (750 mL) containing 4 Å
MS (Ar atmosphere). Stirring was continued 23 min, the mixture was poured into an
ice/saturated aqueous NaHCO3 solution (50 mL) the solution was extracted with EtOAc
(2 x 800 mL). The combined organic extracts were washed with brine (20 mL), dried
over MgSO4, and concentrated in vacuo to give a yellow residue. Flash chromatography
over silica gel using 30:70 EtOAc-hexanes gave 4.84 as a white solid (38.6 g, 86%).
Spectral data were consistent with literature values.245

(4a'R,8a'R)-5',5',8a'-trimethylhexahydro-2'H-spiro[[1,3]dioxolane-2,1'naphthalen]-6'(7'H)-one (4.11). A solution of ketal 4.84 (15.4 g, 65.2 mmol) in THF (300
mL) was slowly added (ca. 1 h) to a mechanically stirring solution of lithium wire (2.94
g, 423 mmol) in NH3 (1000 mL) at -78 C. Stirring was continued for 45 min and a
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solution of MeI (61 mL, 978 mmol) in THF (122 mL) was added quickly (ca. 5 min).
Stirring was continued for 45 min and solid NH4Cl (10 g) was added. The solution was
allowed to slowly warm to room temperature with a nitrogen sparge to remove the NH 3
overnight. DI H2O (50 mL) was added, followed by 10% aq. HCl (50 mL) and the
solution was extracted with Et2O (2 x 500 mL). The combined organic extracts were
washed with brine (20 mL), dried over MgSO4, and concentrated in vacuo to give a
yellow residue. Flash chromatography over silica gel using 25:75 EtOAc-hexanes gave
4.11 as a light yellow solid (16.4 g, 98%). Spectral data were consistent with literature
values.258

tert-butyldimethyl(((4a'R,8a'R)-5',5',8a'-trimethyl-3',4',4a',5',8',8a'-hexahydro2'H-spiro[[1,3]dioxolane-2,1'-naphthalen]-6'-yl)oxy)silane (4.85). A mixture of LiHMDS
(1 M in THF, 140.4 mL, 140.4 mmol) and THF (280 mL) was cooled to –78 °C and a
solution of ketone 4.11 (16.1 g, 63.8 mmol) in THF (127 mL) was added dropwise via
cannula over ca. 5 min. Stirring was continued for 5 min and the reaction flask was
transferred to an ice–H2O bath and mixture was stirred for an additional 1 h. This
mixture was cooled to -78 °C and HMPA (13.3 mL, 76.6 mmol) was added followed by
TBSOTf (22 mL, 95.7 mmol). Stirring was continued for 5 min. and then warmed to rt
for 1 h. Saturated aqueous NaHCO3 (25 mL) was added and the solution was extracted
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with Et2O (2 x 500 mL). The combined organic extracts were washed with brine (15 mL),
dried over MgSO4, and concentrated in vacuo to give a yellow residue.

Flash

chromatography over silica gel using 5:95 EtOAc-hexanes gave 4.85 as a colorless oil
(22.9 g, 98%). 1H NMR (CDCl3, 500 MHz):  4.61 (dd, J = 2.5, 7.0 Hz, 1 H), 3.95-3.84 (m, 4
H), 1.71-1.36 (m, 9 H), 1.08 (s, 3 H), 1.04 (s, 3 H), 0.943 (s, 3 H), 0.937 (s, 9 H), 0.154 (s, 3
H), 0.146 (s, 3 H);

C NMR (CDCl3, 100 MHz): δ 155.1, 113.2, 98.7, 65.3, 64.9, 47.3, 42.2,

13

38.4, 30.7, 29.6, 28.6, 23.1, 22.5, 20.4, 18.5, 16.7, -4.0, -4.3; ESI-MS m/z [M + Na]+ calcd for
C21H38O3Si: 366.2 found: 275.1; lost TBS group in ionization (calc. 275.2).

(4a'R,7'S,8a'R)-7'-((tert-butyldimethylsilyl)oxy)-5',5',8a'-trimethylhexahydro2'H-spiro[[1,3]dioxolane-2,1'-naphthalen]-6'(7'H)-one (4.86). A solution of dry mCPBA
(15.4 g, 68.7 mmol) in CH2Cl2 (220 mL) was added dropwise via cannula over ca. 10 min
to a stirred and cooled (-78 °C) solution of enol ether 4.85 (22.89 g, 62.4 mmol) in CH2Cl2
(600 mL) (Ar atmosphere). Stirring was continued for 30 min and then the cold bath was
removed and the solution was allowed to warm to rt and stirring continued for 2 h.
Saturated aqueous NaHCO3 (25 mL) was added and the solution was extracted with
CH2Cl2 (2 x 500 mL). The combined organic extracts were washed with Na2S2O3 (25 mL)
then brine (10 mL), dried over MgSO4, and concentrated in vacuo to give a yellow
residue. Flash chromatography over silica gel using 10:90 EtOAc-hexanes gave 4.86 as a
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white solid (18.6 g, 78%). 1H NMR (CDCl3, 500 MHz):  4.63 (dd, J = 8.5, 11.0 Hz, 1 H),
3.94-3.84 (m, 4 H), 1.95-1.93 (m, 2 H), 1.82-1.79 (m, 1 H), 1.74-1.66 (m, 2 H), 1.56-1.44 (m, 4
H), 1.35 (s, 3 H), 1.10 (s, 3 H), 1.06 (s, 3 H), 0.91 (s, 9 H), 0.16 (s, 3 H), 0.02 (s, 3 H);

C

13

NMR (CDCl3, 100 MHz): δ 213.7, 112.7, 71.0, 65.4, 65.2, 49.7, 48.4, 43.9, 40.7, 30.2, 26.0,
25.1, 23.0, 22.1, 21.5, 18.8, 17.3, -4.4, -5.4; ESI-MS m/z [M + Na]+ calcd for C21H38O4Si: 405.2
found: 405.3.

(4a'R,6'S,7'S,8a'R)-7'-((tert-butyldimethylsilyl)oxy)-5',5',8a'-trimethyloctahydro2'H-spiro[[1,3]dioxolane-2,1'-naphthalen]-6'-ol (4.12). A solution of Bu4NBH4 (21.0 g,
81.5 mmol) in CH2Cl2 (100 mL) was added dropwise via addition funnel over ca. 10 min
to a stirred and cooled (ice/H2O bath) solution of ketone 4.86 (15.6 g, 40.8 mmol) in
CH2Cl2 (200 mL). DI H2O (163 mL) was added, the cold bath was removed, and the
stirring was continued for 14 h. Saturated aqueous NaHCO3 (20 mL) was added and the
solution was extracted with EtOAc (2 x 400 mL). The combined organic extracts were
washed with brine (10 mL), dried over MgSO4, and concentrated in vacuo to give a
yellow residue. Flash chromatography over silica gel using 7.5:92.5 EtOAc-hexanes gave
4.12 as a white solid (13.8 g, 88%).

H NMR (CDCl3, 500 MHz):  3.95-3.906 (m, 3 H),

1

3.85-3.79 (m, 1 H), 3.69 (ddd, J = 4.5, 9.0, 11.0 Hz, 1 H), 3.02 (d, J = 9.0 Hz, 1 H), 2.46 (s, 1
H), 1.70-1.25 (m, 9 H), 1.10 (s, 3 H), 1.05 (s, 3 H), 0.90 (s, 9 H), 0.84 (s, 3 H), 0.12 (s, 3 H),
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0.10 (s, 3 H); 13C NMR (CDCl3, 100 MHz): δ 113.0, 82.9, 71.1, 65.4, 48.1, 44.4, 38.9, 37.8,
30.2, 28.8, 26.0, 23.2, 20.5, 18.2, 17.8, 16.8, -3.6, -4.4; ESI-MS m/z [M + Na]+ calcd for
C21H40O4Si: 407.3 found: 407.3.

(4aR,6S,7S,8aR)-6,7-dihydroxy-5,5,8a-trimethyloctahydronaphthalen-1(2H)-one
4.117. A solution of HClO4 (35%, 35.8 mL) was added dropwise via addition funnel over
ca. 10 min to a stirred solution of ketal 4.12 (13.8 g, 35.8 mmol) in THF (180 mL). Stirring
was continued for 30 min and DI H2O (20 mL) was added and the solution was extracted
with CH2Cl2 (2 x 500 mL). The combined organic extracts were washed with brine (10
mL), dried over MgSO4, and concentrated in vacuo to give 4.117 a yellow residue which
was used crude in the next reaction to avoid polymerization. (Flash chromatography
over silica gel using 80:20 EtOAc-hexanes gave ketodiol 4.117 as a white solid.)

H

1

NMR (CDCl3, 400 MHz):  3.74 (ddd, J = 4.4, 9.6, 12.0 Hz, 1 H), 2.98 (d, J = 9.6 Hz, 1 H),
2.59 (dt, J = 7.2, 14.0 Hz, 1 H), 2.25-2.21 (m, 2 H), 2.14-2.07 (m, 1 H), 1.97 (dd, J = 4.4, 13.6
Hz, 1 H), 1.81-1.67 (m, 2 H), 1.63-1.49 (m, 2 H), 1.24-1.20 (m, 1 H), 1.22 (s, 3 H), 1.06 (s, 3
H), 0.94 (s, 3 H); 13C NMR (CDCl3, 100 MHz): δ 213.9, 83.0, 69.1, 52.7, 49.7, 40.2, 39.5, 37.1,
28.6, 26.2, 20.8, 19.7, 17.1; ESI-MS m/z [M + Na]+ calcd for C13H22O3: 249.2 found: 249.0.
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(E)-N'-((4aS,6S,7S,8aR)-6,7-dihydroxy-5,5,8a-trimethyloctahydronaphthalen1(2H)-ylidene)-4-methylbenzenesulfonohydrazide (4.87).

p-TsNNH2 (6.67 g, 35.8

mmol) was added to a stirred solution of ketodiol 4.117 (8.12 g, 35.8 mmol) in THF (100
mL) (Ar atmosphere). PPTS (450 mg, 1.79 mmol) was then added and the stirring was
continued for 15 h. DI H2O (10 mL) was added and the solution was extracted with
CH2Cl2 (2 x 300 mL). The combined organic extracts were washed with brine (5 mL),
dried over MgSO4, and concentrated in vacuo to give a yellow residue.

Flash

chromatography over silica gel using 70:30 EtOAc-hexanes gave 4.87 as a white solid
(11.01 g, 78% two steps). 1H NMR (CDCl3, 500 MHz):  7.83 (d, J = 8.5 Hz, 1 H), 7.32 (d, J
= 8.5, 1 H), 7.23 (bs, 1 H), 3.71 (ddd, J = 4.0, 9.0, 11.5 Hz, 1 H), 2.96 (d, J = 9.5 Hz, 1 H),
2.55-2.50 (m, 1 H), 2.43 (s, 3 H), 1.98-1.88 (m, 3 H), 1.73-1.68 (m, 2 H), 1.57-1.47 (m, 1 H),
1.33-1.25 (m, 1 H), 1.09 (dd, J = 3.0, 13.0 Hz, 1 H), 1.05 (s, 3H), 1.0 (s, 3H), 0.86 (s, 3H); 13C
NMR (CDCl3, 100 MHz): δ 167.1, 144.1, 135.3, 129.5, 128.4, 83.3, 69.3, 52.6, 44.0, 41.5, 39.7,
28.6, 25.5, 22.4, 21.8, 21.1, 20.9, 16.8; ESI-MS m/z [M + Na]+ calcd for C20H30N2O4S: 417.2
found: 417.1.
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(E)-4-methyl-N'-((3a'S,4a'S,8a'R,9a'S)-4',4',8a'trimethyloctahydrospiro[cyclohexane-1,2'-naphtho[2,3-d][1,3]dioxol]-8'(8a'H)ylidene)benzenesulfonohydrazide (4.13). Cyclohexane dimethyl ketal (18.4 mL, 121.0
mmol) was added to a stirred solution of hydrazone 4.87 (4.77 g, 12.1 mmol) in THF (175
mL) (Ar atmosphere). PPTS (608.2 mg, 2.42 mmol) was then added and the stirring was
continued for 16 h. DI H2O (10 mL) was added and the solution was extracted with
EtOAc (2 x 350 mL). The combined organic extracts were washed with brine (5 mL),
dried over MgSO4, and concentrated in vacuo to give a yellow residue.

Flash

chromatography over silica gel using 30:70 EtOAc-hexanes gave 4.13 as white solid (4.89
g, 85%). 1H NMR (CDCl3, 500 MHz):  7.83 (d, J = 8.5 Hz, 1 H), 7.68 (bs, 1 H), 7.30 (d, J =
7.5, 1 H), 3.74-3.69 (m, 1 H), 2.96 (d, J = 4.8 Hz, 1 H), 2.60-2.56 (m, 1 H), 2.42 (s, 3 H), 2.011.87 (m, 5 H), 1.70-1.53 (m, 10 H), 1.50 (dd, J = 3.5, 13.5 Hz, 1 H), 1.46-1.39 (m, 2 H), 1.04
(s, 3H), 1.01 (s, 3H), 0.90 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ 166.6, 143.9, 135.3, 129.5,
128.3, 109.2, 87.6, 72.4, 53.2, 45.5, 37.8, 37.5, 36.8, 36.5, 28.7, 25.4, 25.3, 24.0, 23.9, 21.7, 20.2,
16.4; ESI-MS m/z [M + Na]+ calcd for C26H38N2O4S: 497.2 found: 497.1.

(E)-4-methyl-N'-((3a'S,4a'S,8a'R,9a'S)-4',4',7',8a'tetramethyloctahydrospiro[cyclohexane-1,2'-naphtho[2,3-d][1,3]dioxol]-8'(8a'H)ylidene)benzenesulfonohydrazide (4.91). n-BuLi (2.26 M in hexanes, 2.05 mL, 4.64
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mmol) was added dropwise over ca. 2 min to a stirred and cooled (–78 °C) solution of
hydrazone 4.13 (1.0 g, 2.11 mmol) in THF (27 mL) (Ar atmosphere). Stirring continued
for 10 min and the solution was transferred to a -40 °C bath and was stirred for 30 min.
This mixture was cooled to –78 °C and MeI (0.157 mL, 2.53 mmol) was added dropwise
over ca. 2 min. Stirring was continued for 10 min the solution was transferred to a -40
°C bath and was stirred for 45 min. Saturated aqueous NH4Cl (10 mL) was added, the
solution was allowed to warm to rt, and it was then extracted with CH2Cl2 (2 x 200 mL).
The organic extracts were combined, washed with brine (5 mL), dried over MgSO4, and
concentrated in vacuo to give a residue. Flash chromatography over silica gel using 25:75
EtOAc-hexanes gave 4.91 as a white solid (714 mg, 69% yield; 89% based on recovered
starting material). 1H NMR (CDCl3, 500 MHz):  7.84 (d, J = 8.0 Hz, 2 H), 7.31 (d, J = 8.5,
2 H), 7.18 (s, 1 H), 3.69 (ddd, J = 4.0, 9.5, 13.0 Hz, 1 H), 2.97 (d, J = 9.0 Hz, 1 Hz), 2.80-2.78
(m, 1 H), 2.43 (s, 3 H), 2.28 (dd, J = 4.0, 13.0 Hz, 1 H), 1.69-1.57 (m, 11 H), 1.46–1.38 (m, 2
H), 1.06-1.03 (m, 9 H), 0.88 (s, 3 H); 13C NMR (CDCl3, 100 MHz): δ 168.5, 144.0, 135.4,
129.6, 128.3, 109.3, 87.6, 72.4, 52.6, 45.6, 38.6, 37.6, 36.9, 36.6, 32.3, 28.7, 27.9, 25.4, 24.0,
23.97, 23.0, 21.8, 19.4, 16.8, 16.4; ESI-MS m/z [M + H]+ calcd for C27H40H2O4S: 488.3,
found: 489.2.
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(3a'S,4a'S,8a'S,9a'S)-4',4',7',8a'-tetramethyl-3a',4',4a',5',6',8a',9',9a'octahydrospiro[cyclohexane-1,2'-naphtho[2,3-d][1,3]dioxole] (4.92). n-BuLi (2.26 M in
hexanes, 2.58 mL, 5.84 mmol) was added dropwise over ca. 2 min to a stirred and cooled
(–78 °C) solution of hydrazone 4.91 (0.714 g, 1.46 mmol) in THF (15 mL) (Ar
atmosphere). Stirring continued for 10 min and the solution was transferred to a -20 °C
bath and was stirred for 12 h.

Saturated aqueous NH4Cl (10 mL) was added, the

solution was allowed to warm to rt, and it was then extracted with CH2Cl2 (2 x 200 mL).
The organic extracts were combined, washed with brine (5 mL), dried over MgSO4, and
concentrated in vacuo to give a residue. Flash chromatography over silica gel using 10:80
EtOAc-hexanes gave 4.92 as a white solid (410 mg, 92% yield).

H NMR (CDCl3, 500

1

MHz):  5.17 (s, 1 H), 3.74 (ddd, J = 4.0, 9.5, 12.5 Hz, 1 Hz), 3.06 (d, J = 9.0 Hz, 1 H), 2.06–
1.95 (m, 2 H), 1.91 (dd, J = 4.0, 12.0 Hz, 1 H), 1.74–1.70 (m, 1 H), 1.67–1.61 (m, 8 H), 1.59
(s, 3 H), 1.55-1.46 (m, 1 H), 1.45-1.34 (m, 3 H), 1.14 (dd, J = 2, 12.5 Hz, 3 H) 1.06 (s, 3 H),
1.01 (s, 3 H), 0.88 (s, 3 H); 13C NMR (CDCl3, 100 MHz): δ 134.7, 130.5, 109.1, 88.7, 72.3,
50.8, 41.5, 37.5, 37.1, 36.9, 36.5, 31.9, 28.5, 25.4, 24.0, 23.5, 23.2, 18.1, 16.0.

(2S,3S,4aS,8aS)-4,4,7,8a-tetramethyl-1,2,3,4,4a,5,6,8a-octahydronaphthalene2,3,6-triol (4.118). Pyridine (78 L) was added to a stirred solution of alkene 4.92 (36.6
mg, 0.12 mmol) in EtOH/H2O (95/5, 1 mL) (Ar atmosphere). SeO2 (80.1 mg, 0.722 mmol)
276

was then added and the stirring was continued at reflux for 2 h and then cooled to rt.
The reaction mixture was filtered through celite and then H2O (2 mL) was added and the
solution was extracted with EtOAc (2 x 50 mL). The combined organic extracts were
washed with brine (5 mL), dried over MgSO4, and concentrated in vacuo to give a yellow
residue. Flash chromatography over silica gel using 85:15 EtOAc-hexanes gave triol
4.118 as an off-white solid as a 0.85:0.15 mixture of diastereomers (21.5 mg, 75%).

H

1

NMR (CDCl3, 500 MHz):  5.38 (bs, 0.16 H), 5.26 (d, J = 1.5 Hz, 0.84 H), 4.03 (apparent d,
J = 3.0 Hz, 0.82 H), 3.96 (apparent d, J = 5.0 Hz, 0.18 H), 3.76 (ddd, J = 4.0, 9.5, 11.5 Hz, 1
H), 3.08 (d, J = 9.5 Hz, 0.84 H), 3.04 (d, J = 9.5 Hz, 0.16 H), 1.86 (dd, J = 4.0, 12.5 Hz, 0.16
H), 1.83 (dd, J = 4.5, 12.5 Hz, 0.84 H), 1.79-1.77 (m, 2 H), 1.74 (s, 3 H), 1.41 (dd, J = 3.0,
12.5 Hz, 0.84 H), 1.29 (t, J = 12.0 Hz, 0.84 H), 1.26 (t, J = 7.0 Hz, 0.16 H), 1.19 (dd, J = 2.0,
12.5 Hz, 0.16 H), 1.072 (s, 3 H), 1.06 (s, 0.5 H), 1.02 (s, 0.5 H), 0.96 (s, 3 H), 0.854 (s, 3 H);
13

C NMR (CDCl3, 100 MHz): δ 138.5, 130.9, 83.9, 69.2, 69.0, 44.8, 38.7, 36.8, 29.0, 28.8, 21.0,

20.6, 16.7; ESI-MS m/z [M + Na]+ calcd for C14H24O3: 263.2 found: 263.1.

(3a'S,4a'S,8a'S,9a'S)-4',4',7',8a'-tetramethyl-3a',4',4a',5',6',8a',9',9a'octahydrospiro[cyclohexane-1,2'-naphtho[2,3-d][1,3]dioxol]-6'-ol (4.93). Cyclohexane
dimethyl ketal (0.504 mL, 3.31 mmol) was added to a stirred solution of triol 4.118 (79.6
mg, 12.1 mmol) in THF (5 mL) (Ar atmosphere). PPTS (17.6 mg, 0.07 mmol) was then
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added and the stirring was continued for 16 h. DI H2O (5 mL) was added and the
solution was extracted with EtOAc (2 x 50 mL). The combined organic extracts were
washed with brine (5 mL), dried over MgSO4, and concentrated in vacuo to give a yellow
residue. Flash chromatography over silica gel using 20:80 EtOAc-hexanes gave 4.93 as a
white solid (64.5 mg, 61%). 1H NMR (CDCl3, 500 MHz):  5.33 (s, 1 H), 4.04 (bs, 1 H),
3.75 (ddd, J = 3.6, 9.2, 13.2 Hz, 1 H), 3.10 (d, J = 9.2 Hz, 1 H), 1.93 (dd, J = 3.6, 12 Hz, 1 H),
1.80-1.77 (m, 1 H), 1.69-1.56 (m, 9 H), 1.44-1.36 (m, 4 H), 1.08 (s, 3H), 0.98 (s, 3H), 0.90 (s,
3H).

(2S,3S,4aS,8aS)-4,4,7,8a-tetramethyl-1,2,3,4,4a,5,6,8a-octahydronaphthalene2,3,6-triol (4.90). Pyridine (58.5 L, 0.723 mmol) was added to a stirred and cooled (icewater bath) solution of alcohol 4.93 (64.5 mg, 0.201 mmol) in CH2Cl2 (2 mL) (Ar
atmosphere).

DMP (102.4 mg, 0.241 mmol) was then added and the stirring was

continued for 1.5 h. Aq. Na2S2O3 (1 M, 3 mL) was added and the solution was extracted
with EtOAc (2 x 100 mL). The combined organic extracts were washed a 1:1 mixture of
saturated aqueous NaHCO3 and H2O (5 mL), then H2O (5 mL), then washed with brine
(5 mL), dried over MgSO4, and concentrated in vacuo to give a yellow residue. Flash
chromatography over silica gel using 20:80 EtOAc-hexanes gave enone 4.90 as a white
solid (50.9 mg, 80%). 1H NMR (CDCl3, 500 MHz):  3.79 (ddd, J = 4.0, 9.0, 12.0 Hz 1 H),
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3.08 (d, J = 10 Hz, 1 H), 2.52 (dd, J = 2.0, 18.0 Hz, 1 H), 2.39 (dd, J = 14.5, 17.5 Hz, 1 H),
2.11 (dd, J = 3.5, 11 Hz, 1 H), 1.76-1.72 (m, 1 H), 1.74 (s, 3H), 1.68-1.54 (m, 8 H), 1.46-1.38
(m, 2 H), 1.17 (s, 3 H), 1.06 (s, 3 H), 0.97 (s, 3 H); 13C NMR (CDCl3, 100 MHz): δ 200.6,
156.4, 131.9, 109.7, 87.7, 71.7, 50.0, 40.5, 39.1, 37.2, 36.8, 36.5, 34.6, 28.0, 25.3, 23.9, 20.8,
15.7; ESI-MS m/z [M + Na]+ calcd for C20H30O3: 341.2 found: 341.2.

(3a'S,4a'S,8a'S,9a'S)-6'-allyl-4',4',7',8a'-tetramethyl-3a',4',4a',5',6',8a',9',9a'octahydrospiro[cyclohexane-1,2'-naphtho[2,3-d][1,3]dioxol]-6'-ol

(4.95).

AllylMgBr

(0.403 mL, 0.403 mmol) was added dropwise over ca. 2 min to a stirred and cooled (-78
°C) solution of enone 4.90 (51.3 mg, 0.161 mmol) in THF (4 mL) (Ar atmosphere) and the
stirring was continued for 30 min. Saturated aqueous NH4Cl (3 mL) was added and the
solution was warmed to rt, and it was then extracted with Et2O (2 x 75 mL). The
combined organic extracts were washed with brine (3 mL), dried over MgSO4, and
concentrated in vacuo to give a yellow residue. Flash chromatography over silica gel
using 20:80 EtOAc-hexanes gave enone 4.95 as a white solid as a 0.85:0.15 mixture of
diastereomers. Diagnostic peak of minor diastereomer: 3.09 (d, J = 9.5 Hz) (58.0 mg,
100%). 1H NMR (CDCl3, 500 MHz):  5.87 (tdd, J = 7.5, 10.0, 17.0 Hz 1 H), 5.26 (s, 1 H),
5.19-5.11 (m, 2 H), 2.43 (dd, J = 7.0, 13.5 Hz, 1 H), 2.31 (dd, J = 8, 14 Hz, 1 H), 2.05 (dd, J =
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1.5, 13.0 Hz, 1 H), 1.95 (dd, J = 4.0, 11.0 Hz, 1 H), 1.69 (s, 3 H), 1.67-1.49 (m, 8 H), 1.44-1.32
(m, 3 H), 1.27-1.22 (m, 3 H), 1.08 (s, 3 H), 1.04 (s, 3 H), 0.88 (s, 3 H).

(Z)-4-methyl-N'-((3a'S,4a'S,8a'R,9a'S)-4',4',8a'-trimethyl-7'(phenylthio)octahydrospiro[cyclohexane-1,2'-naphtho[2,3-d][1,3]dioxol]-8'(8a'H)ylidene)benzenesulfonohydrazide (4.98). n-BuLi (2.5 M in hexanes, 7.0 mL, 17.4 mmol)
was added dropwise over ca. 2 min to a stirred and cooled (–78 °C) solution of
hydrazone 4.13 (3.77 g, 7.9 mmol) in THF (80 mL) (Ar atmosphere). Stirring continued
for 10 min and the solution was transferred to a -40 °C bath and was stirred for 30 min.
This mixture was cooled to –78 °C and a solution of PhSSPh (2.1g , 9.48 mmol) in THF
(15 mL) was added dropwise over ca. 2 min. Stirring was continued for 10 min the
solution was transferred to a -40 °C bath and was stirred for 45 min. Saturated aqueous
NH4Cl (10 mL) was added, the solution was allowed to warm to rt, and it was then
extracted with Et2O (2 x 300 mL). The organic extracts were combined, washed with
brine (5 mL), dried over MgSO4, and concentrated in vacuo to give a residue. Flash
chromatography over silica gel using 20:80 EtOAc-hexanes gave 4.98 as a white solid
(3.46 g, 75% yield; 95% based on recovered starting material).

H NMR (CDCl3, 500

1

MHz):  8.41 (s, 0.5 H), 7.85 (d, J = 8.0 Hz, 1 H), 7.82 (d, J = 8.5 Hz, 1 H), 7.77 (s, 0.5 H),
7.45-7.32 (m, 7 H), 4.17 (apparent d, J = 5.5 Hz, 0.5 H), 3.94 (aparent d, J = 3.5 Hz, 0.5 H),
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3.69 (ddd, J = 3.5, 9.5, 12.5 Hz, 0.5 H), 3.64 (ddd, J = 3.5, 9.5, 13 Hz, 0.5 H), 3.02 (d, J = 3.02
Hz, 0.5 H), 2.81 (d, J = 9.5 Hz, 0.5 H), 2.44 (s, 3 H), 2.41 (dd, J = 3.5, 13 Hz, 0.5 H), 2.302.26 (m, 0.5 H), 2.06-1.91 (m, 2 H), 1.80-1.727 (m, 1 H), 1.68-1.56 (m, 10 H), 1.46-1.31 (m, 3
H), 1.19 (s, 1.5 H), 1.06 (s, 3 H), 0.99 (s, 1.5 H), 0.94 (s, 1.5 H), 0.91 (s, 1.5 H); 13C NMR
(CDCl3, 100 MHz): δ 163.9, 144.1, 135.2, 133.6, 132.7, 129.9, 129.8, 129.6, 129.2, 128.9, 128.5,
128.4, 109.5, 87.5, 72.2, 72.1, 51.8, 45.3, 44.1, 43.4, 43.2, 41.7, 40.5, 38.3, 37.6, 36.9, 36.8, 36.6,
36.5, 31.0, 28.9, 28.1, 25.4, 24.0, 23.3, 23.2, 22.3, 21.8, 16.7, 16.6, 16.0, 15.1; ESI-MS m/z [M +
H]+ calcd for C32H42N2O4S2: 583.3, found: 583.3.

(3a'S,4a'S,8a'R,9a'S)-4',4',8a'-trimethyl-7'-(phenylthio)-3a',4',4a',5',6',8a',9',9a'octahydrospiro[cyclohexane-1,2'-naphtho[2,3-d][1,3]dioxole] (4.99). n-BuLi (2.5 M in
hexanes, 7.12 mL, 17.8 mmol) was added dropwise over ca. 2 min to a stirred and cooled
(–78 °C) solution of hydrazone 4.98 (3.46 g, 5.94 mmol) in THF (60 mL) (Ar atmosphere).
Stirring continued for 10 min and the solution was transferred to a -20 °C bath and was
stirred for 12 h. Saturated aqueous NH4Cl (10 mL) was added, the solution was allowed
to warm to rt, and it was then extracted with Et2O (2 x 200 mL). The organic extracts
were combined, washed with brine (5 mL), dried over MgSO4, and concentrated in vacuo
to give a residue. Flash chromatography over silica gel using 10:80 EtOAc-hexanes gave
4.99 as a white solid (410 mg, 92% yield). 1H NMR (CDCl3, 500 MHz):  7.32-7.19 (m, 5
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H), 5.88 (s, 1 H), 7.75 (ddd, J = 3.6, 9.6, 13.2 Hz, 1 H), 3.09 (d, J = 9.6 Hz, 1 Hz), 2.32-2.14
(m, 2 H), 1.99 (dd, J = 3.6, 12 Hz, 1 H), 1.79-1.74 (m, 1 H), 1.67-1.54 (m, 10 H), 1.50-1.16
(m, 4 H), 1.14 (s, 3 H), 1.07 (s, 3 H), 0.90 (s, 3 H); 13C NMR (CDCl3, 100 MHz): δ 144.8,
135.1, 130.3, 129.1, 126.7, 109.4, 88.4, 72.0, 50.3, 40.9, 39.4, 37.1, 36.9, 36.5, 31.8, 28.5, 25.4,
24.0, 23.2, 18.8, 16.0; ESI-MS m/z [M + Na]+ calcd for C25H34O2: 421.2, found: 421.3.

(2S,3S,4aS,8aS)-4,4,7,8a-tetramethyl-1,2,3,4,4a,5,6,8a-octahydronaphthalene2,3,6-triol (4.119). Pyridine (2.03 mL) was added to a stirred solution of alkene 4.99 (1.25
g, 3.13 mmol) in EtOH/H2O (95/5, 30 mL) (Ar atmosphere). SeO2 (2.08 g, 18.8 mmol) was
then added and the stirring was continued at reflux for 2 h and then cooled to rt. The
reaction mixture was filtered through celite and then H 2O (15 mL) was added and the
solution was extracted with EtOAc (2 x 250 mL). The combined organic extracts were
washed with brine (5 mL), dried over MgSO4, and concentrated in vacuo to give a yellow
residue. Flash chromatography over silica gel using 60:40 EtOAc-hexanes gave triol
4.119 as a white solid (630 mg, 60% yield, 98% yield based on recovered starting
material).

H NMR (CDCl3, 500 MHz):  7.40-7.15 (m, 5 H), 5.96 (s, 1 H), 4.06-4.05 (m, 1

1

H), 3.78 (ddt, J = 4.0, 9.2, 11.2 Hz 1 H), 3.10 (d, J = 9.6 Hz, 1 H), 1.97-1.91 (m, 2 H), 1.88
(dd, J = 4.4, 12.4 Hz, 1 H), 1.75 (dt, J = 4.4, 12.8 Hz, 1 H), 1.57 (dd, J = 1.6, 12.8 Hz, 1 H),
1.40-1.32 (m, 1 H), 1.11 (s, 3 H), 1.09 (s, 3 H), 0.86 (s, 3 H); 13C NMR (CDCl3, 100 MHz): δ
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148.5, 134.5, 131.0, 130.1, 129.2, 126.9, 83.6, 68.8, 66.2, 44.2, 43.9, 38.7, 38.6, 28.5, 20.8, 16.7,
14.3; ESI-MS m/z [M + Na]+ calcd for C19H26O3S: 357.1, found: 357.1.

(3a'S,4a'S,8a'R,9a'S)-4',4',8a'-trimethyl-7'-(phenylthio)-3a',4',4a',5',6',8a',9',9a'octahydrospiro[cyclohexane-1,2'-naphtho[2,3-d][1,3]dioxol]-6'-ol (4.100). Cyclohexane
dimethyl ketal (0.2.78 mL, 18.2 mmol) was added to a stirred solution of tiol 4.119 (610.2
mg, 1.82 mmol) in THF (30 mL) (Ar atmosphere). PPTS (91.5 mg, 0.364 mmol) was then
added and the stirring was continued for 16 h. DI H2O (5 mL) was added and the
solution was extracted with EtOAc (2 x 100 mL). The combined organic extracts were
washed with brine (5 mL), dried over MgSO4, and concentrated in vacuo to give a yellow
residue. Flash chromatography over silica gel using 20:80 EtOAc-hexanes gave 4.100 as
an off white solid (675.9 mg, 48% yield, 56% based on recovered starting material). 1H
NMR (CDCl3, 500 MHz):  7.32-7.21 (m, 5 H), 6.04 (s, 1 H), 4.06 (apparent d, J = 4.5, 1 H),
3.77 (ddd, J = 4.0, 9.5, 12.5 Hz, 1 H), 3.13 (d, J = 9.0 Hz, 1 H), 2.26 (bs, 1 H), 1.99 (dd, J =
4.0, 12.0 Hz, 1 H), 1.95 (br. d, J = 14.0 Hz, 1 H), 1.77 (dt, J = 5.0, 13.5 Hz, 1 H), 1.68-1.59 (m,
8 H), 1.56-1.38 (m, 4 H), 1.14 (s, 3H), 1.10 (s, 3H), 0.92 (s, 3H);

C NMR (CDCl3, 100

13

MHz): δ 148.7, 134.4, 131.4, 130.2, 129.3, 127.1, 109.5, 88.2, 71.9, 66.3, 44.6, 40.2, 36.8, 36.7,
36.5, 35.8, 28.2, 27.0, 25.3, 23.9, 21.7, 16.1.
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(3a'S,4a'S,8a'R,9a'S)-4',4',8a'-trimethyl-7'-(phenylsulfonyl)-3a',4',4a',5',9',9a'hexahydrospiro[cyclohexane-1,2'-naphtho[2,3-d][1,3]dioxol]-6'(8a'H)-one

(4.15).

mCPBA (823 mg, 3.59 mmol) was added to a stirred and cooled (ice-water bath) solution
of alcohol 4.100 (676 mg, 1.63 mmol) in CH2Cl2 (20 mL) (Ar atmosphere). After 5 min, the
cold bath was removed and the stirring was continued at rt for 2 h. Aq. Na2S2O3 (1 M, 5
mL) was added and the solution was extracted with EtOAc (2 x 150 mL). The combined
organic extracts were washed with brine (5 mL), dried over MgSO4, and concentrated in
vacuo to give a yellow residue. DMSO (0.266 mL, 3.75 mmol) was added to a stirred and
cooled (-78 °C) solution of oxalyl chloride (0.156 mL, 1.80 mmol) in CH2Cl2 (20 mL) and
stirring was continued for 10 min. A solution of the crude sulphone (728.0 mg, 1.63
mmol) in CH2Cl2 was added and stirring continued for 15 min. Et3N (1.14 mL, 8.15
mmol) was added and after 5 min the cold bath was removed and the reaction was
warmed to rt for 1.5 h. DI H2O (5 mL) was added and the solution was extracted with
CH2Cl2 (2 x 150 mL). The combined organic extracts were washed with brine (5 mL),
dried over MgSO4, and concentrated in vacuo to give a yellow residue. Flash
chromatography over silica gel using 30:70 EtOAc-hexanes gave enone 4.15 as a white
solid (50.9 mg, 80%). 1H NMR (CDCl3, 400 MHz):  8.01-7.96 (m, 3 H), 7.66-7.51 (m, 3 H),
3.82 (ddt, J = 3.6, 9.2, 11.6 Hz, 1 H), 3.07 (d, J = 9.2 Hz, 1 H), 2.54 (dd, J = 3.6, 17.6 Hz, 1
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H), 2.41 (dd, J = 14.0, 17.6 Hz, 1 H), 2.30 (dd, J = 4.0, 12.0 Hz, 1 H), 1.77-1.71 (m, 2 H), 1.701.58 (m, 8 H), 1.50-1.35 (m, 2 H), 1.27 (s, 3 H), 1.04 (s, 3 H), 0.95 (s, 3 H).

(4a'S,6a'S,7a'S,10a'S,11a'R,11b'R)-2'-((tert-butyldimethylsilyl)oxy)-3',7',7',11a'tetramethyl-4a'-(phenylsulfonyl)-1',4',4a',6',6a',7',7a',11',11a',11b'decahydrospiro[cyclohexane-1,9'-phenanthro[2,3-d][1,3]dioxol]-5'(10a'H)-one

(4.16).

Diene 4.6 (2.32 mL, 0.4 M) was added neat to a pressure tube containing enone 4.15
(356.0 mg, 0.801 mmol) (Ar atmosphere). After heating at 130 °C for 17 h, the pressure
tube was removed from the oil bath and allowed to cool to rt. Flash chromatography
over silica gel using 15:85 EtOAc-hexanes gave cycloadduct 4.16 as a white solid (476.4
mg, 93%). 1H NMR (CDCl3, 500 MHz):  8.08 (d, J = 8.0 Hz, 2 H), 7.63 (t, J = 7.5 Hz, 1 H),
7.54 (t, J = 8.0 Hz, 2 H), 3.78-3.74 (m, 1 H), 3.05 (d, J = 9.5 Hz, 1 H), 2.97 (dd, J = 3.5, 6.5 Hz,
1 H), 2.78 (d, J = 14.5 Hz, 1 H), 2.50 (dd, J = 3.0, 15.5 Hz, 1 H), 2.40-2.32 (m, including a
dd at 2.35, J = 12.0, 19.0 Hz, 2 H), 2.16 (dd, J = 8.0, 19.0 Hz, 1 H), 2.02 (d, J = 15 Hz, 1 H),
1.96-1.85 (m, 3 H), 1.70-1.52 (m, 8 H), 1.49 (s, 3 H), 1.48-1.20 (m, 2 H), 1.09 (s, 3 H), 0.97 (s,
9 H), 0.92 (s, 3 H), 0.89 (s, 3 H), 0.16 (s, 3 H), 0.12 (s, 3 H); 13C NMR (CDCl3, 125.8 MHz): δ
208.5, 146.9, 138.3, 133.8, 131.8, 128.4, 109.9, 106.0, 87.8, 77.6, 72.1, 48.7, 42.5, 40.9, 39.4,
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37.2, 36.9, 36.4, 36.2, 32.4, 28.5, 25.8, 25.3, 25.0, 23.90, 23.87, 18.1, 16.1, 15.8, -3.72, -4.1; ESIMS m/z [M + Na]+ calcd for C36H54O6SSi: 665.3, found: 665.2.

(4a'S,6a'S,7a'S,10a'S,11a'R,11b'R)-2'-((tert-butyldimethylsilyl)oxy)3',4a',7',7',11a'-pentamethyl-1',4',4a',6',6a',7',7a',11',11a',11b'decahydrospiro[cyclohexane-1,9'-phenanthro[2,3-d][1,3]dioxol]-5'(10a'H)-one (4.17).
Lithium naphthalenide was prepared as follows: Li wire (46.0 mg, 6.63 mmol) was
added to a mixture of naphthalene (250 mg, 1.95 mmol) and THF (5 mL) (Ar
atmosphere). The mixture was sonicated for 20 min, producing a dark green mixture,
and then additional THF (7 mL) was added. Sonication was continued for 1h, and the
resulting dark green mixture was used as such.
A solution of cycloadduct 4.16 (44.1 g, 0.069 mmol) in benzene (3 mL) was
evaporated under reduced pressure using a rotovap connected to a dry N2 source ,and
was then placed under high vacuum for 1 h. The process was repeated once, and the
resulting white solid was then dissolved in benzene (3 mL), the solution was frozen, and
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then evaporated under high vacuum for 11 h. The resulting fluffy white material was
dissolved in THF (1 mL), cooled to -78 °C, and freshly prepared lithium naphthalenide
(approximately 0.62 mL) was added drop-wise by syringe over ca. 15 min, until the
reaction mixture just maintained the dark green color of the lithium naphthalenide
solution (Ar atmosphere). The mixture was stirred for an additional 5 min, and MeI
(freshly distilled from CaH2 under a N2 atmosphere) (43.0 L; 0.690 mmol) was injected
all at once. The mixture was stirred for 10 min, the cold bath was removed, and stirring
was continued for 6 h. Saturated aqueous NaHCO3 (4 mL) was added, and the solution
was extracted with EtOAc (2 x 100 mL). The combined organic extracts were washed
with brine (5 mL), dried over MgSO4, and concentrated in vacuo to give a yellow residue.
Flash chromatography over silica gel using 10:90 EtOAc-hexanes gave ketone 4.17 as a
white solid (5.2 mg, 15%).

H NMR (CDCl3, 600 MHz):  3.81-3.77 (m, 1 H), 3.08 (d, J =

1

9.33 Hz, 1 H), 2.46 (dd, J = 3.66, 17.57 Hz, 1 H), 2.30 (dd, J = 13.9, 17.57 Hz, 1 H), 2.20-2.07
(m, 3 H), 1.98 (dd, J = 3.66, 11.53 Hz, 1 H), 1.94 (dd, J = 3.66-13.73 Hz, 1 H), 1.82 (d, J =
15.92 Hz, 1 H), 1.72-1.57 (m, 10 H), 1.56 (s, 3 H), 1.45-1.35 (m, 2 H), 1.19 (s, 3 H), 1.07 (s, 3
H), 1.05 (s, 3 H), 0.96 (s, 9 H), 0.95 (s, 3 H), 0.14 (s, 3 H), 0.12 (s, 3 H); 13C NMR (CDCl3,
100.6 MHz): δ 216.9, 142.3, 109.8, 109.7, 87.9, 72.8, 50.1, 46.1, 45.7, 42.0, 38.7, 38.1, 37.4,
36.9, 36.5, 35.3, 29.5, 29.1, 26.0, 25.3, 24.0, 23.9, 19.7, 18.3, 16.5, 16.4, -3.3, -3.8; ESI-MS m/z
[M + Na]+ calcd for C31H52O4Si: 539.4, found: 539.3.
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Flash chromatography over silica gel using 10:90 EtOAc-hexanes gave enol ether
H NMR (CDCl3, 400 MHz):  3.80 (ddt, J = 4.0,

4.101 as a white solid (9.8 mg, 25%).

1

10.0, 12.0 Hz, 1 H), 3.53 (s, 3 H), 3.06 (br. d, J = 17.6 Hz, 1 H), 2.98 (d, J = 9.2 Hz, 1 H), 2.422.37 (m, 1 H), 2.16-1.85 (m, 5 H), 1.76 (dd, J = 3.6, 11.6 Hz, 1 H), 1.70-1.63 (m, 8 H), 1.57 (s,
3 H), 1.48-1.35 (m, 4 H), 1.11 (s, 3 H), 1.05 (s, 3 H), 0.99 (s, 3 H), 0.94 (s, 9 H), 0.103 (s, 3 H),
0.095 (s, 3 H); ESI-MS m/z [M + Na]+ calcd for C31H52O4Si: 539.4, found: 539.3.
Flash chromatography over silica gel using 10:90 EtOAc-hexanes gave ketone
4.104 as a white solid (2.0 mg, 5%).

H NMR (CDCl3, 600 MHz):  3.95-3.88 (m, 1 H),

1

2.95 (d, J = 9.2 Hz, 1 H), 2.94-2.90 (m, 2 H), 2.52 (d, J = 16.8 Hz, 1 H), 2.40-2.20 (m, 4 H),
2.05-1.78 (m, 4 H), 1.70-1.60 (m, 10 H), 1.56 (s, 3 H), 1.45-1.35 (m, 2 H), 1.04 (s, 3 H), 0.98
(s, 3 H), 0.94 (s, 3 H), 0.93 (s, 9 H), 0.085 (s, 3 H), 0.056 (s, 3 H); ESI-MS m/z [M + Na]+
calcd for C30H50O4Si: 525.4, found: 525.4.
Flash chromatography over silica gel using 10:90 EtOAc-hexanes gave ketone
4.103 as a white solid (2.0 mg, 5%).

H NMR (CDCl3, 600 MHz):  3.77 (ddt, J = 5.68,

1

7.87, 9.16 Hz, 1 H), 3.34 (s, 1 H), 3.00 (d, J = 9.15 Hz, 1 H), 2.58 (dd, J = 12.08, 18.12 Hz, 1
H), 2.45 (dd, J = 7.5, 17.94 Hz, 1 H), 2.24-2.05 (m, 3 H), 1.93-1.88 (m, 3 H), 1.84 (d, J = 15.0
1 H), 1.77 (dd, 3.8, 11.7 Hz, 1 H), 1.74-1.72 (m, 1 H), 1.70-1.58 (m, 8 H), 1.56 (s, 3 H), 1.351.13 (m, 1 H), 1.09 (s, 3 H), 1.04 (s, 3 H), 0.97 (s, 3 H), 0.96 (s, 9 H), 0.13 (s, 6 H); ESI-MS
m/z [M + Na]+ calcd for C30H50O5Si: 541.3, found: 541.3.
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Flash chromatography over silica gel using 10:90 EtOAc-hexanes gave ketone
4.102 as a white solid (8.6 mg, 23%).

H NMR (CDCl3, 400 MHz):  3.76-3.70 (m, 2 H),

1

3.12 (d, J = 9.2 Hz, 1 H), 2.76-2.67 (m, 3 H), 2.60-2.25 (m, 3 H), 2.07-1.76 (m, 5 H), 1.70-1.55
(m, 8 H), 1.57 (s, 3 H), 1.30-1.20 (m, 1 H), 1.10 (s, 3 H), 0.99 (s, 3 H), 0.97 (s, 9 H), 0.96 (s, 3
H), 0.17 (s, 3 H), 0.14 (s, 3 H); ESI-MS m/z [M + H]+ calcd for C30H48O4Si: 501.3, found:
501.3.

(6a'S,7a'S,10a'S,11a'R,11b'R)-2'-((tert-butyldimethylsilyl)oxy)-3',7',7',11a'tetramethyl-1',4',6',6a',7',7a',10a',11',11a',11b'-decahydrospiro[cyclohexane-1,9'phenanthro[2,3-d][1,3]dioxol]-5'-yl methyl carbonate (4.106).
Lithium naphthalenide was prepared as follows: Li wire (46.0 mg, 6.63 mmol) was
added to a mixture of naphthalene (250 mg, 1.95 mmol) and THF (5 mL) (Ar
atmosphere). The mixture was sonicated for 20 min, producing a dark green mixture,
and then additional THF (7 mL) was added. Sonication was continued for 1h, and the
resulting dark green mixture was used as such.
A solution of cycloadduct 4.16 (25.7 mg, 0.040 mmol) in benzene (3 mL) was
evaporated under reduced pressure using a rotovap connected to a dry N2 source ,and
was then placed under high vacuum for 1 h. The process was repeated once, and the
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resulting white solid was then dissolved in benzene (3 mL), the solution was frozen, and
then evaporated under high vacuum for 11 h. The resulting fluffy white material was
dissolved in THF (1 mL), cooled to -78 °C, and freshly prepared lithium naphthalenide
(approximately 0.32 mL) was added drop-wise by syringe over ca. 15 min, until the
reaction mixture just maintained the dark green color of the lithium naphthalenide
solution (Ar atmosphere). The mixture was stirred for an additional 5 min, and
methylcyanoformate (32 L; 0.40 mmol) was injected all at once. The mixture was stirred
for 10 min, the cold bath was removed, and stirring was continued for 6 h.

Saturated

aqueous NaHCO3 (4 mL) was added, and the solution was extracted with EtOAc (2 x 100
mL). The combined organic extracts were washed with brine (5 mL), dried over MgSO 4,
and concentrated in vacuo to give a yellow residue.

Flash chromatography over silica

gel using a gradient from hexanes to 20:80 EtOAc-hexanes gave alcohol 4.106 as a white
solid (23.0 mg, 85%). 1H NMR (CDCl3, 400 MHz):  3.83 (s, 3 H), 3.82-3.76 (m, 2 H), 2.99
(d, J = 9.2 Hz, 1 H), 2.83 (br. d, J = 2.83 Hz, 1 H), 2.52-1.87 (m, 6 H), 1.79 (dd, J = 3.2, 11.2
Hz, 1 H), 1.70-1.60 (m, 10 H), 1.58 (s, 3 H), 1.45-1.35 (m, 1 H), 1.14 (s, 3 H), 1.08 (s, 3 H),
0.98 (s, 3 H), 0.94 (s, 9 H), 0.11 (s, 3 H), 0.10 (s, 3 H); 13C NMR (CDCl3, 100.6 MHz): δ
157.7, 145.9, 142.8, 126.7, 114.3, 113.4, 92.2, 75.6, 58.9, 51.8, 47.4, 42.0, 41.5, 40.8, 40.7, 40.2,
37.9, 35.0, 32.7, 29.6, 29.0, 28.5, 27.7, 27.6, 27.0, 21.9, 20.4, 19.8, 0.34, 0.00; ESI-MS m/z [M +
Na]+ calcd for C32H52O6Si: 561.3, found: 561.3.
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(4a'S,6a'S,7a'S,10a'S,11a'R,11b'R)-2'-((tert-butyldimethylsilyl)oxy)-3',7',7',11a'tetramethyl-4a'-(phenylsulfonyl)-1',4',4a',5',6',6a',7',7a',10a',11',11a',11b'dodecahydrospiro[cyclohexane-1,9'-phenanthro[2,3-d][1,3]dioxol]-5'-ol (4.108). NaBH4
(2.0 mg, 0.054 mmol) was added in aliquots to a stirred and cooled (ice-H2O bath)
solution of ketone 4.16 (11.7 mg, 0.018 mmol) in MeOH (1 mL) (Ar atmosphere). Stirring
continued was for 45 min and DI H2O (5 mL) was added dropwise over ca. 5 min and
the cold bath was removed. The solution was extracted with Et2O (2 x 200 mL) and the
combined organic extracts were washed with DI H2O (5 mL), brine (5 mL), dried over
MgSO4, and concentrated in vacuo to give a yellow residue. Flash chromatography over
silica gel using a gradient from hexanes to 20:80 EtOAc-hexanes gave alcohol 4.108 as a
colorless residue (9.4 mg, 85%). 1H NMR (CDCl3, 400 MHz):  7.94 (d, J = 8.5 Hz, 2 H),
7.66 (t, J = 8.0 Hz, 1 H), 7.52 (t, J = 7.5 Hz, 2 H), 3.90-3.83(m, 2 H), 2.93-2.89 (m, 2 H), 2.67
(d, J = 5.6 Hz, 1 H), 2.40-2.26 (m, 2 H), 2.24 (d, J = 13.2 Hz, 1 H), 2.14-1.93 (m, 2 H), 1.87
(dd, J = 2.8, 9.2 Hz, 1 H), 1.78 (d, J = 13.2 Hz, 1 H), 1.65-1.52 (m, 13 H), 1.38 (s, 3 H), 1.06
(s, 3 H), 0.96 (s, 3 H), 0.94 (s, 9 H), 0.12 (s, 3 H), 0.11 (s, 3 H); ESI-MS m/z [M + H]+ calcd
for C36H56O6SSi: 645.4, found: 645.4.

291

tert-butyl(((6a'S,7a'S,10a'S,11a'S,11b'S)-5'-methoxy-3',7',7',11a'-tetramethyl1',4',4a',5',6',6a',7',7a',10a',11',11a',11b'-dodecahydrospiro[cyclohexane-1,9'phenanthro[2,3-d][1,3]dioxol]-2'-yl)oxy)dimethylsilane (4.110).
Lithium naphthalenide was prepared as follows: Li wire (46.0 mg, 6.63 mmol) was
added to a mixture of naphthalene (250 mg, 1.95 mmol) and THF (5 mL) (Ar
atmosphere). The mixture was sonicated for 20 min, producing a dark green mixture,
and then additional THF (7 mL) was added. Sonication was continued for 1h, and the
resulting dark green mixture was used as such.
A solution of alcohol 4.108 (9.4 mg, 0.014 mmol) in benzene (3 mL) was
evaporated under reduced pressure using a rotovap connected to a dry N2 source ,and
was then placed under high vacuum for 1 h. The process was repeated once, and the
resulting white solid was then dissolved in benzene (3 mL), the solution was frozen, and
then evaporated under high vacuum for 11 h. The resulting fluffy white material was
dissolved in THF (1 mL), cooled to -78 °C, and n-BuLi (2.5 M in hexanes, 6.5 L, 0.016
mmol) was added dropwise over ca. 5 min. Stirring was continued for 5 min and freshly
prepared lithium naphthalenide (approximately 0.20 mL) was added drop-wise by
syringe over ca. 15 min, until the reaction mixture just maintained the dark green color
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of the lithium naphthalenide solution (Ar atmosphere). The mixture was stirred for an
additional 5 min, and MeI (freshly distilled from CaH2 under a N2 atmosphere) (62.3 L;
0.140 mmol) was injected all at once. The mixture was stirred for 10 min, the cold bath
was removed, and stirring was continued for 6 h.

Saturated aqueous NaHCO3 (4 mL)

was added, and the solution was extracted with EtOAc (2 x 100 mL). The combined
organic extracts were washed with brine (5 mL), dried over MgSO4, and concentrated in
vacuo to give a yellow residue.

Flash chromatography over silica gel using a gradient

from hexanes to 20:80 EtOAc-hexanes gave alcohol 4.110 as a colorless residue (8.0 mg,
85%). 1H NMR (CDCl3, 400 MHz):  3.86-3.79 (m, 1 H), 3.34 (s, 3 H), 3.02-2.98 (m, 1 H),
2.93 (d, J = 9.2 Hz, 1 H), 2.30-2.27 (m, 1 H), 2.03-1.90 (m, 4 H), 1.70-1.58 (m, 1 H), 1.70-1.60
(m, 15 H), 1.57 (s, 3 H), 1.17 (s, 3 H), 1.07 (s, 3 H), 0.96 (s, 9 H), 0.90 (s, 3 H), 0.12 (s, 3 H),
0.11 (s, 3 H); ESI-MS m/z [M + H]+ calcd for C31H54O4Si: 519.4, found: 519.4.

tert-butyldimethyl(((4a'R,6a'S,7a'S,10a'S,11a'R,11b'R)-3',7',7',11a'-tetramethyl4a'-(phenylsulfonyl)-1',4',4a',6a',7',7a',10a',11',11a',11b'-decahydrospiro[cyclohexane1,9'-phenanthro[2,3-d][1,3]dioxol]-2'-yl)oxy)silane (4.111). (methoxycarbonylsulfamoyl)
triethylammonium hydroxide, inner salt (7.4 mg, 0.031 mmol) was added to a stirred
solution of alcohol 4.108 (10 mg, 0.015 mmol) in toluene (1 mL) (Ar atmosphere).
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Stirring was continued at reflux for 5 h. The reaction was cooled to rt and DI H2O (5 mL)
was added. The solution was extracted with Et2O (2 x 200 mL) and the combined
organic extracts were washed with DI H2O (5 mL), brine (5 mL), dried over MgSO4, and
concentrated in vacuo to give a yellow residue. Flash chromatography over silica gel
using 15:85 EtOAc-hexanes gave alkene 4.111 as a colorless residue (5.0 mg, 62%).

H

1

NMR (CDCl3, 500 MHz):  7.95-7.93 (m, 2 H), 7.67-7.55 (m, 2 H), 5.92 (dd, J = 3.0, 10.0 Hz,
1 H), 2.5, 10.0 (dd, J = 2.5, 10.0 Hz, 1 H), 3.80-3.70 (m, 2 H), 3.01 (d, J = 9.0 Hz, 1 H), 2.79
(d, J = 14.0 Hz, 1 H), 2.58 (dd, J = 4.0, 6.0 Hz, 1 H), 2.40 (dd, J = 3.5, 15.5 Hz, 1 H), 2.30-1.79
(m, 8 H), 1.55 (s, 3 H), 1.26 (s, 3 H), 0.96 (s, 3 H), 0.94 (s, 9 H), 0.12 (s, 3 H), 0.11 (s, 3 H);
ESI-MS m/z [M + Na]+ calcd for C36H54O5SSi: 649.3, found: 649.2.
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