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ABSTRACT 

A Concise, Stereocontrolled Total Synthesis of Rippertenol 

Daniel Wespe 

 

1– Review of Relevant Precedent Regarding Synthetic Efforts Toward Kempane 

and Rippertane Natural Products 

 Rippertenol and the kempane diterpenes are biogenetically derived from 

cembrene A and are dense with stereochemical complexity despite a paucity of 

heteroatom functionality.  A discussion of past synthetic efforts towards these complex 

targets is presented to define the current level of understanding regarding the controlled 

synthesis of these molecules in order to place the studies described in Chapters 2 and 3 in 

better context. 

2– Completion of a Unique Tricyclic Core of Rippertenol 

 A unique tricyclic polyunsaturated ketone intermediate was synthesized as a 

platform from which to approach cycloaddition chemistry towards rippertenol.  Efforts 

towards this novel intermediate, including a highly stereoselective conjugate addition to 

an unsaturated ketone and a demanding intramolecular aldol condensation, are described. 

3– Synthesis of Rippertenol 

 An uncommon Lewis Acid-promoted inverse electron demand Diels–Alder 

reaction and a challenging ring expansion lead to the first laboratory total synthesis of 

rippertenol.  The synthesis was completed in 19 total steps, 13 of which were necessary 

following the completion of a known starting material.  
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Chapter 1 

Review of Relevant Precedent Regarding Synthetic Efforts Toward Kempane and 

Rippertane Natural Products 
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1.1 Introduction 

Termites of the genus Nasutitermes are known to defend themselves against potential 

predators not by biting, but instead by squirting a sticky, gluelike cocktail of irritants at 

their enemies.1-5  These emissions are capable of immobilizing and even killing the 

termites’ foes;6-9 the active constituents comprise a wealth of mono- and diterpene 

structures including seconervitanes (such as 2), trinervitanes (such as 3-5), kempanes 

(such as 6-9), and rippertenol (10), all of which are biosynthetically derived from 

cembrene A (1, Figure 1).   
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Despite the evident bioactivity that is inherent in these defensive hydrocarbons, it is 

curious that comparatively little research into the biological properties of these molecules 

has been carried out.  Indeed, the limited amount of biological data that is available 

suggests that the higher order components of these defensive secretions could have 

antibacterial properties on par with the less complex monoterpene structures such as 

trinervitane 3.10,11  Additionally, the ability of these molecules to immobilize insects has 

led some to speculate that these structures may hold the key to unlocking more effective, 
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“biorationally designed” insect repellants9 given that these structures originate in nature 

and therefore may be more environmentally benign or less toxic than current alternatives. 

From a synthetic standpoint, the higher order constituents of these secretions, 

particularly the kempanes, including but not limited to 6-9, and rippertenol (10), are 

thought to be the most demanding.  As one can see from an examination of the structures 

in Figure 1, these tetracyclic skeletons possess little complexity in terms of heteroatoms, 

yet are rich in stereochemical density.  The largely unfunctionalized structures present a 

challenge because the hydrocarbon framework can be notoriously unforgiving to those 

who fail to set each specific stereocenter in the appropriate sequence.  In fact, the history 

of synthetic approaches to these difficult targets largely comprises attempts that fall just 

short of the desired natural product.  Despite careful synthetic planning and painstaking 

execution, many attempts produce only closely related analogues; a single stereocenter, a 

methyl group, or even olefin positioning may be incorrect, and in spite of tremendous 

effort, structural revisions have proven unachievable despite much effort.   

This chapter aims to highlight the state of the art with respect to the synthesis of this 

general collection of natural products.  Its goal will be to investigate the particular 

insights and guiding principles that led different researchers to approach the kempanes 

and rippertanes in various ways.  Also, it will attempt to point out the potential pitfalls 

and challenges present in certain synthetic endeavors that may not be obvious from an 

initial or cursory inspection. 

While the major focus of this chapter will be on the kempane and rippertane families, 

some attention will be also paid to the trinervitane (such as 3-5) and seconervitane (such 

as 2) families as well, especially in cases where progress towards these families of natural 
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products helped to pave the way towards higher order structures.   Finally, worth noting 

is that while this chapter presents past synthetic work in a largely chronological fashion, 

some examples have been taken out of such an order if an important feature needed to be 

highlighted.  

 

1.2 Dauben’s Route to Kempane-2 

We begin our discussion of synthetic efforts towards the kempane natural products 

with the Dauben group’s approach to kempene-2 (9, Figure 1).12  As seen in Figure 1, 

kempene-2 (9) differs from its cousins kempene-1 (7) and 3-epi-kempene 1 (8) only in 

the oxidation state of the C-3 oxygen.  Thus, as the authors noted in their text,4,13,14 the 

completion of members such as 9 represents a formal total synthesis of other members 

such as 7 and 8.  Dauben’s work represented the first instance of a successful total 

synthesis of any member of the kempene family, and set the bar for subsequent work.  

The route took advantage of two Diels–Alder cycloadditions, as well as an intramolecular 

aldol condensation.  As will be discussed, Dauben’s use of an angular methyl group to 

direct the formation of two new stereocenters represented a crucial insight that would be 

imitated in subsequent efforts. 

The work began by effecting a Diels–Alder cycloaddition of 2,6–

dimethylbenzoquinone (12) with isoprene (11) to forge the initial decalin system.  

Reduction of the conjugated olefin with zinc and extended treatment with acetic acid 

under equilibrating conditions led to the desired trans ring juncture in 13 in modest yield 

(13%) from 11 and 12; the desired isomer was purified by crystallization.  Although these 

initial operations were successful in locking two stereocenters early in the sequence and 
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with relatively little effort, the low yield of these steps was a motivating factor for other 

groups in subsequent research.  

From the early bicyclic intermediate 13, numerous synthetic operations were 

necessary to give the α,β unsaturated ketone 14.   The researchers then induced isoprene 

to undergo a Diels–Alder cyclization, this time engaging the electron deficient olefin 

within 14 to give tricycle 15.  Although the reaction gave approximately 28% of the 

undesired regioisomer, even after extensive optimization of the conditions, the placement 

of the angular methyl group at the C-15 carbon was effective at ensuring that isoprene 

approached from only one face of the double bond, thus cementing two additional 

stereocenters.   
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Scheme 1  Dauben's approach to the kempane diterpenes

Reagents and Conditions: a) BF3•OEt2, 96 h.  b) Zn, HOAc, reflux, 13% over two steps. c) EtAlCl2, Isoprene, toluene, 80 °C, 24 
h, 66%.  d) OsO4, (CH3)3NO, acetone/H2O, 95%.  e) H2, 10% Pd/C, EtOAc, 88%.  f) NaIO4, dioxane H2O, 81%.  g) p-
TsOH•H2O, benzene, 80 °C, 2 h, 61%.  h) Ac2O, pyr., cat. DMAP, 66%  i) HCl, EtOH, 2 h, 68%.  j) PCC/Al2O3 hexanes/CH2Cl2, 
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With five more carbon atoms installed, work then began on contracting the newly 

formed six-membered A ring to the desired five membered alternative.  Removal of the 

benzyl protecting groups and oxidative cleavage of the trisubstituted olefin eventually 

gave rise to the capricious tricarbonyl-diol 16.  This molecule originally self-condensed 
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into an unexpected eight-membered enol ether upon treatment with p-TsOH as shown in 

Scheme 1.  Although this was not the desired product, it proved to be an advantageous 

means to protect the primary alcohol, as straightforward acetylation conditions were used 

to cap the remaining secondary alcohol to give 17.  Subsequent hydrolysis of the enol 

ether allowed the primary alcohol to be oxidized to the tricarbonyl 18, wherein the 

desired five-membered ring remained intact with the correct olefin placement.  Finally, 

dicarbonyl coupling under McMurry conditions15 with Ti0 gave the desired natural 

product (7).  Notably, although this disclosure appeared some years before subsequent 

attempts at synthesizing similar natural products, later work often failed to complete the 

desired total syntheses.  Thus, in spite of the low yields that Dauben suffered over the 

course of this synthesis, the inability of others to complete their final objective 

underscores the significance of this groundbreaking work.   

 

1.3 Paquette’s Approach to the Kempane Family 

We next turn our attention to the work of the Paquette group,9 whose strategy for 

completing 6, a member of the kempane family, appeared almost precisely one year after 

Dauben’s disclosure, and shared a number of noteworthy similarities with the work 

detailed above.  Indeed, both Paquette and Dauben began with a trans–fused octalone 

system with an angular methyl group at what will ultimately become the C-15 position.  

Whereas Dauben employed an intermolecular Diels–Alder reaction followed by acid-

catalyzed equilibration, Paquette generated a similar trans-bicycle using a modified 

Robinson Annulation protocol followed by a dissolving metal reduction to give the more 

thermodynamically stable architecture.  However, despite the differences in approaching 
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the initial ring system, Paquette, like Dauben, exploited the steric bulk of the C-15 

angular methyl group to direct the formation of what will ultimately become the five-

membered A ring. 

Thus, beginning with 3-isobutoxy-2-methyl-2-cyclohexen-1-one (19), the 

Paquette group generated the bicyclic ketone 20 by condensation with a modified 

surrogate for methyl vinyl ketone, followed ultimately by treatment with elemental 

lithium in ammonia to reduce the conjugated olefin.  Further manipulation gave the cross-

conjugated ß-ketoester 21, which proved to be the most suitable substrate for the ensuing 

cycloaddition reaction.   
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The group’s choice for a coupling partner was [2-

(acetoxymethyl)allyl]trimethylsilane, a compound that had been described initially by 

Trost,16-18 and subsequently utilized by the Paquette group.19 Indeed, Paquette had 

previously noted that electron deficient olefins can undergo a [3+2] cycloaddition with 

this trimethylenemethane (TMM) surrogate in the presence of Pd (II) to give five-
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membered rings with an exo olefin.19  Thus, treatment of 21 with TMM in the presence of 

Pd(OAc)2 and P(OEt)3 followed by a reduction with LiAlH4 gave the tricyclic compound 

22 in 98% yield.  Analogous to Dauben’s experience, the angular methyl at C-15 

prevented any of the TMM complex from approaching from the undesired face.  Thus, in 

one step Paquette was able to directly obtain the desired five-membered ring with 

complete stereocontrol.  On the other hand, the ensuing global reduction of both the ester 

and ketone exclusively delivered an equatorial hydroxyl group at C-3, which is not the 

stereochemistry found in the desired natural product.  Hoping to address this deficiency at 

a later stage in the synthesis, the team decided to press forward with completion of the 

seven-membered ring.  Subsequent reduction of the primary alcohol, oxidative cleavage 

of both double bonds and aldol condensation gave a mixture of isomers with respect to 

olefin placement (24 & 25).  However, although a small portion of material was obtained 

that had the requisite nonconjugated motif in place (25, 9%), half of the material balance 

was the undesired, conjugated product (24, 50%).  Furthermore, the two isomers could 

not be interconverted.  More importantly, the stereochemistry of the alcohol at C-3 could 

not be inverted at this stage under a variety of conditions, using either of the substrates.   

To address this critical second issue, the Paquette group elected to invert the 

stereochemistry of the C-3 alcohol before the intramolecular aldol condensation to 

generate the seven-membered ring.  Exploiting the ability of the primary alcohol to direct 

further hydride sources, the secondary alcohol within 22 was selectively oxidized to the 

corresponding ketone, and the desired inversion of stereochemistry was obtained upon 

treatment with NaBH(OAc)3.  Conversion of the newly formed diol to an acetonide set up 

a second ozonolysis reaction to deliver 26, followed by a second aldol condensation.  
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Although the desired stereochemistry of the C-3 hydroxy was now in place in this 

intermediate, the researchers were unable to obtain any of the desired natural product, 

because the sole product of the aldol condensation was the conjugated ketone 27.  As 

before, exhaustive attempts to deconjugate the α,β-unsaturated system were 

unsuccessful.  Thus, despite the Paquette group’s ability to forge the tetracyclic core of 

the kempane natural products and simultaneously highlight the power of Pd (II)-catalyzed 

[3+2]-cycloaddition chemistry16-19, this work is indicative of the challenges associated 

with attempting to correct an intermediate late in the synthetic sequence. 

 

1.4 Burnell’s Approach to the Kempane Family 

 Ongoing research in the kempane diterpene sphere towards targets such as 6-9 has 

been taking place since the late 1990s in the laboratory of D. Jean Burnell.20-24  Burnell’s 

work is reminiscent of Dauben’s strategy, in that the B and C rings were formed early in 

the sequence using a Diels–Alder cycloaddition with 2,6-dimethyl-1,4-benzoquinone as a 

dienophile.  However, instead of simply using isoprene as the diene partner and 

generating the five-membered A ring later, Burnell employed a diene in which the five-

membered ring was pre-formed.  Thus, three of the four desired rings were generated in 

one step, instead of two. 

Scheme 3 shows some of Burnell’s early work, in which 2,6-dimethyl-1,4-

benzoquinone was reacted with bicyclic diene 28 to form the tetracyclic lactone 29.  

Later disclosures by the Burnell group demonstrated that modified versions of this diene 

were also viable coupling partners, particularly a methylated variety such as 28a.22  

Burnell considered this approach particularly attractive, because in addition to setting the 
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C-15 angular methyl group, the group was able to cement the stereochemistry of the 

proton at C-7 with little effort.  Treatment of 29 with ethoxyacetylide and deprotection of 

the silyl enol ether gave a mix of the hemiacetal 30 and the corresponding free alcohol 

(structure not shown), both of which were viable substrates in the subsequent reductive 

step.  Notably, although Dauben was able to achieve only a 13% yield when he treated 

his initial bicycle with zinc in acetic acid, the Burnell group was able to employ the same 

reaction conditions to de-oxygenate 30 in 84% yield.  Additionally, these conditions 

proved sufficient to hydrolyze the ethoxyacetylide to the corresponding ester, and 

although the stereochemistry at C-1 was initially scrambled, stirring with HCl in 

methanol was sufficient to equilibrate to the desired trans ring system (31) in good 

conversion (64%). 
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With three of the desired rings in place, the Burnell team then turned its attention 

to formation of the seven-membered ring.  After a number of conventional protection and 

reduction steps to deliver 32, the stage was set for a final Diekmann cyclization.  

Treatment with t-BuOK readily gave the pentacycle 33.  This structure contained the 

correct stereochemistry at every center of the kempane diterpenes; however, it lacked a 

quaternary methyl group at C-4.  Additionally, although the lactone ring represents a 

carbon atom at the correct center, it has yet to be transformed into the desired methyl 

group.    
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 Indeed, despite the relative success of this early disclosure, later work showed that 

it was much more difficult than expected to install the remaining carbon functionality 

onto the kempane skeleton.  For example, it was found that the lactone moiety, which 

was originally anticipated to aid in the introduction of the C-8 methyl group, was 

recalcitrant to further manipulation.  Initial attempts at an outright reduction of the 

lactone with hydride sources gave the corresponding hemiacetal, while more forcing 

conditions simply led to elimination of the hydroxy to give an enol ether.  Attempts were 

even made to open the lactone earlier in the sequence, i.e. before the introduction of the 

ethoxyacetylide.  For example, it was thought that turning the lactone into a methyl 

ketone as in the putative compound 3422 would allow for condensation onto the C-11 

carbonyl as suggested in Figure 2.  However, this approach was also unsuccessful.   
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Figure 2   Burnell's Attempts at Installing Further Carbon Functionality

35  

 Correspondingly, the Burnell group was unable to install a needed methyl group 

at C-4.  In their first publication, the authors suggested that their hope was to turn the C-6 

oxygen into an unsaturated ketone, with the double bond extending to C-4.  From there, 

they expected to carry out a 1,4-addition of a carbon nucleophile to eventually give the 

methyl group, though specific efforts along these lines have not yet been described. 

Instead, two major efforts have been disclosed to try and install the C-4 methyl group.  

The first was an attempted cyclopropanation reaction on the silyl enol ether of a molecule 
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such as 29.  Work on a model structure had been successful at generating compound 3522 

(Figure 2); however, when corresponding conditions were applied to the real system, they 

failed to give any cyclopropyl adduct.  The second major effort employed 1,3-dithenium 

tetrafluoroborate22 as an electrophile in the presence of the same silyl enol ether.  

Although the Burnell group did report on the formation of the dithiane adduct 36 (Figure 

2), no further work with this compound was described.  
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Generation II, C6D6, !, 52%.  

 

 More recently, Burnell has addressed the issue of installing the C-8 methyl group 

within the seven-membered ring by employing a ring-closing metathesis strategy.24  

Beginning with 37, a modified version of diene 28 (this time with isopropenyl and 

methoxy functionality in place of the highly stable lactone) Burnell was able to effect a 

similar Diels–Alder transformation to give the tricyclic diketone 38.  Although it was 

necessary to reduce the C-6 ketone prior to treatment with allylmagnesium bromide to 

ensure selective attack at the C-9 ketone, this protocol, followed by a subsequent 

oxidation with Dess-Martin periodinane, ultimately afforded compound 39.  As in 

previous work, the newly formed tertiary alcohol at C-9 condensed onto C-7 to form the 

acetal.  Treatment of this compound with the Grubbs II olefin metathesis initiator gave 

compound 40 in 52% yield.   
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The ring-closing metathesis (RCM) strategy described above represents the most 

forward progress available to date from the Burnell group.  While the researchers were 

able to address the challenge of the highly stable lactone moiety using this model system, 

it remains to be seen if they are able to combine their latest RCM technique with methods 

developed in previous work, such as the generation of a trans–fused bicycle.  

Additionally, it did not comment on efforts to install a final methyl group at C-4. 

Nevertheless, this work does introduce olefin metathesis as a useful tool in generating 

these structures. As we shall see, olefin metathesis was used in subsequent efforts to 

forge the difficult seven-membered ring.   

 

1.5 Deslongchamps’ Approach to the Kempane Family 

 Fourteen years after Paquette’s seminal publication, Pierre Deslongchamps and 

coworkers offered a unique route to a 5-6-6 tricycle with high stereochemical control.25  

However, as they attempted to use an endgame strategy that was highly reminiscent of 

Paquette’s work, the team encountered similar challenges.  Deslongchamps’ overall 

strategy hinged upon a transannular Diels–Alder (TADA) reaction to form three rings 

concomitantly, with simultaneous generation of four stereocenters.  The Deslongchamps 

group has considerable experience with the TADA reaction, having explored and used it 

successfully to generate the ring systems of several complex natural products in previous 

endeavors.26-31  As shown in Scheme 5, Deslongchamps’ original goal was to produce a 

macrocycle 43, loaded with the reactivity needed for the key step, which they achieve in 

19 linear steps from the known lactone 42.  Pleasingly, the macrocycle underwent the 

desired TADA reaction in 93% yield upon heating in the presence of Et3N.  Compound 
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44, in which all four newly formed carbogenic stereocenters are in the desired 

orientation, was the only product formed under these conditions, thereby underscoring 

the power of this technique.    
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Scheme 5  Deslongchamps' TADA Approach to the Kempanes

27

Reagents and Conditions: a) Et3N, toluene, 180 °C, Sealed tube, 93%.  b) K2CO3, MeOH, reflux, 36 h, 70%

44

 

From there, Deslongchamps’ original plan was to epoxidize the disubstituted 

olefin in 44 and effect an internal aldol condensation after manipulation of the remaining 

functionality in the molecule. Transformation of the geminal methyl esters within 44 into 

a ketone and generation of a methyl ketone from the terminal hydroxyl group both 

occured via standard transformations to give 45.  Although this diketone did indeed 

undergo the condensation, the epoxide proved to be unreactive, and this path was 

abandoned.  Instead, the team elected to open the epoxide before the aldol condensation 

step.  Beginning again from TADA product 44, numerous synthetic operations afforded 

an alcohol at the C-3 position, which underwent condensation in (21%) yield.  

Unfortunately, the product (27) was spectroscopically identical to one that Paquette had 
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earlier reported (Scheme 2), and the Deslongchamps group likewise found it to be equally 

unresponsive towards further manipulation.  Even when they tried oxidizing the C-3 

alcohol to the corresponding ketone, the aldol reaction delivered a product 47 that the 

authors were unable to reduce or deconjugate.  This lesson re-emphasizes those from 

earlier works, namely individual steps must be ordered in a very precise way, and 

corrections to unwanted architectures may be difficult if not impossible to achieve in later 

steps. 

  

1.6 Hong’s Approach to the Kempane Family 

Continuing with the theme of intramolecular Diels–Alder cycloaddition (IMDA) 

reactions, we next turn our attention to the work of Bor-Cherng Hong and coworkers.32  

Hong’s group has utilized the fulvene moiety extensively in the past,33-37 and this work 

was designed to highlight the ability of fulvenes in particular to undergo intramolecular 

Diels–Alder reactions.   

H
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Scheme 6  Hong's approach to the Kempene Skeleton
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Reagents and Conditions:  a) Toluene, !, 71%.  b) DIBAL-H, then PhI(OAc)2, 71% over 2 steps.  c) TiCl2(Oi-Pr)2 CH2Cl2, 82%
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Hong began his sequence with the desymmetrized compound 48.  The lone 

stereocenter belongs to what will ultimately become the C-12 methyl group, thus this 

route did not need to engineer a way to set that center.  After a number of conventional 

steps to install the unsaturated ester as well as the fulvene, heating of the precursor 49 in 

toluene gave the Diels–Alder product 50 in 71% yield.  After a bit of redox chemistry, a 
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subsequent Prins reaction successfully closed the final ring to afford the tetracyclic 

structure 51.   

 The purpose of Hong’s disclosure was to demonstrate that molecular complexity 

could rapidly be achieved from simple starting materials by employing a fulvene to serve 

as at least one component of an intramolecular Diels–Alder reaction.  Indeed, within the 

same communication, the same general idea was employed to generate scaffolds that map 

nicely onto two other natural product groups.  Thus, although the disclosure was 

successful at meeting its intended goal, it is unclear whether this strategy can be deployed 

to deliver an actual kempane-based natural product.  For instance, although much of the 

desired stereochemical complexity of the natural product family is displayed within the 

final molecule, a number of carbon atoms were missing.  For example, the C-15 methyl 

group was missing within the final structure, leading one to wonder if the IMDA reaction 

would have been successful if this extra bulky group had been in place.  Additionally, the 

C-4 methyl group was absent, and considerable precedent from the Burnell group 

discussed above suggests that its installation may prove quite challenging.  Finally, in 

addition to the presence of an unwanted chloride and ester group, it should be noted that 

the placement of the olefins in the five- and seven-membered rings are not in the desired 

locations, and it is unclear how their transposition would be carried out.  Nevertheless, 

this work, taken with the Deslongchamps publication discussed above, does provide 

insight into how one would approach the creation of kempane systems more generally 

using an intramolecular cyclization sequence. 

  

1.7 Kato’s Approach to the Kempane Family 
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In perhaps an even more thought-provoking example of using intramolecular 

cyclization reactions to approach the kempane skeleton, Kato and coworkers leveraged a 

number of intramolecular reactions to eventually build a seconervitane skeleton 54 as 

well as a trinervitne scaffold 56 that could be converted to the trinervitane natural product 

4 (Figure 1).  In later work, the researchers showed that the same intermediate could 

serve as a platform from which to approach kempane architectures such as 7 (Figure 1).38-

41  Kato’s work is particularly instructive because it is based on the actual biosynthesis 

pathway of the kempane and rippertane diterpenes.  Indeed, beginning simply with 

geranylgeranoic acid chloride 52, application of SnCl4 at low temperature effected a Prins 

reaction to close to the macrocycle 53.  Further synthetic manipulation gave the bicyclic 

acetate 54.  At this point, inversion of the stereochemistry at C-2 and directed epoxidation 

of the exo- methylene followed by epoxide opening and chlorination of the resulting 

primary alcohol gave chlorodiol 55 after deprotection of both secondary alcohols.  
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Scheme 7  Kato's Biomimetic Approach to the Kempanes

Reagents and Conditions:  a) SnCl4, -78 °C, 72%.  b) AgClO4, -20 °C, THF, 68%.  
c) AgClO4, 20 °C, t-BuCl, 86%.  d) AgClO4, 20 °C, THF, 50%.  

Interestingly, this compound could be cyclized further to two different products in 

the presence of the same Lewis acid, depending on the temperature at which the reaction 

was performed.  So, at -20 ºC, treatment with AgClO4 gave the tricyclic trinervitane 

derivative 56.  However, treatment of the same molecule with AgClO4 at 20 ºC gave the 

tetracyclic kempane derivative 57, which could be converted into 4 (Scheme 1).  Notably, 

the same cyclization to compounds 56 and 57 was successful, and indeed more efficient 

on large scale, when a primary alcohol was used in place of a chlorine atom to serve as 

the leaving group.   
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Reagents and Conditions: a) Me3SiCl, THF, 0 °C to 25 °C, 27 h, 100%.  b) LiAlH4, 100%.  

 In a subsequent publication, the Kato group expanded on the above synthesis as 

workers explored a route towards an actual member of the kempane family.  Indeed, 

although the tetracyclic framework maps out nicely onto the kempane skeleton, a number 

of changes to oxidation state are necessary before an actual total synthesis could be 

declared.  While several synthetic operations are necessary to deliver the advanced 

intermediate 58 from starting compound 57, this compound is well placed to undergo 

subsequent chemistry.  Thus, treatment of compound 58 with hydrogen in the presence of 

palladium on carbon was sufficient to reduce both the conjugated olefin as well as the 

ketone within 58.  Subsequent oxidation of the alcohol back to the ketone and treatment 

with NaOMe to equilibrate the methyl group at the C-12 position was followed by 

removal of the ketone by further reduction and radical deoxygenation to give 59.  A 

selective removal of just one of the remaining alcohols proved to be quite tricky; 

however, a clever solution was eventually discovered.  Because pivalation was highly 

unselective, the authors elected to carry out an equilibration-controlled isomerization of 

the keto pivalates under basic conditions.  This strategy was ultimately able to furnish the 

protected alcohol 60.  From there, simple treatment with Me3SiCl followed by 

deprotection was able to furnish the diene 61.   

Although the epoxide at the C-7,8 olefin served as a clever protecting group for 

much of the synthetic route before helping unmask the anticipated diene, such 
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bifunctionality was unfortunately the exception more often than the rule.  Indeed, despite 

the success of this biomimetic route, a number of redox reactions and protecting group 

manipulations were necessary to advance the chemistry.  Such painstaking care was 

perhaps the only way to prevent or correct unwanted structural deficiencies from 

becoming intractable problems later in the route.  It will be interesting to see if this 

compound can be further elaborated to the desired natural product, given the difficulty 

experienced in the contemporary work in addressing such challenges.  For its part, this 

approach certainly does represent novelty, especially considering the way it solved the 

problem of the trans 6-6 ring junction at C-1,15.  Additionally, the fact that the final 

product of this research has all of the desired stereochemical information except for a 

single acetate group is impressive in its own right, and it should be noted that this is the 

only known route either to the kempanes or the rippertanes that does not at some point 

employ a Diels–Alder reaction. 

 

1.8 Metz and Schubert’s Route to the Kempane Family 

The final example of work towards the kempane skeletons comes from the 

laboratory of Peter Metz.42 Metz has been interested in the synthesis of kempane and 

rippertane-derived natural products for some time and this work represents the group’s 

first successful completion of a target molecule in the class.  The route began in a manner 

highly reminiscent of Dauben’s previous synthesis.  Indeed, the initial step was a Diels–

Alder cycloaddition between isoprene and 2,6 dimethylbenzoquinone to give compound 

13.  This reaction, however, is enantioselective thanks to an AlBr3-based oxazaborolidine 

catalyst pioneered in the Corey group.43,44  The catalyst greatly improved the efficiency 
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of the reaction, giving excellent regioselectivity and high enantioselectivity.  Indeed, 

thanks to the catalyst, the researchers were able to improve the overall yield for 

cycloaddtion followed by reduction of the initial bicycle with zinc and acetic acid to 30% 

compared to Dauben’s 13% for the exact same sequence.  Following routine synthetic 

manipulations, many of which are analogous to the initial Dauben route, the bicyclic 

ketone 62 was eventually produced.  Repeated alkylation of the enone fragment proved 

sufficient to generate the yne diene compound 64 via 63.  This molecule was now poised 

to undergo a cascade of metathesis transformations to eventually produce both the five- 

and seven-membered ring in one pot, to give the group’s first natural product, 9, after 

desilylation and acetylation of the C-14 alcohol.  Not shown is the straightforward 

treatment with LiAlH4 to give both epimers about the C-3 hydroxy group, both of which 

corresponded to natural products 7 and 8.  Indeed, because this chemistry is 

precedented,4,13,14 completion of 9 represents a formal total synthesis of the two other 

natural products. 
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Scheme 9  Metz's Synthesis of Some Kempane Diterpenes

I
d) MeLi

Reagents and Conditions:  a) n-BuLi, 1-bromopropene, THF, -78 °C, Me3Al, -78 °C, TBSOTf, 84%.  b) 2 N HCl, THF, 25 °C, 97%.  
d) TMSI, HMDS, THF, 25 °C.  e) MeLi, 0 °C, allyl iodide, HMPA, -20 °C, tol, reflux, 87% overall.  f) Grubbs' Catalyst Gen. II, CH2Cl2, 
reflux, 92%.  g) TBAF, THF, reflux, 100%.  h) Ac2O, Pyr, DMAP, CH2Cl2, 25 °C, 91%.
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 Besides being only the second successful total synthesis of any member of the 

kempane family, this route demonstrates an insightful and impressive use of olefin 

metathesis.  It is also the first enantioselective total synthesis of these molecules, thanks 

to the oxazaborolidine catalyzed Diels–Alder reaction.  It is worth noting explicitly, 
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however, that the only viable synthetic routes to the kempane diterpenes yet known all 

begin with the bicycle formed by a Diels–Alder reaction between isoprene and 2,6–

dimethylbenzoquinone.  Perhaps it is the ready availability of the starting materials that 

makes this route attractive despite the low yield upon reduction.  Regardless, the fact that 

it was reused further emphasizes the pioneering notions of the route that was originally 

put forth by Dauben in 1991.   

  

1.9 Metz, Bertels and Froehich’s Approach to Rippertenol 

 In addition to being interested in the kempane diterpenes, the Metz group has also 

pursued considerable explorations into the synthesis of rippertenol (10).  As seen in 

Figure 1, rippertenol differs from its kempane cousins primarily in the placement of an 

angular methyl group at the C-1 position.  Given the placement of this quaternary methyl 

group along with the suggestive placement of the tetrasubstituted double bond, some 

have speculated that rippertenol could arise via a carbocation-based methyl shift during 

its biosynthesis.45  In addition to the carbon framework, the oxidation state pattern is 

slightly altered.  For example, the saturation from C-6 to C-9 adds two new carbogenic 

stereocenters to the molecule.  Furthermore, the lack of an acetate at C-14 means that any 

synthetic approach must proceed with one less functional group to manipulate, or would 

require the removal of such a group if it was present.  Other nuanced differences exist 

such as the stereochemistry of the C-11 proton.  Nevertheless, despite these differences, 

the Metz group has delivered two unique synthetic approaches to rippertenol, each 

beginning from a chiral natural product. 
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 Metz’s first reported foray into the rippertane sphere was disclosed in 1993,46  

wherein they started with (–)-α-santonin (65) as their starting material.  This choice may 

well have been predicated on the fact that two of the desired stereocenters are already in 

place in this commercially available material, namely the C-12 methyl and the C-11 

proton.  The work began by rearranging the [6,6]–framework of the starting material 

under photochemical conditions early, to quickly generate the desired [5,7] system 66 as 

shown in Scheme 10.  Subsequent effort, including elimination of the acetate group at C-

8 and hydrogenation catalyzed by palladium on carbon, eventually succeeded at 

cementing the stereochemistry of the C-8.  Next, the saturated lactone was opened and 

the resulting chain was elongated to eventually give the aldehyde 67.  
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Scheme 10  Metz's First-Generation Approach to rippertenol

Reagents and Conditions:  a) HCl, DMF, 100 °C, 77%.  b) t-BuOK, Tol, 20 °C, 69%.  c) h!, AcOH, 17 
°C, 33%.  d) KOH,MeOH, reflux, 69%.  e) MsCl, Et3N, CH2Cl2, 0 °C.  f) LiBr, DMF, reflux.  g) LiAlH4, 
Et2O, -78 °C to 20 °C, 99%.  h) HCCCH2Br, KOH, TBAI, 20 °C, 94%.  i) t-BuOK, t-BuOH, reflux.  j) 
TsOH, H2O, THF,-BuOH, 47% over 2 steps.  k) TPAP, NMO, CH2Cl2, 20 °C, 79%.  

 

24



 

An intramolecular vinylogous aldol condensation then proceeded over three 

distinct chemical steps, with the elimination conditions being sufficient to invert the 

proton stereochemistry at C-7 simultaneously.  Treatment of the resulting crude product 

with a rhodium catalyst enhanced the proportion of the desired, conjugated product in the 

initial mixture.  From there, a stereoselective reduction of the carbonyl correctly oriented 

the hydroxy group, which undergoes an SN2 propargylation to deliver 68.  This set up an 

intramolecular Diels–Alder cyclization under basic conditions, an event which proceeded 

via the allenyl ether to give the pentacyclic enol ether 69 while cementing the C-4 

stereocenter.  The resulting enol ether was unstable and was thus rapidly hydrolyzed to 

the more stable hemiacetal and oxidized to the corresponding lactone 70 to eliminate 

complications arising from diastereomers. 

This seminal route to rippertenol effectively dealt with the challenge of securing 

most of the desired stereochemistry within natural product, as well as forming the seven-

membered ring.  Furthermore, in response to the challenge of synthesizing a molecule 

with few functional handles, the authors were careful to use the heteroatoms they did 

have efficiently.  For example, the C-5 oxygen was utilized multiple times to help close 

the six-membered B ring, and later helped guide the diastereospecific cyclization.  Thus, 

this work offered a number of insights into ways to approach construction of this difficult 

target.  However, some challenges remain unaddressed.  Most notably, the quaternary 

methyl group at C-1 is absent, and although the authors suggested in their initial 

communication that they were working to install it, no details were provided as to how 

that operation would be carried out.  Furthermore, adjustment of the lactone to deliver the 

desired hydroxy with the desired stereochemistry does not appear to be trivial at this 
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stage.  Ultimately, in later endeavors, the Metz group opted for a completely different 

strategy towards rippertenol. 

 

1.10 Metz and Hennig’s Approach to Rippertenol 

The group’s second-generation approach began with another natural product, (–)-

isopulegol (71), as a feedstock.47  Although the group had previously used this starting 

material to generate the hydroazulene core of rippertenol,48 the authors in their final 

approach choose not to use that intermediate.  Instead, they began by expanding the six-

membered ring of intermediate 72 to generate the seven-membered ring 73 early, as in 

the previous case.  Although two isomers are generated, only one of which was desired, 

alteration of the undesired ring eventually gave the correct isomer 73 in 57% overall 

yield.  Next, treatment with t-BuOK furnished a [6,7]–bicycle via an intramolecular aldol 

condensation.  
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Scheme 11  The Metz Group's Second Generation Approach to Rippertenol

Steps

Reagents and Conditions:  a) t-BuOK, t-BuOH, THF, 65 °C, 81%.  b) LiHMDS, allyl iodide, 0 °C, THF, 84%.  c) PdCl2, benzoquinone, DMA, 
H2O, 35 °C, 85%.  d) t-BuOK, µ-wave (150 W), 40 °C, 10 min,64%.  e) LiAlH4, Et2O, -78 °C to 0 °C, 100%.  f) Propargy bromide, TBAI, aq. 
KOH, toluene, 25 °C, 91%.  g) t-BuOK, t-BuOH, THF, µ-wave (300 W), 150 °C, 15 min, 83%.  h) TsOH, H2O, THF, 25 °C, 80%.  i) TPAP, 
NMO, MS 4 Å, CH2Cl2, 25 °C, 100%.  j) LiHMDS, MoOPh, -78 °C, 85%.  k) KOH, LiAlH4, THF, 25 °C to reflux, 89%.  l) NaIO4, H2O, THF, 25 
°C, 98%.  
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Generation of the kinetic enolate and alkylation with allyl iodide followed by a 

Wacker oxidation49 set up a final ring closure to form the unsaturated ketone 74.  In a 

manner analogous to their previous work, the Metz group then employed a 

stereoselective reduction with LiAlH4 and alkylation with propargyl bromide.  Likewise, 

an intramolecular [4+2] cycloaddition succeeded in delivering 76 from 75 with complete 

diasteroselectivity upon treatment with strong base.  Furthermore, the enol ether  76 was 

once again converted into a lactone.  However, in this case the lactone was removed to 

give the nor-methyl product.  Alpha hydroxylation of the carbonyl and ensuing reduction 

to give a triol afforded the keto-alcohol upon treatment with NaIO4.  The remaining 

alcohol served as a directing group to deliver a hydride to the ketone in 77 and forced the 

C-3 hydroxy into the desired orientation with high diastereoselectivity.  After some 

protecting group manipulations, the undesired alcohol was removed under radical 

conditions with AIBN and Bu3SnH, and the molecule was deprotected.   

This sequence came closer to the natural product than the previous one, in that it 

succeeded in removing the unwanted lactone group and installed the desired hydroxy 

group in the necessary orientation.  Additionally, the authors’ shrewd use of (–)-

isopulegol (71) delivered three of the seven stereocenters in the molecule from the 

beginning, allowing them to focus more effort on the creation of the carbon skeleton.  

However, the similarities between this sequence and the first generation attempt are 

indeed quite striking.  The use of a Diels–Alder reaction between a propargyl ether and a 

tricyclic diene proved unsuccessful in both cases to generate the needed 1,4-cis methyl 

groups.  Indeed, these papers together suggest that the Diels–Alder reaction does not 

work when both methyl groups are in place in the diene.  This would be a reasonable 
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assumption based on the steric crowding that an added methyl group would impose, 

though the authors do not comment on this feature.  Perhaps the most important lesson 

from both of Metz’s attempts is that it is the twin methyl groups at carbons 1 and 4 are 

the key to synthesizing rippertenol.  Indeed, it would seem that Metz is focused more on 

generation of the seven-membered ring, given that in both of his approaches he chooses 

to address that issue very early on.  However, a molecular model of the natural product 

shows that the methyl groups at C-1 and C-4 are both oriented in a pseudo-axial position 

because the central ring exists in a boat conformation.  The amount of strain inherent in 

such an architecture is apparent upon inspection of the model.  This suggests that 

installation of one of the methyl groups at a late stage in the synthesis is a difficult 

proposition at best.   

 

1.11 Conclusion 

As one can see, both the kempane diterpenes as well as rippertenol represent 

formidable synthetic challenges.  In order to reach the desired target, an approach must be 

carefully orchestrated, and unexpected difficulties may arise when attempting otherwise 

routine steps.  Thus, synthetic efforts towards these molecules have challenged the state 

of the art of modern chemical capabilities, and have been the catalyst for numerous 

methodological advances, not to mention serving as a proving ground for established 

chemistry.  
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Chapter 2 

Completion of a Unique Tricyclic Core of Rippertenol 
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2.1 Introduction 

As suggested in Chapter 1, it was a careful survey of the primary literature, 

coupled with firsthand experiences in the laboratory over the course of several 

generations that ultimately led to a route that was successful in delivering the desired 

natural product.  Though some of the early efforts towards rippertenol did not lead to 

actual total syntheses and these routes were ultimately abandoned, they were beneficial 

from the standpoint of learning.  Indeed, as shown in Figure 1, among the earliest 

synthetic schemes was an attempt to use the Hagemann Ester (2)1 as a dienophile in a 

Diels–Alder cycloaddition with a specific and unique diene system (1) to forge a 6,6–

bicyclic intermediate (3) from which the rest of the natural product would then be 

pursued.  Unfortunately, the diene system proved difficult to synthesize, and even when it 

was prepared, the desired Diels-Alder reaction did not take place.  In fact, this outcome 

was potentially unsurprising given the lack of literature precedent for Diels–Alder 

reactions using the Hagemann Ester as a dienophile, as well as the mercurial nature of the 

diene starting material.   

Figure 1  An early synthetic approach to rippertenol via a Diels-Alder reaction
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Other such endeavors similarly did not yield fruit in the sense of a highly 

advanced intermediate, but instead were valuable in terms of the way they instructed the 

efforts that eventually did reach the intended target.  Indeed, early synthetic attempts such 
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as the one described above, and others like it, highlighted a central challenge that would 

need to be addressed repeatedly and carefully over the course of this work, namely the 

ability to synthesize a highly complex molecule that is virtually devoid of all 

functionality.  Rippertenol’s seven stereocenters, two of which are quaternary, belie the 

fact that there is only a single oxygen atom in an otherwise purely hydrocarbon structure; 

the only element of unsaturation is a tetrasubstituted alkene buried deep within the 

molecule.  Indeed, the target’s rich stereochemical complexity demands precise, 

controlled reactions to ensure an efficient synthesis.  Once again, that challenge is 

compounded due to the fact that there are almost no functional handles with which to 

form bonds.  Thus, a major hurdle to overcome is the issue of selective carbon-carbon 

bond formation.   

Furthermore, as highlighted in Chapter 1, corrections to skeletons of this type are 

exceedingly difficult to achieve.  Paquette’s work,2 in particular, highlighted the fact that 

seemingly straightforward chemistry such as deconjugating an olefin or inverting the 

stereochemistry of an alcohol, can fail on these carbon scaffolds.  Therefore, we wanted 

to avoid any potential ‘mistakes’ within the molecule that would need to be corrected 

later, especially towards the end of the route.  Our goal was also not having excess 

functionality in the molecule that would have to be removed unnecessarily.  Achieving 

these ends, however, is obviously easier said than done.  Our aim was that any 

heteroatom functionality that was introduced in the molecule would ideally be used more 

than once.  Certainly, we knew that not every atom would take part in multiple 

transformations, but the idea was to be sparing with our use of functionality and not 

introduce more than was absolutely necessary, in an attempt to not require excessive and 
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difficult steps at the end of the synthesis.  Towards that end, this chapter begins with a 

discussion of the previous synthetic efforts towards rippertenol. 

At the time our work began, there was only one research publication specifically 

dealing with the total synthesis of rippertenol available, which was disclosed by Metz in 

1993.3  This approach, highlighted in Chapter 1, utilized a largely standard sampling of 

the current synthetic lexicon.  It began with a known chiral source, and proceeded via 

established chemistry such as aldol condensations, base-promoted epimerizations, and 

SN2 reactions to forge key bonds and stereocenters.  In particular, the known 

photochemical rearrangement of 6-epi-β-santonin4,5 was clever and insightful, and an 

intramolecular Diels-Alder reaction did indeed influence the current work by 

foreshadowing a similar reaction, but one of the central lessons learned from Metz’ 

previous research was that considerable synthetic progress could be made by using 

conventional techniques.  Indeed, the terpene class of molecules appears to be suited to 

straightforward, robust chemistry, but the key is how those steps are orchestrated.   

However, despite the careful attention paid to stereochemistry and other factors as 

well as the elegance of their initial route, the approach could not address the placement of 

the methyl group at C-1 (see Figure 2, below); in fact, there is no clear way to address it.  

Although the tertiary center at which the methyl group is required is allylic, it appears 

largely unactivated, and little precedent exists for clean methylation of allylic carbons.  

Furthermore, even if this feat could be accomplished, there are three possible sites that 

could be methylated, all of which seem to share a roughly equal amount of steric 

hindrance.   
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It seemed clear after the first disclosure in 1993 that the desired 1,4-diaxial methyl 

groups would never be cemented as desired using Metz’s intramolecular Diels-Alder 

approach; the diene system appeared to be simply too sterically hindered to adopt the 

necessary cis-diene orientation if both methyl groups were present.  These suspicions 

were circumstantially confirmed in 2009 when Metz disclosed his second-generation 

synthesis using largely the same intramolecular Diels-Alder strategy, discussed in 

Chapter 1.6  As before, Metz had paid painstaking attention to the stereochemical 

elements of his synthesis, and had shrewdly used functional groups sparingly to achieve 

an elegant synthesis.  However, once again there was a noticeable omission, this time of 

the other methyl group.  Whether such a group can be installed late in the sequence 

remains to be seen.   

Taken together, these two synthetic approaches served as a powerful warning 

about the importance of the quaternary centers at C-1 and C-4.  This lesson was the key 

that helped define the central strategy of our synthetic endeavor: to establish the pseudo-

axial methyl groups at C-1 and C-4 early in the synthesis and with the desired 

stereochemistry before the molecule became too complex or strained to accept their 

installation.  In other words, we learned from the Metz group that establishing the 
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quaternary carbons was one of the key challenges, if not the central challenge, to be 

addressed.   

From a two-dimensional perspective, it is difficult to ascertain the precise 

orientation of the two angular methyl carbons attached to C-1 and C-4.  It is only when 

one builds a three-dimensional model that one discovers that both methyl groups exist in 

a pseudo-axial conformation, thanks to the multi-ring system that forces the methyl 

groups into this requisite, but high-energy orientation.  Indeed, the central ring common 

to both methyl groups exists in a boat-like conformation thanks to the constraints 

imposed by the other rings; this is in fact the only possible way for cis substituents at the 

1 and 4 positions of a cyclohexane ring to both be simultaneously disposed axially.  Due 

to this positioning, it was thought the methyl groups might be able to block one face of an 

intermediate from the approach of reagents, and we hoped to leverage that characteristic 

to achieve stereoselectivity in later reactions.  Similarly, the rest of the natural product is 

largely cupped, with the seven membered ring dipping below the plane defined by the 

five-and six-membered rings.  This shape imparts both a convex and a concave face to 

rippertenol, another element that we hoped to exploit as well late in the sequence when 

defining the stereochemistry at C-12. 

 

2.2  Approaches to a Tricyclic Core 

Based on the analysis described above, we decided that our first challenge would 

be to synthesize a ‘core’ intermediate that would then be further elaborated to rippertenol, 

as shown retrosynthetically in Figure 3.   
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The most important feature of this core would be that it should minimally have 

both quaternary carbons at C-1 and C-4 set with the correct stereochemistry.  Not only 

that, but we intended for the methyl groups emanating from these carbon atoms to both 

be pseudo-axially disposed, in the high-energy orientation seen in the natural product.  

Originally, it was not clear what other kind of additional functionality or constraints 

would need to be present in this core to achieve these goals as well as help drive the 

synthesis forward beyond the core structure, though we anticipated that such constraints 

would best be achieved in a form similar to 8, as a tricycle.  To prepare this intermediate, 

we conjectured that a dual aldol condensation sequence on a central cyclohexanone 

fragment similar to 7 could potentially afford the required conjugated olefins.  The 

tricyclic nature of the resulting structure 8 would inherently force both methyl groups to 

become axial, and once they were set, they would be expected to be unreactive to further 

chemistry.   

Given such a molecule, we projected that a [4+3] cycloaddition reaction7-10 across 

the electron-deficient diene system could serve to complete rippertenol, insomuch as it 

would succeed at installing the necessary tetrasubstituted olefin buried deep within the 

molecule elegantly and efficiently.  We recognized that much of the [4+3] literature7,8 

employs electron–rich dienes such as dihydrofurans, while the intermediate 8 is an 

electron–deficient diene.  However, we reasoned that it would be possible to adjust the 
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electronics of the system, for example by reducing the carbonyl, in order to bring about a 

matched [4+3] case. 

This chapter details efforts to generate of the tricyclic core (8) of rippertenol (4) 

that has the methyl group stereochemistry at C-1 and C-4 in place prior to subsequent 

cycloaddition chemistry.  Later, we will see that these methyl groups within the core play 

a role in defining three additional stereocenters later in the route.  

 

2.3 Use of Pd(0)-Catalyzed Allylation to Selectively Generate the Quaternary 

Stereocenters of the Rippertenol Core 

 Although (–)-cyanthiwigin F11-13 (12, Figure 4) does not share a common 

biogenetic origin with rippertenol, the coincidental placement of its two angular methyl 

groups at the 1 and 4 positions of a central six-membered ring made its synthesis a 

convenient place to look for ideas for approaches to the rippertane core described above.  

The Stoltz group’s recent route to cyanthiwigin F14 is briefly shown in Figure 4.  After 

establishment of the stereodefined diketone 11 from a stereorandom diketoester 9, a 

desymmetrization reaction was carried out by treatment with a strong amide base and 

PhN(Tf)2.  This event gave an enol triflate that was later subjected to a Negishi cross-

coupling reaction.15  Further manipulation led the team to their intended goal.   

It seemed upon reading this disclosure that the authors shared a similar view 

about the importance of installing the angular methyl groups in an early synthetic 

intermediate.  Indeed, the key step of the entire route is aimed at setting the 

stereochemistry of both methyl groups beginning with a stereorandom compound.  Thus, 
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this approach served as a model for our first-generation attempt at securing our desired 

tricyclic core. 
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Figure 4  Stoltz's approach to cyanthiwigin F
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Reagents and Conditions:  a) 10 (0.055 equiv), Pd(dmdba)2 (0.5 equiv), Et2O, 25 °C, 30 min, then 9, 
25 °C, 10 h, 78%.  

In brief, our retrosynthetic scheme was to generate the same key cyclic 

intermediate as the Stoltz group and selectively hydroborate and oxidize one of the 

monosubstituted alkene groups to eventually set up an intramolecular aldol condensation 

with the appropriate ketone.  Afterwards, much of the same hydroboration/oxidation 

chemistry would then be repeated on the other olefin to set up a vinylogous 

intramolecular aldol condensation.16  This idea is nominally the same vision that was 

outlined in Figure 3.  Alternatively, we wondered if selectively protecting one of the 

carbonyl groups would allow us to elaborate both olefins to aldehydes simultaneously, 

then carry out a single aldol condensation to selectively close the five-membered ring 

before further manipulating the other pendant aldehyde.  Importantly, intermediate 11 has 

two carbonyl groups.  It was hoped that one of the carbonyls could serve as a basis for 

both of the intramolecular condensation reactions, while the other could eventually be 

reduced to give the hydroxy group found in the natural product at C-3, thus making this 

starting point all the more convenient. 
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Thus, our work began by repeating the literature precedent set by Stoltz and 

Enquist.14  First, succinic anhydride (17) was opened with allyl alcohol under refluxing 

conditions to give diallyl succinate (18) in 89% yield which was then self-condensed via 

a tandem Claisen-Diekmann process using NaH.  The resulting β-ketoester was readily 

alkylated with MeI and K2CO3 at 50°C in dry acetone to give 19 in 65% yield over two 

steps.  Because the sequence had begun using only achiral reagents, the symmetric ester 

precursor contained undefined stereochemistry at both α-positions.  However, under the 

expulsion of carbon dioxide, the stereochemistry at each of these centers was ablated in 

turn, and the corresponding enolate was allylated with well-defined orientation thanks to 

the presence of a chiral catalyst (10) to deliver 11 in 78% yield.  The efficiency of this 

reaction is apparent upon inspection of the relevant stereochemical numbers: 99% 

enantiomeric excess as reported in the literature, with a 4.4:1 diasteroemeric ratio with 

respect to the unwanted meso compound.  Notably, at this early stage we used a more 
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readily attainable catalyst based on 3-methylvaline.17  This gave us stereochemistry that 

corresponded to the enantiomer of our natural product, but we noted that if necessary we 

could make the opposite catalyst to give us the desired stereochemistry should this route 

prove to be selected for further scale-up. 

O

11

Scheme 2  Synthesis of symmetric diketone 11
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(0.28 equiv.), NaH (2.5 equiv.), toluene, 95 °C, 10 h, 76%. c) K2CO3 (4.1 equiv.) MeI (5.1 equiv.), acetone, 50 °C, 6 h, 85%. d)
(Pd(dmdba)2 (0.05 equiv.), 10 (0.055 equiv.) Et2O, 25 °C, 10 h, 78%.

10d)

 

 

While the authors were able to successfully desymmetrize the symmetric diketone 

11 in a different way than we required, our efforts found this challenge more daunting 

based on the functionality that needed to be desymmetrized for our synthesis.  As a test 

reaction to probe the feasibility of selectively manipulating just one functional group, 

diketone 11 was initially reduced in the presence of DIBAL-H at -78 °C in toluene by 

slow addition of the reducing agent.  Treatment with an aqueous solution of Rochelle’s 

Salt at this temperature was sufficient to quench the reaction, and subsequent stirring (~1 

h) gave a mono-alcohol as a mixture of diastereomers.  It could then be re-oxidized 

successfully by treatment with the Dess-Martin periodinane at 25 °C to deliver back the 

original diketone starting material 11.  Furthermore, mono-formation of a silyl triflate 

using KHMDS and TBSOTf at -78 °C according to the literature precedent14 was 

successful.  However, aside from instructing us about the reactivity of the molecule, these 
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steps did not bring the current work any closer to completion.  In order to truly progress, 

effort would have to be made to desymmetrize the molecule in other ways. 

It was thought perhaps that monoketalization, or some other kind of protection of 

one ketone, would be an effective way to desymmetrize intermediate 11.  The rationale 

for such a move was that given a monoketal, both terminal alkenes could potentially be 

oxidized to the corresponding aldehydes together.  In the presence of base, however, it 

was expected that the five-membered ring would close first, forcing the remaining 

aldehyde to remain unreacted.  This remaining aldehyde, in turn, could be transformed 

into a methyl ketone and condensed onto the free, unsaturated carbonyl.   

Unfortunately, attempts at monoketalizing the starting material proved fruitless, 

presumably due to the steric bulk inherent in the neopentyl nature of the ketones.   

O

11

Table 1  Desymmeterization attempts with diketone 11

O

19

Conditions

O

O

Entry Conditions Result

2 Ethylene glyclol, PPTS, (MeO)3CH, benzene, 60 °C, 12 h. Unidentified products

4 Ethylene glycol, PPTS, benzene, mol. sieves, 80 °C, 6 h. Starting material

6 Ethylene glycol (> 8 equiv.), PTSA, 100 °C, 72 h, Double ketalization 20

5 Ethylene glycol, PTSA, benzene, mol. sieves, 80 °C, 6 h. Starting material

3 Ethylene glycol, BF3•OEt2, CH3CN, 25 °C, 12 h. Unidentified products

1 Neopentyl glycol, PPTS, benzene, 100 °C, 12 h. Unidentified products

O

Monoketalization Attempts

Ether formation attempts

7 KHMDS, Me3O•BF4, THF, -78 °C to 25 °C, 6 h. Unstable product

KHMDS, NTf2Ph, toluene, -78 °C to 25 °C, 6 h. Unstable Product

DIBAL-H, followed by TBSCl, imidazole, CH2Cl2, 25 °C, 12 h. Alcohol recovered
DIBAL-H, followed by TBSOTf, imidazole, CH2Cl2, 25 °C, 12 h. Alcohol recovered

8

9

10

20

O

O

O

O

+
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Despite exploring a range of conditions shown in Table 1, no monoketal was 

observed.  Indeed, when conditions were made more forcing as in entry 6, only the 

corresponding diketal 20 was formed in 27% yield.  

Furthermore, even though mono-reduction of one carbonyl was successful as 

described above, attempts at silyl protection of such an alcohol did not proceed as 

desired.  Indeed, neither TBSCl nor TBSOTf were successful at silylating the hydroxy 

group that was the result of mono-reduction with DIBAL-H.  Although success was had 

with forming an enol ether on just one ketone (both silyl-based as well as carbon-based), 

such structures proved unstable to further conditions and were thus abandoned. 

At this point, work towards manipulating one or both carbonyl groups in 11 was 

largely put on hold in favor of a different means of desymmetrization.  We had always 

known that it would eventually be imperative to selectively react one of the terminal 

olefins, and we had begun our explorations on the carbonyl moiety to some extent 

because of some literature precedent in that direction.  Our focus shifted to a 

hydroboration/oxidation protocol to selectively oxidize just one of the olefins.  Although 

test reactions on model substrates containing only one alkene were successful, treatment 

of the needed substrate (11) with reagents such as BH3•THF or 9-BBN in THF at 0 °C 

and warming to 25 °C followed by workup with H2O2 and NaOH or Na2CO3•1.5H2O2 

and heating to 50 °C was unsuccessful.  Instead, an intractable mixture was observed, due 

to the presence of a statistical mixture of hydroxylated olefin products, coupled with the 

result of unselective ketone reduction of the ring ketones, as suggested in Table 2.   
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11

Table 2  Desymmeterization attempts with diketone 11

O

21

Conditions O

O

OH

Entry Conditions Result

2 BH3, 0 °C, THF, 12 h, Na2CO3•1.5 H2O2 50 °C, 2 h. Mixture of products; trace 21

5 9-BBN, 0 °C, THF, Na2CO3•1.5 H2O2 50 °C. Mixture of products; trace 21

7 m-CPBA, 0 °C, CH2Cl2, NaHCO3 12 h,
8 Dioxirane, 0 °C, CH2Cl2.

Bayer- Villiger oxidation
Trace epoxide

6 BH3•Me2S, H2O, NaBO3, 25 °C, 2 h. Decomposition

4 BH3•THF, benzene, 25 °C, NaOH, H2O2, 12 h. Mixture of products; trace 21

1 BH3•THF, THF 0 °C, 1 h, NaOH, H2O2, 1 h. Mixture of products; trace 21

Methyl(trifluoromethyl) dioxirane, MeCN, 0 °C, 3 h. Unidentified products9

3 BH3, 0 °C, THF, 2 h, then 25 °C,2 h, Na2CO3•1.5 H2O2 50 °C, 2 h. Mixture of products; 3.5% 21

 

Other protocols, such as treatment with m-CPBA led to a Baeyer-Villiger 

oxidation18 instead of the desired mono-epoxide.  Although some mono-epoxide could be 

obtained upon treatment of the substrate with DMDO (entry 8), this epoxide did not open 

as desired in the next operation using BF3•OEt2.  At this point, we began to question 

whether this particular sequence was the best one suited for our intended goal.  Although 

we had been impressed by the rapidity with which we had installed two difficult 

quaternary chiral centers, subsequent chemistry was considerably less attractive.  We 

therefore considered that it might be worthwhile to begin exploring the possibility of 

installing the desired functionality one group at a time.   

Before abandoning the idea, however, we sought to at least use the substrate in 

hand to prove the principle of our intended sequence.  In other words, although we knew 

that the route was too inefficient to be scaled to necessary levels, we hoped that we could 

still harvest some useful information about the properties of scaffolds with the intended 

1,4–diaxial methyl motif.  Thus, although treatment of 11 with BH3•THF gave only 3.5% 

yield (Entry 3, Table 2), enough product was obtained to press forward.   
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Scheme 3  Elaboration of symmetric diketone 10 to bicycle 24.
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Reagents and Conditions: a) BH3•THF (0.6 equiv.), THF, 0 °C to 25 °C, 2 h, then Na2CO3•1.5H2O2, 50 °C, 12 h,  
3.5%.  b) DMP, (9 equiv.), CH2Cl2, 0 °C to 25 °C, 30 min, 65%.  c) NaOMe (cat.), MeOH, 80 °C, 12 h, >90%.  

The alcohol 21 was then oxidized in the presence of the Dess-Martin periodinane 

at 25 °C to give the corresponding aldehyde 22 in 65% yield.  Subsequent treatment with 

MeONa in MeOH at 80 °C gratifyingly gave the desired condensed product 23 in greater 

than 90% yield with a second terminal alkene unreacted.  Although this proof-of-

principle reaction was heartening, we now had to find a more reliable and effective way 

to generate the desired core given that desymmetrization had proven ineffective on large 

scale. 

 

2.4 Application of Enamine Chemistry to Approach the Tricyclic Core 

Encouragingly, useful precedent came from work conducted by the Dana group,19-

21 in their efforts focused on enamine alkylations of bicyclic systems.  As shown in 

Scheme 4, these endeavors suggested that sequential alkylation of such bicycles would 

result in >95:5 selectivity for the desired stereochemistry of the substituents in a relative 

sense.19  Thus, initial model studies were carried out to see if such targets could be 

developed for our use.   
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a) Pyrrolidine b) MVK c) Pyrrolidine

Scheme 4  Precedent reported by the Dana group for stereoselective alkylation via enamine catalysis.

a) Pyrrolidine (3.4 equiv.), PTSA (cat.), 100 °C, 12 h. b) Methyl vinyl ketone (4 equiv.), dioxane, 100 °C, 48 h. 
c) Pyrrolidine (solvent), reflux, 5 h.  

Thus, our efforts began by reacting 3-methyl-2-cyclohexen-1-one (28) in a 

conjugate fashion at 0°C with the Grignard reagent produced by treatment of 2-(2-

bromoethyl)-1,3-dioxane with elemental magnesium.  Subsequent condensation of the 

acetal with HCl in THF at 25°C gave bicycle 3122 in 2% overall yield according to the 

precedent Helquist.  Heating this compound with pyrrolidine, attended by concomitant 

removal of water thanks to a Dean-Stark trap, afforded cross-conjugated enamine 32.  

This compound was alkylated in the presence of methyl vinyl ketone at reflux to give 

diketone 33a and 33b in 22% yield as a 1.3:1 mixture of diastereomers. The fact that two 

different diastereomers were recovered in roughly equal parts suggests either some 

equilibration process, or that there was no control in the first addition of methyl vinyl 

ketone. 
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Scheme 5  Efforts toward the desired tricycle via enamine catalysis.
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Reagents and Conditions: a) 2-(2-bromoethyl) 1,3-Dioxane (4 eqiv.), Mg, (4 equiv.), 
CuI, (2 equiv.), Et2O, 0 °C, 1 h.  b) THF, 0.1M HCl (cat), 2% overall. c) Pyrrolidine 
(3.4 equiv.), PTSA (cat.), 100 °C, 12 h, 2% over 2 steps.  d) Methyl vinyl ketone (4 
equiv.), dioxane, 100 °C, 48 h, 22%, 1.3:1. e) Pyrrolidine (solvent), reflux, 5 h.

d) MVKe) Pyrrolidine
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The rapid access to this model system was encouraging because literature 

precedent suggested that it would be relatively easy to mimic similar chemistry on the C-

1 methylated alternative, and we were hopeful that even with an oxygen substituent at the 

C-4 position, analogous chemistry would prove fruitful. 

However, despite the literature precedent and the ease with which the initial steps 

were carried out, a final condensation of the mixture of 33a and 33b to give 34 in the 

presence of pyrrolidine was unsuccessful in our hands.  Indeed, only starting material and 

other unidentified products were recovered when the diketones 33 were heated under 

Dean-Stark conditions in the presence of pyrrolidine; other variations on these conditions 

afforded similar results.   

Other condensation protocols that did not invoke enamine chemistry were 

similarly unsuccessful.  For example, treatment of the mixture 33 with a trace of aqueous 
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HCl in the presence of MeOH at 25 °C gave a rearranged product as a 2:1 mixture of 

diastereomers in nearly quantitative yield that, although interesting, did not advance our 

intended target.  Initially, the product of these conditions was thought to be the tricycle 

35, wherein we thought that an equivalent of methanol had added in a 1,4-fashion to give 

the saturated ketone, followed by condensation.  This initial conjecture was made based 

on the clear methoxy signals present in the 1H NMR spectrum at δ 3.24 and 3.22 ppm.   

 

Scheme 6  Unexpected rearrangement of the mixture of bicycles 33 in methanolic acid
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Reagents and Conditions: a) MeOH, HCl (aq.) (cat.) 30 min, 25 °C, >95%.
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However, treatment of this compound with strong base such as DBU or KOt-Bu 

effected no reaction.  On the other hand, treatment with aqueous HCl in THF (no MeOH) 

reverted 38 back into the methyl ketone 33, also in quantitative yield.  On the basis of this 

data, coupled with the fact that the compound in question is not seen under UV light, 

which was curious given that we assumed it had a system of extended conjugation, we 

suggest compound 38 as the actual rearranged structure.  Such a molecule does not have 
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an active conjugated system, nor does it have an acidic proton from with which to 

eliminate methanol under mild conditions. 

Finally, we found that we were able to reduce the olefin within 33 by 

hydrogenation catalyzed by palladium on carbon by stirring for 12 hours at 25 °C in 

EtOAc to afford the saturated bicycle 39 in quantitative yield. From this compound, a 

condensation reaction readily occurred upon treatment with catalytic base overnight 

reflux to give 40 in approximately 80% yield, an estimated number because this was a 

test reaction set up simply to probe the feasibility of condensation, not serve as a platform 

for further elaboration.  Although this compound was essentially a dead end structure, it 

did teach us that subtle changes to the substrate could effect significantly different 

reactivity under the same conditions.   

 

Scheme 7  Generation of a tricyclic derivative

O

O

33 O

O

39 40

O
a) H2, Pd/C

b) MeOH, 
MeONa

Reagents and Conditions: a) EtOAc, Pd/C (cat). H2 (1 atm), 12 h, 98%. b) MeOH, 
MeONa (cat.), reflux, 12 h, ~80%.  

Thus, we decided to re-approach the tricyclic core through a slightly different 

route, recognizing that model systems, as used above, could only teach us so much, and 

that it would be necessary to secure a ‘real’ compound and work exclusively with it. 

 

2.5 Synthesis of Rippertenol Core via Sequential Aldol Condensation Protocol 

The system that was finally settled upon for producing the tricycle was inspired 

by the work of Piers,23  whose group had shown that the oxygenated bicycle 49 (Scheme 
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10) could be generated from the simple feedstock chemical 3-methylanisole (41, Scheme 

8).  Importantly, the stereochemistry of the C-3 oxygen could be defined clearly by 

enzymatic means, thereby solving a problem that had been largely unaddressed in 

previous endeavors described in Section 2.3, and the diastereoselectivity about the 

quaternary C-1 center could be effectively controlled via conjugate addition according to 

this method.  Thus, we set about making 49.  In the opening operation, 3-methylanisole 

was reduced under Birch conditions24 to the enol ether 42 by stirring at -33 °C in liquid 

ammonia in the presence of elemental lithium and t-BuOH.  This reduced compound 

could, in turn, be hydrolyzed in the presence of oxalic acid in methylene chloride at 25 °C 

to give ketone 43 in 83% yield overall. The isolated olefin did not migrate under these 

conditions.  From here, epoxidation at 0 °C with m-CPBA in CH2Cl2, took place cleanly 

in the absence of any Baeyer-Villiger oxidation.  This epoxide then underwent a 

rearrangement in the presence of Ac2O, 4-DMAP and Hünig’s base at 25 °C in CH2Cl2 to 

give unsaturated acetate 45 in 81% yield over two steps.  
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Scheme 8  Generation of a 4-oxo enone
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a) Li, NH3 b) (CO2H)2

c) m-CPBA

444546

d) Ac2O

DMAP,
i-Pr2NEt

e) MeOH,
   Na2CO3

f) TBDPS-Cl,
    Imidazole

Reagents and Conditions: a) NH3, Et2O, t-BuOH (10 equiv.), Li (5 equiv.), -33 °C, 
2 h, . b) MeOH : H2O (3:1), (CO2H2)2, 25 °C, 1h, 83% over two steps. c) m-
CPBA, (1.3 equiv.), CH2Cl2, 0 °C, 2.5 h, then Na2S2O3. d) Ac2O, (2 equiv.) i-
PrNEt2 (2 equiv.), DMAP, (0.2 equiv.), CH2Cl2, 25 °C, 16 h, 81% over two steps. 
e) Na2CO3 (5 equiv.) MeOH, 1.5 h, 25 °C, then removal of MeOH.  f) TBDPSCl 
(2 equiv.), imidazole (4 equiv.), DMF, 25 °C, 12 h, 74% over two steps.  

 At this stage it was possible to selectively cleave one of the acetate enantiomers 

via pig liver esterase, thus allowing the separation of (R) and (S) centers about the 

oxygen.25  This process was carried out by dissolving the acetate substrate 45 in a 0.3M 

buffer solution comprising a 3:1 mixture of Tris•HCl and dimethylsulfoxide.  The 

reaction was stirred at 25 °C for 30 hours while the pH was monitored, and an aliquot of 

NaOH was added if the mixture became too acidic.  When it appeared that roughly half 

the starting material had been consumed, the reaction was extracted with EtOAc.  

Because of the Rf difference between the alcohol and corresponding acetate, the two 

enantiomers could be separated via silica-gel chromatography. 
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Scheme 9.  Treatment of the racemic acetates 45 with pig liver esterase
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+

Reagents and conditions: Pig Liver Esterase, (~850 units of activity per 
equivalent), 0.3 M Tris-HCl:DMSO (3:1), 25 °C, 30 h, 42%, 84% ee.  

We obtained an enantiomeric excess of 84% and 42% yield when we repeated this 

enzymatic resolution ourselves, and noted that this step allows access to a fully 

enantiospecific synthesis.  However, the loss of fully half of our material at this early 

stage, noting that many steps would remain, led us to use a racemic, diastereoselective 

route towards rippertenol for the remaining operations described in this thesis since we 

could obtain a formal enantioselective synthesis based on this step.  Notwithstanding, for 

clarity subsequent schemes will show only one enantiomer about this center. 

Thus, cleavage of the acetate under more standard chemical means, namely 

treatment with sodium carbonate in the presence of methanol at 25 °C, was successful, as 

shown in Scheme 8.  However, we found, in accordance with the literature precedent,23 

that the corresponding alcohol was particularly sensitive, especially to silica gel, and we 

therefore neglected to isolate it and instead simply treated the crude product of hydrolysis 

with DMF and two equivalents of TBDPSCl and four equivalents of imidazole directly.  

This protocol effectively delivered the protected alcohol 46 in 74% overall yield starting 

from the racemic mixture of 45.  Finally, we were able to effect a conjugate addition of 

(1,3-dioxan-2-ylethyl)magnesium bromide onto the enone in the presence of CuBr•Me2S 

complex and HMPA as shown in Scheme 10 to give 48 in 79% yield.   
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Scheme 10  Generation of an enone via intramolecular condensation
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Reagents and Conditions: a) (1,3-dioxan-2-ylethyl)magnesium bromide (2.5 equiv.), CuBr•Me2S (0.63 equiv.), 
HMPA (2.5 equiv.), TMS-Cl (2.5 equiv.), -78 °C, 3h, then warming to -50 °C over 2.5 h, NH4Cl and HCl, 79%.  
b) 80% aq. TFA, dioxane, 80 °C, 80%.  c) BuLi (1.05 equiv.), diisopropylamine (1.1 equiv.), MeI (2 equiv.), 
THF, -78 °C to 25 °C while stirring overnight.

c) LDA, MeI Multiple
unidentified

products

46 48 49

 

 

This reaction proceeded with high diastereoselectivity,23 to give only one 

compound with (R) stereochemistry at the C-4 center.  Attack of the nucleophile 

presumably is affected to a large extent by the steric bulk of the -OTBDPS protecting 

group that helps dictate the preferred conformation of the molecule.  As shown in Figure 

5, 46 can exist in two distinct conformations.  Based on the observed outcome of the 

conjugate addition as well as analogous precedent disclosed by Wender26,27, it appears 

that the preferred conformation of 46 directs the oxygen substituent to assume an axial 

orientation in order to eliminate the A1,2 strain that exists when the oxygen is equatorially 

disposed.  Thus, assuming that attack of the nucleophile occurs via a chairlike transition 

state, 48 is the predicted outcome.  It should be noted that when analogous chemistry was 

attempted using the smaller –TBS protecting group instead of –TBDPS, a mixture of 

diastereomers was observed in a 1.45:1 ratio.  Finally, we were pleased to see that we 

could effect closure of the five-membered ring by treatment with TFA according to 

literature precedent.23 
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Fig. 5  Stereochemistry of the conjugate addition.
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Satisfied with our ability to generate this advanced bicycle, we next set about 

addressing our stated goal of setting the C-1 quaternary stereocenter.  Unfortunately, 

however, treatment of 49 with LDA followed by methyl iodide did not give the desired 

alkylation product, but instead was found to give a number of unidentified products as 

suggested in Scheme 10.  It was thought that some of the unidentified compounds may 

have been the result of uncontrolled per-methylation.  At this point we were hesitant to 

try alkylating 49 with methyl vinyl ketone because the resulting putative diketone would 

have two more potential sites for methylation, thus further complicating the matter.  

However, we reasoned that simply by installing the methyl group earlier in the route we 

would be able circumvent the problem of methylating 49.  Pleasingly, treatment of enone 

46 with LDA and MeI gave the alkylated product 50 as a mixture of diastereomers in 

88% yield as a ~2:1 mixture of diastereomers.   
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Scheme 11  Methylation of the enone 46 and subsequent chemistry
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b)

O O
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CuBr•Me2S
HMPA

51 52

Reagenst and Conditions: a) BuLi (1.05 equiv.), diisopropylamine (1.1 equiv.), MeI (2 equiv.), THF, -78 °C to 25 
°C while stirring overnight, 88%, 2:1 dr.  b) 1,3-dioxan-2-ylethyl)magnesium bromide (2.5 equiv.), CuBr•Me2S 
(0.63 equiv.), HMPA (2.5 equiv.), TMS-Cl (2.5 equiv.), -78 °C, 3 h, then warming to -50 °C over 2.5 h, NH4Cl and 
HCl, 86%, 3:1 dr.  

Although the stereochemistry of the α methyl group at this stage was not 

controllable, the material was nonetheless taken forward because we knew that it would 

be erased later in the sequence.  Our only worry was that the stereoselectivity of the 

conjugate addition would be compromised by the addition of the methyl group, but to our 

delight this did not turn out to be the case, and 51 could be produced with the desired 

stereochemical integrity at the C-4 carbon, presumably because of the same 

considerations present in the earlier-described conjugate addition.  The fact that 51 was 

isolated in 86% yield as a 3:1 mixture of diastereomers is only with respect to the 

undefined α methyl stereochemistry. Of note, use of the 1,3-dioxane-based acetal 

protecting group was crucial to achieving both high selectivity and high yield.  When the 

corresponding 1,3-dioxolane was used instead, the overall yield was lower (80%) and the 

selectivity suffered; three diastereomers were observed in a ratio of 1/0.44/0.09, most 

likely due to the aggregation state of the 1,3-dioxolane. 

Our hopes were once again dashed, however, when we found that treatment of 51 

with an acid source did not yield the corresponding bicycle.  Instead, starting material 

was returned after early preliminary experiments, and decomposition was observed when 

conditions were made forcing.  It was assumed that in the presence of an acid, enol 52 is 
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formed at only the thermodynamic position as suggested by Scheme 11.  This compound 

then appeared to be unreactive toward condensation.  This result suggested that it would 

be necessary to block this alpha carbon by quaternizing it.  By eliminating the possibility 

of forming an enol tautomer at one carbon, we reasoned that we could selectively form 

the enol at the other site.  As such, we decided to treat 51 with methyl vinyl ketone and 

NaOEt at 25 °C in Et2O, and were able to generate the quaternarized compound 53, 

which was isolated as a single diastereomer in 18% yield.  Based on subsequent results, 

we presume that the stereochemistry of the methyl groups at C-1 and C-4 is in the desired 

cis orientation.   
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Scheme 12  Generation of a methyl ketone with all necessary carbon atoms for the desired tricycle

a) MVK, KOH

b) NaOH
c) TFA

[Initial Conditions]

Reagents and Conditions: a) Methyl vinyl ketone (0.5 equiv.) KOH (0.1 equiv.), 0 °C to 25 °C, Et2O 
1 h, 18%.  b) MeOH, MeONa (cat.), reflux, 12 h, quant.  c) 80% aq. TFA (cat.), dioxane, 80 °C, 12 
h, ~90%.  

We were pleased at this stage to have finally delivered compound 53 (Scheme 

12), which contained all of the necessary carbon atoms for the desired tricycle, and in the 

correct oxidation state.  All that was necessary was a series of condensation reactions to 

complete the intermediate.  Alas, at this point we found ourselves wrestling with the 
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challenge of forming both rings at the same time.  We were able, starting from 53, to 

selectively form one of the two desired ring systems under a certain set of conditions, but 

not both.  For example, treatment of 53 with NaOMe in MeOH at 0 °C and warming to 

25 °C closed the six-membered ring to give 54 in nearly quantitative yield.  

Unfortunately, this compound was not seen to undergo closure of the five-membered ring 

upon treatment with acid as shown in Table 3.  It was even attempted to form the 

extended silyl enol ether (entries 9 and 10) and treat with TiCl4 to bring about a 

vinylogous Mukaiyama aldol closure;28 however, this protocol also failed.   

 

TBDPSO
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O

54

TBDPSO
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O

Table 3 Attempts to convert bicycle 54 to tricycle 56.

Entry Conditions Result

1 10% aq. HCl, THF, 25 °C, 48 h. Starting material

2 80% TFA, dioxane, 100 °C, 5 h. Silyl deprotection, decomposition

4 80% TFA, dioxane, 25 °C, 2 h.
5 10% aq. HCl, THF, 60 °C, 2 h.

Silyl deprotection

Silyl deprotection

Conditions

3 80% TFA, dioxane, 50 °C, 5 h. Silyl deprotection

6 Catalytic PTSA, acetone, 25 °C, 12 h. Silyl deprotection plus some starting material

7 80% aq. AcOH, 25 °C, 12 h. Starting material

8 Catalytic piperidinium acetate, toluene, 80 °C, 12 h. Starting material
9 1.3 equiv Et3N, 1.3 equiv. TMSCl, DMF, 130 °C, 6 h. Starting material

10 0.9 equiv. KHMDS, 1.1 equiv. TMSCl, THF, 0 °C, 1 h. Unidentified material; presumed kinetic enol ether  

On the other hand, treatment of 53 with TFA in dioxane could produce the five-

membered ring 55 in ~90% yield.  However, initial studies aimed at bringing this 

structure to the desired tricycle under a variety of basic conditions did not give a fully 

condensed product. 

Our goal had been to cement the quaternary centers at C-1 and C-4.  Although this 

initial challenge had been met, it was clear that we were having difficulty in forcing the 
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two methyl groups into the desired high-energy orientation.  We knew that the strain 

inherent in a diaxial methyl group system would be high, but we did not anticipate such 

difficulty in securing the desired conformation, even though we recognized that an axial 

disposition of alkyl substituents at the 1 and 4 positions of a six-membered ring is 

necessarily predicated on the six-membered ring assuming a higher energy boat 

conformation.  We therefore posed a question: what if we were to alter the system such 

that we could somehow relieve some strain in the molecule?  Would this then allow us to 

generate the high-energy core if elements that contributed to overall strain were 

eliminated.  To answer such a question, we considered removing the bulky –TBDPS 

protecting group.  Its size made it equal to roughly one half the total mass of the 

molecule, and we wondered if our difficulty with cyclizing 55 could be due in some way 

to its presence.  Perhaps, we reasoned, it was preventing the molecule from accessing a 

necessary orientation, or was having some other unknown effect.  Therefore, our hope 

was to remove the protecting group and then repeat earlier chemistry to determine if there 

was any effect.  Interestingly, treatment of 55 with TBAF in THF at 80 °C gave an 

unexpected product.  The fluoride reagent was able to remove the silyl group as expected, 

but upon further purification, we noted that some rearrangement had taken place.   
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Scheme 13  Treatment of diketone 55 with TBAF
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Reagents and Conditions: a) TBAF (5 equiv.) THF, reflux, 30 min, 60%.  
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It was not a condensation reaction, because NMR analysis only showed one vinyl 

proton.  However, the methyl ketone was no longer seen, suggesting it had reacted.  The 

key to unlocking the structure, which eventually was the key to generating the desired 

tricyclic core, was an isolated A,B quartet seen in the 1H NMR spectrum with coupling 

constants J = 1.9 Hz, 14.7 Hz, and 43.2 Hz.  This quartet suggested that a methylene 

group was somewhere isolated within the molecule, and was not being influenced by 

other protons.  Eventual X-ray crystallographic analysis confirmed 57 as the correct 

structure.  In the initial experiment, 57 was isolated in 60% yield.  This result showed that 

attack of the methyl ketone onto the conjugated carbonyl was indeed possible; however, 

elimination of the resulting tertiary alcohol was the limiting step.  This evidence was our 

first indication of a tricycle, and this fortuitous result taught us to look at the issue of ring 

formation in a new way.   

Previously, we had focused all of our efforts on one intramolecular condensation 

step, while neglecting that an aldol condensation actually comprises two parts.  Here, we 

saw unequivocally that the aldol attack was being arrested at the keto-alcohol stage; it 

was presumably the adventitious hydroxide ion known to be found in TBAF that was 

responsible for bringing about the nucleophilic attack.   

With this result in hand, we were quickly able to modify our protocol for closure 

of the tricycle to a two-step procedure beginning from the 5,6-bicycle 55.  In the 

meantime, we had discovered a publication by Paquette2,29 that detailed a one-pot 

protocol for carrying out Robinson-type annulations that we adapted for our purposes.  

Our procedure consisted of heating 51 with p-TsOH and the modified methyl vinyl 

ketone analogue 58 for 72 hours; this protocol liberated methyl vinyl ketone in situ as 
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shown in part B of Scheme 14.  This reaction was successful at both stereoselectively 

alkylating the thermodynamic enol as shown, followed by hydrolyzing the acetal and 

closing the five-membered ring to conveniently give 55 in one pot, although 55 was 

isolated as a mixture contaminated with some starting material.   
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Scheme 14  Tandem alkylation/condensation reaction, likely via in-situ formation of MVK
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Reagenst and Conditions: a) 4-bromo-2-butanone (1.5 equiv.), PTSA (0.1 equiv.), benzene, reflux, 48 h.
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Given the results discussed above, we presume that the steps happen in that order.  

Additionally, the diastereocontrol of this step is just as impeccable as it was for the 

conjugate addition.  Thus, just as the C-4 quaternary center was set with high fidelity, so 

was the C-1 stereocenter by this tandem reaction, presumably thanks to axial attack of the 

electrophile as shown in Scheme 15. 
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Scheme 15.  Axial Alkylation of ketone 51
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Next, treatment of the bicycle 55 with t-BuOK in t-BuOH at 25 °C smoothly 

brought about the attack of the internal methyl ketone onto the enone to form tricycle 59 
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within 30 minutes in 68% yield.  Under these conditions, the –TBDPS protecting group 

was not affected.  From there, mesylation of the tertiary alcohol at 0 °C in CH2Cl2 in the 

presence of Et3N rapidly caused an elimination reaction that proceeded in 72% yield.  In 

fact, the intermediate mesylate was never isolated.   
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Scheme 16 Completion of the desired tricycle
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Reagents and Conditions: a) t-BuOK (0.2 equiv.), t-BuOH, 25°C, 45 min, 68%. b) MsCl (6 equiv.) 
Et3N (15 equiv.) CH2Cl2, 0°C, 30 min, 72%.  

Finally, the desired tricyclic core of rippertenol had been forged.  Both quaternary 

carbons had been generated with high stereochemical fidelity, giving a diaxial motif.  The 

key to this breakthrough was understanding that the final aldol closure could not be easily 

carried out in a single step.  Much energy had been expended to try to bring about an 

aldol condensation in one pot using simple acid or base.  Although such reactions are 

known to work in simple systems, the conditions were not sufficient to achieve the 

desired reaction on the fully elaborated bicyclic system.  However, by modifying the 

protocol to a two-step procedure, the tricycle was smoothly afforded. 

 

 

References: 

(1) Pollini, G. P.; Benetti, S.; De Risi, C.; Zanirato, V. Tetrahedron 2010, 66, 2775. 

62



 

(2) Paquette, L. A. S., D. R.; Cleary, D. G.;  Kinsella, M. A.; Blackwell, C. M.; 

Anderson, L. G. J. Am. Chem. Soc. 1992, 114, 7375. 

(3) Metz, P.; Bertels, S.; Froehlich, R. J. Am. Chem. Soc. 1993, 115, 12595. 

(4) Barton, D. H. R.; DeMayo, P.; Shafiq, M. J. Chem. Soc. 1957, 929. 

(5) Barton, D. H. R.; Levisalles, J. E.; Pinhey, J. T. J. Chem. Soc. 1962, 3472. 

(6) Hennig, R.; Metz, P. Angew. Chem. Int. Ed. 2009, 48, 1157. 

(7) Rigby, J. H.; Pigge, F. C. Org. React. 1997, 51, 351. 

(8) Harmata, M. Acc. Chem. Res. 2001, 34, 595. 

(9) Fernandez, I.; Mascarenas, J. L. Org. Biomol. Chem. 2012, 10, 699. 

(10) Tantillo, D. J.; Lee, J. K. Annu. Rep. Prog. Chem., Sect. B: Org. Chem. 2011, 107, 

266. 

(11) Peng, J. N.; Walsh, K.; Weedman, J. D.; Bergthold, J. L.; Lieu, K. L.; Braude, I. 

A.; Kelly, M.; Hamann, M. T. Tetrahedron 2002, 58, 7809. 

(12) Peng, J.; Avery, M. A.; Hamann, M. T. Org. Lett. 2003, 5, 4575. 

(13) Sennett, S. H.; Pomponi, S. A.; Wright, A. E. J. Nat. Prod. 1992, 55, 1421. 

(14) Enquist, J. J. A.; Stoltz, B. M. Nature 2008, 453, 1228. 

(15) Negishi, E.; Q., H.; Huang, Z.; Qian, M.; Wang, G. Aldrichimica Acta 2005, 38, 

71. 

(16) Casiraghi, G.; Battistini, L.; Curti, C.; Rassu, G.; Zanardi, F. Chem. Rev. 2011, 

111, 3076. 

(17) Helmchen, G.; Pfaltz, A. Acc. Chem. Res. 2000, 33, 336. 

(18) Mihovilovic, M. D.; Rudroff, F.; Grotzl, B. Curr. Org. Chem. 2004, 8, 1057. 

(19) Weisbuch, F.; Dana, G. Tetrahedron 1974, 30, 2873. 

63



 

(20) Dana, G.; Weisbuch, F. Tetrahedron 1974, 30, 2879. 

(21) Weisbuch, F.; Yamagami, C.; Dana, G. J. Org. Chem. 1972, 37, 4334. 

(22) Bal, S. A.; Marfat, A.; Helquist, P. J. Org. Chem. 1982, 47, 5045. 

(23) Piers, E.; Oballa, R. M. J. Org. Chem. 1996, 61, 8439. 

(24) Rabideau, P. W.; Marcinow, Z. Org. React. 1992, 42, 1. 

(25) Polla, M.; Frejd, T. Tetrahedron 1991, 47, 5883. 

(26) Ziegler, F. E.; Reid, G. R.; Studt, W. L.; Wender, P. A. J. Org. Chem. 1977, 42, 

1991. 

(27) Ziegler, F. E.; Wender, P. A. Tetrahedron Lett. 1974, 5, 449. 

(28) Mullins, R. J. Name Reactions for Homologations 2009, pt. 1, 502. 

(29) Paquette, L. A.; Belmont, D. T.; Hsu, Y. L. J. Org. Chem. 1985, 50, 4667. 

 

 

 

 

 

 

 

 

 

 

 

 

64



 

 

Experimental Data for Compounds Listed in Chapter 2 

General Procedures. All reactions were carried out under an argon atmosphere 

with dry solvents under anhydrous conditions, unless otherwise noted. Dry 

tetrahydrofuran (THF), toluene, benzene, diethyl ether (Et2O) and dichloromethane were 

obtained by passing commercially available pre-dried, oxygen-free formulations through 

activated alumina columns.  Yields refer to chromatographically and spectroscopically 

(1H and 13C NMR) homogeneous materials, unless otherwise stated.  Reagents were 

purchased at the highest commercial quality and used without further purification, unless 

otherwise stated.  Reactions were magnetically stirred and monitored by thin-layer 

chromatography (TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254) 

using UV light as visualizing agent, and an ethanolic solution of phosphomolybdic acid 

and cerium sulfate, and heat as developing agents. SiliCycle silica gel (60, academic 

grade, particle size 0.040–0.063 mm) was used for flash column chromatography.  

Preparative thin-layer chromatography separations were carried out on 0.50 mm E. 

Merck silica gel plates (60F-254).  NMR spectra were recorded on Bruker 300, 400, 500, 

600 MHz instruments and calibrated using residual undeuterated solvent as an internal 

reference (CDCl3: 7.26 ppm for 1H, 77.0 ppm for 13C).  The following abbreviations were 

used to explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, br = 

broad, app = apparent.  IR spectra were recorded on a Perkin-Elmer 1000 series FT-IR 

spectrometer.  High-resolution mass spectra (HRMS) were recorded in the Columbia 

University Mass Spectral Core facility on a JOEL HX110 mass spectrometer using FAB 

(fast atom bombardment), APCI (atmospheric pressure chemical ionization) and EI 

(electron impact ionization) techniques. 
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 Abbreviations. Ac = acetyl, AIBN = 2,2′-azobis(2-methylpropionitrile), 4-

DMAP = 4-(dimethylamino)pyridine, mCPBA = 3-chloroperoxybenzoic acid, DMF = 

N,N-dimethyl-formamide, EDC = N-ethyl-N′-(3-dimethylaminopropyl)carbodiimide, 

HMPA = hexamethyl-phosphoramide, MsCl = methanesulfonyl chloride, TBAF = tetra-

n-butylammonium fluoride, TBDPS = tert-butyldiphenylsilyl, TMS = trimethylsilyl, Tf 

= trifluoromethanesulfonate, p-TsOH = p-toluenesulfonic acid. 

 

Symmetric Diketal 20.  The symmetric diketone 11 (500 mg, 2.25 mmol, 1.0 

equiv) was dissolved in dry benzene (15 mL) and treated with ethylene glycol (1.0 mL, 

18.0 mmol, 8.0 equiv) and p-TsOH•H2O (250 mg, 1.3 mmol, 0.6 equiv).  The resultant 

mixture was heated to 80 °C for 72 h with concomitant removal of water via the aid of a 

Dean-Stark apparatus.  Upon completion, the reaction contents were diluted with a 1/1 

mixture of hexanes/Et2O (20 mL) and poured into a separatory funnel containing 

saturated aqueous NaHCO3 (20 mL) and extracted with the 1/1 mixture of hexanes/Et2O 

(3 × 20 mL).  The combined organic layers were then dried (MgSO4), filtered and 

concentrated.  The resultant crude oil was purified by flash column chromatography 

(silica gel, hexanes/EtOAc 4/1) to afford the bis-ketal product (187 mg, 27%) as a 

colorless oil.  20: Rf = 0.6 (silica gel, hexanes/EtOAc, 4/1);  1H NMR (300 MHz, CDCl3) 

δ 5.95–5.70 (m, 2 H), 5.15–4.90 (d, J=12.3 Hz, 4 H), 4.10–3.80 (d, J=5.4 Hz, 8 H), 2.60–

2.30 (br. s, 2 H), 2.20–1.90 (m, 2 H), 1.80–1.50 (m, 4 H), 1.10–0.80 (s, 6 H). 
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Mono alcohol 21.  The symmetric diketone 11 (83 mg, 0.37 mmol. 1.0 equiv) 

was dissolved in THF (4 mL) and cooled to 0 °C.  The resultant mixture was treated with 

BH3•THF (1.0 M, 0.22 mL, 0.22 mmol, 0.6 equiv) and stirred for 2 h, slowly warming to 

25 °C.  The reaction contents were then treated with excess Na2CO3•1.5H2O2 and the 

mixture was heated to 50 °C for 12 h.  Upon completion, the reaction contents were 

quenched with saturated aqueous NH4Cl (5 mL) and extracted with EtOAc (3 × 5 mL).  

The combined organic layers were washed with brine (5 mL), dried (MgSO4), filtered 

and concentrated.  The resultant crude oil was purified by flash column chromatography 

(silica gel, hexanes/EtOAc 9/1) to afford the mono- hydroxy 21 (3 mg, 0.013 mmol, 3.5% 

yield) as a colorless oil.   

 

Bicyclic olefin 23.  The mono-aldehyde 22 (2 mg, 0.0085 mmol, 1.0 equiv) was 

dissolved in methanol (2 mL) and treated with a trace of sodium methoxide.  The 

resultant mixture was heated to reflux for 12 h.  Upon completion, the reaction contents 

were diluted with EtOAc ( 5 mL) and washed with saturated aqueous NH4Cl (1 × 5 mL).  

The organic layer was dried (MgSO4), filtered, and concentrated.  The resultant crude oil 

was purified by flash column chromatography (silica gel, hexanes/EtOAc 9/1) to afford 

the bicyclic olefin 23 (~2 mg, >90% yield) as a colorless oil.  23: Rf = 0.45 (silica gel, 

hexanes:EtOAc, 8:2); 1H NMR (400 MHz, CDCl3) δ 6.55–6.54 (s, 1 H), 5.65–5.50 (m, 1 

H), 5.15–4.95 (dd, J=11.2, 28.4 Hz, 1 H), 2.70–2.65 (d, J=3.88 Hz, 3 H), 2.65–2.20, (m, 

5 H), 2.10–1.90 (m, 3 H), 1.33 (S, 3 H), 1.17 (s, 3 H). 
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Diketones 33a & 33b.  The unsaturated bicyclic ketone 31 (133 mg, 0.89 mmol, 

1.0 equiv) was dissolved in benzene (4 mL) and treated with pyrrolidine (0.25 mL, 3.0 

mmol, 3.4 equiv).  The solution was heated to reflux with concomitant removal of water 

via the aid of a Dean-Stark trap.  After 4 h, the reaction was analyzed by thin layer 

chromatography, and a catalytic amount of p-TsOH was added.  The reaction was 

allowed to continue refluxing overnight with removal of water.  Upon completion, the 

contents of the reaction were poured into saturated aqueous NaHCO3 (20 mL) and 

extracted with ethyl acetate (3 × 20 mL).  The combined organic layers were then dried 

(MgSO4), filtered, and concentrated.  A portion of the crude residue (66 mg, 0.33 mmol, 

1.0 eq.) was then dissolved in dry dioxane and treated with methyl vinyl ketone (0.1 mL, 

1.3 mmol, 4.0 equiv).  The reaction was heated to reflux for a period of 48 h.  Upon 

completion, the reaction contents were quenched by the addition of 1M HCl (5 mL) and 

extracted with EtOAc (3 × 10 mL).  The combined organic layers were dried (MgSO4), 

filtered, and concentrated.  The resultant crude oil was purified by flash column 

chromatography (silica gel, hexanes/EtOAc 9/1) to afford both diastereomers 33a and 

33b (16 mg, 22% yield) as colorless oils. 33a: Rf = 0.45 (silica gel, hexanes:EtOAc, 4:1); 

1H NMR (400 MHz, CDCl3) δ 6.32–6.29 (t, J=2.88 Hz,1 H), 2.60–2.30 (m, 5 H), 2.15 (s, 

3 H), 2.00–1.60 (m, 8 H), 1.05 (s, 3 H).  33b: Rf = 0.40 (silica gel, hexanes:EtOAc, 8:2); 

1H NMR (400 MHz, CDCl3) δ 6.44–6.40 (t, J= 2.5 Hz, 1 H), 2.60–2.20 (m, 5 H), 2.14 (s, 

3 H), 2.00–1.65 (m, 8 H), 1.08 (s, 3 H). 

 

Rearranged tricycle 38.  The mixture of diketones 33a and 33b (20 mg, 0.09 

mmol, 1.0 equiv) was dissolved in methanol (3 mL) and treated with 10% aq. HCl (3 
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drops).  The solution was allowed to stir at 25°C for 72 h.  Upon completion, the reaction 

contents were diluted with EtOAc (5 mL) and washed with saturated aqueous NaHCO3 (5 

mL).  The combined organic layers were dried (MgSO4), filtered, and concentrated.  The 

resultant crude product was purified by flash column chromatography (silica gel, 

hexanes/EtOAc 8/2) to afford the rearranged product 38 (20 mg, ~100% yield), 

apparently as a mixture of two diastereomers in a 2:1 ratio.  38: Rf = 0.45 (silica gel, 

hexanes:EtOAc, 8:2); 1H NMR (400 MHz, CDCl3) δ 5.62–5.56 (m, 1 H), 3.25 (s, 2 H), 

3.23 (s, 1 H), 2.61–1.55 (m, 12 H), 1.42 (s, 2 H), 1.42 (s, 1 H), 0.97 (s, 2 H), 0.87 (s, 1 

H). 

 

Reduced bicycle 39.  The mixture of diketones 33a and 33b (10 mg, 0.045 mmol, 

1.0 equiv) were dissolved in EtOAc (3 mL) and treated with a catalytic amount of Pd/C.  

The reaction vessel was then fitted with a three-way adapter, and purged of air and 

backfilled with an atmosphere of gaseous hydrogen (3 × 1 atm).  The resultant slurry was 

allowed to stir under an atmosphere of hydrogen (1 atm) for 12 h.  Upon completion, the 

contents of the reaction were filtered through celite, and the organic layer was 

concentrated directly to afford the reduced bicycle 39 (10 mg, ~100%).  39: Rf = 0.5 

(silica gel, hexanes:EtOAc, 9:1); 1H NMR (400 MHz, CDCl3) δ 2.64–2.19 (m, 5 H), 2.13 

(s, 2 H), 2.12 (s, 1 H), 1.99–1.38 (m, 12 H), 1.09 (s, 1 H), 1.04 (s, 2 H). 

 

Reduced tricycle 40.  The reduced bicycle 39 (~10 mg, 0.045 mmol, 1.0 equiv) 

was dissolved in methanol (3 mL) and treated with a catalytic amount of NaOMe.  The 

resulting solution was heated to 80 °C for 12 h.  Upon completion, the contents of the 
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reaction were diluted with EtOAc (5 mL) and washed with saturated aqueous NH4Cl (1 × 

5 mL).  The organic layer was dried (MgSO4), filtered, and concentrated.  The resultant 

crude product was purified by flash column chromatography (silica gel, hexanes/EtOAc 

4/1) to afford the reduced tricycle 40 (~8 mg, 80% unoptimized).  40: Rf = 0.6 (silica gel, 

hexanes/EtOAc, 3/2); 1H NMR (400 MHz, CDCl3) δ 5.87 (s, 1 H), 2.56–2.21 (m, 5 H), 

2.14–2.03 (m, 1 H), 1.89–1.74 (m, 5 H), 1.45–1.20 (m, 5 H), 1.00 (s, 3 H). 

 

3-methyl-3-cyclohexen-1-one 43. A solution of 3-methylanisole (41, 16.6 mL, 

132 mmol, 1.0 equiv) in Et2O (100 mL) was added to liquid NH3 (400 mL) at –78 °C.  

Next, t-BuOH (124 mL) was added to that solution, followed by the careful and slow 

addition of solid Li (4.60 g, 667 mmol, 5 equiv).  The resultant blue-colored slurry was 

then warmed to –33 °C and stirred for 2 h.  Upon completion, the reaction contents were 

quenched by the addition of solid NH4Cl (50 g) and the apparatus opened to the 

atmosphere in a well-ventilated fume hood to allow ammonia evaporation.  The 

remaining organic matter was taken up in pentane (500 mL) and washed with water (3 × 

100 mL).  The organic layer was then dried (MgSO4), filtered, and concentrated to afford 

the desired Birch reduction product 42.  Pressing forward without any additional 

purification, the crude enol ether 42 was then dissolved in a mixture of methanol (200 

mL) and water (66 mL).  Solid oxalic acid (0.594 g, 6.60 mmol, 0.05 equiv) was then 

added, and the resultant reaction mixture was stirred at 25 °C for 1.5 h.  Upon 

completion, the reaction contents were poured into water (200 mL) and extracted with 

CH2Cl2 (5 × 150 mL).  The combined organic layers were then dried (MgSO4), filtered, 
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and concentrated.  The resultant crude oil was purified by vacuum distillation (2 torr /92 

°C) to give 3-methyl-3-cyclohexen-1-one (43, 12.1 g, 83% yield) as a colorless liquid. 

 

4-Acetoxy-3-methyl-2-cyclohexen-1-one 45. m-CPBA (31.8 g, 77%, 142 mmol, 

1.3 equiv) was dissolved in CH2Cl2 (900 mL) at 25 °C, and the resultant slurry was 

cooled to 0 °C. 3-methyl-3-cyclohexen-1-one (43, 12.0 g, 109 mmol, 1.0 equiv) was then 

added in a single portion, and the reaction contents were allowed to stir for 2.5 h at 0 °C.  

Upon completion, the reaction contents were quenched by the addition of saturated 

aqueous Na2S2O3 (200 mL).  Following 5 min of vigorous stirring, the contents were 

poured into a separatory funnel and extracted with CH2Cl2 (2 × 300 mL).  The combined 

organic layers were washed with saturated aqueous NaHCO3 (5 × 300 mL), dried 

(MgSO4), filtered and concentrated to afford the desired epoxide 44.  Pressing forward 

without any additional purification, the crude epoxide 44 was dissolved in CH2Cl2 (360 

mL) and treated sequentially with i-Pr2NEt (38.7 mL, 224 mmol, 2.05 equiv), Ac2O (20.6 

mL, 218 mmol, 2.0 equiv), and 4-DMAP (2.67 g, 21.8 mmol, 0.2 equiv) at 25 °C.  The 

resultant solution was then stirred for 16 h at 25 °C.  Upon completion, the reaction 

contents were quenched by the addition of saturated aqueous NaHCO3 (200 mL) and 

extracted with EtOAc (3 × 300 mL).  The combined organic layers were then washed 

with saturated aqueous NaHCO3 (2 × 100 mL), dried (MgSO4), filtered, and 

concentrated.  The resultant crude oil was purified by flash column chromatography 

(silica gel, hexanes/EtOAc, 4/1) to afford the acetate-protected unsaturated ketone 45 

(14.8 g, 81% yield) as a colorless oil. 

 

71



 

 

Enantioenriched Acetate-Protected Unsaturated Ketone 45a. Pig liver esterase 

(5.0 mg, ~850 units of activity) was added in a single portion to a solution of racemic 

acetate 45 (0.144 g, 0.857 mmol, 1.0 equiv) in Tris-HCl buffer (18 mL, 0.3 M in water, 

pH = 7.0) and DMSO (6 mL) at 25 °C.  The resultant mixture was stirred for 30 h at 25 

°C.  At the 12 h and 18 h timepoints, the pH of the solution was measured and re-adjusted 

to 7.0 by adding an appropriate amount of 1 M NaOH in water, and an additional aloquot 

of pig liver esterase (5.0 mg) was added.  Upon completion, as judged by ~50% progress 

by thin-layer chromatography (hexanes/EtOAc, 1/1), the solution was extracted with 

EtOAc (4 × 30 mL) and the combined organic layers were dried (MgSO4), filtered, and 

concentrated.  The crude mixture was purified by flash column chromatography (silica 

gel, hexanes/EtOAc, 7/3) to afford enantioenriched 45 (0.061 g, 42% yield) as a colorless 

oil and in 84% ee.  HPLC analysis conditions: (AD-H column, 1.0% 2-propanol in 

hexanes, 1.0 mL/min, 30 °C, 240 nm) tR (minor) = 15.15 min, tR (major) = 16.17 min.  

[α]18.9
D = –35.8° (c = 1.0, CDCl3).  Based on prior literature (Polla, M.; Frejd, T. 

Tetrahedron 1991, 47, 5883) this rotation corresponds to the enantiomer drawn for 45 in 

Scheme 9. 

 

TBDPS-Protected Unsaturated Ketone 46. Solid Na2CO3 (31.6 g, 298 mmol, 

5.0 equiv) was added to a solution of acetate 45 (10.0 g, 59.5 mmol, 1.0 equiv) in MeOH 

(500 mL) at 25 °C.  The resultant solution was then allowed to stir for 1.5 h.  Upon 

completion, the reaction contents were concentrated to the point of removing ~70% of the 

MeOH.  The remaining materials were then diluted with EtOAc (500 mL), washed with 

water (100 mL) and brine (100 mL), dried (MgSO4), filtered, and concentrated to give the 
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crude alcohol.  Pressing forward without any additional purification, imidazole (16.2 g, 

238 mmol, 4.0 equiv) and TBDPSCl (23.2 mL, 89.3 mmol, 2.0 equiv) were added 

sequentially to a solution of the corresponding crude alcohol (45a) in DMF (200 mL) at 

25 °C, and the resulting mixture was stirred for 12 h at 25 °C.  Upon completion, the 

reaction were quenched with water (200 mL) and extracted with Et2O (3 × 300 mL).  The 

combined organic layers were washed with water (5 × 100 mL), dried (MgSO4), filtered, 

and concentrated.  The resultant crude yellow oil was purified by flash column 

chromatography (silica gel, hexanes/EtOAc, 19/1) to afford the unsaturated ketone 46 

(16.0 g, 74% yield) as a white, amorphous solid.  46: Rf = 0.50 (silica gel, 

hexanes/EtOAc, 4/1); IR (film) νmax 3065, 3043, 2956, 2932, 2887, 2858, 1675, 1470, 

1428, 1110, 1066, 742, 704 cm–1; 1H NMR (400 MHz, CDCl3) δ 7.71–7.68 (m, 4 H), 

7.49–7.31 (m, 6 H), 5.78 (s, 1 H), 4.33 (dd, J = 7.2, 4.4 Hz, 1 H), 2.52–2.46 (ddt, J = 

16.8, 6.0, 4.4 Hz, 1 H), 2.15–2.08 (m, 1 H), 2.04–1.89 (m, 2 H), 1.93 (s, 3 H), 1.08, (s, 9 

H); 13C NMR (100 MHz, CDCl3) δ 198.8, 163.7, 135.9, 134.8, 133.7, 133.0, 130.1, 

130.0, 127.9, 127.7, 126.8, 70.6, 34.8, 32.2, 27.0, 21.5, 19.5; HRMS (FAB) calcd for 

C23H29O2Si+ [M+H]+ 365.1937, found 365.1922. 

 

Un-alkylated keto-acetal 48. A pre-made solution of (1,3-dioxan-2-

ylethyl)magnesium bromide (0.27 mL, 1.25  M in THF, 0.342 mmol, 2.5 equiv) was 

diluted with THF (6 mL) and cooled to –78 °C. Solid CuBr•Me2S (19 mg, 0.09 mmol, 

0.63 equiv) was then added and the reaction contents were allowed to stir for 1 h at –78 

°C. Upon completion, HMPA (65 µL, 0.342 mmol, 2.5 eq.) was added followed by the 

addition of a solution containing enone 46 (50 mg, 0.137 mmol, 1.0 equiv) and TMSCl 
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(43 µL, 0.342 mmol, 2.5 equiv) in THF (1 mL) dropwise over 30 min. The reaction 

contents were then stirred at –78 °C for 3 h before being slowly warmed to –50 °C over 

the course of 2.5 h. Upon completion, the reaction contents were quenched with saturated 

aqueous NH4Cl (10 mL) containing a few drops of added 1 M HCl (to ensure silyl enol 

ether cleavage) and extracted with Et2O (3 × 10 mL). The combined organic layers were 

washed with water (5 × 5 mL), dried (MgSO4), filtered, and concentrated.  The resultant 

crude oil was purified by flash column chromatography (silica gel, hexanes/EtOAc 9/1) 

to afford keto-acetal 48 ( 52 mg, 79%) as a colorless oil. 48: Rf = 0.45 (silica gel, 

hexanes:EtOAc, 8:2); 1H NMR (400 MHz, CDCl3) δ 7.80–7.63 (m, 4 H), 7.55–7.30 (m, 6 

H), 4.47–4.30 (m, 1 H), 4.23–3.79 (m, 2 H), 3.95–3.63 (m, 3 H), 2.64–2.32 (m, 2 H), 

2.22–1.92 (m, 4 H), 1.91–1.71 (m, 2 H), 1.54–1.20 (m, 9 H), 1.09 (s, 9 H), 0.96 (s, 3 H). 

 

Unsaturated bicycle 49.  The keto-acetal 48 (10 mg, 0.21 mmol, 1.0 equiv) was 

dissolved in dry dioxane (1 mL) and treated with 80% aqueous TFA (0.5 mL).  The 

resultant mixture was heated to 80 °C for 16.5 h.  Upon completion, the reaction contents 

were poured into a separatory funnel containing saturated aqueous NaHCO3 (5 mL) and 

extracted with a 1:1 mixture of EtOAc and Et2O (3 × 5 mL).  The combined organic 

layers were dried (MgSO4), filtered and concentrated.  The resultant crude oil was 

purified by flash column chromatography (silica gel, hexanes/EtOAc 9/1) to afford the 

unsaturated bicycle 49 (<8  mg, <80%) as a colorless oil, contaminated with the product 

of –TBDPS deprotection.  49: Rf = 0.7 (silica gel, hexanes:EtOAc, 8:2). 
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α-Methyl ketone 50. n-BuLi (7.25 mL, 1.6 M in hexanes, 11.6 mmol, 1.05 equiv) 

was added quickly in a single portion to a solution of i-Pr2NH (1.70 mL, 12.1 mmol, 1.1 

equiv) in THF (15 mL) at –78 °C.  The resultant solution was then warmed to 0 °C and 

stirred for 15 min at 0 °C.  Upon completion, the solution was then recooled to –78 °C 

and a solution of 20 (4.00 g, 11.0 mmol, 1.0 equiv) in THF (10 mL) was added dropwise 

over the course of 30 min.  Once the addition was complete, the reaction contents were 

stirred for another 30 min at –78 °C, and MeI (1.37 mL, 21.9 mmol, 2.0 equiv) was added 

in a single portion.  The resultant solution was warmed to 25 °C slowly and stirred for a 

total of 12 h.  Upon completion, the reaction contents were quenched with saturated 

aqueous NH4Cl (50 mL) and extracted with EtOAc (3 × 30 mL).  The combined organic 

layers were then washed with brine (20 mL), dried (MgSO4), filtered, and concentrated.  

The resultant crude yellow oil was purified by flash column chromatography (silica gel, 

hexanes/EtOAc, 19:1) to afford the α-methyl ketone 50 (3.66 g, 88% yield) as a clear oil 

and as a ~2/1 mixture of diastereomers alongside recovered 46 (0.251 g; 6%).  50: Rf = 

0.55 (silica gel, hexanes/EtOAc, 4/1); IR (film) νmax 3071, 3049, 2960, 2932, 2858, 1678, 

1591, 1428, 1213, 1111, 703 cm–1; 1H NMR (400 MHz, CDCl3, integration of 1 per H for 

minor diastereoisomer, 1.8 per H for major diastereoisomer) δ 7.80–7.62 (m, 11.2 H), 

7.48–7.39 (m, 16.8 H), 5.78 (s, 1 H), 5.77 (s, 1.8 H), 4.51 (dd, J= 10.4, 4.8 Hz, 1 H), 4.23 

(app t, J= 4.0 Hz, 1.8 H), 2.79 (m, 1.8 H), 2.15–1.94 (m, 3.8 H), 2.00 (s, 3 H), 1.85 (s, 5.4 

H) 1.82–1.61 (m, 2.8 H), 1.10 (m, 25.2 H), 0.98 (d, J = 6.8 Hz, 8.4 H); 13C NMR (100 

MHz, CDCl3) δ 201.9, 200.6, 164.5, 159.7, 136.0, 135.9, 133.6, 133.2, 130.0, 129.9, 

129.8, 127.7 (2 C), 127.6, 126.5, 126.2, 71.8, 68.8, 41.4, 40.3, 39.0, 36.4, 27.0, 21.7, 
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20.8, 19.5, 14.9, 14.7; HRMS (FAB) calcd for C24H31O2Si+ [M+H]+ 379.2093, found 

379.2074. 

 

Keto-acetal 51.  A commercial solution of (1,3-dioxan-2-ylethyl)magnesium 

bromide (21, 48.0 mL, 0.5 M in THF, 24.1 mmol, 2.5 equiv) was diluted with THF (50 

mL) and cooled to –78 °C.  Solid CuBr•Me2S (1.24 g, 6.04 mmol, 0.63 equiv) was then 

added and the reaction contents were allowed to stir for 1 h at –78 °C.  Upon completion, 

HMPA (4.19 mL, 24.1 mmol, 2.5 eq.) was added followed by the addition of a solution 

containing α-methyl ketone 50 (3.66 g, 9.67 mmol, 1.0 equiv) and TMSCl (3.07 mL, 

24.1 mmol, 2.5 equiv) in THF (20 mL) dropwise over 30 min.  The reaction contents 

were then stirred at –78 °C for 3 h before being slowly warmed to –50 °C over the course 

of 2.5 h.  Upon completion, the reaction contents were quenched with saturated aqueous 

NH4Cl (100 mL) containing a few drops of added 1 M HCl (to ensure silyl enol ether 

cleavage) and extracted with Et2O (3 × 50 mL).  The combined organic layers were 

washed with water (5 × 30 mL), dried (MgSO4), filtered, and concentrated.  The resultant 

crude oil was purified by flash column chromatography (silica gel, hexanes/EtOAc, 9/1) 

to afford keto-acetal 51 (4.11 g, 86% yield) as a colorless oil and as a 3/1 mixture of 

diastereomers based on 1H NMR analysis.  A small portion of this material was carefully 

purified by column chromatography to afford spectroscopically pure samples of each 

diastereomer for characterization purposes.  51 (major diastereoisomer): Rf = 0.33 (silica 

gel, hexanes/EtOAc, 4/1); IR (film) ν max 3072, 3047, 2961, 2927, 2851, 1711, 1467, 

1426, 1378, 1146, 1111, 1072, 733, 703 cm–1; 1H NMR (400 MHz, CDCl3) δ 7.80–7.60 

(m, 4 H), 7.50–7.30 (m, 6 H), 4.33 (app t, J = 5.2 Hz, 1 H), 4.02, (m, 2 H), 3.84, (s, 1 H), 
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3.68 (m, 2 H), 2.77 (d, J= 13.2 Hz, 1 H), 2.68 (m, 1 H), 2.11–1.89 (m, 1 H), 2.0 (d, 

J=13.2 Hz, 1 H), 1.75–1.65 (ddd, J= 14.2, 6.1, 3.6 Hz, 1 H), 1.55–1.40 (m, 1 H), 1.45 (d, 

J= 12.3 Hz, 1 H), 1.37–1.25 (m, 1 H), 1.29 (d, J= 12.3 Hz, 1 H), 1.11 (s, 9 H), 1.21–1.05 

(m, 2 H), 0.99 (s, 3 H), 0.78 (d, J= 6.6 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 213.2, 

136.0, 135.9, 134.5, 133.5, 129.8, 127.7, 102.4, 73.6, 66.8, 49.0, 44.2, 38.7, 37.3, 32.5, 

28.9, 27.3, 25.7, 23.1, 19.7, 13.6; HRMS (FAB) calcd for C30H41O4Si+ [M–H]+ 493.2774, 

found 493.2779.  51 (minor diastereoisomer): Rf = 0.17 (silica gel, hexanes/EtOAc, 4/1); 

IR (film) νmax 3071, 3050, 2962, 2933, 2857, 1716, 1472, 1428, 1379, 1286, 1241, 1147, 

1111, 1027, 1006, 911, 838, 821, 736, 704 cm–1; 1H NMR (400 MHz, CDCl3) δ 7.71 (dd, 

J = 26.4, 6.4 Hz, 4 H), 7.50–7.31 (m, 6 H), 4.36 (s, 1 H), 4.08 (m, 2 H), 3.89 (dd, J = 

11.2, 4.4 Hz, 1 H), 3.72 (m, 2 H), 2.06 (m, 4 H), 1.80 (m, 1 H), 1.70–1.50 (m, 2 H), 1.45–

1.37 (m, 3 H), 1.33 (d, J = 13.2 Hz, 1 H), 1.07 (s, 9 H), 0.94 (s, 3 H), 0.81 (d, J = 6.4 Hz, 

3 H); 13C NMR (100 MHz, CDCl3) δ 211.5, 136.1, 136.0, 134.6, 133.4, 129.8, 129.6, 

127.7, 127.5, 102.6, 75.3, 66.9, 49.3, 42.9, 42.3, 39.2, 34.4, 29.1, 27.1, 25.9, 19.5, 17.8, 

14.0; HRMS (FAB) calcd for C30H41O4Si+ [M–H]+ 493.2774, found 493.2737. 

 

Keto-dioxolane 51a. These compounds were prepared in a manner analogous to 

51 in 80% yield.  51a (major diastereoisomer): Rf = 0.29 (silica gel, hexanes/EtOAc, 4/1); 

IR (film) νmax 3072, 3044, 2960, 2932, 2882, 2858, 1712, 1584, 1472, 1427, 1375, 1188, 

1129, 1111, 1070, 989, 734, 703 cm–1; 1H NMR (400 MHz, CDCl3) δ 7.74–7.67 (m, 4 

H), 7.47–7.36 (m, 6 H), 4.69 (t, J = 4.8 Hz, 1 H), 3.99–3.75 (m, 5 H), 2.75 (d, J = 13.2 

Hz, 1 H), 2.68 (sep, J = 6.2 Hz, 1 H), 2.21–1.15 (m, 6 H), 2.02 (d, J = 13.2 Hz, 1 H), 1.12 

(s, 9 H), 1.00 (s, 3 H), 0.78 (d, J = 6.6 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 213.0, 
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136.0, 135.9, 134.5, 133.4, 129.8, 129.6, 127.7, 127.5, 104.4, 73.3, 64.8, 48.6, 44.2, 38.8, 

37.3, 32.2, 27.6, 27.3, 27.1, 23.0, 19.7, 13.7; HRMS (FAB) calcd for C29H39O4Si+ [M–

H]+ 479.2617, found 479.2617. 51a (minor diastereoisomer): Rf = 0.21 (silica gel, 

hexanes/EtOAc, 4/1); IR (film) νmax 3071, 3047, 2960, 2932, 2858, 1716, 1472, 1427, 

1380, 1128, 1110, 1028, 838, 821, 741, 703 cm–1; 1H NMR (400 MHz, CDCl3) δ 7.70 

(dd, J = 28.4, 9.2 Hz, 4 H), 7.48–7.37 (m, 6 H), 4.78 (t, J= 4.4 Hz, 1 H), 3.95–3.81 (m, 5 

H), 2.13–2.03 (m, 3 H), 1.83–1.76 (m, 1 H), 1.69–1.47 (m, 5 H), 1.06 (s, 9 H), 0.96, (s, 3 

H), 0.81 (d, J = 6.8 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 211.4, 136.0, 135.9, 134.6, 

133.3, 129.9, 129.6, 127.7, 127.4, 75.2, 64.9, 49.4, 42.9, 42.3, 39.2, 34.2, 27.9, 27.1, 17.9, 

14.0; HRMS (FAB) calcd for C29H39O4Si+ [M–H]+ 479.2618, found 479.2622. 

 

Diketo Acetal 53.  The keto-acetal 51 (50 mg, 0.1 mmol, 1.0 equiv) was 

dissolved in Et2O (1 mL) and cooled to 0 °C.  Three drops of a solution of dissolved 

KOH (0.17 g in 1.5 mL EtOH) was added.  Methyl vinyl ketone (5 uL, 0.05 mmol, 0.50 

equiv) was added as a solution in Et2O (0.2 mL).  The resultant mixture was then allowed 

to stir at 25 °C for 1 h.  Upon completion, the reaction contents were poured quenched 

with aqueous saturated NH4Cl (2 mL) and extracted with EtOAc (3 × 5 mL).  The 

resultant crude oil was purified by flash column chromatography (silica gel, 

hexanes/EtOAc 4/1) to afford the bis-keto acetal 53 (10 mg, 18%, unoptimized) as a 

colorless oil.  53: Rf = 0.35 (silica gel, hexanes:EtOAc, 1:1); 1H NMR (400 MHz, CDCl3) 

δ 7.77–7.61 (m, 4 H), 7.50–7.31 (m, 6 H), 4.61–4.37 (m, 1 H), 4.15–3.93 (m, 3 H), 3.77–

3.61 (m, 2 H), 1.98 (s, 3 H), 1.65–1.10 (m, 14 H), 1.06 (s, 9 H), 0.91 (s, 3 H), 0.79 (s, 3 

H). 
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Keto acetal 54.   The diketo acetal 53 (~10 mg, 0.032 mmol, 1.0 equiv) was 

dissolved in MeOH (1 mL) and treated with a catalytic amount of MeONa.  The resultant 

mixture was heated to reflux for 16 h.  Upon completion, the reaction contents were 

quenched with saturated aqueous NH4Cl (2 mL) and extracted with EtOAc (3 × 5 mL).  

The combined organic layers were dried (MgSO4), filtered and concentrated.  The 

resultant crude oil was purified by flash column chromatography (silica gel, 

hexanes/EtOAc 4/1) to afford the unsaturated keto-acetal 54 (~10 mg, >90%) as a 

colorless oil.  54: Rf = 0.5 (silica gel, hexanes:EtOAc, 1:1); 1H NMR (400 MHz, CDCl3) 

δ 7.84–7.63 (m, 4 H), 7.52–7.33 (m, 6 H), 5.71 (s, 1 H), 4.36–4.27 (t, J=4.72, 1 H), 4.11–

3.99 (dd, J= 4.76, 11.36, 2 H), 3.83 (s, 1 H), 3.75–3.61 (m, 2 H), 2.77 (d, J=13.92, 1 H), 

2.57–2.93 (m, 1 H), 2.37–2.20 (m, 1 H), 2.10–1.98 (m, 1 H), 1.86–1.77 (d, J=13.92, 1 H), 

1.76–1.68 (dd, J=3.68, 14.72, 1 H), 1.36 (s, 3 H), 1.34–1.28 (m, 8 H), 1.10 (s, 9 H), 0.80 

(s, 3 H). 

 

Unsaturated diketone 55.  The diketo acetal 53 (~10 mg, 0.032 mmol, 1.0 equiv) 

was dissolved in dioxane (1 mL) and treated with 80% aqueous TFA (0.5 mL).  The 

resultant mixture was heated to 80 °C and stirred for 16 h.  Upon completion, the reaction 

contents were diluted with EtOAc (5 mL) and poured into a separatory funnel containing 

saturated aqueous NaHCO3 (5 mL).  The layers were separated, and the aqueous layer 

was extracted with EtOAc (3 × 5 mL), and the combined organic layers were dried 

(MgSO4), filtered and concentrated.  The resultant crude oil was purified by flash column 

chromatography (silica gel, hexanes/EtOAc 4/1) to afford the unsaturated diketone 55 (~9 
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mg, ~90%) as a colorless oil.  Alternatively, keto-acetal 51 (6.61 g, 13.4 mmol, 1.0 

equiv) was dissolved in benzene (120 mL) and treated sequentially with p-TsOH•H2O 

(0.255 g, 1.34 mmol, 0.1 equiv) and alkyl bromide 58 (0.89 mL, 20.1 mmol, 1.5 equiv) at 

25 °C.  The resultant mixture was then heated to 80 °C and stirred for 48 h.  Upon 

completion, the reaction contents were cooled to 25 °C, quenched with saturated aqueous 

NaHCO3 (100 mL), and extracted with EtOAc (3 × 60 mL).  The combined organic 

layers were then washed with brine (20 mL), dried (MgSO4), filtered, and concentrated. 

The resultant crude oil was purified by flash column chromatography (silica gel, 

hexanes/EtOAc, 9/1) to afford the desired diketone 51 (4.12 g) as a colorless oil and as 

single diastereoisomer, contaminated with some starting material.  51: Rf = 0.5 (silica gel, 

hexanes:EtOAc, 1:1); 1H NMR (400 MHz, CDCl3) δ 7.83–7.61 (m, 4 H), 7.54–7.30 (m, 6 

H), 6.37 (s, 1 H), 3.98–3.93 (dd, J=4.20, 11.7, 1 H), 2.56–2.37 (m, 2 H), 2.12–2.03 (m, 1 

H), 1.99 (s, 3 H), 1.93–1.72 (m, 4 H), 1.53–1.47 (dd, J= 4.05, 13.83, 1 H), 1.43–1.30 (m, 

2 H), 1.20 (s, 3 H), 1.09 (s, 9 H), 0.91 (s, 3 H). 

 

Hydroxy ketone 57. The unsaturated diketone 55 (30 mg, 0.053 mmol, 1.0 equiv) 

was dissolved in THF (1.0 mL) and treated with a 1.0 M solution TBAF in 

tetrahydrofuran (0.256 mL, 0.256 mmol, 5.0 equiv).  The resultant mixture was heated to 

80°C and stirred for 30 min.  upon completion, the reaction contents were concentrated 

directly and purified via flash column chromatography (silica gel, hexanes/EtOAc 1/1) to 

afford the hydroxy ketone 57 (8 mg, 60% unoptimized) as a colorless oil.  57: Rf = 0.45 

(silica gel, hexanes:EtOAc, 1:1); 1H NMR (400 MHz, CDCl3) δ 5.74–5.70 (t, J=2.13 Hz, 
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1 H), 3.80–3.70 (dd, J= 4.62, 12.59 Hz, 1 H), 2.85–2.70 (q, J=14.89, 2.08 Hz, 2 H), 2.52–

2.06 (m, 7 H), 1.53–1.42 (m, 3 H), 1.27 (s, 3 H), 1.21 (s, 3 H). 

 

Hydroxy ketone 59. The mixture of diketone 55 and 53 obtained above (4.12 g, 

8.43 mmol, 1.0 equiv) was dissolved in a mixture of t-BuOH/THF (6/1, 230 mL) at 25 °C 

and KOt-Bu (1.7 mL, 1.0 M in THF, 1.69 mmol, 0.2 equiv) was then added in a single 

portion at 25 °C, yielding a brown solution which was stirred for 45 min at 25 °C.  Upon 

completion, the reaction contents were quenched with saturated aqueous NH4Cl (100 mL) 

and extracted with EtOAc (3 × 80 mL).  The combined organic layers were then washed 

with brine (20 mL), dried (MgSO4), filtered, and concentrated.  The resultant crude oil 

was purified by flash column chromatography (silica gel, hexanes/EtOAc, 9/1) to afford 

keto-alcohol 59 (2.82 g, 68% yield) as a white, crystalline solid.  59: Rf = 0.30 (silica gel, 

hexanes/EtOAc, 7/3); IR (film) νmax 3462, 3069, 3050, 2961, 2932, 2857, 2360, 2341, 

1707, 1427, 1111, 1090, 909, 845, 821, 737, 702 cm–1; 1H NMR (400 MHz, CDCl3) δ 

7.68–7.65 (app t, 4 H), 7.45–7.34 (m, 6 H), 5.36 (s, 1 H), 3.62 (dd, J = 12.0, 4.4 Hz, 1 H), 

2.73 (dd, J = 14.8, 2.0 Hz, 1 H), 2.62 (d, J = 14.8 Hz, 1 H), 2.36–2.23 (m, 2 H), 2.16–

2.10 (m, 2 H), 2.00–1.96 (m, 1 H), 1.92–1.87 (m, 1 H), 1.61–1.53 (m, 1 H), 1.39 (s, 1 H), 

1.31–1.27 (dd, J = 13.6, 4.4 Hz, 1 H), 1.10–1.00 (m, 1 H), 1.06 (s, 12 H), 0.82–0.78 (ddd, 

J = 12.0, 4.8, 1.6 Hz, 1 H); 13C NMR (100 MHz, CDCl3) δ 208.8, 149.5, 136.0, 135.9, 

134.8, 133.8, 129.8, 129.7, 129.5, 127.5, 127.4, 74.9, 52.6, 50.0, 41.5, 40.3, 39.2, 37.3, 

31.2, 29.8, 27.0, 20.4, 20.2, 19.5; HRMS (FAB) calcd for C31H39O3Si+ [M–H]+ 487.2668, 

found 487.2648. 
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Polyunsaturated ketone 56. To a solution of keto-alcohol 59 (1.42 g, 2.90 mmol, 

1.0 equiv) in CH2Cl2 (47 mL) at 0 °C was sequentially added Et3N (6.06 mL, 43.5 mmol, 

15 equiv) and MsCl (1.35 mL, 17.4 mmol, 6.0 equiv). The resultant solution was then 

stirred for 30 min at 0 °C.  Upon completion, the solution was quenched with saturated 

aqueous NaHCO3 (10 mL) and extracted with CH2Cl2 (3 × 20 mL). The combined 

organic layers were washed with brine (10 mL), dried (MgSO4) and concentrated. A 

second batch of keto-alcohol 59 (1.37 g, 2.79 mmol, 1.0 equiv) in CH2Cl2 (45 mL) was 

treated likewise with Et3N (5.84 mL, 41.9 mmol, 15 equiv) and MsCl (1.30 mL, 

16.8 mmol, 6.0 equiv) and the crude products were combined. Purification by flash 

column chromatography (silica gel, hexanes/EtOAc, 9/1) afforded polyunsaturated 

ketone 56 (1.93 g, 72% yield) as white solid. 56: Rf = 0.48 (silica gel, hexanes/EtOAc, 

7/3); IR (film) νmax 3075, 3056, 2958, 2931, 2860, 1655, 1567, 1427, 1111, 1090, 834, 

821, 737, 702 cm–1; 1H NMR (400 MHz, CDCl3) δ 7.66–7.61 (m, 4 H), 7.46–7.34 (m, 6 

H), 6.41 (app t, J = 3.2 Hz, 1 H), 6.10, (s, 1 H), 3.58 (dd, J = 10.4, 5.6 Hz, 1 H), 2.55–

2.41 (m, 2 H), 2.26–2.19 (m, 2 H), 1.97–1.93 (dd, J = 11.6, 6.0 Hz, 1 H), 1.83–1.77 (dd, J 

= 13.6, 10.4 Hz, 1 H), 1.60–1.55 (m, 1 H), 1.52–1.48 (m, 2 H), 1.42–1.37 (dd, J = 14.0, 

5.6 Hz, 1 H), 1.30 (s, 3 H), 1.24 (s, 3 H), 1.07 (s, 9 H) ); 13CNMR (400 MHz, CDCl3) δ 

199.1, 160.9, 147.8, 136.0, 135.9, 134.5, 133.6, 133.1, 129.8, 129.7, 127.5, 121.4, 50.5, 

44.3, 42.1, 39.1, 34.9, 34.0, 30.4, 28.7, 27.0, 19.5, 17.0; HRMS (FAB) calcd for 

C31H39O2Si+ [M+H]+ 471.2719, found 471.2701. 
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Experimental Data for Compounds Listed in Chapter 3 

General Procedures. All reactions were carried out under an argon atmosphere 

with dry solvents under anhydrous conditions, unless otherwise noted. Dry 

tetrahydrofuran (THF), toluene, benzene, diethyl ether (Et2O) and dichloromethane were 

obtained by passing commercially available pre-dried, oxygen-free formulations through 

activated alumina columns.  Yields refer to chromatographically and spectroscopically 

(1H and 13C NMR) homogeneous materials, unless otherwise stated.  Reagents were 

purchased at the highest commercial quality and used without further purification, unless 

otherwise stated.  Reactions were magnetically stirred and monitored by thin-layer 

chromatography (TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254) 

using UV light as visualizing agent, and an ethanolic solution of phosphomolybdic acid 

and cerium sulfate, and heat as developing agents. SiliCycle silica gel (60, academic 

grade, particle size 0.040–0.063 mm) was used for flash column chromatography.  

Preparative thin-layer chromatography separations were carried out on 0.50 mm E. 

Merck silica gel plates (60F-254).  NMR spectra were recorded on Bruker 300, 400, 500, 

600 MHz instruments and calibrated using residual undeuterated solvent as an internal 

reference (CDCl3: 7.26 ppm for 1H, 77.0 ppm for 13C).  The following abbreviations were 

used to explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, br = 

broad, app = apparent.  IR spectra were recorded on a Perkin-Elmer 1000 series FT-IR 

spectrometer.  High-resolution mass spectra (HRMS) were recorded in the Columbia 

University Mass Spectral Core facility on a JOEL HX110 mass spectrometer using FAB 

(fast atom bombardment), APCI (atmospheric pressure chemical ionization) and EI 

(electron impact ionization) techniques. 
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 Abbreviations. Ac = acetyl, AIBN = 2,2′-azobis(2-methylpropionitrile), 4-

DMAP = 4-(dimethylamino)pyridine, mCPBA = 3-chloroperoxybenzoic acid, DMF = 

N,N-dimethyl-formamide, EDC = N-ethyl-N′-(3-dimethylaminopropyl)carbodiimide, 

HMPA = hexamethyl-phosphoramide, MsCl = methanesulfonyl chloride, TBAF = tetra-

n-butylammonium fluoride, TBDPS = tert-butyldiphenylsilyl, TMS = trimethylsilyl, Tf 

= trifluoromethanesulfonate, p-TsOH = p-toluenesulfonic acid. 

 

Cycloaddition Products (19 & 20). TiCl4 (0.276 mL, 1.0 M in CH2Cl2, 

0.276 mmol, 1.3 equiv) was added dropwise over the course of 1 min to a solution of O-

benzol protected dienone 17 (71.2 mg, 0.212 mmol, 1.0 equiv) in CH2Cl2 at –78 °C and 

the resultant red mixture was stirred for 5 min. Then, E-but-2-enyltrimethylsilane (E-18, 

0.318 mL, 1.0 M in CH2Cl2, 0.318 mmol, 1.5 equiv) was added dropwise over the course 

of 1 min and the reaction mixture was allowed to warm to 0 °C over a period of 2 h. After 

addition of saturated aqueous NH4Cl (20 mL), water (20 mL) and CH2Cl2 (20 mL) the 

products were extracted with CH2Cl2 (3 × 15 mL). The combined organic layers were 

then dried (MgSO4), filtered, and concentrated.  The resultant crude oil was purified by 

flash column chromatography (silica gel, hexanes/EtOAc, 25/1→9/1→4/1) to afford 

cycloaddition products 19 (25.1 mg, 25% yield) as colorless resin and as mixture of 

diastereoisomers (~2/1 and traces of a third diastereoisomer). 19 (trace diastereoisomer): 

Rf = 0.56 (silica gel, hexanes/EtOAc, 4/1); 19 (major diastereoisomer): Rf = 0.53 (silica 

gel, hexanes/EtOAc, 4/1); IR (film) νmax 2956, 2928, 2872, 1716, 1451, 1375, 1313, 

1273, 1250, 1175, 1140, 1112, 1069, 1026, 856, 836, 712 cm–1; 1H NMR (400 MHz, 

CDCl3) δ 8.06–8.04 (m, 2 H), 7.57 (br t, J = 7.4 Hz, 1 H), 7.45 (br t, J = 7.6 Hz, 2 H), 
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4.99 (dd, J = 12.5, 4.0 Hz, 1 H), 2.91–2.86 (m, 2 H), 2.64 (d, J = 3.0 Hz, 1 H), 2.60–2.44 

(m, 2 H), 2.10 (td, J = 13.2, 5.8 Hz, 1 H), 2.01 (t, J = 12.7 Hz, 1 H), 1.96–1.85 (m, 1 H), 

1.89 (dd, J = 13.0, 3.9 Hz, 1 H), 1.77–1.67 (m, 3 H), 1.56–1.48 (m, 1 H), 1.40–1.22 (m, 

1 H), 1.32 (s, 3 H), 1.22 (s, 3 H), 0.64 (dd, J = 14.6, 9.4 Hz, 1 H), 0.57 (dd, J = 14.7, 

5.7 Hz, 1 H), 0.54 (d, J = 7.0 Hz, 3 H), 0.02 (s, 9 H); 13C NMR (100 MHz, CDCl3) δ 

207.5, 166.1, 138.8, 132.8, 130.8, 129.5 (2 C), 128.3 (2 C), 126.0, 76.9, 52.8, 46.4, 40.0, 

39.9, 37.6, 37.5, 37.2, 35.8, 34.2, 31.6, 26.0, 24.3, 23.1, 18.9, 14.3, –0.8 (3 C). HRMS 

(FAB) calcd for C29H40O3Si+ [M]+ 464.2746, found 464.2752. 19 (minor 

diastereoisomer): Rf = 0.50 (silica gel, hexanes/EtOAc, 4/1); IR (film) νmax 2953, 2929, 

2875, 1717, 1663, 1451, 1377, 1313, 1273, 1248, 1176, 1110, 1069, 1026, 859, 838, 711, 

688; 1H NMR (400 MHz, CDCl3) δ 8.04–8.02 (m, 2 H), 7.57 (br t, J = 7.4 Hz, 1 H), 7.45 

(br t, J = 7.6 Hz, 2 H), 4.93 (dd, J = 7.9, 5.0 Hz, 1 H), 2.69–2.49 (m, 4 H), 2.39 (dt, 

J = 16.9, 4.9 Hz, 1 H), 2.17 (td, J = 12.8, 5.0 Hz, 1 H), 1.95–1.85 (m, 2 H), 1.83–1.70 (m, 

3 H), 1.57–1.43 (m, 3 H), 1.35 (s, 3 H), 1.29 (s, 3 H), 0.98 (dd, J = 15.0, 7.3 Hz, 1 H), 

0.89 (d, J = 6.9 Hz, 3 H), 0.75 (dd, J = 15.0, 4.8 Hz, 1 H), 0.0 (s, 9 H); 13C NMR 

(100 MHz, CDCl3) δ 197.9, 166.0, 159.5, 137.7, 132.9, 130.5, 129.5 (2 C), 128.4 (2 C), 

76.3, 48.2, 40.0, 39.8, 37.9, 37.6, 36.1 [signal corresponds to one of the quaternary 

carbons C-1/C-4 (rippertane numbering); the second signal corresponding to these two 

carbons was not detected], 34.9, 34.7, 34.3, 27.4, 24.5, 23.6, 20.0, 18.3, 0.1 (3 C); HRMS 

(FAB) calcd for C29H41O3Si+ [M+H]+ 465.2825, found 465.2816. Also isolated were 

Sakurai-type products 20 (14.9 mg, 18% yield) as well as other related, but unidentified 

byproducts (4.9 mg) and unreacted starting material (27.5 mg, 39% yield). 
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n-Butyl ether cycloadduct (24).   The O-benzoyl protected polyunsaturated 

ketone 17 (5.0 mg, 0.015 mmol, 1.0 equiv) was transferred to a flask and dried under 

vacuum for 15 minutes.  The substrate was diluted with butyl vinyl ether (0.5 mL) and 

the reaction vessel was fitted with a teflon-coated cap.  The resultant mixture was heated 

to 60 °C for 12 h.  Upon completion, the butyl vinyl ether was removed via rotary 

evaporation, and the contents of the reaction were purified directly via flash column 

chromatography (silica gel, hexanes/EtOAc, 4/1) to afford the cycloadduct 24 (~3 mg, 

~60% unoptimized).  24: Rf = 0.5 (silica gel, hexanes/EtOAc, 1:1); 

 

Hydrolyzed Diels-Alder Products 27a and 27b.  The benzoyl-protected diene 17 

(10 mg, 29.7 mmol, 1.0 equiv) was dissolved in CH2Cl2 (1 mL) and the resultant mixture 

was cooled to -78 °C.  BF3•OEt2 (3 drops, >100 equiv) was added and the mixture was 

allowed to stir for one min.  At this point, the acyclic acetal 26 (3 drops, ~100 equiv) was 

added and the resultant mixture was allowed to stir for 20 min at -78 °C.  Upon 

completion, the reaction contents were quenched with saturated aqueous NaHCO3 (5 mL) 

and extracted with EtOAc (3 × 5 mL).  The combined organic layers were washed with 

brine (5 mL), dried, (MgSO4) filtered and concentrated.  The resultant crude oil was 

purified via flash column chromatography (silica gel, hexanes/EtOAc 1/1) to give the 

hydrolyzed products of Diels-Alder cyclization 27a and 27b (~5 mg, ~50% yield 

unoptimized) as a 1/1 mixture of diastereomers.  27a: Rf = 0.80 (silica gel, 

hexanes/EtOAc, 3:2); 1H NMR (400 MHz, CDCl3) δ 13.77 (s, 1 H), 8.10–8.06 (m, 2 H), 

7.64–7.56 (t, J=7.44 Hz, 1 H), 7.51–7.44 (t, J=7.95 Hz, 2 H), 5.04–4.96 (dd, J=6.42, 

10.98 Hz, 1 H), 2.81–2.70 (m, 1 H), 2.69–2.56 (m, 1 H), 2.45–2.33 (m, 2 H), 2.29–2.15 
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(m, 1 H), 2.08–1.99 (m, 1 H), 1.97–1.89 (m, 1 H), 1.87–1.76 (m, 3 H), 1.66–1.60 (m, 1 

H), 1.53–1.41 (m, 2 H), 1.29 (s, 3 H), 1.26–1.23 (d, J=6.74 Hz, 3 H), 1.20 (s, 3 H). 27b: 

Rf = 0.75 (silica gel, hexanes/EtOAc, 6:4); 1H NMR (400 MHz, CDCl3) δ 13.84 (s, 1 H), 

8.13–8.03(m, 2 H), 7.65–7.56 (m, 1H), 7.54–7.43 (m, 2 H), 4.98–4.90 (dd, J=6.39, 11.45 

Hz, 1 H), 3.30–3.20 (m, 1 H), 2.63–2.59 (m, 1 H), 2.42–2.26 (m, 2 H), 2.11–1.72 (m, 9 

H), 1.30 (s, 3 H), 1.21 (s, 3 H), 1.07–10.3 (d, J=7.25 Hz, 3 H). 

 

Diels-Alder Product 29. BF3•OEt2 (0.460 mL, 3.66 mmol, 0.9 equiv) was added 

dropwise over the course of 5 min to a solution of dienone 2 (1.92 g, 4.07 mmol, 

1.0 equiv) in CH2Cl2 (80 mL) at –78 °C.  After stirring for 5 min, dienophile 28 (929 mg, 

8.14 mmol, 2.0 equiv) was added dropwise over the course of 5 min and stirring was 

continued for another 15 min at –78 °C.  Upon completion, Et3N (5.67 mL, 40.7 mmol, 

10 equiv) was added and the mixture was allowed to warm to 25 °C. The reaction 

contents were then quenched by the addition of saturated aqueous NaHCO3 (160 mL), 

poured into water (100 mL), and extracted with CH2Cl2 (3 × 40 mL).  The combined 

organic layers were then dried (MgSO4), filtered, and concentrated.  The resultant crude 

oil was purified by flash column chromatography (silica gel, hexanes/EtOAc, 

9/1→4/1→2/1) to afford Diels–Alder adduct 29 (1.61 g, 68% yield) as colorless solid and 

as a 2.6/1 mixture of diastereoisomers based on 1H NMR analysis.  29: Rf = 0.43 (silica 

gel, hexanes/EtOAc, 2/1); IR (film) νmax 2959, 2932, 2858, 1722, 1460, 1428, 1371, 

1134, 1105, 1049, 1027, 986, 976, 822, 740, 704 cm–1; 1H NMR (400 MHz, CDCl3, 

integration of 1.0 per H for minor diastereoisomer, 2.6 per H for major diastereoisomer) δ 

7.69–7.64 (m, 14.4 H), 7.44–7.33 (m, 21.6 H), 4.22 (s, 2.6 H), 3.98–3.79 (m, 11.8 H), 
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3.68 (app td, J = 12.1, 2.5 Hz, 2.6 H), 3.47–3.41 (m, 4.6 H), 2.96–2.92 (m, 1 H), 2.62–

2.46 (m, 3.6 H), 2.42–2.34 (m, 3.6 H), 2.12–1.61 (m, 22.6 H), 1.53–1.40 (m, 3.6 H), 

1.33–1.25 (m, 7.2 H), 1.23–1.01 (m, 8.8 H), 1.21 (br s, 7.8 H), 1.17 (br s, 7.8 H), 1.16 (br 

s, 3 H), 1.12 (br s, 3 H), 1.06 (br s, 9 H), 1.05 (br s, 23.4 H), 1.02 (d, J = 6.6 Hz, 7.8 H), 

0.64 (d, J = 7.1 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 206.5, 205.2, 144.0, 140.4, 

135.9, 135.8, 134.9, 134.8, 133.8, 133.7, 129.7, 129.4, 127.6, 127.5, 127.4, 126.4, 126.1, 

101.4, 98.5, 75.7, 75.2, 59.5, 59.23, 59.15, 58.9, 52.6, 47.5, 46.9, 45.8, 43.2, 42.9, 42.5, 

41.0, 40.9, 40.3, 40.0, 39.5, 38.8, 37.83, 37.76, 37.6, 37.2, 33.5, 27.7, 27.0, 26.5, 25.4, 

25.1, 23.3, 20.4, 19.4, 18.0, 11.3, 9.4; HRMS (FAB) calcd for C37H49O2Si+ [M+H]+ 

585.3400, found 585.3394.  Although this mixture was used directly in subsequent 

chemistry, they were also separated for purposes of stereochemical determination by 

flash column chromatography (silica gel, CH2Cl2/Et2O, 97/3) with each having the 

following Rf values: major = 0.41, minor = 0.25 (silica gel, CH2Cl2/Et2O 19/1).  The 

major isomer could also be crystallized from the original mixture by dissolution in a 

minimal amount of hot EtOAc and slowly cooling to 25 °C, followed by further cooling 

overnight in a freezer; this operation provided the diffraction shown in Figure S1 (at the 

end of this experimental section).  The stereochemistry of the minor isomer was 

determined by nOe analysis, with key interactions shown below for this compound as 

well as 29.  

Major Diastereomer (drawn as 29): 1H NMR (400 MHz, CDCl3) δ 7.73–7.61 

(m, 4 H), 7.48–7.31 (m, 6 H), 4.24–4.18 (s, 1 H), 3.94–3.76 (m, 3 H), 3.75–3.63 (td, J = 

11.9, 2.1 Hz, 1 H), 3.48–3.38 (dd, J = 12.2, 3.6 Hz, 1 H), 2.56–2.44 (m, 1 H), 2.43–2.31 

(q, J = 9.7 Hz, 1 H), 2.16–1.88 (m, 3 H), 1.82–1.65 (m, 3 H), 1.49–1.37 (td, J = 11.6, 5.6 
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Hz, 1 H), 1.36–1.25 (m, 3 H), 1.21 (s, 3 H), 1.19–1.13 (m, 1 H), 1.17 (s, 3 H), 1.13–1.08 

(m, 1 H), 1.05 (s, 9 H), 1.02 (d, J = 6.6, 3 H). 

Minor Diastereomer (C-8 epimer of 29): 1H NMR (400 MHz, CDCl3) δ 7.75–

7.61 (m, 4 H), 7.48–7.30 (m, 6 H), 4.01–3.88 (m, 2 H), 3.88–3.75 (m, 2H), 3.49–3.40 (dd, 

J = 12.2, 3.7 Hz, 1 H), 3.46 (m, 1 H), 2.99–2.85 (m, 1 H), 2.65–2.53 (quintet, J = 6.5 Hz, 

1 H), 2.44–2.31 (m, 1 H), 2.14–2.04 (m, 1 H), 1.95–1.68 (m, 4 H), 1.67–1.58 (m, 1 H), 

1.56–1.41 (m, 2 H), 1.33–1.23 (m, 2 H), 1.23–1.18 (m, 1 H), 1.16 (s, 3 H), 1.12 (s, 3 H), 

1.06 (s, 9 H), 0.64 (d, J = 7.1 Hz, 3 H). 
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Vinylogous Ester 31.  Methyltriphenylphosphonium bromide (70 mg, 0.2 mmol, 

20 eqiuv) was suspended in THF (5 mL) and cooled to -78 °C.  The resultant slurry was 

treated with BuLi (1.6 M, 0. 1 mL, 0.15 mmol, 15 equiv) and warmed to 0 °C.  A 

solution of the benzoyl-protected Diels–Alder product 30 (5 mg, 0.01 mmol, 1.0 equiv) 

was dissolved in THF (1 mL) and cooled to -78 °C, and an aliquot (0.5 mL) of the 

solution of triphenylphosphonium ylide was added to the solution of 30.  The reaction 

was allowed to stir at -78 °C and monitored by thin layer chromatography (silica gel, 

hexanes/EtOAc 3/2).  Upon completion (~ 1 h), the reaction contents were quenched by 
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the addition of saturated aqueous NH4Cl (5 mL) and extracted with EtOAc (3 × 5 mL).  

The organic layers were dried (MgSO4), filtered, and concentrated.  The resultant crude 

product was purified by flash column chromatography (silica gel, hexanes/EtOAc 4/1) to 

afford the vinylogous ester 31 (~2 mg, ~40% yield) as a colorless oil. 31: Rf = 0.55 (silica 

gel, hexanes/EtOAc, 3/2); 1H NMR (400 MHz, CDCl3) δ 9.45 (s, 1 H), 8.11–8.04 (m, 2 

H), 7.61–7.53 (m, 1 H), 7.50–7.42 (t, J=8.32 Hz, 2 H), 4.90–4.84 (dd, J=6.02, 11.47 Hz, 

1 H), 4.25–4.15 (m, 1 H), 4.14–4.06 (td, J=3.50, 11.09 Hz, 1 H), 4.04–3.96 (dd, J=6.10, 

12.00 Hz, 1 H), 3.93–3.84 (m, 1 H), 3.03–2.89 (m, 2 H), 2.57–2.44 (m, 1 H), 2.40–2.12 

(m, 3 H), 1.98–1.80 (m, 4 H), 1.78–1.63 (m, 1 H), 1.56–1.48 (m, 4 H), 1.25 (s, 3 H), 1.19 

(s, 3 H), 0.81–0.76 (d, J=6.73 Hz, 1 H). 

 

Ketal-olefin 32. (Takai/Ohshima-Lombardo olefination). TiCl4 (0.330 mL, 1.0 

M in CH2Cl2, 0.330 mmol, 2.8 equiv) was added dropwise over the course of 1 min to a 

suspension of solid Zn (88.5 mg, 1.35 mmol, 11.3 equiv) and CH2Br2 (31.5 µL, 

0.448 mmol, 3.7 equiv) in THF (1.0 mL) at 25 °C. After stirring this mixture for 20 min, 

the reaction contents became brown and then Diels–Alder adduct 29 (70.0 mg, 

0.120 mmol, 1.0 equiv) was added dropwise over the course of 1 min as a solution in 

THF/CH2Cl2 (1.2 mL, 5:1). After stirring the resultant mixture at 25 °C for 12 h, the 

reaction contents were quenched by the addition of saturated aqueous NH4Cl (50 mL), 

and then water (50 mL) and CH2Cl2 (50 mL) were added sequentially. The contents were 

poured into a separatory funnel and the reaction contents were extracted with CH2Cl2 

(3 × 40 mL).  The combined organic layers were then dried (MgSO4), filtered, and con-

centrated.  The resultant crude product was purified by flash column chromatography 
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(silica gel, hexanes/EtOAc, 50/1→25/1→9/1) to afford ketal 32 (33.7 mg, 48% yield) as 

colorless solid and as a single diastereoisomer.  32: Rf = 0.55 (silica gel, hexanes/EtOAc, 

9/1); IR (film) νmax 2931, 2858, 1461, 1428, 1369, 1246, 1144, 1105, 1055, 983, 902, 

821, 740, 703, 609; 1H NMR (400 MHz, CDCl3) δ 7.69 (app t, J = 6.1 Hz, 4 H), 7.44–

7.33 (m, 6 H), 4.92 (br s, 1 H), 4.61 (br s, 1 H), 3.98 (td, J = 12.3, 2.8 Hz, 1 H), 3.81–3.72 

(m, 2 H), 3.68–3.65 (m, 2 H), 3.53 (dd, J = 12.2, 3.7 Hz, 1 H), 2.41 (app q, J = 9.5 Hz, 

1 H), 2.29 (app td, J = 12.7, 6.5 Hz, 1 H), 2.08–1.91 (m, 3 H), 1.74–1.63 (m, 3 H), 1.48 

(app td, J = 11.6, 5.9 Hz, 1 H), 1.31–1.27 (m, 2 H), 1.19 (dd, J = 13.3, 3.7 Hz, 1 H), 1.15 

(s, 3 H), 1.07 (br s, 9 H), 1.05 (br s, 3 H), 1.00 (d, J = 6.7 Hz, 3 H), 1.00–0.97 (m, 2 H); 

13C NMR (100 MHz, CDCl3) δ 147.3, 139.2, 136.0, (2 C), 135.9 (2 C), 135.2, 134.3, 

130.1, 129.5, 129.3, 127.4 (2 C), 127.3 (2 C), 107.2, 100.1, 75.7, 58.9, 58.8, 47.0, 43.6, 

43.0, 41.0, 40.5, 38.9, 38.0, 37.7, 34.8, 28.1, 27.0 (3 C), 25.8, 25.3, 20.4, 19.5, 11.3; 

HRMS (FAB) calcd for C38H50O3Si+ [M]+ 582.3529, found 582.3587. 

 

Keto-olefin 33, (via one pot synthesis from Diels–Alder adduct 29). TiCl4 

(0.330 mL, 1.0 M in CH2Cl2, 0.330 mmol, 3.0 equiv) was added dropwise over the course 

of 1 min to a suspension of Zn (88.5 mg, 1.35 mmol, 12.1 equiv) and CH2Br2 (31.5 µL, 

0.448 mmol, 4.0 equiv) in THF (1.0 mL) at 25 °C. After stirring this mixture for 20 min, 

the reaction contents became brown and then Diels–Alder adduct 29 (65.7 mg, 

0.112 mmol, 1.0 equiv) was added dropwise over the course of 1 min as a solution in 

THF/CH2Cl2 (1.2 mL, 5:1). After stirring the resultant mixture at 25 °C for 14.5 h, THF 

(1.5 mL) and 1.0 M aqueous HCl (0.330 mL) were added and stirring was continued for 

another 6.5 h at 25 °C. Then, the reaction contents were quenched by the addition of 
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saturated aqueous NH4Cl (50 mL), and then water (50 mL) and CH2Cl2 (50 mL) were 

added sequentially.  The contents were poured into a separatory funnel and the reaction 

contents were extracted with CH2Cl2 (3 × 40 mL).  The combined organic layers were 

then dried (MgSO4), filtered, and concentrated. The resultant crude product was purified 

by flash column chromatography (silica gel, hexanes/EtOAc, 50/1→25/1→9/1) to afford 

keto-olefin 33 (26.8 mg, 46% yield) as colorless solid and as a single diastereoisomer.  

33: Rf = 0.54 (silica gel, hexanes/EtOAc, 9/1); IR (film) νmax 2959, 2931, 2858, 1715, 

1457, 1428, 1372, 1190, 1107, 1081, 1056, 1045, 1007, 916, 890, 847, 822, 787, 740, 

703, 609, 506, 485, 413 cm–1; 1H NMR (400 MHz, CDCl3) δ 7.70–7.68 (m, 4 H), 7.46–

7.35 (m, 6 H), 4.59 (br s, 1 H), 4.10 (br s, 1 H), 3.58 (dd, J = 12.3, 3.9 Hz, 1 H), 3.45 (br 

s, 1 H), 2.51–2.28 (m, 3 H), 2.13–2.04 (m, 2 H), 1.83 (ddd, J = 11.7, 8.6, 3.2 Hz, 1 H), 

1.71 (app t, J = 12.8 Hz, 1 H), 1.52–1.22 (m, 4 H), 1.14 (s, 3 H), 1.08 (br s, 9 H), 1.06 (d, 

J = 6.2 Hz, 3 H), 1.00 (s, 3 H), 1.18–0.84 (m, 1 H); 13C NMR (100 MHz, CDCl3) δ 213.0, 

147.8, 140.1, 136.0 (2 C), 135.9 (2 C), 134.9, 134.0, 131.5, 129.6, 129.5, 127.5 (2 C), 

127.4 (2 C), 106.7, 75.7, 53.0, 47.6, 47.3, 46.5, 43.3, 39.3, 39.0, 36.8, 31.8, 28.2, 27.0 

(3 C), 25.4, 19.5, 19.2, 11.7; HRMS (FAB) calcd for C35H45O2Si+ [M+H]+ 525.3189, 

found 525.3182. 

 

Keto-olefin 33, (via hydrolysis of ketal 32). 1 M aqueous HCl (0.3 mL) was 

added to a solution of ketal 32 (33.7 mg, 0.058 mmol, 1.0 equiv) in THF (3.0 mL) and the 

resultant mixture was stirred at 25 °C for 12 h.  Upon completion, the reaction contents 

were quenched by the addition of saturated aqueous NaHCO3 (50 mL) and extracted with 

CH2Cl2 (3 × 20 mL).  The combined organic layers were then dried (MgSO4), filtered, 
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and concentrated. The resultant crude product was purified by flash column 

chromatography (silica gel, hexanes/EtOAc, 50/1→25/1→9/1) to afford keto-olefin 33 

(30.1 mg, 99% yield) as colorless solid. 

 

Reduced ketones 35a and 35b. The The keto-olefin 33 (~5 mg, 0.009 mmol, 1.0 

equiv) was dissolved in EtOAc (1 mL) and treated with a catalytic amount of Pd/C.  The 

reaction vessel was then fitted with a three-way adapter, and purged of air and backfilled 

with an atmosphere of gaseous hydrogen (3 × 1 atm).  The resultant slurry was allowed to 

stir under an atmosphere of hydrogen (1 atm) for 12 h.  Upon completion, the contents of 

the reaction were filtered through celite, and the organic layer was concentrated directly 

to afford the reduced methyl ketal 35 (~5 mg, >90% yield).  35: Rf = 0.5 (silica gel, 

hexanes/EtOAc, 9:1); 

 

Corey-Chaykovsky Epoxide 36.  Trimethylsulfonium iodide (30 mg, 0.146 

mmol, 20 equiv) was dissolved in THF (0.5 mL) and cooled to 0 °C.  The mixture was 

treated with BuLi (60 uL, 0.088 mmol, 12 equiv) and the resultant mixture was stirred for 

2 min.  The methylene ketone 33 (4 mg, 0.007 mmol, 1.0 equiv) was then added as a 

solution in THF (0.5 mL) and the reaction was stirred for 12 h, and allowed to warm 

gradually to 25° C.  Upon completion, the reaction was quenched with saturated aqueous 

NH4Cl (2 mL) and extracted with EtOAc (3 × 5 mL).  The combined organic layers were 

dried (MgSO4), filtered, and concentrated.  The resultant crude product was purified via 

flash column chromatography (silica gel, hexanes/EtOAc 9/1) to afford the Corey-

Chaykovsky epoxide 36 (~20 mg, ~60% yield unoptimized) as a colorless oil. 36: Rf = 
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0.5 (silica gel, hexanes/EtOAc, 9:1); 1H NMR (400 MHz, CDCl3) δ 7.72–7.63 (m, 4 H), 

7.46–7.33 (m, 6 H), 4.73 (s, 1 H), 4.66 (s, 1 H), 3.56–4.96 (dd, J=4.04, 12.50 Hz, 1 H), 

2.77–2.73 (d, J=5.02 Hz, 1 H), 2.46 (s, 1 H), 2.41–2.38 (d, J=5.02 Hz, 1 H), 2. 36–2.12 

(m, 5 H), 2.07–1.89 (m, 6 H), 1.70–1.66 (m, 1 H), 1.14 (s, 3 H), 1.06 (s, 9 H), 0.96 (s, 3 

H), 0.79– 0.73 (d, J=6.85 Hz, 3 H). 

 

Six-Membered Ring Methyl Ketone 39. The keto-olefin 33 (0.025 g, 0.046 

mmol, 1.0 equiv) was dissolved in CH2Cl2 (3 mL) and treated with Sc(OTf)3 (0.023 g, 

0.046 mmol, 1.0 equiv) at 25 °C.  The reaction contents were then cooled to 0 °C and 

treated with TMSCHN2 (0.46 mL, 2.0 M in hexanes, 0.92 mmol, 20 equiv).  The resultant 

yellow solution was stirred for 30 min at 0 °C and then was warmed to 25 °C and stirred 

for an additional 30 min.  Upon completion, the reaction contents were quenched by slow 

addition of AcOH (to destroy any excess TMSCHN2) followed by saturated aqueous 

NaHCO3 (5 mL).  The contents were then poured into a separatory funnel and extracted 

with CH2Cl2 (3 × 10 mL).  The combined organic layers were washed with brine (5 mL), 

dried (MgSO4), filtered, and concentrated.  The resultant crude oil was purified by flash 

column chromatography (silica gel, hexanes/EtOAc, 19/1) to afford the six-membered 

ring metyl ketone 39 (8.3 mg, 33% yield) as a white solid.  39: Rf = 0.29 (silica gel, 

hexanes/EtOAc, 9/1); IR (film) νmax 3069, 2955, 2931, 2863, 2360, 2338, 1712, 1641, 

1454, 1427, 1368, 1112, 1050, 908, 736, 702 cm–1; 1H NMR (400 MHz, CDCl3) δ 7.69–

7.66 (m, 4 H), 7.42–7.33 (m, 6 H), 4.56 (s, 1 H), 4.53 (s, 1 H), 3.49 (dd, J= 12.0, 3.6, 1 

H), 3.27 (d, J = 4.8 Hz, 1 H), 2.48 (dd, J = 11.2, 5.2 Hz, 1 H), 2.18 (td, J = 14.0, 6.8 Hz, 1 

H), 2.15–1.89 (m, 2 H), 2.08 (s, 3 H), 1.91–1.86 (m, 1 H) 1.83–1.64 (m, 3 H), 1.51–1.43 
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(m, 1 H), 1.21–1.17 (dd, J = 13.2, 4.0 Hz, 1 H), 1.14 (s, 3 H), 1.09–1.02 (m, 6 H), 1.07 (s, 

9 H), 0.96–0.90 (m, 3 H); 13C NMR (100 MHz, CDCl3) δ 209.8, 148.6, 139.2, 136.0, 

135.9, 135.1, 134.1, 131.8, 129.6, 129.4, 127.4 (2 C), 107.6, 75.5, 58.2, 47.2, 46.3, 43.6, 

41.2, 40.7, 38.5, 38.1, 34.6, 32.2, 29.5, 28.5, 27.0, 26.3, 20.3, 19.5, 19.1; HRMS (FAB) 

calcd for C37H49O2Si+ [M+H]+ 553.3502, found 553.3524.  The structure of 39 was also 

determined through X-ray diffraction, but the low quality of the data prevents further 

discussion of the structure beyond the ball-and-stick model provided below. 

 

 

 

 

 

 

 

Corey-Chaykovsky Epoxide 41.  Trimethylsulfonium iodide (15 mg, 0.073 

mmol, 10.0 equiv) was dissolved in THF (0.5 mL) and cooled to 0 °C.  The mixture was 

treated with BuLi (28 uL, 0.044 mmol, 6.0 equiv) and the resultant mixture was stirred 

for 2 min.  The mixture of ketones 35a & 35b (4 mg, 0.007 mmol, 1.0 equiv) was then 

added as a solution in THF (0.5 mL) and the reaction was stirred for 1 h, at 0 °C and 

allowed to warm gradually to 25° C over the course of 2 h.  Upon completion, the 

reaction was quenched with saturated aqueous NH4Cl (2 mL) and extracted with EtOAc 

(3 × 5 mL).  The combined organic layers were dried (MgSO4), filtered, and 

concentrated.  The resultant crude product was purified via flash column chromatography 
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(silica gel, hexanes/EtOAc 9/1) to afford the Corey-Chaykovsky epoxide 41 (2 mg, 50% 

yield) as a colorless oil. 41: Rf = 0.5 (silica gel, hexanes/EtOAc, 9:1); 1H NMR (400 

MHz, CDCl3) δ 7.77–7.61 (m, 4 H), 7.49–7.30 (m, 6 H), 3.61–3.45 (m, 1 H), 2.81–2.77 

(d, J=5.05 Hz, 0.3 H), 2.66–2.62 (d, J= 4.89 Hz, 0.2 H), 2.61–2.57 (d, J= 4.89 Hz, 0.3 H), 

2.37–2.32 (d, J= 5.05 Hz, 0.6 H), 2.31–1.22 (m, 14 H), 1.13 (s, 3 H), 1.09–1.03 (m, 9 H), 

0.94–0.84 (m, 6 H), 0.74–0.67 (m, 3 H). 

 

Azide 42. The Corey-Chaykovsky epoxide 41 (2 mg, 3.6x10-3 mmol, 1.0 equiv) 

was dissolved in dry DMF (1 mL) and treated with sodium azide (82 mg, 1.26 mmol,  

350 equiv).  The resultant mixture was then heated to 100 °C for 12 h.  Upon completion, 

the reaction contents were diluted with Et2O (10 mL) and washed with water (5 × 5 mL).  

The organic layer was dried (MgSO4), filtered, and concentrated.  The resultant crude 

product was purified via flash column chromatography (silica gel, hexanes/EtOAc 9/1) to 

afford the hydroxy azide 42 (~1 mg, ~50% yield unoptimized). 42: Rf = 0.4 (silica gel, 

hexanes/EtOAc, 9:1); 1H NMR (400 MHz, CDCl3) δ 7.76–7.60 (m, 4 H), 7.46–7.31 (m, 6 

H), 3.48–3.42 (dd, J=3.98 Hz, 12.12, 1 H), 3.45–3.40 (d, J=11.69 Hz, 1 H), 2.60–2.51 (d, 

J=3.85 Hz, 1 H), 2.09–1.94 (m, 3 H), 1.75–1.59 (m, 3 H), 1.52– 1.36 (m, 3 H), 1.21–1.14 

(m, 2 H), 1.12 (s, 3 H), 1.06 (s, 9H), 0.96–0.93 (d, J=6.79 Hz, 3 H), 0.94 (s, 3 H), 0.71–

0.64 (m, 1 H), 0.63–0.58 (d, J=6.92 Hz, 3 H). 

 

Wilkinson Reduction Product 35. Keto-olefin 33 (28.5 mg, 0.054 mmol, 

1.0 equiv) and (Ph3P)3RhCl  (Wilkinson’s catalyst, 7.5 mg, 0.008 mmol, 0.15 equiv) were 

dissolved in benzene (5.4 mL) at 25 °C and H2 was bubbled through the solution for 
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10 min.  The resultant mixture was stirred under a H2 atmosphere for 12 h at 25 °C.  

Upon completion, reaction contents were concentrated directly and the resultant crude 

residue was purified by flash column chromatography (silica gel, hexanes/EtOAc, 

50/1→25/1→9/1) to afford ketone 35 (28.0 mg, 98% yield) as a colorless solid and in 

≥19/1 d.r. based on 1H NMR analysis.  35: Rf = 0.54 (silica gel, hexanes/EtOAc, 9/1); IR 

(film) νmax 2959, 2931, 2858, 1704, 1457, 1427, 1374, 1313, 1264, 1198, 1185, 1150, 

1110, 1086, 1053, 1013, 936, 923, 892, 871, 851, 821, 790, 740, 703; 1H NMR 

(400 MHz, CDCl3) δ 7.71–7.69 (m, 4 H), 7.45–7.35 (m, 6 H), 3.50 (dd, J = 12.3, 4.1 Hz, 

1 H), 2.93 (dd, J = 5.1, 2.3 Hz, 1 H), 2.44–2.38 (m, 1 H), 2.17–2.00 (m, 2 H), 1.98–1.80 

(m, 3 H), 1.67 (app t, J = 12.9 Hz, 1 H), 1.44–1.00 (m, 5 H), 1.13 (s, 3 H), 1.08 (s, 9 H), 

1.04 (s, J = 6.4 Hz, 3 H), 0.92 (s, 3 H), 0.73–0.68 (m, 1 H), 0.56 (d, J = 7.0 Hz, 3 H); 

13C NMR (100 MHz, CDCl3) δ 214.7, 141.3, 136.0 (2 C), 135.9 (2 C), 134.9, 134.0, 

129.6, 129.4, 128.5, 127.43 (2 C), 127.38 (2 C), 76.8, 49.4 (2 C), 48.0, 44.2, 43.9, 39.7, 

36.7, 33.2, 33.1, 29.6, 28.3, 27.0 (3 C), 26.8, 19.5, 17.8, 15.2, 12.4; HRMS (FAB) calcd 

for C35H47O2Si+ [M+H]+ 527.3345, found 539.3322. 

 

Rippertane Skeleton 40. BF3•OEt2 (7.3 µL, 8.3 mg, 0.058 mmol, 1.0 equiv) was 

added dropwise over the course of 1 min to a solution of ketone 35 (30.7 mg, 

0.058 mmol, 1.0 equiv) in CH2Cl2 (2.9 mL) at –78 °C. After stirring for 5 min at –78 °C, 

TMSCHN2 (29.1 µL, 2.0 M in hexanes, 0.058 mmol, 1.0 equiv) was added dropwise over 

the course of 1 min and the resultant solution was stirred for an additional 2.5 h at –

78 °C.  The reaction contents were then allowed to warm to –50 °C over a period of 

45 min and stirred for an additional 30 min at –50 °C before being quenched by the 
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addition of saturated aqueous NaHCO3 (6 mL).  The reaction contents were then warmed 

to 25 °C, saturated aqueous NaHCO3 (30 mL) and CH2Cl2 (15 mL) were added, and the 

product was extracted with CH2Cl2 (3 × 15 mL).  The combined organic layers were then 

dried (MgSO4), filtered, and concentrated.  The resultant crude oil was purified by flash 

column chromatography (silica gel, hexanes/EtOAc, 50/1→25/1→9/1) to afford 

rippertane skeleton 40 (6.6 mg, 21% yield) as colorless resin along with recovered 

starting material [(21.9 mg, 71% yield of 40 based on recovered s.m.; recovered 35 was 

slightly enriched in the diastereoisomer with the undesired C-12 configuration (rippertane 

numbering)] and a small amount of mixed fractions (~0.5 mg, product/starting material 

~1/2.6 based on 1H NMR analysis).  40: Rf = 0.50 (silica gel, hexanes/EtOAc, 9/1); IR 

(film) νmax 2956, 2928, 2857, 1700, 1462, 1427, 1110, 1081, 1038, 822, 740, 703 cm–1; 

1H NMR (400 MHz, CDCl3) δ 7.70–7.68 (m, 4 H), 7.44–7.33 (m, 6 H), 3.50 (dd, 

J = 12.4, 4.6 Hz, 1 H), 3.19 (dd, J = 13.3, 5.2 Hz, 1 H), 2.93 (app br t, J = 10.7 Hz, 1 H), 

2.80 (m, 1 H), 2.26 (dd, J = 13.3, 4.4 Hz, 1 H), 2.22–2.13 (m, 1 H), 2.10–1.95 (m, 1 H), 

1.85–1.64 (m, 5 H), 1.18–1.02 (m, 10 H), 1.07 (br s, 9 H), 1.04 (br s, 3 H), 0.74–0.69 (m, 

1 H), 0.52 (d, J = 6.9 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 218.3, 144.5, 136.0 (2 C), 

135.9 (2 C), 135.0, 134.1, 133.4, 129.5, 129.4, 127.4 (2 C), 127.3, (2 C), 76.5, 52.5, 50.6, 

46.6, 44.7, 42.7, 40.1, 39.2, 37.9, 36.1, 35.7, 31.3, 28.0, 27.7, 27.0 (3 C), 19.5, 18.7, 17.3, 

14.4; HRMS (FAB) calcd for C36H47O2Si+ [M–H]+ 539.3345, found 539.3337. 

Eight-Membered Ring 44. Rf = 0.52 (silica gel, hexanes/EtOAc, 9/1); IR (film) 

νmax 2961, 2928, 2854, 1704, 1467, 1429, 1103, 1071, 1021, 698 cm–1; 1H NMR (400 

MHz, CDCl3) δ 7.70–7.66 (m, 4 H), 7.43–7.34 (m, 6 H), 3.58 (t, J = 8.4 Hz, 1 H), 2.25 

(m, 1 H), 2.17–1.65 (m, 10 H), 1.61 (dd, J = 12.8, 5.0 Hz, 1 H), 1.34 (s, 3 H), 1.32 (s, 3 
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H), 1.29–1.10 (m, 5 H), 1.15–1.05 (m, 1 H), 1.08 (s, 9 H), 0.98 (d, J = 6.4 Hz, 3 H), 0.85 

(d, J = 6.8 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 216.7, 144.1, 140.1, 136.1 (2 C), 

134.9, 134.4, 129.5, 129.4, 127.4, 127.3, 79.0, 53.4, 50.0, 47.7, 46.3, 41.8, 40.1, 38.3, 

36.6, 36.2, 33.7, 29.9, 29.7, 27.7, 27.1, 25.2, 22.7, 20.9, 19.5, 19.4, 15.6; HRMS (FAB) 

calcd for C37H51O2Si+ [M+H]+ 555.3658, found 555.3658. 

 

Alcohol 45. Solid NaBH4 (5.0 mg, 0.131 mmol, 5.0 equiv) was added to a 

solution of rippertane skeleton 40 (14.2 mg, 0.026 mmol, 1.0 equiv) in MeOH/THF (2/1, 

3.9 mL) at 0 °C.  After stirring the resultant solution for 5 min at 0 °C, the reaction 

contents were allowed to warm to 25 °C and stirred for 1 h. Upon completion, the 

reaction contents were quenched by the addition of saturated aqueous NaHCO3 (40 mL) 

and extracted with CH2Cl2 (3 × 15 mL).  The combined organic layers were then dried 

(MgSO4), filtered, and concentrated. The resultant crude oil was purified by flash column 

chromatography (silica gel, hexanes/EtOAc, 50/1→25/1→9/1) to afford alcohols 45 

(13.3 mg, 93% yield) as colorless resin and as a 3.6/1 mixture of diastereoisomers based 

on 1H NMR analysis.  45 (major diastereoisomer): Rf = 0.43 (silica gel, hexanes/EtOAc, 

4/1); IR (film) νmax 3368, 3070, 2956, 2929, 2858, 1461, 1427, 1370, 1262, 1188, 1109, 

1084, 1029, 1007, 940, 875, 846, 821, 739, 702 cm–1; 1H NMR (400 MHz, CDCl3; signal 

for OH probably not detected) δ 7.68–7.66 (m, 4 H), 7.43–7.33 (m, 6 H), 3.39 (dd, 

J = 11.8, 5.6 Hz, 1 H), 3.23 (m, 1 H), 2.36 (m, 1 H), 2.31 (br app t, J = 9.2 Hz, 1 H), 

2.05–1.98 (m, 2 H), 1.85–1.75 (m, 1 H), 1.72–1.58 m (4 H), 1.36–0.79 (m, 11 H), 1.12 

(br s, 6 H), 1.06 (br s, 9 H), 0.98 (d, J = 6.2 Hz, 3 H), 0.80 (d, J = 6.8 Hz, 3 H); 13C NMR 

(100 MHz, CDCl3) δ 144.5, 136.1, 136.0 (2 C), 135.9 (2 C), 135.2, 134.4, 129.5, 129.3, 
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127.4 (2 C), 127.3 (2 C), 78.4, 77.8, 48.7, 46.0, 44.5, 42.7, 39.7, 38.8, 38.0, 37.6, 36.0, 

31.9, 30.7, 29.7, 29.4, 27.3, 27.1 (3 C), 19.5, 17.6 (2 C); HRMS (FAB) calcd for 

C36H49O2Si+ [M–H]+ 541.3502, found 541.3508.  45 (minor diastereoisomer): Rf = 0.40 

(silica gel, hexanes/EtOAc, 4:1). 

 

Thiocarbamates 46. 1,1'-Thiocarbonyldiimidazole (43.7 mg, 0.245 mmol, 

10 equiv) and 4-DMAP (1.2 mg, 0.010 mmol, 0.4 equiv) were added sequentially to a 

solution of the intermediate alcohols 45 (3.6/1 mixture of diastereoisomers, 13.3 mg, 

0.025 mmol, 1.0 equiv) in THF (2.0 mL) at 25 °C.  The resultant mixture was then heated 

at 70 °C for 16.5 h.  Upon completion, the reaction contents were cooled to 25 °C and 

then concentrated directly.  Purification of the residue by flash column chromatography 

(silica gel, hexanes/EtOAc, 25/1 →9/1→4/1) afforded thiocarbamates 46 (10.6 mg, 66% 

yield) as colorless resin and as a 4.7/1 mixture of diastereoisomers based on 1H NMR 

analysis.  46 (major/minor diastereoisomer): Rf = 0.49/0.46 (silica gel, hexanes/EtOAc, 

7:3); IR (film) νmax 2928, 2857, 1463, 1427, 1383, 1329, 1282, 1232, 1105, 1040, 971, 

822, 740, 703 cm–1; 1H NMR (400 MHz, CDCl3, integration of 1 per H for minor 

diastereoisomer, 4.7 per H for major diastereoisomer) δ 8.32 (br s, 5.7 H), 7.71–7.68 (m, 

22.8 H), 7.63 (br s, 5.7 H), 7.45–7.33 (m, 34.2 H), 7.05 (br s, 5.7 H), 5.57–5.52 (m, 1 H), 

5.27 (ddd, J = 11.5, 7.5, 4.2 Hz, 4.7 H), 3.57 (dd, J = 11.8, 5.6 Hz, 1 H), 3.40 (dd, 

J = 12.0, 5.3 Hz, 4.7 H), 2.68–2.58 (m, 2 H), 2.51–2.44 (m, 9.4 H), 2.34–2.26 (m, 1 H), 

2.28 (ddd, J = 14.1, 3.9, 3.3 Hz, 4.7 H), 2.08–0.77 (m, 74.1 H), 1.16 (br s, 3 H), 1.15 (br 

s, 14.1 H), 1.12 (br s, 14.1 H), 1.10 (br s, 3 H), 1.07 (br s, 51.3 H), 0.96 (d, J = 7.0 Hz, 

3 H), 0.91 (d, J = 6.4 Hz, 14.1 H), 0.81 (d, J = 6.8 Hz, 14.1 H), 0.78 (d, J = 6.9 Hz, 3 H); 
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13C NMR (75 MHz, CDCl3) δ 183.7, 144.4, 144.0, 137.1, 136.1, 136.0, 135.1, 135.0, 

134.3, 130.7, 129.5, 129.4, 127.4, 127.3, 118.1, 91.1, 87.7, then two signals buried under 

CDCl3 signals, 49.1, 45.7, 45.5, 43.9, 43.3, 40.6, 39.3, 39.0, 38.9, 38.4, 38.1, 37.9, 37.5, 

36.7, 35.93, 35.85, 35.0, 31.9, 31.2, 30.9, 30.0, 29.7, 29.3, 29.1, 28.9, 28.5, 28.4, 27.8, 

27.2, 27.1, 24.7, 23.4, 22.7, 19.5, 18.9, 18.0, 17.7, 17.0, 15.9, 14.1; HRMS (FAB) calcd 

for C40H53O2N2SSi+ [M+H]+ 653.3597, found 653.3585. 

 

Protected Rippertenol 47. Two batches of thiocarbamates 46 (9.1 mg, 

0.014 mmol, 1.0 equiv per batch) were dissolved in degassed toluene (1.4 mL per batch) 

and treated sequentially at 25 °C with n-Bu3SnH (37.5 µL, 40.6 mg, 0.139 mmol, 

10 equiv per batch) and AIBN (0.6 mg, 0.004 mmol, 0.25 equiv per batch).  Each 

reaction was heated at 100 °C for 15 min, cooled to 25 °C, and then concentrated directly 

under reduced pressure.  Purification of the combined crude reaction products by flash 

column chromatography (silica gel, hexanes) afforded protected rippertenol 47 (10.2 mg, 

69% yield) as colorless resin.  47: Rf = 0.33 (silica gel, hexanes); 1H NMR (400 MHz, 

CDCl3) δ 7.70–7.68 (m, 4 H), 7.43–7.33 (m, 6 H), 3.45 (dd, J = 12.2, 5.1 Hz, 1 H), 2.52–

2.45 (m, 2 H), 1.94–0.76 (m, 16 H), 1.09 (br s, 3 H), 1.06 (br s, 9 H), 1.05 (br s, 3 H), 

0.80 (d, J = 6.6 Hz, 3 H), 0.76 (d, J = 6.9 Hz, 3 H). 

 

Rippertenol (1). TBAF (0.097 mL, 1.0 M in THF, 0.097 mmol, 5.0 equiv) was 

added to a solution of protected rippertenol (47, 10.2 mg, 0.0194 mmol, 1.00 equiv) in 

THF (2.0 mL) and the resultant mixture was heated at 45 °C for 15 h.  A second portion 

of TBAF (0.097 mL, 1.0 M in THF, 0.097 mmol, 5.00 equiv) was then added, and stirring 

163



 

was continued at 45 °C for another 5 h. The reaction contents were then cooled to 25 °C 

and concentrated directly. Purification of the residue by flash column chromatography 

(silica gel, hexanes/EtOAc, 25/1 →9/1→4/1) afforded rippertenol (1, 5.2 mg, 93% yield) 

as colorless resin. 1: Rf = 0.61 (silica gel, hexanes/EtOAc, 7:3); IR (film) νmax 3361, 

2924, 2856, 1454, 1377, 1054, 1022 cm–1; 1H NMR (400 MHz, CDCl3) δ 3.50 (dd, 

J = 12.0, 5.7 Hz, 1 H), 2.62 (m, 1 H), 2.55 (br t, J = 9.3 Hz, 1 H), 2.02–1.93 (m, 2 H), 

1.91–1.78 (m, 3 H), 1.74–1.52 (m, 6 H), 1.42–1.20 (m, 6 H), 1.20 (s, 3 H), 0.97 (s, 3 H), 

0.94 (d, J = 6.9 Hz, 3 H), 0.86 (d, J = 6.6 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 

145.2, 136.3, 76.0, 48.8, 45.7, 45.4, 41.7, 38.5, 37.5, 37.1, 36.5, 35.8, 33.3, 30.1, 29.7, 

28.3, 27.3, 21.9, 18.3, 17.4; HRMS (EI) calcd for C20H32O+ [M]+ 288.2453, found 

288.2458.  Table S1 provides a comparison table of key spectroscopic data; note that the 

original Prestwich isolation paper only defines easily identified signals for its 1H NMR, 

accounting for the differences between our complete peak listing and their partial 

assignments. 
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Table S1.  Comparision of 1H Spectra for Natural and Synthetic Rippertenol. 

1H Literature  1H Observed 

Chemical Shift (ppm) Appearance  Chemical Shift (ppm) Appearance 

3.49 dd, J = 11.7, 5.3 Hz, 1 H  3.50 dd, J = 12.0, 5.7 Hz, 1 H 

2.61 br m, 1 H  2.62 m, 1 H 

2.54 br t, J = 9 Hz, 1 H  2.55 br t, J = 9.3 Hz, 1 H 

– –  2.02–1.93 m, 2 H 

– –  1.91–1.78 m, 3 H 

1.57 s, 1 H  1.74–1.52 m, 6 H 

– –  1.42–1.20 m, 6 H 

1.18 s, 3 H  1.20 s, 3 H 

0.96 s, 3 H  0.97 s, 3 H 

0.92 d, J = 6.5 Hz, 3 H  0.94 d, J = 6.9 Hz, 3 H 

0.84 d, J = 6.5 Hz, 3 H  0.86 d, J = 6.6 Hz, 3 H 

 

 

 

 

 

 

 

Table S2.  Comparision of 13C Spectra for Natural and Synthetic Rippertenol. 
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 13C Literature  13C Observed 

 Chemical Shift (ppm) 

 

Chemical Shift (ppm) 

 145.1  145.2 

 136.2  136.3 

 75.8  76.0 

 48.7  48.8 

 45.8  45.7 

 45.5  45.4 

 41.7  41.7 

 38.4  38.5 

 37.5  37.5 

 37.1  37.1 

 36.4  36.5 

 35.8  35.8 

 33.2  33.3 

 30.0  30.1 

 29.6  29.7 

 28.3  28.3 

 27.4  27.3 

 21.8  21.9 

 18.3  18.3 

 17.3  17.4 
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Figure S1.  ORTEPS of X-ray structures obtained  
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