
METHODOLOGIES IN ORGANIC CHEMISTRY AND

THEIR APPLICATIONS TO THE SYNTHESIS OF BIO-

ACTIVE SMALL MOLECULES

Jonathan Hudon

Department of Chemistry

McGill University

Montreal, Quebec, Canada

August 2009

A thesis submitted to McGill University in partial fulfillment of the requirements

of the degree of Doctor of Philosophy

 Jonathan Hudon 2009 All rights reserved.



i

Abstract
This thesis is separated into two parts. In part A, a novel 5-alkyl-2-silyloxy

cyclopentadiene is presented. Racemic and enantioselective syntheses of the new

cyclopentadiene have been developed. This new cyclopentadiene is significantly

more stable towards 1,5-H shifts than most cyclopentadienes. Through the use of

computational modeling, it was determined that the added stability comes from

the electron donation of the 2-silyloxy group into the LUMO of the diene. The

novel diene was used for Diels-Alder cycloadditions at room temperature with a

variety of dienophiles. An europium Lewis acid was found to be compatible with

the diene while activating dienophiles for cycloaddition. It was also determined

that an enantioenriched diene will generate a cycloaddition product with no

erosion in enantiomeric excess. Stabilization by a silyloxy group was also used to

generate a stable 1-alkyl-3-silyloxy cyclopentadiene that underwent smooth Diels-

Alder reaction. The 5-alkyl-2-silyloxy cyclopentadiene was used as a

cycloaddition partner in the synthesis of part of the natural product palau’amine.

Through a Diels-Alder/oxidative cleavage sequence, the E-ring stereoarray of the

originally proposed structure of Palau’amine was obtained.

In part B, the synthesis and purification of a novel multi-action drug, triciferol, are

presented. Triciferol was designed to combine a vitamin D3 framework and a

metal binding group with histone deacetylase inhibition properties. The

secosteroidal core of triciferol is obtained from degradation of vitamin D2. The

vitamin D A-ring is obtained from (-)-quinic acid and is appended to the core by a

Horner reaction. The unsaturated side chain is built by sequential Wittig reactions

and terminated by a metal-binding hydroxamic acid. This conjugated hydroxamic

acid group was found to be susceptible to exposition to trace metals. The final

purification of triciferol could only be accomplished using reverse phase silica

chromatography. Triciferol was found to be an effective bifunctional agent, acting

both as an agonist of the vitamin D receptor and an inhibitor of histone

deacetylase.  Moreover, it proved to be a potent anti-cancer drug in vitro.



ii

Résumé

Cette thèse comprend deux parties. Dans la partie A, un nouveau 5-alkyl-2-

silyloxy cyclopentadiène est présenté. Deux synthèses de ce nouveau

cyclopentadiène ont été développées : l’une racémique et l’autre énantiosélective.

Le nouveau cyclopentadiène est significativement plus stable vis-à-vis de la

migration 1,5 d’hydrogène que la plupart des cyclopentadiènes connus. À l’aide

de la modélisation par ordinateur, la stabilité du nouveau cyclopentadiène a été

attribuée à une donation électronique du groupe 2-silyloxy au LUMO du diène.

Le nouveau cyclopentadiène a été utilisé lors de cycloadditions Diels-Alder à

température ambiante avec une sélection de diénophiles. Un acide de Lewis à

base d’europium, permettant d’activer les diénophiles sans décomposer le diène, a

été trouvé. Il fut aussi déterminé qu’une version énantioenrichie du

cyclopentadiène génère un produit de cycloaddition sans aucune détérioration de

l’excès énantiomérique initial. La stabilisation par un groupe silyloxy a aussi été

appliquée avec succès à un cyclopentadiène 1-alkyle-3-silyloxy, lui permettant

d’encourir un Diels-Alder sans problème. Le 5-alkyle-2-silyloxy cyclopentadiene

a été utilisé lors d’une cycloaddition menant à la synthèse d’une partie de la

palau’amine, un produit naturel. La stéréochimie de l’anneau E de la structure

originale de la palau’amine a été atteinte grâce à une séquence de Diels-Alder /

clivage oxydatif.

Dans la partie B, la synthèse et la purification d’un nouveau médicament bi-

fonctionnel, le triciferol, sont présentées. Le triciferol a été conçu afin de

combiner la structure de la vitamine D3 à un groupe chélateur de métaux, ayant la

capacité d’inhiber les HDAC. Le centre sécostéroïde du triciferol est obtenu par

dégradation de la vitamine D2. L’anneau A est synthétisé à partir d’acide quinique

et est attaché au centre sécostéroïde grâce à une réaction de Horner. La chaine

insaturée est construite par réactions de Wittig et est terminée par un acide

hydroxamique chélateur. Cet acide hydroxamique insaturé se décompose

facilement en présence de métaux ; la purification finale du triciférol doit être
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effectuée par une chromatographie en phase inverse. Le triciférol a les capacité

d’un médicament bi-fonctionnel : c’est un agoniste du récepteur de la vitamine D

et un inhibiteur des enzymes HDAC.
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1 General Introduction
Chemical synthesis deals with the transformation of matter to create new or

already known molecules. This happens through the breaking and formation of

chemical bonds in predictable ways. The patterns that are used for controlling

such changes are called chemical reactions.

Therefore, chemical synthesis has two facets. It can be seen as a means to

obtain an end result: a desired molecule, or it can be envisioned as an art that

deserves improvement. Improving chemical synthesis means obtaining a greater

understanding of a reaction so that its power can be harnessed in more productive

ways (less side products leading to higher yields, diminished reaction time,

broader substrate scope, etc.).  More controlled chemical reactions will lead to an

increased accessibility of desired molecules. These molecules have an infinity of

potential applications, from plastics, to dyes, to drugs, etc.

A very important subset of chemical synthesis is organic synthesis. This field

deals with the transformation of carbon-based chemical bonds. Because of its

close relationship with living systems (life being primarily based on carbon),

organic synthesis has had a huge impact on medicine during the past century.

This thesis touches on both aspects of organic synthesis. First, the

improvement of the field by obtaining a better understanding of a chemical

process, followed by the development of a new method based on the acquired

knowledge. Second, the use of organic synthesis to obtain target molecules. In

this particular case, the target molecules are bio-active compounds.

This thesis is divided into two main projects. The first one involves the

development of a new synthetic method based on substituted cyclopentadienes.

This method is then used as a means to obtain a complex and highly interesting

natural product, palau’amine. However, natural product total synthesis projects

often span many Ph.D.s when the targets are highly challenging. Palau’amine is

one such project and has not been completed yet. Concurrently, another different

project was undertaken. Its goal was the synthesis of a new potential anti-cancer

drug in the context of medicinal chemistry. While this second project involved the
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need to understand chemical processes and optimize them, its main goal was to

obtain the desired final molecule, so that biological testing by our collaborators

could be done. Thus, both aspects of chemical synthesis have been explored in

this thesis : improving the possibilities of chemical transformations by gathering

new knowledge on a chemical reaction, and using the toolbox of chemical

knowledge to obtain target molecules of high value.
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1.1 Part A : Development of substituted cyclopentadienes
and their uses in cycloadditions
One of the most powerful and versatile reactions in organic synthesis is the

Diels-Alder reaction.1 It brings together two cycloaddition partners, a diene and a

dienophile. The Diels-Alder reaction is a concerted [4π+2π] thermally allowed

pericyclic reaction in which three "-bonds are converted into two σ-bonds and

one "-bond. This reaction has seen extensive use in synthesis because of its

convergency and also because it can create up to four new stereocenters in a

single step. Another significant advantage of this reaction is that the new

stereocenters are set with predictable and potentially good regio and

stereocontrol.2 Diastereoselective Diels-Alder reactions are achievable, for

example if a chiral auxiliary is linked with the dienophile. As well,

enantioselective Diels-Alder reactions can be performed in the presence of chiral

additives, such as Lewis acid catalysts.

A classical demonstration of the use of the Diels-Alder is the total

synthesis of reserpine by Woodward et al. in 1956.3 In this magnificent example,

the Diels-Alder was used to set the first three of the six stereocenters of the

molecule in one powerful step. After this first step, the rest of the molecule was

elaborated in fifteen more chemical steps, showing the usefulness of the Diels-

Alder reaction in obtaining products of high complexity.

R1

R2

R3
R1

R2

R3

R4 R4

Figure 1-1 General Diels-Alder reaction
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Much of the reactivity and selectivity of the Diels-Alder reaction can be

explained using frontier molecular orbital (FMO) theory.4,5 According to this

theory, a normal electron-demand Diels-Alder reaction involves interaction of the

HOMO of the diene with the LUMO of the dienophile, both interacting in a

suprafacial way. Substituents on the diene that increase the energy of the HOMO,

such as electron-donating groups, will increase the orbital overlap in the Diels-

Alder and thus accelerate the reaction. The situation is reversed for the

dienophile: substituents that lower the LUMO energy, such as electron

withdrawing groups, will accelerate the rate of reaction. Furthermore, many

reactions can be accelerated by the addition of a Lewis acid which lowers the

LUMO of the dienophile and therefore increases the reaction rate. The same

effect can be achieved by the formation of an iminium on the carbonyl of the

dienophile.

The influence of FMO in Diels-Alder reactions is such that it is possible to

completely reverse the importance of reacting orbitals. Inverse electron demand

Diels-Alder are reactions where the diene’s LUMO interacts with the dienophile’s

HOMO. This happens when the diene’s LUMO is lowered in energy by electron-

withdrawing groups while the dienophile’s HOMO is raised by electron-donating

groups.

O

O CO2Me

D. A.
O

O

H

H
CO2Me

N
H

H
CO2MeNH

MeO

H

O

OMe
O

MeO OMe

OMe

reserpine

15 steps

1.1 1.2 1.3 1.4

Scheme 1-1 The total synthesis of reserpine by Woodward
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The Diels-Alder’s regioselectivity is also controlled by orbital overlap: the

end of the diene with the largest coefficient of the reacting HOMO will react with

the end of the dienophile with the largest coefficient of the reacting LUMO. As

can be seen from examples in Figure 1-3, the regioselectivity of Diels-Alder

reactions often leads to 1,2 or 1,4 substituted products.

LUMOdienophile

HOMOdiene

LUMOdienophile

HOMOdiene

EDG

EWG

EN
ER

G
Y

LUMOdienophile

HOMOdiene

Inverse-Electron Demand
Diels-AlderNormal Diels-Alder

EWG

EDG

LUMOdiene

HOMOdienophile

HOMOdienophile

LUMOdiene

Figure 1-2 Frontier molecular orbital interractions of Diels-Alder reactions

EDG

EWG EWG

EDG

EWG EWG
EDG EDG

Figure 1-3 Regioselectivity of the Diels-Alder
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The Diels-Alder reaction is often stereoselective: the endo product (where

the diene’s electron-withdrawing group is oriented towards the newly formed π-

bond in the transition state) generally being kinetically favored due to secondary

orbital interactions occurring between the dienophile’s electron-withdrawing

substituent and the diene.6 The exo product is often thermodynamically favored

due to decreased steric strain.

An important factor in the Diels-Alder reaction is the conformation of the

diene. For the dienophile to be able to interact simultaneously with the orbitals on

both ends of the diene, the diene must adopt a “s-cis” conformation. A diene

locked in the “s-trans” conformation will not undergo a Diels-Alder reaction. In

many open dienes, such as for 1,3-butatidene, the “s-trans” conformation

dominates and the Diels-Alder reaction is a slow process. Therefore, dienes

locked in the “s-cis” conformation are much more reactive. Cyclopentadiene is a

prime example of a locked “s-cis” diene and is correspondingly a very reactive

diene for the Diels-Alder reaction.

O

H+ +

Endo
product
(kinetically favored)

Exo
product
(thermodynamically 
  favored)

O
secondary orbital
interactions between
the diene and the dienophile's
carbonyl favoring the endo product

OH
O

H

1.5 1.6 1.7 1.8

Figure 1-4 Secondary orbital interactions in the Diels-Alder reaction
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The high reactivity of cyclopentadiene has positioned it as a highly

popular diene for mechanistic and methodological studies. Indeed, the majority of

asymmetric Diels-Alder methods, both chiral auxiliary and catalyst-based, are

initially developed on cyclopentadiene and many are limited to this highly

reactive substrate. In stark contrast, cyclopentadienes are significantly less

common in total synthesis applications. A classical illustrative example of the use

of cyclopentadienes in the Diels-Alder context is E.J. Corey’s pioneering work on

the total synthesis of the prostaglandins.7 The retrosynthesis of the desired

prostaglandin core (see Scheme 1-2) comes from the late disconnection of the top

side-chain, followed by the disconnection of the bottom side-chain leading to a

cyclopentane core. This core originates, by iodoesterification and ester hydrolysis,

from  a [3-2-1]-bicycle, itself coming from a norbornene-type [2-2-1] bicycle by

Baeyer-Villiger oxidation. This norbornene key structure bears much of the

stereochemistry of the final prostaglandin and is synthesized by a Diels-Alder

reaction between a ketene synthon and a 5-substituted cyclopentadiene.

The key Diels-Alder step in Corey’s synthesis has been the center of much

research over the years. Corey’s initial work involved a racemic synthesis7, which

was later followed by diastereoselective8 and enantioselective9 variants. A key to

the success of this approach was the use of the 5-substituted cyclopentadiene, as it

allowed for the convergent introduction of an important chiral center. However,

because of its inherent instability due to isomerization, the diene had to be

prepared and used at low temperature.

s-trans conformation
non reactive for DA

s-cis conformation
reactive for DA

cyclopentadiene
locked in s-cis conformation

highly reactive for DA

Figure 1-5 Diene conformation affecting the reactivity in Diels-Alder reactions
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1.1.1 Physical-Organic studies of 5-substituted
cyclopentadienes

Cyclopentadiene undergoes a rapid 1,5-hydrogen shift at room

temperature. In 1963, Mironov showed clearly through deuteration studies that

this process occurs through a suprafacial sigmatropic rearrangement.10 Mironov

also investigated the equilibrium point of this process for differently substituted

cyclopentadienes and found that at thermodynamic equilibrium many positional

isomers are present in solution. Subsequently, during extensive kinetic studies of

the 1,5-H shift rearrangements of methyl cyclopentadiene, McLean and Haynes

found that the 2-isomer was favored, followed by the 1-isomer, with little 5-

isomer present.11 Similar results were obtained with the 1,2-

dimethylcyclopentadiene. These results are summarized in Scheme 1-3.

HO

O

OH

CO2H

Prostaglandin E2

RO

HO

OR

O

RO

O

O

RO

O

O

OR

O

H

I
O

RO

O
O

RO
RO

+ CH2

C
O"      " Diels-

Alder

ketene
equivalent

1.9 1.10 1.11

1.121.131.141.151.16

Scheme 1-2 Retrosynthetic analysis of the Corey approach to the prostaglandins
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McLean and Haynes found that the half-life for the conversion of 5-

methyl cyclopentadiene to 1-methyl cyclopentadiene was only one hour at room

temperature. They did not measure exactly the rate of conversion of the 1-methyl

to the 2-methyl isomer, but reported it to be a much slower process. These

investigators found similar results for 1,5-dimethyl cyclopentadiene transforming

to its daughter isomers, with the marked difference that it was much more stable

towards the 1,5-H shift than the 5-methyl cyclopentadiene, having a half-life at

room temperature of about 15 hours.

In a similar short study, Breslow et al. investigated the isomerization of

halogen-substituted cyclopentadienes.12 They synthesized 5-chloro, 5-bromo and

5-iodo cyclopentadienes. It was found that halogen substituents at the 5-position

of cyclopentadiene reduce the rate of sigmatropic hydrogen shifts, but no

theoretical rationale was put forward to explain this phenomenon.

From these studies, it can be understood that working with 5-alkyl-

substituted cyclopentadienes near room temperature will be a challenge due to

their inherent instability. Significant isomerization is expected to happen within

minutes at room temperature and be complete within hours.

1,5-H shift1,5-H shift

H Me Me Me

54%45%1%% of equilibrium
mixture:

t1/2 (RT) = 1h

Ea = 20.4 kcal/mol

1,5-H shift1,5-H shift

H Me Me

43%57%0%% of equilibrium
mixture:

t1/2 (RT) = 15h

Ea = 23 kcal/mol

Me Me

Me

Me

1.17 1.18 1.19

1.20 1.21 1.22

Scheme 1-3 Summary of the McLean and Haynes physical-organic study of substituted
cyclopentadienes
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1.1.2 Uses of 5-substituted cyclopentadienes in the Diels-
Alder reaction

1.1.2.1 Corey’s initial approach: low temperature handling

As previously mentioned (vide supra), Corey used 5-substituted

cyclopentadienes in a key Diels-Alder step for his original synthesis of the

prostglandins.7 The 5-substituted cyclopentadienes were obtained from the low

temperature alkylation of thallous cyclopentadienide (see Scheme 1-4).13 Workup

of the resulting products was done at temperatures below 0 °C to prevent the

undesirable 1,5-H shift, followed by a low temperature Diels-Alder reaction with

a strong dienophile further activated by a Lewis acid. While this approach has the

advantage of yielding the products of interest, the manipulations are tedious and

the Diels-Alder method is limited to very reactive dienophiles or those that can be

activated by strong Lewis acids.

1.1.2.2 Corey’s second approach : delete the problematic

hydrogen

A few years after his initial work with 5-substituted cyclopentadienes,

Corey circumvented the 1,5-H shift problem by eliminating the problematic

hydrogen.14 In the context of the synthesis of 12-methyl PGA2, Corey prepared

OMe

CNCl

Cl

MeO

CN

Cu(BF4)2

0 °C

OMe

HO

CO2H

HO

O

OH

CO2H

Tl +
MeO Br

-20oC
Handling at
low temperature

1,5-H shift
OMe

1.23 1.24 1.25

1.26 1.27 Prostaglandin E2
1.28

Scheme 1-4 Corey’s initial approach to the Prostaglandins using a 5-substituted
cyclopentadiene
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the spiro diene 1.30 which lacked the offending 5-hydrogen and therefore was

thermally stable (see Scheme 1-5). This method was used for the synthesis of

prostaglandin analogs. A few decades later, the same principle was adopted by

Carreira in his synthesis of the core of the Axinellamines.15 This method has

definitive merit because it eliminates the 1,5-H shift problem. However, it is

limited to substrates in which a quaternary carbon is desired.

Another variant of this concept is the use of fulvenes which also lack a

hydrogen at the 5 position. An example of this approach is the synthesis of

protaglandins by Fujisawa (see Scheme 1-6).16 Fulvene 1.34 underwent clean 4+2

cycloaddition with a ketene equivalent to yield, after a few steps, the cycloadduct

1.36. The ketal of this cycloadduct was hydrolyzed and yielded a mixture of syn

and anti norbornenes 1.37 and 1.38. Product 1.37 could be converted to the

prostaglandin 1.41. While fulvenes have potential as useful reaction partners, they

react with poor endo/exo selectivity, are unstable and difficult to handle.

Cl

CN

O

OH

CO2H

Na

O
Cl OH

Cl CN

HO

H

O

Me

Me

12-methylPGA2

1.29 1.30 1.31

1.321.33

Scheme 1-5 Corey’s development of a thermally stable 5-substituted cyclopentadiene
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1.1.2.3 The exception : 5-trimethylsilyl cyclopentadiene with

bulky fumarates

Under specific circumstances, a single isomer of a substituted

cyclopentadiene may react preferentially to other isomers. For instance, 5-

trimethylsilyl cyclopentadiene can be exquisitely selective for cycloadditions. The

use of 5-trimethylsilyl cyclopentadienes in Diels-Alder reactions dates back from

the work of Kraihanzel and Losee in 1968.17 This cyclopentadiene was observed

to react similarly to other 5-substituted cyclopentadienes and gave multiple

cycloadduct isomers corresponding to the parent cyclopentadiene isomers.

However, even though all three possible positional isomers were observed in

solution, only the 5- and the 2- isomers would undergo cycloaddition with a

dienophile. In 1993, Achiwa further improved this selective reactivity by showing

that bulky fumaric esters would only react with the 5-trimethylsilyl isomer to give

one cycloadduct isomer.18 Since the unreactive 1- and 2- substituted

cyclopentadiene isomers would isomerize in solution to the 5-substituted isomer,

an excellent yield of the desired cycloadduct could be obtained. This selectivity

was recently utilized by Carreira in his synthesis of the Massadine cyclopentane

core.19 No study has been done to fully explore the scope of this selectivity, but

from the early results of Kraihanzel and Losee, it is to be expected that this

HO

HO

OH

CO2H

O

n-Pentyl
O On-Pentyl

O O Cl COCl
+

O

O

O

n-Pentyl

RO

O

O

I
n-Pentyl

O

O

n-Pentyl

O

O

n-Pentyl
O

+

2   :   3
1.34 1.35 1.36 1.37 1.38

1.391.401.41

Scheme 1-6 Fujisawa's use of fulvenes in the total synthesis of protaglandins
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exquisite selectivity is only attainable when bulky 1,2-disubstituted dienophiles

are reacted with cyclopentadienes having a bulky side chain.

1.1.2.4 The leash and the trap : intramolecular Diels-Alder
reactions

Many studies have shown that intramolecular reactions between

cyclopentadiene and a tethered dienophile will give mainly one cycloaddition

isomer.20 The nature of this isomer being dependant on the length of the tether;

while the cyclopentadiene isomerization takes place, one of the cyclopentadiene

isomers will be more prone to Diels-Alder reaction and will thus be trapped,

leading to the formation of one main product through LeChatelier’s principle. As

can be seen from Scheme 1-8, with tethers constituted of two carbon atoms,

mainly the 5-substituted isomer reacts and gives products of type 1.50. With

tethers of three to four carbon atoms, mainly the 1-substituted isomer reacts,

yielding product of type 1.51. While this approach works very well for certain

substrates, it lacks the generality of the intermolecular Diels-Alder reaction.

SiMe3

CO2Menthyl

MenthylO2C Et2AlCl
-78 oC

CO2Menthyl

CO2Menthyl

Me3Si

Only isomer observed
            100%

SiMe3

SiMe3

1.42

1.43

1.44

1.45
1.46

Scheme 1-7 Achiwa’s use of steric bulk to promote only one cycloadduct isomer
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1.1.2.5 Working with the thermodynamic mixture: the Yamamoto

approach

Recently, Yamamoto suggested an interesting way of dealing with the 1,5-

shift problem : simply accepting it and getting the most out of the available

thermodynamic mixture of isomers.21 From an equilibrated mixture of mono-

substituted cyclopentadienes, it was observed that, because of lower steric

hindrance in the transition state, the 2 substituted isomer is much more reactive

towards cycloadditions than the 1-substituted isomer. Therefore, Yamamoto et al.

cooled a thermodynamic mixture of substituted cyclopentadiene isomers to –78

°C to stop the isomerization process. The more reactive 2-substituted isomer was

then allowed to react with one equivalent of a dienophile 1.53 in the presence of a

chiral Lewis acid catalyst (see Scheme 1-9) . Under these conditions, only the 2-

substituted isomer reacted to give high yields of one major cycloaddition isomer

1.55 in excellent enantiomeric excesses. Upon completion of this first Diels-Alder

reaction, a second dienophile 1.56 was added to react with the remaining 1-

substituted isomer 1.54, again yielding one major cycloaddition isomer 1.57 in

high enantiomeric excess. The whole process gives two products of complex

EWG

n

EWG

n

EWG

n

EWG

major product if n = 2

EWG

major product if n = 3 or 4
1 or 2

1.47

1.48

1.49

1.50

1.51

Scheme 1-8 Diels-Alder trapping of one cyclopentadiene isomer through intramolecular
tethering of the dienophile
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nature. If only the product of the 1-substituted isomer were desired, then the first

dienophile would be a sacrificial one to deplete the amount of 2-substituted

cyclopentadiene in solution. The limitation of this method is that the maximum

yield of each cycloadduct is proportional to the relative amount of its parent

cyclopentadiene isomer in the thermodynamic mixture. Also, since the 5-

substituted cyclopentadiene isomer comprises only 1 % or less of the equilibrated

thermodynamic mixture, this method is not suitable to access this particular

isomer.

1.1.3 Our need for a 5-substituted cyclopentadiene
The Gleason laboratory is pursuing the total syntheses of the natural

products phomoidride A22 and palau’amine23. Their respective retrosynthetic

approaches are succinctly presented in Scheme 1-10. A common theme in the

synthetic approaches to these molecules is the use of a 5-substituted

cyclopentadiene to construct a central ring system of the target structure with

maximum convergency. In the former case, the [4.3.1] bicycle would be formed

via a 6+4 cycloaddition while in the latter case the hexasubstituted cyclopentane

would be obtained using a Diels-Alder [4+2] cycloaddition. However, these

syntheses share a common synthetic problem: the inherent instability of 5-

substituted cyclopentadienes. The current approaches to the synthetic uses of 5-

substituted cyclopentadienes were not found to be suitable to our needs. We

therefore sought to develop a new methodology for the synthesis and handling of

5-substituted cyclopentadienes.   Chapter 2 of this thesis will discuss the

81-99% yield
99:1 endo: exo
97-99 % ee

CO2Et
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H
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R31.52

1.53

1.54
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Scheme 1-9 Yamamoto’s sequential reactions of substituted cyclopentadiene isomers
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development of a stable 5-substituted cyclopentadiene. In Chapter 3, the

application of this stable cyclopentadiene to the synthesis of the E-ring of

palau'amine will be detailed.
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Scheme 1-10 Succinct representation of the Gleason’s retrosynthetic analysis of
palau’amine and phomoidride A
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1.2 Part B : Synthesis of the multiple ligand drug triciferol,

agonist of the nuclear vitamin D receptor and inhibitor
of histone deacetylases

For decades, chemists have been trying to fight cancer by developing new

drugs for chemotherapy. Many of the first generation drugs were DNA alkylating

agents or DNA intercalators.24 These drugs indiscriminately interfere with cellular

DNA in the hope that rapidly dividing cancer cells would die faster than the rest

of the patient. Obviously, such an aggressive approach was associated with

significant side effects, amongst them the genesis of new cancers due to DNA

disruption. More specific and less toxic approaches for treating cancer are

therefore needed.

There are many cellular housekeeping mechanisms that prevent normal

cells from becoming cancerous. Using those mechanisms already present in the

body would be a more specific way of fighting the disease than simply killing

dividing cells.25 One such way is through the innate control of cell proliferation.

There are many nuclear receptors associated with cell cycle regulation and

proliferation. Cancerous cells often down-regulate cellular mechanisms associated

with cancer prevention. For example, in acute promyelocytic leukemia, a fusion

protein alters the function of the retinoic acid receptor, allowing cancer

progression.26 Treatment of this cancer has been very successful with high doses

of retinoic acid to compensate for the loss of receptor sensitivity. In other cases,

restoring or enhancing the function of cellular housekeeping mechanisms could

trigger the selective apoptosis of cancer cells.27 These different approaches are not

mutually exclusive and using a combination therapy might prove more effective,

for example in preventing the onset of resistance.

1.2.1 Vitamin D3

The biologically active metabolite of vitamin D3, 1α,25-dihydroxyvitamin

D3 (1,25D3), is well known for its effects on calcium homeostasis but is also

implicated in cell cycle regulation and cell differentiation.28,29 The binding of
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1,25D3 to the nuclear vitamin D receptor leads to cofactor recruitment and

eventually to the transcription of target

genes associated with reduced cell

proliferation. Indeed, 1,25D3 and some of

its analogs are currently being used or

investigated for the treatment of

hyperproliferative disorders, such as

psoriasis and cancer.30,31 However, two

main obstacles prevent 1,25D3 from becoming an effective anti-cancer drug: its

effect on calcium homeostasis and the development of resistance to 1,25D3 in

cancer therapy. The undesirable effects of 1,25D3 on the level of calcium in the

body are reduced or eliminated in some artificial analogs of vitamin D3. However,

it was found that the development of resistance to vitamin D in cancer is not

linked to the binding of the hormone to its nuclear receptor, but rather a

consequence of epigenetic factors affecting the availability of the DNA sequence

of the vitamin D response elements to be transcribed. As a consequence, no subtle

chemical change in the analogs of vitamin D will prevent the onset of cancer

resistance to this hormone. Fortunately, work by our collaborators showed that

co-administration of vitamin D with a second type of molecule, a histone

deacetylase inhibitor, could reverse cancer resistance and allow for effective

suppression of cancer cell growth in vitro.

1.2.2 Histone Deacetylase Inhibitors (HDACi)

Histone deacetylases (HDAC) are enzymes known to regulate gene

expression and participate in cell division.32 An important part of their biological

role is to work in tandem with histone acetyl transferases (HAT) and regulate the

acetylation of histones, in the chromatin. HAT are involved in the acetylation of

the side chains of the lysine amino acids of histones while HDAC do the inverse

and remove these acetyl groups. The action of HDAC liberates a primary amine,

which is protonated under physiological pH. The resulting positive charge on

histones attracts the negatively charged DNA backbone and causes a tighter

HO
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Me
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H
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             1.65
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interaction between the two, resulting in a more compact chromatin. A compacted

chromatin hinders the access of transcriptions factors to the DNA, hence

preventing gene activation.33 Histone deacetylase inhibitors (HDACi) prevent the

action of HDAC and therefore promote gene expression. More recently, HDACs

have also been linked to the deacetylation of non-histone proteins such as tubulin

and heat shock protein 90. 34,35

Many HDACi are currently being used or investigated as anti-cancer

agents.36 For example, suberoyl anilide hydroxamic acid (SAHA, or Zolinza®) is

currently on the market for cutaneous T-cell lymphoma while many other HDACi

are in clinical trials.37,38 HDACi promote cell differentiation and apoptosis of

cancer cells.39 These effects are believed to originate from the activation of anti-

cancer genes resulting from chromatin expansion; cancer represses certain genes,

allowing itself to thrive, and reactivation of those genes stops the cancer. This

reactivation of silenced genes by HDACi could also be used to counter some

forms of cancer resistance to chemotherapies.

1.2.3 Synergistic effects of vitamin D3 and HDACi

Even though some cancers can become resistant to the antiproliferative

effects of 1,25D3, it was shown that an HDACi could reverse this condition. Two

independend groups, including our collaborator professor John White, found that

coadministration of trichostatin A (TSA),

a hydroxamic acid-based HDACi, and

1,25D3 was significantly more potent at

inhibiting the growth of vitamin D-

resistant cancer cells than either 1,25D3

or TSA alone.40 More importantly, synergistic effects between the two molecules

were noted; even though 1,25D3 and TSA independently can inhibit cancer

growth, the combination of the two molecules has a higher potency than the sum

of the effects of the two individual components.41 This synergistic effect may

result from the gene activation properties of TSA as an HDACi, causing a higher
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1.66
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activation of vitamin D-related genes and therefore enhanced cell cycle regulation

of 1,25D3.42

1.2.4 Multiple ligand drugs

It has been known for many decades that treating a disease with multiple

drugs is often more successful than using a single drug. A well-known example is

the combination therapy of a protease inhibitor and a reverse transcriptase

inhibitor in the treatment of HIV infections. Advantages of combination therapies

include the delay of resistance development to the drugs and the limitations of

side effects caused by a high concentration of a toxic drug. However, combination

therapies also have their disadvantages: the drugs have to be matched in terms of

pharmacokinetic profiles and dose/toxicity relationships, which complicates

clinical trials and drug intake during treatment. Considering that clinical trials

account for 55% of a drug’s development costs, any reduction in the complexity

of this step is bound to reduce significantly the cost of the overall process.43 From

a synthetic chemist’s point of view, the solution is fairly straightforward: to move

from two different drug molecules to a single entity. This approach of having one

molecule interacting with multiple biological targets has gained significant

popularity in the past decade and many new drug candidates are now “multiple

ligand drugs” (also referred to as “chimera drugs”, “hybrid molecule drugs”,

“non-specific ligands drugs”, “dual action drugs” or “promiscuous drugs”).44,45

An occasional advantage of some of these drugs is the potential to localize two

effects based on the properties of one constituent of the multiple ligands

molecules. For example, one structure might be specifically delivered to a certain

organ or cellular organelle, aiding in the co-localization of the second

pharmacophore of the drug. Multiple ligand drugs share common positive features

with combination therapies and also have significant additional advantages.
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Multiple ligand drugs can be

designed in many ways along a

continuum of structural possibilities

(see Figure 1-6). At one end of the

spectrum, two separate agents can be

linked via a tether. Such a design leads

to a drug molecule significantly larger

than both original molecules. This

approach works well only if the

binding sites of both individual

molecules are accessible from the

protein surface. An example of

tethered pharmacophores is molecule

1.69 , which is a combination of

adenosine receptor A3 agonist 1.67

attached to adenosine receptor A1

agonist 1.68.46 Partially down the multiple ligand spectrum, the drugs can also

simply be joined together with no tether and with minimal change to both original

structures. For example, molecule 1.72 arises from the fusion of gastrin receptor

antagonist molecule 1.70

and histamine H2

receptor antagonist

1.71.47 Alternatively, if

both pharmacophores

share a common motif,

an overlapped structure

can be created. As an

e x a m p l e ,  b o t h

pharmacophores of the

matrix metalloprotease-1

inhibitor 1 . 7 3 and

tethered pharmacophores

joined pharmacophores

overlapped pharmacophores

fully merged pharmacophores

multiple
ligand
drug 
size

Figure 1-6 The range of possibilities for
linking two pharmacophores in a multiple
ligand drug
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cathepsin-L inhibitor

1.74  share a terminal

phenylalanine and thus

both structures have been

overlapped to create the

dual inhibitor 1.75, which

is larger than either

molecule but smaller than

b o t h  m o l e c u l e s

together.48 Finally, the

other extreme of the

multiple ligand drug spectrum is reached when the dual ligand is no bigger than

the largest of the two original structures. This “fully merged” scenario is

exemplif ied by the

combination of angiotensin

II subtype 1 receptor

antagonist 1 . 7 6  and

endothelin subtype A

receptor antagonist 1.77,

where the result ing

multiple ligand 1.78 is only

slightly larger than either of

the original molecules.49 The design of multiple ligands drugs can thus vary

widely depending on the structures of the individual ligands and the requirements

for target binding.

The synergy between 1,25D3 and TSA in inhibiting the growth of cancer

cells in vitro inspired us to create a multiple ligand drug based on the structures of

Vitamin D3 and TSA, with the goal that such a molecule might be an effective

anti-cancer drug. The new single molecule would be capable of binding either

target proteins and would have the advantages of multiple ligand drugs, such as

the potential to co-localize both of its effects in the cell’s nucleus and also a
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simplified pharmacokinetic profile. Chapter 4 of this thesis will describe the

design, synthesis and characterization of triciferol, a fully bifunctional hybrid

molecule which combines agonism for the vitamin D receptor and inhibition of

histone deactylase and which possesses improved cytostatic and cytotoxic

properties relative to 1,25D3.
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2 Substituted Cyclopentadienes and Their Uses in

Cycloadditions
Cycloadditions are important in chemical synthesis because they allow for the

rapid built-up of complexity. Of all cycloadditions, the Diels-Alder reaction is one

of the most studied and used. In this reaction, cyclic dienes allow for the

controlled construction of complex bridged bicyclic molecules. Amongst cyclic

dienes, cyclopentadiene is one of the most used dienes. In sharp contrast,

substituted cyclopentadienes are seldom used in synthesis because of their innate

tendency to isomerize easily by 1,5-H shift. The Gleason group is very interested

in the use of cycloadditions in total synthesis. This interest led us to the challenge

of using substituted cyclopentadienes to rapidly and efficiently build complexity

in our synthetic efforts.

2.1 Development of a new 5-substituted cyclopentadiene

Even though all of the previously published methods for handling

substituted cyclopentadienes had some advantages, none was versatile enough to

accommodate our specific total synthesis needs. We therefore sought to create a

new methodology based on the current knowledge of the different systems

available.

To meet our total synthesis goals, we needed a methodology that allowed

us to install an appropriate substitutent on the 5 position of the cyclopentadiene,

depending on the exact retrosynthetic scheme we wanted to use. It was thus

evident that the alkylation of thallous cyclopentadienide, as proposed by Corey,

had limitations since only very reactive alkylating agents could be used.

Nevertheless, isolating an unstable cyclopentadiene at low temperature was

considered a possible (even though less than ideal) option. We therefore decided

to reverse the general order of reaction that Corey used; Corey had the

cyclopentadiene pre-formed and installed the side chain in the last step before

cycloaddition. We decided to first attach a side chain of our choice to a

cyclopentadiene precursor and then form the cyclopentadiene as the last step. For
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this, we needed to utilize an efficient and fast reaction that could form the

cyclopentadiene at low temperature.

We also had the goal, if possible, to generate a cyclopentadiene that would

be more stable than a simple 5-substituted cyclopentadiene (half-life at room

temperature of 1 hour) in order to make it easier to handle. From the work of

McLean and Haynes (see Scheme 1-3), it can be observed that adding substituents

on a cyclopentadiene makes it less susceptible to the undesirable hydride shift.

However, adding an extra alkyl group, such as the 2-methyl group used by

McLean and Haynes, limits the generality of the method; it introduces an

undesirable carbon-carbon bond that would be difficult to delete later during the

synthesis.

Taking all of those considerations together, for several reasons it emerged

that the ideal reaction to generate a cyclopentadiene would be the enolate trapping

of a cyclopentenone precursor (see Scheme 2-1). First, enolates can be quickly

formed and trapped at low temperatures, therefore limiting the potential for the

rapid thermal 1,5-H shift. Second, as with other electron donating groups, the

oxygen substituent on the 2-position might stabilize the diene towards 1,5-H shift

as was empirically observed before (vide supra section 1.1.1). In fact, it was

observed by our group and others that 2-silyloxy cyclopentadiene is easier to

handle and seems to isomerize slower than other substituted cyclopentadienes.50

Third, during the Diels-Alder reaction, the strong electron-donating nature of the

diene’s oxygen would control the regioselectivity of the cycloaddition (FMO

control). Finally, the extra oxygen substituent could be used as a synthetic handle

for further functionalization of the product after cycloaddition and would easily

differentiate the norbornene’s two alkenic carbons for selective transformation.

R

OR

R

O
2.1 2.2

Scheme 2-1 Using a cyclopentenone as a
cyclopentadiene precursor
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2.1.1 Synthesis of a 5-alkyl-2-silyloxy cyclopentadiene

To trap the enolate of a cyclopentenone and generate a cyclopentadiene,

the use of a silyl group emerged as the option of choice.51 Due to the strong

interaction between silicon and oxygen, silyl enol ethers are easy to generate

either by trapping of a pre-formed enolate (hard enolization) or by using the

silicon as a Lewis acid in combination with a mild base (soft enolization). Also,

silyl groups are easily deprotected under a variety of conditions.52 As a

cyclopentenone substituent, we desired an alkyl group that could be further

functionalized according to a variety of synthetic needs. A silyloxy methane

group thus appeared to be ideal for this purpose. We therefore thought a diol such

as 2.5 would be a suitable synthetic starting point for our desired 5-substituted

cyclopentadiene.

The synthesis of our desired diene started with a Prins reaction of

cyclopentadiene and formaldehyde following a modification of a published

procedure by Saville-Stones et al.53  Conducting the reaction in formic acid

resulted in the formation of a mixture of formate esters which could be

hydrolyzed with sodium hydroxide to give an inseparable mixture of four diol

isomers in a combined 42 % yield (see Scheme 2-3). The low overall yield of the

desired isomers is compensated by an easily scaled up procedure and inexpensive

reagents. Next, it was imperative to differentiate the secondary allylic alcohol and

the primary alcohol of the diols, either through selective oxidation of the former

or protection of the latter. Selective protection of the primary alcohol could not be

efficiently achieved, even with a bulky trityl group. Standard oxidizing agents

2.3 2.5
OSiR3

OSiR3

O

OSiR3

OH

OH

2.4

Scheme 2-2 Retrosynthesis of the new 5-substituted
cyclopentadiene
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normally associated with exclusive or preferential oxidation of an allylic alcohol

also showed poor selectivity. However, the Bobbitt’s oxidant 2.6 (4-acetamido-

2,2,6,6-tetramethyl-1-oxopiperidinium perchlorate) proved extremely useful for

the desired transformation. It selectively, cleanly and quickly oxidized the

secondary allylic alcohol of the substrate in the presence of the primary alcohol.

After oxidation of the mixture of four diol isomers, a mixture of two enones is

obtained. This mixture can be separated but was conveniently carried forward by

silylation of the primary alcohol, followed by chromatographic separation of the

isomers, yielding the desired enone 2.7 in 84% yield based on the desired isomer

2.5 in the diol mixture.

With the enone precursor 2.7 in hand, the generation of the desired

cyclopentadiene through enol silylation was investigated. The desired

cyclopentadiene could be obtained from hard enolization (deprotonation with

LDA at –78 °C) and then trapping of the resultant enolate with a silylating agent

(R3SiCl). As well, a soft enolization/trapping procedure (R3SiOTf, TEA, -10 °C)

1.5 2.5

OH

O

OH

OH

+

NMe
Me Me

Me

O ClO4

1.

2. TBSCl

1. (CH2O)n, 
TsOH, HCO2H

2. NaOH

(42%, 44:56 ratio)

NHAc

LDA, TBSCl

or TBSOTf, NEt3

OH

OTBS

OTBS

OTBS

OTBS

OTBS

Only isomer observed
95-100% conversion

none observed         84% 
(based on   
  desired isomer)

2.6

2.6

2.7 2.8 2.9

Scheme 2-3 Synthesis of the new 5-substituted cyclopentadiene
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was found to be equally effective. In both cases, a mild work-up procedure had to

be performed to obtain the product in high yield and purity. After enolsilylation of

4-alkyl-2-cyclopentenone, only the cross-conjugate enol ether was obtained. The

TMS, TES and TBS silyl enol ethers could be synthesized, with the later being the

species of choice due to increased hydrolytic stability. From the stable enone

precursor 2.7, the 5-alkyl-2-silyloxy diene 2.8 could be obtained in two hours,

never being exposed to temperatures above 0 °C until NMR analysis.

2.1.2 Experimental studies of the diene’s stability towards
1,5-H shift

With the desired 5-alkyl-2-silyloxy diene 2.8 readily available, its stability was

investigated both experimentally and in silico. The decomposition of the diene

through 1,5-H shift was followed by 1H NMR. A sample of the diene was diluted

in deuterated benzene at 23 °C and analyzed periodically by 1H NMR. The

disappearance of the diene’s NMR signal over time, as compared to an internal

standard, was fitted to a first order exponential decay.

The half life (t1/2) of this process can be calculated using the formula:

t1/2 = ln(2) / k                                           (2.1)

y = 95.4e-0.0185x

R2 = 0.9959
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Figure 2-1 Kinetics of the decomposition of the 5-alkyl-2-tertbutyldimethylsilyloxy

cyclopentadiene 2.8  through 1,5-H shift at 23 °C
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where k is the exponential factor of the regression curve in Figure 2-1. Such an

analysis yields a half-life of 37 h (±15 %) at 23 °C for the isomerization of the

diene 2.8. The new diene was therefore observed to be much more stable than 5-

methylcyclopentadiene (t1/2 of ~ 1 h at RT) and even more stable than 2,5-

dimethylcyclopentadiene (t1/2 of ~ 15 h at RT). Practically, this means that the

diene can be handled at room temperature for short periods of time without any

significant isomerization (less than 2 % isomerized after 1 h). The workup

procedure of the diene, involving an aqueous workup and solvent evaporation, can

thus be performed at room temperature, avoiding laborious handling protocols at

low temperature. The diene displayed a half-life of 10-15 days at –4 °C and could

even be stored for a month at –20 °C with little (<  5 % by 1H NMR)

isomerization.

The isomerization of diene 2.8 afforded one predominant product after a

few days. However, both 2.8 and the new product could not be isolated by silica

gel chromatography due to decomposition. The isomerized product could

therefore not easily be unambiguously identified through direct methods.

However, quenching the isomerized product with acid afforded the new enone

2.11. This enone could be resubmitted to the standard enolsilylation conditions

and was found to regenerate the major isomerization product 2.10 cleanly,

therefore confirming the nature of the isomerization product.

2.1.3 Computational studies of the diene isomerization

With encouraging data in hand about the new diene’s thermal stability

towards 1,5-H shift, we were interested in better understanding the cause of this

increased stability as compared to cyclopentadiene. We therefore used density

2.112.8 2.10
OTBS

OTBS

OTBS

OTBS
p-TSA

TBSOTf,
TEA O

OTBS

Scheme 2-4 Identification of the isomerized diene product
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functional theory (DFT) simulations at the B3LYP-6/31G* level to calculate the

activation enthalpy of many 2-substituted cyclopentadienes undergoing 1,5-H

shifts.54 We were hoping to observe a stability trend that would give us more

insight into this system. To limit the amount of computation needed, the system

was simplified to a 5-methylcyclopentadiene and the 2-substituents had a

minimum number of atoms. For example, the 2-silyloxy substituent was

approximated by a 2-hydroxy group. It is important to point out that DFT

calculations do not estimate the absolute energy of a transition state well.

However, these types of calculations can be used to compare similar transition

states.55

The computations predicted that the activation energy for the 1,5-H shift

of a 2-hydroxy-5-methyl cyclopentadiene (see Figure 2-2) would be 25.6

kcal/mol, as compared to 24.0 kcal/mol for 5-methyl cyclopentadiene. This

increase in stability of 1.6 kcal/mol with a 2-oxo substituent agrees well with the

experimentally observed increase in stability of the new diene versus

cyclopentadiene. It was found that substituents having electron-withdrawing

power (as compared to hydrogen, ex: CF3, CN, NO2) lower the activation energy

of the 1,5-H shift whereas substituents having electron-donating ability (ex: OH,

NH2) increased it (see Figure 2-4).

Figure 2-2 Calculated transition state for the 1,5-
H shift in 2-hydroxy-5-methylcyclopentadiene
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Plotting the computed activation energy for the hydride shift versus the

Hammett sigma p value56 of the cyclopentadiene substituent showed a modest

trend (See Figure 2-4). Instead, using the Hammett sigma p- value gave a better fit

(see Figure 2-5), even though fewer data points were used since the sigma p-

values are only available for a limited range of substituents. As compared to the

normal Hammett sigma p value, the Hammett sigma p- more accurately takes into

Me H

X X

Me
1,5-H shift

X =   
OH
H

Eact* (kcal /  mol)
25.6
24.0

* Calculated at B3LYP/ 6-31G*
   level of theory

Figure 2-3 Increase in the
calculated activation energy for

1,5-H shift in 2-oxo-
cyclopentadiene
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account the resonance effect of the substituent with a developing negative charge

during the reaction. The better fit observed could be indicative of a buildup of

negative charge on the cyclopentadiene ring during the transition state of the

sigmatropic rearrangement. Thus, in this particular case, a 1,5-H shift on

cyclopentadiene could be envisioned as a cationic proton migration on an

aromatic cyclopentadienide anion. However, this is only an analogy as 1,5-H

shifts are also known to proceed on acyclic dienes. In fact, Okamura et al.

described the acceleration of an acyclic 1,5-H shift by an electron-withdrawing

sulfoxide group, an observation in accord with the trends found in our

computational studies.57 However, no explanation was proposed by Okamura et

al. for their experimental results.

Performing a Hammett plot using the computed activation energies for the 1,5-H

shift yielded a reaction constant ρ of 3.23, meaning that this reaction is very

sensitive to electronic effects (see Appendix 4 for a more detailed discussion).

Plotting the computed activation energy for the hydride shift versus the

computed LUMO energy of the diene also afforded a modest correlation, again

emphasizing the fact that electron-withdrawing substituents accelerate the 1,5-H

shift while electron-donating substituents retard it (see Figure 2.6).
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2.1.4 Theoretical explanation of the diene’s stability
A good theoretical explanation of the 1,5-sigmatropic shift process is

proposed in FMO theory: interaction of the HOMO of the breaking C-H bond

with the LUMO of the diene. Starting from the FMO description of a 1,5-

sigmatropic rearrangement, it can be understood that a 1,5-H shift will be very

favorable if there is good overlap between the diene’s LUMO and the HOMO of

the breaking C-H bond. Thus, electron-withdrawing substituents on the diene will

lower its LUMO and create a more favorable interaction with the C-H HOMO,

resulting in a lower transition state for the sigmatropic shift. On the other hand,

electron-donating substituents on the diene will increase its LUMO, therefore

reducing the orbital overlap with the C-H HOMO resulting in a slowing down of

the 1,5-H shift (see Figure 2-7). The 2-silyloxy group of the new diene is more

electron-donating than a 2-methyl group, making diene 2.8 significantly more

stable towards 1,5-H shift than 2-methyl cyclopentadiene. This explanation is

further supported by the trend observed in Figure 2-6, where higher LUMO

energy generally lead to higher activation energy for the 1,5-H shift. This theory

can be used to explain the Okamura results on the acceleration of acyclic 1,5H

shift by a sulfoxide group. 57

1,5-H shift energy calculations (B3LYP/6-31G*)
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20

21

22

23

24

25

26

-2.6 -2.4 -2.2 -2 -1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2

LUMO Energy of the diene(eV)

A
ct

iv
a
ti

o
n

 E
n

er
g

y 
o

f 
th

e 
1

,5
-H

 s
h

if
t 

(k
ca

l/
m

o
l)

Figure 2-6 Correlation between the predicted 1,5-H activation energy and the predicted
LUMO energy of 2-substituted cyclopentadienes

CO2H

CF3

Cl

OH

NO NO2 CN CO2Me

alkyne H

CH=CH2 F
CH3

NH2



39

This rationale can also explain the results from Breslow et al.12 They found

that a halogen at the 5-position of a cyclopentadiene was slowing down the 1,5-H

shift. This is probably because the halogen decreases the energy of the adjacent C-

H HOMO and thus decreases the orbital overlap with the diene’s LUMO. Since

an electron-withdrawing substituent (the halogen) on the 5-position of

cyclopentadiene will decrease the 1,5-H shift, it can be extrapolated that an

electron-donating substituent should increase the 1,5-H shift, by increasing the

energy of the C-H HOMO. Since in the new diene 2.8 the 5-substituent is an alkyl

group (CH2OTBS), this substituent is predicted to slightly accelerate the 1,5-H

shift. Therefore, according to FMO theory, the observed increased stability of the

new diene, as compared cyclopentadiene, is due to the 2-oxo substituent only.

2.2 Use of the new diene in Diels-Alder cycloadditions

2.2.1 Optimization of the Diels-Alder reaction conditions

Our main interest for diene 2.8 was its behavior in cycloadditions. We thus

set out to examine its effectiveness in Diels-Alder additions with a variety of

dienophiles. For each reaction, the diene was independently synthesized and

X = OH
X = H
X = CN

HOMO
C-H

LUMO
diene

H

Energy

X

Figure 2-7 Frontier molecular orbital influence on
the 1,5 sigmatropic shift
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submitted to the Diels-Alder conditions. The reactions were first followed by 1H

NMR (aliquots) to determine the required reaction times and then run again for

yield determination. Diels-Alder reactions were performed at –4 oC and 23 °C. For

example, methyl acrylate was reacted at –4 oC  for 7 days giving a 66 % yield of

product or reacted at 23 °C for 24 hours to yield 65 % of product. The latter

temperature was preferred since any loss in diene stability by running the reaction

at higher temperature was almost completely compensated by a significant gain in

shorter reaction time, resulting in less time available for the diene to isomerize.

A moderate excess (3 eq.) of dienophile over diene was used in order to

obtain favorable reaction times and to push the reactions to completion before the

diene would isomerizes to any significant degree. This was found to be superior to

using an excess of diene over dienophile, as it was observed that the rearranged

diene undergoes faster Diels-Alder than the original diene, leading to increased

side products (i.e.: if 1 eq. of dienophile and 3 eq. of diene were to be used over a

reaction time long enough for 10 % of the diene to isomerizes, then 30% of the

dienophile would be consumed by the rearranged diene).

2.2.2 Optimization of the isolation protocol

The products were isolated as norbornene silyl enol ethers of moderate

stability. Due to the ring strain associated with the norbornene scaffold, the silyl

enol ethers are more labile than usual. Standard silica gel chromatography of the

products leads to about 10-20 % hydrolysis of the silyl enol ethers in most cases

(Scheme 2-5). This was attributed to the acidic nature of the silica gel. However,

neutralization of the silica gel with TEA only led to more decomposition. Similar

results were found with Florisil stationary phase. Aluminum oxide, however, is a

chromatography medium that can be purchased in an acidic, basic or neutral form,

depending on the washing protocols applied to it. It is sold in anhydrous form or

“Brockman type I”. The Brockman scale goes from I to V, depending on the

degree of hydration of the alumina: the more hydrated the alumina, the less its

retentive power but the milder it is on the compounds being separated. We

optimized the isolation of our compounds on the maleimide cycloaddition
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product. A known amount of the pure product was re-submitted to

chromatography on neutral alumina of different grades. Brockman type 1 neutral

alumina decomposed significantly the cycloaddition product, leading to a low 50

% recovery. Adding water to the alumina led to less decomposition: the

Brockman type III (6 % water by weight) led to 75% recovery of the product and

the Brockman type IV (10 % water by weight) neutral alumina was able to

separate the products with minimal decomposition (99 % recovery). This was thus

the medium of choice for the purification of the sensitive silylenolether products.

Only the Diels-Alder product of the quinone dienophile needed to be

purified by standard silica gel (Scheme 2-6). It seems that the acidic conditions of

the siliga gel prevented rearomatization of the product, whereas neutral alumina

promoted the enolization of the two ketones, resulting in hydroquinone formation

and loss of two potentially valuable chiral centers.

The products could also be isolated after a mild hydrolysis of the

silylenolether, with little erosion in overall yield. For example, the acrolein

cycloadduct could be isolated as its silylenolether in 71% yield over two steps, or

as a ketone in 70% yield over three steps after hydrolysis with dilute TFA (see

Scheme 2-7). However, no general condition could be found for the hydrolysis
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O
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N
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+
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Scheme 2-5 Isolation of the silyl enol ether Diels-Alder products
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O
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neutral
alumina
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Scheme 2-6 Rearomatization of the quinone
Diels-Alder adduct
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step and every cycloadduct required a specific optimization of the reaction time

and acid concentration.  Therefore, it was more convenient to isolate all the

products as their silylenolethers.

2.2.3 Survey of dienophiles

With our optimized reaction conditions in hand, we surveyed the ability of

the new diene to undergo Diels-Alder reaction with a variety of dienophiles (see

Table 2-1). Reactive dienophiles bearing 2 electon-withdrawing groups underwent

cycloaddition very quickly with the new silyloxy diene. Quinone reacted fully in

10 minutes to give exclusively the endo cycloaddition product in 66 % isolated

yield. N-Methyl maleimide reacted in 30 minutes to give 79% of isolated endo

product. The acetylenic dienophile DMAD reacted in 45 minutes to give 79% of

isolated product.

 The diene reacted within a few hours with moderately activated

dienophiles. Acrolein reacted in 2 hours to give 71 % isolated yield of a 1,4-

cyclohexene regioisomer in a 1.6:1 mixture of endo to exo stereoisomers.

Methylvinylketone also gave the same regioisomer in 4 hours with a combined

isolated yield of 67 % for a 2:1 mixture of endo : exo stereoisomers. Similarly, 2-

chloroacrylonitrile reacted in 3.5 hours, yielding 73 % of a 1:3.2 stereoisomer

mixture favoring the exo over the endo isomer.

The diene was sufficiently stable that reactions which were complete

within 24 hours could be carried out efficiently. Thus, less active dienophiles such

as acrylonitrine and methylacrylate could be isolated in 68% yield and 1.2:1 endo

: exo mixture for the former and 65% yield of a 2.3:1 endo:exo mixture for the

later.

OTBS

OTBS TBSO

TBSO

O

H TBSO

O
CHOCHO

O

OTBS
TBSOTf, TEA

71% 
over 2 steps

0.25% TFA
in CH2Cl2

Or 70% 
over 3 steps

2.7 2.8 2.16 2.17

Scheme 2-7 Comparison of a two step versus a three step isolation protocol for the Diels-
Alder adducts
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For the hindered dienophile methacrolein, after 43 hours only 35 %

isolated yield of the desired cycloadduct could be obtained in a 1:5 endo/exo ratio.

This is due to the poor reactivity of the dienophile, leading to much 1,5-H shift

isomerization of the diene.

When extremely active azo dicarbonyl dienophiles such as DEAD and

PTAD were used, an unexpected product was isolated (see Scheme 2-8). The

product was formally the addition product of the enone’s silyl enol ether to the

azo group. It is uncertain from the NMR of the crude mixture if the product forms

initially as the Diels-Alder adduct and then fragments on silical gel during

chromatography or if mono addition of the silyl enol ether to the azo group occurs

directly.

2.192.18

OTBS

OTBS

N
N

EtO2C

CO2Et
O

N NH
CO2Et

TBSO
CO2Et

+
1) Mix reagents in CH2Cl2

2) SiO2 chromatography

2.20

Scheme 2-8 Addition of the new diene to azo dicarbonyl compounds
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Dienophile Product t
(h)

Isolated
yield
(%)

endo:exo

TBSO

TBSO
O

O

O

O 2.14

0.15 66 >95:5

TBSO

TBSO
O

O
N
Me

NMe

O

O
2.21

0.5 79 >95:5

TBSO

TBSO CO2Me

CO2Me
CO2Me

CO2Me 2.22

0.75 79 --

TBSO

TBSO CHO

H
H

O

2.16

2 71 1.6:1

TBSO

TBSO

H

OMe
Me

O

2.23

4 67 2:1

TBSO

TBSO Cl

CNCl CN

2.24

3.5 73 1:3.2

TBSO

TBSO CN

HCN

2.25

20 68 1.2:1

TBSO

TBSO CO2Me

HO

OMe

2.26

24 65 2.3:1

TBSO

TBSO Me

CHOCHOMe

2.27

43 35 1:5

Reactions carried out with excess dienophile (3 eq.) in dichloromethane at room temperature at a
diene concentration of 1.0 M. Reported yield is for the two steps of diene formation and Diels-
Alder cycloaddition and is based on the starting enone.

Table 2-1 Diels-Alder cycloaddition with the new diene
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Due to the polarization of the diene’s HOMO by the 2-silyloxy

substituent, cycloaddition happens with predictable FMO control. In all cases, the

electron-withdrawing group of the dienophile is in a 1,4 relationship to the

silyloxy group on the cyclohexene ring formed during the Diels-Alder reaction.

For example, the acrolein Diels-Alder adduct has the aldehyde and the silyl enol

ether on positions 2 and 5, respectively, of the norbornene system (IUPAC

nomemclature).

A competition experiment between the new diene and cyclopentadiene

showed that the new diene reacts 2.3 times faster than cyclopentadiene for Diels-

Alder cycloadditions. This is because the silyloxy group increases the energy of

the diene’s HOMO, making the diene more reactive in normal electron demand

Diels-Alder cycloadditions. However, due to the steric bulk of the 5-

silyloxymethane group, the new diene undergoes cycloaddition only on the face

anti to this group. Since the new diene can undergo cycloaddition on only one of

its two faces, as compared to cyclopentadiene having two reactive faces, the 2-

silyloxy group in fact increases the reactivity of the diene system by about 4.6

fold (2.3 X 2).

 It is interesting to compare the facial selectivity in our cycloadditions to

the results of Burnell, who studied 5-substituted cyclopentadienes with a variety

of substituents.58 Burnell found that depending on the 5-substituent’s size and

electronic nature, the syn/anti facial selectivities would vary. However, all 5-

substituted cyclopentadienes reported by Burnell produced at least some

measurable amount of syn products with one dienophile or another. In the case of

the new diene 2.8, no syn cycloaddition product was ever detected.59
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The endo/exo cycloaddition ratios observed with the new diene are very

similar to those observed with cyclopentadiene, but are slightly more biased

towards favoring the exo isomer. For example, methyl acrylate adds to

cyclopentadiene with an endo/exo ratio of 3:1 while the new diene exhibits a

selectivity of 2.3:1. Also, methacrolein adds to cyclopentadiene with a 1:3 ratio

while it adds to the new diene in a 1:5 ratio. This is probably due to the 2-silyloxy

group of the diene undergoing steric interaction with an endo substituent on the

dienophile. In fact, the endo/exo ratio of the diene with methyl vinyl ketone

changes from 2:1 to 3:1 when the 2-silyloxy substituent is changed from TBS to

the smaller TMS.

2.2.4 Compatibility of the diene with Lewis acids
As can be seen from Table 2-1, methacrolein is a slow reacting dienophile,

affording a low yield of the desired cycloaddition product due to the competing

1,5-H shift of the diene. We thus sought to increase the Diels-Alder rate through

addition of a Lewis acid catalyst to activate the dienophile. Many types of Lewis

acids were screened for activation of methacrolein in the course of its Diels-Alder

1.5 2.162.8
OTBS

OTBS

1 eq. 1 eq.

CHO

0.9 eq.

       15 min

(33% of 
acrolein reacted)

TBSO

TBSO

CHO CHO

2.3   :   1

and +

2.28

Scheme 2-9 Diels-Alder competition experiment between cyclopentadiene and the 5-alkyl-2-
silyloxy diene

2.8 2.23

OSiR3

OTBS
TBSO

R3SiO

O

Me

O
Me

TBSO

R3SiO

O

Me

SiR3 = TBS               2   :    1

SiR3 = TMS              3    :   12.29 2.30

Scheme 2-10 Influence of the 2-silyl group on the endo/exo ratio of the Diels-Alder
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reaction with the new diene (see Table 2-2). The three main products that could be

identified from the different reaction mixtures were the desired Diels-Alder

product (A), the enone starting material coming from hydrolysis of the diene (B),

and a Mukaiyama-Michael-type product (C).

Strong Lewis acids, such as BF3•Et2O, SnCl4 and TiCl4 led to complete

decomposition of the diene, even at low temperatures (-40 °C and beyond). The

slightly less active AlMe3 led to desired product formation along with significant

2.8

TBSO

TBSO

OTBS

OTBS

CHO
ÇHO

OTBS

O

OTBS

O

OTBSCatalyst

           A        B              C

+

2.27 2.7 2.31

Potential Catalyst's category   

 Catalyst
Temp.

(Celcius) Results

Alkaline and alkaline earth:  

 LiClO4 RT 1:1 A to C

 MgCl2 RT no catalysis

Early Transition Metals  

 TiCl4 -40 decomposition

 Ti(O iPr)4 RT very slow catalysis to A

 Cp2ZnCl2 RT slow hydrolysis to B

 Y(OTf)3 RT 1:1 B to C

Late Transition Metals  

 Zn(OTf)2 RT 1:2 B to C

 FeCl3 RT decomposition

Main group metals  

 Et2AlCl -40 A + decomposition

 AlMe3  A + decomposition

 SnCl4 RT decomposition

Main group non-metals  

 BF3 Et2O -40 decomposition

 TBSOTf -78 C + decomposition

Lanthanides   

 Ln(OTf)3 RT A + C + decomposition

 CeCl3 RT no catalysis

 Y(hfc)3 RT A with rate acceleration

 Eu(fod)3 RT A with rate acceleration

Table 2-2 Screening of Lewis Acids to accelerate the Diels-Alder reaction of the 2-
silyloxydiene
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amounts of unidentifiable decomposition material. Other Lewis acids, especially

those prone to generation of strong protic acid in the presence of adventitious

water such as ytterbium(III)triflate, led to desilylation of the diene to starting

enone, even when anhydrous handling techniques were used. Surprisingly, some

Lewis acids such as lithium perchlorate promoted the formation of a new product:

a Mukaiyama – Michael addition product (C) along with the desired Diels-Alder

cycloadduct.

Fortunately, the use of lanthanide Lewis acids such as Eu(fod)3 and

Y(hfc)3 led to the exclusive formation of the desired Diels-Alder product without

any major side product. After optimization of the reaction conditions, it was found

that 6% Eu(fod)3 lead to a 74% isolated yield of the desired methacrolein Diels-

Alder cycloadduct after only 3.5 hours, as opposed to 35% after 43 hours for the

uncatalyzed reaction. As expected, due to increased secondary orbital interactions

in the transition state, the use of a Lewis acid increased the prevalence of the endo

isomer (1:4 endo/exo for the L.A.-catalysed reaction versus 1:5 endo/exo ratio for

the uncatalyzed cycloaddition). It is interesting to note that Eu(fod)3 was

previously identified as a Lewis acid which was incapable of inducing a normal

Mukaiyama aldol from a 2-silyloxy cyclopentadiene.60  This results points out that

a subtle electronic balance between the diene and dienophile is needed to favor

the desired Diels-Alder product over the Mukaiyama-Michael product, while still

catalyzing the reaction.

The isolated Mukaiyama-Michael product is similar in nature to the addition

of the diene over azo dicarbonyl compounds (vide supra, product 2.20). However,

in this case the formation of the product directly in the reaction mixture could be

2.8 2.27

CHO

Me

CHO

OTBS

OTBS

Me

TBSO

TBSO

+
23 °C, CH2Cl2

no catalyst: 43 h, 35% yield, 5:1 exo/endo
6% Eu(fod)3: 3.5 h, 74% yield, 4:1 exo/endo

Scheme 2-11 Successful use of a Lewis Acid to accelerated the Diels-Alder reaction of 2-
silyloxycyclopentadienes
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confirmed in the crude NMR. At this point, it is important to note that no

definitive proof is available that any of the cycloaddition products presented in

this chapter are formed from a concerted reaction (Diels-Alder) versus two, step-

wise, Mukaiyama-Michael additions. However, the observation of endo-exo ratios

for the products of silyloxy cyclopentadiene addition corresponding with the

ratios obtained from the Diels-Alder reactions of cyclopentadiene (where only the

Diels-Alder reaction can happen) strongly points towards a Diels-Alder

mechanism.

2.3 Synthesis and use of an enantioenriched 5-alkyl-2-

silyloxy cyclopentadiene

Another advantage of the new diene over simple 5-substituted

cyclopentadienes is that it is chiral. It thus became a goal to investigate if an

enantiopure version of the diene could be synthesized and if this diene could

conserve its enantiopurity long enough for cycloaddition.

2.3.1 Ab Initio calculations to determine the enantiostability
of the diene

When considering to obtain the diene in enantiomerically enriched form,

one concern that arose was that the diene might undergo 1,5-H shift and then a

“retro 1,5-H shift” to regenerate the starting diene. Since this “retro-1,5-H shift”

could occur from either of the two enantiotopic protons of the CH2 atom of the

cyclopentadiene, it could lead to racemization of the starting material. A DFT

calculation at the B3LYP/6-31G* level of theory was thus performed to study the

full energetic profile of the 1,5-H shifts around a 2-hydroxyl-cyclopentadiene (see

Figure 2-8). This computer simulation predicted the correct direction of 1,5-H

shift from the starting diene (vide supra) and predicted the “retro 1,5-H shift” to

be about 3 kcal/mol higher in energy than the first sigmatropic shift. This energy

difference means that the “retro 1,5-H shift” would be roughly 150 times slower

than the forward shift, making the “retro 1,5-H shift problem” much less

significant than the diene isomerization problem. In other words, for a reaction
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time in which the diene isomerization is low, the amount of diene undergoing

“retro 1,5-H shift” will be minimal and should not influence the enantiomeric

excess of the diene.

2.3.2 Enantioselective synthesis of the diene’s precursor

With the encouraging computational results on the diene’s enantiostability,

it was decided to synthesize an enantioenriched version of the diene’s enone

precursor. To this end, we collaborated with several research groups in the hope

of finding an efficient protocol for kinetic resolution of the enone alcohol 2.37.

Unfortunately, this proved to be an extremely challenging task as the chiral center

is far away from the reactive primary alcohol. For instance, the Snapper-Hoveyda

catalyst for kinetic resolution of alcohols though silylation yielded completely

racemic product.61 The only catalyst that could perform any type of kinetic

resolution was an unnatural pentapeptide 2.40 developed by Scott Miller.62 As can

be seen from Scheme 2-12, kinetic resolution of enone 2.37 with 10 mol % of the

catalyst 2.40 lead to a 20% recovery of the enone 2.39 in 93%ee. Unfortunately,
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Figure 2-8 Calculated relative enthalpies of different substituted cyclopentadienes and the
transition states between them
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due to the low selectivity (selectivity factor ~ 5),  half an equivalent of the catalyst

was needed to obtain one equivalent of the desired enone alcohol in 93% ee. On a

practical scale, each gram of enantioenriched enone would require about 3.5

grams of resolving catalyst. Because the catalyst 2.40 is composed of a mix of d-

and l- amino acids, along with non-natural amino acids (such as the alpha-

methylalanine unit), the cost of obtaining a synthetically useful amount of the

enantioenriched enone alcohol by this method would be prohibitive, and other

non-catalytic methods were considered.

We therefore resorted to an enantioselective synthesis of chiral diol 2.45

using a desymmetrization protocol developed by Hodgson (see Figure 2-9).

Cyclopent-3-ene carboxylic acid was reduced with lithium aluminum hydride to

the corresponding alcohol 2.42, which was then used as a directing group for a

vanadium-catalyzed epoxidation of the alkene. The resulting meso epoxide 2.43

was treated with three equivalents of the bis-lithium salt of (1S, 2R)-norephedrine

in order to promote an asymmetric deprotonation followed by an epoxide opening

rearrangement, leading to the enantioenriched diol 2.45 , as reported by

Hodgson.63 The diol 2.45 was oxidized and protected as per the standard diene

synthesis in order to obtain an enantioenriched diene precursor (S)-2.46. The

enantiopurity of the diol was verified by selective oxidation of the secondary

alcohol and protection of the primary alcohol as a benzoate ester (S)-2.47

followed by HPLC analysis, revealing a 94% ee.
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Scheme 2-12 Catalytic kinetic resolution by the Miller catalyst
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2.3.3 Synthesis and use of the enantioenriched diene

The enantioenriched enone precursor (S)-2.46 was then treated under the

standard enol silylation conditions to generate the diene and then reacted with N-

methyl-maleimide for 1 hour to give Diels-Alder product 2.48 in 63 % yield. The

silyl enol ether was then cleanly hydrolyzed with TFA to yield the corresponding

ketone 2.49 in 95 % yield. This ketone was analyzed by chiral-phase HPLC and

found to be 95 (±1) % ee, showing that the diene does not undergo any

racemization during the enol silylation step or before it undergoes the Diels-Alder

reaction.

CO2H
LiAlH4

OH
VO(acac)2
TBHP

98%

OH

O
LiO NHLi

Ph Me

OH

OH

88%

57%

OR

O
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TBSCl
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N
O
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2.43
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Figure 2-9 Enantioselective synthesis of the diene’s precursor
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Scheme 2-13 Diels-Alder reaction of the enantioenriched diene
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2.4 2-silyloxy-4-alkyl cyclopentadiene

Although we have focused on the reactions of diene 2.8, the strategy of

enolsilylation of substituted enones to provide stable substituted cyclopentadienes

is a general one. As an example, the enone precursor 2.7 was treated with TEA

and isomerized to the thermodynamically more stable trisubstituted conjugated

enone 2.11. This enone could be cleanly enolsilylated under the standard soft

enolization conditions. This isomer was previously calculated (vide supra) to be

more stable toward 1,5-H shift than the 5-alkyl-2-silyloxy isomer. The diene 2.10

indeed smoothly underwent Diels-Alder reaction with N-methyl maleimide,

affording the desired cycloadduct 2.50 with a quaternary carbon stereocenter in

68% yield over two steps, proving that the new methodology is not limited to 5-

alkyl-2-silyloxy cyclopentadienes.

2.5 Conclusion

It was found that enol silylation can be used to efficiently generate 5-

substituted cyclopentadienes. It was observed that a silyloxy substituent on the

diene will increase its LUMO energy, making it more stable towards 1,5-

sigmatropic hydrogen shifts. This gain in stability was enough to allow for room-

temperature manipulation of a 5-alkyl-2-silyloxy cyclopentadiene and subsequent

Diels-Alder reaction. The silyloxy substituent impairs higher reactivity on the

diene and allows for stereocontrol of the cycloaddition. The new diene is also

compatible with the use of mild Lewis acids for dienophile activation. The new

diene is chiral and will transfer the chiral information of the diene’s precursor to
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its Diels-Alder product. Finally, the enolsilylation methodology can be applied to

stabilize other substituted cyclopentadienes.
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3 Efforts towards the total synthesis of the natural

product palau’amine

3.1 Introduction

Natural sources seem to be an inexhaustible source of amazement and

inspiration for organic chemists. Some natural products have structures that

challenge our understanding of chemistry or fuel investigations on biological

processes. The natural product palau’amine is one such molecule. It is a

hexacyclic, guanidine-containing marine alkaloid

originally isolated in 1993 by Scheuer et al. from

the marine sponge stylotella aurantium.64,65

Palau’amine was reported as having an impressive

array of antibacterial, antifungal, anticancer and

immunosuppressant properties. It is part of the

family of pyrrole-imidazole alkaloids, which is

believed to have biosynthetic origins from two

monomers of the natural product oroidin.66

Like other members of its family, palau’amine is a natural product that

exhibits a high nitrogen content. The structure and relative stereochemistry of the

natural product were originally assigned from its high-resolution mass spectrum,

IR spectrum and 1H and 13C spectra. The absolute structure of palau’amine could

not be determined as this natural product and its derivatives are not crystalline and

no useful correlation could be established with other structures. The D-E ring

junction was assigned as cis based on high 1H NMR coupling constants and NOE.

This assignment was further supported by the fact that 5-5 cis ring systems are

thermodynamically favored.

Since the publication of its structure, palau’amine has attracted much

attention in the synthetic community.67 However, in 16 years of active research

worldwide, the structure of palau’amine has not yielded to total synthesis. One of

the challenging features of this structure is that cyclopentane ring E bears five
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bulky substituents on the same face, one of them being a secondary chlorine atom.

The high density of these functional groups adds to the synthetic challenge of the

natural product.

The structure of palau’amine has undergone two revisions. In a minor

revision, Scheuer et al. published in 1998 the full characterization data of

palau’amine and revised the C20 aminal carbon stereocenter.65 In 2007, three

different research groups proposed a more significant structure revision.68,69,70 The

isolation of new and related sponge natural products started the revision process

and reassignment of the original NMR data was done using computational

simulations. The new assignment adjusted the relative stereochemistry of C12,

C17 and C20. While C20 was reassigned back to

the original 1993 proposed stereochemistry,

reassignment of C17 and C12 significantly alters

the structure of the molecule by decreasing the

steric crowding in the vicinity of the strained E/D

junction. This also means that the 5,5 ring junction

of palau’amine is the thermodynamically unfavored

trans isomer.71 Nevertheless, both the original and

revised structures of palau’amine present significant synthetic challenges.

3.2 Retrosynthetic analysis of the palau’amine original

structure

Our research group has been actively working on the synthesis of

palau’amine.72 The most significant portion of our efforts has been directed

towards the originally proposed structure of the molecule. One of the first

structural features of palau’amine that an observer will notice is the unbalanced

distribution of structural complexity. The relatively simple ABCD rings of

palau’amine are essentially the structure of the natural product phakellin, which

has previously been synthesized in a few steps from oroidin by Büchi in 1982,

with later improvements by other groups.73,74 However, the hexasubstituted E ring

presents a significant synthetic challenge. With a fully substituted α-face, a high
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degree of steric strain is expected in this part of the molecule. Also, of the eight

stereocenters of the molecule, five are located on this ring. Since the E ring is

expected to cause the most challenge during total synthesis, it would be wise to

address it early in the synthetic approach.

In considering a synthetic strategy for palau’amine, the C and F guanidine-

based rings are disconnected first to afford a structure 3.2 with fewer reactive

functional groups (Scheme 3-1). Subsequent disconnection of the ABD rings

leads to a central cyclopentane core 3.3 of dense functionality. This dense

functionality will inevitably be linked with steric strain. Slowly building this

strain by stepwise insertion of many groups into a core structure would be a risky

path: as the core would get more sterically crowded, inserting more functional

groups into a tight chemical space would become increasingly difficult, if not

impossible. The alternative would be to use a powerful synthetic transformation to

build in one step a structure of high steric strain.

Few reactions are able to build structures of high complexity and strain at

the same time; one of them is the Diels-Alder reaction. Because of the highly

favorable energetics of the reaction generating two new C-C σ bonds from two C-

C π bonds, the generation of strained structures is potentially achievable. For

example, norbornene is a significantly more reactive alkene than average due to

steric strain. Norbornenes are readily available from Diels-Alder reactions

between cyclopentadiene and dienophiles. Thus, if the two X groups from Scheme

3-1, molecule 3.4, are brought together, a norbornene scaffold is obtained. It was

thus decided to build the dense cyclopentane ring E of palau’amine by a Diels-

Alder reaction of a 5-substituted cyclopentadiene with an appropriately

substituted dienophile, followed by oxidative ring opening at the double bond of

the norbornene scaffold.



59

As discussed in Chapter 2, we have already developed a highly versatile

method for the generation and use of 5-substituted cyclopentadienes. In the

context of palau’amine total synthesis, this methodology would offer several

advantages. First, the diene would guarantee cycloaddition anti to the 5-

substituent, as required in Scheme 3-1. Second, the reactive diene would allow the

Diels-Alder to proceed at room temperature, therefore permitting the use of a

variety of mildly reactive dienophiles. Thirdly, the two carbons of the resulting

norbornene’s double bond would be at different oxidation states, therefore

differentiating the two groups generated after oxidative cleavage. This would

allow for easier manipulation of the desired substituted cyclopentadiene. Because

of the advantages of the newly developed 5-substituted cyclopentadiene

methodology, it was applied to our palau’amine total synthesis efforts (see

Scheme 3-2 for the retrosynthetic analysis.)
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3.3 Synthesis of the original palau’amine E ring structure
In order to test our retrosynthetic scheme for the synthesis of the

cyclopentane core of palau’amine, it was decided to use the same 2-silyloxy-5-

silyloxymethylcyclopentadiene system already developed and available. It was

envisioned that in later synthesis attempts, the side-chain silyloxy group of the

diene could be modified to a more appropriate protected nitrogen substituent.

The dienophile chosen for study was chloromethyleneoxazolone 3.11, a

reactive dienophile that had been reported by Bland et al.75 Simple mixing of

diene 2.8 and oxazolone 3.11 in solvent at 23 °C was sufficient to induce the

Diels-Alder to proceed, and the dienophile was completely consumed within one

hour. From NMR analysis of the crude reaction mixture, three major products

were evident and were tentatively assigned as the endo and exo desired

cycloaddition products along with a third, unidentified component.

Chromatography of the reaction mixture under a multitude of conditions led to

significant decomposition. Only the exo (as defined by the electron-withdrawing

ester group on the dienophile) cycloaddition product could be isolated in a low

20% yield.

In the hope of isolating both the endo and exo products, the cycloaddition

mixture was exposed to alkaline conditions (K2CO3 / MeOH) leading to the

isolation of two products in low yield, tentatively assigned as the endo and exo

cycloaddition products where the silyl enol ethers have been hydrolyzed to the

ketone and the oxazolone hydrolytically cleaved to the benzoyl amide and methyl

ester. However, significant decomposition material was again observed. One

possible source of decomposition is silyl enol ether hydrolysis and subsequent

Mukaiyama reaction of the resulting ketone with a second equivalent of silyl enol

ether.

Since direct isolation of the cycloaddition products was not practical, direct

oxidation of the reaction mixture was attempted. Treatment of the silyl enol ether

with ozone gas, followed by hydrolysis of the oxazolone  (K2CO3 / MeOH), gave

a low isolated yield of the desired alpha-hydroxy ketone exo isomer.76 However,

products corresponding to the silyl enol ether hydrolysis to the ketone were
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continually observed. The undesired hydrolysis could be traced back to

adventitious moisture in the ozone oxidation step. Attempted drying of the ozone

gas with a cold trap did not change the results.

We searched for alternatives to ozone in the oxidation of the silyl enol

ether. Most unexpectedly, the use of MCPBA also lead to significant hydrolysis

product.77 Milder and drier oxidation conditions were thus needed. The silyl enol

ether was therefore treated with a solution of dimethyldioxirane to effect

epoxidation of the alkene.78 The resulting product was immediately hydrolyzed

with K2CO3/MeOH and gratifyingly the desired endo and exo products could be
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obtained in a 1:1 ratio and a combined isolated yield of 52 %, along with a small

amount of silyl migration endo product (6%).

Having the α-hydroxy exo product 3.23 in hand, the oxidative cleavage of

the norbornane skeleton would lead to the desired cyclopentane core of

palau’amine. Lead tetraacetate in methanol was found to easily cleave the

hydroxy-ketone. The resulting aldehyde-methyl ester oxidation product was

relatively clean, but was contaminated with a small amount of overoxidation

product of the aldehyde (~85:15 product to overoxidation product, complete

conversion and no other side material). Unfortunately, purification of the final

aldehyde proved problematic. While the product could be passed through a very

short silica gel plug without ill effect, chromatography of the reaction mixture led
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to the complete epimerization of the aldehyde to 3.27. In order to avoid this

epimerization, the crude aldehyde was cleanly reduced under the Luche

conditions to the corresponding alcohol 3.28 with no observable epimerization.

However, attempted purification of the alcohol product 3.28 under a variety of

conditions led to the elimination of the chloride to form an α/β unsaturated ester

cyclopentene 3.29. The highly sterically stained nature of the cyclopentane makes

it a very unstable system under many conditions.

Our experiments seemed to indicate that the desired aldehyde would

epimerize under basic, but not necessarily acidic conditions, as exemplified by the

successful Luche reduction. Therefore, a chromatographic solvent system with

1% acetic acid was tested and enabled the isolation of the desired aldehyde 3.26 in

pure form for characterization, albeit in a low 51% yield due to inevitable

decomposition. The nature of the desired product was thus ascertained. These

results were published and were the second example, only a few months after

Gin’s synthesis, of a methodology for obtaining the fully substituted scaffold of

the E ring of the originally proposed structure of palau’amine. 79
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3.4 Exploration of synthesis avenues for the E ring of the

corrected structure of palau’amine

In addition to our work on the originally proposed structure of palau’amine,

we sought to adapt our strategy such that it could be applied to the revised

structure. The revised structure involves a change of two stereocenters: the

chlorine-bearing stereocenter C-17 and the ring junction C-12. In our original

synthetic plan, the C-17 stereocenter was set during the Diels-Alder cycloaddition

and was controlled from the dienophile’s double bond’s cis geometry. Changing

from a cis  to a trans dienophile would therefore allow access to the newly

proposed C-17 stereochemistry. Access to a trans dienophile is not expected to be

difficult and many synthetic options are available. For example, the oxazolone

dienophile 3.11 used for the synthesis of the original E-ring stereoarray was

reported to undergo UV-promoted double bond isomerization to its trans

stereochemistry.80

The absolute stereochemistry of the C-12 stereocenter in our synthesis of

the original E-ring steroarray was set by approach of the dienophile away from the

silyloxy methyl group (vide supra). While it could be possible to adjust this

stereocenter after cycloaddition through an oxidation-epimerization pathway, it

would be more efficient to obtain the desired relative stereochemistry directly

from the Diels-Alder reaction. While unlikely in an intermolecular cycloaddition,
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a properly devised intramolecular Diels-Alder might force the dienophile to

approach the diene syn to the 5-substituent (see Scheme 3-7).

Initial experiments have been performed to probe the possibility of an

intramolecular Diels-Alder reaction. The free alcohol of 4-

(hydroxymethyl)cyclopent-2-enone 2.37 was acylated with acryloyl chloride in an

unoptimized yield of 55%. The standard procedure for silyloxydiene synthesis

was applied and the formation of the diene could be confirmed by 1H NMR.

However, after 2 days, no trace of a Diels-Alder product could be observed. The

formation of the lithium enolate of the enone precursor was also attempted, in

order to generate a more reactive diene or perhaps induce a double Michael

addition reaction. However, no Diels-Alder product formed upon enolization at

–78 °C (LDA) and decomposition occurred upon warming of the lithium enolate

to room temperature (see Scheme 3-8). Lewis acid catalysis of this intramolecular

reaction has not been attempted yet.
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With the hypothesis that the ester carbonyl was preventing the formation

of the desired conformation for Diels-Alder reaction, a new dienophile was linked

to the diene system. The free alcohol of 4-(hydroxymethyl)cyclopent-2-enone

2.37 was alkylated with ethyl 2-(bromomethyl)acrylate in an unoptimized yield of

23 %. From this enone, the diene was generated under the standard conditions.

However, no Diels-Alder product could be observed under these conditions. It is

known that intramolecular Diels-Alder reactions of 5-substitued cyclopentadienes

are optimal when the tether length between the diene and dienophile is two atoms

long (vide supra, section 1.1.2.4). Further work needs to be done on this

intramolecular Diels-Alder reaction for the palau’amine total synthesis, notably

with Lewis acid catalysis (vide supra, section 2.2.4).

3.4.1 Carbon C6 installation

In our synthesis of the E-ring of the original structure of palau’amine,

carbon C10 was obtained as an aldehyde. From this aldehyde, it was planned to

later install carbon C6 by a methylenation reaction. However, a more convergent

synthesis would be achieved through an earlier incorporation of this carbon,

before the key Diels-Alder step. This could be done using a Morita-Baylis-

Hillman reaction directly on the diene’s enone precursor. This first step was

successfully performed on the 4-alkyl cyclopent-2-enone 2.7 with formaldehyde

as the electrophile and tri-n-butyl phosphine as a catalyst, giving the product 3.43

in quantitative yield (see Scheme 3-10).81 While only this step has been performed

so far, this synthetic avenue might be re-visited in the future once more synthetic

exploration has been done on the synthesis of the revised 5,5-trans D-E ring

junction.
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3.5 Conclusion

A methodology was developed to access the “all-cis” cyclopentane

stereoarray of the E-ring of the originally proposed structure of the natural

product palau’amine. The methodology relies on a Diels-Alder reaction to build

the high steric strain of the structure, followed by a multi-step oxidative opening

of the resulting norbornene system. This methodology is currently being modified

to allow for the synthesis of the corrected structure of palau’amine.
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4 Synthesis of the multiple ligand drug triciferol,

agonist of the nuclear vitamin D receptor and

inhibitor of histone deacetylases

4.1 Rational design of triciferol

It was found by our collaborators that 1,25D3 and TSA have synergistic

effects as anti-cancer agents. Because of the advantages of multiple ligands drugs,

it was decided to combine the properties of both molecules into one single entity,

a multiple ligand drug. In order to choose the optimal type of multiple ligand

design (tethered, linked, fused or fully merged), a deeper understanding of both

biologicals targets was needed. 1,25D3 is an agonist of the vitamin D nuclear

receptor. TSA is an inhibitor of histone deacetylase (HDAC) enzymes.

The targeted HDAC enzymes are zinc metalloproteases.82 The zinc atom is

found at the bottom of a long and narrow hydrophobic pocket. As can be seen

from Figure 4-1, many inhibitors of HDACs follow the general pattern of a head

group, a linker and a capping group. The HDACi head is constituted of a metal

binding group to deactivate the metalloprotease enzyme. The head and cap groups

are joined by a hydrophobic linker. Finally, the capping group interacts with the

HDAC surface, which is open and flexible, therefore tolerating a wide variety of

capping end groups. All of these HDACi regions would need to be incorporated in

the new multiple ligand drug.
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The vitamin D receptor pocket is more restrictive to potential ligands.

Because the ligand binding domain of the vitamin D receptor completely

encapsulates the ligand upon binding, successful analogs of vitamin D have a

structure and size very similar to the parent hormone. As can be seen from Figure

4-2, some variation is tolerated in the top chain of the vitamin.84 However, too

long a top chain might lead to a molecule which bings to the vitamin D receptor

but prevents the recruitment of co-activators, such as the antagonist ZK159222.
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Also of note, the A-ring exo-methylene moiety is non-essential for binding and its

deletion only leads to a small loss in binding affinity.85

The tolerated variability of vitamin D analogs at the side chain prompted

us to merge there the HDACi functionality. Because of the high potency of TSA,

a similar structure was chosen for the HDAC part of the multiple ligand: a

conjugated diene chain ending with a hydroxamic acid. Since analogs such as EB-

1089 and Ro 25-6760 are well

tolerated by the vitamin D receptor,

the conjugated diene was expected to

be tolerated. It was expected that

either the NH or OH of the

hydroxamic acid of 4.8 would form a

hydrogen bond to the vitamin D

receptor in a way similar to the C-25

alcohol of the native lignand 1,25D3.
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The vitamin D core was also envisioned as a possible capping group for the

HDACi structure requirement, since a variety of cap groups are tolerated in

HDACi. For synthetic accessibility considerations, and because it is non-essential

for high binding affinity to the vitamin D receptor, the A-ring exo-methylene

moiety would not be included in the multiple ligand. With all of those

considerations in mind, the structure of the first 1,25D3/HDAC hybrid was

envisioned as presented in Figure 4-3.

The retrosynthetic analysis of triciferol is presented in Scheme 4-1. The C-D ring

core of triciferol was envisioned as coming from a degradation product of vitamin

D2. The A-ring would originate from the commercially available natural product

(-)-quinic acid. Finally, the top chain would be elaborated late in the synthesis, in

order to minimize the handling of the hydroxamic acid moiety. The chosen

retrosynthetic scheme relies entirely on enantiopure chiral starting materials as the

source of chirality in the final molecule. This minimizes the number of synthetic

steps needed and alleviates the need to separate enantiomers.
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4.2 Synthesis of triciferol

The synthesis of the A-ring moiety of triciferol was adapted from a

procedure by DeLuca et al. 86 (-)-Quinic acid was submitted to a Fisher

esterification in methanol, yielding the desired product quantitatively. Bis-

protection of the sterically less hindered secondary alcohols at the 3-and 5-

positions was achieved in 73% yield by treatment with two equivalents of TBSCl.

The remaining free secondary alcohol was acylated with thiocarbonyl diimidazole

to afford thiocarbamate 4.15 in 92% yield. Radical deoxygenation of the

thiocarbamate with sodium hypophosphite as the hydrogen donor led, in 84%

yield, to the alpha-hydroxy ester 4.16, which was reduced with sodium

borohydride to the vicinal diol in high yield. This diol was oxidatively cleaved

with sodium periodate to yield the ketone 4.18 in quantitative yield. The 3,5-

disilyloxycyclohexanone product is unstable to base and tends to undergo

elimination of the silyloxy groups to yield phenol, especially under conditions for

standard Wittig or Horner couplings. However, and aldol/Peterson olefination

sequence on the ketone afforded the desired conjugated ester in 71% yield. From

the intermediate 4.19, reduction of the ester with DIBAL-H led to the allylic

alcohol in high yield. This alcohol was converted to 4.21, a precursor for Horner

coupling, in 75% yield over three steps by a sequence of tosylation of the alcohol,

displacement of this leaving group by a phosphine and oxidation of the phosphine

to the phosphine oxide. The A-ring analog and Horner coupling partner 4.21 was

thus obtained in 11 steps in 26% overall yield from quinic acid.
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The core of the secosteroidal portion of triciferol is obtained by ozonolytic

degradation of vitamin D2 in a mixture of chloroform and methanol (9:1). After

decomposition of the intermediate trioxolane with dimethyl sulfide,

dimethylacetal product 4.22 was isolated in 65% yield.  The in-situ ketalization in

this process is probably catalyzed by trace acid in the chloroform solvent.

Coupling of secosteroidal core 4.22 to an A-ring analog is complicated by the

sensitivity of the stereocenter α to the ketone. Base-catalysed enolization of the

ketone will lead to the epimerization of the stereocenter at the ring junction; in

this system, the 5-6 cis ring junction is thermodynamically more stable than the

vitamin D 5-6 trans system. To complete the secosteroid synthesis, A-ring analog

4.21 is coupled via a mildly basic Horner reaction to ketone 4.22 to afford diene

4 .23  in 69% yield. The diene was obtained exclusively with the E

stereochemistry, as was expected from previous syntheses of vitamin D

structures.87

In preparation for side-chain extension, acidic deprotection of the

dimethylacetal revealed aldehyde 4.24 in 95% yield. Elongation of the top side-

chain started with a stabilized Wittig reaction, yielding the trans conjugated ester

4.25 in high yield. Reduction of the ester with DIBAL-H led to the allylic alcohol

in 72% yield. Oxidation of the free alcohol with the Dess-Martin reagent gave the
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conjugated aldehyde 4.27 in good yield. Further elongation of the side-chain was

performed with a second stabilized Wittig reaction, affording mainly the trans

alkene in 82% yield. Gratifyingly, the undesired minor cis alkene formed in the

Wittig reaction could be separated by careful chromatography before the final

sequence leading to triciferol. This was essential as a removal was impossible at

later stages.

 With the fully elongated chain of product 4.28 in hand, conversion of the

ester to the desired hydroxamic acid could be performed. First, the ester 4.28 was

saponified and, after a simple extraction, the highly pure acid was carried forward.

The acid was converted to an acyl chloride and then immediately coupled with an

O-silyl hydroxylamine. This protocol was found to be superior to other standard

peptide coupling strategies, which led to low conversion and side products. Also,

the use of O-silyl hydroxylamine was found superior to simple hydroxylamine,

possibly because of the low water content and high solubility in organic media of

the former. Following hydroxamic acid formation, the silyl groups of the vitamin

D analog were carefully deprotected using hydrofluoric acid in

methanol/acetonitrile, yielding triciferol in 42% isolated yield from the ester 4.28.

Triciferol was thus obtained in 10 linear steps and 9% overall yield starting from

vitamin D2.
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4.2.1 Isolation of triciferol

The final isolation of triciferol proved especially challenging. Indeed,

purification of triciferol using standard silica gel led to the isolation of a red oil

from a streaking band on the TLC. This isolation was difficult to reproduce and

sometimes would yield minimal amounts of the desired product. Nevertheless, the

red oil had properties corresponding with the expected product and was submitted

for preliminary biological testing. Initial tests performed in the laboratory of

professor John White were promising. However, the results of the biological tests

proved irreproducible over time and investigation of the triciferol sample showed

complete decomposition after a few months, even though the sample was kept at

low temperature between manipulations. Upon re-synthesis of a fresh batch of

triciferol, the TLC isolation was replaced by a reverse-phase semi-preparative

HPLC isolation. In contrast to purification on silica, HPLC purification yielded a

white solid as the main product. This solid had spectral properties very similar to

the red oil previously isolated. Using this new information, a purification of a

larger amount of the crude triciferol was attempted using standard column
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chromatography with a reverse-phase stationary phase (Octadecyl-functionalized

silica gel) and a water-methanol mobile phase. Again, a white powder was

obtained. Submission of a sample of this powder to TLC led to a streaking red

band as in the original isolation of triciferol. The white powder of triciferol was

solubilized in DMSO-d6 and left at room temperature, in the dark. No sign of

decomposition could be detected by 1H NMR after one year. All of these results

leads us to hypothesize that exposure of the hydroxamic acid of triciferol to silica

gel results in metal ion complexation. Hydroxamic acids are known to be efficient

metal chelators, especially for iron. A representative from our silica gel supplier

(SiliCycle ) confirmed that metal ions are present in trace quantities in the

standard silica gel we obtain from them. Complexation of a metal ion by the

hydroxamic acid of triciferol probably accelerates the decomposition of the drug,

leading to the irreproducible biological results. Reverse phase silica can be pre-

washed with large quantities of deionized water, greatly reducing its trace metal

content. Upon testing of the white powder form of triciferol, biological test results

were reproducible and could be used to investigate the properties of the new

molecule in living systems. The final isolation of triciferol by a method that does

not expose the molecule to trace metal ions was therefore key in obtaining

reproducible and reliable results.

4.2.2 Synthesis of C-20 epi-triciferol precursor

An important concern in organic synthesis is the purity of the products

being isolated. It came as a concern to our research group that during any of the

top-chain elongation steps, the C-20 stereocenter might be partially or completely

epimerized, as is occasionnaly the case in Wittig couplings (vide supra for a

discussion of alpha center epimerization in the A-ring coupling). One would

expect such an event to be detectable by 1H NMR. However, synthesizing a C-20

epimer of triciferol was the only way of addressing this question with certainty.

From the deprotection product 4.24, base-catalyzed epimerization α to the

aldehyde was attempted using lithium hydroxide in methanol. The crude mixture

had a complex 1H NMR spectrum, suggestive of the presence of multiple
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products. However, chromatography was unsuccessful at separating these

products. NMR data obtained later (vide infra) allowed us to identify this crude

product as an inseparable mixture of C-20 epimers in a 3:2 ratio favoring the

starting epimer. These epimers were subjected to the first Wittig olefination and

yielded the desired conjugated esters 4.30. However, the epimers could still not be

separated by chromatography.

When attempting to reduce the ester 4.30 using DIBAL-H, too long a

reaction time led to partial desilylation of the A-ring alcohols, as can be seen from

Scheme 4-5. Of the many reduced products obtained, two were of high interest, as

they were separable C-20 epimers with only one silyl group (4.33, 4.34).

Interestingly enough, when both silyl groups are present (4.31) or absent, the C-20

epimers cannot be separated. As well, of the two possible regioisomers where one

silyl group is present on the A-ring, only one regioisomer will lead to separable C-

20 epimers while the other regioisomer will lead to an inseparable mixture (4.32).

Comparison of the 1H NMR spectra of epimers 4.33  and 4 .34 showed

characteristic chemical shift differences between their C-18 and C-21 methyl

groups, which could be traced back to the complex 1H NMR of the epimerized

aldehyde 4.29. This information allowed us to further confirm that no C-20

epimer was present in triciferol or its synthetic precursors.
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4.3 Biological results with triciferol
Triciferol was tested by our collaborators in the laboratory of professor John

White. The results have already been published, and will be summarized here.

The binding of triciferol to the vitamin D receptor was first tested in a

fluorescence polarization assay. Triciferol displayed a binding affinity to the

vitamin D receptor of 87 nm, as compared to 32 nm with 1,25D3. Triciferol thus

retains much affinity for the receptor, despite the significant changes made to the

top chain. This result is in accord with our hypothesis that the critical hydrogen

bonding of 1,25D3 to the vitamin D receptor would be maintained with the

hydroxamic acid functionality of triciferol.

The activity of triciferol was further tested in cell systems for the activation of

vitamin D related genes. The first assay performed was a luciferase reporter gene

assay. In this assay, a plasmid containing the vitamin D response element gene

followed by the luciferase gene was transfected into a cell line. The exposure of
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this cell line to 1,25D3 or triciferol resulted in the binding of the small molecules

to the vitamin D nuclear receptor, recruitment of co-factors and transcription of

the luciferase gene, causing the cells to emit light. In this assay, triciferol was

approximately as active as 1,25D3. However, this assay is not quantitative and a

second assay was performed. In this second assay, the ability of triciferol to

activate the cyp24 gene was investigated. The activation of this gene is an

exquisitely sensitive marker for vitamin D agonism. CYP24 is an enzyme that

catabolizes the destruction of vitamin D3. It is produced in cells as a feedback

loop to prevent overstimulation of gene transcription.  The cyp24 gene assay

analyzes the cellular level of mRNA corresponding with the CYP24 protein. In

this assay, triciferol was approximately 10 % as potent as 1,25D3 in promoting the

transcription of the cyp24 gene. These results prove that triciferol is an agonist of

the vitamin D nuclear receptor, acting as 1,25D3 in promoting the cellular

machinery to transcribe vitamin D related genes.

Next, the ability of triciferol to act as an HDAC inhibitor was investigated.

N-Boc-(N-Ac)-Lysine conjugated to a fluorescent group was exposed to cell

lysates. The HDACs in the cell lysates then initiates the cleavage of the

fluorescent group from the histone mimic, resulting in a detectable fluorescence

of the medium. The inhibition of the HDACs by TSA and triciferol was then

tested. In this assay, triciferol was about 10 % as potent as TSA as and HDAC

inhibitor. This result confirms the ability of triciferol to act as an HDAC inhibitor.

The potential of triciferol to act as an anti-cancer agent was tested on

several types of cancer cells. Triciferol was significantly more potent than 1,25D3

or TSA alone in preventing the growth of the SCC4 and MDA-MB231 cancer cell

lines. Even more impressive, against MCF-7 breast cancer cells, triciferol (100

nM) was more effective at inducing cell death than a combination of 1,25D3

(100nM) and TSA (15nM). The lower concentration of TSA relative to triciferol

in this experiment was used to compensate for the 10-fold greater potency of TSA

against HDAC. In the SCC4 cell line, the morphology of the cells treated with

triciferol was drastically different from the cells treated with 1,25D3 but similar to

cells cotreated with 1,25D3 and TSA. Cells treated with 1,25D3 or TSA alone
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appeared as normal SCC4 cells, whereas cells treated with triciferol varied in size

and shape, occasionally were multinucleated or had intercellular tubulin bridges.

All of these effects are consistent with a disruption of mytosis by triciferol. These

results were extremely encouraging and prompted further studies, notably on the

exact HDAC that triciferol inhibits.

There are multiple HDACs responsible for cellular functions. As was

previously mentioned, many of them are responsible for histone acetylation and

thus gene regulation. However, HDACs are not limited to this role. HDAC6, for

example, is notably responsible for the deacetylation of tubulin during cellular

division.88 While triciferol was found to inhibit histone deacetylation, tests

showed it to be an even more potent inhibitor of tubulin deacetylation. This could

explain the unusual cell morphologies found when using triciferol, and very

probably contributes to its antiproliferative effects.

Triciferol was thus found to be both a vitamin D receptor agonist and an

HDAC inhibitor. This ability to be a ligand for multiple targets allows triciferol

alone to be an effective anticancer agent in vitro. Triciferol was found to prevent

the proliferation of cancer cells through disruption of mytosis.

4.4 Conclusion

Starting from a knowledge of the mechanism of action and the

pharmacophoric requirements of two drugs with synergistic effects, 1,25D3 and an

HDAC inhibitor, a new molecule with both functions was designed. The new

potential drug, triciferol, is a multiple ligand of the “fully merged” type. It was

synthesized from the vitamin D2 core on which an A-ring diol was coupled,

followed by building a conjugated top chain ending with a hydroxamic acid. This

functionality was extremely sensitive to exposure to trace metals and could only

be purified using reverse phase silica chromatography. Pure triciferol was

successfully tested for both vitamin D receptor activation and HDAC inhibition. It

also showed promising anti-cancer properties.

This project is currently being continued by other students. While more

biological studies are being performed on triciferol, new 1,25D3/HDACi hybrid
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molecules are being synthesized. As a notable expension of the project, the side

chain conjugated hydroxamic acid of triciferol is being replaced with other zinc

binding groups.

4.5 References
                                                  
82 Hooper, N. M., Editor, Zinc metalloproteases in health and disease. CRC press;

London, 1996;  350 pp.
83 A) FK228 analog : Yurek-George, A.; Cecil, A. R. L.; Mo, A. H. K.; Wen, S.;

Rogers, H.; Habens, F.; Maeda, S.; Yoshida, M.; Packham, G.; Ganesan, A.,

Journal of Medicinal Chemistry 2007, 50 (23), 5720-5726.  B) For MGCD0103 :

Fournel, M.; Bonfils, C.; Hou, Y.; Yan, P. T.; Trachy-Bourget, M.-C.; Kalita, A.;

Liu, J.; Lu, A.-H.; Zhou, N. Z.; Robert, M.-F.; Gillespie, J.; Wang, J. J.; Ste-

Croix, H. l. n.; Rahil, J.; Lefebvre, S.; Moradei, O.; Delorme, D.; MacLeod, A. R.;

Besterman, J. M.; Li, Z., Molecular Cancer Therapeutics 2008, 7 (4), 759-768.
84 Guyton, K. Z.; Kensler, T. W.; Posner, G. H., Annual Review of Pharmacology

and Toxicology 2001, 41 (1), 421-442.
85 Ono, Y.; Kashiwagi, H.; Esaki, T.; Tadakatsu, T.; Sato, H.; Fujii, N., Journal of

Combinatorial Chemistry 2007, 9 (4), 711-716.
86 Perlman, K.L.; Swenson, R.E.; Paaren, H.E.; Schnoes, H.K., DeLuca, H.F.

Tetrahedron Letters 1991, 32, 7663
87 Lythgoe, B.; Moran, T. A.; Nambudiry, M. E. N.; Tideswell, J.; Wright, P.W.;

Journal of the Chemical Society, Perkin Transactions 1 1978, 590-595.
88 Valenzuela-Fernandez, A.; Cabrero, J. R. N.; Serrador, J. M.; Sanchez-Madrid,

F., Trends in Cell Biology 2008, 18 (6), 291-297.



84

5 Contributions to knowledge

- A new 5-substituted cyclopentadiene with improved thermal stability towards

1,5-H shift is disclosed. Racemic and enantioselective syntheses of the new diene

have been developed.

- The origins of the new cyclopentadiene’s stability have been investigated and

are ascribed, using FMO theory, to an increase in the LUMO energy of the diene.

Using the FMO theory also allowed to explain phenomenons observed by other

authors in the acceleration or deceleration of 1,5-H shift in dienes.

- The new diene was found to undergo Diels-Alder reaction at room temperature

with many dienophiles, yielding products of high complexity. For slow reacting

dienophiles, the use of an europium Lewis acid was found to accelerate the

cycloaddition without causing side reactions with the new diene.

- The new diene is enantiostable and delivers products of equal enantiomeric

excess.

- The developed Diels-Alder methodology with the new diene was applied to the

synthesis of the highly functionalized E-ring of the originally proposed structure

of the natural product palau’amine. This lead to the second published synthesis for

this complex cyclopentane stereoarray, 15 years after the publication of the

structure of the natural product.

- The structures of vitamin D3 and the HDAC inhibitor trichostatin A were

merged into one molecule, triciferol. Triciferol was obtained from semi-synthesis

starting from Vitamin D2 and (-)-quinic acid.

- The unstability of triciferol was identified as coming from trace metal

contamination of the hydroxamic acid moiety during silica gel chromatography.

Purification of hydroxamic acids using reverse phase chromatography was found

to prevent this issue.

- In accord with our original design, triciferol was found to be both an agonist of

the vitamin D3 receptor and an HDAC inhibitor. Because of these properties,

triciferol was also found to be an effective anti-cancer drug in vitro.
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6 Appendix 1  Experimental section

General Procedures. All reactions were performed in flame-dried or oven-

dried round bottom flasks fitted with rubber septa under a positive pressure of

argon with magnetic stirring, unless otherwise noted. Liquids and solutions were

transferred via  syringe or stainless steel cannula. Analytical thin-layer

chromatography was performed using glass plates pre-coated with 0.25 mm 230-

400 mesh silica gel impregnated with a fluorescent indicator (254 nm). Thin layer

chromatography plates were visualized by exposure to ultraviolet light and/or by

exposure to an aqueous solution of potassium permanganate, followed by heating.

Organic solutions were concentrated by rotary evaporation at ~15 Torr (water

aspirator). Flash column chromatography was performed as described by Still et

al. 89 using Silicycle 60 Å silica gel (230-400 mesh) or Brockman type IV (10%

water by weight) neutral alumina.

Materials. Commercial reagents and solvents were used as received with

the following exceptions. Triethylamine, dichloromethane, and diisopropylamine

were distilled from calcium hydride at 760 Torr under an atmosphere of nitrogen.

Tetrahydrofuran was distilled from sodium benzophenone ketyl at 760 Torr under

an atmosphere of dinitrogen. ACS grade methanol was stored over freshly

activated 3Å molecular sieves. CDCl3 was stored over freshly activated 4 Å

molecular sieves.  Dimethylacetylene dicarboxylate, acrolein, methyl vinyl

ketone, chloroacrylonitrile, acrylonitrile, methyl acrylate and methacrolein were

passed through a short column of basic alumina before use.  Solutions of n-

butyllithium were titrated in Et2O using 2,2-dipyridyl as indicator.

Dimethyldioxirane was prepared according to the procedure by Adam 90.

Instrumentation. Proton nuclear magnetic resonance (1H NMR) and

carbon nuclear magnetic resonance (13C NMR) spectra were recorded with a

Varian Unity-500 (500 MHz), Varian Mercury-400 (400 MHz), or Varian

Mercury-300 (300 MHz) NMR spectrometer. Proton chemical shifts are reported

in parts per million (δ scale) downfield from tetramethylsilane and are referenced

to residual protium in the NMR solvent (CHCl3: δ 7.26, C6D6: 7.15). Data is
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reported as follows: chemical shift [multiplicity (s = singlet, br s = broad singlet, d

= doublet, t = triplet, m = multiplet), integration, coupling constant(s) in Hertz].

Carbon chemical shifts are reported in parts per million (δ scale) downfield from

tetramethylsilane and are referenced to the carbon resonances of the solvent

(CDCl3: δ 77.0, C6D6: δ 128.0).  Infrared spectra were recorded with a Nicolet

Avatar 360 FTIR spectrometer. Melting points (MP) were obtained on a

Gallenkamp melting point apparatus in open capillaries and are uncorrected.

High-resolution mass spectroscopy was performed by Dr. Alain LeSimple (Mass

Spectrometry Unit at McGill University) in positive ion electrospray mode with

an IonSpec 7.0 tesla FTMS (Lake Forest, CA) calibrated with polyethylene

glycol.

DFT simulations

Computer calculations were performed using the Gaussian 03 software at the

B3LYP/6-31G* level of theory91. Transition states were identified by the presence

of a single negative eigenvalue in frequency calculations and visually confirmed

by inspection of their vibrational frequency. Energies are reported in kcal/mol and

are corrected for zero-point energy. Energies were obtained from the Gaussian

output file under “sum of electronic and zero-point energies”.  For the generation

of Figures 2.3-2.6, the energies reported are the lowest activation energies found

for the 1,5-H shift in each system, regardless of the direction of the hydrogen shift

(towards or away from the substitutent).

Preparation of (hydroxymethyl)cyclopentanol isomers 2.5-2.6
Paraformaldehyde (88g, 2.93 mol, 3.22 eq.) was

suspended in 95% formic acid (500 g, 10.3 mol,

11.3 eq.) and heated to reflux in an oil bath at 100

°C. After 1 h, the resulting clear solution was

cooled to – 10 °C, and p-toluenesulfonic acid

monohydrate (0.30 g, 1.6 mmol, 0.17 eq.) was

added in one portion. An addition funnel was affixed to the flask, and freshly

distilled cyclopentadiene (60 g, 0.91 mol, 1 eq.) was added dropwise over 1 h.

OH

OH OH

OH

Chemical Formula: C6H10O2
Molecular Weight: 114.14240
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The mixture was allowed to warm to room temperature and slowly turned black.

After 14 h, the resulting black solution was cooled to –10 °C and a solution of

aqueous sodium hydroxyde (10 M, 1.2 L, 12 mol, 13 eq.) was added slowly over a

period of 5 h while maintaining the reaction temperature below 0 °C. At this

point, the reaction was comprised of an amber solution with a black sludge

floating at the top. The black sticky sludge was removed by filtering the solution

three times through a large Buchner funnel. The black residue was also washed

with distilled water (500 mL) and the washings combined with the filtrate. The

amber filtrate was acidified to pH 5 using hydrochloric acid (1 M) and then

evaporated to dryness using a rotary evaporator (otherwise sodium formate will

not be removed in the subsequent trituration). The resulting yellow solid was

triturated with acetonitrile (3 x 500 mL) and filtered. The amber acetonitrile

solution was then concentrated in vacuo, yielding 76.5 g of an amber oil. The oil

was distilled under reduced pressure (bp 95 °C at 0.2 torr) yielding 44.4 g (0.39

mol, 43%) of a clear, pale yellow oil which was an approximate 3:2 mixture of

1,4 and 1,3 diols, in agreement with Saville-Stones et al.92

4-((tert-butyldimethylsilyloxy)methyl)cyclopent-2-enone 2.7

To a solution of (hydroxymethyl)cyclopentanol

isomers 2.5-2.6  (16.0 g, 0.14 mol, 1 eq.) in

dichloromethane (250 mL, A.C.S. grade solvent, no

further drying necessary) at 23 °C was added

Bobbitt’s oxidant, 4-acetamido-2,2,6,6-tetramethyl-

1-oxopiperidinium perchlorate 2.6 93, (49.8 g, 0.16

mol, 1.14 eq.) in small portions over 20 min. After the addition was complete, the

vigorously stirred yellow suspension was diluted with dichloromethane (500 mL).

After 3.5 h, the suspension was filtered to remove white and yellow solids and the

filtrate was concentrated in vacuo, providing an orange oil. To a solution of the

orange oil in dichloromethane (1 L) at 23 °C were added sequentially, imidazole

(15.9g, 0.234 mol, 1.64 eq.), t-butyldimethylsilyl chloride (31.1 g, 0.206 mol, 1.47

eq.),  and (4-dimethylamino)pyridine (0.29g, 2.4 mmol, 0.017 eq.). The resulting

OTBS

O

Chemical Formula: C12H22O2Si
Molecular Weight: 226.38738
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solution was stirred at 23 °C for 4 h, during which it turned cloudy yellow and a

white solid precipitated. The reaction was then washed successively with distilled

water (1L), hydrochloric acid (1 M, 1 L), distilled water (1 L), saturated aqueous

NaHCO3 solution (1L) and brine (1L). The organic phase was dried over Na2SO4,

filtered, and concentrated in vacuo to a pale brown oil which was purified by flash

chromatography on silica gel using a solvent gradient (from hexanes  15% ethyl

acetate in hexanes) yielding the product as a colorless oil (14.4 g, 0.0635mol,

45%) Rf =0.27 (10 % ethyl acetate in hexanes). 1H NMR (300 MHz, CDCl3)

δ  7.65 (dd, 1H, J = 5.8, 2.5), 6.18 (dd, 1H, J = 5.6, 2.1), 3.71 (dd, 1H, J = 9.8,

5.6), 3.58 (dd, 1H, J = 9.6, 6.6), 3.10 (m, 1H), 2.41 (dd, 1H, J = 18.7, 6.6), 2.08

(dd, 1H, J = 18.7, 2.2), 0.84 (s, 9H), 0.01 (s, 6H); 13C NMR (125 MHz, CDCl3) δ

209.9, 166.2, 135.1, 65.0, 44.4, 37.7, 26.0, 18.4, -.5.2, -5.3; IR (film) ν 2954,

2929, 1717, 2857, 1717, 1472, 1254, 1184, 1094, 838, 777 cm-1; HRMS (FTMS):

m/z calcd. for (M+H+) = 227.1460, found = 227.1462.

Preparation of tert-butyl((3-(tert-butyldimethylsilyloxy)cyclopenta-2,4-

dienyl)methoxy)dimethylsilane under soft

enolization conditions  2.8

 To a stirred solution of enone 2.7 (100 mg,

0.442 mmol, 1 eq.) in dichloromethane (2 mL) at

–10 °C (ice-acetone bath) was added

triethylamine (90 µL, 0.65 mmol, 1.46 eq.)

followed by freshly distilled t-butyldimethylsilyltriflate (130 µL, 0.57 mmol, 1.28

eq.). After 1.5 h, the resulting yellow solution was diluted with ethyl acetate (10

mL) and washed with aqueous pH 7 buffer (2 x 3 mL) and brine (3 mL). The

organic phase was dried over Na2SO4, filtered, and concentrated under reduced

pressure using a rotary evaporator with a water bath at 23 °C to afford diene 2.8 as

a pale yellow oil. Analysis by 1H NMR spectroscopy indicated that the reaction

had proceeded in ≥95% conversion. The diene was used without further

purification. The diene isomerizes at room temperature with a half life of 37 h

(see below for more experimental details on this calculation) and thus was not

OTBS

OTBS

Chemical Formula: C18H36O2Si2
Molecular Weight: 340.64824
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allowed to stand for prolonged periods of time. 1H NMR (400 MHz, CDCl3) δ

6.39 (ddd, 1H, J = 1.2, 1.9, 5.5), 6.18 (1H, dt, J = 1.2, 5.5), 5.21 (dd, 1H, J = 1.9,

3.8), 3.59 (dd, 1H, J = 7.8, 9.4), 3.48 (dd, 1H, J = 8.4, 9.2), 3.24 (td, 1H, J = 1.3,

8.1), 0.95 (s, 9H), 0.91 (s, 9H), 0.19 (s, 6H), 0.06 (s, 6H); 13C NMR (125 MHz,

CDCl3) δ 156.7, 136.5, 132.3, 107.0, 64.0, 53.1, 25.9, 25.7, 18.4, 18.2,  -4.7, -5.4;

IR (film) ν 2956, 2859, 1607, 1254, 838 cm-1; HRMS (ESI): m/z calcd. for

(M+H+) = 341.2327, found = 341.2327.

Preparation of enantiomerically enriched (S)-4-((tert-

butyldimethylsilyloxy)methyl)cyclopent-2-enone 2.46

(1R,4S)-4-(hydroxymethyl)cyclopent-2-enol (2.45)

was obtained following the procedure by Hodgson

et al.63 using (1S,2R)-(+)-norephedrine. This

enantioenriched diol was then oxidized and

protected using the same procedure as described

above, giving the desired product in 96% yield over 2 steps. The enantiopurity of

the product was inferred by protection of the intermediate primary alcohol as the

benzoate ester 2.47 and analysis of the product by chiral HPLC (vide infra).

Preparation of enantiomerically enriched (S)-4-(hydroxymethyl)cyclopent-2-

enone  2.39

This compound is obtained as the intermediate in

the two-step procedure written above. It may be

purified by silica gel chromatography as a colorless

oil (10% iso-propanol in dichloromethane). Rf (50%

ethyl acetate in hexanes) 0.13 1H NMR (400 MHz,

CDCl3) δ  7.70 (dd, 1H, J = 5.9, 2.3), 6.21 (dd, 1H, J = 5.9, 2.0Hz), 3.70 (m, 2H),

3.16 (m, 1H), 2.73 (m, OH,), 2.47 (dd, 1H, J = 19.0, 6.5), 2.15 (dd, 1H, J = 18.8,

2.3); 13C NMR (125 MHz, CDCl3) δ   210.9, 166.9, 135.1, 64.2, 44.5, 37.9; IR

(film) υ 3407, 2927, 2872, 1707, 1671, 1585, 1407, 1350, 1189, 1060.0, 1032,

941, 787 cm-1; HRMS (ESI): m/z calcd. for (M+H+) = 113.05971, found =

OTBS

O

Chemical Formula: C12H22O2Si
Molecular Weight: 226.38738

OH

O

Chemical Formula: C6H8O2
Molecular Weight: 112.12652
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113.05969. The enantiopurity of this product was inferred by chiral HPLC

analysis of its benzoate ester (vide infra).

Preparation of enantiomerically enriched (S)-(4-oxocyclopent-2-enyl)methyl

benzoate  2.47

To a solution of (S)-4-(hydroxymethyl)cyclopent-2-

enone (21.5 mg, 0.19 mmol, 1 eq.) in

dichloromethane (2.0 mL) at 0 °C were added

pyridine (50 µ L, 0.62 mmol, 3.25 eq.), (4-

dimethylamino)pyridine (2.9mg, 0.024mmol, 0.12

eq.) and benzoyl chloride (65 µL, 0.56 mmol, 3.0 eq.). The reaction was left to

warm to room temperature for 2 h, diluted with ethyl acetate (20 mL), washed

with hydrochloric acid (1 M, 2 x 10 mL), saturated aqueous Na2CO3 solution (10

mL) and brine (10 mL), and then was dried over Na2SO4, filtered and

concentrated in vacuo. The residue was purified by flash chromatography on

silica gel using a solvent gradient (from 20% ethyl acetate in hexanes 40%

ethyl acetate in hexanes) yielding the product as a colorless oil (31.6mg, 0.15

mmol, 77%). Rf (20% ethyl acetate in hexanes) 0.13  1H NMR (500 MHz, CDCl3)

δ  7.99 (d, 2H, J = 8.1), 7.70 (dd, 1H, J = 5.6, 2.2), 7.56 (t, 1H, J = 7.4), 7.44 (t,

2H, J = 7.7), 6.30 (dd, 1H, J = 5.6, 1.7), 4.49 (dd, 1H, J = 11.0, 5.9), 4.37 (dd, 1H,

J = 10.9, 6.0), 3.44 (m, 1H), 2.61 (dd, 1H, J = 18.48 6.8), 2.29 (dd, 1H, J = 18.8,

2.2); 13C NMR (125 MHz, CDCl3) δ 208.6, 166.5, 164.0 (2 C), 136.0, 133.6,

129.8, 128.7, 65.8, 41.2, 38.0; IR (film) ν 1716, 1451, 1315, 1272, 1178, 1114,

1070, 1026, 785, 712 cm-1; HRMS (ESI): m/z calcd. for (M+Na+) = 239.06787,

found = 239.06777. The enantiopurity of the product (94 ±1 % enantiomeric

excess) was determined by HPLC with a Chiralpak AD-H column (Hexanes : 2-

propanol , 99:1), 23 °C, UV 210nm, 2.0 mL/min; major enantiomer tR=24.9min,

minor enantiomer tR =22.1 min.

OBz

O

Chemical Formula: C13H12O3
Molecular Weight: 216.23258
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3-((tert-butyldimethylsilyloxy)methyl)cyclopent-2-enone2.11

A solution of enone 2.7  (353.1.5 mg, 1.56 mmol, 1

eq.) in anhydrous ethanol (4 mL) and triethylamine

(2 mL) was refluxed for 46 h then concentrated in

vacuo. The residue was purified by flash

chromatography on silica gel using a solvent

gradient (from 5 % ethyl acetate in hexanes  25

% ethyl acetate in hexanes) yielding the product 7 (247 mg, 70%) as a white

amorphous solid (mp: 65-67 °C).  Rf (20% ethyl acetate in hexanes) 0.28; 1H

NMR (400 MHz, CDCl3) δ  6.16 (t, 1H, J = 1.4), 4.46 (s, 2H), 2.56 (m, 1H,), 2.44

(m, 1H), 0.93 (s, 9H), 0.10 (s, 6H); 13C NMR (125 MHz, CDCl3) δ 2 09.4, 181.4,

128.4, 63.2, 35.0, 27.8, 25.7, 18.3, -5.5; IR (film) υ 2929, 2856, 1699, 1669, 1626,

1432, 1262, 839, 777cm-1; HRMS (ESI): m/z calcd. for (M+H+) = 227.14618,

found = 227.14617.

Alternatively, enone 2.11 can be obtained from samples of diene 2.8 which have

been left at room temperature for a few days (usually four). Dilution of those

samples in a solution of 10% p-toluenesulfonic acid in ethyl acetate-water (10:1)

and stirring for 30 min yielded the enone 2.11 after purification by flash

chromatography (ethyl acetate : hexanes, 10:90).

tert-butyl((3-(tert-butyldimethylsilyloxy)cyclopenta-1,3-

dienyl)methoxy)dimethylsilane 2.10

 To a stirred solution of enone 2.11 (101 mg, 0.444

mmol, 1 eq.) in dichloromethane (2 mL) at –10 °C

(ice-acetone bath) were added, first, triethylamine

(90 µL, 0.65 mmol, 1.46 eq.) then freshly distilled

t-butyldimethylsilyltriflate (130 µL, 0.57 mmol,

1.27 eq.). After 1.5 h, the resulting yellow solution was diluted with ethyl acetate

(10 mL) and washed with aqueous pH 7 buffer (2 x 3 mL) and brine (3 mL). The

O

OTBS

Chemical Formula: C12H22O2Si
Molecular Weight: 226.38738

OTBS

OTBS

Chemical Formula: C18H36O2Si2
Molecular Weight: 340.64824
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organic phase was dried over Na2SO4, filtered and concentrated under reduced

pressure using a rotary evaporator with a water bath at 23 °C to afford diene 6 as a

pale yellow oil. Analysis by 1H NMR spectroscopy indicated that the reaction had

proceeded in ≥95% conversion. The diene was used without further purification.
1H NMR (500 MHz, CDCl3) δ  6.06 (s, 1H), 5.13 (s, 1H), 4.44 (s, 2H), 2.86 (s,

2H), 0.94 (s, 9H), 0.91 (s, 9H), 0.18 (s, 6H), 0.07 (s, 6H).

General procedure for the Diels-Alder cycloadditions

To the neat diene 2.8, prepared as described above from enone 2.7 (100 mg, 0.44

mmol, 1 eq.), was added a solution of the dienophile (1.33 mmol, 3 eq.) in

dichloromethane (0.9 mL). This solution was stirred at 23 °C. Upon complete

consumption of 2.8, the crude solution was immediately loaded on a neutral

alumina column (Brockman type IV) and purified by flash chromatography using

a solvent gradient (from hexanes  10 % ethyl acetate in hexanes) [exception: the

para-quinone cycloadduct 2.14 was best purified by standard silica gel column

chromatography using the same solvent gradient].

The Diels-Alder adducts were characterized fully using 2D NMR to ascertain the

nature of the endo and exo cycloadducts.

Representative procedure for the Lewis-Acid catalyzed Diels-Alder

cycloaddition

To the neat diene 2.8, prepared as described above from enone 2.7 (100 mg, 0.44

mmol, 1 eq.), were added sequentially, at 23 °C, a solution of methacrolein (110

µL, 1.33 mmol, 3.00 eq.) in dichloromethane (0.9 mL) then Europium(III)-

tris(1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedionate) (27.3 mg, 0.026

mmol, 0.06 eq.). After 3.5 h, the crude solution was loaded on a neutral alumina

column and purified by flash chromatography using a solvent gradient (from

hexanes  2 % ethyl acetate in hexanes) yielding 2.27  (136 mg, 74%, 4:1 ratio

of exo and endo cycloadducts) as a colorless oil.
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(1RS, 2SR, 7RS, 8RS, 11RS)-9-(tert-butyldimethylsilyloxy)-11-((tert-

butyldimethylsilyloxy)methyl)-tricyclo[6.2.1.02,7]undec-4,9-diene-3,6-dione

2.14

The Diels-Alder reaction was carried out

following the general procedure described above

(reaction time : 10 min). The product was purified

by flash chromatography on silica gel using a

solvent gradient (from hexanes   20 % ethyl

acetate in hexanes) yielding the endo product as a

pale yellow amorphous solid (134 mg, 66%) m.p. : transition to a glassy wax at

63-66 °C, true melting at 110-115 °C. Rf (20 % ethyl acetate in hexanes) 0.45 1H

NMR (400 MHz, CDCl3) δ 6.61 (d, 1H, J = 10.3), 6.56 (d, 1H, J = 10.3), 4.51 (d,

1H, J = 3.1), 3.61 (d, 2H, J = 7.2), 3.21-3.31 (m, 3H), 3.09 (m, 1H), 2.01 (t, 1H, J

= 7.1), 0.86 (s, 9H), 0.85 (s, 9H), 0.11 (s, 3H), 0.02 (s, 3H), 0.01 (s, 6H); 13C

NMR (125 MHz, CDCl3) δ 199.7, 197.9, 157.9, 142.2, 142.0, 98.6, 60.2, 60.0,

54.2, 50.9, 49.0, 48.6, 25.9, 25.3, 18.3, 17.7, -4.8, -5.3, -5.38, -5.39; IR (film)

ν 2928, 2857, 1667, 1661, 1255, 1120, 1096, 1074, 880, 837, 782 cm-1; HRMS

(ESI): m/z calcd. for (M+Na+) = 471.23628, found = 471.23521.

(1RS, 2SR, 6RS, 7RS, 10RS)-8-(tert-butyldimethylsilyloxy)-10-((tert-

butyldimethylsilyloxy)methyl)-4-methyl-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-

dione 2.21

The Diels-Alder reaction was carried out

following the general procedure described

above (reaction time : 30 min). The product

was purif ied by neutral  alumina

chromatography and the resulting solid was left

under high vacuum (<0.5 torr) for 3 h to

remove residual N-methylmaleimide. The endo product was obtained as a white

solid (158 mg, 79%). m.p. : 86-94 °C Rf (20 % ethyl acetate in hexanes) 0.34; 1H

NMR (400 MHz, CDCl3) δ 4.46 (d, 1H, J = 2.4), 3.59 (d, 2H, J = 7.3), 3.30 (m,

TBSO

TBSO
H

H O

O

Chemical Formula: C24H40O4Si2
Molecular Weight: 448.74
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TBSO
O

O

N
Me

H

H

Chemical Formula: C23H41NO4Si2
Molecular Weight: 451.75
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2H), 3.11 (m, 1H), 2.97 (m, 1H), 2.83 (s, 3H), 2.11 (t, 1H, J = 7.3), 0.86 (s, 9H),

0.85 (s, 9H), 0.11 (s, 3H), 0.03 (s, 3H), -0.01 (s, 6H); 13C NMR (100 MHz,

CDCl3) δ 178.0, 177.6, 157.7, 96.6, 64.3, 60.3, 50.1, 48.5, 46.0, 44.8, 25.9, 25.3,

24.5, 18.3, 17.8, -5.28, -5.30, -5.37, -5.39; IR (film) ν 2953, 2930, 2858, 1751,

1704, 1431, 1379, 1276, 1257, 1131, 1089, 839, 779 cm-1; HRMS (ESI): m/z

calcd. for (M+Na+) = 474.24718, found = 474.24585.

(1RS,4RS,7RS)-dimethyl 5-(tert-butyldimethylsilyloxy)-7-((tert-

butyldimethylsilyloxy)methyl)bicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate

2.22

The Diels-Alder reaction was carried out

following the general procedure described above

(reaction time : 45 min).  After neutral alumina

chromatography, the product was isolated as a

colorless oil (169 mg, 79%). 1H NMR (500 MHz,

CDCl3) d 5.10 (s, 1H), 3.78 (s, 3H), 3.77 (s, 3H),

3.66 (dd, 2H, J = 6.8 , 2.4), 3.56 (m, 1H), 3.33 (m, 1H), 2.96 (t, 1H, J = 6.8), 0.92

(s, 9H), 0.88 (s, 9H), 0.16 (s, 3H), 0.12 (s, 3H), 0.02 (s, 6H); 13C NMR (125 MHz,

CDCl3) δ 169,6, 165.8, 165.1, 156.4, 151.4, 102.8, 82.7, 62.3, 58.4, 53.1, 52.0,

51.9, 26.1, 25.7, 18.5, 18.2, -4.6, -4.7, -5.2; IR (film) ν 2953, 2931, 2858, 1718,

1617, 1293, 1256, 1207, 1068, 840, 781 cm-1; HRMS (ESI): m/z calcd. for

(M+Na+) = 505.24176, found = 505.24071

(1RS,2RS,4SR,7RS)-5-(tert-butyldimethylsilyloxy)-7-((tert-

butyldimethylsilyloxy)methyl)bicyclo[2.2.1]hept-5-ene-2-carbaldehyde 2.16

The Diels-Alder reaction was carried out

following the general procedure described above

(reaction time : 2 h). After neutral alumina

chromatography, a colorless oil was isolated as a

1.6:1 mixture of endo and exo cycloadducts (125

mg, 71%). The endo and exo cycloadducts could

TBSO
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CO2Me
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be separated by silica gel chromatography using a solvent gradient (from hexanes

 ethyl acetate : hexanes, 20:80). Rf (20 % ethyl acetate in hexanes) 0.55  1H

NMR (Major isomer : endo) (400 MHz, C6D6) δ 9.31 ( d, 1Η,     J = 1.2), 4.29 (d,

1H, J = 2.7), 3.58 (dd, 1H, J = 7.4, 10.2), 3.53 (dd, 1H, J = 7.4, 10.2), 2.78 (m,

1H), 2.51-2.41 (m, 2H), 1.77 (dd, 1H, J = 12.1, 4.3), 1.71 (t, 1H, J = 7.0), 1.53

(ddd, 1H, J = 3.9, 9.0, 12.1), 0.94 (s, 9H), 0.88 (s, 9H), 0.07 (s, 3H), 0.05 (s, 3H),

0.02 (s, 6H); 13C NMR (100 MHz, C6D6) δ 201.6, 160.6, 96.5, 61.0, 60.6, 55.0,

48.1, 45.0, 27.6, 25.8, 25.4, 18.2, 17.7, -5.0, -5.3, -5.52, -5.53; IR (film) ν 2955,

2931, 2887, 2858, 1463, 1302, 1277, 1253, 1139, 1103, 1070, 903, 838, 779 cm-1;

HRMS (ESI): m/z calcd. for (M+H+) = 397.25942, found = 397.25790.
1H NMR (Minor isomer : exo) Rf (20 % ethyl

acetate in hexanes) 0.60 (400 MHz, C6D6) δ 9.45 (

d, 1Η,  J = 1.6), 4.38 (d, 1H, J = 3.1), 3.59 (d, 2H,

J = 7.4), 2.70 (m, 1H), 2.46 (m, 1H), 2.06 (dd, 1H,

J = 3.1, 7.8), 1.94-1.83 (m, 2H), 1.32 (dd, 1H, J =

9.0, 12.1), 0.92 (s, 9H), 0.89 (s, 9H), 0.07 (s, 3H), 0.02 (s, 3H), 0.01 (s, 6H); 13C

NMR (100 MHz, C6D6) δ 201.3,  161.2, 100.5, 61.0, 57.8, 55.3, 47.2, 44.7, 26.9,

25.8, 25.4, 18.2, 17.8, -4.9, -5.1, -5.5; IR (film) ν 2955, 2931, 2886, 2858, 1721,

1615, 1470, 1327, 1254, 1103, 1078, 839, 779 cm-1; HRMS (ESI): m/z calcd. for

(M+H+) = 397.25942, found = 397.25868.

1-((1RS,2RS,4SR,7RS)-5-(tert-butyldimethylsilyloxy)-7-((tert-

butyldimethylsilyloxy)methyl)bicyclo[2.2.1]hept-5-en-2-yl)ethanone  2.23

The Diels-Alder reaction was carried out

following the general procedure described above

(reaction time : 2 h). After chromatography on

neutral alumina, a colorless oil was isolated as a

2:1 mixture of endo and exo cycloadducts (123

mg, 67%). The endo and exo cycloadducts could

be separated by silica gel chromatography using a solvent gradient (from hexanes

 ethyl acetate : hexanes, 20:80). (Major isomer : endo) Rf (20 % ethyl acetate in

TBSO

TBSO

Chemical Formula: C21H40O3Si2
Molecular Weight: 396.71

O

H
H

TBSO

TBSO

H

Chemical Formula: C22H42O3Si2
Molecular Weight: 410.73808

O

Me



96

hexanes) 0.53 1H NMR (400 MHz, C6D6) δ 4.31 (d, 1H, J = 2.9), 3.67 (dd, 1H, J

= 7.3, 9.8), 3.60 (dd, 1H, J = 7.3, 9.8), 2.80 (m, 1H), 2.55-2.46 (m, 2H), 2.03 (dd,

1H, J = 11.7, 3.9), 1.81 (t, 1H, J = 7.3), 1.68 (s, 3H), 1.51 (ddd, 1H, J = 3.4, 8.8,

11.7), 0.96 (s, 9H), 0.91 (s, 9H), 0.14 (s, 3H), 0.13 (s, 3H), 0.05 (s, 6H); 13C NMR

(100 MHz, C6D6) δ 205.4, 160.7, 95.9, 61.6, 61.2, 54.8, 48.0, 46.6, 28.1, 27.5,

25.8, 25.4, 18.2, 17.8, -4.9, -5.3, -5.5; IR (film) ν 2955, 2931, 2886, 2858, 1712,

1615, 1359, 1334, 1254, 1123, 1081, 838, 781 cm-1; HRMS (ESI): m/z calcd. for

(M+H+) = 411.27507, found = 411.27404

(Minor isomer : exo) Rf (20 % ethyl acetate in

hexanes) 0.65 1H NMR (400 MHz, C6D6) δ 4.50

(d, 1H, J = 3.4), 3.69 (m, 2H), 2.75 (m, 1H), 2.52

(m, 1H), 2.22 (dd, 1H, J = 3.9, 11.7), 2.17 (t, 1H,

J = 7.3), 2.03 (dt, 1H, J = 11.7, 3.9), 1.75 (s,

3H), 1.42 (dd, 1H, 8.8, 11.7), 0.94 (s, 9H), 0.92 (s, 9H), 0.11 (s, 3H), 0.08 (s, 3H),

0.03 (s, 3H), 0.02 (s, 3H); 13C NMR (100 MHz, C6D6) δ 201.2  161.2, 101.0, 61.2,

57.6, 55.2, 47.1, 46.0, 28.8, 25.8, 25.4, 18.2, 17.8, -4.8, -5.0, -5.5; IR (film)

ν 2955, 2931, 2887, 2858, 1708, 1616, 1359, 1328, 1254, 1171, 1102, 1073, 839,

779 cm-1; HRMS (ESI): m/z calcd. for (M+H+) = 411.27507, found = 411.27455

(1RS,2RS,4SR,7SR)-5-(tert-butyldimethylsilyloxy)-7-((tert-

butyldimethylsilyloxy)methyl)-2-chlorobicyclo[2.2.1]hept-5-ene-2-

carbonitrile 2.24

The Diels-Alder reaction was carried out

following the general procedure described

above (reaction time : 3.5 h). After neutral

alumina chromatography, a colorless oil was

isolated as an inseparable mixture of exo and

endo cycloadducts in a 3.2 : 1 ratio (139 mg, 73%).  The endo and exo isomers

were assigned by 1H-13C coupling constants.   1H NMR (Major isomer, exo

nitrile) Rf (20 % ethyl acetate in hexanes) 0.68 (400 MHz, C6D6) δ 4.36 (d, 1H, J

= 3.1), 3.41 (d, 2H, J = 7.0), 3.00 (m, 1H), 2.31 (m, 1H), 2.26-2.20 (m, 2H), 1.57

TBSO
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(d, 1H, J = 13.3), 0.89 (s, 9H), 0.83 (s, 9H), 0.02 (s, 3H), -0.01 (s, 3H), -0.04 (s,

3H), -0.05 (s, 3H); 13C NMR (100 MHz, C6D6) δ 161.1, 121.0, 96.3, 60.5, 59.4,

59.0, 56.6, 48.1, 45.5, 25.7, 25.2, 18.1, 17.6, -5.1, -5.4, -5.6, -5.7; IR (film)

ν 2955, 2932, 2886, 2859, 1619, 1471, 1362, 1337, 1256, 1131, 1089, 841, 781

cm-1; HRMS (ESI): m/z calcd. for (M+H+) = 428.22079, found = 428.21982. The

identities of the major and minor isomers were assigned based on the observed
1H-13C coupling constants for the nitrile carbon. Major isomer: exo nitrile (ddd, J

= 5.8, 2.5, 2.4 Hz). Minor isomer : endo nitrile (dd, J = 5.0, 2.0 Hz).

(1RS,2RS,4SR,7RS)-5-(tert-butyldimethylsilyloxy)-7-((tert-

butyldimethylsilyloxy)methyl)bicyclo[2.2.1]hept-

5-ene-2-carbonitrile 2.25

The Diels-Alder reaction was carried out following

the general procedure described above (reaction

time : 20 h). After chromatography, a colorless oil

was isolated as a 1.2:1 mixture of endo and exo

cycloadducts (118 mg, 67%). The endo and exo cycloadducts could be separated

by silica gel chromatography using a solvent gradient (from hexanes  20 %

ethyl acetate in hexanes).  1H NMR (Major isomer : endo) Rf (20 % ethyl acetate

in hexanes) 0.60 (500 MHz, C6D6) δ 4.63 (d, 1H, J = 2.9), 3.46 (m, 2H), 2.61 (m,

1H), 2.35 (m, 1H), 2.18 (dt, 1H, J = 3.4, 8.8), 1.53 (ddd, 1H, J = 3.4, 9.3, 12.7),

1.40-1.30 (m, 2H), 0.93 (s, 9H), 0.91 (s, 9H), 0.17 (s, 3H), 0.13 (s, 3H), 0.00 (s,

6H); 13C NMR (125 MHz, C6D6) δ  161.3, 122.4, 97.5, 61.0, 60.0, 47.7, 46.9,

32.6, 30.7, 26.0, 25.6, 18.4, 18.0, -4.8, -5.2, -5.36, -5.40; IR (film) ν 2954, 2931,

2886, 2859, 1616, 1336, 1256, 1123, 1083, 878, 838, 781 cm-1; HRMS (ESI): m/z

calcd. for (M+H+) = 394.25976, found = 394.25891
1H NMR (Minor isomer : exo) Rf (20 % ethyl

acetate in hexanes) 0.65 (500 MHz, C6D6) δ 4.13

(d, 1H, J = 3.1), 3.52 (d, 2H, J = 7.4), 2.66 (m, 1H),

2.38 (m, 1H), 2.18 (t, 1H, J = 7.4), 1.72 (dd, 1H, J =

3.9, 9.0), 1.63 (dt, 1H, J = 3.9 , 12.1), 1.32 (dd, 1H,

TBSO
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CN
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J = 9.0, 12.1), 0.96 (s, 9H), 0.87 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3H), -0.03 (s, 6H);
13C NMR (125 MHz, C6D6) δ 160.7, 122.7, 99.5, 60.9, 59.0, 48.3, 47.3, 32.2,

30.4, 26.0, 25.5, 18.4, 18.0, -4.8, -5.0, -5.29, -5.32; IR (film) ν 2955, 2931, 2886,

2858, 1616, 14.71, 1333, 1254, 1103, 1076, 838, 780 cm-1; HRMS (ESI): m/z

calcd. for (M+H+) = 394.25976, found = 394.25910

(1RS,2RS,4SR,7RS)-methyl 5-(tert-butyldimethylsilyloxy)-7-((tert-

butyldimethylsilyloxy)methyl)bicyclo[2.2.1]he

pt-5-ene-2-carboxylate 2.26

The Diels-Alder reaction was carried out

following the general procedure described above

(reaction time : 24 h). After neutral alumina

chromatography, a colorless oil was isolated as a

2.3:1 mixture of endo and exo cycloadducts (122 mg, 65%). The endo

cycloadduct could be isolated pure after silica gel chromatography using a solvent

gradient (from hexanes  20 % ethyl acetate in hexanes). Rf (20 % ethyl acetate

in hexanes) 0.69 1H NMR (Major isomer : endo) (400 MHz, C6D6) 4.55 (d, 1H, J

= 3.1), 3.63 (m, 2H), 3.13 (s, 3H), 3.07 (m, 1H), 2.80 (m, 1H), 2.49 (m, 1H), 1.95

(dd, 1H, J = 4.3, 12.1), 1.82-1.69 (m, 2H), 0.94 (s, 9H), 0.91 (s, 9H), 0.14 (s, 3H),

0.13 (s, 3H), -0.02 (s, 3H), -0.03 (s, 3H); 13C NMR (100 MHz, C6D6) δ 173.8,

160.6, 97.3, 61.2, 61.1, 50.6, 47.9, 46.6, 46.3, 29.5, 25.8, 25.5, 18.2, 17.8, -4.9, -

5.3, -5.50, -5.52; IR (film) ν 2954, 2931, 2858, 1740, 1616, 1255, 838, 780 cm-1;

HRMS (ESI): m/z calcd. for (M+H+) = 427.26999, found = 427.26893.

(1RS,2SR,4SR,7RS)-5-(tert-butyldimethylsilyloxy)-7-((tert-

butyldimethylsilyloxy)methyl)-2-methylbicyclo[2.2.1]hept-5-ene-2-

carbaldehyde  2.27

The Diels-Alder reaction was carried out

following the general procedure described above

(reaction time : 43 h). After neutral alumina

chromatography, a colorless oil was isolated as an

TBSO
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inseparable 5:1 mixture of exo and endo cycloadducts (65 mg, 35%).  1H NMR

(Major isomer : exo) Rf (20 % ethyl acetate in hexanes) 0.62 (500 MHz, CDCl3)

δ 9.68 (s, 1Η), 4.56 (d, 1H, J = 3.4), 3.62 (m, 2H), 2.62 (m, 1H), 2.45 (m, 1H),

2.38 (dd, 1H, J = 12.2, 3.91), 1.94 (t, 1H, J = 7.1), 1.04 (s, 3H), 1.00 (d, 1H, J =

12.2), 0.93 (s, 9H), 0.86 (s, 9H), 0.19 (s, 3H), -0.17 (s, 3H), 0.00 (s, 6H); 13C

NMR (125 MHz, CDCl3) δ 206.1, 162.1, 96.9, 61.5, 59.7, 57.2, 49.5, 48.6, 35.0,

26.2, 25.8, 20.3, 18.6, 18.2, -4.4, -4.5, -5.1; IR (film) ν 2955, 2931, 2859, 1723,

1616, 1256, 1100, 839, 780 cm-1; HRMS (ESI): m/z calcd. for (M+H+) =

411.27507, found = 411.27507.

Preparation of enantiomerically enriched (1S, 2S, 6R, 7R, 10R)-10-((tert-

butyldimethylsilyloxy)methyl)-4-methyl-4-azatricyclo[5.2.1.02,6]decane-3,5,8-

trione 2.49

To a sample of enantioenriched 2.46 (30.0 mg,

0.0658 mmol, 1 eq., obtained in two steps from

enolization of (S)-4 and Diels-Alder reaction

with N-methylmaleimide), was added a solution

of trifluoroacetic acid in dichloromethane (0.5%

v/v, 1.0 mL) at 23 °C. After 10 min, the solution

was diluted with ethyl acetate (10 mL), washed with saturated aqueous NaHCO3

(5 mL) and brine (5 mL), dried over Na2SO4, filtered and concentrated in vacuo to

provide pure 12 (21.3 mg, 95% yield) as a colorless oil.   Rf (50 % ethyl acetate in

hexanes) 0.52 1H NMR (400 MHz, CDCl3) δ 3.66 (dd, 1H, J = 6.0, 11.0), 3.58 (t,

1H, J = 9.5), 3.45 (m, 2H), 3.11 (m, 1H), 2.95 (m, 1H), 2.91 (s, 3H), 2.47 (m, 1H),

2.37 (dd, 1H, J = 4.2, 19.2), 0.85 (s, 9H), 0.012 (s, 3H), 0.006 (s, 3H); 13C NMR

(125 MHz, CDCl3) δ 211.1, 176.6, 175.0, 60.4, 55.2, 53.5, 47.6, 46.0, 39.0, 37.6,

26.0, 24.9, 18.4,     -5.3, -5.4; HRMS (ESI): m/z calcd. for (M+NH4
+) =

355.20476, found = 355.20512. IR (film): 2979, 2927, 1737, 1711, 1378, 1254,

1149, 842 cm-1; The enantiopurity of the product (95 ±1 % enantiomeric excess)

was determined by HPLC with a Chiralpak AD-H column (6% iso-propanol in
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hexanes), 23 °C, UV 210nm, 1.0 mL/min; major enantiomer tR=17.2min, minor

enantiomer tR =12.1 min.

(1RS, 2SR, 6SR, 8SR)-8-(tert-butyldimethylsilyloxy)-1-((tert-

butyldimethylsilyloxy)methyl)-4-methyl-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-

dione 2.50

To a solution of diene 2 . 1 0, prepared as

described above from enone 2.11 (100.5 mg,

0.44 mmol, 1 eq.), in dichloromethane (0.9 mL),

was added N-methyl maleimide (148.2 mg, 1.33

mmol, 3 eq.) at 23 °C. After 30 min, the yellow

reaction mixture was loaded on a neutral alumina column (Brockman type IV)

and purified by flash chromatography using a solvent gradient (from hexanes  6

% ethyl acetate in hexanes), yielding the product 2.50 as a glassy solid (135.4 mg,

0.30 mmol, 68% yield) m.p. : 97-99 °C. Rf (20 % ethyl acetate in hexanes) 0.49
1H NMR (400 MHz, CDCl3) δ 4.40 (s, 1H), 4.08 (d, 1H, J = 10.6), 3.89 (d, 1H, J

= 10.2), 3.32 (m, 2H), 3.02 (m, 1H), 2.82 (s, 3H), 1.64 (dd, 1H, J = 1.6, 8.6), 1.58

(d, 1H, J = 8.2), 0.88 (s, 9H), 0.87 (s, 9H), 0.10 (s, 3H), 0.08 (s, 3H), 0.06 (s, 3H),

0.03 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 178.1, 177.0, 159.9, 101.3, 62.4,

59.1, 52.4, 48.5, 47.6, 46.9, 25.9, 25.4, 24.4, 18.3, 17.9, -5.2, -5.4; IR (film):

2932, 2858, 1704, 1612, 1431, 1339, 1253, 1096, 877, 838, 781 cm-1; HRMS

(ESI): m/z calcd. for (M+H+) = 452.26469, found = 452.26460

Preparation of cycloadducts 3.23 and 3.24

To the neat diene 2.8 (0.50 mmol,

1.4 eq.) was added a solution of

(Z)-4-(chloromethylene)-2-

phenyloxazol-5(4H )-one 3.1194

(75.3mg, 0.36 mmol, 1 eq.) in

dichloromethane (900 µL) at 23

°C. The reaction immediately
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turned red. After 1 h, the reaction was filtered through a short plug of neutral

alumina (Brockman type IV), eluting with hexanes (5 mL). The filtrate was

cooled to –78 °C and a freshly prepared solution of dimethyldioxirane (9 mL of

0.06 M dimethyldioxirane in acetone, 0.54 mmol, 1.5 eq.) was added. After 1 h,

the reaction was left to warm to 23 °C, during which time the red solution

gradually turned to yellow. The solution was then evaporated in vacuo and

redissolved in methanol (5 mL), to which was added K2CO3 (49.6 mg, 0.36 mmol,

1.0 eq.). The suspension was stirred at room temperature for 45 min then diluted

with ethyl acetate (20 mL) and washed with saturated NH4Cl solution (5 mL) and

brine (5 mL) then dried over Na2SO4, filtered and concentrated in vacuo.  The

product was purified by flash chromatography on silica gel using a solvent

gradient (from 10 % ethyl acetate in hexanes  50 % ethyl acetate in hexanes)

yielding the products 3.24 (47.7 mg, 0.099 mmol, 28%) and 3.23 (39.8 mg, 0.083

mmol, 23 %) as pale yellow oils.

Product 3.24 Rf (50 % ethyl acetate in hexanes) 0.50 1H NMR (500 MHz, CDCl3)

δ  7.77 (d, 2H, J = 6.8), 7.53 (m, 1H), 7.43 (m, 2H), 6.80 (m, NH), 5.20, (s, 1H),

4.49 (m, OH), 4.07 (dd, 1H, J = 11.7, 3,4), 4.00 (dd, 1H, J = 11.7, 4.9), 3.76 (s,

3H), 3.61 (dd, 1H, J = 9.0, 2.2), 2.97 (br s, 1H), 2.95 (br s, 1H), 2.81 (m, 1H),

0.89 (s, 9H), 0.10 (s, 3H), 0.08 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 210.0,

169.6, 167.6, 132.9, 132.2, 128.7, 127.2, 70.2, 67.8, 61.8, 61.2, 60.2, 54.9, 53.3,

48.0, 25.7, 18.3, -5.8, -5.9; IR (film) ν 3352, 2953, 2931, 2858, 1763, 1740. 1644,

1527, 1487, 1314, 1106, 1078, 838, 781, 715 cm-1; HRMS (ESI): m/z calcd. for

(M+H+) = 482.17602, found = 482.17588.

Product 3.23 Rf (50 % ethyl acetate in hexanes) 0.63 1H NMR (500 MHz, CDCl3)

δ  7.78  (d, 2H, J = 7.8), 7.54 (m, 1H),  7.45 (m, 2H), 7.19 (m, NH), 4.95, (d, 1H,

J = 4.9), 4.18 (d, OH, J = 8.8), 4.00 (dd, 1H, J = 11.5, 4.6), 3.93 (m, 2H), 3.77 (s,

3H), 3.47 (br s, 1H), 2.96(m, 1H), 2.72 (br s, 1H), 0.88 (s, 9H), 0.08 (s, 3H), 0.06

(s, 3H); 13C NMR (125 MHz, CDCl3) δ 210.6, 171.7, 167.5, 132.9, 132.6, 129.0,

127.4, 70.2, 63.1, 61.5, 60.6, 58.5, 53.7, 52.0, 46.6, 26.0, 18.6, -5.57, -5.61; IR

(film) ν 3372, 2954, 2931, 2885, 2857, 1765, 1740, 1652, 1520, 1483, 1436,
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1293, 1251, 1142. 1088, 1038, 839, 780, 716 cm-1; HRMS (ESI): m/z calcd. for

(M+Na+) = 504.1580 found = 504.1580

(1RS,2RS,4RS,6RS,7SR)-methyl 2-benzamido-6-(tert-butyldimethylsilyloxy)-

7-((tert-butyldimethylsilyloxy)methyl)-3-chloro-5-oxobicyclo[2.2.1]heptane-2-

carboxylate 3.25

This product is isolated as a minor side-

product in 3 to 9% yield as a colorless oil

after the above sequence leading to 3.23 and

3.24. Rf (50 % ethyl acetate in hexanes)

0.75. 1H NMR (500 MHz, CDCl3) δ  7.82

(d, 2H, J = 7.8), 7.55 (m, 1H),  7.48 (m,

2H), 6.75 (m, NH), 5.18, (s, 1H), 3.93 (dd, 1H, J = 10.9, 5.7), 3.79 (s + m, 4H),

3.69 (m, 1H), 2.96 (br s, 1H), 2.90 (br s, 1H), 2.80 (m, 1H), 0.89 (s, 9H),  0.88, (s,

9H), 0.10 (s, 3H), 0.09 (s, 3H), 0.08 (s, 3H), 0.04 (s, 3H); 13C NMR (125 MHz,

CDCl3) δ 209.8, 170.1, 167.5, 133.2, 132.5, 129.0, 127.5, 71.3, 67.7, 62.4, 61.1,

60.6, 54.2, 53.3, 49.8, 26.1, 26.0, 25.8, 18.5, 18.3, -4.6, -5.1, -5.2; IR (film)

ν 2954, 2930, 2857, 1767, 1739, 1643, 1528, 1253, 1148. 1099, 838, 780cm-1;

HRMS (ESI): m/z calcd. for (M+H+) = 596.26250, found = 596.26200.

(1SR,2SR,3RS,4SR,5RS)-dimethyl 1-benzamido-4-((tert-

butyldimethylsilyloxy)methyl)-2-chloro-5-formylcyclopentane-1,3-

dicarboxylate 3.26

Lead(IV)acetate (73.0 mg, 0.165 mmol, 3.7 eq.) was added

to a solution of 3.23 (21.0 mg, 0.044mmol, 1 eq.) in dry

methanol (2 mL) at –10 °C. The resulting yellow solution

was stirred at -10 °C for 90 min then lifted off the cooling

bath for 10 min, during which time the solution turned

orange. At this point, the reaction was diluted with ethyl

acetate (15 mL) and washed with a saturated aqueous solution of NH4Cl (5 mL)

and brine (5 mL). The organic layer was dried over Na2SO4, filtered, and

Cl
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concentrated in vacuo to give the crude product (23.0 mg) as a pale yellow oil (1H

NMR and HRMS analysis of the sample indicated contamination due to

overoxidation of the aldehyde moiety to the methyl ester). The product was

purified by a short flash chromatography column on silica gel using a solvent

gradient (from 2 % ethyl acetate in hexanes  10 % ethyl acetate in hexanes; the

solvent always contained 1% acetic acid by volume to prevent product

decomposition) yielding the product as a pale yellow oil (11.5 mg, 0.0225 mmol,

51%) Rf (50 % ethyl acetate in hexanes) 0.60 1H NMR (500 MHz, CDCl3) δ 9.78

(d, 1H, J = 1.5 ), 8.61 (s, NH),  7.89  (d, 2H, J = 7.5 ), 7.54 (t, 1H, J = 7.0 ),  7.47

(m, 2H), 4.86, (d, 1H, J = 7.5 ), 4.02 (dd, 1H,  J = 7.5, 10.0 ), 3.91 (m, 1H), 3.82-

3.72 (m, 8H), 2.97 (m, 1H), 0.85 (s, 9H), 0.03 (s, 6H), 13C NMR (125 MHz,

CDCl3) δ 199.6, 171.34, 171.25, 167.3, 132.9, 132.4, 128.9, 127.6, 68.4, 62.5,

60.1, 55.6, 53.7, 52.5, 51.5, 45.0, 25.9, 18.3, -5.4. IR (film) ν 2954, 2857, 1739,

1666, 1520, 1484, 1438, 1256, 1210, 1180, 1084, 839, 779, 744 cm-1; HRMS

(ESI): m/z calcd. for (M+H+) = 512.18659, found = 512.18712.

Methyl (3R,5R)-1,3,4,5-tetrahydroxycyclohexanecarboxylate. 21

AcCl (2.044 g, 1.850 mL, 26.02 mmol) was added to a

stirring solution of MeOH (37 mL) in a flame dried, round

bottom flask charged with argon at 0 °C.  (-)-Quinic acid

(4.13, 10.00 g, 52.04 mmol, purchased from Sigma-

Aldrich) was added to the mixture, and the suspension

stirred for 16 h while warming to room temperature.  The solid reactant dissolved

as the reaction proceeded to afford a pale yellow solution.  The reaction mixture

was concentrated in vacuo, the residue redissolved in CHCl3, and then

concentrated again (this process was repeated three times to remove the excess

MeOH via azeotropic distillation).  The product was isolated as a viscous yellow

oil in quantitative yield (10.80 g, 52.38 mmol). Rf = 0.10 (30% EtOAc in

hexanes); 1H NMR (300 MHz, CD3CN) δ 4.04-3.97 (1H, m), 3.96-3.84 (1H, m),

3.65 (3H, s), 3.34-3.26 (1H, m), 2.09-1.88 (3H, m), 1.74-1.63 (1H, m), 4

OH
OHHO

MeO2C OH

C8H14O6
Mol. Wt.: 206.19
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exchangeable protons unobserved; 13C NMR (75 MHz, CD3CN) _ 175.0, 76.7

(2C), 71.3, 67.6, 53.0, 42.1, 38.0.

Methyl (3R,5R)-3,5-bis[tert-butyl(dimethyl)silyloxy]-1,4-di-

hydroxycyclohexanecarboxylate. 4.14 21

M e t h y l  ( 3 R , 5R)-1,3,4,5-

tetrahydroxycyclohexanecarboxylate ( Quinic acid

methyl ester, vide supra ) (10.73 g, 52.04 mmol) was

dissolved in DMF (200 mL), in a flame dried round

bottom flask flushed with argon.  To this stirring solution

was added DMAP (0.6358 g, 5.204 mmol), TBABr

(1.730 g, 5.204 mmol), and TBSCl (17.26 g, 114.5 mmol).  The flask was sealed

with a rubber septum and cooled to 0 °C, at which point Et3N (11.85 g, 16.30 mL,

117.1 mmol) was added to the reaction via syringe.  A fine white precipitate

formed upon addition of the amine.  The reaction was stirred under argon for 16 h

while warming to room temperature.  The reaction mixture was then filtered to

remove the precipitate, the filtrate diluted with EtOAc (200 mL) and extracted

with sat. NH4Cl (3 x 100 mL), distilled H2O (100 mL) and brine (100 mL).  The

organic layer was then separated, dried (MgSO4), and concentrated in vacuo to

provide the crude product as a yellow, viscous oil.  Compound 4.14 was isolated

as a fluffy white solid via FCC (30% EtOAc in hexanes) in 73% yield (16.42 g,

37.76 mmol).  Rf = 0.60 (30% EtOAc in hexanes); 1H NMR (400 MHz, CDCl3) δ

4.52 (1H, br s), 4.36 (1H, dt, J = 4.5, 2.5 Hz), 4.11 (1H, ddd, J = 13.0, 8.5, 4.5

Hz), 3.76 (3H, s), 3.42 (1H, dt, J = 8.5, 2.5 Hz), 2.32 (1H, d, J = 2.5 Hz), 2.18

(1H, ddd, J = 13.0, 4.5, 2.5 Hz), 2.09 (1H, dd, J = 14.0, 2.5 Hz), 2.01 (1H, ddd, J

= 14.0, 4.5, 2.5 Hz), 1.82 (1H, dd, J = 13.0, 10.5 Hz), 0.90 (18H, d, J = 6.0 Hz),

0.15 (6H, d, J = 7.0 Hz), 0.11 (6H, d, J = 5.0 Hz); 13C NMR (100 MHz, CDCl3) δ

173.8, 76.3, 76.1, 71.6, 68.7, 52.8, 42.8, 38.0, 26.1 (6C), 18.4 (2C), -4.0, -4.3, -

4.4,-4.7.

OH
OTBSTBSO

MeO2C OH

C20H42O6Si2
Mol. Wt.: 434.71
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Methyl  (3R , 5R)-3,5-bis[tert-butyl(dimethyl)silyloxy]-1-hydroxyl-4-[(1H-

imidazol-1-ylcarbonothioyl)oxy]cyclohexanecarboxylate .  4.15

Compound 4.14 (5.534 g, 12.73 mmol) was dissolved

in CH2Cl2 (14 mL) in a flamed dried round bottom

flask.  To this stirring solution was added DMAP

(0.1555 g, 1.273 mmol) and TCDI (3.402 g, 19.09

mmol) which dissolved into solution after several hours

of stirring.  The reaction vessel was sealed with a

rubber septum and flushed with argon, and the reaction

mixture stirred at room temperature for 3 days.  The reaction mixture was then

concentrated to provide the crude product as a dark orange viscous oil, which was

directly loaded on the silica gel.  Compound 4.15 was isolated as a pale yellow

viscous oil via FCC (gradient 30% to 50% EtOAc in hexanes) in 92% yield (6.401

g, 11.75 mmol).  Rf = 0.20 (30% EtOAc in hexanes); 1H NMR (300 MHz, CDCl3)

δ 8.28 (1H, s), 7.54 (1H, s), 6.95 (1H, s), 5.43 (1H, dd, J = 8.5, 3.0 Hz), 4.61-4.54

(2H, m), 4.50-4.41 (1H, m), 3.70 (3H, s), 2.27-2.13 (2H, m), 2.04-1.92 (2H, m),

0.82 (9H, s), 0.70 (9H, s), 0.01 (3H, s), 0.00 (3H, s), -0.05 (3H, s), -0.17 (3H, s);
13C NMR (75 MHz, CDCl3) δ 183.6, 173.2, 137.0, 130.7, 117.7, 86.0, 75.1, 68.3,

65.4, 52.7, 43.0, 38.0, 25.8, 25.7 (2C), 25.5 (2C), 25.4, 17.8, 17.7, -4.2, -4.7, -4.9,

-5.6.

Methyl (3S,5S)-3,5-bis[tert-butyl(dimethyl)silyloxy]-1-hydroxy-

cyclohexanecarboxylate  4.16

Compound 4 . 1 5  (9.490 g, 17.42 mmol) and

NaH2PO2.xH2O (7.660 g, 87.09 mmol) were dissolved

in 2-methoxy-ethanol (230 mL) under argon in a

flamed dried round bottom flask equipped with a reflux

condenser, and heated to reflux using a heating mantle.

In a separate flask, AIBN (0.5714 g, 3.484 mmol) was dissolved in 2-methoxy-

ethanol (20 mL) and Et3N (approx. 2 mL) was added to this solution until a pH of

8 was obtained.  Half of the AIBN solution was added to the refluxing reaction

TBSO

MeO2C

O
OTBS

OH

S

N

N
C24H44N2O6SSi2
Mol. Wt.: 544.85

TBSO

MeO2C

OTBS

OH

C20H42O5Si2
Mol. Wt.: 418.72
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mixture.  The reaction was refluxed for 3 h with addition of the second half of the

AIBN solution after 1 h.  The reaction mixture was then cooled to room

temperature, diluted with EtOAc (200 mL) and extracted with sat. NH4Cl (3 x 100

mL), distilled H2O (100 mL) and brine (100 mL).  The organic layer was

separated, dried (MgSO4), and concentrated in vacuo to provide the crude product

as a clear viscous oil.  Compound 4.16 was isolated as a white solid via FCC

(30% EtOAc in hexanes) in 84% yield (6.110 g, 14.59 mmol).  Rf = 0.60 (30%

EtOAc in hexanes); 1H NMR (300 MHz, CDCl3) δ 4.76 (1H, s), 4.43-4.37 (1H,

m), 4.32 (1H, tt, J = 11.0, 4.5 Hz), 3.76 (3H, s), 2.25-2.16 (1H, m), 2.09-1.99 (1H,

m), 1.97-1.92 (2H, m), 1.71 (1H, dd, J = 13.0, 11.0 Hz), 1.51-1.42 (1H, m), 0.90

(9H, s), 0.88 (9H, s), 0.12 (3H, s), 0.10 (3H, s), 0.07 (6H, s); 13C NMR (75 MHz,

CDCl3) δ 174.3, 70.0, 63.7, 52.8, 44.9, 42.4, 39.7, 38.6, 26.2 (3C), 26.0 (3C),

18.5, 18.1, -4.2, -4.3, -4.7, -4.8.

(3S,5S)-3,5-bis[tert-butyl(dimethyl)silyloxy]-1-(hydroxylmethyl) cyclohexanol

4.17 21

Compound 4.16 (6.110 g, 14.59 mmol) was dissolved

in EtOH (150 mL) in a round bottom flask, and cooled

to 0 °C.  NaBH4 (1.656 g, 43.78 mmol) was added to

the stirring solution.  After 30 min of stirring at 0 °C,

the reaction mixture was warmed to room temperature

and stirred overnight.  The reaction mixture was then quenched with sat. NH4Cl

(50 mL) and diluted with EtOAc (100 mL).  The layers were separated and the

aqueous layer extracted with EtOAc (2 x 50 mL).  The combined organic layers

where further extracted with sat. NH4Cl (2 x 50 mL), distilled H2O (50 mL) and

brine (50 mL), separated, dried (MgSO4), and concentrated in vacuo to give the

crude product as a translucent grey solid in 94% yield (5.368 g, 13.74 mmol).

The diol 4.17 was carried forward without further purification.  Rf = 0.40 (30%

EtOAc in hexanes); 1H NMR (300 MHz, CDCl3) δ 4.58 (1H, s), 4.42-4.26 (2H,

m), 3.44-3.28 (2H, m), 2.21 (1H, dd, J = 8.5, 4.5 Hz), 2.10-1.85 (3H, m), 1.50-

1.36 (2H, m), 1.27 (1H, dd, J = 12.5, 11.0 Hz), 0.92 (9H, s), 0.90 (9H, s), 0.13

TBSO OTBS

OH
OH

C19H42O4Si2
Mol. Wt.: 390.71
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(3H, s), 0.12 (3H, s), 0.09 (6H, s);  13C NMR (75 MHz, CDCl3) δ 74.7, 71.0, 70.0,

64.2, 44.1, 43.0, 38.1, 26.2 (3C), 25.1 (3C), 18.4, 18.0, -4.3, 4.4, -4.7, -5.0.

(3S,5S)-3,5-bis[tert-butyl(dimethyl)silyloxy]-cyclohexanone 4.18

To a stirring solution of 4.17 (5.368 g, 13.74 mmol) in

THF (100 mL), cooled to 0 °C, was added an aqueous

solution of NaIO4 (4.408 g, 20.61 mmol) (50 mL).  A

fine, white precipitate formed as the reaction proceeded.

The reaction mixture was then warmed to room temperature and stirred over

night.  The reaction mixture was then diluted with distilled H2O until all of the

precipitate dissolved.  The layers were separated and the aqueous layer extracted

with EtOAc (2 x 50 mL).  The organic layers were combined and extracted with

sat. NH4Cl (2 x 50 mL), distilled H2O (50 mL) and brine (50 mL), then dried

(MgSO4), and concentrated in vacuo to provide the crude product as a white

crystalline solid in quantitative yield (4.938 g, 13.77 mmol).  The ketone 4.18 was

carried forward without further purification.  Rf = 0.40 (10% EtOAc in hexanes);
1H NMR (300 MHz, CDCl3) δ 4.34 (2H, m), 2.55 (2H, dd, J = 14.0, 4.0 Hz), 2.35

(2H, ddd, J = 14.0, 7.0, 1.0 Hz), 1.94 (2H, t, J = 5.5 Hz), 0.87 (18H, s), 0.07 (6H,

s), 0.06 (6H, s); 13C NMR (75 MHz, CDCl3) δ 207.7, 67.0 (2C), 50.4 (2C), 42.3,

25.9 (6C), 18.2 (2C), -4.6 (2C), -4.7 (2C).

Ethyl ((3R,5R)-3,5-bis[tert-butyl(dimethyl)silyloxy]-cyclohexylidene)acetate

4.19

In a flame dried round bottom flask cooled to -78 °C

under argon, n-BuLi (8.610 mmol) was added to a

solution of i-Pr2NH (0.8712 g, 8.610 mmol) in THF (100

mL).  The mixture was suspended above the ice bath for

15 min, then recooled to -78 °C.  Ethyl-(trimethylsilyl)acetate (1.656 g, 10.33

mmol) was added to the stirring reaction mixture, and the reaction vessel was

TBSO OTBS

O

C18H38O3Si2
Mol. Wt.: 358.66

TBSO OTBS

CO2Et

C22H44O4Si2
Mol. Wt.: 428.75
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again suspended above the ice bath for 15 min and recooled to -78 °C.  Finally, a

solution of 4.18 (2.471 g, 6.888 mmol) in THF (30 mL) was slowly cannulated

into the reaction flask over a period of 30 min.  The reaction mixture was then

stirred at -78 °C for another 3 h, quenched with sat. NH4Cl (50 mL) and warmed

to room temperature.  The layers were separated and the aqueous layer extracted

with EtOAc (3 x 50 mL).  The combined organic layers were extracted with

distilled H2O (50 mL) and brine (50 mL), dried (MgSO4), and concentrated in

vacuo to provide the crude product.  Compound 4.19 was isolated as a clear oil

via FCC (gradient 10% to 20% EtOAc in hexanes) in 71% yield (2.103 g, 4.905

mmol).  Rf = 0.70 (10% EtOAc in hexanes); 1H NMR (300 MHz, CDCl3) δ 5.70

(1H, s), 4.20-4.08 (4H, m), 3.06 (1H, dd, J = 13.5, 6.0 Hz), 2.79 (1H, dd, J = 13.5,

3.5 Hz), 2.40 (1H, dd, J = 13.0, 3.5 Hz), 2.16 (1H, dd, J = 13.0, 8.0 Hz), 1.88-1.78

(1H, m), 1.76-1.66 (1H, m), 1.28 (3H, t, J = 7.0 Hz), 0.88 (9H, s), 0.86 (9H, s),

0.06 (12H, m); 13C NMR (75 MHz, CDCl3) δ 166.4, 156.7, 117.5, 68.2, 68.1,

59.8, 46.3, 43.4, 37.7, 26.1 (3C), 26.0 (3C), 18.4, 18.3, 14.6, -4.5 (2C), -4.7 (2C).

2-((3R,5R)-3,5-bis[tert-butyl(dimethyl)silyloxy]cyclohexyl-idene)ethanol 4.20

In a flame dried round bottom flask, cooled to -78 °C

under argon, DIBAL-H (12.26 mmol) was added to a

solution of 4.19 (2.103 g, 4.905 mmol) in toluene (50

mL).  The reaction mixture was warmed to room

temperature and stirred for another 3 h.  The reaction

mixture was then cooled to 0 °C and diluted with Et2O

(50 mL).  To this stirring solution was sequentially added distilled H2O (0.5 mL),

1M NaOH (0.5 mL), and more distilled H2O (1.2 mL).  The reaction mixture was

warmed to room temperature and stirred for 30 min.  MgSO4 (5 g) was added to

the mixture, and the reaction stirred for another 30 min.  The reaction mixture was

filtered to remove the insoluble by-products, and the filtrate concentrated to

provide compound 15 in 92% yield (1.726 g, 4.463 mmol) as a translucent grey

solid.  The allylic alcohol 4.20 was carried forward without further purification.

Rf = 0.20 (10% EtOAc in hexanes); 1H NMR (300 MHz, CDCl3) δ 5.60 (1H, t, J

TBSO OTBS

OH

C20H42O3Si2
Mol. Wt.: 386.72
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= 7.0 Hz), 4.18-4.10 (2H, m), 4.06-3.96 (2H, m), 2.40-2.30 (2H, m), 2.18 (1H, dd,

J = 13.5, 3.0 Hz), 2.06 (1H, dd, J = 12.0, 9.0 Hz), 1.87-1.78 (1H, m), 1.69-1.59

(1H, m), 1.43 (1H, br s), 0.89 (18H, s), 0.07 (6H, s), 0.06 (3H, s), 0.05 (3H, s); 13C

NMR (75 MHz, CDCl3) δ 138.4, 125.4, 68.3, 68.1, 58.5, 45.8, 43.6, 36.8, 26.1

(6C), 18.4 (2C), -4.5 (4C).

[2-((3R,5R)-3,5-bis[tert-butyl(dimethyl)silyloxy]cyclohexylidene)ethyl]

(diphenyl)phosphine oxide  4.21

In a flame dried round bottom flask under argon

atmosphere, a 2.15 M solution of n-BuLi in hexanes

(1.47 mL, 3.16 mmol, 1.05 eq.) was added to a stirred

solution of 4.20 (1.11 g, 3.01 mmol, 1 eq.) in THF (12

mL) at 0 °C.  To this mixture was added via cannula, a

solut ion of  f reshly  recrys ta l l ized p -

toluenesulfonylchloride (602 mg, 3.16 mmol, 1.05 eq.) in THF (6 mL).  The

reaction was stirred at 0 °C for 2.5 hours.  To this solution was added over a

period of 30 min, a bright red solution of LiPPh2, prepared separately in a separate

flame dried flask under argon by adding a 2.15 M solution of n-BuLi in hexanes

(1.54 mL, 3.31 mmol, 1.10 eq.) to a solution of HPPh2 (0.575 mL, 3.31 mmol,

1.10 eq.) in THF (5 mL).  The reaction mixture was allowed to stir at 0 °C for 1 h

then warmed to room temperature.  The reaction mixture was concentrated, and

the residue dissolved in CHCl3 (25 mL) and distilled H2O (25 mL).  To this

mixture was added a 50% aqueous solution of H2O2 (1.73 mL, 30 mmol, 9.97

eq.), and the reaction mixture was stirred at room temperature for 3 h.  The

reaction was quenched with sat. NaHCO3 (25mL), the layers separated, and the

aqueous layer extracted with CH2Cl2 (3 x 30 mL).  The combined organic layers

were extracted with brine (30 mL), then dried (MgSO4), filtered, and concentrated

in vacuo.  The residue was purified by FCC on silica gel using a 1:1 ethyl acetate

- hexanes mixture as eluent.  The product was further recrystallized from diethyl

ether to give 4.21 as a white solid in 75% yield (1.2888 g, 2.26 mmol). Rf = 0.30

(30% EtOAc in hexanes);  1H NMR (300 MHz, CDCl3) δ 7.71-7.58 (4H, m),

TBSO OTBS

P
PhO
Ph

C32H51O3PSi2
Mol. Wt.: 570.89
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7.46-7.33 (6H, m), 5.22 (1H, ddd, J = 14.0, 7.0, 7.0 Hz), 3.91 (2H, m), 3.11 (1H,

ddd, J = 15.0, 8.0, 8.0 Hz), 2.99 (1H, ddd, J = 15.0, 8.0, 8.0 Hz), 2.22-2.12 (1H,

m), 2.00-1.79 (3H, m), 1.60 (2H, dd, J = 5.0, 5.0 Hz), 0.80 (9H, s), 0.78 (9H, s), -

0.04 (3H, s), -0.05 (6H, s), -0.06 (3H, s); 13C NMR (75 MHz, CDCl3) δ 139.20 (d,

J = 12.0 Hz), 133.00 (d, J = 98.0 Hz), 132.70 (d, J = 98.0 Hz), 131.90 (2C),

131.30 (2C, d, J = 9.5 Hz), 131.20 (2C, d, J = 9.5 Hz), 128.70 (2C, d, J = 11.5

Hz), 128.6 (2C, d, J = 11.5 Hz), 113.90 (d, J = 8.5 Hz), 68.0, 67.7, 45.3, 43.6,

37.4, 30.7 (d, J = 70.0 Hz), 26.2 (3C), 26.1 (3C), 18.5, 18.4, -4.4 (4C).

(1R, 3aR, 7aR)-1-[(1S)-2,2-dimethoxy-1-methylethyl]-7-methyl-octahydro-

4H-inden-4-one 4.22

Ozone gas was bubbled through a solution of vitamin D2

(17, ergocalcifero, 4.12l) (2.7071 g, 6.82 mmol, 1 eq.) in

MeOH (72 mL) and CHCl3 (8 mL) at -78 °C until a dark

blue color persisted and then left for another hour.  Argon

was then bubbled through the reaction mixture until the

solution turned clear.  Me2S (3.0 mL, 41 mmol, 6.0 eq.) was

added to the reaction mixture at -78 °C, and the reaction

stirred for 1 hour, then warmed to room temperature and stirred for another 30

min.  The conversion of the keto-aldehyde to the keto-acetal was carefully

monitored by thin layer chromatography on silica gel (eluent: 1:4 ethyl acetate to

hexanes).  The reaction was immediately stopped upon appearance of a third spot

indicating the epimerization of the C14 stereocenter.  The reaction mixture was

then concentrated and the crude loaded directly onto silica gel.  Compound 4.22

was isolated via silica gel column chromatography (1:4 ethyl acetate to hexanes)

in 65 % yield (1.1313 g, 4.45mmol) as a clear oil.  Rf = 0.40 (20% EtOAc in

hexanes); 1H NMR (400 MHz, CDCl3) δ 4.09 (1H, d, J = 2.5 Hz), 3.40 (3H, s),

3.35 (3H, s), 2.43 (1H, dd, J = 11.0, 7.5 Hz), 2.28-2.15 (2H, m), 2.10-1.95 (2H,

m), 1.92-1.82 (2H, m), 1.76-1.58 (4H, m), 1.57-1.47 (1H, m), 1.43-1.33 (1H, m),

0.95 (3H, d, J = 6.5 Hz), 0.61 (3H, s); 13C NMR (100 MHz, CDCl3) δ 211.6,

108.8, 61.6, 57.0, 56.1, 52.7, 50.1, 41.2, 39.4, 39.0, 27.2, 24.2, 19.4, 12.6, 12.1; IR

O
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(film) ν 2956, 1714, 1461, 1381, 1142, 1070, 959 cm-1; LRMS (ESI): m/z (rel.

intensity) = 255 [38, (M + H)+], 223 (100), 191 (12), 107 (5), 74 (6); HRMS

(ESI): m/z calcd. for [(M + H)+] = 255.1955, found = 255.1954.

(1R, 3R, 7E, 17_)- 1, 3-bis[tert-butyl(dimethyl)silyloxy]-17[(1S)- 2,2-

dimethoxy- 1- methylethyl]- 9,10-secoestra- 5, 7-diene 4.23

In a flame dried round bottom flask, cooled to -78

°C under argon, NaHMDS (2.574 mmol) was

added to a solution of 4.21 (1.469 g, 2.574 mmol)

in THF (30 mL).  The reaction vessel was

suspended above the ice bath for 5 min, then

recooled to -78 °C.  A solution of 4.22 (0.6235 g,

2.451 mmol) in THF (10 mL) was cannulated

into the reaction mixture over a period of 15 min.

The reaction mixture was left to stir at -78 °C for

1 h, followed by warming to room temperature over a period of 30 min, and

quenching with sat. NH4Cl (25 mL).  The layers were separated and the aqueous

layer extracted with EtOAc (2 x 25mL).  The organic layers were combined and

extracted with sat. NH4Cl (2 x 25 mL), distilled H2O (25 mL) and brine (25 mL),

then dried (MgSO4) and concentrated in vacuo to give the crude product.

Compound 4.23 was isolated via FCC (20% EtOAc in hexanes) as a clear

amorphous solid in 69% yield (1.027 g, 1.691 mmol).  Rf = 0.70 (10% EtOAc in

hexanes); 1H NMR (300 MHz, CDCl3) δ 6.16 (1H, d, J = 11.0 Hz), 5.82 (1H, d, J

= 11.0 Hz), 4.15 (1H, d, J = 2.0 Hz), 4.13-4.02 (2H, m), 3.45 (3H, s), 3.39 (3H, s),

2.88-2.76 (1H, m), 2.46-2.33 (2H, m), 2.30-2.22 (1H, m), 2.16-1.50 (13H, m),

1.44-1.34 (2H, m), 0.98 (3H, d, J = 6.5 Hz), 0.89 (9H, s), 0.88 (9H, s), 0.56 (3H,

s), 0.07 (12H, m); 13C NMR (75 MHz, CDCl3) δ 140.6, 133.8, 121.8, 116.3,

109.2, 68.3, 68.2, 57.2, 56.0, 55.9, 52.5, 46.2, 46.0, 44.0, 40.7, 40.1, 37.1, 29.0,

27.4, 26.1 (6C), 23.6, 22.6, 18.4 (2C), 12.3, 12.2, -4.3, -4.4, -4.5, -4.6; IR (film) ν

2951, 1739, 1619, 1471, 1361, 1254, 1187, 1089, 1026, 960, 921, 836 cm-1;

LRMS (EI): m/z (rel. intensity) = 608 (10), 607 (20, M+), 592 (12), 590 (22), 576

TBSO OTBS

OMe

H

OMe

C35H66O4Si2
Mol. Wt.: 607.07
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(21), 575 (51), 574 (100), 534 (8), 533 (19), 518 (9), 458 (59), 442 (96), 239 (13),

237 (11); HRMS (EI): m/z calcd. for (M+) = 606.4499, found = 606.4490.

(2S)-2-((1R,3R,7E,17_)-1,3-bis[tert-butyl(dimethyl)silyloxy]-9,10-secoestra-

5,7-dien-17-yl)propanal 4.24

Trifluoroacetic acid (0.8 mL, 11 mmol, 24 eq.) was

added to a vigorously stirred solution of 4.23

(273.0 mg, 0.450 mmol, 1 eq.) in CHCl3 (4.8 mL)

and distilled H2O (2.4 mL) at 0 °C.  The mixture

rapidly turned purple, then blue-green, then

colorless.  The reaction was monitored by thin

layer chromatography on silica gel plates (eluent:

1:9 ethyl acetate to hexanes).  After 25 minutes,

the starting material spot completely converted to a new spot.  The reaction was

quenched with sat. NaHCO3 (15 mL), the layers were separated and the aqueous

layer extracted with EtOAc (2 x 15mL).  The organic layers were combined and

extracted with sat. NaHCO3 (2 x 15 mL), distilled H2O (10 mL) and brine (10

mL), then dried (MgSO4), filtered and concentrated in vacuo to give the crude

product 4.24 as a clear oil in 89% yield (225.5 mg, 0.402 mmol).  This product

was carried forward without further purification.  Rf = 0.75 (10% EtOAc in

hexanes); 1H NMR (300 MHz, CDCl3) δ 9.58 (1H, d, J = 3.0 Hz), 6.16 (1H, d, J =

11.0 Hz), 5.83 (1H, d, J = 11.0 Hz), 4.17-4.02 (2H, m), 2.89-2.80 (1H, m), 2.46-

2.22 (4H, m), 2.16-1.92 (4H, m), 1.84-1.54 (8H, m), 1.48-1.35 (2H, m), 1.14 (3H,

d, J = 6.5 Hz), 0.89 (9H, s), 0.87 (9H, s), 0.60 (3H, s), 0.06 (12H, m); 13C NMR

(75 MHz, CDCl3) δ 204.9, 139.7, 134.3, 121.6, 116.7, 68.3, 68.1, 55.7, 51.6, 50.0,

46.3 (2C), 43.9, 40.5, 37.0, 28.9, 26.8, 26.1 (6C), 23.5, 22.9, 18.4 (2C), 13.9, 12.8,

-4.3, -4.4, -4.5, -4.6; IR (film) ν 2953, 2706, 1726, 1619, 1472, 1361, 1255, 1089,

1052, 1026, 1006, 960, 920, 836 cm-1; LRMS (EI): m/z (rel. intensity) = 560 (15,

M+), 503 (20), 428 (75), 371 (20), 301 (30), 239 (25), 147 (35), 133 (45), 74

(100); HRMS (EI): m/z calcd. for (M+) = 560.4081, found = 560.4085.

TBSO OTBS

O

H

H

C33H60O3Si2
Mol. Wt.: 561.00
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Ethyl (2E,4R)-4-((1R,3R,7E,17_)-1,3-bis[tert-butyl-(dimethyl)silyloxy]-9,10-

secoestra-5,7-dien-17-yl)-2-methylpent-2-enoate 4.25

Ethyl 2-(triphenylphosphoranylidene)

propanoate (0.3805 g, 1.050 mmol) was

added to a solution of 4.24 (0.5610 g, 1.000

mmol) in toluene (10 mL) in a round

bottom flask.  The flask was fitted with a

reflux condenser and the reaction mixture

heated to reflux for 16 h by means of a

heating mantle.  The reaction mixture was

concentrated, and the residue dissolved in

hexanes to precipitate out the triphenylphosphine oxide by-product.  The

suspension was filtered and the filtrate concentrated and loaded directly onto

silica gel.  Compound 4.25 was isolated via FCC (10% EtOAc in hexanes) as a

clear oil in 98% yield (0.6322 g, 0.98 mmol).  Rf = 0.60 (5% EtOAc in hexanes);
1H NMR (300 MHz, CDCl3) δ 6.58 (1H, dd, J = 11.0 Hz), 6.15 (1H, d, J = 11.0

Hz), 5.82 (1H, d, J = 11.0 Hz), 4.19 (2H, q, J = 7.0 Hz), 4.13-4.05 (2H, m), 2.88-

2.79 (1H, m), 2.62-2.49 (1H, m), 2.43-2.30 (3H, m), 2.18-1.97 (3H, m), 1.88 (3H,

d, J = 1.5 Hz), 1.83-1.63 (6H, m), 1.60-1.50 (4H, m), 1.46-1.36 (1H, m), 1.31

(3H, t, J = 7.0 Hz), 1.05 (3H, d, J = 6.5 Hz), 0.90 (9H, s), 0.89 (9H, s), 0.62 (3H,

s), 0.07 (12H, m); 13C NMR (75 MHz, CDCl3) δ 168.7, 147.7, 140.2, 134.1,

125.0, 121.8, 116.6, 68.4, 68.3, 60.5, 56.6, 56.4, 46.2, 46.0, 44.1, 40.9, 37.3, 36.2,

29.0, 27.3, 26.2 (6C), 23.8, 22.6, 19.6, 18.4 (2C), 14.6, 13.0, 12.8, -4.3, -4.4 (2C),

-4.5; IR (film) ν 2953, 2929, 2856, 1711, 1471, 1362, 1255, 1194, 1090, 1051,

1026, 960, 921, 835 cm-1; LRMS (EI): m/z (rel. intensity) = 644 (20, M+), 587

(20), 512 (40), 455 (10), 371 (10), 301 (15), 239 (35), 113 (45), 74 (100); HRMS

(EI): m/z calcd. for (M+) = 644.4656, found = 644.4646.

TBSO OTBS

H

O

O

C38H68O4Si2
Mol. Wt.: 645.12
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(2E,4R)-4-((1R,3R,7E,17_)-1,3-bis[tert-butyl-(dimethyl)silyloxy]-9,10-

secoestra-5,7-dien-17-yl)-2-methylpent-2-en-1-ol 4.26

A 1.0 M solution of DIBAL-H in toluene (1.2

mL, 1.2 mmol, 3.0 eq.) was added to a

solution of rigorously dried 4.25 (258.1 mg,

0.400 mmol, 1 eq.) in toluene (6 mL) at 0 °C.

The reaction was left to slowly warm to room

temperature overnight.  The reaction was then

cooled to 0 °C and diluted with Et2O (3.3

mL).  To the stirring reaction was sequentially

added distilled H2O (0.040 mL), 1M NaOH (0.040 mL), and more distilled H2O

(0.16 mL).  The reaction was warmed to room temperature and stirred for 30 min.

MgSO4 was added to the mixture, and the reaction was stirred for another 30 min.

The reaction was filtered to remove the insoluble by-products, and the filtrate

concentrated. The crude product was purified by silica gel column

chromatography using a gradient starting from 1:9 ethyl acetate to hexanes and

ending with 1:4 ethyl acetate to hexanes, providing product 4.26 in 72% yield

(172.5 mg, 0.29 mmol).  Rf = 0.30 (10% EtOAc in hexanes); 1H NMR (400 MHz,

CDCl3) δ 6.17 (1H, d, J = 11.0 Hz), 5.81 (1H, d, J = 11.0 Hz), 5.21 (1H, d, J =

10.0 Hz), 4.13-4.04 (2H, m), 3.99 (2H, s), 2.88-2.79 (1H, m), 2.43-2.34 (3H, m),

2.32-2.26 (1H, m), 2.11 (1H, dd, J = 13.0, 8.0 Hz), 2.05-1.95 (2H, m), 1.83-1.63

(4H, m), 1.70 (3H, s), 1.59-1.47 (3H, m), 1.42-1.12 (5H, m), 0.99 (3H, d, J = 6.5

Hz), 0.89 (9H, s), 0.88 (9H, s), 0.60 (3H, s), 0.07 (12H, m); 13C NMR (100 MHz,

CDCl3) δ 140.6, 133.8, 133.3, 131.5, 121.8, 116.3, 69.5, 68.3, 68.1, 57.0, 56.5,

46.2, 45.8, 43.9, 40.8, 37.1, 35.3, 29.0, 27.7, 26.2 (6C), 23.7, 22.5, 20.8, 18.4

(2C), 14.4, 12.7, -4.3, -4.4 (2C), -4.5; IR (film) ν 3348, 2952, 1619, 1471, 1361,

1255, 1090, 1025, 961, 906, 836 cm-1; LRMS (EI): m/z (rel. intensity) = 602 (25,

M+), 470 (25), 371 (10), 301 (25), 237 (30), 143 (30), 74 (100); HRMS (EI): m/z

calcd. for (M+) = 602.4550, found = 602.4542.

TBSO OTBS

H

OH

C36H66O3Si2
Mol. Wt.: 603.08
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(2E,4R)-4-((1R,3R,7E,17_)-1,3-bis[tert-butyl-(dimethyl)silyloxy]-9,10-

secoestra-5,7-dien-17-yl)- 2-methylpent-2-enal 4.27

Dess-Martin periodinane (0.4988 g, 1.176

mmol) was added to a stirring solution of 4.26

(0.5674 g, 0.9408 mmol) in CH2Cl2 (10 mL).

The reaction mixture was stirred for 1 h at room

temperature, then diluted with Et2O (20 mL)

and quenched with sat. NaHCO3 (40 mL) and

sat. Na2S2O3 (10 mL).  The reaction mixture

was stirred until the milky white organic layer

became clear (approx. 1 h).  The layers were separated and the aqueous layer

extracted with Et2O (2 x 25mL).  The organic layers were combined and extracted

with distilled H2O (25 mL) and brine (25 mL), then dried (MgSO4), and

concentrated in vacuo to give the crude product.  Compound 4.27 was isolated via

FCC (10% EtOAc in hexanes) as a translucent amorphous solid in 86% yield

(0.4863 g, 0.8091 mmol).  Rf = 0.70 (10% EtOAc in hexanes); 1H NMR (400

MHz, CDCl3) δ 9.37 (1H, s), 6.29 (1H, d, J = 10.5 Hz), 6.16 (1H, d, J = 11.0 Hz),

5.82 (1H, d, J = 11.0 Hz), 4.15-4.05 (2H, m), 2.88-2.81 (1H, m), 2.79-2.70 (1H,

m), 2.42-2.34 (2H, m), 2.30-2.24 (1H, m), 2.16-1.98 (3H, m), 1.78 (3H, s), 1.76-

1.51 (9H, m), 1.46-1.20 (2H, m), 1.10 (3H, d, J = 6.5 Hz), 0.89 (9H, s), 0.88 (9H,

s), 0.62 (3H, s), 0.06 (12H, m); 13C NMR (75 MHz, CDCl3) δ 195.9, 160.3, 139.9,

136.5, 134.2, 121.7, 116.6, 68.2, 68.1, 56.2, 56.1, 46.2, 46.1, 43.9, 40.7, 37.1,

36.6, 28.9, 27.3, 26.1 (6C), 23.6, 22.5, 19.4, 18.4 (2C), 12.7, 9.9, -4.3, -4.4, -4.5, -

4.6; IR (film) ν 2952, 2956, 1690, 1469, 1253, 1086, 1051, 1024, 959, 920, 834

cm-1; LRMS (EI): m/z (rel. intensity) = 600 (5, M+), 468 (20), 301 (5), 277 (100),

201 (20), 199 (20), 183 (20), 149 (20), 77 (45); HRMS (EI): m/z calcd. for (M+) =

600.4394, found = 600.4387.

TBSO OTBS

H

O

H

C36H64O3Si2
Mol. Wt.: 601.06
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Methyl-(2E,4E,6R)-6-((1R,3R,7E,17_)-1,3-bis-[tert-butyl(dimethyl)silyloxy]-

9,10-secoestra-5,7-dien-17-yl)-4-methylhepta-2,4-dienoate 4.28

Methyl

(triphenylphosphoranylidene)acetate

(0.2840 g, 0.8496 mmol) was added

to a solution of 4 . 2 7 (0.4863 g,

0.8091 mmol) in toluene (8 mL) in a

round bottom flask.  The flask was

fitted with a reflux condenser, and the

reaction mixture heated to reflux for

16 h by means of a heating mantle.  The reaction mixture was concentrated, and

the residue dissolved in hexanes to precipitate out the triphenylphosphine oxide

by-product.  The suspension was then filtered, and the filtrate concentrated and

loaded directly onto silica gel.  Compound 4.28 was isolated via FCC (10%

EtOAc in hexanes) as a clear oil in 95% yield (0.5051 g, 0.7686 mmol).  Rf = 0.70

(10% EtOAc in hexanes); 1H NMR (400 MHz, CDCl3) δ 7.30 (1H, d, J = 16.0

Hz), 6.16 (1H, d, J = 11.0 Hz), 5.80 (1H, d, J = 11.0 Hz), 5.78 (1H, d, J = 16.0

Hz), 5.71 (1H, d, J = 10.0 Hz), 4.12-4.03 (2H, m), 3.75 (3H, s), 2.86-2.78 (1H,

m), 2.62-2.52 (1H, m), 2.40-2.33 (2H, m), 2.30-2.24 (1H, m), 2.11 (1H, dd, J =

13.0, 8.0 Hz), 2.06-1.96 (2H, m), 1.80 (3H, s), 1.75-1.62 (5H, m), 1.58-1.30 (5H,

m), 1.20-1.10 (1H, m), 1.02 (3H, d, J = 6.5 Hz), 0.88 (9H, s), 0.87 (9H, s), 0.59

(3H, s), 0.06 (12H, m); 13C NMR (100 MHz, CDCl3) δ 168.0, 150.5, 148.7, 140.3,

133.9, 129.8, 121.7, 116.4, 115.1, 68.3, 68.1, 56.6, 56.3, 51.7, 46.2, 45.9, 43.9,

40.7, 37.1, 36.3, 28.9, 27.5, 26.1 (6C), 23.6, 22.5, 20.1, 18.4 (2C), 12.9, 12.7, -4.3,

-4.4 (2C), -4.5; IR (film) ν 2952, 2856, 1721, 1622, 1435, 1361, 1312, 1254,

1169, 1088, 1024, 960, 919, 835 cm-1; LRMS (EI): m/z (rel. intensity) = 656 (10,

M+), 599 (15), 524 (25), 301 (20), 237 (25), 125 (30), 93 (85), 74 (100); HRMS

(EI): m/z calcd. for (M+) = 656.4656, found = 656.4645.

TBSO OTBS

H

O

OMe

C39H68O4Si2
Mol. Wt.: 657.13
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(2E,4E,6R)-6-((1R,3R,7E,17_)-1,3-bis[tert-butyl-(dimethyl)silyloxy]-9,10-

secoestra-5,7-dien-17-yl)-4-methylhepta-2,4dienoic acid

LiOH.H2O (11.8 mg, 0.281 mmol, 7.47

eq.) was added to a stirring solution of

4.28 (24.7 mg, 0.0376 mmol, 1 eq.) in

THF (1 mL), MeOH (0.4 mL) and H2O

(0.4 mL).  The reaction vessel was fitted

with a reflux condenser, and the reaction

brought to reflux for 2.5 h.  The reaction

was cooled to room temperature and

diluted with EtOAc (10 mL), then

quenched with a pH 1 solution of KHSO4 (10 mL).  The layers were separated

and the aqueous layer further extracted with EtOAc (5 mL).  The organic layers

were combined and extracted with brine (5 mL), then dried (MgSO4), and

concentrated in vacuo to give the crude product.  This product was carried

forward without further purification.  If desired, this carboxylic acid product 4.29

can be purified by FCC (1:1 ethyl acetate to hexanes).  Rf = 0.30 (20% EtOAc in

hexanes); 1H NMR (300 MHz, CDCl3) δ 10.00-9.30 (1H, br s), 7.39 (1H, d, J =

15.5 Hz), 6.16 (1H, d, J = 11.0 Hz), 5.82 (2H, m), 5.78 (1H, d, J = 15.5 Hz), 4.15-

4.00 (2H, m), 2.87-2.78 (1H, m), 2.63-2.53 (1H, m), 2.44-2.24 (3H, m), 2.16-1.96

(3H, m), 1.83 (3H, s), 1.82-1.36 (11H, m), 1.04 (3H, d, J = 6.5 Hz), 0.89 (9H, s),

0.88 (9H, s), 0.60 (3H, s), 0.06 (12H, m); 13C NMR (75 MHz, CDCl3) δ 173.1,

152.7, 149.8, 140.3, 134.0, 129.9, 121.7, 116.5, 114.8, 68.3, 68.1, 56.6, 56.3, 46.2,

46.0, 43.9, 40.7, 37.1, 36.4, 28.9, 27.5, 26.1 (6C), 23.6, 22.5, 20.1, 18.4 (2C),

12.9, 12.7, -4.3, -4.4, -4.5, -4.6; IR (film) ν 3000 (br), 2956, 1686, 1618, 1417,

1254, 1207, 1088, 1026, 908, 834, 801 cm-1; LRMS (ESI): m/z (rel. intensity) =

681 [6, (M + K)+], 665 [79, (M + Na)+], 643 (11, M+), 641 (20), 519 (18), 512

(27), 511 (100), 510 (11), 509 (39), 497 (11), 397 (41), 381 (13), 380 (16), 379

(64); HRMS (ESI): m/z calcd. for [(M + H)+] = 643.4572, found = 643.4572.

TBSO OTBS

H

O

OH

C38H66O4Si2
Mol. Wt.: 643.10
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(2E,4E,6R)-6-[(1R,3R,7E,17_)-1,3-dihydroxy-9,10secoestra-5,7-dien-17-yl]-N-

hydroxy-4-methylhepta-2,4-dienamide 4.8 (triciferol)

Oxalyl chloride (5.0 µl, 0.059mmol, 1.57 eq.) was added to a solution of the

rigorously dried crude product 4.29 (approximately 0.0376 mmol, 1 eq.) and N,N-

dimethylformamide (0.6 µl, 7.7 micromole, 0.2 eq.) in dry dichloromethane (1

mL) at 0 °C.  The reaction mixture rapidly turned yellow and was left stirring at 0

°C for 90 minutes, at which time N,N-diisopropylethylamine (21 µl, 0.12 mmol,

3.2 eq.) was added followed by a solution of O-(tert-

butyldimethylsilyl)hydroxylamine (11.9 mg, 0.081 mmol, 2.15 eq.) in dry

dichloromethane (0.235 mL).  The reaction was left to stir at 0 °C for 2 hours and

then at room temperature for an additional 2 hours.  The reaction was quenched

by diluting with ethyl acetate (10 mL) and a 1M citric acid aqueous solution (10

mL).  The layers were separated and the aqueous layer further extracted with ethyl

acetate (5 mL).  The combined organic layers were extracted with distilled water

(5 mL) and brine (5 mL, then dried (MgSO4), filtered and concentrated in vacuo.

This crude product was dissolved in CDCl3 (0.5 mL) and CD3CN (0.5 mL) and

then placed in a plastic vial.  To this solution was added a 48 wt. % HF aqueous

solution (50 µl) followed by an additional 50 µl after 2.5 hours (total 2.8 mmol,

73 eq.).  The reaction was monitored by 1H NMR and TLC and was complete

after 4 hours.  The reaction was quenched by diluting with ethyl acetate (10 mL)

and a 1M citric acid aqueous solution (10 mL).  The layers were separated and the

aqueous layer was further extrated with ethyl acetate (5 mL).  The combined

organic layers were washed with distilled water (5 mL) and brine (5 mL), then

dried with MgSO4, filtered and evaporated in vacuo.  The crude product was

HO OH

H

O

N
H

OH

C26H39NO4
Mol. Wt.: 429.59
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purified by means of octadecyl-functionnalized reverse phase silica gel column

chromatography using a solvent gradient starting from distilled water with 0.05 %

trifluoroacetic acid and ending with pure methanol.  The product 4.8 was isolated

as a white amorphous solid in 41% yield (6.6 mg, 0.015 mg) from the methyl

ester 24.  Rf = 0.30 [(88: 10:2) CH2Cl2:MeOH: CH3COOH]; 1H NMR (300 MHz,

CD3OD) δ 7.17 (1H, d, J = 13.0 Hz), 6.20 (1H, d, J = 10.5 Hz), 5.93-5.66 (3H,

m), 4.08-3.94 (2H, m), 2.88-2.80 (1H, m), 2.64-2.55 (2H, m), 2.44-2.36 (1H, m),

2.24-2.11 (2H, m), 2.08-1.95 (2H, m), 1.99 (3H, s), 1.79 (3H, s), 1.70-1.35 (8H,

m), (3H, d, J = 6.0 Hz), 0.63 (3H, s), 4 exchangeable protons unobserved; 13C

NMR (75 MHz, CD3OD) δ 166.8, 147.9, 146.9, 141.6, 133.9, 130.9, 123.2, 117.1,

115.5, 67.9, 67.6, 57.9, 57.3, 46.9, 45.4, 42.7, 41.7, 37.6, 37.1, 29.8, 28.2, 24.5,

23.3, 20.5, 13.2, 12.9; IR (film) ν 3221 (br), 2929, 2869, 1645, 1611, 1446, 1377,

1043, 976 cm-1; LRMS (ESI): m/z (rel. intensity) = 859 [9, (2M + H)+], 452 [17,

(M + Na)+], 430 [100, (M + H)+], 412 (8), 397 (10), 390 (8); HRMS (ESI): m/z

calcd. for [(M + H)+] = 430.2952, found = 430.2952.
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The following article is a reprint of the article:

Tavera-Mendoza, L. E.; Quach, T. D.; Dabbas, B.; Hudon, J.; Liao, X.; Palijan,

A.; Gleason, J. L.; White, J. H., Incorporation of histone deacetylase inhibition

into the structure of a nuclear receptor agonist. Proceedings of the National

Academy of Sciences 2008, 105 (24), 8250-8255.
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In the following pages is the pre-peer reviewed version of the following article :

Hudon, J.; Cernak, T. A.; Ashenhurst, J. A.; Gleason, J. L., Stable 5-Substituted

Cyclopentadienes for the Diels-Alder Cycloaddition and their Application to the
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9 Appendix 3 Selected NMR spectra
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Spectrum A  1H NMR of 4.39

Spectrum B   13C NMR
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Spectrum C    1H NMR of 2.7

Spectrum D   13C NMR of 2.7
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Spectrum E  1H NMR of 2.8
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Spectrum F  1H NMR of 2.47

Spectrum G  13C NMR of 2.47
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Spectrum H   1H NMR of 2.21

Spectrum I   13C NMR of 2.21
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Spectrum J  1H NMR of 2.14

Spectrum K 13C NMR of 2.14
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Spectrum L 1H NMR of 2.16 endo

Spectrum M 13C NMR of 2.16 endo
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Spectrum N 2D COSY NMR of 2.16 endo (part 1)

Spectrum O  2D COSY NMR of 2.16 endo (part 2)
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Spectrum P  2D HMQC NMR of 2.16 endo

Spectrum Q  2D HMBC NMR Of 2.16 endo
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Spectrum R 2D NOESY NMR of 2.16 endo (part 1)

Spectrum S  2D NOESY NMR of 2.16 endo (part 2)
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Spectrum T 1H NMR of 2.16 exo

Spectrum U 13C NMR of 2.16 exo
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Spectrum V 2D NOESY NMR of 2.16 exo (part 1)

Spectrum W  2D NOESY NMR of 2.16 exo (part 2)
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Spectrum X 1H NMR of 2.22

Spectrum Y 13C NMR of 2.22
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Spectrum Z 1H NMR of 2.23 endo

Spectrum AA 13C NMR of 2.23 endo
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Spectrum BB 1H NMR of 2.23 exo

Spectrum CC 13C NMR of 2.23 exo
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Spectrum DD 1H NMR of 2.24 exo

Spectrum EE  13C NMR of 2.24 exo
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Spectrum FF 1H NMR of 2.25 endo

Spectrum GG 13C NMR of 2.25 endo
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Spectrum HH  2D COSY NMR of 2.25 endo

Spectrum II  2D HMBC NMR of 2.25 endo
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Spectrum JJ 2D NOESY NMR of 2.25 endo
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Spectrum KK  1H NMR of 2.25 exo

Spectrum LL    13C NMR of 2.25 exo
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Spectrum MM    2D COSY NMR  of 2.25 exo

Spectrum NN    2D HMQC NMR of 2.25 exo
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Spectrum OO   2D HMBC NMR of 2.25 endo

Spectrum PP   2D HMBC long range (3-5 bonds coupling) of 2.25 exo
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Spectrum QQ  1H NMR of  2.27 exo

Spectrum RR  13C NMR of 2.27 exo
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Spectrum SS  1H NMR of  2.49

Spectrum TT  13C NMR of 2.49
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Spectrum UU  1H NMR of 2.10
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Spectrum VV  1H NMR of 2.50

Spectrum WW  13C NMR of 2.50
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Spectrum XX  1H NMR of 3.24

Spectrum YY  13C NMR of 3.24
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Spectrum ZZ 1H NMR of 3.23

Spectrum AAA 13C NMR of 3.23
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Spectrum BBB 1H NMR of 3.26

Spectrum CCC  13C NMR of 3.26
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Spectrum DDD  1H NMR of  3.27
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Spectrum EEE  1H NMR of 4.27
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Spectrum FFF  1H NMR of 4.28

Spectrum GGG  13C NMR of 4.28
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Spectrum HHH  1H NMR of 4.29

Spectrum III   13C NMR of 4.29
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Spectrum JJJ   1H NMR of  triciferol 4.8 (in DMSO-d6)

Spectrum KKK   1H NMR of triciferol 4.8 (in MeOH-d4)
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Spectrum LLL   13C NMR of triciferol 4.8 (in MeOH-d4)
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10 Appendix 4 : Conversion of the calculated
Activation Energies (Ea) for the 1,5-H shift of 2-
substituted cyclopentadienes into a value
suitable to perform a Hammett plot

A Hammett plot consists of a 2D graph where the ordinate = log(kX/kH) and

abscissa =   σP X .95 The slope of the graph is the reaction constant ρ, which is a

measure of how sensitive a reaction is to the effects of electronic perturbation.

Since the Hammett sigma constants σP X are based on the dissociation of para-

substituted benzoic acids in water at 25 °C,  the reaction constant ρ for this

benchmark reaction is therefore 1.00. Reactions with a more pronounced slope are

therefore more sensitive than benzoic acid to electronic effects. Reactions with a

positive slope are similar to benzoic acid in that electron-withdrawing groups

accelerate the reaction and electron-donating groups slow down the reaction’s

rate. A reaction with a negative reaction constant would therefore be accelerated

by electron-donating groups.

Starting from the following equations:

Arrhenius equation:

k = A  e –Ea / RT                                                     (10.1)

where:

k = rate constant for the reaction

A = pre-exponential factor for the reaction

Ea = Activation energy for the reaction ( J mol-1)

R = Gas constant  ( 8.314472 J K-1 mol-1 )

T = temperature (K)

Hammett’s equation
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Log (kX/kH) = ρ σP X                                                  (10.2)

where :

kX = rate constant for the reaction with substituent X

kH = rate constant for the reaction with H substituent

σP X = The Hammett’s sigma para constant for substitutent X

ρ = reaction constant

other variables used:

EaH = Energy of activation for the H-substituted cyclopentadiene

EaX = Energy of activation for the X-substituted cyclopentadiene

To convert the Ea obtained from the DFT calculation into data which is usable for

a Hammett plot, the following conversion must be made using the Arrhenius

equation

log (kX/kH) = log (AX  e –Eax / RT    / AH  e –EaH / RT )                                (10.3)

Assuming that the pre-exponential factors are very similar for each 1,5-H shift

reaction no matter with the substituent X is, the following assumption can be

made:

Ax ≅ AH                                                          (10.4)

Leading to the following simplification:

log (kX/kH) = log ( e –Eax / RT    /  e –EaH / RT )                                 (10.5)

Which can be re-written as:

log (kX/kH) = [ ln ( e –Eax / RT    /  e –EaH / RT )   ] / 2.303                         (10.6)

expanding the logarithm, we obtain:

log (kX/kH) = [ ln ( e –Eax / RT )   - ln ( e –EaH / RT )   ] / 2.303                     (10.7)

canceling the logarithm with the exponential, we obtain :

log (kX/kH) = [ (–EaxX / RT )   - (–EaH / RT )   ] / 2.303                      (10.8)

or:
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log (kX/kH) = [ (EaH / RT )   - (EaX / RT )   ] / 2.303                        (10.9)

or :

log (kX/kH) = [ (EaH - EaX ) / RT    ] / 2.303                               (10.10)

which leads to:

log (kX/kH) =  (EaH - EaX ) / (RT  * 2.303)                               (10.11)

Therefore, using EaX in J mol-1, the value of R in J K-1 mol-1

(8.314472 J K-1 mol-1 ) and T = 297.15 K (or 25 °C), we can obtain the following

graph as a Hammett plot :

Figure 10-1 Hammett plot for the 1,5-H shift of 2-substituted cyclopentadiene at 297 K
correlating the predicted reaction rate versus the substituent’s Hammet sigma constant

The calculated reaction’s constant ρdiene 1,5-shift (with the assumption that the pre-

exponential factors for all reactions are the same) is therefore 3.2292 at 25 °C,

meaning that the 1,5-H shift of 2-substituted cyclopentadienes is more than two

orders of magnitude more sensitive to electronic perturbation than the standard

dissociation of benzoic acid in water (ρbenzoic acid dissociation = 1.00). Another way of

giving meaning to this number is to say that a variation in σP X of 1 will lead to a

change in reaction rate of 103.23. For example, going from an OH substituent (σP

OH = -0.22) to a NO2 substituent (σP NO2 = 0.81) would lead to an increase in

reaction rate of about three orders of magnitude.
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10.1 References:
                                                  
95 Isaacs, N.S., Physical Organic Chemistry. Harlow; Essex, England, 1987; 828

pp.
and references cited therein


