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Abstract

Despite the recent advances in catalytic organic transformations, we believe
the discovery of novel and more advantageous catalytic systems would bring
insights to our understanding of the reactivity and mechanistic aspects of known
processes. Our particular interest in the Diels-Alder reaction and the anionic oxy-
Cope rearrangements, and our efforts in the investigations towards the

development of new methods of catalysis are detailed in this thesis.

Our efforts focus on the utilization of Lewis acid/base mediated method for
the activation of the Diels-Alder reaction. Although the initial synthetic approach of
the model substrates has proven to be challenging, we have circumvented those
difficulties by designing different substrates with the similar reactivity. The results
obtained with the revised substrates suggest that activation of the diene by addition

of electron releasing species has a positive effect in the rate of the cycloaddition.

In our studies towards a hydride-free methodology for the catalysis of the
anionic oxy-Cope rearrangement, we have shown the use of stoichiometric amounts
of BusNOH was able to accelerate the transformation. The observed results suggest
that the rate of the reaction can also be increased with excess hydroxide in DMSO at
80°C. The use of tetraalkylammonium bases under milder conditions has proven to

be ineffective to accelerate the sigmatropic rearrangement.



Résumé

Malgré les avancées récentes dans les réactions organo-catalysées, nous
pensons que la découverte de nouveaux systémes catalytiques plus performants
pourrait apporter des informations pour notre compréhension de la réactivité et des
aspects mécanistiques de transformations connues. Notre intérét particulier pour la
réaction de Diels-Alder et pour les réarrangements d’oxy-Cope anioniques, ainsi que
nos avancées sur le développement de nouvelles méthodes de catalyse sont

détaillées dans cette these.

Nos efforts se concentrent sur l'utilisation d'acide/base de Lewis comme
méthode d'activation de la réaction de Diels-Alder. Bien que lI'approche synthétique
initiale des substrats modeles se soit révélée problématique, nous avons contourné
ces difficultés en concevant différents substrats possédant une réactivité similaire.
Les résultats obtenus avec les substrats révisés suggérent que l'activation du diene
par addition d'especes délivrant des électrons a un effet positif sur la vitesse de la

réaction de cycloaddition.

Dans nos études pour développer une méthodologie sans hydrure pour la
catalyse du réarrangement d’oxy-Cope anionique, nous avons montré que
l'utilisation de quantités stoechiométriques d’hydroxyde de tétrabutylammonium a
été en mesure d'accélérer la transformation. Les résultats observés semblent
indiquer que la vitesse de la réaction peut également étre augmentée avec un exces
d'hydroxyde dans le DMSO a 80 °C. En revanche, l'utilisation de bases de
tétraalkylammonium dans des conditions plus douces s'est avérée inefficace pour

accélérer le réarrangement sigmatropique.
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MS mass spectroscopy
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t tert
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General Introduction

The concept of catalysis was recognized early in the 19t century. Michael
Faraday in 1834, was one of the first scientists to study a catalytic reaction, that
between hydrogen and oxygen on platinum.! One year after, Berzelius also explored
some catalytic reactions such as gas combustion and coined the word “catalysis”,
derived from the Greek word katalusis meaning dissolution, destruction or end.
Curiously, catalysis is generally very constructive and useful in organic chemistry
processes, quite the opposite to destruction. In 1911, more than half century later,
Nobel Laureate P. Sabatier, defined catalysis as a mechanism whereby some
compounds are intimately involved in the process of generating or accelerating
chemical reactions without being products of the reaction.! To date, the catalysis of
organic reactions it is arguable the most explored research area in organic

chemistry.

The use of catalytic processes for the synthesis of complex molecules is one of
the ultimate challenges that the modern organic chemist faces. Central to this area is
the ability to efficiently and selectively assemble complex molecular architectures in
a minimal number of synthetic steps and in an atom economic fashion. In that sense,
new methods of catalysis offering different reactivity and mechanistic advantages

over the classic methods represent an attractive area of study in organic chemistry.

In this investigation, we pursue the development of new methods of catalysis
of two important processes in organic chemistry: the Diels-Alder reaction and the

Oxy-Cope rearrangement.

The Diels-Alder reaction is one of the most powerful strategies for the
formation of two new carbon-carbon bonds and up to four contiguous stereocenters
in a single operation. Despite much progress in the development of catalytic

asymmetric variants, the Diels-Alder reaction is still ripe with opportunities for
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discovery both in its scope and in the mechanistic details of the reaction. Herein, we
explore a new Lewis base catalysis of the Diels-Alder reaction.

Sigmatropic rearrangements are the perfect example of atom economic
transformations. The Oxy-Cope rearrangement allows the formation of polycyclic
structures in a small amount of synthetic operations. The mild conditions and the
characteristic of a boat or chair conformation in the transition state, permits the
prediction of stereogenic centers. Interestingly, catalysis of the Oxy-Cope
rearrangement has not been explored, providing a great opportunity for the
development of new and useful methodologies. In this report, we would like to
communicate the first steps towards the development of a tertraalkyl ammonium

hydroxide-based activation of the Oxy-Cope rearrangement.

This document will be divided into 3 chapters; chapter 1 is dedicated to the
development of new strategies for the catalysis of the Diels-Alder reaction and
chapter 2 discusses the investigations carried out in the area of the Oxy-Cope

rearrangement activation. Experimental methodologies are detailed in chapter 3.
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Chapter I. Novel methods for Diels-Alder catalysis
1.1 Thermal Diels-Alder reaction

Given the importance of the Diels-Alder reaction in the synthesis of useful
scaffolds, the amount of resources and effort spent in research to find new and
improved methodologies is not surprising. 2 After the seminal 1928 publication by
Diels and Alder describing the importance of their discovery,? it took over two
decades for the scientific community to fully start exploring the potential of the
reaction. Some authors attribute this “slow start” to the effects of World War Two;
nonetheless, since these investigations started, this area of research has been
definitely one of the most popular and fruitful within the broad spectrum of organic

reactions.

The early reports of the use of the thermally induced Diels-Alder reaction in a
total synthesis came in 1952, when Woodward and collaborators disclosed their

historic routes to the steroids cortisone 1.06 and cholesterol 1.07 (Scheme 1.01).24

Scheme 1.01. Pioneering quinone-based Diels-Alder reaction by Woodward et al.*

(0] butadiene \eor 4
a ioxane
Me 1(?:2236%96 MeO then 1N aq HCI
Diels-Alder
MeO 86% |ep|mer|zat|on| MeO
o
1.01 1.02: endo TS

1.07: cholesterol 1.06: cortisone

The synthesis of cortisone 1.06 and cholesterol 1.07 from quinone 1.01 and
butadiene was accomplished using the Diels-Alder reaction as key step, via endo
transition state 1.02. Besides being one of the most elegant syntheses of its time, it

also contains a couple of features that are interesting to notice: 1) Woordward
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recognized that by using a differentiated quinone it would be possible to effect
regioselective control of the intermolecular Diels-Alder union, as the more electron-
rich methoxy-substituted olefin would be less dienophilic than its methyl-
substituted counterpart. 2) It was anticipated that even though a cis-fused adduct
would arise from the Diels-Alder reaction, conversion into the requisite
thermodynamically more stable trans-fused system, which is present in the natural
product of interest would be easy to achieve. A base-induced epimerization to
obtain molecule 1.04 was realized, setting up the stage for an eventual ring

contraction that would allow the access to this region of the steroid scaffold.245

Similar examples of synthetic strategies utilizing the inherent properties of
dienes and dienophiles were shown to be useful for the synthesis of complex
molecules such as reserpine 1.12 (Scheme 1.02) an indole alkaloid that has been

used as antipsychotic and antihypertensive drug.6’”

Scheme 1.02. Synthesis of reserpine 1.12 from quinone 1.08 and diene 1.09

o) (0]
N benzene MeO%
’ ; refﬁ» o) ‘i; 27 %
o CO,Me ~
MeO,C
1.08 1.09 ~ 1.10: endo TS

MeO

In recent years, the thermal Diels-Alder reaction has been used to access
molecules of high structural complexity and interesting biological activities. One
example is the fungus-produced diterpene Vinigrol 1.15, which exhibit

antihypertensive and platelet aggregation inhibitory activities. Baran and co-
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workers accomplished the synthesis of 1.15 by accesing the complex skeleton 1.14
using a key thermal intramolecular Diels-Alder reaction followed by a Grob
fragmentation. The selectivity that they observed was dictated by the intrinsic

rigidity of the substrate structure. (Scheme 1.03).8

Scheme 1.03. Intramolecular Diels-Alder reaction in the synthesis of Vinigrol 1.15.

OMgClI OMgCI
~, Me 105 °C ~, Me >
Me H, Me
= OTBS somin 2 .1OTBS >
~ A 75% ’
H H

1.13 1.14

As mentioned earlier, regio- and stereochemistry of thermal Diels-Alder
reactions rely upon the intrinsic chemical characteristics of the diene and
dienophile. Though the use of Lewis acids one can modify and tune the system
electronics to obtain the desired adduct even when this would not be the preferred
product under non-catalyzed conditions. Examples of this strategy are discussed in

the following section.

1.2 Lewis Acid Catalysis

In 1960, Yates and Eaton reported an approximate rate of acceleration of 10°
for the Diels-Alder reaction of anthracene 1.16 and maleic anhydride 1.17 in the

presence of aluminum chloride (Scheme 1.04).1°
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Scheme 1.04. Acceleration of the Diels-Alder reaction with AlCls.

o
o] CH,Cl,, 25 °C o
OO0 - ofpe o= (28
1.16 1.17
) . . 1.18
With AICI3 (1.0 equiv), t;/, <1 min
Without AICl3 t/» ~2400h

This example had a great impact on the practicality of the Diels-Alder reaction,
since it demonstrated that the reaction could be conducted under mild reaction
conditions when an electropositive metal was used to lower the energy of
activation. Different analysis on the thermal cycloadditions demonstrated that Lewis
acid catalysis will usually contribute approximately a 10 kcal/mol drop in the
activation energy.1011, Using frontier molecular theory, Houk and Strozier showed
that the coordination of a Lewis acid to a typical dienophile substantially lowered its
LUMO energy and as a result, enhanced the interaction with the HOMO of the diene
(Figure 1.01).12

= LUMO !
LUMO = | LUMO =

- C A

Figure 1.01. Approximate difference in activation energy gaps between a non-
catalyzed Diels-Alder reaction (left) and a Lewis acid catalyzed reaction (right).
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1.2.1 Regioselectivity and Stereoselectivity in Lewis acid catalysis
of Diels-Alder reactions

Houk and Strozier also described the consequences of the addition of Lewis
acids on the regioselectivity of Diels-Alder reactions. Based on the frontier
molecular orbitals energies of acrolein and protonated acrolein, it was possible to
understand that the difference in energies between the coefficients at atoms 1 and 2
of acrolein is smaller than the same difference for protonated acrolein so that
reactions of the protonated molecule should be considerably more regioselective

than those of the non-protonated one (Figure 1.02).1213

©
25eV
LUMO = e
I
Oc,
7 eV
-14.5 eV
HOMO Se
. i H
Acrolein @
-23.5eV .j, HOMO
@
O

Protonated acrolein

Figure 1.02. Frontier orbital energies (eV) and coefficients for acrolein and
protonated acrolein

This observation was proved experimentally, the uncatalyzed reaction of (E)
1,3 pentadiene 1.19 and methyl acrylate 1.20, showed a regioselectivity of 90:10 to
favor the ortho adduct 1.21, while the AlCI3 catalyzed reaction showed an enhaced

selectivity of 98:2 to favor the same product (Scheme 1.05).10
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Scheme 1.05. Enhance on stereoselectivity by Lewis acid catalysis.

Me M
Me e
= rCO2Me Benzene COMe
+ - +
1.19 1.20 COMe
1.21 1.22
Withouth AICI3 90:10
With 10 mol% AICl 98: 2

Stereoselectivity for endo:exo ratios also increases dramatically upon Lewis
acid catalysis of the Diels-Alder reaction. The differences in molecular orbitals
energies described for protonated acroleins, shows an increase in the coefficient
size at the carbonyl carbon, this greatly increases the secondary orbital interaction

as shown in A in contrast with the non-protonated acrolein B (Figure 1.03).

Secondary

orbital
interaction\ !
B

Figure 1.03. Diene-HOMO and dienophile-LUMO interactions in endo transition
states

Sauer and co-workers experimentally proved this observation. While the
uncatalyzed reaction between cyclopentadiene 1.23 and methyl acrylate 1.20 gave
diastereoselectivities of 80:20 favoring the endo adduct 1.24, the Sn4Cl catalyzed
reaction gave diastereoselectivity of 95:5 for the endo product under the same

reaction conditions (Scheme 1.06).14
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Scheme 1.06. Lewis acid effect on diastereoselectivity endo:exo ratio

Benzene
@ N u _ Senzene 7L 7H 717 coMe
25°C

CO,Me
CO,Me H
1.23 1.20 104 C 125
favored disfavored
Withouth SnCl, 80:20
With 10 mol% SnCl, 95:5

A very informative example of these concepts is illustrated in the elegant
synthesis of tetrodoxin 1.30 by Kishi et al (Scheme 1.07).15 In this synthesis, an
initial Diels-Alder reaction between quinone 1.26 and butadiene 1.27 was
envisioned to generate an advanced intermediate. However, the intriguing feature of
this example is that the use of tin tetrachloride in the reaction proved to be critical
for the chemoselective engagement of butadiene with the oxime-bound dienophile
to form 1.29. In the absence of this Lewis acid, the other olefinic bond of the
quinone 1.26 reacted exclusively. Oximes are normally electron-donating species,
thus deactivating the neighboring olefin for the Diels-Alder reaction. However,
coordination of the Lewis acid reverses this behavior by removing electron density
from this group, leading to the formation of a highly activated electron-deficient
dienophile.16. This Lewis acid activation nicely effected regiochemical control in the

cycloaddition, which have not been possible to achieve otherwise.
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Scheme 1.07. Lewis acid catalysis in the synthesis of tetrodoxin 1.30.

Cl ]
. _CI
0 N'OH Sn
| N wedh o |
+ _ MebWN ! N-OH| .
Z MeO
MeO 7
(o) 1.27 (e} \_'::'
1.26 — -
1.28
0
Steps
HO -OH -
-
HO i
HN 77>N OH
HN H

1.30: tetrodoxin

Although the remarkable early breakthroughs in the development of methods
to achieve relative stereochemistry, the issue of controlling the absolute
stereochemistry of the produced adducts was still a big challenge.? Corey’s early
work on the synthesis of prostaglandin Fz¢ 1.35 in enantiopure fashion
demonstrated an imaginative and elegant solution to the highly stereochemical
decoration around the five membered ring.1” The solution came by the Lewis acid
catalyzed Diels-Alder union between diene 1.31 and 2-chloroacrylonitrile 1.32 to
obtain 1.33, which could be hydrolyzed to a ketone 1.34, which served as a useful
precursor for the synthesis of prostaglandin Fzq 1.35 in a stereocontrolled manner
(Scheme 1.08).

Scheme 1.08. Diels-Alder as fist step toward the synthesis of prostaglandin F2a
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1.2.2 Lewis acid mediated Enantioselective Diels-Alder catalysis

Corey’s group continued to investigate the enantioselective catalysis of the
Diels-Alder reaction and in 1975, the first successfully identified solution was
reported. It involved tethering the dienophile to a homochiral ring, in this case
menthol, to effect the near-exclusive enantioselective formation of endo adduct 1.38
in 98% ee (Scheme 1.07).18 Likely, this product was the result of the controlled
approach of the dienophile, achieved through a minimization of steric repulsion
between the AlCl3-chelated carbonyl group and the menthol-derived phenyl ring
and was aided by 1 stacking, with approach of the diene occurring from the most
exposed side of the dienophile 1.36 (Scheme 1.09). This example represents one of

the earliest examples of the induction of asymmetry by a chiral auxiliary.!

Scheme 1.09. Early example of induced asymmetry by a chiral auxiliary.218
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After Corey’s examples, several research groups gave a lot of attention to the
development of methods that allow the formation of enantioselective adducts.
Among the most noteworthy, Evans and co-workers envisioned the use of chiral a,3-
unsaturated N-acyloxazolidinones in coordination with Lewis acids such as EtzAIC]
as potent dienophiles 1.39.1° This strategy gave the first guideline for the
development of chiral Lewis acids that would work either with or without the need
of a chiral auxiliary. One example includes the bis(oxazoline) copper(II) centered
catalyst 1.40, which was described by Evans et al in 2000.20 The usefulness of this
catalyst was demonstrated by its use in the synthesis of ent-shikimic acid and
isopulo’'upone.?l Another important example is the proline derived -chiral

oxazaborolidine developed by Corey and co-workers 1.41, which after being
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activated with triflic acid, generates a potent cationic and highly reactive Lewis acid

for dienophile activation (Figure 1.04).22
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Figure 1.04. Asymmetric Lewis acid catalysts interacting with dienophiles.

In the area of enantioselective hetero-Diels-Alder catalysis, Yamamoto and
collaborators described the stable chiral (acyloxy)borane (CAB) to produce
dihydropyrone derivatives with high optical purities.23 This, and the fore mentioned
examples, represent very important tools that can be used to obtain molecules with
high levels of enantiopurity.2 More recently, MacMillan’s group reported a different
strategy for enantioselective catalysis. This and another non-classic catalytic

methods will be discussed in the upcoming section.

1.3 Unconventional methods for the catalysis of the Diels-Alder

reaction

In recent years, alternative methods to using Lewis acids for Diels-Alder
catalysis have allowed, not only good acceleration of the cycloaddition but also good
enantiocontrol. These strategies, which fall under the classification of
organocatalytic methods include: iminium chemistry, enamine formation, hydrogen

bond catalysis and bifuctional acid-base catalysis.
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1.3.1 Iminium ion catalysis

In 2000, MacMillan and co-workers disclosed the first report of iminium ion
catalysis, being applied to a great number of well-known synthetic transformations
including the Diels-Alder reaction.?* Contrary to traditional Lewis acid activation,
these Lewis base catalyzed Diels-Alder reactions are driven by the formation of an
iminium ion intermediate such as 1.45, which activates the dienophile by lowering
its LUMO energy. Using the chiral imidazolidinone salt 1.44, it was shown that the
reaction could be performed at room temperature to give products in good yields
and enantioselectivities, although variable levels of diastereoslectivity were
achieved (Equation A in Scheme 1.10).2425In subsequent studies, MacMillan
demonstrated that unsaturated ketones such as 1.48, could be used as dienophiles
through the use of the chiral Lewis base catalyst 1.49, producing adduct 1.51 in
high yields and high selectivities. This solved a long standing challenge of using
simple a,3-unsaturated ketones as dienophiles in the Diels-Alder reaction (Equation

B in Scheme 1.10).26
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Scheme 1.10. Lewis base catalyzed Diels-Alder reactions.2426

Me
O N
Me
>“M
N T
MeMO Ph 124C|7 Me/\/§l\+lﬂ2
1.42 . 145 R,
+ 5 mol%
i > f poro .« L Ame
@ MeOH/MH,0 @ 1.40° 1470
14 23 0°C )
43 i 143 _ 75% Yield
dr1:1
exo er 93:7
endo er 95:5
Me
(0] N>_<ojMe
3 _ _
N+
Et ;H - Et
Ph 2 ClO4 .
R
Me 1.49 MeMN ’ :j 89% Yield
1.48 1.50 b Yie
20 mol% R1 7 Me .
+ endo/exo 25:1 B
* > c /&o er 95:5
H,0, 0 °C t
1.51
1.43 1.43

The explanation for the dramatic rate acceleration observed in these Lewis
base catalyzed Diels-Alder reactions, is the formation of a highly electrophilic a,[3-
unsaturated iminium ions 1.45 and 1.50 (Scheme 1.10). The effect of the formation
of the iminium ion is the lowering of the LUMO of the dienophile. In concept, this

process is similar to that obtained by the use of Lewis acids.

1.3.2 Enamine catalysis

In principle, the enhanced electrophilicity achieved in Lewis base activation of
the dianophile could be complimented by enhancing the nucleophilicity of the diene.
As a demonstration of this idea, Barbas III and co-workers found that if an «o,f3-
unsaturated ketone such as 1.53, was exposed to a secondary amine, the iminium
ion formed could tautomerize into a conjugated enamine 1.55 by proton transfer,
which can participate in the Diels-Alder reaction as an electron enriched diene,

producing adducts such as 1.56 and 1.57 (Scheme 1.11).27

Scheme 1.11. Enamine activation in the Diels-Alder reaction.2?
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This strategy has been expanded to the enantioselective hetero inverse-
electron demand Diels-Alder reaction. Jorgensen and co-workers demonstrated that
through the formation of electron rich enamines from the condensation of
aldehydes such as 1.58 and proline derivatives such as 1.60 that serve as
dienophiles in reactions with ,y-unsaturated a-keto esters 1.59 good yields and
enantioselectivities can be observed in the final product 1.62 after PCC oxidation of

1.61 (Scheme 1.12).28

Scheme 1.12. Enantioselective hetero inverse-electron demand Diels-Alder
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The rationale behind this strategy is to raise the HOMO of the diene or
dienophile in the case of the inverse-electron demand Diels-Alder reaction, reducing

the gap between the two interacting orbitals.2>
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1.3.3 Hydrogen bond catalysis

Using a different approach, hydrogen bond catalysis has also been used as a
strategy to accelerate of the Diels-Alder reaction. The first report of this kind of
catalysis was the one described by Wasserman and co-workers in 1942, in which
they describe the catalysis of the Diels-Alder reaction by small-molecule hydrogen-
bond donors, such as phenols and carboxylic acids. An example of this method was
demonstrated in the reaction between benzoquinone 1.63 and cyclopentadiene

1.43 to afford adducts such as 1.64 (Equation A in Scheme 1.13).29

Hydrogen-bond catalysis has also been explored in the context of
enantioselective hetero Diels-Alder reactions. Two of the pioneers of this research
field are Rawal and Yamamoto. In a joint report, they describe a highly
enantioselective catalytic hetero Diels-Alder reaction between amilisiloxidienes
1.65 and a wide variety of unactivated aldehydes 1.66 to obtain dihydropyranones
1.69 after workup. These reactions are promoted by the axially chiral diols of the

BAMOL family 1.67 (Equation B Scheme 1.13).30
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Scheme 1.13. Hydrogen bond catalysis of Diels-Alder reaction.
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Enantioselective all carbon Diels-Alder reactions have also been achieved
utilizing the Hydrogen-bonding catalysis strategy. Through the use of the chiral
commercially available alcohol a,a,a’,a’-tetraaryl-1,3-dioxolane-4,5-dimethanol
(TADDOL) 1.71 as a catalyst, Rawal and collaborators showed that the Diels-Alder
products 1.73 and 1.74 could be obtained in good yields and excellent

enantioselectivities after two different workups (Equation C in Scheme 1.13).31The
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explanation for these observations is the Lewis acid-like character of the hydrogen-
bonding of the alcohol catalyst. When the hydrogen-bonding occurs between the
alcohol and the dienophile, its LUMO is lowered making it more reactivating
towards Diels-Alder cycloaddition. The disadvantage of this type of catalysis is
mainly the high catalyst loading requirements, while its virtues include: 1) their
ground state form is the active form of the catalyst so, there is no need for further
activation, 2) they are moisture tolerant and 3) they can be potentially recovered

and reused.

1.3.4 Bifunctional catalysis

The last unconventional strategy to be discussed is the bifunctional acid-base
catalysis. Deng and co-workers have demonstrated that cinchona alkaloid-based
bifunctional catalysis for the Diels-Alder reactions of pyrones to obtain complex
bicyclics adducts is possible in good yields and selectivities.3233 Inspired by this
reports, Ricci and collaborators designed a cinchona alkaloid-based catalyst 1.77
containing a thiourea moiety that allows the enantioselective Diels-Alder reaction of
3-vinylindoles 1.75 and activated dianophiles such as 1.76 offering a direct
approach to optically active tetrahydrocarbazole derivatives 1.78 (Scheme 1.14).34

Scheme 1.14. Cinchona alkaloid-based enantioselective Diels-Alder catalysis.
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The proposed working model for this approach suggests the interaction
between the basic moiety of the catalyst and the N-H group of the diene, altogether

with the activation of the dienophile by the thiourea moiety (Figure 1.05).34

1

H-bond increases the % N \,O—/:- H-bond lowers the LUMO
HOMO energy of the diene | RQ energy of the dienophile

o)
Figure 1.05. Proposed model of the bifunctional Diels-Alder catalysis.

This brief review on unconventional methods for the catalysis of the Diels-
Alder reactions, shows that even though there is an impressive amount of elegant
methodologies that have been developed, there are still opportunities for the

discovery of new and efficient ways to trigger the Diels-Alder reaction.

1.4 Chemistry of Lewis acids and Lewis bases

1.4.1 Lewis acids and Lewis bases overview

The modern theory based on the pioneering work of Gilbert Newton Lewis
(1875-1946), which describes the concept of electron donor- electron acceptor
interaction, has been extensively utilized as the basis on which a grand number of
organic reactions have been developed.?> In a simplistic yet all encompassing
definition, a Lewis acid is described as an electron pair acceptor species and a Lewis

base as an electron pair donor species.

Intrinsic to the concept of the acid-base interaction proposed by Lewis, there
is the need to satisfy the octet rule and with this, it is assumed that this interaction is
stabilizing since in its most stable state an atom should have eight valence electrons.
In general, the formation of an adduct leads to a thermodynamically more stable
compound and as a result, it is coherent to think that the reactivity of the adduct

formed would decrease relative to the starting materials from which it was
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formed.3> Examples such as the air stable trimethylphosphane-borane complex
where both starting materials are pyrophoric, support this idea.3¢ Nonetheless,
there are several examples where stable acid-base adducts show enhanced
reactivity. The previous chapter is an obvious example of this statement, as
described before, the interaction between a Lewis Acid and its counterpart usually a
dienophile in the Diels-Alder reaction renders an important increase in the

reactivity of the molecules involved. 2>

Lewis acids have been extensively used as promoters of classic reactions.
However, although Lewis bases have been widely used as co-catalysts as ligands in
transition metal catalysis, the use of nonmetallic Lewis bases catalysts has not been

exhaustively explored and therefore it represents a great area of opportunity.

There are two main reasons for this uneven balance in the use of Lewis bases
when compared to Lewis acids as catalysts. First, the lack of Lewis acidic sites in
common organic molecules and second, the limited number of opportunities for
valence expansion at carbon centers. The use of a specific group of Lewis acid
acceptors, such as boranes and other Group 13 elements, allows one to meet the
criteria described above, since these elements can coordinate to a Lewis base and on
the other hand are able to expand their coordination sphere and reach a

hypervalent state.

1.4.2 Interaction Mode between Lewis bases and Lewis acids

Lewis bases catalysis is defined as the acceleration of the reaction by the
action of an electron-pair donor on an electron-pair acceptor. It is intuitive to
conclude that the net effect of the binding of the Lewis base to a Lewis acid will
result in the transfer of electron density to the acceptor species. This increase in
electron density normally renders higher nucleophilic character of the acceptor
subunit. However, this is not the only possible effect of the binding of a Lewis base
to a Lewis acid counterpart and a less recognized and rather counterintuitive effect

can take place. This effect is the enhancement of the electrophilic character of the
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acceptor unit. This observation is better rationalized by looking at the distribution
of the electron density between the two atoms that constitute the new bond formed.
To do so, Jensen classified all Lewis acid-base interaction in terms of the nature of

the interacting orbitals3” (Table 1.01).

Table 1.01. Jensen’s orbital analysis of molecular interactions.

Donnor (LB) Acceptor (LA)
n* o* *
n n-n* n-o* n-m*
o o-n* o-o* o-T*
T - n* mT-o* -1

In practice, only three of these combinations are significant in terms of Lewis
base catalysis. The three combinations are: 1) interaction between nonbonding
electron pairs (n) and antibonding orbitals with m character (n - m*), 2) interaction
between nonbonding electron pairs and antibonding orbitals with o character (n -
0*), 3) interactions between nonbonding electron pairs and vacant nonbonding

orbitals (n - n*).

The differences in the three type of interactions described above is important
to understand the effect of the binding of the Lewis base donor to the Lewis acidic
acceptor. The n - * interaction is the most common form of Lewis base catalysis
and generally (although incorrectly) named nucleophilic catalaysis. In this case, the
nonbonding electron pair of a Lewis base interacts with a m* orbital, this type of
orbital is found in alkynes, alkenes, carbonyls, azomethines and other common
unsaturated functional groups. In the case of simple carbonyl compounds acting as
Lewis acid acceptors, the attack of a Lewis base leads to the formation of a
zwitterionic tetrahedral intermediate with enhanced nucleophilic character at the
oxygen atom. In contrast, if the carbonyl compound in question possesses a good
leaving group, this intermediate can collapse to a new ionic species that now

possesses enhanced electrophilic character at C1 (Scheme 1.15).2538.39
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Scheme 1.15. Comparison between uncatalyzed nucleophilic attack to a carbonyl

(left) and a Lewis base catalyzed reaction (right).25
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The fact that Lewis base activation can promote both nucleophilic and
electrophilic character in similar substrates as observed in the MacMillan examples
given in the sections iminium ion and enamine catalysis sections 1.3.1 and 1.3.2

respectively, is an exclusive aspect of Lewis base catalysis.

The other two types of interaction are less understood, nonetheless they are
very versatile pathways for catalysis. The “n*” term used in the n - n* type of
interaction is used to describe a specific group of Lewis acid acceptors such as
boranes and other Group 13 elements. A very important requirement for this type of
interaction to occur is that the Lewis acid acceptor is able to expand its coordination
state to achieve a “hypervalent state”.#0 To better understand the behavior of
hypervalent species it is helpful to consider Gutmann’s empirical analysis of acid

base interactions, which is discussed in the next section.4!

1.4.3 Gutmann analysis, distribution of electron density in acid-
base adducts

It was recognized by Gutmann that the formation of a Lewis acid-base adduct,
results in an overall increase in the electron density in the acceptor fragment of the
adduct. However, the distribution of this electron density is not equal in all of the
atoms that constitute the acceptor half of the adduct (Scheme 1.16). This
redistribution of electron density has a direct effect on the bond lengths of the

ligands bound to both, donor and acceptors of an adduct.
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Scheme 1.16. Electronic redistribution resulting from Lewis acid-base adduct

formation.
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The more interesting and catalytically important effect occurs on the Lewis
acid species. As a consequence of the Lewis base bonding, the coordination number
of the acceptor atom increases by one and the bonds around it are lengthened, while
some of the bonds of the Lewis base counterpart are shortened to compensate for
this. An example of this effect is depicted by the coordination of SbCls and

tetrachloroethylene carbonate (Scheme 1.17).42

Scheme 1.17. Differences in the bond lengths in SbCls and it’s complex.42
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The coordination of tetrachloroethylene carbonate to SbCls results in a
noticeable change in bond lengths throughout the resulting adduct that is formed
and, while some bonds are lengthened, others contract. This observation,
corresponds to the “spill-over” effect where in this case, the augmented electron
density around the antimony atom is distributed to the more electronegative,

peripheral atoms.
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The most important and crucial consequence of this “spill-over” effect for the
purposes of our investigation, is that the Lewis acidic center is often rendered more
electrophilic (6*) than the parent Lewis acid while its ligands are rendered more

nucleophilic (§°).

1.4.4 Lewis base identification

As mentioned in section 2.2, Jensen classified the interactions between Lewis
acids and Lewis bases according to the orbitals involved in the coordination (Table
1.01). Nonetheless, this analysis classifies all Lewis bases as n-type donors. Even
when this could be seen as an over-simplification, the commonly used Lewis bases
in catalytic processes are in fact n-type donors. Examples of this type of Lewis bases
are atoms from Group 15 and 16 such as nitrogen, oxygen, phosphorous and sulfur.
Notable exceptions are nucleophilic transition-metal species involving cobalt and

iron3 as well as N-heterocycles carbenes.*4

The study of Lewis base energetics is a topic that is more difficult to resolve.
Several Lewis base scales have been developed, each having inherent assumptions
regarding the acceptor used and the secondary interactions that could limit the
applicability of the scale. Parameters such as dielectric constant (g)*°, pKa value?,
donicity number (DN) proposed by Gutmann#? and by Maria and Gal#’, have been
used as an attempt to standardize the measurement of Lewis base strength.
However, the elaboration of a “Lewis base strength” chart becomes rather hard to
accomplish due to several factors: 1) the strength of an interaction must be
referenced to one specific acceptor, 2) steric effects must be normalized, 3) the
involvement of secondary solvent interactions, and 4) the occurrence of chemical

reactions between the donor and acceptor.

The strength of a Lewis base is directly related to the ability by which an active
adduct can be formed, by either an n - n*, n - * or n - m* interaction. Given that the
formation of an adduct is an equilibrium process, the greater the enthalpic

advantage for the formation of the adduct, the greater its equilibrium concentration
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will be and, as a result, the greater the effect on the observed rate of the reaction

catalyzed by the Lewis base.z5

1.4.5 Lewis base activation of Lewis acids

The fundamental Lewis acid activation mechanism is based in the
enhancement of the electrophilicity of the substrate. The binding of an electron-
deficient Lewis acid complex to the nonbonding lone pair of some functional group
has a polarization effect on the adjacent bonds, activating the substrate towards

nucleophilic attack.3”

In a concept mainly investigated and developed by Scott Denmark and
collaborators, a poorly Lewis acidic species (which is not a strong activator for a
given reaction by itself), could be ionized upon binding of a Lewis base, thus
generating an ionic metal species with enhanced reactivity.#® This method allows
two of the main challenges in classic Lewis acid catalysis to be addressed. This
includes 1) the issue of catalyst preformation, which is solved by installing the Lewis
acidic moiety into the reaction substrate and 2) the problem of catalyst turnover,
which is solved by the use of a noncovalently bound Lewis basic species to the Lewis

acidic center.49

In addition to these differences with the classic Lewis acid catalysis, the
stoichiometry of the reaction suffers a great change, going from being catalytic in
Lewis acid to stoichiometric in Lewis acid (Scheme 1.18). This is because in each
catalytic cycle the Lewis acidic moiety would become part of the product. It is clear
that these types of reactions are both Lewis base-catalyzed and Lewis acid-

mediated.5?
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Scheme 1.18. General representation of the Lewis base-catalyzed and Lewis acid
mediated cycle.
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The potential for development of this Lewis base-catalyzed and Lewis acid-
mediated methodology was first reported by Denmark and collaborators with the
phospohoramine-catalyzed/SiCls-mediated asymmetric ring opening of meso-
epoxides.>! In a similar way, Denmark and co-workers reported the addition of
allylic trichlorosilanes such as 1.79 to aldehydes promoted by phosporamide 1.80
to provide the homoallylic alcohol 1.81 in good yields and good enantiomeric ratios.
The origin of the activation of the use of chiral Lewis bases such as 1.80 in this
reaction is suggested to be the enhanced Lewis acidity of the silicon complex
together with the increased nucleophilicity of the allyl group (Scheme 1.19).52 This
methodology has been explored in different important reactions, such as the aldol
reaction,*8495354 the vinylogous aldol reaction>>5¢ and selenolactonization>?,

obtaining great results in terms of rate acceleration and enantioselectivity.
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Scheme 1.19. Lewis base promoted addition of allylic trichlorosilanes to aldehydes.
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To date, only Group 14 Lewis acids such as silicon species, and one example
with Group 16 selenium have been explored for this strategy. Meanwhile, only
phosphoramides, thiophosphoramides, selenophosphoramides have been employed
as Lewis bases and, as previously discussed, this research area is relatively new and

presents great opportunities for the exploration of different organic reactions.

1.5 Purpose of the investigation

Inspired by the Denmark’s strategy, we envisioned the possibility of using the
Lewis base-catalysis/Lewis acid-mediated strategy in the Diels-Alder reaction.
Lewis base activation of a boronic acid or boronic ester substituted substrate such

as 1.82 was proposed (Scheme 1.20).

Scheme 1.20. Model system for the catalysis of the Diels-Alder reaction by Lewis

bases.
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Despite the fact that our concept was similar to the one described in the

previous section, our proposal comprises important differences:
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1) We anticipated that the use of Group 13 elements such as boron as the
Lewis acidic species would easily allow the interaction with Lewis bases since the
boron atom has six valence electrons and a consequent deficiency of two electrons,

leaving a vacant p orbital that is prone to accept electrons.

2) While the fundamental mechanism of activation proposed by Denmark and
co-workers includes increasing of the electrophilic character of the substrate, our
proposal is exactly the opposite. We predicted that after the interaction of a Lewis
base with the boron-containing diene, would activate our substrate via the
formation of an anionic boronate complex that would increase the nucleophilic
character of the diene. The overall effect on the system would be to increase the
energy of the HOMO of the diene and therefore lower the energy gap between the
HOMO of the diene and LUMO of the dienophile, which would ultimately promote
acceleration of the Diels-Alder reaction (Figure 1.06). This proposal is an example of

an n - n* type of interaction.
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Figure 1.06. Approximate difference in orbitals energies.
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3) In some cases presented by Denmark and collaborators, the Lewis acid-
substrate moiety had to be formed within the same reaction mixture before
interaction with the Lewis base. 4° In our proposal, the Lewis acidic moiety was

thought to be part of the diene system (Scheme 1.20).

An exhaustive literature review showed that the use of 1,3 dienyl-1-boronates
as dienes had been explored by Vaultier in 1987.57 In that report, the 1,3 dienyl-1-
boronates 1.84 react with activated dienophiles such as maleic anhydride in
Toluene at 80 °C to give exclusively the endo-cycloadduct 1.86. When a less
activated dienophile was used, such as methyl acrylate or acrylonitrile a mixture of

stereoisomers 1.85 was observed (Scheme 1.21).

Scheme 1.21. Diels-Alder reactions of 1,3 dienyl-1-boronates
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The synthetic application of this type of Diels-Alder reaction is greatly
amplified by the presence of an allylboronate fragment in the product, which can
undergo allylboration with aldehydes as reported by Lallemand.58>° However, this
type of Diels-Alder reaction has two important limitations. First, the 1,3 dienyl-1-
boronates show low reactivity as dienes in the Diels-Alder reaction and, second the

use of highly activated dienophiles is necessary.

In order to overcome these problems, a couple of approaches have been

investigated. One strategy used Lewis acids such as EtAlCly, in order to activate the
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dienophile to obtain the adduct at lower temperatures and shorter reaction times as
reported by Lallemand and co-workers.®0. In 1999, Batey reported a boron- tethered
intramolecular Diels-Alder reaction obtaining yields from 60 to 85% of the adduct at

60 °C and in 24 h of reaction.6?!

A related approach to our proposal attempted to make the diene more
electron-rich, and as result more activated towards Diels-Alder reactions was
described in 2003 by Gao and Hall. They tested the influence of an electron-donating
ether in the boron-containing diene 1.87 in the reaction with N-phenylmaleimide
76, and obtained moderate to good yields of adducts 1.88 and 1.89 in 1:1
diastereomeric ratio.t? Earlier than that, in 1991 Wang reported the use of a chiral
aminodiol, which upon coordination with the nitrogen, generated an anionic
boronate 1.90 that activated the diene system towards the Diels-Alder reaction to
produce adducts 1.91 and 1.92. These reactions could be carried out in shorter time
frames than the compared boronic ester 1.87, demonstrating the rate acceleration
of the reaction. A small effect on the selectivity was also observed, where they

obtained a 2:1 diastereomeric ratio for 1.91 : 1.92 respectively (Scheme 1.22).63

Scheme 1.22. Electron-enriched boron containing diene.

Ph
N
1. \H o H
@J 10 days 50% ,
CDCly, 25 °C H
ab=1:1
1.88 1.89
Ph
N Ph Ph

0 0 . ,
o pig oN0 oNco

e
B- 1.76 ;
i o 5
N 4h, 70% B Ve B e
CDCl, 25 °C A{l_(‘H = Z+,{l_{'H
ab = 2.2:1 Pd -
1.90
1.91 1.92

A similar approach to Gao’s activation of the diene was introduced by Vaultier.

This strategy also relies on the induction of the boronate anion 1.97 by
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quaternarization of a catecholborane derivative 1.96 with stoichiometric amounts
of CsF salt. The results suggested that the formation of the Diels-Alder adduct 1.98
is greatly accelerated when the boronate anion is formed compared to the

production of adduct 1.95 from the boronic ester analogue 1.93 (Scheme 1.23).64

Scheme 1.23. Comparison between boronate anion and boronic ester.
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As observed, there is a positive outcome in the Diels-Alder reaction when
Lewis base activation of a boron containing diene is performed. However, the
examples presented suggest that the desired adducts are obtained only when a
highly activated dienophile is present and stoichiometric amounts of the activating
Lewis base are used. A catalytic process would open new possibilities not only for

activation but also for stereoinduction on the produced adducts.

1.5.1 Results discussion

The synthetic approach to model system 1.82 is depicted in Scheme 1.24. The
synthesis began with the reduction of 3,3-dimethyl glutaric acid 1.99 with borane to
obtain the diol 1.100 in 98% yield. Diol 1.100 was treated with 1 equivalent of TrCl
to give monoprotected alcohol 1.101 in 58% yield. IBX oxidation of alcohol 1.101 in
EtOAc afforded aldehyde 1.103 in 95% yield, which was then submitted to a Horner
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reaction to obtain the TMS protected enyne system 1.105 in 34% yield.
Deprotection of the trityl-protected alcohol 1.105 followed by IBX oxidation of
1.106 produced aldehyde 1.107 in 33% yield. A Horner-Wadsworth-Emmons
reaction was performed to yield 48% of the a, B-unsaturated ethyl ester 1.108,
which after deprotection with TBAF afforded deprotected enyne system 1.109 in
88% yield.

The synthesis of the desired 1,3-dienyl-1-boronate from molecule 1.109
proved to be very challenging. Although hydroboration seemed to be the obvious
approach, it was not successful for this model system. Several hydroborating agents
were used (Catecholborane, dicyclohexylborane, Borane N,N-diethylaniline, 9-
BBN)®366 without success. In the same way, hydrozirconation using Schwart’s
reagent®7.68 did not allow access to desired vinyl metal species that might be

transformed to a vinyl borane.
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Scheme 1.24. Synthesis approach of the proposed model system 1.82
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To overcome that difficulty, we decided to explore aldehyde 1.117 as a model

for a vinyl borane system based on the same principle. The two model systems: 1.82

and 1.117 share the characteristics of having an electron-withdrawing group

affecting the diene (Figure 1.07). And theoretically, both can be affected by a Lewis

base to activate the diene towards Diels-Alder reaction.
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Figure 1.07. Model systems

An initial goal was to compare the rate of the intramolecular Diels-Alder
reaction between the electron-withdrawing aldehyde 1.117 and its electron-
donating precursor alcohol 1.116 in order to gain a better understanding of the

potential reaction parameters for a catalytic reaction.

The synthesis of aldehyde 1.117 began with the reduction of dimethyl glutaric
acid 1.99 with borane to obtain the diol 1.100 in 98% yield. Diol 1.100 was treated
with 1 equivalent of TrCl to give monoprotected alcohol 1.101 in 58% yield. IBX
oxidation of alcohol 1.101 in EtOAc afforded aldehyde 1.103 in 95% yield, which
was then submitted to a Horner-Wadsworth-Emmons reaction to obtain the a, {3, v,
0 —unsaturated ester 1.110 in 65% yield. LAH reduction of the ester allowed the
formation of the alcohol 1.111 in 88% yield. The alcohol was then protected in the
presence of BzCl affording product 1.112 in 88% yield. Deprotection of the trityl-
protected alcohol 1.112 followed by IBX oxidation of 1.113, produced aldehyde
1.114 in 95% yield. A second Horner-Wadsworth-Emmons reaction was performed
to yield 65% of the «, B-unsaturated ethyl ester 1.115. Hydrolysis of the benzyl
ether moiety in 1.115 to alcohol 1.116 was achieved in the presence of MeOH and
K2CO3. Finally, IBX oxidation afforded the final product aldehyde 1.117 in 90% yield
(Scheme 1.25).
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Scheme 1.25. Synthesis of aldehyde 1.117
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The cycloaddition of aldehyde 1.117 to produce adduct 1.108 was attempted

with no success; the results and conditions of the reaction are shown (Table 1.02).

The use of different solvents such as CDCl;, DMSO-d6, Toluene-d8 and H20 and

reaction temperatures ranging from 25 to 110 °C failed to afford cycloadducts.

Furthemore, the use of additives such as Sc(OTf)s to activate the dienophile, or

cyclic secondary amines such as proline and pyrrolidine expecting to generate a

hemiaminal on the diene moiety did not promote the reaction.
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Table 1.02. Efforts towards intramolecular Diels-Alder of aldehyde 1.117

O (0] o/
Y
OMe >< > S
N / N o Conditions 0

entry catalyst mol% solvent T[°C] time[h] SM Consumpt[%] NMR yield[%)]

1 - - CDCl; 25 14 0 0
2 - - CDClg 25 48 5 0
3 -- -- CDCl,4 25 72 10 0
4 - - DMSO 110 14 40 0
5 - - DMSO 110 24 70 0
6 - - DMSO 110 72 100 0
7 - - Toluene 105 14 20 0
8 - - Toluene 105 24 40 0
9 - - Toluene 105 72 90 0
10 - - H,O 100 14 90 0
11 Sc(OTf)5 10 DMSO 100 12 30 0
12 Proline 50 DMSO 45 12 10 0
13 Pyrrolidine 50 DMSO 110 24 40 0

NMR tubes reactions except for 10

It was expected that the aldehyde-bearing diene would be less active towards
Diels-Alder cycloaddition compared to alcohol 1.116. As predicted, alcohol 1.116
sucesfully generated the tricycle 1.119 via subsequent lactonization. However, in
almost all cases studied, the cycloaddition needed elevated temperatures (80 - 110
°C) and long reaction times to occur (Table 1.03). We were expecting that the
reaction in water would increse the rate of the reaction based on the proposed
hydrogen bonding and dipolar effect.®® Using water at reflux (Entry 9 Table 1.03), it
was possible to observe 65% of the adduct within 6 hours of reaction, which is

consistent with this hypothesis. The addition of different Lewis acids did not
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promote the cycloaddition at 25 °C in DCM (Entries 10- 12 Table 1.03).

Table 1.03. Intramolecular Diels-Alder reaction of alcohol 1.116

0]
7 0 0
OMe - 5 e
N / OH Conditions .
H
116 119

entry catalyst mol% solvent T[°C] time[h] SM Consumpt[%] NMR yield [%]

1 - - CDCl; 25 72 0 0
2 - - CDCly 45 48 10 0
3 -- -- DMSO 80 12 30 20
4 - =" DMSO 110 14 100 90
5 -- -- DMSO 110 20 100 90
6 - - Toluene 80 12 25 20
7 - -- Toluene 105 14 90 70
8 - - Toluene 105 20 100 70
9 - -- H,O 100 6 80 65
10 Sc(OTf)3 10 DCM 25 48 20 0
11 Y(OTf); 10 DCM 25 48 10 0
12 La(OTf)5 10 DCM 25 48 10 0

NMR tubes reactions except for 9 - 12

In order to avoid the secondary lactonization reaction and also to compare the
reactivity of the dienophile bearing different electron-withdrawing groups,
molecule 1.121 bearing a cyano group was readily accessed by a Horner-
Wadsworth-Emmons reaction of  aldehyde 1.114 with diethyl
cyanomethylphosphonate (Scheme 1.26).
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Scheme 1.26. Synthesis of substrate 1.121 for intramolecular Diels-Alder reaction
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With this new substrate in hand, the intramolecular Diels-Alder reaction was

attempted and the results showed similar trends as those observed with alcohol

1.116. However, when longer reaction times were needed to observe adduct 1.122

(Table 1.04). The obtained results were expected, since the cyano group in molecule

1.104 has less electron-withdrawing character than the methyl ester in alcohol

1.116.

Table 1.04. Intramolecular Diels-Alder reaction with substrate 1.121

/~CN CN

s OH
><<////\OH Conditions W
1.121 1.122
entry solvent T[°C] time[h] SM Consumpt[%] NMR yield [%]

1 CDClg 25 24 0 0
2 CDClg 40 24 0 0
2 DMSO 110 3 40 25
2 DMSO 110 48 100 80
2 Toluene 105 3 30 10
2 Toluene 105 48 60 40

NMR tubes reactions

With the intention of obtaining a more electron-poor dienophile, the synthesis

of molecules 1.123 and 1.124 bearing two electron-withdrawing groups was

attempted through Knoevenagel condensation. This process proved to be
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challenging for this system, the reactions usually yielded only traces of the desired

products and decomposition products.

NC MeO,C

~~CN //~CO,Me
N / OH N / OH
1.123 1.124

Figure 1.08. Attempted Knoevenagel condensation products

These observations set an important precedent for the development of this
project. The results obtained were consistent with the predicted reactivity of the
substrates. When an electron-withdrawing substituent is conjugated to the diene,
lower reactivity is observed. Alternatively, when an electron-donating substituent is
used in the same position, the formation of the desired adduct was obtained as
shown (Tables 1.02, 1.03 and 1.04). Moreover, these results show the potential
usefulness of the model system designed for future investigations in the area of the

Lewis base-catalysis and Lewis-acid mediated reactions.

1.5.2 Future directions

For future directions, one proposed route to circumvent the challenges
associated with the formation of the boron-containing diene is the possibility of
using another Lewis acid to mediate the reaction. Hydroalumination could provide a
solution to this long-standing problem in our investigation. Aluminum, being a
Group 13 element just like boron, has the possibility to accept electrons in its empty
p orbital. Hydroalumination of alkynes has been studied and there are known

methods to access organoaluminum compounds.?°.
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Chapter 2. Efforts towards the potassium-hydride-free activation of

anionic Oxy-Cope rearrangements

[3,3]-Sigmatropic rearrangements, illustrated by the Claisen 71 and the Cope 72
rearrangement, have been widely utilized in the simultaneous construction of
multiple stereogenic centers due to their predictable reaction path. By using these
methodologies, C-C bond formation can be accomplished between relatively

unreactive and sterically congested carbon centers.

After the seminal publication in early 1940’s by Cope and Hardy’?, the Cope
rearrangement has evolved into a broad array of transformations that allow the
access to useful scaffolds.”’37* Among them, the anionic oxy-Cope rearrangement has
become an especially powerful tool in organic synthesis, due to the mild conditions
in which the rearrangements can be carried out and the predictable stereochemical

outcome originating from a chair-like transition state.

Acceleration in the anionic oxy-Cope rearrangement rates has been
accomplished by the use of a combination of strong bases such as KH and
ionophores such as 18-crown-6. The use of organic bases to promote the
acceleration of the anionic oxy-Cope rearrangement represents a great area of

opportunity for new investigations.

2.1 Anionic oxy-Cope rearrangement

The first [3,3]-sigmatropic rearrangement of 1,5-diene-3-ols such as 2.01 was
described by Berson et al.’> In this seminal publication, they postulated that the
tautomerization of enol 2.02 to §,e-unsaturated ketone 2.03 is the driving force for
the rearrangement, making it an irreversible transformation. Nonetheless,
extremely high temperature ranging between 300 and 400 °C was needed to achieve

the desired rearrangement (Scheme 2.01).
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Scheme 2.01. First Oxy-Cope rearrangement by Berson and co-workers.
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A significant improvement to this methodology came in 1975, when Evans and
collaborators found that the deprotonation of the alcohol in oxy-Cope substrates
with different metal hydrides can accelerate the rearrangement to a great extent.”6
It was found that the rearrangement of 2.01 to 2.03 could be achieved in the
presence of 1.1 eq of KH in refluxing THF (66 °C) within minutes in practically

quantitative yields after aqueous quenching (Equation A in Scheme 2.02).

More importantly, in the same series of investigations they realized that the
addition of ionophores induces localization of the negative charge on the oxy-
substituent; as a result, the rearrangement proceeds at higher rates. This was
proved by the additional 1010 to 1012 rate acceleration observed when the
rearrangement of 2.01 to 2.03 was carried on in THF at 0 °C, in the presence of 1.1

eq of KH and 1 eq of 18-Crown-6 (Equation B Scheme 2.02).76
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Scheme 2.02. Acceleration of the anionic oxy-Cope rearrangement
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The mild reaction conditions and the relatively easy access to substrates,
through 1,2-addition of vinyl organometallic reagents to the necessary f,y-
unsaturated carbonyl groups, make the anionic oxy-Cope rearrangement an
attractive method in the synthesis of complex molecules. One example is the
enantioselective synthesis of spinosyn A 2.08 by Paquette and collaborators?’. A
highly stereocontrolled anionic oxy-Cope rearrangement of molecule 2.06 gave
access to the key tricyclic intermediate 2.07, which eventually led to spinosyn A

2.08 (Scheme 2.03).

Scheme 2.03. Anionic oxy-Cope rearrangement in the total synthesis of spinosyn A
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Oxy-Cope rearrangements can also be used to constructing medium size rings.
Moore and co-workers accomplished the total synthesis of (+)-precapnelladiene
2.12 by using a low temperature anion-accelerated oxy-Cope rearrangement as a
key step. The 1,2-addition of vinyllithium to the carbonyl group of dialkyl squarate-
derived bicycloheptenone 2.09 initiates a low temperature anion-accelerated oxy-
Cope rearrangement to afford the key intermediate 2.11, which after further
transformations yields the desired natural product (%)-precapnelladiene 2.12

(Scheme 2.04).78

Scheme 2.04. Anionic-accelerated oxy-Cope rearrangement in the synthesis of (*)-
precapnelladiene 2.12

1 <" 1. CIPO(OPh),
. e
Li-CH=CH, 6\5 \ ) 12 47%
-78 °C to RT 2. Pd(PPhg),
o~ AlMeg, 78%
2.10 2.1

2.09

In the example presented above, the alkoxylate intermediate 2.10 is analogous
to the classic KH-deprotonated intermediates used to accelerate the rearrangement.
This represents an example of the KH-free activation of the oxy-Cope

rearrangement.

Besides the advantages that the KH-activation offers, such as lower
operational temperatures and therefore fewer undesired side products, another
important observation was made when substrate 2.14 was exposed to thermal or
hydride conditions. Thermal activation of 2.14 resulted exclusively in an [1,5]-
hydrogen migration to yield 2.13. On the other hand, when the same substrate was
treated with KH at room temperature, only the formation of aldehyde 2.15 was
observed (Scheme 2.05).79 Access to 2.15 is important as it serves as a common
precursor to all the primary prostaglandins.8? This study demonstrates that the
activation obtained by generating an oxyanionic species has a great impact on the

reactivity of the substrate towards the oxy-Cope rearrangement.8.

58



Scheme 2.05. Reactivity of substrate 118 under different conditions
CHO
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An exhaustive literature review shows that the only catalytic method known
for the oxy-Cope rearrangement utilizes antibodies such as AZ-28 generated against
hapten 2.19 to catalyze the rearrangement of allylic alcohol 2.16 to enol 2.17
(Scheme 2.06).82 This increased the rate of the reaction by two orders of magnitude
from 103 to 105 (Kcar/Kuncat).83 However, this method does not represent a practical

tool for the acceleration of the the oxy-Cope rearrangement in a catalytic manner.

Scheme 2.06. Antibody catalyzed oxy-Cope rearrangement.
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As shown in the above examples, different reaction conditions can drastically
influence the rate and the outcome of the oxy-Cope rearrangement. One important
trend observed by many research groups84 states that the more ionic or “naked” the
negative charge on the oxygen atom is, the greater the acceleration observed for the
rearrangement.8! This observation serves as the basis for our search for a greener,
safer, and catalytic hydride-free method for the acceleration of the anionic oxy-Cope

rearrangement.
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2.2 Phase Transfer Catalysis

lon-pair-mediated reactions have been increasingly useful and explored
extensively in organic chemistry since their introduction.8> Phase transfer catalysis
(PTC) occupies a special place in this area of research. The use of chiral onium salts
and crown ethers as effective phase transfer catalysts has been thoroughly tested
for the enantioselective carbon-carbon or carbon-heteroatom bond formation under
mild biphasic conditions.84 In general terms, phase transfer catalysts (PTC’s) are
chemical agents that facilitate the transfer of a reactant from reaction phase A
where it is soluble, to reaction phase B where in its usual state, it would not be
soluble. This allows the transported molecule to be exposed to other reacting
partners in phase B, thus permitting heterogeneous reactions to occur at an
accelerated rate. PTC offers certain advantages over homogenous catalysis: 1)
increased reactivity due to greater charge separation, 2) usually more selective than
homogenous reactions due to controlled delivery of the reagent into the substrate
containing phase, 3) reaction conditions usually compatible with a wide variety of
water-immiscible organic solvents, 4) the biphasic nature of the process greatly
simplifies the isolation of products and 5) the most commonly used catalysts such as

quaternary ammonium salts are generally inexpensive and biodegradable.8¢

The synthesis of optically active a-amino acid derivatives represents the most
successful use of PTC to date.8” The transformation is effected using Cinchona
alkaloids-derived ammonium salts first proposed by the research team at Merck &
Co. Derivatives of cinchonine 2.22 and cinchonidine 2,23 were used as chiral phase
transfer cataylsts for the highly enantioselective alkylation of indanone 2.20

(Scheme 2.07).87.88
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Scheme 2.07. First report of the use of cinchona alkaloids as PTC’s
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In 1989, O’Donnell and collaborators reported the use of 2.23 in the
enantioselective alkylation of the acylic glycine-derived substrate 2.24 obtaining
moderate ee of 66% that could be increased up to 99% after recrystallization
(Scheme 2.08). 8789 Substrate 2.24 has since then become the staple substrate in

future investigations of amino acid alkylation using PTC.

Scheme 2.08. First catalytic enantioselective alkylation of an acyclic substrate
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The general PTC mechanism of the enantioselective alkylation of amino acids,
specifically the glicinate Schiff base 2.24 is shown in figure 2.01. The first step is the
interfacial deprotonation of the a-proton of 2.24 with base (MOH) to generate the
corresponding metal enolate 2.26, which stays at the interface of the two layers.
Subsequent ion-exchange of the anion with the catalyst (Q**X-) generates a
lipophilic chiral onium enolate 2.27. At this point, enolate 2.27 can be transported
into the organic phase, where it reacts with an alkyl halide to afford the optically
active monoalkylated product 2.28. This type of reaction is successful only if the
chiral onium cation (Q**) leads to a highly reactive chiral onium enolate 2.27 by fast

ion-exchange and effective shielding of one of the two enantiotopic faces of the
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enolate anion. Failure of the fast ion-exchange would lead to formation of racemic

2.28 product.84

o] cat Q* X 0
= + RX ———————>  Ph,C=N_,
PhaC=N \)J\OtBu solvent, MOH 2 j)LOtBu
R
2.24 2.8
-+
O q*
Ph,C=N RX
2 JI\OtBu j» 2.28 asymmetric induction
2.27
QX
MX
o} fx )
Q* X .
organic phase
Phoc=N L o
2.24 Ph,C=N \%OtB """ > 2.28 (racemic)
u
/ 2.26
\ Interface

MOH H,0 aqueous phase

Figure 2.01 General PTC mechanism in optically active a-amino acid derivatives

An important issue to consider in this mechanism is the use of strongly basic
conditions, which could lead to decomposition of the catalysts or substrates. Side
reactions such as hydrolysis, racemization and dialkylation of the substrates are
commonly encountered problems in this methodology. However, by tuning
variables such as base, solvents, temperature, substrate concentration and stirring
rates, it is possible to minimize the occurrence of the mentioned undesired
reactions. Another important variable that can be tuned is the catalyst design, this
has a direct effect on the ion-exchange rates and as consequence on
enantioselectivities. Due to this observation, the structural design of PTC’s has

gained a lot of attention.

The O’'Donnell group dominated the PTC area for almost a decade, in that time
significant improvement in the enantioselectivity by the O-alkylaion of the cinchona

quaternary ammonium salt derivatives 2.22 and 2.23 was disclosed. By the use of
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these new 2.29 and 2.30 cinchona PTC’s, it was possible to obtain enantiomeric

excess of up to 81% (Figure 2.02). %0

e
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Cinchonine-Derived Cinchonidine-Derived

Figure 2.02. Second generation Cinchona-based PTC’s

Inspired by the findings of the O’Donnell group, a third generation of cinchona-
based PTC’s where proposed by Lygo?! and Corey8> simultaneously in 1997. This
third generation catalysts contain the N-9-anthracenylmethyl group with either a
free OH as in 2.31 and 2.32, or an 0-allyl group as in 2.33 and 2.34. It was found
that 2.32 yielded slightly higher enantioselectivities. Corey et al rationalized that
the reason of the improvement in eantioselectvities was based on the structure of

the key ion pair between the enolate and the catalyst as seen in 2.27 figure 2.01.85
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Figure 2.03. Third generation Cinchona-based phase transfer catalysts

Greater efficiency in the enantioselective alkylation of amino acids was
desired. Motivated by that, Jew?2 and Park?? groups developed dimeric Cinchona-
based catalysts linked with an aromatic linker , which conferred interesting
reactivity towards a wide range alkyl halides electrophiles in alkylation reactions.
Catalyst 2.35 gave both excellent yields (81-94%) and enantioselectivities (97 -
>99% ee). In a similar way, Najera reported the dimeric catalyst 2.36, which

performed comparably to 2.35 (Figure 2.04).
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Figure 2.04. Other modifications to Cinchona-based catalysts

Non-Chincona based catalysts have been also explored with success. Maruoka
developed several structurally rigid Cz-symmetric, chiral spiro ammonium salts
such as 2.37 derived from optically pure naphtol derivatives.84 On the other hand,
Shibasaki reported a series of molecules analogous to 2.38, which found use not
only in alkylation chemistry but also in Michael additions.?*# Takabe and
collaborators developed a series of C3-symmetric amine-based catalysts exemplified
by 2.39 (Figure 2.05). 8795

O e
_ N -Me OMe Pr
COL =1 mp ) (O
N X ar M
Bu O - pr N
0 U0 R
+IN . .
TVE@\ Ho\ IPr -
-, o "
O 2.39

237 2.38
Figure 2.05. Other phase transfer catalysts

MeO

Other chemical processes such as the aldol reaction, cyclopropanation and

epoxidation, have also been examined using this type of catalysis. However, despite
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the efforts, no attempt has been as successful as the enantioselective

functionalization of glycinate Schiff base 2.24.

It is important to notice that the type of PTC described thus far uses chiral
cations as counterion to orchestrate the activation and selectivity of a given
reaction. However, the use of chiral anions to induce asymmetry in catalytic

reactions has also been studied under both PTC and non-PTC conditions.

In the area of anionic PTC; Toste recently described an asymmetric
electrophilic fluorination using a phosphate-based chiral anionic catalyst 2.42 in
combination with Selectfluor. Substrates similar to 2.40 were successfully
fluorinated in good yields (67-95%) and excellent enantio- and diastereomeric

ratios (79-97% ee, >20:1 dr) to give 2.41 (Scheme 2.09).%6

Scheme 2.09. Anionic Phase-transfer catalyst in asymmetric electrophilic

fluorination

cl 5 mol % 2.42
1.25 equ|v Selectfluor
o 1.1 equiv. Proton Sponge
| 95% Yield
NH CgHsF, -20 °C, 24h >—< >— (>20:1 dr)
o 97% ee

Selectfluor

2.3 Chiral counter-anion mediated transformations

In 2000, Arndtsen introduced the use of chiral anions in the arena of cationic
transition metal catalysis. In this initial report, they explained the importance of ion-

pairing in copper-catalyzed olefin aziridination. The combination of cationic
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Cu(NCCH3)4* and the chiral borate counterion 2.46 led to the formation of aziridines
such as 2.45 from styrene 2.43 and N-tosyliminobenzyliodinane (PhINT) 2.44 in
moderate to good yield and low ee. Nonetheless, this was the first proof of concept

for chiral counter anion induced enantioselectivity (Scheme 2.10).97

Scheme 2.10. Chiral counter anion induced enantioselectivity

Cu(NCCHa),  2.46* (3 mol%) Ts

Ph ~  + PhINTs > N
BOX Ligand 93.2 mol%) VAN
2.43 2.44 PhH, 0 °C Ph
43 - 97% yield 245
1-24% ee
(1, ‘ 00
_ | |
\B "O/ Q/N N \8
/"0 :
o I 1 7 Ph Ph
BOX Ligand
2.46

In 2007, Toste et al. contrasted the gold-catalyzed allene heterocyclizations
under simple chiral ligand or chiral counter anion conditions. The results showed
that the use of a chiral counter ion granted greater enantioselectivity. Alcohol 2.47
was converted into furan derivative 2.48 in 76% yield and 65% ee when using the
chiral phosphate-based catalyst 2.49 (Equation A in Scheme 2.11), in contrast to the
52% yield and low 8% ee obtained when a combination of chiral ligand BINAP or

SEGPHOS and gold centered catalyst was used (Equation B in Scheme 2.11).98
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Scheme 2.11. Chiral counter anion in the Cu-catalyzed allene heterocyclization

Ag+ 2.49 (5 mol%)

.N\/OH dppm(AuCl), (2.5 mol%) O/\HLO} A
—_———
C 2.47 CHaCl 248
76% Yield
65% ee
L*(AuCL), (3 mol%)
ANOH AgX (3 mol%) H 0
Y o~ (T D ;
CH,CI
2.47 o 2.48
L* = BINAP
SEGPHOS 52% Yield
8% ee

X=BF, or PNBO

As demonstrated through this compilation of literature examples, counterion-
based catalysis is a rapidly growing area in organic chemistry. It offers interesting
advantages over homogenous catalysis and exhibits great potential applicabilities

that require further exploration.

2.4 Purpose of this investigation

Given the previous success of PTC conditions using quaternary ammonium
salts in the alkylation of amino acids, we propose that a similar strategy could be
employed in the catalysis of oxy-Cope rearrangements. We hypothesize that an
interfacial PTC mechanism could be invoked to catalyze the anionic oxy-Cope
rearrangement (Figure 2.06). We postulated that an interfacial deprotonation of

substrate 2.50 would lead to the formation of the metal-oxy-anion ion pair 2.51. At
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this point an ion exchange could take place forming the ion pair 2.52. In theory, a
greater radius of the cation makes ion pairing difficult, which directly results in a
greater localization of the negative charge on the oxy-anion and thus activating the

substrate towards the desired rearrangement product 2.53.

.-
7 cat RN X @O
OH
MeO solvent, MOH MeO
Y X = OH, halogen
M =K, Na 2.53
2.50

_ (rr
MeO

+
R4N
2.53
+
R4N Subsequent
cycles
. -
R4N X
Cycle 1
/
MeO .
organic phase

2.50

Interface

MOH aqueous phase

Figure 2.06. Proposed mechanism for catalysis of the oxy-Cope rearrangement

We proposed that the catalytic cycle of the tetralkylammoium species could be
achieved by the regeneration of the onium species after the anionic oxy-Cope
rearrangement had taken place, reentering to the catalytic cycle by cation exchange
with the metal-oxy-anion ion pair 2.51. Theoretically, this strategy would not only
allow us to induce acceleration to the oxy-Cope rearrangement but also the

induction of stereoselectivity by the use of chiral Cinchona alkaloid-based PTC'’s.
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An important aspect to consider in the proposed idea is the avoidance of
pyrophoric hydride bases such as KH, by using an inexpensive and biodegradable

organic molecule to effect rate acceleration od the anionic oxy-cope rearrangement.

2.5 Results discussion

Substrate 2.50 and substrate 2.54 were chosen to be the starting point of this
investigation. The rigid structure of substrate 2.50 provides an intrinsic activation
towards the oxy-Cope rearrangement.”® While expected to be less reactive, the use
of substrate 2.54 would allow us to test the potential stereochemical induction of

the chiral Chincona-based PTC’s (Figure 2.07).

OH

X
4 OH

MeO
0 /

2.50

2.54

Figure 2.07. Substrates for anionic oxy-Cope rearrangement investigation

The synthesis of substrate 2.50 began with the Birch reduction of anisole 2.55
yielding 1-methoxy-1,4-cyclohexadiene 2.56.°° Treatment of 2.56 with 5% CHCl3
generates in situ the corresponding 1,2-diene required for the subsequent Diels-
Alder reaction with 2-chloroacrilonitrile 2.57 producing the bicyclic adduct 2.58 in
35% yield.190 Hydrolysis of 2.58 with 10 eq of a 50% aqueous solution of KOH
allowed access to ketone 2.59 in 99% yield.11 Treatment of 2.59 with
vinylmagnesium bromide afforded a separable mixture of the two stereoisomers

2.50 and 2.60 in a 1:1 ratio, giving a 40% isolated yield of 2.50 (Scheme 2.12).76
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Scheme 2.12. Synthesis of substrate 2.50

OMe Li(2.3eq), +-BuOH (5.7eq) OMe Benzene KOH 1M (10 eq)
Liq NHg, THF Cl_ CN 5% CHCl, ; DMSO, 80 °C
. + \T( > —_—
5 min, 63% 35% Meo % 12 h, 99%
|
2.55 2.56 2.57 2.58
7 N D MgBr
OH / < /;
MeO MeO N THF,0°C -t
7 OH 40% isolated 2.50 MeO 4
2.50 1:1 2.60 259

The synthesis of substrate 2.54 was achieved in one step by a Grignard
reaction between the commercially available methyl cinnamate 2.61 and 3 eq of

allylmagnesium bromide in 76% yield (Scheme 2.13).

Scheme 2.13. Synthesis of substrate 2.54

o /\/MgBr 3eq OH
2.62
N OMe —_— X X
THF, rt
2.61 76% /
2.54

With the two model substrates in hand, we began screening for conditions to
accelerate the oxy-Cope rearrangement. It is known that the thermal induction of
the oxy-Cope rearrangement for substrate 2.50 was above 200 °C as reported by
Berson and collaborators.”> This served as a benchmark temperature for our

experiments.

We first attempted to reproduce Evans’ reported KH/18-crown-6 conditions
for substrate 2.50.7¢ After several trials, no rearrangement was observed by NMR
analysis at RT using stoichiometric KH and catalytic amounts of 18-crown-6 (Entries
1 and 2, Table 2.01). Longer reaction times and stoichiometric amounts of 18-

crown-6 proved to be unfruitful for the promotion of the rearrangement of
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substrate 2.50 as well (Entries 3 and 4, Table 2.01). To avoid moisture
contamination leading to quenching of the hydride, rigorous anhydrous conditions
were used to set up this series of experiments. Reactions were set up in an
evacuated glove-box, utilizing a freshly opened bottle of KH and freshly distilled 18-
Crown-6 and internal standard were used. However, the same results were obtained
(Entry 5, Table 2.01). Higher KH/18-crown-6 loading or higher temperature was
needed to observe any sign of rearrangement by NMR analysis. When a combination
of 2 eq of KH and 1 eq of 18-Crown-6 was used, the rearrangement product 2.53
could be obtained in >95% NMR yield at RT after 10h (Entry 6, Table 2.01). On the
other hand, the reaction can be completed with 1 eq of KH at refluxing temperature
in THF after 12 h in absence of crown ether (Entry 8, Table 2.01). When NaH/15-
crown-5 was employed full conversion of 2.50 was not observed after 72 h (Entry 9

and 10, Table 2.01).

After obtaining a reference point with the combination KH/18-Crown-6, we
decided to try our PTC hypothesis. We began by utilizing 10 eq of a 30% aqueous
solution of Bu4NOH in a 1:1 mixture of DCM/H20 at RT for 3 days. However, NMR of
the crude did not show any traces of the desired rearrangement product 2.53 (Entry
11, Table 2.01). Increasing the temperature to 40 °C, did not offer any improvement
(Entry 12, Table 2.01). We then decided to change the solvent system to one that
allow us to reach higher temperatures to try promoting the rearrangement this way.
Using same conditions than in entries 11 and 12 but exchanging DCM for toluene
and heating to 85 °C showed starting material consumption by NMR but no traces of

the desired product.

At that moment we rationalized the results observed, suggesting that the lack
of success in the rearrangement acceleration was due to the inability of BusNOH to
perform deprotonation and subsequent ion-pairing. In an attempt to increase the
basicity of the reaction mixture, KOH was added in addition to BusNOH but the
results did not vary (Entry 14, Table 2.01).
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Table 2.01. Screening conditions for anionic oxy-Cope rearrangement of

substrate 2.50

/7 Conditions mo
OH MeO

MeO
Vi

2.53
2.50

entry additive/cat equiv solvent T[°C] time[h] SM Consumpt[%] NMR yield [%]

1 A 01 3 THF t 12 20 0

2 AR THF rt 12 20 0

3 A 01 . THF f 72 30 0

4 A 1 THF rt 12 20 0

5 g 1 THF i 36 15 0

6 AN 12 THF t 10 100 95

7 THF 66 72 20 0

8 KH 1 THF 66 12 100 100

9 o 12 THF 66 72 50 20

10 N f THF 66 72 90 70

16 BUNOH 10 DCMH,0 72 10 0
> BUNOH 10 DCMM©O 40 48 T o
i BUNOH 10 Tomo 85 72 0 o
e BWNOH 0 o e 0 o

aReaction set up in glove box, P 30% aqueous solution of Bu,NOH

We hypothesized then that it was very possible that the interface
deprotonation was not being performed the way we were expecting. To prove that
suggestion, we moved from the PTC conditions to homogenous conditions. From

reports in the literature?6102 and by our own experience, it was known that NaH was
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not the best hydride base to promote the anionic oxy-Cope rearrangement. For this
reason we hypothesized that performing the rearrangement with 3 eq of NaH and 3
eq of anhydrous BnMe3NCl might initiate a cation exchange which might result in a
rate acceleration compared with the results obtained with NaH/15-crown-5
combination (Entries 9 and 10, Table 2.01). Nonetheless, after 72 h at RT or after 72
h at 80 °C NMR analysis did not show any traces of the product 2.53 (Entries 15 and
16, Table 2.02). We decided to screen the organic anhydrous BusNOH in
homogeneous fashion in different solvents and temperatures (Entries 17 to 25,
Table 2.02). To our delight, it was found that total consumption of starting material
substrate 2.50 and >90% NMR yield of the desired rearrangement product 2.53
could be attained by the addition 4 eq of BusNOH in DMSO at 80 °C for 12 h (Entry
25, Table 2.02). Based on these results, we decided to synthesize the cinchonium-

hydroxide base 2.66 to test it in homogenous conditions.

The synthesis began by N-benzylation of the commercially available
cinchonine 2,63 to obtain the bromide salt 2.64, which was then treated with allyl
bromide in the presence of KOH to afford the O-allylated salt 2.65. Finally,
cichonium-hydroxide base 2.66 was accessed by ion exchange using Ag20 and H20
(Scheme 2.14). Using similar conditions to the Bu4NOH promoted rearrangement,
substrate 2.50 was treated with 5 eq of base 2.66 in DMSO at 80 °C for a period of

time of 12 h. However, no rearrangement was observed (Entry 27, Table 2.02).
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Scheme 2.14 Synthesis of Cinchonium-OH base

—
/\/BI’
OH BnBr OH KOH
. —_— z -
A N Tol, reflux 2h ' N+ Br
| , refl N DCM, 83%
N 88% \
N_—
2.63 2.64 Ph
Aggo, Hzo
MeOH
-

48%
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Table 2.02. Screening conditions for anionic oxy-Cope rearrangement of substrate

2.50

7 Conditions @O
OH MeO

MeO

% 2.53
2.50

entry additive/cat  equiv solvent T[°C] time[h] SM Consumpt[%] NMR yield [%]

15C B"'\SEZNC' 3 THF rt 72 >50 0

16C Bnhrﬂ:iiNol g Tol 80 72 >80 0

17b Bu,NOH 2 Benzene 30 4 10 0
18> BuNOH 5 Benzene 60 s 20 o
19> BuNOH 2  Toluene 30 . s0 30
20® BuNOH 5  Tolene  s0 s 0 s
o> BUNOH 2 DMSO  n 72 0 20
o BuNOH 4 DMSO  n 72 s0 40
23 BuNOH 2 DMSO e 12 g0 60
o5 BuNOH 2  DMSO s 12 0 70
256 BuNOMH 4  DMSO g 12 0 o0

26 2.66 5 DMSO rt 12 10 0

57 2.66 5 DMSO 80 12 30 0

¢Anhydrous Bu,NOHsolution used

While our attempt to use a chiral chinchona catalyst was not successful, the
BusNOH conditions did remove the need for pyrophoric reagents such as KH. We
thus sought to examine these minder conditions on other substrates. The condition
optimization process for substrate 2.54 followed a similar trend as for substrate
2.50. We assessed the intrinsic reactivity of the substrate without any additives in a
bomb flask under neat conditions and found that the rearrangement takes place at

250 oC (Entry 1, Table 2.03). With additives, the best results were obtained using
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high loadings of KH and 18-crown-6 and elevated temperatures in THF (Entries 2 to
5, Table 2.03). The rate acceleration of the anionic oxy-Cope rearrangement was
attempted using BusNOH and Cinchonium-hydroxide 2.66 as organic bases
however, we did not observe any traces of the desired rearrangement product 2.67

by NMR analysis (Entries 6 to 13, Table 2.03).

Table 2.03. Screening conditions for anionic Cope rearrangement of substrate 2.54

OH
Conditions
X N T =
(0]
/ =
2-54 2'67

entry  additive/cat equiv solvent T[°C] time[h] SM Consumpt[%] NMR vyield [%]

1 250 16 100 80
T T e
,,,,,,,,,,,,, 18-C

3 e 2 THF rt 2 100 >90

4 THF 66 4 20 0

5 KH 4 THF 66 4 100 >90

62 BuNOH 2 DMSO rt 72 60 0

78 BuMNOH 4  DMSO rt 72 80 0

g2 BuNOH 2 DMSO 40 72 >80 0
e BuNOH 2 DMSO s 72 . 0o
jor BuNOH 4 DMSO s 72 w0 0

112 2.66 4 THF 66 12 50 0

12a 266 4  DMSO rt 12 30 0

13a 2.66 4 DMSO 80 12 80 0

aAnhydrous Bu,NOH solution used

We have showcased the first example of anionic oxy-Cope rearrangements

being accelerated using tetraalkylammonium bases. Our results suggest that
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tertraalkylammonium bases such as BusNOH can effectively accelerate the oxy-Cope
rearrangement under specific conditions and for specific substrates. However, they
were not strong enough to promote the anionic oxy-Cope rearrangement at RT or
with less activated substrates. The steric constrain observed in substrate 2.50 in
comparison with the non-rigid structure of substrate 2,54 it is thought to be the one
of the reasons of the difference in the activation of these substrates towards he oxy-

Cope rearrangement.

2.6 Future directions

Given the results obtained in our investigation, it is clear that the use of
organic bases such as tetraalkylammonium hydroxides specifically BusNOH are able
to promote acceleration in the oxy-Cope rearrangement in a substrate-dependent
manner. This finding serve as an important proof of concept for future research in
this area. The screening of more PTC conditions would give a better understanding

of the difficulties that we have encounter.

In the arena of counterion chemistry, one interesting branch of this
investigation would be the use of chiral crown ethers in combination with hydride
bases such as KH. Recently, chiral crown ethers incorporating various
monosaccharide units in the macrocyclic structure have found to be useful in certain
asymmetric reactions, such as Michael addition, epoxidation of a,-enones and

Darzens condensation.103,104
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Summary and Conclusions

This thesis discussed two proposed novel methods for the catalysis of the

Diels-Alder reaction and the oxy-Cope rearrangement.

Substrates for the intramolecular Diels-Alder reaction were designed. The
encountered synthetic difficulties in the preparation of 1,3-dienylboronates were
circumvented by the redesign and synthesis of substrates with similar reactivity
such as alcohol 1.116 and aldehyde 1.117. Results suggest that activation of the
diene by electron-releasing species have a positive effect on the rate of the
cycloaddition. These results serve as an important precedent for future
investigation in this area, the design and synthesis of Lewis acid-containing dienes is

the natural next step to this interesting investigation.

In our efforts towards the catalysis of the anionic oxy-Cope rearrangement, we
have shown that even when our attempt to attain acceleration of the sigmatropic
rearrangement under PTC conditions was not successful, tetraalkyammonium bases
such as BusNOH can effect rate acceleration of the oxy-Cope rearrangement of
activated substrates; such as 2.50 under specific conditions. This example
represents the first organic base mediated acceleration of the anionic oxy-Cope
rearrangement. The results obtained in this investigation set an important stating
point for the development of a new methodology for the catalysis of the anionic oxy-

Cope rearrangement.
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Chapter 3. Experimental Methods

General Procedures: Reactions were performed in flame- or oven-dried under an
atmosphere of argon unless noted otherwise. Manual flash column chromatography
was conducted on Silicycle 230-400 mesh silica gel using reagent grade solvents.
Thin layer chromatography (TLC) was carried out on glass plates coated with 250
um of 230-400 mesh silica gel that had been impregnated with F-254 indicator. The
TLC plates were visualized with UV (254 nm) light, potassium permanganate

solution or cerium ammonium molybdate solution (CAM).

Materials: Tetrahydrofuran (THF) and diethyl ether (Etz0) were purified by
distillation from sodium/benzophenone ketyl radical under an atmosphere of
nitrogen. Toluene (Tol), dichloromethane (DCM), triethylamine (TEA) and
diisopropylamine (DIPA) were purified by distillation from calcium hydride (CaHz)
under a dry air atmosphere. Deuterated chloroform (CDCls) was kept over 4A
molecular sieves (4A MS). Deuterated methanol (CD30D), deuterated
dimethylsufoxide (DMSO) and deuterated water (D20) were obtained in analytically
pure form and stored in a dry box. All other reagents were purchased from

commercial vendors and used as is.

Instrumentation. Automated flash column chromatography was conducted
utilizing Combiflash® apparatus. Proton nuclear magnetic resonance (!H-NMR) and
carbon nuclear magnetic resonance (13C-NMR) were obtained on Varial, 300, 400 or
500 MHz spectrometers or Bruker 400 or 500 MHz spectrometers. Chemical shifts
are reported in parts per million (ppm) and are referenced to residual solvent peaks.
Coupling constants are reported in Hertz (Hz). High resolution mass spectra (HR-

MS) was obtained with the assistance of Dr. Alexander Wahba or Dr. Nadim Saae.
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3.1 Diels-Alder Methodology

0 0
_— >
HO WOH HO WOH

1.99 1.100
3,3-dimethylpentane-1,5-diol (1.100). To a solution of dimethylglutaric acid 1.99
(5.0 g, 31.2 mmol, 1 eq) in 310 mL of THF at 0 °C, a 1 M solution of borane in THF
(74.9 mL, 74.9 mmol, 2.4 eq)was slowly added by syringe and the resulting mixture
was stirred overnight at RT. The next morning the reaction mixture was cooled
down to 0 °C and it was quenched with 100 mL of MeOH, the mixture was
concentrated in vacuo and another 100 mL of MeOH were added and concentrated
again in vacuo, the procedure was repeated an additional two times. The crude
material was purified by automated silica gel chromatography (10 - 40%
EtOAc/Hexanes over 40 min) to afford the title compound 1.100 as a transparent oil
(4.1 g, 99% yield). 1H NMR (300 MHz, Chloroform-d) § 3.74 (t, ] = 7.1 Hz, 4H), 2.01
(s, 2H), 1.58 (t,/ = 7.1 Hz, 4H), 0.95 (s, 6H).

HOWOH — HOWOTF

1.100 1.101

3,3-dimethyl-5-(trityloxy)pentan-1-ol (1.101): 3,3-dimethylpentane-1,5-diol
1.100 (3.90 g, 29.5 mmol, 1 eq), was dissolved in DCM (148 mL) at RT. To that
mixture, triethylamine (6.15 mL, 44.3 mmol, 1.5 eq) was added drop wise and the
reaction mixture was stirred for 10 min. After that time, Triphenylmethyl Chloride
(8.23g, 295 mmol, 1 eq) was added in one batch followed by 4-
dimethylaminopyridine (.360 g, 2.95 mmol, 0.1 eq) and the reaction mixture was
stirred for 14 hours. The reaction was diluted with DCM (80 mL) and quenched with
H20 (80 mL) and NaHCO3 (80 mL, sat . aqueous) and stirred for 15 min. Aqueous

layers were extracted with DCM (3 X 60 mL), organic layers were combined, dried
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over NazSOg, filtered and concentrated in vacuo to yield a yellow syrup. This
material was purified by silica gel chromatography (1:6 EtOAc:Hexanes) to afford
the title compound 1.101 as a white solid (5.57g, 50% yield) 'TH NMR (400 MHz,
Chloroform-d) § 7.49 - 7.39 (m, 6H), 7.34 - 7.27 (m, 7H), 7.25 - 7.20 (m, 2H), 3.17 (t,
J=6.7Hz, 2H), 1.75 (t,/ = 6.7 Hz, 2H), 1.26 (t, ] = 7.1 Hz, 4H), 0.96 (d, ] = 6.1 Hz, 6H).

_ >
HO Wow oWOTr

1.1
1.101 03

3,3-dimethyl-5-(trityloxy)pentanal (1.103). 3,3-dimethyl-5-(trityloxy)pentan-1-
ol 1.101 (4.48 g, 11.9 mmol, 1 eq) was dissolved in 120 mL of EtOAc in a 500 mL
round bottomed flask. IBX (6.69 g, 23.9 mmol, 2 eq) was added in one batch and the
suspension was heated up to 85 °C and stirred at that Te for 3 h. After that time, the
reaction suspension was allowed to slowly cool down and stirred overnight at RT.
Next day, the white powder was filtered out trough a fritted funnel and celite. The
filtrate was concentrated in vacuo to yield compound 1.103 as white crystals in
quantitative yield. The crude was used without further purification in the next
reaction. 1H NMR (400 MHz, Chloroform-d) 6§ 9.79 (t, J = 3.0 Hz, 1H), 7.46 - 7.38 (m,
7H), 7.34 - 7.24 (m, 8H), 3.16 (t, ] = 6.8 Hz, 2H), 2.22 (d, ] = 3.0 Hz, 2H), 1.72 (t, ] =
6.8 Hz, 2H), 0.96 (s, 6H).

OTr
1.103
1.105

(E)-(6,6-dimethyl-8-(trityloxy)oct-3-en-1-yn-1-yl)trimethylsilane (1.105).
Diphenyl(3-(trimethylsilyl)prop-2-yn-1-yl)phosphine oxide 1.104 (3.50 g, 11.2
mmol, 2 eq) and 3,3-dimethyl-5-(trityloxy)pentanal 1.103 (2.08 g, 5.60 mmol, 1 eq)
were azeotroped in Tol and concentrated in vacuo (3 X 10 mL). After that, both

reagents were exposed to HV for 2 h. After that time, the Horner reagent diphenyl(3-
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(trimethylsilyl)prop-2-yn-1-yl)phosphine oxide was dissolved in 56 mL of dry THF
and 3,3-dimethyl-5-(trityloxy)pentanal 1.103 was dissolved in 35 mL of dry THF as
well. Both solutions were cooled down to -78 °C and stirred for 10 min. Then, a 0.63
M solution of NaHMDS in THF (17.8 mL, 11,2 mmol, 2 eq) was added dropwise to
the solution of the Horner reagent diphenyl(3-(trimethylsilyl)prop-2-yn-1-
yl)phosphine oxide and it was stirred at -78 °C for 30 min. To make sure that the
deprotonation has taken place, the flask was taken out of the cold bath and let the
reaction mixture stir at RT for 5 min and cooled down again to -78 °C and stirred for
an additional 15 min. At that time, 3,3-dimethyl-5-(trityloxy)pentanal 1.103 was
cannulated into the reaction mixture at -78 °C and the reaction was followed by TLC
upon completion after 45 min. The reaction mixture was allowed to warm to RT, it
was quenched with H20 (50 mL) and NH4Cl (50 mL). Aqueous layers were extracted
with EtOAc (3 x 100 ml) and the combined organic extracts were washed with brine
(2 x 150 ml), dried over NazSOq filtered and concentrated in vacuo, after purification
by automated silica gel chromatography (0 - 15% EtOAc/Hexanes over 35 min) to
afford the title compound 1.105 as a yellow oil (0.89 g, 34% yield).1H NMR (400
MHz, Chloroform-d) § 7.48 - 7.39 (m, 6H), 7.34 - 7.25 (m, 5H), 7.27 - 7.14 (m, 4H),
6.16 (dt, J = 15.8, 7.8 Hz, 1H), 5.38 (dd, J = 15.8, 1.5 Hz, 1H), 3.09 (t, / = 7.3 Hz, 2H),
1.89 (dd, J = 7.8, 1.5 Hz, 2H), 1.58 (t, / = 7.3 Hz, 2H), 0.79 (s, 6H), 0.18 (d, J = 8.4 Hz,
9H).

OTr OH
><;/\/TMS > ><;/\/TMS
1.105 1.106

(E)-3,3-dimethyl-8-(trimethylsilyl)oct-5-en-7-yn-1-ol (1.106). (E)-(6,6-
dimethyl-8-(trityloxy)oct-3-en-1-yn-1-yl)trimethylsilane 1.105 (0.89 g, 1.91 mmol,
1 eq) was dissolved in 38 mL of MeOH and 30 mL of DCM. The mixture was stirred
for 10 min, at that time, PTSA-H20 (0.108 g, 0.572 mmol, 0.3 eq) was directly added

to the reaction mixture and it was followed by TLC upon completion for 4 h. The
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reaction was quenched by the addition of 20 mL of NaHCO3, diluted with EtOAc (30
mL) and the aqueous layers were extracted with EtOAc ( 50 mL X 3), dried over
Na;S04, filtered and concentrated in vacuo. The crude was purified by automated
silica gel chromatography (0 - 10% EtOAc/Hexanes over 15 min) to afford the title
compound 1.106 as a transparent oil in quantitative yield. 1H NMR (400 MHz,
Chloroform-d) &§ 6.22 (dt, ] = 15.7, 7.7 Hz, 1H), 5.50 (d, ] = 15.7 Hz, 1H), 3.80 - 3.63
(m, 2H), 2.02 (dd, ] = 7.7, 1.4 Hz, 2H), 1.56 - 1.47 (m, 2H), 0.92 (s, 6H), 0.19 (d,] = 5.3
Hz, 9H).

OH 0
><;/\/TMS [—— = ™S
1.106 1.107

(E)-3,3-dimethyl-8-(trimethylsilyl)oct-5-en-7-ynal (1.107). (E)-3,3-dimethyl-8-
(trimethylsilyl)oct-5-en-7-yn-1-o0l 1.106 (430 mg, 1.93 mmol, 1 eq) was dissolved in
20 mL of EtOAc in a 100 mL round bottomed flask. IBX (1.07 g, 3.83 mmol, 2 eq) was
added in one batch and the suspension was heated up to 85 °C and stirred at that Te.
The reaction was followed by TLC upon complete consumption of the starting
material in around 2.5 h. After that time, the reaction suspension was allowed to
slowly cool down and stirred for 3 h at RT. After that time, the white powder was
filtered out trough a fritted funnel and celite. The filtrate was concentrated in vacuo
and purified by automated silica gel chromatography (0 - 10% EtOAc/Hexanes over
20 min) to afford the title compound 1.107 as a transparent oil (33% yield). 1H NMR
(400 MHz, Chloroform-d) 6 9.83 (t, /] = 2.8 Hz, 1H), 6.19 (dt, / = 15.9, 7.8 Hz, 1H), 5.53
(dt,J =15.9, 1.5 Hz, 1H), 2.28 (d, ] = 2.8 Hz, 2H), 2.14 (dd, J = 7.8, 1.4 Hz, 2H), 1.07 (s,
6H), 0.19 (d, ] = 3.8 Hz, 9H).
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4 7 OEt
_— >

\_=—=—MS \_=—TMs

1.107 1.108

Ethyl (2E,7E)-5,5-dimethyl-10-(trimethylsilyl)deca-2,7-dien-9-ynoate (1.108).
Horner-Wasdsworth-Emmons reagent trietlyl phopshopnoacetate (215 mg, 0.957
mmol, 1.5 eq) was dissolved in 9 mL of dry THF and cooled down to 0 °C and stirred
at that Tefor 15 min. At that point, NaH (38 mg, 0.957 mmol, 1.5 eq) was added to
the solution and a change of color from yellow to red was observed. The mixture
was stirred for an additional 15 min at 0 °C. At that time, a solution of (E)-3,3-
dimethyl-8-(trimethylsilyl)oct-5-en-7-ynal 1.107 (142 mg, 0.638 mmol, 1 eq) in 7
mL of dry THF was cannulated into the reaction mixture dropwise. The reaction
mixture was allowed to warm up to rt and stirred overnight. Next day, the reaction
was quenched with H20 (10 mL) and NH4Cl (10 mL). Aqueous layers were extracted
with EtOAc (3 x 20 ml) and the combined organic extracts were washed with brine
(2 x 150 ml), dried over NazSOy, filtered and concentrated in vacuo. The crude was
purified by automated silica gel chromatography (0 - 10% EtOAc/Hexanes over 20
min) to afford the title compound 1.108 as a transparent oil (0.90 g, 48% yield). 1H
NMR (400 MHz, Chloroform-d) 6 7.05 - 6.87 (m, 1H), 6.20 (dt, J = 15.6, 7.7 Hz, 1H),
5.89 - 5.77 (m, 1H), 5.66 - 5.45 (m, 1H), 4.19 (q, / = 7.1 Hz, 2H), 2.09 (dd, /= 7.9, 1.4
Hz, 2H), 2.02 (dd, J = 7.7, 1.4 Hz, 2H), 1.29 (t,/ = 7.1 Hz, 3H), 0.92 (s, 6H), 0.19 (d, ] =
1.5 Hz, 9H).

0 0
7 okt 7 ot
\_——T™s N =
1.108 1.109

Ethyl (2E,7E)-5,5-dimethyldeca-2,7-dien-9-ynoate (1.109). A 1 M solution of
TBAF in THF (769 pL, 0.769 mmol, 2.5 eq) was dissolved in 8 mL of dry THF, the
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solution was cooled down to -78 °C and stirred for 20 min. At that time, a solution of
ethyl (2E,7E)-5,5-dimethyl-10-(trimethylsilyl)deca-2,7-dien-9-ynoate 1.108 (90 mg,
0.308 mmol, 1 eq) in 5 mL of THF was cannulated into the reaction flask dropwise.
The reaction mixture was stirred at -78 °C while being monitored by TLC upon
complete consumption of the starting material. After 3 h, the reaction mixture was
allowed to warm up to RT and quenched with NH4Cl (10 mL). Aqueous layers were
extracted with EtOAc (3 x 15 ml) and the combined organic extracts were washed
with brine (1 x 20 ml), dried over NazSO,, filtered and concentrated in vacuo. The
crude was purified by automated silica gel chromatography (0 - 10%
EtOAc/Hexanes over 15 min) to afford the title compound 92 as a transparent oil
(0.60 g, 88% yield). 1H NMR (300 MHz, Chloroform-d) 6 7.07 - 6.84 (m, 1H), 6.24
(dt,J=15.8, 7.8 Hz, 1H), 5.82 (dd, J = 15.5, 1.4 Hz, 1H), 5.64 - 5.37 (m, 1H), 4.19 (q,
= 7.1 Hz, 2H), 2.81 (s, 1H), 2.09 (dd, J = 8.0, 1.4 Hz, 2H), 2.06 - 1.99 (m, 2H), 1.29 (t, ]
=7.2 Hz, 3H), 0.94 (d, ] = 9.0 Hz, 6H).

OTr
%
Ny
1.103 1110 OF

Ethyl (4E)-7,7-dimethyl-9-(trityloxy)nona-2,4-dienoate (1.110). Commercially
available triethyl 4-phosphonocrotonate (3.75 mL, 16.9 mmol, 1.3 eq) was dissolved
in 169 mL of THF and cooled down to 0 °C and stirred for 10 min, at that time NaH
(0.677 g, 16.9 mmol, 1.3 eq) was added in one batch to the solution and it was
stirred at 0 °C for 25 min, a light change in color was observed, from pale yellow to
dark yellow. After that time, a solution of 3,3-dimethyl-5-(trityloxy)pentanal 1.103
(4.85 g, 13.02 mmol, 1 eq) was cannulated into the reaction flask and the reaction
mixture was allowed to warm up to RT and stirred at that T overnight. Next
morning, the reaction was quenched with H20 (50 mL) and NH4CI (50 mL). Aqueous

layers were extracted with EtOAc (3 x 40 ml) and the combined organic extracts
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were washed with brine (1 x 80 ml), dried over NazSOs, filtered and concentrated in
vacuo. The crude was purified by automated silica gel chromatography (0 - 10%
EtOAc/Hexanes over 25 min) to afford the title compound 1.110 as a yellow oil (3.5
g, 51% yield) 'H NMR (400 MHz, Chloroform-d) 6 7.33 - 7.25 (m, 13H), 7.24 (d, ] =
1.4 Hz, 2H), 7.21 (q, / = 1.4 Hz, 1H), 6.08 - 6.02 (m, 2H), 5.75 (d, / = 15.4 Hz, 1H), 4.12
(q,/ = 7.1 Hz, 2H), 3.11 (t, / = 7.3 Hz, 2H), 1.96 (d, ] = 6.1 Hz, 2H), 1.58 (t, ] = 7.3 Hz,
2H), 1.26 (t,]/ = 7.1 Hz, 3H), 0.80 (s, 6H).

OTr OTr
0 ——
N\ N < N\ N
1110 OEt 1.111 OH

(4E)-7,7-dimethyl-9-(trityloxy)nona-2,4-dien-1-0l (1.111). To a suspension of
LAH (0.396 g, 9.923 mmol, 1.5 eq) in 100 mL of Et20 at 0 °C was added a solution of
Ethyl (4E)-7,7-dimethyl-9-(trityloxy)nona-2,4-dienoate 1.110 (3.1 g, 6.615 mmol, 1
eq) dissolved in 60 mL of Et20 by cannula. The reaction mixture was stirred at 0 °C
while being monitored by TLC upon completion (4 h). After that time, Fieser workup
was performed. After concentration of the crude in vacuo. the crude mixture was
purified by automated silica gel chromatography (10 - 20% EtOAc/Hexanes over 20
min) to afford the title compound 1.111 as a pale yellow oil (1.92 g, 68% yield) 1H
NMR (400 MHz, Chloroform-d) 6 7.47 - 7.41 (m, 6H), 7.34 - 7.27 (m, 6H), 7.25 - 7.13
(m, 2H), 6.26 - 6.15 (m, 1H), 5.93 (dd, / = 15.1, 10.4 Hz, 1H), 5.78 - 5.60 (m, 2H), 4.17
(dd,J = 6.0, 1.3 Hz, 2H), 3.10 (t,/ = 7.3 Hz, 2H), 1.88 (d, /= 7.6 Hz, 2H), 1.58 (t, /= 7.3
Hz, 2H), 0.78 (s, 6H).
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OTr

OTr
—_—
N\
N OH N \
(5E)-9-(benzyloxy)- 3,3-dimethylnona-5,7-dien-1 yl)oxy)

methanetriyl)tribenzene (1.112). To a solution of  (4E)-7,7-dimethyl-9-
(trityloxy)nona-2,4-dien-1-ol 1.111 (3.16 g, 7.41 mmol, 1 eq) in 100 mL of dry
pyridine at RT was added BzCl (1.29 mL, 11.1 mmol, 1.5 eq) and the reaction was
followed by TLC upon completion (24 h). At that time, the reaction was quenched
with 30 mL of H20 and 20 mL of 2M HCI. The reaction was diluted in 100 mL of
EtOAc, aqueous layers were extracted with EtOAc (3 x 20 ml) and the combined
organic extracts were washed with brine (1 x 50 ml), dried over Na;SOy, filtered and
concentrated in vacuo. The crude was purified by automated silica gel
chromatography (0 - 10% EtOAc/Hexanes over 20 min) to afford the title
compound 1.112 as a transparent oil (3.0 g, 78% yield) ). 1H NMR (400 MHz,
Chloroform-d) & 8.10 - 8.03 (m, 2H), 7.49 - 7.41 (m, 10H), 7.35 - 7.17 (m, 10H), 6.33
(dd, = 15.3, 10.4 Hz, 1H), 5.94 (dd, J = 15.3, 10.4 Hz, 1H), 5.72 (tt, ] = 14.7, 7.1 Hz,
2H), 4.84 (d, /= 6.6 Hz, 2H), 3.10 (t, /= 7.2 Hz, 2H), 1.89 (d,/ = 7.6 Hz, 2H), 1.58 (t, ] =
7.2 Hz, 2H), 0.80 (s, 6H).

OTr OH
—_—
1.112 OBz 1.113 OBz

(2E,4E)-9-hydroxy-7,7-dimethylnona-2,4-dien-1-yl benzoate (1.113). (5E)-9-
(benzyloxy)- 3,3-dimethylnona-5,7-dien-1 yl)oxy) methanetriyl)tribenzene 1.112
(3.0 g, 5.65 mmol, 1 eq) was dissolved in a solvent system of 113 mL of MeOH and
100 mL of DCM. PTSA (0.323 g, 1.70 mmol, 0.3 eq) was added to the reaction

mixture and the reaction was followed by TLC upon completion (12 h). The reaction
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was quenched by the addition of 40 mL of NaHCO3, diluted with EtOAc (50 mL) and
the aqueous layers were extracted with EtOAc ( 30 mL X 3), dried over NazSOy,
filtered and concentrated in vacuo. The crude was purified by automated silica gel
chromatography (0 - 20% EtOAc/Hexanes over 15 min) to afford the title
compound 1.113 as a transparent oil (1.3 g 80 yield. TH NMR (400 MHz,
Chloroform-d) & 8.06 (t, 2H), 7.61 - 7.51 (m, 1H), 7.44 (t,J = 7.7 Hz, 2H), 6.36 (dd, ] =
15.3,10.4 Hz, 1H), 6.07 (dd, J = 15.1, 10.4 Hz, 1H), 5.78 (dt, J = 14.6, 7.1 Hz, 2H), 4.84
(dd, J = 6.4, 1.2 Hz, 2H), 3.76 - 3.63 (m, 2H), 2.02 (d, J = 7.1 Hz, 1H), 1.57 - 1.47 (m,
2H), 0.91 (s, 6H).

OH 0
R
N N N N
OBz
1.113 1.114 0Bz

(2E,AE)-7,7-dimethyl-9-oxonona-2,4-dien-1-yl benzoate (1.114). To a solution
of (2E,4E)-9-hydroxy-7,7-dimethylnona-2,4-dien-1-yl benzoate 1.113 (1.28 g, 4.44
mmol, 1 eq) in 45 mL of EtOAc was added IBX (2.49 g, 8.88 mmol, 2 eq) in one batch
and the suspension was heated up to 85 °C and stirred at that Te. The reaction was
followed by TLC upon complete consumption of the starting material (4 h). After
that time, the reaction suspension was allowed to slowly cool down and stirred for 3
h at RT. After that time, the white powder was filtered out trough a fritted funnel
and celite. The filtrate was concentrated in vacuo and purified by automated silica
gel chromatography (0 - 15% EtOAc/Hexanes over 20 min) to afford the title
compound 1.114 as a transparent oil (0.880 g, 89% yield). TH NMR (400 MHz,
Chloroform-d) 6 9.84 (t, ] = 3.0 Hz, 1H), 8.13 - 7.99 (m, 2H), 7.61 - 7.52 (m, 1H), 7.44
(dd, J = 8.3, 7.0 Hz, 3H), 6.36 (dd, J = 15.2, 10.5 Hz, 1H), 6.09 (dd, J = 15.2, 10.5 Hz,
1H), 5.90 - 5.70 (m, 2H), 4.84 (dd, ] = 6.5, 1.2 Hz, 2H), 2.27 (d, ] = 3.0 Hz, 2H), 2.13
(dd,J=7.9, 1.1 Hz, 2H), 1.06 (s, 6H).
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(2E,AE,9E)-11-ethoxy-7,7-dimethyl-11-o0xoundeca-2,4,9-trien-1-yl benzoate
(1.115). Commercially available triethyl phosphonoacetate (1.08 mL, 5.45 mmol, 2
eq) was dissolved in 55 mL of THF and cooled down to 0 °C and stirred for 10 min,
at that time n-BulLi (2.12 mL, 5.45 mmol, 2 eq) was slowly added by syringe to the
solution. A light change in color was observed, from transparent to pale yellow.
After that time, a solution of (2E,4E)-7,7-dimethyl-9-oxonona-2,4-dien-1-yl
benzoate 1.114 (0.780 g, 2.72 mmol, 1 eq) was cannulated into the reaction flask
and the reaction mixture was allowed to warm up to RT and the reaction was
followed by TLC upon completion (5h). Next morning, the reaction was quenched
with 30 mL of H20 and 30 mL of NH4Cl. Aqueous layers were extracted with EtOAc
(3 x 20 ml) and the combined organic extracts were washed with brine (1 x 30 ml),
dried over Na;SO, filtered and concentrated in vacuo. The crude was purified by
automated silica gel chromatography (0 - 10% EtOAc/Hexanes over 25 min) to
afford the title compound 1.115 as a pale yellow oil (0.446 g, 46% yield) ). TH NMR
(400 MHz, Chloroform-d) 6 8.06 (dt, /= 7.5, 1.0 Hz, 2H), 7.60 - 7.53 (m, 1H), 7.44 (t, ]
= 7.5 Hz, 2H), 7.04 - 6.90 (m, 1H), 6.36 (dd, / = 15.2, 10.4 Hz, 1H), 6.07 (dd, J = 15.2,
10.4 Hz, 1H), 5.87 - 5.67 (m, 3H), 4.84 (dd, ] = 6.5, 1.2 Hz, 2H), 4.19 (q, ] = 7.1 Hz,
2H), 2.09 (dd, J = 7.9, 1.4 Hz, 2H), 2.02 (d, ] = 7.7 Hz, 2H), 1.29 (t,/ = 7.1 Hz, 3H), 0.91
(s, 6H).
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Ethyl (2E,7E,9E)-11-hydroxy-5,5-dimethylundeca-2,7,9-trienoate (1.116). To a
solution of (2E,4E,9E)-11-ethoxy-7,7-dimethyl-11-oxoundeca-2,4,9-trien-1-yl
benzoate 1.115 ( 380 mg, 1.066 mmol, 1 eq) in 16 mL of MeOH at RT was added
K2C03 (221 mg, 1.60 mmol, 1.5 eq) in one batch and the reaction was stirred at RT
while being monitored by TLC, upon completion (3h). The reaction was quenched
with 2.5 mL of a 2M aq solution of HCI, and diluted with 5 mL of EtOAc. Aqueous
layers were extracted with EtOAc (3 x 5 ml) and the combined organic extracts were
washed with brine (1 x 10 ml), dried over NazSOs, filtered and concentrated in
vacuo. The crude was purified by automated silica gel chromatography (0 - 10%
EtOAc/Hexanes over 20 min) to afford the title compound 1.116 as a yellow oil (200
mg, 78% yield) ). 1H NMR (400 MHz, Chloroform-d) 6 6.98 (dt, J = 15.6, 7.9 Hz, 1H),
6.30 - 6.18 (m, 1H), 6.05 (dd, / = 15.1, 10.4 Hz, 1H), 5.89 - 5.63 (m, 3H), 4.21 - 4.14
(m, 2H), 3.73 (s, 3H), 2.09 (dd, /= 7.9, 1.4 Hz, 2H), 2.03 - 1.98 (m, 2H), 0.91 (s, 6H).
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Ethyl (2E,7E,9E)-5,5-dimethyl-11-oxoundeca-2,7,9-trienoate (1.117). To a
solution of Ethyl (2E,7E,9E)-11-hydroxy-5,5-dimethylundeca-2,7,9-trienoate 1.116
(95 mg, 0.399 mmol, 1 eq) in 8 mL of EtOAc was added IBX (223 mg, 0.797 mmol, 2
eq) in one batch and the suspension was heated up to 85 °C and stirred at that Te.

The reaction was followed by TLC upon complete consumption of the starting
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material (5 h). After that time, the reaction suspension was allowed to slowly cool
down and stirred for 3 h at RT. After that time, the white powder was filtered out
trough a fritted funnel and celite. The filtrate was concentrated in vacuo and purified
by automated silica gel chromatography (0 - 30% EtOAc/Hexanes over 20 min) to
afford the title compound 1.117 as a transparent oil (85 mg, 90% yield). 1H NMR
(500 MHz, Chloroform-d) & 9.55 (d, J = 8.0 Hz, 1H), 7.09 (dd, J = 15.3, 10.3 Hz, 1H),
6.97 (dt,J = 15.5,7.9 Hz, 1H), 6.39 - 6.21 (m, 2H), 6.10 (dd, J = 15.3, 8.0 Hz, 1H), 5.84
(d, J = 15.5 Hz, 1H), 4.19 (q, / = 7.1 Hz, 2H), 2.19 - 2.09 (m, 4H), 1.30 (t, / = 7.1 Hz,
3H), 0.98 (d,] = 16.3 Hz, 6H).

/O /" ~CN
N > N / OH
N
1.114 OBz 1.121

(2E,7E,9E)-11-hydroxy-5,5-dimethylundeca-2,7,9-trienenitrile (1.121). Diethyl
cyanomethylphosphonate (45 pL, 0.280 mmol, 2 eq) was dissolved in 3 mL of THF
and cooled down to 0 °C and stirred for 25 min at that T. At that time NaH (22 mg,
0.559 mmol, 4 eq) was added in one batch to the solution and it was stirred at 0 °C
for 30 min, a light change in color was observed, from pale yellow to dark yellow.
After that time, a solution of (2E,4E)-7,7-dimethyl-9-oxonona-2,4-dien-1-yl
benzoate 1.114 (40 mg, 0.139 mmol, 1 eq) was cannulated into the reaction flask
and the reaction mixture was allowed to warm up to RT and the reaction was
followed by TLC upon completion (2h). After that time, the reaction was quenched
with 3 mL of H20 and 3 mL of NH4Cl. Aqueous layers were extracted with EtOAc (3 x
5 ml) and the combined organic extracts were washed with brine (1 x 10 ml), dried
over NazS04, filtered and concentrated in vacuo. The crude was purified by
automated silica gel chromatography (0 - 20% EtOAc/Hexanes over 15 min) to
afford the title compound 1.121 as a yellow oil (29 mg, 35% yield) Note: it was

found that under the described conditions, the benzyl alcohol protecting group gets
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hydrolyzed to the alcohol. 1H NMR (400 MHz, Chloroform-d) 6 6.78 - 6.49 (m, 1H),
6.32 - 6.18 (m, 1H), 6.06 (ddd, J = 15.4, 10.5, 5.3 Hz, 1H), 5.85 - 5.60 (m, 2H), 5.47 -
5.27 (m, 1H), 4.18 (q, J = 5.9, 5.0 Hz, 2H), 2.33 (dd, J = 8.0, 1.3 Hz, 1H), 2.10 (dd, J =
7.8, 1.5 Hz, 1H), 2.07 - 1.96 (m, 2H), 1.32 (td, / = 5.9, 2.8 Hz, 1H), 0.95 (s, 3H), 0.91 (s,
3H). 13C NMR (126 MHz, CDCl3) 6 153.31, 152.19, 132.65, 132.60, 131.50, 131.31,
130.62, 130.50, 130.44, 130.38, 128.13, 128.05, 117.41, 116.09, 101.69, 101.22,
63.42, 63.35,45.63, 45.31, 45.21, 43.83, 35.14, 34.78, 26.85, 26.77.
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General procedure for Diels-Alder reactions in NMR tubes. In a 3 dram vial,
substrate 1.116, (15 mg, 0.0629 mmol), were dissolved in 1.5mL of the solvent of
interest DMSO-d6. After that, the solution was transferred to a NMR tube and it was
heated up to 110 °C in an oil bath for 14 h to obtain cycloadduct 119 (90% NMR
yield). TH NMR (500 MHz, Chloroform-d) 6 5.97 (d, /] = 9.8 Hz, 1H), 5.54 (dt, ] = 9.8,
3.3 Hz, 1H), 4.52 (td, / = 8.8, 0.9 Hz, 1H), 3.91 (ddd, J = 10.8, 8.9, 0.9 Hz, 1H), 3.27 -
3.11 (m, 1H), 2.53 (dd, J = 12.6, 8.4 Hz, 1H), 2.14 (dt, J = 21.9, 7.3 Hz, 1H), 1.83 (dd, J
=12.6,6.5 Hz, 1H), 1.78 - 1.69 (m, 1H), 1.64 (qd, /= 11.8, 6.5 Hz, 1H), 1.32 (t,/ = 12.2
Hz, 1H), 1.13 (d, / = 12.5 Hz, 1H), 1.08 (s, 3H), 1.05 (s, 3H). 13C NMR (126 MHz,
CDCl3) 6 178.40, 132.90, 123.87, 72.13, 44.94, 44.65, 44.14, 42.78, 40.97, 37.10,
36.87,31.95, 31.79.

Conditions for the rest of the Diels-Alder reactions are specified in tables 1.2, 1.3

and 1.4.
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3.2 Anionic oxy-Cope methodology
%e ﬁO;Me
2.55 2.56

1-methoxycyclohexa-1,4-diene 2.56. A 1-L three-necked round-bottomed flask
equipped with stir bar, argon inlet and a cold finger was flame dried. Upon cooling,
the flask was charged with 10 mL of dry THF, anisole (6.3 g, 58.3 mmol) and tert-
butanol (32 mL, 335 mmol). At this point the cold finger was cooled down to -78 °C
and ammonia (200 mL) was condensed into the reaction flask. The flask was kept at
RT while the addition of ammonia (45 min). Upon condensation, lithium (1.0 g,
144.1 mmol) was added in small pieces (lithium was cleaned with hexanes, MeOH
and THF before added to the reaction mixture). The addition was made adding one
piece and waiting until the dark blue color disappeared and adding the next lithium
piece then. When the last piece of lithium was added, the blue color was permanent
and it was allowed to stir for 5 min. After that time, the reaction was carefully
quenched adding 15 mL of MeOH drop wise. A white suspension was observed and
the quenching procedure was continued carefully adding 150 mL of water. The
reaction flask was placed in an oil bath at 40 °C to accelerate the evaporation of
ammonia. After 1 h of evaporation, the reaxtion mixture was extracted with
petroleum ether (4 x 80 mL). Organic layers were combined, washed with water (2 x
50 mL), dried over Na:SO4 and concentrated in vacuo using an ice bath to reduce
loss of the desired product. The product was a transparent oil (4.0 g, 63%). Not

further purification was needed. 1H NMR (500 MHz, Chloroform-d) § 5.73 - 5.63 (m,
2H), 4.63 (t,] = 3.5 Hz, 1H), 3.55 (s, 3H), 2.84 - 2.78 (m, 2H), 2.75 - 2.69 (m, 2H).
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(1R,45)-2-chloro-1-methoxybicyclo[2.2.2]oct-5-ene-2-carbonitrile 2.58. In a
100 mL round-bottomed flask, were mixed methoxy 1,4-cyclohexadiene (1.23 g,
11.2 mmol), 2-chloro acrylonitrile (0.81 g, 9.31 mmol) and chloroform (0.045 mL,
0.558 mmol) dissolved in 15 mL of Tol. The reaction mixture was heated up to 85
oC. After 18 h of reaction, the mixture was allowed to cool down to RT. The solvent
was evaporated and the crude mixture was purified by automated silica gel
chromatography (0 - 10% EtOAc/Hexanes over 30 min) to afford the title
compound 2.58 as a yellow oil (0.77 g, 35% yield).'H NMR (500 MHz, Chloroform-
d) 6 6.51 (dd, J = 8.8, 6.4 Hz, 1H), 6.46 - 6.37 (m, 2H), 6.25 (dt, / = 8.8, 1.1 Hz, 1H),
3.53 (d,J = 2.4 Hz, 6H), 2.73 - 2.61 (m, 3H), 2.54 (dt, ] = 14.2, 3.3 Hz, 1H), 2.29 - 2.09
(m, 2H), 2.02 - 1.84 (m, 3H), 1.84 - 1.62 (m, 3H), 1.55 - 1.43 (m, 2H). 13C NMR (126
MHz, cdcl3) 6 136.78, 134.01, 131.27, 130.06, 120.00, 119.48, 80.66, 80.63, 61.56,
61.42, 52.48, 52.46, 46.82, 46.58, 29.50, 29.47, 24.57, 24.55, 22.27, 21.74. HRMS
(ESI): m/z calculated for (M+H*) = 198.0607, found = 197.0680
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2.58 2.59
(1R,45)-1-methoxybicyclo[2.2.2]oct-5-en-2-one 2.59. To a solution of (1R,4S)-2-
chloro-1-methoxybicyclo[2.2.2]oct-5-ene-2-carbonitrile ( 0.601 g, 3.05 mmol) in 30
mL of DMSO, were added 30 mL of a 1 M aqueous solution of KOH (1.53g, 30.5
mmol) and the reaction mixture was heated up to 80 °C and stirred at that T° for 12

h. After that time, the reaction was neutralized with Na>CO3 (20 mL, sat . aqueous)
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and extracted with Et20 (3 x 30 mL). Organic layers were washed with H20 and
brine, dried over NazSO04, filtered and concentrated in vacuo. The crude of the
reaction yielded the title compound 2.59 as a brown oil (0.460 g, 99% yield). No
further purification was needed. 'H NMR (500 MHz, Chloroform-d) 6 6.50 - 6.44 (m,
1H), 6.27 (dt, ] = 8.7, 1.4 Hz, 1H), 3.54 (s, 3H), 2.99 - 2.92 (m, 1H), 2.15 - 2.12 (m,
2H), 1.96 - 1.88 (m, 1H), 1.87 - 1.79 (m, 1H), 1.78 - 1.71 (m, 1H), 1.71 - 1.62 (m,
1H). 13C NMR (126 MHz, cdclz) § 209.96, 135.88, 129.63, 84.71, 53.22, 40.34, 31.59,
26.69, 25.26

/ / OH
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(1R,25,4S)-1-methoxy-2-vinylbicyclo[2.2.2]oct-5-en-2-0] 2.50. To a solution of
(1R,4S)-1-methoxybicyclo[2.2.2]oct-5-en-2-one (0.460 g, 3.02 mmol) in 20 mL of
THF at 0 °C was added drop wise a solution of vynilmagnesium bromide in THF
(6.04 mL, 6.04 mmol) and it was allowed to warm up to RT and stirred for 3 h. After
that time, the mixture was diluted with EtOAc and quenched with 10 mL of H20
followed NH4Cl (5 mL, sat . aqueous). Aqueous layer extracted with EtOAc (3 x 20
mL), the organic layers where combined and washed with brine, dried over Na;SO4,
concentrated in vacuo and purified by automated silica gel chromatography (0 - 5%
EtOAc/Hexanes over 45 min) to afford the title compound 2.50 as a transparent oil
(0.22 g, 40% yield). 1H NMR (400 MHz, Chloroform-d) 6 6.34 - 6.20 (m, 2H), 5.91
(dd, J =17.2, 10.7 Hz, 1H), 5.22 (dd, J = 17.2, 1.5 Hz, 1H), 5.02 (dd, J = 10.6, 1.5 Hz,
1H), 3.35 (s, 3H), 2.59 - 2.50 (m, 1H), 2.17 (s, 1H), 2.10 - 2.01 (m, 1H), 1.86 - 1.77
(m, 1H), 1.63 (dd, J = 2.9, 1.6 Hz, 2H), 1.59 - 1.36 (m, 2H). 13C NMR (126 MHz, cdcls)
6 145.08, 134.07, 132.19, 110.80, 82.83, 78.71, 51.92, 41.86, 30.29, 25.10, 21.86.
HRMS (ESI): m/z calculated for (M+Na*) = 203.1150, found = 203.1043
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(E)-4-styrylhepta-1,6-dien-4-0l 2.54 To a solution of methyl cinnamate (1.0 g,
6.17 mmol) in 40 mL of THF at 0 °C, was added a 1M solution of allylmagnesium
bromide in THF (21.6 mL, 21.6 mmol). The reaction mixture was allowed to warm
up to RT and it was stirred for 4 h. After that time, the reaction was diluted with 20
mL of EtOAc and quenched with NH4Cl (15 mL, sat. aqueous). Aqueous layers were
extracted with EtOAc (3 x 20 mL), organic phases combined, dried over NazSOs4,
filtered and concentrated in vacuo. The crude material was purified by automated
silica gel chromatography (0 - 15% EtOAc/Hexanes over 30 min) to afford the title
compound 2.54 as a transparent oil (1.0 g, 76% yield). 'TH NMR (300 MHz,
Chloroform-d) § 7.42 - 7.36 (m, 2H), 7.35 - 7.27 (m, 2H), 7.25 - 7.19 (m, OH), 6.61
(d,J=16.0 Hz, 1H), 6.25 (d, J = 16.0 Hz, 1H), 5.93 - 5.72 (m, 2H), 5.26 - 5.07 (m, 4H),
2.54 - 2.26 (m, 4H). 13C NMR (126 MHz, cdclz) 6 136.81, 134.65, 133.26, 128.50,
127.35, 126.37, 119.15, 73.74, 45.50. HRMS (ESI): m/z calculated for (M+Na*) =
237.1358, found = 237.1550

2.54 2.67

General Procedure for Oxy-Cope rearrangement using KH and 18-Crown-6: In
a pre-weighed and flame dried 10 mL round bottomed flask, was added a 30%
suspension of KH in mineral oil. 5 mL of dry THF were added to the flask and the
flask was swirled for 30 seconds. At that time, the suspension was allowed to settle
for 1 min and the liquid was carefully cannulated out of the flask. The same

procedure was repeated three additional times. The flask was then set under HV to
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evaporate all remaining THF. The flask was weighed one more time to calculate the
amount of pure KH present in the flask (103 mg, 2.57 mmol, 3 eq). After that, THF (1
mL) was added and the suspension was stirred under an argon atmosphere. On a
separated flame dried 10 mL round bottomed flask, substrate 2.54, (1 eq) was
weighed, dissolved in THF (1 mL) and cannulated into the flask containing KH,
followed by 18-Crown-6 (678 mg, 2.57 mmol, 3 eq). The reaction was stirred at RT
for 2 hr. After that time, the reaction was diluted with EtOAc (2 mL) quenched by
the addition of H20 (1 mL) and NH4CI (1 mL), the aqueous layers were extracted
with EtOAc (3 x 5 mL) and the combined organic extracts were dried over Na;SOs,
filtered and concentrated in vacuo. The crude mixture was dissolved in CD3Cl and
1H NMR was performed to establish convertion ratios. TH NMR (500 MHz,
Chloroform-d) 6 7.31 - 7.26 (m, 2H), 7.22 - 7.15 (m, 3H), 5.81 (ddt,/=17.1, 10.2, 7.0
Hz, 1H), 5.69 - 5.59 (m, 1H), 5.15 - 5.10 (m, 1H), 5.04 (dq, J = 17.1, 1.5 Hz, 1H), 5.01
-4.94 (m, 2H), 3.27 (p, / = 7.3 Hz, 1H), 3.11 - 2.93 (m, 2H), 2.83 - 2.68 (m, 2H), 2.41
- 2.33 (m, 2H). 13C NMR (126 MHz, cdclz) § 207.47, 143.98, 136.13, 130.33, 128.44,
127.45,126.43,118.82, 116.75, 109.98, 48.40, 48.18, 40.71, 40.56.

Conditions for the rest of the oxy-Cope rearrangements are specified in tables 2.1,

and 2.2
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General Procedure for Oxy-Cope rearrangement using BusNOH: To a flame
dried 10 mL round bottomed flask, substrate 2.50 (25mg, 0.138 mmol, 1 eq) was
added and dissolved in 1 mL of DMSO. On a separated flame dried 10 mL round
bottomed flask, BusNOH (144 mg, 0.555 mmol, 4 eq) was weighed and dissolved in

1 mL of DMSO and cannulated into the reaction flask. The reaction was heated up to
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80 °C and stirred for 12 h. After that time, the reaction was cooled down to RT (if
heated up) diluted with 2 mL of EtOAc and quenched by the addition of 2 mL of
NH4Cl, aqueous layers were extracted with EtOAc (3 x 5 mL), dried over NazSO0g,
filtered and concentrated in vacuo. The crude mixture was dissolved in CD3Cl and
1H NMR was performed to establish convertion ratios. TH NMR (300 MHz,
Chloroform-d) § 4.52 (d, J = 3.6 Hz, 1H), 3.53 (s, 3H), 2.70 - 2.55 (m, 1H), 2.44 - 2.18
(m, 6H), 2.16 - 2.05 (m, 2H), 1.92 - 1.57 (m, 3H).

Conditions for the rest of the oxy-Cope rearrangements are specified in tables 2.1,

and 2.2
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Compound 264 was prepared according to the literature reported procedure.
To a suspension of commercially available Cinchonine (1.0 g, 3.39 mmol, 1 eq) in 12
mL of Tol was added BzBr(0.403 mL, 3.39 mmol, 1 eq) and the reaction was heated
up to reflux for 4 h. After that time, the reaction mixture was allowed to slowly cool
down to RT, at that moment 50 mL of Et;0 were added and a light brown
precipitated was observed. Filtration through filter paper yielded salt 2.64 in 88 %
yield. The spectroscopic data for salt 878787 were in agreement with the data

reported in the literature.?0
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Compound 2.65 was prepared according to the literature reported procedure.
To a suspension of salt 2.64 (800 mg, 1.72 mmol, 1 eq) in 3 mL of DCM, a 50%
aqueous solution of KOH (0.850 mL, 8.59 mmol, 5 eq) followed by addition of allyl
Br (0.442 mL, 5.16 mmol, 3 eq) by syringe. After 20 min of reaction, the solution
became homogeneous and it was allowed to stirred at RT overnight. Next day, the
mixture was diluted with 10 mL of H20, extracted with DCM (3x 5mL) dried over
NazS0y, filtered and concentrated in vacuo. The solid was dried over HV for 2 days to
afford 83% of salt 2.65 The spectroscopic data for salt 878787 were in agreement

with the data reported in the literature.°

Ph

2.65

2.66
Cinchonium-hydroxy compound 2.66 was prepared according to the literature
reported procedure. To a solution of salt 2.65 (500 mg, 0.989 mmol, 1 eq) in 50 mL
of MeOH, was added Ag20 (916 mg, 3.956 mmol, 4 eq) followed by H20 (17.8 pL,
0.989 mmol, 1 eq) and stirred at RT for 3 days. After that time, Ag,0 was filtered off
and the filtrate was concentrated in vacuo and purified by silica gel chromatography
using a solvent system of 40% Et20 in Pet Et20 to yield 48% of the cinchonium-base
2.66 The spectroscopic data for salt 2.66 were in agreement with the data reported

in the literature.105
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