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Abstract

Abstract

In this thesis the possibility of using bifunctional cinchona alkaloid-derived
organocatalysts to promote the enantioselective cycloaddition reaction of enolisable
anhydrides to various electrophiles to form annulated structures with high stereocontrol

has been demonstrated.

The reaction between homophthalic anhydrides and aldehydes under mild conditions
allowed the enantioselective synthesis of dihydroisocoumarins, a natural class of
compounds possessing a variety of biological effects, in high yields, diastereoselectivity

and enantioselectivity.

The methodology was later expanded to include the use of aryl succinic anhydrides
which produced paraconic acid derivatives (abundant in nature and possessing

biological activity), in high yields and with excellent stereocontrol.

The expansion of the substrate scope with regard to the electrophilic species was later
investigated. It was found that the catalytic asymmetric reaction between homophthalic
anhydrides and trisubstituted nitroalkenes can be used to form two new carbon-carbon
bonds and produce structures bearing three stereocentres (one of which is quaternary) in

high yield and stereoselectivity.

The evaluation of alkyliden-2-oxindoles as substrates in the reaction with enolisable
anhydrides was also studied. The results obtained proved the feasibility of the process
allowing the synthesis, in high yields and with excellent stereocontrol, of spirooxindoles
bringing about enantioselective Tamura reactions for the first time. Both aromatic- and
glutaconic-derived anhydrides have been found to be capable of producing highly
functionalised structures when reacted with one of two different alkiliden-2-oxindoles.
It was also found that a decarboxylative process takes place in the reactions involving
glutaconic-derived anhydrides, fumishing cyclohexenone products bearing two
stereocentres. Furthermore, it was demonstrated that when the reaction involving
homophthalic anhydrides is performed at low temperatures, the selective formation of

an alternative diastereomer in high yield and stereocontrol could be achieved.

The first thiolate-catalysed crossed- aldehyde-ketone Tishchenko reaction has also been

reported in this thesis. It has been demonstrated that the use of bromomagnesium

vii



Abstract

thiolate can efficiently promote the Tishchenko reaction between a number of aldehydes

and trifluoromethyl ketones in high yields.

The reaction was later investigated under the influence of microwave radiation in order
to increase the rate of the process that required extensive reaction times at high
temperatures in certain cases. The process proved extremely efficient, promoting the
reaction in very short time, however it resulted in lower yields compared to the thermal

variant.
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Chapter 1 Introduction

1. Introduction

1.1 Asymmetric synthesis: a general introduction

Asymmetric synthesis, also referred as stereoselective synthesis, is defined by IUPAC
as: ‘A chemical reaction (or reaction sequence) in which one or more new elements of
chirality are formed in a substrate molecule and which produces the stereoisomeric

(enantiomeric or diastereomeric) products in unequal amounts.”'

During the last few decades, the ability to synthesise one enantiomer/diastereomer

exclusively has played a crucial role in the pharmaceutical industry.””’

In nature, a wide number of molecules with biological activity contain stereocentres.
For example, biological molecules such as proteins, enzymes, receptors, carbohydrates
and many others are composed of building blocks produced entirely as a single
enantiomer, such as amino acids and sugars. Often, the interaction of different
enantiomers of the same molecule with the same receptors will lead to completely
different results.” Isolation of D-asparagine for the first time, in 1886, by the Italian
chemist Arnaldo Piutti, is an example. The scientist found a remarkable difference in
the taste of the two enantiomers: [-asparagine was flavourless, while D-asparagine was

extremely sweet.’

As a result of the thalidomide scandal in early 1960s, the Food and Drug Administration
(FDA) announced a new policy statement for the development of new stereoisomeric
drugs in 1992.° From then on, all chiral drug candidates must be synthesised and
evaluated as a single enantiomer before approval is given. This highlighted the
importance of stereoselective synthesis as a method to ‘control’ chirality in organic

synthesis.’

During a reaction process in an achiral environment, the transition states that lead to the
two enantiomers of a product possess identical energies, and so lead to a 50:50 mixture
of both (also called a racemic mixture). If the energies of the respective transition states
leading to the enantiomers can be modified in such a way that one is lower than the
other, the preferential formation of one enantiomer over the other one results, leading to

an enantioenriched mixture. A common way to do so is to introduce a chiral feature in
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either the substrate, reagent, catalyst or environment. This is known as asymmetric

induction' and is a key element in asymmetric synthesis.
The main strategies for the synthesis of enantiopure molecules are:

e The resolution of a racemic mixture
e Ex-chiral pool synthesis
e The use of a chiral auxiliary
e Asymmetric catalysis
o Transition metal catalysis
o Biocatalysis

o Organocatalysis

The resolution of a racemic mixture is probably the oldest method used by chemists to
obtain enantiopure compounds from a mixture containing an equal amount of both
enantiomers. It was discovered in 1848 by the French chemist and microbiologist Louis
Pasteur, who resolved a mixture of ‘left-handed’ and ‘right-handed’ tartaric acid salts by
manual separation of the crystals, leading to the discovery of chirality.” Currently, this
type of resolution is usually achieved by the conversion of a racemic mixture into a
mixture of diastereomers by reaction with an enantiopure chiral resolving agent. This
will lead to a mixture of compounds with completely different physical properties that
will allow for their separation, usually by crystallisation.* This technique, however
effective, presents a number of drawbacks. Two extra steps are required (formation and
cleavage of the pair) and generally a 50% maximum yield of one enantiomer can be

obtained.

Ex-chiral pool synthesis is a synthetic strategy based on the use of natural, readily
available enantiopure molecules, such as sugars or amino acids, as starting materials.’
The chiral information introduced will (generally) be preserved along the synthetic steps
and will be used (if necessary) to control the stereochemical outcome of subsequent
transformations. It is particularly suited to those substrates that are structurally similar

to the chiral starting material employed.'*"

Chiral auxiliaries, introduced by E. J. Corey in 1975 with enantiopure 8-

phenylmenthol,'? have played a central role in asymmetric synthesis for many years.'*'*
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They are enantiopure molecules that do not directly participate in the reaction.
Generally they are temporarily bonded to the substrate prior to the asymmetric step(s) of
the synthesis in order to achieve asymmetric induction (i.e. diastereocontrol), and then
removed afterwards. The auxiliaries must be inexpensive as they are used in
stoichiometric amounts, and are preferably available as both enantiomers. They should

also be easily introduced/removed (in high yields) in order to minimise waste.

Asymmetric catalysis normally refers to a process in which an achiral molecule is

317 The low catalyst

converted to a chiral one in the presence of a chiral catalyst.
loading required (typically 0.1-10 mol%) and the possibility to obtain a 100% yield of a
single enantiomer made this technique one of the most popular and widely used in
recent years, particularly in industry.'® Typical catalysts are composed of chiral
complexes between metals and chiral ligands. The breakthrough in this field occurred in
1968 with a discovery by William Knowles and his colleagues at Monsanto Company.
Following Wilkinson’s work on catalytic hydrogenation with triphenylphosphine
complexes of rhodium chloride,'” Knowles and co-workers decided to replace the
achiral ligand originally used with an enantiopure chiral one (DIPAMP, 4, Scheme 1.1).
In doing so, they were able to catalyse the enantioselective addition of hydrogen to just
one face of the prochiral olefinic substrate 1, generating 2 bearing the new stereocentre
in high enantioselectivity.”’ Later on, this process was commercialised to produce the

anti-Parkinson drug 1.-DOPA (3, Scheme 1.1).

MGOWCOZH Ha MeOD/\(‘S}COﬂ'{
i NHAc Rh(DIPAMP)(COD) BF AcO i

1 2 95% ee
OMe MeO
HO (S) CO,H Ph Ph
2 il e P P
HO NH, RN/ (R)
3 4
L-DOPA (R.R)-DIPAMP

Scheme 1.1 Enantioselective synthesis of L-DOPA.

In recognition for his contribution to chemistry, Knowles was awarded the Nobel Prize,
sharing it with Ryoji Noyort, also for his work on asymmetric catalytic hydrogenation,

and with K. Barry Sharpless for his work on catalytic asymmetric oxidation.
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Biocatalysis is the branch of asymmetric catalysis that applies the use of enzymes and
microbes in synthetic chemistry.”’ Enzymes are among the most efficient molecules
capable of catalysing reactions, and they are responsible for almost all metabolic
reactions in living organisms. The interest in using such molecules in asymmetric
catalysis arose from their extremely high chemo-, regio- and enantioselectivity in many
chemical transformations. Such high selectivity made them a valid alternative to
conventional chemical catalysts, especially in industry.*** Furthermore, with just a few
by-products, enzymes proved to be extremely environmentally friendly. However, their
use 1s not without drawbacks, such as limited substrate scope, availability in only one

enantiomeric form, they perform best in water (and not organic solvents) and they

sometimes suffer from inhibition by the product.”

Asymmetric organocatalysis is the newest subdomain within the enormous field of
enantioselective catalysis. It is based on the use of small organic molecules as catalysts
in the absence of metal ions.”” Although it has been known for more than a century that
small organic molecules can promote reactions,’® this new area of catalysis has been
deeply studied only over the last decade.”” >’ The organic molecules most often utilised
derive from a wide variety of naturally occurring substances that are generally
air/moisture stable, non-toxic and are often available as both enantiomers. As a result,
this technique is often inexpensive and easy to use, as the execution of a reaction does
not normally require special conditions such as inert atmosphere or use of ultra-dry

solvents/reagents.

The first significant work in organocatalysis arguably dates back to the early 1970s
when Eder, Sauer and Wiechert,”” and Hajos and Parrish’' separately reported that a
catalytic amount of proline (6) promoted the intramolecular aldol cyclisation of
triketones (i.e. 5) to furnish 7 in high yields and with excellent enantioselectivity
(Scheme 1.2). Utilising this novel reaction it was then possible to generate important
chiral intermediates for the total synthesis of subunits (e.g. 8, Scheme 1.2) of steroids
such as cortisone (9) with high optical purity, without resorting to resolution of a

. . 3233
racemic mixture. L
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Scheme 1.2  The Hajos-Parrish-Eder-Sauer-Wiechert reaction and subsequent
elaboration to cortisone.

In the late 1990s, Yang,** Shi,*> Denmark,*® Miller,”’ Jacobsen,*® Corey,* and their co-
workers (among other research groups) reported the use of small organic molecules as
enantioselective catalysts in organic synthesis. In 2000, two publications defined the
beginning of organocatalysis as an independent field of research in asymmetric
catalysis.*”*' The authors reported the possibility of employing simple, chiral, cyclic
secondary amines as catalysts for the asymmetric functionalisation of carbonyl

compounds, introducing two of the main modes of activation in organocatalysis.”
1.1.1 Organocatalysis: principal modes of action

The first of the studies introduced above was carried out by List and co-workers.*” They
reported the first example of a direct intermolecular asymmetric aldol reaction between
an excess of acetone (10) with aldehydes such as 11, catalysed by a non-metallic
molecule (e.g. (5)-proline, 6) to furnish 12 (Scheme 1.3); extending the scope of the
reaction reported by Hajos and Parrish in 1974."!

o o 6 (30 mol% O OH
M ( 0) QCOzH
H DMSO, rt, 2-8 h H 6
10 11

12 97%, 96% ee

20 vol%

Scheme 1.3  Proline-catalysed intermolecular asymmetric aldol reaction.
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The authors proposed that the reaction occurs via an enamine intermediate, in the same
way that enzymes, such as class I aldolases operate.***’ They defined this new catalytic
species as a “micro-aldolase”, highlighting the capability of proline to use both amino
acid functionalities in order to facilitate every step of the catalytic cycle. Initial
activation of the carbonyl moieties 10 by the acid functionality of the (S)-proline (6,
Scheme 1.4) facilitates the nucleophilic attack on the ketone by the amino group,
generating the hemiaminal 13. Loss of a molecule of water to form the iminium species
14 and subsequent deprotonation by the carboxylate of (S)-proline leads to the
formation of 15, which forms a new carbon-carbon bond with a molecule of aldehyde to
generate 18 via the highly organised pre-transition state 17. A subsequent hydrolysis

step generates the aldol reaction product 12 and regenerates the catalyst (i.e. 6).

6 o) /o -H,0 Q\(
o /‘\Q’H B AL
il 13 H 14 15
10 RCHO
16
B4
o [, N o
O OH Nyl
(P~ I 0 2 YN e . g
H OH & © )J\/'\R E)LH
6 12 18 17

Scheme 1.4  Proposed mechanism for the proline-catalysed intermolecular

asymmetric aldol reaction.
Soon after this, MacMillan and co-workers described the first enantioselective
organocatalytic Diels-Alder reaction between dienes such as 19 and o,p-unsaturated
aldehydes (i.e. 20) to give 22.*' The authors described the use of synthetic enantiopure
amines, such as the imidazolidinone 21 (Scheme 1.5), as catalysts for the activation of

20 by condensation to form an iminium ion intermediate (23a, Scheme 1.5).

They postulated that the reversible formation of the iminium ions could emulate the
mechanism of activation of carbonyl compounds by Lewis acids. The key step in the
explanation of the observed enantioselectivity is the preferential adoption of the (E)-
conformation 23a over the disfavoured (Z)-conformation 23b by the activated iminium

intermediate. Computational studies have shown that in order to avoid steric interaction
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between the geminal dimethyl group on the catalyst and the double bond of the

substrate, the formation of the (E)-isomer is favoured.*’

& 21 (5 mol%) ﬁ6 . e

© T s CH3CN/H20 95:5 (1.0 M), e r% e
N “

P HHCI

23°C,24h
19 20 22 82%,
exolendo 1:14, 94% ee 21
(E)-conformation (Z)-conformation
favoured disfavoured

o, / o . v/
N N
L5 L
N N /
Ph = P
IHLH H \W
/‘p Ca 23b

re face

blocked & fach

exposed

Scheme 1.5  Asymmetric organocatalysed Diels-Alder reaction.

Furthermore, the catalyst’s benzyl group proved to be an extremely efficient shield for
the re face of the (E)-iminium 1on 23a, leaving only the si face exposed to reaction

(Scheme 1.5).7444

As previously mentioned, the two studies reported above represent two of most
common activation modes in organocatalysis (i.e. enamine catalysis and iminium
catalysis) which constitute the asymmetric aminocatalysis. A common feature in this
type of asymmetric catalysis is the formation of the iminium ion that lowers the energy
of the lowest unoccupied molecular orbital (LUMO) of the system (Scheme 1.6).4% As
a consequence, for isolated m systems such as 24, the formation of the iminium ion
increases the acidity of the o proton in the substrate (e.g. 25), leading to fast
deprotonation with consequent formation of the enamine 26 (Scheme 1.6). This reactive
intermediate species, considered an enolate equivalent, possesses increased energy of
the highest occupied molecular orbital (HOMO), thus allowing the substrate to readily
react with electrophiles via nucleophilic addition (e.g. the proline-catalysed
intermolecular asymmetric aldol reaction).*’ In the case of conjugated m systems, such
as 27, the iminium ion formed (i.e. 28) becomes more activated toward nucleophiles as

a consequence of the lowering of the LUMO energy (Scheme 1.6), hence facilitating
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reactions such as the transformation depicted in Scheme 1.5 (e.g asymmetric

organocatalysed Diels-Alder reaction).*'

Enamine catalysis E Iminium catalysis

Enamine

'
; Iminium ion

O (0 o A AN
R)S sb k(\ -

24 acidic ’ 27 o
proton 4 HNu

Scheme 1.6 Aminocatalysis activation modes.

Another common activation mode employed in organocatalysis is based on the use of
non-covalent interactions between small (synthetic) molecules, capable of acting as
hydrogen bond (H-bond) donors, and substrates. These molecules, through general acid
catalysis, are able to stabilise the developing negative charge in the transition state of a
reaction, thus enhancing the reactivity of the electrophile towards nucleophilic attack, in
the same way as Lewis acids.*” While the use of Lewis acid metal-based catalysts has
been proved to offer a high degree of tunability,***’ a number of drawbacks associated
with the employment of such catalytic species highlighted the possibility of using small

molecules capable of acting as H-bond donors.*’
1.2 Hydrogen bond donating molecules: historical perspective

In nature, enzymes frequently resort to H-bonding interactions in order to promote a
number of chemical transformations (e.g. amide hydrolysis catalysed by serine

proteases).50

In the same way, during the early 1980s, a number of studies reported enhanced
stereoselectivity and substrate activation in reactions catalysed by small molecules

3133 Concurrently, pioneering investigations conducted by Hine

capable of H-bonding.
et al. using phenols and phenol derivatives (e.g. 30) as catalysts for the addition of
diethylamine to phenyl glycidyl ether (29), revealed the superior catalytic activity of
1,8-biphenylenediol (30) compared to that of phenol itself in the formation of 31

(Scheme 1.7).>*%
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O OH
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Scheme 1.7 Biphenylenediol-catalysed epoxide-opening reaction.

These results have been rationalised by Hine and co-workers, who proposed a double
H-bond donation from the catalyst 30 to the substrate electrophile 29. This theory was
strengthened by earlier studies conducted by the same team on the X-ray analysis of
crystalline 1:1 adducts of 1,8-biphenylenediol (30) and Lewis bases. These
demonstrated that 1,8-biphenylenediol (30) was capable of forming two strong H-
bonding interactions with the same oxygen atom of molecules such as 1,2,6-trimethyl-4-

pyridone, hexamethyl phosphoramide (HMPA) and 2.6-dimethyl-y-pyrone.™

Later, rate acceleration of Diels-Alder reactions promoted by a substituted
biphenylenediol was rationalised by Kelly er al., who proposed the catalyst double H-
bond donation as explanation for the results obtained.”” This was later found to also be
in agreement with computational studies performed by Jorgensen and co-workers*®’
which aimed to rationalise the observed acceleration of Diels-Alder reactions and

Claisen rearrangements when the reactions were performed in water.

It was now clear that the use of species capable of the simultaneous donation of two H-

bonds was a valid strategy for electrophile activation in synthetic chemistry.>

Between the end of 1980s and the beginning of 1990s, Etter and co-workers reported
that N, N’-diarylureas with electron-withdrawing substituent (i.e. -NO,) in the mera
position readily co-crystallised with a wide number of Lewis base molecules, such as
nitroaromatic compounds, ethers, ketones and sulfoxides due to their higher H-bond
donating capacity.®”®" This work, along with the previously mentioned examples,
constitute the basis for what will become one of the most important types of electrophile

activation in organocatalysis.
1.2.1 Organocatalysts containing (thio)urea moieties

The first example reported in the literature of general acid-catalysed reactions involving

. . . 62,63
the use of urea derivatives as catalysts, was disclosed by Curran and co-workers.”

9



Chapter 1 Introduction

They found that catalytic amounts of diarylurea 33 were able to promote the allylation
of cyclic a-sulfinyl radicals with improved yield and diastereoselectivity relative to the
uncatalysed process.’” Later, the same group demonstrated that the same catalyst (i.e.
33) could be efficiently used in the Claisen rearrangement of 32 to 37, leading to rate

% Tn

accelerations up to 22-fold when used in stoichiometric amounts (Scheme 1.8).
order to improve both the solubility in organic solvents and compatibility with radical
processes, the catalyst used in these reactions (i.e. 33) was obtained upon modifications
of the original structure reported by Etter: a trifluoromethyl group and an octyl ester
were introduced at both phenyl rings, replacing the original m-nitro groups. A thiourea
variant 34 (Scheme 1.8) of the catalyst was also examined for the first time as a H-bond
donor; however, the temperature required for the Claisen rearrangement reaction to
proceed at a convenient rate complicated the direct comparison between the

performances of the two catalysts due to the gradual decomposition of 34 under these

. 6:‘
conditions.™

o)
~ A
Ar. '}‘ J\’}‘ r
WO 33 (0-100 mol%) HoH -0 |
/ CgDs, 80 °C r"ol;
OMe E OMe
32 36 OMe 37
CF; CFs
/@\ JXL /@\ mol% 33 kel CF,
CBH1702C N f;l COZCBH17 0 10 O
R R 10 27 L
40 oy CgH170,C N"Ph
33X=0,R=H 100  22.4 38
34X=S R=H
35X=0,R =Me

Scheme 1.8 Claisen rearrangement promoted by (thio)urea derivatives.

The results obtained were explained by the model of double H-bonding catalysis
proposed by Hine er al. just a few years before. Evidence for the proposed transition
state 36 was also obtained from the failure of both dialkylurea 35 and benzanilide 38 to

promote the reaction when used as catalysts (Scheme 1.8).

10
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Inspired by these results, Schreiner and co-workers reported a series of computational
studies demonstrating the structural similarities of a H-bonded complex of N-
acyloxazolidinone 39 with the N,N'-disubstituted electron-poor thiourea 41 and the
corresponding Lewis acid (AICI;) complex.®* These studies were then confirmed by the
observation of a rate acceleration of the Diels-Alder reaction between cyclopentadiene
(40) and the o.B-unsaturated compound 39 in the presence of either the thiourea

derivative 41 or the even more acidic 42, to give products 43a and 43b (Scheme 1.9).!

O o
O)LNJ\/\ . @ cat. (25 mol%)
\_$, condmons \_yz i] \__y
40

39
R! R" 5 @
cat. conditions % yield dr (43a:43b)
~ S i
2 A | /”\ N l > - benzene, 130 °C 55 36: 64
N o R ACl, CHCl,-78°C 95 92:8
L, B 41 CHClj, rt 74 77423
i B R2 E CF' 42 CHClg, rt 78 81:19
- = 3

Scheme 1.9 Diels-Alder reaction catalysed by diarylthioureas.

One year later, the same group, evaluating the catalytic effect of a small library of
symmetrical N, N’ -disubstituted thioureas in the [4+2] cycloaddition reaction between
cyclopentadiene (40) and a series of o, f-unsaturated ketones/aldehydes, such as 44, to
obtain product 46, clarified why the structure of the catalyst 42 proved to be superior in
terms of rate acceleration compared to the others tested (Scheme 1.10).%° The result was
rationalised by a combination of two major factors. Firstly, the increased acidity of the
N-H protons in 42 compared to 41, caused by the presence of an extra trifluoromethyl
group on each aromatic ring, will augment the H-bond donating ability of the catalyst.
Secondly, the presence of a structure-rigidifying H-bonding interaction (i.e. A, Scheme
1.10) between the Lewis basic sulfur atom of the thiourea and the polarised (by the
adjacent electron-withdrawing group) ortho-protons of the substituted anilines. This
computationally determined interaction would also facilitate the catalysis, reducing the

entropy loss arising upon binding of the substrate to the catalyst 42.°°

11
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Scheme 1.10 Diarylthiourea substituent effect in the catalysed [4+2] cycloaddition
reaction.

In the following years many other research groups around the world moved their

attention towards this new and promising area of catalysis, expanding the scope of this

type of activation to a greater number of chemical transformations. A few selected

examples from the remarkable number of publications available in literature are

presented below.

In 2003, Takemoto er al. reported the promotion of the nucleophilic addition of cyanide
(TMSCN) and ketene silyl acetals to nitrones by a variety of diaryl(thio)ureas.®® High
yields and significant rate accelerations were observed. These were explained in terms
of interactions between nitrones and thioureas according to the model proposed by
Schreiner and co-workers. This was supported by NMR spectroscopic experimental

data.®

In 2004, Connon e al. described a DABCO-promoted Baylis-Hillman reaction between
methyl acrylate (47) and aromatic aldehydes such as 48 to produce 50, that was
accelerated by catalytic amounts of acidic diaryl(thio)ureas (Scheme LiE®™
Appreciable increase in the reaction rate, compared to the uncatalysed process, was
observed when using the diarylurea 49 as catalyst (Scheme 1.11). The mechanism
proposed involved binding and stabilisation of the Zwitterionic ammonium enolate
intermediate 51 (Scheme 1.11) to the catalyst with concomitant acceleration of its

addition to the aldehyde (the rate-determining step of the reaction).

12
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o} o} OH O
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Scheme 1.11 Baylis-Hillman reaction catalysed by the N,N-diarylurea 49.

During the same year, a study conducted by Ricci and co-workers demonstrated the use
of diaryl(thio)ureas as catalysts for the acceleration of the Friedel-Crafts alkylation of
aromatic and heteroaromatic N-containing derivatives with nitroalkenes.”® The group
hypothesised an electrophilicity-enhancing interaction between the nitroolefins and the

urea catalysts as an explanation of the results obtained.

Three years later, in 2007, Schreiner ef al. developed a procedure for the reduction of a
variety of aldimines using diarylthiourea 42 as a hydrogen-bonding catalyst in presence

% Under the optimised conditions

of the Hantzsch ester as a formal source of hydrogen.
at 1 mol% catalyst loading, the activation of the substrate by the thiourea derivative
catalyst 42 allowed the reaction to proceed in 15 hours at room temperature with high

product yields.

In 2008, Connon and co-workers reported that catalytic amounts of electron-deficient
diarylurea 49 can be used as a H-bonding catalyst in order to promote the sulfonium
ylide-mediated epoxidation reaction (Corey-Chaykovsky reaction) of a broad range of

aldehydes for the first time (Scheme 1.12).”°

o 49 (5 mol%), o} Ar
. 50% NaOH R H-N
H | + I ° (aq.) =
+ 8 + =0l ¢
ED)L TN CHCL (0.34 W), ©/u ~§ H>_ ‘"H-N):
r, 20 h \ Ar
52 53 54 93% 55

Scheme 1.12 N, N-Diarylurea-catalysed Corey-Chaykovsky reaction.

The reaction between benzaldehyde (52) and 53 for example, promoted by catalyst 49
under the conditions depicted in Scheme 1.12, furnished product 54 in high yield. The

13
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role of the catalyst, as explained, was to stabilise the developing negative charge on the
oxygen heteroatom (55, Scheme 1.12) during the rate-determining step (i.e. addition of

the ylide to the aldehyde).

In 2011, Connon er al. also described the first transthioesterification reaction catalysed
by urea-derivative H-bond donors between bulky chiral thioesters and unhindered
achiral thiols.”" The combined use of the urea catalyst with a co-catalyst base (DIPEA)

allowed this process to take place efficiently at room temperature.
1.2.2 Chiral (thio)urea moieties as organocatalysts

In 1998, Jacobsen and co-workers, while studying and evaluating new ligands for the
metal ion-promoted asymmetric hydrocyanation of imines (Strecker reaction), found
that the reaction carried out in presence of one specific ligand but in absence of the
metal (i.e. the control reaction) unexpectedly furnished better results, providing
enhanced enantioselectivity.”® The group then, while embarking upon a series of
combinatorial experiments aimed at optimising the catalyst structure in order to obtain
the highest level of stereocontrol, identified the thiourea derivative §9 as the most
efficient catalyst (Scheme 1.13). The catalyst was then evaluated under optimised
conditions in the Strecker reaction involving aromatic and aliphatic imine derivatives
such as 56 and 57 respectively, using HCN (58). The results proved the ability of 59 as
powerful asymmetric catalyst, furnishing the Strecker adduct products 60 and 61 in
good yield and high enantioselectivity (Scheme 1.13).

1. 59 (2 mol%), ']
/\/ P
)NL - toluene, -78 °C, 24 h FiC” NN
+ T
R™H 2. TFAA R7CN
56 R=Ph 58 60 R =Ph, 78%, 91% ee
57 R=t-Bu (2.0 equiv.) 61 R = t-Bu, 70%, 88% ee

=\

.
N\[]/'\NJ\N\“..Q
(@] H H N
N
;ﬁl
59
O/

Scheme 1.13 Asymmetric Strecker reaction with chiral thiourea derivative catalyst §9.

Ph.

\
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It was demonstrated by computational and mechanistic studies that, in order to reduce
the steric hindrance with the bulky imine substituents, the catalyst favourably binds the
(Z)-isomer of the imine by donating two hydrogen bonds to the imine lone pair.””
Further optimisations carried out by the same group resulted in the development of
better-performing catalysts with concomitant expansion of the scope of the reaction to a
wider variety of imine derivatives.”” Among these, the catalytic enantioselective
Strecker reaction involving ketoimines allowed the synthesis of enantiopure quaternary

. 5 5 : 7
amino acids for the first time using such a process.”

In the following years, the same group expanded the scope of this new type of chiral
(thio)urea organocatalysts, efficiently applying them to other stereoselective chemical
transformations such as Mannich reactions,”® hydrophosphonylation reactions,”® Pictet-

Spengler reactions’’ and nitro-Mannich reactions.”
1.3 Chiral bifunctional organocatalysts containing (thio)urea moieties

Soon after the discovery of the potential of the chiral (thio)ureas as catalysts, the
concept of introducing a second functionality (i.e. a Lewis base) into the structure of the
catalyst began to be investigated. This allowed the extension of the applicability of such
catalysts to the reactions that require simultaneous activation of both electrophile and

nucleophile; in a fashion that better mimics the mode of action of enzymes.

The first example of bifunctional organocatalysis promoted by (thio)urea derivatives
was introduced in 2003 by Takemoto and co-workers. They reported that a catalytic
amount of 64 was able to promote the Michael reaction of malonates (e.g. 62) to
nitroolefins (e.g. 63) with high enantioselective formation of 65 under the optimised
conditions (Scheme 1.14).”° They demonstrated that in order to obtain high yields and
selectivity, both the thiourea moiety and the tertiary amino group have to be present on
the same chiral scaffold. During further optimisation aimed at expanding the scope of
both nucleophilic and electrophilic reaction components, they proposed a pre-transition

state assembly to rationalised the observed stereocontrol.*’
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Scheme 1.14 The first bifunctional thiourea-based organocatalyst used in a Michael
reaction.

They postulated that the H-bond donation from the (thio)urea to the nitroalkene and the

deprotonation of the malonate (in the transition state) by the tertiary amine,

simultaneously exploited by the catalyst, would be able to control the approach of the

pronucleophile to just one face of the thiourea-activated nitroolefin (66, Scheme 1.14).%

The group then expanded the applicability of catalyst 64 to other substrates, reporting
the results of studies in which the molecule was able to promote the addition of

malonitrile to o B-unsaturated imides®' and the nitro-Mannich reaction (aza-Henry) of

82.83

imines.
o TMSO, CN
70 (5 mol%) -
+ TMSCN + FC  OH ——— o
CH,Cl,
-78°C, 36 h
67 68 69 71 96%, 98% ee
(2.2 equiv.) (1.0 equiv.)
\l/ s
H H
B Q
= N~ N
S8
n-Pr”" “n-Pr
70

Scheme 1.15 Cyanosilylation of ketones catalysed by thiourea derivative 70.

Jacobsen and co-workers also directed their attention towards bifunctional catalysis

modifying their catalysts (e.g. 59, Scheme 1.13) by removal of the Schiff-base and
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incorporation of a tertiary amine. They reported that low loadings of catalyst 70
efficiently promoted the enantioselective cyanosilylation of ketones such as 67 using
trimethylsilyl cyanide (68) and a stoichiometric amount of 2,2,2-trifluoroethanol (69) as
additive for the in situ generation of HCN, furnishing products such as 71 in high yield

and enantioselectivity (Scheme 1.15).**

1.4 Cinchona alkaloids as bifunctional organocatalysts: an invaluable structural

template

After the discovery of the antimalarial property of the bark of several species of a
western South American tree (the cinchona trees) at the beginning of the seventeenth
century, cinchona alkaloids were introduced to the European market and the active
compounds (e.g. quinine (72)) were isolated.*> The major constituents of the extract of
the bark are quinine (72), cinchonidine (73) and their pseudoenantiomers quinidine (74)
and cinchonine (75) and together they constitute the ‘starting point’ for any cinchona
alkaloid-based organocatalyst (Figure 1.1).*® The simultaneous presence of an
electrophile-activating H-bond donating hydroxy function and a bulky basic
quinuclidine positioned in close proximity on a reasonably rigid chiral structure,
combined with the readily accomplished tunability of the C-9 hydrogen bond donating
substituent, together with the low cost and availability of both pseudoenantiomers, made
these bifunctional molecules and their derivatives very successful in asymmetric

. 87
organocatalysis.

quinine cinchonidine quinidine cinchonine

Figure 1.1  Selected cinchona alkaloids.

One of the first important uses of these alkaloids in organic chemistry dates to 1853,
when Pasteur used them as resolving agents for the separation of a racemic mixture of
tartaric acid.® Their first use as asymmetric catalysts was for the rate acceleration of the
addition of HCN (58) to benzaldehyde (52), described in 1912 by Breding and Fiske
(Scheme 1.16).%’
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i inine (72) ® inidine (74) oH
quinine quinidine
H CN

76 52 58 77

quinine quinidine

Scheme 1.16 The cinchona alkaloid-catalysed addition of HCN (58) to benzaldehyde
(52).

Although this work reported low product enantiomeric excess (as optical rotation), it

demonstrated the possibility of obtaining enantioenriched products (such as 76 and 77)

of opposing chirality if the reaction was performed using either quinine (72) or its

pseudoenantiomer quinidine (74).

It was not until the early 1980s that the potential of cinchona alkaloids in asymmetric
catalysis began to be realised. Based on seminal studies by Pracejus,”” Wynberg and co-
workers reported the use of cinchona alkaloids (e.g. 73) and other natural and modified
alkaloids in the enantioselective addition of aromatic thiols such as 79, to cyclic a,-
unsaturated ketones such as 78, furnishing the thioether product 80 (Scheme 1.17).'
The authors attributed the selectivity obtained to the bifunctional mode of action of
cinchona alkaloids. The hydroxy group was posited to act as a H-bond donor for the
activation of the electrophile (i.e. 78) while the tertiary amine acts as a chiral base to

deprotonate the thiol 79 in the transition state.

o)
SH
. _73(1mol%) >|\©\
" Cete 22°C
78 79

80 quant., 75% ee

cinchonidine

—

Scheme 1.17 Enantioselective addition of thiols to cyclic enones catalysed by cinchona
alkaloids.
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From this point on, the use of cinchona alkaloids as bifunctional asymmetric catalysts in
organocatalysis began to slowly expand but the popularity of these molecules and their

-87,91,92 - -
§5879192 An ever increasing number

derivatives grew exponentially from the late 1990s.
of research groups around the globe turned their attention to this growing research field,
developing new catalysts to expand the reaction scope and nowadays cinchona alkaloids
and their derivatives are considered to be “privileged chiral catalysts” in organocatalysis
as they already were in metal-catalysed processes.”” An important example of the use of
cinchona alkaloids as metal ligands 1is the osmium-catalysed asymmetric
dihydroxylation (AD) developed by Sharpless and co-workers for which the author was

awarded a share of the Nobel Prize in chemistry in 2001.”*

1.4.1 Cinchona alkaloid organocatalyst functionalisation: common structural

medifications

As previously mentioned, many structural modifications of the most common cinchona
alkaloids have been investigated over the years in order to achieve better performance in

a wider number of reactions.

The core of these catalysts can be easily modified by chemical transformations to adapt
their electronic and structural characteristics to tailor the anticipated requirements

assoclated with catalysis of specific reactions.

quinine numbering common structural
modification positions

Figure 1.2 Quinine numbering and the positions most frequently modified.
As shown in Figure 1.2, there are six positions on the structure (i.e. N-1, C-3, C-9, C-2’,
C-5" and C-6’) that have been commonly modified. With the molecules generated from

these modifications it is now possible to catalyse a diverse array of organic

transformation classes in a highly stereoselective manner.
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1.4.1.1 Modification at C-9

The most commonly modified position of cinchona alkaloids is certainly the C-9
position. The naturally present chiral secondary alcohol can be easily substituted or
derivatised, with either retention or inversion of the configuration, in order to either
achieve control over the H-bond donating characteristics (introduction of (thio)ureas,
amides, erc.) or to bring about a completely different catalyst mode of action (e.g.
aminocatalysis by substitution with the free amino group), to that possible using the

parent alkaloid.
1.4.1.1.1 Introduction of (thio)urea moieties

After the pivotal work of Takemoto on bifunctional chiral thiourea derivatives as

9) . . . . .
798082 and during a time when the use of cinchona alkaloids in

organocatalysts
asymmetric organocatalysis was growing fastest,”® four different authors intent on
developing more powerful H-bond donating cinchona alkaloid derivatives,

independently began to evaluate the use of C-9 (thio)urea substituted structures.

Chen and co-workers were the first to evaluate thiourea organocatalysts derived from
cinchonidine (73, Figure 1.1) and cinchonine (75, Figure 1.1) in the enantioselective
Michael addition of thiols to o.B-unsaturated imides.”” Although the reactions
proceeded in high yields, the product enantiomeric excess obtained were extremely poor

(<20% ee).

FsC CF, FaC CF; FsC CF, FiC CF,

Figure 1.3  Thiourea-substituted cinchona alkaloid organocatalysts for the Michael
reaction.
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Soon afterwards, Soo0s er al. reported the use of four thiourea-substituted cinchona
alkaloid catalysts (Figure 1.3) in the Michael-type addition of nitromethane (85) to (£)-
chalcone (44, Scheme 1.18).”°

Catalysts 81 and 82 were obtained from quinine (72, Figure 1.1) with C-9 inversion and
retention of configuration respectively, and catalyst 83 from quinidine (74, Figure 1.1)
with C-9 mversion of configuration. The results obtained were quite unexpected:
catalyst 82 completely failed to promote the reaction while 81 and 83 furnished product

86 in moderate to good yields and high enantioselectivity.

O,N
/\/l?\ oo cat. (10 mol%) ’ J\/ﬁ\
N +  Me
Ph Ph & toluene, 25 °C, 99 h Ph Ph
44 85 86
(3.0 equiv.)

cat. yield {%) ee (%) abs. config.

81 71 95 (R)
82 0 . :

83 59 86 (S)
84 93 96 (R)

Scheme 1.18 Enantioselective addition of nitromethane (85) to (£)-chalcone (44)
catalysed by thiourea-substituted cinchona alkaloids.

These results demonstrate the importance of possessing the correct relative orientation

of the catalytic active groups for effective bifunctional catalysis to occur: the thiourea-

substituted cinchona alkaloid organocatalyst bearing the ‘natural’ stereochemistry (i.e.

82) proved to be inactive. A further improvement of the reaction in terms of both

enantioselectivity and yield was obtained when the reaction was performed in presence

of catalyst 84, synthesised from dihydroquinine with inversion of configuration.

Shortly after Soos’ report,”® Connon and co-workers published a series of studies which
examined the effect that substitution of the C-9 hydroxy group by an aryl(thio)urea,
with both retention and inversion of configuration, would have on catalyst performance.
They synthesised a small library of (thio)urea-substituted catalysts derived from
dihydroquinidine (89) and dihydroquinine (90) and evaluated them in the asymmetric

addition of dimethylmalonate (87) to nitrostyrene (63, Scheme 1.19).”
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0O o
6 0 . MeOJ\J\OMe
PRGN 84 (2 o)
Ph™ ™ MeO OMe " toluene, -20 °C, 30 h o WL
63 87 88 >98%, 99% ee
(2.0 equiv.)

dihydroquinidine Ar = 3,5-(CF3),-CeHs dihydroquinine

J

Scheme 1.19 Michael addition catalysed by thiourea cinchona alkaloid derivative.

The most successful catalyst proved to be 84, the use of which allowed the generation
of product 88 in high yields and enantioselectivity under the optimised conditions. From
the results obtained, they rationalised that modifications such as substitution of the C-9
hydroxy group with a (thio)urea moiety and the C-9 stereochemistry inversion are both
required in order to achieve high stereocontrol and reaction rate, with superior activity
exhibited by the thiourea species.”” This demonstrated again the strong relationship
between the relative stereochemistry of catalysts at C-8/C-9 and their activity as
bifunctional organocatalysts, as already reported by Soos™ and previously discussed

here.

Concurrently, Dixon er al. reported the evaluation of a family of C-9 substituted
cinchona alkaloid organocatalysts derived, with inversion of configuration relative to
the natural alkaloid, from cinchonine (75, Figure 1.1), in the Michael addition of 87 to
63 (Scheme 1.20).”® This work corroborated the results reported by Connon’’ and
S00s”® regarding the requirement for the correct arrangement of the two chiral catalyst
functionalities in order to achieve high yields and enantioselectivity. The superior
activity of catalysts capable of double H-bonding compared to single H-bond donors
was also highlighted when (sulfon)amide-substituted cinchona alkaloid catalysts (i.e.
93, 94 and 95, Scheme 1.20) were evaluated in the reaction.”® Under the optimised
conditions, catalyst 91 promoted the addition of 87 to 63, giving 92 in high yield and

enantioselectivity (Scheme 1.20).
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o o
o o
91 (10 mol%) Meo)ﬁio“"e
/\/NOZ +
PR MeO)J\)J\OMe CH,Cly, -20 °C, 30 h ph R~ N0z
63 87 92 95%, 94% ee
(3.0 equiv.)
{ N
Hhl
0=§=0
R
91 94 R=Me
Fac CF3 95 R= 4-CH3-C6H4

Scheme 1.20 Cinchonine thiourea derivatives as an enantioselective organocatalyst for
the Michael reaction.

1.4.1.1.2 Introduction of squaramide moieties

Within the pool of H-bond donating asymmetric catalysts’ the leading role has been
played, for many years, by chiral structures based on (thio)urea derivatives.*” Although
other H-bond donors have appeared in the literature over the years, the ability of
(thio)urea derivatives to form two H-bonds with a substrate and direct it to a particular

and well-defined geometry, forms the basis for their incredible success.

Recently, Rawal and co-workers, while exploring new motifs for H-bond donation,

developed a new class of catalyst capable of such activation based on squaramides.”

These unusual molecules proved to be highly active as H-bond donors as a result of
their particular structure which confers to these molecules a behaviour very similar to
(thio)urea moieties and yet exhibits significant physical differences that make them

distinct (Figure 1.4).""

Derived from squaric acid (96), secondary squaramides (97, I, Figure 1.4) exhibit
duality in H-bonding as they possess the ability of both anion and cationic recognition
(a property much more limited in (thio)ureas), allowing the interaction with donors,
acceptors and mixed donors-acceptors species, forming up to four H-bonds (II, Figure
1.4)."%1%" Considered as vinylogous amides, squaramides are structurally more rigid

than their (thio)urea counterparts, as the lone pair of both nitrogen atoms can be

23



Chapter 1 Introduction

delocalised through the ring system, restricting the two C-N bond rotations and

imparting a planar structure to the molecule (III, Figure 1.4)."%'"!
o. 0 o. 0 f ™
)tﬁ — = ﬁ H-boond accgptor 0 "' oceé’ )
Ho' “oH R-N" “N-R P 8%,
96 H H *ooo'
R~ R R~ -H %
o7 | N N Nl
. H H H R
— H-bond donor
o) 0 o (o il )
A -
B L ==
R ONR RN R ]if
H H H H S
R- R
N IN R N)L’ﬂ R
] [ o H H
2.72A
2.13A
97 b
. i - o 0
o fo o} o j;/{ s
il -— <l R- R R, AL R
R-x” “W-R B-3F R NN RS
\ 1 \ ! H H H H
H H H H y { i i
more-convergent less-convergent
]} H-bonding H-bonding |V

Figure 1.4  The physical and structural properties of the squaramides.

Higher aromaticity (according to the Hiickel rule (4n + 2; n = 0)) obtained upon H-bond
formation, is the basis of the superior H-bond donating ability of squaramides compared
to (thio)urea.'””'"" It is also presumed that the greater distance between the two acidic
hydrogen atoms” (i.e. 97 =2.72 A, 98 = 2.13 A) and their more convergent orientation
imposed by the ring structure could also be responsible for the different binding
proprieties and thus influence transition states in asymmetric catalysis, in a different

way to thiourea analogues (IV, Figure 1.4).'"

For these reasons, Rawal and co-workers decided to develop a squaramide C-9
substituted cinchona alkaloid organocatalyst and evaluate it in the addition of 1,3-
dicarbonyl compounds (e.g. 99) to nitroolefins (e.g. 63, Scheme 1.21).”” Catalyst 100
proved to be extremely efficient at promoting the addition of 99 to 63 at low loading,

furnishing the adduct product 101 in high yield and enantioselectivity.
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=P
0O © N H
& (R)

0O O
100 (0.5 mol%) HN A
e S meme Y
Ph™ X )J\/U\ CHyCly, rt, 8 h Ph(R) Oz | N

HN O

63 99 101 94%, >99% ee
(2.0 equiv.) Ar O 100

Ar = 3,5-(CF3)2-CGH3

Scheme 1.21 A squaramide-based cinchona alkaloid organocatalyst for a Michael-type
reaction.

As a result of Rawal’s influential study” the use of squaramide-substituted cinchona

alkaloids and, in general, squaramide-based H-bonding catalysts began to expand and

currently several other applications of this new type of hydrogen-bonding group have

been reported.'”
1.4.1.1.3 Other C-9 substitutions

The cinchona alkaloid C-9 substitutions described in the previous section are not the
only strategies studied and reported in the literature. Other structures have been
designed and proved to be extremely efficient in catalysing many chemical

: s 2 £ 103
transformations. Some examples include ester groups,'”’ sulfonamides'” and aryl
104,105

groups.

Another very commonly employed modification is the substitution of the C-9 hydroxy
group with a free amino group. The structures generated by this transformation belong
to the group used in asymmetric aminocatalysis'’*'”’ based on either ‘enamine’
catalysis or ‘iminium’ catalysis for the activation of nucleophile or electrophiles,
respectively. This was briefly discussed in Section 1.1.1 and will not be discussed

further here, as they are outside the scope of this thesis.
1.4.1.2 Modification at C-6’

In 1999, Hatakeyama and co-workers published a series of studies which aimed to
improve catalysis of the Baylis-Hillman reaction by using demethylated cinchona

® The most successful catalyst reported was the

alkaloids as promoters.'’
conformationally rigid, cyclic ether quinidine-derived cyclic ether 102 (Figure 1.5). The

stereoselectivity observed was attributed to the resulting augmentation of
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nucleophilicity of the amine due to the reduced steric hindrance around the nitrogen, in
conjunction with the H-bond donating potential associated with by the C-6

demethylated phenolic hydroxy group.'”®

In 2004 Deng et al. described the use of demethylated cinchona alkaloids such as 103
(Figure 1.5) as efficient catalysts for the enantioselective Michael-type reaction between

"% They claimed that

malonates and nitroolefins in high yield and enantioselectivity.
both hydroxy groups were participating in the stabilisation and organisation of the

transition state, in combination with the basic quinuclidine ring.

In 2006 Hiemstra er al., developed a new cinchona-based organocatalyst that was
capable of H-bond donation for the addition of nitromethane to carbonyl compounds
(the Henry reaction). Inspired by the earlier study reported by Soos,” they described the
synthesis of a 6’-thiourea-substituted, C-9-oxy-benzylated cinchona alkaloid derivative
104 (Figure 1.5) as an efficient promoter of the reaction in high yield and
enantioselectivity.''” They proposed a plausible mechanism in which the activation of
the aldehyde by double H-bonding to the thiourea moiety and the activating effect of the
basic nitrogen atom of the quinuclidine ring on nitromethane, constitute the basis for

such high stereocontrol.

powerful ) Ar<
H-bond donor ( ) N
A =
S NH /%
N
(S)

77 | (@)

|
N ~ Bn

| ) 104
102 hindered Ar = 3,5-(CF3),-CgH3 J

Figure 1.5  Selected C-6’ modified cinchona alkaloids: representative examples.

Other more recent reports of the use of C-6" substituted cinchona alkaloid derivatives
have emerged. For example, the enantioselective aza Morita-Baylis-Hillman reaction,'"!
annulation reaction''* and asymmetric conjugate addition of thiols'"* have been shown

to be susceptible to asymmetric catalysis by these bifunctional molecules.
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1.4.1.3 Modification at C-2’

The modification of the cinchona alkaloid core structure at the C-2’ position was first
introduced in 2006 by Gaunt and co-workers in order to fine tune the catalysts’
behaviour. Studying the use of quinine and quinidine derivatives such as 105 (Figure
1.6) in the catalytic enantioselective intramolecular cyclopropanation reaction of
halogenated ketones via quinuclidine-ammonium ylide intermediates 106''* (Figure
1.6), they noticed that the reactions carried out with 105 were furnishing products with
high yields but poor enantiomeric excesses. They attributed this to the catalyst- and
starting material-consuming formation of the unreactive ammonium ylide intermediate
107 (Figure 1.6) by reaction of the quinoline nitrogen with the a-haloketone. They
therefore introduced a methyl substituent at the C-2’ position to sterically hinder the
quinoline nitrogen atom in order to retard the formation of 108. Utilising catalyst 109
(Figure 1.6), the reactions proceeded smoothly, furnishing the desired products in

higher yields and excellent enantioselectivity.

Figure 1.6 A C-2’ modification to improve catalysis of a intramolecular
cyclopropanation reaction.

Another example in the literature of bifunctional catalysts which uses C-2°

modifications of the structural core of cinchona alkaloids was published by Deng er al.

in 2012.""° Studying the asymmetric isomerisation of imines catalysed by cinchona

alkaloid derivatives to furnish trifluoromethyl amines, the group, in order to improve

the catalytic activity and enantioselectivity, developed a series of cinchona alkaloid
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derivatives and evaluated them as promoters of the isomerisation reaction of the
aromatic trifluoromethyl imines. Catalyst 111, which contains a chlorine atom as
substituent at C-2’ position, proved to be the most efficacious in the promotion of the
reaction of aromatic and aliphatic imines such as 110 and 115, furnishing the desired
products 113 and 116 in high yield and enantioselectivity (Scheme 1.22). These
molecules, after acid hydrolysis, furnished the relative chiral amines 114 and 117

respectively in high ee.

Ar Ar

kN 111 (10 mol%), l\1 *NH,3 <l
o 4 A mol. sieves o HCI (1 N) o \
®  toluene (0.1 M), 3 THF,2h 5
-30°C, 48 h N
110 113 75%, 90% ee 114 95%

Ar = 4-N OZ'CSHd

Ak’ 111 (10 mol%), /l\:
N 4 A mol. sieves Y HCI (1 N) My Ao RSN
)J\ /'\ THF, 4 h P A
CF, toluene (0.1 M), CFs ) CF4
10°C, 48 h
115 116 61%, 90% ee 17 92%

Scheme 1.22 Asymmetric isomerisation of imines catalysed by C-2 substituted
cinchona alkaloid organocatalysts.

The authors stated that the presence of the C-9 hydroxy group in the structure was

crucial for high activity and stereocontrol. They also reported that the electronic nature

of the substituent at C-2” has a fundamental influence on the enantioselectivity of the

process, as the C-2° methylated variant 112 catalysed the reaction with lower

stereocontrol than 111.'"°

Other examples of C-2 substituted cinchona alkaloid derivatives are available in the

literature; however, they are confined either to different areas of asymmetric catalysis

"6 or different areas of chemistry such as organometallic

117

(e.g. aminocatalysis),

chemistry where they are used as ligands.
1.4.1.4 Modification at C-5’

In 2011 Connon er al reported a study in which new cinchona alkaloid-based

bifunctional organocatalysts with modified distances between the two catalytic
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functionalities were prepared. Based on the seminal studies of Jorgensen''® and Deng,'"
they decided to explore the effect that different substituents on C-9 and C-5" positions
would have on the performance of a small library of catalysts in the enantioselective
addition of nitromethane (85) to trifluoromethylketones (the Henry reaction) (Scheme
1.23)."" Catalyst 120 proved to be optimal for the promotion of the addition of 85 to
both aromatic and aliphatic trifluoromethylketones 118 and 119, giving the products

121 and 122 in good yield and high enantioselectivity (Scheme 1.23).

FsC ] N CF;3
=
o
120 (10 mol¥ HO CF
)J\ . MeNO, (10 mol%) 3NO
R” OCF, MTBE, -30 °C R ¢
118 R=Ph 85 121 R =Ph 72%, 90% ee
119 R =n-Pr (7 equiv.) 122 R = n-Pr 70%, 96% ee

Scheme 1.23 C-5’ substituted cinchona alkaloid-derived organocatalyst in the Henry
reaction.

One year later, the same group, studying the relationship between the acidity of thiols in

organocatalysed conjugated addition reactions and the enantioselectivity observed,

developed a new C-5’ substituted cinchona alkaloid catalyst 123 (Figure 1.7) with an

alternative C-9 substituent to the one previously reported 120 (Scheme 1.23).

Figure 1.7  C-9 variant of catalyst 120 for the enantioselective addition of thiols to
nitroalkenes.
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Catalyst 123 promoted the enantioselective addition of various thiols to aromatic

nitroalkenes in good yield and excellent enantioselectivity.''

1.4.1.5 Other modifications

The modifications of cinchona alkaloids reported above constitute the most common
and widely used in asymmetric bifunctional catalysis. However, there are two more
fundamental types of derivatives that are widely used in asymmetric catalysis which, for

their peculiarity, belong to their own specific field.

The first of these relies on the immobilisation of the catalyst on a heterogeneous support
in order to simplify the recovery of the catalyst at the end of the reaction. The
immobilisation of cinchona alkaloid organocatalysts is usually achieved by chemical

transformation of the terminal olefinic double bond on the quinuclidine ring.'* The two
supports commonly used are polymers123 and magnetic nanoparticles”4 and these form

part of the vast domain of solid-supported catalysis.'”

The second is based on the derivatisation of cinchona alkaloid organocatalysts into
chiral non-racemic salts, usually by alkylation of the nucleophilic nitrogen atom of the
quinuclidine ring. The catalysts obtained can then be used in asymmetric phase transfer

catalysis as a practical strategy for asymmetric organic synthesis.'**'*’

1.5 Formal cycloaddition reactions involving cyclic anhydrides: an historical

overview

Anhydrides are of enormous synthetic significance as they (in general terms) occupy
territory conveniently positioned between the highly reactive acyl halides and the more
stable but considerably less reactive carboxylic acid ester electrophiles, and as such they
have been used as electrophilic acyl transfer agents'*® for over a century.'?” While their
chemistry is almost completely dominated by their electrophilicity, a relatively small
number of cases involving the participation of enolisable anhydrides as nucleophiles in

aldol-like coupling processes have been reported.'*’

The first example of an anhydride acting as a nucleophile was reported in 1868 by
Perkin. He found that high temperature treatment of a mixture of aliphatic enolisable
anhydrides 125 and salicylaldehyde (124) in presence of a weak carboxylate base such

as sodium acetate, led to the formation of coumarins 126 (Scheme 1.24)."*"'%
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o
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KU\ J\ NaOAc / sealed tube @\/I
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] 150 °C, 4 h o736
OH R R
124 125 126

Scheme 1.24 Synthesis of coumarins by Perkin reaction between salicylic aldehyde
(124) and enolisable aliphatic anhydrides.

He later expanded his original work, evaluating the reaction of other aromatic aldehydes
127 with several aliphatic enolisable anhydrides 125. In all cases the product formed

was an o,B-unsaturated acid such as 128 (Scheme 1.25)."**

? O O (@]
R R
h N (lL o J\ NaOAc / sealed tube N XN OH
. | R! R! 150°C, 6 h o ! | R!
127 125 128

Scheme 1.25 Perkin reaction between aromatic aldehydes and enolisable aliphatic
anhydrides.

In the same report he also described the use of cyclic enolisable anhydrides, such as

succinic anhydride (129) in the reaction with benzaldehyde (52) in presence of sodium

succinate (130) that, upon decarboxylation of the intermediate, gave the product 131

(Scheme 1.26)."

(0]
O
| o ON OH
Ph) + OUO + NaOJ\/\”/ a sealed tube Ph/w
(@]

o 180°C, 8 h

52 129 130 131

Scheme 1.26 Perkin reaction between benzaldehyde (52) and succinic anhydride (129).

Many years passed before Fittig and co-workers clarified the mechanism of action of
the process. They repeated the reactions first discovered by Perkin but at lower
temperatures (i.e. 100 °C) and concluded that, the reaction, similar to an aldol reaction,
is an addition process of the anhydride to the aldehyde involving the formation of a B-
hydroxy intermediate 132 followed by dehydration, leading to product 133 (Scheme
1275+

B3]
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OH O o
R R
5\G | WAOH -Hzo N | /\\HKOH
N R! o R!

132 133

Scheme 1.27 Addition intermediate dehydration proposed by Fittig.

Further proof of the involvement of a B-hydroxy intermediate came also from the
reaction between succinic anhydride (129) and benzaldehyde (52). Fittig stated that
when the reaction is conducted at 100 °C the product formed is a substituted y-
butyrolactone called y-phenylparaconic acid (135), formed by lactonisation of the
intermediate hydroxy acid 134. This molecule, if heated at temperatures above 150 °C,
decarboxylates to furnish the product 131; which was also observed by Perkin in his

34,135

original study (Scheme 1.28).'

)I y 130 / sealed tube Ph 150 °C OH
——— o —
Ph 0o 100 °C o -CO, Ph N
52 134 HO P 131 ©
o
135

le) h
129

Scheme 1.28 Anhydride addition to benzaldehyde (52) followed by lactonisation
proposed by Fittig.

Miiller later described the condensation of the sodium enolate of homophthalic

anhydride (136) with benzaldehyde (52) to form a dihydroisocoumarin derivative by a

cycloaddition process between the two species that, similar to the cycloaddition of

succinic anhydride to benzaldehyde, produced a lactone.'*

In 1958 Pinder and co-workers, inspired by Miiller’s work, repeated the reaction using
piperonaldehyde (137) to obtain the cycloaddition product 138, confirming the

reactivity observed in Miiller’s original study (Scheme 1.29)."*’

O ? (0]
@\ . <o:©) 1)Et,0, 1t, 7 d O o
ZONa 0 2) H,0* O O>
HO,C o
138

Scheme 1.29 Dihydroisocoumarin synthesis by condensation of homophthalic
anhydride enolate (136) and aldehydes.

136 137
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A decade later in 1969, while developing a new synthetic process for the synthesis of
analogues of the alkaloid nicotine (141), Castagnoli et al. reported the first
cycloaddition reaction between cyclic anhydrides and imines."** The reaction between
succinic anhydride (129) and N-benzylidenemethanamine (139) under thermal
conditions furnished the cycloadduct product 140 in good yield as mixture of
diastereomers that '"H NMR spectroscopic analysis demonstrated to be the trans-140

(major) and cis-140 (minor) isomers (Scheme 1.30).

(@] O (0] —
N CeH
o + ——— NT 4 N~
Ph 80°C, 36 h \ TN\
o) HO,C  Ph HO,C  Ph 13
129 139 trans 140 83% cis 141

Scheme 1.30 Thermal cycloaddition of succinic anhydride (129) to imines.

They later expanded the scope of this reaction, extending it to glutaric anhydride
(143)."%'* The group, while studying the synthesis of nitrogen analogues of
tetrahydrocannabinols, demonstrated that the rrans-stereochemistry of the oxacycle in
the unnatural tetrahydrocannabinols was a fundamental factor in order to obtain a potent

physiological response.'*

(0] |N (0]
xylene
N B e 0
reflux, 30 min
CgHq4 (I) (0]
142 143
—
e —

Scheme 1.31 Glutaric anhydride (143) cycloaddition to imines in natural product
analogue synthesis.

They therefore applied the cycloaddition protocol discovered years before to glutaric
anhydride as a strategy for the synthesis of the natural product analogue.'*'*’

Following that procedure, the reaction between glutaric anhydride (143) and the imine
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142 furnished the rrans-cycloadduct 144 which, after purification by fractional
crystallisation, was employed in the synthesis of 145, an analogue of the natural product
A](m-/rans-tetrahydrocannabinol (A”(’)-THC, 146, Scheme 1.31)140 one of the two

psychoactive constituents of Cannabis Sativa.'"!

A short time after, two reports, by Haimova er al.'* and by Cushman and co-
workers,'” independently (and almost simultaneously), described the use of
homophthalic anhydride (147) and derivatives in the cycloaddition reaction with imines
such as 148 as an efficient method for the synthesis of substituted dihydroisoquinolonic
acids (e.g. 149) as mixture of cis and rrans diastereomers (Scheme 1.32). The reaction
proved to be wide in scope, as different homophthalic anhydrides and several imines
were compatible, giving good yields and in some cases good diastereoselectivity.'*
However, some stereochemical differences between the two studies were revealed and
years later explained by Cushman to be a consequence of epimerisation occurring

during work-up.'*
7

i |
+ - +
o OMe rt, 10 min >

HO,C
trans

147 148

149 96%, (33:67) dr

Scheme 1.32 Cycloaddition of homophthalic anhydride (147) to imines.

The cycloaddition reaction involving homophthalic anhydride was later expanded by
Tamura er al. to different types of electrophiles and was used as a simple route to
condensed phenolic compounds.'** In 1981 the group described the regiospecific Diels-
Alder reaction between 147 and carbon-carbon multiple bonds (e.g. 150) under thermal

conditions to furnish aromatic naphthol derivatives such as 151 (Scheme 1.33).

o OH

g — toluene (sealed tube) CO,Me
+ MeO,C————CO,Me =
(©) 150°C, 24 h COMe
147 150 151 65%

Scheme 1.33 Cycloaddition of homophthalic anhydride (147) to carbon-carbon
multiple bonds.
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They also proposed a series of plausible mechanisms (described in Section 1.5.3) in

6

order to explain the formation of the products'*® suggesting that the anhydride was

acting as a diene while the unsaturated alkenes / alkynes were acting as

dienophiles.'*>'4°

1.5.1 Cycloaddition reactions of anhydrides with imines

The cycloaddition reaction between imines and cyclic anhydrides has been widely used
in synthetic chemistry."*” However, since the first synthetic report by Castagnoli and co-

138 . :
the stereochemical outcome of the reaction could never be

workers in 1969,
controlled. Castagnoli e7 al. did however report work in 1971 which aimed to clarify the
mechanism of this reaction. They conducted a series of experiments on the thermal
reaction between a series of aromatic imines and succinic anhydride.'*’ They
demonstrated that electron-donating para-substituents on the benzaldehyde-derived
Schiff base increased the reactivity of the imines, furnishing higher yields of cis/trans
diastereomers mixtures, with the trans-isomer as the major product."*’” This was in
contrast to the Perkin-type mechanism (i.e. nucleophilic attack of the anhydride enol
tautomer on the electrophile), which at the time was considered to be the likely reaction
pathway, because a decrease in the reactivity of the imines was expected as a result of
their reduced electrophilicity when substituted with electron-donating moieties. For this
reason a different mechanism, based on the initial iminolysis of the anhydride by
nucleophilic attack of the nitrogen atom of the imines on the electrophilic anhydrides
was proposed, however this was not extensively studied.'"”’ The stereochemical
outcomes of the reaction were also analysed, however only the ratio between the cis and
the frans products formed in the reaction was reported. Although this work only
partially addressed the stereochemical outcomes of the reaction, it formed the basis for
the development of a new mechanism which was revealed by Cushman and co-workers

in 1987.'#

The group conducted a series of studies on the cycloaddition reaction between
homophthalic anhydride and a series of para-substituted imines; examining the
electronic and steric effects that different substituents either on the nitrogen atoms or in
para position of the Schiff base would have on the ratio between the cis and rrans

products formed in the reactions. They proposed three plausible mechanisms as a
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rationalisation for the stereochemical outcome of the reaction and, from the data

gathered from these experiments, they were able to identify the correct one.'**

The first of these (Scheme 1.34)'** involved a Diels-Alder reaction between the dienol
tautomer 152 of 147 and the imine 153 (acting as a dienophile), in the same manner as

reported in Tamura’s studies involving carbon-carbon multiple bonds as dienophiles

OHR O
R
O — O
Ar (6] H Ar
R 154a COzH
Eﬁi —_— Cﬁ:i & INI trans-155
o N0 Ar)

(discussed in detail in Section 1.5.3)'%

147 152 153 R R
NO N
'
Ar O Ar
154b CO,H
cis-155

Scheme 1.34 Proposed Diels-Alder mechanism for the cycloaddition of imines and
anhydrides.

This pathway was mainly excluded because imines, generally considered (at the time) to
be weak dienophiles in the Diels-Alder reaction, were found to react at room
temperature considerably faster than the species reported by Tamura which required
several hours at high temperature (or promotion by a strong base) in order to furnish
satisfactory yields. The authors also suggested that, from the likely intermediates 154a
and 154b proposed for the Diels-Alder pathway (Scheme 1.34), bulky substituents on
the nitrogen atom of the Schiff base 153 should lead to the formation of the rrans
product primarily, as 154a would be favoured over 154b. The results proved the
opposite was true as the imines with bulky substituent on the nitrogen atom

predominantly produced the cis product.'*

The second possibility for the reaction mechanism was a step-wise pathway based on
the nucleophilic attack of the enol 156 on the imine 153 electrophilic carbon (a Perkin-
type reaction), followed by the formation of lactam 158 upon reaction between the
amine and the anhydride functionalities via the tetrahedral intermediate 157 (Scheme

135
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CO,H CO,H
R 157 trans-158 cis-158

Scheme 1.35 Perkin’s type proposed mechanism for the annulation reaction between
anhydrides and imines.
This mechanism was also proved unlikely as, in a competition experiment carried out in
presence of both imine 153 and benzaldehyde (52), the reaction with homophthalic
anhydride (147), according to Perkin’s mechanism, should have formed lactone 159
predominantly as the more electrophilic aldehyde should react faster with the anhydride
than the imine which would generate the lactam 158. The results of their experiment
however proved that this was not the case as the reaction produced the lactam 158

almost exclusively (Scheme 1.36).'*

o) o o
R
o 0 N’ NP o
+ J + J — +
o Ph Ar Ar Ph

147 52 153 CO,H COzH
158 159
major product minor product

Scheme 1.36 Electrophile competition in the cycloaddition reaction of anhydrides.

The third mechanism postulated was found to provide the most accurate explanation of
the reactivity and stereochemical outcome of the reaction. It consists of the iminolysis
of the anhydride 147 by nucleophilic attack by the nitrogen of the imine 153."** This
generates the Zwitterionic intermediate 160 which, upon enolisation to 161,
intramolecularly attacks the iminium ion, forming the lactam product 158 (Scheme
1.37). Following this pathway, imines with £ geometry should generate exclusively cis
products while Schiff bases with Z geometry should lead only to the frans products.
However, experiments proved that mixtures of cis/trans diastereomers are generally
produced. As an explanation, the authors proposed two different rate-limiting steps for
the formation of the two diastereomers. For the cis-isomer of 158 they assumed that the
slow step would be the iminolysis of the anhydride 147 by the nucleophilic attack by the
nitrogen atom of the Schiff base 153; while in the formation the rrans-diastereomer of

158 the rate-limiting step could be the E-Z isomerisation of the imine 153.
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Scheme 1.37 Iminolysis as mechanism of the cycloaddition of anhydride to imines.

Following this theory, it is clear that any substituent on the imine 153 that would favour
its isomerisation to the Z-isomer would also be responsible for an augment in yield of
the rrans-diastereomer as product and, conversely, any substituent that would disfavour
the isomerisation would be accountable for the more stereoselective formation of the
cis-isomer. Comparison between imines 162a, 162b and 162c¢ (Scheme 1.38), all
bearing the small methyl group as substituent on the nitrogen atom, highlights the

electronic effect of the substituent on the aromatic ring.'**

R1
0 IN
A, - ==
e
o R? rt
147 162 (a,b,c,d)
162 R! R? 163 dr (trans:cis)
a Me NO, 97:3
b Me H 83:17
c Me N(CHj), 20:80
d t-Bu H 0:100

Scheme 1.38 Effect of the substituents of the imines on the stereochemical outcome of
the cycloaddition reaction with anhydride.

Electron-withdrawing substituents such as that on imine 162a, lower the barrier to the

1somerisation to the Z-isomer, leading to rrans-163a as the major product, while

electron-donating substitution, as in the imine 162¢, inhibits the isomerisation and leads

to a majority of cis-163c. It has also been shown that bulky substituents on the nitrogen
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atom of the Schiff base tend to shift the isomerisation equilibrium to the E-isomer in
order to avoid steric clash with the aromatic ring, thus resulting in more selective
production of the cis-product.’** Comparing imine 162d to 162b (Scheme 1.38) gives a
clear example of this effect, where isomerisation of the double bond is completely
inhibited or is too slow to take place, thus leading only to the cis-isomer of product
163d. To provide further proof this postulated mechanism, the reaction was extended to
the use of phenylsuccinic anhydride (164, Scheme 1.38). The same types of substituent
effects described in the use of 147 were observed using 164, albeit to a lesser extent.
However, the low reactivity of 164 compared to 147, resulted in the need for higher
temperatures in order to allow the reaction to proceed in moderate yields. Shaw and co-
workers later demonstrated that the difference in the rate of the reaction between the
two anhydrides depends on the formation of the enolate Zwitterionic-type intermediate
(e.g. 161, Scheme 1.37)."*® Anhydrides such as 147 are capable of stabilising the
negative charge of 161, delocalising it along the aromatic ring and therefore favouring
the formation of 158. Phenylsuccinic anhydride (164) also possesses this ability, but the
stabilisation effect is weaker, thus resulting in a slower reaction rate and subsequently
the need for higher temperatures that would inevitably affect the stereochemical
outcome of the reaction. Shaw proved that either introduction of an electron-
withdrawing substituent (e.g. -NO,)'** at the appropriate position on the aromatic ring
of the phenylsuccinic anhydride (164), or the exchange of the phenyl unite for a better
anion-stabilising species (e.g. —SR),"**'*" facilitated the formation of the enolate
intermediate thus allowing the reaction to proceed at room temperature, furnishing the

lactam product in high yield and diastereoselectivity.'** ">

1.5.2 Cycloaddition reactions of anhydrides with aldehydes

The cycloaddition reaction involving anhydrides and aldehydes has generally received
considerably less attention than the imine variant. The reaction is generally limited to
homophthalic anhydrides and aromatic aldehydes and requires stoichiometric (or more)

151-154

amounts of either a base or a Lewis acid"’ in order to proceed.

The mechanism of the reaction involving the aldehydes is different to that of imines,
and is depicted in Scheme 1.39. The oxygen atom of aldehydes is not nucleophilic
enough to attack the anhydride according the mechanism proposed for the imines, and

thus it has been proposed that the reaction begins with enolisation of the anhydride 147,
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promoted by either a base or a Lewis acid moiety." * The reactive enol(ate) species 156
and 156a formed, are now sufficiently nucleophilic to attack the electrophilic aldehydes
52 and 52a, generating the tetrahedral alkoxides 165a and 165b which then lactonise in
an intermolecular process to form the dihydroisocoumarin product 159 as mixture of the

cis/trans diastereomers, with the rrans generally preferred (Scheme 1.39)."*

o)
N
Base (B) o
156a 52
Q 165a
03
o Ph
A\ o} LA o} A 159

165b

Scheme 1.39 Proposed mechanism of addition of homophthalic anhydride (147) to
aldehydes catalysed by base and Lewis acid.

Not long after Pinder’s report in 1958"%7 (see Section 1.5), a number of other studies on

e However,

the base-promoted cycloaddition reaction appeared in the literature.
these publications described the use of this strategy only for synthetic purposes without
addressing either any stereochemical issues associated with the reaction or examination

of 1ts mechanism.

MeO (o] OMe O
1. pyridine, rt, 4 h
MeO + gt MeO

166 167 COH 168 46%
(1.5 equiv)
OMe O OH O
0
——>
HO 7 o
CO,H Zearalenone
| 169 J

Scheme 1.40 Cycloaddition reaction in the synthesis of natural product 169 precursor.
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For example, the synthesis of 168, precursor of the natural product Zearalenone (169),
was achieved by Girotra et al. by reacting anhydride 166 with aldehyde 167 in pyridine

'3 A small library of cycloadduct products

at room temperature for 4 h (Scheme 1.40).
as cis/trans mixtures, synthesised by the sodium carbonate (Na,CO;)-promoted reaction
between homophthalic anhydrides and aromatic aldehydes, was reported by Nakajima et

al. as part of work which aimed to synthesise antifungal molecules."’

In 1991 Kita and co-workers experimented for the first time with the use of strong bases

2 . . .
'*2 Based on previous studies concerning the

in the cycloaddition of 147 to aldehydes.
strong base-promoted cycloaddition of carbon-carbon multiple bond compounds to
147.""" (Tamura’s reaction) they embarked on a series of experiments aimed at
evaluating the temperature effect on the reaction between 147 and 52 when promoted by

different bases (Scheme 1.41).

0) ? O
©:‘L/i . ©) 1. base / conditions @éﬂi N CO;Me
4 4_CO,Me
o 2. CH2N2 : Ph | 2
CO,Me
147 52 trans-170 71 N
base conditions % yield (170) % yield (171)
Na,CO; benzene, rt, 24 h 35 43
NaH THF,0°Ctort,24 h 83 -
NaH THF, 50 °C, 33 h 5 82

Scheme 1.41 Effect of temperature on the base-promoted cycloaddition of
homophthalic anhydride (147) to benzaldehyde (52).

The use of Na,COs;, as previously documented by Nakajima,'”' furnished the
cycloadduct product, which was isolated as methyl ester 170 after reaction with
diazomethane. However, Kita also reported isolation of the C-4 methylene condensed
product 171 not described in Nakajima’s work. They then directed their attention to the
use of a strong base such as sodium hydride as a reaction promoter. The results outlined
in Scheme 1.41 demonstrated that the cycloadduct 170 was the product predominantly
formed at low temperature while the methylene C-4 condensed 171 was the product
predominantly formed at higher temperature. The group then synthesised a
homophthalic anhydride derivative that contained both the anhydride and aldehyde
functionalities 172 and evaluated it in the intramolecular cycloaddition reaction with

various types of bases at different temperatures to furnish 173 (Scheme 1.42)."”
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(0]
= ' o 1. base / conditions
> +
X 4 o o 2. CH,N,
|
172 cis-173 trans-173
base conditions % yield (cis-173) % yield (trans-173)
NaH THF, 0 °C - rt, 10 min 32 26
LDA  THF, -78 °C, 1 h; rt, 30 min 26 27
Na,CO3 benzene, rt, 65 h 14 15
o-dichlorobenzene, 14 7

200 °C, sealed tube, 24 h

Scheme 1.42 Base and temperature effect on anhydride-aldehyde intramolecular
cycloaddition.

In this case, due to the absence of the acidic proton in the C-4 position of the structures

generated, the reaction formed the annulated product exclusively as a mixture of

cis/trans diastereomers in low to moderate yields. However, no data concerning the

‘real’ diastereoselectivity of the reaction was reported as no spectroscopic analysis of

the crude mixture was made. The two diastereomers were quantified after their isolation

upon crystallisation and their yields subsequently calculated.

Gesquiere and his co-workers later described the cycloaddition reaction between
aldehydes/ketones and homophthalic anhydrides promoted by the Lewis acid boron
trifluoride—diethyl ether complex (176, Scheme 1.43)."** This molecule plays a dual role
in the reaction as it both coordinates to the aldehydes to enhance their electrophilicity,

130

and binds the anhydride, promoting the formation of the enolates.””” This strategy
proved to be extremely efficient, as the reaction of anhydrides 147 and 174 with
benzaldehyde (52), promoted by an excess of 176, proceeded smoothly and produced
the annulated products 159 and 177 in high yields. The reaction involving ketones
however proved to be more challenging; most likely due to the lower reactivity of these
functional groups. For example the reaction between ketone 175 and 147 furnished the
product 178 in only 22% vyield. In this work, as already reported by Kita,'”> no
stereochemical analysis of the crude mixture was carried out and the ratio between the
two stereoisomers was determined by quantification upon crystallisation when possible.
The Lewis acid used (i.e. 176) also proved to be, in comparison to the basic moieties
previously reported, a better promoter for the reaction as no formation of the C-4

methylene condensed product (a Perkin-type product) was reported.
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(@] (o] (0]
R! o) BF3 « Et,0 (176), R! R!
0 1 J]\ (7.0 equiv.) (o} " (¢}
R%?” "R? > R A A R KU A R3
6 CH,Cly, rt N 2

147 R'=H 52 R2=Ph,R3=H HO,C HO,C
174 R'=NO, 175 R?=Et,R3=Me trans cis

prod. time (h) %yield % yield (trans) % yield (cis) 159 R'=H. R2=Ph R®*=H

159 5 81 38 43 177 R'=NO,, R2=Ph,R3=H
177 14 90 90 0 178 R'=H, RZ=Et, R® = Me
178 14 22 - -

Scheme 1.43 Lewis acid-induced cycloaddition of homophthalic anhydrides to
aldehydes and ketones.

Although Kita"” and Gesquiere'>> were among the first to study the stereochemical
outcome of the reaction, it was not until 2004 that a series of more complete and in-
depth studies addressing this aspect of the process was reported in the literature.
Palamareva and co-workers'> studied the cycloaddition of homophthalic anhydride
(147) with a range of aromatic aldehydes catalysed by a stoichiometric amount of 4-
dimethylaminopyridine (DMAP, 180) under mild conditions, measuring the
diastereoselectivity obtained by '"H NMR spectroscopic analysis of the crude mixture
after the work up. The reactions generally proceeded to completion affording the
mixture of diastereomers as the main product, with preferential formation of the rrans
isomer, with no side Perkin’s product formation. For example, using benzaldehyde (52)
as the electrophile, product 159 was formed in 100% yield and 70:30 diastereomeric
ratio (Scheme 1.44). When the reaction was performed using relatively electron-rich
aldehydes such as furfural (48), or aldehyde 179, along with the diastereomeric
mixtures (i.e. 181a:181b and 182a:182b), the reaction also furnished alkene products
181c and 182c¢ in up to 30% yield. This example however, is case-limited, as use of the
other electron-donating aldehydes evaluated in the reaction gave significantly lower

amounts of Perkin-type side products (<10%).
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O (@) O O
o} JJ\o DMAP (180) Ciii ©¢t yZ JLOH
R o CHCly 1t R R qu R
CO,H CO,H CO,H
52 R=Ph 147 atrans b cis c
179 R = 4-OMe-CgH,
48 R = 2-furanyl prod. time(h) %yield % ratio (a:b:c) 159 R=Ph
(1.1 equiv.) 159 2 100 70:30:0 181 R =4-OMe-CgH,
181 2.5 98 80:16:4 182 R = 2-furanyl

182 1.5 100 62:8:30

Scheme 1.44 DMAP-catalysed cycloaddition between homophthalic anhydride (147)
and aldehydes.

1.5.2.1 The scope of the reaction: the anhydride component

The use of different cyclic anhydrides in the reaction involving aldehydes has been
much more limited and has received less attention than the imine variant. This is mainly
due to the different mechanisms through which the two reactions proceed. As
previously described, the imine mechanism is based on the nucleophilic attack of the
nitrogen atom of the Schiff base on the electrophilic anhydride; while formation of
anhydride enol(ate) and its consequent nucleophilic attack on the electrophilic carbonyl
compounds is the characteristic pathway adopted by reactions mnvolving aldehydes. For
this reason, it is clear that formation of the enol(ate) of the cyclic anhydride is
fundamental in order to promote the reaction. For aromatic anhydrides such as
homophthalic anhydride (147) this can be easily achieved, as the negative charge
formed can be stabilised by conjugation with the fused aromatic ring. However, for
simpler structures such as succinic anhydride (129), the lack of this stabilisation effect
prevents the reaction from proceeding if not performed at high temperatures or with the

use of strong base and Lewis acids.

In 1983, Lawlor er al. embarked on a series of studies involving the optimisation of the
reaction between succinic anhydride (129) and aromatic aldehydes.'”® In order to
improve the results of the thermal version of the process reported years before by Fittig

3 Lawlor developed a new synthetic protocol based on the

and co-workers,
concomitant use of a Lewis acid (i.e. ZnCl,) and triethylamine. Using this methodology
129 was reacted with a series of aromatic aldehydes/ketones such as 183 and 184 to

furnish (via intermediates 185 and 186) products 187 and 188, derivatives of the
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abundant natural structural core, paraconic acid'*’ (i.e. 189, Scheme 1.45)."** However

no details regarding the stereochemical outcome were reported.

2+ 2+
.Zn Zn
0 . N N
o ZnCl, (2.2 equiv.) j)L 0 o O
N (2.0 equiv.
o r J\ Et3;N (2.0 equiv.) R “R2.Z - R! N o
R'” O R2 CH,Cly, 1t, 24 h R
o o] o}
129 183 R'=24-(Me0),-CeHs R?=H 185 186
184 R'=R?=Ph
o] o]
+*
186 19 | 0 o
2
HO,C 1
2 R HOC a9
187 R = 2,4-(MeO),CgH3 R? = H, 88% paraconic acid
| BN

188 R'=R?%=Ph, 38%

Scheme 1.45 Lewis acid/base-catalysed cycloaddition reaction of succinic anhydride
(129) to aldehydes and ketones.

Almost a decade later, this procedure was applied to the synthesis of other natural

' In this work, the authors reported that the

products bearing the same core structure.
reaction between succinic anhydride (129) and piperonal (137) under the same
conditions described by Lawlor, furnished (in 75% yield) a cis/trans diastereomeric
mixture of the acid product in 33:67 ratio, subsequently separated by fractional
crystallisation.'® In a very recent report the use of the same protocol is described in the
synthesis of D; dopamine agonists, reacting succinic anhydride with a substituted

16

benzaldehyde.'”" However, this work reports the use of this procedure as synthetic

protocol exclusively and no description of the stereochemistry of the products formed is

addressed.

The reaction can also be promoted by the use of weak bases such as sodium acetate

162-164

under thermal conditions. However, low yields and no stereochemical outcomes

are reported in these studies.

The use of substituted succinic anhydrides such as 190 in the base-mediated

cycloaddition reaction to aldehyde 191 is also reported (Scheme 1.46), 195167
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e} MeO toluene, -90 °C, 30 min
190/ © 191

nQ

deprotonation occurs (1.1 equiv.)
at the CH,
Ng
Si.
g I? H @
O 3
( o
O -
HoC :
OMe
OMe ; OMe
trans-192 cis-192

82%, 95:5 dr (trans:cis)

Scheme 1.46 Use of the substituted succinic anhydride 190 in the cycloaddition
reaction to aldehyde 191.

However, these substitutions were not made in order to favour the enolate formation by

stabilising the negative charge formed, but rather from synthetic necessity. Indeed, the

formation of the enolates, promoted by the use of strong hindered bases such as lithium

alkoxides'™ and Na-, K- or LIHMDS,'** " took place by deprotonation of the

methylene CH, carbon instead of the substituted CH carbon furnishing the paraconic

acid derivatives such as 192 in good yields and high diastereoselectivity.
1.5.3 Cycloaddition reactions of anhydrides with other electrophiles

The reactions between cyclic aromatic anhydrides and electrophiles other than

aldehydes and imines, have been widely studied and used over the years."*’

The reaction was firstly reported by Tamura ef al. as an extension of the previously
known cycloaddition of imines and aldehydes to homophthalic anhydride (147).'** They
demonstrated that when 147 is heated at reflux in toluene in presence of unsaturated
carbon-carbon multiple bonds moieties such as 193 and 195, the condensed phenolic
systems 194 and 196 are regioselectively produced, albeit in low to moderate yield

(Scheme 1.47).'%
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i i OH O
@iii + ‘O dichlorobenzene OO‘O
0 200°C,7h
© o}
147 193 194 44%
i OH
CO,Et
o]
@ ¢ El0,C-==—Cogk —Cuee (fealed tube)
o] 150 °C, 24 h "
147 195 196 63%

Scheme 1.47 Cycloaddition reaction between homophthalic anhydride (147) and
carbon-carbon multiple bonds species.

Two plausible mechanisms were also reported in order to explain the reaction pathway

145

and its regioselectively'® and two years later a third possible explanation was described

in conjunction with the previous two in a new report by the same group.'*’

The first proposed mechanism consisted of the thermal concerted [4+2] cycloaddition of
the diene intermediate 197, formed by decarboxylation of 147, to the generic dienophile
199, to form the adduct 200a that, upon tautomerisation to 200b and subsequent formal

loss of molecular hydrogen, generates the aromatic product 201 (Scheme 1.48).'4

o

O Jj\/HY

COZ C//O O X
O
197 198

147

OH O OH O o O
X / . @é\*x
Y H Y Y
2
201 200b 200a

Scheme 1.48 Proposed [4+2] cycloaddition mechanism for the cycloaddition reaction
between homophthalic anhydride (147) and dienophiles.

This mechanism has been ruled out based on the fact that formation of the intermediate

198 has never been observed in the reaction. In addition 147 has been recovered from

the process unchanged, although generation of 197 from 147 has been documented to

occur at higher temperature.'®” Further evidence to disprove this mechanism came from
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the difference in yield of 201 when formed by reaction between 147 and 199 in one

case, and 198 and 199 in the other case under identical conditions.'*°

The second possible proposed pathway was based on the stepwise Michael addition of
the homophthalic anhydride-derived enol 156 to the dienophile 199, to produce 202,
followed by an intermolecular cyclisation which leads to the cycloadduct 203. This,
after decarboxylation to 200c, tautomerisation to 200b and subsequent formal loss of

molecular hydrogen, generates the product 201 (Scheme 1.49).'*

o)
o o X/U\/MY o o
@i:i — @ — "
o) Z > 0H Y
147 156 » .-
203
OH O OH O OH O
Y Y Y
201 H; 200b 200c CO;

Scheme 1.49 The proposed Michael addition mechanism for the cycloaddition reaction
between homophthalic anhydride (147) and dienophiles.

This mechanism, known for example in the reaction between phthalide anions and

various dienophiles,'” has also been discarded; as reaction of the lithium enolate 204 of

the homophthalic anhydride (147) with several known Michael acceptors of general

structure as 205 (where R is a leaving group), failed to form product 206."’

o} (0] OH O
@ @ st O
+
Z>oLi R
204 205 206
R = H, OEt, Cl, SO,Ph not observed

o 0 o}
CO,Me cl
o or @( or o 0 —K—
=
- 5
207 208 209 (0]
210

Scheme 1.50 Disproof of proposed Michael reaction mechanism.
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In the same manner, no reaction products (above trace levels) were observed when
lithium salts of known donors for the Michael reaction (i.e. 207 and 208) were
evaluated in the addition reaction to 210. Furthermore, when the anhydride-derived
sodium enolate 209 was evaluated in the addition reaction to compound 210, no
formation of the expected annulated product was observed even under forcing

conditions (Scheme 1.50).""

A third mechanism was postulated in order to explain the previous results. This pathway
is based on the Diels-Alder reaction between the conjugated dienol tautomer 152 of 147
and the electrophile 199 to furnish, after decarboxylation to 200¢ and tautomerisation to

200b, the product 201 (Scheme 1.51).'*
O OH O 199 OH O
i a,
@[/1 Z N0 X ZY = | 0 X
o SNy g X Y
147 152 211
k co,

OH O OH O OH O
—_—
Y Y Y
201 H> 200b 200c

Scheme 1.51 Diels-Alder reaction as proposed mechanism for the cycloaddition of
homophthalic anhydride (147) to dienophiles.
In this reaction, homophthalic anhydride acts as the diene through its tautomeric dienol

152 while the role of dienophile is played by the electrophile 199.

The anhydride enolate 209 failed to react in the transformation depicted in Scheme 1.50
due to its inability to generate the dienol tautomer, thus precluding the Diels-Alder
reaction with the dienophile 210."*” Similarly, the formation of the naphthol derivative
206 from the reaction between 204 and 205 failed as cyclic enones are known to be

1 if not activated by either Lewis acidic

extremely poor dienophiles in the Diels-Alder
moieties'’? or by ring strain.'” Although evidence collected by the Tamura er al.
strongly support the Diels-Alder concerted mechanism that is currently considered the
most probable pathway for the reaction, the stepwise Michael process cannot be fully

discarded.
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The regioselectivity of the reaction was demonstrated by reacting homophthalic
anhydrides (such 147 and 212) with asymmetrically substituted unsaturated species
such as 213 or 217."*° Under the reported conditions, 214, 215 and 218 were found to be
the only products obtained, with no formation of their regioisomers 216 and 219

(Scheme 1.52).

(e} OH R OH O OH O
_bromobenzene O‘
120 °C,1h
O OH
147 R=H 214 R= H.41% 216
212 R=0OMe 215 R = OMe, 25% not observed
o) OH OH
= | (o) + =—COEt tolu?;\: Ezeazljdhtube) (I%rCOzEt . @ij\
0 //
R o NANF CO,Et
147 217 218 19% 219

not observed

Scheme 1.52 Regioselectivity in the cycloaddition reaction with asymmetric carbon-
carbon multiple bonds.

Regiocontrol in the concerted process (i.e. Diels-Alder reaction) presumably arises from

the exclusive attack by the carbon of the diene 152 (Figure 1.8) possessing the largest

HOMO coefficient, on the unsubstituted alkene carbon of 213 (or alkyne in the case of

174,175

217) which possess the largest LUMO coefficient (Figure 1.8).

.H\
OH O O

230 Br
- Et02C%H
o) 217
152\ \/ L
213a

Largest HOMO Largest LUMO
coefficient coefficient

Figure 1.8  Rationale for the regioselectivity in the formal cycloaddition of
homophthalic anhydride to dienophiles.

In the case of a stepwise pathway (i.e. Michael addition), this can be rationalised by

considering that formation of the first carbon-carbon bond (i.e. nucleophilic attack of

the enolate) would preferentially occur at the carbon atoms indicated in Figure 1.8,

because the negative charge formed can be subsequently stabilised by the resulting

formation of enolate products. In the case involving 213, enhancement of the
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electrophilicity of the carbon indicated and further negative charge stabilisation can be

achieved by H-bond formation as shown in 213a (Figure 1.8).

A base-promoted variant of the reaction was later developed by the same group in order
to improve the conditions for the formation of cycloaddition products that generally
required high temperatures for several hours and furnished products in moderate
yields."”” Using two separate methods based on the use of a strong base such as lithium
diisopropylamide (LDA) or sodium hydride (NaH), the reactions could be executed
under milder conditions to furnish products in good to high yields. Comparisons
between the thermal and base-induced version of some sample reactions are shown in

Scheme 1.53.

MeO MeO OH O
oondltlons = N
XN
212
O OH
.. CO,Me
dit
o) CO,Me
147 150 151
(o)
CO,Me
MeO,C conditions y
ie7 . CO,Me
= CO,Me
221 CO,H
222
OH
= COPh
conditions
147+ o COPh ——— O‘
o COPh
CO,H
prod. conditions % yield 224
220 the;\mal gg Conditions:
A: LDA/THF, -78 °C, 30 min, to rt
151 the'ramal gi B: NaH/THF 0 °C, 20 min, to 20 °C, 20 min
thermal 0
“e B 46
224 B 83

Scheme 1.53 Comparison between thermal and base-induced cycloaddition reactions
of homophthalic anhydrides to dienophiles.
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Some substrates, such as 221 and 223, are reported to form cycloadduct products only
in the base-promoted variant of the reaction, producing structures such 222 and 224 as a
result of the reaction process proceeding without the decarboxylation step. Although
this result i1s of interest as the reaction leads to structures bearing up to three
stereocentres, neither an explanation of such reactivity nor stereochemical rationale

were provided."”’

This new protocol involving milder reaction conditions was then applied as an efficient
strategy in the synthesis of natural products with pharmacological activity, such as
antibiotics'’® and antracyclinone precursors such as daunomycinone (227), a primary
metabolite of the chemotherapeutic drug daunomycin (228)."”” For example the thermal
regioselective cycloaddition reaction of the conjugated acid of 225 to the unsaturated
compound 210 to form 226, had been already reported by the same group.'”® However,
in order to improve the yield of the reaction (which was generally low), the lithium
enolate 225 was successfully employed as the diene component, furnishing a good

product yield (Scheme 1.54).'”

MeO  OLi o MeO OH O
C‘itl e THF
N0 : 3 -78 °C, 20 min O“‘ \O>
0 v 0 ©
225 210 226 62%

MeO O OH

—. 00
—_—
(0]

O OH
227

228

daunimycin ]

Scheme 1.54 Daunomycinone synthesis by cycloaddition of anhydride enolate (225) to
unsaturated compound (210).

Another important example of the application in the total synthesis of natural products

was reported by Danishefsky and co-workers. They applied the strong base-promoted

cycloaddition reaction of homophthalic anhydride to dienophiles as an elegant strategy

in the total synthesis of Lactonamycin, a powerful antibiotic and antitumor molecule.'”
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Cycloaddition reactions with other types of electrophile have also been reported. For
example o.B-unsaturated aldimines (1-aza-1,3-butadienes) have been shown to react

150181 However the reaction led to a mixture of products

with homophthalic anhydride.
generated by different competitive addition mechanisms between the two species (i.e.
Michael addition, iminolysis at C-1 and iminolysis at C-3) that, in general, could not be

controlled by modification of the conditions.

Another report described the reaction between homophthalic anhydride and substituted
(bromomethyl)-benzonitrile to produce isoquinolinone derivatives by a stepwise process

promoted by bases such as triethylamine.'®
1.5.4 The use of homophthalic anhydride analogues: heteroaromatic anhydrides

The use of heteroaromatic anhydride analogues of 147 as dienes in the base-promoted
cycloaddition reaction to dienophiles has also been studied. Anhydrides derived from
indole (i.e. 229), benzofuran (i.e. 230) and thiophene (i.e. 231, Figure 1.9) have been
reported to react with different types of dienophiles, producing polycyclic hydroxylated
compounds in low to good yields."**'** Furthermore, aliphatic anhydrides such as 232,
and 233, which are capable of tautomerisation to the dienol form, have been proven to
be suitable substrates in the synthesis of precursors of the natural product daunomycin

(228) 185,186

o o} o o} e
! 220 230 231 i <(O 232 4 233
Figure 1.9  Heteroaromatic anhydrides as dienes for the formal cycloaddition to
dienophiles.

At the beginning of 1990s, an intramolecular variant of the reaction was also developed,
demonstrating the general applicability of this process. C-4 Substituted homophthalic
anhydrides bearing an alkyl chain with a triple bond, such as 234, and their
heteroaromatic analogues such as 236, undergo intramolecular strong base-promoted
cycloaddition at room temperature. The reaction, which favours the formation of 6-
membered rings over S5-memebered structures proceeds quickly, fumnishing products
235 and 237 in moderate yields (Scheme 1.55).'%7!%

53



Chapter 1 Introduction

o) OH
NaH,
_—
X o CO,Me m1h 7
Z
234 235 54%

rt,2h

OH
NaH, o) CO,Me
THF O |O

-

236 237 41%

Scheme 1.55 Intramolecular cycloaddition between substituted aromatic anhydrides
and carbon-carbon triple bond species.

1.5.4.1 Glutaconic anhydrides and 2-pyrone derivatives

Glutaconic anhydride (244, Scheme 1.56) derivatives have also featured as dienes in the
cycloaddition reaction to dienophiles.'®"'*” The B-methyl derivative 238 however, failed
to produce the desired product 241 under thermal conditions when reacted with
quinones such as 240 (Scheme 1.56). To circumvent this problem, the molecule was
trapped in the dienolic form by methylation of the enol 239 through reaction with
diazomethane, forming 242. This readily reacts with 240 under thermal conditions,
furnishing 243 in good yield (Scheme 1.56).'® This new strategy was then applied to

the synthesis of natural products.'”

. e
o) o) OH O OH o)
240
0 o) (o)
My e iy
o) OH A o)
238 239 0 244
241
CH,N, o B
; g |0
(o) 240
| A 240°
OMe
242 & Seri———
243

Scheme 1.56 Glutaconic anhydride derivatives as diene for the Diels-Alder reaction
with dienophiles.

The Diels-Alder reaction of 2-pyrone (249, Scheme 1.57) and its derivatives with

various dienophiles is a very similar process to those presented above. Although these
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substrates have been well-studied and used as dienes for the synthesis of multifunctional
(chiral) compounds,'”" their low reactivity as dienes hindered their use in asymmetric
variant of this reaction. Quite recently, a bifunctional organocatalytic asymmetric
version of the process, promoted by cinchona alkaloid organocatalysts was
reported.'”>'” Diels-Alder reactions catalysed by 247 between 3-hydroxy-2-pyrone
(245) and o P-unsaturated ketones, such as 246, bearing electron-withdrawing
substituents on the double bond, produced 248 in good yield and high enantioselectivity

with high preference for the exo-adduct (Scheme 1.57).'

o) o o ® o 0] cok
HO\)LO 247 (5 mol%) 2Ft
| . N —_—— / Ph A
v Ph COzEt  Et,0, (0.1 M), \
t17h HO  COEt HO
245 246 O™ 'Ph

ex0-248 87%.94% ee  endo-248 7%, 54% ee
248 exo:endo = 93:7

/?
L AT
o)
N
A
= | (9 "NH, 251

Scheme 1.57 Enantioselective organocatalysed Diels-Alder reaction between 3-
hydroxy- 2-pyrone (245) and unsaturated ketones.

However, catalyst 247 proved to be an ineffective chiral promoter for simpler o.f3-
unsaturated ketones such as 251, furnishing high product yields but with no
stereocontrol. For this reason Deng er al. later reported the use of C-9 NH,-substituted
quinine 250, in combination with catalytic amounts of trifluoroacetic acid (TFA), as an
efficient catalyst for the reaction between 245 and 251, furnishing products in high

yields and enantioselectivity.'”
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1.6 The Tishchenko reaction: a brief overview

The Tishchenko reaction is the catalytic disproportionation of two aldehyde molecules
16 to give an ester product 252 (Scheme 1.58). This reaction has been widely studied as
it allows chemists to synthesise esters and lactones in a non-conventional way and, over
the last century, several different applications of this alternative protocol have been

194,19
reported.'*!*?

(0]
2 RJ cat. )J\/\

16 252

Scheme 1.58 The Tishchenko reaction.

The reaction was discovered by Claisen in 1887, when he found that treatment of
benzaldehyde with different types of sodium alkoxides gave benzyl benzoate in good
yields.'”® His method, however, was limited to non-enolisable aldehydes, as the strong
basicity of the alkoxides used could also catalyse aldol reactions for all aldehydes
bearing an acidic a proton. Later, in 1906, a Russian chemist named W. E.
Tischtschenko reported that aluminium and magnesium alkoxides could promote the
same reaction also for enolisable aldehydes, giving the desired products in good yields
with no aldol by-product formation.'””'*® The superior behaviour of these catalysts has
been attributed to the stronger Lewis acidity of the aluminium ion (AI’*) which, with the
empty p-orbital, coordinates to the carbonyl oxygen atom of the aldehyde.'”*'**
Furthermore, the concomitant lower basicity of aluminium alkoxides, compared to the
sodium alkoxides reported by Claisen years before, suppressed the aldol pathway,
thereby promoting the Tishchenko reaction exclusively.'”*'”> The scope expansion of
the reaction provided by the use of aluminium alkoxides enhanced the applicability of
the process, and for this reason the reaction was named after Tischtschenko: the

Tishchenko reaction (anglicised).'**'"*

Since the discovery of this reaction, a wide number of both homogenous and
heterogeneous catalysts have been reported as extremely active promoters for the
Tishchenko reaction, which has been used in several applications and industrial
processes (e.g. the preparation of ethyl acetate from acetaldehyde).'”” " These

reactions, which simply consist of the coupling of an aldehyde either to itself or to a
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different carbonyl moiety (aldehyde, ketone), all rely on a hydride-shift between the two
moieties in order to generate the products.'**'”* For this reason, selectivity issues in the
formation of a sole product in high yields, especially in the reaction involving two
different aldehydes, have been raised. Indeed, controlling which molecule acts as a
hydride donor and which one acts as acceptor is the key factor limiting the synthetic

utility of this process.
1.6.1 Proposed mechanisms

Over the years, a number of different mechanisms have been proposed for the
Tishchenko reaction promoted by aluminium alkoxides. Among these, the two most
commonly accepted were presented by Lin er al. in 1952,*” and by Ogata and co-

workers in 1969.%%

Lin postulated a stepwise esterification process in which the aluminium alkoxide acts
exclusively as a Lewis acid moiety (Scheme 1.59). A similar mechanism had however
already been presented by Luder and co-workers almost ten years before but was
interpreted as a special case of Cannizaro reaction.””” The reaction begins with the
aluminium coordination to the carbonyl oxygen of one molecule of aldehyde 16 via the
empty p-orbital of the metal atom of the catalyst 253, generating the alkoxide 254. This
1s then attacked by the oxygen atom of a second molecule of aldehyde 16 to give the
adduct 255 which, after 1,3-hydride shift, leads to product 252 and regeneration of
catalyst 253 (Scheme 1.59).

Al(OR); _ RCHO
2 253 O/AI(OR)g 16 (RO)3AI

RJ\H RA\H R/’\\_/A R \ )J\ R
16 254 288 AI(OR)a 252

Scheme 1.59 Mechanism for the Tishchenko reaction proposed by Lin.

Ogata’s mechanism consists of a very similar pathway but the active catalyst (i.e. 260,
Scheme 1.60) is generated at the beginning of the reaction in an alkoxide transfer
step.206 In the same way as outlined above, the process starts with the coordination of
the aldehyde 16 to the Lewis acidic metal ion 256, forming 257, but, instead of a direct
1,3-hydride shift, an alkoxide transfer from the aluminium chelating agent to the

aldehyde is proposed to take place, leading to the adduct 258. The mechanism now
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continues with a second aldehyde species that coordinates to the aluminium Lewis acid
generating 259, which, after an intramolecular hydride transfer, furnishes the mixed
ester 261 and catalyst 260, which continues to propagate the reaction as the actual

catalytic species, forming the desired product 252 (Scheme 1.60).”"*

R'O

AI(OR")3 AI,OR1 RCHO R! O, OR1
256 #rORM-(RY O)2A|\
< T (o L’ (‘ Lo 0
R)LH RJ\H R/{\OR1 R ! R)J\O/\R1
\_/OR
16 257 258 259 261
RCH,0AI(OR"),
260
R'O
RCHO OR!
16 M~OCH,R
: COya.
RCH,0AI(OR"), ;__. )j\
260 R™ H
o 262
R)J\O/\R
252
R’ o OR’
RCHO N(OR %
C (.0 16

s\_/ ogHzR e, /{\OCHZR

264 263

Scheme 1.60 Ogata’s mechanism for the Tishchenko reaction catalysed by aluminium
alkoxides.

This proposed mechanism was verified by experimental evidence of the formation of
the mixed ester 261, which is related to the amount of catalyst used and is no longer
considered a side reaction but the main pathway at low conversion.'™ It has also been
demonstrated that the transfer of a benzyloxide from the aluminium to the aldehyde
(from 262 to 263, Scheme 1.60) is much faster than the transfer of bulkier substituents
such as 7-butoxide or i-propoxide (from 257 to 258, Scheme 1.60)** commonly used in
this class of aluminium catalysts. This is reflected in the rate-determining step of the
reaction which in the case of bulky substituents is considered to be the alkoxide transfer,
while for the less bulky benzyloxide is considered to be the hydride transfer in 264. In
the early stages of the reaction this leads to the formation of the mixed ester 261 (in an
amount proportional to the quantity of catalyst used) and of catalyst 260. This active

species then coordinates to a molecule of aldehyde forming 262 that quickly and
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selectively transfers the benzyloxide to the aldehyde, producing 263 that, after
coordination of a second molecule of aldehyde to 264 and hydride transfer, gives the

desired product 252 and regenerates the catalyst 260 (Scheme 1.60).*"*
1.6.2 Catalysts for the Tishchenko reaction

Over the years many different catalyst structures have been proposed as active
promoters for the Tishchenko reaction.'”*'”> Even for the most complex catalytic
structures evaluated in these reactions, the mechanism of action can generally be
inferred to happen through one of the previously mentioned pathways, allowing their

division into groups according to the type of core metal used (Figure 1.10).

(aluminium alkoxides (transition metal complexes ) (lanthanide and actinide complexes

Al(OEt) NayFe(CO), (Cp*),ThMe,

Al(Oi-Pr); K,Fe(CO), / 18-crown-6 Cp*,NdCH(SiMe3),
A(OCH,CCly)s RuH,(PPhs)s Cp*,LaCH(SiMes),
Al(OCH,CBr3)3 [Rh(diphosphine)(acetone),]* La(Oi-Pr);

(-PrOYAI  AI(Oi-Pr); CpyZrH, Th(N(CH3)CH,CHa)s

g o CpoHfH, Me,SiCp",Th(n-C4Hs)

OsHg(Pi-Pra), Ln[N(SiMes);ls Ln = lanthanides

OsHy(CO),(Pi-Pr3),

other catalysts (alkali earth metal complexes )
|

NaOCH; Ca(N(SiMe3)2)2(THF),
H3BO; HN ™o Sr(N(SiMe3),)o(THF),
. + i-PrOH + K,CO,4
LBy o Ba(N(SiMe3),),(THF),
NaH .
Ni(COD), / IPrCI Mg(tbo)(N(SiMe3),)(THF)
Ni(COD), / SIPr Mg(hpp)(N(SiMes),)

Figure 1.10 Catalyst families for the Tishchenko reaction.

The most commonly studied and used, as a result of the seminal discovery made by
Tischtschenko, is the family of aluminium alkoxides.””* *'* Among them, those made by
Maruoka et al. proved to be particularly interesting, as faster reactions were achieved

due to the effect of the double coordination to the aldehyde exploited by the use of their

bidentate bis-aluminium alkoxide catalysts.”'**""

Another important family of catalysts is defined by structures containing a transition

215,216 218

. s s 213:2 3 3 217 s 3
metal at the active site such as: iron,”"**'"* ruthenium, rhodium.”"” zirconium,

218

hafnium,”'® osmium.”"® iridium™° and nickel **'** In 1978 and later in 1982 Yamamoto

59



Chapter 1 Introduction

et al., evaluating hydridoruthenium complexes as promoters for the transition metal-
catalysed Tishchenko reaction, proposed a slightly different mechanism.*"**'® This was
based on a series of oxidative additions, reductive eliminations, insertions and [3-
eliminations typical of transition metal complexes. However, no strong experimental
evidence was collected in order to prove their hypothesis or indeed, to rule out Ogata’s

pathway.

Stapp and co-workers in 1973 proved that catalytic amounts of boric acid catalyse the
disproportionation of several different aldehydes, but high reaction temperatures were
generally required to obtain good yields, and in some cases aldol condensate was the

predominant product.”*’

Other families of catalysts which efficiently promote the reaction have been developed

and reported in the literature. Among these, the use of lanthanide and actinide

224-228 230,231

complexes; alkali metal salts such as lithium bromide™” or sodium hydride;
and the use of alkali earth metals such as calcium, strontium, barium®*’ and magnesium

233 ‘
complexes™ can be mentioned.
1.6.3 Intermolecular crossed-Tishchenko reaction

Although the study and development of efficient catalysts for the dimerisation of both
aliphatic and aromatic aldehydes has been intensively investigated (vide supra), the
major problem relating to the selectivity of the process in the reaction involving two
different carbonyl species (that theoretically will lead to four different products) has not

been resolved until very recently.
1.6.3.1 Reaction between two different aldehydes

In the early studies, the selective formation of a single mixed ester product was

attempted using two aldehydes with different steric/electronic characteristics.”****

Aliphatic aldehydes were found to be better hydride donors compared to their aromatic

203,2
counterparts.***"*

For this reason, reactions were generally performed using an excess
of the less reactive moiety in order to facilitate the ‘reduction’ of the more reactive
species. However, this strategy failed, as the difference in reactivity was not enough to
guarantee selectivity to the process and mixtures of the four possible products were

generally obtained.****"*
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227,228 and

More recently, other catalytic systems based on actinide complexes
heterogeneous-based catalysts”****° have been developed in order to improve the
selectivity in the product formation; however, results were not encouraging as high
selectivity was never achieved. Improved results were obtained in 1993 by Ishii and co-
workers in the crossed reaction of butyraldehyde with two equivalents of benzaldehyde,
catalysed by zirconium complexes.”’® Under these conditions the group was able to
obtain 71% selectivity in the formation of the product (benzyl butyrate) in which the
aliphatic aldehyde was oxidised while the aromatic reduced, but only in moderate

yields.

Very recently Ogoshi et al., inspired by their previous results in the Tishchenko reaction
of aldehydes catalysed by nickel(0)-N-heterocyclic carbene complexes,””' reported the
application of a similar catalyst involving the use of 266 as the carbene in the crossed-

reaction of two different aldehydes.**

5 3 i
©) O) Ni(COD), / 266 (2 mol%) O)\O/\Q =
. N
toluene, 40 °C, 4 h N\ /N
52 265 267 84%,
94% selectivity 266
SIPr J

Scheme 1.61 Nickel-catalysed crossed-Tishchenko reaction.

They found that under optimised conditions an equimolar amount of aliphatic (e.g. 265)
and aromatic aldehyde (e.g. 52) can be converted to the respective mixed ester product
267, formed by oxidation of the aliphatic aldehyde and reduction of the aromatic

aldehyde, in 94% selectivity and 84% yield. They also proposed a new reaction

2929

mechanism for this Ni(0)-mediated process, basing it on experimental evidence.
1.6.3.2 Reaction between aldehyde and ketone

The intermolecular Tishchenko reaction involving two different carbonyl moieties, such
as an aldehyde and a ketone, has been less thoroughly investigated. Only two reports
addressing the reaction have been published in literature. The first, reported by Urry et
al. in 1967, described the synthesis in good yields of mixed esters 270 from the
reactions of both aliphatic and aromatic aldehydes (e.g. 52) with chloroperfluoro and

287

perfluoro ketones (e.g. 268) promoted by benzoyl peroxide (269, Scheme 1.62).
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However, the process has not been referred to as a Tishchenko reaction, as the reaction

has been deemed to take place via a free-radical chain addition.

O ) O CF;3 o
PhJ + CF3COCF;, —->269 (1.5 odutv) Ph)J\O)\CF )J\ O. _Ph
85°C, 12h 3 Ph”™ "0~ \[(
52 268 270 97% 269 (e}

(2.1 equiv.)

Scheme 1.62 Intermolecular “Tishchenko” reaction between benzaldehyde (52) and
perfluoro ketone 268 catalysed by benzoyl peroxide (269).

The second and more recent report has been published by Scheidt and co-workers and is

based on the reaction between aromatic aldehydes such as 52 and a-ketoesters (e.g.

270), catalysed by N-heterocyclic carbenes (e.g. 271) and diazabicyclo[5.4.0]Jundec-7-

ene (DBU) to furnish products such as 272 in good yields (Scheme 1.63).”*

271 (10 mol%),

)('3 + i oM OBy j\ L oM
—_—
Ph Ph)kn/ ” CHaCly, Ph o)\n/ .
o 23°C, 12h 0
52 270 272 78%
(1.8 equiv.)

Scheme 1.63 Intermolecular Tishchenko reaction between benzaldehyde (52) and a-
ketoester 270 catalysed by N-heterocyclic carbene 271 and DBU.

The reaction proved to be wide in scope, as several activated ketones were successfully
employed. furnishing products in good yields. The authors explained the reaction
pathway as a variation of the benzoin condensation mechanism, stressing that the two
key steps of the reaction, the hydride transfer and the acylation, take place in different
points of the catalytic cycle.”*® This was also proven by conducting the reaction in
different solvents. Reactions performed in the aprotic dichloromethane produced
exclusively the desired mixed ester products in good yields, while the use of a protic
solvent such as methanol led to the formation of the alcohols formed by hydride transfer

to the ketones with no mixed ester formation.***
1.6.4 Intramolecular Tishchenko reaction

The formation of lactones is an important step in the synthesis of many natural

products.”****" The Tishchenko reaction has been successfully applied to lactone
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synthesis: an intramolecular reaction between two carbonyl functionalities can be used

to catalytically produce cyclic esters.

In 1991 Uenishi and co-workers demonstrated that 5-oxo-4-silyloxyhexanals such as
273 can be converted to J-lactones (e.g. 274) by a Tishchenko reaction promoted by
stoichiometric amounts of trivalent samarium reagents such as (~-BuO)Sml, or an aged

242

Sml, solution (presumably containing Sm®" ion) in good yields (Scheme 1.64).

OBn OBn
o)
CHO (t-BuO)Sml,
_— -
o o THF, t 0
- -
273 274 89%

Scheme 1.64 Intramolecular Tishchenko reaction of 5-oxo0-4-silyloxyhexanals to
furnish J-lactones.

They noticed that reactions with only divalent samarium (Sml,) present, was furnishing

the pinacol product exclusively, while small additions of methanol to the reaction, also

containing Sml,, produced a mixture of pinacol adduct and the desired lactones. They

stated that the in sifu generation of the trivalent samarium species MeOSml, from Sml,

242

was responsible for the catalysis.”~ The use of a bulkier alcohol such as r-butanol

resulted in the production of the lactone only, with rrans stereochemistry between the

242

ketoaldehyde terminal methyl and the silyloxy groups exclusively (Scheme 1.64).

Similar results were achieved years later by Fang er al., who reported that 5-
trimethylsilyl-5-oxopentanal can be converted to the relative J-trimethylsilyl-o-lactone
by the intramolecular Tishchenko reaction promoted by stoichiometric amounts of Sml,
and methanol.”*’ The mechanism proposed consisted of the Lewis acid (Sml,)-promoted
addition of methanol to the aldehyde, followed by an intramolecular hydride shift to the
ketone group with generation of the d-hydroxyester intermediate which after cyclisation

to o-lactone, regenerates the catalyst.

Recently, other reports addressing the intramolecular Tishchenko reaction for the
formation of lactones and phthalides appeared in the literature. The catalytic systems

244245

developed were based on metal (i.e. rhodium and ruthenium®*’) complexes or on

the employment of nucleophiles”’ or photochemical conditions.”*” They proved to be
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extremely efficient in promoting the reaction, furnishing products in good to high yield
and, in the cases where asymmetric products were formed, high stereocontrol was

achieved.

1.6.4.1 The stereoselective intramolecular thiol/SmlI,-catalysed aldehyde-ketone

Tishchenko reaction

Inspired by the results obtained three years before,”* Fang et al. reported a catalytic
version of the reaction using a combination of Sml, and 2-propanethiol (i-PrSH) as co-

catalysts in low to moderate loading.”**

Under the optimised conditions the reaction
proved to be extremely efficient and wide in scope, as several ketoaldehydes such as
275 and 276 were transformed into the respective lactones 277 and 278 in short reaction
times, with high yields and with no formation of side aldol or pinacol products (Scheme
1.65). The reactions involving substrates bearing chiral centres such as 279 and 281
exhibited excellent stereocontrol as high diastereoselectivity in the formation of 280 and
282 respectively has been obtained, especially when the reactions were performed at

low temperature (Scheme 1.65).”**

o
j\/\/ﬁ\ Sml, + i-PrSH (10-50 mol%) &
R H THF, 25°C, 1 h
R
275 R = Me 277 R =Me 99%
276 R =Ph 278 R =Ph 99%
o
o o Sml, + i-PrSH (10-50 mol%) 2
Ph H THF, 25°C, 1 h
279 (cis)-280 94%
o
w Sml, + i-PrSH (10-50 mol%) 2
i H THF, 1 h
: Ph
281 at25°C 282 97%, trans:cis = 77:23

at0°C 282 90%, trans:cis = 94:6

Scheme 1.65 Sml,/i-PrSH catalysed Tishchenko reaction.

The catalytic cycle is depicted in Scheme 1.66. It begins with the addition of the
catalytic species 284 to the aldehyde 283 activated by the Lewis acid to give the

hemithioacetal intermediate 285. This can then undergo an intramolecular hydride shift
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to give the thioester 286, which then lactonises in an irreversible process, leading to the
lactone product 287 and regeneration of the catalyst 284. The choice of using thiols has
been rationalised by considering the higher nucleophilicity of mercaptans compared to
the alcohols previously used. Moreover, the thioester 286 formed during the catalytic

cycle is more electrophilic than the corresponding ester, facilitating the lactonisation

2
step.”*®
o o i-PrS-Sml, Smiz o Osml, i
)l\/\/tL a4 ? lo Ii\)& o
s — -PrS7_H7/~R —*
R H i-Prs’L\Q)\R a 2
283 285 286 287

Scheme 1.66  Proposed catalytic cycle for the intramolecular thiol-Sml, catalysed
aldehyde-ketone Tishchenko reaction.

The stereochemical outcome of the reaction has been explained by considering the
geometry of the transition state 289 (Scheme 1.67). When the ketoaldehyde chain
presents substituents, such as in case of substrate 288, two six-membered transition
states (i.e. 289a and 289b) for the hydride transfer step are possible.”*® However,
equatorial disposition of the substituents such as in 289a is energetically favoured
compared to the axial one in 289b. This will lead to the formation, after the
lactonisation step, exclusively of the cis product 290 for 4,5-disubstituted lactones (e.g.
280, Scheme 1.65) and predominantly of the rrans product (291) for 3,5-disubstituted
lactones (e.g. 282, Scheme 1.65).

Sml (@)
o o i
| (0] (@]
i~PrS-Sml, i-PrSMR 45 or RERE)
284 R y R
Y 280
o ¥ o a X trans-291
cis-290
RWH
X \ ;rqlz
288 i-PrS-Sml, o,
284 Y | — 0 or 0
i-PrS H7™R 45 3 5
: R Y R
289b X X cis-291
trans-290

Scheme 1.67 Rationale of the stereochemical outcome for the reaction.

Fang and co-workers also developed an asymmetric version of the reaction employing

the use of several chiral enantiopure thiols.”*’ Under the optimised conditions 5-
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oxoalkanales were converted to &-lactones in good yield but only moderate
enantioselectivity. Of the wide number evaluated, the best thiol catalyst proved to be

293. This molecule, derived from (1R,2S)-(-)-norephedrine, mediated the conversion of

249

ketoaldehydes such as 276 and 292 to their respective 5-lactones 278 and 294.

(e}
)OJ\/\/IOL Sml; (50 mol%) + 293 (40 mol%) o
B H THF, 0°C, 1 h s
R
276 R=Ph (S)-278 R = Ph 83%, 49% ee
292 R = p-undecyl (R)-294 R = n-undecyl 75%, 74% ee

Scheme 1.68 Enantioselective intramolecular thiol/Sml,-catalysed aldehyde-ketone
crossed-Tishchenko reaction.

1.7 Objectives of this thesis

e Development of the first asymmetric cycloaddition reaction between
homophthalic anhydrides and aldehydes promoted by cinchona alkaloid-derived
organocatalysts for the synthesis of dihydroisocoumarin-derived products.

e Expansion of the scope to the use of aryl-substituted succinic anhydrides in the
reaction with aldehydes for the synthesis of paraconic acid-derived structures
bearing a quaternary stereocentre.

e Evaluation of Michael acceptors such as trisubstituted nitroalkenes in the
cycloaddition reaction with homophthalic anhydrides for the formation of
structures bearing three stereocentres, one of which is quaternary.

* Expansion of the scope to the use of alkylidene-2-oxindoles in the reaction with
several aromatic and glutaconic-derived anhydrides for the synthesis of highly
functionalised products bearing three stereocentres, one of which is a quaternary
spiro-carbon.

® Development of the first thiolate-catalysed Tishchenko reaction between
aldehydes and trifluoromethyl ketones, and its improvement under microwave

irradiation.
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Results and discussion

As described in Section 1.5, the formal cycloaddition of (enolisable) anhydrides to
different types of electrophiles has been widely studied over the years, and in a number
of cases it has been applied to the synthesis of natural compounds.*® Although the
processes are often diastereoselective, no study is currently known in the literature in
which the enantioselectivity of this powerful strategy, which can form up to two carbon-
carbon bonds and three stereogenic centres in one single step, has been controlled. The
development of a process capable of furnishing high levels of enantiocontrol would be

highly desirable.

For this reason we embarked upon the development of an asymmetric catalytic variant
of these reactions using cinchona alkaloid organocatalysts as promoters of the
processes. During this study, the author of this thesis was cooperating with fellow
researchers and, unless specified, all results reported in the following sections derive

from work carried by the author alone.
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2. The asymmetric organocatalytic formal cycloaddition of

homophthalic anhydrides to aldehydes

As discussed in Section 1.5.2, the cycloaddition reaction between aldehydes such as 52

and homophthalic anhydride (147) can be promoted by stoichiometric (or greater)

151-154

amounts of either base or Lewis acid,"* furnishing annulated products such as 159

containing the bicyclic dihydroisocoumarins structural unit 295 (Scheme 2.1).

(0] (9] 0
fo) R
O . J base (0] XX | o
o Ph or Lewis acid Ph S
147 52 CO,H 295
159 dihydroisocoumarin

Scheme 2.1 Formal cycioaddition of homophthalic anhydride (147) to benzaidehyde
(52).

Despite both the synthetic potential of these densely functionalised products, and the

wide range of chiral natural products (and derivatives) which contain the

dihydroisocoumarin core structure 295 (which possess a remarkable range of

250-252

cytotoxic/antiproliferative, phytotoxic,253 antimicrobial >>*%*° antifungal,256

257,258 261

antiulcer/antiinflammatory, antimalarial > antioxidant’®” and antiallergic
ry g

properties), no catalytic asymmetric variants of this reactions have been reported.

We reasoned that this absence is related to the difficulty in persuading electrophilic
species such as homophthalic anhydrides to attack an aldehyde as a nucleophile, without
either reacting with itself (an anhydride is usually regarded as a more reactive

electrophile than an aldehyde) or the catalyst in a deleterious fashion.

62-2

Our group (among others)* "' has recently been engaged in the use of cinchona

alkaloid-derived bifunctional organocatalysts to promote the asymmetric addition of

272 3,273
] llO

alcohol”’~ and thio nucleophiles to cyclic anhydrides and related electrophiles.'™
These catalysts rely on the confluence of relatively weak synergistic catalyst-substrate
interactions (mostly the donation of hydrogen bonds to the anhydride electrophile and
general-base catalysis of the nucleophilic addition of the pronucleophile). Since these
catalysts are compatible with cyclic anhydride substrates (hitherto only when the

anhydrides are being employed as electrophiles), and have been known (in isolated
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HO20121 e proposed that in the

cases) to activate aldehyde/ketone electrophiles,
absence of a powerful pronucleophile these bifunctional catalysts could be employed to
bring about the activation of an enolisable anhydride as a nucleophile through catalysis
of the equilibrium between it and its enol form (with concomitant suppression of the
anhydride’s propensity to act as an electrophile), while simultaneously activating the
aldehyde through hydrogen bond donation/general acid catalysis (Figure 2.1) in a

controlled chiral environment.

OMe

- o
s
H-bond donating o quinuclidine ring

activate the aldehyde electrophile s X deprotonates the anhydride
(general acid catalysis) 1 o nucleophile (enol)
=
N

(general base catalysis)

(@)

Figure 2.1  Proposed bifunctional asymmetric organocatalytic strategy for the formal
cycloaddition between anhydrides and aldehydes.

2.1 Preliminary experiments

To test our hypothesis we chose to evaluate, in preliminary studies, the reaction between
benzaldehyde (52) and homophthalic anhydride (147, Table 2.1). The latter was
synthesised by reaction of readily available homophthalic acid (296) with acetic
anhydride (Scheme 2.2).

O e}

& s Eﬁi
-_ -
80°C,2h 0

oo 147 85%

296

Scheme 2.2  Synthesis of homophthalic anhydride (147).

Using THF as solvent, 147 and 52 were reacted together in either the absence or the
presence of catalytic amounts of catalyst at room temperature under the conditions
shown in Table 2.1 to furnish 159 as a mixture of diastereomeric (frans and cis)
products. The choice of this solvent was based on previous observations made in our

group. It is believed that for bifunctionally-catalysed reactions that form acids from
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anhydrides, the pK, of the acid products can be increased (compared to other solvents)
by the use of ethereal solvents, thus preventing product inhibition of catalysis via

protonation of the catalyst’s quinuclidine moiety.

Table 2.1 Preliminary experiments on the cycloaddition between homophthalic
anhydride (147) and benzaldehyde (52).

i i
THFrt
0

147 52 COZH COzH
trans-159 cis-159
[ cat. )
CF3 CF3
DA, Q)
FaC” u/u\u CFy F4C
49
entry catalyst conc. (M)  time (h) yield (%)” dr (trans:cis)’
1 - 04 19 49 71:29
2 - 0.2 | 0 -
3 - 0.2 2 0 -
4 - 0.2 19 20 75:25
5 i-Pr,NEt 0.2 0.33 52 19:25
6 i-Pr,NEt 0.2 19 95 75:25
7 i-Pr,NEt / 49 0.2 19 93 69:31
8¢ 49 0.2 19 32 19:25
9° 297 0.2 19 97 86:14

“Yield of combined dlaslereomers determined by 'H NMR spectroscopic analysis using p-1odoanisole as
an internal standard. * Diastereomeric ratio determined by '"H NMR spectroscopic analysis. < Experiments
conducted by Dr. Claudio Cornaggia.

The initial reactions were performed in order to evaluate the extent of the potential
background reaction (i.e. the uncatalysed reaction). This process takes place in
moderate yields, with a preference for the formation of the rrans-diastereomer of 159

(entry 1, Table 2.1). Decreasing the reaction concentration (entries 2-4) retarded the rate
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of the background reaction, with concomitant small increase of diastereoselectivity

(entry 4).

Under the same conditions, the reaction promoted by a catalytic amount (i.e. 5 mol%) of
Hiinig’s base (entries 5 and 6) led to considerably shorter reaction times with no
improvement in diastereoselectivity; however, it was pleasing to observe that sub-
stoichiometric catalysis of this reaction by an amine base was possible. The observed
catalysis of this reaction by a non-nucleophilic base lends weight to the hypothesis that

the enol of anhydride 147 acts as a nucleophilic species in the reaction.

Addition of a H-bond donating species, i.e. the N,N-diaryl urea 49, to the base-promoted
reaction (entry 7), resulted in comparable yields to those obtained using the base alone
(entry 6); however, with lower diastereoselectivity. Fellow researcher Dr. Claudio
Cornaggia observed that when the reaction was carried out with N N-diaryl urea 49 as
the catalyst (entry 8), it furnished yields only marginally above those obtained in the
uncatalysed process (entry 4) and with no improvement in stereocontrol. This result
demonstrated the importance of the general base functionality in catalysing the reaction
under the conditions evaluated. The same researcher also reported that the use of the
bifunctional C-9-urea substituted cinchona alkaloid organocatalyst 297 (previously
synthesised by Dr. Aldo Peschiulli), promoted the reaction in high yields furnishing the
highest diastereoselectivity observed in these preliminary tests (entry 9). This was
attributed to the simultaneous activation of both the nucleophile (i.e. anhydride) and
electrophile (i.e. aldehyde) by both functionalities of the catalyst in the correct relative
spatial arrangement. Kinetic studies, conducted by Dr. Claudio Cornaggia, involving
monitoring the reaction over time (Table 2.2), revealed that high yields of the lactone-
acid product 159 can be obtained in short reaction times (entries 1 and 2). He also
observed that diastereocontrol was independent of conversion (entries 1, 2 and 3),
demonstrating that no epimerisation of the lactone-acid product 159 by catalyst-

mediated enolisation occurred during the reaction (Table 2.2).
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Table 2.2 Diastereocontrol in the cycloaddition between homophthalic anhydride
(147) and benzaldehyde (52). All the reactions were executed by Dr.

Claudio Cornaggia.
i 9
(o) N 297 (5 mol%)
TTHF 02M) 1t
0
147 52 COZH COzH
trans-159 cis-159
entry time (h) yield (%)* dr (trans:cis)’
1€ | 85 86:14
2°¢ 2 91 86:14
3¢ 19 97 86:14

“Yield of combined diastereomers determined by 'H NMR spectroscopic analysis using p-iodoanisole as
an internal standard. ® Diastereomeric ratio determined by '"H NMR spectroscopic analysis. ¢ Experiment
conducted by Dr. Claudio Cornaggia.

Epimerisation of product 159 on work-up was also avoided by extracting it from the
crude reaction mixture following Cushman’s procedure. Extraction with sodium
bicarbonate solution followed by acidification with hydrochloric acid solution and
second extraction with organic solvent allows the isolation of the lactone-acid products

'*4 This was verified by comparison of 'H

without epimerisation of the stereocentres.
NMR spectra of the reaction crude with the mixture of diastereomeric product 159

extracted from the reaction following the method above.

Evaluation of the enantioselectivity of the process by analysis by chiral stationary phase
high performance liquid chromatography (CSP-HPLC) was then required. In order to
achieve this, the two diastereomeric structures of the lactone-acid product 159 needed to
be isolated. Conversion of the carboxylic acid substituent of 159 to the methyl ester
derivative, followed by purification by flash column chromatography on silica gel
seemed the most useful procedure. Dr. Claudio Cornaggia developed a useful
methodology using an equimolar amount of Hiinig’s base (i-Pr,NEt) and 2.0 equivalents
of methyl iodide (Mel) as the alkylant agent, furnishing a diastereomeric mixture of
lactone-ester 170 in moderate yields with only trace amounts of the side-reaction

product 171, which was formed in high yield using other methodologies (Scheme 2.3).
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O (0] O O (@]
i-Pr,NEt (1.0 equiv.),
(0] . (0] Mel (2.0 equiv.) (0] (0] " OMe
+
~ph pn THF (0.15M), 1t, 16 h ~ph Ph 2 ph
CO,H CO,H CO,Me CO,Me CO,Me
trans-159 cis-159 trans-170 cis-170 171 trace
combined yield 50 %

Scheme 2.3 Conversion of the lactone-acid product 159 to lactone-ester 170
(executed by Dr. Claudio Cornaggia).
2.2 Catalyst evaluation and optimisation studies for the formal cycloaddition

reaction between homophthalic anhydride and benzaldehyde

Attention now turned to the evaluation of several cinchona-based organocatalysts as
reaction promoters. These catalysts were previously made by fellow researchers in our
group during successful studies of different types of reactions. For this reason, it was
possible, in collaboration with Dr. Claudio Cornaggia, to evaluate a wide number of
different structures in the reaction between homophthalic anhydride (147) and
benzaldehyde (52).

The protocol used involved the reaction of equimolar amounts of 147 and 52 promoted
by 5 mol% of catalyst at room temperature in THF (0.2 M). After 19 h products yields
were determined by 'H NMR analysis of the crude using p-iodoanisole as an internal
standard. Subsequently, extraction of the diastereomeric mixture of lactone-acids and
subsequent '"H NMR spectroscopic analysis allowed the diastereoselectivity of the
reactions to be quantified. The mixtures of the lactone-acid were then converted to their
methyl ester derivatives by the previously described procedure and purified by flash
column chromatography on silica gel. In this phase of the study, the two diastereomers
were not separated prior to the CSP-HPLC analysis, as an efficient method for the
simultaneous determination of the relative amounts of all four product stereoisomers

had been 1dentified.
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Table 2.3 Catalyst evaluation in the formal cycloaddition reaction between
homophthalic anhydride (147) and benzaldehyde (52).

2 ? 1. cat. (5 mol%),
@1 THF (0.2 M), rt, 19 h
+
0 2. i-PryNEt (1.0 equiv.),
147 52

Mel (2.0 equiv.),
THF (0.15 M), rt, 16 h COzMe cone

trans-170 cis-170

298 R = 3,5-(CF3)2-CGH3 81R= 3,5—(CF3)2-CGH3
299 R = C5F5
300 R = 2,4,6-(-Pr)3-CgH ~o 7
HON
()
= | NH
N
o NH
R
297 R = 3,5—(CF3)TC6H3, A= C2H3 302R = 3,5‘(CF3)2-C6H3
307 R = 3.5—(CF3)2-C6H3, A= Csz
e >
entry  cat. yield (%)" dr (trans:cis)’ €€1rans (Yo)* ee.is (%)
1 72 84 81:19 -7 26
2 298 98 90:10 5 30
3 299 97 91:9 -69 35
4 300 98 85:15 =21 24
i 81 92 90:10 79 76
6’ 297 97 86:14 66 70
7/ 301 92 85:15 62 68
8 302 80 84:16 90 67

“Yield of combined dlastereomers determined by 'H NMR spectroscopic analysis using p-iodoanisole as
an internal standard Diastereomeric ratio determined by 'H NMR spectroscopic analysis. © Determined
by CSP-HPLC. ? Reaction executed by Dr. Claudio Cornaggia.
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Using this protocol, the abundant natural cinchona alkaloid quinine (72) promoted the
reaction with marginally higher diastereoselectivity compared to the reaction catalysed
by i-Pr.NEt (i.e. entry 6, Table 2.1); this demonstrates the superiority of bifunctional
catalysts compared to monofunctional analogues that are not capable of directing H-

bonding. However, the enantiomeric excess of the product was inadequate (entry 1).

The bifunctional sulfonamide-substituted catalysts 298-300 (catalysts previously
synthesised by Dr. Aldo Peschiulli), which have proven to be highly efficacious in the

103269271 hromoted the formation of

catalysis of asymmetric additions to anhydrides,
predominantly #ans-170 in excellent yield, however with poor to moderate levels of
enantioselectivity (entries 2-4). Use of catalysts 81, 297 (reactions executed by Dr.
Claudio Cornaggia) and 301 (catalysts previously synthesised by Dr. Aldo Peschiulli) in
which the sulfonamide substituent has been exchanged for a (thio)urea, resulted in the
promotion of the reaction with higher enantioselectivity (entries 5-7). In this context it
is possible to compare the efficacy of these double H-bonding catalysts (entries 5-7) to
single H-bonding moieties (entries 1-4). It is notable that the former catalyst class have

a stronger stereocontrolling effect on the reaction; with the thiourea-based catalyst 81

superior to the others.

It is also possible to compare the effect of the quinuclidine ring substituent by analysing
the reactions promoted by 297 and 301 (entries 6 and 7). Catalyst 297, which bears an
alkene substituent on the quinuclidine ring, proved to be slightly superior in the reaction
(executed by Dr. Claudio Cornaggia, entry 6): it promoted the reaction with higher yield
and better stereoselectivity compared to the reaction catalysed by the saturated analogue
301 (entry 7).

At this point of the study cooperative work between the author and Dr. Claudio
Cornaggia permitted the evaluation of a small library of 14 different cinchona-based
organocatalysts, of which 81 proved to be superior to the others. However, in order to
further improve the stereocontrol of the reaction, further modifications to the structure
of C-9 (thio)urea-substituted cinchona alkaloids appeared futile. In this regard, it was

then decided to evaluate bifunctional catalysts with alternative H-bonding capabilities.

Recently, Rawal” successfully introduced a class of squaramide-substituted catalysts as

an alternative to (thio)urea-based materials (Section 1.4.1.1.2). We therefore decided
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that the evaluation of C-9 squaramide-substituted cinchona alkaloids was a logical step.
We were pleased to observe that catalyst 302 (synthesised by Dr. Sean Tallon) could
catalyse the formation of 7rans-170 with good diastereoselectivity and 90% ee (entry 8);
however, although 302 proved to be the most promising of the known materials

evaluated, it did not yet represent an optimal catalytic solution.

We speculated that this may be due to the steric requirement around the C-4’—C-9 axis
of the catalyst 302 quinoline ring (Figure 2.2). Rotation of the quinoline unit around this
single bond will inevitably lead to the asymmetric occupation of the quadrants defining
the three-dimensional space around the squaramide moiety. Depending on whether the
methoxy-substituted portion of the quinoline ring is orientated either towards the
carbonyl moieties (i.e. A, Figure 2.2) or the N-H bonds (i.e. B, Figure 2.2), the steric
environment of the catalysts ‘active site’ could be quite different. We therefore
proposed that the installation of a phenyl substituent at C-2’ of the quinoline ring would
be able to more appropriately balance the steric requirement of the quinoline ring (i.e.
C, D, Figure 2.2) rendering the performance of catalyst 303 less dependent on the

orientation of this heterocyclic substituent.

C-4' - C-9 axis C-4' - C-9 axis

cat. 302

Figure 2.2  Rationale underpinning the design of the C-2’ substituted cinchona
alkaloid organocatalyst based on squaramide.
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Gratifyingly, the use of C-2’ substituted catalyst 303 (synthesised by Dr. Sean Tallon
and evaluated by Dr. Claudio Cornaggia) as promoter for the reaction gave considerably
better results, furnishing the diastereomeric mixture of the lactone-ester 170 in 96%
yield and high diastereo- and enantioselectivity (i.e. 91:9 dr (trans:cis), 93% eeyans, 65%

€€uis)-
2.3 Optimisation of the reaction temperature

The next goal became the further optimisation of the reaction conditions in order to

improve the stereoselectivity of the process.

Dr. Claudio Cornaggia demonstrated that superior results can be obtained by conducting
the reaction at a lower concentration (0.1 M) and by using either methyl 7-butyl ether
(MTBE) or THF as solvents, furnishing 170 as mixture of diastereomers in excellent
yield and high stereoselectivity (i.e. THF: 23 °C, 18 h, 98% vyield, 91:9 dr (trans:cis),
94% ee€yans, 73% ee.;s; MTBE: 23 °C, 18 h, >99% yield, 92:8 dr (trans:cis), 95% €€ aps,
61% ee.s).

The reaction temperature was the next variable to be examined. The two sets of reaction
conditions previously mentioned (disclosed by Dr. Claudio Cornaggia) established a
good starting point for this optimisation study (Table 2.4). When repeated at a lower
temperature (i.e. 0 °C) both of the reactions exhibited improvement in the diastereo- and
enantiocontrol, furnishing product 170 in high yields, although in longer reaction times
(entries 1 and 2). However, reducing the temperature to 0 °C affected the yield of the
reaction conducted in THF, reducing it to 87% (entry 1), while the yield of the reaction
conducted in MTBE was not affected (entry 2), leading to the decision to use MTBE as
reaction solvent. Decreasing the reaction temperature to -15 °C (entry 3) further
improved the stereocontrol of the process disclosing the best conditions in which

conduct the reaction.
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Table 2.4 The cycloaddition reaction between homophthalic anhydride (147) and
benzaldehyde (52): optimisation of the reaction temperature.

0O o} 0O (0]

| 1. 303 (5 mol%),
= ‘ f6) N O} solv. (0.1 M) % o . 0
X 2. i-PryNEt (1.0 equiv.),
0 Mel (2.0 equiv.), Bh o

1ar 52 THF (0.15 M), t, 16 h COMe CMe
trans-170 cis-170

entry time (h) solvent temp. (°C) yield (%)" dr (trans:cis)’ ey (%) €€ (%)

| 36 THF 0 87 93:7 96 nd?
2 36 MTBE 0 >99 95:5 96 nd.?
3 22 MTBE -15 98 96:4 97 nd.?

“Yield of combined diastereomers determined by 'H NMR spectroscopic analysis using p-iodoanisole as
an internal standard. ” Diastereomeric ratio determined by 'H NMR spectroscopic analysis. < Determined
by CSP-HPLC. ¢ Not determined.

2.4 Evaluation of substrate scope: the aldehyde component

With a synthetically useful protocol now in hand, our attention turned to the important
question of substrate scope (Table 2.5). We evaluated several type of aldehydes in the
reaction with homophthalic anhydride (147) catalysed by 5 mol% of catalyst 303 under

the optimised conditions.

However, the low yields furnished by the esterification procedure (previously developed
by Dr. Claudio Cornaggia) used as an efficient strategy during the evaluation of the
catalysts where isolated yields of products were not fundamental, proved to be
inadequate for the study of the substrate scope, where the isolated yields are required.
To obviate this major drawback, an alternative esterification procedure, based on the
use of trimethylsilyl diazomethane (TMSCHN,, 1.2 equiv.) and methanol in situ upon

completion of the reaction was utilised.
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Table 2.5 Evaluation of substrate scope: the aldehyde component.

2 s
2 1. 303 (5 mol%), " hy &
@i”\/l ” j’ MTBE (0.1 M), -15 °C @iici NH
o R 2. TMSCHN; (1.2 equiv.), R &
MeOH rt, 30 min i (o] NH
147 CO,Me
trans 0] Dca
303 F3C -
entry product temp. (°C) vyield (%)  dr (trans:cis)’  e€yans (%)
O trans-304
1 40 93 95:5 95
cl
0 trans-305
2 48 92 93:7 96
NO,
o trans-306
3 115 78 90:10 91
OMe
o trans-307
4 48 84 94:6 97
5 22 944 75:25 98 (90)°

“Isolated yield of the rrans-diastereomer after column chromatography. * Diastereomeric ratio determined
by 'H NMR spectroscopic analysis. ¢ Determined by CSP-HPLC. ? Diastereomers not separable:
combined 1solated yield. © ee of cis-isomer in parenthesis.

Under these improved conditions the methodology proved extraordinarily robust:
reactions between 147 and electron-deficient (entries 1 and 2), electron-rich (entry 3)

and heterocyclic aromatic (entry 4) aldehydes were well tolerated by the catalyst. Yields
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and enantiomeric excesses of the isolated rrans-diastereomers 304-307 were generally
excellent (>92% yield and >95% ee respectively). The deactivated p-anisaldehyde
proved a greater challenge than the other electrophiles evaluated in this study, yet
product rrans-306 could still be obtained in good yield and >90% ee, although in a
longer reaction time (entry 3). Thiophene carbaldehyde also proved to be a relatively
difficult substrate, resulting in an 84% isolated yield (97% ee, entry 4) of trans-307.
Aliphatic aldehydes also underwent the formal cycloaddition: the straight-chain
hydrocinnamaldehyde could be converted to 308 in a short reaction time and in
excellent yield (entry S). However, while the dr is uniformly excellent in the case of
aromatic aldehydes, the use of this aliphatic aldehyde lead to acceptable but elevated
levels of the cis-diastereomer that could not be chromatographically separated from the
trans-diastereomer. This was somewhat mitigated by the fact that both diastereomers
were formed with high enantioselectivity. The rrans-diastereomer was formed in near

optical purity (entry 5).

The absolute stereochemistry of the products was then assigned by X-ray diffraction
analysis of a recrystallised sample of rrans-307. This sample was chosen as it
incorporates a heavy atom (i.e. sulfur) in the structure facilitating the resolution of the
diffraction image. The result obtained allowed the unequivocal assignment of the

absolute stereochemistry of rrans-307 (Figure 2.3) as (3R4R).

(R): (R)
MEOZC
trans-307

Figure 2.3 Absolute stereochemical assignment of product r7ans-307.

As further confirmation, Dr. Claudio Cornaggia also obtained the absolute

stereochemistry of 7rans-309 and rrans-170 (Figure 2.4), assigning them as (3R 4R).
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(R)Y (R

MeOZC B
trans-309 trans-170

(obtained by Dr. Claudio Cornaggia) (obtained by Dr. Claudio Cornaggia)

Figure 2.4  Absolute stereochemical assignment of product rrans-309 and trans-170.
2.5 Evaluation of substrate scope: anhydride component

After obtaining good results in the evaluation of the aldehyde substrate scope (which
confirmed the general applicability of the asymmetric process developed for the
cycloaddition of aldehydes to homophthalic anhydride (147)), our attention turned to
the anhydride scope.

Substitution at the aromatic ring is a feature of several of the medicinally relevant

230261 therefore, to evaluate the effect of the

bicyclic dihydroisocoumarin compounds,
installation of electron-withdrawing and electron-donating functionalities on the
performance of the homophthalic anhydride pronucleophile in the reaction, substituted
homophthalic anhydrides were synthesised in good yields (Scheme 2.4) and evaluated
in the reaction with benzaldehyde (Table 2.6).

(@] o}
02N 02N
OH fuming HNO; OH AcCI \Ciii
_—_— —_—
0°C,2h 52°C, 16 h (e}

(o}

174 81Y
(e} OH (@] OH 1%
296 310 72%
(0] (o]
Br Br
OH AcCl \Qii
52°C, 16 h o
o OH 312 87%
311

(synthesised by Dr Claudio Cornaggia)

Scheme 2.4  Synthesis of substituted homophthalic anhydrides.
Anhydrides 174 and 312 were synthesised by cyclisation of the substituted
homophthalic acids 310 and 311 by reaction with acetyl chloride (Scheme 2.4). The

nitro-substituted homophthalic acid 310 was synthesised by reacting homophthalic acid

296 with fuming HNO;, according to the procedure reported in the literature (Scheme
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2.4).”’* Bromo-substituted homophthalic acid 311 was synthesised by Dr. Claudio
Cornaggia following the reported procedure by Balci and co-workers (Scheme 2.4).%”
A methoxy-substituted homophthalic anhydride (i.e. 313) was also synthesised and

evaluated in the reaction by Dr. Claudio Cornaggia.

Table 2.6 Evaluation of the substrate scope: homophthalic anhydride component.

1. 303 (5 mol%),
MTBE (0.1 M), -15 °C
2. TMSCHNj, (5.0 equiv.),

i-PrOH (5.0 equiv.),

174R = N02 THF (0.1 M),
312R =Br 0 °Ctort, 30 min
312 R = OMe
entry product time (h) yield (%)" dr (trans:cis)’  eeqans (%)
O trans-314

1 96 63 (87)" 94:6 91

2 64 68 (95)¢ 95:5 93

3¢ 164 65 (81) 95:5 96

Isolated yield of the rrans- dlastereomer after column Chromatography Diastereomeric ratio detemlmed
by 'H NMR spectroscopic analysis. ¢ Determined by CSP-HPLC. ¢ Yield (determined by 'H NMR
spectroscopic analysis using p-iodoanisole as an internal standard prior to esterification and
chromatography in parenthesis). “ Reaction performed by Dr. Claudio Cornaggia.

Substrates incorporating nitro- (entry 1) and bromo- (entry 2) functional groups can be
used to form 314 and 315 respectively in excellent dr and ee (Table 2.6). While the
yield of the crude acids (determined by 'H NMR spectroscopic analysis using p-
iodoanisole as an internal standard) was excellent in both cases, in preliminary
experiments we found that the isolation of these lactones is more difficult due to ring-
opening of the (now more electrophilic) lactones upon both esterification and during
careful column chromatography on silica gel to separate the diastereomeric products.

For this reason, a new esterification procedure based on the use of equimolar amount
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(5.0 equiv.) of TMSCHN, and i-PrOH (less nucleophilic and more hindered than
MeOH) on the isolated mixture of diastereomeric acids was developed. Although the
deleterious lactone ring-opening reaction could be inhibited using this new protocol, it
was not possible to completely suppress it. Nonetheless, synthetically useful yields of
pure frans-314 and rrans-315 were obtained (entries 2 and 3, Table 2.6). The electron-
donating methoxy group was also found to be compatible in the reaction (performed by
Dr. Claudio Cornaggia); trans-316 was prepared in good yield and excellent dr and ee
(entry 3, Table 2.6).

2.6 Stereochemical outcome: rationale

The stereochemical outcome of these new processes was then rationalised. Although the
models proposed to describe the mechanism of action of the catalytic species (e.g. 303)
extensively fit the results obtained, no computational studies or spectroscopic evidence
to support these pathways were collected. As such, the models proposed below should

be considered speculative.

It has been shown that when catalysed by the squaramide-derived cinchona alkaloid
organocatalyst 303 under the optimised conditions described above (entry 3, Table 2.4),
the reaction between homophthalic anhydride (147) and benzaldehyde (52) produced
trans-170 in high yield (i.e. 98%) with remarkable enantioselectivity (i.e. 97% ee). This
product (as the methyl ester derivative) was later demonstrated (by X-ray diffraction

analysis) to possess the absolute stereochemistry (3R.4R) shown in Figure 2.4.

To explain the stereochemical outcome of the reaction we proposed two plausible
binding modes for the catalyst in the pre-transition state of the reaction: one in which
the catalyst binds to the enolate and the other to the aldehyde. In the former model
(Figure 2.5) the catalyst acts via specific acid/base catalysis respectively through double
H-bonding by the squaramide moiety (acid) on the enolate species (formed by
deprotonation before the C-C bond formation occurs) and through aldehyde activation

by the ammonium ion (base) formed upon deprotonation.
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LBinding to the enolatej

O |
F53C
SO 9 ‘
F3C N |
‘ R7 RPh
CO,H

specific acid/base catalysis
via the enolate and ammonium ion

large substrate groups oriented
toward the bulky part of the catalyst

\.ﬂ Top view Side view

Figure 2.5  Rationale for the stereochemical outcome of the reaction with the catalyst
binding the enolate.

In this case, in order to satisfy the stereochemical outcome, both the aldehyde and the

anhydride substrates must orient the bulky part of their molecules towards the sterically

hindered portion of the catalyst (i.e. quinuclidine ring) generating steric clash and thus

destabilising the transition state.

A more stable-looking and thus plausible pre-transition state can be obtained in the
second possible catalyst binding mode: the binding of the squaramide to the aldehyde
(Figure 2.6). In this situation the catalyst acts via general acid/base catalysis, activating
the aldehyde through double H-bonding, with concomitant deprotonation of the enol
tautomer of the anhydride during the transition state. According to this model, in order
to obtain the absolute stereochemistry found in the products, both aldehyde and
anhydride substrates orient their bulky substituents away from the hindered quinuclidine

ring, thus avoiding any destabilising steric clashes.
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[ Binding to the aldehya
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Figure 2.6  Rationale for the stereochemical outcome of the reaction with the
squaramide binding the aldehyde.

In both cases, a certain (not proven) level of n-stacking between the aromatic moieties

of the anhydride and the aldehyde may aid in organising the pre-transition state

assembly. This finds support in the results obtained from the reaction involving

aliphatic aldehydes (e.g. entry S, Table 2.5). In this context it has been speculated that

the lack of m-stacking between the two substrates is responsible for the lower

diastereoselectivity obtained.
2.7 Conclusion

This work demonstrated the possibility of employing cinchona alkaloid-derived
bifunctional organocatalysts to promote the enantioselective cycloaddition reaction
between homophthalic anhydrides and aldehydes, revealing for the first time that

anhydrides can be employed as nucleophiles in asymmetric catalysis.
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The reactions catalysed by a novel squaramide-substituted cinchona alkaloid
organocatalyst generated densely functionalised dihydroisocoumarins (a core structure
in many medicinally relevant natural products) with the formation of two new
stereocentres in high yield and excellent stereocontrol under convenient conditions. The
scope of the reaction has been proved to be wide as various aldehydes and anhydrides

underwent the reaction.

The absolute stereochemistry of the products formed was assigned either by analogy or

direct X-ray crystallography of recrystallised samples.

A rationale which predicts the stereochemical outcome of the process has also been
formulated, however no computational studies are available in support of the hypothesis

made.
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3. Asymmetric organocatalytic formal cycloaddition of succinic

anhydrides to aldehydes

While the scope of the process with respect to the aldehyde component was quite broad,
an obvious limitation in terms of synthetic utility is the requirement for the enol-

stabilising benzo-fused anhydride, which restricts the potential scope considerably.

Accordingly, we became interested in exploring the possibility of utilising other
anhydrides. As a starting point, we targeted the use of simple succinic anhydrides,
which would potentially allow one-pot access to y-butyrolactones (a highly abundant

239,276,277

feature of natural product structures, and in particular, the carboxylic acid

group-bearing paraconic acid class of antitumor, antifungal and antibiotic natural

59,278-284
products).l 45

3.1 Preliminary experiments

In preliminary experiments, we attempted the catalytic formal cycloaddition of succinic
anhydride (129) with benzaldehyde (52) in the presence of catalyst 303 (synthesised by
Dr. Sean Tallon) under the same conditions previously optimised for the cycloaddition
of homophthalic anhydride (147) to benzaldehyde (52) and discussed in the previous

section (Scheme 3.1).

—_————
o o] o)
(0] o
LY J 303 (5 mol%) o o
Ph MTBE (0.1 M),
0 -15,200r 40 °C
i , HO,C Ph HO,C 189
% 135 paraconic acid

Lo

Scheme 3.1 Attempted one-step synthesis of paraconic acid derivatives.

Unfortunately, succinic anhydride (129) proved to be entirely unreactive in the reaction.
Even elevation of the temperature failed to furnish the paraconic acid (189) natural
product derivative 135. We believed that the failure of 129 to serve as an effective
substrate was due to ineffective catalysis of the tautomeric equilibrium under these mild
conditions, leading to impractically low concentrations of the enol 316 in solution
(Figure 3.1). Shaw and co-workers demonstrated that anhydride enolisation 1s a

fundamental requirement in order to allow the reaction involving succinic anhydride

87



Chapter 3 Results and discussion

derivatives to occur under mild conditions (Section 1.5.1)."** ** If this hypothesis was
correct, then the installation of an enol-stabilising group (i.e. 317, Figure 3.1) would (if

appropriately chosen) circumvent the problem by increasing the concentration of 318 in

O O ! (0] 0]
S did — 4
= : ———

G G
(0] OH

OH (0] i
316 129 E 317 318

solution.

Figure 3.1  Rationale for the enol formation of succinic anhydride derivatives.

We therefore decided to employ arylsuccinic anhydrides, as they could afford us the
opportunity to tune the keto-enol equilibrium through the variation of the electronic
characteristics of the aromatic substituent. Furthermore, upon reaction with an aldehyde,
one of the two new stereocentres formed in the C—C bond forming event would be
quaternary. This constitutes a very interesting synthetic methodology. as paraconic acid
derivatives with quaternary stereocentres have recently been evaluated as antitumor
agents, one of which possessed sub-micromolar activity against multiple cancer cell

. 285
lines.”*

3.2 Evaluation of phenylsuccinic anhydride as substrate

The study began with exploratory reactions, conducted by Mr. James Murray, between
the readily available phenylsuccinic anhydride (320) and benzaldehyde (52) catalysed
by cinchona alkaloid organocatalysts, which demonstrated the feasibility of the process
in principle. The further development of the process, reported below, is the result of

studies carried out by the author.

The anhydride 320 was easily synthesised by reaction of the commercially available

phenylsuccinic acid (319) with acetyl chloride under reflux (Scheme 3.2).

o o]
OH AcCl
—
OH 52°C, 16h o
Ph Ph
5 o)
319 320 100%

Scheme 3.2  Synthesis of phenylsuccinic anhydride (320).
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In the previous study concerning homophthalic anhydrides, the thiourea-based cinchona
alkaloid (i.e. entry 5, Table 2.3) possessed similar activity and selectivity profiles to the
marginally superior squaramide analogues. Therefore, in the current study, in addition
to the previous benchmark catalyst 303, the squaramide variant lacking the C-2" phenyl
substituent (i.e. 302) and the corresponding thiourea-based catalyst 81 were evaluated

(Table 3.1). All catalysts were synthesised by Dr. Sean Tallon.

Table 3.1 Catalyst evaluation in the reaction involving phenylsuccinic anhydride
(320).
o o 1. cat. (5 mol%), 2 ?
ﬁo . PhJ MTBE (0.1 M) o R o)
2. TMSCHN, (1.2 equiv.),  MeO cﬁ( MeO cﬁ(
e i-PrOH (5.0 equiv.), Y28 “pn 2Bk Ph
320 52 THF (0.1 M), trans-321 cis-321
0°Ctort, 1h
entry  cat. time (h) temp. (°C)  vyield (%)"  dr(trans:cis)’  e€yuns (%o)
1 - 24 rt 0 - -
2 i-Pr,NEt 27 rt 46 89:11 -
3 303 24 rt 44 90:10 68
4 303 168 rt 66 90:10 nd’
5 303 288 rt 74 90:10 nd’
6 302 24 rt 21 80:20 35
7 81 24 rt 41 88:12 34
8 303 110 -15 34 973 83
9 303 110 -30 17 >99:1 83

“Yield of combined diastereomers determined by 'H NMR spectroscopic analysis using either styrene or
p-iodoanisole as an internal standard. * Diastereomeric ratio determined by 'H NMR spectroscopic
analysis. © Determined by CSP-HPLC. “ Not determined.

As in the previous study involving homophthalic anhydrides, the product formed in the
reaction is a lactone-acid. In order to facilitate separation of the diastereomers and the
analysis of the enantioselectivity by CSP-HPLC, the product was converted to the
corresponding lactone-ester by reaction of TMSCHN, (1.2 equiv.) and i/-PrOH (5.0
equiv.) with the crude (isolated by the previously described double extraction) mixture

of diastereomeric lactone-acids in THF.
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When the reaction was performed in the absence of catalyst at room temperature, it
failed to form 321 (entry 1). In the presence of 5 mol% of Hiinig’s base however,
product 321 could be formed in moderate yield, with good diastereoselectivity (entry 2),
probably due to the highly hindered substituents of the product molecule which favour
the formation of the most stable isomer (i.e. frans-321). In the reaction catalysed by
303, phenylsuccinic anhydride (320) underwent conversion to the corresponding phenyl
paraconic acid product 321 at ambient temperature in 44% yield with good
diastereocontrol and moderate enantioselectivity (entry 3). Although prolonged reaction
increased the product 303 yield (entries 4 and 5), this was considered impractical as

only a moderate yield of 74% was obtained after 12 days reaction time (entry 5).

The importance of the presence of a C-2” phenyl substituent regarding the performance
of 303 in this reaction is highlighted by the clear inferiority of the unsubstituted variant
302 (entry 6). The thiourea-based catalyst 81 proved comparable to 303 in terms of

activity and product diastereoselectivity but not enantioselectivity (entry 7).

The reaction is thought to proceed via a similar pre-transition state as proposed for the

reaction involving homophthalic anhydride (147) described in Section 2.6.

In order to improve the stereoselectivity of the process, the reactions were then
performed at lower temperature. Catalyst 303 proved to be able to mediate the formal
cycloaddition reaction between 320 and 52 with excellent diastereocontrol and good
enantio- and diastereoselectivity (favouring the rrans-diastereomer); although at the

expense of a synthetically useful product yield (entries 8 and 9).
3.3 Synthesis of arylsuccinic anhydrides

In order to further influence the keto-enol tautomeric equilibrium of the anhydride
substrate, variation of the electronic characteristics of the aromatic substituent by
introduction of electron-withdrawing substituents on the ring was necessary. To this
end, we decided to synthesise 3,5-dibromophenylsuccinic anhydride (328, Scheme 3.3)
and 4-nitrophenylsuccinic anhydride (329, Scheme 3.4). The former was produced in
36% overall yield by a seven-step synthetic procedure starting with the commercially
available phenylsuccinic acid (319, Scheme 3.3). This, after nitration with fuming
HNO; at 0 °C for 2 h and following recrystallisations from water gave 322 in moderate

yield. Reduction of the nitro group by catalytic hydrogenation on palladium furnished
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323 in excellent yield which, after high yield esterification of the two carboxylic acid

functionalities to 324, underwent bromination resulting in the production of 325 in 97%

yield.
o) (o} (o]
OH fuming HNO, OH H, Pd/C 10% OH
e - 8 -
OH 0°C,2h OH MeOH, 3 atm, rt, 3 h OH
o] 0 o}
319 ON 322 58% HoN 323 87%
0
SOCl, (3.5 equiv.) OMe Br, OMe
OMe —  Br OMe
MeOH, AcOH, rt, 1 h
o, o, (o]
0°C to 65°C,16 h HoN o] HoN
324 87% By 32597%
0 o)
1. NaNO, (1.1 equiv.), HCI OMe OH
2. H3p02 (30% aq) Br OMe KOH (20 M) Br OH
[e] 0,
0°%tort,3h 5 MeOH, 65 °C, 3 h &
0, 0,
By 32690% B 32795%
i 0
o)
AcCl Br
52°C, 16 h 5
Br 328 100%

Scheme 3.3  Synthesis of 3,5-dibromophenylsuccinic anhydride (328).

Diazotisation and reduction of the diazonium salt by hypophosphorous acid gave the
diester 326 in high yield, which was purified by column chromatography on silica gel
and subsequently hydrolysed, furnishing 327 in excellent yield. The resulting 3,5-
dibromophenylsuccinic acid (327) was then transformed to its anhydride by reaction

with acetyl chloride under reflux, furnishing 328 in quantitative yield (Scheme 3.3).

The synthesis of 4-nitrophenylsuccinic anhydride (329) also began with nitration of
phenylsuccinic acid (319) and recrystallisation of the products from water, to furnish
322 in 58% yield. The 4-nitrophenylsuccinic acid (322) obtained was then reacted with
acetyl chloride at reflux to furnish crude anhydride 329, which was purified by a rapid
column chromatography on silica gel, furnishing the 4-nitrophenylsuccinic anhydride
(329) in 71% yield (Scheme 3.4).
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o) 0
OH " fuming HNO, OH AcCl ¢
O —— OH — 2
0°C,2h 52°C, 16 h Y
O 02N O 02N
319 322 58% 329 71%

Scheme 3.4  Synthesis of 4-nitrophenylsuccinic anhydride (329).
3.4 Evaluation of arylsuccinic anhydrides as substrates

The evaluation of these two more enolisable anhydrides in the cycloaddition reaction
with benzaldehyde was then the next step in the study. The reactions involving 3,5-
dibromophenylsuccinic anhydride (328) and 4-nitrophenylsuccinic anhydride (329)
were performed in the presence of 303 (Table 3.2). A temperature of -15 °C was
chosen, as in the previous reaction involving phenyisuccinic anhydride (320, Table 3.1)
a lower temperature of -30 °C (i.e. entry 9, Table 3.1) did not furnish substantial
improvement of stereocontrol but did result in lower product yield when compared to

the reaction performed at -15 °C (see entry 8, Table 3.1).

Table 3.2 Evaluation of arylsuccinic anhydrides.

o)
jo o 1303 (5mol%), P
o + U MTBE (0.1 M), -15 °C o N o
o+ Ph 2. TMSCHN; (1.2 equiv.),  Me0,C" MeO,C
A
o)

i-PrOH (5.0 equiv.), r Ph Af  Ph
THF (0.1 M),
328 Ar = 3,5-Br,-CgH; 52 0°Ctort,1h trans-330 Ar = 3,5-Br,-CgHs  Cis-330 Ar = 3,5-Br-CgH3
329 Ar = 4-NO-CgH, trans-331 Ar = 4-NO,-CgH,  cis-331 Ar = 4-NO,-CgHj
entry  product time (h) yield (%)” dr (trans:cis)’ €€4rans (Yo)°
1 330 97 76 94:6 76
2 331 99 96 973 86

“Yield of combined diastereomers determined by 'H NMR spectroscopic analysis using either styrene or
p-iodoanisole as an internal standard. * Diastereomeric ratio determined by 'H NMR spectroscopic
analysis. © Determined by CSP-HPLC.

Replacement of the phenyl unit with a 3,5-bromophenyl analogue (-Br o, = 0.37)
resulted in faster, more efficient formation of 330. However, diastereoselectivity and
enantioselectivity diminished marginally (entry 1, Table 3.2) compared to the analogous

reaction involving phenylsuccinic anhydride (320, i.e. entry 8, Table 3.1). The reaction

involving the powerful enol-stabilising p-nitro substituted variant 329 (-NO, o, = 0.81)
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furnished 331 in excellent product yield and diastereocontrol with a concomitant

increase in product ee to 86% (entry 2).
3.5 Evaluation of the substrate scope: aldehyde component

With an optimum catalyst (i.e. 303) and an improved substrate (i.e. 329) in hand, the
substrate scope with respect to the aldehyde component was then investigated (Table
3.3). In collaboration with Dr. Claudio Cornaggia, several aldehydes were evaluated in
the reaction with 329, but only those performed by the author are reported here. Upon
completion, the reactions were esterified in situ by reaction with TMSCHN, (1.2 equiv.)
and i-PrOH (5.0 equiv.) as previously described, and the products formed were then

purified by column chromatography on silica gel.

The protocol proved quite robust as all the aldehydes underwent formal cycloaddition
reaction with 329. Activated aldehydes (e.g. p-bromobenzaldehyde) gave the isolated
trans-butyrolactones such as 332 (entry 1, Table 3.3) with product yields and levels of
enantio/diastereocontrol in line with those of our preliminary studies outlined in Table

32

Use of m-excessive heterocyclic aldehydes (entries 2 and 3) resulted in a sharp increase
in enantioselectivity, forming rrans-333 and rrans-334 with excellent product ee (>90%)
without diastereoselectivity being compromised. However, in the case involving the use
of furan-2-carbaldehyde (entry 2), separation of the diastereomers of ester product 333
was not possible. The use of an aliphatic aldehyde in the reaction is also tolerated by the
catalyst 303. Following this protocol hydrocinnamaldehyde can be converted to trans-
335 (entry 4) with excellent enantiocontrol (95% ee) although with less efficient
diastereocontrol. Furthermore, separation of the two diastereomers by column

chromatography on silica gel was not possible.
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Table 3.3 Investigation of substrate scope: the aldehyde component.

? o 1. 303 (5 mol%),
5 My RJ MTBE (0.1 M), -15 °C
2. TMSCHN; (1.2 equiv.),
(o] i-PrOH (5.0 equiv.),
O,N 329 O0°Ctort,1h
O,N trans
entry product time (h) yield (%)"  dr (trans:cis)’  eeqans (%)°

| 97 92 94:6 77
o 98 95 99:1 99
3 161 90 98:2 91
44 100 98 72:28 95

O,N

trans-335

“ Isolated yield of rrans-diastereomer. ° Diastereomeric ratio determined by 'H NMR spectroscopic
analysis. “ Determined by CSP-HPLC. ¢ Diastereomers inseparable.

The 3,5-dibromophenylsuccinic anhydride (328) also proved to be a viable substrate
under optimised conditions. The 7rans-lactone 336 (which can either be dehalogenated

to the corresponding phenylsuccinic anhydride-derived lactone or elaborated via Pd(0)-
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mediated coupling chemistry) can be readily prepared in 81% yield with high

enantioselectivity by reaction with furan-2-carbaldehyde (Scheme 3.5).

1. 303 (5 mol%),
0 MTBE (0.1 M),
| -15°C,97 h

Br \ 2. TMSCHN, (1.2 equiv.),
o i-PrOH (5.0 equiv.),

THF (0.1 M),

0°Ctort, 1h

trans-336
81%, 98:2 dr, 93% ee

Scheme 3.5 The use of 3,5-dibromphenylsuccinic anhydride (328) as a substrate.

Although high diastereoselectivity (i.e. 98:2) was exhibited, with a preference for the
formation of the rrams-isomer, separation by column chromatography of the two
diastereomeric lactone-ester products could not be achieved. In this case, the
esterification of the lactone-acid product was also carried out by reaction with
TMSCHN, (1.2 equiv.) and i-PrOH (5.0 equiv.) on the isolated mixture of

diastereomeric acids obtained by the double extraction method previously described.
3.6 Absolute stereochemical assignment

The absolute stereochemistry of the products formed was assigned by X-ray

crystallography of a recrystallised sample of rrans-334.

ON  frans-334

Figure 3.2  Absolute stereochemical assignment of product rrans-334.

This was unequivocally assigned as (2R,3S) as shown in Figure 3.2. This configuration
was subsequently assigned by analogy to all of the major diastereomers obtained via
this methodology during this study. However, due to the nature of one substituent
present on the C-2 stereocentre in #rans-334 (i.e. thiophenyl), the priority numbers

assigned to the substituents of that stereocentre, according to the CIP (Cahn—Ingold—
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Prelog) rules, are different to those assigned to the C-2 stereocentre of rrans-331 which
bear a different substituent (i.e. phenyl). This is reflected in the different absolute
stereochemistry of the products (Figure 3.3). Those derived from heterocyclic aldehydes
(e.g. entries 2 and 3) present absolute stereochemistry as (2R,3S), while all the others

have absolute stereochemistry (25,35).

ON  4rans-334 ON  trans-331
trans-336

Figure 3.3  Absolute stereochemistry (nomenclature) differs depending on the nature
of the substituent.

3.7 Conclusion

The results obtained in this project demonstrated the possibility of expanding the
organocatalytic asymmetric formal cycloaddition reaction between cyclic anhydrides
and aldehydes to arylsuccinic anhydrides. The process provided high yield one-pot
access to functionalised paraconic acid derivatives (a class of natural products of
considerable pharmacological activity based on y-butyrolactones) with the formation of
two new stereocentres, one of which is quaternary, under mild conditions with good-

excellent stereocontrol.

It was speculated that the inactivity of succinic anhydride in the process was related to
poor enolisability in the presence of the catalyst. This hypothesis was supported by the
finding that the more enolisable phenylsuccinic anhydride participated in the reaction,

albeit with unsatisfactory yield and stereocontrol.

It was demonstrated that the introduction of electron-withdrawing functionalities on the
aromatic ring of phenylsuccinic anhydride resulted in a significant increase in reactivity,
allowing the optimisation of the protocol and the identification of the optimum substrate
(i.e. 329).

The absolute stereochemistry of the products obtained was assigned either by direct or

analogy X-ray crystallography of recrystallised sample.
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4. The cycloaddition reaction between homophthalic anhydride and

different electrophiles

After the development of a catalytic asymmetric reaction between homophthalic- and
arylsuccinic anhydrides with aldehydes, we decided to explore the reactivity of different

electrophiles in the reaction with homophthalic anhydnde.
4.1 Preliminary studies: exploratory reactions

The reaction (both thermal and base-catalysed) between homophthalic anhydride and
different electrophiles has already been studied to a large extent by Tamura er al. (see
Section 1.5.3). It 1s believed that the reaction proceeds by a concerted Diels-Alder
mechanism where the anhydride plays the diene role through its dienol-tautomer (i.e.
152, Scheme 1.51). While this pathway 1s supported by the successful reaction of
various dienophiles (see Section 1.5.3), the step-wise Michael addition, which has also
been proposed as plausible mechanism, (i.e. Scheme 1.49, Section 1.5.3) could never be

fully ruled out.

Based on the results obtained in our studies of the asymmetric cycloaddition between
homophthalic anhydride and aldehydes (Chapter 2), where enolisation of the anhydride
(presumably by general base catalysis) mediated by the cinchona-based organocatalyst
and concomitant electrophile activation by double hydrogen bonding by the (thio)urea
(or squaramide) catalyst substituent, promoted the formation of lactone-products in high
yield and stereoselectivity, we hypothesised that a similar process, in which the role of

electrophile would be played by a Michael acceptor, could be developed.

We believed that under the appropriate conditions the Michael addition of homophthalic
anhydride (147) to Michael acceptors of general type 337 could be brought about in

1 allowing for the catalytic

favour of the Diels-Alder pathway described by Tamura,
formation of products such as 338, generating two new carbon-carbon bonds and up to

three new stereocentres (Figure 4.1).
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o o
EWG
o) A
o R
147 337 CO,H
338

Figure 4.1  Rationale for the cycloaddition reaction involving Michael acceptors.

To test the feasibility of the process, we initially decided to evaluate the reaction
between 147 and a number of common Michael acceptors at room temperature in
MTBE (0.1 M) promoted by catalyst 303 (i.e. the optimum conditions in both of the
preceding studies involving anhydrides and aldehydes, Table 4.1).

Table 4.1 Preliminary evaluation of Michael acceptors as substrates.
o} OH
& EWG 303 (5 mol%), EWG
| (IO
6 R MTBE (0.1 M), t i
147 337 CO,H
339
entry acceptor time (h) product yield (%)°
o}
1 \)J\OEt 65 = 0
340
. CN
2 5 65 . 0
341
OH O
o}
Ph
3 Ph/\)LPh 97 O‘ Ph 48%
44 COzH
342
OH
NO,
90
4 P> 97 " 53%
63
COH
343

“Determined by "H NMR spectroscopic analysis using p-iodoanisole as an internal standard.

The reaction involving both ethyl acrylate (340, entry 1) and acrylonitrile (341, entry 2)

failed to produce the corresponding annulated products. When (E)-chalcone (44) was
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evaluated as the electrophile, the reaction proceeded, forming product 342 in moderate
yield (entry 3). Similar results were obtained for the reaction involving (£)-nitrostyrene
(63), which produced 343 in slightly higher yield (entry 4). In both cases however, the
products formed were the most stable enol tautomer of the expected product as, aided
by the extremely high acidity of the proton in the position 3 of the 1,3-diketone or 1,3-
nitroketone portion of the molecules produced, the desired products 344 and 345

spontaneously tautomerised to 342 and 343 respectively (Scheme 4.1).

0o H
i 0
LI, = 404
Ph Ph
CO,H CO.H
345R =NO; 343 R = NO,

Scheme 4.1 Tautomerisation of the annulated products.

Furthermore, complications arose during the ‘standard’ esterification procedure based
on the use of TMSCHN, and methanol. When products 342 and 343 underwent the
derivatisation reaction, degradation by unidentified side-reactions took place, making
the isolation of the desired products impossible, if not in extremely low yields (isolation
performed by Dr. Esther Torrente De Haro) for the product 343 derived from (E)-
nitrostyrene (63, entry 4, Table 4.1).

In order to circumvent these major drawbacks and develop a new catalytic asymmetric
process capable of creating molecules with three stereocentres, the employment of
Michael acceptors bearing trisubstituted double bonds such as the commercially
available B-methyl-(E)-nitrostyrene (346, Scheme 4.2) was attempted. We postulated
that the use of this activated alkene in the reaction with anhydride 147 under the same
conditions depicted in Table 4.1 would avoid any deleterious complications arising
from the tautomerisation, which can no longer occur due to the absence of the acidic
proton in position 3, and would produce annulated molecules containing three

stereocentres, one of which would be quaternary (Scheme 4.2).
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o 0 0o
1. 303 (5 mol%), /
@i .\ Ph/\( NO, MTBE (0.1 M), rt, 24 h (\/ré[”% . ///\I NO,
0 2.TMSCHN; (1.2 equiv.), X~ ~1"Npp X Ph
147 346 MeOH rt, 30 min ¢ 0,Me CO,Me
1:2 trans-347 1:2 cis-347

>98% conversion
dr (trans:cis) 64:34

Scheme 4.2  Cycloaddition reaction between homophthalic anhydride (147) and a
trisubstituted nitroalkene (346) as Michael acceptor.

The results of these preliminary experiments were extremely encouraging: after 24 h

almost complete conversion of starting materials was achieved, allowing the formation

of product 347 as a mixture of two diastereomers. Although the reaction should be able

to produce up to four diastereomers, only two of them were formed in sufficient

amounts to be detected by 'H NMR spectroscopic analysis of the crude reaction

mixture.

The relative stereochemistry of the two isomers was then assigned as depicted in
Scheme 4.2 by analysis of the coupling constants (/) between H-1 and H-2 in the 'H
NMR spectra of the two molecules. The major product was found to possess the rrans
geometry as a value of J = 12.3 Hz was measured between the two hydrogen atoms,
while for the minor product, a value of J = 6.2 Hz allowed the assignment of cis
geometry to this structure. The relative stereochemistry of the quaternary stereocentre in
position 3 in relation to the other substituents was not assigned by NMR spectroscopic
analysis as it was decided to analyse compound 347 by X-ray crystallography (Section
4.9). The enantioselectivity of the process was then determined by analysing the
enantiomeric excess of both isolated diastereomers by CSP-HPLC, furnishing 61% ee
for the major 7rans-isomer and 98% ee for the minor cis-isomer. The excellent results
obtained in this preliminary reaction pushed us toward the optimisation of the reaction

conditions in order to improve diastereocontrol.

We therefore embarked on a series of experiments to evaluate the effect of reaction
temperature on stereoselectivity. However, even with the maximum care taken while
performing these reactions, the results obtained were inconclusive. Reactions performed
several times under the same conditions furnished different results in terms of dr and ee,

showing that the process was not reproducible.
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4.2 Standard procedure development

A closer and deeper inspection of the reaction revealed a strong dependency between
reaction time, temperature and the diastereoselectivity obtained. It was observed that a
slow side-process which converted the minor diastereomer to the major one, and thus
changing diastereoselectivity of the reaction, usually took place over time after the
reactions had reached full conversion. This process was also being found to occur
during the esterification reaction and during the evaporation of the solvent on the rotary
evaporator (due to the water bath temperature) after the workup (if executed) or after the

esterification reaction when the sample was prepared for the column chromatography.

It was therefore decided to establish a set of standard conditions composed of several
actions to be executed in an exact sequence and timing, aiming to achieve higher
reproducibility. This would then permit us to compare different reaction conditions,

allowing for the development of a useful synthetic protocol.

Subsequently, all the reactions were performed at an equilibrated temperature of 30 °C
at 0.1 M concentration in MTBE for 22 h. The temperature of 30 °C was chosen in view
of the extremely high dependency of the diastereomer converting side-reaction on
temperature. Higher temperatures such as 55 °C, were found, in reactions not reported
here, to increase the rate of conversion, while lower temperature such as 0 °C or -15 °C
(in general any temperature below room temperature) would potentially not be practical
as the dr of the reaction would change upon the temperature increase prior to
purification. The reaction time of 22 h was chosen as in the initial experiments, (almost)
full conversion of starting materials to products was always achieved by this time.
Finally, the solvent and the concentration were chosen on the basis of the optimum

results obtained in the previous works involving aldehydes (Chapters 2 and 3).

The crude reaction mixtures so obtained were analysed by 'H NMR spectroscopy to
measure the dr and then cooled to 0 °C. At this point the esterification process using
TMSCHN, (1.2 equiv.) and MeOH (75.0 equiv.) was allowed to proceed for 20
minutes. At this time the mixture was directly loaded onto the silica column and the two
diastereomers were chromatographically isolated together. The removal of the solvent
in vacuo was carried out at temperature below 30 °C. The dr of the mixtures of

esterified products, in conjunction with the enantiomeric excesses were then determined
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by CSP-HPLC. The difference between the dr determined by '"H NMR spectroscopic
analysis and CSP-HPLC was a quantification of the extent of the conversion of the
diastereomers that took place under these conditions. Although this effect of the side-
reaction had been drastically minimised by adopting the developed standard procedure,
it could never be fully suppressed. However, by adopting this new set of conditions,
higher reproducibility of the process was guaranteed, thus making analysis of the

process feasible.
4.3 Catalyst evaluation under standard procedure conditions

Now in possession of a reproducible standard procedure, our attention turned to the

evaluation of the catalysts (Table 4.2). Catalyst 303 was synthesised according to our

286

previously developed procedure.” Catalysts 302 and 297 were synthesised by Dr. Sean

Tallon.

Table 4.2 Catalyst evaluation in the cycloaddition of homophthalic anhydride (147)
to B-methyl-(F)-nitrostyrene (346).

O 1. cat. (5 moi%), O O
MTBE (0.1 M),
<jil;og n ph/\r NO, 30°C, 22 h NOz . NO,
(o) 2. TMSCHN; (1.2 equiv.), - Ph Ph
MeOH (75.0 equiv.),
147 346 0°C, 2(() min. i KOy CQMe
trans-347 cis-347
(Ar = 3,5-(CF3),-CeHs )
_N P
o) o[ |
N\ 0N o~
— A
A~N" N7 Q SN Q
H H H H
N NI
302 w 297
cat. J

dr (trans:cis)®  dr (trans:cis)©

entry cat. conversion (%)’ erans (%) eecis (%)’

(acids) (esters)
1 303 >98 68:32 72:28 60 97
2 302 >98 64:36 67:33 70 99
3 297 >98 56:44 62:38 58 97

“ Conversion of both reagents determined by 'H NMR spectroscopic analysis. ° Diastereomeric ratio
determined by 'H NMR spectroscopic analysis.  Diastereomeric ratio determined by CSP-HPLC.
“ Determined by CSP-HPLC.
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All of the catalysts evaluated proved to be efficient promoters for the reaction, as
product 347 was formed with nearly quantitative conversion in all cases (entries 1, 2

and 3).

As expected, catalyst 303 furnished results (entry 1, Table 4.2) comparable to those
obtained from the reaction depicted in Scheme 4.2. In this situation it is possible to see
the effect that small variations in temperature (30 °C compared to rt) and reaction time
(22 h compared to 24 h) have on the diastereomer conversion reaction. In general, if a
process capable of furnishing a product as a mixture of two diastereomers (cis and
trans) 1s conducted at lower temperature, the selective formation of one diastereomer
(generally the rrans) over the other is enhanced and a mixture enriched with one
diastereomer is obtained, leading to an increased dr. The reverse is found when the
reaction is conducted at higher temperature. In this situation a mixture containing
substantial amounts of both diastereomers is produced, exhibiting no selectivity in their
formation thus giving a poor dr. Comparing the reaction in entry | of Table 4.2 and the
reaction in Scheme 4.2, it is noticeable that the dr (trans:cis) of the former reaction is
higher than the latter (68:32 vs 64:36), even though the reaction was conducted at higher
temperature. It is believed that this is a consequence of the diastereomer conversion

reaction (from cis to trans) which took place after full conversion was achieved.

It 1s evident that this side-reaction also takes place during the esterification process. The
three drs determined by CSP-HPLC are higher than those obtained by 'H NMR
spectroscopic analysis of the crude reaction mixtures, proving that small amounts of the
cis-isomers converted to the rrans-isomers (comparison between column 4 and 5 of
entries 1, 2 and 3, Table 4.2) during the derivatisation to methyl esters. Despite this, the
three catalysts exhibited only moderate diastereoselectivity, towards the rrans-isomer,

producing the acid mixtures up to 68:32 dr (entry 1).

The reactions also furnished moderate to good enantioselectivity in the formation of the
trans-isomer, with a maximum of 70% ee obtained in the reaction catalysed by the
squaramide-substituted cinchona alkaloid 302 (entry 2). Conversely, the cis-isomer, was
always formed in excellent ee (entries 1, 2 and 3); approaching optical purity in the
reaction promoted by catalyst 302 (entry 2). However, despite intensive studies devoted
to the development of conditions leading to the formation of the cis-diastereomer

exclusively, no useful protocols have been found. This is mostly due to the diastereomer
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converting side-reaction which, as explained above, takes place as soon as the reaction
temperature - maintained below 0 °C in order to enhance the formation of the cis-isomer

- rises during the work-up and purification.
4.4 Diastereomer epimerisation: rationale and preliminary studies

The results, in terms of enantioselectivity, obtained in the formation of minor (cis)
product in the catalyst evaluation reactions, alerted us to the possibility of taking

advantage of the diastereomers converting side-reaction.

The assignment of the absolute stereochemistry (that will be further examined in
Section 4.9), achieved by X-ray crystallographic analysis, permitted the determination

of the three-dimensional structure of the two diastereomers of product 347 as depicted

in Figure 4.2.
(0]
= *ph
CO,Me CO,Me
1:2-trans-2:3-trans-347 1:2-cis-2:3-trans-347

Figure 4.2  Absolute stereochemistry of the diastereomers of product 347.

It is possible to see that the two isomers differ only in the stereochemistry of the carbon
in position 1, making the diastereomer conversion side-reaction a ‘simple’ epimerisation
at the carbon 1. (From now on, the simplified annotation 7rans-347 and cis-347 will be
used as description of 1:2-rrans-2:3-trans-347 and of 1:2-cis-2:3-trans-347

respectively).

We believed that, if the epimerisation of the cis-isomer to the frans-isomer of product
347 takes place while preserving the enantioselectivity of the other chiral centres (i.e.
only the configuration of the carbon in position 1 is inverted), this process could be
induced on an isolated diastereomeric mixture of product 347, allowing the increase of
the ee of the rrans-product. For example, Table 4.3 shows the (theoretical) maximum
enantioselectivity achievable by such transformation if conducted on the diastereomeric
mixtures of product 347 obtained during the preliminary catalyst evaluation summarised

in Table 4.2.
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Table 4.3 Theoretical epimerisation of diastereomeric mixtures of product 347.

o -
. Noz epimerisation
7~ "Ph
CO,Me CO,Me CO,Me
trans-347 cis-347 trans-347
dr (trans:cis)" max‘
entry cat. ((esters) ) CCyans (%)’ e (%) ceprans (%)
1 303 72:28 60 97 70.4
2 302 67:33 70 99 79.6
3 297 62:38 58 97 72.4

“ Diastereomeric ratio determined by CSP-HPLC. ° Determined by CSP-HPLC. ¢ Calculated theoretical
maximum ee (%) achievable by epimerisation.

As further explanation, entry 1 (Table 4.3) is used as an example. It is possible to see
that 72% (i.e. 0.72) of the product formed 1s rrans and possesses 60% ee, while 28%
(i.e. 0.28) of it is cis and possesses 97% ee. Considering a theoretical full conversion of
the cis product to the rrans isomer with preservation of the enantioselectivity, the
resulting trans product would exhibit an enantiomeric excess value calculated according

to the following equation:
0.72 ¢ 60% ee + 0.28 ¢ 97% ee = 70.36% ee theoretical maximum ee achievable

It is possible to see that if full epimerisation of the cis-isomer to the rrans could be
achieved, the enantiomeric excess of the rrans-diastereomer could be, in the best case

(i.e. entry 2), increased from 70% to 79.6%.

We therefore decided to test our hypothesis by evaluating the epimerisation reaction on
an isolated sample of cis-347. It was known that if the reaction mixture, after the in situ
esterification process, was heated at a temperature above that at which the catalytic
transformation was conducted (i.e. 30 °C), the epimerisation of cis-347 to trans-347
would take place. For this reason, we decided to evaluate this test reaction under the
same conditions utilised during the esterification process; but heating to 55 °C and using

303 as ‘standard’ catalyst (Scheme 4.3).
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(o} (o}
3 303 (5 mol%), 5
=NOz  MeOH (75.0 equiv.) . O‘ NO,
M 1 M), ”

L e, TBE (0.1 M) L e

£ 55°C,39h 2

CO;Me CO,Me CO,Me

cis-347 99% ee trans-347 99% ee cis-347

dr (trans:cis) 95:5

Scheme 4.3  Preliminary epimerisation experiment.

The results obtained were very gratifying. The cis-isomer was converted in an almost
quantitative yield to the rrans-isomer with retention of enantioselectivity, proving the

feasibility of the process.
4.5 Synthesis and evaluation of novel cinchona alkaloid-based organocatalysts

Although the encouraging results obtained in the preliminary epimerisation experiment
(Scheme 4.3) prompted us to further develop the process, we were not fully satisfied
with the (theoretical) maximum enantioselectivity achievable in the epimerisation

process (i.e. 79.6%, entry 2, Table 4.3).

We reasoned that, if better enantiocontrol in the parent reaction that generates the
diastereomeric mixture of product 347 can be achieved, higher enantioselectivity values
for the rrans-isomer could be obtained upon the epimerisation reaction. We therefore
decided to attempt the synthesis and consequent evaluation of two new substituted

cinchona alkaloid organocatalysts.

Analysis of the data depicted in Table 4.3 revealed the superior behaviour of
squaramide-substituted cinchona alkaloid organocatalyst 302 (entry 2, Table 4.3)
compared to the relative urea-substituted 297 (entry 3, Table 4.3) illustrated in Figure
43.
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a | _N
o 0
j.]\ ST O/ j\;ﬁ N\ /
A s il
“NTONTS A~N" N °
H H HoH

(Ar = 3,5-(CF3);-CeHs |

Figure 4.3  Comparison between urea- and squaramide-substituted cinchona alkaloid
organocatalysts.
It is also apparent, comparing the results obtained with catalyst 302 (entry 2, Table 4.3)
with 303 (entry 1, Table 4.3), that the steric requirement of the three-dimensional
structure of the reaction promoter is an important factor that drastically influences the
enantiocontrol of the process. In this reaction, in contrast to those involving aldehydes
(discussed in Chapters 2 and 3), the introduction of a phenyl substituent in C-2’ position
of the quinoline ring had a negative effect on the stereocontrol exerted by the catalyst.
The reaction promoted by catalyst 303, which possess the phenyl substituent, would
theoretically be able to produce the rrans-isomer in 70.4% ee upon epimerisation, while
use of the analogous structure lacking the substituent (i.e. 302) could generate the frans-

isomer in a potential 79.6% ee.

This suggested that altering or further modifying the alkaloid-derived portion of the
catalyst would be futile as the best performances in the reaction were obtained by the
catalysts bearing unmodified cinchona alkaloid moieties (i.e. 297 and 302). As a result,
we decided to evaluate the effect that modification of the aromatic achiral substituent of
the squaramide organocatalyst (i.e. 3,5-(CF;),-C¢H;) would generate over the

stereocontrol of the reaction.

Considering the bulky substituent of catalyst 302 (Figure 4.4) it is possible to see that
the disubstituted aromatic ring cannot provide a ‘constant and equal’ steric hindrance
around the active region of the catalyst, due to its relatively planar character. Depending
on the rotameric preferences of this portion of the molecule in relation to the catalytic
pocket of the catalyst, different effects on the stereocontrol of the reaction could result.

We believed that the introduction of a bulky, non-planar substituent such as r-butyl (i.e.
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catalyst 348) and trityl (i.e. catalyst 349, Figure 4.4), could guarantee the formation of a

catalytic pocket of more consistent steric characteristic during the reaction.

R* = cinchona alkaloid

FiC O 0] 0] o O O
Ph
* * Ph *
N~ N-R %N N-R N OnR
H H H H Ph" H H
Fi;C
302 348 349

Bulky substituent, Bulky substituent, Bulkiest substituent,

relatively planar non-planar non-planar

Figure 4.4  Comparison between substituents in potential squaramide-substituted
cinchona alkaloid organocatalyst-designs.

We therefore decided to synthesise catalysts 348 and 349 following the general

procedure depicted in Scheme 4 .4.

1. PPh3 (1.2 equiv.), =
DIAD (1.2 equiv.), ~o
DPPA (1.2 equiv.), i

THF
s (S)
2. PPhs (1.2 equiv.), = I NH;
H,0, rt N

250 83%

t-BuNH, (1.0 equiv.),

p MeOH, rt, 48 h j\;(
d T

H
o, 0 >0 o, 0 ’
e 352 91%
R ——————
jif MeOH j:f o. 0

HO i OH g5 °C.24 h —~0 (o a8 o jiﬁ
0,
351 85% Phﬁ\
Ph

trityl-NH; (1.0 equiv.), N o—
THF, 66 °C, 48 h H
353 29%
7 _N
o o) o[
o e} N\
j\;ﬁ . N MeOH
... B -
= ) t, 48 h R-N" N7 O

~N o 3 NH, H H

H g | N

S |

352 R = t-Bu 250 W
353 R = trityl

348 R = t-Bu 83%
349 R = trityl 79%

Scheme 4.4  Synthesis of catalyst 348 and 349.

The syntheses began with the substitution of the C-9 hydroxy group with a free amino
functionality by Mitsunobu reaction between the quinine substrate (72) and triphenyl
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phosphine (PPhs), diisopropyl azodicarboxylate (DIAD) and diphenylphosphoryl azide
(DPPA) in THF at room temperature. The C-9 azide-substituted quinine so obtained
was then reduced in siru to the free amino group by reaction with PPh; / H>O to furnish
product 250 in 83% yield.

Concurrently, squaric acid (96) was converted to the corresponding dimethyl ester 351
in 85% yield by reaction with trimethyl orthoformate (350) in methanol at reflux. After
isolation and purification by column chromatography on silica gel, 351 was treated with
the appropriate amine (z-butyl amine in the case of 348 and trityl amine in the case of
349) in methanol at room temperature to furnish 352 in 91% yield and in THF at reflux
temperature to furnish 353 in 29% vyield after purification by column chromatography
on silica gel. In the case involving the use of trityl amine, however, due to its high
hindrance, product 349 was obtained in very low yield under forcing conditions (reflux
temperature) on only one occasion. Despite repeated, arduous attempts repeating the
reaction under the same conditions, the formation of product 353 was not observed on
subsequent occasions. However, a sufficient amount of 353 was prepared to allow the
synthesis and consequent evaluation of catalyst 349, albeit only in preliminary studies
aimed at verifying the assumptions made in the choice of the substituents depicted in

Figure 4 4.

Products 352 and 353 were then reacted at room temperature in methanol with 250 to
furnish catalysts 348 and 349 in 83% and 79% yield, respectively. After purification by
column chromatography on silica gel, they were evaluated in the reaction between 147

and 346 under the previously developed standard conditions (Table 4.4).

The results obtained in the evaluation of the two novel organocatalysts synthesised (i.e.
348 and 349) proved that the hypotheses for the choice of the substituents were correct.
Catalyst 348 (entry 2) easily promoted the reaction, generating the diastereomeric
mixture of product 347 with higher enantiocontrol than catalyst 302. This is reflected in
an augmentation of the theoretical ee (%) achievable for the rrans-isomer from 79.6%
(with 302, entry 1) to 83.6% (with 348, entry 2). Further improved results were obtained
in the reaction catalysed by 349 that theoretically would allow, upon epimerisation, the

formation of 7rans-347 in 88.8% ee.
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Table 4.4 Evaluation of catalyst 348 and 349 in comparison with 302.

O 1. cat. (5 mol%), (0]
MTBE (0.1 M), g NO
? . Ph/ﬁ/ NO;  30°c,22h . 2
o) 2. TMSCHN; (1.2 gquiv.), ; “'Ph
147 346 3" ?8 "'2((,7,?1}?1 S, CO,Me CO;Me
trans-347 cis-347
>¢Ph
CF3 O PH Ph
302 348 349
FaC
« dr(trans:cis)®  dr (trans:cis)© a ¢«  max’
e . o 0 (0
entry cat. conv. (%) {acids) (estors) €Cprans (Y0)" ee.is (%) eenans (%)
1 302 >98 64:36 67:33 70 99 79.6
2 348 >98 53:47 57:43 72 99 83.3
3349 >98 63:37 68:32 84 99 88.8

“ Conversion of both reagents determined by '"H NMR spectroscopic analysis. ~ Diastereomeric ratio
detenmned by 'H NMR speurosgopu analysis. © Diastereomeric ratio determined by CSP-HPLC.
“ Determined by CSP-HPLC. © Calculated theoretical maximum ee (%) achievable by epimerisation.

This favourable result is however blighted by the impossibility of using catalyst 349 due
lack of reproducibility in the synthesis of its precursor 353, as explained above. For this
reason it was decided to continue the studies on the cycloaddition reaction between 147
and 346 while using the novel organocatalyst 348, which still proved superior to the

others evaluated in Table 4.2, and could be reproducibly synthesised easily.
4.6 Studies of the epimerisation reaction

Encouraged by the preliminary epimerisation test results (Section 4.4) and by the
improved enantiocontrol exerted by the novel organocatalyst 348 (Table 4.4), we
decided to evaluate different conditions for the epimerisation reaction of a mixture of

diastereomers of product 347.
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Table 4.5 Larger scale batch reaction between 147 and 346.

O 1. 348 (5 mol%), (e}
MTBE (0.1 M), :
o 2. TMSCHN, (1.2 equiv.), P
MeOH (75.0 equiv.), -
147 346 ooy Vi Co,Me CoMe
trans-347 cis-347
dr (trans:cis)® dr (trans:cis) ¢ d a max’
conv. (%)’ . ) €€uns (Yo ee.; (Y
(%) (acids) (esters) wrans (70) ais (%0) €€rans (%0)
>98 56:44 63:37 88 >99 92.1

“ Conversion of both reagents determined by '"H NMR spectroscopic analysis. ~ Diastereomeric ratio
determined by '"H NMR spectroscopic analysis. ¢ Diastereomeric ratio determined by CSP-HPLC.
 Determined by CSP-HPLC. ° Calculated theoretical maximum ee (%) achievable by epimerisation.

In order to avoid any further complications derived from the ‘naturally’ occurring
epimerisation process that would generate small differences in the resulted stereocontrol
of distinct reactions, a single large scale reaction between 147 and 346 catalysed by 348
was performed (Table 4.5). The reaction, once worked up and the ester products

isolated, was split in four smaller and equal batches, the epimerisation of which, under

different conditions, were investigated.

The results obtained were surprising (Table 4.5). It can be seen that, comparing entry |
of Table 4.5 with entry 2 of Table 4.4, the reactions, conducted under the same
conditions, produced the diastereomeric mixture of product 347 in comparable
diastereoselectivity but with higher enantioselectivity for the process executed in large
scale. It 1s also possible to notice that this reaction could furnish the highest theoretical
ee achievable upon epimerisation (i.e. 92.1%). This is also higher even than that
obtained using the most efficient catalyst previously evaluated (i.e. 349, entry 3, Table
4.4). It has been suggested that the difference may be due to non-uniform heating
applied to the mixture on large scale. The large scale reaction required a higher volume
of solvent compared to the other transformations executed in this study. As a result, the
volume exceeded the height of the aluminium heating mantle, leaving the majority part
of it exposed to lower temperature (i.e. room temperature) and thus generating gradients
of temperatures that may have influenced the stereocontrol of the process. For this

reason, the values expressed in Table 4.5 should not be considered as true results of the
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reaction studied in this work, but just as an indicative data aimed to disclose of the best

condition for the epimerisation reaction reported next.

The diastereomeric mixture of product 347 obtained in Table 4.5 was, upon isolation
and purification by column chromatography on silica gel, divided into four equal
batches and each batch was evaluated in the epimerisation reaction under different
conditions (Table 4.6).

The reaction conducted under identical conditions to those used in the preliminary
experiment (i.e. Scheme 4.3) proved to be extremely efficient, transforming the cis-
isomer almost entirely to the rrans-isomer with a product enantiomeric excess almost

equal to the theoretical value (entry 1, Table 4.6).

Surprisingly, the adoption of the same conditions but with the involvement of catalyst
348 instead of 302 promoted the reaction in an unsatisfactory manner, converting only a
small portion of the cis-isomer to the rrans equivalent. The two chemical compounds
responsible for the epimerisation (i.e. methanol and catalyst 302) were then evaluated

separately in the reaction in order to establish the actual promoter of the transformation.

Table 4.6 Evaluation of the conditions for the epimerisation reaction.

o i g
~=NO, . ~=NOz  aqditive(s) . =NO;
MTBE (0.1 M), ~
H = 55°C,39h H i
CO,Me CO,Me CO,Me CO,Me
trans-347 88% ee cis-347 >99% ee trans-347 cis-347
dr (trans:cis) 63:37
max” T products 6/C . ozxd
iy €€rans (%0) additye(s) dr (trans:cis)® €6 (A) i)
MeOH (75.0 equiv.)
2 94-
1 92 302 (5 mol%) 94:6 91 90
MeOH (75.0 equiv.) : e }
2 92 348 (5 mol%) 72:28 n.d.
3 92 302 (5 mol%) 65:35 nd’ -
4 92 MeOH (75.0 equiv.) 92:8 92 89

? Calculated theoretical maximum ee (%) achievable by epimerisation. * Diastereomeric ratio determined
by CSP-HPLC.  Determined by CSP-HPLC. “ Isolated yield of rrans-diastereomer. ¢ Not determined.
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The reaction promoted solely by catalyst 302 (entry 3, Table 4.6) failed to convert the
cis-isomer, furnishing the diastereomeric mixture of product 347 almost unaitered.
Conversely, when methanol was employed as the only additive in reaction, close to
100% conversion of the cis-isomer was obtained, achieving the maximum value of

enantiomeric excess expected (entry 4, Table 4.6).

Although the use of methanol (entry 4) was slightly less efficient than the combined
used of methanol and catalyst 302 (entry 1), the use of the former procedure was chosen
as the epimerisation protocol. This decision was made in consideration of the atom
economy for the reaction and in view of the marginally enhanced enantioselectivity

obtained.

The results suggested that the epimerisation process was not a base-promoted
transformation, as the employment of only a base (i.e. catalyst 302) in the reaction
failed to promote such a process. We therefore proposed a mechanism (discussed in
Section 4.10) based on the nucleophilic attack of methanol to the highly electrophilic

ketone as a more plausible pathway.
4.7 Evaluation of substrate scope: the nitroalkene

Now in possession of a reproducible procedure for the synthesis of the diastereomeric
mixture of product 347 and of an extremely efficient epimerisation protocol, our

attention turned to the expansion of the substrate scope.

In order to achieve this, various trisubstituted nitroalkenes were synthesised. This was
accomplished by following a general procedure based on the nitroaldol reaction (Henry
reaction) between nitroethane (354) and the appropriate aldehyde 16 to furnish the
relative B-nitroalcohol 355 (Scheme 4.5). This intermediate was, upon work-up and
without further purification, directly dehydrated to the desired trisubstituted nitroalkene
product 356 by reaction with trifluoroacetic anhydride (TFAA) and triethylamine
(TEA).

(@) NO OH TFAA (1.05 equiv.),
J 2 ) 2 t-BuOK (10 mol%) NO, NEt; (2.0 equiv.) NO,
R THF/t-BuOH (1:1), R CH,Cl, -10°C, 1h R/\r
0°Ctort, 16 h
16 354 355 356

Scheme 4.5  General procedure for the synthesis of trisubstituted nitroalkenes.
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Following this procedure, the series of activated electrophiles depicted in Figure 4.5

below, was readily synthesised, furnishing the products in moderate overall yields.

N0z ~NO; ~NO; 0~ N0
\ |
cl o

357 73% 358 65% 359 75% 360 60%

361 69% 362 65% 363 63%

Figure 4.5  Substrates synthesised for the evaluation of the reaction scope.

The evaluation of such substrates in the reaction with 147 catalysed by 348 under
standard conditions (described in Section 4.2) was the next step (Table 4.7). To avoid
any possible temperature gradient (as in the large scale reaction described in Section
4.6), all the reactions were conducted on such a scale that the reaction mixture was fully

exposed to the aluminium heating mantle, guaranteeing a uniform internal temperature.

Electron-neutral (346 and 359, entry 1 and 4), electron-poor (357, entry 2), electron-rich
(358, entry 3), heteroaromatic (360, entry 5) and aliphatic (361, entry 6) trisubstituted
nitroalkenes were all efficiently reacted under the depicted conditions to furnish the
diastereomeric mixture of products 347, 364-368 in moderate dr with preference for the
trans-isomer. In all these cases, almost complete conversion was achieved in convenient
reaction times. As previously described in Section 4.2, variations in the dr of the
products due to epimerisation, which occurs during the esterification process, favours
the formation of the rrans-isomer (compare column 6 with 7). It is possible to see how
the substituent of the activated alkene influences the epimerisation process (Table 4.7).
Products bearing aromatic electron-poor 364, electron-rich 365, and heteroaromatic 367
substituent (entry 2, 3 and 5, Table 4.7) tend to epimerise more easily than the
corresponding products 347 and 366 which bear aromatic electron-neutral substituents
(entries 1 and 4, Table 4.7), with variation of up to 16% in the case involving product
364 (entry 2). Product 368 which bears an aliphatic substituent, behaves similarly to 366

with only a slight variation in the dr upon esterification.
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Table 4.7 Substrate evaluation in the reaction with homophthalic anhydride (147).

(e

1. 348 (5 mol%),
o ] /%( NO, MTBE (0.1 M), 30 °C
+
o 2. TMSCHN; (1.2 equiv.),

MeOH (75.0 equiv.),

COzMe 602Me

147 0 °C, 20 min
trans cis
~ /ZJ LY £y KN K
¢ o O
N cl ~o
) 347 364 365 366
= NH = ct
) "
o NH <o/\,/i 5, LY Ky
X O g7
g \
348 367 368 369 370

dr (trans:cis)® dr (trans:cis)©

entry sub. prod. time (h) conv. (%)" Crruns (%) ees (%)"

(acids) (esters)
1 346 347 22 >98 53:47 57:43 72 99
2 357 364 66 >95 63:31 79:2]1 80 99
3 358 365 66 >96 57:43 59:41 74 99
4 359 366 66 >98 54:46 56:44 67 96
5 360 367 40 >98 77:23 86:14 12 96
6 361 368 24 >90 88:12 89:11 51 87
7 362 369 8d 55 n.d.‘ 98:2 49 -
8 363 370 7d 51 nd.’ >99:1 52 -

“ Conversion of both reagents determined by 'H NMR spectroscopic analysis. ° Diastereomeric ratio
determined by 'H NMR spectroscopic analysis. ¢ Diastereomeric ratio determined by CSP-HPLC.
 Determined by CSP-HPLC. © Not determined.

Products 369 and 370 (entry 7 and 8, Table 4.7), both synthesised using aliphatic-
substituted nitroalkenes (i.e. 362 and 363), behaved differently compared to the
analogous product 368 (entry 6). Despite lengthy reaction times, the conversion of 362
and 363 to the corresponding ketone products reached only ca. 50%. This was attributed
to the greater steric bulk that substrate 362 and 363 possess in the vicinity of the
electrophilic centre of the alkene compared to 361. This steric hindrance is also

proposed as an explanation for the extremely high dr exhibited by the reactions
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involving these two substrates (entry 7 and 8) compared to the others. However, it has
not been possible to obtain a reaction dr before the esterification process, as the 'H
NMR spectra of both product 369 and 370 were characterised by overlapping key
resonances. For this reason, the only dr measurement of the reactions was obtained by
CSP-HPLC on the diastereomeric mixture of products upon esterification. Although it is
known that the epimerisation process takes place during the esterification reaction, it
was presumed that this side-reaction, in the cases involving 369 and 370, occurred only
to a small extent. This conclusion was made by analogy with product 368 which,
similarly to 369 and 370, bears an aliphatic substituent and exhibited the lowest

variation of the dr upon esterification (entry 6, Table 4.7).

Analysis of the enantioselectivity of the reaction in the cases involving substrates 357,
358 and 359 (entries 2, 3 and 4) shows that the rans-isomers of products 364, 365 and
366 were all formed in moderate to good ee, while the cis-isomers were always formed
in high ee, and almost optical purity in the case of 365 and 366 (entries 2 and 3). These
results are consistent with the preliminary experiment described in Section 4.5

involving 346 as substrate (entry 2, Table 4.4), also reported in Table 4.7 (entry 1).

The reaction involving the use of 360 (entry 5, Table 4.7) however, despite producing
the cis-isomer in high ee (i.e. 96%), generated the frans-isomer unexpectedly only in
12% ee.

The reactions involving aliphatic-substituted nitroalkenes 361, 362 and 363 also failed
to furnish satisfactory results (entries 6, 7 and 8, Table 4.7). Product 368 (entry 6) was
formed with moderate ee for the frans-isomer and good for the cis-isomer. The results
obtained for products 369 and 370 were similarly disappointing; despite the high dr

observed, the rrans-isomer were formed in only moderate ee (entries 7 and 8).

The next step in the study was the evaluation of the induced epimerisation reaction
(Section 4.6) for the products obtained in the reactions shown in Table 4.7. Exception
was made for products 369 and 370 for which, considering the high diastereoselectivity
exhibited by the reaction, no epimerisation reaction was required. Following the
developed procedure, which involves methanol as an ‘additive’, products 347, 364-368

were allowed to react in MTBE (0.1 M) at 55 °C for the time indicated in Table 4.8.
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Table 4.8 Induced epimerisation of the diastereomeric mixture of products.

o} O :
g =NO;  MeOH (75.0 equiv.) g “NO;
- MTBE (0.1 M),
L 55 °C ; R
CO,Me CO,Me
cis cis
initial dr ~ eequns  €e.is max‘ . finaldr  eeyuns yield
entry prod. o nsicis) (%) (%) eepus(%) SPEM®  insicis)® (%) (%)
1 347 57:43 72 99 833 44 96:4 80 91
2 364 79:21 80 99 83.5 39 >98:2 83 93
3 365 59:41 74 99 84.4 39 96:4 82 92
4 366 56:44 67 96 79.7 39 >99:1 77 93
5 367 86:14 12 96 23.7 64 93:7 28 88
6 368 89:11 51 87 55.0 64 89:11 50 82
7 369 98:2 49 - - - - - 50
8 370 >99:1 52 - - - = - 47
“ Diastereomeric ratio determined by CSP-HPLC. ® Determined by CSP-HPLC. ¢ Calculated theoretical
maximum ee (%) achievable by epimerisation. ¢ Diastereomeric ratio determined by '"H NMR

spectroscopic analysis.  Isolated yield of rrans-diastereomer. ¢ Reaction performed with 20 mol% catalyst
loading. / Calculated yield based on the mass return of the impure samples considering the
spectroscopically determined amount of the known impurity present.

The reaction proved to be extremely efficient in almost all cases, transforming the cis-
isomer of products 347, 364-367 (entries 1-5) to the relative rrans-isomer in relatively
short reaction times, predominately furnishing 7rans-isomers from 93:7 dr in the case
involving 367 (entry 5) to >99:1 dr using 366 (entry 4). The enantioselectivity obtained
in all cases reached values close to the calculated maximum, proving the efficiency of
the process. The reaction involving the aliphatic-substituted product 368 (entry 6).

however, failed to epimerise the cis-isomer.

The other two products bearing an aliphatic substituent (i.e. 369 and 370, entries 7 and
8), as previously explained, were not evaluated in the reaction as an already extremely
high dr was obtained during the synthesis of the diastereomeric mixture reported in
Table 4.7 and are reported in Table 4.8 only for description of the isolated yields of the

trans-isomers. However, due to the low conversion achieved in these two reactions,
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products (i.e. 369 and 370, entries 7 and 8) were isolated with a small amount of
impurity (i.e. 17% for product 369 and 3% for product 370), which 'H NMR
spectroscopic analysis revealed to be the bis-methyl ester 371 of the homophthalic acid.
This product was formed by methanolysis and subsequent esterification by TMSCHN,
of the unreacted anhydride 147 during the esterification reaction for the formation of

products 369 and 370 (Scheme 4.6).

o) o
@iﬁi MeOH, TMSCHN, o~
o
147 o o"
371

Scheme 4.6 Impurity formation in the reactions involving substrate 369 and 370.

The trans-isomers obtained in the epimerisation reaction were all isolated and purified
by column chromatography on silica gel in high yield. The yields of 369 and 370
(entries 7 and 8) were based on the mass return of the impure samples considering the
measured (by 'H NMR spectroscopic analysis) amount of the known impurity present

(i.e. 371).
4.8 Evaluation of substrate scope: the anhydride

As further expansion of the process and as prove of its general applicability, the use of a

different anhydride (i.e. 312) was then evaluated in the reaction with 346 (Table 4.9).

Table 4.9 Evaluation of anhydride 312 in the reaction with 346.

(o] (e}
1. 348 (5 mol%), 3
B :
'\Ccii ; Ph/\r NO, MTBE (0.1 M), 30°C o' :3' NO,
(o) 2. TMSCHN;, (1.2 equiv.), - “'Ph
312 346 3"?8 gc(;ri}?\ oaibe.); CO,Me CO,Me
trans-372 cis-372
. dr (trans:cis)®  dr (trans:cis)* d 4  max’
time (h) conv. (%)" : ee %) ee.is (Y
( ) ( 0) (aCldS) (esters) frans ( 0) cis ( 0) ee”a,,s (0/0)
24 >97 50:50 58:42 75 >99 85.1

“ Conversion of both reagents determined by 'H NMR spectroscopic analysis. ° Diastereomeric ratio
determmed by 'H NMR speclroscoplc analysis. © Diastereomeric ratio determined by CSP-HPLC.
“ Determined by CSP-HPLC. ¢ Calculated theoretical maximum ee (%) achievable by epimerisation.
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The reaction efficiently produced the diastereomeric mixture of product 372 with values
of dr and ee in line with those obtained in the reaction between 147 and 346 (entry I,

Table 4.7).

Table 4.10  Epimerisation reaction of product 372.

(o] (e}
S5 MeOH 5
\Cij’“oz a0 eqdi) fr NO,
—pn MTBsEs(gg M), P
CO,Me CO,Me CO,Me CO,Me
trans-372 cis-372 trans-372 cis-372
initial dr CChuns  €Ceis max’ time (h) final dr ee,.s yield
(trans:cis)’ (%)" (%) eeyans (Yo) (trans:cis)’ (%) (%)
58:42 74.6 99 85.1 30 >99:1 86 92

“ Diastereomeric ratio determined by CSP-HPLC. ” Determined by CSP-HPLC. ¢ Calculated theoretical
maximum ee (%) achievable by epimerisation. ¢ Diastereomeric ratio determined by 'H NMR
spectroscopic analysis. ° Isolated yield of rrans-diastereomer.

Next, the epimerisation reaction of product 372 was examined (Table 4.10) in methanol

under identical conditions to those reported in Table 4.8.

The reaction proved efficient, smoothly promoting the epimerisation of cis-372 to trans-
372 in nearly quantitative amounts, while also furnishing the calculated highest ee
expected for the reaction. The desired product was then isolated and purified by

chromatography, to afford 7rans-372 in high yield (Table 4.10).
4.9 Assignment of the absolute stereochemistry

In order to confirm the stereochemical outcome of the reaction, the assignment of the
absolute stereochemistry of both the diastereomers of the products was required. As
such, pure samples of cis-372 and of rrans-372 were recrystallised and analysed by X-

ray crystallography.

The absolute stereochemistry of the cis-isomer of 372 was readily assigned as
(15,25,35) as depicted in Figure 4.6. By analogy, the same absolute stereochemistry
was assigned to the other cis-isomers of products 347, 364-368 described in Table 4.7.
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—— ey | (0]

{ . Br. ‘:
\T ‘ ) 2
7 ©"Ph
CO,Me

v cis-372
Figure 4.6  Absolute stereochemistry of cis-372.

The X-ray diffraction analysis of rrans-372 however, presented some difficulties.
Although the analysis was repeated three times, resolution of the crystal structure data
obtained was never achieved. Therefore, it was decided to attempt the reduction of the
carbonyl group of a pure sample of rrans-347 (previously prepared in a large scale
reaction, Section 4.6) by reaction with sodium borohydride (NaBH,) in methanol, in
order to obtain a more crystalline material that would hopefully simplify the analysis

(Scheme 4.7).

o] OH
Z.NO, NaBH, (4.0 equiv.) Z | S5 ZaNO,
MeOH (0.1 M),
"Ph rt 1(6 h ) e Ph
CO,Me CO,Me
trans-347 89% ee trans-373 91%, >98:2 dr, 90% ee

Scheme 4.7 Reduction of the ketone functionality of product 347.

The reaction proved efficient as the reduction of the ketone took place in high yield and
ee with almost full diastereocontrol, producing the alcohol 373 as the rrans-isomer
without either racemisation or epimerisation. This new product, that now contains four
stereogenic centres, was then isolated and purified by chromatography and, upon

recrystallisation, analysed by X-ray crystallography.

The absolute stereochemistry of 7ans-373 was unequivocally assigned as (1R,25,35,45)

as shown in Figure 4.7.
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OH

(S):

5 NO.
L™
RY)"Ph
COzMe

T trans-373

Figure 4.7  Absolute stereochemistry assignment of rrans-373.

By comparison of the "H NMR spectra of trans-373 and trans-347 it can be observed
that the coupling constant (J) between the hydrogen in position 1 and 2 remained almost
identical (i.e. 11.8 Hz for trans-373 and 12.3 Hz for trans-347), characteristic of mrans

stereochemistry.

(s)? H comparison of o =

iS)NOZ : "H NMR spectra X -";S)No2

RY©)”Ph RYS)”Ph
CO,Me CO,Me

trans-373 trans-347

Figure 4.8  Assignment of the absolute stereochemistry of 7rans-347.

These results allowed the conclusion that, although a new stereocentre was created, the
three initially present in rrans-347 did not epimerise during the reduction of the ketone
carbonyl functionality. This permitted the disclosure of the absolute stereochemistry of
the rrans-isomers of product 347 as (1R,2S,3S5) as shown in Figure 4.7. By analogy, the
absolute stereochemistry of the rrans-isomers of the other products synthesised by the

reactions depicted in Table 4.7 was also assigned as (1R,2S.35).
4.10 The proposed epimerisation mechanism

A mechanism for the epimerisation process promoted by methanol was then proposed.
Analysis of the structure of cis-372 obtained by X-ray crystallography revealed that the
distance between the oxygen of the nitro group in position 3 and the hydrogen in
position 1 in the crystal structure is 2.8 A (A, Figure 4.9). This is too long to permit any
kind of interaction between the two atoms. However, it must be considered that in
solution at 55 °C, the nitro group would be able to freely rotate around the carbon-

nitrogen bond. This will result in the reduction of the distance between the oxygen and
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the hydrogen to a minimum value of 1.9 A (B, Figure 4.9) and a correct H-bonding

angle.

Figure 4.9  Distance between the nitro group and the hydrogen in position 1.

We believed that, in methanol, at this reduced distance the oxygen of the nitro group
could act as a ‘base’ for the epimerisation process, according to the mechanism reported

below (Scheme 4.8).

70.4.9 HO.. o

H,' (o) N O N o Me
= i MeOH, 55 °C -0

=] Vi K — =~
—_— = \ ", Me + ’ H

s H" transfer o Y 2 Me

MeO,C  Ph o Ph
cis-347 374

o) -
(o]
bond bond ONZ M
rotation Oph _Me H* transfer  Me02C Jlo’fh _Me  rotation MeO.C i 6 5
— O+ —_— — } O+ —— @J <2
- ~_Me ~ - Me x H
o i H g H iz Me
H\ /N\ % H PN H Ph
/O O + O —O g O_
375 376 377
= \ﬁ//o
O
-MeOH "%/ _
_— 4 Vi / " Me s
q Ph
trans-347 trans-347

Scheme 4.8 Proposed mechanism for the epimerisation reaction promoted by
methanol.

The weak interaction between the oxygen of the nitro group and the hydrogen in C-1
shields the upper face of cis-347. This is reflected in the attack of methanol to the

carbonyl functionality that only takes place from the lower face (as drawn) of the
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structure. Next, in a concerted step, the bond between carbon atom 3 and 4 breaks and
generates the nitronate ion which deprotonates the carbon atom in position 1 with

concomitant formation of the enolate 374.

At this point, rotation of the bond between carbon atoms 1 and 2 generates 375, which
then reprotonates the enolate previously formed on the re face of the molecule through a
six-membered ring transition state, generating the nitronate ion 376. A second rotation
of the bond between carbon atoms 1 and 2 to 377 and subsequent intramolecular attack
of nitronate on the protonated ester - with loss of methanol - furnishes the epimerised
trans-347. It is noteworthy that this final step appears thermodynamically unfavourable
at first glance; however, it should be noted that it is entropically favourable, and we
previously observed very strong temperature dependence in the epimerisation process.
At higher temperature the more entropically favourable ring closing final step would

become more favourable relative to the reverse process.
4.11 Conclusion

The results of this project demonstrate that the reaction involving homophthalic
anhydrides as pronucleophile species can be expanded to the use of activated
trisubstituted nitroalkenes. The reaction leads to the formation of bicyclic structures
bearing three stereogenic centres, one of which quaternary. Although this should lead to
the formation of four diastereomers, only two were observed in the reaction. It was also
found that, an epimerisation process promoted by methanol could be induced in order to
convert the cis-isomer to the rrans-isomer, and a mechanism for this process has been
proposed. Despite the difficulties encountered during the development of this study, all
of them due to the partially controllable, naturally occurring epimerisation process, the
reaction could be applied to a range of trisubstituted nitroalkenes substrates to produce
diastereomeric mixture of products, which, upon induced epimerisation process, were
generally 1solated in good yields, with good dr and ee. To the best of our knowledge
this represents the first asymmetric catalytic cycloaddition of enolisable anhydride with
Michael acceptors. Two new squaramide-substituted cinchona alkaloid organocatalysts
were also synthesised in order to improve the control over the reaction. However, the
most successful of the two has not been further used in the development of the process
as difficulties in the reproducibility of its synthesis were encountered, making its use

unpractical.
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5. The enantioselective cycloaddition reaction between anhydrides

and alkylidene-2-oxindoles

Following the disclosure of the cycloaddition reaction between homophthalic anhydride
and trisubstituted nitroolefins (described in Chapter 4), we became interested in the
development of a similar process that involved the reaction of substituted alkylidene-2-

oxindoles, such as 378, as electrophiles (Scheme 5.1).

(0]
EtO
O
/
I e S N
o N
Boc
147 378

Scheme 5.1 The proposed reaction between homophthalic anhydride (147) and 378.

These substrates were chosen as they would lead to the creation of structures similar to
those obtained using trisubstituted nitroalkenes (i.e. bearing three stereocentres one of
which would be quaternary), however with the presence of a spiro-carbon (379, Scheme
5.1). These products belong to a large family of compounds known as spirooxindoles.
For almost two decades their synthesis has been the subject of study of many research

287-290

groups around the world, as this core structure is found in many natural

#1727 More recently, with the advent of

compounds that possess biological activity.
efficient asymmetric organocatalysis, the enantioselective synthesis of such challenging
molecules began to expand. Currently, it represents one of the most intensive studied

: . 298-3
reactions catalysed by organocatalytic processes.””* *"!

5.1 Preliminary experiments

In order to study the feasibility of the process by evaluating the reaction between 147
and 378, the substituted oxindole 378 had to be synthesised. This was achieved

according to the known literature procedure’® described below (Scheme 5.2).

The synthesis began with the reaction between ethyl bromoacetate (380) and

triphenylphosphine (381) in toluene at 90 °C to give the intermediate phosphonium salt
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382 in high yield, which upon deprotonation by sodium hydroxide solution and

extraction with dichloromethane gave the ylide 383 in quantitative amount.

o) Br O o
toluene o NaOH (1.0 M)

Br + PPhy ———— PhgP. > PhsPs
\/U\C’Et * T90°C,15h ° QLOEt CH,Cl, 1t QI\OEt
380 381 382 95% 383 99%

0 o

EtO EtO
o / (Boc),0 (1.2 equiv.), /
toluene DMAP (10 mol%)
o * W —on O T CHCN, 1, 15h o

N s N 3CN, rt, N‘
H H Boc
384 385 94% 378 91%

Scheme 5.2  Synthesis of the substituted oxindole 378.

The Wittig reaction in toluene at room temperature between this compound and isatin
(384) fumnished the oxindole 385 which was then purified and isolated in 94% yield by
column chromatography on silica gel. Protection of the nitrogen atom by reaction with
di-r-butyl dicarbonate ((Boc),O) in presence of a catalytic amount of DMAP in
acetonitrile at room temperature, led to the final product 378, which was isolated and

purified by column chromatography on silica gel in high yield.

Now in possession of both the pronucleophile (i.e. 147) and electrophile (i.e. 378); the
reaction depicted in Table 5.1 was investigated under the optimised conditions
developed for the project involving the use of trisubstituted nitroalkenes (Section 4.7)

using catalyst 348 as reaction promoter.

The reaction readily produced 386 in almost quantitative yield after a short time under
mild conditions. Analysis by 'H NMR spectroscopy of the crude reaction mixture (prior
to esterification) revealed the presence of only one diastereomer which, by
measurement of the coupling constant between the proton at C-3” and that at C-4" (i.e.
11.8 Hz), was assigned to possess frans relative stereochemistry between the
substituents in C-3" and C-4°. Unfortunately, during this analysis it was not possible to
assign the relative stereochemistry of the carbon at C-2’. When the sample, upon in situ
esterification by reaction with TMSCHN, and methanol under the conditions reported in
Table 5.1, was analysed by CSP-HPLC, the chromatogram revealed the presence of two
further diastereomers (i.e. B and C) in very small amounts (ie. 4% and 1.5 %

respectively).
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Table 5.1 Preliminary reaction between 147 and 378 catalysed by 348.

O
o EtO
y/ 1. 348 (5 mol%),
fo) 4 MTBE (0.1 M), 30 °C, 19 h
(0]
5 N 2. TMSCHN, (1.2 equiv.),

i30c
147 378

MeOH (75.0 equiv.),
30 °C, 30 min

(A) trans-386 (B) 386 (C) 386
conversion (%)" dr (A:B:C)’ eey (%) eeg (%)° eec (%)
>98 94.5:4:1.5 95 - -

“ Conversion of both reagents determined by 'H NMR spectroscopic analysis. ~ Diastereomeric ratio
determined by CSP-HPLC. ¢ Determined by CSP-HPLC.

It was now clear that the 'H NMR resonances associated with the two minor
diastereomers could not be observed in the spectrum of the crude reaction mixture due
to the overlap with those associated with the major diastereomer (i.e. A, rrans-386). It
was therefore decided, in order to obtain more accurate results, to determine the dr of
the reactions by CSP-HPLC analysis only. The diastereomeric mixtures formed in the
reactions, upon in situ esterification with TMSCHN, and MeOH at 30 °C, were purified
by column chromatography on silica gel and the three diastereomeric products collected
and analysed together with an appropriately developed CSP-HPLC method that allowed
the separation of all the enantiomeric peaks of the products. The reaction depicted in
Table 5.1 proved to be extremely efficient, furnishing product 386 with exceptionally
high diastereoselectivity and enantioselectivity, favouring the formation of 7rans-386.
The ee of the other diastereomers (i.e. B and C) were not determined however, as the

relatively low peak area for these structures resulted in an inaccurate analysis.
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5.2 Catalyst evaluation

After the encouraging results obtained in the preliminary reaction, we decided to
evaluate the effect that different catalysts could exert in the promotion of the reaction.
Using the same conditions employed in the preliminary reaction (Table 5.1), a further
five catalysts were evaluated in the reaction between 147 and 378 (Table 5.2). Catalyst
297, 81 and 302 were synthesised by Dr. Sean Tallon.

Table 5.2 Catalyst evaluation for the reaction between 147 and 378.

o]
o EtO
/ 1. cat. (5 mol%),
o ., . MTBE (0.1 M), 30 °C +® + ©
N 2. TMSCHN; (1.2 equiv.),
o - MeOH (75.0 equiv.),
30 °C, i
147 a78 C, 30 min
(A) trans-386
[ cat.
B SR
N N
(S) (S)
= l NH =~ ’ NH
N N
NS X)\NH N 5 -
R R! R
o]
297 X =0, R = 3,5(CF3),-CeHs 302 R = 3,5-(CF3),-CgHs, R' =H
81 X= S. R= 3,5—(CF3)2-C6H3 303 R= 3.5'(CF3)2-CSH3. R1 = Ph
349 R =trityl, R"=H
348 R = t-butyl, R' = H

entry cat. time(h) conversion (%)’  dr (A:B:C)’ eey (%) eeg(%) eec (%)

1 297 13 >97 98:1:1 88 - -
2 81 19 >97 98.5:1:0.5 88 - -
3 302 16 >97 97.5:2:0.5 83 - -
4 303 19 >98 96:3:1 93 - -
3 349 25 >97 97:2:1 90 - -
6 348 19 >98 94.5:4:1.5 95 - -

“ Conversion of both reagents determined by 'H NMR spectroscopic analysis. ~ Diastereomeric ratio
determined by CSP-HPLC. © Determined by CSP-HPLC.
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All catalysts evaluated proved to be extremely successful, promoting the reaction with
high diastereoselectivity and enantioselectivity in reasonably short reaction times and
with almost quantitative conversion. Comparison between (thio)urea-substituted
cinchona alkaloids (entries 1 and 2) with the squaramide-substituted analogue (entry 3)
revealed superior stereocontrol by the former two structures. However, either the
introduction of phenyl substituent at the C-2’ position of catalyst 302, or replacement of
the aromatic and relatively planar squaramide N-substituent of 302 (i.e. 3,5-(CF3)-
CeH3) with a non-planar and bulky substituent (i.e. trityl for 348 and 7-butyl for 349, see
Section 4.5) allowed catalysts 303, 349 and 348 (entries 4, 5 and 6) respectively, to
promote the reaction with enhanced enantiocontrol up to 95% ee for the reaction
promoted by 348 (entry 6). Despite the reduced diastereocontrol exhibited by 303 and
348 (entries 4 and 6) compared to the other catalysts examined, these two structures
proved to be the most efficient, promoting the only two reactions that provided
enantioselectivity above 90% (i.e. 93% for 303, entry 4 and 95% for 348, entry 6, Table
5.2).

5.3 The effect of the temperature on the reaction

After the identification of the two most successful reaction promoters (i.e. 303 and 348),
the effect of reaction temperature on the stereocontrol of the process was studied (Table
5.3). In general, the reactions proceeded with almost complete conversion to product
386 in relatively convenient reaction times. As expected, an increase of the reaction
temperature to 60 °C (entry 2) drastically diminished the enantiocontrol of the reaction
to 37% with a concomitant marginal reduction in the diastereocontrol for the reaction
catalysed by 303. However, when the reaction temperature was reduced incrementally
in order to determine the best conditions for the achievement of greatest stereocontrol
compared to the ‘benchmark’ reaction conducted at 30 °C with catalyst 303 (entry 1),
the results were quite surprising. As the reaction temperature decreased, we expected to
observe an improvement in the dr and ee of the reaction for the rrans-isomer (i.e. A)
from the ‘initial condition’ (entry 1). Conversely, it was found that an increase in the
formation of the second diastereomer (i.e. B) with concomitant reduction in the
production of trans-386 (i.e. A) took place when the reaction was performed at
gradually lower temperature (i.e. 20 °C, 0 °C and -15 °C, entries 3, 4 and 5 respectively,

Table 5.3). Furthermore, while the ee of the newly formed diastereomer (i.e. B) was
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always above 90%, the enantiomeric excess of rrans-386 (i.e. A) generally decreased
with decreasing temperature, from 95% ee at 30 °C to 63% ee at -15 °C. The reaction
time however, in this final case (i.e. entry 5) had to be extended in order to achieve full

conversion.

Temperature variations in the reactions promoted by catalyst 348 had similar results.
When the reaction was conducted at temperatures below 30 °C, formation of the second
diastereomer (i.e. B) took place in high ee with concomitant reduction in the levels of
trans-386 (i.e. A) detected, and with gradually lower ee (entries 7-12). Following this
strategy, it was possible to ‘switch’ the diastereoselectivity of the reaction toward the
predominant formation of (B); with the maximum diastereo- and enantioselectivity
exhibited at -50 °C (entry 11). However, the low conversion and the extremely long
reaction time required in this situation were not satisfactory. This prompted us to repeat
this reaction with a higher catalyst loading (i.e. 20 mol%, entry 12). In doing so, a
shorter reaction time and enhanced conversion were achieved although with no
variation in the diastereoselectivity of the process. Under these conditions the
diastereomer (B) was formed with almost 100% optical purity. After the evaluation of
temperature variation in the reactions catalysed by 303 and 348, it was clear that both
catalysts could be successfully employed as reaction promoters, as similar results were
obtained using 303 and 348. However, the slight superiority of catalyst 348, with
regards to the ee for the reaction performed at 30 °C and diastereocontrol in the
formation of the diastereomer (B) at lower temperature, prompted us to continue the
study employing only catalyst 348. Also, considering the results reported in Table 5.3, it
is clear that the temperature of 30 °C is the most practical at which to conduct the
reaction. Thus, it was decided no further optimisation for the reaction was necessary, as
the conditions used in the preliminary evaluation (i.e. Table 5.1) proved to be the most

useful.
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Table 5.3 Evaluation of the effect of temperature on the reaction between 147 and
378.

O
0 EtO
/ 1. cat. (5 mol%),
@iii . ° MTBE (0.1 M)
- N 2. TMSCHN, (1.2 equiv.),
147

+ (B) + (C)

; MeOH (75.0 equiv.),
Boc o :
378 30 °C, 30 min

(A) trans-386

74 cat.
N

NH NI
o<>NH
7 o N
(0]

303

entry cat. temp.(°C) time (h) conv. (%) dr (A:B:C)’ ees (%) eeg(%) eec (%)

I 303 30 19 >98 96:3:1 93 1 -
2 303 60 22 >97 92:2:6 37 3 E
3¢ 303 20 19 >97 67:33:1 85 95 y
4¢ 303 0 18 >97 65:35:1 83 96 :
5¢ 303 -15 90 >95 n.d. 63 97 :
6 348 30 19 >98 94.5:4:1.5 95 - .
7¢ 348 20 19 >96 90:9.5:0.5 93 97 -
8¢ 348 0 17 >95 40:59:1 85 97 .
9¢ 348 13 44 >98 34:65:1 95 96 8
10° 348 -30 69 >98 22:77:1 83 98 :
11° 348 -50 432 ca. 85 16:82:2 43 >99 .
12% 348 -50 360 ca. 91 17:82:1 94 99 .

“ Conversion of both reagents determined by 'H NMR spectroscopic analysis. ° Diastereomeric ratio
determined by CSP-HPLC. ¢ Determined by CSP-HPLC. ? Reaction performed with 20 mol% catalyst
loading. © Esterification process performed at the same temperature of the reaction.

130



Chapter 5 Results and discussion

5.4 Assignment of relative stereochemistry

As described before, the 'H NMR spectrum of the diastereomeric mixture of 386
presents overlapping products resonances, making quantification of the level of
diastereomer (B) present impossible. Therefore, in order to identify the correct structure
and assign the relative stereochemistry of (B), separation of this molecule from the
diastereomeric mixture of 386, produced in the reactions shown in Table 5.3, was

necessary.

However, despite the intensive efforts devoted to the separation of the three
diastereomers by column chromatography on silica gel, this was never fully achieved.
As a solution, the employment of an automated flash chromatographic purification
system (i.e. Biotage SP4) which uses high performance prepacked silica cartridges,
allowed the complete separation of the three diastereomers, eluting the mixture using a

developed gradient method.

The two major diastereomers (A) and (B), now separated, were then analysed by 'H
NMR spectroscopy in order to determine the relative orientation between the ring

substituents (Figure 5.1).

NOE

(A) 2',3-trans-3',4'-trans-386 (B) 2',3'-cis-3',4"-cis-386

Figure 5.1  Relative stereochemistry of the diastereomers (A) and (B) of product 386
determined by NOE NMR techniques.
As expected, the relative stereochemistry of (A) was confirmed to be 3°,4’-trans-386 as
a coupling constant value of 11.8 Hz was measured between protons at positions C-4’
and C-3°. With regards to the diastereomer (B), a coupling constant of 5.8 Hz was
measured between the same relative protons, allowing the assignment of its relative
stereochemistry as 3°,4’-cis-386. The relative stereocentre at position C-2’ was assigned
as depicted in Figure 5.1, by '"H NMR Nuclear Overhauser Effect (NOE) experiments
(see the Appendix for details). Analysing the diastereomer (A), a NOE contact was
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detected between the proton at C-4” and proton H, of the oxindole moiety, revealing that
the two protons are on the same face of the molecule. Considering the relative rrans
stereochemistry between protons at C-3” and C-4’, a NOE contact between the former
and proton H, should not be visible. The experiment proved this supposition correct, as
no contact between the two protons was determined, allowing the assignment of the

relative stereochemistry of (A) as 2,3 -trans-3",4’-trans.

Analysis of the diastereomer (B) using the same technique revealed NOE contact
between proton H, and both protons at C-3” and C-4’, demonstrating that all the three
protons are on the same side of the molecule and also further supporting the assignment
of the cis stereochemistry between the protons at C-3" and C-4’. This allowed the
assignment of the relative stereochemistry of (B) as 2°,3’-cis-3’,4’-cis (see the
Appendix for details). The minor diastereomer (C) was not analysed, as it was only

formed in trace amounts in all the reactions evaluated.

For clarity, from here on in the diastereomer 2’.3’-rrans-3",4’-trans-386 (i.e. A) will be
referred to as rrans-386 while the diastereomer 2°,3’-cis-3.4’-cis-386 (i.e. B) will be

referred to as cis-386.
5.5 Assignment of absolute stereochemistry

The next step in the study was the assignment of the absolute stereochemistry by X-ray
crystallographic analysis of a recrystallised sample of the two diastereomers formed in
the reaction (i.e. trans-386 and cis-386). In order to facilitate the resolution of the
diffraction data, the presence of a large atom in the molecule is beneficial. We therefore
decided to employ the bromo-substituted homophthalic anhydride 312 in the reaction
with 378 catalysed by 348 at two different temperatures (Table 5.4).
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Table 5.4 The employment of bromo-substituted homophthalic anhydride 312 in
the reaction with 378 catalysed by 348.

0
o EtO
& y/ 1. 348 (5 mol%),
MTBE (0.1 M
'y * o ( ) trans-387 + cis-387
o N 2. TMSCHN, (1.2 equiv.),

‘Boc MeOH (75.0 equiv.),

Br

%, 0
[T-OEt
0O

MeO
trans-387 cis-387

entry temp.(°C)  time (h)  conv.(%)"  dr(trans:cis)’ e, (%)  ee. (Yo)

1 30 30 >98 >98:2 92 -

24 -30 144 >98 22:78 ” 92

“ Conversion of both reagents determined by 'H NMR spectroscopic analysis. ° Diastereomeric ratio of
the two major diastereomers determined by 'H NMR spectroscopic analysis. ¢ Determined by
CSP-HPLC. ? Esterification process performed at the same temperature of the reaction.

The reactions readily formed the diastereomeric mixture of product 387 in nearly full
conversion. When performed at 30 °C, the reaction exhibited high dr and ee in the
formation of rrans-387. As expected, conducting the reaction at lower temperature (i.e. -
30 °C, entry 2) resulted in the formation of cis-387 predominantly, although with lower
enantioselectivity compared to the reaction involving anhydride 147 under the same
conditions (i.e. entry 10, Table 5.3). The temperature of -30 °C was chosen as the
reaction time required for the conversion under these conditions was more practical then

that required for conversion to occur at -50 °C.

The major diastereomer formed in each of the two reactions depicted in Table 5.4 were
then isolated and purified by automated flash chromatographic purification system (i.e.
Biotage SP4), and recrystallised. Analysis of the crystals obtained by X-ray
crystallography allowed the assignment of the absolute stereochemistry of rrans-387 as

(2'R,3'R4'R) as depicted in Figure 5.2.
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”

o)
[T-OEt
MeO” Y0 ©

x trans-387

Figure 5.2  Absolute stereochemical assignment for rrans-387.

By analogy, the rrans-isomer of product 386 was assigned with the same absolute
stereochemistry, confirming the relative stereochemistry previously assigned by 'H
NMR NOE experiments (Figure 5.1).

Unfortunately, despite intensive efforts, crystallisation of the cis-isomer of product 387
could never be achieved, thus preventing the disclosure of the absolute stereochemistry
of this isomer by X-ray crystallography. However, in view of the relative
stereochemistry of ¢is-386 obtained in the NOE experiments (Section 5.4) and with the
knowledge of the absolute stereochemistry of the 7rans-isomer (Section 5.5), the only
two possible structures for major enantiomer of the cis-isomer were proposed (Figure
5.3).

absolute stereochemistry relative stereochemistry
trans-386 cis-386
o}
iR N~Boc ) N~Boc
| OEt OEt

one stereocentre two stereocentres
cis-386 is inverted ent-cis-386 are inverted

Figure 5.3  Proposed structures for the absolute stereochemical assignment of cis-
386.
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In the first case (A, Figure 5.3) the isomers frans and cis differ only for the
stereochemistry at the C-3’ centre, while in the second case (B, Figure 5.3) they differ
for the stereochemistry at two stereocentres (i.e. C-2’and C-3"). We believed that the
structure depicted in A is the most plausible, as epimerisation of only one centre would
take place more easily during the transition state of the reaction due to E/Z
isomerisation of the double bond of the alkyliden-2-oxindole substrate than a double

epimerisation at two centres.
5.6 Substrate scope: the anhydride

The next step in the study was the expansion of the substrate scope, with the evaluation
of different anhydrides. In preliminary experiments, not reported here, we observed that
the reaction catalysed by 348 between anhydride 329, which already proved a
successful substrate for the cycloaddition reaction with aldehydes (Chapter 3), failed to
form the expected product 388 when reacted with oxindole 378 even under forcing
conditions (Scheme 5.3). This was probably due to the higher steric clash in the

transition state leading to the formation of a product with two all carbon quaternary

centres.

o

0 EtO 0
/ 348 (5 mol%),

o " MTBE (0.1 M) HO,C ’
i 30 °C or 55 °C O "Boc

o \ 0
Boc 07 “OEt

02N 02N
329 378 388

not formed

Scheme 5.3  Preliminary evaluation of anhydride 329 as substrate.

183156 and Jung,'®'® had both demonstrated the successful employment of

Tamura
enolisable anhydrides beyond those derived from homophthalic anhydride (147), in the
thermal- and strong base- promoted cycloaddition of anhydrides to electrophiles (see
Sections 1.5.4 and 1.5.4.1). We were therefore interested in the evaluation of five of
these structures in the organocatalytic reaction with 378 under optimum conditions used

in the preliminary test (i.e. Section 5.1).
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5.6.1 Synthesis of anhydrides

The anhydrides that were chosen for the evaluation of the substrate scope are depicted

in Figure 5 4.

o} o} o} o} 0
’ 389 0 i 390 i : 391 ; 238 ° Q/o 232 §
Figure 5.4  Anhydrides synthesised for the evaluation of the substrate scope

Following reported literature procedures with small modifications, each structure was

successfully synthesised according to the schemes below.
5.6.1.1 The synthesis of anhydride 389

Anhydride 389 was synthesised according the three step synthetic pathway described in
Scheme 5.4. The first step of the synthesis consists of the formation of the bis-ester 395
in 86% yield by reaction between 1,4-dithiane-2.5-diol (393, dimer of 2-
mercaptoacetaldehyde (392)) and diethyl 1,3-acetonedicarboxylate (394), promoted by
lithium bromide at reflux temperature for 16 hours in 1,4-dioxane, according to the

y 303
known literature procedure.

o)
o) HO S RS
— p = SRS o
g S EtO OEt ~ 1.4-dioxane, S
392 101 °C, 16 h
393 394 0" o
395 86%
le) 1. KOH (6.0 equiv.), o)
EtOH/H,0 2:1,
a o 78°C,5h a OH _ ACl
s 2. HCl (conc.), rt S 52°C, 16 h
0,
o o oH 389 83%
395K 396 98%

Scheme 5.4 The synthesis of anhydride 395.

The product 395 was, upon purification on column chromatography on silica gel,
hydrolysed with potassium hydroxide in a mixture of EtOH/H,O (2:1) at reflux

temperature, followed by protonation with hydrochloric acid to give the relative bis-acid
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396, which was reacted with acetyl chloride at reflux temperature for 16 hours to
furnish the crude anhydride 389 The desired product was then purified by short, rapid

column chromatography on silica gel in 83% yield.
5.6.1.2 The synthesis of anhydride 390

Anhydride 390 was produced by reaction between acetyl chloride and the bis-acid 399,
which was synthesised according the known literature two step synthetic procedure’

shown in Scheme 5.5.

o)
A
o 0O O O CHyNH;, (aq. 40% wiv) (/] o
4
)J\/CI EtO/U\/U\/U\OEt 15°Cto40°C,1h /N
397 394 676

9 1. NaOH (aq. 25% w/v), &
s 100 °C, 3 h
/ ! (e} Vi | OH AcCl
N 2. HClI (conc.), rt N 52°C,16 h
/ /
0%~ o 0% “OH 390 81%
398K 399 98%

Scheme 5.5 The synthesis of anhydride 390.

Similar to the pathway for anhydride 389, the synthesis of 390 began with the formation
of the bis-ester 398 produced in 81% yield by the reaction between chloroacetone (397)
and aqueous methylamine at temperature below 40 °C for | hour. The bis-ester 398 so
obtained, upon purification by column chromatography on silica gel, was hydrolysed to
the bis-acid (399) by an aqueous sodium hydroxide solution at reflux temperature for 3
h, with subsequent protonation with hydrochloric acid. The obtained residue was then
reacted with acetyl chloride at 52 °C for 16 hours, to furnish 390 which was purified by

short, rapid column chromatography on silica gel in 80% yield.
5.6.1.3 The synthesis of anhydride 391

Anhydride 391 was synthesised via the three step synthetic pathway described in
Scheme 5.6.
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0 : )oj\/[oj\ NaOH (20 mol%)
=  OFt OEt 1,4-dioxane
Ph 90°C, 16 h
400 401
O~ "OEt
402 65%
i (o}
1. NaOH (5.0 equiv.),
| (o) H,0, 80 °C,5h | OH AcCl
- .
Ph = 2. HCl (conc.), rt Ph 52°C,16 h
0,
O~ "OEt O~ "OH 2 S
402 403 78%

Scheme 5.6 The synthesis of anhydride 391.

The synthesis of anhydride 391 began with the modified known reaction’” between
ethyl phenylpropiolate (400) and ethyl acetoacetate (401) promoted by a catalytic
amount of sodium hydroxide in 1,4-dioxane at 90 °C for 16 hours to form the lactone
402 intermediate in moderate yield. This molecule, after purification by column
chromatography on silica gel, was hydrolysed with sodium hydroxide in water at 80 °C
and protonated by hydrochloric acid to the corresponding bis-acid 403. This was then
cyclised to form anhydride 391 by reaction at 52 °C with acetyl chloride for 16 hours.
Also in this case, the desired product 391 was 1solated and purified by short, rapid
column chromatography on silica gel, however in moderate yield. The moderate yields
obtained in the formation of products 403 and 391 are believed to be a consequence of a
decarboxylative side-reaction that takes place at high temperature during the hydrolysis

of 402 and during the cyclisation of 403.
5.6.1.4 The synthesis of anhydride 238

Anhydride 238 was synthesised by reaction of the bis-acid 405, synthesised according
the slightly modified known literature two step synthetic procedure,'” with acetyl
chloride (Scheme 5.7).
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6 O H,SO, (conc.) M

)J\/U\oa

| O
10°Cto25°C,72h =
401

O~ "OEt
404 42%
o} ) o}
1. NaOH (5.0 equiv.), j\
| 0 H,0,80°C,5h | OH AcCl
e
Pz 2. HCl (conc.), rt 52°C,16 h
O~ "OEt O~ "OH
404 405 75%
(E:Z=172:28)

Scheme 5.7 The synthesis of anhydride 238.

The synthesis of anhydride 238 is similar to that of 391. It began with the formation of
the lactone intermediate 404 by reaction of ethyl acetoacetate with concentrated sulfuric
acid for three days, however in low yield. The product 404 so obtained was then
purified by chromatography on silica gel and subsequently hydrolysed with sodium
hydroxide in water at 80 °C for 5 h and protonated by an hydrochloric acid to form a
mixture (E:Z = 72:28) of product 405 that was not separated. Reaction of this mixture
with acetyl chloride at 52 °C for 16 hours furnished anhydride 238, which was purified
by short, rapid column chromatography on silica gel. Also in this case, it is also
believed that a side decarboxylative process is responsible for the low to moderate

yields observed in the formation of 405 and 238.
5.6.1.5 The synthesis of anhydride 232

Anhydride 232 was synthesised according to the seven step synthetic pathway described
in Scheme 5.5. The bis-acid 414 precursor was synthesised according the known

literature procedure.'”’
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|
CI/S'\ (1.1 equiv.),

Io) TMSO
NEt; (1.1 equiv.)
\)k i X

DMF, 85 °C, 15 h

406 408 43%
o)
O O o / \+ ¢ NEt; (3.0 equiv.) Et0—<7
w #y o =C=
EtO OEt b CHyCl,, 0°Ctort, }oa
394 cl 30 min o
409 (1.2 equiv.) 410 77%
o)
TMSO Eto~<‘ 1. CH4CN, 82°C, 6 h OEt
< » e, 1 gu (aq. 10% wiv) | THF, o X
408 (2.5 equiv.) 410° 07 “OEt
411 48%
HO
0 1 \41/;0“ (1.5 equiv.) o}
OEt p-TSA (20 mol%),toluene, OEt
5 S 111 °C, Dean-Stark, 5 h 0.
2. NEty/ THF, 66 °C, 18 h <(0
0”7 “OEt 0”7 “OEt
411 413 75%
o) .
1. KOH (4.0 equiv.), OI\
OEt  EtOHH,0 31,
0 78°C,3 h _ At o | o)
</o 2. HCI (aq. 10% w/v)10%, </ Ts2°C.16h </ o
it o}
Sl 232 81%
413 414 89%

Scheme 5.8 Synthetic pathway for the synthesis of anhydride 232.

The first step of the synthesis was the formation of products 408 and 410 that would
later be coupled together to form the ‘skeleton’ of anhydride precursor 411. Product 408
was synthesised according the known literature procedure’® by trapping the enol
tautomer of methyl vinyl ketone (406) by reaction with trimethylsilyl chloride (407) in
presence of triethylamine at 85 °C in dimethylformamide (DMF) for 15 hours according
to the reported procedure.’® The product was then purified by fractional distillation
under vacuum in 43% yield. The allene product 410 was synthesised following the

W073% involving the reaction between diethyl 1,3-

known literature procedure’
acetonedicarboxylate (394) and the commercially available 2-chioro-1,3-
dimethylimidazolinium chloride (DMC, 409) in the presence of triethylamine in
dichloromethane at 0 °C for 30 minutes, and then purified by chromatography on silica

gel in good yield.
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At this point compounds 408 and 410 were allowed to react together in a Diels-Alder
reaction in acetonitrile at reflux temperature for 6 hours according the known
procedure.'”’” The residue obtained was separated and directly treated with a 10%
hydrochloric acid solution at 0 °C for | hour, in order to cleave the silyl protecting
group and lead to the formation of 411 that was purified by chromatography on silica
gel in 48% yield. The substituted cyclohexanone obtained (i.e. 411) was then reacted in
a Dean-Stark apparatus with ethylene glycol (412) and a catalytic amount of p-
toluenesulfonic acid in toluene for 5 hours. Next, the residue was treated with
triethylamine in THF at 66 °C for 16 hours in order to isomerise the double bond to the
most stable isomer, leading to the formation of 413, which was purified by
chromatography on silica gel in 75%. Hydrolysis with potassium hydroxide in
EtOH/H,O (3:1) at reflux temperature and subsequent protonation with a 10%
hydrochloric acid solution gave the bis-acid 414 in 89% yield. This was reacted with
acetyl chloride at 52 °C for 18 hours to furnished anhydride 232. The desired product

was then purified by short, rapid column chromatography on silica gel in good yield.
5.7 Evaluation of the substrate scope: the anhydride

Now in possession of a number of different anhydride substrates and of the optimum
conditions for the reaction, the evaluation of these new substrates in the reaction with
378 promoted by a catalytic presence of 348 was the next step in the study. In this case
we decided to evaluate the reactions at a temperature of 30 °C (Table 5.5). The
diastereomeric mixtures of the products formed, after in situ esterification and analysis
of the dr by CSP-HPLC, were separated (in each case) by an automated flash
chromatographic purification system (i.e. Biotage SP4) to give the isolated yield of the

major diastereomer reported in Table 5.5.

The reactions depicted in entries 1-4 have been reported only for descriptive purposes to
show the isolated yields, as they have already been reported in Table 5.3 (for entries 1
and 2) and in Table 5.4 (for entries 3 and 4). The dr for the products reported in entry |
and entry 2, have been recalculated considering only two diastereomers (i.e. trans and

cis).
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Table 5.5 Evaluation of different anhydrides in the reaction with 378 promoted by
348 (Table continues on the following page).

O
EtO
y/ 1. 348 (5 mol%),
anhydride MTBE (0.1 M) . products
N 2. TMSCHN, (1.2 equiv.), ans.  * -GS
: MeOH (75.0 equiv.),
Boc o ;
378 30 °C, 30 min
temp product time conv. dr ee yield

eutry sy Ruias (°C) (major diastereomer) (h) (%)° (trans:cis)’ (%) (%)’

19 >98 96:4 95 - 92

[~ OEt
147 MeO” 0 O
trans-386
' o) OQ
N-Boc
2 @iﬁ‘i 230 5 69 >98 22:78 98 74
(@] OEt
147

MeO” S0 O
cis-386

30 >98  >982 92 95

MeO” ~0©
trans-387

6d >98 22:78 92 73
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(o]
5 A 30 21 >98 955  >99 9]
S o
389
(6]
6 /7T 9 30 22 >98  >99:1 96 95
N o
! 390 MeO Oo
trans-416

o) O( iz
o i N-Boc
7 | 30 S 19 >08 >99:1 >99 94
Ph e

o IOEt
391 o

trans-417

: {2

o ‘IroEt
o

21 >98 >99:1 =99 95

trans-418

: IS
o f N-Boc
9 0 | 30 o 26 >95 n.d. 99 82
</ Q -

4 S
[~OEt
O 232 0

trans-419

“ Conversion of both reagents determined by 'H NMR spectroscopic analysis. ° Diastereomeric ratio of
the two major diastereomers determined by CSP-HPLC. © Enantiomeric excess of the major diastereomer
determined by CSP-HPLC. ¢ Isolated yield of the major diastereomer. * Esterification process performed
at the same temperature of the reaction. / Diastereomeric ratio of the two major diastereomers determined
by 'H NMR spectroscopic analysis.

The reactions involving the newly synthesised anhydrides all proceeded smoothly in a
relatively short reaction time, producing the rrans-isomers in nearly quantitative

conversions and high yields.
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The use of heteroaromatic fused anhydrides such as 389 and 390 (entries 5 and 6)
resulted in the formation of the expected products (i.e. 415 and 416) in almost 100%
optical purity for rrans-415 and with almost total diastereocontrol in the formation of

trans-416.

When anhydrides 391, 238 and 232 all with the structural core of glutaconic anhydride
(244) in common, were evaluated in the reaction (entries 7, 8 and 9), the products
formed were not those expected. This was initially suspected when a lack of nitrogen
gas formation was noticed during the esterification process with TMSCHN, suggesting
the absence of the carboxylic acid substituent. Further NMR spectroscopic analysis of
the structures obtained supported this initial hypothesis confirming that a
decarboxylation process takes place after the formation (but prior to the in situ
esterification) of all the products generated from substrates (i.e. 391, 238 and 232)
derived from glutaconic anhydride (244). This process is most likely a consequence of a
vinylogous decarboxylation that substrates with a similar structure undergo. For

309

example, it is known that the Hagemann'’s ester (420),” which is widely used in natural

product synthesis, readily undergoes spontaneous decarboxylation on hydrolysis to give

the relative cyclohexenone 421 (Scheme 5.9)°1°

o)
o)
1. KOH,
EtOH, 78 °C, 8 h
2. HCl (aq.), 50 °C, 1 h
CO,Et
s 421

Scheme 5.9 Decarboxylation of Hagemann’s ester (420).

This decarboxylation process resulted in the formation of products 417-419 with
excellent enantio- and diastereocontrol (entries 7-9) and in high yields. However, the
reported dr are related to different diastereomers compared to the those obtained for the
other products (entries 1-6). In the latter situation they refer to the two major
diastereomers (i.e. A and B, Sections 5.4 and 5.5) which are differentiated only by the
relative stereochemistry between the two tertiary stereocentres in position C-3" and C-
4’ while the third diastereoisomer (i.e. C) is not reported as it was formed only in trace

amounts.
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In the former case (i.e. formation of products 417-419), as a consequence of the
decarboxylative process, due to the absence of the substituent at C-4’ position, the dr
reported refer to the decarboxylated products from diastereomers (A) and (B) which
differ only in the stereochemistry between the stereocentre at C-3” and the quaternary
stereocentre at C-2’ position. For example, considering the results obtained in the
reaction involving anhydride 391 (entry 7), the expected products of the reaction (in
absence of a decarboxylative process) would have been diastereomers (A) and (B) as
depicted in Scheme 5.10. The dr of this hypothetical reaction would have been the ratio
between (A) and (B).

(A) trans-422

l COp

o r
N ~Boc +
Ph % O

okt
o)

trans-417

Scheme 5.10 Clarification of the diastereomeric ratio in the products involving
substituted glutaconic anhydrides.

However, upon decarboxylation of the diastereomeric mixture (i.e. A, B) of product
422, the two diastereomers formed are trans-417, generated from the decarboxylation of
(A), and cis-417 generated from the decarboxylation of (B). This explanation also
applies to the reactions involving anhydrides 238 and 232 (entries 8 and 9) that readily
produced rrans-418 and trans-419 respectively in high diastereocontrol and high
isolated yields. The enantioselectivity is noteworthy for all processes involving
substituted glutaconic anhydrides (entries 7-9), as all reached values approaching to

optical purity.
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5.8 The assignment of the absolute stereochemistry of product 417

In order to confirm the absolute stereochemistry attributed to the structures produced
from anhydrides 391, 238 and 232 (entries 7-9, Table 5.5) and of the occurrence of the
decarboxylation process, a recrystallised sample of frans-417 was analysed by X-ray
crystallography. The results revealed that all the assumptions made in the explanation of
the process involving such anhydrides were correct, and allowed the assignment of the

absolute stereochemistry of rans-417 (2°R,3’R), as depicted in Figure 5.5.

/Q P! OQN\BOC

., O
R okt
o

trans-417

Figure 5.5  Absolute stereochemical assignment of product rrans-417.

By analogy, the two further products (i.e. frans-418 and rrans-419) formed using
substituted glutaconic anhydrides were assigned with the same absolute configuration,

as depicted in Figure 5.6.

o( iz o< ;\2
“R) N~Boc R) N~Boc
X o[ 1 I%

R"” R.l"/
(R) </O (R)

[T~OEt [T~OEt
(o] (0]

trans-418 trans-419

Figure 5.6  Absolute stereochemical assignment of products rans-418 and frans-
419.

The absolute stereochemical configuration of products rrans-415 and rrans-416, derived
from anhydrides 389 and 390, respectively, was assigned as shown in Figure 5.7, by
analogy with that obtained for rrans-387 by X-ray analysis (Section 5.5).
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Me0” 0 ©
trans-415 trans-416

Figure 5.7  Absolute stereochemical assignment of products rrans-415 and trans-
416.

It can be seen that the Cahn-Ingold-Prelog assignment of the chiral centre at C-4’ of

trans-415 has been inverted (compared to the other products formed) without modifying

the three-dimensional geometry of the substituents of that carbon. This, as discussed for

trans-334 (Section 3.6), is due to the different priorities that the substituents of that

carbon are given according to the CIP rules.
5.9 Substrate scope: the alkylidene-2-oxindole

After the evaluation of different anhydrides with expansion of the substrate scope that
proved the extreme efficiency and generality of the process, we decided to attempt
further scope expansion by evaluating a different alkylidene-2-oxindole in the reaction

with selected anhydrides.

We believed that either modification of the substituent on the nitrogen atom of 378 or
installation of a substituent on the aromatic ring of 378 would not be of interest in this
study, as the modifications introduced would be too far from the reactive centre of the
molecule, and thus their influence on the reactivity of the substrate would be minimal.
We therefore decided to change the substituent on the terminal double bond of the
alkylidene-2-oxindole and evaluate the effect that this modification would have on both

the reactivity of the substrate and on the stereochemical outcome of the reaction.
5.9.1 The synthesis of oxindole 423

The structure chosen to expand the substrate scope of the reaction was 423 (Scheme
5.11). The synthesis of the oxindole 423, similarly to the analogue 378, began with
formation of the phosphonium salt 425 in 93% yield by reaction between benzyl
bromide (424) and triphenylphosphine (381) in toluene at reflux temperature for 15

hours according to the known procedure (slightly modified in our hands).*"
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toluene Br
“~pr + PPhy ——— “Pr
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N CH4CN, rt, 15 h )
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Scheme 5.11 Synthesis of the oxindole 423.

The salt obtained, once i1solated, was allowed to react with a solution of butyl lithium in
THF at 0 °C for 1 h to form ylide 426, which was reacted in siru with 1satin (384) in
THF from 0 °C to 15 °C in 15 h.*"" The reaction led to the formation of a mixture of (E)
and (Z) 1isomers (81:19) of product 427 in 84% combined yield that were separated by
column chromatography on silica gel. The two isomers of product 427 were then
separately allowed to react with di-r-butyl dicarbonate ((Boc),O) in presence of a
catalytic amount of DMAP in acetonitrile at room temperature for 15 h, both furnishing
the desired product 423 which was purified by recrystallisation from ethanol in 79%
yield from the (E)-isomer and 77% vyield from the (Z)-isomer. Isomerisation of the
double bond of (Z)-427 to (E£)-427 was promoted by nucleophilic attack of DMAP at the
electrophilic end of the o,B-unsaturated amide, allowing the reaction of both isomers of

427 to converge to form only the most stable isomer of product 423.
5.10 Evaluation of 423 as substrate

The new oxindole 423 obtained was then allowed to react with anhydride 147, 312 and
238, employing the same methodology adopted for the reaction between oxindole 378
with the other anhydrides (Table 5.6).
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Table 5.6 Evaluation of the oxindole 423 in the reaction with anhydride 147, 312

and 238.
Ph 1. 348 (5 mol%),
y/ MTBE (0.1 M),
] 30 °C products
anhydride + t e ;
N 2. TMSCHN;, (1.2 equiv.), Lais IS
- MeOH (75.0 equiv.),
Boc 3 :
423 30 °C, 30 min
clitry  -unbydiide product time conv. dr ee yield
. . (major diastereomer) (h)  (%)" (trans:cis)’ (%) (%)’

20 >98 >99:1 89 96

2 20 >98 >99:1 89 98
trans-429
: L

3 /@1 /ﬁj\{“a‘” 20 88 nd.  >99 65
o % _ O
238 Ph
trans-430

“ Conversion of both reagents determined by 'H NMR spectroscopic analysis. ° Diastereomeric ratio of
the two major diastereomers determined by CSP-HPLC. © Enantiomeric excess of the major diastereomer
determined by CSP-HPLC. “ Isolated yield of the major diastereomer.

The reactions shown in Table 5.6 all readily produced the desired products in relatively
short reaction times with almost full conversion. The use of homophthalic and bromo-
substituted homophthalic anhydride (i.e. 147 and 312 respectively) allowed the
formation of products 428 and 429 in extremely high diastereoselectivity and with high
enantioselectivity (entries 1 and 2). The use of the methyl-substituted glutaconic
anhydride 238 (entry 3), however, resulted in a slightly lower conversion compared to
the aromatic anhydrides 147 and 312, producing product 430 in only 88% conversion.

This 1s most likely as a result of the lower electrophilic character of the oxindole 423
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compared to the previously evaluated oxindole 378. Despite this, product 430, derived
from a decarboxylative process of the expected ester product as in the reactions
involving 378 with substituted glutaconic anhydrides described in Table 5.5 (entries 7, 8

and 9), was formed in high diastereoselectivity and with almost optical purity.
5.11 The assignment of the absolute stereochemistry of product 429

A recrystallised sample of product rrans-429 was then analysed by X-ray
crystallography and assigned (2'R.3'S,4'R) as shown in Figure 5.8.

\

e
»"\T,.x\ J\x

-2

\ MeO (0]
< trans-429

Figure 5.8  Absolute stereochemical assignment of product rrans-429.

By analogy, products frans-428 and rrans-430 were assigned with the same

stereochemistry as depicted in Figure 5.9

O i
¥(R) N~Boc ? X
& :(R) N~Boc
" 0 ‘
"pr°
MeO~ ~O
trans-428 trans-430

Figure 5.9  Absolute stereochemical assignment of products /7ans-428 and rrans-
430.

Comparison of the absolute stereochemical assignment of products #ans-387 and rrans-

429, derived from the two oxindoles evaluated in the study (i.e. 378 and 423) and

bromo-substituted anhydride 312, reveals that they present the same three-dimensional

geometry of the substituents of the three chiral centres (Figure 5.10).
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Br *(R) N~Boc

trans-387 trans-387

Figure 5.10 Absolute stereochemical comparison between products 77ans-387 and
trans-429.

However, it can be seen that the stereochemical assignment of the carbon C-3’ of the

two molecules is inverted. This is again due to the difference in the priority of the

carbon substituents according to the CIP rules.
5.12 Rationale for the reaction stereochemical outcome

Based on the rationale proposed for the stereochemical outcome of the reaction
involving homophthalic anhydride (147) and benzaldehyde (52), where the binding of
the electrophile species by the squaramide unit stabilised the forming negative charge in
the pre-transition state of the reaction (Section 2.6), a similar model was proposed to
explain the stereochemical outcome of the reactions involving anhydrides and
alkyliden-2-oxindoles. However, in this proposed pre-transition state a certain degree of
steric clash between the catalyst and the large ester substituents of the oxindole moieties
was always encountered, even when several different binding modes were evaluated.
Due to this level of uncertainty of the correct binding mode, the model proposed is not

reported here.
5.13 Conclusion

This work has demonstrated the further expansion of the cycloaddition reaction between
anhydrides and electrophiles. Both cyclic anhydrides bearing (hetero)aromatic fused
rings, and substituted glutaconic anhydrides have been shown to readily react as
pronucleophiles with two different electrophilic alkylidene-oxindoles in a reaction
catalysed by a novel organocatalyst. The highly functionalised annulated structures
generated bear up to three stereocentres, one of which 1s spiro and are generally formed
in extremely high diastereo- and enantioselectivity and in high isolated yields. The
absolute stereochemistry of all the structures was assigned either by analogy or direct

X-ray crystallography of recrystallised samples with supporting evidence from '"H NMR
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spectroscopic analysis. The products synthesised belong to the family of spirooxindoles,
a core structure found in many natural compounds with biological activity and are an
important area of research in organocatalysis. It was found that when the reaction was
performed at temperatures below 0 °C, formation of the cis diastereomer (over the more
commonly formed trans) took place, allowing the selective formation of one of the two
major diastereomers of the reaction simply by changing the operative temperature.
Furthermore, when the reaction was carried out employing substituted glutaconic
anhydrides, the expected acid products went through a decarboxylative process for

which an explanation has been given.
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6. Intermolecular thiolate-catalysed crossed Tishchenko reaction

6.1 Preamble

As discussed in Section 1.6, the Tishchenko reaction is the catalytic disproportionation
of two aldehyde molecules to furnish an ester product. Despite the outstanding number
of catalysts available to promote such reaction, the process is generally limited to the
homo-coupling of the same aldehyde and no intermolecular aldehyde-ketone process
were reported in literature, making the challenge of promoting such a process extremely

synthetically interesting.

In 2010, Connon et al., encouraged to attempt the development of an alternative catalyst
system for the intermolecular homo-Tishchenko reaction, found that thiols (thiolates)
could be employed as efficient reaction promoters.’” Inspired by the mode of action of
the glycolytic enzyme glyceraldehyde-3-phospate dehydrogenase (G3PDHase) the
group postulated an artificial process capable of emulating the enzyme’s natural

mechanism of action.

The G3PDHase promotes aldehyde oxidation via a base-catalysed addition of a cysteine
residue to the aldehyde substrate to give the corresponding hemithioacetal conjugate

base 431 (Scheme 6.1).

_

+
\//N—H
(O 431
HO
j/)\i (Cys149) o - Q
Cys14 Nu
NADH O3P0 enzyme 0O3PO
HoN Nf 434
432 R

Nu = H,0 or phosphate

Scheme 6.1 Aldehyde oxidation catalysed by G3PDHase.

This intermediate then participates in an intermolecular hydride-transfer reaction with
enzyme-bound NAD" 432, generating the electrophilic thioester 433 that then
undergoes either hydrolysis or substitution by inorganic phosphate to form 434,

depending on the enzyme variety.*'* "
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Based on the above mechanism, Connon and co-workers postulated that an analogous
hemithioacetal anion 436 could be generated by reacting benzaldehyde (52) with
catalytic amounts of bromomagnesium thiolate (435), formed by the in situ reaction
between a Grignard reagent (i.e. phenylmagnesium bromide) and an opportune thiol.
This anionic intermediate 436 could then transfer a hydride to another carbonyl moiety
to give the magnesium alkoxide 437 and the thioester 438, which would subsequently
couple to form the ester product 439 with regeneration of the thiolate catalyst (Scheme

6.2).°"

RSMgBr (cat.) Bng(;o o MaBr 5 RSMgBr
435
Jo . AR — Lo M r L
Ph Phi\ S Ph” I H Ph” "8 Ph” ~0” “Ph
H
52 436 K 437 438 439
)
Ph/J*o

Scheme 6.2 The proposed bio-inspired catalytic Tishchenko reaction by thiolate
catalysis.

It was proposed that the hydride transfer step takes place through the six-membered ring

pre-transition state assembly 440 depicted in Scheme 6.3.

Scheme 6.3 The proposed pre-transition state assembly for the thiolate-catalysed
Tishchenko reaction.

Dr. Linda Cronin studied the above mention process, and having discovered the ideal

catalyst (i.e. 442) and optimised operative conditions, was able to promote the homo-

Tishchenko reaction for a number of aldehydes such as 441, in high yields and in

; = . 312
convenient reaction times (Scheme 6.4)."

Ccl O 442 (10 mol%), Cl O Cl
| PhMgBr (10 mol%) SH
THF (0.68 M), Q
18 h, 65 °C e
441 443 93%

Scheme 6.4 Thiolate-catalysed homo-Tishchenko reaction of aldehyde 441.

154



Chapter 6 Results and discussion

In view of the excellent results obtained, the group was next interested in employing
this strategy towards the development of an intermolecular aldehyde-ketone Tishchenko
coupling process. Such a reaction however, presented two major difficulties associated
with the ‘nature’ of the ketone itself that had to be addressed prior the development of
the study.

The first problem arose from the inherent lack of reactivity of ketones relative to
aldehydes, meaning that aldehyde dimerisation was likely to be the favoured pathway;
the second problem was recognised in studies conducted by the author (prior to the
postgraduate studies here reported) on the intramolecular variant of such a process. Due
to the basicity of the catalyst used and with the hydride-transfer step likely to be slower
in cases involving ketone electrophiles, the employment of enolisable ketones in the
reaction was not possible, as the destructive aldol pathway, that such substrates

underwent, could never be fully avoided.

It was therefore decided to employ non-enolisable trifluoromethylketone substrates with
the expectation that they would be sufficiently activated to react with the hemithioacetal
intermediate preferentially over another aldehyde molecule.
= & 442 (20 mol%),
J 5 )J\ PhMgBr (20 mol%)
Ph

Ph CF3 THF, 65 °C, 24 h Ph O” 'Ph
52 118 444 37%

O CF,

Scheme 6.5 The preliminary Tishchenko reaction between 52 and 118.

However, the employment of an alternative thiol precatalyst appeared fundamental for
the optimisation of the Tishchenko reaction between aldehydes and trifluoromethyl
ketones as the use of 442 in the reaction between 52 and 118 (performed by Dr. Linda
Cronin) resulted in the formation of 444 in low yields (Scheme 6.5). Deeper analysis of
the reaction by 'H NMR spectroscopy revealed the presence of the thioester
intermediate 448 (Scheme 6.6), indicating that the coupling process was the rate-
limiting step in this reaction as the attack of the alkoxide 447 on 448, which releases the
catalyst and allows turnover, was prohibitively slow resulting in the termination of the

catalytic cycle.

For this reason, it was proposed that the use of a more acidic thiol precatalyst would

generate a more electrophilic thioester and, if a balance between thiolate nucleophilicity
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and thioester electrophilicity could be found, the turnover frequency could be improved

without slowing the redox step prohibitively.

Dr. Linda Cronin evaluated several aromatic and aliphatic thiol precatalysts in the
reaction between 52 and 118. The study proved that when the reaction was performed
with the use of the aromatic thiol precatalyst 445, superior reactivity of the
corresponding thioester intermediate 446 in the reaction with the nucleophilic
intermediate alkoxide 447 (formed by hydride transfer from the aldehyde to the ketone)
could be observed. This was rationalised by considering the higher electrophilicity of
the thioester 446 (in comparison with 448), generated when the reaction was performed
employing 442 as thiol precatalyst. The substituted thiophenol 445 was found to be the
optimum reaction promoter, catalysing the Tishchenko coupling with excellent yield of

product 444 under the optimised conditions (Scheme 6.6).

445 (20 mol%),
j’ . i PhMgBr (20 mol%) j JC\Fa /@\
Ph Ph™ "CFj3 THF, 65 °C, 24 h Ph™ 0" "Ph FiC SH
52 118 444 96% 445
_MgBr o
(0]
2,00 whs
Ph" S CF; CFs /
/‘ 446 447 448
more electrophilic thioester intermediate less electrophilic thioester intermediate

generated by a more acidic thiol generated by a less acidic thiol

Scheme 6.6 Rationale for the catalyst design for the aldehyde-ketone Tishchenko
reaction.

6.2 Evaluation of the substrate scope: the ketone component

Now in possession of the optimum catalyst (i.e. 445) and of the optimised procedure
(both developed by Dr. Linda Cronin), the evaluation of the scope of the Tishchenko
reaction between benzaldehyde (52) and various trifluoromethylketones incorporating
various aromatic ring substituents was carried out (Table 6.1). Under the conditions
reported, the reactions with benzaldehyde (52) and both activated p-halo-substituted
trifluoromethylketones (i.e. 4’-chloro-2,2,2-trifluoroacetophenone (449) and 4’-bromo-
2,2 2-trifluoroacetophenone (451)) readily proceeded to afford the ester products 450
and 452 in high yields; however, with longer reaction times compared to the reaction

involving 118 (entries 1 and 2).
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Table 6.1 Evaluation of the substrate scope for the intermolecular crossed-
Tishchenko reaction: the trifluoromethylketone component.

o o 445 (20 mol%),
J 2 /U\ PhMgBr (20 mol%) )J\

Ph R” "CF3  THF (0.68M),65°C Ph” "0~ "R
52
entry trifluoromethyl ketone product time (h) yield (%)’

2.

Cl

O CF,
cl
450
O CF,
CFs ©/k 0)\©\ 30 93
= Br
452
O CFs
F
° 40 94
454
O CF,
CF
CF, do)ﬁ 3 40 20
456
O CFy
CFs o S
» 40 78
458

“ Isolated yield after column chromatography on silica gel.

449

2.

Br
451

w
Tl
; O
(@]
T
w

453

F;C

<.

455

W
=
A
)

457

We believed that this was as a consequence of the electron-withdrawing substituent on
the aromatic ring of ketones 449 and 451 that reduced the rate of the coupling step
between the p-halo-benzyl alkoxides and thioester intermediates, due to the relatively
lower nucleophilicity of the alkoxides. For the same reason, strongly activated ketones,
such as 3’-fluoro-2,2,2-trifluoroacetophenone (453) and 3’-trifluoromethyl-2.2.2-
trifluoroacetophenone (455), required even longer reaction times to produce the ester
products 454 and 456 in good yields (entries 3 and 4). The ‘deactivated’ 2-
(trifluoroacetyl)-thiophene (457) proved to be a more challenging substrate, undergoing
conversion to ester 458 in 78% yield, only after extended reaction times and several

reaction condition optimisations (entry 5). This was due to the relatively electron-rich
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nature of the carbonyl group of ketone 457 which slowed the rate of the hydride transfer

process.
6.3 Evaluation of the substrate scope: the aldehyde component

In view of the results obtained in the evaluation of a number of trifluoromethylketones
in the reaction with 52, we decided to extend the scope of this new reaction to include

different aldehydes (Table 6.2).

Table 6.2 Evaluation of the substrate scope for the intermolecular crossed-
Tishchenko reaction: the aldehyde component.

445 (20 mol%), O CF
3

O 0,
/” . )J\ PhMgBr (20 mol%) /U\ /]\

R Ph™ “CF3;  THF (0.68 M), 65 °C R” 07 “Ph
118
entry aldehyde product time (h) yield (%)°
(I) O CF3
1 il w 0)\© 24 86
N S
459 460
(lj O CF;
~o ~o
179 461
: O CF,
cl Cl
462 463
o O CFs4
02N | OZN o
4 i 24 46°
464 465

“ Isolated yield after column chromatography on silica gel. ” Reaction performed at a concentration of
0.9 M. © Average of three experiments, the average yield of the aldehyde-dimerisation product was 22%.

The coupling between 118 and various aromatic substituted aldehydes catalysed by the
thiol precatalyst 445 generally proceeded smoothly and with high products yields (Table
6.2). Naphthaldehyde (459), p-anisaldehyde (179) and m-chlorobenzaldehyde (462)
were allowed to react with 118 to furnish the ester products 460, 461 and 463 in high

yields (entries 1-3). However, after optimisation, it was found that an extended reaction
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time and higher reaction concentration were both necessary in the reaction involving
179 in order to obtain a satisfactory yield of product 461 (entry 2). This was attributed
to the lower electrophilicity of aldehyde 179 due to the electron-donating methoxy
substituent present on the ring, which reduced the rate of the initial nucleophilic attack

of the thiolate catalyst to the carbonyl functionality of 179.

The reaction involving the highly electron deficient m-nitrobenzaldehyde (462)
however, was found to deliver generally low yields of product 463. It was speculated
that this was due to competition from the homo-dimerisation pathway of 462, a process
not observed in any of the other reactions, as a result of the extremely high

electrophilicity of this aldehyde compared to the others evaluated (entry 4).

During our investigation, we also encountered other problematic substrates which either
failed to undergo reaction or were converted in extremely poor yield. These substrates

are depicted in Figure 6.1.

? 3 j j j i

d ﬁf d (f e
cl CF3

441 466 67 467

468

Figure 6.1  Problematic substrates for the thiolate-catalysed crossed Tishchenko
reaction.

In the case of substrates 441 and 466 it was speculated that the reaction may have failed
due to the competition from a nucleophilic aromatic substitution pathway in presence of
the thiolate catalyst. This was confirmed when three different resonance signals for the
aldehyde proton in the crude reaction mixture 'H NMR spectra involving these
substrates were observed. In the cases involving substrates 67, 467, and 468, it is
believed that the reaction did not occur due to prohibitive steric hindrance in proximity

to the carbonyl functionality of the substrates involved.

Despite this, the process illustrated above represents (to the best of our knowledge) the
first example of an intermolecular thiolate-catalysed aldehyde-ketone Tishchenko

reaction in the literature.
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6.4 Microwave-assisted intermolecular aldehyde-ketone Tishchenko reaction:

preamble

The major drawback associated with the protocol developed for the thiolate-catalysed
intermolecular crossed Tishchenko process described in Sections 6.2 and 6.3 was the
reaction rate. A number of transformations required prolonged times (up to 4 days for
cases involving difficult substrates) at reflux temperature, which marginally reduced the
applicability and the utility of the reaction. For that reason, Connon and co-workers
embarked on a series of experiments aimed at increasing the reaction rate without
resorting to the use of impractical catalyst loadings, by investigating the effect of
microwave radiation on the process.’’® Dr. Cornelius O’Connor developed and

optimised the process for the homo-coupling reaction of aromatic aldehydes.

6.5 Evaluation of the substrate scope in the microwave-assisted thiolate-

catalysed intermolecular aldehyde-ketone Tishchenko reaction

The new protocol obtained was then applied (by the author) to the intermolecular
crossed-Tishchenko reaction between aldehydes and trifluoromethyl ketones.
Significant rate acceleration was observed on irradiating to a maximum reaction
temperature of 110 °C under conditions otherwise identical (except for the
concentration) to those described in Sections 6.2 and 6.3. The author, in collaboration
with fellow researcher Mr. Simon Curran, expanded the substrate scope of the reaction,
evaluating many aldehydes and trifluoromethyl ketones. Only the results obtained by

the author (Table 6.3) are reported here.

Treatment of a 1:1 mixture of benzaldehyde (52) and ketone 451 in THF at 110 °C
under microwave irradiation in the presence of the precatalyst 445 (20 mol%) and
phenylmagnesium bromide (20 mol%) resulted in the formation of the coupled product
452 in high yield after only 3 hours (entry 1). The reaction proceeded chemoselectively,
as '"H NMR spectroscopic analysis did not detect any homo-Tishchenko product (i.e.

439) in the crude reaction mixture.

Electron-neutral aromatic aldehydes such as 459 also participated in the process with
449 fumnishing 469 in good yield in three hours (entry 2). The highly hindered
mesitaldehyde (470) however, appears to be beyond the scope of this methodology,

160



Chapter 6 Results and discussion

failing to produce 471 under the reported conditions, even in presence of 2.0 equivalent

of the aldehyde substrate (entry 3).

Table 6.3 Substrate scope for the microwave-assisted intermolecular crossed-
Tishchenko reactions.
445 (20 mol%),
(j fj\ PhMgBr (20 mol%) j\ )C\F3
R * RZCR, THF (1.2 M), R'" 07 R?
MW irradiation, 110 °C
products: 476 R'=2-CF53-CgH,, R?=4-CI-CgH,
469 R' = naphthyl, R? =4-CI-CgH, 478 R' = 2-Br-5-MeO-CgH3, R? = 4-CI-CgH,
471 R' = mesityl, R?=4-Cl-C¢H, 479 R'=4-MeO-CgH,, R? =4-CIl-CgH,
472 R' = 3-CI-CgH,, R%?=4-CI-CgH, 481 R'=2-pyridinyl, R? = 4-CI-CgH,
474 R' = 4-F-C¢H,;, R2=4-CI-CgH, 267 R' = cyclohexyl, R? = Ph
475 R' = 3-CI-CgH,, R? = thienyl 482 R' = cyclohexyl, R? = 4-Cl-CgHy4
entry aldehyde trifluoromethyl ketone product time y;elda
(h) (%)
1 52 R'= Phenyl 451 R* = 4-Br-C¢H, 452 3 8l
2 459 R'= naphthyl 449 R’ = 4-Cl-C¢H, 469 3 68
3 470 R'= mesityl 449 R’ = 4-CI-C¢H, 471 3 0°
4 462 R'= 3-Cl-C¢H, 118 R’ = Phenyl 463 2 73
5 462 R'= 3-Cl-C¢H,4 449 R’ = 4-CI-CeH, 472 3 83
6 473 R'= 4-F-C¢H, 449 R* = 4-CI-C¢H, 474 3 76
7 462 R'= 3-Cl-C¢H, 457 R’ = thienyl 475 3 12°
8 467 R'= 2-CF;-C¢H, 449 R’ = 4-Cl-C¢H,4 476 3 3’
9 477 R'= 2-Br-5-MeO-C¢H; 449 R’*= 4-CI-C¢H, 478 3 20
10 179 R'= 4-MeO-C4H, 449 R’ = 4-Cl-C¢H,4 479 3 34
11 480 R'= 2-pyridinyl 449 R’ = 4-CI-C¢H, 481 3 0
12 265 R' = cyclohexyl 118 R’ = Phenyl 267 3 56°
13 265 R' = cyclohexyl 449 R’ = 4-Cl-C¢H, 482 3 58

“ Isolated yield after column chromatography on silica gel. * Product not isolated, yield determined by
'H NMR spectroscopic analysis using (E)-stilbene as an internal standard. ¢ Reaction performed using
2.0 equiv. of ketone. / Reaction performed using 2.0 equiv. of aldehyde.
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Smooth coupling was observed in the cases involving the halo-substituted aldehyde 462
in the reactions with ketones 118 and 449, and aldehyde 473 in the reaction with 118,
furnishing the ester products 463, 472 and 474 in less than two or three hour reaction

times (entries 4-6).

However, the coupling between 462 and 457 (entry 7) and that of 467 and 449 (entry 8)
furnished the ester products 475 and 476 in poor yields as a result of low reactivity of
the ketone in the former reaction and to the steric hindrance of the aldehyde in the latter

reaction.

Deactivated aldehydes such as 477 and 179 were also evaluated as substrates in this
process, however generating the products 478 and 479 in low yields (entries 9 and 10).
In the case involving aldehyde 477, it is believed that the reaction was impeded not
only by the deactivating effect of the electron-donating substituent, but also by the steric

hindrance caused by the large bromine atom in the a position to the carbonyl.

We were then interested in extending the protocol to heterocyclic aldehydes: and
attempt the reaction between aldehyde 480 and 449 under the same conditions
previously employed. Unfortunately, this reaction was unsuccessful, as no formation of

the ester product 481 was detected (entry 11).

Of particular interest was the coupling between the aliphatic aldehyde 265 with both
118 and 449 to give the ester products 267 and 482 in moderate yields (entries 12 and
13). These reactions were complicated by competing deleterious thiolate-catalysed aldol
pathways; however, after intensive investigation we found that in the presence of a
modest excess of the ketone 118 (entry 12), and of the aldehyde 265 (entry 13), a
substantial yield of the ester products 267 and 482 could be obtained, leading to the first

example of such a coupling between these substrate classes.

6.6 Evaluation of imines as electrophiles in the crossed-Tishchenko reaction with

aldehydes

After the results obtained in the Tishchenko reaction between aldehydes and
trifluoromethyl ketone described above, we were eager to further extend the substrate
scope of the process. We therefore decided to investigate if imines could take part as the

electrophilic species in the thiolate-catalysed crossed-Tishchenko reaction.
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The study began with the synthesis of the imine 483, derived from benzaldehyde (52)
and benzylamine by condensation of these two molecules in dichloromethane in
presence of magnesium sulfate as a dehydrating agent. The product 483 so obtained,
was then allowed to react with 52 in THF in presence of the thiol precatalyst 445 and
phenylmagnesium bromide for 24 h, under the same conditions employed for the

reaction involving trifluoromethyl ketones (Scheme 6.7).

2N

o N >Ph 445 (20 mol%), 0
| | PhMgBr (20 mol%)
Ph) " Ph) . Ph)J\OAF’h
THF (0.68 M), 65 °C,
52 483 24 h 439 76%

484 not observed

Scheme 6.7 Thiolate-catalysed intermolecular aldehyde-imine Tishchenko reaction.

However, only the formation of the homo-Tishchenko product 439 in 76% yield was
observed by '"H NMR spectroscopic analysis of the reaction mixture, while none of the
expected reaction product 484 was formed, and the starting imine 483 was still present
in almost quantitative amounts. We suggested two plausible causes for the failure of this
reaction. Firstly, the insufficient electrophilicity of the imine would lead to aldehyde
self-coupling; secondly, we believed that using imines as electrophiles, the consequent
six-membered cyclic pre-transition state assembly (485, Figure 6.2), fundamental for
the hydride step, may be less energetically favoured than the one involving two
aldehydes (i.e. 440). This can be rationalised by considering the higher affinity of the
magnesium for the oxygen atom compared to its affinity for a nitrogen atom, leading to
a homo-coupling pathway and no coupling between benzaldehyde and imine (Figure

6.2).

Ph : Ph

fo) H o} ' H. o}
Ph)J\O/\Ph " Phé.?slo\-.MgBr PhAfNﬁ-}M gBr X
439 R ; R ph
440 485
favoured : disfavoured

Figure 6.2  The six-membered cyclic pre-transition state assembly for the hydride
transfer step.
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In order to overcome these problems, we decided to synthesise and employ imines 486-
488 which bear strong electron-withdrawing substituents, thus making the imine more
electrophilic (Figure 6.3). We also synthesised oxygen-containing imines (i.e. 489 and
490) with the expectation of making them capable of coordinating to the magnesium
cation, thereby facilitating the formation of the cyclic transition state necessary for the

hydride transfer (Figure 6.3).

o vl o

486 487 488
O k (o]
oo 3 -~
o By
489 490

Figure 6.3  Imines evaluated in the crossed-Tishchenko reaction with 52.

Despite intensive efforts, the use of imines 486-490 in the reaction with 52 under the
‘standard’ conditions failed to produce the desired products. In each case the reaction
generally furnished the aldehyde homo-coupling product (i.e. 439) in variable yields,
while use of imines 489 and 490 afforded, in addition to 439, unidentifiable side-

reaction products.
6.7 Conclusion

In conclusion, inspired by the mode of action of enzymes which exploit nucleophilic
sulfur to promote oxidation processes, an efficient and reliable thiolate-catalysed
intermolecular Tishchenko reaction has been developed. The reaction was then
expanded to trifluoromethyl ketone substrates, thereby providing a solution to the
limitations of an intermolecular aldehyde-ketone coupling which was never previously
achieved. A key advantage associated with the use of this thiolate-mediated system
relative to more complex transition metal-catalysed predecessors has been demonstrated
to be tunability, allowing the rational selection of specific catalysts to address specific
challenges presented by either a particular reaction or substrate. The process was

demonstrated to be broad in scope and can be utilised to couple a wide range of
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substituted aldehydes and trifluoromethyl ketones leading to the first example in

literature of crossed Tishchenko reaction between such molecules.

The synthetic utility of this new reaction was unfortunately potentially limited by poor
catalyst turnover frequency, which led to a requirement for long reaction times. As a
solution, the effect of microwave radiation on the process was investigated. It was found
that the corresponding microwave assisted reactions proceeded with significant rate
acceleration. Aldehyde and ketone couplings generally proceeded in good yields in just

two or three hour reaction times under the developed conditions.

The possibility of using imines as the substrate for the crossed-Tishchenko reaction was
also investigated with the expectation that the electrophilicity exhibited by the carbonyl-
derived functionality would prove sufficient for the reaction to take place. It was found,
however, that under the conditions employed in the aldehyde-ketone process the
reactions between aldehydes and imines did not occur. This was most likely due to the
relative inability of the nitrogen atom of the imine to be coordinated by the magnesium
atom in preference to a molecule of aldehyde, thus rendering the formation of the cyclic
transition state necessary for the hydride transfer step to the imine less energetically
favourable then the corresponding transition state involving an aldehyde hydride

acceptor.
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7. Experimental procedures and data

7.1 General

Proton Nuclear Magnetic Resonance (NMR) spectra were recorded on Bruker DPX 400
MHz and Bruker Avance Il 600MHz spectrometers, using as solvent CDCl;, DMSO-ds
or D,O and referenced relative to residual CHCl; (6 = 7.26 ppm) DMSO (6 = 2.50 ppm)
or H,O (8 = 4.79 ppm). Chemical shifts are reported in ppm and coupling constants (J)
in Hertz. Carbon NMR spectra were recorded on the same instruments (100.6 MHz and
150.9 MHz respectively) with total proton decoupling. Fluorine NMR spectra were
recorded on the Bruker DPX400 machine (376.5 MHz). HSQC, HMBC, TOCSY NOE
and ROESY NMR experiments were used to aid assignment of NMR peaks when
required. An arbitrary numbering system is employed to aid the assignment of the 'H
NMR signals. All melting points are uncorrected. Infrared spectra were obtained on a
Perkin Elmer Spectrum 100 FT-IR spectrometer equipped with a universal ATR
sampling accessory. ESI mass spectra were acquired using a Waters Micromass LCT-
time of flight mass spectrometer (TOF), interfaced to a Waters 2690 HPLC. The
instrument was operated in positive or negative mode as required. EI mass spectra were
acquired using a GCT Premier Micromass time of flight mass spectrometer (TOF). The
instrument was operated in positive mode. Chemical Ionization (CI) mass spectra were
determined using a GCT Premier Micromass mass spectrometer in CI mode utilising
methane as the ionisation gas. APCI experiments were carried out on a Bruker
microTOF-Q III spectrometer interfaced to a Dionex UltiMate 3000 LC or direct
insertion probe. The instrument was operated in positive or negative mode as required.
Agilent tuning mix APCI-TOF was used to calibrate the system. Flash chromatography
was carried out using silica gel, particle size 0.04-0.063 mm. TLC analysis was
performed on precoated 60F,s; slides, and visualized by UV irradiation and KMnO,
staining. Optical rotation measurements are quoted in units of 10" deg ecm’ g
Acetonitrile, toluene and dichloromethane (CH,Cl,) were distilled over calcium hydride
and stored under argon. Tetrahydrofuran (THF) and diethyl ether were distilled over
sodium-benzophenone and stored under argon. Methanol (MeOH) and isopropyl
alcohol (i-PrOH) were dried over activated 3A molecular sieves. Commercially
available anhydrous 7-butyl methyl ether (MTBE) was used. Analytical CSP-HPLC was
performed on Daicel Chiralpak, AD, AD-H, IA, or Chiralcel OD, OD-H, OJ-H (4.6 mm
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x 25 cm) columns. The X-ray crystallography data for crystal samples trans-307, trans-
334 and cis-372 were collected on a Rigaku Saturn 724 CCD diffractometer. A suitable
crystal from each compound was selected and mounted on a glass fibre tip and placed
on the goniometer head in a 150K N, gas stream. The data sets were collected using
Crystalclear-SM 1.4.0 software and, for each crystal, 1246 diffraction images, of 0.5°
per image, were recorded. Data integration, reduction and correction for absorption and
polarisation effects were all performed using Crystalclear-SM 1.4.0 software. Space
group determination, structure solution and refinement were obtained using
Crystalstructure ver. 3.8 and Bruker Shelxtl Ver. 6.14 software. The data for the crystal
structures frans-373, trans-387, trans-417 and trans-429 were collected on a Bruker
Smart Apex2 CCD Diffractometer. For each dataset, a suitable crystal was selected and
mounted using inert o1l on a 0.3 mm MiTeGen loop and placed on the goniometer head
in a 100K N, gas 178 stream. The datasets were collected using Bruker APEX2
v2011.8-0 software. Data integrations, reductions and corrections for absorption and
polarization effects were all performed using APEX2 v2011.8-0 software. Space group
determination, structure solution and refinement were obtained using Bruker Shelxtl*
Ver. 6.14 software. The structures were solved with Direct Methods using the
SHELXTL program and refined against IF21 with the program XL from SHELX-97
using all data. Non-hydrogen atoms were refined with anisotropic thermal parameters.
Hydrogen atoms were placed into geometrically calculated positions and refined using a
riding model. (*Software Reference Manual, version 5.625; Bruker Analytical X-Ray
Systems Inc.: Madison, WI, 2001. Sheldrick, G. M. SHELXTL, An Integrated System
for Data Collection, Processing, Structure Solution and Refinement; Bruker Analytical
X-Ray Systems Inc.: Madison, W1, 2001).
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7.2 Experimental procedures and data for Chapter 2
Racemic preparation of dihydroisocoumarin 170

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon
atmosphere was charged with homophthalic anhydride (147, 39.9 mg, 0.246 mmol).
Anhydrous MTBE (2.5 mL, 0.1 M) was added via syringe followed by freshly distilled
benzaldehyde (52, 25 pL, 0.246 mmol). N, N-Diisopropylethylamine (8.6 pL, 0.0492
mmol - 20 mol%) was added via syringe and the resulting mixture was allowed to stir
for 20 h at room temperature. The reaction was then diluted with EtOAc (15 mL) and
extracted with an aqueous solution of NaHCO; (10% w/v, 3 x 15 mL). The combined
aqueous extracts were acidified with aqueous HCI (2.0 N), a white precipitate formed
and the mixture was then extracted with EtOAc (3 x 15 mL). The combined organic
extracts were dried over anhydrous MgSQO, and the solvent was removed in vacuo to
yield the diastereomeric mixture of carboxylic acids. The acids were then dissolved in
THF (0.15 M) followed by the addition via syringe of i-ProNEt (1.0 equiv.) and Mel
(2.0 equiv.) and the mixture was allowed to stir at room temperature for 16 h. The
solvent was then removed in vacuo and the crude mixture of diastereomeric esters was
purified by flash column chromatography, eluting in gradient from 100% hexanes to 5%

EtOAc 1n hexanes to 1solate both diastereomers combined.

General procedure I: Catalyst evaluation and temperature optimisation in the
organocatalysed cycloaddition reaction between homophthalic anhydride (147)
and benzaldehyde (52) (Table 2.3 and Table 2.4)

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon
atmosphere was charged with homophthalic anhydride (147, 39.9 mg, 0.246 mmol) and
the relevant catalyst (0.0123 mmol - 5 mol%). Anhydrous MTBE (2.5 mL, 0.1 M) was
added via syringe and the reaction mixture was brought to the temperature indicated in
Table 2.3 and Table 2.4. Freshly distilled benzaldehyde (52, 25 pL, 0.246 mmol) was
then added via syringe and the resulting mixture was allowed to stir for the time
indicated in Table 2.3 and Table 2.4. The yield and diastereomeric ratio of the products
were determined by '"H NMR spectroscopic analysis using p-iodoanisole (28.8 mg,

0.123 mmol) as an internal standard. The reaction was then diluted with EtOAc (15 mL)
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and extracted with an aqueous solution of NaHCO; (10% w/v, 3 x 15 mL). The
combined aqueous extracts were acidified with aqueous HCI1 (2.0 N), a white precipitate
formed and the mixture was then extracted with EtOAc (3 x 15 mL). The combined
organic extracts were dried over anhydrous MgSO, and the solvent was removed in
vacuo to yield the diastereomeric mixture of carboxylic acids. The acids were then
dissolved in THF (0.15 M) followed by the addition via syringe of i-Pr,NEt (1.0 equiv.)
and Mel (2.0 equiv.) and the mixture was allowed to stir at room temperature for 16 h.
The solvent was then removed in vacuo and the crude mixture of diastereomeric esters
was purified by flash column chromatography, eluting in gradient from 100% hexanes
to 5% EtOAc in hexanes to isolate both diastereomers combined. The enantiomeric

excess of the products was determined by CSP-HPLC using the conditions indicated.

CSP-HPLC analysis. Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA: 83/17, 0.5 mL
min’', RT, UV detection at 254 nm, retention times: frans-170 96.5 min (minor
enantiomer) and 133.0 min (major enantiomer); cis-170 104.0 min (minor enantiomer)

and 108.5 min (major enantiomer).

General procedure 1I: Racemic preparation of dihydroisocoumarins 304-308

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon
atmosphere was charged with homophthalic anhydride (147, 39.9 mg, 0.246 mmol).
Anhydrous MTBE (2.5 mL, 0.1 M) was added via syringe followed by the relevant
aldehyde (0.246 mmol). N,N-Diisopropylethylamine (8.6 pL, 0.0492 mmol - 20 mol%)
was added via syringe and the resulting mixture was allowed to stir for 20 h at room
temperature. To the reaction mixture containing the corresponding carboxylic acids,
anhydrous MeOH (750 pL, 18.5 mmol), followed by trimethylsilyldiazomethane (2.0 M
solution in diethyl ether, 150 pL, 0.300 mmol) were added via syringe and the reaction
was allowed to stir for 30 min at room temperature. The solvent was then removed in
vacuo and the crude mixture of diastereomeric esters was purified by flash column
chromatography, eluting in gradient from 100% hexanes to 5% EtOAc in hexanes to
isolate the major diastereomer. In the case of dihydroisocoumarin 308 synthesised with
an aliphatic aldehyde, both diastereomers were recovered combined after purification by

flash column chromatography.
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General procedure III: Enantioselective preparation of dihydroisocoumarins 304-
308 (Table 2.5)

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon
atmosphere was charged with homophthalic anhydride (147, 39.9 mg, 0.246 mmol) and
catalyst 303 (8.7 mg, 0.0123 mmol - 5 mol%). Anhydrous MTBE (2.5 mL, 0.1 M) was
added via syringe and the reaction mixture was then cooled to -15 °C. The relevant
aldehyde (0.246 mmol) was added via syringe and the resulting mixture was allowed to
stir for the time indicated in Table 2.5. The yield and diastereomeric ratio of the
products were determined by 'H NMR spectroscopic analysis using p-iodoanisole (28.8
mg, 0.123 mmol) as an internal standard. To the reaction mixture containing the
corresponding carboxylic acids, anhydrous MeOH (750 pL, 18.5 mmol), followed by
trimethylsilyldiazomethane (2.0 M solution in diethyl ether, 150 pL, 0.300 mmol) were
added via syringe and the reaction was allowed to stir for 30 min at room temperature.
The solvent was then removed in vacuo and the crude mixture of diastereomeric esters
was purified by flash column chromatography, eluting in gradient from 100% hexanes
to 5% EtOAc in hexanes to i1solate the major diastereomer. The enantiomeric excess of
the products was determined by CSP-HPLC using the conditions indicated for each

case.

General procedure IV: Racemic preparation of dihydroisocoumarins 314 and 315

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon
atmosphere was charged with the relevant homophthalic anhydride (0.246 mmol).
Anhydrous MTBE (2.5 mL, 0.1 M) was added via syringe followed by freshly distilled
benzaldehyde (52, 25 pL, 0.246 mmol). The reaction was cooled to 0 °C and N,N-
diisopropylethylamine (2.2 pL, 0.0123 mmol - 5 mol%) was added via syringe. The
reaction was allowed to stir for 20 h at room temperature then it was diluted with
EtOAc (15 mL) and extracted with an aqueous solution of NaHCO; (10% w/v, 3 x 15
mL). The combined aqueous extracts were acidified with aqueous HCI (2.0 N), a white
precipitate formed and the mixture was then extracted with EtOAc (3 x 15 mL). The
organic extracts were dried over anhydrous MgSO, and the solvent was removed in

vacuo to yield the diastereomeric mixture of carboxylic acids as an off-white solid. The
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acids were then dissolved in THF (0.15 M) and the solution was cooled to 0 °C.
Anhydrous isopropyl alcohol (94 pL 1.23 mmol) immediately followed by
trimethylsilyldiazomethane (2.0 M solution in diethyl ether, 615 pL, 1.23 mmol) were
added via syringe and the reaction was allowed to stir for 1 h at room temperature. The
solvent was then removed in vacuo at room temperature and the crude mixture of
diastereomeric esters was purified by flash column chromatography, eluting in gradient

from 100% hexanes to 5% EtOAc in hexanes to isolate the major diastereomer.

General procedure V: Enantioselective preparation of dihydroisocoumarins 314

and 315 (Table 2.6)

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon
atmosphere was charged with the relevant homophthalic anhydride (0.246 mmol).
Anhydrous MTBE (2.5 mL, 0.1 M) was added via syringe and the reaction mixture was
then cooled to -15 °C. Freshly distilled benzaldehyde (52, 25 pL, 0.246 mmol) was
added via syringe followed by catalyst 303 (8.7 mg, 0.0123 mmol - 5 mol%) and the
resulting mixture was allowed to stir for the time indicated in Table 2.6. The yield and
diastereomeric ratio of the products were determined by '"H NMR spectroscopic analysis
using p-iodoanisole (28.8 mg, 0.123 mmol) as an internal standard. The reaction was
then diluted with EtOAc (15 mL) and extracted with an aqueous solution of NaHCO:3
(10% w/v, 3 x 15 mL). The combined aqueous extracts were acidified with aqueous HCI
(2.0 N), a white precipitate formed and the mixture was then extracted with EtOAc (3 x
15 mL). The combined organic extracts were dried over anhydrous MgSOs and the
solvent was removed in vacuo to yield the diastereomeric mixture of carboxylic acids.
The acids were then dissolved in THF (0.15 M) and the solution was cooled to 0 °C.
Anhydrous isopropyl alcohol (94 pL 1.23 mmol) immediately followed by
trimethylsilyldiazomethane (2.0 M solution in diethyl ether, 615 pL, 1.23 mmol) were
added via syringe and the reaction was allowed to stir for 1 h at room temperature. The
solvent was then removed in vacuo at room temperature and the crude mixture of
diastereomeric esters was purified by flash column chromatography, eluting in gradient

from 100% hexanes to 5% EtOAc in hexanes to isolate the major diastereomer. The
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enantiomeric excess of the products was determined by CSP-HPLC using the conditions

indicated for each case.

Homophthalic anhydride (147)

o}

1
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3

-

A 100 mL round-bottomed flask containing a magnetic stirring bar was charged with
homophthalic acid (296, 2.00 g, 11.1 mmol). Acetic anhydride (25 mL) was added, the
flask was fitted with a condenser and the reaction mixture was heated at 80 °C for 2 h.
The excess acetic anhydride was removed in vacuo and the solid obtained was triturated
with diethyl ether (10 mL), filtered and dried to obtain homophthalic anhydride (147) as
an off white solid (1.53 g, 85%). M.p. 141-142 °C (lit.""” m.p. 143-144 °C).

Spectral data for this compound were consistent with those in the literature.’"’

811 (400 MHz, DMSO-dg): 8.05 (1 H, d,J 7.9, H-1), 7.75 (1 H, app. t, H-3), 7.52 (1 H,
app. t, H-2), 7.44 (1 H, d, J 7.8, H-4), 428 (2 H, s, H-5).

HRMS (m/z - ESI): Found: 161.0232 (M-H) CyHsO; Requires: 161.0239.

2-(Carboxymethyl)-S-nitrobenzoic acid (310)

A 100 mL three-necked round-bottomed flask containing a magnetic stirring bar and
fitted with a thermometer was charged with fuming nitric acid (15 mL) and cooled to 0
°C. Homophthalic acid (296, 5.00 g, 27.8 mmol) was then added portionwise over 30
min maintaining the temperature below 20 °C. The reaction mixture was then allowed
to stir at 0 °C for 2 h, and then poured onto ice and allowed to stir vigorously until the

ice was dissolved. The precipitate formed was filtered, washed with water and
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recrystallised from water to yield 310 as an off-white solid (4.50 g, 72%). M.p. 230-233
°C (lit.”™ 235 °C).

Spectral data for this compound were consistent with those in the literature.””*

81 (400 MHz, DMSO-dg): 12.78 (2 H, bs, H-5 and H-6), 8.63 (1 H, d, J 2.1, H-1), 8.38
(1H, dd, J2.1, 8.4, H-2), 7.69 (1 H, d, J 8.4, H-3), 4.18 (2
H, s, H-4).

7-Nitroisochroman-1,3-dione (174)
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2
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An oven-dried 10 mL round-bottomed flask containing a magnetic stirring bar was
charged with 310 (500.0 mg, 2.22 mmol). Freshly distilled acetyl chloride (5.0 mL) was
added, the flask was fitted with a condenser and the reaction mixture was heated at
reflux temperature under an argon atmosphere for 16 h. The reaction was then cooled to
room temperature and the excess acetyl chloride was removed in vacuo. The solid
obtained was triturated with diethyl ether (5 mL), filtered and dried to give 174 as an off
white solid (372.5 mg, 81%). M.p. 154-156 °C (lit.*"® m.p. 154-155 °C).

Spectral data for this compound were consistent with those in the literature.*"’

8 (400 MHz, DMSO-dg): 8.67 (1 H, s, H-1), 8.54 (1 H, d, J 7.5, H-2), 7.72 (1 H, d, J
7.5,H-3), 441 2 H, s, H-4).

8¢ (100 MHz, DMSO-dg):  164.7 (C=0), 160.6 (C=0), 146.9 (q), 143.5 (q), 129.6,
128.8, 123.8, 123.2 (q), 34.6.

Vimax (n€at)/cm’: 3105, 3074, 2962, 2890, 1798, 1746, 1608, 1523, 1434,
1344, 1270, 1165, 1084, 1035, 942, 836, 738.
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7-Bromoisochroman-1,3-dione (312)

N
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An oven-dried 10 mL round-bottomed flask containing a magnetic stirring bar was
charged with 5-bromo-2-(carboxymethyl)benzoic acid (311, 500.0 mg, 1.93 mmol).
Freshly distilled acetyl chloride (5.0 mL) was added, the flask was fitted with a
condenser and the reaction mixture was heated at reflux temperature under an argon
atmosphere for 16 h. The reaction was then cooled to room temperature and the excess
acetyl chloride was removed in vacuo. The solid obtained was triturated with diethyl

ether (5 mL), filtered and dried to give 312 as an off white solid (404.7 mg, 87%). M.p.
176-177 °C (lit.*** M.p. 171-173 °C).

Spectral data for this compound were consistent with those in the literature.**

811 (400 MHz, DMSO-d¢): 8.13 (1 H, d, J 2.0, H-1), 7.94 (1 H, dd, J 2.0, 8.3, H-2),
7.41 (1 H,d,J83,H-3),423 (2 H,s, H-4).

HRMS (m/z - ESI): Found: 238.9335 (M-H) CyH;BrO; Requires: 238.9344.

(3R,4R)-Methyl 1-ox0-3-phenylisochroman-4-carboxylate (frans-170, Table 2.4,
entry 3)

10

Prepared according to general procedure III, using freshly distilled benzaldehyde (52,
25 pL, 0.246 mmol). The reaction was allowed to stir for 22 h to give a diastereomeric
mixture of carboxylic acids in a 96:4 (trans:cis) ratio. After esterification, the major
diastereomer (#rans-170) was isolated and purified by flash column chromatography to
give a white solid (63.8 mg, 92%). M.p. 118-120 °C (lit."* m.p. 129-132 °C); TLC
(hexanes:EtOAc, 8:2 v/v): Rg=0.34; [a]3° = +26.0 (¢ = 0.20, CHCl;).
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CSP-HPLC analysis. Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA: 83/17, 0.5 mL
min, RT, UV detection at 254 nm, retention times: 96.5 min (minor enantiomer) and

133.0 min (major enantiomer).
Spectral data for this compound were consistent with those in the literature.'>*

81 (400 MHz, CDCLy): ~ 8.19 (1 H, d, J 8.0, H-1), 7.60 (1 H, app. t, H-3), 7.49 (1 H,
app. t, H-2), 7.44-7.30 (5 H, m, H-7, H-8 and H-9), 7.20 (1
H, d, J 7.7, H-4), 586 (1 H, d, J 8.3, H-6), 435 (1 H, d, J
8.3, H-5),3.69 (3 H, s, H-10).

8c (100 MHz, CDCl;):  170.3 (C=0), 164.1 (C=0), 136.8 (q), 136.3 (q), 134.5,
130.8, 1292, 129.0, 128.9, 126.92, 126.90, 124.8 (q), 80.8,

52.8,50.9.
Vinax (neat)/cm™: 2957, 1722, 1601, 1456, 1441, 1244, 1080, 997, 782, 701.
HRMS (m/z - ESI): Found: 305.0805 (M+Na)" C,;;H;404Na  Requires:
305.0790.

(3R, 4R)-Methyl 3-(4-chlorophenyl)-1-oxoisochroman-4-carboxylate (frans-304,
Table 2.5, entry 1)

Prepared according to general procedure III, using recrystallised 4-chlorobenzaldehyde
(466, 34.6 mg, 0.246 mmol). The reaction was allowed to stir for 40 h to give a
diastereomeric mixture of carboxylic acids i a 95:5 (rrans:cis) ratio. After
esterification, the major diastereomer (7rans-304) was isolated and purified by flash
column chromatography to give a white solid (72.7 mg, 93%). M.p. 95-97 °C; TLC
(hexanes:EtOAc, 8:2 vv): Ry=0.28; [a]3° = +16.0 (c = 0.20, CHCl5).
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CSP-HPLC analysis. Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA: 99/1, 1.0 mL
min', RT, UV detection at 254 nm, retention times: 77.7 min (major enantiomer) and

94.2 min (minor enantiomer).

Oy (400 MHz, CDCls): 8.18(1 H,d,J 7.7, H-1), 7.61 (1 H, app. t, H-3), 7.50 (1 H,
app. t, H-2), 7.39-7.29 (4 H, m, H-7 and H-8), 7.19 (1 H, d,
J7.7,H-4),582 (1 H,d,J 8.7, H-6),4.30 (1 H,d, /8.7, H-
5),3.71 (3 H, s, H-9).

8¢ (100 MHz, CDCly):  170.0 (C=0), 163.9 (C=0), 136.1 (q), 135.3 (q), 135.2 (q),
134.7, 130.9, 129.12, 129.11, 128.4, 126.7, 124.5 (q), 80.1,

52.9, 50.8.

Vmay (neat)/cm’': 2955, 2926, 2862, 1736, 1709, 1602, 1459, 1261, 1001,
826, 740.

HRMS (m/z - ESI): Found: 317.0572 (M+H)" C;7H,404Cl1 Requires: 317.0581.

(3R,4R)-Methyl 3-(4-nitrophenyl)-1-oxoisochroman-4-carboxylate (frans-305,
Table 2.5, entry 2)

Prepared according to general procedure III, using recrystallised 4-nitrobenzaldehyde
(37.2 mg, 0.246 mmol). The reaction was allowed to stir for 48 h to give a
diastereomeric mixture of carboxylic acids in a 93:7 (rrans:cis) ratio. After
esterification, the major diastereomer (7rans-305) was isolated and purified by flash
column chromatography in gradient from 100% hexanes to 15% EtOAc in hexanes in
92% yield as a white solid (74.2 mg, 92%). M.p. 131-133 °C; TLC (hexanes:EtOAc, 8:2
vv): Re=0.14; [a]3° = +22.0 (c = 0.20, CHCl5).
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CSP-HPLC analysis. Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 0.7 mL
min"', RT, UV detection at 254 nm, retention times: 97.6 min (major enantiomer) and

133.0 min (minor enantiomer).

81 (400 MHz, CDCL;):  8.24 (2 H, d, /8.6, H-8), 8.19 (1 H, d, J 7.8, H-1), 7.68-7.57
(3 H, m, H-3 and H-7), 7.52 (1 H, app. t, H-2), 7.21 (1 H, d,
J 7.8, H-4),597 (1 H, d,J 8.3, H-6), 432 (1 H.d, J 8.3, H-
5),3.73 3 H, s, H-9).

8c (100 MHz, CDCl;):  169.7 (C=0), 163.4 (C=0), 148.4 (q), 143.7 (q), 135.5 (q),
134.9, 131.0, 129.4, 127.9, 126.8, 1243 (q), 124.1, 79.5,
53.1,50.7.

Vimax (neat)/cm’™: 3080, 2956, 2925, 2849, 1730, 1600, 1524, 1458, 1438,
1352, 1247, 1079, 1012, 859, 750, 693.

HRMS (m/z - ESI): Found: 326.0674 (M-H)™ C,7H;2NO¢ Requires: 326.0665.

(3R, 4R)-Methyl 3-(4-methoxyphenyl)-1-oxoisochroman-4-carboxylate (frans-306,
Table 2.5, entry 3)

5: 6
0”0’
10
Prepared according to general procedure III, wusing freshly distilled 4-
methoxybenzaldehyde (179, 30 uL, 0.246 mmol). The reaction was allowed to stir for
115 h to give a diastereomeric mixture of carboxylic acids in a 90:10 (7rans:cis) ratio.
After esterification, the major diastereomer (7rans-306) was isolated and purified by
flash column chromatography in gradient from 100% hexanes to 10% EtOAc in
hexanes to give a white solid (60.1 mg, 78%). M.p. 82-84 °C; TLC (hexanes:EtOAc,

8:2 vv): Ry=0.20; [a]® = +13.5 (¢ =0.20, CHCl;).

177



Chapter 7 Experimental procedures and data

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 cm), hexane/IPA: 97/3, 1.0 mL
min”', RT, UV detection at 254 nm, retention times: 81.3 min (minor enantiomer) and

89.5 min (major enantiomer).

81 (400 MHz, CDCls):  8.18 (1 H, d,J 7.8, H-1), 7.60 (1 H, app. t, H-3), 7.49 (1 H,
app.t, H-2), 7.31 (2 H., d, /8.6, H-7), 7.19 (1 H, d, J 7.8, H-
4),6.88 (2 H, d, J8.6, H-8),5.77 (1 H, d, J 9.0, H-6), 4.34
(1H,d,J9.0,H-5),3.80 3 H, s, H-9), 3.69 (3 H, s, H-10).

d¢ (100 MHz, CDCl5): 170.3 (C=0), 164.4 (C=0), 160.2 (q), 136.6 (q), 134.5,
130.8, 128.9, 128.7 (q), 128.5, 126.7, 124.7 (q), 114.2, 80.7,

55.4,52.8,50.9.
Vimax (neat)/cm™: 3012, 2962, 2932, 2844, 1713, 1604, 1516, 1249, 990, 734.
HRMS (m/z - ESI): Found: 335.0905 (M+Na)" C;3sH;s0OsNa Requires:
335.0895.

(3R,4R)-Methyl 1-oxo0-3-(thiophen-2-yl)isochroman-4-carboxylate (frans-307, Table
2.5, entry 4)

Prepared according to general procedure III, using freshly distilled 2-
thiophenecarboxaldehyde (23 puL, 0.246 mmol). The reaction was allowed to stir for 48
h to give a diastereomeric mixture of carboxylic acids in a 94:6 (trans:cis) ratio. After
esterification, the major diastereomer (7rans-307) was isolated and purified by flash
column chromatography to give a white solid (59.5 mg, 84%). M.p. 110-112 °C (lit."*
m.p. 126-128 °C); TLC (hexanes:EtOAc, 8:2 v/): Ry = 0.25; [(x]IZ)O =-68.0 (¢ = 0.20,
CHCl;).
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CSP-HPLC analysis. Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL
min"', RT, UV detection at 254 nm, retention times: 32.7 min (minor enantiomer) and

35.6 min (major enantiomer).
Spectral data for this compound were consistent with those in the literature.'>’

81 (400 MHz, CDCls):  8.16 (1 H, d, J 7.9, H-1), 7.63 (1 H, app. t, H-3), 7.51 (1 H,
app. t, H-2), 7.33-7.21 (2 H, m, H-4 and H-7), 7.09-7.01 (1
H, m, H-9), 6.96-6.89 (1 H, m, H-8), 6.19 (1 H, d, J 6.1, H-
6),4.35(1 H,d, /6.1, H-5),3.75 (3 H, s, H-10).

8¢ (100 MHz, CDCl;):  169.8 (C=0), 163.4 (C=0), 139.6 (q), 135.5 (q), 134.4,
130.7, 129.2, 127.8, 127.3, 126.9, 126.8, 124.8 (q), 76.4,
53.1, 50.5.

Viax (neat)/em™: 3104, 3011, 2951, 2925, 1727, 1703, 1605, 1459, 1431,
1359, 1332, 1226, 1081, 943, 714.

HRMS (m/z - ESI): Found: 289.0527 (M+H)" C,5H,304S Requires: 289.0535.

Methyl 1-oxo-3-phenethylisochroman-4-carboxylate (frans-308 - cis-308, Table 2.5,
entry 5)

Prepared according to general procedure III, using freshly distilled
hydrocinnamaldehyde (32 pL, 0.246 mmol). The reaction was allowed to stir for 22 h to
give a diastereomeric mixture of carboxylic acids in a 75:25 (rrans:cis) ratio. After
esterification, both diastereomers (77ans-308 and cis-308) were purified by flash column
chromatography to give a pale yellow oil (71.7 mg, 94%, combined yield for both
diastereomers). The diastereomeric ratio of the esters was found to be 79:21 (rrans-
308:¢is-308) by '"H NMR spectroscopic analysis. TLC (hexanes:EtOAc, 8:2 v/v): Ry =
0.35.
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CSP-HPLC analysis. Chiralcel OJ-H (4.6 mm x 25 cm), hexane/IPA: 80/20, 0.5 mL

min”, RT, UV detection at 254 nm, retention times: rrans-308 52.6 min (major

enantiomer) and 76.2 min (minor enantiomer); ¢is-308 66.5 min (major enantiomer) and

106.6 min (minor enantiomer).

frans-308:

81 (600 MHz, CDCl;):

8(" (151 MHZ, CDCI})

cis-308:

oy (600 MHz, CDCl;):

5( (151 MHZ, CDCl:)

Vinax (neat)/cm'lz

8.15(1 H, d,J 7.8, H-1), 7.59 (1 H, app. t, H-3), 7.47 (1 H,
app. t, H-2), 7.35-7.25 (3 H, m, H-9 and H-11), 7.25-7.15 (3
H, m, H-4 and H-10), 4.91-4.84 (1 H, m, H-6), 3.92 (1 H, d,
J 6.8, H-5),3.76 (3 H, s, H-12), 2.92-3.02 (1 H, m, H-8a),
2.83-2.75 (1 H, m, H-8b), 2.13-2.03 (1 H, m, H-7a), 1.97-
1.87 (1 H, m, H-7b).

170.6 (C=0), 164.0 (C=0), 140.6 (q), 136.0 (q), 134.3,
130.7, 128.9, 128.7, 128.6, 127.3, 126.40, 124.7 (q), 78.3,
32.9,48.7,35.7. 31.3.

8.15(1 H,d,J 79, H-1), 7.56 (1 H, app. t, H-3), 7.48 (1 H,
app. t, H-2), 7.35-7.25 (2 H, m, H-9), 7.25-7.15 (4 H, m, H-
4, H-10 and H-11), 4.60-4.53 (1 H, m, H-6), 3.83 (1 H, d, J
3.2, H-5), 3.68 (3 H, s, H-12), 3.02-2.92 (1 H, m, H-8a),
2.90-2.83 (1 H, m, H-8b), 2.30-2.21 (1 H, m, H-7a), 2.14-
2.02 (1 H, m, H-7b).

169.4 (C=0), 164.8 (C=0), 140.5 (q), 136.8 (q), 133.9,
1309,°129.2, 1288, 128.7, 1274, 126.42, 125.5 (4), 77.3,
52.8,48.1, 345,314

3062, 3027, 2952, 2927, 2860, 1723, 1603, 1457, 1244,
1159, 1120, 1086, 700.
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HRMS (m/z - ESI): Found: 333.1103 (M+Na)" C9H;s0sNa Requires:
333.1103.

(3R,4R)-Methyl 7-nitro-1-oxo-3-phenylisochroman-4-carboxylate (frans-314, Table
2.6, entry 1)

Prepared according to general procedure V, using 7-nitroisochroman-1,3-dione (174,
51.0 mg, 0.246 mmol). The reaction was allowed to stir for 96 h to give a
diastereomeric mixture of carboxylic acids in a 92:8 (rrans:cis) ratio. After
esterification, the major diastereomer (7rans-314) was isolated and purified by a rapid
flash column chromatography, eluting in gradient from 20% EtOAc in hexanes to 30%
EtOAc in hexanes to give a white solid (51.1 mg, 63%). M.p. 148-150 °C; TLC
(hexanes:EtOAc, 8:2 vv): Ry=0.17; [a]3’ = +31.0 (¢ = 0.20, CHCl5).

CSP-HPLC analysis. Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL
min”', RT, UV detection at 254 nm, retention times: 110.6 min (minor enantiomer) and

122.8 min (major enantiomer).

o (600 MHz, CDCls): 898 (1 H,d, J 2.1, H-1), 842 (1 H, dd, J 2.1, 8.5, H-2),
7.45 (1 H, d, J 8.5, H-3), 7.41-7.29 (5 H, m, H-6, H-7 and
H-8), 598 (1 H, d, J 6.9, H-5), 443 (1 H, d, J 6.9, H-4),
3.73 (3 H, s, H-9).

8c (151 MHz, CDCl;):  169.1 (C=0), 162.0 (C=0), 148.4 (q), 142.0 (q), 136.0 (q),
129.5, 129.14, 129.12, 128.6, 126.53, 126.50 (q), 125.8,
80.5, 53.3, 50.4.

Vmax (neat)/cm’': 2956, 2923, 2853, 1745, 1718, 1614, 1530, 1439, 1349,
1259, 1160, 1125, 999,911, 802, 740.
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HRMS (m/z - ESI): Found: 326.0665 (M-H)" C,7H,,NOg Requires: 326.0665.

(3R,4R)-Methyl 7-bromo-1-0xo-3-phenylisochroman-4-carboxylate (frans-315,
Table 2.6, entry 2)

7
|

Prepared according to general procedure V using 7-bromoisochroman-1,3-dione (312,
59.3 mg, 0.246 mmol). The reaction was allowed to stir for 64 h to give a
diastereomeric mixture of carboxylic acids in a 955 (rrans:.cis) ratio. After
esterification, the major diastereomer (7rans-315) was isolated and purified by flash
column chromatography to give a white solid (60.6 mg, 68%). M.p. 132-134 °C; TLC
(hexanes:EtOAc, 8:2 v/v): Ry = 0.33; [a]3” = +29.0 (¢ = 0.20, CHCI;).

CSP-HPLC analysis. Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL
min”', RT, UV detection at 254 nm, retention times: 26.9 min (minor enantiomer) and

43.9 min (major enantiomer).

81 (400 MHz, CDCl;): 830 (1 H,s, H-1), 7.71 (1 H, d, J 8.1, H-2), 7.43-7.29 (5 H,
m, H-6, H-7 and H-8), 7.10 (1 H. d, /8.3, H-3), 5.89 (1 H,
d,J7.6,H-5), 428 (1 H,d, J7.6, H-4),3.70 3 H, s, H-9).

8c (100 MHz, CDCl;):  169.8 (C=0), 162.8 (C=0), 137.4, 136.4 (q), 134.8 (q),
133.5,129.3, 129.0, 128.9, 126.7, 126.4 (q), 122.9 (q), 80.6,

53.0, 50.2.

Vinas (neat)/cm']: 2954, 2924, 2854, 1723, 1592, 1406, 1255, 1132, 1080,
997, 765.

HRMS (m/z - ESI): Found: 361.0063 (M+H)" C,,H,4,0,4Br Requires: 361.0075.
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7.3 Experimental procedures and data for Chapter 3

General procedure VI: Racemic preparation of y-butyrolactones 321, 332-336

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon
atmosphere was charged with the relevant anhydride (1.0 equiv.). Anhydrous MTBE
(0.1 M) was added via syringe and the reaction mixture was then cooled to 0 °C. The
relevant aldehyde (1.0 equiv.) was added to the reaction mixture followed by N,N-
diisopropylethylamine (5 mol%) and the resulting mixture was allowed to warm to
room temperature and allowed to stir for 20 h. To the reaction mixture containing the
corresponding carboxylic acids, anhydrous isopropyl alcohol (5.0 equiv.), followed by
trimethylsilyldiazomethane (2.0 M solution in diethyl ether, 1.2 equiv.) were added via
syringe at 0 °C and the reaction was allowed to stir for 1 h at room temperature. The
solvent was then removed in vacuo and the crude mixture of diastereomeric esters was

purified by flash column chromatography to isolate the major diastereomer.

General procedure VII: Catalyst evaluation and temperature optimisation in the
organocatalysed cycloaddition reaction between arylsuccinic anhydrides and
benzaldehyde (52) (Table 3.1 and Table 3.2)

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon
atmosphere was charged with the relevant anhydride (1.0 equiv.). Anhydrous MTBE
(0.1 M) was added via syringe and the reaction mixture was then cooled to the
temperature reported in Table 3.1 and Table 3.2. Benzaldehyde (52, 1.0 equiv.) was
added to the reaction mixture followed by the relevant catalyst (5 mol%) and the
resulting mixture was allowed to stir for the time indicated in Table 3.1 and Table 3.2.
The yield and diastereomeric ratio of the products were determined by 'H NMR
spectroscopic analysis using either p-iodoanisole or styrene (0.5 equiv.) as an internal
standard. The reaction was then diluted with EtOAc (15 mL) and extracted with an
aqueous solution of NaHCO; (10% w/v, 3 x 15 mL). The combined aqueous extracts
were acidified with aqueous HCI (2.0 N), a white precipitate formed and the mixture
was then extracted with EtOAc (3 x 15 mL). The combined organic extracts were dried
over anhydrous MgSO; and the solvent was removed in vacuo to yield the

diastereomeric mixture of carboxylic acids. The acids were then dissolved in dry THF
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(0.1 M) and the solution was cooled to 0 °C, anhydrous isopropyl alcohol (5.0 equiv.),
followed by trimethylsilyldiazomethane (2.0 M solution in diethyl ether, 1.2 equiv.)
were added via syringe at 0 °C and the reaction was allowed to stir for 1 h at room
temperature. The solvent was then removed in vacuo and the crude mixture of
diastereomeric esters was purified by flash column chromatography to isolate the major
diastereomer. The enantiomeric excess of the products was determined by CSP-HPLC

using the conditions indicated for each case.

General procedure VIII: Enantioselective preparation of y-butyrolactones 332-336
(Table 3.3 and Scheme 3.5)

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon
atmosphere was charged with 3-(4-nitrophenyl)dihydrofuran-2,5-dione (329, 1.0 equiv.)
Anhydrous MTBE (0.1 M) was added via syringe and the reaction mixture was then
cooled to -15 °C. The relevant aldehyde (1.0 equiv.) was added to the reaction mixture
followed by catalyst 303 (5 mol%) and the resulting mixture was allowed to stir at -15
°C for the time indicated in Table 3.3. The yield and diastereomeric ratio of the products
were determined by 'H NMR spectroscopic analysis using either p-iodoanisole or
styrene (0.5 equiv.) as an internal standard. To the reaction mixture containing the
corresponding carboxylic acids, anhydrous isopropyl alcohol (5.0 equiv.), followed by
trimethylsilyldiazomethane (2.0 M solution in diethyl ether, 1.2 equiv.) were added via
syringe at 0 °C and the reaction was allowed to stir for 1 h at room temperature. The
solvent was then removed in vacuo and the crude mixture of diastereomeric esters was
purified by flash column chromatography to isolate the major diastereomer. The
enantiomeric excess of the products was determined by CSP-HPLC using the conditions

indicated for each case.
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Dihydrofuran-2,5-dione (Succinic anhydride, 129)

o)
1
Lo
o)
A 50 mL round-bottomed flask containing a magnetic stirring bar was charged with
succinic acid (2.00 g, 16.9 mmol). Acetic anhydride (25 mL) was added, the flask was
fitted with a condenser and the reaction mixture was heated at 80 °C for 2 h. The excess
acetic anhydride was removed in vacuo to obtain 129 as a white solid (1.69 g, 100%).
M.p. 118-120 °C (lit.**' m.p. 117-119 °C).

22

Spectral data for this compound were consistent with those in the literature.’

o1 (400 MHz, DMSO-ds): 2.89 (4 H, s, H-1).

3-Phenyldihydrofuran-2,5-dione (Phenylsuccinic anhydride, 320)

A 50 mL round-bottomed flask containing a magnetic stirring bar was charged with
phenylsuccinic acid (319, 2.00 g, 10.3 mmol). Freshly distilled acetyl chloride (15 mL)
was added, the flask was fitted with a condenser and the reaction mixture was heated at
reflux temperature under an argon atmosphere for 16 h. The acetyl chloride was then
removed in vacuo to obtain 320 as a white solid (1.81 g, 100%). M.p. 50-52 °C (lit.**’
m.p. 51-53 °C).

Spectral data for this compound were consistent with those in the literature.**

811(400 MHz, CDCl;):  7.48-7.33 (3 H, m, H-4 and H-5), 7.31-7.22 (2 H, m, H-3),
435 (1 H, dd, J 6.5, 10.3, H-2), 3.47 (1 H, dd, J 10.3, 19.1,
H-1b), 3.13 (1 H, dd, /6.5, 19.1, H-1a).
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2-(4-Nitrophenyl)succinic acid (p-Nitrophenyl succinic acid, 322)

A three-necked oven-dried 100 mL round-bottomed flask fitted with a thermometer and
containing a magnetic stirring bar was charged with fuming HNO; (30 mL) and cooled
to 0 °C. Phenylsuccinic acid (319, 10.0 g, 51.5 mmol) was added portionwise while
keeping the temperature below 20 °C. The solution was allowed to stir at 0 °C for 2 h,
then crushed ice (30 g) and water (20 mL) were added to the reaction mixture. The
white precipitate formed was filtered, washed with water, dried, and then recrystallised

from water to obtain 322 as a white solid (7.2 g, 58%). M.p. 233-235 °C.

811 (400 MHz, DMSO-ds): 12.6 (2 H, bs, H-5 and H-6), 8.19 (2 H, d, J 8.8, H-4), 7.60
(2 H, d, J88, H-3),4.10 (1 H, dd, J 5.5, 9.7, H-2), 3.00 (1
H.dd.J9.7. 17.0, H-1b). 2.64 (1 H. dd, J 5.5, 17.0, H-1a).

8¢ (100 MHz, DMSO-dg): 173.1 (C=0), 172.4 (C=0), 146.7 (q), 146.4 (q), 129.4,
123.7, 46.7, 36.9.

Vimax (neat)/cm™: 2862, 2576, 1703, 1596, 1520, 1435, 1347, 1255, 926, 732.

HRMS (m/z - ESI): Found: 238.0353 (M-H)" C,oHsNO¢ Requires: 238.0352.

2-(4-Aminophenyl)succinic acid (323)

In an oven-dried 500 mL reaction vessel, 322 (4.50 g, 18.8 mmol) was dissolved in
MeOH (25 mL). 10% Pd/C (2 mol%) was added, the flask was evacuated, placed under
an atmosphere of hydrogen gas at a pressure of 3 atm and allowed to stir for 3 h at room

temperature. The flask was then evacuated and filled with an inert atmosphere. Water
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(30 mL) was added, the reaction mixture was heated under reflux for 10 minutes and
then filtered hot through a pad of Celite and washed with hot water (5 mL). The filtrate
was cooled to room temperature and the precipitate formed was collected by suction
filtration and dried in vacuo to obtain 323 as a pale yellow solid (2.91 g, 74%). A
second batch of product was obtained after removal of MeOH from the mother liquor
under reduced pressure followed by extraction with EtOAc (3 x 50 mL). The combined
organic extracts were dried over anhydrous MgSQO, and the solvent was removed in

vacuo to afford a yellow solid (520 mg, 13%). M.p. 202-204 °C.

8y (400 MHz, DMSO-d¢):* 691 (2 H, d, J 8.3, H-3), 6.49 (2 H, d, J 8.3, H-4), 3.66 (1
H, dd, J 5.0, 10.5, H-2), 2.86 (1 H, dd, J 10.5, 16.9, H-1b),
242 (1 H,dd,J5.0,16.9, H-1a).

8¢ (100 MHz, DMSO-dg): 174.8 (C=0), 173.0 (C=0), 147.8 (q), 128.2, 125.5 (q),
114.0, 46.0, 37.7.

Viax (neat)/cm™: 3230, 2836, 2602, 1706, 1624, 1572, 1511, 1401, 1262,
1164, 632.
HRMS (m/z - ESI): Found: 208.0612 (M-H)™ C,0H,0NO4 Requires: 208.0610.

* The protic signals (H-5. H-6 and H-7) are not visible in DMSO-de.

Dimethyl 2-(4-aminophenyl)succinate (324)

An oven-dried 100 mL round-bottomed flask containing a magnetic stirring bar was
charged with 323 (2.60 g, 12.4 mmol) and anhydrous MeOH (20 mL) under an argon
atmosphere. The reaction mixture was cooled to 0 °C then freshly distilled thionyl
chloride (3.2 mL, 43.5 mmol) was added dropwise via syringe. The flask was fitted with
a condenser and the reaction mixture was heated under reflux under an argon

atmosphere for 16 h. The reaction was then cooled to room temperature and the excess
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thionyl chloride was quenched by addition of a saturated aqueous solution of NaHCO:.
MeOH was then removed in vacuo, and the mixture obtained was extracted with EtOAc
(3 x 50 mL). The combined organic extracts were dried over anhydrous MgSOy and the
solvent was removed under reduced pressure to afford 324 as a peach coloured solid

(2.57 g, 87%). M.p. 110-112 °C.

8y (400 MHz, CDCl;):*  7.05 (2 H, d, J 8.3, H-3), 6.62 (2 H, d, J 8.3, H-4), 3.96 (1
H, dd J 5.3, 10.2, H-2), 3.65 (6 H, app. s, H-6 and H-7),
3.15(1 H,dd, J10.2,17.0, H-1b), 2.61 (1 H, dd, J 5.3, 17.0,
H-1a).

8¢ (100 MHz, CDCLy):  174.0 (C=0), 172.3 (C=0), 146.0 (q), 128.7, 127.5 (q).
115.5,52.4,51.9, 46.3,37.8.

Vinax (neat)/cm™: 3385, 3217, 2952, 1718, 1611, 1515, 1437, 1308, 1149,
1003, 730.
HRMS (m/z - ESI): Found: 236.0933 (M-H) C,HsNO,4 Requires: 236.0923.

* The protic signal (H-5) is not visible in CDCl;.

Dimethyl 2-(4-amino-3,5-dibromophenyl)succinate (325)

Br

In an oven-dried 50 mL round-bottomed flask containing a magnetic stirring bar 324
(1.00 g, 4.21 mmol) was dissolved in acetic acid (10 mL), then Br, (540 pL, 10.5 mmol)
was added slowly at room temperature and the reaction mixture was allowed to stir for 1
h. The excess Br, was then quenched by addition of a saturated aqueous solution of
Na,S,0; and the resulting solution was adjusted to pH = 8 by addition of a saturated
aqueous solution of NaHCO;. The reaction mixture was extracted with dichloromethane
(3 x 50 mL), the combined organic extracts were dried over anhydrous MgSO, and the

solvent was removed in vacuo to obtain 325 as a yellow oil (1.61 g, 97%).
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81 (400 MHz, CDCls): 7.30 (2 H, s, H-3),4.55 (2 H, bs, H-4), 3.90 (1 H, dd, J 5.5,
9.8, H-2), 3.69 (3 H, s, H-6), 3.67 (3 H, s, H-5), 3.12 (1 H,
dd, /9.8, 17.1, H-1b), 2.61 (1 H,dd, J 5.5, 17.1, H-1a).

8c (100 MHz, CDCl):  173.2 (C=0), 171.8 (C=0), 141.7 (q), 131.1, 128.8 (q),
108.9 (qx 2), 52.7, 52.1, 45.6, 37.6.

Vinax (n€at)/cm™: 3474, 3376, 2952, 1735, 1616, 1479, 1473, 1197, 1165,
735.

HRMS (m/z - ESI): Found: 4159126 (M+Na)" C;:H;3Br,NO;Na Requires:
415.9109.

Dimethyl 2-(3,5-dibromophenyl)succinate (326)

A three-necked oven-dried 100 mL round-bottomed flask fitted with a thermometer and
containing a magnetic stirring bar was charged with 325 (1.50 g, 3.80 mmol) and
concentrated HC1 (15 mL) and it was cooled to 0 °C. A solution of NaNO, (288.2 mg,
4.28 mmol) in 10 mL of water was added slowly while keeping the temperature of the
reaction mixture below 5 °C. The reaction was allowed to stir at 0 °C for 20 minutes
after which time 1t was added to a solution of H3;PO» (45 mL, 30% w/v in water) at 0 °C.
The reaction was allowed to warm to room temperature and allowed to stir for 2 h.
Water (20 mL) was added and the reaction mixture was extracted with dichloromethane
(3 x 50 mL). The combined organic extracts were dried over anhydrous MgSO, and the
solvent was removed in vacuo to obtain a yellow oil which was purified by flash
column chromatography (hexanes:EtOAc 9:1 v/v) to afford 326 as a white solid (1.30 g,
90%). M.p. 89-91 °C; TLC (hexanes:EtOAc, 8:2 v/v): Ry=0.26.

81 (400 MHz, CDCly):  7.59-7.56 (1 H, m, H-4), 7.38-7.34 (2 H, m, H-3), 4.01 (1 H,
dd, J 5.6, 9.7, H-2), 3.70 (3 H, s, H-6), 3.68 (3 H, s, H-5),
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3.15(1 H,dd, /9.7, 17.0, H-1b) 2.64 (1 H, dd, J 5.6, 17.0,
H-1a).

d¢ (100 MHz, CDCl;): 172.4 (C=0), 171.5 (C=0), 141.3 (q), 133.6, 129.9, 1234
(q), 52.9,52.2,46.5,37.3.

Vmax (neat)/cm’: 3070, 2953, 1725, 1584, 1556, 1435, 1338, 1170, 864, 740,
674.
HRMS (m/z - ESI): Found: 376.9024 (M-H) C,,H;,04Br, Requires: 376.9026.

2-(3,5-Dibromophenyl)succinic acid (327)

In a 100 mL round-bottomed flask containing a magnetic stirring bar, 326 (1.15 g, 3.03
mmol) was dissolved in MeOH (15 mL). A 2.0 M aqueous solution of KOH (15 mL)
was added and the reaction was heated under reflux for 3 h. The reaction mixture was
cooled to room temperature, MeOH was removed under reduced pressure and the
solution was adjusted to pH = 2 by addition of a 2.0 M aqueous solution of HCI. The
white precipitate formed was collected by suction filtration and dried in vacuo to yield

327 as a white solid (1.01 g, 95%). M.p. 227-229 °C.

8 (400 MHz, DMSO-dg):  12.5 (2 H, bs, H-5 and H-6), 7.76 (1 H, app. s, H-4), 7.54 (2
H, app. s, H-3), 3.94 (1 H, dd, J 5.6, 9.6, H-2), 2.96 (1 H,
dd, J9.6,17.0, H-1b), 2.63 (1 H, dd, J 5.6, 17.0, H-1a).

8¢ (100 MHz, DMSO-dg): 173.2 (C=0), 172.4 (C=0), 143.3 (q), 132.3, 130.1, 1225

(q), 46.1, 36.8.

Vinax (n€at)/cm™: 2868, 2541, 1693, 1582, 1558, 1417, 1292, 1182, 945, 841,
746, 673.

HRMS (m/z - ESI): Found: 348.8720 (M-H) C,oH,Br,O4 Requires: 348.8711.

190



Chapter 7 Experimental procedures and data

3-(3,5-Dibromophenyl)dihydrofuran-2,5-dione (328)

A 10 mL round-bottomed flask containing a magnetic stirring bar was charged with 327
(400.0 mg, 1.14 mmol). Freshly distilled acetyl chloride (4.0 mL) was added, the flask
was fitted with a condenser and the reaction mixture was heated at reflux temperature
under an argon atmosphere for 16 h. The acetyl chloride was then removed in vacuo to

obtain 328 as a white solid (380.4 mg, 100%). M.p. 112-115 °C.

81 (400 MHz, CDClLy):  7.69 (1 H, app. s, H-4), 7.38 (2 H, app. s, H-3), 4.31 (1 H,
dd, J 7.2, 103, H-2), 3.48 (1 H, dd, J 10.3, 18.9, H-1b),
3.11(1 H,dd, /7.2, 18.9, H-1a).

d¢ (100 MHz, CDCls): 170.4 (C=0), 168.4 (C=0), 137.8 (q), 134.7, 1295, 124.1

(q), 45.6, 36.2.

Vimax (neat)/cm’™: 3072, 3004, 1846, 1778, 1557, 1429, 1220, 1044, 858, 813,
741, 679.

HRMS (m/z - ESI): Found: 330.8614 (M-H)" C,(HsBr,O; Requires: 330.8605.

3-(4-Nitrophenyl)dihydrofuran-2,5-dione (329)

O,N

A 50 mL round-bottomed flask containing a magnetic stirring bar was charged with 322
(2.00 g, 8.36 mmol). Freshly distilled acetyl chloride (15 mL) was added, the flask was
fitted with a condenser and the reaction mixture was heated at reflux temperature under

an argon atmosphere for 16 h. The acetyl chloride was then removed in vacuo to obtain
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a dark yellow oil that was purified by passing it through a plug of silica eluting with
hexanes:EtOAc 1:1 v/v to obtain 329 as a viscous yellow oil (1.31 g, 71%).

Spectral data for this compound were consistent with those in the literature.***

811 (400 MHz, CDCl5): 829 (2H,d,J88,H-4),7.51 (2H, d, J 88, H-3),4.51 (I
H, dd, J 7.2, 104, H-2), 3.56 (1 H, dd, J 104, 18.8, H-1b),
3.18 (1 H,J7.2,dd, 18.8, H-1a).

HRMS (m/z - ESI): Found: 220.0243 (M-H) C,0HsNOs Requires: 220.0246.

(25,35)-Methyl 5-o0x0-2,3-diphenyltetrahydrofuran-3-carboxylate (frans-321, Table
3.1, entry 3)

Prepared according to general procedure VII using 3-phenyldihydrofuran-2,5-dione
(320, 43.3 mg, 0.492 mmol), anhydrous MTBE (4.9 mL, 0.1 M), freshly distilled
benzaldehyde (50 pL, 0.492 mmol) and catalyst 303 (17.4 mg, 0.0246 mmol - 5 mol%).
The reaction was allowed to stir for 24 h at room temperature to give a diastereomeric
mixture of carboxylic acids in a 90:10 (zrans:cis) ratio. After esterification, the major
diastereomer (rrans-321) was isolated and purified by flash column chromatography,
eluting in gradient from 100% hexanes to 20% EtOAc in hexanes to give a colourless
viscous oil (56.4 mg, 39%). TLC (hexanes:EtOAc, 8:2 v/v): Ry=0.35; [a]3°=-94.2 (c =
0.50, CHCl;).

CSP-HPLC analysis. Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL
min™', RT, UV detection at 254 nm, retention times: 18.2 min (minor enantiomer) and

31.0 min (major enantiomer).

311 (400 MHz, CDCls): 7.21-7.02 (6 H, m, H-4, H-5, H-7 and H-8), 6.97 (2 H, d, J
7.3,H-3),6.81 (2H,d,J 7.3, H-6), 6.30 (1 H, s, H-2), 3.78
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(3 H,s, H9),342 (1 H,d, J 17.6, H-1b); 3.33 (1 H, d, J
17.6, H-1a).

S¢ (100 MHz, CDCly): 174.1 (C=0), 172.9 (C=0), 134.9 (q), 1345 (q), 128.5,
128.4, 128.1, 127.8, 127.0, 126.8, 85.6, 59.7 (q), 53.3, 38.3.

Vimax (neat)/cm™: 3039, 2954, 1782, 1731, 1499, 1435, 1235, 1178, 1008,
898, 753, 695.

HRMS (m/z - ESI): Found: 319.0941 (M+Na)" C;sH;s0sNa Requires:
319.0946.

(25,35)-Methyl 3-(3,5-dibromophenyl)-5-oxo-2-phenyltetrahydrofuran-3-
carboxylate (frans-330, Table 3.2, entry 1)

Prepared according to general procedure VII using 3-(3,5-dibromophenyl)dihydrofuran-
2,5-dione (328, 77.4 mg, 0.232 mmol), anhydrous MTBE (2.3 mL, 0.1 M), freshly
distilled benzaldehyde (23.5 pL, 0.232 mmol) and catalyst 303 (8.2 mg, 0.0116 mmol -
5 mol%). The reaction was allowed to stir for 97 h to give a diastereomeric mixture of
carboxylic acids in a 94:6 (rrans:cis) ratio. After esterification, the major diastereomer
(trans-330) was isolated and purified by flash column chromatography, eluting in
gradient from 100% hexanes to 10% EtOAc in hexanes to give a white solid (68.5 mg,
65%). M.p. 51-53 °C; TLC (hexanes:EtOAc, 9:1 v/+): R¢=0.10; [a]Z° = -78.0 (¢ = 0.20,
CHCLy).

CSP-HPLC analysis. Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA: 85/15, 0.6 mL
min”', RT, UV detection at 254 nm, retention times: 23.9 min (minor enantiomer) and

28.2 min (major enantiomer).
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81 (400 MHz, CDCls):  7.46 (1 H, s, H-7), 7.25-7.14 (3 H, m, H-4 and H-5), 7.99 (2
H, d, J 6.8, H-3), 6.89-6.78 (2 H, m, H-6), 6.27 (1 H, s, H-
2),3.81 (3 H, s, H-8), 3.33 (2 H, app. s, H-1).

8c (100 MHz, CDCl;):  173.0 (C=0). 171.8 (C=0), 138.6 (q), 133.9, 133.8 (q),
129.1, 129.0, 128.2, 126.8, 123.0 (q), 85.4, 59.4 (q), 53.8,
7.7,

Vimax (neat)/cm’: 3074, 2954, 1785, 1732, 1584, 1556, 1434, 1411, 1238,
1174, 1012, 901, 855, 743, 698, 680.

HRMS (m/z - APCI): Found: 452.9332 (M+H) C,sH,5Br,O4 Requires: 452.9330.

(25,35)-Methyl 3-(4-nitrophenyl)-5-oxo-2-phenyltetrahydrofuran-3-carboxylate
(frans-331, Table 3.2, entry 2)

Prepared according to general procedure VIII using 3-(4-nitrophenyl)dihydrofuran-2,5-
dione (329, 55.1 mg, 0.249 mmol), anhydrous MTBE (2.5 mL, 0.1 M), freshly distilled
benzaldehyde (25 pL, 0.249 mmol) and catalyst 303 (8.8 mg, 0.0125 mmol, 5 mol%).
The reaction was allowed to stir for 99 h to give a diastereomeric mixture of carboxylic
acids in a 97:3 (rrans:cis) ratio. After esterification, the major diastereomer (trans-331)
was 1solated and purified by flash column chromatography, eluting in gradient from
100% hexanes to 20% EtOAc in hexanes to give an off-white solid (78.2 mg, 92%).
M.p. 59-61 °C; TLC (hexanes:EtOAc, 8:2 v/v): Ry = 0.17; [a]d’ = -94.0 (¢ = 0.20,
CHCly).

CSP-HPLC analysis. Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA: 80/20, 1.0 mL
min™', RT, UV detection at 254 nm, retention times: 36.2 min (minor enantiomer) and

41.7 min (major enantiomer).
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81 (400 MHz, CDCl;):  7.97 (2 H, d, J 8.8, H-7), 7.22-7.06 (3 H, m, H-4 and H-5),
7.03-6.98 (4 H, m, H-3 and H-6), 6.35 (1 H, s, H-2), 3.82 (3
H, s, H-8), 3.42 (2 H, app. s, H-1).

8c (100 MHz, CDClz):  173.0 (C=0), 171.9 (C=0), 147.4 (q), 142.3 (q), 133.8 (q),
129.1,128.3, 128.2, 126.7, 123.5, 85.3, 59.9 (q), 53.8, 38.4.

Vimax (neat)/cm’: 3091, 2955, 2927, 1778, 1729, 1608, 1518, 1434, 1349,
1236, 1178, 1088, 999, 850, 731, 701.

HRMS (m/z - APCI-DIP): Found: 342.0978 (M+H)" C,sH;sNO¢ Requires: 342.0975.

(25,35)-Methyl2-(4-bromophenyl)-3-(4-nitrophenyl)-5-oxotetrahydrofuran-3-
carboxylate (frans-332, Table 3.3, entry 1)

Prepared according to general procedure VIII using 3-(4-nitrophenyl)dihydrofuran-2,5-
dione (329, 312.3 mg, 1.41 mmol), anhydrous MTBE (14.1 mL, 0.1 M), recrystallised
4-bromobenzaldehyde (260.9 mg, 1.41 mmol) and catalyst 303 (49.8 mg, 0.0705 mmol
- 5 mol%). The reaction was allowed to stir for 97 h to give a diastereomeric mixture of
carboxylic acids in a 94:6 (rrans:cis) ratio. After esterification, the major diastereomer
(trans-332) was isolated and purified by flash column chromatography, eluting in
gradient from 100% hexanes to 20% EtOAc in hexanes to give an off-white solid (547.4
mg, 92%). M.p. 68-70 °C; TLC (hexanes:EtOAc, 8:2 v¥): Ry=0.13; [a]§’ = -49.0 (c =
0.20, CHCl;).

CSP-HPLC analysis. Chiralcel OD-H (4.6 mm x 25 c¢m), hexane/IPA: 85/15, 1.0 mL
min”, RT, UV detection at 254 nm, retention times: 86.5 min (minor enantiomer) and

100.0 min (major enantiomer).
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81 (400 MHz, CDCls):  8.02 (2 H, d, J 8.6, H-6), 7.25 (2 H, d, J 8.3, H-4), 6.98 (2
H, d, J 8.6, H-5), 6.89 (2 H, d, J 8.3, H-3), 6.26 (1 H, s, H-
2),3.81 (3 H, s, H-7), 3.40 (2 H, app. s, H-1).

8c (100 MHz, CDCL;): 1727 (C=0), 171.7 (C=0), 147.5 (q), 142.0 (q), 132.8 (q),
131.5, 128.4, 128.1, 123.7, 123.2 (q), 84.5, 59.6 (q), 53.8,
38.7.

Vmax (neat)/cm’™: 2955, 2928, 2853, 1787, 1734, 1603, 1520, 1490, 1348,
1251, 1173, 1006, 853, 823, 736, 710.

HRMS (m/z - ESI): Found: 417.9916 (M-H) C,3sH3NO¢Br Requires: 417.9926.

Methyl 2-(furan-2-yl)-3-(4-nitrophenyl)-5-oxotetrahydrofuran-3-carboxylate
(trans-333 - cis-333, Table 3.3, entry 2)

O,N

Prepared according to general procedure VII using 3-(4-nitrophenyl)dihydrofuran-2.5-
dione (329, 51.3 mg, 0.232 mmol), anhydrous MTBE (2.3 mL, 0.1 M), freshly distilled
furan-2-carboxaldehyde (48, 19 pL, 0.232 mmol) and catalyst 303 (8.2 mg, 0.0116
mmol - 5 mol%). The reaction was allowed to stir for 98 h to give a diastereomeric
mixture of carboxylic acids in a 99:1 (rrans:cis) ratio. After esterification and
purification by flash column chromatography, eluting in gradient from 100% hexanes to
20% EtOAc in hexanes, frans-333 and cis-333 were 1solated together as a pale yellow
solid (73.1 mg, 95%, combined yield for both diastereomers). M.p. 56-58 °C; TLC
(hexanes:EtOAc, 8:2 v/»): Ry=0.18; [a]&’ = -135.5 (c = 0.20, CHCl;)*.

CSP-HPLC analysis. Chiralcel OD (4.6 mm x 25 cm), hexane/IPA: 75/25, 0.3 mL
min”', RT, UV detection at 254 nm, retention times: rrans-333 60.9 min (minor

enantiomer) and 64.2 min (major enantiomer); ¢is-333 158.1 min (both enantiomers).
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51 (400 MHz, CDCl;):  8.09 (2 H, d, J 8.8, H-7), 7.34 (2 H, d, J 8.8, H-6), 7.10 (1
H, app. s, H-3), 6.44 (1 H, s, H-2), 6.41 (1 H, d, H-5), 6.19-
6.13 (1 H, m, H-4), 3.77 (3 H, s, H-8), 3.69 (1 H, d, J 16.9,
H-1b), 3.60 (1 H, d, J 16.9, H-1a).

¢ (151 MHz, CDCly):  173.0 (C=0), 171.4 (C=0), 147.61 (q), 147.59 (q), 144.0,
142.2 (q), 1282, 123.7, 1129, 110.6, 78.9, 59.4 (q), 54.3,
35.5.

Vmax (neat)/cm’: 3131, 3010, 2953, 2925, 1780, 1739, 1599, 1525, 1410,
1350, 1238, 1210, 1163, 978, 929, 877, 759, 736.

HRMS (m/z - ESI): Found: 330.0600 (M-H) C;sH;2NO7 Requires: 330.0614.

* [a]Z° refers to a mixture of rrans-333:cis-333 - 99:1

(2R,35)-Methyl 3-(4-nitrophenyl)-5-o0xo0-2-(thiophen-2-yl)tetrahydrofuran-3-
carboxylate (frans-334, Table 3.3, entry 3)

1a O

Prepared according to general procedure VII using 3-(4-nitrophenyl)dihydrofuran-2,5-
dione (329, 50.0 mg, 0.226 mmol), anhydrous MTBE (2.3 mL, 0.1 M), freshly distilled
2-thiophenecarboxaldehyde (21 pL, 0.226 mmol) and catalyst 303 (8.0 mg, 0.0113
mmol - 5 mol%,). The reaction was allowed to stir for 161 h to give a diastereomeric
mixture of carboxylic acids in a 98:2 (frans:cis) ratio. After esterification, the major
diastereomer (rrans-334) was isolated and purified by flash column chromatography,
eluting in gradient from 100% hexanes to 20% EtOAc in hexanes to give a pale yellow
solid (70.6 mg, 90%). M.p. 101-103 °C; TLC (hexanes:EtOAc, 8:2 v/~»): Ry = 0.15;
[a]3?=-112.0 (c = 0.20, CHCI;).
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CSP-HPLC analysis. Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA: 85/15, 1.0 mL
min™', RT, UV detection at 254 nm, retention times: 50.0 min (minor enantiomer) and

67.1 min (major enantiomer).

31 (400 MHz, CDCl5): 8.07(2H,d,J88,H-7),7.22 (2 H, d, J 8.8, H-6), 7.13 (1
H, d,J5.0,H-3),6.94 (1 H, d,J 3.5, H-5),6.82 (1 H, dd, J
3.5,5.0,H-4),6.63 (1 H, s, H-2),3.82 (3 H, s, H-8), 3.51 (1
H,d,J17.5, H-1b), 3.45 (1 H,d, J 17.5, H-1a).

8¢ (100 MHz, CDCl;):  172.4 (C=0), 171.5 (C=0), 147.7 (q), 142.2 (q), 136.4 (q),
128.3,128.2, 127.2, 126.8, 123.7, 82.3, 59.9 (q), 54.1, 36.7.

Vimax (neat)/cm’': 3115, 3086, 2956, 2931, 1789, 1731, 1603, 1519, 1437,
1349, 1244, 1160, 1009, 851, 704.

HRMS (m/z - ESI): Found: 346.0388 (M-H)™ C;sH;>NO¢S Requires: 346.0385.

Methyl 3-(4-nitrophenyl)-5-oxo-2-phenethyltetrahydrofuran-3-carboxylate (frans-
335 - cis-335, Table 3.3, entry 4)

1a O

Prepared according to general procedure VII using 3-(4-nitrophenyl)dihydrofuran-2,5-
dione (329, 57.7 mg, 0.261 mmol), anhydrous MTBE (2.6 mL, 0.1 M), freshly distilled
hydrocinnamaldehyde (34 pL, 0.261 mmol) and catalyst 303 (9.3 mg, 0.0131 mmol - 5
mol%). The reaction was allowed to stir for 100 h to give a diastereomeric mixture of
carboxylic acids in a 72:28 (trans:cis) ratio. After esterification and purification by flash
column chromatography, eluting in gradient from 100% hexanes to 20% EtOAc in
hexanes, rrans-335 and cis-335 were isolated together as an off-white solid (94.5 mg,
98%., combined yield for both diastereomers). M.p. 57-60 °C TLC (hexanes:EtOAc, 8:2
v/v): Rg=0.19.
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CSP-HPLC analysis. Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA: 85/15, 1.0 mL

min”, RT, UV detection at 254 nm, retention times: rrans-335 41.9 min (minor

enantiomer) and 47.4 min (major enantiomer); cis-335 91.4 min (minor enantiomer) and

133.6 min (major enantiomer).

trans-335:

61-{ (600 MHZ, CDCI;)

8¢ (151 MHz, CDCl;):

cis-335:

Oy (600 MHz, CDCl;):

8¢ (151 MHz, CDCly):

Vimax (neat)/cm'l:

HRMS (m/z - ESI):

8.23 (2H,d,J8.5, H-9),7.35 (2 H, d, J 8.5, H-8), 7.31-7.22
(2 H, m, H-6), 7.22-7.15 (1 H, m, H-7), 7.10 2 H, d, J 7.4,
H-5),5.14 (1 H, d, J 10.9, H-2), 3.76 (3 H, s, H-10), 3.37 (1
H,d,J17.4, H-1b), 3.14 (1 H, d, J 17.4, H-1a), 2.90-2.78 (1
H, m, H-4a), 2.72-2.63 (1 H, m, H-4b), 1.80-1.65 (1 H, m,
H-3a), 1.37-1.20 (1 H, m, H-3b).

173.1 (C=0), 171.7 (C=0), 147.9 (q), 142.8 (q), 140.2 (q),
128.7, 128.6, 128.2, 126.5, 124.3, 83.4, 58.2 (q), 53.8, 37.6,
33.3,32.2.

8.15 (2 H, d,J 8.4, H-9), 7.39-7.31 (2 H, m, H-8), 7.31-7.22
(3 H, m, H-6 and H-7), 7.22-7.15 (2 H, m, H-5), 4.88 (1 H,
d,J 10.6, H-2),3.75 3 H, s, H-10), 3.52 (1 H, d, J 17.1, H-
la), 3.10-3.00 (1 H, m, H-4a), 2.90-2.78 (1 H, m, H-4b),
2.75 (1 H, d, J 17.1, H-1b), 2.22-2.11 (1 H, m, H-3a), 2.02-
1.90 (1 H, m, H-3b).

172.6 (C=0), 170.9 (C=0), 147.6 (q), 145.8 (q), 140.0 (q),
129.0, 128.9, 127.4, 126.8, 124.3, 82.2, 58.0 (q), 53.4, 40.5,
33.8,32.3.

2957, 2933, 2872, 1785, 1732, 1603, 1521, 1436, 1349,
1240, 1170, 1034, 952, 853, 751, 700.

Found: 368.1136 (M-H) C,,H;sNO¢ Requires: 368.1134.
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Methyl 3-(3,5-dibromophenyl)-2-(furan-2-yl)-5-oxotetrahydrofuran-3-carboxylate
(trans-336 - cis-336, Scheme 3.5)

Prepared according to general procedure VIII using 3-(3,5-
dibromophenyl)dihydrofuran-2,5-dione (328, 75.7 mg, 0.227 mmol), anhydrous MTBE
(2.3 mL, 0.1 M), freshly distilled furan-2-carboxaldehyde (19 pL, 0.227 mmol) and
catalyst 303 (8.1 mg, 0.0114 mmol - 5 mol%,). The reaction was allowed to stir for 97 h
to give a diastereomeric mixture of carboxylic acids in a 98:2 (frans:cis) ratio. After
esterification and purification by flash column chromatography, eluting in gradient from
100% hexanes to 10% EtOAc in hexanes, rrans-336 and cis-336 were isolated together
as a white solid (81.5 mg, 81%, combined yield for both diastereomers). M.p. 96-98 °C:
TLC (hexanes:EtOAc, 8:2 vv): Ry=0.14; [a]3° =-102.0 (¢ = 0.20, CHCl;).*

CSP-HPLC analysis. Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA: 85/15, 0.6 mL
min"', RT, UV detection at 254 nm, retention times: frans-336 29.0 min (minor

enantiomer) and 32.2 min (major enantiomer); cis-336 48.4 min (both enantiomers).

o1 (400 MHz, CDCls): 7.51 (1 H, app. s, H-7), 7.22 (2 H, app. s, H-6), 7.18 (1 H, d,
J 1.5, H-3), 6.42 (1 H, d, J 3.2, H-5), 6.35 (1 H, s, H-2),
6.23-6.23 (1 H,dd, J 1.5,3.2. H-4),3.79 (3 H, s, H-8), 3.58
(1 H,d,J16.9, H-1b), 3.50 (1 H, d, J 16.9, H-1a).

8¢ (100 MHz, CDCl;):  173.0 (C=0), 171.5 (C=0), 147.5 (q), 144.0, 138.9 (q),
134.1, 129.0, 123.0 (q), 112.9, 110.6, 78.9, 58.8 (q), 54.4,
35.3.

Vimax (n€at)/cm™’: 2955, 2922, 2853, 1789, 1731, 1584, 1555, 1434, 1412,
1248, 1154, 1044, 1013, 988, 923, 743, 681.

HRMS (m/z - APCI-DIP): Found: 442.9124 (M+H)" C,sH,3Br,Os Requires: 442.9120.

* [a]2° refers to a mixture of 7ans-336:cis-336 - 98:2
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7.4 Experimental procedures and data for Chapter 4

3,4-Dimethoxycyclobut-3-ene-1,2-dione (351)

o} O
1 O O 4

A 50 mL round-bottomed flask containing a magnetic stirring bar under argon
atmosphere was charged with squaric acid (96, 2.00 g, 17.5 mmol). Dry MeOH (20
mL), followed by trimethyl orthoformate (350, 5.75 mL, 52.6 mmol) and TFA (269 pL,
3.51 mmol - 20 mol%), were then added via syringe. The flask was fitted with a
condenser and the reaction mixture was heated at reflux temperature for 48 h and then
cooled to room temperature. The volatiles were removed in vacuo and the residue
obtained was purified by flash column chromatography (hexanes:EtOAc, 2:1 v/v) to
give 351 as a white solid (2.12 g, 85%). M.p. 51-53 °C (lit."*® m.p. 52-54 °C); TLC
(hexanes:EtOAc, 2:1 v/v): R;=0.22.

Spectral data for this compound were consistent with those in the literature.**¢

S (400 MHz, CDCls): 438 (6 H, s, H-1).

3-((3,5-bis(Trifluoromethyl)phenyl)amino)-4-methoxycyclobut-3-ene-1,2-dione

(303a)
o, QO  CF

HO)

s 4” 1 CFs
A 50 mL round-bottomed flask containing a magnetic stirring bar under argon
atmosphere was charged with 351 (500.0 mg, 3.52 mmol). Dry MeOH (10 mL),
followed by 3,5-bis-(trifluoromethyl)aniline (550 pL, 3.52 mmol), were then added via
syringe. The reaction mixture was allowed to stir at room temperature for 3 days and
then the solvent was removed in vacuo. Purification by flash column chromatography
(hexanes:EtOAc, 2:1 v/v) of the residue obtained furnished 303a as a white solid (776.2
mg, 65%). M.p. 192-194 °C (lit.**’ m.p. 179-181 °C); TLC (hexanes:EtOAc, 2:1 v/v): R¢
=0.28.
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Spectral data for this compound were consistent with those in the literature.’”’

811 (400 MHz, DMSO-dg): 11.21 (1 H, s, H-4), 8.04 (2 H, s, H-1), 7.79 (1 H, s, H-2),
4.41 3 H, s, H-3).

(R)-(6-Methoxy-2-phenylquinolin-4-yl)((15,25,45,5R)-5-vinylquinuclidin-2-
yl)methanol (303b)

An oven dried 500 mL round-bottomed flask containing a magnetic stirring bar was
charged with quinine (72, 6.48 g, 20.0 mmol) fitted with a septum and placed under an
argon atmosphere. Anhydrous MTBE (120 mL) was added via syringe and the
suspension was cooled to -10 °C. A solution of phenyl lithium (1.8 M in THF, 33.3 mL,
59.9 mmol) was added via syringe in two equal portions to the vigorously stirred
suspension and the reaction mixture was allowed to stir at -10 °C for 30 min then
warmed to room temperature and allowed to stir for 2 h. Acetic acid (15 mL) was added
dropwise via syringe to the reaction at 0 °C, followed by water (50 mL) and EtOAc (50
mL). The reaction was then allowed to warm to room temperature and iodine was added
in several portions to the stirred mixture until the appearance of a persistent deep brown
colouration. A solution of sodium thiosulfate (Na,S,0;, 3.00 g) in water (50 mL),
followed by a concentrated solution of aqueous ammonia (35%, 30 mL) were added and
the mixture was allowed to stir for 10 min. The organic phase was then washed with
brine and the aqueous phase extracted with dichloromethane (3 x 40 mL), the combined
organic extracts were dried over anhydrous MgSQy, filtered and the solvent removed in
vacuo. The crude oily residue was purified by flash column chromatography, eluting in

gradient from 100% EtOAc to 5% MeOH in EtOAc to 5% MeOH, 5% triethylamine in
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EtOAc to obtain 303b (3.12 g, 39%) as a white solid. M.p. 160-162 °C (lit.**® m.p. 151
°C); [a]3® =-168.2 (c = 1.0, CHCl;); TLC (EtOAc:MeOH, 9:1 v/v): R¢=0.14.

Spectral data for this compound were consistent with those in the literature.**’

51 (400 MHz, CDCLy):*  8.11-8.01 (3 H, m, H-4 and H-5), 7.90 (1 H, s, H-1), 7.51-
7.37 (3 H, m, H-6 and H-7), 7.34 (1 H, dd, J 2.6, 9.2, H-3),
7.15 (1 H, d, J 2.5, H-2), 5.73 (1 H, ddd, J 7.7, 10.3, 17.3,
H-16), 5.50 (1 H, d, J 3.7, H-8), 5.01-4.85 (2 H, m, H-17),
3.89 3 H, s, H-18), 3.52-3.37 (1 H, m, H-10b), 3.18-3.03 (2
H, m, H-9 and H-14a), 2.73-2.59 (2 H, m, H-14b and H-
10a), 2.32-2.19 (1 H, m, H-11), 1.84-1.65 (3 H, m, H-13b,
H-15b and H-12), 1.61-1.41 (2 H, m, H-13a and H-15a).

* The protic signal (H-19) is not visible in CDCl;.

(5)-(6-Methoxy-2-phenylquinolin-4-yl)((1S5,25,45,5R)-5-vinylquinuclidin-2-
yl)methanamine (303c)

Diisopropyl azodicarboxylate (DIAD, 1.7 mL, 84 mmol) was added to a stirred
solution of 303b (2.80 g, 7.0 mmol) and triphenylphosphine (2.20 g, 8.4 mmol) in dry
THF (50 mL) at 0 °C via syringe under argon atmosphere in a 100 mL round-bottomed
flask. After 30 min diphenylphosphoryl azide (DPPA, 1.8 mL, 8.4 mmol) was added
dropwise via syringe and the reaction mixture was allowed to stir at 0 °C to rt for 16 h,
then heated at 50 °C for 2 h. Triphenylphosphine (381, 2.20 g, 8.4 mmol) was added
portionwise and heating was maintained for 2 h. After cooling the reaction mixture to

room temperature, water (10 mL) was added and the mixture allowed to stir for 4 h. The
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THF was removed in vacuo and the residue was dissolved in aqueous HCI (2 N, 20 mL)
and washed with dichloromethane (3 x 20 mL). The aqueous layer was basified with
aqueous NaOH (2 N) and extracted with dichloromethane (4 x 10 mL), the combined
organic extracts were dried over anhydrous MgSO, and the solvent removed in vacuo to

yield 303¢ as a viscous pale yellow oil (2.46 g, 88%). [a]&’ =+28.6 (¢ = 0.5, CHCl).
Spectral data for this compound were consistent with those in the literature **

311 (400 MHz, CDCl5): 8.15(2H,d, J73,H-5),8.11 (1 H,d,J9.2, H-4), 799 (1
H, bs, H-1), 7.80-7.61 (1 H, m, H-2), 7.52 (2 H, app. t, H-
6), 7.48-7.36 (2 H, m, H-3 and H-7), 5.79 (1 H, ddd, J 7.8,
10.1, 17.5, H-16), 5.05-4.91 (2 H, m, H-17), 4.78-4.57 (1 H,
m, H-8), 3.98 (3 H, s, H-18), 3.36-3.05 (3 H, m, H-9, H-10b
and H-14a), 2.90-2.75 (2 H, m, H-10a and H-14b), 2.35-
223 (1 H, m, H-11), 2.13-1.77 (2 H, m, H-19), 1.67-1.51 (3
H, m, H-12, H-13a and H-13b), 1.50-1.36 (1 H, m, H-15b),
0.92-0.78 (1 H, m, H-15a).

HRMS (m/z - ESI): Found: 400.2382 (M+H)" C,sH3,N;O Requires: 400.2389.

3-((3,5-bis(Trifluoromethyl)phenyl)amino)-4-(((5)-(6-methoxy-2-phenylquinolin-4-
vi)((15,25,48,5R)-5-vinylquinuclidin-2-yl)methyl)amino)cyclobut-3-ene-1,2-dione
(303)

To a stirred solution of amine 303¢ (1.80 g, 4.51 mmol) in MeOH (15 mL) under argon
atmosphere in a 100 mL round-bottomed flask, was added a solution of 303a (1.39 g,
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4.09 mmol) in MeOH (10 mL) via syringe. The resultant mixture was allowed to stir at
room temperature for 48 h. The solvent was removed in vacuo and the residue purified
by flash column chromatography, eluting in gradient from 100% EtOAc to 5% MeOH
in EtOAc to yield 303 as a white solid (2.55 g, 88%). M.p. 198 °C, decomposition
(1it.® mp. 192 °C, decomposition); [a]3®= +112.3 (¢ = 0.50, MeOH); TLC
(EtOAc:MeOH, 9.5:0.5 v/v): Ry=0.48.

Spectral data for this compound were consistent with those in the literature.”*

311 (400 MHz, DMSO-d¢):* 8.25 (2 H, d, J 7.6, H-5), 8.18 (1 H, bs, H-20), 8.05 (1 H, d,
J 9.2, H-4),797 (2 H, bs, H-19), 7.78 (1 H, bs, H-1), 7.64
(1 H, bs, H-2), 7.58 (2 H, app. t, H-6), 7.54-7.44 (2 H, m,
H-3 and H-7), 6.28-5.81 (2 H, m, H-8 and H-16), 5.12-4.87
(2 H, m, H-17), 3.98 (3 H, s, H-18), 3.76-3.59 (1 H, m, H-
9), 3.38-3.12 (2 H, m, H-10b and H-14a), 2.87-2.59 (2 H,
m, H-10a, H-14b), 2.39-2.22 (1 H, m, H-11), 1.70-1.36 (4
H, m, H-12, H-13a, H-13b and H-15b), 0.84-0.56 (1 H, m,
H-15a).

* The protic signals (H-21 and H-22) are not visible in DMSO-ds.

(8)-(6-Methoxyquinolin-4-yl)((15,25,48,5R)-5-vinylquinuclidin-2-
yl)methanamine-3HCI (250a)

To a stirred solution of 72 (10.0 g, 30.8 mmol) and triphenylphosphine (9.70 g, 37.0
mmol) in dry THF (140 mL) at 0 °C under argon atmosphere in a 100 mL round-
bottomed flask, was added diisopropyl azodicarboxylate (DIAD) (7.3 mL, 37.0 mmol)
via syringe. After 30 min a solution of diphenylphosphoryl azide (DPPA, 8.0 mL, 37.0
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mmol) in dry THF (64 mL) was added dropwise. The reaction mixture was allowed to
warm to room temperature, allowed to stir for 12 h and then heated at 50 °C for 2 h. The
reaction was then cooled to room temperature and triphenylphosphine (381, 10.5 g, 40.1
mmol) was added portionwise. The reaction was then heated at 50 °C until the gas
evolution had ceased (2 h). After cooling the reaction mixture to room temperature,
water (10 mL) was added and the mixture was allowed to stir for an additional 4 h. The
THF was removed in vacuo and the residue was dissolved in aqueous HCI (2 N, 80
mL). The aqueous layer washed with dichloromethane (3 x 40 mL) and concentrated
under reduced pressure to yield 250a as a yellow solid (11.07 g, 83%). M.p. 218-222
°C, decomposition (lit.** m.p. 220-222 °C); [a]3’ = +22.1 (¢ = 0.75, MeOH).

Spectral data for this compound were consistent with those in the literature.**

81 (400 MHz, D,0):* 9.04 (1 H,d, J 58, H-1), 829 (1 H, d, J 9.4, H-5), 8.15 (1
H, d,J 5.8, H-2), 7.94 (1 H, dd, J 2.4, 9.4 H-4), 7.84 (1 H,
bs, H-3), 5.90 (1 H, ddd, J 6.8, 10.5, 17.2, H-14), 5.56 (1 H,
d, J 10.6, H-6), 5.32-5.18 (2 H, m, H-15), 4.35-4.23 (1 H,
m, H-7), 4.13 (3 H, s, H-16), 4.04-3.92 (1 H, m, H-12a),
3.85 (1 H, dd, J 10.6, 13.3, H-8b), 3.59-3.45 (2 H, m, H-8a,
H-12b), 3.00-2.90 (1 H, m, H-9), 2.17-2.00 (3 H, m, H-10,
H-11a and H-11b), 1.96-1.84 (1 H, m, H-13b), 1.18 (1 H,
dd,J 7.2, 142, H-13a).

* The protic signal (H-17) is not visible in D>O.

3-(tert-Butylamino)-4-methoxycyclobut-3-ene-1,2-dione (352)
o) o)
X |
2
10 ”%2
3
To a stirred solution of 351 (570.0 mg, 4.01 mmol) in MeOH (15 mL) under argon
atmosphere was added r-butylamine (423 pL 4.01 mmol) via syringe and the resultant

mixture was allowed to stir at room temperature for 48 h. The solvent was then removed

in vacuo and the residue was purified by flash column chromatography
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(hexanes:EtOAc, 2:1 v/) furnishing 352 as a white solid (670.3 mg, 91%). M.p. 99-100
°C; TLC (hexanes:EtOAc, 2:1 vv): R¢=0.17.

d1 (400 MHz, CDCly): 6.09 (1 H, bs, H-3),4.44 (3 H, s, H-1), 1.39 (9 H, s, H-2).

8¢ (100 MHz, CDCls): 190.1 (C=0), 183.5 (C=0), 176.2 (q), 170.8 (q), 60.3, 53.3
(q), 30.0.

Vimax (neat)/cm’: 3276, 3040, 2979, 2928, 2869, 1802, 1693, 1621, 1526,
1440, 1360, 1214, 1107, 1049, 1033, 933, 838, 672.

HRMS (m/=z - ESI): Found: 206.0784 (M+Na)" CyH;3sNO;Na Requires:
206.0793.

3-Methoxy-4-(tritylamino)cyclobut-3-ene-1,2-dione (353)

2@

The synthesis of this compound was complicated by the lack of reproducibility of the

reaction, and it was achieved in low yield in only one case.

To a stirred solution of 351 (207.0 mg, 1.46 mmol) in dry THF (8.0 mL) under argon
atmosphere in a 25 mL round-bottomed flask was added tritylamine (377.8 mg 1.46
mmol). The flask was fitted with a condenser and the mixture was heated at reflux
temperature for 48 h. The solvent was removed in vacuo and the residue was purified by
flash column chromatography (hexanes:EtOAc, 2:1 v/) furnishing 353 as a white solid
(155.8 mg, 29 %).

Full characterisation and assignment of this compound cannot be obtained as the only
batch produced by the reaction was used entirely in the following reaction step of the
synthesis of catalyst 349. As evidence for the formation, the 'H NMR spectrum of
product 349 is attached in the Appendix.

81 (400 MHz, CDCl;): 7.37-7.30 (9 H, m, H-Ar), 7.14-7.06 (6 H, m, H-Ar), 6.78 (1
H, bs, H-2), 3.78 (3 H, bs, H-1).
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3-(tert-Butylamino)-4-(((5)-(6-methoxyquinolin-4-yl)((15,25,4S5,5R)-5-
vinylquinuclidin-2-yl)methyl)amino)cyclobut-3-ene-1,2-dione (348)

17

17 7

To a stirred solution of amine 250 (1.26 g, 3.90 mmol) in MeOH (10 mL) under argon

atmosphere in a 50 mL round-bottomed flask, was added a solution of 351 (650.0 mg,

3.55 mmol) in MeOH (10 mL) via syringe. The resultant mixture was allowed to stir at

room temperature for 48 h. The solvent was removed in vacuo and the residue was
purified by flash column chromatography (EtOAc:MeOH, 9:1 v/) furnishing 348 as a
white solid (1.40 g, 83%). M.p. 250 °C decomposition; TLC (EtOAc:MeOH, 9:1 vA):
R¢=0.10; [a]2° = +233.0 (¢ = 0.20, CHCl;).

6}{ (400 MHZ, CDC]})

8¢ (100 MHz, CDCl;):*

Vinax (n€at)/cm™:

HRMS (m/= - ESI):

8.70 (1 H,d, /4.0, H-1),8.02 (1 H.d, /9.2, H-5), 7.78 (1 H
bs, H-3), 7.56 (1 H. d, J 4.0, H-2), 7.40 (1 H, d, J 9.2, H-4),
6.29-5.84 (1 H, m, H-6), 5.82-5.65 (1 H, m, H-14), 5.05-
4.88 (2 H, m, H-15), 3.96 (3 H, s, H-16), 3.67-3.27 (2 H, m,
H-7 and H-12a), 3.15 (1 H, app. t, H-8b), 2.82-2.62 (2 H, m,
H-8a and H-12b), 2.36-2.19 (1 H, m, H-9), 1.75-1.52 (3 H,
m, H-10, H-11a and H-11b), 1.51-1.38 (1 H, m, H-13b),
1.17 (O H, s, H-17), 0.91-0.72 (1 H, m, H-13a).

182.6 (C=0), 181.5 (C=0), 168.3 (q), 168.1 (q). 158.9 (q),
147.9, 145.0 (q), 144.1 (q), 141.1, 132.0, 128.0 (q), 122.5,
120.0, 115.1, 101.5, 60.8, 56.2, 56.0, 53.4 (q), 41.0, 39.5,
30.5,27.7, 27.6, 26.0.

3307, 3224, 2974, 2943, 2861, 1792, 1654, 1562, 1522,
1468, 1432, 1369, 1196, 1028, 914, 848, 710.

Found: 475.2712 (M+H)" C2sH3sN,4O; Requires: 475.2709.
208



Chapter 7 Experimental procedures and data

* The protic signals (H-18 and H-19) are not visible in CDCl5.

* The resonance of one carbon could not be identified in the spectrum.

3-(((5)-(6-Methoxyquinolin-4-yl)((1S5,25,4S5,5R)-5-vinylquinuclidin-2-
yl)methyl)amino)-4-(tritylamino)cyclobut-3-ene-1,2-dione (349)

17 18

NH
O
O Ph ph

17 18

To a stirred solution of amine 250 (150.2 mg, 0.465 mmol) in MeOH (5.0 mL) under
argon atmosphere in a 25 mL round-bottomed flask, was added a solution of 351 (156.0
mg, 0.422 mmol) in MeOH (5.0 mL) via syringe. The resultant mixture was allowed to
stir at room temperature for 48 h. The solvent was removed in vacuo and the residue
was purified by flash column chromatography (EtOAc:MeOH, 9:1 v/) furnishing 349
as a white solid (220.5 mg, 79%). M.p. 160-162 °C; [a]3° = +41.8 (¢ = 0.10, CHCl;).

81(400 MHz, CDCl;):  8.63 (1 H, d, J4.5, H-1), 8.02 (1 H, d, /9.2, H-5), 7.59-7.46
(1 H, bs, H-3), 7.40 (1 H, dd, J 2.5, 9.2, H-4), 7.23-7.10 (9
H, m, H-18 and H-19), 7.07-6.94 (6 H, m, H-17), 6.55 (1 H,
bs, H-2), 6.50 (1 H, bs, N-H), 5.93-5.72 (2 H, m, H-6 and
H-14), 5.11-4.93 (2 H, m, H-15), 3.93 (3 H, s, H-16), 3.73
(1 H, bs, N-H), 3.37-3.11 (2 H, m, H-8b and H-12a), 2.76-
2.43 (3 H, m, H-7, H-8a and H-12b), 2.28 (1 H, m, H-9),
1.72-1.61 (1 H, m, H-10), 1.54-1.40 (3 H, m, H-11a, H-11b
and H-13b), 0.74-0.59 (1 H, m, H-13a).

¢ (151 MHz, CDCly):*  183.7 (C=0), 183.3 (C=0), 167.0 (q), 158.8 (q), 147.0
145.1 (q), 144.3 (q), 142.9 (q), 142.1, 131.7, 128.7, 128.6,
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128.4,123.0, 118.0, 114.5, 101.3, 72.3 (q), 60.3, 56.7, 56.3,
52.7,41.0, 39.9, 28.0, 27.7, 26.8.

Vmax (neat)/cm™: 3281, 3090, 3021, 2953, 1798, 1764, 1671, 1578, 1507,
1436, 1221, 1024, 915, 843, 701.

HRMS (m/z - APCI): Found: 661.3173 (M+H) " C43H4;N4Os Requires: 661.3143.

* The resonance of two quaternary carbons belonging to the quinoline unit could not be

identified in the spectrum.

General procedure IX: Preparation of nitroalkenes 357-363

An oven-dried 25 mL round-bottomed flask containing a magnetic stirring bar under
argon atmosphere was charged with dry THF (2.5 mL), r-butanol (2.5 mL) and
nitroethane (354, 1.1 mL, 15.0 mmol). The mixture was then cooled at 0 °C and the
relevant aldehyde (10.0 mmol), followed by potassium 7-butoxide (-BuOK, 112.2 mg,
1.00 mmol - 10 mol%), were added. The reaction was allowed to warm to room
temperature and was allowed to stir for 12 h. The mixture was then poured into water
(10 mL) and extracted with EtOAc (3 x 10 mL), the combined organic phases were
dried over anhydrous MgSOQ,, filtered and concentrated under reduced pressure to give
the relative crude B-nitroalcohol that was used in the next step without any further

purification.

The relative B-nitroalcohol obtained was dissolved in dichloromethane (10 mL) and
added via syringe to a 50 mL oven-dried reaction vessel containing a magnetic stirring
bar under argon atmosphere and cooled to -10 °C. To this solution was then added via
syringe trifluoroacetic anhydride (TFAA, 1.5 mL, 10.5 mmol) and the reaction was
allowed to stir for 30 min at -10 °C. Triethylamine (2.8 mL, 20.0 mmol) was then added
dropwise and the reaction was allowed to stir for additional 30 min at -10 °C. The
resulting mixture was quenched with the addition of saturated aqueous NH4Cl solution
(15 mL) and extracted with EtOAc (3 x 10 mL). The combined organic phases were

then dried over anhydrous MgSQ,, filtered and concentrated in vacuo to give a residue
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that was purified by flash column chromatography, eluting from 100% hexanes to 5%

EtOACc in hexanes to furnish the relative nitroalkene.

(E)-1-Chloro-4-(2-nitroprop-1-en-1-yl)benzene (357)

2 3

1 X N02

4
cn1"'

Prepared according to general procedure IX, using recrystallised 4-chlorobenzaldehyde
(466, 1.41 g, 10 mmol). After purification, product 357 was obtained as a yellow solid
(1.44 g, 73%). M.p. 81-82 °C (lit.**' m.p. 84-85 °C); TLC (hexanes:EtOAc, 9:1 v/»): R¢
=0.46.

Spectral data for this compound were consistent with those in the literature.*"

84 (400 MHz, CDCl;):  8.03 (1 H, s, H-3), 7.44 (2 H, d, J 8.8, H-1), 737 (2 H, d, J
8.8, H-2),2.44 3 H, s, H-4).

d¢ (100 MHz, CDCl;): 148.2 (q), 136.2(q), 132.4, 131.3, 130.9 (q), 129.4, 14.1.

(E)-1-Methoxy-4-(2-nitroprop-1-en-1-yl)benzene (358)

Prepared according to general procedure IX, wusing freshly distilled 4-
methoxybenzaldehyde (179, 1.2 mL, 10.0 mmol). After purification, product 358 was
obtained as a yellow solid (1.26 g, 65%). M.p. 41-42 °C (lit.*' m.p. 46-47 °C); TLC
(hexanes:EtOAc, 9:1 v/v): R¢= 0.26.

Spectral data for this compound were consistent with those in the literature.**’

81 (400 MHz, CDCls): 8.07 (1 H,s,H-4), 743 (2H,d,J8.7,H-3), 698 (2H,d,J
8.7,H-2),3.86 (3 H, s, H-1), 2.47 (3 H, s, H-5).
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HRMS (m/z - APCI): Found: 194.0812 (M+H)  C;oH>NO; Requires: 194.0817.

(E)-2-(2-Nitroprop-1-en-1-yl)naphthalene (359)

2 1 8
3 - NO2
QO
5 6
Prepared according to general procedure IX, using recrystallised 2-naphthaldehyde
(459, 1.56 g, 10.0 mmol). After purification, product 359 was obtained as a yellow solid

(1.60 g, 75%). M.p. 86-87 °C (lit.*** m.p. 81-83.5 °C); TLC (hexanes:EtOAc, 9:1 v/A):
R¢=0.43.

Spectral data for this compound were consistent with those in the literature.’

81 (400 MHz, CDCl;): 826 (1 H, s, H-8), 7.95-7.84 (4 H, m, H-1, H-2, H-5 and H-
6), 7.61-7.50 (3 H, m, H-3, H-4 and H-7), 2.55 (3 H, s, H-
9).

d¢ (100 MHz, CDCly): 147.9 (q), 133.9, 133.7 (q), 133.1 (q), 130.7, 129.9 (q),
128.8, 128.6, 127.9, 127.8, 127.1, 126.5, 14.3.

Vmax (neat)/cm™: 3066, 2979, 2928, 1623, 1510, 1440, 1386, 1313, 1159,
1028, 991, 954, 930, 826, 759, 725.

HRMS (m/z - APCI): Found: 214.0863 (M+H)" C,3H;2NO, Requires: 214.0865.

(E)-2-(2-Nitroprop-1-en-1-yl)furan (360)

Prepared according to general procedure IX, using freshly distilled furan-2-
carbaldehyde (48, 828 uL, 10.0 mmol). After purification, product 360 was obtained as
a yellow solid (918.8 mg, 60%). Mp. 46-48 °C (lit.’*® mp. 46-47 °C); TLC
(hexanes:EtOAc, 9:1 v/v): Rg=0.35.
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Spectral data for this compound were consistent with those in the literature.***

81 (400 MHz, CDCl;):  7.86 (1 H, s, H-4), 7.64 (1 H,d, J 1.7, H-1), 6.82 (1 H, d, J
3.5,H-3),6.58 (1 H, dd, J 1.7, 3.5, H-2), 2.60 (3 H, s, H-5).

HRMS (m/z - APCI-DIP): Found: 154.0499 (M+H)" C;HsNOs; Requires: 154.0494.

(E)-(4-Nitropent-3-en-1-yl)benzene (361)

Prepared according to general procedure IX, using freshly distilled
hydrocinnamaldehyde (1.3 mL, 10.0 mmol). After purification, product 361 was
obtained as yellow o1l (1.31 g, 69%). TLC (hexanes:EtOAc, 9:1 v/): Ry=0.36.

Spectral data for this compound were consistent with those in the literature.***

8y (400 MHz, CDCly): 7.31 (2 H, app. t, H-2), 7.23-7.18 (1 H, t,J 7.4, H-3), 7.18-
7.09 (3 H, m, H-1 and H-6), 2.80 (2 H, t, /7.5, H-4), 2.53
(2 H, app. q, H-5), 2.03 (3 H, s, H-7).

O¢ (100 MHz, CDCls): 148.3 (q), 140.1 (q), 135.0, 128.7, 128.5, 126.6, 34.4, 30.1,
12.5.

HRMS (m/z - APCI-DIP): Found: 190.0868 (M-H) C,,H,>NO, Requires: 190.0863.

(E)-(2-Nitroprop-1-en-1-yl)cyclohexane (362)
2a,b 5
3ab LA NO,
4ab Oza.b\rs
3a,b

Prepared according to general procedure IX, using freshly distilled
cyclohexanecarboxaldehyde (265, 1.21 mL, 10.0 mmol). After purification, product 362
was obtained as yellow oil (1.08 g, 65%). TLC (hexanes:EtOAc, 9:1 v/v): Ry=0.61.
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Spectral data for this compound were consistent with those in the literature.™

81 (400 MHz, CDCls): 6.97 (1 H, d, J 10.0, H-5), 2.34-2.20 (1 H, m, H-1), 2.17 (3
H, s, H-6), 1.84-1.63 (5 H, m, H-2a, H-3a and H-4a), 1.40-
1.16 (5 H, m, H-2b, H-3b and H-4b).

8¢ (100 MHz, CDCl): 146.4 (q), 141.0,37.7,31.8,25.7,25.4, 12.7.

HRMS (m/z - APCI): Found: 170.1176 (M+H)" CyH,sNO, Requires: 170.1168.

(E)-4-Methyl-2-nitropent-2-ene (363)

Prepared according to general procedure IX, using freshly distilled isobutyraldehyde
(11, 913 pL, 10.0 mmol). After purification, product 363 was obtained as yellow oil
(813.2 mg, 63%). TLC (hexanes:EtOAc, 9:1 vA): Ry=0.54.

Spectral data for this compound were consistent with those in the literature.™!

Sy (400 MHz, CDCl3): 6.95 (1 H, d, J 10.3, H-3), 2.66-2.50 (1 H, m, H-2), 2.17 (3
H,s,H-4),1.11 (6 H,d, J6.7, H-1).

HRMS: Analysis of product 363 by high resolution mass spectrometry was not
successful despite intensive efforts. ESI, EI, APCI and APCI-DIP techniques were all
performed. Due to technical issues on the instrument, the CI technique could not be
performed. As proof for the formation of 363, the "H NMR spectrum is attached in the

Appendix.
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5-Bromo-2-(carboxymethyl)benzoic acid (311)

In a three-necked 250 mL round-bottomed flask containing a magnetic stirring bar,
homophthalic acid (296, 5.00 g, 27.8 mmol) and potassium bromate (6.58 g, 39.4
mmol) were mixed in water (30 mL). The flask was then fitted with a condenser and the
reaction mixture was heated at 90 °C. A mixture of sulfuric acid (24 mL, 95%) and
water (40 mL) was added dropwise to the resulting mixture at 90 °C over a period of 30
min. After completion of addition, the mixture was allowed to stir for 2 h and was
cooled to the room temperature. The solid formed was isolated by suction filtration,
washed with water and recrystallised from EtOAc/hexanes (4:1) to furnish 311 as a
white solid (4.23 g, 58%). M.p. 214-216 °C (lit.””” m.p. 216-217 °C).

Spectral data for this compound were consistent with those in the literature.””

811 (400 MHz, DMSO-d):* 7.98 (1 H, d, /2.0, H-1), 7.71 (1 H, dd, J 2.0, 8.1, H-2),
731 (1 H,d,J8.1, H-3),3.91 (2 H, s, H-4).

* The protic signals (H-5 and H-6) are not visible in DMSO-ds.

General procedure X: Racemic preparation of products 347, 364-370

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon
atmosphere was charged with the relevant B-methyl-(F)-nitroalkene (0.246 mmol) and
with the relevant homophthalic anhydride (0.246 mmol). Anhydrous MTBE (2.5 mL,
0.1 M), followed by N,N-diisopropylethylamine (8.6 pL, 0.0492 mmol - 20 mol%),
were then added via syringe and the reaction mixture was allowed to stir at room
temperature for 22 h. The reaction mixture containing the corresponding carboxylic acid
was then cooled to 0 °C and anhydrous MeOH (750 pL, 18.5 mmol), followed by
trimethylsilyldiazomethane (2.0 M solution in diethyl ether, 150 pL, 0.300 mmol) were

added via syringe and the reaction was allowed to stir for 20 min. The crude reaction
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mixture containing the diastereomeric esters was directly loaded onto the silica column
and the two major diastereomers were chromatographically isolated together.
Temperature was maintained below 30 °C during the removal of the solvent under

reduced pressure.

General procedure XI: Catalyst evaluation in the organocatalysed cycloaddition
reaction between homophthalic anhydride (147) and B-methyl-(E)-nitrostyrene
(316) (Table 4.2 and Table 4.4)

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon
atmosphere was charged with the B-methyl-(E)-nitrostyrene (346, 40.1 mg, 0.246
mmol) and with the relevant catalyst (0.0123 mmol - 5 moi%). Anhydrous MTBE (2.5
mL, 0.1 M) was then added via syringe and the reaction mixture was warmed at the
equilibrated temperature of 30 °C while stirring. Homophthalic anhydride (147, 39.9
mg, 0.246 mmol) was added to the mixture and the reaction was allowed to stir for 22 h.
The diastereomeric ratio of the acid product 347 was then determined by 'H NMR
spectroscopic analysis. The reaction was cooled to 0 °C and anhydrous MeOH (750 pL,
18.5 mmol), followed by trimethylsilyldiazomethane (2.0 M solution in diethyl ether,
150 pL, 0.300 mmol), were added via syringe to the reaction that was allowed to stir for
20 min. The crude reaction mixture containing the diastereomeric esters was directly
loaded onto the silica column and the two diastereomers were chromatographically
isolated together. Temperature was maintained below 30 °C during the removal of the
solvent under reduced pressure. The diastereomeric ratio and the enantiomeric excess of
product 347, after esterification, were determined by CSP-HPLC using the conditions

indicated.

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 c¢cm), hexane/IPA: 95/5, 1.0 mL
min”, RT, UV detection at 254 nm, retention times: frans-347 14.0 min (minor
enantiomer) and 25.0 min (major enantiomer); c¢is-347 7.9 min (major enantiomer) and

8.9 min (minor enantiomer).
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General procedure XII: Enantioselective preparation of products 347, 364-370, 372
(Table 4.7 and Table 4.9)

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon
atmosphere was charged with the relevant B-methyl-(F)-nitroalkene (0.246 mmol) and
with catalyst 348 (5.8 mg, 0.0123 mmol - 5 mol%). Anhydrous MTBE (2.5 mL, 0.1 M)
was then added via syringe and the reaction mixture was warmed at the equilibrated
temperature of 30 °C while stirring. The relevant anhydride (0.246 mmol) was then
added to the mixture and the reaction was allowed to stir for the time indicated in Table
4.7 and Table 4.9. The diastereomeric ratio of the acid product formed was then
determined by 'H NMR spectroscopic analysis. The reaction was cooled to 0 °C and
anhydrous MeOH (750 puL, 18.5 mmol), followed by trimethylsilyldiazomethane (2.0 M
solution in diethyl ether, 150 uL, 0.300 mmol), were added via syringe to the reaction
that was allowed to stir for 20 min. The crude reaction mixture containing the
diastereomeric esters was directly loaded onto the silica column and the two
diastereomers were chromatographically isolated together. Temperature was maintained
below 30 °C during the removal of the solvent under reduced pressure. The
diastereomeric ratio and the enantiomeric excess of the product formed, upon
esterification, were then determined by CSP-HPLC using the conditions indicated in

each case.

General procedure XIII: Optimised epimerisation reaction (Table 4.8 and Table
4.10)

The two isolated diastereomers of the product formed with the general procedures XI
and XII were then dissolved in a mixture of MTBE (2.5 mL) and MeOH (750 pL) and
transferred via syringe to an oven-dried 10 mL round-bottomed flask containing a
magnetic stirring bar. The flask was fitted with a condenser and the mixture was heated
at reflux temperature for the time indicated in Table 4.8 and Table 4.10. Solvent was
removed in vacuo and the residue obtained was analysed by "H NMR spectroscopy to
determine the diastereomeric ratio of product formed upon epimerisation reaction. The

major diastereomer (frans) was then isolated by flash column chromatography, eluting
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from 100% hexanes to 20% EtOAc in hexanes and the enantiomeric excess was

determined by CSP-HPLC analysis using the conditions indicated in each case.

(1R,25,35)-Methyl 3-methyl-3-nitro-4-oxo-2-phenyl-1,2,3,4-
tetrahydronaphthalene-1-carboxylate (frans-347, Table 4.8, entry 1)

O 10

Prepared according to the consecutive use of general procedures XI and XIII using
catalyst 348 (5.8 mg, 0.0123 mmol - 5 mol%). Upon epimerisation, the reaction gave a
diastereomeric mixture of esters in a 96:4 (trrans:cis) ratio. The major diastereomer
(trans-347) was purified by flash column chromatography, eluting in gradient from
100% hexanes to 20% EtOAc in hexanes, to give a white solid (75.8 mg, 91%). M.p.
180-181 °C; TLC (hexanes:EtOAc, 8:2 vA4): Ry = 0.24; [a]&° = +90.8 (c = 0.20, CHCl;).

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL
min”', RT, UV detection at 254 nm, retention times: trans-347 14.0 min (minor
enantiomer) and 25.0 min (major enantiomer); cis-347 7.9 min (major enantiomer) and

8.9 min (minor enantiomer).

8y (400 MHz, CDCly): 822 (1 H,d,J8.0,H-1),7.67 (1 H, app. t, H-3), 7.53 (1 H,
app. t, H-2), 7.38-7.31 (4 H, m, H-4, H-7 and H-9), 7.29-
722 (2H, m, H-8), 482 (1 H,d,J 123, H-6), 458 (1 H, d,
J12.3,H-5),3.57(3H,s,H-11),1.72 (3 H, s, H-10).

d¢ (100 MHz, CDCly): 189.9 (C=0), 171.0 (C=0), 138.9 (q), 135.4, 133.3 (q),
129.6, 129.2, 129.1, 129.07, 129.0, 128.8 (q), 127.3, 97.0
(q), 52.8,50.3,48.9, 16.2.

Vimax (neat)/em™: 3008, 2955, 1732, 1692, 1598, 1550, 1453, 1345, 1211,
1166, 970, 794, 733, 700.
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HRMS (m/z - ESI): Found: 338.1027 (M-H)" C,9H,,NOs Requires: 338.1028.

(15,25,35)-Methyl 3-methyl-3-nitro-4-oxo-2-phenyl-1,2,3,4-tetrahydronaphthalene-
1-carboxylate (cis-347, Table 4.2, entry 2)

’ O 10
2 2 NOZ
7

3
6 8
) 5 é ©
2 7
0”0 o

| 8
1"

Prepared according to general procedure XI using catalyst 302 (7.8 mg, 0.0123 mmol -
5 mol%). Upon esterification, the reaction gave a diastereomeric mixture of esters in a
67:33 (trans:cis) ratio. The minor diastereomer (cis-347) was purified by flash column
chromatography, eluting in gradient from 100% hexanes to 20% EtOAc in hexanes, to
give a white solid (22.6 mg, 27%). M.p. 76-78 °C; TLC (hexanes:EtOAc, 8:2 v»): Ry =
0.39; [a]&’ =-76.4 (c = 0.10, CHCl).

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL
min”', RT, UV detection at 254 nm, retention times: cis-347 7.6 min (major enantiomer)

and 8.6 min (minor enantiomer).

811(400 MHz, CDCly):  8.18 (1 H, d, J 7.8, H-1), 7.65 (1 H, app. t, H-3), 7.52 (1 H,
app. t, H-2), 7.42 (1 H, d, J 7.9, H-4), 7.22-7.26 (1 H, m, H-
9), 7.18 (2 H, app. t, H-8), 6.97 (2 H, d, J 7.4, H-7), 4.66 (1
H, d, J 6.2, H-6),4.58 (1 H, d, J 6.2, H-5), 3.45 (3 H, s, H-
11), 1.64 (3 H, s, H-10).

8c (100 MHz, CDCl):  187.5 (C=0), 170.8 (C=0), 136.9 (q), 134.6, 133.7 (q),
132.2 (q), 130.8, 129.6, 129.1, 128.9, 128.5, 128.2, 93.3 (q),
53.1,52.3,46.1,21.7.

Vmax (neat)/cm™: 3004, 2952, 1743, 1701, 1599, 1542, 1457, 1298, 1200,
1179, 1003, 941, 816, 765, 705.

HRMS (m/= - ESI): Found: 338.1026 (M-H) C;9HsNOs Requires: 338.1028.
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(1R,28,35)-Methyl 2-(4-chlorophenyl)-3-methyl-3-nitro-4-oxo-1,2,3,4-
tetrahydronaphthalene-1-carboxylate (frans-364, Table 4.8, entry 2)

Prepared according to the consecutive use of general procedures XII and XIII, using (3-
methyl-(£)-nitroalkene 357 (48.6 mg, 0.246 mmol) and anhydride 147 (39.9 mg, 0.246
mmol). Upon epimerisation, the reaction gave a diastereomeric mixture of esters in a
>98:2 (trans:cis) ratio. The major diastereomer (/rans-364) was purified by flash
column chromatography, eluting in gradient from 100% hexanes to 20% EtOAc in
hexanes, to give a white solid (85.6 mg, 93%). M.p. 200-202 °C; TLC (hexanes:EtOAc,
8:2 vv): Ry=0.24; [a]3° = +88.5 (c = 0.20, CHCl;).

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL
min”, RT, UV detection at 254 nm, retention times: frans-364 19.9 min (minor
enantiomer) and 38.8 min (major enantiomer); ¢is-364 8.7 min (major enantiomer) and

9.7 min (minor enantiomer).

81 (400 MHz, CDCls):  8.22 (1 H, d,J 7.2, H-1), 7.68 (1 H, app. t, H-3), 7.54 (1 H,
app. t, H-2), 7.38-7.29 (3 H, m, H-4 and H-8), 7.21 (2 H, d,
J 6.8, H-7),4.81 (1 H, d, J12.3, H-6), 4.52 (1 H, d, J 12.3,
H-5), 3.60 (3 H, s, H-10), 1.70 (3 H, s, H-9).

8¢ (100 MHz, CDCly):  189.5 (C=0), 170.8 (C=0), 138.5 (q), 135.8, 135.2 (q),
131.8 (q), 130.5, 129.7, 129.4, 129.2, 128.7 (q), 127.3, 96.8
(q), 52.9,49.7,48.8, 16.1.

Vimax (neat)/cm™: 3001, 2956, 2924, 2851, 1741, 1698, 1596, 1550, 1491,
1438, 1290, 1255, 1166, 1091, 1004, 844, 795, 740.

HRMS (m/z - ESI): Found: 372.0639 (M-H) C,9H;sNOsCI Requires: 372.0639.
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(1R,28,35)-Methyl 2-(4-methoxyphenyl)-3-methyl-3-nitro-4-oxo-1,2,3,4-
tetrahydronaphthalene-1-carboxylate (frans-365, Tabie 4.8, entry 3)

Prepared according to the consecutive use of general procedures XII and XIII, using B-
methyl-(£)-nitroalkene 358 (47.5 mg, 0.246 mmol) and anhydride 147 (39.9 mg, 0.246
mmol). Upon epimerisation, the reaction gave a diastereomeric mixture of esters in a
96:4 (trans:cis) ratio. The major diastereomer (trans-365) was purified by flash column
chromatography, eluting in gradient from 100% hexanes to 20% EtOAc in hexanes, to
give a white solid (83.2 mg, 92%). M.p. 193-195 °C; TLC (hexanes:EtOAc, 8:2 v/v): Ry
=0.17; [a]&® =+81.0 (¢ = 0.10, CHCl5).

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL
min”, RT, UV detection at 254 nm, retention times: frans-365 22.7 min (minor
enantiomer) and 41.0 min (major enantiomer); cis-365 10.9 min (major enantiomer) and

12.2 min (minor enantiomer).

81 (400 MHz, CDCly):  8.21 (1 H,d,J 7.9, H-1), 7.66 (1 H, app. t, H-3), 7.52 (1 H,
app. t, H-2),7.32 (1 H, d,J 7.8, H-4), 7.18 (2 H, d, J 8.2, H-
7), 6.86 (2 H, d, J 8.2, H-8),4.76 (1 H, d, J 12.4, H-6), 4.52
(1H,d,J12.4, H-5),3.79 3 H, s, H-9), 3.58 (3 H, s, H-11),
1.70 3 H, s, H-10).

8¢ (100 MHz, CDCl5):  190.1 (C=0), 171.1 (C=0), 159.9 (q), 139.0 (q), 135.6,
130.3, 129.6, 129.0, 128.9 (q), 127.3, 125.1 (q), 114.4,97.2
(q), 55.3,52.8,49.7. 49.1, 16.1.

Vaax (n€at)/cm™: 3000, 2960, 2927, 2849, 1739, 1693, 1595, 1550, 1513,
1438, 1385, 1344, 1294, 1250, 1182, 1107, 1027, 837, 796,
&

HRMS (m/z - ESI): Found: 368.1147 (M-H) C,0H;sNO¢ Requires: 368.1134.
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(1R,25,35)-Methyl 3-methyl-3-nitro-4-oxo-1,2,3,4-tetrahydro-|2,2'-binaphthalene]-
1-carboxylate (frans-366, Table 4.8, entry 4)

Prepared according to the consecutive use of general procedures XII and XIII, using B-
methyl-(£)-nitroalkene 359 (52.5 mg, 0.246 mmol) and anhydride 147 (39.9 mg, 0.246
mmol). Upon epimerisation, the reaction gave a diastereomeric mixture of esters in a
>99:1 (trans:cis) ratio. The major diastereomer (#rans-366) was purified by flash
column chromatography, eluting in gradient from 100% hexanes to 20% EtOAc in
hexanes, to give a white solid (88.7 mg, 93%). M.p. 205-207 °C; TLC (hexanes:EtOAc,
8:2 vv): Rg=0.21; [a]2’=+116.3 (¢ = 0.10, CHCl;).

CSP-HPLC analysis. Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL
min”, RT, UV detection at 254 nm, retention times: rrans-366 19.8 min {(minor
enantiomer) and 22.6 min {major enantiomer); cis-366 10.5 min (major enantiomer) and

11.5 min (minor enantiomer).

S (400 MHz, CDCl;): 825 (1 H,d,J 79, H-1), 7.87-7.79 (3 H, m, H-8, H-11 and
H-12), 7.74 (1 H, s, H-7), 7.69 (1 H, app. t, H-3), 7.59-7.47
(3 H, m, H-2, H-9 and H-10), 7.37 (2 H, app. d, H-4 and H-
13), 5.0 (1 H, d, J 12.2, H-6), 4.72 (1 H, d, J 12.2, H-5),
3.52(3H,s, H-15), 1.78 (3 H, s, H-14).

8¢ (100 MHz, CDCl;):  189.9 (C=0), 171.0 (C=0), 138.9 (q), 135.7. 133.4 (q),
133.3 (q), 130.8 (q), 129.7, 129.1, 128.9 (2 x C), 128.8 (q),
128.4, 127.8, 127.3, 126.9, 126.7, 126.3, 97.1 (q), 52.9,
50.4,49.0, 16.4.

Vmax (neat)/cm’™: 3063, 3029, 3009, 2955, 2924, 2850, 1729, 1691, 1599,
1548, 1392, 1346, 1289, 1201, 1159, 968, 820, 733.

HRMS (m/z - ESI): Found: 388.1194 (M-H) C,3H,;sNOs Requires: 388.1185.
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(1R,2R,35)-Methyl 2-(furan-2-yl)-3-methyl-3-nitro-4-oxo-1,2,3,4-
tetrahydronaphthalene-1-carboxylate (frans-367, Table 4.8, entry 5)

Prepared according to the consecutive use of general procedures XII and XIII, using -
methyl-(£)-nitroalkene 360 (37.7 mg, 0.246 mmol) and anhydride 147 (39.9 mg, 0.246
mmol). Upon epimerisation, the reaction gave a diastereomeric mixture of esters in a
93:7 (trans:cis) ratio. The major diastereomer (trans-367) was purified by flash column
chromatography, eluting in gradient from 100% hexanes to 20% EtOAc in hexanes, to
give a white solid (71.1 mg, 88%). M.p. 136-138 °C; TLC (hexanes:EtOAc, 8:2 v/v): R¢
=0.22; [a]3° = +20.3 (c = 0.20, CHCl;).

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL
min”', RT, UV detection at 254 nm, retention times: frans-367 11.7 min (minor
enantiomer) and 15.7 min (major enantiomer); ¢is-367 8.7 min (major enantiomer) and

9.7 min (minor enantiomer).

S (400 MHz, CDCly): 8.18 (1 H,d,J 79, H-1), 7.67 (1 H, app. t, H-3), 7.51 (1 H,
app. t, H-2), 7.40 (1 H, app. s, H-9), 7.36 (1 H, d, J 7.8, H-
4), 6.37-6.30 (1 H, m, H-8), 6.29-6.23 (1 H, m, H-7), 4.99
(1 H,d, J12.0,H-6),4.57 (1 H, d, J 12.0, H-5), 3.70 (3 H,
s, H-11), 1.72 (3 H, s, H-10).

8c (100 MHz, CDCl;):  189.2 (C=0), 171.0 (C=0), 148.1 (q), 143.6, 138.1 (q),
135.7,129.6, 129.1, 128.8 (q), 127.4, 110.8, 110.5, 96.2 (q),
53.1,47.5,44.6, 16.8.

Viax (n€at)/cm’’: 2954, 2923, 2852, 1732, 1694, 1598, 1549, 1436, 1347,
1293, 1206, 1160, 974, 920, 731.

HRMS (m/= - ESI): Found: 328.0838 (M-H)" C,7H;4NO¢ Requires: 328.0821.
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(1R,2R,3S5)-Methyl 3-methyl-3-nitro-4-oxo-2-phenethyl-1,2,3,4-
tetrahydronaphthalene-1-carboxylate (frans-368, Table 4.8, entry 6)

Prepared according to the consecutive use of general procedures XII and XIII, using B-
methyl-(£)-nitroalkene 361 (47.0 mg, 0.246 mmol) and anhydride 147 (39.9 mg, 0.246
mmol). Upon epimerisation, the reaction gave a diastereomeric mixture of esters in a
89:11 (rranms:cis) ratio. The major diastereomer (rrans-368) was purified by flash
column chromatography, eluting in gradient from 100% hexanes to 20% EtOAc in
hexanes, to give a white solid (74.0 mg, 82%). M.p. 138-140 °C; TLC (hexanes:EtOAc,
8:2 v): Ry=0.29; [a]3’ = -38.8 (c = 0.20, CHCI;).

CSP-HPLC analysis. Chiralpak IA (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL min™",
RT, UV detection at 254 nm, retention times: frans-368 11.8 min (major enantiomer)
and 13.5 min (minor enantiomer); cis-368 9.8 min (minor enantiomer) and 13.9 min

(major enantiomer).

S (400 MHz, CDCl;): 8.12(1 H,d,J7.9, H-1), 7.64 (1 H, app. t, H-3), 7.48 (1 H,
app. t, H-2), 7.32-7.24 (3 H, m, H-4 and H-10), 7.20 (1 H, t,
J 73, H-11),7.11 (1 H,d,J7.4,H-9),394 (1 H,d, J10.5,
H-5), 3.82 (3 H, s, H-13), 3.75-3.66 (1 H, m, H-6), 2.57 (2
H, app. t, H-8a and H-8b), 1.82-1.64 (5 H, m, H-7a, H-7b
and H-12).

8¢ (100 MHz, CDCl;):  189.8 (C=0), 172.4 (C=0), 140.8 (q), 138.4 (q), 13525,
129.2, 129.0 (q), 128.9, 128.7, 128.4, 127.8, 126.5, 96.4 (q),
53.0,50.8,43.4,34.2,32.8, 16.1.

Vmax (neat)/cm’: 3063, 3004, 2958, 2924, 2878, 1732, 1689, 1597, 1549,
1451, 1342, 1293, 1210, 1165, 999, 969, 752, 729.cm™".
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HRMS (m/= - ESI): Found: 390.1335 (M+Na)" C;H;NOsNa Requires:
390.1317.

(1R,2R,3S5)-Methyl 2-cyclohexyl-3-methyl-3-nitro-4-oxo-1,2,3,4-
tetrahydronaphthalene-1-carboxylate (frans-369, Table 4.8, entry 7)

Prepared according to general procedure XII, using B-methyl-(£)-nitroalkene 362 (41.6
mg, 0.246 mmol), catalyst 348 (23.3 mg, 0.0492 mmol — 20 mol%) and anhydride 147
(39.9 mg, 0.246 mmol). Upon esterification, the reaction gave a diastereomeric mixture
of esters in a 98:2 (rrans:cis) ratio. The major diastereomer (7rans-369) was isolated by
flash column chromatography, eluting in gradient from 100% hexanes to 20% EtOAc in
hexanes, to give a pale yellow oil which contained 17% of dimethyl homophthalate
(371) as impurity that was not possible to separate. The given yield is calculated based
on the mass return of the impure sample considering the spectroscopically determined
amount of the known impurity (42.2 mg, 50%). TLC (hexanes:EtOAc, 8:2 v/v): Ry =
0.38.

CSP-HPLC analysis. Chiralpak AD (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL
min", RT, UV detection at 254 nm, retention times: frans-369 6.6 min (major

enantiomer) and 7.4 min (minor enantiomer).

81 (400 MHz, CDCLy): ~ 8.07 (1 H, d,J 7.7, H-1), 7.60 (1 H, app. t, H-3), 7.44 (1 H,
app. t, H-2), 7.31 (1 H,d, J 7.8 H-4), 4.11 (1 H, d, /8.8, H-
5),3.77 3 H, s, H-14), 3.62-3.55 (1 H, m, H-6), 1.79-1.49
(8 H, m, H-8a, H-9a, H-10a, H-11a, H-12a and H-13), 1.48-
1.36 (1 H, m, H-7), 1.35-0.95 (5 H, m, H-8b, H-9b, H-10b,
H-11b, H-12b).
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8c (100 MHz, CDCls):  189.8 (C=0), 172.9 (C=0), 138.9 (q), 135.2, 129.7 (q).
128.7, 128.6, 128.3, 96.7 (q), 52.9, 48.2, 45.5, 39.3, 33.9,
30.0,27.2,26.8,26.1, 18.2.

Vmax (neat)/cm™: 2929, 2854, 1735, 1704, 1596, 1549, 1449, 1432, 1289,
1199, 1161, 1081, 967, 740.

HRMS (m/z - ESI): Found: 344.1488 (M-H) C9H,,NOs Requires: 344.1498.

(1R,2R,3S)-Methyl 2-isopropyl-3-methyl-3-nitro-4-oxo-1,2,3,4-
tetrahydronaphthalene-1-carboxylate (frans-370, Table 4.8, entry 8)

¢ <|) .
1
Prepared according to general procedure XII, using B-methyl-(£)-nitroalkene 363 (39.8
mg, 0.246 mmol) and anhydride 147 (39.9 mg, 0.246 mmol). Upon esterification, the
reaction gave a diastereomeric mixture of esters in a >99:1 (7rans:cis) ratio. The major
diastereomer (frans-370) was isolated by flash column chromatography, eluting in
gradient from 100% hexanes to 20% EtOAc in hexanes, to give a pale yellow oil which
contained 3% of dimethyl homophthalate (371) as impurity that was not possible to
separate. The given yield is calculated based on the mass return of the impure sample
considering the spectroscopically determined amount of the known impurity (35.2 mg,

47%). TLC (hexanes:EtOAc, 8:2 v/+): Ry=0.37 [a]3° = -53.4 (¢ = 0.20, CHCl;).*

CSP-HPLC analysis. Chiralpak AD (4.6 mm x 25 cm), hexane/IPA: 90/10, 0.5 mL
min”', RT, UV detection at 254 nm, retention times: frans-370 16.8 min (major

enantiomer) and 17.7 min (minor enantiomer).

81 (400 MHz, CDCl3): 8.08 (1 H,d,J7.9, H-1), 7.61 (1 H, app. t, H-3), 7.45 (1 H,
app. t, H-2), 730 (1 H,d, /7.8, H-4), 4.08 (1 H, d, J 8.8, H-
5),3.77 (3 H, s, H-11), 3.71-3.63 (1 H, m, H-6), 1.87 (1 H,
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m, H-7), 1.74 (3 H, s, H-10), 1.05 3 H, d, J 7.0, H-8), 0.94
(3H,d,J 7.0, H-9).

d¢ (100 MHz, CDCl5): 189.8 (C=0), 172.8 (C=0), 138.9 (q), 135.2, 129.6 (q),
128.7, 128.6, 128.3, 96.7 (q), 52.9, 47.9, 45.2, 28.5, 23.6,
18.8,17.9.

Vmax (neat)/cm™: 2970, 2894, 1737, 1697, 1599, 1550, 1453, 1386, 1288,
1158, 969, 792, 733, 659.

HRMS (m/z - ESI): Found 304.1190 (M-H)" C,¢H;sNOs Requires: 304.1185.

= |0(|2D0 refers to rrans-370 containing 3% of 371 as impurity.

(1R,28,35)-Methyl 6-bromo-3-methyl-3-nitro-4-oxo-2-phenyl-1,2,3,4-
tetrahydronaphthalene-1-carboxylate (frans-372, Table 4.10)

Prepared according to the consecutive use of general procedures XII and XIII, using p-
methyl-(E)-nitrostyrene (346, 40.1 mg, 0.246 mmol) and anhydride 312 (59.3 mg, 0.246
mmol). Upon epimerisation, the reaction gave a diastereomeric mixture of esters in a
>99:1 (trans:cis) ratio. The major diastereomer (rrans-372) was purified by flash
column chromatography, eluting in gradient from 100% hexanes to 20% EtOAc in
hexanes, to give a white solid (94.9 mg, 92%). M.p. 68-70 °C; TLC (hexanes:EtOAc,
8:2 vv): Ry =0.36; [a]’ = +72.2 (¢ = 0.20, CHCl;).

CSP-HPLC analysis. Chiralpak 1A (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL min’’,
RT, UV detection at 254 nm, retention times: rrans-372 14.7 min (minor enantiomer)
and 18.8 min (major enantiomer); cis-372 8.0 min (minor enantiomer) and 8.6 min

(major enantiomer).
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81 (400 MHz, CDCl;): 833 (1 H, d, J 2.1, H-1), 7.77 (1 H, dd, J 2.1, 8.3, H-2),
7.37-7.31 (3 H, m, H-6 and H-8), 7.26-7.20 (3 H, m, H-3
and H-7), 4.78 (1 H, d, J 12.0, H-5), 4.49 (1 H, d, J 12.0, H-
4),3.57 (3 H, s, H-10), 1.71 (3 H, s, H-9).

8¢ (100 MHz, CDCl;):  188.8 (C=0), 170.6 (C=0), 138.4, 137.4 (q), 133.0 (q),
1322, 130.4 (q), 129.3, 129.2 (2 C), 129.1, 123.4 (q), 96.6
(q), 53.0, 50.2, 48.6, 16.3.

Vmax (neat)/cm™: 3080, 3038, 2958, 1741, 1698, 1589, 1547, 1433, 1341,
1293, 1251, 1169, 990, 907, 756, 703.

HRMS (m/= - ESI): Found: 416.0125 (M-H) C,9H;sNOsBr Requires: 416.0134.

(15,25,35)-Methyl 6-bromo-3-methyl-3-nitro-4-oxo-2-phenyl-1,2,3,4-
tetrahydronaphthalene-1-carboxylate (cis-372, Table 4.9)

- "”/© 7
O%O 6 8

10

Prepared according to general procedure XII, using B-methyl-(£)-nitrostyrene (346,
40.1 mg, 0.246 mmol) and anhydride 312 (59.3 mg, 0.246 mmol). Upon esterification,
the reaction gave a diastereomeric mixture of esters in a 58:42 (rrans:cis) ratio. The
minor diastereomer (cis-372) was purified by flash column chromatography, eluting in
gradient from 100% hexanes to 20% EtOAc 1n hexanes, to give a white solid (36.1 mg,
35%). M.p. 185-186 °C; TLC (hexanes:EtOAc, 8:2 vv): Ry = 0.24; [a]3’ = -69.7 (c =
0.20, CHCly).

CSP-HPLC analysis. Chiralpak IA (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL min™,
RT, UV detection at 254 nm, retention times: c¢is-372 8.0 min (minor enantiomer) and

8.6 min (major enantiomer).
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81 (400 MHz, CDCly): 8.30 (1 H, d, J 1.5, H-1), 7.75 (1 H, dd, J 1.5, 8.5, H-2),
7.34 (1 H, d, J 8.5, H-3), 7.30-7.23 (1H, m, H-8), 7.20 (2 H,
app. t, H-7), 6.93 (2 H, d, J 7.6, H-6),4.64 (1 H, d, J 6.1, H-
5),4.47 (1 H,d, J6.1, H-4), 3.45 (3 H, s, H-10), 1.62 (3 H,
s, H-9).

8¢ (151 MHz, CDCl;):  186.3 (C=0), 170.3 (C=0), 137.4, 135.6 (q), 133.7 (q),
133.3 (q), 132.8, 130.8, 129.5, 129.2, 129.1, 122.9 (q), 93.1
(q), 53.1,52.4,45.7, 21.6.

Vmax (neat)/cm’": 3088, 3000, 2948, 1745, 1705, 1593, 1543, 1433, 1196,
1176, 1003, 903, 836, 702.

HRMS (m/z - ESI): Found: 416.0123 (M-H)" C,9oH;sNOsBr Requires: 416.0134.

(1R,25,35,45)-Methyl 4-hydroxy-3-methyl-3-nitro-2-phenyl-1,2,3,4-
tetrahydronaphthalene-1-carboxylate (frans-373, Scheme 4.7)
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An oven-dried 10 mL round-bottomed flask containing a magnetic stirring bar was
charged with rrans-347 (83.5 mg, 0.246 mmol) and anhydrous MeOH (2.5 mL, 0.1 M)
under argon atmosphere. To the mixture was added NaBH,4 (37.2 mg, 0.984 mmol) and
the reaction was allowed to stir at room temperature for 16 h. The excess NaBH4 was
then quenched by addition of a saturated aqueous NH,4Cl solution (5 mL) followed by
removal of MeOH under reduced pressure. The resulting aqueous mixture was then
extracted with EtOAc (3 x 10 mL). The combined organic extracts were dried over
anhydrous MgSO,, filtered and the solvent was removed under reduced pressure to
afford a crude diastereomeric mixture of product 373 in a >98:2 (rrans:cis) ratio. The
major diastereomer (trans-373) was purified by flash column chromatography, eluting

in gradient from 100% hexanes to 20% EtOAc in hexanes, to give a white solid (76.6
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mg, 91%). M.p. 197-195 °C; TLC (hexanes:EtOAc, 8:2 v4): Ry = 0.27; [a]3’ = +122.1
(c =020, CHCly).

CSP-HPLC analysis. Chiralcel ODH (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL
min”, RT, UV detection at 254 nm. retention times: 9.2 min (major enantiomer) and

11.7 min (minor enantiomer).

81 (400 MHz, CDCl3):*  7.68 (1 H,d,J 7.5, H-1), 7.44-7.37 (1 H, m, H-3), 7.36-7.29
(5 H, m, H-2, H-4, H-9 and H-10), 7.29-7.22 (2 H, m, H-8),
591 (1 H,s,H-7),442 (1 H,d,J11.8,H-5),428 (1 H,d,J
11.8, H-6),3.57 (3 H, s, H-12), 1.49 3 H, s, H-11).

d¢ (100 MHz, CDCl5): 172.3 (C=0), 136.4 (q), 134.4 (q), 130.9 (q), 129.1, 128.9,
128.8, 128.6, 128.5, 127.0, 126.5, 95.9 (q), 74.9, 52.7, 50.6,

50.0, 10.8.

Viinx (neat)/cm'l: 3472, 3214, 1722, 1544, 1445, 1352, 1301, 1193, 1054,
989, 750, 702.

HRMS (m/z - APCI): Found: 342.1336 (M+H) C,9H,(NOs Requires: 342.1338.

* The protic signal (H-13) is not visible in CDCl;.
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7.5 Experimental procedures and data for Chapter 5

(2-Ethoxy-2-oxoethyl)triphenylphosphonium bromide (382)

A 250 mL round-bottomed flask containing a magnetic stirring bar was charged with
triphenylphosphine (381, 13.1 g, 50.0 mmol) and toluene (125 mL). To the mixture was
then added via syringe ethyl bromoacetate (380, 5.5 mL, 50.0 mmol), the flask was
fitted with a condenser and the reaction was heated at 90 °C for 15 h. The mixture was
then cooled to room temperature and the solid formed was 1solated by suction filtration,
washed with diethyl ether (3 x 20 mL) and dried in vacuo to give product 382 as a white
solid (20.3 g, 95%). M.p. 151-154 °C (lit.*** m.p. 155-156 °C).

Spectral data for this compound were consistent with those in the literature.**

81(400 MHz, CDCl;):  7.88 (6 H, dd, J 7.8, 13.4, H-1), 7.78 3 H, t, J 7.8, H-3),
7.71-7.61 (6 H, m, H-2), 5.53 (2 H, d, J 13.7, H-4), 4.02 (2
H,q,J7.1,H-5),1.05 3 H,t,J 7.1, H-6).

(E)-Ethyl 2-(2-oxindolin-3-ylidene)acetate (385)

A 500 mL round-bottomed flask containing a magnetic stirring bar was charged with
382 (12.0 g, 28.0 mmol) and dichloromethane (100 mL). To the mixture was then added
an aqueous solution of NaOH (1.0 M, 100 mL) and the reaction was allowed to stir
vigorously at room temperature for 15 min. The organic layer was separated and the
aqueous phase was extracted with dichloromethane (3 x 30 mL). The combined organic
layers were dried over anhydrous MgSQy, filtered and concentrated in vacuo to afford a

residue containing the relative crude ylide (383, 9.6 g, 99%) which was dissolved in
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toluene and transferred via syringe to a 250 mL round-bottomed flask containing a
magnetic stirring bar. To the mixture was added isatin (384, 3.74 g, 25.4 mmol) and the
reaction was allowed to stir at room temperature for 12 h. Volatiles were then removed
under reduced pressure and the residue obtained was purified by flash column
chromatography, eluting from 100% hexanes to 20% EtOAc in hexanes, to give 385 as
an orange solid (5.18 g, 94%). M.p. 163-165 °C (lit.”*’ m.p. 164-165 °C); TLC
(hexanes:EtOAc, 8:2 v/v): Ry=0.21.

Spectral data for this compound were consistent with those in the literature.™”

Sy (400 MHz, CDCl5): 854 (1 H, d, J 7.8, H-1), 8.22 (1 H, bs, H-8), 7.32 (1 H,
app. t, H-3), 7.05 (1 H, app. t, H-2), 6.88 (1 H, s, H-5), 6.85
(1H,d,J78,H-4),433(2H,q,J7.1,H-6), 1.37 3H, t,J
7.1, H-7).

(E)-tert-Butyl 3-(2-ethoxy-2-oxoethylidene)-2-oxindoline-1-carboxylate (378)

N
: O
o}

s)re
8

A 100 mL round-bottomed flask containing a magnetic stirring bar was charged with
385 (1.50 g, 6.91 mmol), DMAP (84.4 mg, 0.691 mmol — 10 mol%) and acetonitrile (30
mL) was added via syringe. To the mixture was then added a solution of (Boc),O (1.81
g, 8.29 mmol) in acetonitrile (10 mL) dropwise via syringe over 30 min, and the
reaction was allowed to stir at room temperature for 15 h. The solvent was then
removed in vacuo and the residue obtained was purified by flash column
chromatography, eluting from 100% hexanes to 20% EtOAc in hexanes, to give 378 as
a yellow solid (1.99 g 91%). Mp. 64-65 °C (lit.*’ m.p. 65-67 °C); TLC
(hexanes:EtOAc, 9:1 v/v): Ry=0.49.

Spectral data for this compound were consistent with those in the literature.’
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81 (400 MHz, CDCl5): 8.68 (1 H,d,J7.7,H-1), 791 (1 H, d, J 8.2, H-4), 7.43 (1
H, app. t, H-3), 7.19 (1 H, app. t, H-2), 6.92 (1 H, s, H-5),
433 (2H,q,J7.1,H-6), 1.65 (9 H, s, H-8),1.37 3H, t, J
7.1, H-7).

Benzyltriphenylphosphonium bromide (425)

3 @\1 i 7
2 o .
TPN*Y T, s
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A 250 mL round-bottomed flask containing a magnetic stirring bar was charged with
triphenylphosphine (381, 13.1 g, 50.0 mmol) and toluene (125 mL). To the mixture was
then added benzyl bromide (424, 6.0 mL, 50.0 mmol) via syringe, the flask was fitted
with a condenser and the reaction was heated at 90 °C for 15 h. The mixture was then
cooled to room temperature and the solid formed was isolated by suction filtration,

washed with diethyl ether (3 x 20 mL) and dried in vacuo to give 425 as a white solid
(20.2 g, 93%). M.p. 239-242 °C (1it.** m.p. 241 °C).

Spectral data for this compound were consistent with those in the literature.**®

811(400 MHz, CDCl;):  7.81-7.68 (9 H, m, H-1 and H-3), 7.66-7.57 (6 H, m, H-2),
7.24-7.17 (1 H, m, H-7), 7.15-7.04 (4 H, m, H-5 and H-6),
539(2H,d,J14.4, H-4).
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3-Benzylideneindolin-2-one (427)

An oven-dried 250 mL round-bottomed flask containing a magnetic stirring bar under
argon atmosphere was charged with 425 (4.42 g, 10.2 mmol). Anhydrous THF (70 mL)
was then added via syringe and the solution was cooled to 0 °C. A solution of butyl
lithtum (2.5 M in hexanes, 4.1 mL, 10.2 mmol) was added dropwise via syringe and the
reaction was allowed to stir for 1 h to allow for the formation of 426. A solution of
isatin (384, 1.50 g, 10.2 mmol) in dry THF (70 mL) was added dropwise via syringe
over 30 min at 0 °C and the resulting solution was allowed to stir at room temperature
for 15 h. The reaction mixture was then poured into a saturated solution of NH,Cl (70
mL) at 0 °C and extracted with dichloromethane (3 x 50 mL). The combined organic
layers were dried over anhydrous MgSO,, filtered and concentrated /n vacuo to afford a
residue containing a £/Z mixture (ca. 4:1) of product 427 that was separated by flash
column chromatography, eluting from 100% hexanes to 30% EtOAc in hexanes, to give

(E)-427 (1.54 g, 68%) and (Z2)-427 (358.6 mg, 68%) as yellow solids.

Spectral data for these compounds were consistent with those in the literature.’*
(E)-427:

M.p 175-177 °C (lit"™" m.p. 178-179 °C); TLC (hexanes:EtOAc, 8:2 v/v): R;=0.14.

d1 (400 MHz, CDCl5): 8.85 (1 H, bs, H-9), 7.85 (1 H, s, H-5), 767 (2H,d, J 7.9,
H-6), 7.64 (1 H,d, J 7.8, H-1), 7.51-7.39 (3 H, m, H-7 and
H-8), 7.22 (1 H, app. t, H-3), 6.93 (1 H, d, J 7.8, H-4), 6.87
(1 H, app. t, H-2).

(2)-427:

M.p 173-175 °C (lit"™** m.p. 172-173 °C); TLC (hexanes:EtOAc, 8:2 v/v): R¢=0.25.
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8y (400 MHz, CDCls): 8.27 (2 H, m, H-6), 7.56 (1 H, s, H-5), 7.54 (1 H, d, J 7.7,
H-1), 7.50-7.38 (4 H, m, H-7, H-8 and H-9), 7.23 (1 H, app.
t, H-3), 7.05 (1 H, app. t, H-2), 6.83 (1 H, d, J 7.8, H-4).

(E)-tert-Butyl 3-benzylidene-2-oxindoline-1-carboxylate (423)

: N
O)NO
Y

This product can be synthesised according to the following procedure by the reaction of
either (£) or (Z) 1somers of 427 with (Boc),O under the same conditions. Reported here

is the reaction involving the use of (£)-427.

A 100 mL round-bottomed flask containing a magnetic stirring bar was charged with
(E)-427 (1.22 g, 5.50 mmol), DMAP (67.2 mg, 0.550 mmol - 10 mol%) and acetonitrile
(30 mL) was added via syringe. To the mixture was then added a solution of (Boc),O
(1.44 g, 6.60 mmol) in acetonitrile (10 mL) dropwise via syringe over 30 min, and the
reaction was allowed to stir at room temperature for 15 h. The solvent was removed in
vacuo and the residue obtained was purified by recrystallisation from EtOH to furnish
423 as a yellow solid (1.44 g, 79%). M.p. 107-108 °C (lit.**’ m.p. 96-98 °C). The yield

for the reaction involving (Z)-427 was (77%).
Spectral data for this compound were consistent with those in the literature.**

811(400 MHz, CDCly):  7.91 (1 H, d, J 8.3, H-4), 7.88 (1 H, s, H-5), 7.66 (1 H, d, J
7.7,H-1), 7.62 (2 H, d, J 6.9, H-6), 7.51-7.40 (3 H, m, H-7
and H-8), 7.30 (1 H, app. t, H-3), 6.98 (1 H, app. t, H-2),
1.67 (9 H, s, H-9).

HRMS (m/z - ESI): Found: 344.1266 (M+Na) C,,H;yNO;Na Requires:
344.1263.
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Ethyl 2-(2-ethoxy-2-oxoethyl)thiophene-3-carboxylate (395)
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A 250 mL round-bottomed flask containing a magnetic stirring bar was charged with
1,4-dithiane-2,5-diol (393, 2.00 g, 13.1 mmol), diethyl 3-oxopentanedioate (394, 7.2
mL, 39.4 mmol), LiBr (342.5 mg, 1.31 mmol) and 1,4-dioxane (60 mL). The flask was
fitted with a condenser and the mixture was heated at reflux temperature for 16 h. The
reaction was then cooled to room temperature and the solvent removed under reduced
pressure to give a residue that was purified by flash column chromatography, eluting
from 100% hexanes to 20% EtOAc in hexanes, to give 395 as a pale yellow oil (2.73 g,
86%). TLC (hexanes:EtOAc, 8:2 v/v): R¢=0.59.

81 (400 MHz, CDCly): 745 (1 H,d, J54,H-1),7.14 (1 H, d, J 5.4, H-2), 430 (2
H, q,J 7.1, H-6), 4.23-4.15 (4 H, m, H-3 and H-4), 1.35 (3
H,t,J7.1,H-7),1.27 (3 H,t,J 7.1, H-5).

d¢ (100 MHz, CDCl;): 170.0 (C=0), 163.3 (C=0), 143.7 (q), 129.9 (q), 129.2,
123.1,61.2,60.5, 34.7, 14.3, 14.2.

Vmax (neat)/cm™: 2982, 2937, 2903, 1737, 1706, 1537, 1447, 1372, 1333,
1259, 1180, 1135, 1025, 843, 712.

HRMS (m/z - ESI): Found: 265.0502 (M+Na)  C;;H;sOsNaS Requires:
265.0511.
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2-(Carboxymethyl)thiophene-3-carboxylic acid (396)
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A 100 mL round-bottomed flask containing a magnetic stirring bar was charged with
395 (2.70 g, 11.1 mmol) and EtOH (10 mL). A solution of KOH (3.75g, 66.9 mmol) in
EtOH:H,O 1:1 (20 mL) was then added to the mixture. The flask was fitted with a
condenser and the reaction was heated at reflux temperature for 5 h and then cooled to
room temperature. EtOH was removed in vacuo and the aqueous solution obtained was
adjusted to pH = 2 by addition of concentrated HCI. The solid obtained was isolated by

suction filtration, washed with small amount of cold water (10 mL) and dried in vacuo

to give 396 as a white solid (2.03 g, 98%). M.p. 201-203 °C (lit.*** m.p. 207-209 °C).
Spectral data for this compound were consistent with those in the literature.’”

011 (400 MHz, DMSO-d¢): 12.58 (2 H, bs, H-4 and H-5), 7.40 (1 H, d, J 5.4, H-1), 7.33
(1H,d,J54,H-2),4.14 (2 H, s, H-3).

8¢ (100 MHz, DMSO-dg): 171.1 (C=0), 164.2 (C=0), 144.4 (q), 130.2 (q), 1288,
123.9, 34.0.

HRMS (m/z - ESI): Found: 184.9901 (M-H)" C;Hs04S Requires: 184.9909.

Ethyl 2-(2-ethoxy-2-oxoethyl)-1,4-dimethyl-1H-pyrrole-3-carboxylate (398)
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To a 250 mL round-bottomed flask containing a magnetic stirring bar and 40% aqueous
CH;NH, (15.0 mL), diethyl 3-oxopentanedioate (394, 3.6 mL, 20.0 mmol) was rapidly
added via syringe at 15 °C with formation of a white precipitate. To the mixture was

then slowly added chloroacetone (397, 3.3 mL, 40.0 mmol) at a rate to maintain the
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reaction temperature below 40 °C. The mixture was allowed to stir at room temperature
for 1 h and poured into ice-HCI (30 mL). The precipitate formed was collected by
suction filtration, washed with cold water (2 x 10 mL) and dried in vacuo to furnish a
residue that was purified by flash column chromatography, eluting from 100% hexanes
to 20% EtOAc in hexanes, to give 398 as white solid (4.11 g, 81%). M.p. 64-66 °C
(lit.*** m.p. 71-73 °C); TLC (hexanes:EtOAc, 8:2 v/+): Ry= 0.35.

811(400 MHz, CDCl;): 633 (1 H,s, H-1),4252H,q,J7.1,H-7),416 (2H, q, J
7.1, H-5),4.03 (2 H, s, H-4), 3.50 3 H, s, H-3), 2.21 3 H,
s,H-2). 1.32(3H,t,J7.1,H-8), 1.26 3 H, t, J 7.1, H-6).

8c (100 MHz, CDCl;):  170.3 (C=0), 165.9 (C=0), 131.7 (q), 121.3, 120.8 (q),
112.7(q), 61.2,59.3, 33.9,31.6, 14.6, 14.4, 12.6.

Vimax (neat)/cm™: 2986, 2976, 2914, 1724, 1671, 1519, 1477, 1422, 1341,
1269, 1189, 1151, 1087, 1037, 769.

HRMS (m/= - ESI): Found: 276.1200 (M+Na)  C;3H;9oNO4Na Requires:
276.1212.

2-(Carboxymethyl)-1,4-dimethyl-1H-pyrrole-3-carboxylic acid (399)

2 O
6

OH
1/|
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5
0™ “oH

In a 25 mL round-bottomed flask containing a magnetic stirring bar, a 25% (w/v)
aqueous solution of NaOH (8.5 mL) was mixed with 398 (850.0 mg, 3.36 mmol). The
flask was fitted with a condenser and the reaction was heated at reflux temperature for 3
h and then cooled to room temperature. The solution obtained was adjusted to pH = 2 by
addition of concentrated HCI and the solid formed was isolated by suction filtration,
washed with a small amount of cold water (5 mL) and dried in vacuo to give 399 as an

off white solid (647.7 mg, 98%). M.p. 223-225 °C (lit.**™* m.p. 220-222 °C).

238



Chapter 7 Experimental procedures and data

51 (400 MHz, DMSO-dg): 11.97 (2 H, bs, H-5 and H-6), 6.49 (1 H, s, H-1), 3.97 (2 H,
s, H-4), 3.44 3 H, s, H-3), 2.09 (3 H, s, H-2).

8¢ (100 MHz, DMSO-d): 171.3 (C=0), 166.6 (C=0), 132.6 (q), 121.0, 118.9 (q),
111.8(q), 33.2,30.9, 12.4.

Vimax (n€at)/cm™: 3067, 2966, 2718, 2609, 2545, 1680, 1629, 1516, 1432,
1335, 1275, 1235, 1160, 1084, 963, 844,767, 667.

HRMS (m/z - ESI): Found: 196.0606 (M-H) CoH,(NO4 Requires: 196.0610.

Ethyl 6-methyl-2-oxo0-4-phenyl-2H-pyran-5-carboxylate (402)

In a 100 mL round-bottomed flask containing a magnetic stirring bar ethyl 3-
phenylpropiolate (400, 3.0 g, 17.2 mmol) and ethyl 3-oxobutanoate (401, 2.2 mL, 17.2
mmol) were dissolved in 1,4-dioxane (33 mL). After the addition of NaOH (137.6. mg,
1.72 mmol — 20 mol%), the flask was fitted with a condenser and the reaction mixture
was heated at 90 °C for 16 h. The mixture was then cooled to room temperature, diluted
with water (60 mL) and extracted with EtOAc (3 x 30 mL). The combined organic
phases were dried over anhydrous MgSO, and the solvent was evaporated under
reduced pressure to give a residue that was purified by flash column chromatography in
gradient from 100% hexanes to 20% EtOAc in hexanes furnishing 402 as a white solid
(2.9 g. 65%). M.p. 86-88 °C (lit."”> m.p. 95-96 °C); TLC (hexanes:EtOAc, 8:2 v/v): Ry =
041.

Spectral data for this compound were consistent with those in the literature.’”

81 (400 MHz, CDCl;):  7.45-7.37 (3 H, m, H-2 and H-4), 7.32-7.24 (2 H, m, H-3),
6.16 (1 H,s, H-1),3.97 (2 H, q,J 7.1, H-6), 2.46 3 H, s, H-
5),0.87 3H,t,J7.1, H-7).
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d¢ (100 MHz, CDCl5): 165.9 (C=0), 164.7 (C=0), 160.9 (q), 156.2 (q), 137.3 (q),
129.6, 128.8, 126.8, 113.0(q), 111.9,61.7, 19.1, 13.5.

(E)-3-Phenylpent-2-enedioic acid (403)

In a 100 mL round-bottomed flask containing a magnetic stirring bar 402 (2.10 g, 8.13
mmol) was added to water (30 mL). After the addition of NaOH (1.63 g, 40.7 mmol)
the flask was fitted with a condenser and the reaction mixture was heated at 80 °C for 5
h. The mixture was then cooled to room temperature and the resulting aqueous solution
was washed with diethyl ether (2 x 15 mL). The aqueous layer was adjusted to pH = 2
by addition of concentrated HCl and extracted with diethyl ether (3 x 20 mL). The
combined organic extracts were dried over anhydrous MgSO,, filtered and concentrated
in vacuo to give a residue that was triturated with a small amount of diethyl ether (5

mL) to furnish 403 as an off white solid (1.31 g, 78%). M.p. 134-136 °C.

31 (400 MHz, DMSO-ds): 12.36 (2 H, bs, H-6 and H-7), 7.54-7.48 (2 H, m, H-3),
7.45-7.35 (3 H, m, H-2 and H-4), 6.22 (1 H, s, H-1), 4.11 (2
H, s, H-5).

8¢ (100 MHz, DMSO-dg): 171.3 (C=0), 167.2 (C=0), 150.4 (q), 140.2 (q), 129.2,
128.7,126.4,119.8, 35 8.

Vmax (neat)/cm'lz 3114, 2911, 2617, 2542, 1677, 1608, 1402, 1289, 1213,
876, 769, 682.
HRMS (m/z - ESI): Found: 161.0603 (M-COOH) C,,Hs0, Requires: 161.0603.
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Ethyl 4,6-dimethyl-2-oxo-2H-pyran-5-carboxylate (404)

07 >0 a5

In a 100 mL round-bottomed flask containing a magnetic stirring bar was added
concentrated H.SO, (10 mL) via syringe and the reaction was cooled to 10 °C. Ethyl 3-
oxobutanoate (401, 13.3 g, 102 mmol) was added dropwise via syringe at a rate to
maintain the reaction temperature below 15 °C and the mixture was allowed to stir at
room temperature for 72 h. The reaction was poured into ice (30 g) and extracted with
diethyl ether (3 x 50 mL). The combined organic phases were washed with 10%
aqueous Na,CO; (1 x 50 mL), dried over anhydrous MgSQy, filtered and the solvent
was evaporated in vacuo to give a residue that was purified by flash column
chromatography in gradient from 100% hexanes to 20% EtOAc in hexanes furnishing
404 as a pale yellow oil (4.24 g, 42%). TLC (hexanes:EtOAc, 8:2 v/v): Ry=0.31.

Spectral data for this compound were consistent with those in the literature.'”’

811 (400 MHz, CDCly):  6.01 (1 H, s, H-1), 434 (2 H, q,J 7.1, H-4), 2.40 (3 H, s, H-
3),222(2H,s, H-2), 1.37(3H,t,J 7.1, H-5).

HRMS (m/z -ESI): Found: 195.0653 (M-H)" CoH;,04 Requires: 195.0657.

3-Methylpent-2-enedioic acid (405)

In a 100 mL round-bottomed flask containing a magnetic stirring bar 404 (4.0 g, 20.4
mmol) was added to water (50 mL). After the addition of NaOH (4.08 g, 102 mmol) the
flask was fitted with a condenser and the reaction mixture was heated at 80 °C for 5 h.
The mixture was then cooled to room temperature and the resulting aqueous solution

was washed with diethyl ether (2 x 25 mL). The aqueous layer was adjusted to pH = 2
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by addition of concentrated HCl and extracted with diethyl ether (3 x 30 mL). The
combined organic extracts were dried over anhydrous MgSOQy, filtered and concentrated
in vacuo to give a residue that was triturated with a small amount of diethyl ether (5
mL) to furnish 405 as mixture of (£) and (Z) isomers (72:28) as an off white solid (2.20
g, 75%). M.p.* 103-105 °C (lit."”" m.p. 101-105 °C).

Spectral data for these compounds were consistent with those in the literature.'”’

(E)-405:

Oy (400 MHz, DMSO-ds): 12.23 (2 H, bs, H-4 and H-5), 5.70 (1 H, s, H-1), 3.12 (2 H,
s, H-3),2.10 (3 H, s, H-2).

8¢ (100 MHz, DMSO-ds): 171.4 (C=0), 167.2 (C=0), 151.3 (q), 119.5, 45.1, 18.5.

(2)-405:

81 (400 MHz, DMSO-dy): 12.23 (2 H, bs, H-4 and H-5), 5.75 (1 H, s, H-1), 3.63 (2 H,
s, H-3), 1.89 (3 H, s, H-2).

d¢ (100 MHz, DMSO-d¢): 171.3 (C=0), 167.0 (C=0), 151.3 (q), 119.0, 37.8, 25.2.

* Refers to a mixture of (£) and (Z) isomers (72:28).

(Buta-1,3-dien-2-yloxy)trimethylsilane (408)

An oven-dried 500 mL three-necked round-bottomed flask containing a magnetic
stirring bar under argon atmosphere was charged with of N,N-dimethylformamide
(DMF, 120 mL) and triethylamine (33 mL, 235 mmol). The flask was fitted with a
condenser and the mixture was heated at 90 °C. At this temperature a solution of methyl
vinyl ketone (406, 18 mL, 214 mmol) in DMF (15 mL) and a solution of trimethylsilyl
chloride (407, 30 mL, 235 mmol) in DMF (15 mL) were simultaneously added

dropwise to the reaction over 30 min and the mixture was allowed to stir for 15 h. The
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reaction was then cooled to room temperature and directly filtered into a separation
funnel containing hexanes (200 mL), and a cold 5% aqueous solution of NaHCO; (600
mL). The organic layer was separated and the aqueous phase was extracted with
hexanes (2 x 200 mL). The combined organic layers were dried over anhydrous MgSO,,
filtered and the volatiles were removed by fractional distillation at atmospheric pressure
at 70 °C (o1l bath). Vacuum was then applied (68 mbar) and product 408 was distilled as
a colourless oil (13.1 g, 43%). B.p. 40-45 °C at 68 mbar (lit. > b.p. 42-44 °C at 70

mbar).
Spectral data for this compound were consistent with those in the literature.**!

Oy (400 MHz, CDCly): 6.20 (1 H,dd,J10.5,16.9, H-2), 547 (1 H, dd, J 1.7, 16.9,
H-3a), 5.12-5.05 (1 H, app. d, H-3b), 5.39-5.32 (2 H, m, H-
1),0.23 (9 H, s, H-4).

Diethyl penta-2,3-dienedioate (410)

O 3 1
2ab z o _~
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An oven-dried 100 mL round-bottomed flask containing a magnetic stirring bar under
argon atmosphere was charged with 2-chloro-1,3-dimethylimidazolinium chloride
(DMC, 409, 2.68 g, 159 mmol). Dry dichloromethane (50 mL) and ethyl 3-
oxobutanoate (394, 2.4 mL, 13.2 mmol) were then added via syringe and the solution
was cooled to 0 °C. To the mixture was then added triethylamine (5.5 mL, 39.6 mmol)
dropwise via syringe and the reaction was allowed to stir for 30 min at room
temperature. The mixture was then concentrated under reduced pressure, and the residue
obtained was purified by flash column chromatography, eluting from 100% hexanes to
20% EtOAc in hexanes furnishing 410 as a pale yellow oil (1.87 g, 77%). TLC
(hexanes:EtOAc, 8:2 v/v): R¢=0.50.

Spectral data for this compound were consistent with those in the literature.’”’

81 (400 MHz, CDCls): 6.03 (2 H,s, H-3),424 (4 H,dq, J2.6, 7.1, H-2a and H-2b),
1.30(6 H,t,J 7.1, H-1).
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d¢ (100 MHz, CDCls): 219.6 (C=0), 163.6 (q), 92.6, 61.8, 14.3.

HRMS (m/= - ESI): Found: 207.0632 (M+Na)" CoH,,04Na Requires: 207.0633.

(E)-Ethyl 2-(2-ethoxy-2-oxoethylidene)-4-oxocyclohexanecarboxylate (411)

(¢}
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An oven-dried 50 mL round-bottomed flask containing a magnetic stirring bar under
argon atmosphere was charged with 408 (1.70 g, 9.23 mmol) and 410 (3.28 g, 23.1
mmol). Acetonitrile (17 mL) was then added via syringe and the mixture was heated at
reflux temperature for 6 h. The reaction was cooled to room temperature and
concentrated under reduced pressure. The residue obtained was dissolved in THF (160
mL), transferred via syringe to a 500 mL round-bottomed flask and cooled to 0 °C. A
10% aqueous solution of HCI (32 mL) was then added dropwise via syringe and
allowed to stir at the same temperature for 1 h. The excess of acid was neutralised with
a 10% aqueous solution of NaOH and the mixture was extracted with EtOAc (3 x 50
mL). The combined organic phases were dried over anhydrous MgSOy, filtered and the
solvent was evaporated i/n vacuo to give a residue that was purified by flash column
chromatography, eluting in gradient from 100% hexanes to 20% EtOAc in hexanes
furnishing 411 as a pale yellow o1l (1.13 g, 48%). TLC (hexanes:EtOAc, 8:2 v/v): Ry =
0.24.

Spectral data for this compound were consistent with those in the literature.'”’

81 (400 MHz, CDCl;): 6.02 (1 H, s, H-5), 4.24-4.12 (4 H, m, H-6 and H-8), 3.60-
3.52(1 H,m, H-1),3.45(1 H,d,J 16.1, H-4a), 3.29 (1 H, d,
J 16.1, H-4b), 2.66-2.50 (1 H, m, H-2a), 2.47-2.34 (2 H, m,
H-2b and H-3b), 2.31-2.18 (1 H, m, H-3b), 1.33-1.23 (6 H,
m, H-7 and H-9).

8¢ (100 MHz, CDCl;):  198.3 (C=0), 171.2 (C=0), 169.5 (C=0), 152.5 (q), 130.7,
61.7,615,44.2, 422, 345 262,143,142,
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HRMS (m/z - ESI): Found: 277.1065 (M+Na)" C;3H;sOsNa Requires:
277.1052.

Ethyl 7-(2-ethoxy-2-oxoethyl)-1,4-dioxaspiro[4.5]dec-7-ene-8-carboxylate (413)
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In a 100 mL round-bottomed flask containing a magnetic stirring bar, 411 (1.06 g, 4.17
mmol), ethylene glycol (412, 349 uL, 6.25 mmol) and p-TSA (158.6 mg, 0.834 mmol)
were mixed together in toluene (30 mL). The flask was then fitted with a Dean-Stark
apparatus for azeotropic removal of water and the reaction was heated at reflux
temperature for 5 h. The mixture was then cooled to room temperature, diluted with
toluene (30 mL) and washed with 5% aqueous solution of NaHCO; (30 mL). The
organic phase was separated, dried over anhydrous MgSQO,, filtered and concentrated
under reduced pressure to afford a residue that was dissolved in THF (50 mL) and
transferred via syringe to a 250 mL round-bottomed flask containing a magnetic stirring
bar. To the solution was then added triethylamine (50 mL) via syringe and the reaction
was heated at reflux temperature for 18 h. The mixture was then cooled to room
temperature, concentrated in vacuo and partitioned between toluene (100 mL) and water
(20 mL). The organic layer was separated, dried over anhydrous MgSQ,, filtered and
the solvent was removed under reduced pressure to give a residue that was purified by
flash column chromatography, eluting in gradient from 100% hexanes to 20% EtOAc in
hexanes furnishing 413 as a colourless oil (937.9 mg, 75%). TLC (hexanes:EtOAc, 8:2
v/v): Re=0.24.

Spectral data for this compound were consistent with those in the literature.'”’

81 (400 MHz, CDCl;):  4.17 (2 H, q,J 7.1, H-10), 4.15 (2 H, q, J 7.1, H-8), 3.99 (4
H, app. s, H-4 and H-5), 3.47 2 H, s, H-7), 2.59 2 H, t, J
6.5, H-2), 248 2 H, s, H-6), 1.79 2 H, t, J 6.5, H-3), 1.27
(3H,t,J7.1,H-11),1.26 3 H, t,J 7.1, H-9).
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d¢ (100 MHz, CDCls): 170.8 (C=0), 167.6 (C=0), 139.7 (q), 127.2 (q), 107.2 (q),
64.6 (2x (), 60.8,60.5,42.6,40.5,30.7,25.8, 14.4, 14.3.

HRMS (m/z - ESI): Found: 299.1505 (M+H)" C;sH,;0¢ Requires: 299.1495.

7-(Carboxymethyl)-1,4-dioxaspiro[4.5]dec-7-ene-8-carboxylic acid (414)
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In a 100 mL round-bottomed flask containing a magnetic stirring bar, 413 (800.0 mg,
2.68 mmol) was dissolved in a mixture (3:1) of EtOH (24 mL) and water (8.0 mL).
KOH (601.9 mg, 10.7 mmol) was then added to the mixture and the reaction mixture
was heated at reflux temperature for 3 h. The mixture was then cooled to room
temperature, concentrated under reduced pressure and the resulting aqueous solution
was adjusted to pH = 3 by addition of a 10% aqueous solution of HCl and extracted
with diethyl ether (3 x 30 mL). The combined organic extracts were dried over
anhydrous MgSO,, filtered and concentrated in vacuo to give a residue that was
triturated with a small amount of diethyl ether (5 mL) to furnish 413 as an off white
solid (578.9 mg, 89%). M.p. 132-134 °C (lit."”” m.p. 137.5-138.5 °C).

Spectral data for this compound were consistent with those in the literature.'”’

Oy (600 MHz, DMSO-d¢):* 3.99 (4 H, app. s, H-4 and H-5), 3.46 (2 H, s, H-7), 2.61 (2
H,t,J6.5,H-2),252 (2H, s, H-6), 1.79 (2 H, t, J 6.5, H-3).

8¢ (151 MHz, DMSO-dg): 175.5 (C=0), 172.4 (C=0), 143.6 (q), 126.7 (q), 106.9 (q),
64.7 (2 x C), 44.0, 41.3,30.6, 25.3.

HRMS (m/= - ESI): Found: 265.0681 (M+Na)" C;;H;4O¢Na Requires:
265.0688.

* The protic signals (H-8 and H-9) are not visible in DMSO-ds.
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General procedure XIV: Synthesis of anhydride 389-391, 238 and 232

In an oven-dried 25 mL round-bottomed flask containing a magnetic stirring bar under
argon atmosphere was added the relevant bis-acid precursor (300.0 mg) of the desired
anhydride. Freshly distilled acetyl chloride (10 mL) was then added via syringe. The
flask was fitted with a condenser and the reaction was heated at reflux temperature for
16 h. The mixture was then cooled to room temperature and the volatiles were removed
under reduced pressure to afford the crude anhydride that was purified by rapid flash

column chromatography (hexanes:EtOAc, 2:1 v/v) to furnish the desired compound.

4H-Thieno|3,2-c|pyran-4,6(7H)-dione (389)
o]

2
1/ | (1)\
S 2 o)

Synthesised according to general procedure XIV, using 396 as bis-acid precursor (300.0
mg, 1.61 mmol). After purification, 389 was obtained as a pale brown solid (224.1 mg,

83%). M.p. 152-154 °C.

811 (400 MHz, DMSO-d¢): 7.66 (1 H, d, J 5.3, H-1), 745 (1 H, d, J 5.3, H-2), 442 (2
H, s, H-3).

8¢ (100 MHz, DMSO-ds): 165.5 (C=0), 156.6 (C=0), 149.0 (q), 127.3, 125.0, 124.5
(q), 32.6.

Vmax (neat)/cm’™: 3110, 3092, 2949, 2904, 1780, 1735, 1548, 1409, 1386,
1326, 1265, 1162, 1034, 961, 872, 714.

HRMS (m/= - ESI): Found: 166.9805 (M-H) C;H;0sS Requires: 166.9803.
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1,3-Dimethylpyrano|4,3-b]pyrrole-4,6(1H,7 H)-dione (390)
2 (0]
=

Synthesised according to general procedure XIV, using 400 as bis-acid precursor (300.0
mg, 1.52 mmol). After purification, 390 was obtained as an off white solid (221.7 mg,
81%). M.p. 174-176°C (lit.*** m.p. 162-165 °C).

Spectral data for this compound were consistent with those in the literature.**

811(400 MHz, DMSO-dg): 6.71 (1 H, s, H-1), 4.17 (2 H, s, H-4), 3.50 (3 H, s, H-3),
2.15(3 H, s, H-2).

S¢ (100 MHz, DMSO-ds): 166.3 (C=0), 157.4 (C=0), 1369 (q), 1234, 1184 (q),
104.2 (q), 33.2,29.7, 10.4.

HRMS (m/z - ESI): Found: 180.0662 (M+H)" CyH;(NO; Requires: 180.0661.

4-Phenyl-2H-pyran-2,6(3H)-dione (391)

Synthesised according to general procedure XIV, using 404 as bis-acid precursor (300.0
mg, 1.45 mmol). After purification, 391 was obtained as a white solid (140.3 mg, 51%).
M.p. 198-201°C (lit.*** m.p. 193-195 °C).

Spectral data for this compound were consistent with those in the literature.**

811 (400 MHz, DMSO-dg): 7.81 (2 H, d, J 7.2, H-2), 7.58-7.45 (3 H, m, H-3 and H-4),
6.80 (1 H, s, H-1), 4.16 (2 H, s, H-5).

8¢ (100 MHz, DMSO-dg): 166.2 (C=0), 161.4 (C=0), 154.1 (q), 134.0 (q), 131.5,
129.0, 126.7, 110.8, 33 4.
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HRMS (m/z - ESI): Found: 189.0553 (M+H)" C,;H0; Requires: 189.0552.

4-Methyl-2H-pyran-2,6(3H)-dione (238)

Synthesised according to general procedure XIV, using 406 as bis-acid precursor (300.0
mg, 2.08 mmol). After purification, 238 was obtained as a white solid (116.1 mg, 44%).
M.p. 78-82 °C (lit."”" m.p. 79-83 °C).

Spectral data for this compound were consistent with those in the literature.'”’
811 (400 MHz, DMSO-dg): 6.09 (1 H, s, H-1), 3.64 (2 H. s, H-3), 1.97 (3 H, s, H-2).

8¢ (100 MHz, DMSO-dg):  166.3 (C=0), 160.8 (C=0), 159.2 (q), 112.6, 36.4, 21.5.

7',8'-Dihydrospiro[[1,3]dioxolane-2,6'-isochromene|-1',3'(4'H,5' H)-dione (232)

Synthesised according to general procedure XIV, using 414 as bis-acid precursor (300.0
mg, 1.24 mmol). After purification, 232 was obtained as a white solid (225.8 mg, 81%).
M.p. 178-180 °C (lit."”” m.p. 181-184 °C).

Spectral data for this compound were consistent with those in the literature.'”’

811(400 MHz, CDCly):  4.00 (4 H, app. s, H-4 and H-5), 3.40 (2 H, s, H-7), 2.66-
257(2H,m, H-2),244 (2 H,s, H-6), 1.85 (2 H, t,J6.5,
H-3).

8¢ (100 MHz, CDCLy):  164.6 (C=0), 160.7 (C=0), 146.7 (q), 122.1 (q), 106.5 (q),
64.9 (2 x C), 39.9, 36.3,30.7, 22.9.
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HRMS (m/z - ESI): Found: 225.0771 (M+H)" C;;H,30s Requires: 225.0763.

General procedure XV: Racemic preparation of products 386, 387, 415-419, 428-
430

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon
atmosphere was charged with the relevant anhydride (0.246 mmol). Anhydrous MTBE
(2.5 mL, 0.1 M) was added via syringe followed by the appropriate oxindole (0.246
mmol). N,N-Diisopropylethylamine (8.6 pL, 0.0492 mmol - 20 mol%) was added via
syringe and the resulting mixture was allowed to stir for 18 h at room temperature. To
the reaction mixture containing the corresponding carboxylic acids, anhydrous MeOH
(750 pL, 18.5 mmol), followed by trimethylsilyldiazomethane (2.0 M solution in
diethyl ether, 150 pL, 0.300 mmol) were added via syringe and the reaction was
allowed to stir for 30 min at room temperature. The crude mixture was then directly
loaded onto a flash chromatographic column and two diastereomers were

chromatographically isolated together eluting in gradient of EtOAc from 100% hexanes.

General procedure XVI: Catalyst evaluation in the organocatalysed cycloaddition

of homophthalic anhydride (147) to oxindole 378 and effect of variation of the
temperature on the reaction (Table 5.2 and Table 5.3)

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon
atmosphere was charged with the oxindole 378 (78.1 mg, 0.246 mmol). Anhydrous
MTBE (2.5 mL, 0.1 M) was added via syringe followed by the relevant catalyst (0.0123
mmol - 5 mol%) and the mixture was brought to the equilibrated temperature reported
in Table 5.2 and Table 5.3, while stirring. Homophthalic anhydride (147, 39.9 mg,
0.246 mmol) was then added to the mixture and the reaction was allowed to stir for the
time indicated in Table 5.2 and Table 5.3. Anhydrous MeOH (750 pL, 18.5 mmol),
followed by trimethylsilyldiazomethane (2.0 M solution in diethyl ether, 150 uL, 0.300
mmol), were then added via syringe (at the same temperature at which the reaction was
conducted) to the mixture that was allowed to stir for 30 min. The crude reaction

mixture containing the diastereomeric esters was then directly loaded onto the silica
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column and the two diastereomers were chromatographically isolated together eluting in
gradient from 100% hexanes to 20% EtOAc in hexanes. The diastereomeric ratio and
the enantiomeric excess of the product formed were then determined by CSP-HPLC

using the conditions indicated.

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL
min’, RT, UV detection at 254 nm, retention times: frans-386 16.8 min (minor
enantiomer) and 28.0 min (major enantiomer); cis-386 23.4 min (minor enantiomer) and
31.5 min (major enantiomer); diastereomer (C) 18.3 min (minor enantiomer) and 23.3

min (major enantiomer).

General procedure XVII: Substrate evaluation in the organocatalysed

cycloaddition of aromatic anhydrides to oxindoles 378 and 423 (Table 5.4, Table
5.5 and Tabie 5.6)

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon
atmosphere was charged with the relevant oxindole (0.246 mmol). Anhydrous MTBE
(2.5 mL, 0.1 M) was added via syringe followed by catalyst 348 (5.8 mg, 0.0123 mmol
- 5 mol%) and the mixture was brought to the equilibrated temperature reported in
Table 5.4, Table 5.5 and Table 5.6, while stirring. The relevant anhydride (0.246 mmol)
was added to the mixture and the reaction was allowed to stir for the time indicated in
Table 5.4, Table 5.5 and Table 5.6. Anhydrous MeOH (750 pL, 18.5 mmol), followed
by trimethylsilyldiazomethane (2.0 M solution in diethyl ether, 150 pL, 0.300 mmol),
were added via syringe (at the same temperature at which the reaction was conducted)
to the mixture that was allowed to stir for 30 min. The crude reaction mixture
containing the diastereomeric esters was then directly loaded onto the silica column and
the two diastereomers were chromatographically isolated together eluting in gradient of
EtOAc from 100% hexanes to the ratio indicated by the TLC solvent system reported in
each case. The diastereomeric ratio and the enantiomeric excess of the product formed
were determined by CSP-HPLC using the conditions indicated in each case. The major
diastereomer produced in the reaction was then purified by the employment of an
automated flash chromatographic purification system (Biotage SP4) using two high

performance prepacked silica cartridges (Biotage SNAP 10 g) connected in series,
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eluting the mixture in gradient of EtOAc from 100% hexanes according the following

developed method.
Flow: 15 mL/min; Unit: CV = column volume = 15 mL = | min.

Gradient: 100% hexanes for 2 CV: 5% EtOAc in hexanes for 2 CV; from 5% EtOAc 1n
hexanes to 30% EtOAc in hexanes in 10 CV: 30% EtOAc in hexanes for 5 CV; from
30% EtOAc in hexanes to 40% EtOAc in hexanes in 5 CV: 40% EtOAc in hexanes for
5CV.

General procedure XVIII: Substrate evaluation in the organocatalysed
cycloaddition of substituted glutaconic anhydrides to oxindoles 378 and 423 (Table
5.5 and Table 5.6)

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon
atmosphere was charged with the relevant oxindole (0.246 mmol). Anhydrous MTBE
(2.5 mL, 0.1 M) was added via syringe followed by catalyst 348 (5.8 mg, 0.0123 mmol
- 5 mol%) and warmed at the equilibrated temperature of 30 °C, while stirring. The
relevant anhydride (0.246 mmol) was added to the mixture and the reaction was allowed
to stir for the time indicated in Table 5.5 and Table 5.6. The crude reaction mixture
containing the diastereomeric product was directly loaded onto the silica column and
the two diastereomers were chromatographically isolated together eluting in gradient of
EtOAc from 100% hexanes to the ratio indicated by the TLC solvent system reported in
each case. The diastereomeric ratio and the enantiomeric excess of the product formed
were determined by CSP-HPLC using the conditions indicated in each case. The major
diastereomer produced in the reaction was then purified by the employment of an
automated flash chromatographic purification system (Biotage SP4) using two high
performance prepacked silica cartridges (Biotage SNAP 10 g) connected in series,
eluting the mixture in gradient of EtOAc from 100% hexanes according the following

developed method.
Flow: 15 mL/min; Unit: CV = column volume = 15 mL = 1 min.

Gradient: 100% hexanes for 2 CV: 5% EtOAc in hexanes for 2 CV: from 5% EtOAc in
hexanes to 30% EtOAc in hexanes in 10 CV; 30% EtOAc in hexanes for 5 CV; from
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30% EtOAc in hexanes to 40% EtOAc in hexanes in 5 CV; 40% EtOAc in hexanes for
5CV.

(2'R,3'R,4'R)-1-tert-Butyl 3'-ethyl 4'-methyl 1',2-dioxo-3',4'-dihydro-1'H-
spiro[indoline-3,2'-naphthalene]-1,3',4'-tricarboxylate (frans-386, Table 5.5, entry
1)

Synthesised according to general procedure XVII by reaction of oxindole 378 (78.1 mg,
0.246 mmol) with anhydride 147 (39.9 mg, 0.246 mmol) at 30 °C. After purification
(Biotage SP4), rrans-386 was isolated as a white solid (111.8 mg, 92%). M.p. 66-68 °C;
TLC (hexanes:EtOAc, 8:2 v/v): Ry=0.26; [a]3° = +251.8 (¢ = 0.20, CHCI;).

CSP-HPLC analysis. Chiralpak IA (4.6 mm x 25 c¢m), hexane/IPA: 95/5, 1.0 mL min,
RT, UV detection at 254 nm, retention times: 12.7 min (minor enantiomer) and 22.5

min (major enantiomer).

311(400 MHz, CDCL):  8.04 (1 H, d, J 7.9, H-1), 7.97 (1 H, d, J 8.2, H-7), 7.68 (1
H, app. t, H-3), 7.59 (1 H, d, J 7.9, H-4), 7.46 (1 H, app. t,
H-2), 7.31 (1 H, app. t, H-8), 6.98 (1 H, app. t, H-9), 6.86 (1
H, d,J 7.6, H-10),4.76 (1 H,d, J 11.8, H-5),4.64 (1 H, d, J
11.8, H-6), 4.00-3.82 (5 H, m, H-11 and H-13), 1.67 (9 H, s,
H-14),0.97 3 H,t,J 7.1, H-12).

8¢ (100 MHz, CDCl;):  190.7 (C=0), 173.2 (C=0), 172.0 (C=0), 169.5 (C=0),
149.2 (C=0), 141.4 (q), 137.5 (q), 135.6, 129.9, 129.5 (q),
129.4, 1289, 127.1, 125.2 (q), 124.5, 123.0, 116.2, 84.7 (q),
62.1,61.4(q), 53.0,47.6,44.3,28.2, 13 4.
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Vimax (neat)/cm’™: 2983, 1775, 1731, 1681, 1598, 1478, 1345, 1284, 1241,
1147, 1097, 1014, 845, 751.

HRMS (m/z - ESI): Found: 516.1635 (M+Na)" C»H,;NOgNa Requires:
516.1634.

(2'R,3'S,4'R)-1-tert-Butyl 3'-ethyl 4'-methyl 1',2-dioxo-3',4'-dihydro-1'H-
spiro[indoline-3,2'-naphthalene]-1,3',4'-tricarboxylate (cis-386, Table 5.5, entry 2)

Synthesised according to general procedure XVII by reaction of oxindole 378 (78.1 mg,
0.246 mmol) with anhydride 147 (39.9 mg, 0.246 mmol) at -30 °C. After purification
(Biotage SP4), cis-386 was isolated as a white solid (90.3 mg, 74%). M.p. 68-70 °C;
TLC (hexanes:EtOAc, 8:2 vv): R;=0.16; [a]3° =-55.0 (¢ = 0.20, CHCI;).

CSP-HPLC analysis. Chiralpak IA (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL min™',
RT, UV detection at 254 nm, retention times: 21.8 min (minor enantiomer) and 24.8

min (major enantiomer).

811 (400 MHz, CDCl;):  8.01 (1 H, d, J 7.6, H-1), 7.93 (1 H, d, J 8.2, H-7), 7.67 (1
H, app. t, H-3), 7.51-7.43 (2 H, m, H-2 and H-4), 7.35 (1 H,
app. t, H-8), 7.09 (1 H, app. t, H-9), 6.88 (1 H, d, J 7.5, H-
10), 4.68 (1 H, d, J 5.8, H-5), 4.10 2 H, q, J 7.2, H-11),
3.96 (1 H, d, J 5.8, H-6), 3.74 (3 H, s, H-13), 1.60 (9 H, s,
H-14), 1.14 3 H, t,J 7.2, H-12).

8c (151 MHz, CDCly): ~ 190.7 (C=0), 171.3 (C=0), 170.0 (C=0), 168.9 (C=0),
149.1 (C=0), 141.7 (q), 138.5 (q), 134.5, 130.8, 130.7 (q).
129.5,129.0 (q), 128.9, 128.8, 124.6, 121.8, 115.6, 84.4 (q),
61.8,60.8 (q), 52.9,49.6,45.2,28.2, 13.8.
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Vmax (neat)/cm™: 2983, 2953, 1731, 1680, 1601, 1481, 1347, 1245, 1147,
1095, 840, 751.

HRMS (m/z - ESI): Found: 516.1628 (M+Na)" C,;H,;NOgNa Requires:
516.1634.

(2'R,3'R ,4'R)-1-tert-Butyl 3'-ethyl 4'-methyl 7'-bromo-1',2-dioxo-3',4'-dihydro-1'H-
spiro[indoline-3,2'-naphthalene|-1,3',4'-tricarboxylate (frans-387, Table 5.5, entry
3)

Synthesised according to general procedure XVII by reaction of oxindole 378 (78.1 mg,
0.246 mmol) with anhydride 312 (59.3 mg, 0.246 mmol) at 30 °C. After purification
(Biotage SP4), rrans-387 was isolated as a white solid (133.6 mg, 95%). M.p. 80-82 °C;
TLC (hexanes:EtOAc, 8:2 v/v): Ry = 0.30; [a]3° = +141.0 (¢ = 0.20, CHCl;).

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 c¢m), hexane/IPA: 95/5, 1.0 mL
min”', RT, UV detection at 254 nm, retention times: 13.6 min (minor enantiomer) and

33.1 min (major enantiomer).

81 (400 MHz, CDCly):  8.14 (1 H, d, J 2.1, H-1), 7.98 (1 H, d, J 8.3, H-6), 7.88 (1
H, dd, J 2.1, 8.5, H-2), 7.49 (1 H, d, J 8.5, H-3), 7.33 (1 H,
app. t, H-7), 6.99 (1 H, app. t, H-8), 6.83 (1 H, d, J 7.5, H-
9), 467 (1 H, d, J 11.7, H-4), 460 (1 H, d, J 11.7, H-5),
4.00-3.82 (5 H, m, H-10 and H-12), 1.68 (9 H, s, H-13),
097 (3H,t,J7.2, H-11).

8c (100 MHz, CDCl;):  189.5 (C=0), 172.8 (C=0), 171.5 (C=0), 169.3 (C=0),
149.1 (C=0), 141.3 (q), 138.4, 136.2 (q), 132.0, 131.1 (q),
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130.1, 129.0, 124.7 (q), 124.6, 123.4 (q), 123.0, 116.3, 84.9
(q),62.3,61.2(q), 53.2,47.4,44.0,28.3, 13.5.

Vmax (neat)/cm™: 2983, 2953, 1775, 1732, 1685, 1588, 1478, 1345, 1291,
1222, 1147, 1015, 837, 755.

HRMS (m/=z - ESI): Found: 594.0735 (M+Na)" C»H,,NOgBrNa Requires:
594.0739.

(2'R,3'S,4'R)-1-tert-Butyl 3'-ethyl 4'-methyl 7'-bromo-1',2-dioxo-3',4'-dihydro-1'H-
spiro[indoline-3,2'-naphthalene]-1,3',4'-tricarboxylate (cis-387, Table 5.5, entry 4)

Synthesised according to general procedure XVII by reaction of oxindole 378 (78.1 mg,
0.246 mmol) with anhydride 312 (53.9 mg, 0.246 mmol) at -30 °C. After purification
(Biotage SP4), cis-387 was isolated as a white solid (102.7 mg, 73%). M.p. 84-86 °C;
TLC (hexanes:EtOAc, 8:2 vv): Ry=0.20; [a]3® =-29.5 (¢ = 0.20, CHCl;).

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL
min”', RT, UV detection at 254 nm, retention times: 26.9 min (minor enantiomer) and

35.4 min (major enantiomer).

81 (400 MHz, CDCLy):  8.12 (1 H, d, J 2.1, H-1), 7.93 (1 H, d, J 8.2, H-6), 7.77 (1
H, dd, J 2.1, 8.3, H-2), 7.39-7.33 (2 H, m, H-3 and H-7),
7.10 (1 H, app. t, H-8). 6.86 (1 H. d, J 7.4, H-9), 4.63 (1 H,
d,J5.8, H-4),4.10 (2 H, q,J 7.2, H-10), 3.92 (1 H, d, J 5.8,
H-5),3.74 (3 H, s, H-12), 1.60 (9 H, s, H-13), 1.14 3 H, t,J
7.2, H-11).
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8c (151 MHz, CDCLy): ~ 189.5 (C=0), 170.9 (C=0), 169.5 (C=0), 168.7 (C=0),
148.9 (C=0), 141.6 (q), 137.3, 137.2 (q), 132.5, 132.1 (q),
131.5, 129.7, 128.3 (q), 124.7, 123.0 (q), 121.9, 115.7, 84.6
(q), 62.0, 60.6 (q), 53.0,49.3,44.7,28.2, 13..

Vinax (neat)/cm’™: 2983, 2949, 1733, 1683, 1590, 1480, 1345, 1243, 1146,
1008, 833, 751.

HRMS (m/z - ESI): Found: 594.0738 (M+Na)" C,;H,sNOgBrNa Requires:
594.0739.

(3'R,6R,7S)-1'-tert-Butyl 6-ethyl 7-methyl 2',4-dioxo-6,7-dihydro-4H-
spiro|benzo|b]thiophene-5,3'-indoline]-1',6,7-tricarboxylate (frans-415, Table 5.5,
entry 5)

Synthesised according to general procedure XVII by reaction of oxindole 378 (78.1 mg,
0.246 mmol) with anhydride 389 (41.4 mg, 0.246 mmol) at 30 °C. After purification
(Biotage SP4), rrans-415 was isolated as a white solid (111.6 mg, 91%). M.p. 144-147
°C; TLC (hexanes:EtOAc, 8:2 v4): Ry=0.25; [a]3° = +284.5 (c = 0.20, CHCls).

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL
min"', RT, UV detection at 254 nm, retention times: 15.7 min (minor enantiomer) and

24.1 min (major enantiomer).

O (400 MHz, CDCls): 796 (1 H, d, J 8.2, H-5), 740 (1 H, d, J 5.4, H-2), 7.33 (1
H, app. t, H-6), 7.28 (1 H, d, J 5.4, H-1), 7.02 (1 H, app. t,
H-7), 691 (1 H, d, J 7.5, H-8), 4.86 (1 H, d, J 11.2, H-3),
466 (1 H,d,J 112, H-4), 3.97-3.81 (5 H, m, H-9 and H-
11), 1.68 (9 H, s, H-12), 0.96 (3 H, t,J 7.1, H-10).
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8¢ (100 MHz, CDCL;): ~ 185.0 (C=0), 173.1 (C=0), 170.3 (C=0), 169.1 (C=0),
149.6 (q), 149.2 (C=0), 141.2 (q), 134.9 (q), 130.1, 126.6,
126.4, 125.1 (q), 124.6, 122.9, 116.2, 84.8 (q), 62.2, 61.9
(q), 53.4,48.7,42.3,28.3, 13.5.

Visiag (neat)/cm'lz 3088, 2993, 2960, 1769, 1728, 1673, 1603, 1526, 1479,
1346, 1264, 1171, 1145, 1095, 1019, 888, 836, 770, 744,
717.

HRMS (m/z - ESI): Found: 522.1107 (M+Na)" C,sH,sNOgNaS Requires:
522.1199.

(3'R,6R,7R)-1'-tert-Butyl 6-ethyl 7-methyl 1,3-dimethyl-2',4-dioxo-1,4,6,7-
tetrahydrospiro[indole-5,3'-indoline|-1',6,7-tricarboxylate (frans-416, Table 5.5,
entry 6)

Synthesised according to general procedure XVII by reaction of oxindole 378 (78.1 mg,
0.246 mmol) with anhydride 390 (44.1 mg, 0.246 mmol) at 30 °C. After purification
(Biotage SP4), rrans-416 was isolated as a white solid (119.5 mg, 95%). M.p. 82-84 °C;
TLC (hexanes:EtOAc, 7:3 v4): Ry=0.14; [a]3’ = +314.0 (c = 0.20, CHCI;).

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 c¢m), hexane/IPA: 95/5, 1.0 mL
min', RT, UV detection at 254 nm, retention times: 27.1 min (major enantiomer) and

33.8 min (minor enantiomer).

81 (400 MHz, CDCLy):  7.95 (1 H, d, J 8.2, H-6), 7.31-7.25 (1 H, m, H-7), 6.9 (1
H, app. t, H-8), 6.82 (1 H, dd, J 1.0, 7.5, H-9), 6.41 (1 H, s,
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H-2),4.61 (1 H, d, J 10.7, H-4), 453 (1 H, d, J 10.7, H-5),
3.94-3.80 (5 H, m, H-10 and H-12), 3.60 (3 H, s, H-3), 2.16
(3H,s,H-1),1.65(9H, s, H-13),0.96 (3H,t,J7.2, H-11).

S¢ (100 MHz, CDCly): 186.3 (C=0), 174.0 (C=0), 171.3 (C=0), 169.3 (C=0),
149.3 (C=0), 141.4 (q), 135.5 (q), 129.5, 126.3 (q), 125.1,
124.2,122.8, 120.8 (q), 118.0 (q), 115.9, 84.4 (q), 62.3 (q),
62.1,53.2,50.2,409,34.9,282,134,11.2.

Vmax (neat)/cm’™: 2983, 2932, 1773, 1730, 1658, 1478, 1345, 1292, 1250,
1146, 1009, 840, 757.

HRMS (m/= - ESI): Found: 509.1918 (M-H)" C,7H,9N,0Og Requires: 509.1924.

(2R,3R)-1'-tert-Butyl 3-ethyl 1,2'-dioxo-5-phenylspiro|cyclohex|S]ene-2,3'-
indoline|-1',3-dicarboxylate (frans-417, Table 5.5, entry 7)

Synthesised according to general procedure XVIII by reaction of oxindole 378 (78.1
mg, 0.246 mmol) with anhydride 391 (46.3 mg, 0.246 mmol). After purification
(Biotage SP4), trans-417 was isolated as a white solid (106.5 mg, 94%). M.p. 121-123
°C; TLC (hexanes:EtOAc, 8:2 vv): Ry=0.33; [a]3’ = +228.0 (¢ = 0.20, CHCl;).

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL
min”', RT, UV detection at 254 nm, retention times: 21.4 min (major enantiomer) and

36.8 min (minor enantiomer).

81 (400 MHz, CDCl;):  7.96 (1 H, d, J 8.2, H-7), 7.75-7.66 (2 H, m, H-2), 7.55-
7.46 (3 H, m, H-1 and H-3), 7.33 (1 H, app. t, H-8), 7.12-
7.02 (2 H, m, H-9 and H-10), 6.60 (1 H, s, H-4), 4.07 (1 H,
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dd, J 7.8, 9.9, H-6), 4.02-3.86 (2 H, m, H-11), 3.48-3.41 (2
H, m, H-5), 1.67 (9 H, s, H-13), 1.00 (3 H, t,J 7.2, H-12).

8¢ (100 MHz, CDCly):  192.4 (C=0), 174.1 (C=0), 170.0 (C=0), 157.4 (q), 149.2
(C=0), 141.3 (q), 137.3 (q), 131.3, 129.6, 129.3, 126.5,
125.7 (q), 124.5, 123.6, 122.9, 116.1, 84.6 (q), 61.7, 60.9
(q), 45.1,28.3,27.2, 13.6.

Vmax (neat)/cm™: 2983, 2932, 1777, 1737, 1722, 1652, 1606, 1477, 1350,
1247, 1152, 1093, 1006, 895, 845, 759, 706.

HRMS (m/z - ESI): Found: 460.1754 (M-H)" C,7H26NOs Requires: 460.1760.

(1R,6R)-1'-tert-Butyl 6-ethyl 4-methyl-2,2'-dioxospiro|cyclohex|3]ene-1,3'-
indoline|-1',6-dicarboxylate (frans-418, Table 5.5, entry 8)

Synthesised according to general procedure XVIII by reaction of oxindole 378 (78.1
mg, 0.246 mmol) with anhydride 238 (31.0 mg, 0.246 mmol). After purification
(Biotage SP4), rrans-418 was isolated as a white solid (93.6 mg, 95%). M.p. 45-47 °C;
TLC (hexanes:EtOAc, 8:2 v4): Rg=0.19; [a]3’ =+181.5 (c = 0.20, CHCl5).

CSP-HPLC analysis. Chiralpak IA (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL min™',
RT, UV detection at 254 nm, retention times: 18.8 min (major enantiomer) and 24.7

min (minor enantiomer).

81 (400 MHz, CDCly): ~ 7.94 (1 H, d, /8.2, H-5), 7.31 (1 H, app. t, H-6), 7.10-6.98
(2 H, m H-7 and H-8,), 6.04 (1 H, s, H-1), 3.98-3.81 (3 H,
m, H-3b and H-9), 3.04 (1 H, dd, J 11.6, 19.8, H-3a), 2.87
(1H,dd,J6.4,19.8 H-3b),2.16 3 H, s, H-2), 1.65 (9 H, s,
H-11),0.96 3 H, t,J 7.2, H-10).
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8c (100 MHz, CDCl;):  191.9 (C=0), 174.2 (C=0), 169.9 (C=0), 161.0 (q), 149.2
(C=0), 1412 (q), 129.5, 125.8 (q), 125.3, 124.4, 122.8,
116.0, 84.5 (q), 61.6, 60.8 (q), 44.9, 30.2, 28.3, 24.6, 13.6.

Vmax (neat)/cm’™: 2983, 2932, 1773, 1727, 1665, 1478, 1464, 1346, 1287,
1237, 1147, 1093, 1008, 891, 841, 751.

HRMS (m/= - ESI): Found: 398.1616 (M-H)" C,H,4NOg Requires: 398.1604.

1'"'-tert-Butyl 7'-ethyl (6'R,7'R)-2"",5'-dioxo-1',1"",2",3'4',5",7",8'-
octahydrodispiro[1,3-dioxolane-2,2'-naphthalene-6',3""-indole]-1",7'-dicarboxylate
(frans-419, Table S.5, entry 9)

Synthesised according to general procedure XVIII by reaction of oxindole 378 (78.1
mg, 0.246 mmol) with anhydride 232 (55.2 mg, 0.246 mmol). After purification
(Biotage SP4), rrans-419 was isolated as a white solid (100.5 mg, 82%). M.p. 140-143
°C; TLC (hexanes:EtOAc, 7:3 v/4): Ry=0.14; [a]3’ = +154.0 (¢ = 0.20, CHCl5).

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 c¢m), hexane/IPA: 95/5, 1.0 mL
min"', RT, UV detection at 254 nm, retention times: 44.4 min (major enantiomer) and

68.5 min (minor enantiomer).

811 (400 MHz, CDCLy):  7.93 (1 H, d, J 8.1, H-8), 7.30 (1 H, app. t, H-9), 7.10-6.99
(2 H, m, H-10 and H-11), 4.07-3.98 (4 H, m, H-3a, H-3b,
H-4a and H-4b), 3.97-3.78 (3 H, m, H-7 and H-12), 2.99 (1
H, dd, J 12.2, 19.5, H-6a), 2.75 (1 H, dd, J 6.1, 19.5, H-6b),
2.69-2.48 (3 H, m, H-1a, H-5a and H-5b), 2.37-2.24 (1 H,
m, H-1b), 1.90-1.69 (2 H, m, H-2a and H-2b), 1.65 (9 H, s,
H-14),0.95 (3 H,t,J 7.2, H-13).
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d¢ (100 MHz, CDCls):

Vimax (n€at)/cm™:

HRMS (m/= - ESI):

191.2 (C=0), 174.3 (C=0), 170.0 (C=0), 152.4 (q), 149.2
(C=0), 141.2 (q), 130.8 (q), 129.5, 125.7 (q), 124.4, 122.9,
115.9, 107.1 (q), 84.5 (q), 64.8, 64.7, 61.5 (q), 61.2, 44.3,
42.0,30.7,29.7,28.2,22.0, 13.5.

2958, 2932, 1772, 1728, 1665, 1641, 1478, 1347, 1247,
1147, 1095, 1059, 946, 841, 750.

Found: 496.1979 (M-H) C»7H30NOg Requires: 496.1971.

(2'R,3'S,4'R)-1-tert-Butyl 4'-methyl 1',2-dioxo-3'-phenyl-3',4'-dihydro-1'H-

spiro|indoline-3,2'-naphthalene]-1,4'-dicarboxylate (frans-428, Table 5.6, entry 1)

Synthesised according to general procedure XVII by reaction of oxindole 423 (79.1 mg,
0.246 mmol) with anhydride 147 (39.9 mg, 0.246 mmol) at 30 °C. After purification
(Biotage SP4), rrans-428 was isolated as a white solid (117.9 mg, 96%). M.p. 169-172
°C; TLC (hexanes:EtOAc, 8:2 v/v): Ry=0.34; [a]2D° =+4297.0 (¢ = 0.20, CHCI5).

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 c¢m), hexane/IPA: 95/5, 1.0 mL

min"', RT, UV detection at 254 nm, retention times: 11.9 min (minor enantiomer) and

33.8 min (major enantiomer).

31 (400 MHz, CDCls):

8.19 (1 H, d,J 7.9, H-1), 7.72-7.65 (2 H, m, H-3 and H-10),
7.52 (1 H, app. t, H-2), 7.43 (1 H, d, J 8.1, H-4), 7.31 (1 H,
app. t, H-11), 7.14 (1 H, t, J 7.3, H-9), 7.11-7.03 3 H, m,
H-8 and H-12), 6.97 (1 H, d, J 7.2, H-13), 6.83 (2 H, d, J
7.4,H-7),4.86 (1 H,d, J 12.4, H-5),4.53 (1 H, d, J 12.4, H-
6),3.55 (3 H, s, H-14), 1.49 (9 H, s, H-15).
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d¢ (100 MHz, CDCls):

Vit (neat)/cm'l :

HRMS (m/z - ESI):

191.2 (C=0), 172.0 (C=0), 171.8 (C=0), 148.4 (C=0),
141.1 (q), 139.5 (q), 135.2, 134.4 (q), 130.6 (q), 129.8,
129.4, 128.8, 128.7, 128.3, 128.2, 127.5, 124.4 (q), 1243,
123.6, 116.1, 84.3 (q), 65.3 (q), 52.6, 49.8, 48.5, 28.1.

2983, 2932, 2857, 1775, 1733, 1686, 1597, 1459, 1289,
1244, 1146, 1093, 1025, 836, 751, 700.

Found: 496.1770 (M-H)™ C30H,sNOs Requires: 496.1760.

(2'R,3'S,4'R)-1-tert-Butyl 4'-methyl 7'-bromo-1',2-dioxo-3'-phenyl-3',4'-dihydro-
1'H-spiro[indoline-3,2'-naphthalene]-1,4'-dicarboxylate (frans-429, Table 5.6, entry

2)

Synthesised according to general procedure XVII by reaction of oxindole 423 (79.1 mg,
0.246 mmol) with anhydride 312 (59.3 mg, 0.246 mmol) at 30 °C. After purification
(Biotage SP4), rrans-429 was isolated as a white solid (138.8 mg, 98%). M.p. 172-174
°C; TLC (hexanes:EtOAc, 8:2 v/v): Ry = 0.45; [a]3” = +244.0 (¢ = 0.20, CHCl5).

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 cm), hexane/IPA: 85/15, 1.0 mL

min’', RT, UV detection at 254 nm, retention times: 5.9 min (minor enantiomer) and

20.8 min (major enantiomer).

31 (400 MHz, CDCl;):

829 (1 H, d, J 2.1, H-1), 7.79 (1 H, dd, J 2.1, 8.2, H-2),
7.69 (1 H, d, J 8.2, H-9), 7.36-7.29 (2 H, m, H-3 and H-10),
7.15 (1 H, t,J 7.3, H-8), 7.12-7.03 (3 H, m, H-7 and H-11),
6.93 (1 H,d,J7.4, H-12), 681 (2 H, d, J 7.5, H-6), 4.76 (1
H,d,J12.4, H-4), 448 (1 H, d, J 12.4, H-5), 3.54 3 H, s,
H-13), 1.49 (9 H, s, H-14).
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8¢ (100 MHz, CDCl5): ~ 190.0 (C=0), 171.6 (C=0), 171.3 (C=0), 148.3 (C=0),
141.1 (q), 1382 (q), 138.0 134.0 (q), 132.1 (q). 132.0,
130.0, 129.4, 128.7, 128.5, 128.3, 124.4, 123.9 (q), 123.5,
123.2(q), 116.2, 84.4 (q), 65.1 (q), 52.8, 49.6, 48.2, 28.0.

Vimax (neat)/cm’: 2983, 2953, 2907, 1764, 1738, 1675, 1588, 1479, 1344,
1289, 1244, 1151, 1093, 911, 765, 699, 660.

HRMS (m/=z - ESI): Found: 574.0855 (M-H) C30H,sNOgBr Requires: 574.0865.

(18,2R)-tert-Butyl S-methyl-2',3-dioxo-1-phenylspiro[cyclohex|4]ene-2,3"'-indoline]-
1'-carboxylate (frans-430, Table 5.6, entry 3)

Synthesised according to general procedure XVIII by reaction of oxindole 423 (79.1
mg, 0.246 mmol) with anhydride 238 (31.0 mg, 0.246 mmol). After purification
(Biotage SP4), rrans-430 was isolated as a white solid (64.9 mg, 65%). M.p. 155-157
°C; TLC (hexanes:EtOAc, 8:2 v4): Re=0.33; [a]3” = +233.0 (¢ = 0.20, CHCI;).

CSP-HPLC analysis. Chiralpak AD-H (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL
min”', RT, UV detection at 254 nm. retention times: 10.5 min (minor enantiomer) and

16.3 min (major enantiomer).

51 (400 MHz, CDCLy):  7.64 (1 H, d, J 8.2, H-8), 7.32-7.23 (1 H, m, H-9), 7.21 (1
H, d, J 6.6, H-11), 7.18-7.09 (2 H, m, H-7 and H-10), 7.05
(2 H, app. t, H-6), 6.81 (2 H, d, J 7.3, H-5), 6.20 (1 H, s, H-
1), 4.05 (1 H, dd, 7 4.9, 12.3, H-4), 3.11 (1 H, dd, J 12.3,
19.3, H-3a), 2.61 (1 H, dd, J 4.9, 19.3, H-3b), 2.19 3 H. s,
H-2), 1.49 (9 H, s, H-12).
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d¢ (100 MHz, CDCls):

Vinax (n€at)/cm™:

HRMS (m/z - ESI):

192.9 (C=0), 173.1 (C=0), 162.7 (q), 148.5 (C=0), 140.8
(q), 136.7 (q), 129.4, 128.3, 128.1, 127.9, 126.2, 124.9 (q),

124.1, 123.6, 115.9, 84.1 (q), 65.0 (q), 47.7, 34.4, 28.1,
24.7.

2974, 2924, 2853, 1759, 1729, 1656, 1627, 1511, 1370,
1222, 1145, 1075, 837, 762, 694.

Found: 402.1720 (M-H) C,sH,4NO, Requires: 402.1705.
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7.6 Experimental procedures and data for Chapter 6

General procedure XIX: Substrate evaluation in the thiolate-catalysed

intermolecular aldehyde-ketone Tishchenko reaction (Table 6.1 and Table 6.2)

To an oven-dried 10 mL reaction vessel charged with a magnetic stirring bar under
argon atmosphere were added via syringe anhydrous THF (0.68 M) and 3-
trifluorothiophenol (445, 49 pL, 0.408 mmol - 20 mol%). The flask was cooled to 0 °C
and phenylmagnesium bromide (3.0 M solution in diethyl ether, 136 pL, 0.408 mmol -
20 mol%) was added dropwise via syringe while stirring. The reaction mixture was
allowed to warm to room temperature and the relevant trifluoromethyl ketone (2.04
mmol) followed by the relevant aldehyde (2.04 mmol) were added. The resulting
solution was heated at reflux temperature for time indicated in Table 6.1 and Table 6.2.
Volatiles were removed under reduced pressure and the residue obtained was purified

by flash column chromatography to give the desired product.

1-(4-Chlorophenyl)-2,2,2-trifluoroethyl benzoate (450, Table 6.1, entry 1)

3 1 5 cl
2 6

Synthesised according to general procedure XIX using THF (2.4 mL), 4’-chloro-2,2,2-
trifluoroacetophenone (449, 308 uL, 2.04 mmol) and benzaldehyde (52, 207 uL, 2.04
mmol). After purification, eluting in gradient from 100% hexanes to 10%
dichloromethane in hexanes, product 450 was isolated as a white solid (583.5 mg, 91%).
M.p. 62-64 °C; TLC (hexanes:CH,Cl, 9:1 v/v): Ry=0.38.

81 (400 MHz, CDCl):  8.12(2H, d,J 7.3, H-1),7.64 (1 H, t, J 7.5, H-3), 7.54-7.46
(4 H, m, H-2 and H-6), 7.04 (2 H, d, J 8.5, H-5), 6.33 (1 H,
q.J 6.8, H-4).

3¢ (100 MHz, CDCl5): 164.6 (C=0), 136.5 (q), 134.4, 130.4, 130.2 (q), 129.7,
129.4, 129.0, 128.8 (q). 123.4 (q, 'J 280.6) (q), 72.2 (q, *J
33.7).
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Or (376.5 MHz, CDCl;3):  -76.4.
Vinax (neat)/cm’: 2962, 1729, 1356, 1250, 1186, 1135, 1090, 916, 705.

HRMS (m/z - CI): Found: 314.0332 (M) C;5H,00,CIF; Requires: 314.0321.

1-(4-Bromophenyl)-2,2,2-trifluoroethyl benzoate (452, Table 6.1, entry 2)

1 3 s
2 0)4\©\5
(j 1
3 5 Br
2 6

Synthesised according to general procedure XIX using THF (2.4 mL), 4’-bromo-2,2,2-
trifluoroacetophenone (451, 317 uL, 2.04 mmol) and benzaldehyde (52, 207 pL, 2.04
mmol). After purification, eluting in gradient from 100% hexanes to 10%
dichloromethane in hexanes, product 452 was isolated as a white solid (683.6 mg, 93%).

M.p. 72-74 °C; TLC (hexanes:CH,Cl,, 8:2 v/v): Rg=0.41.

Sy (400 MHz, CDCl5): 812(2H,d,J7.0,H-1),7.64 (1 H,t,J7.5,H-3),7.57 (2H,
d,J 8.5, H-6),7.50 (2 H, app. t, H-2), 743 (2 H, d, J 8.5, H-
6),6.32 (1 H,q,/6.7, H-4).

8¢ (100 MHz, CDCls): 164.6 (C=0), 134.4, 132.4, 130.7 (q), 130.4, 130.0, 129.0,
128.8 (q), 124.7 (q), 123.4 (q, 'J 280.6) (q), 72.3 (q. *J

33.7).

Vimax (neat)/cm™: 3059, 2965, 1727, 1355, 1250, 1185, 1135, 1097, 1010,
803, 711.

HRMS (m/z - CI): Found: 357.9822 (M)" C,5H,00.F;’Br Requires: 357.9816.
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2,2,2-Trifluoro-1-(3-fluorophenyl)ethyl benzoate (454, Table 6.1, entry 3)

1 3i5 ”
2 07,
3 1 6 8
2 7

Synthesised according to general procedure XIX using THF (2.5 mL), 2,2,2,3’-
tetrafluoroacetophenone (453, 286 pL, 2.04 mmol) and benzaldehyde (52, 207 uL, 2.04
mmol). After purification, eluting in gradient from 100% hexanes to 10%
dichloromethane in hexanes, product 454 was isolated as a pale yellow oil (572.1 mg,
94%). TLC (hexanes:CH-Cl,, 9:1 v/): R¢y=0.25.

84 (400 MHz, CDCls):  8.13(2H,d,J 7.0, H-1), 7.64 (1 H,t,J 7.5, H-3), 7.51 (2 H,
app. t, H-2), 7.44-7.37 (1 H, m, H-8), 7.34 (1 H, d, J 7.5, H-
5), 7.28 (1 H, d, J 9.5, H-6), 7.20-7.09 (1 H, m, H-7), 6.36
(1H,q,J6.7, H-4).

3¢ (100 MHz, CDCls): 164.6 (C=0), 163.1 (d, 'J247.8) (q). 134.4, 133.9 (d, °J 7.8)
(q), 130.8 (d, °J 7.8), 130.4, 129.1, 128.7 (q), 124.2 (d, *J
2.9), 123.4 (q. '7280.9) (q), 117.4 (d, 27 20.4), 1154 (d, *J
23.3), 72.1 (q, °J 34.0).

Or (376.5 MHz, CDCl3):  -112.2,-76.3.

Vmax (neat)/cm™: 3066, 2971, 1737, 1596, 1452, 1255, 1242, 1178, 1149,
1130, 1091, 872, 771.

HRMS (m/z - CI): Found: 299.0698 (M+H)" C,sH;;0,F, Requires: 299.0695.
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2,2,2-Trifluoro-1-(3-(trifluoromethyl)phenyl)ethyl benzoate (456, Table 6.1, entry
4)

1 35
2 0)4\©/CF3
3 1 6 8

2 i

Synthesised according to general procedure XIX using THF (2.4 mL), 2,2,2-trifluoro-
3’-(trifluoromethyl)acetophenone (455, 349 pL, 2.04 mmol) and benzaldehyde (52, 207
pL, 2.04 mmol). After purification, eluting in gradient from 100% hexanes to 10%
dichloromethane in hexanes, product 456 was isolated as a white solid (569.3 mg, 80%
yield). M.p. 39-41 °C; TLC (hexanes:CH,Cl,, 9:1 v/v): R;= 0.28.

Sy (400 MHz, CDCls): 814(2H,d,J70,H-1),7.82 (1 H,s,H-5),7.76 (1 H, d, J
8.0,H-8),7.71 (1 H,d,J 7.5, H-6),7.65 (1 H, t,J 7.5, H-3),
7.57 (1 H, app. t, H-7), 7.52 (2 H, app. t, H-2), 6.44 (1 H, q,
J 6.7, H-4).

8¢ (100 MHz, CDCls): 164.6 (C=0), 134.5, 132.7 (q), 131.7, 131.7 (q, °J 33.0) (q).
130.4, 129.8, 129.1, 128.6 (q), 127.2 (q, *J 3.6), 125.2 (q. *J
3.9), 124.0 (q, '/ 272.5) (q). 123.3 (q. '/ 280.9) (q). 72.2 (q.
°J33.7).

O (376.5 MHz, CDCl3):  -76.3, -63.2.

Vinax (neat)/cm™: 3063, 2966, 1727, 1356, 1250, 1182, 1134, 1097, 1070,
803, 711.
HRMS (m/z - CI): Found: 349.0674 (M+H)" C;sH,,0,Fs Requires: 349.0663.
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2,2,2-Trifluoro-1-(thiophen-2-yl)ethyl benzoate (458, Table 6.1, entry 5)

Synthesised according to general procedure XIX using THF (2.5 mL), 2-
(trifluoroacetyl)thiophene (457, 262 pL, 2.04 mmol) and benzaldehyde (52, 207 pL,
2.04 mmol). After purification, eluting in gradient from 100% hexanes to 10%
dichloromethane in hexanes, product 458 was isolated as a pale yellow oil (454.7 mg,

78%). TLC (hexanes:CH,Cl,, 9:1 v/v): Rg=0.32.

8u (400 MHz, CDCls):  8.11 (2H,d,J7.0, H-1), 7.62 (1 H, t,J 7.5, H-3), 7.48 (2 H,
app. t, H-2), 7.42 (1 H, d, J 5.0, H-7), 7.34 (1 H, d, J 3.5, H-
5),7.06 (1 H, dd, J 3.5, 5.0, H-6), 6.71 (1 H, q, J 6.5, H-4).

8¢ (100 MHz, CDCly):  164.6 (C=0), 134.3, 132.8 (q), 130.5, 129.7, 129.0, 128.8
(q), 128.2, 127.3, 123.2 (q, '/ 280.6) (q), 68.8 (q, >J 34.7).

O (376.5 MHz, CDCl3):  -76.6.

Vmax (neat)/cm’™: 3070, 2959, 1743, 1254, 1242, 1177, 1131, 1086, 1067,
1026, 908, 703.

HRMS (m/= - EI): Found: 286.0273 (M)" C;3Hy0,F;S Requires: 286.0275.

2,2,2-Trifluoro-1-phenylethyl 2-naphthoate (460, Table 6.2, entry 1)

2 1 3 9
Iy 0
4 7 9 11

5 6 10

Synthesised according to general procedure XIX using THF (1.7 mL), 2,22-
trifluoroacetophenone (118, 278 uL, 2.04 mmol) and a solution in THF (1.0 mL) of 2-
naphthaldehyde (459, 318.9 mg, 2.04 mmol). After purification, eluting in gradient from
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100% hexanes to 10% dichloromethane in hexanes, product 460 was isolated as an off
white solid (579.2 mg, 86%). M.p. 93-95 °C; TLC (hexanes:CH,Cl,, 9:1 v/»): R¢=0.20.

8y (400 MHz, CDCl;): 871 (1 H, s, H-1), 8.12 (1 H, d, J 8.5, H-7). 8.01 (1 H, d, J
8.0, H-2), 7.92 (2 H, app. t, H-5 and H-6), 7.67-7.55 (4 H,
m, H-3, H-4 and H-10), 7.48-7.41 (3 H, m, H-9 and H-11),
6.45 (1 H, g, J 6.9, H-8).

8c (100 MHz, CDCly):  164.9 (C=0), 136.2 (q), 132.7 (q), 132.2, 131.7 (q), 130.3,
129.9, 129.2, 129.1, 128.9, 128.4, 1282, 127.3, 126.2 (q),
125.5, 123.2 (q, 7 280.9) (q), 72.9 (q, >/ 33.4).

8¢ (376.5 MHz, CDCl3):  -76.2.
Vimax (neat)/cm’™': 3069, 2956, 1730, 1351, 1259, 1172, 1129, 1090, 908, 761.

HRMS (m/z - El): Found: 330.0855 (M)" C9H,;0,F; Requires: 330.0868.

2,2,2-Trifluoro-1-phenylethyl 4-methoxybenzoate (461, Table 6.2, entry 2)

O CF

1 3 s
2 (o) 6
N 1 7
0 5
2 6

Synthesised according to general procedure XIX using THF (1.7 mL, 0.9 M), 2,2.2-
trifluoroacetophenone (118, 278 pL, 2.04 mmol) and 4-methoxybenzaldehyde (179, 254
puL, 2.04 mmol). After purification, eluting in gradient from 100% hexanes to 10%
dichloromethane in hexanes, product 461 was isolated as a pale yellow oil (583.3 mg,

92%). TLC (hexanes:CH,Cl,, 9:1 v/v): R¢=0.29.

Sy (400 MHz, CDCl5): 8.10(2H,d,J9.0,H-1), 7.59-7.52 (2 H, m, H-6), 7.45-7.39
(3 H, m, H-5 and H-7), 6.96 (2 H, d, J 9.0, H-2), 6.36 (1 H,
q,J7.0,H-4),3.88 (3 H, s, H-3).

8¢ (100 MHz, CDCl;): 164.4 (C=0), 164.4 (q), 132.5, 131.9 (q), 130.2, 129.0,
128.3, 123.7 (q, 'J 280.6) (q), 121.3 (q), 114.2, 72.5 (q, °J
33.0), 55.9.
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8 (376.5 MHz, CDCLy):  -76.3.

Vimax (neat)/cm’: 2964, 2843, 1726, 1606, 1511, 1250, 1166, 1130, 1089,
1027, 845, 756, 699.

HRMS (m/= - ESI): Found: 333.0715 (M+Na)" C;¢H;30:NaF; Requires:
333.0714.

2,2,2-Trifluoro-1-phenylethyl 3-chlorobenzoate (463, Table 6.2, entry 3)
N U

2 O/i,\© 7

3 4 6 8

7

Synthesised according to general procedure XIX using THF (2.4 mL), 22)2-
trifluoroacetophenone (118, 278 uL, 2.04 mmol) and 3-chlorobenzaldehyde (462, 240
pL, 2.04 mmol). After purification, eluting in gradient from 100% hexanes to 10%
dichloromethane in hexanes, product 463 was isolated as a pale yellow oil (559.8 mg,
87%). TLC (hexanes:CH,Cl,, 9:1 vA): R¢=0.22.

dy (400 MHz, CDCl;): 8.11-8.07 (1 H, m, H-4), 8.01 (1 H, d, J 7.8, H-1), 7.62-7.58
(1 H, m, H-3), 7.57-7.52 (2 H, m, H-7), 7.48-7.40 (4 H, m,
H-2, H-6 and H-8), 6.36 (1 H, q, J 6.8, H-5).

3¢ (100 MHz, CDCl5): 163.6 (C=0), 135.2 (q). 134.3, 131.3 (q). 130.7 (q), 130.4,
130.3, 129.2, 128.5, 128.4, 128.3, 123.5 (q, 'J 280.4) (q).
73.1 (q, °J 34.0).

8¢ (376.5 MHz, CDCl;):  -76.3.
Vimax (neat)/cm’: 3071, 2964, 1738, 1243, 1178, 1131, 1071, 907, 741, 698.

HRMS (m/z - EI): Found: 314.0331 (M)" C,5H,00,F;Cl Requires: 314.0321.
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2,2,2-Trifluoro-1-phenylethyl 3-nitrobenzoate (465, Table 6.2, entry 4)

. O CF; .

NO,

Synthesised according to general procedure XIX using THF (1.7 mL), and
i-propylmagnesium bromide (1.0 M solution in THF, 408 pL, 0.408 mmol), 2,2,2-
trifluoroacetophenone (118, 278 uL, 2.04 mmol) and a solution of 3-nitrobenzaldehyde
(464, 308.6 mg, 2.04 mmol) in THF (1.0 mL). After purification, eluting in gradient
from 100% hexanes to 10% EtOAc in hexanes, product 465 was isolated as a pale

yellow oil (298.2 mg, 45%). TLC (hexanes:EtOAc, 9:1 v/v): Ry=0.34.

811 (400 MHz, CDCl;):  8.93 (1 H, s, H-4), 8.53-8.40 (2 H, m, H-1 and H-3), 7.72 (1
H, app. t, H-2), 7.62-7.52 (2 H, m, H-7), 7.50-7.40 (3 H, m,
H-6 and H-8), 6.40 (1 H, q, J 6.7, H-5).

8¢ (100 MHz, CDCls): 162.8 (C=0), 148.7 (q), 135.9, 130.9 (q). 130.8 (q), 130.6,
130.3, 129.3, 128.6, 128.4, 125.3, 123.4 (q, 'J 280.6) (q),
73.6 (q, >J 33.7).

or (376.5 MHz, CDCl3):  -76.2.

Vinax (neat)/em™: 3091, 2967, 1742, 1533, 1249, 1250, 1179, 1124, 918, 715,
698.
HRMS (m/z - EI): Found: 325.0560 (M)" C,sH;,NO,F; Requires: 325.0562.

General procedure XX: Substrate evaluation in the microwave-assisted thiolate-

catalysed intermolecular aldehyde-ketone Tishchenko reaction (Table 6.3)

An oven-dried microwave-transparent reaction vessel containing a magnetic stirring bar
under argon atmosphere was charged with 3-trifluorothiophenol (445, 57 uL, 0.424
mmol - 20 mol%). THF (1.2 M) was added via syringe followed by a solution of
phenylmagnesium bromide (3.0 M solution in diethyl ether, 140 uL, 0.424 mmol - 20

mol%) added dropwise via syringe. The reaction was allowed to stir at ambient
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temperature for 5 min and the relevant trifluoromethyl ketone (2.12 mmol) was added.
After a further 2 min of stirring, the relevant aldehyde (2.12 mmol) was added. The
reaction vessel was then fitted with a microwave reaction vessel cap and the mixture
was irradiated at 110 °C for the time indicated in Table 6.3. Volatiles were removed in
vacuo and the residue obtained was purified by flash column chromatography to give

the desired product.

1-(4-Chlorophenyl)-2,2,2-trifluoroethyl 2-naphthoate (469, Table 6.3, entry 2)

O CF

2 1 3 9
Oy
4 7 9 cl

5 6 10

Synthesised according to general procedure XX using THF (1.4 mL), 1-(4-
chlorophenyl)-2,2 2-trifluoroacetophenone (449, 316 pL, 2.12 mmol) and 2-
naphthaldehyde (459, 331.1 mg, 2.12 mmol). After purification, eluting in gradient from
100% hexanes to 10% dichloromethane in hexanes, product 469 was isolated as a white

solid (525.3 mg, 68%). M.p. 129-131 °C; TLC (hexanes:CH,Cl,, 9:1 v/v): R¢y=0.13.

8y (400 MHz, CDCls):  8.70 (1 H, s, H-1), 8.10 (1 H, d, /8.5, H-7), 8.01 (1 H, d, J
8.0, H-2), 7.92 (2 H, app. t, H-5 and H-6), 7.69-7.56 (2 H,
m, H-3 and H-4), 7.55 (2 H, d, J 8.6, H-10), 7.42 (2 H. d, J
8.6, H-9), 6.40 (1 H, q, J 6.7, H-8).

8¢ (100 MHz, CDCl;):  164.8 (C=0), 136.5 (q), 136.3 (q), 132.7 (q), 132.3, 130.2
(q), 129.9, 129.7, 129.4, 129.2, 128.9, 128.2, 127.3, 125.9
(q), 125.4, 125.5 (q, ' 280.9) (q), 72.3 (q, >/ 33.4).

Vmax (neat)/cm™: 1732, 1628, 1598, 1494, 1347, 1260, 1198, 1132, 1091,
1013, 823, 780, 762, 730, 677.

HRMS (m/= - El): Found: 364.0480 (M)" C,9H,,0,F;Cl Requires: 364.0478.
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1-(4-Chlorophenyl)-2,2,2-trifluoroethyl 3-chlorobenzoate (472, Table 6.3, entry 5)

O CF

- 1 3 6
2 4 6 al
3 7

Synthesised according to general procedure XX using THF (1.2 mL), 1-(4-
chlorophenyl)-2,2 2-trifluoroacetophenone (449, 316 upL, 2.12 mmol) and 3-
chlorobenzaldehyde (462, 240 pL, 2.12 mmol). After purification, eluting in gradient
from 100% hexanes to 10% dichloromethane in hexanes, product 472 was isolated as a

pale yellow oil (614.6 mg, 83%). TLC (hexanes:CH,Cl,, 9:1 v/v): Rg= 0.32.

81 (400 MHz, CDCl;):  8.07 (1 H, m, H-1), 8.00 (1 H, d, J 7.5, H-4), 7.61 (1 H, m,
H-2), 7.54-7.37 (5 H, m, H-3, H-6 and H-7), 6.32 (1 H, q, J
6.7, H-5).

8¢ (100 MHz, CDCl3): 163.5 (C=0), 136.7 (q), 135.3 (q), 134.4, 130.5 (q), 130.4,
130.3, 129.8 (q), 129.7, 129.5, 128.5, 123.3 (q. 'J 280.6)
(q), 72.5 (q, %J 33.7).

Vmax (Ne€at)/cm™: 1739, 1600, 1577, 1494, 1427, 1352, 1244, 1183, 1134,
1091, 1072, 1015, 915, 847, 813, 743, 672.

HRMS (m/z - EIl): Found: 347.9945 (M)" C,sHy0,F;Cl, Requires: 347.9932.

1-(4-Chlorophenyl)-2,2,2-trifluoroethyl 4-fluorobenzoate (474, Table 6.3, entry 6)

, O CF
F : 4 cl
2 S

Synthesised according to general procedure XX using THF (1.2 mL), 1-(4-
chlorophenyl)-2,2 2-trifluoroacetophenone (449, 316 pL, 2.12 mmol) and 4-
fluorobenzaldehyde (473, 227 uL, 2.12 mmol). After purification, eluting in gradient
from 100% hexanes to 10% dichloromethane in hexanes, product 474 was isolated as a
pale yellow oil (525.4 mg, 75%). TLC (hexanes:CH,Cl,, 9:1 v/): Ry= 0.30.
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8}1 (400 MHZ, CDC]:)

d¢ (100 MHz, CDCl):

Vmax (n€at)/ cm™:

HRMS (m/= - EI):

8.19-8.09 (2 H, m, H-1), 7.49 (2 H, d, J 8.5, H-5), 7.41 (2
H,d,J8.5, H-4),7.17 (2 H, app. t, H-2), 6.31 (1 H, q, J 6.7,
H-3).

166.7 (d, '/ 255.6) (q), 163.6 (C=0), 136.6 (q), 133.1 (d, *J
8.8), 130.0 (q), 129.7, 129.5, 125.0 (d, *J 2.9) (q), 123.4 (q.
'7280.6) (q), 116.3 (d, 2J 21.4), 72.3 (q, °J 33.4).

1737, 1602, 1508, 1494, 1415, 1352, 1255, 1182, 1133,
1086, 1015, 910, 853, 817, 763, 730, 687.

Found: 332.0227 (M) C,sH¢O,F,Cl Requires: 332.0227.

2,2,2-Trifluoro-1-phenylethyl cyclohexanecarboxylate (267, Table 6.3, entry 12)

O CF;3
2ab 6
3a,b 7
1 O | =
4ab 2ab 6~~~ 8
3ab 7

Synthesised according to general procedure XX wusing THF (875 uL), 2,2,2-

trifluoroacetophenone (118, 593 uL, 2.12 mmol) and cyclohexanecarboxy aldehyde

(265, 257 pL, 2.12 mmol). After purification, eluting in gradient from 100% hexanes to

10% dichloromethane in hexanes, product 267 was isolated as a colourless oil (339.9

mg, 56%). TLC (hexanes:CH,Cl,, 9:1 v/v): R¢=0.26.

8}{ (400 MHZ, CDC]:)

8¢ (100 MHz, CDCl5):

Vimax (n€at)/cm™:

7.50-7.43 (2 H, m, H-7), 7.43-7.37(3 H, m, H-6 and H-8),
6.14 (1 H, q, J 6.9, H-5), 2.46 (1 H, tt, J 11.0, 3.5, H-1),
2.06-1.87 (2 H, m, H-2a), 1.85-1.71 (2 H, m, H-3a), 1.70-
1.62 (1 H, m, H-4a), 1.58-1.41 (2 H, m, H-2b), 1.40-1.18 (3
H, m, H-3b and H-4b).

174.0 (C=0), 131.8 (q), 130.1, 129.0, 128.3, 123.6 (g, 'J
280.7) (q), 71.8 (q, >/ 32.9), 43.1, 29.1, 29.0, 26.0, 25.6.

2935, 2859, 1749, 1498, 1453, 1348, 1268, 1176, 1130,
1044, 1028, 939, 879, 759, 699.
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HRMS (m/z - EI): Found: 286.1175 (M)" C,sH,70,F; Requires: 286.1181.

(E)-N-Benzylidene-1-phenylmethanamine (483)

In an oven-dried 50 mL round-bottomed flask containing a magnetic stirring bar under
argon atmosphere were added via syringe dichloromethane (15 mL), freshly distilled
benzaldehyde (52, 1.0 mL, 10.0 mmol) and freshly distilled benzylamine (1.1 mL, 10.0
mmol). To the mixture was then added anhydrous MgSO, (2.50 g) and the reaction was
allowed to stir for 12 h at room temperature. The reaction was then filtered and

concentrated in vacuo to furnish 483 as a colourless o1l (1.95 g, 100%).
Spectral data for this compound were consistent with those in the literature.’**

du (400 MHz, CDCl5): 8.43 (1 H, s, H-4), 7.88-7.77 (2 H, m, H-1), 7.50-7.42 (3 H,
m, H-2 and H-3), 7.42-7.35 (4 H, m, H-6 and H-7), 7.35-
7.27 (1 H, m, H-8), 4.87 (2 H, s, H-5).

HRMS (m/z - EI): Found: 195.1051 (M) C14H3N Requires: 195.1048.

(E)-N-(4-Nitrobenzylidene)-1-phenylmethanamine (486)

In an oven-dried 50 mL round-bottomed flask containing a magnetic stirring bar under

argon atmosphere were added via syringe dichloromethane (15 mL), recrystallised 4-

nitrobenzaldehyde (1.51 g, 10.0 mmol) and freshly distilled benzylamine (1.1 mL, 10.0

mmol). To the mixture was added anhydrous MgSO, (2.50 g) and the reaction was
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allowed to stir for 12 h at room temperature. The reaction was then filtered and

concentrated in vacuo to furnish 486 as a yellow oil (2.40 g, 100%).
Spectral data for this compound were consistent with those in the literature.***

Sy (400 MHz, CDCls): 847 (1 H, s, H-3),827(2H,d,J88,H-2), 795 (2H,d, J
8.8, H-1), 7.42-7.27 (5 H, m, H-5, H-6 and H-7), 4.89 (2 H,
s, H-4).

(£)-N-(2,2,2-Trifluoro-1-phenylethylidene)aniline (487)

In an oven-dried 50 mL round-bottomed flask containing a magnetic stirring bar under
argon atmosphere, toluene (10 mL), followed by freshly distilled aniline (911 puL, 10.0
mmol) and 2,2,2-trifluoroacetophenone (1.4 mL, 10.0 mmol), were added via syringe.
To the mixture was then added p-TSA (95.1 mg, 0.500 mmol - 5 mol%), the flask was
then fitted with a Dean-Stark apparatus for azeotropic removal of water and the reaction
was heated at reflux temperature for 12 h. The reaction was cooled to room temperature
and volatiles were removed under reduced pressure to afford the crude imine 487 which

was purified by vacuum distillation to furnish a pale yellow oil (2.09 g, 84%).

Spectral data for this compound were consistent with those in the literature.***

8 (400 MHz, CDCls): 7.34 (1 H,t,J 7.2, H-3), 7.30 (2 H, app. t, H-2), 7.24-7.16
(4 H, m, H-1 and H-5), 7.04 (1 H, t, J 7.4, H-6), 6.74 (2 H,
d,J8.1, H-4).
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(E)-N-Benzylidene-4-methylbenzenesulfonamide (488)

6 7
5
O\‘ /@j
NS s

An oven-dried 50 mL round-bottomed flask containing a magnetic stirring bar under
argon atmosphere was charged via syringe with anhydrous dichloromethane (15 mL),
benzaldehyde (52, 1.0 mL, 10.0 mmol) and triethylamine (4.2 mL, 30.0 mmol). p-
Toluenesulfonamide was then added to the mixture and the reaction was cooled to 0 °C.
A solution of titanium tetrachloride (551 puL, 5.00 mmol) in dry dichloromethane (10
mL) was then added dropwise via syringe to the stirring solution and the reaction was
allowed to stir for 1 h at room temperature. The solid formed was then removed by
suction filtration through celite, washed with dichloromethane (20 mL) and the solution
was concentrated under reduced pressure to afford a white solid. Diethyl ether (30 mL)
was then added and the mixture was heated at reflux temperature for 15 min to dissolve
the solid product formed. The reaction mixture was cooled to room temperature, the
remaining white solid (Et;N-HCIl) was removed by suction filtration and the mother
liquor concentrated in vacuo to give the crude imine 488 that was purified by
recrystallisation (hexanes:dichloromethane) to furnish 488 as a white solid (1.64 g,
63%). M.p. 108-110 °C (lit.*** m.p. 110-111 °C).

Spectral data for this compound were consistent with those in the literature.**°

81 (400 MHz, CDCl;): ~ 9.03 (1 H,'s, H-4), 793 (2 H,d, /7.4, H-1), 789 2 H, d, J
8.2, H-5), 7.62 (1 H, t, J 7.4, H-3), 7.49 (2 H, app. t, H-2),
735(2H,d, 82 H-6),2.44 (3 H,s, H-7).
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(E)-tert-Butyl benzylidenecarbamate (489)

A 100 mL round-bottomed flask containing a magnetic stirring bar was charged with 7-
butyl carbamate (1.17 g, 10.0 mmol), benzenesulfinic acid sodium salt (3.28 g, 20.0
mmol) and a mixture (1:2) of MeOH:H,O (30 mL). Benzaldehyde (2.0 mL, 20.0 mmol)
followed by formic acid (760 pL, 20.0 mmol) were added via syringe and the mixture
was allowed to stir at room temperature for 3 days. The white solid formed was isolated
by suction filtration, washed with water and diethyl ether, dissolved in dichloromethane,
dried over anhydrous MgSOQy, filtered and concentrated in vacuo to furnish the a-amido
benzenesulphone intermediate as a white solid (2.45 g) which was used in the next step

without purification.

An oven-dried 250 mL round-bottomed flask containing a magnetic stirring bar under
argon atmosphere was charged with anhydrous potassium carbonate (6.00 g) and dry
THF (71 mL, 10 mL/mmol). The respective a-amido benzenesulphone (2.45 g, 7.05
mmol) was added and the mixture was heated to reflux for 17 h. The reaction was then
cooled to room temperature, filtered through a short pad of celite and concentrated
under reduced pressure. The residue obtained was dissolved in dichloromethane, dried
over anhydrous MgSOQ,, filtered and concentrated in vacuo to afford the imine 489 as a

colourless oil which (1.34 g, 65%).

Spectral data for this compound were consistent with those in the literature.”

Oy (400 MHz, CDCls): 8.87(1 H,s,H-4),791 (2H,d,J7.6,H-1),7.42(1 H, t,J
7.4,H-3), 7.46 (2 H, app. t, H-2), 1.59 (9 H, s, H-5).
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(E)-Benzyl benzylidenecarbamate (490)
o}
5 6
0
2 ©) 4 6 8
7
3 1
2

A 100 mL round-bottomed flask containing a magnetic stirring bar was charged with
benzyl carbamate (1.51 g, 10.0 mmol), benzenesulfinic acid sodium salt (3.28 g, 20.0
mmol) and a mixture (1:2) of MeOH:H,O (30 mL). Benzaldehyde (1.5 mL, 15.0 mmol)
followed by formic acid (760 pL, 20.0 mmol) were then added via syringe and the
mixture was allowed to stir at room temperature for 3 days. The white solid formed was
isolated by suction filtration, washed with water and diethyl ether, dissolved in
dichloromethane, dried over anhydrous MgSQ,, filtered and concentrated in vacuo to
furnish the a-amido benzenesulphone intermediate as a white solid (2.28 g) which was

used in the next step without purification.

An oven-dried 250 mL round-bottomed flask containing a magnetic stirring bar under
argon atmosphere was charged with anhydrous potassium carbonate (5.00 g) and dry
THF (60 mL, 10 mL/mmol). The respective a-amido benzenesulphone (2.28 g, 5.98
mmol) was added and the mixture was heated to reflux for 17 h. The reaction was then
cooled to room temperature, filtered through a short pad of celite and concentrated
under reduced pressure. The residue obtained was dissolved in dichloromethane, dried
over anhydrous MgSO,, filtered and concentrated in vacuo to afford imine 490 as

colourless oil (1.32 g, 55%).
Spectral data for this compound were consistent with those in the literature.*°

81 (400 MHz, CDCl;): 895 (1 H, s, H-4), 7.93 (2 H,d, J 7.6, H-1), 7.59 (1 H, t, J
7.4), 7.52-7.43 (4 H, m, H-2 and H-6), 7.42-7.32 3 H, m,
H-7 and H-8), 5.32 (2 H, s, H-5)
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NOESY experiment for frans-386
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NOESY experiment for cis-386

M
F1 [(ppm)

2

] . ‘ 2 #2 (ppm)

[l H-4' n H-3"

e
e
:
=== | Ha = - [
Lo
2
J
— 1
.
| ?
—
— L=
b
J e~
—===| Ho and Hc o f
{ G
— | [
| L=
| "
j| t
= | b
J ]
S—
|
l e . el ==l Tem
50 a3 a“ a4 42 a0 F2 [ppm]

Figure A.2  NOE contacts between protons H-3" and H-4" with H,.

299



X-ray crystallography data for lactone frans-307.

Table 1. Crystal data and structure refinement for frans-307.

Identification code shelxl

Empirical formula Coo Has O16 S4

Formula weight 1153.22

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2(1)2(1)2(1)

Unit cell dimensions a=7.3800(15) A o= 90°.
b=9.5110(19) A B=90°.
c=18.800(4) A y=90°.

Volume 1319.6(5) A3

Z 1

Density (calculated) 1.451 Mg/m3

Absorption coefficient 0.255 mm-1

F(000) 600

Crystal size 0.20 x 0.10 x 0.04 mm3

Theta range for data collection 2.17 to 25.00°.

Index ranges -8<=h<=7, -11<=k<=9, -14<=]<=22

Reflections collected 5329

Independent reflections 2304 [R(int) = 0.0655]

Completeness to theta = 25.00° 99.5 %

Semi-empirical from equivalents
1.0000 and 0.5531

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 2304/0/ 182

Goodness-of-fit on F2 1.186

Final R indices [[>2sigma(])] R1=0.0740, wR2=0.2123

R indices (all data) R1=0.1019, wR2 =0.2826
Absolute structure parameter -0.1(3)

1.363 and -1.325 e A-3

Absorption correction
Max. and min. transmission

Largest diff. peak and hole

Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters
(A2x 103) for trans-307.
U(eq) is defined as one third of the trace of the orthogonalised UY tensor.

X y z U(eq)
S(1) 3448(3) 3493(2) 33(1) 26(1)
0(2) 1716(7) 7986(5) 1918(3) 29(1)
0Q3) 5303(6) 6628(5) 492(2) 20(1)
04) 7562(6) 5887(5) 1164(3) 22(1)
0(10) 2753(8) 8941(5) 907(3) 31(1)
C(1) 4018(9) 3213(7) 2326(3) 18(1)
C(2) 5272(9) 4021(6) 1943(3) 18(1)
C(3) 4621(9) 5073(7) 1471(3) 19(1)
C4) 2766(10) 5310(6) 1409(3) 18(1)
C(5) 1536(9) 4526(7) 1805(3) 20(1)
C(6) 2182(9) 3464(8) 2252(3) 21(1)
C(7) 5966(8) 5873(7) 1053(3) 19(1)
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C(8) 2181(8) 6467(7) 912(3) 17(1)
C(9) 3445(8) 6476(7) 258(3) 19(1)
C(10) 3267(8) 5241(7) -231(3) 16(1)
C(11) 2921(10) 5316(8) -946(4) 24(2)
C(12) 2842(9) 3984(8) -1282(4) 25(2)
C(13) 3127(9) 2912(7) -823(4) 22(2)
C(14) 2180(9) 7890(7) 1311(4) 22(2)
C(30) 2793(12) 10333(7) 1248(4) 35(2)
Table 3. Bond lengths [A] and angles [°] for trans-307.

S(1)-C(13) 1.718(7)

S(1)-C(10) 1.740(7)

0(2)-C(14) 1.195(9)

0(3)-C(7) 1.365(8)

0(3)-C(9) 1.448(8)

04)-C(7) 1.197(7)

O(10)-C(14) 1.324(8)

O(10)-C(30) 1.472(8)

C(1)-C(6) 1.383(10)

C(1)-C(2) 1.403(9)

C(1)-H(1) 0.9300

C(2)-C(3) 1.420(9)

C(2)-H(2) 0.9300

C(3)-C(4) 1.392(10)

C(3)-C(7) 1.478(10)

C(4)-C(5) 1.391(9)

C(4)-C(8) 1.508(9)

C(5)-C(6) 1.398(10)

C(5)-H(5) 0.9300

C(6)-H(6) 0.9300

C(8)-C(9) 1.543(9)

C(8)-C(14) 1.547(9)

C(8)-H(8) 0.9800

C(9)-C(10) 1.497(9)

C(9)-H(9) 0.9800

C(10)-C(11) 1.369(10)

C(11)-C(12) 1.417(10)

C(11)-H(11) 0.9300

C(12)-C(13) 1.353(10)

C(12)-H(12) 0.9300

C(13)-H(13) 0.9300

C(30)-H(30A) 0.9600

C(30)-H(30B) 0.9600

C(30)-H(30C) 0.9600

C(13)-S(1)-C(10) 91.7(3)

C(7)-0(3)-C(9) 121.5(5)

C(14)-0(10)-C(30) 115.8(6)

C(6)-C(1)-C(2) 120.0(6)

C(6)-C(1)-H(1) 120.0

C(2)-C(1)-H(1) 120.0

C(1)-C(2)-C(3) 118.9(6)

C(1)-C(2)-H(2) 120.5

C(3)-C(2)-H(2) 120.5

C(4)-C(3)-C(2) 119.9(6)
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C(4)-C(3)-C(7)
C(2)-C(3)-C(7)
C(5)-C(4)-C(3)
C(5)-C(4)-C(8)
C(3)-C(4)-C(8)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(1)-C(6)-C(5)
C(1)-C(6)-H(6)
C(5)-C(6)-H(6)
0(4)-C(7)-0(3)
0(4)-C(7)-C(3)
0(3)-C(7)-C(3)
C(4)-C(8)-C(9)
C(4)-C(8)-C(14)
C(9)-C(8)-C(14)
C(4)-C(8)-H(8)
C(9)-C(8)-H(8)
C(14)-C(8)-H(8)
0(3)-C(9)-C(10)
0(3)-C(9)-C(8)
C(10)-C(9)-C(8)
0(3)-C(9)-H(9)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-S(1)
C(9)-C(10)-S(1)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(12)-C(13)-S(1)
C(12)-C(13)-H(13)
S(1)-C(13)-H(13)
0(2)-C(14)-0(10)
0(2)-C(14)-C(8)
0(10)-C(14)-C(8)
0(10)-C(30)-H(30A)
0(10)-C(30)-H(30B)
H(30A)-C(30)-H(30B)
0(10)-C(30)-H(30C)
H(30A)-C(30)-H(30C)
H(30B)-C(30)-H(30C)

122.1(6)
117.9(6)
120.7(6)
122.4(6)
116.9(6)
119.1(6)
120.5
120.5
121.3(6)
119.3
119.3
118.8(6)
125.0(6)
116.2(5)
109.0(5)
109.7(5)
112.4(5)
108.5
108.5
108.5
110.4(5)
109.3(5)
115.6(5)
107.1
107.1
107.1
125.3(6)
110.1(5)
124.6(5)
113.5(6)
123.2
123.2
112.5(6)
123.8
123.8
112.1(5)
123.9
123.9
125.5(6)
122.0(6)
112.4(6)
109.5
109.5
109.5
109.5
109.5
109.5

Symmetry transformations used to generate equivalent atoms:
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Table 4. Anisotropic displacement parameters (A2x 103) for trans-307.
The anisotropic displacement factor exponent takes the form: -2n2[ h2a*2ull + | +2hka*
b* Ul2 |

yll U22 U333 U23 yl3 ul2
S(1) 44(1) 16(1) 19(1) 0(1) -4(1) -2(1)
0(2) 32(3) 28(3) 26(3) -5(2) 8(2) -2(2)
0(3) 28(2) 15(2) 18(2) -3(2) -2(2) -2(2)
04) 12(2) 25(2) 28(2) 3(2) -1(2) 1(2)
O(10) 50(3) 15(2) 29(3) -2(2) -2(2) 3(2)
C(1) 28(3) 9(3) 16(3) 2(2) -2(3) 3(2)
CQ) 29(3) 12(3) 13(3) -4(2) 2(3) 1(3)
C(@3) 31(3) 10(3) 16(3) -1(3) -2(3) 7(3)
C4) 31(3) 13(3) 11(3) -3(2) -4(3) -4(3)
C(5) 21(3) 17(3) 21(3) -4(2) 5(3) -1(3)
C(6) 26(3) 23(3) 14(3) 0(3) -1(3) -14(3)
C(7) 19(3) 17(3) 20(3) -3(3) -8(3) 5(2)
C(8) 16(3) 17(3) 19(3) 1(3) -5(3) 4(3)
C9) 19(3) 18(3) 20(3) 1(3) -4(3) -2(3)
C(10) 7(3) 21(3) 21(3) 1(3) 2(2) -1(2)
Ca1) 26(3) 29(4) 18(3) 5(3) 6(3) -1(3)
C(12) 25(3) 30(4) 19(3) -8(3) 0(3) -3(3)
C(13) 22(3) 22(3) 21(3) -2(3) -6(3) -2(3)
C(14) 19(3) 22(3) 25(4) 0(3) -4(3) -4(3)
C(30) 53(5) 15(3) 37(4) -3(3) -14(4) 1(3)

Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10
3) for trans-307.

X y z U(eq)
H(1) 4421 2509 2631 21
H(2) 6510 3870 1996 22
H(5) 300 4705 1772 24
H(6) 1361 2915 2504 25
H(8) 944 6268 751 21
H(9) 3147 7317 20 23
H(11) 2753 6159 <1187 29
H(12) 2620 3861 -1765 29
H(13) 3146 1969 955 26
H(30A) 2757 10221 1756 52
H(30B) 1763 10870 1096 52
H(30C) 3885 10815 1116 52

Table 6. Torsion angles [°] for frans-307.

C(6)-C(1)-C(2)-C(3) -1.109)
C(1)-C(2)-C(3)-C(4) 1.5(9)
C(1)-C(2)-C(3)-C(7) -177.7(6)
C(2)-C(3)-C(4)-C(5) 0.0(9)
C(7)-C(3)-C(4)-C(5) 179.2(6)
C(2)-C(3)-C(4)-C(8) 178.6(5)
C(7)-C(3)-C(4)-C(8) -2.3(9)
C(3)-C(4)-C(5)-C(6) -1.9(9)
C(8)-C(4)-C(5)-C(6) 179.6(6)
C(2)-C(1)-C(6)-C(5) -0.8(10)
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C(4)-C(5)-C(6)-C(1) 2.3(9)
C(9)-0(3)-C(7)-0(4) 169.7(6)
C(9)-0(3)-C(7)-C(3) -9.3(8)
C(4)-C(3)-C(7)-0(4) 167.0(7)
C(2)-C(3)-C(7)-0(4) -13.9(10)
C(4)-C(3)-C(7)-0(3) -14.1(9)
C(2)-C(3)-C(7)-0(3) 165.1(5)
C(5)-C(4)-C(8)-C(9) -144.4(6)
C(3)-C(4)-C(8)-C(9) 37.0(7)
C(5)-C(4)-C(8)-C(14) 92.0(7)
C(3)-C(4)-C(8)-C(14) -86.5(7)
C(7)-0(3)-C(9)-C(10) -83.6(6)
C(7)-0(3)-C(9)-C(8) 44.6(7)
C(4)-C(8)-C(9)-0(3) -56.3(7)
C(14)-C(8)-C(9)-0(3) 65.6(6)
C(4)-C(8)-C(9)-C(10) 68.9(7)
C(14)-C(8)-C(9)-C(10) -169.2(5)
0(3)-C(9)-C(10)-C(11) -110.6(7)
C(8)-C(9)-C(10)-C(11) 124.7(7)
0(3)-C(9)-C(10)-S(1) 70.1(6)
C(8)-C(9)-C(10)-S(1) -54.5(7)
C(13)-S(1)-C(10)-C(11) 1.8(5)
C(13)-S(1)-C(10)-C(9) -178.9(5)
C(9)-C(10)-C(11)-C(12) 179.3(6)
S(1)-C(10)-C(11)-C(12) -1.4(7)
C(10)-C(11)-C(12)-C(13) 0.1(8)
C(11)-C(12)-C(13)-S(1) 1.3(7)
C(10)-S(1)-C(13)-C(12) -1.8(6)
C(30)-0(10)-C(14)-0(2) 0.5(11)
C(30)-0(10)-C(14)-C(8) -180.0(6)
C(4)-C(8)-C(14)-0(2) -37.4(9)
C(9)-C(8)-C(14)-0(2) -158.9(6)
C(4)-C(8)-C(14)-0(10) 142.1(6)
C(9)-C(8)-C(14)-0(10) 20.6(8)

Symmetry transformations used to generate equivalent atoms:

Table 7. Hydrogen bonds for frans-307 [A and °].
D-H..A d(D-H) d(H...A) d(D...A) <(DHA)

X-ray crystallography data for lactone frans-334.

A specimen of C¢H;3NO¢S was used for the X-ray crystallographic analysis. The X-ray
intensity data were measured. The integration of the data using a monoclinic unit cell
yielded a total of 11607 reflections to a maximum 0 angle of 66.39° (0.84 A resolution),
of which 4629 were independent (average redundancy 2.507, completeness = 96.5%,
Rine = 3.76%, Ry = 5.56%) and 4622 (99.85%) were greater than 26(F?). The final cell
constants of a=12.4236(4) A, b=8.6723(3) A, ¢ = 15.4909(4) A, B =111.6880(10)°,
volume =1550.86(8) A’ are based upon the refinement of the XYZ-centroids of
reflections above 20 o(I). The structure was solved and refined using the Bruker
SHELXTL Software Package, using the space group P 1 21 1, with Z =4 for the
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formula unit, C¢H;3NO¢S. The final anisotropic full-matrix least-squares refinement on
F* with 435 variables converged at R1 = 3.28%, for the observed data and wR2 =7.87%
for all data. The goodness-of-fit was 1.073. The largest peak in the final difference
electron density synthesis was 0.357 e/A” and the largest hole was -0.538 e/A* with an
RMS deviation of 0.078 e/A®. On the basis of the final model, the calculated density
was 1.488 g/cm’ and F(000), 720 ¢”.

Table 1. Sample and crystal data for trans-334.

Identification code
Chemical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

v 4

Density (calculated)
Absorption coefficient
F(000)

fml

C16H35NOGS
347.33

1232) K
1.54178 A
monoclinic
P1211
a=12.4236(4) A
b=8.6723(3) A
¢ =15.4909(4) A
1550.86(8) A*

4

1.488 g/cm’
2.170 mm

720

a=90°
B=111.6880(10)°
y =90°

Table 2. Data collection and structure refinement for frans-334.

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Structure solution technique
Structure solution program
Refinement method
Refinement program
Function minimized

Data / restraints / parameters
Goodness-of-fit on F*

A/Gmax

Final R indices

Weighting scheme

Absolute structure parameter
Largest diff. peak and hole
R.M.S. deviation from mean

3.83 t0 66.39°

-14<=h<=14, -9<=k<=9, -18<=I<=18
11607

4629 [R(int) = 0.0376]

direct methods

SHELXS-97 (Sheldrick, 2008)
Full-matrix least-squares on F
SHELXL-97 (Sheldrick, 2008)

T w(F, - F)

4629 /1/435

1.073
0.011
4622 data; I>26(I)  RI1 =0.0328, wR2 = 0.0785
all data R1=10.0328, wR2 =0.0787

w=1/[c"(F,’)+(0.0326P)*+0.5712P]
where P=(F,*+2F.%)/3

0.1(0)
0.357 and -0.538 eA™*
0.078 A
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Table 3. Atomic coordinates and equivalent isotropic atomic displacement parameters (A%)

for trans-334.

U(eq) is defined as one third of the trace of the orthogonalised U;; tensor.

S1
03
04
09
010
Ol1
012
N2
Cc7
C8
c9
Clo
Cl1
C12
Cl3
Cl4
Cl15
Cl6
c21
C25
C26
27
C28
C32
S2
(0]
02
05
06
07
08
N1
el
2
C3
C4
C5
C6
ClT

x/a
0.65937(5)
0.67826(15)
0.81041(13)
0.30635(14)
0.45350(13)
0.17248(12)
0.36182(12)
0.71501(15)
0.64072(18)
0.52903(18)
0.68304(18)
0.61094(18)
0.49688(17)
0.45759(17)
0.53279(17)
0.50140(15)
0.58793(19)
0.67541(19)
0.41606(16)
0.39509(17)
0.2841(2)
0.26635(17)
0.46578(16)
0.29997(16)
0.72955(4)
0.02863(15)
0.09106(13)
0.88883(12)
0.90801(12)
0.16319(12)
0.21685(11)
0.05360(14)
0.04355(17)
0.04023(16)
0.03275(17)
0.01952(15)
0.01664(16)
0.02656(17)
0.63596(19)

y/b
0.45510(8)
0.3036(2)
0.1452(2)
0.6705(2)
0.5027(2)
0.4731(2)
0.43001(19)
0.1729(2)
0.0407(3)
0.0703(3)
0.8930(3)
0.7705(3)
0.7949(3)
0.9451(3)
0.5530(3)
0.6468(3)
0.6231(3)
0.5279(3)
0.6584(3)
0.5990(3)
0.6273(4)
0.5237(3)
0.5198(3)
0.6845(3)
0.71412(7)
0.31432(19)
0.1611(2)
0.49114(19)
0.44475(19)
0.4780(2)
0.68316(19)
0.1855(2)
0.9070(3)
0.0529(3)
0.7814(3)
0.8036(2)
0.9529(3)
0.0794(3)
0.6897(3)
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zlc
0.64566(4)
0.85646(13)
0.93853(10)
0.81958(11)
0.86021(10)
0.55984(10)
0.63353(9)
0.87907(12)
0.83433(14)
0.77211(14)
0.85761(14)
0.81722(14)
0.75558(13)
0.73336(14)
0.62401(13)
0.54036(13)
0.50172(15)
0.54926(15)
0.72157(13)
0.80853(13)
0.90203(16)
0.60544(13)
0.68522(13)
0.64153(13)
0.20194(3)
0.12523(11)
0.04399(10)
0.46924(10)
0.33421(9)
0.32692(10)
0.42127(10)
0.10605(11)
0.12632(13)
0.16023(13)
0.17775(14)
0.26336(12)
0.29549(13)
0.24386(13)
0.08874(16)

U(eq)
0.02679(15)
0.0315(4)
0.0227(4)
0.0246(4)
0.0239(4)
0.0222(4)
0.0164(3)
0.0177(4)
0.0159(4)
0.0189(5)
0.0173(4)
0.0159(4)
0.0141(4)
0.0179(4)
0.0152(4)
0.0153(5)
0.0214(5)
0.0226(5)
0.0138(4)
0.0149(4)
0.0291(6)
0.0159(4)
0.0142(4)
0.0152(4)
0.02095(14)
0.0246(4)
0.0207(3)
0.0199(3)
0.0160(3)
0.0200(3)
0.0172(3)
0.0151(4)
0.0140(4)
0.0131(4)
0.0149(4)
0.0106(4)
0.0130(4)
0.0148(4)
0.0263(5)
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X/a y/b 7/c U(eq)
CI8 0.6770(2) 0.5863(3) 0.04352(15) 0.0272(5)
Cl19 0.78607(19) 0.5248(3) 0.09977(14) 0.0204(5)
C20 0.82485(17) 0.5807(3) 0.18828(14) 0.0152(4)
C22 0.01641(16) 0.6625(2) 0.32040(12) 0.0113(4)
23 0.14347(16) 0.6089(3) 0.36296(12) 0.0120(4)
C24 0.28160(19) 0.4237(3) 0.36506(15) 0.0256(5)
C29 0.97214(16) 0.6885(3) 0.40000(13) 0.0138(4)
C30 0.92019(17) 0.5355(3) 0.40922(13) 0.0144(4)
C31 0.93509(17) 0.5324(3) 0.26410(13) 0.0136(4)
Table 4. Bond lengths (A) for trans-334.
S1-Cl16 1.699(2) S1-C13 1.708(2)
03-N2 1.223(3) 04-N2 1.227(2)
09-C25 1.330(3) 09-C26 1.453(3)
010-C25 1.198(3) 011-C27 1.201(3)
012-C27 1.369(3) 012-C28 1.467(2)
N2-C7 1.474(3) C7-C9 1.381(3)
C7-C8 1.390(3) C8-Cl12 1.390(3)
C8-H8 0.95 C9-C10 1.382(3)
C9-HY 0.95 Cl10-C11 1.402(3)
CI10-H10 0.95 Cl1-C12 1.389(4)
Cl1-C21 1.516(3) Cl12-HI12 0.95
Cl13-Cl14 1.456(3) Cl13-C28 1.503(3)
Cl4-C15 1.425(3) Cl4-H14 0.95
Cl15-C16 1.347(4) C15-HI5 0.95
Cl6-H16 0.95 C21-C32 1.532(3)
C21-C28 1.549(3) C21-C25 1.551(3)
C26-H26A 0.98 C26-H26B 098
C26-H26C 0.98 C27-C32 1.504(3)
C28-H28 1.0 C32-H32A 0.99
C32-H32B 0.99 S2-C17 1.722(2)
S2-C20 1.724(2) O1-N1 1.225(3)
02-N1 1.231(2) 05-C30 1.197(3)
06-C30 1.364(3) 06-C31 1.463(2)
07-C23 1.327(3) 07-C24 1.446(3)
08-C23 1.206(3) N1-C2 1.469(3)
Cl1-C2 1.377(3) CIl-C3 1.385(3)
CI-HIA 0.95 C2-C6 1.387(3)
C3-C4 1.409(3) C3-H3 0.95
C4-C5 1.393(3) C4-C22 1.518(3)
C5-Co6 1.390(3) C5-H5 0.95
C6-H6 0.95 C17-C18 1.348(4)
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C17-H17 0.95 CI18-C19 1.417(3)
C18-H18 0.95 C19-C20 1.363(3)
C19-H19 0.95 C20-C31 1.497(3)
C22-C23 1.541(3) C22-C29 1.541(2)
C22-C31 1.551(3) C24-H24A 0.98
C24-H24B 0.98 C24-H24C 0.98
C29-C30 1.505(3) C29-H29A 0.99
C29-H29B 0.99 C31-H31 1.0
Table 5. Bond angles (°) for frans-334.

Cl16-S1-C13 92.36(11) (C25-09-C26 115.41(19)
C27-012-C28 110.07(17) 03-N2-04 123.48(19)
03-N2-C7 118.88(18) 04-N2-C7 117.6(2)

C9-C7-C8 122.6(2) C9-C7-N2 119.13(18)
C8-C7-N2 118.3(2) C12-C8-C7 118.1(2)
C12-C8-H8 121.0 C7-C8-H8 i21.0
C7-C9-C10 118.34(19) C7-C9-H9 120.8
C10-C9-H9 120.8 C9-C10-Cl11 121.0(2)
C9-C10-H10 119.5 C11-C10-H10 119.5
C12-C11-C10 119.0(2) C12-C11-C21 121.31(18)
C10-C11-C21 119.4(2) Cl11-C12-C8 121.02(19)
C11-C12-H12 119.5 C8-C12-HI12 119.5
C14-C13-C28 129.80(18) C14-C13-S1 112.14(15)
C28-C13-S1 117.73(16) C15-C14-C13 107.32(19)
C15-C14-H14 126.3 C13-C14-H14 126.3
C16-C15-C14 116.1(2) C16-C15-H15 121.9
Cl14-C15-H15 121.9 C15-C16-S1 112.04(16)
C15-Cl16-H16 124.0 S1-C16-H16 124.0
C11-C21-C32 118.04(19) Cl11-C21-C28 115.50(16)
C32-C21-C28 101.73(16) Cl11-C21-C25 105.05(16)
C32-C21-C25 110.00(15) C28-C21-C25 106.01(18)
010-C25-09 124.42(18) 010-C25-C21 123.83(18)
09-C25-C21 111.73(18) 09-C26-H26A 109.5
09-C26-H26B 109.5 H26A-C26-H26B 109.5
09-C26-H26C 109.5 H26A-C26-H26C 109.5
H26B-C26-H26C 109.5 011-C27-012 120.6(2)
011-C27-C32 129.3(2) 012-C27-C32 110.08(16)
012-C28-C13 109.80(15) 012-C28-C21 102.78(15)
C13-C28-C21 117.96(18) 012-C28-H28 108.6
C13-C28-H28 108.6 C21-C28-H28 108.6
C27-C32-C21 102.27(17) (C27-C32-H32A 111.3
C21-C32-H32A 111.3 C27-C32-H32B 111.3
C21-C32-H32B 111.3 H32A-C32-H32B 109.2
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C17-S2-C20 91.63(11) C30-06-C31 110.44(16)
C23-07-C24 115.11(17) O1-N1-02 123.32(18)
O1-N1-C2 118.88(16) 02-N1-C2 117.79(18)
C2-C1-C3 118.72(17) C2-C1-H1A 120.6
C3-Cl1-HIA 120.6 C1-C2-Co6 122.68(19)
CI-C2-N1 118.42(17) C6-C2-N1 118.88(19)
C1-C3-C4 120.3(2) C1-C3-H3 1199
C4-C3-H3 1199 C5-C4-C3 119.39(19)
C5-C4-C22 122.14(16) C3-C4-C22 118.37(19)
C6-C5-C4 120.60(17) C6-C5-HS 119.7
C4-C5-H5 119.7 C2-C6-C5 118.3(2)
C2-C6-H6 120.8 C5-C6-H6 120.8
C18-C17-S2 111.60(17) C18-C17-H17 1242
S2-C17-H17 124.2 C17-C18-C19 113.02)
C17-C18-H18 123.5 C19-C18-H18 123.5
C20-C19-C18 112.8(2) C20-C19-H19 123.6
C18-C19-H19 123.6 C19-C20-C31 124.8(2)
C19-C20-S2 111.02(17) C31-C20-S2 124.22(16)
C4-C22-C23 104.48(15) C4-C22-C29 116.20(17)
C23-C22-C29 108.29(14) C4-C22-C31 114.25(15)
C23-C22-C31 111.87(17) C29-C22-C31 101.84(15)
08-C23-07 124.48(18) 08-C23-C22 122.06(19)
07-C23-C22 113.42(17) 07-C24-H24A 109.5
07-C24-H24B 109.5 H24A-C24-H24B 109.5
07-C24-H24C 109.5 H24A-C24-H24C 109.5
H24B-(C24-H24C 109.5 C30-C29-C22 103.86(17)
C30-C29-H29A 111.0 C22-C29-H29A 111.0
C30-C29-H29B 111.0 (C22-C29-H29B 111.0
H29A-C29-H29B 109.0 05-C30-06 120.7(2)
05-C30-C29 129.1Q2) 06-C30-C29 110.12(16)
06-C31-C20 109.46(16) 06-C31-C22 103.96(14)
C20-C31-C22 117.02(18) 06-C31-H31 108.7
C20-C31-H31 108.7 (C22-C31-H31 108.7
Table 6. Torsion angles (°) for frans-334.
03-N2-C7-C9 178.1(2) 04-N2-C7-C9 -3.003)
03-N2-C7-C8 -3.8(3) 04-N2-C7-C8 175.11(18)
C9-C7-C8-Cl12 0.93) N2-C7-C8-C12 -177.12(17)
C8-C7-C9-C10 -0.1(3) N2-C7-C9-C10 177.97(18)
C7-C9-C10-C11 -1.3(3) C9-C10-C11-C12 1.7(3)
C9-C10-C11-C21 -172.80(18) C10-C11-C12-C8 -0.8(3)
C21-C11-CI12-C8 173.60(18) C7-C8-C12-Cl11 -0.5(3)
C16-S1-C13-C14 -0.64(17) C16-S1-C13-C28 173.44(17)
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C28-C13-C14-Cl15
C13-C14-C15-Cl6
C13-S1-Cl16-C15
C10-C11-C21-C32
Cl10-C11-C21-C28
C10-C11-C21-C25
(C26-09-C25-C21
(C32-C21-C25-010
C11-C21-C25-09
C28-C21-C25-09
C28-012-C27-C32
C27-012-C28-C21
S1-C13-C28-012
S1-C13-C28-C21
C32-C21-C28-012
C11-C21-C28-C13
(C25-C21-C28-C13
012-C27-C32-C21
C28-C21-C32-C27
C3-C1-C2-C6
O1-N1-C2-C1
O1-NI1-C2-C6
C2-C1-C3-C4
C1-C3-C4-C22
(C22-C4-C5-Co
N1-C2-C6-C5
C20-S2-C17-C18
C17-C18-C19-C20
C18-C19-C20-S2
C17-S2-C20-C31
C3-C4-C22-C23
C3-C4-C22-C29
C3-C4-C22-C31
C24-07-C23-C22
(C29-C22-C23-08
C4-C22-C23-07
C31-C22-C23-07
(C23-C22-C29-C30
C31-06-C30-05
C22-C29-C30-05
C30-06-C31-C20
C19-C20-C31-06
C19-C20-C31-C22

-172.002)
-1.3(3)
-0.1(2)

-169.20(17)
48.6(2)
67.8(2)

-177.1Q2)
141.4(2)
88.02)

-149.24(17)

-3.002)
24.19(19)
-107.23(17)
135.55(16)
-34.83(19)
43.0(2)
-158.90(17)
-19.7(2)
32.73(18)
0.0(3)
165.93(18)
-15.03)
0.503)
-175.81(17)
176.15(18)

-178.56(17)
0.7(2)
1.5(3)
-1.93)

-178.12(19)
75.4(2)

-165.36(17)

47.2(2)

179.97(17)
-56.1(2)

-109.51(18)

14.6(2)
91.58(18)
170.99(18)

168.7(2)
-101.20(19)

-111.12)

131.0(2)
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S1-C13-C14-C15
C14-C15-Cl6-S1
C12-C11-C21-C32
C12-C11-C21-C28
C12-C11-C21-C25
C26-09-C25-010
C11-C21-C25-010
(C28-C21-C25-010
(C32-C21-C25-09
C28-012-C27-011
C27-012-C28-C13
C14-C13-C28-012
C14-C13-C28-C21
CI11-C21-C28-012
(C25-C21-C28-012
C32-C21-C28-C13
011-C27-C32-C21
Cl11-C21-C32-C27
C25-C21-C32-C27
C3-C1-C2-N1
02-N1-C2-Cl
02-N1-C2-C6
C1-C3-C4-C5
C3-C4-C5-Co
C1-C2-C6-C5
C4-C5-Co-C2
S2-C17-C18-C19
C18-C19-C20-C31
C17-S2-C20-C19
C5-C4-C22-C23
C5-C4-C22-C29
C5-C4-C22-C31
(C24-07-C23-08
C4-C22-C23-08
C31-C22-C23-08
C29-C22-C23-07
C4-C22-C29-C30
C31-C22-C29-C30
C31-06-C30-C29
C22-C29-C30-06
C30-06-C31-C22
S2-C20-C31-06
S2-C20-C31-C22

1.2(2)
0.9(3)
16.4(3)

137.002)
-106.6(2)
1.5(3)
-90.6(2)
32.2(3)
-40.0(3)
178.09(17)

-102.16(19)
65.6(3)

-51.6(3)
-163.95(16)
80.19(17)
86.1(2)
159.1(2)
160.23(16)
-79.3(2)
179.04(17)
-15.0(3)
164.06(18)
0.4(3)
0.13)
0.4(3)
-0.5(3)
-0.3(3)
177.7(2)
1.50(18)
-100.7(2)
18.5(3)
136.72(19)
2.1(3)
68.4(2)
-167.49(17)
126.04(17)
151.28(16)
26.46(18)
-7.3(2)
-13.12(19)
24.6(2)
68.4(2)
-49.4(2)
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C4-C22-C31-06

C29-C22-C31-06

C23-C22-C31-C20

-156.91(15)

-30.80(19)

-154.55(16)

(C23-C22-C31-06
C4-C22-C31-C20
C29-C22-C31-C20

84.64(17)
-36.12)
90.00(19)

Table 7. Anisotropic atomic displacement parameters (A®) for trans-334.

The anisotropic atomic displacement factor exponent takes the form: -2’ h*a™” U, + .. + 2 hk

ab U,
Up Uxn Uss Uy Uz Upn

SI  0.02143)  0.03304)  0.0311(3)  0.0051(2) 0.0157(2) 0.0088(2)
03 0.0270(9)  0.0188(10)  0.0429(10)  -0.0027(8) 0.0061(7) -0.0003(7)
04  0.0163(7)  0.0290(10)  0.0214(7)  -0.0016(7) 0.0053(6) -0.0051(7)
09  0.0278(8)  0.0290(10)  0.0258(7)  0.0029(7) 0.0200(6) 0.0071(7)
010  0.0148(7)  0.0360(11)  0.0209(7)  0.0098(7) 0.0066(6) 0.0026(7)
Oll  0.0141(7)  0.0256(10)  0.0246(7)  0.0027(7) 0.0047(6) -0.0074(7)
Ol12  0.0126(7)  0.01598)  0.0223(7)  -0.0019(6) 0.0083(5) -0.0044(6)
N2 0.0166(9)  0.0204(11)  0.0185(8)  -0.0021(8) 0.0094(7) -0.0026(8)
C7  0.0156(10) 0.0179(12)  0.0162(9)  -0.0026(8) 0.0083(8) -0.0028(9)
C8 0.0151(10) 0.0171(12)  0.0231(10)  0.0000(9) 0.0054(8) 0.0037(9)
CY  0.0122(9) 0.0214(13)  0.0177(9)  0.0000(8) 0.0049(7) -0.0005(8)
C10  0.0131(9)  0.0160(12)  0.0189(9)  0.0007(8) 0.0060(8) 0.0015(8)
CI1  0.01159) 0.0184(12) 0.01499)  -0.0012(8) 0.0078(7) 0.0002(8)
CI2 0.0136(10) 0.0178(12)  0.0215(9)  0.0008(9) 0.0055(8) 0.0022(9)
CI13  0.01359) 0.0150(12)  0.0173(9)  -0.0008(8) 0.0061(7) -0.0014(8)
Cl4 -0.0004(8)  0.0309(13)  0.0176(9)  -0.0145(9) 0.0059(7) -0.0062(8)
CI15 0.0221(11)  0.0237(13)  0.0206(10)  -0.0032(9) 0.0105(8) -0.0029(9)
C16 0.0198(11) 0.0279(14)  0.0269(11)  -0.0047(10)  0.0165(9)  0.0007(10)
C21  0.0101(9)  0.0170(12)  0.0150(8)  -0.0007(8) 0.0055(7) -0.0006(8)
C25  0.0092(9)  0.0197(12)  0.0165(9)  -0.0043(8) 0.0056(7) -0.0037(8)
C26 0.0322(12)  0.0396(16)  0.0258(11)  -0.0005(11)  0.0228(10)  0.0010(11)
C27 0.0134(10)  0.0225(12)  0.0137(9)  0.0026(8) 0.0074(8) -0.0024(9)
C28  0.0097(9)  0.0149(11)  0.0180(9)  -0.0018(8) 0.0051(7) -0.0040(8)
C32  0.0103(9)  0.0199(12)  0.0157(9)  -0.0008(8) 0.0051(7) 0.0007(8)
S2  0.0111(2)  0.02653)  0.0231(2)  -0.0028(2)  0.00370(19)  0.0020(2)
Ol  0.0386(9)  0.0129(10)  0.0297(8)  0.0024(7) 0.0214(7) 0.0051(7)
02 0.0266(8)  0.0213(9)  0.0218(7)  0.0028(6) 0.0177(6) 0.0016(7)
05  0.0161(7)  0.0262(10)  0.0215(7)  0.0067(6) 0.0116(6) 0.0005(6)
06  0.0166(7)  0.0151(8)  0.0176(6)  0.0023(6) 0.0080(5) -0.0042(6)
07  0.0143(7)  0.0243(10)  0.0200(7)  -0.0038(6) 0.0047(5) 0.0077(6)
08  0.0104(6)  0.0193(9)  0.0205(7)  -0.0013(6) 0.0042(5) -0.0016(6)
NI 0.0147(8)  0.0150(10)  0.0165(8)  0.0021(7) 0.0070(6) 0.0002(7)
Cl  0.013909) 0.0167(12)  0.0134(8)  -0.0008(8) 0.0074(7) -0.0010(8)
C2  0.0087(9) 0.0152(11) 0.0162(9)  0.0042(8) 0.0054(7) -0.0005(8)
C3  0.0149(9)  0.0153(11)  0.0180(9)  -0.0032(8) 0.0102(8) -0.0021(8)
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C4

C5

Co6

C17
Cl18
Cl9
C20
C22
C23
C24
€29
C30
C31

Ull
0.0071(8)
0.0135(9)
0.0167(10)
0.0147(10)
0.0228(11)
0.0189(10)
0.0122(9)
0.0082(9)
0.0123(9)
0.0176(10)
0.0113(8)
0.0090(9)
0.0140(9)

U
0.0134(11)
0.0133(11)
0.0124(11)
0.0316(15)
0.0337(15)
0.0242(13)
0.0172(12)
0.0132(11)
0.0139(11)
0.0341(15)
0.0181(12)
0.0188(12)
0.0149(11)

U33
0.0121(8)
0.0140(8)
0.0162(9)
0.0268(10)
0.0184(9)
0.0173(9)
0.0177(9)
0.0135(8)
0.0128(8)
0.0253(10)
0.0140(8)
0.0161(9)
0.0139(8)

UZS
0.0005(8)
-0.0001(8)
-0.0014(8)
0.0028(10)
0.0005(10)
-0.0006(9)
0.0012(8)
0.0000(8)
0.0039(8)
0.0004(10)
0.0012(8)
0.0039(8)
0.0004(8)

UU
0.0044(7)
0.0070(7)
0.0072(7)
0.0011(8)
0.0000(9)
0.0039(8)
0.0074(8)
0.0053(7)
0.0083(7)
0.0084(9)
0.0070(7)
0.0053(7)
0.0076(8)

Ull
-0.0005(8)
0.0011(8)
0.0029(8)

-0.0028(10)
-0.0042(10)
-0.0021(9)
-0.0042(8)
0.0002(8)
0.0008(8)
0.0149(10)
0.0017(8)
0.0035(8)
-0.0018(8)

Table 8. Hydrogen atomic coordinates and isotropic atomic displacement parameters (A?)
for trans-334.

HS8
H9
H10
H12
H14
H15
H16
H26A
H26B
H26C
H28
H32A
H32B
HI1A
H3
H5
H6
H17
H18
H19
H24A
H24B
H24C
H29A
H29B

x/a
0.5023
0.7598
0.6391
0.3807
0.4355
0.5841
0.7386
0.3525
0.2671
0.2176
0.5157
0.2421
0.3090
1.0531
1.0343
1.0078
1.0240
0.5643
0.6369
0.8277
1.3044
1.3327
1.2879
1.0366
09131

v/b
1.1730
0.8761
0.6681
0.9626
0.7118
0.6717
0.5042
0.6502
0.5167
0.6857
0.4575
0.7302
0.7523
0.8928
0.6799
0.9684
1.1815
0.7426
0.5577
0.4524
0.4070
0.5009
0.3265
0.7162
0.7712
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z/c
0.7565
0.9003
0.8314
0.6910
0.5160
0.4457
0.5311
0.9575
0.9000
0.9042
0.7396
0.6640
0.5932
0.0688
0.1552
0.3532
0.2653
0.0615
-0.0195
0.0781
0.4320
0.3540
0.3350
0.4583
0.3842

Uleq)
0.023
0.021
0.019
0.021
0.018
0.026
0.027
0.044
0.044
0.044
0.017
0.018
0.018
0.017
0.018
0.016
0.018
0.032
0.033
0.024
0.038
0.038
0.038
0.017
0.017
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x/a
H31 0.9794

y/b 7/c U(eq)
0.4644 0.2369 0.016

X-ray crystallography data for lactone cis-372.

Table 1. Crystal data and structure refinement for cis-372.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

shelxl

Cs45H291 Brg1s No 15 O

76.04

150(2) K

0.71073 A

Orthorhombic

P2(1)2(1)2(1)

a=104152) A a=90°.
b=11.469(2) A B=90°.
c=15.0473) A y =90°.
1797.4(6) A3

22

1.546 Mg/m?3

2317 mm-!
848

1.50 x 0.80 x 0.4 mm3

2.23 t0 25.00°.

-12<=h<=12, -8<=k<=13, -17<=I<=13
7478

3106 [R(int) = 0.0693]

98.0 %

Semi-empirical from equivalents
1.0000 and 0.5272

Full-matrix least-squares on F2
3106/0/237

0.885

R1=0.0422, wR2 = 0.1096
R1=0.0448, wR2 =0.1249
0.035(14)

0.490 and -0.687 e.A-3

Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters

(A2x 103) for cis-372.

U(eq) is defined as one third of the trace of the orthogonalised Ul tensor.

X
Br(1) 231(1)
0(4) 2819(3)
N(1) 2150(4)
0(5) 4822(3)
C(19) 4054(5)
C(15) 2787(4)
C(18) 2225(4)

y z U(eq)
6534(1) 1121(1) 34(1)
9945(3) 2210(2) 22(1)
12040(3) 1189(3) 21(1)
10918(3) 3584(2) 24(1)
11995(4) 236(3) 24(1)
10164(4) 577(3) 17(1)
9358(4) 1245(3) 16(1)
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0(6) 4319(3) 9025(3) 3442(2) 25(1)
0(2) 1094(3) 11712(3) 940(3) 32(1)
C(6) 3275(4) 10493(4) 2504(3) 15(1)
C(5) 1467(4) 8443(4) 930(3) 21(1)
C(13) 5434(4) 9255(4) 1437(3) 19(1)
C(1) 815(4) 7763(4) 1543(3) 24(1)
C(4) 2381(4) 9558(4) 2152(3) 17(1)
C(7) 4126(4) 11099(4) 1789(3) 17(1)
C(3) 1688(4) 8865(4) 2746(3) 21(1)
C(9) 6508(5) 11090(4) 1571(4) 29(1)
C(17) 4171(4) 10037(4) 3229(3) 16(1)
CQ) 890(5) 7985(4) 2443(3) 24(1)
C(12) 6607(5) 8717(4) 1288(3) 25(1)
C(8) 5382(4) 10454(4) 1589(3) 17(1)
o(1) 2337(4) 12937(3) 1605(3) 39(1)
C(14) 3328(4) 11307(4) 936(3) 18(1)
C(16) 5826(6) 10597(5) 4200(4) 38(1)
C(10) 7680(5) 10544(5) 1425(5) 41(2)
C(11) 7733(5) 9350(5) 1289(4) 28(1)

Table 3. Bond lengths [A] and angles [°] for cis-372.

Br(1)-C(1)
0(4)-C(15)
N(1)-0(2)
N(1)-O(1)
N(1)-C(14)
0(5)-C(17)
0(5)-C(16)
C(19)-C(14)
C(15)-C(18)
C(15)-C(14)
C(18)-C(4)
C(18)-C(5)
0(6)-C(17)
C(6)-C(4)
C(6)-C(17)
C(6)-C(7)
C(5)-C(1)
C(13)-C(12)
C(13)-C(8)
C(1)-C(2)
CH4)-C(3)
C(7)-C(8)
C(7)-C(14)
C(3)-C(2)
C(9)-C(10)
C(9)-C(8)
C(12)-C(11)
C(10)-C(11)
O(2)-N(1)-O(1)
0(2)-N(1)-C(14)
O(1)-N(1)-C(14)
C(17)-0(5)-C(16)

1.891(5)
1.210(6)
1.220(5)
1.219(5)
1.536(5)
1.329(6)
1.445(6)
1.517(6)
1.486(6)
1.526(6)
1.394(7)
1.396(6)
1.214(6)
1.516(6)
1.527(6)
1.558(6)
1.385(7)
1.387(6)
1.395(6)
1.381(7)
1.397(7)
1.532(6)
1.548(6)
1.385(7)
1.390(7)
1.381(7)
1.380(7)
1.386(7)
124.2(4)
118.3(3)
117.5(4)
115.7(4)
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0(4)-C(15)-C(18)
0(4)-C(15)-C(14)
C(18)-C(15)-C(14)
C(4)-C(18)-C(5)
C(4)-C(18)-C(15)
C(5)-C(18)-C(15)
C(4)-C(6)-C(17)
C(4)-C(6)-C(7)
C(17)-C(6)-C(7)
C(1)-C(5)-C(18)
C(12)-C(13)-C(8)
C(2)-C(1)-C(5)
C(2)-C(1)-Br(1)
C(5)-C(1)-Br(1)
C(18)-C(4)-C(3)
C(18)-C(4)-C(6)
C(3)-C(4)-C(6)
C(8)-C(7)-C(14)
C(8)-C(7)-C(6)
C(14)-C(7)-C(6)
C(4)-C(3)-C(2)
C(10)-C(9)-C(8)
0(6)-C(17)-0(5)
0(6)-C(17)-C(6)
0(5)-C(17)-C(6)
C(1)-C(2)-C(3)
C(13)-C(12)-C(11)
C(13)-C(8)-C(9)
C(13)-C(8)-C(7)
C(9)-C(8)-C(7)
C(15)-C(14)-C(19)
C(15)-C(14)-N(1)
C(19)-C(14)-N(1)
C(15)-C(14)-C(7)
C(19)-C(14)-C(7)
N(1)-C(14)-C(7)
C(9)-C(10)-C(11)
C(10)-C(11)-C(12)

122.9(4)
121.0(4)
116.1(4)
121.4(4)
121.0(4)
117.4(4)
112.5(4)
115.1(4)
107.4(4)
118.4(4)
120.0(4)
121.4(5)
119.9(4)
118.6(4)
118.2(4)
122.0(4)
119.8(4)
111.8(4)
113.9(4)
109.6(3)
121.0(4)
120.7(4)
123.7(4)
126.4(4)
109.8(4)
119.4(4)
121.0(4)
119.0(4)
122.8(4)
118.2(4)
112.6(4)
105.3(3)
106.5(4)
111.1(4)
112.8(4)
108.0(4)
120.3(5)
119.1(5)

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A2x 103) for cis-372.

The anisotropic displacement factor exponent takes the form: -2n2[ h2a*2Ull + | +2hka*

b* Ul2 ]

yll U22 U33 U23 yl3 yl2
Br(1) 35(1) 23(1) 44(1) -7(1) 3(1) -16(1)
04) 28(2) 19(2) 18(2) -3(1) 0(1) o(l)
N(1) 28(2) 17(2) 20(2) 2(2) -5(2) 8(2)
0(5) 27(2) 20(2) 25(2) -2(1) -11(1) -1(1)
C(19) 33(3) 16(2) 22(2) 4(2) 1(2) -6(2)
C(15) 16(2) 14(2) 21(2) 2(2) 0(2) 4(2)
C(18) 15(2) 9(2) 22(2) 2(2) 1(2) 2(2)
0(6) 31(2) 17(2) 26(2) 6(1) -2(1) 4(1)
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0(2) 27(2)
C(6) 18(2)
C(5) 20(2)
C(13)  18(2)
C(1) 16(2)
C(4) 16(2)
C(7) 21(2)
C(3) 22(2)
C(9) 27(2)
C(17)  20(2)
C(2) 23(2)
C(12)  30(2)
C(8) 172)
o(1) 44(2)

C(14)  18(2)
C(16)  40(3)
C(10)  18(2)
Cc(1l)  21(2)

29(2)
11Q2)
18(2)
12Q)
192)
132)
8(2)
23(2)
14(2)
18(2)
192)
17(2)
13Q2)
20(2)
11Q2)
34(3)
24(3)
26(2)

40(2)
17(2)
23(2)
27(2)
36(3)
20(2)
212)
172)
48(3)
11Q2)
28(3)
28(3)
21(2)
54(2)
25(2)
41(3)
81(5)
37(3)

-5(2)
-2(2)
-2(2)
-2(2)
3(2)
1(2)
-1(2)
1(2)
-2(2)
212)
10(2)
-1(2)
2(2)
-18(2)
12)
-5(2)
-1(3)
-1(2)

-3(2)
-3(2)
-2(2)
-1(2)
-1(2)
1(2)
3(2)
-4(2)
9(2)
0(2)
3(2)
3(2)
-3(2)
-6(2)
1(2)
-25(3)
10(3)
6(2)

9(2)
2(2)
0(2)
-2(2)
-6(2)
3(2)
-3(2)
4(2)
=3(2)
3(2)
-1(2)
3(2)
0(2)
11(2)
2(2)
2(3)
-3(2)
11(2)

Table S. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10

3) for cis-372.

X y z Uleq)
H(19A) 4751 11533 12 36
H(19B) 4386 12697 496 36
H(19C) 3483 12190 -242 36
H(6) 2738 11098 2774 18
H(5) 1401 8294 325 25
H(13) 4683 8817 1434 23
H(7) 4360 11867 2023 20
H(3) 1763 8997 3353 25
H(9) 6481 11893 1657 35
H(2A) 408 7547 2843 28
H(12) 6634 7917 1186 30
H(16A) 5469 10130 4669 57
H(16B) 6202 11288 4448 57
H(16C) 6473 10158 3893 57
H(10) 8432 10981 1419 49
H(11) 8518 8980 1200 34
Table 6. Torsion angles [°] for cis-372.
0(4)-C(15)-C(18)-C(4) 170.1(4)
C(14)-C(15)-C(18)-C(4) -10.2(6)
0(4)-C(15)-C(18)-C(5) -14.1(6)
C(14)-C(15)-C(18)-C(5) 165.7(4)
C(4)-C(18)-C(5)-C(1) 3.1(7)
C(15)-C(18)-C(5)-C(1) -172.7(4)
C(18)-C(5)-C(1)-C(2) 0.9(7)
C(18)-C(5)-C(1)-Br(1) 179.2(3)
C(5)-C(18)-C(4)-C(3) -4.3(6)
C(15)-C(18)-C(4)-C(3) 171.4(4)
C(5)-C(18)-C(4)-C(6) 175.5(4)
C(15)-C(18)-C(4)-C(6) -8.8(6)
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C(17)-C(6)-C(4)-C(18) -130.8(4)
C(7)-C(6)-C(4)-C(18) -7.4(6)
C(17)-C(6)-C(4)-C(3) 49.1(5)
C(7)-C(6)-C(4)-C(3) 172.4(4)
C(4)-C(6)-C(7)-C(8) -86.0(5)
C(17)-C(6)-C(7)-C(8) 40.1(5)
C(4)-C(6)-C(7)-C(14) 40.0(5)
C(17)-C(6)-C(7)-C(14) 166.1(4)
C(18)-C(4)-C(3)-C(2) 1.5(7)
C(6)-C(4)-C(3)-C(2) -178.3(4)
C(16)-0(5)-C(17)-O(6) 5.4(7)
C(16)-0(5)-C(17)-C(6) -172.4(4)
C(4)-C(6)-C(17)-0(6) 9.7(6)
C(7)-C(6)-C(17)-0(6) -117.9(5)
C(4)-C(6)-C(17)-0(5) -172.7(4)
C(7)-C(6)-C(17)-0(5) 59.7(4)
C(5)-C(1)-C(2)-C(3) -3.6(7)
Br(1)-C(1)-C(2)-C(3) 178.2(4)
C(4)-C(3)-C(2)-C(1) 2.3(7)
C(8)-C(13)-C(12)-C(11) 0.1(7)
C(12)-C(13)-C(8)-C(9) 1.4(7)
C(12)-C(13)-C(8)-C(7) -177.9(4)
C(10)-C(9)-C(8)-C(13) -1.6(8)
C(10)-C(9)-C(8)-C(7) 177.7(5)
C(14)-C(7)-C(8)-C(13) -77.8(5)
C(6)-C(7)-C(8)-C(13) 47.1(6)
C(14)-C(7)-C(8)-C(9) 102.9(5)
C(6)-C(7)-C(8)-C(9) -132.2(5)
0(4)-C(15)-C(14)-C(19) -8.7(6)
C(18)-C(15)-C(14)-C(19) 171.6(4)
O(4)-C(15)-C(14)-N(1) 107.0(5)
C(18)-C(15)-C(14)-N(1) -72.7(4)
0(4)-C(15)-C(14)-C(7) -136.3(4)
C(18)-C(15)-C(14)-C(7) 43.9(5)
0(2)-N(1)-C(14)-C(15) -11.8(5)
O(1)-N(1)-C(14)-C(15) 170.4(4)
0(2)-N(1)-C(14)-C(19) 108.0(5)
O(1)-N(1)-C(14)-C(19) -69.8(5)
0(2)-N(1)-C(14)-C(7) -130.5(4)
O(1)-N(1)-C(14)-C(7) 51.6(5)
C(8)-C(7)-C(14)-C(15) 69.6(4)
C(6)-C(7)-C(14)-C(15) -57.7(5)
C(8)-C(7)-C(14)-C(19) -58.0(5)
C(6)-C(7)-C(14)-C(19) 174.7(4)
C(8)-C(7)-C(14)-N(1) -175.5(3)
C(6)-C(7)-C(14)-N(1) 57.2(4)
C(8)-C(9)-C(10)-C(11) 0.5(10)
C(9)-C(10)-C(11)-C(12) 0.9(9)
C(13)-C(12)-C(11)-C(10) -1.2(8)

Symmetry transformations used to generate equivalent atoms:

Table 7. Hydrogen bonds for cis-372 [A and °].

D-H.. A d(D-H) d(H...A) d(D...A)

<(DHA)
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X-ray crystallography data for lactone frans-373.

A specimen of C;9H;9NOs was used for the X-ray crystallographic analysis. The X-ray
intensity data were measured. The integration of the data using a triclinic unit cell
yielded a total of 2542 reflections to a maximum 6 angle of 66.61° (0.84 A resolution),
of which 1652 were independent (average redundancy 1.539, completeness = 93.1%,
Rine = 1.93%, Ry, = 3.33%) and 1645 (99.58%) were greater than 20(F2). The final cell
constants ofa=7.4043(3) A, b=7.6194(4) A, c=7.7708(3) A, « =92.263(2)°, P
=95.397(2)°, vy = 92.804(2)°, volume =435.51(3) A®, are based upon the refinement of
the XYZ-centroids of reflections above 20 o(I). The structure was solved and refined
using the Bruker SHELXTL Software Package, using the space group P 1, with Z
=1 for the formula unit, C;9H;yNOs. The final anisotropic full-matrix least-squares
refinement on F* with 231 variables converged at R1 = 3.04%, for the observed data and
wR2 =9.14% for all data. The goodness-of-fit was 0.914. The largest peak in the final
difference electron density synthesis was 0.215 e/A” and the largest hole was -0.271 e
/A’ with an RMS deviation of 0.044 ¢/A’. On the basis of the final model, the
calculated density was 1.302 g/cm’ and F(000), 180 e".

Table 1. Sample and crystal data for trans-373.

Identification code fmm1207

Chemical formula C1oHoNO5

Formula weight 341.35

Temperature 105(2) K

Wavelength 1.54178 A

Crystal system triclinic

Space group Pl

Unit cell dimensions a=74043(3) A a=92.263(2)°
b=7.6194(4) A B=95397(2)°
c=7.7708(3) A v =92.804(2)°

Volume 43551(3) A’

Z 1

Density (calculated) 1.302 g/em’

Absorption coefficient 0.784 mm’'

F(000) 180

Table 2. Data collection and structure refinement for frans-373.

Theta range for data collection 5.72 to 66.61°

Index ranges -8<=h<=7, -8<=k<=8, -9<=]<=8
Reflections collected 2542

Independent reflections 1652 [R(int) = 0.0193]
Structure solution technique direct methods

Structure solution program SHELXS-97 (Sheldrick, 2008)
Refinement method Full-matrix least-squares on F*
Refinement program SHELXL-97 (Sheldrick, 2008)
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Function minimized

Data / restraints / parameters

Goodness-of-fit on F*

A/Gmax

Final R indices

Weighting scheme

Absolute structure parameter

Extinction coefficient

Largest diff. peak and hole
R.M.S. deviation from mean

T w(F,’ - FJ)

2

1652 /3 /231

0914
0.003

1645 data; I>20(])

all data

w=1/[c’(F.,>)+(0.1000P)*+0.0000P]

R1=0.0304, wR2=10.0910
R1=0.0305, wR2=10.0914

where P=(F,*+2F %)/3

0.1(1)

0.0150(40)

0.215 and -0.271 €A™

0.044 eA™

Table 3. Atomic coordinates and equivalent isotropic atomic displacement parameters (A%)
for rrans-373.

U(eq) is defined as one third of the trace of the orthogonalised Uj tensor.

x/a y/b z/c U(eq)
C7 0.8134(2) 0.4366(2) 0.3222(2) 0.0176(4)
C3 0.9987(2) 0.4809(2) 0.4159(2) 0.0191(4)
Cl0 0.0657(2) 0.7162(2) 0.2032(2) 0.0181(4)
C9 0.8617(2) 0.6926(2) 0.1400(2) 0.0175(4)
Cli 0.1112(2) 09111(2) 0.2402(2) 0.0197(4)
C4 0.1162(2) 0.6148(2) 0.3647(2) 0.0184(4)
C5 0.2846(3) 0.6509(3) 0.4610(3) 0.0247(4)
G2 0.0532(2) 0.3874(2) 0.5622(2) 0.0221(4)
Co6 0.3357(3) 0.5572(3) 0.6046(3) 0.0285(4)
&l 0.2186(3) 0.4249(3) 0.6552(2) 0.0270(4)
Cl4 0.6518(3) 0.8745(2) 0.9566(2) 0.0230(4)
Cl1s 0.6016(3) 0.9623(2) 0.8073(3) 0.0309(5)
C13 0.8113(2) 0.7842(2) 0.9723(2) 0.0195(4)
Cl12 0.3356(3) 0.1423(3) 0.2330(4) 0.0424(6)
Ci18 0.9202(3) 0.7854(3) 0.8362(3) 0.0275(4)
Cl17 0.8704(3) 0.8746(3) 0.6873(3) 0.0358(5)
Cl6 0.7114(3) 0.9623(3) 0.6724(3) 0.0339(5)
02 0.49591(17) 0.54959(18) 0.14585(19) 0.0285(3)
03 0.5617(2) 0.38290(19) 0.93235(19) 0.0335(4)
Cl19 0.8062(2) 0.4931(2) 0.1337(2) 0.0173(4)
N1 0.6048(2) 0.4739(2) 0.0640(2) 0.0213(4)
05 0.27485(18) 0.95904(17) 0.1943(2) 0.0286(3)
04 0.01304(17) 0.01063(16) 0.30479(18) 0.0254(3)
C20 0.9123(3) 0.3797(2) 0.0195(2) 0.0212(4)
0Ol 0.75488(16) 0.25747(15) 0.33036(16) 0.0212(3)
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Table 4. Bond lengths (A) for rrans-373.

C7-01 1.417(2) C7-C3 1.509(3)
C7-C19 1.539(2) C3-C4 1.402(3)
C3-C2 1.403(2) C10-Cl11 1.517(2)
C10-C4 1.526(2) C10-C9 1.543(2)
C9-Cl13 1.526(2) C9-C19 1.553(2)
C11-04 1.203(2) Cl11-05 1.333(2)
C4-C5 1.401(3) C5-C6 1.382(3)
C2-Cl1 1.373(3) Co6-Cl 1.390(3)
Cl14-CI15 1.392(3) Cl14-C13 1.394(3)
C15-Cl16 1.386(3) C13-C18 1.389(3)
C12-05 1.457(2) C18-C17 1.394(3)
C17-C16 1.379(4) 02-N1 1.225(2)
03-NI1 1.221(2) C19-C20 1.513(2)
CI19-N1 1.536(2)
Table 5. Bond angles (°) for rrans-373.
01-C7-C3 113.44(14) 01-C7-C19 111.26(14)
C3-C7-C19 110.73(14) C4-C3-C2 118.97(16)
C4-C3-C7 122.41(15) C2-C3-C7 118.60(16)
C11-C10-C4 109.94(13) C11-C10-C9 107.86(13)
C4-C10-C9 112.67(13) C13-C9-Cl10 113.21(13)
C13-C9-C19 114.63(14) C10-C9-C19 108.13(13)
04-C11-05 123.84(15) 04-C11-C10 124.38(15)
05-C11-C10 111.78(14) C5-C4-C3 119.01(16)
C5-C4-C10 120.04(16) C3-C4-C10 120.91(15)
C6-C5-C4 121.10(18) C1-C2-C3 121.21(17)
C5-Co-Cl 119.70(17) C2-C1-C6 120.01(17)
Cl15-C14-C13 120.78(18) Cl6-C15-C14 120.12(19)
Cl18-C13-C14 118.51(17) C18-C13-C9 122.77(17)
Cl14-C13-C9 118.70(16) C13-C18-C17 120.60(19)
Cl16-C17-C18 120.47(19) C17-Cl16-C15 119.52(18)
C20-C19-N1 108.31(14) C20-C19-C7 113.73(14)
N1-C19-C7 105.54(13) C20-C19-C9 114.87(13)
N1-C19-C9 106.72(12) C7-C19-C9 107.06(14)
03-N1-02 123.68(15) 03-N1-C19 118.62(15)
02-N1-C19 117.70(14) C11-05-C12 116.04(14)

Table 6. Anisotropic atomic displacement parameters (A’) for r7ans-373.

The anisotropic atomic displacement factor exponent takes the form: -27°[ h*a” Uj; + ... + 2 hk

a b Upy]

Ull
C7  0.0184(8)

0.0145(8)

Uss
0.0198(8)

U23

0.0032(6)

Us
-0.0008(6)
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3
Cl10
c9
Cl1
C4
C5
c2
Co6
Cl
Cl4
Ci15
Ci3
Cl12
Cl18
@17
Cle6
02
03
C19
N1
05
04
C20
Ol

Ull
0.0205(9)
0.0163(9)
0.0162(8)
0.0194(8)
0.0164(8)
0.0214(9)
0.0249(10)
0.0236(9)
0.0316(11)
0.0257(9)
0.0366(11)
0.0242(9)
0.0242(10)
0.0371(10)
0.0548(13)
0.0526(12)
0.0183(7)
0.0336(8)
0.0172(9)
0.0212(8)
0.0186(6)
0.0251(7)
0.0271(9)
0.0207(6)

Un
0.0168(9)
0.0174(9)
0.0171(9)
0.0187(9)
0.0182(9)
0.0213(9)
0.0208(9)
0.0289(10)
0.0264(10)
0.0173(9)
0.0193(9)
0.0120(8)
0.0187(11)
0.0230(9)
0.0282(10)
0.0229(10)
0.0285(7)
0.0297(7)
0.0161(8)
0.0180(7)
0.0195(7)
0.0178(7)
0.0168(8)
0.0153(6)

UJS
0.0198(9)
0.0204(9)
0.0190(8)
0.0205(8)
0.0204(9)
0.0301(9)
0.0206(9)
0.0306(10)
0.0213(9)
0.0247(10)
0.0344(11)
0.0213(9)
0.0832(18)
0.0237(9)
0.0250(10)
0.0242(10)
0.0386(8)
0.0330(8)
0.0180(8)
0.0231(8)
0.0474(9)
0.0331(7)
0.0192(8)
0.0272(7)

Uz
-0.0019(7)
0.0007(7)
0.0000(7)
0.0040(7)
-0.0003(7)
0.0001(7)
0.0028(7)
0.0013(8)
0.0013(7)
0.0033(7)
0.0025(8)
-0.0005(6)
0.0011(10)
0.0055(8)
0.0046(8)
0.0083(7)
0.0037(6)
-0.0035(6)
0.0035(6)
0.0052(6)
0.0030(6)
-0.0021(5)
-0.0006(7)
0.0052(5)

U
0.0017(7)
0.0026(6)
0.0020(6)
-0.0001(7)
0.0009(7)
-0.0015(7)
0.0020(7)
-0.0084(8)
-0.0065(7)
-0.0040(7)
-0.0094(9)
-0.0009(7)
0.0051(10)
0.0068(8)
0.0081(9)
-0.0073(9)
0.0026(5)
-0.0144(6)
-0.0015(7)
-0.0053(6)
0.0047(5)
0.0039(5)
0.0016(6)
0.0004(5)

UIZ
0.0022(7)
-0.0016(7)
0.0001(6)
-0.0025(7)
0.0023(7)
-0.0040(7)
-0.0003(7)
-0.0005(7)
0.0013(7)
-0.0021(7)
0.0002(8)
-0.0037(6)
-0.0095(8)
0.0026(8)
-0.0016(9)
-0.0050(9)
-0.0010(5)
-0.0030(6)
-0.0013(6)
-0.0035(6)
-0.0049(5)
-0.0014(5)
-0.0002(7)
-0.0029(5)

Table 7. Hydrogen atomic coordinates and isotropic atomic displacement parameters (A?)
for trans-373.

H7
H10
H9
H5
H2
H6
Hl
H14
H15
HI2A
H12B
H12C
H18
H17

x/a
0.7252
1.1377
0.7943
1.3649
0.9743
1.4503
1.2530
0.5763
04919
1.2694
1.4661
1.3120
1.0297
0.9464

y/b
0.5077
0.6738
0.7495
0.7413
0.2966
0.5830
0.3604
0.8761
1.0224
1.2172
1.1570
1.1760
0.7249
0.8749
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z/c
0.3810
0.1087
0.2309
0.4269
0.5976
0.6686
0.7541
0.0490

-0.2022

0.1519
0.2217
0.3516

-0.1553
-0.4046

U(eq)
0.021
0.022
0.021
0.03

0.027
0.034
0.032
0.028
0.037
0.064
0.064
0.064
0.033
0.043
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x/a y/b zle U(eq)

H16 0.6775 1.0223 -0.4296 0.041

H2A 0.5405 0.6495 0.1811 0.043
H20A 0.8669 0.2569 0.0210 0.032
H20B 1.0413 0.3895 0.0627 0.032
H20C 0.8976 0.4194 -0.0992 0.032
HIA 0.8365 0.1932 0.3002 0.032

X-ray crystallography data for lactone frans-387.

A specimen of CyosH04BrsN4O;; was used for the X-ray crystallographic analysis. The
X-ray intensity data were measured. The integration of the data using
an orthorhombic unit cell yielded a total of 8894 reflections to a maximum 6 angle
of 66.85° (0.84 A resolution), of which4130 were independent (average
redundancy 2.154, completeness =96.9%, Rint = 2.50%, Riig = 4.72%)
and 4121 (99.78%) were greater than 20(F’). The final cell constants
of a=10.4309(4) A, b =14.2240(5) A, ¢ = 17.1308(6) A, volume = 2541.68(16) A*, are
based upon the refinement of the XYZ-centroids of reflections above 20 o(I). The
structure was solved and refined using the Bruker SHELXTL Software Package, using
the space group P 21 21 21, with Z =1 for the formula unit, C,osH;¢4BrsN4Os,. The
final anisotropic full-matrix least-squares refinement on F’ with 339 variables
converged at R1 =2.42%, for the observed data and wR2 = 5.94% for all data. The
goodness-of-fit was 1.080. The largest peak in the final difference electron density
synthesis was 0.297 e/A” and the largest hole was -0.379 e/A’ with an RMS deviation
of 0.074e/A*. On the basis of the final model, the calculated density
was 1.496 g/cm’ and F(000), 1176 ¢".

Table 1. Sample and crystal data for frans-387.

Identification code fmm1138

Chemical formula CiosH04BrsN4O5;

Formula weight 2289.59

Temperature 100(2) K

Wavelength 1.54178 A

Crystal system orthorhombic

Space group P21:21 21

Unit cell dimensions a=10.4309(4) A a=90°
b=14.2240(5) A B =90°
c=17.1308(6) A y =90°

Volume 2541.68(16) A’

Z 1

Density (calculated) 1.496 g/cm’

Absorption coefficient 2.652 mm’

F(000) 1176
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Table 2. Data collection and structure refinement for frans-387.

Theta range for data coilection
Index ranges

Reflections collected
Independent reflections
Structure solution technique
Structure solution program
Refinement method
Refinement program
Function minimized

Data / restraints / parameters
Goodness-of-fit on F*

A/Gmax

Final R indices

Weighting scheme

Absolute structure parameter
Largest diff. peak and hole
R.M.S. deviation from mean

4.04 to 66.85°
-12<=h<=11, -16<=k<=15, -20<=I<=16
8894

4130 [R(int) = 0.0250]

direct methods

SHELXS-97 (Sheldrick, 2008)
Full-matrix least-squares on F*
SHELXL-97 (Sheldrick, 2008)

T w(F,’ - F2)?
4130/0/ 339
1.080

0.001

4121 data; I>20(I)

R1=0.0242, wR2 = 0.0594

all data R1=0.0243, wR2 =0.0594

w=l/[cz(Fuz)j-(O.Ol67P)3+().8161P]
where P=(F,+2F.)/3

0.0(0)

0.297 and -0.379 eA”

0.074 eA”

Table 3. Atomic coordinates and equivalent isotropic atomic displacement parameters (A?)

for trans-387.

U(eq) is defined as one third of the trace of the orthogonalised U;; tensor.

U(eq)

x/a
Brl 0.18911(2)
C7 0.17810(19)
&1 0.27239(19)
C4 0.38976(18)
C2 0.3993(2)
C17 0.02837(17)
Cl10 0.25887(17)
c11 0.18365(19)
Cl13 0.2660(2)
C6 0.20269(19)
CI5 0.33540(18)
€12 0.18648(19)
(&5 0.26101(18)
C8 0.45315(17)
C20 0.4005(2)
C3 0.45831(19)
Cle6 0.42411(19)
C19 0.23787(17)

y/b zlc
0.412612(13) 0.08962(13)
0.78269(13) 0.06791(10)
0.53166(14) 0.09076(13)

0.70699(13) 0.10202(11)
0.53711(14) 0.11300(13)
0.09544(14) 0.07517(12)
0.92606(13) 0.99788(11)
0.00688(13) 0.99230(11)
0.03628(15) 0.86519(12)
0.61043(14) 0.07292(11)
0.89878(14) 0.93584(11)
0.06395(13) 0.92664(11)
0.69915(13) 0.07999(11)
0.80284(13) 0.10593(11)
0.13526(15) 0.16493(15)
0.62436(14) 0.11716(12)
0.97380(13) 0.13137(12)
0.88096(13) 0.07668(11)
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0.02119(8)
0.0109(4)
0.0164(4)
0.0111(4)
0.0168(4)
0.0140(4)
0.0105(4)
0.0099(4)
0.0173(4)
0.0139(4)
0.0130(4)
0.0143(4)
0.0109(4)
0.0108(4)
0.0218(5)
0.0151(4)
0.0114(4)
0.0097(4)
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x/a y/b z/c U(eq)
Cl8 0.13386(17) 0.94380(13) 0.11403(11) 0.0107(4)
C9 0.35709(17) 0.87899(13) 0.13006(12) 0.0100(4)
Cl4 0.33888(19) 0.95518(15) 0.86895(12) 0.0164(4)
05 0.34713(13) 0.04032(10) 0.16029(9) 0.0159(3)
02 0.67680(13) 0.79732(10) 0.12701(9) 0.0184(3)
04 0.53242(13) 0.98660(10) 0.11003(10) 0.0203(3)
0Ol 0.06508(13) 0.77601(10) 0.05245(9) 0.0149(3)
03 0.55168(15) 0.81644(11) 0.23303(9) 0.0213(3)
N1 0.10612(15) 0.01594(11) 0.06038(10) 0.0105(3)
06 0.08982(13) 0.93246(9) 0.17804(8) 0.0147(3)
€21 0.56405(19) 0.80630(14) 0.16346(13) 0.0135(4)
08 0.94122(13) 0.07386(9) 0.12811(8) 0.0146(3)
07 0.04447(16) 0.16948(10) 0.04248(10) 0.0249(4)
C23 0.3966(2) 0.18396(15) 0.08744(17) 0.0280(5)
C22 0.7890(2) 0.81225(17) 0.17541(16) 0.0259(5)
25 0.7862(2) 0.09128(16) 0.22408(12) 0.0203(4)
C24 0.86159(19) 0.14815(14) 0.16540(12) 0.0141(4)
C26 0.7733(2) 0.19295(17) 0.10627(14) 0.0240(5)
C27 0.9493(2) 0.21829(17) 0.20589(16) 0.0291(5)
Table 4. Bond lengths (A) for trans-387.
Bri-Cl 1.903(2) C7-01 1.212(3)
C7-C5 1.484(3) C7-C19 1.538(3)
Cl1-Co6 1.370(3) C1-C2 1.380(3)
C4-C3 1.400(3) C4-C5 1.399(3)
C4-C8 1.517(3) C2-C3 1.387(3)
C17-07 1.204(3) C17-08 1.320(2)
Cl17-N1 1.414(2) Cl10-Cl15 1.385(3)
C10-Cl11 1.395(3) C10-C19 1.511(3)
Cl1-Cl12 1.387(3) CI1-NI1 1.425(3)
Cl13-Cl14 1.383(3) Cl13-Cl2 1.397(3)
C6-C5 1.406(3) C15-Cl14 1.399(3)
C8-C21 1.520(3) C8-C9 1.532(3)
C20-05 1.463(2) C20-C23 1.498(4)
C16-04 1.2013) C16-05 1.336(2)
C16-C9 1.519(3) C19-C9 1.544(3)
C19-C18 1.545(3) C18-06 1.200(3)
C18-N1 1.408(3) 02-C21 1.338(3)
02-C22 1.450(3) 03-C21 1.207(3)
08-C24 1.488(2) C25-C24 1.511(3)
C24-C26 1.510(3) C24-C27 1.521(3)
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Table 5. Bond angles (°) for frans-387.

01-C7-C5 122.31(17) 01-C7-C19 119.14(17)
C5-C7-C19 118.54(16) C6-C1-C2 121.65(18)
C6-Cl1-Brl 118.89(15) C2-C1-Brl 119.39(15)
C3-C4-Cs 118.25(18) C3-C4-C8 121.59(16)
C5-C4-C8 120.12(16) C1-C2-C3 119.34(18)
07-C17-08 128.22(18) 07-C17-N1 122.40(17)
08-C17-N1 109.38(16) C15-C10-C11 120.17(18)
C15-C10-C19 130.57(17) C11-C10-C19 109.25(16)
C12-C11-C10 121.72(18) Cl12-C11-N1 128.50(17)
C10-C11-N1 109.73(16) C14-C13-C12 121.76(19)

C1-C6-C5 119.03(18) C10-C15-C14 118.86(17)
C11-C12-C13 117.30(18) C4-C5-C6 120.65(18)

C4-C5-C7 122.21(17) C6-C5-C7 117.03(17)

C4-C8-C21 112.92(16) C4-C8-C9 111.24(15)

C21-C8-C9 107.44(16) 05-C20-C23 111.62(18)

C2-C3-C4 121.01(18) 04-C16-05 124.80(18)

04-C16-C9 124.25(17) 05-C16-C9 110.95(16)

C10-C19-C7 110.95(15) C10-C19-C9 114.85(15)

C7-C19-C9 111.59(15) C10-C19-C18 103.07(14)

C7-C19-C18 106.36(15) C9-C19-C18 109.32(15)

06-C18-N1 128.03(18) 06-C18-C19 124.73(17)

N1-C18-C19 107.21(16) C16-C9-C8 109.30(15)

C16-C9-C19 111.31(15) C8-C9-C19 112.31(15)

Cl13-C14-C15 120.15(19) C16-05-C20 116.43(16)

C21-02-C22 115.40(17) C18-NI1-C17 125.71(17)

C18-NI1-Cl1 110.59(15) C17-N1-Cl11 122.98(16)

03-C21-02 124.48(19) 03-C21-C8 124.22(18)

02-C21-C8 111.29(17) C17-08-C24 120.93(15)

08-C24-C25 101.30(15) 08-C24-C26 110.61(17)

C25-C24-C26 110.76(18) 08-C24-C27 109.03(16)
C25-C24-C27 111.16(19) C26-C24-C27 113.32(19)
Table 6. Torsion angles (°) for frans-387.

C6-C1-C2-C3 -0.3(3) Br1-C1-C2-C3 -177.15(17)
C15-C10-C11-C12 22.5(3) C19-C10-C11-C12 178.26(17)
C15-C10-C11-N1 175.25(16) C19-C10-C11-N1 -4.0(2)

C2-C1-C6-C5 -2.13) Br1-C1-C6-C5 174.78(15)
C11-C10-C15-C14 2.1(3) C19-C10-C15-C14 -178.90(18)
C10-C11-C12-C13 1.3(3) NI1-C11-C12-C13 -176.01(19)
C14-C13-C12-Cl11 0.3(3) C3-C4-C5-Co6 -0.3(3)

C8-C4-C5-C6 177.28(18) C3-C4-C5-C7 175.80(18)

C8-C4-C5-C7 -6.6(3) C1-C6-C5-C4 2.4(3)
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C1-C6-C5-C7 -173.91(18) O1-C7-C5-C4 -176.42(19)
C19-C7-C5-C4 2.6(3) O1-C7-C5-C6 -0.2(3)
C19-C7-C5-C6 178.86(17) C3-C4-C8-C21 -29.1(3)
C5-C4-C8-C21 153.35(18) C3-C4-C8-C9 -150.01(18)
C5-C4-C8-C9 32.5(2) C1-C2-C3-C4 2.4(3)
C5-C4-C3-C2 -2.1(3) C8-C4-C3-C2 -179.67(19)
C15-C10-C19-C7 -62.4(2) C11-C10-C19-C7 116.71(17)
C15-C10-C19-C9 65.3(3) C11-C10-C19-C9 -115.59(17)
C15-C10-C19-C18 -175.90(18) Cl1-C10-C19-C18 3.23(19)
01-C7-C19-C10 -76.2(2) C5-C7-C19-C10 104.78(18)
01-C7-C19-C9 154.38(17) C5-C7-C19-C9 -24.7(2)
O1-C7-C19-C18 35.2(2) C5-C7-C19-C18 -143.82(17)
C10-C19-C18-06 -179.45(18) C7-C19-C18-06 63.8(2)
C9-C19-C18-06 -56.9(2) C10-C19-C18-N1 -1.34(18)
C7-C19-C18-Nl1 -118.13(16) C9-C19-C18-N1 121.25(16)
04-C16-C9-C8 5.9(3) 05-C16-C9-C8 -173.26(16)
04-C16-C9-C19 -118.7(2) 05-C16-C9-C19 62.1(2)
C4-C8-C9-Cl6 -178.73(15) C21-C8-C9-Cl16 57.2(2)
C4-C8-C9-C19 -54.7(2) C21-C8-C9-C19 -178.73(15)
C10-C19-C9-C16 46.4(2) C7-C19-C9-Cl6 173.75(16)
C18-C19-C9-C16 -68.9(2) C10-C19-C9-C8 -76.6(2)
C7-C19-C9-C8 50.8(2) C18-C19-C9-C8 168.20(15)
C12-C13-C14-C15 -0.7(3) C10-C15-C14-C13 -0.5(3)
04-C16-05-C20 0.7(3) C9-C16-05-C20 179.85(17)
C23-C20-05-C16 79.7(2) 06-C18-N1-C17 6.6(3)
C19-C18-N1-C17 -171.44(17) 06-C18-N1-C11 177.07(19)
C19-C18-N1-C11 -1.0(2) 07-C17-N1-C18 150.98(19)
08-C17-N1-C18 -29.0(3) 07-C17-N1-Cl11 -18.4(3)
08-C17-N1-Cl11 161.68(17) C12-C11-N1-C18 -179.31(19)
C10-C11-N1-C18 3.1(2) C12-C11-N1-C17 -8.5(3)
C10-C11-N1-C17 173.93(17) (C22-02-C21-03 -7.5(3)
C22-02-C21-C8 172.12(18) C4-C8-C21-03 -81.3(2)
C9-C8-C21-03 41.7(3) C4-C8-C21-02 99.07(19)
C9-C8-C21-02 -137.90(16) 07-C17-08-C24 -11.0(3)
N1-C17-08-C24 168.89(16) C17-08-C24-C25 -176.01(17)
C17-08-C24-C26 66.5(2) C17-08-C24-C27 -58.7(2)

Table 7. Anisotropic atomic displacement parameters (A®) for frans-387.

The anisotropic atomic displacement factor exponent takes the form: -2n°[ h?a” Uj, + ...+ 2hk
a’b U,

Un U Us Uz Ui U
Brl 0.02858(12) 0.00894(10) 0.02604(13) -0.00073(9)  0.00133(9) -0.00270(8)
C7  0.0136(9) 0.0128(9) 0.0062(9) 0.0027(7) 0.0014(7) -0.0016(7)
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Cl
C4
€2
L7
Cl10
Cll
Cl13
Co
C15
Cc12
G5
C8
C20
C3
Clo
C19
CI8
€9
Cl4
(0N
02
04
0Ol
03
N1
06
C21
08
07
C23
€22
C25
C24
C26
€27

Un
0.0236(10)
0.0145(8)
0.0202(10)
0.0123(8)
0.0102(8)
0.0112(8)
0.0218(10)
0.0156(8)
0.0126(8)
0.0148(8)
0.0153(8)
0.0109(8)
0.0223(11)
0.0139(9)
0.0148(9)
0.0108(8)
0.0102(8)
0.0099(8)
0.0154(9)
0.0177(7)
0.0091(6)
0.0125(7)
0.0127(6)
0.0212(7)
0.0115(7)
0.0168(6)
0.0120(9)
0.0150(6)
0.0264(8)
0.0291(11)
0.0125(10)
0.0234(10)
0.0150(9)
0.0229(10)
0.0265(12)

U22
0.0125(9)
0.0113(9)
0.0118(9)
0.0129(9)
0.0096(9)
0.0107(8)
0.0192(10)
0.0167(9)
0.0145(9)
0.0125(9)
0.0107(9)
0.0105(8)
0.0106(9)
0.0149(9)
0.0101(9)
0.0091(8)
0.0086(8)
0.0105(9)
0.0221(10)
0.0099(6)
0.0189(7)
0.0146(7)
0.0135(6)
0.0258(8)
0.0079(7)
0.0145(7)
0.0100(9)
0.0098(6)
0.0149(7)
0.0122(9)
0.0260(11)
0.0214(10)
0.0116(9)
0.0303(11)
0.0220(11)

Uss
0.0132(10)
0.0074(9)
0.0185(11)
0.0170(10)
0.0118(9)
0.0077(9)
0.0108(10)
0.0096(9)
0.0120(9)
0.0154(10)
0.0065(9)
0.0111(10)
0.0324(13)
0.0166(11)
0.0092(9)
0.0093(10)
0.0133(10)
0.0097(9)
0.0117(10)
0.0201(7)
0.0272(8)
0.0338(9)
0.0185(7)
0.0168(8)
0.0123(8)
0.0130(7)
0.0187(12)
0.0190(7)
0.0333(10)
0.0428(15)
0.0393(14)
0.0161(10)
0.0158(10)
0.0187(11)
0.0387(15)

UZJ Ul3
20.0016(8)  0.0059(8)
0.0009(8)  0.0030(7)
0.0032(8)  0.0050(8)
0.0001(9)  0.0015(7)
0.0018(8)  -0.0028(7)
0.0001(7)  0.0017(8)
0.0070(8)  0.0005(8)
-0.0008(7)  0.0000(7)
-0.0010(8)  -0.0005(7)
0.0039(7)  -0.0011(8)
20.0011(8)  0.0017(7)
0.0026(8)  0.0000(7)

-0.0066(10)  -0.0033(10)
0.0024(8)  0.0027(8)
20.0004(8)  -0.0052(8)
0.0005(7)  -0.0002(7)
0.0009(8)  -0.0010(7)
0.0002(7)  -0.0010(7)
20.0010(8)  0.0036(8)
20.0042(6)  0.0010(6)
20.0022(6)  -0.0035(6)
0.0008(7)  0.0008(6)
0.0010(6)  -0.0033(6)
0.0029(6)  -0.0062(6)
0.0041(6)  0.0028(6)
0.0031(6)  0.0043(5)
0.0004(8)  -0.0023(8)
0.0014(6)  0.0062(6)
0.0124(7)  0.0129(7)
0.0074(11)  -0.0042(12)

-0.0048(10)  -0.0089(10)
0.0015(9)  0.0046(8)
20.0024(8)  0.0020(8)
0.0036(10)  0.0017(9)

-0.0095(11)  -0.0041(11)

Up
0.0006(7)
0.0012(7)
0.0059(8)
0.0047(7)
-0.0025(7)
-0.0014(8)
-0.0035(8)
0.0011(7)
0.0017(7)
-0.0018(7)
-0.0008(7)
0.0011(7)
-0.0024(8)
0.0031(7)
0.0023(7)
0.0010(7)
-0.0011(7)
0.0015(7)
-0.0004(8)
-0.0001(5)
0.0018(6)
-0.0026(5)
-0.0015(5)
0.0031(6)
0.0026(6)
0.0026(5)
0.0013(7)
0.0041(5)
0.0077(6)
-0.0010(8)
0.0011(9)
0.0051(9)
0.0053(8)
0.0161(9)
-0.0007(9)

Table 8. Hydrogen atomic coordinates and isotropic atomic displacement parameters (A?
for trans-387.

H2
H13
H6

x/a
0.4459
0.2702
0.1162

y/b
0.4817
1.0742
0.6052
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7/c
0.1253
-0.1804
0.0560

U(eq)
0.02

0.021
0.017
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x/a y/b zlc U(eq)

H15 0.3847 0.8427 -0.0614 0.016
HI12 0.1363 1.1196 -0.0764 0.017
H8 0.4868 0.8187 0.0529 0.013

H20A 0.4904 1.1317 0.1832 0.026
H20B 0.3511 1.1724 0.2035 0.026
H3 0.5466 0.6281 0.1305 0.018

H9 0.3277 0.8647 0.1843 0.012

Hl14 03914 0.9377 -0.1740 0.02
H23A 0.4502 1.1497 0.0501 0.042
H23B 0.4289 1.2483 0.0932 0.042
H23C 0.3080 1.1858 0.0684 0.042
H22A 0.7809 0.8723 0.2029 0.039
H22B 0.8659 0.8134 0.1425 0.039
H22C 0.7962 0.7611 0.2135 0.039
H25A -0.2657 1.0443 0.1966 0.03
H25B -0.2701 1.1331 0.2539 0.03
H25C -0.1546 1.0595 0.2598 0.03
H26A -0.1765 1.2323 0.0706 0.036
H26B -0.2902 1.2319 0.1333 0.036
H26C -0.2707 1.1437 0.0765 0.036
H27A 0.0106 1.1844 0.2389 0.044
H27B -0.1022 1.2607 0.2383 0.044
H27C -0.0041 1.2549 0.1666 0.044

X-ray crystallography data for lactone frans-417.

A specimen of C»7H,7NOgs was used for the X-ray crystallographic analysis. The X-ray
intensity data were measured.

Table 1: Data collection details for frrans-417.

Axis dymm 26/° ol 0° y/° Width® Frames Time/s Wavelength/A Voltage/kV Current/mA Temperature/K

Phi  37.692 -54.00 24879 -305.79 2249  0.50 553 10.00 1.54184 45 0.7 100.24
Omega 37.692 -40.00 -25.50 -200.82 -78.01  0.50 75 10.00 1.54184 45 0.7 100.24
Phi  37.692 -36.00 326.69 -220.42 53.17 0.50 509 10.00 1.54184 45 0.7 100.24
Phi  37.692 80.00 59.26 -240.55 3741 0.50 5111 10.00 1.54184 45 0.7 100.24
Omega 37.692 9200 -184.03 -205.16 -96.16 0.50 112 5.00 1.54184 45 0.7 100.24
Omega 37.692 9400 9097 -2731 -4683 0.50 143 5.00 1.54184 45 0.7 100.24
Omega 37.692 9400 8355 -1261 -2022 0.50 202 5.00 1.54184 45 0.7 100.24
Phi 37692 9600 4639 -290.12 96.43 0.50 739 5.00 1.54184 45 0.7 100.24
Omega 37.692 96.00 -196.14 -192.81 -6846  0.50 97 5.00 1.54184 45 0.7 100.24
Phi  37.692 9600 177.08 -1334 -30.75 0.50 739 5.00 1.54184 45 0.7 100.24

A total of 3680 frames were collected. The total exposure time was 7.40 hours. The
frames were integrated with the Bruker SAINT software package using a narrow-frame
algorithm. The integration of the data using an orthorhombic unit cell yielded a total
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of 18299 reflections to a maximum O angle of 66.89° (0.84 A resolution), of
which 4143 were independent (average redundancy 4.417, completeness = 98.0%,
Rine = 3.05%, Rge =2.31%) and 4124 (99.54%) were greater than 20(F3). The final cell
constants of a=9.9567(3) A, b=14.4143(5) A, c = 16.9131(6) A, volume
=242735(14) A?, are based upon the refinement of the XYZ-centroids
of 9880 reflections above 20 o(I) with 8.059° < 26 < 133.6°. Data were corrected for
absorption effects using the multi-scan method (SADABS). The ratio of minimum to
maximum apparent transmission was 0.857. The structure was solved and refined using
the Bruker SHELXTL Software Package, using the space group P 21 21 21, with Z
=4 for the formula unit, C,7H,7NOg. The final anisotropic full-matrix least-squares
refinement on F* with 312 variables converged at R1 = 2.52%, for the observed data and
wR2 =6.66% for all data. The goodness-of-fit was 1.028. The largest peak in the final
difference electron density synthesis was 0.192 e/A” and the largest hole was -0.125 ¢’
/A¥ with an RMS deviation of 0.029 e/A®. On the basis of the final model, the
calculated density was 1.263 g/cm® and F(000), 976 ¢".

Table 2. Sample and crystal data for frans-417.

Identification code fmm1088

Chemical formula Cy7H,7NOg

Formula weight 461.50

Temperature 100(2) K

Wavelength 1.54178 A

Crystal system orthorhombic

Space group P 2121 21

Unit cell dimensions a=99567(3) A a=90°
b=14.4143(5) A B =90°
c=16.9131(6) A y=90°

Volume 2427.35(14) A°

Z 4

Density (calculated) 1.263 g/em’

Absorption coefficient 0.732 mm’

F(000) 976

Table 3. Data collection and structure refinement for frans-417.

Theta range for data collection 4.03 to 66.89°

Index ranges -10<=h<=11, -16<=k<=17, -19<=1<=20
Reflections collected 18299

Independent reflections 4143 [R(int) = 0.0305]
Coverage of independent reflections 98.0%

Absorption correction multi-scan

Structure solution technique direct methods

Structure solution program SHELXS-97 (Sheldrick, 2008)
Refinement method Full-matrix least-squares on F*
Refinement program SHELXL-97 (Sheldrick, 2008)
Function minimized T w(F, - F2)’
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Data / restraints / parameters 4143/0/312

Goodness-of-fit on F? 1.028

A/Gmax 0.028

Finl R indices ;‘ :g':(f)a‘a; RI = 0.0252, wR2 = 0.0664
il data RI = 0.0253, wR2 = 0.0666

w=1/[c*(F,)+(0.0399P)*+0.3594P]
where P=(F,*+2F %)/3

Absolute structure parameter 0.0(1)

Extinction coefficient 0.0038(2)

Largest diff. peak and hole 0.192 and -0.125 eA”

R.M.S. deviation from mean 0.029 eA”

Weighting scheme

Table 4. Atomic coordinates and equivalent isotropic atomic displacement parameters (A’)
for trans-417.

U(eq) is defined as one third of the trace of the orthogonalised Uj; tensor.

x/a y/b z/c U(eq)
Cl10 0.33598(12) 0.81876(8) 0.91124(7) 0.0230(3)
Cl5 0.45821(11) 0.62504(8) 0.82689(7) 0.0204(2)
C8 0.46977(12) 0.89140(7) 0.01857(7) 0.0216(2)
Cl6 0.47754(11) 0.67998(8) 0.89375(7) 0.0196(2)
C21 0.46393(12) 0.78112(8) 0.87168(7) 0.0201(2)
C4 0.47676(13) 0.94096(8) 0.09515(7) 0.0228(2)
Cl12 0.71624(13) 0.81672(9) 0.85504(7) 0.0252(3)
c22 0.43710(11) 0.77715(8) 0.78268(7) 0.0212(2)
C23 0.39298(12) 0.64776(8) 0.68601(7) 0.0222(2)
Cl1 0.58302(12) 0.84638(8) 0.89032(7) 0.0212(2)
Cl17 0.49756(12) 0.63953(8) 0.96703(7) 0.0228(3)
c9 0.35082(12) 0.86900(8) 0.98543(7) 0.0244(3)
CS5 0.59427(13) 0.94083(9) 0.14029(7) 0.0273(3)
Cl8 0.50310(13) 0.54293(8) 0.97175(7) 0.0268(3)
C20 0.46672(13) 0.52914(8) 0.83037(7) 0.0245(3)
C19 0.48937(13) 0.48949(8) 0.90420(8) 0.0273(3)
C7 0.59956(12) 0.86490(8) 0.97886(7) 0.0216(2)
C3 0.36638(13) 0.99013(8) 0.12434(7) 0.0272(3)
G2 0.37242(14) 0.03713(9) 0.19569(8) 0.0327(3)
Cl3 0.82038(14) 0.72690(10) 0.75367(8) 0.0334(3)
C6 0.59991(14) 0.98774(9) 0.21219(8) 0.0324(3)
C24 0.28736(14) 0.69468(8) 0.56311(7) 0.0276(3)
€l 0.48930(15) 0.03582(9) 0.23992(8) 0.0322(3)
c27 0.2593(2) 0.79040(10) 0.53124(9) 0.0470(4)
Cl4 0.77254(17) 0.66254(12) 0.68975(9) 0.0464(4)
C25 0.15880(17) 0.64538(14) 0.58406(9) 0.0536(4)
C26 0.3732(2) 0.64058(13) 0.50661(9) 0.0556(5)
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x/a y/b z/c U(eq)
05 0.22607(9) 0.80214(6) 0.88241(5) 0.0303(2)
06 0.42454(9) 0.84359(5) 0.74046(5) 0.0276(2)
03 0.70096(9) 0.75841(6) 0.79466(5) 0.0298(2)
Ol 0.38965(11) 0.56593(6) 0.67219(5) 0.0348(2)
02 0.36174(9) 0.71542(5) 0.63671(5) 0.0279(2)
04 0.82277(10) 0.84508(9) 0.87721(6) 0.0473(3)
N1 0.42996(10) 0.68264(6) 0.76027(6) 0.0210(2)

Table 5. Bond lengths (A) for trans-417.

C10-05 1.2218(15) C10-C9 1.4562(17)
Cl10-C21 1.5380(16) C15-C20 1.3862(16)
C15-Cl6 1.3938(16) C15-NI 1.4275(14)
C8-C9 1.3495(18) C8-C4 1.4808(16)
C8-C7 1.5056(17) Cl16-C17 1.3840(16)
Cl6-C21 1.5110(15) C21-C22 1.5298(16)
C21-Cl11 1.5460(16) C4-C5 1.3971(18)
C4-C3 1.3978(18) C12-04 1.1970(16)
C12-03 1.3314(15) Cl12-Cil 1.5160(17)
C22-06 1.2011(14) C22-Nl1 1.4158(15)
C23-01 1.2029(15) C23-02 1.3202(14)
C23-N1 1.4021(15) Cl11-C7 1.5299(16)
Cl17-C18 1.3959(17) C5-Co 1.3925(19)
C18-C19 1.3846(18) C20-C19 1.3917(17)
C3-C2 1.3852(18) C2-Cl 1.384(2)
C13-03 1.4493(16) C13-Cl14 1.502(2)
C6-Cl 1.383(2) C24-02 1.4789(15)
C24-C26 1.501(2) C24-C25 1.506(2)
C24-C27 1.5074(18)

Table 6. Bond angles (°) for frans-417.

05-C10-C9 122.16(11) 05-C10-C21 119.94(11)
C9-Cl10-C21 117.80(10) C20-C15-Cl6 121.58(11)
C20-C15-N1 128.72(11) C16-C15-N1 109.71(9)
C9-C8-C4 121.33(11) C9-C8-C7 120.49(10)
C4-C8-C7 118.18(10) C17-C16-C15 120.47(10)
C17-Cl6-C21 129.84(11) Cl15-Cl6-C21 109.58(10)
C16-C21-C22 102.87(9) Cl16-C21-Cl10 107.89(9)
C22-C21-Cl0 107.26(9) Cl6-C21-Cl1 117.89(10)
C22-C21-Cl1 110.94(9) C10-C21-Cl1 109.38(9)
C5-C4-C3 117.78(11) C5-C4-C8 121.11(11)
C3-C4-C8 121.11(11) 04-C12-03 123.85(12)
04-C12-Cl11 123.76(11) 03-C12-C11 112.33(10)
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06-C22-N1 127.07(11) 06-C22-C21 124.99(11)
NI1-C22-C21 107.94(9) 01-C23-02 126.51(11)
01-C23-N1 122.20(11) 02-C23-N1 111.27(9)
C12-C11-C7 109.90(10) CI2-C11-C21 114.78(9)
C7-Cl11-C21 112.85(9) C16-C17-C18 118.50(11)
C8-C9-C10 124.46(11) C6-C5-C4 120.68(12)
C19-C18-C17 120.25(11) C15-C20-C19 117.23(11)
C18-C19-C20 121.86(11) C8-C7-Cl1 112.86(10)
C2-C3-C4 121.44(12) C1-C2-C3 120.05(12)
03-C13-C14 106.12(11) C1-C6-C5 120.48(12)
02-C24-C26 110.83(12) 02-C24-C25 108.84(10)
C26-C24-C25 112.88(13) 02-C24-C27 102.05(9)
C26-C24-C27 110.69(13) C25-C24-C27 111.02(14)
C2-C1-C6 119.56(12) C12-03-C13 118.10(10)
C23-02-C24 120.02(9) C23-N1-C22 126.72(9)
C23-N1-C15 123.39(9) C22-N1-Cl15 109.78(9)
Table 7. Torsion angles (°) for trans-417.
C20-C15-C16-C17 -4.12(17) N1-C15-C16-C17 175.69(10)
C20-C15-C16-C21 179.28(11) N1-C15-C16-C21 -0.91(13)
C17-C16-C21-C22 -177.33(12) C15-C16-C21-C22 -1.15(12)
C17-C16-C21-C10 -64.16(15) C15-C16-C21-C10 112.02(10)
C17-C16-C21-Cl11 60.27(17) C15-C16-C21-C11 -123.55(11)
05-C10-C21-C16 -78.56(13) C9-C10-C21-C16 97.82(11)
05-C10-C21-C22 31.65(14) C9-C10-C21-C22 -151.98(10)
05-C10-C21-C11 152.05(11) C9-C10-C21-C11 -31.58(14)
C9-C8-C4-C5 161.36(11) C7-C8-C4-C5 -17.60(16)
C9-C8-C4-C3 -19.22(17) C7-C8-C4-C3 161.82(11)
C16-C21-C22-06 -177.25(11) C10-C21-C22-06 69.12(14)
C11-C21-C22-06 -50.29(15) C16-C21-C22-N1 2.81(12)
C10-C21-C22-N1 -110.82(10) C11-C21-C22-N1 129.77(10)
04-C12-C11-C7 -33.66(16) 03-C12-C11-C7 148.79(10)
04-C12-C11-C21 -162.12(12) 03-C12-C11-C21 20.32(14)
Cl16-C21-C11-C12 55.95(13) C22-C21-C11-C12 -62.25(13)
C10-C21-C11-C12 179.63(9) Cl16-C21-C11-C7 -71.02(13)
C22-C21-C11-C7 170.79(10) C10-C21-C11-C7 52.67(13)
C15-C16-C17-C18 2.45(18) C21-C16-C17-C18 178.27(11)
C4-C8-C9-C10 -178.70(10) C7-C8-C9-C10 0.24(18)
05-C10-C9-C8 -178.02(12) C21-C10-C9-C8 5.69(17)
C3-C4-C5-Co6 0.49(18) C8-C4-C5-C6 179.93(11)
C16-C17-C18-C19 0.29(19) C16-C15-C20-C19 2.85(18)
NI1-C15-C20-C19 -176.92(12) C17-C18-C19-C20 -1.5(2)
C15-C20-C19-C18 -0.05(19) C9-C8-C7-Cl11 21.31(15)
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C4-C8-C7-Cl11
C21-C11-C7-C8
C8-C4-C3-C2
C4-C5-Co-Cl
C5-C6-C1-C2
C11-C12-03-C13
01-C23-02-C24
(C26-C24-02-C23
C27-C24-02-C23
02-C23-N1-C22
02-C23-N1-C15
C21-C22-N1-C23
C21-C22-N1-Cl15
C16-C15-N1-C23
C16-C15-N1-C22

-159.71(9)
48.40(13)
-179.60(12)
-0.41(19)
0.02)
177.98(10)
14.66(19)
-68.72(15)
173.40(12)
-1.04(16)
174.76(10)
172.75(10)
-3.52(12)
-173.60(10)
2.83(12)

C12-C11-C7-C8
C5-C4-C3-C2
C4-C3-C2-Cl
C3-C2-C1-C6

04-C12-03-C13

C14-C13-03-C12
N1-C23-02-C24
C25-C24-02-C23
0O1-C23-N1-C22
0O1-C23-N1-C15
06-C22-N1-C23
06-C22-N1-C15
C20-C15-N1-C23
C20-C15-N1-C22

-177.92(9)
0.16(18)
-0.2(2)
0.3(2)
0.43(19)
179.71(11)
-164.21(10)
55.99(16)
-179.97(12)
-4.17(18)
-7.19(19)
176.54(12)
6.20(19)
-177.38(12)

Table 8. Anisotropic atomic displacement parameters (A?) for frans-417.
The anisotropic atomic displacement factor exponent takes the form: -2n°[ h* a? U;; + ... +2hk

abUpy]
Up Uxn Uss Uss Uiz Un
Cl10  0.0189(6) 0.0195(5)  0.0305(6)  0.0011(5)  -0.0017(5)  -0.0002(5)
Cl15  0.0150(5) 0.0215(5)  0.0246(6)  0.0040(4) 0.0010(4)  -0.0002(4)
C8  0.0211(6) 0.0177(5)  0.0261(6)  0.0037(4)  -0.0009(5)  0.0005(5)
Cl6  0.0140(5) 0.0193(5)  0.0256(6)  0.0019(4) 0.0012(5)  -0.0005(4)
C21  0.0178(5) 0.0187(5)  0.0239(5)  0.0018(4)  -0.0007(5)  -0.0009(4)
C4  0.0226(6) 0.0200(5)  0.0259(6)  0.0027(5)  -0.0006(5)  -0.0018(5)
Cl2  0.0224(6) 0.0309(6)  0.0223(6)  0.0055(5)  -0.0009(5)  -0.0036(5)
C22  0.0178(6) 0.0181(5)  0.0277(6)  0.0005(5)  -0.0021(5)  -0.0010(4)
C23  0.0213(6) 0.0208(5)  0.0244(6)  0.0007(4) 0.0010(5)  -0.0004(5)
Cll  0.0199(6) 0.0191(5)  0.0247(6)  0.0029(4)  -0.0017(5)  -0.0025(4)
Cl17  0.0186(6) 0.0240(6)  0.0259(6)  0.0030(5) 0.0011(5)  -0.0026(5)
C9  0.0181(6) 0.0241(6)  0.0311(6)  -0.0024(5)  0.0004(5)  0.0015(5)
C5  0.0232(6) 0.0304(6)  0.0285(6)  0.0005(5)  -0.0007(5)  0.0009(5)
C18  0.0250(7) 0.0257(6)  0.0296(6)  0.0087(5) 0.0000(5)  -0.0022(5)
C20  0.0228(6) 0.0190(5)  0.0318(6)  0.0006(5) 0.0004(5)  0.0011(5)
C19  0.0270(7) 0.0192(5)  0.0357(7)  0.0064(5)  -0.0012(5)  0.0000(5)
C7  0.0167(6) 0.0223(5)  0.0258(6)  0.0005(4)  -0.0021(5)  -0.0020(5)
C3  0.0245(6) 0.0271(6)  0.0299(6)  -0.0012(5)  -0.0027(5)  0.0027(5)
C2  0.0330(7) 0.0323(6)  0.0328(7)  -0.0046(5)  0.0027(6)  0.0045(5)
C13  0.0261(7) 0.0400(7)  0.0340(7)  0.0030(6) 0.0093(6)  0.0038(6)
C6  0.0294(7) 0.0390(7)  0.0288(6)  -0.0010(5)  -0.0065(6)  -0.0030(6)
C24  0.0358(7) 0.0258(6)  0.0213(6)  -0.0026(5)  -0.0061(5)  -0.0039(5)
Cl  0.0374(7) 0.0341(6)  0.0252(6)  -0.0029(5)  0.0003(6)  -0.0019(6)
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Un Uz Uss Uz Uss U
C27  0.0765(12) 0.0325(7) 0.0319(7) 0.0011(6) -0.0236(8) 0.0034(7)
Cl4  0.0420(8) 0.0612(10) 0.0359(8)  -0.0087(7) 0.0057(7) 0.0135(8)
C25  0.042109) 0.0780(12)  0.0407(8) 0.0116(8) -0.0157(7) -0.0242(9)
C26  0.0805(13) 0.0558(10)  0.0304(7)  -0.0024(7) 0.0107(8) 0.0165(9)
(OX) 0.0175(4) 0.0345(5) 0.0389(5)  -0.0083(4) -0.0037(4) -0.0010(4)
06 0.0345(5) 0.0186(4) 0.0296(4) 0.0041(3) -0.0077(4) -0.0014(3)
03 0.0222(4) 0.0315(4) 0.0357(5)  -0.0047(4) 0.0061(4) -0.0019(4)
0] 0.0539(6) 0.0195(4) 0.0309(4)  -0.0045(4) -0.0039(4) 0.0047(4)
02 0.0377(5) 0.0206(4) 0.0254(4) 0.0016(3) -0.0102(4) -0.0041(4)
04 0.0205(5) 0.0892(8) 0.0321(5) -0.0141(5) 0.0007(4) -0.0093(5)
Nl 0.0220(5) 0.0171(4) 0.0240(5) 0.0015(4) -0.0023(4) -0.0004(4)

Table 9. Hydrogen atomic coordinates and isotropic atomic displacement parameters (A%
for trans-417.

Hl1l
H17
H9
H5
H18
H20
H19
H7A
H7B
H3
H2
HI13A
H13B
H6
Hl
H27A
H27B
H27C
HI14A
H14B
H14C
H25A
H25B
H25C
H26A
H26B
H26C

x/a
0.5606
0.5073
0.2713
0.6711
0.5163
0.4575
0.4956
0.6359
0.6656
0.2855
0.2962
0.8811
0.8694
0.6803
0.4936
0.2071
0.2082
0.3445
0.7270
0.8496
0.7098
0.1790
0.0991
0.1147
0.4563
0.3244
0.3951

v/b
0.9075
0.6767
0.8872
0.9084
0.5137
0.4920
0.4239
0.8085
0.9155
0.9913
1.0703
0.6939
0.7801
0.9867
1.0677
0.8257
0.7854
0.8223
0.6092
0.6409
0.6955
0.5815
0.6447
0.6778
0.6749
0.6314
0.5801

7/c
0.8656
1.0131
1.0123
1.1217
1.0215
0.7843
0.9084
1.0046
0.9864
1.0946
1.2143
0.7905
0.7305
1.2424
1.2890
0.5701
0.4819
0.5210
0.7137
0.6588
0.6551
0.5999
0.5380
0.6279
0.4962
0.4569
0.5298

U(eq)
0.025
0.027
0.029
0.033
0.032
0.029
0.033
0.026
0.026
0.033
0.039
0.04
0.04
0.039
0.039
0.071
0.071
0.071
0.07
0.07
0.07
0.08
0.08
0.08
0.083
0.083
0.083
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X-ray crystallography data for lactone frans-429.

A specimen of C3;HBBrCI;NOg was used for the X-ray crystallographic analysis. The
X-ray intensity data were measured. The integration of the data using
an orthorhombic unit cell yielded a total of 12002 reflections to a maximum 6 angle
of 66.83° (0.84 A resolution), of which 5027 were independent (average
redundancy 2.388, completeness =97.1%, R, = 3.03%, Rz = 3.97%)
and 4992 (99.30%) were greater than 20(F?).The final cell constants
ofa=10.3658(4) A, b=18.2888(7) A, ¢ =33.3036(13) A, volume = 6313.6(4) A*, are
based upon the refinement of the XYZ-centroids of reflections above 20 o(I). The
structure was solved and refined using the Bruker SHELXTL Software Package, using
the space group C 2 2 21, with Z = 8 for the formula unit, C;;HBBrCI;NOg. The final
anisotropic full-matrix least-squares refinement on F* with 384 variables converged at
R1 =3.08%, for the observed data and wR2 =7.70% for all data. The goodness-of-fit
was 1.057. The largest peak in the final difference electron density synthesis
was 0.735 /A’ and the largest hole was -0.629 e/A* with an RMS deviation of 0.061 e’
/A’. On the basis of the final model, the calculated density was 1.432 g/cm’ and
F(000), 2664 ¢

Table 1. Sample and crystal data for frans-429.

Identification code fmml1117

Chemical formula C;;HBBrCI3NOg

Formula weight 680.40

Temperature 1232) K

Wavelength 1.54178 A

Crystal system orthorhombic

Space group C2221

Unit cell dimensions a=10.3658(4) A a=90°
b=18.2888(7) A B=90°
¢=33.3036(13) A y=90°

Volume 6313.6(4) A’

z 8

Density (calculated) 1.432 g/em’

Absorption coefficient 4.479 mm”

F(000) 2664

Table 2. Data collection and structure refinement for frans-429.

Theta range for data collection 2.65 to 66.83°

Index ranges -12<=h<=11, -21<=k<=19, -25<=]<=39
Reflections collected 12002

Independent reflections 5027 [R(int) = 0.0303]

Structure solution technique direct methods

Structure solution program SHELXS-97 (Sheldrick, 2008)
Refinement method Full-matrix least-squares on F*
Refinement program SHELXL-97 (Sheldrick, 2008)
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Function minimized Y w(F,’ - F.2)?

Data / restraints / parameters 5027/0/384

Goodness-of-fit on F* 1.057

A/Gmax 0.001

Final R indices 4992 data; I>20(1) R1=0.0308, wR2 =0.0769
all data R1=0.0310, wR2=0.0770
w=l/[oz(Foz)j(O.();7_8OP)3+12.2772P]

where P=(F,+2F.")/3

Absolute structure parameter 0.0(0)

Weighting scheme

Extinction coefficient 0.0001(0)
Largest diff. peak and hole 0.735 and -0.629 eA™?
R.M.S. deviation from mean 0.061 eA™

Table 3. Atomic coordinates and equivalent isotropic atomic displacement parameters (A’
for trans-429.

U(eq) is defined as one third of the trace of the orthogonalised Uj; tensor.

x/a y/b z/c U(eq)
Brl5 0.52987(3) 0.498296(17) 0.412595(8) 0.02004(10)
Ol 0.66434(19) 0.30618(11) 0.52692(7) 0.0198(5)
02 0.13583(19) 0.40922(10) 0.57765(6) 0.0185(4)
03 0.04843(19) 0.29966(11) 0.56244(6) 0.0182(4)
04 0.63256(19) 0.32235(10) 0.61820(6) 0.0168(4)
05 0.68443(19) 0.10584(10) 0.65199(6) 0.0159(4)
06 0.6972(2) 0.22212(12) 0.67545(7) 0.0268(5)
N1 0.5974(2) 0.19602(12) 0.61575(7) 0.0116(5)
€15 0.4469(3) 0.44062(15) 0.45280(8) 0.0148(6)
Cl6 0.5219(3) 0.39756(14) 0.47709(8) 0.0135(5)
Cl17 0.4640(3) 0.35725(13) 0.50774(8) 0.0101(5)
CI8 0.3292(3) 0.35961(14) 0.51361(8) 0.0096(6)
C19 0.3141(3) 0.44330(15) 0.45718(9) 0.0145(6)
C20 0.2579(3) 0.40267(14) 0.48749(8) 0.0141(6)
C21 0.2683(3) 0.31556(14) 0.54723(8) 0.0101(5)
€22 0.3615(2) 0.30787(13) 0.58291(8) 0.0101(5)
C23 0.4889(2) 0.27101(14) 0.56822(8) 0.0092(5)
C24 0.4727(3) 0.19094(14) 0.55860(8) 0.0098(5)
(€25 0.5301(2) 0.14886(13) 0.58833(8) 0.0102(5)
C27 0.6645(3) 0.17783(15) 0.65111(9) 0.0147(6)
€29 0.3062(3) 0.26901(14) 0.61937(9) 0.0120(6)
C30 0.2345(3) 0.20436(15) 0.61618(9) 0.0167(6)
C31 0.1906(3) 0.16900(17) 0.65044(10) 0.0260(7)
@32 0.3317(3) 0.29625(16) 0.65747(9) 0.0200(7)
©33 0.5494(3) 0.31205(14) 0.53337(8) 0.0117(6)
C34 0.1447(3) 0.34898(15) 0.56365(8) 0.0117(6)
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x/a y/b zlc U(eq)
c35 0.4066(3) 0.15899(14) 0.52734(8) 0.0117(5)
C36 0.3925(3) 0.08350(15) 0.52671(9) 0.0147(6)
C37 0.4458(3) 0.04208(14) 0.55765(9) 0.0158(6)
C38 0.5168(3) 0.07335(14) 0.58858(9) 0.0143(5)
C39 0.9335(3) 0.31856(18) 0.58414(11) 0.0259(7)
C40 0.5827(3) 0.26957(14) 0.60348(8) 0.0099(5)
C41 0.2164(4) 0.1970(2) 0.68767(11) 0.0352(9)
C42 0.2877(4) 0.2605(2) 0.69173(11) 0.0358(9)
C43 0.7374(3) 0.07004(15) 0.68869(9) 0.0172(6)
C44 0.7393(4) 0.98972(18) 0.67605(9) 0.0280(8)
C45 0.8727(3) 0.0977(2) 0.69682(11) 0.0314(8)
C46 0.6450(4) 0.0819(2) 0.72317(10) 0.0315(8)
Cll 0.61035(12) 0.42400(10) 0.71192(5) 0.0913(6)
Cl2 0.86892(12) 0.37662(8) 0.72433(4) 0.0675(4)
€13 0.81076(13) 0.46815(6) 0.65742(4) 0.0551(3)
C60 0.7540(3) 0.39737(19) 0.68816(10) 0.0288(8)
Table 4. Bond lengths (A) for trans-429.

Br15-C15 1.909(3) 01-C33 1.215(3)
02-C34 1.200(3) 03-C34 1.346(3)
03-C39 1.436(4) 04-C40 1.200(3)
05-C27 1.333(3) 05-C43 1.491(3)
06-C27 1.195(4) N1-C27 1.408(4)
N1-C40 1.414(3) NI1-C25 1.437(3)
C15-Cl6 1.370(4) C15-C19 1.386(4)
Cl16-C17 1.395(4) Cl6-HI16 0.95
Cl17-C18 1.411(4) C17-C33 1.482(4)
C18-C20 1.387(4) C18-C21 1.517(4)
C19-C20 1.382(4) C19-H19 0.95
C20-H20 0.95 C21-C34 1.522(4)
C21-C22 1.537(4) C21-H21 1.0
C22-C29 1.519(4) C22-C23 1.561(3)
C22-H22 1.0 C23-C24 1.508(3)
C23-C33 1.518(4) C23-C40 1.525(4)
C24-C35 1.376(4) C24-C25 1.388(4)
C25-C38 1.388(4) C29-C32 1.388(4)
C29-C30 1.401(4) C30-C31 1.388(4)
C30-H30 0.95 C31-C41 1.368(5)

C31-H31 0.95 C32-C42 1.392(5)

C32-H32 0.95 C35-C36 1.388(4)

C35-H35 0.95 C36-C37 1.393(4)

C36-H36 0.95 C37-C38 1.389(4)
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C37-H37 0.95 (C38-H38 0.95
C39-H39A 0.98 C39-H39B 0.98
(C39-H39C 0.98 C41-C42 1.384(5)

C41-H41 0.95 C42-H42 0.95

C43-C46 1.511(5) C43-C45 1.5313(5)

C43-C44 1.528(4) C44-H44A 0.98
C44-H44B 0.98 C44-H44C 0.98
C45-H45A 0.98 C45-H45B 0.98
C45-H45C 0.98 C46-H46A 0.98
C46-H46B 0.98 C46-H46C 0.98

CI1-C60 1.755(4) CI2-C60 1.736(3)

CI3-C60 1.752(4) C60-H60 1.0

Table 5. Bond angles (°) for frans-429.
(C34-03-C39 116.0(2) C27-05-C43 120.6(2)
C27-N1-C40 121.3(2) C27-N1-C25 129.0(2)
C40-N1-C25 109.6(2) Cl16-C15-C19 121.4(3)

C16-C15-Brl5 118.4(2) C19-C15-Brl5 120.1(2)

Cl15-C16-C17 119.5(3) C15-C16-H16 120.3

C17-C16-H16 120.3 C16-C17-C18 120.8(2)

C16-C17-C33 117.3(2) C18-C17-C33 121.9(2)

C20-C18-C17 117.2(2) C20-C18-C21 122.9(2)

C17-C18-C21 119.9(2) C20-C19-C15 118.5(3)

C20-C19-H19 120.8 C15-C19-H19 120.8

C19-C20-C18 122.6(3) C19-C20-H20 118.7

C18-C20-H20 118.7 C18-C21-C34 113.7(2)

C18-C21-C22 111.0(2) C34-C21-C22 106.7(2)

C18-C21-H21 108.4 C34-C21-H21 108.4

C22-C21-H21 108.4 C29-C22-C21 115.1(2)

C29-C22-C23 111.5(2) C21-C22-C23 109.2(2)

C29-C22-H22 106.9 C21-C22-H22 106.9

C23-C22-H22 106.9 C24-C23-C33 111.3(2)

(C24-C23-C40 102.6(2) C33-C23-C40 109.5(2)

C24-C23-C22 113.1(2) C33-C23-C22 112.1(2)

C40-C23-C22 107.8(2) C35-C24-C25 121.1(2)

(C35-C24-C23 128.9(2) (C25-C24-C23 109.8(2)

C24-C25-C38 120.9(3) C24-C25-N1 109.2(2)

C38-C25-N1 129.9(3) 06-C27-05 127.7(3)
06-C27-N1 123.2(3) 05-C27-N1 109.2(2)

C32-C29-C30 118.2(3) C32-C29-C22 119.4(2)

C30-C29-C22 122.3(3) C31-C30-C29 120.3(3)

C31-C30-H30 119.8 C29-C30-H30 119.8

C41-C31-C30 120.4(3) C41-C31-H31 119.8
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C30-C31-H31 119.8 C29-C32-C42 121.2(3)
C29-C32-H32 119.4 C42-C32-H32 1194
01-C33-C17 122.2(3) 01-C33-C23 119.8(2)
C17-C33-C23 118.0(2) 02-C34-03 124.8(3)
02-C34-C21 124.9(2) 03-C34-C21 110.1(2)
(C24-C35-C36 119.1(3) (C24-C35-H35 120.5
C36-C35-H35 120.5 (C35-C36-C37 119.2(3)
(C35-C36-H36 120.4 C37-C36-H36 120.4
(C38-C37-C36 122.3(2) C38-C37-H37 118.8
C36-C37-H37 118.8 C25-C38-C37 117.2(3)
(C25-C38-H38 121.4 C37-C38-H38 1214
03-C39-H39A 109.5 03-C39-H39B 109.5
H39A-C39-H39B 109.5 03-C39-H39C 109.5
H39A-C39-H39C 109.5 H39B-C39-H39C 109.5
04-C40-N1 126.9(2) 04-C40-C23 125.1(2)
N1-C40-C23 107.9(2) C31-C41-C42 120.5(3)
C31-C41-H41 119.8 C42-C41-H41 119.8
C41-C42-C32 119.3(3) C41-C42-H42 120.3
(C32-C42-H42 120.3 05-C43-C46 109.0(2)
05-C43-C45 109.9(2) C46-C43-C45 113.8(3)
05-C43-C44 101.6(2) C46-C43-C44 110.93)
C45-C43-C44 110.9(3) C43-C44-H44A 109.5
(C43-C44-H44B 109.5 H44A-C44-H44B 109.5
(C43-C44-H44C 109.5 H44A-C44-H44C 109.5
H44B-C44-H44C 109.5 (C43-C45-H45A 109.5
(C43-C45-H45B 109.5 H45A-C45-H45B 109.5
(C43-C45-H45C 109.5 H45A-C45-H45C 109.5
H45B-C45-H45C 109.5 (C43-C46-H46A 109.5
C43-C46-H46B 109.5 H46A-C46-H46B 109.5
C43-C46-H46C 109.5 H46A-C46-H46C 109.5
H46B-C46-H46C 109.5 CI2-C60-CI13 109.7(2)
CI12-C60-Cl1 109.3(2) CI3-C60-Cl11 110.1(2)
CI2-C60-H60 109.3 CI3-C60-H60 109.3
CI11-C60-H60 109.3
Table 6. Torsion angles (°) for frans-429.
C19-C15-C16-C17 -2.0(4) Br15-C15-C16-C17 177.39(19)
C15-C16-C17-C18 0.9(4) C15-C16-C17-C33 -179.5(2)
C16-C17-C18-C20 0.8(4) C33-C17-C18-C20 -178.9(2)
C16-C17-C18-C21 -179.8(2) C33-C17-C18-C21 0.6(4)
C16-C15-C19-C20 1.6(4) Br15-C15-C19-C20 -177.9(2)
C15-C19-C20-C18 0.1(4) C17-C18-C20-C19 -1.3(4)
C21-C18-C20-C19 179.3(3) C20-C18-C21-C34 -29.4(4)
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C17-C18-C21-C34
C17-C18-C21-C22
(C34-C21-C22-C29
C34-C21-C22-C23
C21-C22-C23-C24
C21-C22-C23-C33
C21-C22-C23-C40
C40-C23-C24-C35
(C33-C23-C24-C25
C22-C23-C24-C25
(C23-C24-C25-C38
(C23-C24-C25-N1
C40-N1-C25-C24
C40-N1-C25-C38
C43-05-C27-N1
C25-N1-C27-06
C25-N1-C27-05
(C23-C22-C29-C32
(C23-C22-C29-C30
C22-C29-C30-C31
C30-C29-C32-C42
C16-C17-C33-01
C16-C17-C33-C23
(C24-C23-C33-01
(C22-C23-C33-01
C40-C23-C33-C17
(C39-03-C34-02
C18-C21-C34-02
C18-C21-C34-03
(C25-C24-C35-C36
(C24-C35-C36-C37
(C24-C25-C38-C37
C36-C37-C38-C25
C25-N1-C40-04
C25-N1-C40-C23
(C33-C23-C40-04
(C24-C23-C40-N1
(C22-C23-C40-N1
C31-C41-C42-C32
C27-05-C43-C46
(C27-05-C43-C44

151.2(2)
30.8(3)
51.6(3)
177.92)
-71.6(3)
55.2(3)
175.72)
-174.3(3)
126.3(2)
-106.5(3)
173.2Q2)
6.3(3)
0.2(3)
-179.3(3)
-171.5(2)
-166.0(3)
14.4(4)
97.1(3)
-80.1(3)
177.2(3)
0.1(5)
-4.3(4)
176.8(2)
-76.1(3)
156.2(2)
-144.5(2)
-8.2(4)
-57.8(4)
125.9(2)
3.0(4)
0.2(4)
1.0(4)
1.8(4)
-175.2(3)
5.9(3)
53.8(4)
-9.03)
110.52)
0.7(6)
61.4(3)
178.5(3)

C20-C18-C21-C22
C18-C21-C22-C29
C18-C21-C22-C23
(C29-C22-C23-C24
(C29-C22-C23-C33
(C29-C22-C23-C40
(C33-C23-C24-C35
(C22-C23-C24-C35
C40-C23-C24-C25
(C35-C24-C25-C38
(C35-C24-C25-Nl1
C27-N1-C25-C24
C27-N1-C25-C38
C43-05-C27-06
C40-N1-C27-06
C40-N1-C27-05
C21-C22-C29-C32
C21-C22-C29-C30
C32-C29-C30-C31
C29-C30-C31-C41
C22-C29-C32-C42
C18-C17-C33-01
C18-C17-C33-C23
C40-C23-C33-01
(C24-C23-C33-C17
C22-C23-C33-C17
(C39-03-C34-C21
C22-C21-C34-02
C22-C21-C34-03
(C23-C24-C35-C36
C35-C36-C37-C38
N1-C25-C38-C37
C27-N1-C40-04
C27-N1-C40-C23
(C24-C23-C40-04
(C22-C23-C40-04
(C33-C23-C40-N1
C30-C31-C41-C42
(C29-C32-C42-C41
C27-05-C43-C45

-149.7(2)
176.0(2)
-57.7(3)
56.7(3)

-176.5(2)
-56.0(3)
-57.3(4)
69.9(4)

9.3(3)
-3.4(4)
177.1(2)
177.1(3)
2.4(5)
9.0(5)
10.6(4)

-169.0(2)

-137.8(3)
45.0(3)

0.0(4)
0.2(5)

-177.2(3)
175.3(3)
-3.5(4)
36.6(3)
102.8(3)
-24.9(3)
168.1(2)
64.9(3)

-111.4(2)

-173.0(3)
2.2(4)

-179.6(3)

7.5(4)

-171.3(2)
172.1(3)
-68.4(3)

-127.3(2)
-0.6(6)
-0.5(5)
-63.9(3)
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Table 7. Anisotropic atomic displacement parameters (A%) for frans-429.

The anisotropic atomic displacement factor exponent takes the form: 27 [h*a? U, +..+2hk
a b‘ Ulz ]

Brl5 0.02255(15)

Ol

02

03

04

05

06
N1

Cl5
Cl6
&l
Ci8
C19
C20
C21
C22
€23
C24
C25
C27
C29
C30
C31
€32
C33
C34
C35
C36
C37
C38
C39
C40
C41
C42
C43
C44
C45
C46
Cll

Ull

0.0096(10)
0.0184(10)
0.0094(10)
0.0185(10)
0.0215(10)
0.0415(14)
0.0130(11)
0.0203(15)
0.0098(12)
0.0104(11)
0.0105(12)
0.0186(14)
0.0122(13)
0.0096(12)
0.0094(12)
0.0082(12)
0.0085(11)
0.0081(11)
0.0148(13)
0.0107(13)
0.0164(14)
0.0264(17)
0.0244(16)
0.0108(14)
0.0062(12)
0.0101(12)
0.0127(13)
0.0164(14)
0.0169(13)
0.0100(13)
0.0102(12)
0.040(2)
0.047(2)
0.0221(15)
0.0420(19)
0.0240(17)
0.039(2)
0.0369(6)

Ux,
0.02149(15)
0.0281(11)
0.0117(10)
0.0214(10)
0.0138(10)
0.0132(9)
0.0207(11)
0.0107(11)
0.0154(13)
0.0171(13)
0.0122(12)
0.0090(12)
0.0139(13)
0.0127(13)
0.0110(12)
0.0081(11)
0.0087(12)
0.0096(12)
0.0120(12)
0.0176(14)
0.0121(12)
0.0177(14)
0.0234(16)
0.0184(14)
0.0120(13)
0.0185(14)
0.0125(13)
0.0149(13)
0.0084(13)
0.0114(12)
0.0332(17)
0.0104(13)
0.044(2)
0.050(2)
0.0188(15)
0.0220(17)
0.039(2)
0.0348(18)
0.1382(14)

U33
0.01607(16)
0.0218(12)
0.0255(12)
0.0238(12)
0.0182(11)
0.0129(10)
0.0180(12)
0.0113(12)
0.0086(13)
0.0136(14)
0.0078(14)
0.0092(14)
0.0109(14)
0.0175(16)
0.0098(14)
0.0127(14)
0.0106(14)
0.0112(14)
0.0106(14)
0.0117(15)
0.0131(15)
0.0160(16)
0.0281(19)
0.0172(16)
0.0122(14)
0.0104(14)
0.0127(14)
0.0166(15)
0.0225(16)
0.0147(14)
0.035(2)
0.0091(14)
0.0217(19)
0.0107(18)
0.0107(15)
0.0199(16)
0.0311(19)
0.0211(17)
0.0989(11)
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Uz
0.00922(13)
0.0094(9)
0.0004(8)
0.0013(8)
-0.0012(8)
0.0042(8)
-0.0027(9)
0.0010(9)
0.0010(10)
-0.0010(11)
-0.0015(10)
-0.0036(9)
0.0030(11)
-0.0011(10)
0.0017(10)
-0.0025(10)
0.0002(10)
-0.0013(10)
-0.0010(10)
0.0004(12)
0.0012(11)
0.0019(11)
0.0102(14)
-0.0028(12)
-0.0025(10)
0.0053(11)
-0.0014(10)
-0.0051(11)
-0.0013(11)
0.0008(11)
0.0030(15)
0.0013(10)
0.0158(16)
-0.0007(15)
0.0088(11)
0.0099(13)
0.0091(15)
0.0102(14)
-0.0823(11)

U
0.00640(12)
0.0032(9)
0.0064(9)
0.0028(9)
-0.0063(9)
-0.0043(9)
-0.0147(10)
-0.0041(10)
-0.0005(12)
0.0004(12)
0.0008(11)
0.0007(10)
-0.0043(12)
-0.0006(11)
0.0011(11)
0.0012(11)
-0.0002(11)
0.0013(12)
-0.0005(12)
-0.0037(12)
0.0013(11)
0.0011(12)
0.0011(15)
0.0014(14)
0.0017(11)
0.0011(11)
-0.0019(11)
-0.0012(12)
-0.0025(12)
0.0007(12)
0.0086(14)
0.0002(11)
0.0089(17)
0.0000(16)
-0.0039(13)
-0.0024(14)
-0.0100(15)
0.0032(16)
0.0160(7)

Up
0.00326(14)
0.0036(8)
0.0054(8)
-0.0019(8)
-0.0036(8)
0.0052(8)
0.0011(11)
0.0016(9)
-0.0012(12)
0.0012(11)
0.0009(10)
-0.0005(10)
0.0032(11)
0.0028(10)
0.0032(10)
0.0010(10)
0.0009(10)
0.0006(11)
0.0012(10)
0.0023(11)
0.0036(11)
-0.0020(12)
-0.0033(14)
-0.0004(13)
-0.0001(10)
0.0000(10)
0.0049(10)
0.0024(11)
0.0004(11)
0.0039(10)
0.0000(12)
0.0016(10)
-0.0069(18)
-0.0005(19)
0.0060(12)
0.0126(16)
0.0070(15)
0.0066(16)
-0.0080(7)
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Ull UZZ UJS U23 U13 UlZ
Cl2  0.0584(7)  0.09139)  0.0527(7)  0.0161(6)  -0.0380(6)  -0.0087(7)
CI3  0.0763(8)  0.0358(5)  0.0534(7)  0.0081(5)  -0.0162(6)  -0.0139(5)
C60  0.0279(17)  0.0364(19)  0.0222(18)  -0.0094(15) -0.0079(15)  0.0007(15)

Table 8. Hydrogen atomic coordinates and isotropic atomic displacement parameters (AY)
for trans-429.

x/a y/b z/c U(eq)

H16 0.6125 0.3952 0.4731 0.016

H19 0.2628 0.4724 0.4398 0.017

H20 0.1668 0.4043 0.4905 0.017

H21 0.2482 0.2656 0.5368 0.012

H22 0.3844 0.3585 0.5917 0.012

H30 0.2158 0.1846 0.5904 0.02

H31 0.1423 0.1251 0.6480 0.031

H32 0.3800 0.3401 0.6602 0.024

H35 0.3712 0.1882 0.5065 0.014

H36 0.3470 0.0604 0.5055 0.018

H37 0.4333 -0.0094 0.5576 0.019

H38 0.5547 0.0443 0.6091 0.017

H39A -0.0445 0.3291 0.6122 0.039
H39B -0.1274 0.2776 0.5831 0.039
H39C -0.1061 0.3618 0.5719 0.039
H41 0.1852 0.1726 0.7109 0.042

H42 0.3064 0.2795 0.7176 0.043

H44A 0.7751 -0.0400 0.6979 0.042
H44B 0.7929 -0.0159 0.6520 0.042
H44C 0.6512 -0.0265 0.6702 0.042
H45A 0.8693 0.1496 0.7040 0.047
H45B 0.9256 0.0914 0.6727 0.047
H45C 0.9106 0.0698 0.7190 0.047
H46A 0.6459 0.1336 0.7309 0.047
H46B 0.6715 0.0519 0.7461 0.047
H46C 0.5577 0.0680 0.7149 0.047
H60 0.7373 0.3531] 0.6714 0.035
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