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ABSTRACT

Organocatalysis has rapidly expanded in the last decade to encompass a wide variety of small
organic molecules that are capable of either activating substrates or transforming them into
more reactive forms. The aim of this study was to develop novel chiral organocatalysts based
on the tetrahydroisoquinoline backbone and evaluate them on asymmetric reactions. Three
organocatalytic modes of activation have been investigated for C-C bond forming
asymmetric reactions. In chapter 2, for the first time organocatalysts bearing a secondary
nitrogen within a cyclohexane ring were evaluated in the asymmetric Diels—Alder reaction.
These catalysts were tested over a range of dienes and dienophiles and displayed promising
chemical conversions of up to 100 % with up to 64 % ee when triflic acid was employed as
the cocatalyst. Density functional theory computational studies and 2D NMR spectroscopy
were used to determine the structure of the intermediate iminium ion formed between the
most efficient catalyst and cinnamaldehyde. Chapter 3 includes a series of novel
tetrahydroisoquinoline chiral N-oxide organocatalysts and their evaluation in the asymmetric
allylation reaction of aromatic and a-B-unsaturated aldehydes with allyltrichlorosilane. The
chiral homoallyl products were obtained with good chemical efficiency (up to 93 % yield)
and high enantioselectivity (up to 91 % ee) under mild reaction conditions (23 °C). Chapter 4
is the simple and practical microwave-assisted synthesis of new tetrahydroisquinoline
guanidine organocatalysts and their evaluation in the asymmetric Michael addition reaction
of malonates and B-ketoesters with nitro-olefins. In addition, a novel microwave assisted
procedure of introducing the guanidine unit onto amino amide derivatives is reported. The
chiral products were obtained with quantitative chemical efficiency (up to 99 % yield) and
excellent enantioselectivity (up to 97 % ee). Chapter S is a collection of all X-ray crystal
structures that were published from novel compounds synthesized pertaining to Chapters 2-4,
it contains 15 published crystal structures while Chapters 3-4 contain 3 other X-ray crystal
structures.

It should be noted that with the exception of the introduction and Chapter 4 (submitted for
publication), the remaining chapters of this thesis have been published in international peer
reviewed journals. In the next section (DECLARATION 2 — PUBLICATIONS) a precise

description of my contribution to each of the publications/chapters is provided.
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CHAPTER 1

1.1 Origin and Importance of Chirality

The pioneering work of scientists Hauy, Malus,' Biot,” Herschel® and Pasteur during the nineteenth
century led to an initial understanding of the concept of chirality. Thereafter, further enlightenment
on stereochemistry”® was brought about by Fisher, Van’t Hoff’ and Le Bel.® Today, we understand
that stereoisomers which rotate plane-polarised light through equal angles but in opposite directions
must be related to each other as an object and its non-superimposable mirror image. This
phenomenon is attributed to the property possessed by all chiral molecules and the two forms of the
optically active molecule are related to each other as three-dimensional non-superimposable mirror

images (enantiomers) as illustrated with the example of the pair of human hands in Figure 1.>'°

Figure 1. An example of enantiomers (handprints of Albert Einstein)."'

Chirality is a key element in nature and plays a crucial role in science and technology.'> Several
biological and physical functions depend on the recognition of chiral molecules. In the human body,
the majority of the vital building blocks that make up biological macromolecules (e.g. DNA, RNA,
sugars and proteins) exist predominantly in one enantiomeric form. As a result, when a biologically
active chiral compound such as a drug interacts with a chiral receptor site in biological systems the
two enantiomers of the drug will interact differently and may lead to dissimilar biochemical effects.®"
There are several examples in literature showing the different effects of enantiomers.® One of the
most cited examples was from the fatal drug thalidomide, which was used in the 1960s. Both
enantiomers of the drug had the same sedative effect but only the (S)-(-) enantiomer resulted in death

and deformities in foetuses when used by pregnant women.'*"

o 0O

N (o} Nt o
NH NH

oo oo

(S)-(-)-Thalidomide (R)-(+)-Thalidomide



A further illustration of contrasting enantiomer properties comes from the markedly different scent of
the terpene known as limonene, in which (R)-(+)-limonene and (S)-(-)-limonene have orange and

. 16
lemon aromas respectively.

s A

(R)-(+)-Limonene (S)-(-)-Limonene

The synthesis of chiral molecules in optically pure form is not only imperative to the pharmaceutical
industry but also in the generation of non-linear optical devices,'” the control of polymer structure and
properties,18 the agrochemical industry,19 flavours, fragrances,20 the study of nearly all biochemical
processes and the pursuit of understanding molecular recognition.”! Therefore, chirality has been an
important concept in various fields of chemistry and has been extensively studied. Today, the use and
demand for optically active molecules is greater than ever, hence methodologies in asymmetric
synthesis play a crucial role in science as they can provide materials and methods for various

applications of chiral compounds.

1.2 Routes to Obtain Optically Pure Compounds

Amongst numerous routes to obtain optically pure or enriched compounds, the basic approaches can

be divided into the following three classes as depicted in Figure 2:

l Chiral pool l Racemates IProchiraI substrates

| | —

+ + + Asymmetric synthesis
Synthesis Resolution Crystallisation

Kinetic Enzyme Chemical Auxiliary Substrate Reagent Catalyst
A 4 v

Enantiomerically Pure Compounds

Figure 2. Methods to obtain enantiomerically pure compounds.

The chiral pool strategy involves the use of nature’s ‘limited’ catalogue of enantiopure starting

. . . . . 22
materials such as amino acids, carbohydrates, carboxylic acids, terpenes and related compounds.



This serves as a convenient source to synthesize a vast range of enantiomerically pure compounds.
Several pharmacologically relevant compounds have been obtained using this approach. Despite this
fact it suffers severe potential drawbacks, which include the cost and availability of the stoichiometric
amounts of the suitable chiral precursors along with more challenging multi-step synthetic routes.
Nevertheless, this method of asymmetric synthesis is still frequently utilized. Chiral resolution is a
process whereby racemic (equimolar) mixtures of the two enantiomers are separated.'”” These
methods include enzymatic methods or more commonly diastereomer formation in which

crystallization or chromatographic techniques are used to separate the diastereomers.***

The major
disadvantage of chiral resolution is that the theoretical yield is limited to 50 % unless alternative
routes to convert the opposite enantiomer into the desired product (mainly enzymatic resolution) is
further carried out.”® Asymmetric synthesis involves the conversion of a prochiral starting material
into a single enantiomer induced by a chiral environment. At present it is the most powerful and
common approach to obtain optically active compounds. The basic strategies for asymmetric
synthesis can be divided into four classes as shown in Figure 2.%'****7 Substrate-controlled catalysis
utilizes a chiral starting substrate which serves to direct the formation of new chiral center/s on the
product. Auxiliary-controlled involves the use of a chiral auxiliary which is deliberately attached to
an achiral substrate. This serves to direct the diastereoselective reaction after which the auxiliary is
removed or recycled and the enantiomerically pure compound is obtained when reacting with the
reagent. Reagent-controlled makes use of an achiral substrate that is directly converted into a chiral
product using a chiral reagent e.g. a chiral reducing agent. This is a relatively expensive option since
reagents normally react in stoichiometric amounts.  Finally, catalyst-controlled utilizes a
substiochiometric amount of a chiral catalyst that promotes the conversion of an achiral substrate into
a chiral product with preference for the formation of one of the enantiomers.”’ Remarkable progress
has been made in this field resulting in several important asymmetric reactions primarily relying on
this approach to generate chiral products.” The enormous practical potential of asymmetric catalysis
makes it one the most widely explored areas for both industrial and academic fields of research.

6,12,23,28-30

Asymmetric catalysis will now be described in more detail in the following section.
1.3  Asymmetric Catalysis
There are three main classes of asymmetric catalysts employed:

1.3.1 Biocatalysts

Biocatalysis makes use of enzymatic or microbial methods to effect stereoselective changes to
unnatural substrates.’ These methods include the use of hydrolases, lipases, lyases etc. The synthetic

route of the antibiotic cefalexin has been shortened from ten to six steps using an enzymatic



procedure.’’ There are problems with this methodology, as biocatalysts cannot be applied to a wide
range of asymmetric reactions. These methods are relatively expensive but recently a steady increase

in research output in this field has emerged.’*

1.3.2 Metal-ligand Complexes as Catalysts

These catalysts consist of metal-ligand complexes derived from chiral ligands. From the 1950’s
metal-ligand catalysts have had a significant impact on asymmetric catalysis.”> It has been
extensively studied and provides flexible methods for many types of organic reactions leading to

6,12,23

some spectacular practical applications. The tremendous progress in this field was illustrated in

2001 when the Nobel prize in chemistry was awarded to William R. Knowles, Ryoji Noyori and K.
Barry Sharpless for their contribution to the development of transition metal-based asymmetric

catalysis.

1.3.3 Organocatalysts

Chiral organocatalysis involves the use of organic molecules as catalysts to promote the conversion of
achiral substrates into chiral products.” This type of catalysts had not attracted much attention in
asymmetric synthesis since the last decade, which has had an explosive growth in the number of

studies in this field and is currently on of the ‘hottest’ topics in organic synthetic research, see Figure
3 52529

- 600
- 500
- 400
- 300

- 200

Number of papers

- 100

Figure 3. Growth in organocatalysis from 2001-2011.

The data for the above statistical graph was obtained by performing a search using ISI Web of

Knowledge in September 2011 for the keyword organocatalysis. This search is unlikely to have



found all publications on organocatalysis, and a conservative estimate is that more than 4,000
manuscripts have been published on this topic so far.

For the purpose of this project organocatalysis will be discussed in further detail.

1.4 Organocatalytic systems

The use of organocatalysts has been known for more than a century but only during the last ten years
has this ‘new’ field blossomed within the domain of asymmetric synthetic research.’**® In 1912,
Bredig reported the first enantioselective alkaloid (quinine) catalyzed cyano-hydrin synthesis with an
enantiomeric excess (ee) of less than 10 % for the reaction product. 34

OMe

HCN

<10 % ee

During the 1960’s, Pracejus discovered that organocatalysts can give significant enantioselectivities
when methyl phenyl ketene was converted to (-) Methyl 2-phenylpropionate in 74 % ee by using O-
acetylquinine as a catalyst.*

OMe

-~ MeOH CO,Me
(o] )
Toluene, -111 °C

74 % ee

A milestone occurred in the 1970s when Hajos and Wiechert published the first highly

enantioselective catalytic aldol reaction using the amino acid proline as the catalyst.”®

o O\
H

0”\ O DMF,20°c  © OH

CO,H 0

93 % ee

For a long time it was generally accepted that only metal complexes and enzymes were the most

efficient catalysts for asymmetric reactions. A change in perception occurred in the last decade when



several reports confirmed that relatively simple organic molecules could be highly efficient and

selective catalysts for a variety of important asymmetric transformations.’” '

The preparative
advantages of organocatalysts over the metal-ligand complexes and biocatalysts are remarkable.
These catalysts are often inexpensive to prepare and the reactions can be performed under aerobic
environments and in wet organic solvents or aqueous media. They are usually more stable than both
enzymes and organometallic catalysts and are less toxic to the environment. Today, the advent of
organocatalysis has captured the attention of chemists around the world and has initiated an explosive

5,32,33,42-52 :
we Reactions that once needed

growth of research activities in both industry and in academia.
metal-ligand catalysts can now be carried out with comparable efficiencies using organocatalysts that
are more stable, cheaper and less toxic than their metal complex counterparts. Organocatalytic modes
of activation can be broadly divided into Lewis bases, Lewis acids, Brensted bases, and Brensted

acids type catalysts. The corresponding catalytic cycles are shown in Scheme 1.

Y YT YY)

‘V>\/ >/ ‘V>\/ }/AP

Lewis base Lewis acid Brensted base Bronsted base

Scheme 1. Organocatalytic cycles.”

Lewis base catalysts (B) start the catalytic cycle via nucleophilic addition to the substrate (S). The
resulting intermediate undergoes a reaction and then releases the product (P) and the catalyst. Lewis
acid catalysts (A) activate nucleophilic substrates (S) in a similar way. The catalytic sequence for
Bronsted base and acid catalysts commence via a deprotonation or protonation, respectively. Studies
into the mechanistic details into these individual reaction pathways are continually growing and many

32,33:49-53 The extent of

unexplored modes of activation of organocatalysts are emerging.
organocatalytic reactions has significantly expanded; well known transition-metal mediated reactions
such as Suzuki, Diels-Alder, Sonogashira, Michael additions, aldol reactions, hydrogenations and
Heck-type coupling reactions can now be achieved under metal free conditions with the same reaction
efficiency.™

For the purpose of this project only the following organocatalytic topics i.e. iminium catalysis, N-

oxide type and guanidine organocatalysts will be further expanded upon, in this introductory chapter.



1.5  Tetrahydroisoquinoline compounds

The tetrahydroisoquinoline (TIQ) molecule and its derivatives have been widely investigated for their

55-59

biological and pharmaceutical properties. Due to our ongoing pursuit to establish novel chiral

60-65

catalysts, and L-DOPA/phenylanaline (Scheme 2) being commercially available, this class of

compounds posed as an attractive skeleton for a source of chirality in asymmetric synthesis.

0 |
HOWOH (0] 0/
Ho NH, - NH

L-DOPA @

substituted TIQ derivative

(0] (o)
PR o
—_—
NH, -, NH
(S)-phenylanaline unsubstituted TIQ derivative

Scheme 2. TIQ based precursors.

Both substituted and unsubstituted TIQ derivatives served as the basic starting precursors for all
compounds synthesized. These precursors’ served as a readily tunable (both in terms of steric and
electronic effects) backbone for the syntheses of a diverse range of catalysts that was made for the

purpose of this project. Progress made in this area will be discussed in Chapters 2-5.

1.6  Iminium Catalysis

The first enantioselective example of this type of organocatalysis strategy was reported in 2000 by
MacMillan and co-workers.”® They took inspiration from conventional organometallic Lewis acid
(LA) catalysts. Lewis acid catalysts have been used to activate various m-systems towards

nucleophilic attack by the mechanism outlined in Scheme 3.

S)

e) )

)
®

®. ~.LA
30 o
o N 0/LA |
r“\ LA r”\ NF Q)\x LA @AX
’ X | X —_—

LUMO-LOWERED

Scheme 3. Lewis acid catalysis.*



The Lewis acid reversible binds an electrophilic substrate, causing the m electron density of the
substrate in the resulting adduct to shift towards the electron positive metal centre which lowers the
energetic potential of the lowest unoccupied molecular orbital (LUMO). This electronic
redistribution, in turn, decreases the energy gap between the LUMO of the electrophile and the
highest occupied molecular orbital (HOMO) of the incoming nucleophile, thus facilitating the reaction
between the two reacting partners. After bond formation occurs, the Lewis acid can then dissociate
from the product to regenerate the catalyst. This strategy was then cleverly applied to a,p-unsaturated
aldehydes with a chiral secondary amine salt to mimic the Lewis acid catalyst or LUMO-lowering
catalyst (Scheme 4) in a Diels-Alder reaction.”® This concept of LUMO-lowering catalysis using
chiral secondary amines set the scene for an explosion of organocatalytic research into this area that is
now referred to as amino-catalysis.

SUBSTRATE CATALYST LUMO-ACTIVATION

X0 + LA NN LA
®
) N R NG R
(o) + R-N _— WN/®
H.HCI R

Scheme 4. LUMO-lowering organo catalysis with secondary amines.*

To date there are several examples of iminium catalysed reactions,**** however for the purpose of this
project only its application in the Diels-Alder reaction utilizing using chiral secondary amines as the

organocatalyst will be discussed further in Chapter 2.

1.7  N-oxide type organocatalysts

The usefulness of heterocyclic N-oxides has attracted much attention in organic chemistry. These
compounds have found applications as synthetic intermediates, protecting groups, oxidants, biological
activity and more recently asymmetric catalysis (both metal-ligand®”*® and organocatalysis®’’). The
Nakajima group first developed a series of chiral Lewis basic N-oxide type organocatalysts for
enantioselective allylation reactions.”' This was based on the inherent nucleophilicity of N-oxides
toward organosilicon reagents. The principle behind this mode of activation is based on the
coordination of the N-oxide catalyst (which acts as a Lewis base) to a tetracoordinated silicon atom.
This increases the Lewis acidity of the now hypervalent silicon centre. As a result, the organosilicon
species becomes a highly reactive carbon nucleophile. The mechanism of the allylation reaction has

been investigated by Denmark ef al. (Scheme 5).”*"



/ R2
o-SiCl LB

|
R, R

R/ R, o

\ Basic workup

5
_SiCl;
P j.>/\
R™ 7
R% RY R,
R1 Ry
C

Scheme 5. Lewis base catalyzed nucleophilic allylation.”*

The key step is the initial binding of the allylsilane to the Lewis base (LB¥*) catalyst (chiral N-oxide)
A to form the reactive species. The intermediate then reacts with incoming aldehyde, which is also
coordinated to the silicon atom. This closed transition structure B provides dual activation of both
substrates. The Lewis base catalyst dissociates from C to further react in the cycle. Upon completion
of the reaction the trichlorosilane precursor D undergoes a basic workup to yield the chiral product.
For the purpose of this project further information on N-oxide type organocatalysts will be discussed

in Chapter 3.

1.8  Guanidine based organocatalysts

The guanidine moiety is well known in both chemistry and biology for its characteristic high pKa

74-76

value and ability to form dual hydrogen bonds, which is used in molecular recognition. Therefore,

the guanidine functional group has been an attractive target incorporated into several chiral catalysts

14,15,77-79

used for both metal-ligand and organocatalysis. There is an array of excellent reviews

30,80-82 16,83,84

highlighting the synthesis and the other vast applications of this remarkable functional
group.
In the field of organocatalysis, guanidine type catalysts have become popular by acting as Bronsted

bases in asymmetric transformations.>*
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Bronsted Base

Y. /N_ N
| Y 'Y
Y‘\‘HN_\Y’I ——> Guanidine moiety

Y = Electronic or steric tunable functional groups

Figure 4. Guanidine type compound as a Bronsted base catalyst.”*

This type of compound (Figure 4) has been classed as one of the strongest bases in organocatalysis
due to the resonance stabilization of its conjugate acid. Since the discovery of the first chiral
guanidine organocatalyst in 1994 which was demonstrated on a Henry reaction,” the scope of
guanidine derived catalysts has been expanded to various other important asymmetric reactions.”*””"
The mechanism of guanidine was proposed in 1999 in the Strecker reaction for the addition of HCN
to imines which was catalyzed by Corey’s C, symmetric catalyst, I (Scheme 6).**

H-C=N

-

Phi - CL
N
Phw-%}—-%

|1|
I I ﬁ’l
_CHPh,
|
CHPh2 \ / ’
Phl-(\J\%Ph
,‘ H
Ph,HC_
N Ne)
Ph” H
101

Scheme 6. Corey’s proposed catalytic cycle for guanidine catalyzed hydrocyanation.*®

The Corey group proposed that HCN underwent a Bronsted base interaction with the guanidine
catalyst (II) allowing the activation of the nucleophile while simultaneously forming a hydrogen bond
to the imine substrate that facilitates the attack (III).

For the purpose of this project further information on guanidine organocatalysts will be discussed in

Chapter 4.
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1.9 Outline of this Thesis

The development of novel TIQ based organocatalysts and their application in asymmetric reactions
was the aim of this project. Three organocatalytic asymmetric transformations with novel catalysts
bearing the TIQ framework have been investigated and make up subsequent Chapters i.e 2-4.

Chapter 5 is a collection of all crystallographic papers published of compounds synthesized from the
work pertaining to Chapters 2-4.

Chapter 6 is a book chapter that was written in collaboration with Prof. Per Arvidsson (Astrazeneca,
Sweden) and Dr Partha Bose (University of Uppsala, Sweden) on Asymmetric Organocatalytic
Cyclopropane Formation for the Elsevier book entitled Comprehensive Chirality and is currently with
the editors in its final proof stage after acceptance.

It must be noted that with the exception of Chapter 4 that has been submitted for publication, the

remaining chapters of this thesis have already been published in international peer reviewed journals.
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CHAPTER 2

Novel tetrahydroisoquinoline based organocatalysts for
asymmetric Diels-Alder reactions: insight into the catalytic
mode using ROESY NMR and DFT studies

Tricia Naicker *, Katja Petzold °, Thishana Singh ¢, Per I. Arvidsson **, Hendrik G.
Kruger ", Glenn E. M. Maguire” and Thavendran Govender.™
“School of Pharmacy and Pharmacology, University of KwaZulu-Natal, Durban Private Bag
4000, South Africa * School of Chemistry, University of KwaZulu-Natal, Durban Private Bag
4000, South Africa “Department of Chemistry, Durban University of Technology, Durban
Private Bag 4000, South Africa. “‘Organic Pharmaceutical Chemistry, Department of
Medicinal Chemistry, Uppsala Biomedical Centre, Uppsala University, Box 574, SE-751 23
Uppsala, Sweden .“Discovery CNS & Pain Control, AstraZeneca R&D Sodertdlje, S-151 85
Sodertdlje, Sweden.

ABSTRACT

For the first time an organocatalyst bearing a secondary nitrogen within a cyclohexane ring
has been evaluated in the asymmetric Diels-Alder reaction. This organocatalyst is also the
first of its kind based on a (1R,3S)-6,7-dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinoline
backbone. These catalysts were tested over a range of dienes and dienophiles and displayed
promising chemical conversions up to 100 % with up to 64 % ee with triflic acid as the
cocatalyst. Density functional theory computational studies and 2D NMR spectroscopy were
used to determine the structure of the intermediate iminium ion formed between the most
efficient catalyst and cinnamaldehyde. The reaction profile for each of the four possibilities
in this reaction were calculated and it was found that the iminium intermediate leading to the
major product is higher in energy but kinetically preferred. The activation energies of all
possible reaction paths were calculated and the results correlated with the observed products.
These experiments revealed that the presence of both (E)- and (Z)-isomers of the
cinnamaldehyde were contributing factors for the low enantioselectivity of the reaction

products.

- Corresponding author Email govenderthav@ukzn.ac.za
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INTRODUCTION

In the last decade there has been an explosive growth in the field of organocatalysis and it has
emerged as a powerful method for accelerating various asymmetric transformations.'”
Within this topic, the in sifu generation of iminium and enamine intermediates using chiral
amines (aminocatalysis) to facilitate the catalysis of carbonyl transformations has received a
tremendous amount of interest from several research groups.*”’ Significant contributions

from the groups of List, MacMillan, and Jorgensen have reported the use of proline (i),

imidazolinone (ii) and diaryl prolinols (iii) as successful chiral respectively.® "
o Me
N
(N J=Me e
N~ YCOOH N N
H phH V¢ H  orms

i i i
Figure 1. Some examples of successful secondary amine organocatalysts.

All of these organocatalysts consist of five membered hetero-atom rings and were evaluated
for numerous important enantioselective reactions such as Diels-Alder cycloadditions,
Michael additions, Mannich and Henry reactions. Iminium activation of carbonyl
compounds using secondary amines (the organocatalyst) allows for lowering of the lowest
unoccupied molecular orbital (LUMO), thus emulating classical Lewis acid catalysts.® The
principle behind iminium activation is based on the reversible condensation between a
secondary amine and an unsaturated aldehyde or ketone substrate to form a positively
charged iminium intermediate. This results in a redistribution of the m—electron density from
the double bond on the substrate towards the iminium cation. This lowers the energy of the
LUMO on the unsaturated st-system and the iminium ion intermediate facilitates nucleophilic
attack on the substrate.’

The tetrahydroisoquinoline (TIQ) molecule and its derivatives have been widely investigated

due to their biological and pharmaceutical properties.''™'*

15-17

Due to our ongoing pursuit to

establish novel chiral catalysts, and L-DOPA being commercially available, this class of

compounds posed as an attractive skeleton for a source of chirality. There are only a few

reports that utilise the TIQ backbone as a catalyst precursor.'®>'

From these reports only
studies done by Stingl et al.*' and Basavaiah ef al.'® made use of a TIQ derivative as an
organocatalyst in borane-mediated hydrogenation reactions. Given our recent success with
TIQ based ligands for catalytic asymmetric transfer hydrogenation of prochiral ketones, >’

Henry reactions® and hydrogenation of olefins,” we decided to expand the potential of TIQ
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derivatives as organocatalysts. On route to the synthesis of a novel organocatalyst bearing
the TIQ framework that would potentially behave as a bifunctional organocatalyst we
discovered that one of its precursors was able to form an iminium ion. This was unexpected;
secondary amines that are part of five-, rather than six-, membered ring systems are known to
be more efficient catalysts for enamine catalysis®®, and to the best of our knowledge no
previous report has shown that six-membered ring amines are capable of activating o.,f3-
unsaturated aldehydes or ketones through iminium ion formation. This sparked our interest to
further investigate this compound and its derivatives for application on reactions known to
proceed via iminium activation. Herein we report the evaluation of novel organocatalysts 1-9
in the asymmetric Diels-Alder cycloaddition between a,f-unsaturated aldehydes and
cyclopentadiene. This is the first report of a chiral organocatalyst with the

tetrahydroisoquinoline backbone that contains two chiral centres.

o] o o Ph Ph
E;G)LOR /OWOR /OWO/ _0 OR
NH NH NH

\o . \o NH \o -

Ph Ph
1R=H 3R=H 6 7R=H

2R =Me 4 R = Me 8 R=Me

5R =iPro 9R=TMS

Figure 2. Catalysts evaluated for the Diels-Alder reaction.

Catalyst Synthesis

Compounds 5, 8 and 9 (Figure 2) are novel, whereas the syntheses of the remaining
compounds have been reported in the literature for other applications. However, this is the
first report of these derivatives as organocatalysts. Based on the simplicity of the structure,
TIQ catalysts 1 and 2 were the first to be synthesized according to the literature procedure
from (S)-phenylalanine.”” Thereafter the more complex TIQ derivatives 3-5 were derived
from L-DOPA 10 (Scheme 1). We recently reported a modification to the literature
procedure for compound 11.>* L-DOPA 10 was treated with benzaldehyde in the presence of
K,COs and aqueous ethanol to afford the frans-substituted derivative 11. This compound
was N-protected with benzyl chloroformate (Cbz) and then methylated at the phenolic and
carboxylic acid positions to yield 12. This was achieved by refluxing the compound in

28

acetone in the presence of Me,SO4 and KHCO;3.”™® Deprotection of the Cbz group furnished

catalyst 4.
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(o)

o] o]
1. CbzCl, KHCO,
HO OH PhCHO, K,CO; Hoj@@)LOH Dioxane/H,0 /OWO/
NH N
HO 2 EtOH/H,0, 0 °C-rt  HO - NH ~o ~"Cbz

H 2. KHCO3;, Me,SO,
10 2 Acetone, reflux,
overnight;

11 12

Pd/C, H,
MeOH

1L i
: NH (CH3)2CH0H

5 3 4

Scheme 1. Synthetic route to catalysts 3-5.

Hydrolysis of the ester group in 4 afforded the acid derivative 3 and catalyst 5 was then
obtained by simple esterification of 3 with thionyl chloride in isopropanol. Notably, catalysts
3-5 and 7-9 possess a second chiral centre and could not be synthesized from phenylalanine
as it was essential to employ the activated aromatic group of L-DOPA to facilitate the
cyclisation. Hence, methylation of the free phenolic hydroxyl groups had to be done after
cyclization in order to simplify the synthesis. In order to test the effect of these methoxy
groups on the reactivity of the catalysts, derivative 6 was synthesized by a literature
procedure (scheme not shown) from L-DOPA and formaldehyde followed by our modified
methylation procedure for the hydroxyl and acid positions.”” Given the success of diaryl
proline derivatives as organocatalysts™ we synthesized the six membered ring TIQ analogues
7-9. In order to introduce the phenyl groups, the secondary amine 4 was first benzyl
protected to give 13, after which a Grignard reaction with phenyl magnesium bromide

afforded 14. Deprotection of 14 (Scheme 2) resulted in the formation of catalyst 7.
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(o)

/OI:CH\O/ BzBr, K,CO; m o~ PhMgBr I:GX
~o NH CH,CN
:: ‘ Ph :' Ph
4 13 14

NaH, Mel
THF Pd/C, H,
MeOH

Ph_ Ph Ph_ Ph Ph_ Ph

C4HyF;0,SSi, Et;N
CH,Cl,

Scheme 2. Synthetic route for catalysts 7-9.

Derivative 14 was then treated with NaH followed by Mel to yield the diphenyl methoxy N-
benzyl protected compound 15 which underwent debenzylation to give catalyst 8. Catalyst 9

was obtained by the hydroxyl protection of 7 using trimethylsilyl trifluoromethanesulfonate.’'

RESULTS AND DISCUSSION

As a model, we investigated the reaction between cinnamaldehyde 16 and cyclopentadiene 17
in the presence of various tetrahydroisoquinoline derivatives 1-9 as potential catalysts (Table
1). Organocatalysts tested for this reaction have shown to react well in either methanol or
acetonitrile/water mixtures.**> Performing the reaction with our catalysts in methanol did
show a slightly higher conversion than acetonitrile, nevertheless, acetonitrile was chosen as
the solvent since it avoids hydrolysis of the dimethyl-acetal formed when methanol is used

and thus, greatly simplifies the workup.
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Table 1. Organocatalyzed [4+2] cycloaddition between frans-2-cinnamaldehdye 16 and

cyclopentadiene 17 to give cycloaddition products exo- and endo-18."

10 mol %
Catalyst 1-9
PhNNp 4 @ — cmd& + Ph\dﬁ
Ph CHO

CH;CN-H,0
16 17 (2R)-ex0-18  (2R)-endo-18

Entry Catalyst Conv. (%)24h Conv.(%)48h ee (%) ee(%) exo:endo”
exo-18"  endo-18°

1 1 53 78 47 (2R) 48 (2R) 2:1
2 2 67 94 43 (2R) 50 (2R) 2:1
3 3 67 90 44 2R) 50 (2R) 2:1
4 4 73 94 45(2R) 51 (2R) 2:1
5 5 73 94 46 2R) 57 (2R) 2:1
6 6 58 62 36 (2R) 36(2R) 2:1
7 7 <5 - - - 2:1
8 8 <5 - - - 2:1
9 9 <5 - - - 2:1

Conditions: 3.0 equiv of diene, 1.0 equiv of dienophile, 0.1 equiv of catalyst and 0.1 equiv of HCI (37%) in
475 ul of CH;CN and 25 ul of H,0, all reactions were performed in duplicate. "Determined by GC analysis
using a chiral capillary column and absolute and relative configurations were determined by correlation of GC
retention times. The absolute and relative configurations were initially determined by correlation to known
compounds. “The product ratios were determined by '"H NMR recorded at ambient temperature.

From the TIQ catalysts 1 and 2 the ester derivative 2 showed a higher conversion than the
acid derivative 1 (entries 1-2). Thereafter, it was decided to test the TIQ derivatives that
contained a second chiral centre (entries 3-4). At that point, compound 4 emerged as the
most reactive catalyst amongst 1-4 (entry 4). It appeared logical to substitute the methyl ester
of compound 4 with a more bulky group in the hope of increasing the enantiomeric excess of
the reaction products; in this case an isopropyl ester (5) was used (entry 5). However, this
had an insignificant effect on the enantioselectivity. In order to evaluate if the higher
conversion rate (c.f. the acid derivatives 1 and 3 (53 % and 67 % conversion after 24h,
respectively) and the methyl esters 2 and 4 (67 % and 73 % conversion, respectively) was due

to the introduction of the phenyl ring at the carbon adjacent to the nitrogen or the introduction
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of the methoxy groups, catalyst 6 was synthesized and tested (entry 6). It was clear that the
methoxy groups were not responsible for the increased conversion. The activity and
selectivity of catalysts 3-5 compared to that of catalyst 1-2 were then attributed to the
electron withdrawing nature of the phenyl ring, which increases the acidity of the nitrogen
hence favoring iminium formation. To further establish if this was the case, we attempted the
reaction with pipecolic acid as catalyst as well, but obtained only low (<10 %) conversions,
even in the presence of an acidic co-catalyst (vide supra).

Given the success of the diaryl proline analogues as organocatalysts®’ we synthesized the TIQ
derivatives 7-9 to be tested on the model reaction. The molecules showed very low
conversion rates (entries 7-9). Evidence for iminium formation from catalysts 7-9 with
cinnamaldehyde was confirmed with proton NMR spectroscopy. The low conversion could
be due to one of two reasons, first, the diene could not attack the dienophile or second the
reaction product is not released from the catalyst.

As with other organocatalysts tested for this reaction, an acid co-catalyst proved to be
necessary. Therefore we investigated the effect of varying the type of acid with catalysts 2
and 4 (Table 2). The trend observed was that the conversion is proportional to the pKa of the
acids. Using a sterically large acid did not influence the enantioselectivity (entry 2). The
triflic counterion gave optimal conversion and enantioselectivity (entry 5). The possibility of
such a strong acid catalyzing this Diels-Alder reaction and compromising the
enantioselectivity by a competing achiral process has been thoroughly investigated by Lemay
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et a From their study it was concluded that triflic acid was not detrimental to the

selectivity of the reaction.
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Table 2. Organocatalyzed [4+2] cycloaddition between frans-2-cinnamaldehdye 16 and
cyclopentadiene 17 using catalyst 2 and 4 in CH3;CN with different acids.”

Entry CatalystHClI  Acids Conv. Conv. ee (%) ee (%) exo:endo®
(%)24h  (%)48h  exo-18° endo-18°
1 2 HCl 71 93 47 (2R) 48 (2R) 2:1
2 2 p-TsOH 83 98 43 (2R)  50(2R) 2:1
3 2 TFA 75 92 43 (2R)  50(2R) 2:1
4 2 CH;3SO,H 77 91 46 (2R) 46 (2R) 2:1
5 2 TfOH 100 - 43 (2R) 51 (2R) 2:1
6 4 HCI 73 90 45 (2R) 51(2R) 2:1
7 4 p-TsOH 72 90 48 (2R) 47 (2R) 2:1
8 4 TFA 65 90 49 (2R)  55(2R) 2:1
9 4 CH3SO,H 70 90 47 (2R) 42 (2R) 2:1
10 4 TfOH 95 - 47 (2R) 57 (2R) 2:1
11 4 TfOH 85 (12hr) - 47 (2R) 57 (2R) 2:1

Conditions: 3.0 equiv of diene, 1.0 equiv of dienophile, 0.1 equiv of catalyst and 0.1 equiv of acid in 475 ul
of CH;CN and 25 ul of H,0, all reactions were performed in duplicate. °Determined by GC analysis using a
chiral capillary column and the absolute and relative configuration were determined by correlation of GC
retention times. The absolute and relative configuration were initially determined by correlation to known
compounds. “The product ratios were determined by '"H NMR recorded at ambient temperature.

Having optimized the conditions for the system, the scope of these new TIQ based catalysts

using various other dienophiles and dienes was investigated (Table 3).
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Table 3. Organocatalyzed Diels-Alder cycloadditions between various dienophiles and

dienes utilizing catalyst 4 and TfOH in CH3CN."

Entry Dienophile Diene Conv. (%) 12h  ee (%) ee (%) exo:-endo’
exo” endo®
d d
47 (64 2:1
1 ©\/\¢0 @ 85 (55 7 (64 57 (59)
2 nPr_~_0 @ 100 22 rac 1:1
3 ~ A0 @ 100 rac 4 1.2:1
4 P Q 100 5 10 3.5:1
O,N
5 100 35 42 2:1
~ 0
MeO
6 @ 40 52 4 1.6:1
A~ 0
7 N0 \J\ 100 30 - -
g NP @ 100 rac 38 7:1

*Conditions: 3.0 equiv of diene, 1.0 equiv of dienophile, 0.1 equiv of catalyst and 0.1 equiv of acid in 475 ul of
CH;CN and 25 ul of Hy0. "Determined by GC analysis using a chiral capillary column. °The product ratios
were determined by '"H NMR recorded at ambient temperature. %Reaction carried out at zero degrees Celsius

and conversion tested after 36h.

A range of aliphatic dienophiles including electron-withdrawing and -donating group

substituents on the cinnamaldehyde aryl ring was tested with cyclopentadiene (entries 1-6).

All substrates gave excellent conversion with the exception of 4-methoxy cinnamaldehyde.

The TIQ catalyst also proved to be efficient when varying the diene (entries 7-8) producing

excellent conversion and facial selectivity (entry 8) but unfortunately poor enantioselectivity.
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Structural elucidation of the iminium ion intermediate by NMR spectroscopy and

computational chemistry

Seebach et al. have thoroughly investigated the structural characterization of reactive
iminium ion intermediates derived from proline, diphenyl prolinol and imidazolidinones with
cinnamaldehyde, employing X-Ray diffraction, NMR spectroscopy and Density Functional
Theory (DFT) computational studies.**>’ They have concluded that (E)- and (Z)-isomers are

possible for the iminium ion intermediates as illustrated in Scheme 3.

o

@lN N®

@j '|

E-configuration Z-configuration
Scheme 3. Possible isomers of the iminium ion formed between trans-2-cinnamaldehyde
and tetrahydroisoquinoline.
We then decided to follow a similar methodology to elucidate the structure of the iminium
ion formed between cinnamaldehyde and our catalyst 4. We recently reported the X-ray
crystal structures of precursors to catalyst 4 and 7 which revealed that the N-containing six

38,39
~” Based on

membered ring could exist either as a half boat or half chair form respectively.
these forms of the catalyst together with the possibility of the (E)- and (Z)-isomers of the
reacting aldehyde, the structure of the iminium ion formed between cinnamaldehyde and
catalyst 4 (Figure 3) were examined. The four possibilities A-D were computationally

studied utilizing DFT calculations and are presented in Figure 3.
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Figure 3. Optimized structures and relative energies (kcal mol-1) of the iminium ion formed

between cinnamaldehyde and catalyst 4 at the B3LYP/6-31+G(d) level of theory. (The

cartesian coordinates of these four structures are available as supplementary material).

The calculations indicated that intermediate B had the lowest energy conformation. NMR

spectra of cinnamaldehyde in the presence of catalyst 4 were obtained to determine the

geometry of cinnamaldehyde in the resulting complex. Specific features from the ROESY

spectrum revealed that forms A and B coexist in the solution phase which corresponds to the

(E)- and (Z)-isomers around the C=N bond respectively. Formation of imines are reversible

at room temperature,® therefore it is possible for A and B to exist in equilibrium. The

presence of these structures was inferred from the ROESY correlations of protons H1 and H9

to the HB protons on the substrate (see Figure 4).
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Figure 4. Expanded ROESY spectrum of catalyst 4 and cinnamaldehyde in CD3CN at room
temperature with characteristic cross-peaks marked.

There was no indication of intermediate structures C or D from the correlations in the
ROESY spectrum. Peak integration' of the H1 and H9 to the HB correlations showed a ratio
of 2:1 between intermediate A and B. However, the computational results reveal form A to
be 1.45 kcal mol™ higher in energy. The ratio of A:B will depend on the energy barrier
leading to imine formation, suggesting that the product ratio (A:B) at room temperature is
kinetically determined. Therefore based on the NMR evidence and the results of the iminium

intermediate computations, it was concluded that both iminium structures A (E)-isomer and B

! Integration of the correlation dots on the ROESY spectrum was performed.



26

(Z)-isomer were present in solution at room temperature with the majority being the
kinetically preferred structure A.

Another interesting observation from the NMR experiments was that the iminium proton HA
was not seen at room temperature. However, proton signals HB and HC were clearly visible
and confirmed using 2D NMR experiments that included HMBC, HSQC and COSY. These
signals were clearly distinguished from the free form of cinnamaldehyde. Performing the 'H
NMR experiment at -38 °C showed the appearance of two broad peaks in the expected

iminium proton region see Figure 5.

-38 °C
HA HA
25°C
HC
HB

11.0 105 100 95 9.0 85 8.0 75 7.0 6.5 TH ppm

Figure 5. Expanded 'H NMR spectrum of catalyst 4 and cinnamaldehyde in CD3;CN.

We concluded that the iminium proton was in the intermediate exchange regime (us to ms
timescale) of a two-site exchange at room temperature and therefore only observable at a
lower temperature (in this case -38 °C). This confirmed our initial room temperature result of
the interconversion between structures A and B.

From the imine intermediates A and B (see Figure 3), the course of the [2+4]-cycloaddition
reaction was then studied computationally following the method reported by Houk et al.*’
Four possible modes of attack for the incoming cyclopentadiene on each imine intermediate
exist. The first two products arise from “top side’’ attack of cyclopentadiene on the imine
(see Figure 3) where one CH, group of cyclopentadiene is pointing out of the plane of the
page (indicated with the symbol I) and the other one with the CH, pointing into the plane of
the page (indicated as II). The second pair of products arises from the corresponding
“bottom side” attack. The eight transitions states were calculated and the energy profile for

each intermediate is presented in Figure 6.
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Figure 6. Calculated energy profiles for the catalyzed Diels-Alder reaction for the pathways
corresponding to imine intermediate A (top) and B (bottom) respectively. (The Cartesian
coordinates of the calculated structures are available as supplementary material).

The experimentally observed products are in the following order: exo-(R), endo-(R), exo (S)
and endo-(S) (see Table 1 for the corresponding structures). It is clear from the activation
energies that the reaction preferably proceeded through intermediate A. The transition state
with the lowest energy barrier with respect to the imine intermediate A (TS-top-II) led to the
major experimentally observed product. This observation agreed with our NMR study, which
confirmed the dominant presence of intermediate A. The competing reaction product was the
endo-(R)-adduct. The transition state leading to that (TS-Top-I) has the second lowest

activation energy (15.5 kcal mol™' — see Figure 6). The presence of both (E)- and (Z)-isomers
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of the cinnamaldehyde/iminium ion complex is a contributing factor for the low
enantioselectivity of the reaction products.

The theoretical observation that attack of the cyclopentadiene is from the top (Al-top-II) of
the substrate, which corresponds to the lowest activation energy, enabled us to rationalize the
results observed with catalysts 7-9 (Table 1, entries 7-9) as well. Although the iminium
intermediate was forming with these catalysts (seen from 'H NMR), the two phenyl rings at
the C9 position will prevent attack of the diene from the top face, hence leading to the poor

conversion.

CONCLUSIONS

For the first time an organocatalyst bearing a secondary nitrogen within a cyclohexane ring
has been evaluated in the asymmetric Diels-Alder reaction, thus leading to a new class of TIQ
based organocatalysts. Catalyst 4 afforded good to excellent chemical conversion but poor
selectivity with the addition of TfOH as the cocatalyst. The poor selectivity was attributed to
the presence of both (£)- and (Z)-isomers of the cinnamaldehyde, which was revealed, by
both computational studies and 2D NMR spectroscopy. Catalysts 2 and 4 were identified as
good starting points for further development; based on the computational model presented,
we believe that this class of novel organocatalysts can be further refined for increased

enantioselectivity. Studies into this class of organocatalysts are ongoing in our laboratory.

EXPERIMENTAL SECTION
General

Reagents and solvents were purchased from Aldrich, Merck and Fluka. All NMR spectra
were recorded on Bruker AVANCE III 400 MHz or 600 MHz instrument at room
temperature unless otherwise stated. Chemical shifts are expressed in ppm relative to TMS
unless otherwise stated and coupling constants are reported in Hz.  Thin layer
chromatography (TLC) was performed using Merck Kieselgel 60 F254 plates. Crude
compounds were purified with column chromatography using silica gel (60-200 mesh). All
solvents were dried using standard procedures. All IR spectra were recorded on a Perkin
Elmer spectrum 100 instrument with a universal ATR attachment. Optical rotations were
recorded on a Perkin Elmer Polarimeter. High resolution mass spectrometric data was
obtained using a Bruker microTOF-Q II instrument operating at ambient temperatures. All

melting points are uncorrected. The enantiomeric excess of the chiral Diels-Alder products



29

were determined by gas chromatography Agilent 6890 GC-Ms with a Agilent 7683 auto
injector system equipped with an Astec Chiraldex gamma-TA column (30m x 0.25mm), with
helium gas as carrier gas and electron impact ionization (EI, 70 eV) or a Agilent 6820
capillary gas chromatograph with a CP-Chirasil-$-Dex column (25 m x 0.25 mm), nitrogen as
carrier gas and a flame ionization detector.

Synthesis of (8)-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (1)

This compound was prepared by following the literature procedure from (S)-phenylalanine.”’

Synthesis of (S)-methyl 1,2,3,4-tetrahydroisoquinoline-3-carboxylate (2)

This compound was prepared by following the literature procedure from 1 which was in turn
derived from (S)-phenylalanine.*’

Synthesis of (1R,35)-6,7-dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinoline-3-
carboxylic acid (3)

This compound was prepared by following the literature procedure’’ from L-DOPA with
slight modification that we have recently reported.*

Synthesis of (1R,35)-methyl-6,7-dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinoline-3-
carboxylate (4)

This compound was prepared by following the literature procedure from compound 3.*'

Synthesis of (1R,35)-isopropyl-6,7-dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinoline-
3-carboxylate (5)

To a stirred solution of compound 3 (1.00 g, 3.2 mmol) in dry isopropanol (100 ml) at 0 °C,
thionyl chloride (4.6 ml, 64.8 mmol) was added dropwise. The mixture was then allowed to
warm up to room temperature and stirred overnight. The solution was then concentrated in
vacuo and the residue washed with sodium bicarbonate solution (50 ml) and extracted with
ethyl acetate (2 x 25 ml). The organic extracts were combined and dried over anhydrous
NaSO4 and the solvent was removed in vacuo. The resulting residue was purified by column
chromatography (50:50 EtOAc/Hexane, R¢ 0.6) to afford the isopropyl TIQ ester 5 (0.95 g, 84
%) as a solid. Melting point 73-75 °C. [a]*p -70.0 (¢ 0.12 in CHCI3). IR (neat) Vi 2938,
1724, 1512, 1246, 1218, 1103, 702 cm”. HRMS calculated for CyHysNO, [M + H]'™
356.1856, found 356.1856. 'H NMR (400 MHz, CDCl;) & = 7.39 — 7.11 (m, 5H), 6.67 (s,
1H), 6.34 (s, 1H), 5.26 (s, 1H), 5.02 (dq, J = 12.5, 6.3 Hz, 1H), 3.87 (s, 3H), 3.75 (dd, J = 8.6,
5.0 Hz, 1H), 3.68 (s, 3H), 3.14 (dd, J = 16.0, 5.0 Hz, 1H), 2.98 (dd, J = 16.0, 8.7 Hz, 1H),
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1.37 = 1.09 (m, 6H). >C NMR (101 MHz, CDCL;) & = 172.9, 147.8, 147.4, 144.6, 128.7,
128.3,128.0, 127.3, 125.8, 111.1, 110.8, 68.4, 58.8, 55.8, 51.4, 31.1, 21.8, 21.7.
Synthesis of ($)-methyl 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline-3-carboxylate (6)

This compound was prepared by following the literature procedure from L-DOPA.*
Synthesis of ((1R,35)-6,7-dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinolin-3-

yhdiphenylmethanol (7)

We recently reported the synthesis of this compound that is derived from compound 3.*

Synthesis of (1R,35)-6,7-dimethoxy-3-(methoxydiphenylmethyl)-1-phenyl-1,2,3,4-
tetrahydroisoquinoline (8)*!

To a stirred solution of the N-benzyl protected derivative of compound 7 (0.50 g, 0.92 mmol)
in dry THF (20 ml) was added sodium hydride (0.07 g, 3.0 mmol) at 0 °C under an inert
atmosphere. The reaction mixture was then stirred for three hours at room temperature and
then Mel (0.2 ml, 2.4 mmol) was added. The mixture was heated under reflux overnight.
The excess NaH was hydrolysed with aqueous NH4Cl solution. The organic layer separated
and the aqueous layer extracted with ethyl acetate (2 X 10 ml). The organic extracts were
combined and dried over anhydrous Na,SO4 and the solvent was removed in vacuo. The
resulting residue was purified by column chromatography (30:70 EtOAc/Hexane, Ry 0.65) to
afford the N-benzyl diphenyl methoxy derivative of compound 8 (0.40 g, 78 %) as a yellow
oil. [a]*’p -80.0 (¢ 0.10 in CHCL3). IR (neat): 2939, 1509, 1446, 1241, 1093, 1079, 695 cm’".
HRMS calculated for C3sH3NOs (M + HY) 556.2844, found 556.2846. 'H NMR (400 MHz,
CDCl3) 6 = 7.28 — 7.00 (m, 18H), 6.96 — 6.89 (m, 2H), 6.77 (s, 1H), 6.31 (s, 1H), 4.68 (s,
1H), 4.22 (dd, J = 12.5, 3.4 Hz, 1H), 4.11 — 4.02 (m, 1H), 3.92 (s, 3H), 3.67 (s, 3H), 3.29 —
3.14 (m, 2H), 3.03 — 2.89 (m, 4H). "C NMR (101 MHz, CDCls) § = 147.7, 147.5, 144.6,
143.4, 142.9, 141.0, 130.3, 129.1, 128.9, 128.6, 128.3, 128.0, 127.6, 127.5, 127.2, 126.9,
126.8, 126.5, 126.4, 1259, 112.1, 111.5, 86.1, 65.2, 55.8, 55.8, 55.0, 53.1, 51.7, 24.9.

The benzyl group was then removed following a procedure we have recently reported for the
analogous compound 7 to yield compound 8 (0.2 g, 60 %) as a white solid. Melting point
190-192 °C. [a]*p -10.0 (¢ 0.11 in CHCl3). IR (neat): 2934, 1514, 1448, 1244, 1224, 1063,
698 cm™'. HRMS calculated for C3;H3NOs (M + H') 466.2377, found 466.2363. 'H NMR
(400 MHz, CDCl3) 6 = 7.47 — 7.12 (m, 12H), 7.08 (t, J = 7.6 Hz, 2H), 6.92 (d, J = 7.6 Hz,
2H), 6.65 (s, 1H), 6.40 (s, 1H), 5.23 (s, 1H), 3.95 (dd, J = 11.5, 3.6 Hz, 1H), 3.86 (s, 3H),
3.70 (s, 3H), 2.92 — 2.75 (m, 4H), 2.52 (dd, J = 16.2, 11.5 Hz, 3H). *C NMR (101 MHz,
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CDCl) 6 =147.8, 147.1, 143.9, 141.6, 140.8, 129.6, 129.4, 129.0, 128.4, 128.0, 127.4, 127.3,
127.3,127.1, 127.1, 111.6, 110.5, 84.6, 59.9, 55.9, 55.8, 51.1, 49.4, 29.5.
Synthesis of (1R,35)-3-(diphenyl(trimethylsilyl)methyl)-6,7-dimethoxy-1-phenyl-1,2,3,4-

tetrahydroisoquinoline 9)*!

To a stirred solution of compound 7 (0.50 g, 1.1 mmol) and triethylamine (0.18 ml, 1.3
mmol) in dry dichloromethane (20 ml) trimethylsilyl triflate (0.24 ml, 1.33 mmol) was added
dropwise at 0 °C under an inert atmosphere. The mixture was then allowed to warm up to
room temperature and stirred overnight. The mixture was washed with water and the organic
extracts were combined, dried over anhydrous Na,SO,; and the solvent was removed in
vacuo. The resulting residue was purified by column chromatography (20:80 EtOAc/Hexane,
Ry 0.55) to afford the diphenyl trimethylsilyl derivative 9 (0.52 g, 86 %) as a white solid.
Melting point 79-81 °C. [a]*’p -30.0 (¢ 0.10 in CHCLs). IR (neat): 2952, 1513, 1446, 1245,
1225, 1067, 834, 752, 698 cm™. HRMS calculated for C33H37NO;Si M + H]1+ 524.2615,
found 524.2591. NMR chemical shifts are expressed in ppm relative to the CHCl; peak. 'H
NMR (400 MHz, CDCl3) 6 = 7.63 — 7.44 (m, 3H), 7.42 — 7.18 (m, 11H), 7.07 (d, J = 7.4 Hz,
2H), 6.73 (s, 1H), 6.58 (s, 1H), 5.40 (s, 1H), 4.08 — 3.92 (m, 4H), 3.85 (s, 3H), 2.71 (dd, J =
14.2, 11.1 Hz, 2H), -0.01 (s, 9H). "“C NMR (101 MHz, CDCls) & = 145.6, 144.9, 143.0,
142.4, 142.0, 127.1, 126.4, 125.9, 125.8, 125.3, 125.2, 125.0, 124.7, 124.6, 109.4, 108.3,
80.6,57.9, 53.7, 53.6, 49.6, 27.1, -0.00.

General procedure for Diels-Alder reaction

To a vial containing the catalyst (0.1 mmol) and the acid (0.1 mmol) in 457 ul of CH3CN and
25 ul of H,O was added the a,p-unsaturated aldehyde (1.0 mmol) followed by the diene (3.0
mmol). In the case of cyclopentadiene, it was freshly distilled before use. The reaction
mixture was stirred for the time specified in the text. It was then was diluted with Et,O and
washed successively with H,O and brine. The organic layer was dried over anhydrous
NaySO4, and concentrated in vacuo. The resulting residue was purified by silica gel
chromatography and analyzed as described in the supporting information according to the
following references Table 3, entry 1°, entry 2°, entry 3%, entry 4%, entry 5%, entry 6", entry
7%, entry8®. Chromatographs and retention times for all chiral products were comparable to

those reported.
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NMR spectroscopy details

Study of the intermediate iminium ion structure.

To a solution of 4 (5.0 mg, 0.015 mmol) and TfOH (1.4 ul, 0.015 mmol) in 475 ul of CD;CN
and 25 ul of H,0, (E)-cinnamaldehdye (9.6 ul, 0.075mmol) and was added. 1D 'H and °C
experiments were recorded according to the standard Bruker library, using 16 and 1024
scans, respectively. 2D homonuclear COSY experiments and heteronuclear HSQC and
HMBC experiments were recorded according the standard Bruker library with 8 and 512; 8
and 256; and 16 and 512 scans and number of complex points in f1 dimension respectively.
2D homonuclear. ROESY experiments were recorded according to Thiele ef al., with 40
scans and 512 complex points.”” A mixing time of 250 ms was applied to achieve proper
transfer and a relaxation delay of 2s was applied, when distances where extracted. ROE
distances were used as a range from 2.5 to 5 A for calculations to restrain.

Computational details

Complexes A-D and transitions states were optimized in the gas phase using GAUSSIAN
09* at the at the density functional theory (DFT) level employing the B3LYP (Becke’s

three-parameter non-local exchange function*”*

with the correlation functional of Lee, Yang
and Par’’ in conjunction with the 6-31+G(d) basis set. set. Diffuse functions are typically
used for a more accurate description where lone pair electrons are involved, while
polarization functions remove some limitations of the basis set by expansion of the virtual
space. Solvation effects were not considered in order to simplify the model. Cartesian
coordinates of all the optimized structures are available as supporting information. Geometry
optimizations were performed without restrictions in order to locate extrema presented
herein. Frequency calculations were performed for all structures. Transitions states were
characterized by a single imaginary frequency, which corresponds to the movement of atoms
consistent with the expected reaction. To ensure that the lowest energy transition state for the
first step (bond formation between atoms 1 and 2 in Figure 6) was found, a relaxed scan
(using a semi-empirical calculation with Parameterized Model number 6)’' was performed
with the atom distance for atoms 1 and 2 kept fixed at about 1.89A. The scan entailed a 360°
rotation of the cyclopentadiene molecules in 15° steps. The structure corresponding to the
lowest energy structure on the energy profile was used for a normal unconstrained transition

state for the DFT calculation.
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ABSTRACT

The short synthesis of a series of novel chiral N-oxide organocatalysts and their evaluation in the
asymmetric allylation reaction of aromatic and oa-fB-unsaturated aldehydes with
allytrichlorosilane is reported. These readily modifiable organocatalysts are the first of its kind
based on a tetrahydroisoquinoline framework. The chiral homoallyl products were obtained
with good chemical efficiency (up to 93 % yield) and high enantioselectivity (up to 91 % ee)

under mild reaction conditions (23 °C).

INTRODUCTION

Organocatalysis has rapidly expanded in the last decade encompassing a wide variety of small
organic molecules that are capable of either activating substrates or transforming them into more
reactive forms.'” Various fundamental asymmetric reactions that once required metal-ligand
catalysts can now be conducted with comparable efficiencies using organocatalysts that are
more stable, cheaper and less toxic than their metal complex counterparts.”® A classic example
is the promotion of the enantioselective allylation of aldehydes which was previously catalysed
by Lewis acids (metal-complexes) to give chiral homoallylic alcohols. This can now be carried

out in the presence of a range of organic Lewis bases in the form of chiral phosphoramides,

- Corresponding author Email govenderthav@ukzn.ac.za
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formamides, imines, phosphine oxides, sulphoxides or N-oxides.”™ Homoallylic alcohol
products are important building blocks for more complex molecules. One example, in which a
homoallylic alcohol (i.e cinnamaldehdye as the substrate) is an important precursor, is in the
synthesis of the natural product goniothalamin which exhibits antifungal'®, immunosuppressive
and anti-inflammatory'" activity as well as cytotoxic'> and anti-tumor'® properties. Nakajima
and co-workers reported the first chiral heterocyclic N-oxide type organocatalysts capable of
acting as Lewis bases for the enantioselective allylation reactions via the activation of
allyltrichlorosilane and its derivatives.” This was based on the inherent nucleophilicity of N-
oxides towards organosilicon reagents or substrates. The principle behind this mode of
activation was based on the coordination of the N-oxide catalyst (which acts as a Lewis base) to
a tetra-coordinated silicon atom. This increases the Lewis acidity of the now hypervalent silicon
centre which becomes a highly reactive carbon nucleophile. Since Nakajima’s report, various

N-oxide based organocatalysts have been developed.'*"

These can be largely classified into
three types; the first being N,N-dioxides with two pyridine moieties bearing a stereogenic axis
(I),” the second having N-oxides incorporated into a pyridine ring within a chiral framework

(I),'® and the third type in which the N-oxide is part of a pyrrolidine (III)!” or piperidine ring."®

Figure 1. Examples of N-oxide based organocatalysts.

Amongst these, the catalysts possess either monodentate or bidentate N-oxide moieties. There
are only a few examples of the third type of N-oxide catalysts with derivative (III) being
currently the only example of a monodentate N-oxide bonded to an sp’ nitrogen atom. With this
in mind, we wanted to investigate catalysts derived from the tetrahydroisoquinoline (TIQ)
backbone (1-8). This would constitute the second example of a monodentate N-oxide bonded to

sp’ nitrogen organocatalyst.
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Figure 2. Catalysts evaluated for the allylation reaction.

In addition to the allylation of aldehydes, N-oxide organocatalysts have been shown to promote
several other important asymmetric transformations.'* However, preparation of these catalysts
follows multi-step synthetic procedures and requires extensive optimization, such as low
temperatures to ensure a high level of chiral induction. In this study, we have introduced a new
class of easily accessible (four steps or less) TIQ based N-oxide organocatalysts that function
under mild reaction conditions (23 °C). The TIQ molecule and its derivatives have been widely

investigated due to their biological and pharmaceutical properties.'” >’

We have recently had
much success with TIQ based ligands for catalytic asymmetric reactions such as: transfer
hydrogenation of prochiral ketones,** Henry reaction, hydrogenation of olefins,”® and we also
expanded the potential of these TIQ derivatives as organocatalysts in the Diels-Alder
cycloaddition between a,f—unsaturated aldehydes and cyclopentadiene.”’ Herein we report a
logical approach to the synthesis of novel Lewis base N-oxide organocatalysts (1-8) possessing

the TIQ as a readily tunable backbone for the asymmetric reaction of allyltrichlorosilane with

aryl and a,—unsaturated aldehydes.

RESULTS AND DISCUSSION

SYNTHESIS

Catalysts 1-2 and 4-6 (Scheme 1) were synthesised from commercially available N-benzyl
tetrahydroisoquinoline amino acid 9. Amide bond formation of 9 with the respective amines
yielded 10a—e. Thereafter, oxidation of the tertiary amines with m-CPBA afforded the novel

catalysts.
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Scheme 1. Synthetic route to catalysts 1-2 and 4-6: (i) HBTU, DMF, respective amine, 4 hours

at room temperature; (ii) m-CPBA, K,CO;, DCM, -78 °C, 3 hours.

Once the N-oxide is formed the nitrogen atom becomes chiral and can form both diastereomers.

2829 and proline®® derivatives that the N-oxide

It has been shown in literature with other pipecolic
orientates syn (on the same side) to the hydrogen bond donor substituent and is stabilised by an
intramolecular hydrogen bond. Our catalysts displayed the same orientation as can be seen from
the X-ray crystal structures of 4 and 5. For catalysts 5 and 6 which contain an additional chiral
centre, a single diastereomer was observed after both, coupling of the amide and oxidation steps
from proton NMR.

A similar procedure ie for synthesis of catalysts 1-6 was followed for catalyst 3 except

commercially available N-methyl tetrahydroisoquinoline amino acid 11 was used instead of 9.
o o o

O’H i N,Bn ii N,Bn
—_— —_— -

11 12 3
Scheme 2. Synthetic route to catalyst 3: (i) HBTU, DMF, benzyl amine, 4 hours at room
temperature; (ii) m-CPBA, K,CO;, DCM, -78 °C, 3 hours.
We have previously reported the synthesis of compound 13 which upon protection of the
secondary amine with bromocyclohexanone afforded derivative 14. This underwent oxidation
with m-CPBA to produce catalyst 7. From proton NMR a single diastereomer was observed for

compounds 14 and 7.
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Scheme 3. Synthetic route to catalyst 7: (i) Bromocyclohexane, K,COs;, DMSO, 70 °C, 48
hours.; (ii) m-CPBA, K,COs3, DCM, -78 °C, 3 hours.

Catalyst 8 was derived from commercially available amine 15. Reductive amination of 15 with
benzaldehyde followed by cyclisation of the imine yielded 16. Diastereomers were obtained in a
90:10 ratio of the cis:trans isomers of 16 which were easily separated using silica gel
chromatography. Thereafter the secondary amine underwent benzylation which was followed
by microwave assisted acid hydrolysis of the ester.  The acid was reacted with
diphenylmethanamine to furnish the amide 18 (only the cis isomer was observed from proton

NMR) which was oxidised with m-CPBA to produce catalyst 8.

(o) o i (o) o~ ii o o~
NH N.
o 2 o NH o Bn
| | Ph | Ph
15 16 17
‘ i
| o Ph | (o] Ph
° . N)\Ph iv ° NJ\Ph
+NA0 H - N H
(o] “Bn (o} “Bn
| Ph | Ph
8 18

Scheme 4. Synthetic route to catalyst 3: (i) P\CHO, DCM/MeOH, molecular sieves, 1.5 hours,
TFA reflux, 3 hours; (ii) BnBr, K,CO3, overnight at room temperature.; (iii) Microwave assisted
acid hydrolysis, HBTU, DMF, diphenylmethanamine, 4 hours at room temperature; (iv) m-
CPBA, K,COs, DCM, -78 °C, 3 hours.

Notably, compounds 15-18 and 8 have a second chiral centre and could not be synthesized from
phenylalanine as it was essential to employ the activated aromatic group 15 to facilitate the

cyclization.
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Catalyst Evaluation

The benchmark reaction for the evaluation of N-oxide type organocatalysts has been the
asymmetric reaction between benzaldehyde (19) and allyltrichlorosilane (20).
Table 1. Allylation of benzaldehyde (19) and allyltrichlorosilane (20) facilitated by catalysts 1-8

at room temperature in DCM.

o) OH
©)LH NG N ©)v\

19 20 21
Entry Catalyst® Yield (%)° ee(%)™
1 1 81 <10

2 2 85 <10

3 3 80 <10

4 4 85 15 (R)

5 5 90 12 (R)
6 6 91 20 (R)
7 7 83 <10

g 8 86 44 (R)

[)Reactions were carried out by using 10 mol-% of the organocatalyst; all reactions were performed in duplicate.
lsolated yield after column chromatography. “'Determined by chiral HPLC; the values are an average of two
measurements. 'The configuration of the chiral product was established by the comparison of their HPLC

retention times with the literature data.

Our study was initiated by examining the modification of the catalyst’s C- and N-termini starting
from the simple TIQ derivatives 1-3 (Table 1, entry 1-3). Although low selectivities were
observed, there was substantial conversion to the allylation product 21. Encouraged by these
results we set out to introduce a more bulky group at the C-termini in the hope of increasing the
enantiomeric excess (ee) with catalyst 4 (Table 1, entry 4). This moderately increased the ee,
and we anticipated that another chiral centre at the amide position could enhance the selectivity
(Table 1, entry 5-6). However, the 20 % ee remained the highest enantioselectivity obtained.
Since the use of a chiral amide resulted in a slighty higher ee, it was then decided to synthesise
the analogue of proline-derived catalyst (III), i.e a cyclohexyl group on the nitrogen in hope that
this may affect the selectivity. Catalyst 7 displayed marginal difference on the enantioselectivity

of the reaction product.
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The X-ray crystal structures of catalyst 4 and S revealed further information on how the catalysts
could be modified in order to enhance the enantiomeric excess as illustrated from the OLEX2’!

generated Figures 3 and 4.

Figure 4. OLEX2 generated drawing of the X-ray structure of catalyst 5 (CCDC 824789).

It is evident from the crystal structures that the N-containing six membered ring assumes a half
chair conformation with the N-oxide protruding up in order to hydrogen bond with the amide

hydrogen. This observation explained why the ee was not influenced by changing groups on the
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secondary amine. Catalysts 5 and 6 differ by the configuration at the chiral center in the coupled
amine, and produced 12 % and 20 % ee respectively. The crystal structures also explains why
the best asymmetric induction was obtained when a bulky diphenyl moiety is present at C11
(Figure 3), thereby creating a chiral pocket around the N-oxide functionality. Based on these
findings we postulated that a diphenyl group on the amide and more steric bulk closer to the
oxide moiety was required. It was synthetically possible to introduce a phenyl ring at CI in
either the cis or trans position. The cis position seemed more viable for chiral induction as it
was closer to the oxide atom. Catalyst 8 was synthesised and significantly increased the
selectively to 44 % (Table 1, entry 8).

It has been shown in the literature that the appropriate choice of solvent is crucial for
asymmetric induction, rate and yield of the allylation reaction.’® Therefore catalyst 8 was tested
in the most common solvents used for this type of asymmetric reaction (Table 2). The change in
solvent had a noteworthy effect on the enantiomeric excess of the reaction product (Table 2,
entry 4).

Table 2. Allylation of benzaldehyde (19) and allyltrichlorosilane (20) catalyzed by derivative 8

in different solvents (24 h) at room temperature.

Entry Solvent® Yield (%)° ee (%)%

1 DCM® 85 44
2 DCE" 80 53
3 CH;CNE 65 <10
4 THF" 85 65

[?)Reactions were carried out by using 10 mol-% of the organocatalyst; all reactions were performed in duplicate.
lsolated yield after column chromatography. “'Determined by chiral HPLC; the values are an average of two
measurements. 'The configuration of the chiral product was established by the comparison of their HPLC
retention times with the literature data. [“Dichloromethane. M1,2-Dichloroethane. ®'Acetonitrile.

(MTetrahydrofuran.

Having optimized the conditions for the system, the use of this new TIQ based organocatalyst 8
was extended by applying it to various aromatic aldehydes and allyltrichlorosilane (Table 3,

entries 1-7) at room temperature (23 °C) in THF.
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Table 3. Allylation of aldehydes and allyltrichlorosilane (20) catalyzed by derivative 8 in THF

(24 h) at room temperature.
o

OH
RJ\H t_aUSicl, —= RM

Entry R Yield (%)™  ee (%)
1 Ph 80 65 (R)
2 4-MeOC¢Hs 87 60 (R)
3 4-0,NC¢Hs 90 52 (R)
4 4-CICHs 89 55 (R)
5 4-FC¢Hs 93 65 (R)
6 2-Naphthyl 87 51 (S)
7 3,5-(OMe),CeHs3 50 62 (S)
8 Ph-CH=CH 85 91 (S)

[?)Reactions were carried out by using 10 mol % of the organocatalyst; all reactions were performed in duplicate.
lsolated yield after column chromatography. “'Determined by chiral HPLC; the values are an average of two
measurements. |The configuration of the chiral products was established by the comparison of their HPLC

retention times with the literature data.

All of the reactions proceeded with high conversions and reasonable selectivities. From Table 3,
it may be concluded that the catalyst is highly sensitive to steric bulk, while electronic changes
seems to have less influence on the chiral induction (cf Table 3, entries 1-5 vs entries 6-7). The
configuration of the products changed from R to S upon increased steric bulk (Table 3, entries 6-
7), suggesting such aldehydes orient themselves differently in the catalyst pocket before attack
of the silyl substituent.

In order to evaluate if catalyst 8 was not limited to aromatic aldehydes, it was tested with an
o,B—unsaturated aldehyde (i.e. cinnamaldehdye). The product from this reaction emerged with a
high enantioselectivity of 91 % (Table 3, entry 8), again with opposite absolute configuration
than the product originating from simple benzaldehyde substrates (i.e. Table 3, entries 1-5).

This prompted us to re-examine the solvent choice for this substrate (Table 4).
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Table 4. Allylation of cinnamaldehyde and allyltrichlorosilane (20) catalyzed by derivative 8 in
different solvents (24 h) at room temperature.

Entry Solvent® Yield (%)° ee (%)™

1 DCM 80 75
2 DCE 75 87
3 CH;CN 72 79
4 THF 85 91

[)Reactions were carried out by using 10 mol-% of the organocatalyst; all reactions were performed in duplicate.
Psolated yield after column chromatography” “'Determined by chiral HPLC; the values are an average of two
measurements. The configuration of the chiral product was established by the comparison of their HPLC

retention times with the literature data.

Similar to the result for benzaldehyde, THF appeared to be the solvent of choice again as can be

seen from Table 4. Based on this result and the fact that allylations of o,p—unsaturated

33,34
d,”

aldehydes have been rather neglecte it was decided to further expand the scope of this type

of substrates with catalyst 8 (Table 5).
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Table 5. Allylation of o, unsaturated aldehydes and allyltrichlorosilane (20) catalyzed by

derivative 8 in THF (24 h) at room temperature.

R, O R, OH
R1MH © U SiCl; —~ R/\H*\A\
R; R3

Entry R, R, R;  Yield (%)™ ee (%)™
1 Ph H H 85 91 (S)
2 4-MeOCeHs H H 85 50 (S)
3 2-MeOCHs H H 86 42 (S)°
4 4-O,NC¢Hs H H 90 30 (S)
5 2-0.NC¢Hs H H 90 51(S)°
6 4-BrCeHs H H 82 40 (S)
7 2-Furyl H H 87 43 (S)°
8 Me H H 65 <10 (8)
9 nPro H H 0 -
10  Me Me H 55 17 (S)
11  Ph H Me 75 54 (R)

[?)Reactions were carried out by using 10 mol-% of the organocatalyst; all reactions were performed in duplicate.
solated yield after column chromatography. “Determined by chiral HPLC; the values are an average of two
measurements. The configuration of the chiral products was established by the compa rison of their HPLC or GC
retention times with the literature data. “/The absolute configuration was arbitrarily assigned based on the sign of
optical rotation for known 1-phenyl-hexa-1,5-dien-3-ol (entry 1).

A range of aromatic o,f—unsaturated aldehydes including electron-withdrawing and -donating
group substituents on the cinnamaldehyde aryl ring were employed with allyltrichlorosilane
(Table 5, entries 1-7). All substrates displayed appreciable conversions, but moderate
enantioselectivities. The large drop in stereoselectivity observed upon modest changes in the
substrate structure (cf. Table 5, entries 1, 6, 7) is surprising and difficult to rationalize, but it
again advocates that this catalyst system is highly sensitive to steric variations in the substrate.

In addition, aliphatic a,f—unsaturated aldehydes proved to have little or no activity (Table 5,
entries 8-10). Lastly a hydrogen atom on the o position of cinnamaldehdye was replaced with a
methyl group to determine if this increased bulk would have a considerable effect on the ee of
the chiral product, but a decreased yield and poor selectivity was observed (Table 5, entry 11).
In addition, the configuration of this product changed, suggesting that the orientation of the

aldehyde with respect the catalyst changed. The best result observed from all of the substrates
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screened with allyltrichlorosilane remained cinnamaldehyde (85 % yield, 91 % ee) at room
temperature. As mentioned earlier, the chiral homoallylic product derived from cinnamaldehdye
is a key precursor in the synthesis of the natural product goniothalamin. To the best of our
knowledge, the highest ee reported to date for cinnamaldehdye is 79 % at room temperature

when catalyst (IIT) was employed.'’

CONCLUSIONS

In summary, we have identified a novel class of N-oxide TIQ organocatalysts that promotes the
enantioselective allylation of both aromatic and o,f-unsaturated aldehydes. The catalysts are
easily prepared from commercially available substrates, readily modifiable (displayed by the
efforts to optimize the reaction’s enantioselectivity) and the asymmetric allylation reaction can
be done under mild reaction conditions (23 °C). The products were obtained in up to 91 % ee

(cinnamaldehdye). Studies into this class of organocatalysts are ongoing in our laboratory.

EXPERIMENTAL SECTION

Reagents and solvents were purchased from Aldrich, Merck and Fluka. All NMR spectra were
recorded on a Bruker AVANCE III 400 MHz instrument. Chemical shifts are expressed in ppm
relative to CDCl; and coupling constants are reported in Hz. NMR Spectra were obtained at
room temperature. Thin layer chromatography (TLC) was performed using Merck Kieselgel 60
F254. Crude compounds were purified with column chromatography using Silica gel 60 mesh
All solvents were dried using standard procedures. All IR spectra were recorded on a Perkin
Elmer spectrum 100 instrument with a universal ATR attachment. Optical rotations were
recorded on a Perkin Elmer Polarimeter. Microwave assisted reactions were carried out on a
CEM Discover SP system. All melting points are uncorrected. High resolution mass
spectrometric data was obtained using a Bruker microTOF-Q II instrument operating at ambient
temperatures, using a sample concentration of approximately 1.0 ppm. The enantiomeric excess
of the chiral allylation products were determined by either gas chromatography by using an
Agilent 6820 capillary gas chromatograph with a CP-Chirasil-f-Dex column (25 m x 0.25 mm),
nitrogen as the carrier gas and a flame ionization detector or on an Agilent 1100 HPLC with
either a Chiralpak IA, IB or AS-H column.

Representative procedure for the synthesis of TIQ based amides
(8)-2-benzyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (9) or (S5)-2-methyl-1,2,3,4-
tetrahydroisoquinoline-3-carboxylic acid (11) (4.8 mmol) was dissolved in DMF (15 ml) and
THF (5.0 ml) followed by addition of 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
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hexafluorophosphate (HBTU, 5.8 mmol), N,N-diisopropylethylamine (DIPEA, 9.6 mmol) and
the appropriate amine (5.3 mmol). The reaction mixture was then stirred at room temperature
until no more starting material could be detected by TLC analysis (approximately 4 hours). The
reaction mixture was poured into 30 volumes of chilled water; the mixture was then extracted
thrice with ethyl acetate (20 ml). The extracts were dried over anhydrous Na,SO4 and then
concentrated to dryness affording the crude product which was purified by column
chromatography.

(8)-N,2-dibenzyl-1,2,3,4-tetrahydroisoquinoline-3-carboxamide (10a)

The crude product was purified by column chromatography (50:50 EtOAc/Hexane, R¢ 0.50) to
afford the product 1.20 g (92 %) as a yellow oil. [0]*’p -25.00 (¢ 0.16 in CHCl;). 'H NMR
(400 MHz, CDCls) 6 7.40 — 7.24 (m, 6H), 7.23 — 7.11 (m, 3H), 7.00 (d, J = 7.2 Hz, 1H), 3.80 (d,
J=15.2 Hz, 1H), 3.65 (dt, J = 13.3, 10.6 Hz, 3H), 3.52 (t, ] = 6.8 Hz, 1H), 3.21 — 3.05 (m, 2H),
2.78 (d, 7= 5.0 Hz, 3H). °C NMR (101 MHz, CDCl;) & 173.68, 138.21, 134.62, 134.36, 128.86,
128.82, 128.60, 128.56, 128.23, 127.50, 127.00, 126.45, 126.27, 62.18, 58.55, 51.12, 28.01,
25.94. IR (neat): 3322, 2937, 1654, 1524, 731, 698 cm™. HRMS calculated for C;sH, N,O [M +
H]'" 281.1648, found 281.1664.
(8)-N,2-dibenzyl-1,2,3,4-tetrahydroisoquinoline-3-carboxamide (10b)

The crude product was purified by column chromatography (50:50 EtOAc/Hexane, R 0.45) to
afford the product 1.50 g (88 %) as a yellow oil. [a]*’p 10.00 (¢ 0.10 in CHCls). 'H NMR (400
MHz, CDCls) & 7.45 — 7.11 (m, 11H), 7.11 — 6.90 (m, 3H), 4.52 — 4.41 (dd, J = 15.0, 6.4 Hz,
1H), 4.37 (dd, J = 15.0, 5.5 Hz, 1H), 3.85 — 3.55 (m, 5H). °C NMR (101 MHz, CDCl;) &
173.11, 138.30, 137.98, 134.99, 134.52, 129.07, 128.95, 128.63, 128.59, 128.39, 128.19, 127.51,
127.35, 127.26, 127.13, 126.48, 126.40, 62.17, 59.00, 51.42, 43.05, 28.59. IR (neat): 3301,
2929, 1654, 1264, 731, 696 cm™'. HRMS calculated for C,4H,sN,O [M + H]'" 357.1961, found
357.1971.

(S)-N-benzhydryl-2-benzyl-1,2,3,4-tetrahydroisoquinoline-3-carboxamide (10c)

The crude product was purified by column chromatography (50:50 EtOAc/Hexane, R 0.45) to
afford the product 1.88 g (91 %) as a colourless oil. [0]*’p 5.263 (¢ 0.19 in CHCl3). '"H NMR
(400 MHz, CDCls) 6 8.07 (d, J = 8.6 Hz, 1H), 7.36 — 6.68 (m, 20H), 6.11 (d, J = 8.7 Hz, 1H),
3.84 — 3.53 (m, 5H), 3.21 (dd, J = 15.7, 5.2 Hz, 1H), 3.11 (dd, J = 15.7, 6.8 Hz, 1H). *C NMR
(101 MHz, CDCl3) & 172.39, 141.99, 141.35, 137.90, 135.50, 134.80, 129.00, 128.96, 128.74,
128.59, 128.45, 128.20, 128.16, 127.78, 127.52, 127.47, 127.35, 127.01, 126.82, 126.52, 126.44,
126.08, 62.30, 60.41, 59.66, 56.49, 51.65, 29.76, 29.36, 21.05, 14.25. IR (neat): 3319, 2919,
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1663, 1493, 745, 697 cm™. HRMS calculated for CsoHyoN>O M + H]lJr 433.2274, found
433.2297.
(8)-2-benzyl-N-((R)-1-phenylethyl)-1,2,3,4-tetrahydroisoquinoline-3-carboxamide (10d)
The crude product was purified by column chromatography (30:70 EtOAc/Hexane, Rr 0.30) to
afford the product 1.88 g (91 %) as a brown solid. Melting point 96-99 °C. [a]*’p 11.36 (c 0.22
in CHCl3). 'H NMR (400 MHz, CDCl;) & 7.61 (d, J = 8.7 Hz, 1H), 7.37 — 7.12 (m, 11H), 7.05
(d, J = 6.5 Hz, 1H), 6.88 (dd, J = 6.7, 2.6 Hz, 2H), 5.08 — 4.94 (m, 1H), 3.90 — 3.54 (m, 5H),
3.12 (dd, J = 6.3, 2.2 Hz, 2H), 1.39 (d, J = 6.9 Hz, 3H). "*C NMR (101 MHz, CDCl5) § 172.10,
143.16, 138.16, 134.73, 134.49, 128.99, 128.79, 128.72, 128.66, 128.58, 128.38, 128.22, 127.44,
127.32, 127.05, 126.45, 126.34, 126.19, 77.39, 62.15, 58.45, 51.45, 48.36, 28.38, 21.76. IR
(neat) : 3302, 2924, 1651, 1651, 1494, 743, 698 cm™. HRMS calculated C»sH27N,O [M + H]'
371.2118, found 371.2134.
(8)-2-benzyl-N-((S)-1-phenylethyl)-1,2,3,4-tetrahydroisoquinoline-3-carboxamide (10e)

The crude product was purified by column chromatography (30:70 EtOAc/Hexane, R¢ 0.30) to
afford the product 1.88 g (91 %) as a brown solid. Melting point 96-99 °C. [0]*’p -12.20 (c 0.41
in CHCl3). 'H NMR (400 MHz, CDCl;) & 7.58 (d, J = 8.4 Hz, 1H), 7.42 — 7.10 (m, 13H), 7.02
(d, J=7.2 Hz, 1H), 5.12 - 4.90 (m, 1H), 3.89 — 3.53 (m, 4H), 3.53 (t, ] = 6.7 Hz, 1H), 3.14 (d, J
= 6.7 Hz, 2H), 1.54 (d, ] = 12.2 Hz, 3H). "°C NMR (101 MHz, CDCls) & 172.26, 143.24,
138.08, 135.21, 134.65, 129.14, 128.95, 128.79, 128.64, 128.58, 128.49, 128.37, 128.23, 128.16,
127.54, 127.20, 126.90, 126.40, 125.67, 125.04, 62.25, 59.13, 51.86, 47.93, 29.72, 28.95, 22.07.
IR (neat) : 3302, 2924, 1651, 1651, 1494, 743, 698 cm™. HRMS calculated for CosHy7N,O M+
H]'" 371.2118, found 371.2134.
(S)-N-benzyl-2-methyl-1,2,3,4-tetrahydroisoquinoline-3-carboxamide (12)

The crude product was purified by column chromatography (100 % EtOAc, R¢ 0.50) to afford
the product 1.00 g (77 %) as a brown solid. Melting point 91-95 °C. [0]*’> -7.93 (¢ 0.21 in
CHCl;). 'H NMR (400 MHz, CDCls) § 7.37 — 7.14 (m, 7H), 7.04 (dd, J = 32.3, 6.5 Hz, 3H),
4.56 — 4.45 (m, 1H), 4.30 (dd, J = 15.0, 5.2 Hz, 1H), 3.90 — 3.74 (m, 2H), 3.64 (d, J = 14.2 Hz,
1H), 3.11 (d, J = 6.4 Hz, 2H), 2.43 (s, 3H). "*C NMR (101 MHz, CDCL;) & 173.29, 138.33,
135.35, 133.96, 128.79, 128.57, 128.03, 127.82, 127.48, 127.25, 127.18, 127.05, 126.32, 126.12,
63.87, 55.09, 42.92, 42.89, 42.16, 29.43, 23.50. IR (neat): 3302, 2924, 1651, 1651, 1494, 743,
698 cm™. HRMS calculated for C sH,N,O [M + H]'" 281.1648, found 281.1668.
(8)-2-cyclohexyl-N-((S)-1-phenylethyl)-1,2,3,4-tetrahydroisoquinoline-3-carboxamide) (14)
To a stirred solution of (S)-N-((S)-1-phenylethyl)-1,2,3,4-tetrahydroisoquinoline-3-carboxamide
(13) (1.0 g, 3.6 mmol) in dry DMSO (50 ml), potassium bicarbonate (1.5 eq.) was added
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followed by bromocyclohexane (2.5 eq.). The reaction mixture was allowed to stir for 48 hours
at 70 °C. Thereafter, water (50 ml) was added to the reaction. The aqueous layer was extracted
with ethyl acetate (3 x 20 ml). The organic extracts were combined and dried over anhydrous
NaSO4 and the solvent was removed in vacuo to yield the unpurified amide which was carried
to the oxidation step.

(15,38)-methyl 6,7-dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylate (16)
To a stirred solution of 1:1 methanol: methylene chloride (6.0 ml) with 4 A molecular sieves,
(S)-methyl 2-amino-3-(3,4-dimethoxyphenyl)propanoate 15 (1.0 g, 4.2 mmol) and benzaldehdye
(1.1 eq.) was added under an inert atmosphere. The reaction mixture was allowed to stir for 1.5
hours. Thereafter the reaction mixture was filtered and the solvents were removed in vacuo to
yield the intermediate imine which was left on a high vaccum pump to remove any residual
water for 2 hours. The residue was then dissolved in trifluoroacetic acid (20 ml) and refluxed
for 3 hours. The reaction mixture was then neutralised with a saturated sodium bicarbonate
solution and extracted with ethyl acetate (4 x 20ml). The organic extracts were combined and
dried over anhydrous Na,SO4 and the solvent was removed in vacuo. The crude product
(diastereomers) was purified by column chromatography (50:50 EtOAc/Hexane, R¢ 0.5) to
afford the product 1.20 g (88 %) as a white solid. Melting point 97-99 °C. 'H NMR (400 MHz,
CDCl) 6 7.33 = 7.11 (m, 5H), 6.57 (s, 1H), 6.10 (s, 1H), 5.02 (s, 1H), 3.79 (s, 4H), 3.70 (s, 3H),
3.52 (s, 3H), 3.01 (s, 2H). °C NMR (101 MHz, CDCls) & 172.96, 147.76, 147.41, 143.87,
130.22, 129.04, 128.59, 127.84, 126.07, 111.31, 110.56, 62.85, 56.54, 55.89, 55.84, 52.18,
32.22.

(15,38)-methyl-2-benzyl-6,7-dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinoline-3-
carboxylate (17)

To a stirred solution of 16 (1.5 g, 4.5 mmol) in acetonitrile (30 ml), potassium carbonate (1.5
eq.) and benzylbromide (1.1 eq.) was added. The reaction mixture was allowed to stir overnight
at room temperature. Thereafter, water (30 ml) and ethyl acetate (30 ml) was added to the
reaction. The organic layer separated and the aqueous layer extracted with ethyl acetate (3 % 20
ml). The organic extracts were combined and dried over anhydrous Na,SO,4 and the solvent was
removed in vacuo. The crude product was purified by column chromatography (20:80
EtOAc/Hexane, Ry 0.50) to afford the product 1.80 g (95 %) as a white solid. Melting point
146-148 °C. [a]*p 3.030 (¢ 0.10 in CHCl3). 'H NMR (400 MHz, CDCl) & 7.35 (d, J = 7.7 Hz,
4H), 7.22 (ddt, J = 14.3, 12.9, 7.1 Hz, 6H), 6.65 (s, 1H), 6.30 (s, 1H), 4.75 (s, 1H), 3.92 (d, J =
14.2 Hz, 1H), 3.86 — 3.78 (m, 4H), 3.68 — 3.55 (m, 4H), 3.37 (s, 3H), 3.08 (dd, J = 15.3, 7.4 Hz,
1H), 2.88 (dd, J = 15.3, 5.0 Hz, 1H). "C NMR (101 MHz, CDCl3) & 174.02, 147.81, 147.39,
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143.22, 138.71, 129.63, 129.14, 129.12, 128.14, 127.98, 127.09, 126.98, 125.94, 111.44, 110.71,
64.79, 60.69, 59.07, 55.93, 55.90, 51.53, 30.55. IR (neat): 2944, 1729, 1511, 1152, 753, 699 cm
! HRMS calculated for CosHosNO,4 [M + H]' 418.2018, found 418.2012.
(15,38)-N-benzhydryl-2-benzyl-6,7-dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinoline-3-
carboxamide (18)

Derivative 17 (0.30 g) was dissolved in 10 % aqueous HCI (5.0 ml) and underwent microwave
assisted hydrolysis for 2 hours at 120 °C. The reaction mixture was then concentrated in vacuo,
co-evapourated with toluene to ensure all water had been removed and used for the next
coupling reaction. The acid was dissolved (1.9 g, 4.7 mmol) was dissolved in DMF (15 ml) and
THF (5.0 ml) followed by addition of HBTU (5.2 mmol), DIPEA (9.6 mmol) and
diphenylmethanamine (5.2 mmol). The reaction mixture was then stirred at room temperature
until no more starting material could be detected by TLC analysis (approximately 4 hours). The
reaction mixture was poured into 30 volumes of chilled water; the mixture was then extracted
thrice with ethyl acetate (20 ml). The extracts were dried over anhydrous Na,SO4 and then
concentrated to dryness affording the crude product. This crude product was purified by column
chromatography (50:50 EtOAc/Hexane, Ry 0.6) to afford the product 2.50 g (92 %) as a brown
oil. [a]*p -1.389 (¢ 0.24 in CHCl;). 'H NMR (400 MHz, CDCl3) & 7.62 (d, 1H), 7.37 — 7.13
(m, 15H), 6.99 — 7.12 (m, 6H), 6.78 (s, 1H), 6.41 (s, 1H), 6.23 (s, 1H), 4.84 (s, 1H), 3.92 (s, 3H),
3.80 (m, 1H), 3.72 (m, 4H), 3.50 (d, J = 13.4 Hz, 1H), 3.12 (dd, J = 17.3, 11.8 Hz, 1H), 3.02 (dd,
J=17.4,5.5Hz ,1H). >C NMR (101 MHz, CDCl3) & 175.59, 148.23, 147.75, 143.54, 138.48,
129.05, 128.93, 128.68, 128.14, 127.56, 127.39, 127.26, 126.58, 126.32, 124.74, 116.87, 112.00,
111.80, 62.73, 55.91, 55.90, 55.37, 52.20, 23.43. IR (neat): 3026, 1681, 1493, 1241, 751, 698
cm’. HRMS calculated for C3sH37N,O3 [M + H]'" 569.2820, found 569.2799.

Representative procedure for the synthesis of TIQ based N-oxides.

The TIQ amide (0.50 g) was dissolved in dry methylene chloride (20 ml). Potassium carbonate
(2.0 eq.) was added and the reaction cooled to -78 °C. Meta-chloroperbenzoic acid (m-CPBA,
1.2 eq.) was then added, and the reaction was allowed to stir at -78 °C for 3 hours. At this time,
the reaction was allowed to warm to room temperature. After stirring for 2 hours at room
temperature, methylene chloride (20 ml) was added to dilute the reaction and celite (200 mg)
was added to aid filtration. The reaction was filtered, and methylene chloride concentrated to
dryness affording the crude product which was purified by column chromatography.
(35)-2-benzyl-3-(methylcarbamoyl)-1,2,3,4-tetrahydroisoquinoline 2-oxide (1)

The crude product was purified by column chromatography (10:90 MeOH/DCM, R¢ 0.25) to
afford the product 0.44 g (85 %) as a white solid. Melting point 146-148 °C. [a]*’p 8.642 (¢
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0.27 in CHCl3). '"H NMR (400 MHz, CDCl;) & 10.42 (s, 1H), 7.49 — 7.10 (m, 8H), 6.96 (d, I =
7.4 Hz, 1H), 4.71 (d, J = 12.9 Hz, 1H), 4.59 (d, ] = 12.9 Hz, 1H), 4.43 (d, J = 15.1 Hz, 1H), 4.34
—4.20 (m, 2H), 4.03 (dd, ] = 9.5, 5.1 Hz, 1H), 3.83 (dd, J = 17.1, 9.6 Hz, 1H), 3.23 (dd, J = 17.1,
5.0 Hz, 1H), 2.94 (d, J = 4.8 Hz, 3H). C NMR (101 MHz, CDCl;) & 168.79, 132.59, 130.91,
130.19, 130.05, 129.35, 128.97, 128.83, 128.11, 127.83, 126.92, 126.76, 73.56, 70.08, 65.03,
30.15,25.75. IR (neat): 2928, 1670, 1271, 736, 703 cm™. HRMS calculated for CsHy N,O, [M
+H]'" 297.1598, found 297.1592.
(35)-2-benzyl-3-(benzylcarbamoyl)-1,2,3,4-tetrahydroisoquinoline 2-oxide (2)

The crude product was purified by column chromatography (2:98 MeOH/DCM, R¢ 0.20) to
afford the product 0.50 g (96 %) as a white solid. Melting point 155-157 °C. [a]*’p 10.00 (c
0.10 in CHCl3). "H NMR (400 MHz, CDCls) § 11.11 (s, 1H), 7.52 (dd, J = 7.1, 2.3 Hz, 2H),
747 —17.11 (m, 12H), 6.94 (d, ] = 7.3 Hz, 1H), 4.68 (d, J = 12.9 Hz, 1H), 4.61 — 4.38 (m, 4H),
4.21 (d,J=15.0 Hz, 1H), 4.01 (dd, J =9.9, 4.9 Hz, 1H), 3.92 - 3.76 (m, 1H), 3.24 (dd, ] = 17.0,
4.9 Hz, 1H). C NMR (101 MHz, CDCl3) & 168.28, 132.58, 130.19, 129.99, 129.42, 128.95,
128.71, 128.10, 127.80, 127.36, 126.91, 126.74, 73.64, 69.96, 65.28, 43.10, 30.18. IR (neat):
3031, 1671, 1542, 734, 700 cm-1. HRMS calculated for C,4HysN,O, [M + H]1+ 373.1911,
found 373.1919.

(35)-3-(benzylcarbamoyl)-2-methyl-1,2,3,4-tetrahydroisoquinoline 2-oxide (3)

The crude product was purified by column chromatography (5:95 MeOH/DCM, R¢ 0.25) to
afford the product 0.45 g (86 %) as a white solid. Melting point 108-110 °C. [a]*p -5.556 (¢
0.18 in CHCl;). '"H NMR (400 MHz, CDCl3) & 10.59 (s, 1H), 7.43 — 7.13 (m, 9H), 7.02 (d, J =
7.1 Hz, 1H), 4.70 — 4.36 (m, 4H), 4.02 (dd, J = 10.1, 4.4 Hz, 1H), 3.78 (dd, J = 17.0, 10.3 Hz,
1H), 3.39 (s, 3H), 3.26 — 3.11 (m, 2H). °C NMR (101 MHz, CDCl;) & 167.61, 137.99, 130.15,
128.82, 128.76, 128.70, 128.61, 128.30, 128.02, 127.87, 127.70, 127.66, 127.38, 127.09, 126.53,
126.23, 72.91, 69.92, 58.18, 43.60, 43.03, 30.14. IR (neat): 3029, 1670, 1544, 736, 699 cm™
HRMS calculated for C;sH, N,O, [M + H]'" 297.1634, found 297.1598.
(35)-3-(benzhydrylcarbamoyl)-2-benzyl-1,2,3,4-tetrahydroisoquinoline 2-oxide(4)

The crude product was purified by column chromatography (2:98 MeOH/DCM, R¢ 0.25) to
afford the product 0.48 g (94 %) as a white solid. Melting point 157-158 °C. [a]*p -5.263 (¢
0.19 in CHCl3). '"H NMR (400 MHz, CDCl3) § 11.74 (s, 1H), 7.05-7.40 (m, 18H) 6.86 (d, J =
7.4 Hz, 1H), 6.30 (d, J = 8.8 Hz, 1H), 4.59 — 4.31 (m, 3H), 4.15 (d, J = 14.7 Hz, 1H), 3.77 (dd, J
=16.9, 10.0 Hz, 1H), 3.19 (dd, T = 17.1, 4.8 Hz, 1H). "*C NMR (101 MHz, CDCl;) § 167.35,
141.75, 141.50, 132.64, 130.05, 129.98, 128.91, 128.85, 128.67, 128.12, 127.90, 127.56, 127.50,
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127.26, 127.07, 126.99, 126.74, 73.43, 65.39, 69.81, 56.83, 30.17. IR (neat): 2918, 1677, 1545,
749, 699 cm™. HRMS calculated for C30H0N,0, [M + H]'" 449.2224, found 449.2250.
(35)-2-benzyl-3-((R)-1-phenylethylcarbamoyl)-1,2,3,4-tetrahydroisoquinoline 2-oxide (5)
The crude product was purified by column chromatography (2:98 MeOH/DCM, R¢ 0.25) to
afford the product 0.49 g (94 %) as a white solid. Melting point 163-165 °C. [a]*’p 66.67 (¢
0.12 in CHCl;). "H NMR (400 MHz, CDCl3) § 11.29 (d, J = 8.0 Hz, 1H), 7.61 (dd, J = 6.5, 3.0
Hz, 2H), 7.52 - 7.29 (m, 7H), 7.29 — 7.03 (m, 4H), 6.94 (d, J = 7.2 Hz, 1H), 5.29 — 5.14 (m, 1H),
4.80 (d, J =13.0 Hz, 1H), 4.64 (d, J = 13.0 Hz, 1H), 4.46 (d, J = 14.9 Hz, 1H), 4.18 (d,J =15.0
Hz, 1H), 4.02 — 3.92 (m, 1H), 3.86 — 3.68 (m, 1H), 3.17 (dd, J = 17.0, 4.8 Hz, 1H), 1.58 (dd, J =
18.6, 7.0 Hz, 3H). "“C NMR (101 MHz, CDCl3) & 167.37, 143.31, 132.62, 130.22, 130.03,
129.52, 129.03, 128.70, 128.10, 127.72, 127.18, 126.87, 126.72, 126.05, 73.78, 69.76, 65.35,
48.83, 30.12, 22.92. IR (neat): 2924, 1671, 1540, 736, 699 cm’'. HRMS calculated for
C,sH,7N,O, [M + H]'" 387.2084, found 387.2067.
(35)-2-benzyl-3-((S)-1-phenylethylcarbamoyl)-1,2,3,4-tetrahydroisoquinoline 2-oxide (6)
The crude product was purified by column chromatography (2:98 MeOH/DCM, R¢ 0.25) to
afford the product 0.50 g (96 %) as a white solid. Melting point 163-165 °C. [a]*’p 66.67 (¢
0.12 in CHCl3). 'H NMR (400 MHz, CDCl3) § 11.23 (d, J = 7.8 Hz, 1H), 7.52 — 7.25 (m, 10H),
7.29 —7.11 (m, 5H), 6.95 (d, J = 7.3 Hz, 1H), 5.29 — 5.13 (m, 1H), 4.57 —4.36 (m, 3H), 4.17 (d,
J =149 Hz, 1H), 3.87 (dd, J = 26.3, 9.9 Hz, 2H), 3.26 (dd, ] = 16.4, 4.1 Hz, 1H) 1.58 (dd, J =
18.6, 7.0 Hz, 3H). "“C NMR (101 MHz, CDCl3) & 167.41, 143.37, 132.55, 130.27, 129.88,
129.38, 128.86, 128.75, 128.11, 128.07, 127.77, 127.31, 126.87, 126.77, 126.32, 73.35, 69.82,
65.32, 48.95, 30.32, 22.55. IR (neat): 2924, 1671, 1540, 736, 699 cm™'. HRMS calculated for
C,sH,7N,O, [M + H]'" 387.2084, found 387.2067.
(3S5)-2-cyclohexyl-3-((S)-1-phenylethylcarbamoyl)-1,2,3,4-tetrahydroisoquinoline 2-oxide
@)

The crude product was purified by column chromatography (3:97 MeOH/DCM, Ry 0.25) to
afford the product 0.47 g (90 %) as a yellow oil. [a]*’p -69.05 (c 0.14 in CHCl;). 'H NMR (400
MHz, CDCl3) 6 10.57 (d, J = 8.5 Hz, 1H), 7.47 — 7.40 (m, 2H), 7.35 (dd, J = 10.3, 4.8 Hz, 2H),
7.28 —7.13 (m, 5H), 7.00 (d, J = 6.5 Hz, 1H), 5.14 (dd, J = 8.8, 7.1 Hz, 1H), 4.38 (d, J = 15.0
Hz, 1H), 4.21 (d, J = 15.1 Hz, 1H), 3.99 (d, J = 3.8 Hz, 1H), 3.93 - 3.79 (m, 1H), 3.22 — 3.08 (m,
1H), 2.72 (d, T = 11.7 Hz, 1H), 1.59 — 1.14 (m, 10H). ">C NMR (101 MHz, CDCl;)  167.36,
143.47, 131.01, 128.67, 128.30, 127.96, 127.46, 127.22, 126.87, 126.80, 126.64, 76.70, 69.35,
60.60, 48.58, 30.54, 29.70, 28.04, 26.09, 25.52, 25.41, 25.26, 21.72. IR (neat): 2923, 1670,
1532, 1454, 739 cm™. HRMS calculated for Co4HasN,O, [M + H]'™ 379.2367, found 379.2401.
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(15,38)-3-(benzhydrylcarbamoyl)-2-benzyl-6,7-dimethoxy-1-phenyl-1,2,3,4-
tetrahydroisoquinoline 2-oxide (8)

The crude product was purified by column chromatography (3:97 MeOH/DCM, R¢ 0.25) to
afford the product 0.25 g (50 %) as a white solid. Melting point 180-182 °C. [a]*’p -100.00 (¢
0.11 in CHCL3). "H NMR (400 MHz, CDCl3) & 12.38 (d, J = 8.7 Hz, 1H), 7.43 (dd, J = 13.4, 7.3
Hz, 3H), 7.38 — 7.14 (m, 16H), 7.11 — 7.01 (m, 2H), 6.87 (s, 1H), 6.34 (d, J = 8.8 Hz, 1H), 6.16
(s, 1H), 4.90 (s, 1H), 4.32 (ddd, J = 29.1, 16.5, 9.7 Hz, 3H), 3.95 (s, 3H), 3.85 — 3.66 (m, 4H),
3.58 — 3.45 (m, 1H). °C NMR (101 MHz, CDCl3) & 166.65, 149.48, 148.53, 142.42, 141.56,
135.21, 133.08, 132.90, 129.64, 129.49, 128.89, 128.65, 128.43, 128.07, 127.69, 127.45, 127.20,
127.07, 124.73, 123.62, 110.57, 109.89, 76.62, 66.04, 64.47, 57.28, 56.02, 56.00, 29.05. IR
(neat): 2924, 1667, 1531, 1228, 696 cm”'. HRMS calculated for C3sHiN,O4 [M + H]'
585.2856, found 585.2748.

General procedure for allylation reactions

To an oven dried schlenck tube purging with argon, the catalyst (0.03 mmol) followed by dry
THF (1.0 ml) and the aldehyde (0.3 mmol) was added, thereafter 156 ul of DIPEA (3.0 eq.)
followed by allyltrichlorosilane (3.6 mmol) was added. The reaction was sealed with a septum
and kept under an argon atmosphere while stirring for 24 hours at room temperature (23 °C). To
quench, saturated aqueous NaHCO; (1.0 ml) was then added and the reaction was vigorously
stirred for 1 hour. The reaction was then extracted with ethyl acetate (2 x 5 ml). The organic
layer was dried over anhydrous Na,SOs, and concentrated in vacuo. The resulting residue was
purified by silica gel chromatography and analyzed as described below. Chromatographs and
retention times for all chiral products were comparable to the racemic samples. NMR data for
all racemic samples synthesised were in agreement with previously reported data.
(R)-1-Phenyl-3-buten-3-ol (Table 3, entry 1"

'H NMR (400 MHz, CDCl3) & 7.38-7.27 (m, 5H), 5.82 (ddt, J = 17.2, 10.0, 7.2 Hz ,1H), 5.17
(dd, J=17.2, 1.2 Hz, 1H), 5.15 (dd, J = 10.4, 1.2 Hz, 1H), 4.74 (dt, J = 6.4, 2.4 Hz, 1H), 2.58-
2.6 (m, 2H), 2.06 (d, J =2.8 Hz, 1H).

Optical purity was established by chiral HPLC analysis (Chiralpak 1B, 99:1 Hexane:Isopropanol,
0.8 mL/min, A = 220 nm.)

(R)-1-(4-methoxyphenyl)but-3-en-1-ol (Table 3, entry 2)"7

'H NMR (400 MHz, CDCl3) & 7.23 (d, J = 8.6 Hz, 2H), 6.84 (t, ] = 5.7 Hz, 2H), 5.87 — 5.65 (m,
1H), 5.18 —4.94 (m, 2H), 4.62 (t, ] = 6.6 Hz, 1H), 3.76 (s, 3H), 2.39 (ddd, J = 70.6, 14.1, 9.3 Hz,
2H).
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Optical purity was established by chiral HPLC analysis (Chiralpak 1B, 99:1 Hexane:Isopropanol,
0.8 mL/min, A =220 nm

(R)-1-(4-nitrophenyl)but-3-en-1-ol (Table 3, entry 3)*

'H NMR (400 MHz, CDCl3) § 8.21 (d, J = 8.8 Hz, 2H), 7.54 (d, ] = 8.6 Hz, 2H), 5.79 (d, T = 7.8
Hz, 1H), 5.20 (ddd, J=11.1, 6.3, 1.0 Hz, 2H), 4.94 — 4.75 (m, 1H), 2.51 (ddd, J =22.0, 10.1, 5.6
Hz, 2H), 2.13 (d, J =71.3 Hz, 1H).

Optical purity was established by chiral HPLC analysis (Chiralpak 1A, 97:3
Hexane:Isopropanol, 0.7 mL/min, A = 220 nm.)

(R)-1-(4-chlorophenyl)but-3-en-1-ol (Table 3, entry 4)"7

'H NMR (400 MHz, CDCl3) § 7.39 — 7.06 (m, 4H), 5.93 — 5.62 (m, 1H), 5.28 — 4.91 (m, 2H),
4.75 —-4.52 (m, 1H), 2.46 (dt, J = 14.0, 6.5 Hz, 2H), 2.13 (s, 1H).

Optical purity was established by chiral HPLC analysis (Chiralpak AS-H, 99:1
Hexane:Isopropanol, 0.7 mL/min, A = 220 nm.)

(R)-1-(4-fluorophenyl)but-3-en-1-ol (Table 3, entry 5)*

'H NMR (400 MHz, CDCl3) & 7.21 (t, ] = 8.4 Hz, 4H), 5.77 (qt, J = 52.1, 26.0 Hz, 1H), 4.92
(ddd, J =97.4, 16.5, 8.8 Hz, 2H), 4.11 (d, J = 7.1 Hz, 1H), 2.58 (t, J = 32.0 Hz, 2H), 2.38 — 2.13
(m, 1H).

Optical purity was established by chiral HPLC analysis (Chiralpak AS-H, 99:1
Hexane:Isopropanol, 0.8 mL/min, A =220 nm.)

(S)-1-(naphthalen-1-yl)but-3-en-1-ol (Table 3, entry 6)"’

'H NMR (400 MHz, CDCls) & 8.01 — 7.75 (m, 4H), 7.59 (dt, J = 14.9, 7.1 Hz, 3H), 7.51 — 7.37
(m, 1H), 5.93 — 5.63 (m, 1H), 5.22 —4.79 (m, 3H), 4.10 (q, J = 7.1 Hz, 1H), 2.25 (ddd, J = 42.5,
19.9, 16.0 Hz, 2H).

Optical purity was established by chiral HPLC analysis (Chiralpak AS-H, 99:1
Hexane:Isopropanol, 0.8 mL/min, A =220 nm.)

(8)-1-(3,5-dimethoxyphenyl)but-3-en-1-o0l (Table 3, entry 7)

'H NMR (400 MHz, CDCls) & 7.01 (d, J = 2.3 Hz, 2H), 6.70 (dd, J = 8.1, 5.9 Hz, 1H), 5.91 —
5.71 (m, 1H), 5.25 - 5.02 (m, 2H), 4.74 — 4.58 (m, 1H), 3.82 (d, J = 21.6 Hz, 6H), 2.49 (dd, J =
13.7, 6.7 Hz, 2H).

Optical purity was established by chiral HPLC analysis (Chiralpak AS-H, 97:3

Hexane:Isopropanol, 0.7 mL/min, A = 220 nm.)
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(1E,3S)-1-phenylhexa-1,5-dien-3-ol (Table 3, entry 8)"’

'H NMR (400 MHz, CDCls) & 7.28 (dddd, J = 13.7, 9.4, 5.2, 3.2 Hz, 5H), 6.59 (d, ] = 15.9 Hz,
1H), 6.23 (dd, J = 15.9, 6.3 Hz, 1H), 5.96 — 5.76 (m, 1H), 5.24 — 5.07 (m, 2H), 4.34 (d,J = 6.3
Hz, 1H), 4.10 (q, J=7.1 Hz, 1H), 2.41 (ddd, J = 14.5, 6.3, 4.3 Hz, 2H).

Optical purity was established by chiral HPLC analysis (Chiralpak 1B, 90:10
Hexane:Isopropanol, 0.8 mL/min, A =220 nm.)
(1E,35)-1-(4-methoxyphenyl)hexa-1,5-dien-3-o0l (Table 5, entry 2)*

'H NMR (400 MHz, CDCl3) § 7.28 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.6 Hz, 2H), 6.51 (d, J =
15.9 Hz, 1H), 6.08 (dd, J = 15.9, 6.6 Hz, 1H), 5.94 — 5.73 (m, 1H), 5.14 (dd, J = 12.1, 11.3 Hz,
1H), 4.29 (d, J =5.5 Hz, 1H), 4.10 (d, J = 7.1 Hz, 1H), 3.77 (s, 3H), 2.47 — 2.16 (m, 2H).

Optical purity was established by chiral HPLC analysis (Chiralpak AS-H, 90:10
Hexane:Isopropanol, 0.8 mL/min, A =220 nm.)
(1E,3R)-1-(2-methoxyphenyl)hexa-1,5-dien-3-ol (Table 5, entry 3)

[0]*’D -3.889 (¢ 1.2 in MeOH). "H NMR (400 MHz, CDCl;) & 7.43 (d, J = 7.5 Hz, 1H), 7.23
(dd, J = 14.3, 6.3 Hz, 1H), 6.98 — 6.79 (m, 3H), 6.26 (dd, J = 16.1, 6.6 Hz, 1H), 5.97 — 5.75 (m,
1H), 5.25 - 5.07 (m, 2H), 4.45 — 4.29 (m, 1H), 4.12 (q, J = 7.1 Hz, 1H), 3.83 (d, J = 10.3 Hz,
3H). HRMS calculated for C3H;c0, [M — H20 + H]'" 187.1117, found 187.1172.

Optical purity was established by chiral HPLC analysis (Chiralpak IB, 97:3 Hexane:Isopropanol,
0.7 mL/min, A = 220 nm.)

(1E,35)-1-(4-nitrophenyl)hexa-1,5-dien-3-ol (Table 5, entry 4)?

'H NMR (400 MHz, CDCl3) § 8.30 (d, J = 8.6 Hz, 1H), 8.18 (d, J = 8.6 Hz, 2H), 7.73 (d, ] = 8.6
Hz, 1H), 7.52 (dd, J = 12.1, 10.0 Hz, 1H), 6.81 (dd, J = 16.1, 7.4 Hz, 1H), 6.71 (d, J = 16.0 Hz,
1H), 6.44 (dd, J = 15.9, 5.6 Hz, 1H), 5.98 — 5.72 (m, 1H), 5.30 — 5.11 (m, 2H), 4.43 (d,J =5.8
Hz, 1H), 2.57 — 2.07 (m, 2H). ">C NMR (101 MHz, CDCls) & 134.33, 132.27, 128.74, 126.91,
126.04, 125.30, 120.65, 118.19, 110.87, 72.29, 55.43, 42.04. 1R (neat): 3418, 2931, 1489, 1243,
781 cm’

Optical purity was established by chiral HPLC analysis (Chiralpak AS-H, 90:10
Hexane:Isopropanol, 0.65 mL/min, A = 230 nm.)

(1E,35)-1-(2-nitrophenyl)hexa-1,5-dien-3-ol (Table 5, entry 5)

[0]*’D -5.556 (¢ 1.2 in MeOH). 'H NMR (400 MHz, CDCl;) & 8.08 -7.93 (d, J = 8.2 Hz, 5H),
7.40 (t,J=7.5 Hz, 1H), 6.22 (dd, J = 15.8, 6.0 Hz, 1H), 5.87 (dd, ] = 17.0, 10.2 Hz, 1H), 5.31 —
5.13 (m, 2H), 4.95 (s, 1H), 4.42 (d, J = 6.3 Hz, 1H), 2.43 (dt, J = 13.9, 6.7 Hz, 2H). "C NMR
(101 MHz, CDCl3) 6 147.30, 133.82, 132.66, 131.14, 129.08, 128.15, 125.23, 118.87, 41.77,
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36.86. IR (neat) : 3329, 2843, 1681, 1312, 737 cm™'. HRMS calculated for C;,H;3NO5 [M —
C;Hs + H]' 180.0655, found 180.1315.

Optical purity was established by chiral HPLC analysis (Chiralpak AS-H, 90:10
Hexane:Isopropanol, 0.65 mL/min, A = 230 nm.)
(1E,3S)-1-(4-bromophenyl)hexa-1,5-dien-3-ol (Table 5, entry 6)*

'H NMR (400 MHz, CDCl3) & 7.57 (d, J = 8.4 Hz, 1H), 7.43 —7.29 (m, 2H), 7.24 (t, ] = 7.0 Hz,
3H), 6.55 (d, J = 15.9 Hz, 1H), 6.23 (dd, J = 15.9, 6.1 Hz, 1H), 5.84 (ddd, J = 14.3, 10.1, 7.2 Hz,
1H), 5.29 — 5.03 (m, 2H), 4.35 (dd, J = 12.2, 6.1 Hz, 1H), 2.51 — 2.13 (m, 2H).

Optical purity was established by chiral HPLC analysis (Chiralpak AS-H, 97:3
Hexane:Isopropanol, 0.60 mL/min, A = 220 nm.)

(1E,35)-1-(furan-2-yl)hexa-1,5-dien-3-ol (Table 5, entry 7)

[0]*’ -0.909 (¢ 1.1 in MeOH). "H NMR (400 MHz, CDCl5) & 6.38 — 6.23 (m, 3H), 6.17 — 6.00
(m, 2H), 5.84 — 5.60 (m, 1H), 5.06 (dd, J = 14.2, 5.6 Hz, 2H), 4.21 (d, J = 5.3 Hz, 1H), 2.27 (qd,
J=143,7.5 Hz, 2H). C NMR (101 MHz, CDCl3) § 152.36, 141.97, 133.96, 130.18, 118.60,
118.56, 111.29, 108.09, 71.23, 41.97. IR (neat) : 3378, 2908, 1640, 1012, 733 cm™'. HRMS
calculated for C oH20, [M + Na]'* 187.0729, found 187.1168.

Optical purity was established by chiral HPLC analysis (Chiralpak AS-H, 90:10
Hexane:Isopropanol, 0.80 mL/min, A = 220 nm.)

(S,E)-hepta-1,5-dien-4-ol (Table 5, entry 8)*

'H NMR (400 MHz, CDCl3) § 5.76 (dddd, J = 34.5, 21.6, 11.6, 6.7 Hz, 2H), 5.51 (dd, J = 15.3,
6.8 Hz, 1H), 5.23 —4.99 (m, 2H), 4.10 (dd, ] = 12.5, 6.3 Hz, 1H), 2.44 - 2.11 (m, 5H).

Optical purity was established by chiral GC analysis (80 °C for 1 min, then 1 °C/min to 160 °C,
5 min at that temperature)

(1E,35)-6-methylhepta-1,5-dien-4-ol (Table 5, entry 10)*

'H NMR (400 MHz, CDCl3) & 7.05 (s, 1H), 5.92 — 5.67 (m, 1H), 5.28 — 4.93 (m, 3H), 4.38 (d, J
=8.1 Hz, 1H), 2.37 - 2.12 (m, 2H), 1.86 — 1.48 (m, 6).

Optical purity was established by chiral GC analysis (80 °C for 1 min, then 1 °C/min to 160 °C,
5 min at that temperature)

(1E,3R)-2-methyl-1-phenylhexa-1,5-dien-3-ol (Table 5, entry 11)*

'H NMR (400 MHz, CDCls) & 7.27 (ddd, J = 19.9, 14.3, 7.6 Hz, 5H), 6.52 (s, 1H), 5.84 (d, J =
7.0 Hz, 1H), 5.16 (t, J = 14.0 Hz, 2H), 4.22 (s, 1H), 2.52 — 2.33 (m, 2H).

Optical purity was established by chiral HPLC analysis (Chiralpak AS-H, 90:10

Hexane:Isopropanol, 0.8 mL/min, A =220 nm.)
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CHAPTER 4

Microwave-assisted synthesis of guanidine organocatalysts
bearing a tetrahydroisoquinoline framework and their
evaluation on the 1,4 Michael addition
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ABSTRACT

The simple and practical syntheses of a novel class of chiral guanidine organocatalysts and their
evaluation in the asymmetric Michael addition reaction of malonates and p-ketoesters with
nitro-olefins is reported. @~ These organocatalysts are the first of its kind based on a
tetrahydroisoquinoline framework. In addition, a new microwave assisted procedure of
introducing the guanidine unit onto amino amide derivatives is included. The chiral products
were obtained with quantitative chemical efficiency (up to 99 % yield) and excellent

enantioselectivity (up to 97 % ee).

INTRODUCTION

The guanidine moiety has become well known in both chemistry and biology for its
characteristic high pKa value and ability to form dual hydrogen bonds.'” Therefore, this
functional group has been an attractive target incorporated into several chiral catalysts used for
both metal-ligand™ and organocatalysis.®” It has been successfully employed as both Brensted

base/acid and phase transfer catalysts for several important asymmetric reactions such as the

- Corresponding author Email govenderthav@ukzn.ac.za
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Henry,8 Strecker’, Mannich, Diels-Alder, Michael and Claisen rearrangement.7’lo As a result,

the roles of guanidine-based catalysts are steadily increasing in asymmetric synthesis. Some

. . g . . 2,3,5-7,10-18
excellent reviews on guanidine chemistry have emerged during the last decade.”*”"

Amino acid based organocatalysts have arisen as versatile and efficient candidates that promote

19-22

a wide range of enantioselective transformations. The incorporation of naturally occurring

o- amino acids as a source for chirality into guanidine organocatalysts however has not been

23-25

widely investigated (Figure 1). As illustrated only a few organocatalysts have taken

advantage of including guanidines into readily available amino acids.

NH
NH
H I 1
G1gH3z
o
3 e R R 3
nw = HH NH
Ph Ph
CF3 CF,
v
H t-Bu
o dPr o
N’Ad N N
N M N H o ipr N H
7=N _N\ _N\
HN,  CY HN, O HN,  CY
cy Cy Cy
v Vi Vil

Figure 1. Examples of chiral guanidine organocatalysts derived from o-amino acids (I-I1%, IV**
and V-VII®).

Furthermore, the amino acid based guanidine catalysts developed thus far are molecules that are
prepared through nontrivial syntheses. Hence the development of a simple route to prepare
other chiral guanidine’s is still of great interest. We have set out to introduce a new class of
easily accessible amino acid-based guanidine organocatalysts bearing a tetrahydroisoquinoline

(TIQ) backbone.
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Figure 2. TIQ guanidine organocatalysts evaluated in this study.

3

This initiative was also partly encouraged by the observation that chiral pipecolic and pyrrole
acid derived guanidines (Fig. 1) with an amide functional group (V-VII) have been shown to
promote synthetically useful transformations such as the Michael addition® and Domino
reaction.”® The TIQ molecule and its derivatives have been extensively studied due to their

biological and pharmaceutical properties.”’ >

However, it has been sparsely used as a source for
chirality in asymmetric catalysis. Recently, we have made much progress with TIQ based
ligands for catalytic asymmetric reactions such as: transfer hydrogenation of prochiral ketones™,
Henry reaction’’, hydrogenation of olefins’>, and expanded the potential of these TIQ
derivatives as organocatalysts for the Diels-Alder reaction™ and allylation of aldehydes.**

Herein, we report the microwave assisted synthesis and catalytic activity of TIQ-based
guanidines that promote the asymmetric 1,4-addition of f-ketoesters or malonates to nitro-
olefins in up to 97 % enantiomeric excess (ee). The catalysts are insensitive to moisture or

oxygen and are easily prepared from commercially available starting materials in three

straightforward steps with 90-95 % isolated yield.

RESULTS AND DISCUSSION

Catalyst Synthesis
As a preliminary study we chose the diisopropylphenyl (dipp) amide and
dicyclohexylcarbodiimide (DCC) functional groups to be used on the TIQ skeleton. These

moieties proved to be optimal when used by Feng et al. on pipecolic acid for application as an
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organocatalyst for Michael addition reactions.> Catalyst 1 (Scheme 1) was synthesised in 95 %
overall yield from commercially available tetrahydroisoquinoline amino acid 5 (phenylalanine

derived).

o o o
.H
WO i E:(/\HLN'R i N'R
NH E— N, H — N H
“Cbz ii ?N\Cy
5 6 1 HN._
Cy

R=Dipp
Scheme 1. Synthetic route to catalysts 1: (i) KHCO;, Cbz-Cl, dioxane/water in situ solvent
evaporation DIPEA, ethyl chloroformate, diisopropylphenyl amine, dichloromethane, 0 °C-r.t,
12 hours; (i1) 10 wt.-% Pd/C, H; (1 atm), methanol, r.t, 1 hour; (iii) Yb(OTf);, DCC, microwave
irradiation, toluene, 120 °C, 3hours.

The secondary amine 5 was protected by performing an in situ reaction with benzyl
chloroformate (Cbz)* followed by amide bond formation with diisopropylamine to yield
compound 6. Thereafter the amide was deprotected through hydrogenation. This reaction was
monitored by TLC until no starting material could be detected. Upon filtration of the palladium
on carbon and evaporation of the solvent the product was used directly for the next step. In
order to synthesize the guanidine unit, we applied the lithiation and subsequent addition of DCC
procedure as done with pipecolic and pyrrole acid derivatives.”> However even after several
attempts, the reaction resulted in many side products and proved difficult to purify. Next we
attempted the one pot procedure by Shen ef al. which reported the catalytic use of Yb(OTf); for
the addition of carbodiimides to non-chiral amines under solvent free conditions utilising
conventional heating.> However, low product yields (40 % isolated) and long reaction times (>
24 hours) led us to modify this procedure making use of microwave irradiation. Initially the
reaction was carried out under neat conditions in the microwave (Table 1, entries 1-3). An
increase in temperature resulted in higher yields of the product however for reactions greater
than 100 °C charring of the reagents occurred. Next we investigated adding a solvent to the
reaction mixture (Table 1, entries 4-6). Toluene proved to be optimal in the microwave at 120
°C for three hours (Table 1, entry 8) with a 95 % isolated yield. This is one of only few

. . . .. C g . . . 36-38
procedures employing microwave irradiation for guanidine attachment to chiral auxillaries.
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Table 1. Optimisation of microwave conditions for guanidine formation on TIQ derivatives.

Entry Solvent Time (hours) Temperature (°C) Yield (%)

1 Neat 3 80 20
2 Neat 6 80 34
3 Neat 1 100 41
4 THF 1 80 35
5 CH;CN 1 80 32
6  Toluene 1 80 40
7  Toluene 1 100 55
8 Toluene 3 120 95

A similar synthetic route (as that of catalyst 1) was followed for 2 except that the triflate salt of

the final product was treated with Lawesson’s reagent to yield the TIQ thioamide guanidine

organocatalyst.
[o) S
. R
lses
NN NN,
Q I "Cy Cy
CF3;8O3HN H HN.
Cy Cy

1 2

R=Dipp
Scheme 2. Synthetic route to catalyst 2: (i) Lawesson’s reagent, toluene, reflux, 12 hours.
We have previously reported the synthesis of both cis and frans substituted TIQ acid 7a-b.>"**
The N-Cbz protected acid was reacted with diisopropylamine to furnish the amide 8a-b. The
protecting group was then removed and the guanidine moiety was attached following the same

microwave procedure as that for the unsubstituted organocatalysts to furnish compounds 3-4.

I 2 I ? I Q

(0] o/H : o N,R i (o) N.R
(l) NH cl, “Cbz iii ? ?N‘Cy
R R4 HN.

R4 1 1 cy
Ri= 7a= | 8a-b 34

Ph

= :
Ph

Scheme 3. Synthetic route to catalyst 3-4:(1i) KHCOs;, Cbz-Cl, dioxane/water in situ solvent
evaporation DIPEA, ethylchloroformate, diisopropylphenyl amine, dichloromethane, 0 °C-r.t, 12
hours; (ii) 10 wt.-% Pd/C, H, (1 atm), methanol, r.t, 1 hour; (iii) Yb(OTf);, DCC, microwave

irradiation, toluene, 120 °C, 3 hours.
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Notably, all compounds in Scheme 3 have a second chiral centre and could not be synthesized
from a phenylalanine derivative since it was essential to employ the activated aromatic group
7a-b(derived from L-DOPA) to facilitate the cyclization and in order to introduce the additional
chiral group. Moreover, for catalysts 3-4, a single diastereomer was observed from proton NMR

after both coupling of the amide and carbodiimide groups.

Catalyst Evaluation

The TIQ guanidine organocatalysts was evaluated on the asymmetric 1,4 Michael addition
reaction between dimethylmalonate (9) and nitrostyrene (10). It has been shown in the literature

18:233941 " Therefore

that the appropriate choice of solvent was crucial for asymmetric induction.
catalyst 1 was tested in the most common solvents used for this type of asymmetric reaction
(Table 2). The change in solvent had a noteworthy effect on the enantiomeric excess of the
reaction product 11 (Table 2, entry 6).

Table 2. Michael addition between dimethylmalonate (9) and nitrostyrene (10) with catalyst 1 at

0°C.

o o
X NO; NO
\JJ\)L/+©N — 2
o (0]
9 10

1

Entry Solvent® Yield (%)° ee (%)™

1 Et,O 93 21(R)
2 EtOAc 90 22(R)
3 THF 92 23(R)
4 DCM 90 5(R)
5 MeOH 99 2(R)
6 Toluene 99 45(R)
7 CH;CN 95 3(R)

[?)Reactions were carried out by using 10 mol-% of the organocatalysts 1 for 12 hours. ™Isolated yield after column
chromatography./‘Determined by chiral HPLC. “'The configuration of the chiral product was established by the

comparison of their HPLC retention times with the literature data.

Although moderate selectivity was observed, there was excellent reactivity to the Michael
addition product 11. Encouraged by these results we set out to modify our catalyst in the hope
of increasing the enantiomeric excess. Feng and co-workers have reported that the amide

hydrogen was imperative for both selectivity and conversion with their pipecolic
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organocatalysts.”> It has been shown in literature, for some organocatalysts in which the amide
group played a significant role, that replacement of this group with a more acidic thioamide

functionality could be beneficial.**™*

Hence catalyst 2 was synthesised; however, this change
decreased both selectivity and yield of the reaction product (Table 3, entry 2). This result
indicated that the amide hydrogen was also important in our system for conversion and
asymmetric induction.

Table 3. Michael addition between dimethylmalonate (9) and nitrostyrene (10) with catalysts 1-4

in toluene at 0 °C.

Entry Catalyst’ Yield (%)° ee (%)™

1 1 99 45
2 2 90 20
3 3 91 2
4 4 95 31

[)Reactions were carried out by using 10 mol-% of the organocatalyst for 12 hours. MIsolated yield after column
chromatography. “Determined by chiral HPLC. “The configuration of the chiral product was established by the

comparison of their HPLC retention times with the literature data.

Next we looked at the X-ray crystal structure of catalyst 1 for further information on how the
catalyst could be modified in order to enhance the enantiomeric excess as illustrated from the

OLEX2 generated Figure 3.

Figure 3. OLEX2%generated drawing of the X-ray structure of catalyst las the triflate
salt(CCDC 860511).

It is evident from the crystal structures that the N-containing six membered ring assumes a half
boat conformation with the guanidine moiety tilted downwards. It is synthetically possible to
introduce a phenyl ring at the C1 atom in either the cis or trans position in hope that this would

have an effect on the chiral induction of the catalyst. Derivatives 3-4 were synthesised and
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tested, however marginal difference in enantiomeric excess was observed (Table 3, entries 3-4).
It was optimal to proceed with catalyst 1 and toluene as the solvent of choice.

This new TIQ based organocatalyst 1 was extended by applying it to other malonates or f3-
ketoesters and nitrostyrene (Table 4, entries 1-6).

Table 4. Michael addition between different malonates or B-ketoesters and nitrostyrene (10) with

catalyst 1 at 0 °C in toluene.

Entry  Substrate®  Yield (%)° ee (%)“® Syn:Anti®

1 T 1 99 45(R .
A (®)
o o
NS O S SO(R) -

o o
333 9 68(S) -
4 P2 99 63 99:1
5 R 3 Lk 99 78 99:1
6 R 3 Lk 99 82d 99:1

[?)Reactions were carried out by using 10 mol % of the organocatalyst 1 for 12 hours.™Isolated yield after column

chromatography.) Determined by chiral HPLC. “The configuration of the chiral products was established by the
comparison of their HPLC retention times with the literature data.'"Reaction carried out at -15 °C, after 20 hours

(further decrease of the temperature did not increase the selectivity).

All of the reactions proceeded with quantitative yields and reasonable increase in selectivities
was observed. This illustrated that catalyst 1 could be applied to both linear and cyclic esters.
The cyclic esters gave rise to chiral products containing an additional stereogenic centre with
excellent diasteromeric ratios (Table 4, entries 4-6). The tert-butyl 2-
oxocyclopentanecarboxylate ester gave the highest selectivity (Table 4, entry 6) at -15 °C. It
was then decided to vary the nitro-olefin for both diisopropyl malonate and tert-butyl 2-

oxocyclopentanecarboxylate ester (Table 5).
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Table 5. Michael addition between diisopropyl malonate or fert-butyl 2-

oxocyclopentanecarboxylate ester and different nitrostyrene derivatives with catalyst 1 at -15 °C

R

in toluene.

Entry  Substrate® R Yield (%)°  ee (%) Syn:Anti°
1 J\OUOJ\ H 99 73(S) -
2 Me 94 92(8)° -
3 NO, 92 77(S)° ;
4 OMe 85 97(S)° -

5 B3 H 99 82 99:1

6 Me 99 71 99:1
7 NO; 95 72 96:4
8 OMe 82 60 97:3

[)Reactions were carried out by using 10 mol-% of the organocatalyst 1 after 20 hours. Plsolated yield after
column chromatography. “Determined by chiral HPLC. “'The configuration of the chiral product was established
by the comparison of their HPLC retention times with the literature data. ''The absolute configuration was
arbitrarily assigned based on the sign of the optical rotation for known diisopropyl 2-(2-nitro-1-

phenylethyl)malonate (Entry 1).

Nitro-olefins including electron-withdrawing and -donating group substituents on the aryl ring
of nitrostyrene were employed with both linear and cyclic esters (Table 5). All substrates
displayed very good conversions. A decrease in activity for both ester systems was observed
when 4-OMe was used as the substituent on the nitro-olefin suggesting electronics plays a role
in this substrate’s reactivity. For linear diisopropyl malonate substrate, in general, an increase of
electron density from the 4- position of the aryl ring on the nitro-olefin resulted in an increase in
stereoselectivity. However this effect appears less pronounced when the tert-butyl 2-
oxocyclopentanecarboxylate ester was employed. The best result observed from all of the
substrates screened was with diisopropyl malonate and 4-OMe-nitrosytrene and (85 % yield, 97

% ee).
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CONCLUSIONS

We have identified a novel class of TIQ based guanidine organocatalysts that promotes the
enantioselective Michael addition of malonates and B-ketoesters with nitro-olefins. The catalysts
are easily prepared from commercially available substrates and are insensitive to moisture or
oxygen. Furthermore, a new microwave assisted procedure of introducing the guanidine unit on
to amino amide derivatives is reported. The chiral products were obtained with quantitative
chemical efficiency up to 99 % yield and excellent enantioselectivity up to 97 % ee. Further

studies of this class of organocatalysts are ongoing in our laboratory.

EXPERIMENTAL SECTION

Reagents and solvents were purchased from Aldrich, Merck or Fluka suppliers. All solvents
were dried prior to use according to standard procedures. All NMR spectra were recorded on a
Bruker AVANCE III 400 MHz instrument. Chemical shifts are expressed in ppm relative to
CDCI; and coupling constants are reported in Hz. NMR spectra were obtained at room
temperature. Thin layer chromatography (TLC) was performed using Merck Kieselgel 60 F254.
Crude compounds were purified with column chromatography using Silica gel 60 mesh. All
solvents were dried using standard procedures. All IR spectra were recorded on a Perkin Elmer
spectrum 100 instrument with a universal ATR attachment. Optical rotations were recorded on a
Perkin Elmer Polarimeter. Microwave assisted reactions were carried out on a CEM Discover
SP system.All melting points are uncorrected. High resolution mass spectrometric data was
obtained using a Bruker microTOF-Q II instrument. The enantiomeric excess of the chiral
products were determined on a Shimadzu Prominence HPLC with either a Chiralpak IA or IB
column.

Representative procedure for the Cbz protection and synthesis of TIQ based amides

To a solution of TIQ carboxylic acid (1.0 g) in dioxane (20 mL) and water (10 mL) at 0 °C a
solution of potassium hydrogen carbonate (5.0 eq.) was added dropwise for 15 minutes followed
by addition of Cbz-Cl (1.1 eq.). The solution was stirred for 1.5 hours at 0 °C and then at
ambient temperature for a further 1.5 hours. The reaction was monitored with LC-MS (by
neutralizing the reaction mixture with 10 % HCI and extraction with ethyl acetate). The solvent
was evaporated under reduced pressure and dried under high vacuum. The solid N-Cbz TIQ acid
product (2.0 g) was dissolved in dichloromethane (20 mL), N, N-diisopropylethylamine (DIPEA,
1.5 eq.) and ethyl chloroformate (1.5 eq.) was added at 0 °C. After 1 hour, the diisopropylamine

(1.1 eq.) was added and stirred at ambient temperature for 18 h. Completion of the reaction was
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monitored by TLC. The reaction mixture was washed with saturated sodium hydrogen
carbonate (20 mL) followed by brine (10 mL). The organic layer was separated, dried over
anhydrous magnesium sulfate and purified through using silca gel column chromatography
using hexane/ethyl acetate as themobile phase.

Representative procedure for deprotection of Cbz and guanidine formation

A solution of the N-Cbz protected TIQ amide (1.0 g) in MeOH (20 mL) was added to a
suspension of activated 10 wt.-% Pd/C (250 mg) in MeOH (5 mL). The mixture was supplied
with H, under atmospheric pressure and stirred at room temperature for 1 hour. The reaction was
monitored with TLC in hexane/ethyl acetate as the mobile phase. The Pd/C was filtered through
a celite pad and washed with methanol (20 mL). The filtrate was then evaporated under reduced
pressure affording the deprotected TIQ amide derivatives. In a 10 mL microwave vessel, the
TIQ amide (300 mg) was dissolved in toluene (5 mL) and Yb(OTf); (0.4 eq.) and DCC (1.1 eq.)
was added. The vessel was then placed in the microwave reactor and heated to 120 °C for 3
hours. The toluene was then evaporated under reduced pressure and the residue passed through
a short plug of silica with 50:50 hexane/ethyl acetate (100 mL) as the mobile phase. The solvent
was then evaporated under reduced pressure and dissolved in a minimum amount of ethyl
acetate and left in the refrigerator overnight. This mixture was then filtered and the filtrate
evaporated under reduced pressure to yield a residue that was purified through using silica gel
column chromatography using hexane/ethyl acetate as the mobile phase. The white foam
product (triflate salt) was dissolved in dichloromethane and an equal amount of saturated
aqueous NaOH was added in a separation flask which was shaken for 2 minutes. The organic
phase was dried over anhydrous MgSO4 and the solvent evaporated under reduced pressure to
yield solids for all TIQ guanidine organocatalysts.
(8)-benzyl3-(2,6-diisopropylphenylcarbamoyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate
()

The crude product was purified by column chromatography (30:70 EtOAc/Hexane, R 0.40) to
afford the product (51 %) as a yellow solid. Melting point 60-62 °C. [0]*’p-11.32 (¢ 0.53 in
CHCl3). (NMR spectra are reported for a mixture of two rotamers due to the Cbz group).’**
'H NMR (400 MHz, CDCI3) § 7.52 — 6.93 (m, 12H), 5.58 — 5.00 (m, 3H), 4.93 — 4.52 (m, 2H),
3.53 (m, 1H), 3.12 (m, 1H), 1.22 (m, 2H), 0.88 (m, 12H)."’C NMR (101 MHz, CDCL3) ): §
170.6, 146.1, 132.6, 128.7, 128.4, 127.9, 123.2, 68.2, 56.6, 45.9, 32.2, 28.2, 23.6; IR Vpa/cm’
(neat): 3280, 1643, 1547, 1453, 1222, 1029, 963, 755, 694;IR (neat) : 3280, 1643, 1547, 1453,
1222, 1029, 963, 755, 694cm™. HRMS calculated for C30H3sN,O3 [M + H]'"471.2642, found
471.2639.
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(15,38)-benzyl3-(2,6-diisopropylphenylcarbamoyl)-6,7-dimethoxy-1-phenyl-3,4-
dihydroisoquinoline-2-(1H)-carboxylate (8a)

The crude product was purified by column chromatography (50:50 EtOAc/Hexane, R 0.55) to
afford the product (55 %) as a yellow oil.[a]*’p-5.26 (¢ 0.19 in CHCl;). (NMR spectra are
reported for a mixture of two rotamers). 'H NMR (400 MHz, CDCls) & 7.39 — 6.69 (m, 16),
6.63 (s, 1H), 6.30-6.11 (s, 0.5H), 5.49 (m, 0.5H), 5.26 — 4.85 (m, 2.3H), 4.52 — 4.28 (m, 0.5H),
3.92 — 3.68 (m, 8H), 3.32 — 2.75 (m, 2H), 1.35 — 1.01 (m, 12H)."’C NMR (101 MHz, CDCL) &
171.36, 156,13, 148.98, 148.90, 146.40, 141.01, 135.71, 129.46, 128.72, 128.65, 128.58,
127.85, 127.82, 126.95, 125.71, 125.37, 125.21, 123.45, 123.34, 123.26, 110.87,110.01, 110.46,
68.35, 68.02, 60.11, 59.55, 58.45, 57.88, 56.15, 56.09, 55.77, 53.65, 31.00, 27.99, 23.93, 23.58,
22.95.IR (neat) : 3298, 2962, 1688, 1513, 1224, 698 cm™. HRMS calculated for Co4HysN,O [M
+ H]'"607.3166, found 607.3215.
(1R,35)-benzyl3-(2,6-diisopropylphenylcarbamoyl)-6,7-dimethoxy-1-phenyl-3,4-
dihydroisoquinoline-2-(1H)-carboxylate (8b)

The crude product was purified by column chromatography (50:50 EtOAc/Hexane, R¢ 0.55) to
afford the product (58 %) as a yellow oil. [0]*p+8.19 (¢ 0.23 in CHCl;). (NMR spectra are
reported for a mixture of two rotamers). 'H NMR (400 MHz, CDCls) & 7.39 — 6.69 (m, 16),
6.63 (s, 1H), 6.30-6.11 (s, 0.5H), 5.49 (m, 0.5H), 5.26 — 4.85 (m, 2.3H), 4.52 — 4.28 (m, 0.5H),
3.92 — 3.68 (m, 8H), 3.32 — 2.75 (m, 2H), 1.35 — 1.01 (m, 12H).”’C NMR (101 MHz, CDCL) &
171.36, 156,13, 148.98, 148.90, 146.40, 141.01, 135.71, 129.46, 128.72, 128.65, 128.58,
127.85, 127.82, 126.95, 125.71, 125.37, 125.21, 123.45, 123.34, 123.26, 110.87,110.01, 110.46,
68.35, 68.02, 60.11, 59.55, 58.45, 57.88, 56.15, 56.09, 55.77, 53.65, 31.00, 27.99, 23.93, 23.58,
22.95.

(S,E)-2-(NV,N'-dicyclohexylcarbamimidoyl)-N-(2,6-diisopropylphenyl)-1,2,3,4-
tetrahydroisoquinoline-3-carboxamide(1)

The crude product was purified by column chromatography (50:50 EtOAc/Hexane, R¢ 0.20) to
afford the product (95 %) as a whitesolid. Melting point 82-83°C.[0]*’p -70.71 (¢ 0.66 in
CHCl;). 'H NMR (400 MHz, CDCl3) & 10.53 (s, 1H), 7.32 — 6.72 (m, 8H), 4.98 (s, 1H), 4.43 (q,
J=16.5 Hz, 2H), 3.42 (t, ] = 13.3 Hz, 1H), 2.88 (m, 5H), 1.92 — 1.32 (m, 12H), 1.32 — 0.55 (m,
20H)."”C NMR (101 MHz, CDCl3) & 170.25, 158.55, 145.84, 131.69, 131.31, 130.08, 128.48,
128.36, 127.98, 127.48, 126.04, 123.37, 122.01, 118.83, 77.36, 77.04, 76.72, 57.54, 55.56,
48.89, 33.52, 33.20, 32.43, 29.70, 28.75, 28.49, 25.08, 24.81, 23.62.IR (neat) : 2926, 2853,
1613, 799cm-'. HRMS calculated C3sHs;N4O [M + H]'7543.4059, found 543.4057.
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(S,E)-2-(N,N'-dicyclohexylcarbamimidoyl)-N-(2,6-diisopropylphenyl)-1,2,3,4-
tetrahydroisoquinoline-3-carbothioamide (2)

The triflate salt (white foam) of compound 1 (0.1g, 0.3 mmol) was dissolved in dry toluene (20
mL) and Lawesson’s reagent (0.5 eq., 0.06 g) was added under a nitrogen atmosphere. The
mixture was gently refluxed under nitrogen for 12 hours. Thereafter the solvent was evaporated
under reduced pressure to yield a residue that was purified through using silca gel column
chromatography, (50:50 EtOAc/Hexane, R 0.15) to afford the product (92 %) as a yellow solid.
Melting point 100-102 °C. [a]*’p -100.00 (¢ 0.20 in CHCl;). 'H NMR (400 MHz, CDCl;) &
7.44 — 6.67 (m, 8H), 5.15 (s, 1H), 4.37 (s, 2H), 4.00 (d, J = 16.2 Hz, 1H), 3.18 — 2.67 (m, 6H),
2.32 — 1.95 (m, 4H), 1.61 (t, J = 42.6 Hz, 10H), 1.36 — 0.84 (m, 18H)."’C NMR (101 MHz,
CDCl3) 6 143.91, 132.77, 128.96, 127.25, 126.92, 125.36, 125.14, 123.40, 123.12, 77.33, 59.73,
54.73, 46.85, 35.35, 34.17, 31.93, 30.93, 28.73, 28.52, 25.42, 25.06, 24.88, 24.43, 24.34, 23.57,
23.13.IR (neat) : 3302, 2924, 1651, 1651, 1494, 743, 698 cm-1. HRMS calculated for
C3sHsN4S [M + H]'™ 559.3829, found 559.3840.
(15,39)-2-((E)-N,N'-dicyclohexylcarbamimidoyl)-N-(2,6-diisopropylphenyl)-6,7-dimethoxy-
1-phenyl-1,2,3,4-tetrahydroisoquinoline-3-carboxamide (3)

The crude product was purified by column chromatography (50:50 EtOAc/Hexane, R¢ 0.20) to
afford the product (90 %) as a white solid. Melting point 100-103 °C. [a]*’p -44.09 (¢ 0.93 in
CHCl;). 'H NMR (400 MHz, CDCl3) & 8.92 (s, 1H), 7.29 — 6.88 (m, 9H), 6.60 (s, 1H), 6.33 (s,
1H), 6.16 (s, 1H), 4.58 (s, 1H), 3.85 — 3.46 (m, 7H), 3.34 (d, J = 10.0 Hz, 2H), 3.13 (s, 1H), 2.80
(d, T = 32.8 Hz, 2H), 1.70 — 0.86 (m, 16H).C NMR (101 MHz, CDCls) & 173.08, 153.99,
147.87, 147.54, 146.29, 146.13, 145.70, 131.45, 129.59, 129.17, 127.81, 127.69, 126.66, 124.67,
123.12, 111.56, 110.76, 59.94, 58.93, 55.79, 55.68, 53.36, 49.10, 36.34, 34.50, 34.05, 33.96,
32.48, 28.67, 28.09, 25.98, 25.74, 25.63, 25.38, 24.95, 24.78, 24.07, 23.35, 22.74.IR (neat) :
3349, 2926, 2852, 1629, 1254, 699 cm-1. HRMS calculated for C43HsoN,O; [M + H]'™
679.4582, found 679.4564.
(1R,35)-2-((E)-N,N'-dicyclohexylcarbamimidoyl)-N-(2,6-diisopropylphenyl)-6,7-
dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinoline-3-carboxamide (4)

The crude product was purified by column chromatography (50:50 EtOAc/Hexane, R¢ 0.20) to
afford the product (95 %) as a white solid."H NMR (400 MHz, CDCl;) & 8.93 (s, 1H), 7.34 —
6.82 (m, 9H), 6.60 (s, 1H), 6.33 (s, 1H), 6.18 (s, 1H), 4.59 (s, 1H), 3.87 — 3.43 (m, 7H), 3.29 (d,
J = 63.6 Hz, 2H), 3.13 (s, 1H), 2.80 (d, J = 20.6 Hz, 2H), 1.59 — 0.86 (m, 17H).">C NMR (101
MHz, CDCls) 6 173.01, 154.06, 147.90, 147.59, 146.30, 146.12, 145.65, 131.44, 129.53, 129.12,
128.23, 127.82, 127.75, 126.72, 124.62, 124.47, 123.98, 123.45, 123.13, 119.09, 111.55, 110.75,
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59.99, 58.98, 55.80, 55.71, 53.39, 36.29, 34.47, 34.02, 32.50, 31.93, 31.44, 30.20, 28.66, 28.10,
25.95, 25.70, 25.36, 24.96, 24.75, 24.03, 23.40.

General procedure for Micheal addition reactions

To a 10 mL microwave vial, the catalyst (0.02 mmol) followed bytoluene(1.0 mL) and the nitro-
olefin (0.20 mmol) was added, thereafter the malonate (0.20mmol.) was added. The reaction
was kept at the specified temperature while stirring for 12 hours (or some cases 20 hours). The
toluene was directly evaporated under vaccum and resulting residue was purified by silica gel
chromatography (40:60 Et,O/Hexane) and analyzed as described below. NMR data and
retention times for all chiral products were in agreement to the racemic samples or previously
reported literature data. Chiral products are listed in order of how it has been reported in the
Tables 2-5.

(R)-dimethyl 2-(2-nitro-1-phenylethyl)malonate

'H NMR (400 MHz, CDCl;): & 7.19-7.38 (5H, m),4.92 (1H, dd, J = 13.0, 5.7 Hz), 4.89 (1H, dd,
J=13.0, 8.6 Hz), 4.25 (1H, td, J = 8.6, 5.7 Hz), 3.87 (1H, d, J = 8.6 Hz), 3.77 (3H, s), 3.56 (3H,
s). The ee was determined by HPLC analysis using a chiralpak IA column, hexane/2-propanol
90:10, flow rate = 0.9 mL/min 210 nm (major enantiomer 15.2 min and minor enantiomer 20.0
min).

(R)-diethyl 2-(2-nitro-1-phenylethyl)malonate

'H NMR (400 MHz, CDCl;): § 7.21-7.36 (5H, m), 4.95 (1H, dd, J=13.1, 5.3 Hz), 4.87 (2H, dd,
J=13.1, 8.1 Hz), 4.17-4.34 (3H, m), 4.01 (2H, q,J =7.2 Hz), 3.83 (1H, d, J = 9.5 Hz), 1.27 (3H,
t, J = 1.2 1.05 Hz), BH, t, J = 7.2 Hz). The ee was determined by HPLC analysis using a
chiralpak TA column, hexane/2-propanol 90:10, flow rate = 0.9 mL/min 210 nm (major
enantiomer 12.8 min and minor enantiomer 16.8 min).

(R)-diisopropyl 2-(2-nitro-1-phenylethyl)malonate

'H NMR (400 MHz, CDCl;): & 7.21-7.35 (5H, m), 5.09 (1H, septet, ] = 6.2 Hz), 4.93 (1H, dd, J
=12.7,9.5 Hz), 4.84 (1H, dd, J = 12.7, 9.5 Hz), 4.82 (1H, septet, ] = 6.2 Hz), 4.21 (1H, td, J =
95,49 Hz), 3.76 (1H, d, ] = 9.5 Hz), 1.24 (6H, d, J = 6.2 Hz), 1.07 (3H, d, J = 6.2 Hz), 1.02
(3H, d, J = 6.2 Hz). The ee was determined by HPLC analysis using a chiralpak IA column,
hexane/2-propanol 90:10, flow rate = 0.9 mL/min 210 nm (major enantiomer 11.4 min and
minor enantiomer 24.0 min).

ethyl 1-(2-nitro-1-phenylethyl)-2-oxocyclopentanecarboxylate

'H NMR (400 MHz, CDCls): § 7.22-7.32 (m, 5H), 4.75-4.87 (m, 2H), 4.11-4.20 (m,3H), 4.02 (q,
J=6.8 Hz, 1H), 3.83 (d, J=9.6 Hz, 1H), 1.25 (t, J=7.2 Hz, 3H), 1.05 (t, J=7.2 Hz,3H). The ee was
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determined by HPLC analysis using a chiralpak IB column, hexane/2-propanol 95:5, flow rate =
0.9 mL/min 210 nm (syn; major enantiomer11.9 min and minor enantiomer 24.5 min).

tert-butyl 1-(2-nitro-1-phenylethyl)-2-oxocyclopentanecarboxylate

'H NMR (400 MHz, CDCl3): & = 7.31-7.24 (m, 5 H), 5.16 (dd, J = 13.44, 3.76 Hz, 1 H), 4.98
(dd, J=13.28,11.16 Hz, 1 H), 4.04 (dd, J=11.12,3.72 Hz, 1 H), 2.38-2.25 (m, 2 H), 2.02-1.74
(m, 4 H), 1.44 (s, 9 H) ppm. The ee was determined by HPLC analysis using a chiralpak A
column, hexane/2-propanol 99:1, flow rate = 0.9 mL/min 210 nm (syn; major enantiomer12.8
min and minor enantiomer 15.1 min).

diisopropyl 2-(2-nitro-1-p-tolylethyl)malonate

'H NMR (400 MHz, CDCl;): § = 7.19 (s, 1H), 7.01 (m, 3H), 5.01 (q, J = 6.64, 12.611,1H), 4.80
(m, , 3H), 4.09 (m, 1H), 3.66 (d, J = 8.77, 1H), 2.10 (s, 3H), 1.17 (m, 6H), 0.98 (m, 3H). "C
NMR (101 MHz, CDCl3) 6 = 175.1, 133.2, 129.5, 127.9, 78.10, 69.8, 69.4, 55.3, 42.5, 21.6,
21.4, 21.3, 21.2. The ee was determined by HPLC analysis using a chiralpak IA column,
hexane/2-propanol 90:10, flow rate = 0.9 mL/min 210 nm (major enantiomer 24.9 min and
minor enantiomer 23.5 min).

diisopropyl 2-(2-nitro-1-(4-nitrophenyl)ethyl)malonate

'H NMR (400 MHz, CDCl;): § = 8.75 (d, J = 8.75 Hz, 2H), 7.48 (d, I = 8.75 Hz, 2H), 5.10 (q, J
=6.06, 12.12 Hz, 1H), 4.92 (m, 3H), 4.35 (m, 1H), 3.78 9d, J= 9.3 Hz, 1H), 1.26 (m, 6H), 1.10
(m, 6H). °C NMR (101 MHz, CDCl3) & = 166.0, 143.9, 137.4, 129.5, 124.2, 70.4, 70.2, 54.6,
425, 21.5, 21.4,21.36, 21.33. The ee was determined by HPLC analysis using a chiralpak A
column, hexane/2-propanol 90:10, flow rate = 0.9 mL/min 210 nm (major enantiomer 18.6 min
and minor enantiomer 17.4 min).

diisopropyl 2-(1-(4-methoxyphenyl)-2-nitroethyl)malonate

'H NMR (400 MHz, CDCl;): § = 7.08 (d, J = 8.36 Hz, 2H), 6.75 (d, T = 8.36 Hz, 2H), 5.10 (q, J
=7.76, 13.5 Hz, 1H), 4.77 (m, 3H), 4.08 (m, 1H), 3.69 (s, 3H), 3.65( d, J=9.52 Hz, 1H), 1.16
(m, 6H), 0.99 (m, 6H). °C NMR (101 MHz, CDCls) § = 164.5, 142.1, 136.6, 129.3, 114,26,
78.2, 69.8, 69.5, 55.3, 55.2, 21.6, 21.4, 21.34, 21.32. The ee was determined by HPLC analysis
using a chiralpak IA column, hexane/2-propanol 90:10, flow rate = 0.9 mL/min 210 nm (major
enantiomer 11.1 min and minor enantiomer 9.7 min).

tert-butyl 1-(2-nitro-1-p-tolylethyl)-2-oxocyclopentanecarboxylate

'H NMR (400 MHz, CDCl3): & = 7.18-7.16 (m, 2 H), 7.12-7.10 (m, 2 H), 5.16 (dd, J = 13.28,
3.76 Hz, 1 H), 4.97 (dd, J = 13.32, 11.20 Hz, 1 H), 4.03 (dd, J = 11.16, 3.76 Hz, 1 H), 2.32 (s, 3
H), 2.38-2.29 (m, 3 H), 2.02-1.77 (m, 4 H), 1.47 (s, 9 H) ppm. The ee was determined by HPLC



75

analysis using a chiralpak IB column, hexane/2-propanol 98:2, flow rate = 1.0 mL/min 210 nm
(syn; major enantiomer 12.0 min and minor enantiomer 16.9 min).
tert-butyll-(2-nitro-1-(4-nitrophenyl)ethyl)-2-oxocyclopentanecarboxylate

'H NMR (400 MHz, CDCl;): & = 8.19-8.17 (m, 2 H), 7.59-7.55 (m, 2 H), 5.23 (dd, J = 13.84,
3.56 Hz, 1 H), 5.02 (dd, J = 13.84, 11.20 Hz, 1 H), 4.09 (dd, J = 11.20, 3.56 Hz, 1 H), 2.49-
240 (m, 1 H), 2.34-2.25 (m, 1 H), 2.14-1.84 (m, 4 H), 1.44 (s, 9 H) ppm. The ee was
determined by HPLC analysis using a chiralpak IB column, hexane/2-propanol 95:5, flow rate =
1.0 mL/min 254 nm (syn; major enantiomer 22.9 min and minor enantiomer 49.5 min).
tert-butyll-(1-(4-methoxyphenyl)-2-nitroethyl)-2-oxocyclopentanecarboxylate

'H NMR (400 MHz, CDCl;): & = 7.23-7.21 (m, 2 H), 6.86-6.82 (m, 2 H), 5.14 (dd, J = 13.20,
3.80 Hz, 1 H), 4.95 (dd, J = 13.20, 11.28 Hz, 1 H), 3.93 (dd, J = 13.20, 3.80 Hz, 1 H), 3.79 (s, 3
H), 2.39-2.29 (m, 2 H), 2.02-1.77 (m, 4 H), 1.47 (s, 9 H) ppm. The ee was determined by HPLC
analysis using a chiralpak IB column, hexane/2-propanol 95:5, flow rate = 1.0 mL/min 210 nm

(syn; major enantiomer 9.2 min and minor enantiomer 10.1 min).

ACKNOWLEDGEMENTS

The authors wish to thank the National Research Foundation. The SA/Swedish Research Links

Programme grant and Aspen Pharmacare, South Africa.

SUPPORTING INFORMATION

See accompanying cd to this thesis.

REFERENCES

(1) Fu, X.; Tan, C.-H. Chemical Communications 2011, 47, 8210.

(2) Ishikawa, T.; Kumamoto, T. Synthesis-Stuttgart 2006, 737.

3) Oliver, D. W.; Dormehl, 1. C.; Wikberg, J. E. S.; Dambrova, M. Medicinal Chemistry
Research 2004, 13, 427.

4) Lee, D.-W._; Park, Y.-M.; Lee, K.-Y. Catalysis Surveys from Asia 2009, 13, 63.

%) Taylor, M. S.; Jacobsen, E. N. Angewandte Chemie-International Edition 2006, 45,
1520.

(6) Kiesewetter, M. K.; Scholten, M. D.; Kirn, N.; Weber, R. L.; Hedrick, J. L.; Waymouth,
R. M. Journal of Organic Chemistry 2009, 74, 9490.

(7) Leow, D.; Tan, C. H. Synlett 2010, 1589.

(8) Chinchilla, R.; Najera, C.; Sanchezagullo, P. Tetrahedron Asymmetry 1994, 5, 1393.

9) Corey, E. J.; Grogan, M. J. Organic Letters 1999, 1, 157.

(10) Leow, D.; Tan, C. H. Chemistry-An Asian Journal 2009, 4, 488.

(11)  Berlinck, R. G. S.; Burtoloso, A. C. B.; Kossuga, M. H. Natural Product Reports 2008,
25,919.

(12) Doyle, A. G.; Jacobsen, E. N. Chemical Reviews 2007, 107, 5713.

(13) Ishikawa, T.; Isobe, T. Chemistry 2002, 8, 552.



(14)

(15)
(16)

(17)
(18)
(19)
(20)
1)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(1)
(32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)

(40)
(41)

(42)
(43)
(44)
(45)

(46)

76

Masic, L. P. Current Medicinal Chemistry 2006, 13, 3627.

Schug, K. A.; Lindner, W. Chemical Reviews 2005, 105, 67.

Suhs, T.; Koenig, B. Chemistry-A European Journal 2006, 12, 8150.

Suhs, T.; Koenig, B. Mini-Reviews in Organic Chemistry 2006, 3, 315.

Terada, M. Journal of Synthetic Organic Chemistry Japan 2010, 68, 1159.

Asymmetric Organocatalysis-From Biomimetic Concepts to Applications in Asymmetric
Synthesis; Berkessel, A.; Groger, H., Eds.; WILEY-VCH Verlag GmbH & Co. KGaA:
Weinheim, 2005.

Hoveyda, A. H.; Hird, A. W.; Kacprzynski, M. A. Chemical Communications 2004,
1779.

Miller, S. J. Accounts of Chemical Research 2004, 37, 601.

Traverse, J. F.; Zhao, Y.; Hoveyda, A. H.; Snapper, M. L. Organic Letters 2005, 7, 3151.
Pan, Q. B.; Ma, D. W. Chinese Journal of Chemistry 2003, 21, 793.

Sohtome, Y.; Hashimoto, Y.; Nagasawa, K. Advanced Synthesis & Catalysis 2005, 347,
1643.

Yu, Z.; Liu, X.; Zhou, L.; Lin, L.; Feng, X. Angewandte Chemie-International Edition
2009, 48, 5195.

Dong, S.; Liu, X.; Zhang, Y.; Lin, L.; Feng, X. Organic Letters 2011, 13, 5060.

Scott, J. D.; Williams, R. M. Chemical Reviews 2002, 102, 1669.

Sridharan, V.; Suryavanshi, P. A.; Menéndez, J. C. Chemical Reviews 2011, 111, 7157.
Zarranz De Ysern, M. E.; Ordofiez, L. A. Progress in Neuro-Psychopharmacology 1981,
5, 343.

Peters, B. K.; Chakka, S. K.; Naicker, T.; Maguire, G. E. M.; Kruger, H. G.; Andersson,
P. G.; Govender, T. Tetrahedron Asymmetry 2010, 21, 679.

Kawthekar, R. B.; Chakka, S. K.; Francis, V.; Andersson, P. G.; Kruger, H. G.; Maguire,
G. E. M.; Govender, T. Tetrahedron Asymmetry 2010, 21, 846.

Chakka, S. K.; Peters, B. K.; Andersson, P. G.; Maguire, G. E. M.; Kruger, H. G.;
Govender, T. Tetrahedron Asymmetry 2010, 21, 2295.

Naicker, T.; Petzold, K.; Singh, T.; Arvidsson, P. L.; Kruger, H. G.; Maguire, G. E. M.;
Govender, T. Tetrahedron Asymmetry 2010, 21, 2859.

Naicker, T.; Arvidsson, P. I.; Kruger, H. G.; Maguire, G. E. M.; Govender, T. European
Journal of Organic Chemistry 2011, 6923.

Zhu, X.; Du, Z.; Xu, F.; Shen, Q. Journal of Organic Chemistry 2009, 74, 6347.
Marquez, H.; Loupy, A.; Calderon, O.; Perez, E. R. Tetrahedron 2006, 62, 2616.
Sandin, H.; Swanstein, M. L.; Wellner, E. Journal of Organic Chemistry 2004, 69, 1571.
Solodenko, W.; Broker, P.; Messinger, J.; Schon, U.; Kirschning, A. Synthesis-Stuttgart
20006, 461.

Li, H. M.; Wang, Y.; Tang, L.; Wu, F. H.; Liu, X. F.; Guo, C. Y.; Foxman, B. M.; Deng,
L. Angewandte Chemie-International Edition 2005, 44, 105.

Tsogoeva, S. B. European Journal of Organic Chemistry 2007, 1701.

Zhang, Z. H.; Dong, X. Q.; Chen, D.; Wang, C. J. Chemistry-A European Journal 2008,
14, 8780.

Almasi, D.; Alonso, D. A.; Balaguer, A.-N.; Najera, C. Advanced Synthesis & Catalysis
2009, 351, 1123.

Almasi, D.; Alonso, D. A.; Najera, C. Advanced Synthesis & Catalysis 2008, 350, 2467.
Gryko, D.; Chrominski, M.; Pielacinska, D. J. Symmetry 2011, 3, 265.

Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H.
Journal of Applied Crystallography 2009, 42, 339.

D. C. Craig; Judeh, Z. M. A.; Read, R. W. Australian Journal of Chemistry 2002, 55,
733.



77

CHAPTERS
CRYSTALLOGRAPHIC PAPERS

DESCRIPTION

This chapter is a collection of all X-ray crystal structures that were published from novel
compounds synthesized pertaining to Chapters 2-4 and were published in either journal i.e Acta
Crystallographica Section C or Acta Crystallographica Section E. It must be noted that only the
title page and comment section of each paper is included. For further supplementary
information on these papers please refer to the copies that are on the cd accompanying this
thesis. This chapters contains 15 published crystal structures (excluding the 2 crystals currently

submitted) while Chapters 3-4 contain 3 other X-ray crystal structures.
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In (1R35)-6,7-dimethoxy-3-(methoxydiphenylmethyl)-1-phenyl-
1,23 4-tetrahydroisoquinoline, Cs;H3NO3, (T), and (1R.,35)-
2-benzyl-3-[diphenyl(trimethylsiloxy)methyl]-6,7-dimethoxy-
1-phenyl-1,2,3,4-tetrahydroisoquinoline, CyHysNO5Si, (IT),
the absolute confligurations have been conflirmed to be R
and S at the isoquinoline 1- and 3-positions, respectively, by
NMR spectroscopy experiments. Both structures have mono-
clinic (P2,) symmetry and the N-containing six-membered
ring assumes a half-chair conformation. The asymmetric unit
of (I) contains one molecule, while (IT) has two molecules
within the asymmetric unit. These structures are of interest
with respect to the conformation around the exocyclic C—C
bond: (I) displays an ap (antiperiplanar) conlormation, while
(IT) displays an sc-exo (synclinal) conformation around this
bond. These conformations are significant for stereocontrol
when these compounds are used as catalysts. Various C—
H:--mand C—H- - -O bonds link the molecules together in the
crystal structure of (I). In the crystal structure of (II), three
intermolecular C—H- - -7 hydrogen bonds help to establish
the packing.

Comment

The tetrahydroisoquinoline (TIQ) molecule and its deriva-
tives have been widely investigated duc to their biological and
pharmaccutical propertics. Given our rccent success with
TIQ-based ligands for catalytic asymmetric transfer hydro-
genation of prochiral ketones, Henry reactions and hydro-
genation of olefins (Peters et al, 2010). We decided to
investigate the potential of TIQ derivatives as organocatalysts.
Compound (I) has rccently been synthesized and cvaluated as
a novel iminium-activated organocatalyst in an asymmetric
Diels—Alder reaction (Naicker, Petzold et al, 2010). Com-
pound (II) is novel and is the precursor to the same class of
organocatalysts bascd on a (1R,3S)-6,7-dimcthoxy-1-phenyl-
1,2,3,4-tctrahydroisoquinolinc backbone.

Derived from commercially available L-DOPA, the absolute
sterecochemistry of (I) and (II) was confirmed to be R and S at
the C1 and C9 positions by "H NMR, as shown in Figs. 1 and 2,
respectively.

Ph Ph
| | Ph

o} o}
OMe OSiMe3

D
D
T
=

(11
Ph

o

(1)

Both structures have monoclinic (P2;) symmetry. Com-
pound (T) has a single molecule in the asymmetric unit, while
(IT) has two molecules within the asymmetric unit. Molecule
(I) has a mcthyl group at the O3 position, whilst (II) has a
trimethylsilyl group in this position. In addition, (II) has a
benzyl group on the N atom.

In the structure of (I), intermolecular C—H- - - and C—
H- - -O intcractions involving atoms O1 and O2 link thc mol-
ccules into cxtended chains which run parallel to the b axis
(Table 1 and Fig. 3). In the chain, the molecules arc arranged
so that their tails, linked by the C—H- - -O intcractions, point
towards the corc of the chain and their heads protrude to the
outer edges ol the chain, with adjacent molecules alternating
from side-to-side. The C—H- - -7 interactions link the heads of
those molecules lying on the same side of the chain core.

Figure 1

The molecular structure of (I), showing the atom-numbering scheme.
Displacement ellipsoids are drawn at the 50% probability level and H
atoms have been omitted for clarity.
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© 2011 International Union of Crystallography

doi:10.1107/50108270110053357

Acta Cryst. (2011). C67, 0100-0103

78



organic compounds

\oa;pclszx

c17aCl6A

c28a
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Cc30A

Figure 2

The molecular structure of (1), showing the atom-numbering scheme.
There are two molecules in the asymmetric unit, labelled with suffixes A
and B. Displacement ellipsoids are drawn at the 50% probability level. H
atoms and some atom labels have been omitted for clarity.

In the structure of (II), cach independent molecule displays
an intramolecular C—H- - -7 interaction, while a single inter-
molecular C—H- - -7 intcraction involving C35A4 —H links just
the two independent molecules (Table 2). An extended
network of interactions is not present. The crystal packing of
(IT) reveals that the pseudosymmetry relates the two inde-
pendent molecules within the asymmetric unit resulting in a
laycred packing along the a axis (Fig. 4).

From the crystal structures, it is evident that the
N-containing six-membered rings assume half-chair confor-
mations (Figs. 1 and 2). This result differs from two analogous
compounds, namely (1R,35)-mcthyl 2-benzyl-6,7-dimethoxy-
1-phenyl-1,2,3 4-tetrahydroisoquinoline-3-carboxylate and
(1R3S)-methyl  6,7-dimethoxy-1-(4-methoxyphenyl)-1,2,3.4-
tetrahydroisoquinoline-3-carboxylate, which assume half-boat
conformations (Naicker et al., 2009; Naicker, Govender et al.,
2010a). The current study confirms our previous postulation
that the change in conformation is a result of the introduction
of the phenyl groups at the C1 position.

According to the Cambridge Structural Database (Version
5.31; Allen, 2002), the only other crystal structurc of a tetra-
hydroisoquinoline derivative with diaryl substitution at the
C10 position is compound (III) (see Scheme), which we
reported recently (Naicker, Govender et al, 2010b). In this
crystal structure, the mcthanol O atom is a frec OH group.
Duc to the lack of analogous structurcs, these diaryl tetra-
hydroisoquinoline alcohols were compared with proline diaryl

Figure 3

A partial projection of the structure of (I), viewed along [010]. Dashed
lines indicate intermolecular interactions. H atoms not involved in
intermolecular interactions have been omitted for clarity.

Figure 4
A partial projection of the structure of (IT), viewed along [100]. The top
and bottom layers contain only B molecules, while the central layer
contains A molccules. Dashed lines indicate intermolecular interactions.
H atoms not involved in intermolecular interactions have been omitted
for clarity.

alcohols (Sccbach er al., 2008). Compound (III) displays a
similar conformation to its proline analogue, which displays a
gauche or sc-endo (synclinal) conformation around the O3—
C10—C9—NT1 bond, with the OH group partially covering the
piperidine ring with a torsion anglc of —77.0 (2)°.

Compound (1) displays an ap (antiperiplanar) conformation
around the exocyclic C9—C10 bond, with an O3 —C10—C9—
N1 torsion angle of 171.5 (1)°. This conformation has only
been found in a few cxamples of N-amino prolinol methyl
csters (Scebach er al., 2008).

Proline diphenyl OTMS (OTMS is trimethylsiloxy) analo-
gues exhibit an sc-exo conformation around the exocyclic
ethane bond, with a torsion angle of 61.0°. Both molecules of
(IT) (Fig. 2) display an sc-endo conformation, with torsion
angles of —81.1 (3) and —84.8 (2)°. A possible rcason for this

Acta Cryst. (2011). C67, 0100-0103
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change could be that the benzyl group on the N atom forces
the phenyl rings at the C10 atom to be the furthest away from
it, hence adopting the sc-endo conformation.

Proline diaryl alcohols have been used as successful chiral
catalysts by exploiting the same rotation along the C9—C10
bond (Diner et al., 2008). This change, which is brought about
by different groups on the methanol O atom, makes the
current study particularly useful. This feature is found in (I)
which, when tested for its catalytic activity in the Diels—Alder
reaction, showed poor yields. The structural data demon-
strated how we could improve the catalytic reactivity by
reducing the steric bulk of the ligand. A successful catalyst was
obtained by removing the phenyl moieties from (I) (Naicker,
Petzold et al., 2010).

Experimental

To (1R,35)-2-benzyl-3-(1,1-diphenylethyl)-6,7-dimethoxy-1-phenyl-
1,23 4-tetrahydroisoquinoline (0.4 g, 0.72mmol), derived from
L-DOPA (Naicker, Petzold et al., 2010), in MeOH-THF (11 v/v,
20 ml) was added half an equivalent by mass of 10% palladium on
carbon Pd/C under hydrogen (approximately 1 atm). The reaction
was stirred for 2 h. The crude product was obtained by filtering the
Pd/C through a plug of Celite and the filtrate was then concentrated
to dryness. The resulting residue was purified by column chromato-
graphy (50:50 EtOAc-hexane, Rg = 0.6) to yield (I) as a white solid
[yield 0.2 g, 60%; m.p. 463465 K; [a] —10.0 (¢ 0.11 in CHCL)].
Recrystallization from ethyl acetate afforded colourless crystals
suitable for X-ray analysis. IR (neat, vy, cm ): 2934, 1514, 1448,
1244, 1224, 1063, 698; "H NMR (400 MHz, CDCl,, §, p.pm.): 7.47—
7.12 (m, 12H), 7.08 (t, J = 7.6 Hz, 2H), 6.92 (d, J= 7.6 Hz, 2H), 6.65 (s,
1H), 6.40 (s, 1H), 523 (s, 1H), 3.95 (dd, J = 11.5 and 3.6 Hz, 1H), 3.86
(s,3H), 3.70 (s, 3H), 2.92-2.75 (m, 4H), 2.52 (dd, J=16.2 and 11.5 Hz,
3H).

To a stirred solution of [(1R,35)-3-(hydroxydiphenylmethyl)-6,7-
dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinolin-2-yl] (phenyl)-
methanone (0.6g, 1.1mmol), derived from r-DOPA (Naicker,
Petzold er al, 2010), in dry dichloromethane (20 ml) and triethyl-
amine (0.18 ml, 1.3 mmol), trimethylsilyl trifluoromethanesulfonate
(0.24 ml, 1.33 mmol) was added dropwise at 273 K under an inert
atmosphere. The mixture was allowed to warm to room temperature
and was stirred overnight. The mixture was washed with water, the
organic extracts were combined and dried over anhydrous Na,SO,,
and the solvent was removed in vacuo. The resulting residue was
purified by column chromatography (20:80 EtOAc-hexane, Ry =
0.55) to afford (II) as a white solid [yield 0.5 g, 75%; m.p. 458460 K;
[@]2Y57.58 (¢ 0.33 in CHCL)]. Recrystallization from acetone afforded
colourless crystals suitable for X-ray analysis. IR (neat, Vy,x, cm 1):
2956, 1513, 1245, 839, 696, "H NMR (400 MHz, CDCls, §, pp.m.): 7.17

Table 1 .
Hydrogen-bond geometry (A, °) for (I).

Cg is the centroid of the C18-C23 ring.

D—H---A D-H H-- A DA D-H---A
CI1—HIIA---Cg 098 257 345 (2) 150
C30—H304. - -O1F 098 254 3356 (2) 140
C30—H304. .02 098 259 3400 (2) 140

Symmetry codes: (i) x,y +1,z; (i) —x,y =} —z+1.

(m, 14H), 6.84 (m, 5H), 6.63 (m, 2H), 6.36 (s, 1H), 4.57 (5, 1H), 438 (d,
7 =13.63 Hz, 1H), 424 (dd, J = 3.38 and 12.13 Hz, 1H), 4.00 (s, 3H),
373 (s, 3H), 3.39 (dd, J = 432 and 12.58 Hz, 1H), 3.31 (d, J = 13.85 Hz,
1H), 229 (dd, J = 3.38 and 16.88 Hz, 1H), 0.0 (s, 9H).

Compound (1)

Crystal data

C5H;NO; V=12267 (3) A®

M, = 465.57 Z=2

Monoclinic, P2; 3 Mo Ku radiation
a=114071 (14) A p=0.08 mm™"

b =64750 (8) A T=173K

c=16961 (2) A 022 x 0.14 x 0.09 mm
B =101707 (2)°

Data collection

Bruker APEXII DUO
diffractometer

Absorption correction: multi-scan
(SADABS; Sheldrick, 2008)
Toin = 0.645, T = 0.746

11498 measured reflections
3737 independent reflections
3191 reflections with 7 > 20(1)
Ry = 0.051

Refinement

R[F? > 20(F?)] = 0.043
WR(F?) = 0.108
§=1.05

3737 reflections

320 parameters

2 restraints

H atoms treated by a mixture of
independent and constrained
refinement

APmax =023 ¢ A2

AP = =023 A3

Compound (1)

Crystal data

CaoHsNO5Si V= 3350 (5) A®

M, = 613.84 Z=4

Monoclinic, P2, Mo Ku radiation
a=11.045 (10) A w=011 mm™

b =17.008 (15) A T=100K

¢ = 18489 (15) A 022 x 0.12 x 0.10 mm
B = 105287 (15)°

Data collection

Bruker APEXII DUO
diffractometer

Absorption correction: multi-scan
(SADABS, Sheldrick, 2008)
Tnin = 0.976, Trax = 0.989

37993 measured reflections
17263 independent reflections
11255 reflections with I > 20(7)
Rine = 0.064

Refinement

R[F? > 20(F?)] = 0.057
wR(F?) = 0.124
5=099

17263 reflections

812 parameters

1 restraint

H-atom parameters constrained

Apmas = 038 ¢ A™?

Az = —041e A2

Absolute structure: Flack (1983)

Flack parameter: 0.00 (10}, 8119
Friedel pairs

Atom HIN on N1 of (I) was located in a difference electron-
density map and refined isotropically with a simple bond-length
restraint of NI-HIN = 0.96 (1) A. All remaining H atoms were
positioned geometrically, with C—H = 0.95 (aromatic), 0.98 (methyl),
0.99 (methylene) or 1.00 A (methine), and refined as riding on their
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Table 2 .
Hydrogen-bond geometry (A, °) for (II).

Cgl, Cg2, Cg3 and the centroids of the C26B-C31B, C324-C37A4 and
C32B-C37B rings, respectively.

D—H.--A D-H H--A DA D—H.--A
(354 —H354. - -Cgl* 095 2.80 3.669 (3) 152
CH0A—HA40A. --Cg2 098 271 3540 (3) 143
CH0B—H4OD- - -Cg3 098 2.64 3.449 (4) 140

Symmetry code: (i) x+1,y,z + 1.

parent atoms, with Uio(H) = 1.5U4(C) for methyl groups or
12U4(C) otherwise. For (I), the Flack x parameter (Flack, 1983)
based on refinement with 3080 Friedel pairs was —0.5 (10), which
indicated that no conclusions can be drawn regarding the absolute
structure. Consequently, the Friedel pairs were merged before the
final refinement. For (II), the Flack parameter refined to 0.00 (10)
using 8119 Friedel pairs, which indicated that the refined model
represents the true absolute configuration and is in accordance with
expectation from the known chirality of the starting material in the
synthesis.

For both compounds, data collection: APEX2 (Bruker, 2006); cell
refinement: SAINT (Bruker, 2006); data reduction: SAINT,
program(s) used to solve structure: SHELXS97 (Sheldrick, 2008);
program(s) used to refine structure: SHELXL97 (Sheldrick, 2008);
molecular graphics: OLEX2 (Dolomanov et al., 2009); software used
to prepare material for publication: SHELX1.97.

The authors thank Dr Hong Su of the Chemistry Depart-
ment of the University of Cape Town for her assistance with
the crystallographic data collection.

Supplementary data for this paper are available from the IUCr electronic
archives (Reference: SF3143). Services for accessing these data are
described at the back of the journal.
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Key indicators: single-crystal X-ray study; T = 193 K; mean o(C-C) = 0.003 A;
R factor = 0.036; wR factor = 0.082; data-to-parameter ratio = 19.5.

In the title compound, C;;HgNO,*-Cl™-H,0, a precursor to
novel asymmetric catalysts, the N-containing six-membered
ring of the tetrahydroquinolinium unit assumes a half-boat
conformation. In the crystal, intermolecular O—H- --O, O—
H.--Cl, N—H---Cl and C—H---O hydrogen bonds and C—
H- - -7 interactions link the molecules into a three-dimensional
network.

Related literature

For related structures of tetrahydroisoquinoline derivatives,
see: Naicker, Petzold et al. (2010); Naicker, Govender et al.
(2010, 2011); Peters et al. (2010). For related structures with
the same chiral centre and conformation of the six-membered
ring, see: Naicker ef al. (2009); Chakka ef al. (2010).

OH

H,0 Cl~

Experimental

Crystal data

C7HisNO,"Cl™-H,0 V = 833.08 (13) A®

M, = 32179 Z=2

Monoclinic, P21 Mo Ku radiation
a=86159 (8) A =024 mm™*

b =10.0670 (9) A T=193K

c=101392 (9) A 0.30 x 0.11 x 0.02 mm
B =108.686 (2)°

Data collection

Bruker Kappa DUO APEXII
diffractometer

Absorption correction: multi-scan
(SADABS; Sheldrick, 20084)
Trnin = 0.931, Ty = 0.995

9083 measured reflections
4158 independent reflections
3414 reflections with I > 25(I)
Rine = 0.024

Refinement

R[F? > 20(F%)] = 0.036
wR(F?) = 0.082
S=104

4158 reflections

213 parameters

5 restraints

H atoms treated by a mixture of
independent and constrained
refinement

Apmax =019 e A3

AP = =016 ¢ A3

Absolute structure: Flack (1983),
1961 Friedel pairs

Flack parameter: —0.01 (5)

Table 1 .
Hydrogen-bond geometry (A, °).

Cg is the centroid of the C12-C17 ring.

D—_H---A D—H H---A D...A D—_H---A
N1-HI..-Clt’ 0.97 (2) 2.09 (2) 3.0521 (15) 176 (1)
02—H2.--03" 0.96 (2) 1.59 (2) 2533 (2) 167 (3)
03—H3A. --ClI* 0.96 (2) 221 (2) 31615 (15) 172 (2)
03—H3B---Cll 0.96 (2) 220 (2) 3.1434 (16) 165 (2)
C9—HY- --01* 1.00 230 3.169 (2) 145
C15—H15---Cg" 0.95 278 3.386 (3) 122

Symmetry codes: (i) —x+ 1,y +3%, —z +1; (i) x,y, 2 — 1; (iil) —x + 1,y +4, —z.

Data collection: APEX2 (Bruker, 2006); cell refinement: SAINT
(Bruker, 2006); data reduction: SAINT; program(s) used to solve
structure: SHELXS97 (Sheldrick, 20085); programy(s) used to refine
structure: SHELXL97 (Sheldrick, 2008b); molecular graphics:
OLEX?2 (Dolomanov et al., 2009); software used to prepare material
for publication: SHELX1.97.

The authors wish to thank Dr Hong Su of the Chemistry
Department of the University of Cape Town for her assistance
with the crystallographic data collection.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: 1S2635).
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(39)-2-Benzyl-3-carboxy-1,2,3,4-tetrahydroisoquinolinium chloride monohydrate

T. Naicker, T. Govender, H. G. Kruger and G. E. M. Maguire

Comment

The tetrahydroisoquinoline (TIQ) molecule and its derivatives have been widely investigated due to their biological and
pharmaceutical properties. We have recently had much success with TIQ based ligands for both metal ligand (Peters et al.,
2010) and organocatalysis (Naicker, Petzold et al, 2010). Bearing an acid functional group, the title compound is a useful
precursor to many of these novel asymmetric catalysts. The neutral form of this compound is commercially available but
there has been no report of its single X-ray crystal structure.

The structure has monoclinic (P2;) symmetry with a single molecule in the asymmetric unit together with a water mo-
lecule (Fig. 1). Various intra- and intermolecular short contact interactions (2.87-3.14 A) occur but only one C15—H--x
(C12—C17 ring) is observed within the crystal packing (Table 1). The most significant feature of the structure is the inter-
molecular hydrogen bonding array. The carboxylic acid functional group (O2—H) hydrogen bonds to the water molecule
which in turn interacts with two chloride ions. These ions interact further with another water molecule but also with the
protonated tertiary amine nitrogen. This series of interactions helps to construct the three-dimensional network (Fig. 2 and
Table 1).

From the crystal structure it is evident that the N-containing six membered ring assumes a half boat conformation (Fig. 1),
this observation is similar to analogous structures that we have recently reported (Naicker et al., 2009; Naicker, Govender
etal., 2010).

Experimental

(S)-Methyl 2-benzyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylate was added to a 10% (v/v) solution of HCI in water (5
mL). The mixture was then microwaved for 2 h at 120 °C, thereafter the reaction mixture was evaporated under reduced

pressure to afford the title compound as a white solid.

Melting point 205-208 °C. IR (neat): 3339, 2501, 1712, 1224, 754, 701 cm™’. 'H NMR (400 MHz, CDCl3) § = 3.28 (d,
1H), 3.36 (d, 1H), 4.37 (m, 5H), 7.13 (d, 1H), 7.25 (m, 3H) and 7.39 (m, 5H).

Recrystallization from 10% HCI in water afforded colourless crystals suitable for X-ray analysis.

Refinement

All H atoms on carbons were positioned geometrically with C—H distances ranging from 0.95 to 1.00 A and refined as
riding on their parent atoms, with Usso(H) = 1.2Ueq(C). Atoms H1, H2, H3A and H3B were located in a difference Fourier
map. The distances of N1—H1, O2—H2, O3—H3A and O3—H3B were restrained to 0.97 (1) A and the Ujg, values of
H3A and H3B were assigned as 1.2U,¢(O3).
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Key indicators: single-crystal X-ray study; T = 173 K; mean o(C—C) = 0.005 A;
R factor = 0.036; wR factor = 0.088; data-to-parameter ratio = 9.0.

The structure of the title compound, C;3H,N,O, at 173 K has
hexagonal (P6;) symmetry. The N-containing six-membered
ring assumes a half-chair conformation. In the crystal,
intermolecular N—H- --O hydrogen bonding via the amide
groups cross-link the molecules along the a axis. The absolute
configuration was confirmed by 2D NMR studies.

Related literature

The title compound is a precursor to chiral ligands involving a
tetrahydroisoquinoline backbone. For the application of these
ligands as catalysts, see: Chakka et al. (2009); Peters et al.
(2010); Naicker et al. (2010a). For related structures, see:
Chakka et al. (2010). For a related structure with the same
chiral centre and conformation of the six-membered ring, see:
Naicker et al. (20100).

o
N
N H
N
Experimental
Crystal data
CisHaN,0 M, = 280.36

Mo Ka radiation

= 0.08 mm™*
T=173K

022 x 012 x 0.03 mm

Hexagonal, P6;
a=10.1838 (13) A
c=25.965 (3) A
V=23321 (5) A®
Z=6

Data collection

Bruker Kappa DUO APEXII
diffractometer
18777 measured reflections

1759 independent reflections
1358 reflections with I > 25(I)
Ry = 0.059

Refinement

R[F? > 20(F%)] = 0.036
WwR(F?) = 0.088
§=1.05

1759 reflections

195 parameters

2 restraints

H atoms treated by a mixture of
independent and constrained
refinement

Apmax =014 e A3

Apain = =014 e A3

Table 1 .

Hydrogen-bond geometry (A, °).

D—H---A D—H H---A DA D—H---A
N2—H2.-.01} 0.96 (2) 192 (2) 2852 (3) 165 (3)

Symmetry code: (i) y, —x +y+1,z — &

Data collection: APEX2 (Bruker, 2006); cell refinement: SAINT
(Bruker, 2006); data reduction: SAINT; program(s) used to solve
structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine
structure: SHELXL97 (Sheldrick, 2008); molecular graphics: OLEX2
(Dolomanov et al., 2009); software used to prepare material for
publication: SHELXL97.

The authors wish to thank Dr Hong Su of the Chemistry
Department of the University of Cape Town for her assistance
with the crystallographic data collection.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: HG2752).
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(S)-N-Benzyl-2-methyl-1,2,3,4-tetrahydroisoquinoline-3-carboxamide

T. Naicker, T. Govender, H. G. Kruger and G. E. M. Maguire

Comment

The title compound (Fig. 1) is a precursor in the synthesis of novel chiral ligands involving a tetrahydroisoquinoline back-
bone. Recently, we have reported the application of these ligands as useful catalysts for transfer hydrogenation of prochir-
al ketones (Chakka et al., 2009), Henry reactions, hydrogenation of olefins (Peters et al. 2010) and Diels-Alder reactions
(Naicker et al., 2010a).

Compound 1 was derived from commercially available S-phenyl glycine and formaldehyde. The absolute stereochemistry

was confirmed to be S at the C9 position from proton NMR spectroscopy. (Peters et al. 2010).

From the crystal structure it is evident that the N-containing six membered ring assumes a half chair conformation (Fig.
1), in which the 1—IN1—C9—C8 bond has a torsion angle of 68.7 (3)°. This observation is similar to analogous structures
that we have reported recently (Chakka et al, 2010) and (Naicker et al., 20106).

The molecule exhibits intermolecular hydrogen bonding, which involves the atom O1 which links the molecules together
see Table 1 and Fig. 2.

Experimental

(S)-2-methyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (1.5 g, 7.8 mmol) was dissolved in DMF (15 ml) followed
by addition of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) hydrochloride (8.8 mmol), hydroxybenzotriazole
(0.81 g, 8.3 mmol), a catalytic amount of 4-dimethylaminopyridine and benzyl amine (8.3 mmol). The reaction mixture was
then stirred at room temperature until no more starting material could be detected by TLC analysis (approximately 1 h). The
reaction mixture was poured into 30 volumes of chilled water; the mixture was then extracted twice with ethyl acetate. The
extracts were combined, washed with 5% HCI (aq) to remove latent EDC urea, dried over anhydrous magnesium sulfate
and then concentrated to dryness affording the crude product which was purified by column chromatography.

Melting point 91-95 °C. [a]*°p -7.93 (¢ 0.21 in CHCl3).
IR (neat) nmax: 3281, 2923, 1646, 1548, 1454, 1240, 739, 696 em™L.

' NMR (400 MHz, CDCls) § = 2.78 (d, 3H), 3.12 (m, 2), 3.52 (t, 1H), 3.66 (m, 3H), 3.78 (d, 1H), 6.99 (d, 1H), 7.19
(m, 3H), 7.30 (m, 6H)

Recrystallization from EtOAc afforded colourless crystals suitable for X-ray analysis.
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Key indicators: single-crystal X-ray study; T = 173 K; mean o{C—C) = 0.009 A;
R factor = 0.057; wR factor = 0.146; data-to-parameter ratio = 8.5.

The asymmetric unit of the title compound, CyH34N,O,
contains two molecules in which the N-containing six-
membered rings assume different conformations viz. half-
chair and envelope. Intermolecular N—H---O hydrogen
bonding via the amide groups cross-link the molecules in the
crystal structure.

Related literature

The title compound is a precursor to novel N-oxide type
organocatalysts, see: Naicker et al. (2010). For a related
structure, see: Naicker et al. (2011).

Experimental

Crystal data

CyoHaN,O
M, = 42658
Monoclinic, P2,
a=9493 (3) A
b=12459 (5) A
c=21.280 (8) A
B =102241 (7)°

Data collection

Bruker Kappa DUO APEXII
diffractometer
Absorption correction: multi-scan

V=12459.8 (16) A®
Z=4

Mo Ku radiation
=007 mm™*
T=173K

0.35 x 0.06 x 0.05 mm

16565 measured reflections
4932 independent reflections
2620 reflections with I > 20(1)

(SADABS; Bruker, 2006) Riny = 0.093
Toin = 0.976, T = 0.997

Refinement

R[F? > 20(F?)] = 0.057 1 restraint

wR(F?) = 0.146
§=098

4932 reflections
577 parameters

H-atom parameters constrained
APmax =024 ¢ A:S
Apin = —018 ¢ A3

Table 1 .

Hydrogen-bond geometry (A, °).

D—H---A D—H H--A DA D—H---A
N2A—H2A---O1B' 0.88 2.15 2.900 (6) 142

Symmetry code: (i) x —1,y, z.

Data collection: APEX2 (Bruker, 2006); cell refinement: SAINT
(Bruker, 2006); data reduction: SAINT; program(s) used to solve
structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine
structure: SHELXL.97 (Sheldrick, 2008); molecular graphics: OLEX2
(Dolomanov et al, 2009); software used to prepare material for
publication: SHELXL.97.

The authors wish to thank Dr Hong Su of the Chemistry
Department of the University of Cape Town for her assistance
with the crystallographic data collection.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: HG5021).
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($)-2-Benzyl-N-(2,6-diisopropylphenyl)-1,2,3,4-tetrahydroisoquinoline-3-carboxamide

T. Naicker, T. Govender, H. G. Kruger and G. E. M. Maguire

Comment

The title compound is a precursor in the synthesis of novel chiral catalysts containing a tetrahydroisoquinoline framework
(TIQ). Upon oxidation of the secondary amine, the N-oxide form of this compound and its derivatives are currently being

tested as novel organocatalysts for asymmetric allylation reactions (Naicker et al. 2010).

The structure has two molecules in the asymmetric unit (Fig. 1). These molecules are linked via various intermolecu-
lar short contact interactions (2.01-2.83 A). The crystal packing reveals that a hydrogen bond via the amide groups
N2A—H2A~-O1B link the molecules together resulting in a one-dimensional sheet along the ¢ axis (Fig. 2), also see (Naick-
eretal 2011)

From the crystal structure it is evident that the N-containing six membered rings assume different conformations for the
two molecules in the asymmetric unit (Fig. 1). The ring containing N1A adopts a half chair conformation while N1B exists
as a half boat conformation.

Experimental

(8)-2-Benzyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (1.5 g, 3.4 mmol) was dissolved in dry dichloromethane (15
ml) followed by the addition of triethylamine (2.0 eq.) and ethylchloroformate (1.2 eq.) which was stirred for 1 h at O degrees
followed by the addition of 2,6-diisopropylaniline (1.1 eq.). The reaction mixture was then stirred at room temperature
until no more starting material could be detected by TLC analysis (approximately 3 h). The reaction mixture was poured
into water (30 equivalent volumes); the mixture was then extracted twice with dichloromethane (20 ml). The extracts were
combined, dried over anhydrous magnesium sulfate and then concentrated to dryness affording the crude product which

was purified by silica column chromatography (hexane:ethylacetate 80:20 R¢ =0.6).
Melting point 418-420 K. [a]ZOD +4.762 (¢ 0.14 in CHCl3).
IR (neat): 3286, 2961, 1676,1488, 746 cm ™.

' NMR (400 MHz, CDCls) § 8.87 (s, 1H), 7.45 — 7.32 (m, 5H), 7.27 — 7.16 (m, 5H), 7.09 (1, ./ = 5.8 Hz, 3H), 3.92 (dt,
J=16.1,132 Hz, 3H), 3.80 (dd, J = 7.2, 4.2 Hz, 1H), 3.68 (d,J = 13.7 Hz, 1H), 3.33 (dd, J = 15.4, 4.2 Hz, 1H), 3.18 (dd,
J=15.4,72Hz, 1H), 1.59 (s, 4H), 1.00 (dd, J = 20.3, 6.2 Hz, 13H).

13CN'MR(101 MHz, CDCl3) § 172.91, 145.83, 137.71, 135.85, 134.98, 131.15, 128.96, 128.76, 127.93, 127.90, 127.71,
127.43,126.55,126.17, 123.28, 77.34, 77.02, 76.70, 62.42, 60.85, 51.60, 29.76, 28.50, 23.72, 23.64.

Recrystallization from dichloromethane at room temperature afforded colourless crystals suitable for X-ray analysis.
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Key indicators: single-crystal X-ray study; T = 173 K; mean o(C-C) = 0.002 A;
R factor = 0.030; wR factor = 0.082; data-to-parameter ratio = 10.2.

In the title compound, C;oH»;NO,, an organocatalyst with a
tetrahydroisoquinoline backbone, the heterocyclic ring
assumes a half-boat conformation. The dihedral angle
between the aromatic rings is 82.93 (8)°. In the crystal,
molecules are linked via N—H---O and C—H- - -O hydrogen
bonds, forming a layer parallel to (101).

Related literature
For related structures, see: Naicker et al. (2010, 2011).

Experimental

Crystal data

CioHuNO, V = 84325 (4) A®
M, =32137 z=2

Mo Ku radiation
=009 mm*
T=173K

0.90 x 0.07 x 0.06 mm

Monoclinic, PZL
a=93841(3) A
b =63453 (2) A
¢ =142048 (4) A
B =94.475 (2)°

Data collection

4184 measured reflections
2275 independent reflections
2138 reflections with 7 > 20(1)
Ry = 0.010

Nonius KappaCCD diffractometer

Absorption correction: multi-scan
(SADABS; Sheldrick, 1996)
Tnin = 0.923, Ty = 0.995

Refinement

R[F? > 20(F%)] = 0.030
WR(F?) = 0.082
§=1.05

2275 reflections

222 parameters

2 restraints

H atoms treated by a mixture of
independent and constrained
refinement

Appax =020e A7

Apin = =013 ¢ A7

Table 1

Hydrogen-bond geometry (A, °).

D—H---A D—H H---A D---A D—H---A
N1—HIN---03' 091 (2) 227 (1) 3.0918 (17) 149 (2)
Cl—HI.-.03" 1.00 2.55 3.503 (2) 160
C19—H19B- . -02" 0.98 253 3270 (2) 132

Symmetry codes: (i) —x + 1,y +% —z +2; (i) x,y + 1, z; (i) —x,y — % —z + 1.

Data collection: COLLECT (Nonius, 2000); cell refinement:
DENZO-SMN (Otwinowski & Minor, 1997); data reduction:
DENZO-SMN; program(s) used to solve structure: SHELXS97
(Sheldrick, 2008); program(s) used to refine structure: SHELXL97
(Sheldrick, 2008); molecular graphics: OLEX2 (Dolomanov et al.,
2009); software used to prepare material for publication:
SHELXLY7.

The authors wish to thank Dr Hong Su from the Chemistry
Department of the University of Cape Town for her assistance
with the crystallographic data collection.

Supplementary data and figures for this paper are available from the
TUCr electronic archives (Reference: 1S2714).
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(15,35)-Methyl 6,7-dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylate

T. Naicker, T. Govender, H. G. Kruger and G. E. M. Maguire

Comment

The title compound is a novel chiral organocatalyst containing a tetrahydroisoquinoline (TIQ) framework. We have recently
reported the use of similar TIQ derivatives as organocatalysts in the Diels-Alder cycloaddition between alpha, beta-unsat-

urated aldehydes and cyclopentadiene (Naicker et al., 2010).

Diastereomers formed during the synthesis of the title compound were easily separated using column chromatography
to yield the TIQ derivative with the stereochemistry as illustrated in Fig. 1. The absolute stereochemistry was confirmed to
be §.S at the C1 and C9 positions, respectively, by proton NMR spectroscopy.

The N-containing six-membered ring assumes a half-boat conformation [Q = 0.5537 (16) A, 8 = 53.94 (16)° and ¢ =
335.3 (2)°]. This observation is similar to a related structure that we recently reported (Naicker et al., 2011). The molecules
are linked througth—HlN---OSi and C1—H1--031 hydrogen bonds (Table 1) into a column stacked along the b axis. The
columns are further connected by C19—H19B--0211 hydrogen bonds, forming a layer parallel to the (107) plane (Fig. 2).

Experimental

To a stirred solution of 1:1 methanol: methylene chloride (6.0 ml) with 4 A molecular sieves, (S)-methyl 2-amino-3-(3,4-
dimethoxyphenyl)propanoate (1.0 g, 4.2 mmol) and benzaldehdye (1.1 eq.) was added under an inert atmosphere. The reac-
tion mixture was allowed to stir for 1.5 h. Thereafter the reaction mixture was filtered and the solvents was removed in vacuo
to yield the intermediate imine which was left on a high vacuum pump to remove any residual water for 2 h. The residue
was then dissolved in trifluoroacetic acid (20 ml) and refluxed for 3 h. The reaction mixture was then neutralized with a
saturated sodium bicarbonate solution and extracted with ethylacetate (4 x 20 m1). The organic extracts were combined and
dried over anhydrous NaySO,4 and the solvent was removed in vacuo. The crude product (diastereomers) was purified by

column chromatography (50:50 EtOAc/Hexane, R 1/2) to afford the product 1.20 g (88%) as a white solid. Melting point

370-372 K. IR (neat): 2928, 2600, 1746, 1516, 1250, 1123, 727 em™ [a]®p = +15.38 (c 0.26 in CHCl3) 'H NMR (400
MHz, CDCl3) § 7.33 — 7.11 (m, SH), 6.57 (s, 1H), 6.10 (s, 1H), 5.02 (s, 1H), 3.79 (s, 4H), 3.70 (s, 3H), 3.52 (s, 3H), 3.01

(s, 2H). 13’CN'M:R(IO] MHz, CDCls) § 172.96, 147.76, 147.41, 143.87, 130.22, 129.04, 128.59, 127.84, 126.07, 111.31,
110.56, 62.85, 56.54, 55.89, 55.84, 52.18, 32.22.

Recrystallization from ethyl acetate at room temperature afforded crystals suitable for X-ray analysis.

Refinement

All hydrogen atoms, except HIN on N1, were placed in idealized positions and refined as riding, with Ujso(H) = 1.2 or
1.5U¢q(C). The position of HIN was located in a difference electron density map and refined with a bond length restraint
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Key indicators: single-crystal X-ray study; T = 173 K; mean o{C—C) = 0.002 A;
R factor = 0.053; wR factor = 0.157; data-to-parameter ratio = 16.2.

In the title compound, C,;H;NO4, an N-oxide-based
organocatalyst, the N-containing six-membered ring adopts a
twisted half-chair conformation. No hydrogen bonding or 7—m
stacking was found within the crystal structure.

Related literature
For related structures, see: Naicker et al. (2010, 2011).

Experimental

Crystal data

CZOHllNOS

M, = 371.38
Monoclinic, P2, /n
a=54765 (1) A
b =21.9984 (6) A
c=15.0007 (4) A
B =92774 (2)°

Data collection

Bruker APEXII diffractometer
7815 measured reflections
3959 independent reflections

Refinement

R[F? > 206(F?)] = 0.053
wR(F?) = 0157
§=1.06

3959 reflections

V= 1805.08 (8) A®
Z=4

Mo K« radiation
=010 mm™*
T=173K

0.25 x 0.18 x 0.15 mm

3092 reflections with 7 > 20(1)
Ry = 0.016

245 parameters

H-atom parameters constrained
APy =0.92¢ A3

Apin = 033 ¢ A7°

Data collection: APEX2 (Bruker, 2006); cell refinement: SAINT
(Bruker, 2006); data reduction: SAINT; program(s) used to solve
structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine
structure: SHELXL97 (Sheldrick, 2008); molecular graphics: OLEX2
(Dolomanov et al, 2009); software used to prepare material for

publication: SHELXL97.

The authors wish to thank Dr Hong Su of the Chemistry
Department, University of Cape Town, for her assistance with
the crystallographic data collection.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: HG5031).
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6,7-Dimethoxy-3-methoxycarbonyl-1-(2-methoxyphenyl)-3,4-dihydroisoquinoline 2-oxide

T. Naicker, T. Govender, H. G. Kruger and G. E. M. Maguire

Comment

The title compound is a novel N-oxide based catalyst containing a tetrahydroisoquinoline (TIQ) backbone. This is the first
X-ray crystal structure report of this type of organocatalyst within this TIQ class of molecules. This compound and its
derivatives are currently being tested in our laboratory as novel organocatalysts for asymmetric allylation reactions (Naicker
et al. 2010).

From the crystal structure it is evident that the N-containing six membered ring assumes a twisted half chair conformation
(Fig. 1). This differs from a similar structure that we recently reported which displays a twisted half boat conformation
(Naicker et al. 2011). A possible reason for the change is the introduction of the oxygen atom O2 onto the sp2 hybridized

nitrogen atom. All our previous examples have either a hydrogen or methyl group at that position.

Interestingly there is no classic hydrogen bonding within the crystal packing however, there are various intermolecular
and intramolecular short contact interactions that link the molecules together within the crystal lattice. The N-oxide oxygen
02 displays two potential hydrogen bond interactions to C16—H16 and C20A—H20A which are 3.36 A and 3.34 A re-
spectively. These interactions result in a layered packing within the crystal stucture as shown along the (100) axis in Fig. 2.
A centroid distance of 7.156 A indicated that there is no - stacking within the crystal matrix.

Experimental

(S)-methyl 6,7-dimethoxy-1-(2-methoxyphenyl)-3,4-dihydroisoquinoline-3-carboxylate (1.30 g, 3.7 mmol) was dissolved
in dry methylene chloride (50 ml). Potassium carbonate (1.0 g, 7.5 mmol) was added and the reaction cooled to =78 °C.
Meta-chloroperbenzoic acid (0.86 g of 75% pure, net 0.65 g, 3.7 mmol) was then added, and the reaction was allowed to
stir at =78 °C for 3 h. At this time, the reaction was allowed to warm to room temperature. After stirring for a further 2
h at room temperature, methylene chloride (50 ml) was added to dilute the reaction and celite (500 mg) was added to aid
filtration. The reaction was filtered, and the methylene chloride concentrated to dryness affording the crude product which

was purified by column chromatography (methylene chloride:methanol, 99:1, Rg= 1/5) (1.20 g, 87% yield).
Melting point 423 K. []*%p 5.128 (¢ 0.13 in CHCl3).

IR (neat): 2923, 1742, 1508, 1285, 729 cm L.

' NMR (400 MHz, CDCl3) § 7.55 (dd, J = 7.5, 1.7 Hz, 1H), 7.51 — 7.42 (m, 1H), 7.20 — 6.97 (m, 3H), 6.74 (d, J =
6.5 Hz, 1H), 6.27 (d, J = 13.6 Hz, 1H), 4.94 (dt, J = 5.8, 2.9 Hz, 1H), 3.90 (d, J = 1.8 Hz, 4H), 3.77 (d, J = 4.3 Hz, 3H),
3.73 - 3.54 (m, 6H), 3.49 — 3.33 (m, 1H).
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Key indicators: single-crystal X-ray study; T = 173 K; mean o{C—C) = 0.002 A;
R factor = 0.031; wR factor = 0.087; data-to-parameter ratio = 10.8.

In the title compound, C,sHp;NO,, the heterocyclic ring
assumes a half-chair conformation and intermolecular C—
H---O interactions help to construct the three-dimensional
network within the crystal packing.

Related literature

The title compound is a precursor to chiral catalysts bearing a
tetrahydroisoquinoline  (TIQ) backbone. TIQ catalyst
precursors have shown to be efficient for several asymmetric
transformations, see: Chakka et al. (2010); Kawthekar et al.
(2010). For related structures, see: Naicker et al. (2009, 2010,
2011). For the assignment of the absolute stereochemisty by
NMR, see: Aubry et al. (2006).

| [o]
(o}
o/
N
o \\
| Ph
Ph

Experimental
Crystal data
CysHNO, ¢ =20.6959 (15) A
M, = 417.49 £ =96986 (1)°
Monoclinic, P2, V =1097.82 (14) A®
a=97797 (7) A Z=2
b =5.4646 (4) A Mo Ku radiation

=009 mm™* 0.85 x 0.07 x 0.06 mm

T=173K

Data collection

Bruker Kappa DUO APEXIT
diffractometer
Absorption correction: multi-scan

20624 measured reflections
3032 independent reflections
2764 reflections with I > 20(1)

(SADABS; Sheldrick, 20084) Rine = 0.030
Tnin = 0931, Tpax = 0.995

Refinement

R[F? > 20(F?)] = 0.031 1 restraint

wR(F?) = 0.087
§=105

3032 reflections
280 parameters

H-atom parameters constrained
Appax=021e A7
Apmin = —019¢ A3

Table 1 i

Hydrogen-bond geometry (A, °).

D—H---A D—H H---A D---A D—H---A
C18—H18---03' 0.95 2.51 3.445 (2) 168
C25—H254---01" 0.98 2.43 3.183 (2) 133

Symmetry codes: (i) x,y + 1, z; (i) —x + 1,y +4 —z.

Data collection: COLLECT (Nonius, 2000); cell refinement:
DENZO-SMN (Otwinowski & Minor, 1997); data reduction:
DENZO-SMN, program(s) used to solve structure: SHELXS97
(Sheldrick, 2008b); program(s) used to refine structure: SHELXL97
(Sheldrick, 2008b); molecular graphics: OLEX2 (Dolomanov et al.,
2009); software used to prepare material for publication:
SHELXL97.

The authors wish to thank Dr Hong Su from the Chemistry
Department of the University of Cape Town for her assistance
with the crystallographic data collection.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: GW2101).
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(15,35)-Methyl 2-benzyl-6,7-dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylate

T. Naicker, T. Govender, H. G. Kruger and G. E. M. Maguire

Comment

Chiral catalysts containing a tetrahydroisoquinoline (TIQ) backbone have proven to be very successful in our research group.
These TIQ catalyst precursors have shown to be efficient for several asymmetric transformations. (Chakka et al., 2010,
Kawthekar et al.,2010 and Naicker et al., 2010) The title compound (Fig. 1) is a precursor in the synthesis of several novel

chiral ligands containing the TIQ framework.

The absolute stereochemistry of the crystal was confirmed to be S,S at C1 and C9 positions respectively by proton NMR
spectroscopy. We recently reported the crystal structure of the R,S diastereomer at the C1 and C9 positions respectively.
(Naicker et al., 2009)

Interestingly, there are several significant differences between these diasteromeric crystals. The title compound crys-
tallizes with monoclinic (P21) symmetry while its diastereomer has triclinic (P1)symmetry. Also the N-containing six
membered ring assumes a half chair conformation [Q=0.5312 (16) A, 6= 53.39 (17)° and ¢=324.7 (2)°] as apposed to a half
boat conformation (Fig. 1). This heterocyclic ring shape affects the position of the ester moiety relative to the phenylring at
the C1 position. The torsion angle for C1—N1—C9—C10 is -171.7 (1)° while for the diastereomer this angle was 66.0 (2)°.
In addition, the N-benzyl and phenyl ring at C1 exisit in a cis orientation along the N1—C9 bond with a dihedral angle of
70.2 (2)° while for the diasteromer they are trans to each other with a dihedral angle of -64.7 (1)°. From the plain formed by
the atoms C1—C2—C7—C8—N1—C9 the maximum displacement from planarity for N1 is 0.334 A and for C9 0.360 A.

A single intramolecular interaction between H11B and the phenyl ring attached to C12 (2.862 A) is evident (Fig. 1). Two
specific intermolecular short contacts originating from methoxy O1 and the ester O3 to different C-H groups (Fig. 2) link
the molecules together in the crystal (Table 1). This arrangement results in chains parallel to the a axis. In the chain, the
molecules are arranged so that their tails, linked by these C—H--O interactions, protrude to the outer edges of the chain,

and their heads point towards the core of the chain.

Experimental

To asolution of (15,38)-methyl 6,7-dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylate (500 mg, 1.52 mmol)
in acetonitrile (20 ml), solid K,CO3 (635 mg, 4.58 mmol) was added followed by benzyl bromide (286 mg, 1.67 mmol) at
ambient temperature. There after the reaction mixture was refluxed for 3 h. Completion of the reaction was monitored with
TLC using hexane/ethy] acetate (60:40, Ry =0.5). The solvent was evaporated and 30 ml of ethylacetate was added, washed
with 2 x 10 ml of water, the organic layer was separated, and dried over anhydrous MgSO,. The solvent was evaporated
under reduced pressure to afford crude product, which was purified by column chromatography using hexane:ethyl acetate
(60:40) as the eluent to yield pure product. (0.44 g, 90%) as a white solid.

Melting point: 420 K. [6]*°p +3.03 (¢ 0.1 in CHCl3).
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Key indicators: single-crystal X-ray study; T = 173 K; mean o(C-C) = 0.002 A;
R factor = 0.040; wR factor = 0.110; data-to-parameter ratio = 17.7.

There are two independent molecules in the asymmetric unit
of the title compound, C;oH,sNO4 A single C—H---xw
interaction and various intermolecular contacts (2.65-
2.83 [&) link the independent molecules in the crystal
structure. The N-containing six-membered ring assumes a
twisted half-boat conformation.

Related literature
For related structures, see: Naicker et al. (2010a,b, 2011).

Experimental

Crystal data

C1oH,sNO,

M, = 331.40
Triclinic, PT
a=95720(2) A,
b =10.8441 (4) A
c=175925 (6) A
o = 80.941 (1)°

B =75267 (2)°

Data collection

Bruker Kappa DUO APEXIIT
diffractometer
15272 measured reflections

Refinement

R[F? > 20(F?)] = 0.040
wR(F?) = 0.110
§=1.05

7670 reflections

Table 1 .
Hydrogen-bond geometry (A, °).

Cg is the centroid of the C2B-C7B ring.

y = 89.343 (2)°

V= 174325 (9) A®
Z=4

Mo Ku radiation
#=0.09 mm™*
=173 K

0.44 x 0.38 x 0.35 mm

7670 independent reflections
6167 reflections with I > 20(7)
Ry = 0.014

433 parameters

H-atom parameters constrained
Apmax=03le A

Apmin = —027 ¢ A7

D—H---A D—H

H A DA

D—H.. A

C8A—HBAL---C¢' 0.99

3.9272 (13) 167

Symmetry code: (i) x —1,y, z.

Data collection: APEX2 (Bruker, 2006); cell refinement: SAINT
(Bruker, 2006); data reduction: SAINT; program(s) used to solve
structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine
structure: SHELXL97 (Sheldrick, 2008); molecular graphics: OLEX2
(Dolomanov et al, 2009); software used to prepare material for
publication: SHELX1.97.

The authors wish to thank Dr Hong Su from the Chemistry
Department of the University of Cape Town for her assistance
with the data collection.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: HG5002).
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Methyl 1-cyclohexyl-6,7-dimethoxy-3,4-dihydroisoquinoline-3-carboxylate

T. Naicker, T. Govender, H. G. Kruger and G. E. M. Maguire

Comment

The title compound is a precursor in the synthesis of novel chiral catalysts containing a tetrahydroisoquinoline framework.
Upon oxidation of the sp2 hybridized nitrogen, the oxide form of this compound and derivatives are currently being tested

in our laboratory as novel organocatalysts for asymmetric allylation reactions (Naicker et al. 2010a).

The structure has triclinic (PT) symmetry with two molecules in the asymmetric unit (Fig. 1). These two molecules are
linked by various intermolecular short contact interactions and one C—H-+- © (C2B—C7B ring) bond (Table 1). The crystal
packing reveals that via the centre of symmetry operation the enantiomer generates its mirror image. This results ina layered
packing along the a axis (Fig. 2).

From the crystal structure it is evident that the N-containing six membered ring assumes a twisted half boat conformation
(Fig. 1). This heterocyclic ring within similar structures displays either a half chair (Naicker et al. 20105) or half boat
(Naicker et al. 2011) conformation. A possible reason for the change is the introduction of the sp2 hybrized nitrogen atom.

As anticipated the cyclohexane moieties adopt chair conformations.

Experimental

To a solution of methyl 2-(cyclohexanecarboxamido)-3-(3,4-dimethoxyphenyl)propanoate (0.30 g, 0.86 mmol) in toluene
(20 ml), phosphory! trichloride (8.7 eq, 0.68 ml) was added. The mixture was refluxed for 4 h. Thereafter the toluene was
evapourated under reduced pressure and the resulting residue treated with aqueous saturated potassium carbonate (15 ml)
and extracted with ethyl acetate (2 x 10 ml). The organic extracts were combined and dried over anhydrous magnesium
sulfate and then concentrated to dryness affording the crude product which was purified by column chromatography, (1:1
ethyl acetate, hexane), Re=0.5. Recrystallization from chloroform at room temperrature afforded colourless crystals suitable

for X-ray analysis.

Melting point 377-379 K.
IR (neat) vinax: 2928, 1738, 1514, 1249, 1149, 752 em™%.

H NMR (400 MHz, CDCls) & 7.05 (s, 1H), 6.70 (s, 1H), 4.29 (t, J = 8.4 Hz, 1H), 3.91 (s, 6H), 3.75 (s, 3H), 2.87 (m,
2H), 1.87-1.21 (m, 11H).

3¢ NMR (101 MHz, CDCl3) 8 173.57, 151.04, 147.77, 129.82, 121.36, 110.60, 108.80, 59.40, 56.33, 55.98, 52.25,
42.67, 31.44, 30.80, 28.55, 26.55, 26.42, 26.14.
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Key indicators: single-crystal X-ray study; T = 173 K; mean o(C~C) = 0.003 A;
R factor = 0.025; wR factor = 0.068; data-to-parameter ratio = 6.7.

In the title compound, C;,H;5NO;, a precursor to novel chiral
catalysts, the N-containing six-membered ring assumes a half-
chair conformation. Intermolecular C—H---O hydrogen
bonds link the molecules in the crystal structure.

Related literature

For the synthesis of the title compound, see: Chakka et al
(2010). For related structures, see: Aubry ef al. (2006). For a
related structure with the same chiral centres and configura-
tion, see: Naicker et al. (2009). For proline diaryl alcohols, see:
Diner et al. (2008); Seebach et al. (2008).

| Ph  Ph
0
OH
N
O s
Experimental

Crystal data
Cy7HzsNOs

M, = 541.66
Monoclinic, P2,

a=119706 (5) A
b =10.1934 (4) A
c=13.1515 (5) A

B =116.546 (2)° =062 mm™*

V = 1435.58 (10) A® T=173K
Z=2 022 x 0.14 x 0.12 mm
Cu Ko radiation

Data collection

Bruker Kappa Duo APEXII
diffractometer

Absorption correction: multi-scan
(SADABS; Bruker, 2006)
T = 0.876, Tpyax = 0.930

15262 measured reflections
2514 independent reflections
2451 reflections with I > 20(1)
Ry, = 0.025

Refinement

R[F? > 20(F%)] = 0.025
WwR(F?) = 0.068
§=110

2514 reflections

375 parameters

1 restraint

H atoms treated by a mixture of
independent and constrained
refinement

Apmax = 014 ¢ A7

Apin = =012 e A3

Table 1 .

Hydrogen-bond geometry (A, °).

D-H---A D—H H---A DA D_H--A
Cl15—H15.--02' 0.95 244 3385 (2) 171

Symmetry code: (i) x,y,z — 1.

Data collection: APEX2 (Bruker, 2006); cell refinement: SAINT
(Bruker, 2006); data reduction: SAINT; program(s) used to solve
structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine
structure: SHELXL97 (Sheldrick, 2008); molecular graphics:
ORTEP-3 (Farrugia, 1997) and DIAMOND (Brandenburg, 1998);
software used to prepare material for publication: SHELXL97.

The authors wish to thank Dr Hong Su of the Chemistry
Department of the University of Cape Town for her assistance
with the crystallographic data collection and Dr M Bala of the
School of Chemistry at University of KwaZulu-Natal for his
assistance with preparation of this manuscript.

Supplementary data and figures for this paper are available from the
TUCr electronic archives (Reference: 1.X2135).
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{(1R,35)-2-Benzyl-6,7-dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinolin-3-yl} diphenylmethanol

T. Naicker, T. Govender, H. G. Kruger and G. E. M. Maguire

Comment

The title compound (2, Fig. 3) is a precursor in the synthesis of novel chiral ligands involving a tetrahydroisoquinoline
backbone. Recently, we have reported the application of these ligands as useful catalysts for transfer hydrogenation reactions
(Chakka et al., 2010).

Compound 2 contains four phenyl rings and the absolute stereochemistry was confirmed to be R,S at C1 and C9 positions
as shown in Fig. 1, respectively (Aubry et al., 2006). The crystal packing is stabilized by intermolecular C—H-+-O hydrogen
bonds. The H atom of methanol does not form hydrogen bonds (Table 1 & Fig. 2). According to the Cambridge structural
data base this is the first tetrahydroisoquinoline derivative with diaryl substitution at the C10 position. The structure displays
a gauche or sc (synclinal) conformation around the O3—C10—C9—N1 bond with the OH group almost over the piperidine
ring with a torsion angle of -77.0 (2)°. Due to the lack of analogous structures this observation was compared to proline
diaryl alcohols (Seebach et al., 2008) which display a similar conformation around the exocyclic C9—C10 bond. Given the
success of proline diaryl alcohols as a chiral catalyst (Diner et al., 2008) this comparison is particularly useful for catalysts

bearing a tetrahydroisoquinoline framework as this feature could have a significant effect on the stereocontrol of the catalyst.

We recently reported a crystal structure of a similar molecule to the title compound (Naicker et al, 2009) which has an
ester moiety atthe C10 position and the N-containing six membered ring assumes a half boat conformation. The N-containing
six membered ring in the title compound exists in a half chair conformation (see Fig. 1). A possible reason for this difference
in conformation could be the introduction of large phenyl ring substitiuents at the C10 position. The efficiency of these

tetrahydroisoquinoline catalysts is currently being tested in our laboratory.

Experimental

To a solution of compound 1 (Fig. 3) (500 mg, 1.19 mmol) in THF (10 ml), freshly prepared Grignard reagent of phenyl
magnesium bromide (2.17 g, 11.9 mmol) was added under a nitrogen atmosphere at ambient temperature. Completion of the
reaction was monitored with TLC by quenching 0.1 ml aliquots of the reaction mixture with saturated ammonium chloride
solution at 0 °C using ethyl acetate/hexane as the solvent (40 : 60 R 0.5). Thereafter the reaction mixture was filtered and the
solvent was evaporated under reduced pressure to afford the crude product. This was purified by column chromatography
using ethyl acetate/hexane (40:60) as the eluent to yield 80 % (0.52 g) pure tetrahydroisoquinoline diphenyl alcohol 2 as
a white solid. 'H NMR (600 MHz,CDCl3.8, p.p.m): 7.38 (d, J = 7.26 Hz, 2H), 7.32-7.16 (m, OH), 6.54 (s, 1H), 6.26 (s,
1H), 5.19 (s, 1H), 3.85-3.72 (m, 6H), 3.61 (s,6H), 3.23 (dd, J = 5.10, 15.66 Hz, 1H), 2.98 (dd, J = 3.00, 15.72, Hz, 1H).
Light yellow crystals suitable for X-ray diffraction were obtained by slow evaporation of 2 in dichloromethane at room

temperature.
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Key indicators: single-crystal X-ray study; T = 173 K; mean o{C—C) = 0.002 A;
R factor = 0.036; wR factor = 0.090; data-to-parameter ratio = 12.0.

The title compound, C,gH,3NOs, is the third in a series of
tetrahydoisoquinoline (TIQ) compounds that are precursors
to novel chiral catalysts. The N-containing six-membered ring
assumes a half-boat conformation. No hydrogen bonding is
observed in the crystal structure.

Related literature

For related structures, see: Naicker et al (2009, 2010);
Alberach et al. (2004). For the synthesis of the title compound,
see: Aubry et al. (2006).

\

Experimental

Crystal data

CZOHZSNOS

M, = 35739
Orthorhombic, P2,2,2,
a=353719 (7) A |
b=12.1726 (14) A
c=27.021 (3) A

Data collection

Bruker Kappa DUO APEXII
diffractometer
13619 measured reflections

V=1766.9 (4) A3
Z=4

Mo Ku radiation
=010 mm™*
T=173K

0.20 x 0.12 x 0.12 mm

2878 independent reflections
2538 reflections with 7 > 20(1)
Ry = 0.032

Refinement

R[F? > 20(F?)] = 0.036
wR(F?) = 0.090
§=1.04

2878 reflections

239 parameters

1 restraint

H atoms treated by a mixture of
independent and constrained
refinement

Aprax =026 ¢ A3

Apin = —018 ¢ A?

Data collection: APEX2 (Bruker, 2006); cell refinement: SAINT
(Bruker, 2006); data reduction: SAINT; program(s) used to solve
structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine
structure: SHELXL97 (Sheldrick, 2008); molecular graphics: OLEX2
(Dolomanov et al, 2009); software used to prepare material for
publication: SHELXL97.

The authors thank Dr Hong Su of the University of Cape-
town for the data collection and structure refinement.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: HG2711).
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(1R,39)-Methyl 6,7-dimethoxy-1-(4-methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline-3-carboxylate

T. Naicker, T. Govender, H. G. Kruger and G. E. M. Maguire

Comment

The title compound was derived from commercially available L-DOPA and anisaldehyde. Diastereomers formed during the
first step of the synthesis were separated to yield subsequent derivatives and the title compound with the stereochemistry
as illustrated in Fig. 1. The title compound is the third report in a series of molecules containing a tetrahydroisoquinoline
backbone and is a precursor to one of the molecules that we previously reported ((1R,3S)-methyl 2-benzyl-6,7-dimethoxy-
1-phenyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylate), (Naicker et al, 2009). The molecule has been reported previously
and the absolute stereochemistry of the diastereomer was confirmed to be R, S at C4 and C2 positions respectively by proton
NMR (Aubry et al., 2006).

There are a number of common features found in this structure and that of the the unprotected secondary amine system.
First, the N-containing six membered ring assumes a half boat conformation. This differs from last report for the (1R,3S)-
2-benzyl-6,7-dimethoxy-1-phenyl-1,2,3,4 tetrahydroisoquinolin-3-yl diphenylmethanol structure (Naicker et al., 2010) and
previous reports by Alberach et al (2004) and Aubry et al. (2006) where the heteroatomic ring adopted a half chair con-
formation. Second, given the presence of the secondary amine, ether and in this example ester functional groups, no hydro-

gen bonding is observed in any of the structures of this series, (see Fig. 2).

Experimental

A solution of the Cbz protected trans-6,7-dimethoxy-1-(4-methoxyphenyl)-TIQ methyl ester (1.0 g, 0.21 mmol) in THF (20
ml) was added to a suspension of activated 10 wt% Pd/C (500 mg) in dry MeOH (20 ml). The mixture was connected to
a hydrogen source at one atmosphere and stirred at room temperature for 1 h. Completion of the reaction was monitored
through TLC in hexane/ethyl acetate (50/50, Re= 0.6). The Pd/C was filtered through a Celite pad and washed with methanol
(20 ml). The filtrate was evaporated under reduced pressure affording the crude amino ester, which was purified by column
chromatography using ethyl acetate/hexane (50:50) as the eluent to yield pure title compound (0.70 g, 93%) as a yellow
solid. m.p. = 392-393 K. Crystals suitable for X-ray diffraction were obtained by slow evaporation of the title compound

in MeOH at room temperature.

I NMR (600 MHz, CdCls, d, p.p.m.): 1.58 (broad s, 1H), 2.99 (dd, 1H), 3.09 (dd, 1H), 3.60 (s, 3H), 3.66 (s, 3H) 3.67(s,
3H), 3.78 (m, 1H), 3.88 (s, 3H), 5.23 (s, 1H), 6.30(s, 1H), 6.61 (s, 1H), 6.82 (d, 2H), 7.09 (d, 2H).

TR: 2946 (w), 1700 (w), 1507 (s), 1223 (vs), 832 (5), 563 (W)

Refinement

All H atoms, except HIN, were positioned geometrically with C—H distances ranging from 0.95 A to 1.00 A and refined
as riding on their parent atoms, with Ujso (H) =1.2-1.5Ueq (C).
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Key indicators: single-crystal X-ray study; T = 173 K; mean o(C=C) = 0.002 A;
R factor = 0.028; wR factor = 0.077; data-to-parameter ratio = 12.7.

In the title compound, C,cH,,NO,, a precursor to novel chiral
catalysts, the N-containing six-membered ring assumes a half-
boat conformation. Various C—H--.7 interactions and
intermolecular short contacts (C- - -H = 2.81-2.90 A) link the
molecules together in the crystal structure.

Related literature

For the synthesis, see: Chakka et al. (2009). For crystallograhic
details of analogous molecules, sce Alberch e al. (2004);
Aubry et al. (20006).

\

b=9259(2) A zZ=1

¢ =11.0429 (2) A Cu Ko radiation

o =73.365 (1)° 4= 0.67 mm '

B =74.69 (1) T=173K

y =175737 (1)° ) 0.22 x 0.12 x 0.08 mm
V =559.05 (2) A*

Data collection

Bruker Kappa Duo APEXII
diffractometer

Absorption correction: multi-scan
(SADABS; Sheldrick, 1997)
Toin = 0.692, Toae = 0.753

7546 measured reflections
3561 independent reflections
3536 reflections with I > 20(1)
Rine = 0.012

Refinement

R[F? > 20(F?)] = 0.028
WwR(F?) = 0.077
§=1.07

3561 reflections

281 parameters

3 restraints

H-atom parameters constrained

APmax = 016 ¢ A™°

Apmin = —0.16 € A3

Absolute structure: Flack (1983),
1483 Friedel pairs

Flack parameter: —0.01 (14)

Table 1

C—H-- -7 interaction (A, °).

D—H---A D—H - -A D---A D—T---A
C19—H19A- - -Cg' 0.98 2.82 3.639 (2) 148

Symmetry code: (i) x + 1.y + 1,z — 1. Cg is the centroid of the C21- C26 ring.

Data collection: APEX2 (Bruker, 2006); cell refinement: SAINT
(Bruker, 2006); data reduction: SAINT; program(s) used to solve
structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine
structure: SHELXL97 (Sheldrick, 2008) and X-SEED (Barbour,
2001); molecular graphics: ORTEP-3 (Farrugia, 1997); software used
to prepare material for publication: ORTEP-3.

The authors wish to thank Dr Hong Su of the Chemistry
Department at the University of Cape Town for his assistance
with the crystallographic data collection.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: HG2607).
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(1R,35)-Methyl 2-benzyl-6,7-dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylate

T. Naicker, M. McKay, T. Govender, H. G. Kruger and G. E. M. Maguire

Comment

The title compound (2, Scheme 1) is a precursor in the synthesis of novel chiral ligands containing a tetrahydroisoquinoline
backbone. We have recently reported the use of these ligands as successful catalysts for transfer hydrogenations reactions
(Chakka et al., 2009).

Compound 2 was derived from commercially available L-DOPA and benzaldehyde. Diastereomers formed during the
first step of the synthesis were separated to yield subsequent derivatives and the title compound and with the stereochemistry

as illustrated in Figure 1. The absolute stereochemistry was confirmed to be R,S at C1 and C9 positions respectively.

From the crystal structure it is evident that the N-containing six membered ring assumes a half boat conformation (Figure
1). This differs from an analogous structure which assumes a half chair conformation (Aubry et al., 2006 and Alberch et al.,
2004). A possible reason for this change in conformation could be either the introduction of a substitutent on the nitrogen
or the trans position of the phenyl ring at the C1 position.

The molecule exhibits various intermolecular short contacts i.e. between the methyl ester hydrogen (H11C) and phenyl
ring (C14) of a neighbouring molecule; H15 to C6 and C7 and H24 to C14 and C15.

The methoxy groups display different interactions. The first methoxy group at C4 position displays one interaction
between H18B and O2, which is the ether oxygen of the other methoxy group. The second methoxy group at C5 position
displays three interactions; the first being the above mentioned interaction with H18B and O2, the second being a short
contact between O2 and H25, and the third being another CH-z the interaction between H19A and C25. The atoms involved

in these short contacts are shown in Figure 2.

Experimental

To a solution of 1 (Scheme 1) (500 mg, 1.52 mmol) in acetonitrile (20 ml), solid K»CO3 (635 mg, 4.58 mmol) was added
followed by benzyl bromide (286 mg, 1.67 mmol) at ambient temperature. There after the reaction mixture was refluxed
for 3 h. Completion of the reaction was monitored with TLC using hexane/ethyl acetate (60:40, R¢ 1/2). The solvent was
evaporated and 30 ml of ethylacetate was added, washed with 2 x 10 ml of water, the organic layer was separated, and dried
over anhydrous MgSO,. The solvent was evaporated under reduced pressure to afford crude product, which was purified

by column chromatography using hexane/ethyl acetate (60:40) as the eluent to yield pure benzyl ester 2 (0.44 g, 90%) as
a white solid.

H NMR (400 MHZ/CDCl3): 8 = 7.44 (d, J = 1.16 Hz, 2H), 7.32-7.10 (m, 14H), 7.0-6.88 (m, 6H), 6.69 (s, 1H), 6.38
(s. 1H), 4.74 (s,1H), 421 (d, J = 13.60 Hz, 1H), 4.14 (q, J = 3.70, 12.74 Hz, 1H), 3.89 (s, 3H), 3.72 (s, 3H), 3.57 (s, 1H),
3.30-3.18 (m, 2H), 2.60 (dd, J = 3.60, 16.48 Hz, 1H).
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The title compound, C33H34N>O5S, has a heterocyclic ring that
assumes a half-chair conformation. The phenyl rings of
neighbouring molecules align forming alternating chains
parallel to [100] within the crystal packing. The absolute
stereochemistry of the crystal was confirmed to be R,S at the 1-
and 3-positions, respectively, by proton NMR spectroscopy. A
single intramolecular N—H- - -N hydrogen bond is observed.

Related literature

For background to chiral organocatalysts bearing a tetra-
hydroisoquinoline framework and for related structures, see:
Naicker er al. (2010, 2011a,b).

D@*
g

Experimental

Crystal data
CisH3N>O,S

Acta Cryst. (2011). E67, 03441

doi:10.1107/51600536811049324

Orthorhombic, P2,2,2, Z=4

a =9.0463 (1) A Mo K« radiation
b =17.6687 (2) A =014 mm™"
c=196178 (2) A T=173K

V = 3135.64 (6) A* 0.34 x 0.32 x 0.30 mm

Data collection

Nonius KappaCCD diffractometer
7464 measured reflections
7464 independent reflections

6545 reflections with [ > 20(I)
Rin = 0.013

Refinement

R[F? > 20(F%)] = 0.033

wR(F?) = 0.090

S =106

7464 reflections

394 parameters

H atoms treated by a mixture of
independent and constrained

AP =019 ¢ A3

Apmin = —025¢ A7

Absolute structure: Flack (1983),
3271 Friedel pairs

Flack parameter: —0.07 (5)

refinement
Table 1 )
Hydrogen-bond geometry (A, °).
D—H---A D—H H---A D---A D—H---A
N2—H1 N1 0.903 (17) 2.139 (16) 2.6548 (15) 115.4 (12)

Data collection: COLLECT (Nonius, 2000): cell refinement:
DENZO-SMN (Otwinowski & Minor, 1997): data reduction:
DENZO-SMN:; program(s) used to solve structure: SHELXS97
(Sheldrick, 2008): program(s) used to refine structure: SHELXL97
(Sheldrick, 2008): molecular graphics: OLEX2 (Dolomov et al., 2009):
software used to prepare material for publication: SHELXL97.

The authors wish to thank Dr Hong Su from the Chemistry
Department of the University of Cape Town for her assistance
with the crystallographic data collection and refinement.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: HGS134).
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(1R,3S5)-N-Benzhydryl-2-benzyl-6,7-dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinoline-3-carbo-
thioamide

T. Naicker, T. Govender, H. G. Kruger and G. E. M. Maguire

Comment

Chiral organocatalysts bearing a tetrahydroisoquinoline (TI1Q) framework have proven to be very successful by our research
group (Naicker e al., 2010 and 2011a). The title compound (Fig. 1) is a precursor in the synthesis of these novel chiral
organocatalysts. The crystal structure contains a thioamide moiety at the C10 position making it the first example in this

class to be reported.

The absolute stereochemistry of the molecule was confirmed to be R,S at C1 and C9 positions respectively by proton

NMR spectroscopy.

The N-containing six membered ring assumes a half chair conformation [Q=0.5212 (12) A, 6= 50.52 (14)° and ¢=325.8
(18)°] similar to an analogous structure which has a methyl ester at the C10 position (Naicker ez al., 20115). This heterocyclic
ring shape affects the position of the thioamide moiety relative to the phenyl ring at the C1 position. The torsion angle for
Cl—NI—C9—C10 is -157.6 (1)°. Also, in the analogous structure the torsion angle between C8—NI1—C9—C10 is 44.1
(2)° while in the title structure this angle is -18.3 (2)°. This is probably due to the C=S bond which adopts a more planar
orientation relative to the TIQ backbone as compared to the C=0 bond orientation previously reported in this family of
molecules (Naicker et al., 20115). In addition, the N-benzyl and phenyl ring at C1 exist in a frans orientation along the
N1—C9 bond with a dihedral angle of -153.3 (1)°.

The title compound contains four phenyl rings however, no intermolecular C—H-m or 71 interactions are evident.
A single intramolecular hydrogen bond between atoms N2-—HIN--N1 can be observed. The molecules within the crystal

structure line up such that the phenyl rings face each other, this forms alternating chains parallel to the [100] plane (Fig. 2).

Experimental

To a solution of (1R,3S)-N-benzhydryl-2-benzyl-6,7-dimethoxy-1-phenyl-1,2,3,4-tetrahydroisoquinoline-3-carboxamide
(0.1 g, 0.02 mmol) in dry THF (20 ml), Lawssons reagent (0.06 g, 0.15 mmol) was added. The mixture was allowed to
stir at 50 °C for 16 h under a nitrogen atmosphere. Thereafter the solvent was evaporated in vacuo and the residue purified

using silica column chromatography (hexane: ethyl acetate, 50:50, Ry = 0.8) to yield the pure product (0.1 g, 90%) as a
yellow solid. M.p. =458 K

Recrystallization from ethyl acetate at room temperature afforded crystals suitable for X-ray analysis.

Refinement

All non-hydrogen atoms were refined anisotropically. All hydrogen atoms could be found in the difference electron density
maps. HIN was thus positioned and refined freely with independent isotropic temperature factors. The other hydrogen atoms

were placed with idealized positions and refined as riding on their parents atoms with Ujgo = 1.2 or 1.5 x Ugq (C).
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R factor = 0.034; wR factor = 0.079; data-lo-parameter ratio = 19.0.

Molecules of the title compound, C;H;NOsP, show a
sttagered conformation about the C—C bond joining the
dimethoxybenzene group to the chiral centre, with the
dimethoxybenzene ring gauche to the amide group and anti
to the ester group. In the crystal, weak intermolecular N—
H---O and C—H- - -O hydrogen bonds form layers parallel to
(110).

Related literature

For related structures, see: Clegg & Elsegood, (2003). For
organocatalysts prepared from a related precursor, see:
Naicker et al. (2010, 2011). For analogous precusors to several
biologically active compounds, see: Zalan et al. (2006).

| (o]
(e] o~
HN__O
i o
P
Ph
Experimental
Crystal data
Cy;Hy NOsP c=15.7633 (4) A
M, = 527.53 £ =100300 (2)°
Monoclinic, P2, V = 1340.16 (6) A*
a=102218 (3) A Z=2
b =84535 (2) A Mo Ke radiation

organic compounds

=014 mm™" 0.18 x 0.15 x 0.14 mm
T=173K
Data collection

Nonius KappaCCD diffractometer
6654 measured reflections

6654 independent reflections
5550 reflections with [ > 2a(/)

Refinement

R[F? > 20(F%)] = 0.034 H atoms treated by a mixture of
WwR(F?) = 0.079 independent and constrained
5=104 refinement
6654 reflections AP =017 A3
350 parameters Appin=—025¢ A
1 restraint Absolute structure: Flack (1983),

3108 Friedel pairs

Flack parameter: —0.08 (6)

Table 1 5

Hydrogen-bond geometry (A, °).

D—H---A D—H H---A D---A D—H---A
NI—HIN-..02" 0.816 (17) 2345 (17) 3.1428 (17) 166 (15)
C10—HI10A4- - -03' 0.98 2.56 3371 (2) 140
C21—H21---04" 0.95 2.58 3279 (2) 131

Symmetry codes: (i) —x+ 1.y +1 —z: (i) —x + 2,y +1 -z + L.

Data collection: COLLECT (Nonius, 2000): cell refinement:
DENZO-SMN (Otwinowski & Minor, 1997); data reduction:
DENZO-SMN: program(s) used to solve structure: SHELXS97
(Sheldrick, 2008): program(s) used to refine structure: SHELXL97
(Sheldrick, 2008): molecular graphics: OLEX2 (Dolomanov et al.,
2009); software used to prepare material for publication:
SHELXL97.

The authors wish to thank Dr Hong Su of the Chemistry
Department of the University of Cape Town for her assistance
with the crystallographic data collection.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: LR2034).
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(S)-Methyl 3-(3,4-dimethoxyphenyl)-2-[2-(diphenylphosphanyl)benzamido|propanoate

T. Naicker, T. Govender, H. G. Kruger and G. E. M. Maguire

Comment

The title compound is being used as a precusor to novel chiral organocatalysts (Naicker e al. 2010 and 2011). Analogous

structures are well known precusors to several biologically active compounds (Zalan et al., 2006).

There is an analogous X-ray crystal structure reported (Clegg and Elsegood, 2003), which has a rert-butoxy group at the
ester carboxyl carbon and a (9-//-Fluoren-9-yl)-methoxy group attached to the amide carboxyl carbon. The title compound

has a methoxy and a 2-diphenylphoshinobenzene group at the these positions respectively.

The title compound exists in a well ordered staggered conformation about the C7—C8 bond (Fig. 1). As in the analogous
X-ray structure, the dimethoxybenzene ring is gauche to the amide group and anti to the ester group. The configuration at

C8 was confirmed to be S, on the basis of anomalous scaterring effects, Flack x parameter = -0.08 (6).

The molecules in the crystal are connected by relatively weak hydrogen bond interactions (Fig. 2) in which the
N1-—H1:--02 and the C10-—H10AO3 interactions give chains along the b axis. These chains are interconnected via the
C21-—H21-04 interaction giving a layered packing system.

Experimental

2-(diphenylphosphanyl)benzoic acid (1.3 g, 4.2 mmol) was dissolved was dissolved in DMF (15 ml) and THF (5 ml) fol-
lowed by addition of HBTU (4.6 mmol), DIPEA (8.4 mmol) and (S)-methyl 2-amino-3-(3,4-dimethoxyphenyl)propanoate
(1.0 g, 4.2 mmol). The reaction mixture was then stirred at room temperature until no more starting material could be de-
tected by TLC analysis. The reaction mixture was poured into 30 volumes of chilled water; the mixture was then extracted
thrice with ethyl acetate (20 ml). The combined extracts were dried over anhydrous sodium sulfate and then concentrated
to dryness affording the crude product. This crude product was purified by column chromatography (50:50 EtOAc/Hexane,
R¢=0.6) to afford the product 2.20 g (98%) as a white solid. M.p. =420 K.

Recrystallization from ethyl acetate at room temperature afforded crystals suitable for X-ray analysis.

Refinement

All non-hydrogen atoms were refined anisotropically. All hydrogen atoms could be found in the difference electron density
maps. HIN was thus positioned and refined freely with independent isotropic temperature factors. The other hydrogen atoms

were placed with idealized positions and refined as riding on their parents atoms with Ujso = 1.2 or 1.5 times Ugq (C).
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CHAPTER 6
BOOK CHAPTER

This is a book chapter that was written in collaboration with Prof. Per Arvidsson (Astrazeneca, Sweden)
and Dr Partha Bose (University of Uppsala, Sweden) on Asymmetric Organocatalytic Cyclopropane
Formation for the Elsevier book entitled Comprehensive Chirality and is currently with the editors in its
final proof stage after acceptance.

I (Tricia Naicker) wrote the subsections entitled Asymmetric cyclopropanation reactions through
organocatalytic hydrogen bond activation of electron-deficient olefin derivatives, Asymmetric
cyclopropanation reactions through organocatalytic activation of ylides and Organocatalytic asymmetric

cyclopropanation through chiral phase transfer catalysis (6.11.4-6.11.6).



2 C—C Bond Formation: Cyclopropane Formation

6.11.2 Background to Cyclopropane Synthesis

As a consequence of the importance of the cyclopropane motif in organic chemistry, a range of synthetic methods have been
explored for the asymmetric synthesis of chiral cyclopropane analogs.””'®?° Two comprehensive reviews summarizing these
developments over the last 10 years deserves special attention,’?" as they are not restricted to (organo)catalytic procedures.

The cyclopropane motif is traditionally prepared from olefins using one of six basic kinds of reactions. Both the halo-
methylmetal-mediated reaction (equation 1), in which the classical Simmons-Smith reaction?>>* represents the archetypical
example, and the transition metal catalyzed decomposition of diazo compounds (for reviews see Refs. 25-28) (equation 2)
converts alkenes into cyclopropane derivatives. Nowadays, useful asymmetric versions of these reactions exist, either using chiral
auxiliaries or employing chiral catalysis; however, as both these reaction classes use metal catalysis they are out of scope for the
present text, and the reader is referred to the key review articles describing the recent development in this area.”'”

“MCH,X”
N 2
. RCHN,
—( N\ o
TM-catalyst by

29-31 and the

and nucleophile-promoted intramolecular
are excluded from the present summary as these reactions rely on transition metal catalysis.

0 , N
>=< " )L R’MgBr \V/, 3)
H NR, Ti-cat

NR,

Likewise, alternative routes to the cyclopropane motif, such as the Kulinkovich-de Meijere reaction (equation 3),
recent examples of epoxide methylene-transfer cyclopropanation (equation 4),*~**
cycloadditions (equation 5)*>~37

Vi Nu® Nu
@ Pd-cat A (5)

Also excluded from the present coverage are enzymatic routes to chiral cyclopropanes, as all these examples relie on
desymmetrization or kinetic resolution of meso- or racemic-cyclopropane derivatives, respectively, and thus do not involve an
organocatalyzed carbon-carbon bond forming step.”'?

The other two main approaches for synthesizing the cyclopropane motif starting from olefins rely on nucleophilic ring closure

sequences (equations 6 and 7):
>_< ROH-LG % N7

= = B Ewa Y » (6)

EWG BHES \I;G

R R
]

RCH, R

g  EH X, — @)
EWG LG EWG \EG EWG —R

All, but one, examples of organocatalyzed asymmetric cyclopropanation reactions reported until today operate through these
so-called Michael-initiated ring closure (MIRC) reactions, either with the leaving group present on the nucleophilic reagent
(equation 6) or on the olefin part (equation 7).

In order to induce chirality in these reactions, the chiral organocatalyst interacts with an electrophilic olefin derivative, the
nucleophilic reagent, or a combination of both. We have chosen to partition the presentation below by how the catalyst is
proposed to act. Although this division is somewhat arbitrary as the exact mechanisms by which these catalysts operate is, at best,
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C—C Bond Formation: Cyclopropane Formation 3

speculative, we begin by presenting reactions that activate the electrophilic olefin derivative and finish with reactions where the
catalyst is more likely to operate on the initial nucleophile reagent.

6.11.3 Asymmetric Cyclopropanation Reactions through Organocatalytic Iminium lon Activation of «,-
Unsaturated Aldehydes and Ketones

Building on their seminal work on increasing the reactivity of o, f-unsaturated aldehydes and ketones through organocatalytic
LUMO lowering activation,*®3? MacMillan’s group reported the first enantioselective cyclopropanation based on this concept in
2005.%° In an organocatalytic implementation of the MIRC reaction (equation 6, above), the double bond is activated through
iminium-ion formation with the catalyst, which facilitates attack by nucleophilic sulfonium ketone ylides. Commercially available
(2S)-dihydroindole-2-carboxylic acid 1 was introduced as a novel organocatalyst for this reaction. This novel reaction sequence
provided the corresponding cyclopropane derivatives with excellent levels of enantio enrichment and yields, Scheme 1.

N

H
o) N RiG__\R?
» Mo . /é i Catalyst 1 (20 mol%) W
&y R CHCl,, 10 °C :
CHO
A A2 Yield (%) de %  ee %
n-Pr Bz 85 94 95
CH,Oallyl Bz T 90 91
Me Bz 67 90 90
Ph Bz 73 94 89

Scheme 1 Asymmetric organocatalytic cyclopropanation of «,f-unsaturated aldehydes as reported by MacMillan and co-workers (representative
data shown; R' =Me, R?= Bz was carried out at 4 °C).

As part of the mechanistic rationale for this highly stereoselective reaction they put forward a new stereoinduction concept for
organocatalysis termed directed electrostatic activation (DEA), Figure 2. They reasoned that the catalyst-derived iminium-ion and
the ylide engage in electrostatic association via their pendant carboxylate and thionium substituents. In doing so, the ylide
carbanion and the iminium f-carbon are transiently activated while in close proximity, thereby facilitating the carbon-carbon
bond formation. Within this mechanistic framework the (25)-dihydroindole-2-carboxylic acid scaffold proved to be the best DEA
cyclopropanation catalyst, specifically because the catalyst-derived zwitterion would predominately populate the (Z)-iminium
isomer to minimize van der Waals interactions between the substrate olefin and the aryl hydrogen. As a result, the carboxylate
group on the catalyst framework directs ylide addition selectively to the Re-face of the activated olefin, thereby ensuring enan-
tiocontrol in the reaction. Evidently, this catalyst design was successful furnishing the corresponding cyclopropanes with excellent
levels of stereoinduction (up to 95% ee; up to 94% diastereomeric excess (de)) and reaction yield up to 85%.

In the following years, substitution of the crucial carboxylic acid functionality of (2S)-dihydroindole-2-carboxylic acid paved
the way for the development of new catalysts. In 2007, Arvidsson'’s group reported the synthesis of novel chiral arylsulfonamides 2

©)=C00° ymcod®  Suluryide M
v LR ——
I N gz»;‘%

E-isomer Z-isomer

Figure 2 Rationale for the observed diastereo- and enantioselectivity seen with dihydroindole-based catalyst 1. Steric repulsion forces the
iminium-on to adopt the Z-isomer, and direct electrostatic activation between the catalyst’s carboxylic acid function and the ylide’s thionium
function certify high level of sterochemical control.
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and 3 derived from (2S)-dihydroindole-2-carboxylic acid (Scheme 2), and employed these organocatalysts for similar enantio-
selective cyclopropanations of 2,f-unsaturated aldehydes with sulfur ylides as those described above."' These catalysts were
designed to allow fine tuning of the catalyst structure by varying the substitution on the phenyl ring of the aryl sulphonamide.
Although these new catalysts performed the cyclopropanation reactions in worse yields than the chiral indoline-2-carboxylic acid
used by MacMillan, these sulfonamide-modified dihydroindole derivatives produced high level of stereochemical induction, as
seen in Scheme 2.

=S =S
N N
N H D N H |

\
(e}
2 3
0 R’ “R?
X | Catalyst 2 or 3 (20 mol%) \7/
R! /\AO o /% \)LRZ o Y
e} CHCl,, -10°C, 38 h éHO
R! R? Catalyst Yield (%) de % ee %
Me Ph 2 45 95 88
n-Pr Ph 2 25 96 94
Ph Ph 2 20 95 92
Me Ph 3 55 95 88
n-Pr Ph 3 52 97 98
Ph Ph 3 28 94 97

Scheme 2 Sulfonamide-based organocatalysts for asymmetric cyclopropanation reported by Arvidsson and co-workers (representative data
shown; R' =Me, R?=Ph was carried out at 4 °C).

In the same year Arvidsson and co-worker developed another new chiral organocatalyst, a tetrazolic acid-functionalized
dihydroindole, that is, 4, for the enantioselective cyclopropanation of ,f-unsaturated aldehydes with sulfur ylides, Scheme 3*2.
Excellent diastereoselectivities ranging from 96% to 98% de, along with enantioselectivities exceeding 99% ee, for all reacted «, -
unsaturated aldehydes were observed. Clearly, replacing the carboxylic acid of catalyst 1 with the corresponding tetrazolic acid in
catalyst 4 proved beneficial in terms of asymmetric induction.

R! R2
| 9 Catalyst 4 (20 mol%) W"
1Y, S
. 2 % o5 R? CHCls, 10 °C :
© 82 CHO
R! R? Yield (%) de % ee %
n-Pr Ph 82 97 99
n-Pr p-BrCgH, 74 97 99
Me Ph 85 96 99
Ph Ph 74 97 99

Scheme 3 Tetrazole-based catalyst for asymmetric organocatalytic cyclopropanation of «,-unsaturated aldehydes as reported by Arvidsson and
co-worker (representative data shown; R' = Me, R?=Ph was carried out at 4 C).
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Reagents containing both an acidic proton and a good leaving group attached to the same carbon atom represent alternative
nucleophiles than sulfonium ylides for the iminium-ion activated cyclopropanation reaction. Ley’s group was the first to illustrate
this concept by employing bromonitromethane as a nucleophile in an asymmetric organocatalytic nitro-cyclopropanation in
2006.** Following the concept of tetrazolic acid substitution at the crucial 2 position of pyrrolidine motif, they used (R)-5-
(pyrrolidin-2-yl)-1H-tetrazole 5 as an organocatalyst for activation of 2-cyclohexen-1-one followed by addition of bromoni-
tromethane, Scheme 4. The original protocol was subsequently evolved by modifying the reaction conditions, which opened for a
more general nitrocyclopropanation for both cyclic and acyclic «,f-unsaturated ketones.**

Catalyst 5 (15 mol%)

Morpholine (4 equivalent),
Nal (1.5 mol%)
n CHCly, r.t.

1 equivalent 2 equivalent

+ Bra_NO,

n Time (h) Yield (%) ee %
0 2 87 48
1 2 87 90
2 16 91 70

Scheme 4 Asymmetric organocatalytic cyclopropanation of cyclic enones with bromonitromethane as nucleophile as reported by Ley and co-
workers. Nitrocyclopropanation of acyclic «,-unsaturated ketones was also reported, but gave modest results.

As seen in Scheme 4, the improved process yields bicyclic nitrocyclopropanes in high yield, full diastereoselectivity, and with
good enantioselective control. Acylic «,f-unsaturated enones were also employed as electrophiles, and provided the corres-
ponding straight-chain nitrocyclopropanes in good yields, but with modest degree of diastereoselectivity and enantiomeric
excesses (ee’s). Chiral nitrocyclopropanes are useful building blocks, which may be converted to a wide range of functionalities,
for example, reduction to aminocyclopropanes that are often found in biologically active derivatives.

Using bromomalonates as nucleophile, the groups of Cordova ***® and Wang *” independently reported novel examples of
highly chemo- and enantioselective organocatalytic cyclopropanation of #,f-unsaturated aldehydes. The reaction was efficiently
catalyzed by readily available chiral diarylprolinol TMS ether derivatives 6 and 7 and gave the corresponding 2-for-
mylcyclopropanes in high yields with up to >25:1 diastereomeric ratio (dr) and 93-99% ee, Scheme 5.

This highly efficient reaction process produces synthetically and biologically important cyclopropanes in high levels of
enantio- and diastereoselectivities from readily available starting materials. In contrast to the dihydroindole-based catalysts 1-4,
which restrict the E/Z-isomerization of the iminium-ion intermediate to the Z-isomer and use directed electrostatic activation to
direct the nucleophiles attack from the top (Re-face), the diarylprolinol-based catalysts 6 and 7 use primarily steric shielding to
enforce adoption of the E-isomer of the iminium-ion and nucleophilic attack from the bottom (also Re-face), Scheme 6.

Cordova and Wang also applied unsymmetrical 2-bromo-3-keto esters as nucleophiles, instead of the symmetric bromoma-
lonates used above, thereby producing chiral cyclopropanes with three stereogenic centers. These studies were later expanded by
Rios and co-workers *® to include a variety of highly functionalized cyclopropanes in high diastereoselectivity and excellent
enantioselectivities and yields, Scheme 7.

In 2010 Vicario and co-workers showed that the chiral amine-catalyzed enantioselective cyclopropanation of #,f-unsaturated
aldehydes with diethyl bromomalonate, originally reported by Cordova and Wang, could be carried out without adding one
equivalent of an external base, provided that the reaction proceed under iminium activation ‘on water’, Scheme 8.*> Under the
optimized conditions, the reaction proceeded in an efficient way when f-aryl-substituted o,f-unsaturated aldehydes were em-
ployed; however, it failed when aliphatic enals were used. For this reason, a new catalyst was designed and prepared, that is,
catalyst 8, in which the proline skeleton has been modified by incorporating a long hydrophobic alkyl side chain. The new catalyst
8 showed somewhat improved performance in the reaction of f-alkyl substituted o, -unsaturated aldehydes, such as pent-2-enal.
Although the yield of the reaction in this case was still rather low, the result suggests that the concept behind this catalyst design
was functional.
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Scheme 5 Asymmetric organocatalyzed cyclopropanation of «,$-unsaturated aldehydes as reported by the groups of Cordova and Wang
(representative data shown).
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Scheme 6 Rationale for the observed diastereo- and enantioselectivity seen with diarylprolinol based catalysts 6 and 7. Steric repulsion forces
the iminium-ion to adopt the E-isomer form and the nucleophile to attack from below (Re-face).

Cordova and co-workers extended the scope of the diarylprolinol TMS ether catalysts to the enantioselective synthesis of nitro-
cyclopropanes from o, f-unsaturated aldehydes,’® using the bromonitromethane nucleophile pioneered by Ley’s group for cyclic
o, f-unsaturated ketones (see Scheme 4). Cordova’s approach furnished 1-nitro-2-formylcyclopropanes in very high enantiomeric
excesses (91-99% ee), Scheme 9, and represented the first example of a highly enantioselective organocatalytic nitrocyclopro-
panation of o,f-unsaturated aldehydes.

The low diastereoselectivity observed in this reaction was rationalized mechanistically. As shown in Scheme 10, the reaction is
believed to proceed similarly to the proposed mechanism for the bromomalonate cyclopropanation depicted in Scheme 6. The
bulky aryl groups of the pyrrolidine catalyst leads to stereoselective Re-facial nucleophilic conjugate addition by the 2-bromo-
nitromethane on the chiral iminium intermediate. Next, the generated chiral enamine intermediate undergoes intramolecular
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Scheme 7 Asymmetric organocatalyzed cyclopropanation of «,f-unsaturated aldehydes with unsymmetrical 2-bromo-3-keto esters as reported
by Rios and co-workers (representative data shown).

CO,Et EtO,C
. CHO . Br Catalyst 8 (20%) COyEt
CO,Et Hy0, r.t. R CHO
(No added base)

R Yield (%) dr ee %
Ph 78 >10:1 88
Et 28 >10:1 84

Scheme 8 Asymmetric organocatalyzed cyclopropanation of «,$-unsaturated aldehydes ‘on water’ with novel catalyst 8 do not require addition
of external base (representative data shown).
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Scheme 9 Asymmetric organocatalyzed cyclopropanation of o,f-unsaturated aldehydes with bromonitromethane as reported by Cordova et al.
(representative data shown).

3-exo-tert nucleophilic attack to form the cyclopropane ring. The intramolecular ring-closure pushes the equilibrium forward and
makes this step irreversible. Hydrolysis of iminium intermediate releases the catalyst and gives the corresponding 2-formyl
cyclopropane I. However, epimerization may occur before catalyst regeneration via intermediate III, thus forming the diaster-
eomer II (Scheme 10).
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Scheme 10 Proposed mechanism for the organocatalyzed asymmetric nitrocyclopropanation reaction catalyzed by diphenylprolinol silylether
catalyst 6. The low diastereoselectivity in this reaction is rationalized by catalyst mediated epimerization between 1 and Il via intermediate 1l

It is interesting to note that Cordova et al. also screened MacMillan’s indole-based catalyst 1 (see Scheme 1) in the nitrocy-
clopropanation reaction and obtained the diastereomeric products I and II (Scheme 9) in a 1:1 ratio, but with impressive
enantioselectivities (—91% and — 86% ee, respectively). The opposite asymmetric induction observed with catalysts 1 and 6
reflects the different preference in iminium-ion geometry for these catalysts, and the low conversions and diastereoselectivity
observed with catalyst 1 reflects the lack of the direct electrostatic activation when 1 is used with the bromonitromethane
nucleophile instead of the sulfur ylides, as it was originally designed for.

Yan's group recently reported that slight modifications of Cordova’s conditions, that is, sodium acetate instead of triethylamine
as base, methanol instead of chloroform as solvent, and use of triethylsilyl diphenylprolinol instead of the trimethylsubstituted
catalyst 6, gave better results in this reaction.”" Although few direct examples allow for a direct comparison to solidify this claim,
several substituted 1-bromonitromethanes, such as 1-bromonitroethane and 1-phenyl-1-bromonitromethane, were employed
and provided excellent enantioselectivities and improved diastereoselectivities.

Cao and co-workers reported that the diphenylprolinol silylether catalyst 6 could also be used for the organocatalytic
asymmetric cyclopropanation of «,f-unsaturated aldehydes with arsonium ylides as nucleophiles, Scheme 12. A variety of chiral
cyclopropyl aldehydes were obtained in moderate to good yields with up to 99:1 dr and 99% ee under simple and mild reaction
conditions.”” In the following year the same group utilized a dendritic modification of the catalyst (i.e. catalyst 9) and employed it
for tandem cyclopropanation-Wittig reactions, Scheme 11.°° The dendritic catalyst offered the products in moderate yield and
with high diastereoselectivities (up to 99:1 dr) and enantioselectivities (up to 99% ee). The catalyst could be recycled without any
loss in activity.

The stereochemical outcome of the diphenylprolinol silylether catalyst 6 catalyzed cyclopropanation with the arsonium ylide
nucleophile (Scheme 11) is the same as that obtained with the dihydroindole-based catalysts 1-4 (Schemes 1-3), but for different
reasons. Catalyst 6 enforces the E-configured iminium ion isomer in combination with nucleophilic attack of the ylide from below
the plane (Re-face), whereas catalysts 1-4 enforce the Z-iminium ion isomer and utilize direct electrostatic activation to direct the
ylide attack from the top (also Re-face).

Recently, Wang and co-workers expanded the scope of the nitro-cyclopropanation with bromonitromethane as nucleophile to
include both cyclic and straight-chain o, f-unsaturated ketones. ** Instead of the secondary amine based catalysts previously used,
they employed a primary amine catalyst based on the cinchona alkaloid scaffold, that is, catalyst 10 (Scheme 12) to activate the
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Scheme 11 Asymmetric organocatalyzed cyclopropanation of «,f-unsaturated aldehydes with arsonium ylides catalyzed by diphenylprolinol
silylether catalyst 6 and tandem cyclopropanation-Wittig reaction catalyzed by dendritic catalyst 9 (representative data shown).

electrophile. An acidic co-catalyst was needed in order to obtain high conversion; however as the acids impact on enantios-
electivity was minute rac-4-methyl-mandelic acid was chosen for cyclic substrates.

As can be seen in Scheme 12, this reaction produces 5-, 6-, and 7-membered bicyclic cyclopropanes in high yields and excellent
enantioselectivities when bromonitromethane is employed as nucleophile. 1-Bromonitroethane also worked, albeit with a lower
yield (entry 4) - phenyl substituted nitromethane (R' = Ph) did not give any product. Notably, by employing a sub-stoichio-
metric amount of bromonitromethane and N-methylmorpholine (NMM) a highly efficient kinetic resolution if 4-substituted 2-
cyclohexenones could be realized when large substituent were in the 4-position (e.g. t-amyl, -Bu, and Ph).

The reaction demanded a two-step procedure in order to achieve high diastereoselectivity when straight-chain «,f-unsaturated
ketones were used as electrophiles, Scheme 13. The acid co-catalyst and base was also replaced to trifluoroacetic acid and
dimethylpiperazine, respectively.

A ‘one-pot’ procedure, in which the base was added after 72 h, was also developed. This procedure provided slightly higher
yields, but at the expense of lower diastereoselectivities and a modest decrease in enantiomeric excesses.

The reaction mechanism is proposed to involve activation of the «, f-unsaturated electrophile through iminium ion formation
between the catalyst’s secondary amine function and the carbonyl of the enone. The catalyst’s tertiary nitrogen is expected to help
direct the nucleophilic bromonitromethane attack to ensure enantiocontrol in the addition. The intermediate enamine then
makes an internal 3-exo-tert nucleophilic attack to form the cyclopropane. In the one-mixture reaction in Scheme 12, it is
reasonable to assume that the acid co-catalyst serves to help form the iminium-ion intermediate, whereas the base helps
deprotonate the bromonitromethane and assists in the cyclopropanation step by sequestering the bromide ion formed. However,
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Scheme 12 Asymmetric organocatalyzed nitrocyclopropanation of cyclic enones with the cinchona alkaloid based catalyst 10, having a primary
amine functionality for activation of the «,f-unsaturated enone.
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Scheme 13 Asymmetric organocatalyzed nitrocyclopropanation of enones catalyzed by 10. Straight-chain «,-ketones demanded modification of

A

COR!

the reaction conditions, as compared to cyclic enones reported above. The results shown are from the optimized 2-step reaction sequence; a
‘one-pot’ procedure, where the dimethylpiperazine base was added after 72 h, was also reported with slightly lower diasteromeric ratios and
enantioselectivities, but approximately 5% higher yields.

as the Michael addition step can be divided from the cyclopropanation step by omitting the base, the need for a base to

deprotonate the bromonitromethane is questionable with this catalyst.

Subsequently, also Yan and co-workers utilized primary amine based catalysts for the nitrocyclopropanation of cyclic enones.>”
Instead of the tertiary base in catalyst 10, they used catalyst 11 with a pending thiourea function as a mean to direct the

bromonitromethane attack, Scheme 14.

Optimization of the reaction conditions for this catalyst proved benzoic acid to be the best co-catalyst and NMM to be the base
of choice. The results obtained with 10 are inferior to those obtained with catalyst 11 in Scheme 12, and demands longer reaction

time than Ley’s improved conditions (Scheme 4).
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Scheme 14 Asymmetric organocatalyzed nitrocyclopropanation of cyclic enones catalyzed by 11, as recently reported by Yan and co-workers.
Similarly to catalyst 10 (Scheme 12) this catalyst uses a primary amine group for iminium ion activation, but in contrast to 10, catalyst 11 has a
thiourea function for directing the bromonitromethane nucleophile.

6.11.4 Asymmetric Cyclopropanation Reactions through Organocatalytic Hydrogen bond Activation of
Electron-deficient Olefin Derivatives

Hydrogen bond formation represents a complimentary approach for electrophilic activation than iminium ion formation, and is a
major area of asymmetric organocatalysis in itself. (For recent reviews see: Refs. 56,57. Among the most widely used catalysts are
chiral (thio)ureas, chiral diols, chiral phosphoric acids, and various chinchona based catalysts.”®

Connon and co-workers were the first to report an asymmetric organocatalytic nitrocyclopropanation reaction based on
hydrogen bond activation in 2006.°” The modified cinchona alkaloid 12 was developed to catalyze the addition of dimethyl
chloromalonate to nitroolefins, followed by a DBU-mediated cyclization in the presence of hexamethylphosphoramide (HMPA)
(Scheme 15).

This procedure allowed for convenient synthesis of nitrocyclopropanes in high yields, and with very high diasteromeric
excesses (>98% de), but with modest levels of enantiomeric excess (maximum 47% ee).

Building on the finding of Deng and co-workers,*” who showed that ¢’-demethyl cinchona alkaloids were highly enantio-
selective organocatalysts for addition of malonates to nitroalkenes, and the report by Connon's group above, Yan and co-workers
recently reported a highly practical route to chiral nitrocyclopropanes.®’ They utilized 6'-demethyl quinine 13, which does not
contain a thiourea moiety, to affect the Michael addition of dimethyl bromomalonate to nitroolefins. This addition was followed
by a base mediated intramolecular cyclization to furnish only trans-nitrocyclopropanation products in excellent enantiomeric
excesses and good yields, Scheme 16.

This organocatalyst rely on simultaneous hydrogen bond activation of both the nitro-olefin electrophile (through the phenolic
hydroxyl group) and the bromomalonate nucleophile (through the amine), in analogy to the malonate addition originally
described by Li et al.°® DABCO in DMF was shown to be the base and solvent of choice, respectively, to mediate the intra-
molecular cyclization. Notably, catalyst 13 also mediated the addition of dimethyl chloromalonate to f-nitrostyrene in good yield,
but cyclization using the DABCO/DMF system was not efficient, and the Connon’s DBU/HMPA system gave poor enantios-
electivity of the resulting nitrocyclopropane.

Along the same lines, Fan and co-workers reported the asymmetric synthesis of nitrocyclopropanes via oxidative cyclization of
the Michael adducts of malonates with nitroalkenes.®” The Michael adducts were obtained by the asymmetric addition of
malonates to nitroolefins catalyzed by the bifunctional thiourea catalyst 14 as previously described by the group of Takemoto®?;
these intermediates were then subjected to oxidative cyclization mediated by hypervalent iodine formed by addition of iodo-
benzene diacetate and tetrabutylammonium iodide. Highly substituted nitrocyclopropanes were obtained in good yields with
high enantioselectivities and diastereoselectivity (>95% de in all cases), Scheme 17.

The key chirality inducing step in this reaction is the organocatalyzed addition of diethyl malonate to the f-nitroolefin,
mediated by the bifunctional thiourea catalyst 14. This reaction is postulated to proceed through dual activation by the catalyst;
the thiourea function activates the nitroolefin through hydrogen bond donation, thus making the double bond more electro-
philic, whereas the amine function activates the malonate by accepting a hydrogen bond. The chiral framework of the catalyst
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Scheme 15 Two-step enantioselective nitrocyclopropanation through chloromalonate addition to nitro olefins catalyzed by the cinchona alkaloid
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derived thiourea catalyst 12, as reported by Connon’s group.

Scheme 16 Two-step enantioselective nitrocyclopropanation as reported by Yan's group. The known 6'-demethyl quinine catalyst 13 was used
to activate the nitroolefin through hydrogen bond donation from the phenolic hydroxyl group, possibly combined with hydrogen bond accepting
of the bromomalonate by the tertiary nitrogen atom. The DABCO/DMF system for cyclization is crucial for obtaining good yields and high
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NO, £ _(COZMe THF, —20 °C
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stereoselectivities. The reaction is completely diastereoselective, only forming the trans-cyclopropane adducts.
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Scheme 17 Two-step enantioselective nitrocyclopropanation as reported by Fan and co-workers. The bifunctional thiourea catalyst 14 was
known to mediate highly enantioselective addition of malonates to nitroolefins. Hypervalent iodine was used to carry out oxidative cyclization of
the intermediate Michael adducts to afford nitrocyclopropanes in high enantiomeric excess and >95% de for all products.

CFy
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Figure 3 Proposed transition state for the organocatalyzed addition of diethylmalonate to f-nitrostyrene mediated by 14. The obtained Michael
adducts have (R)-configuration, suggesting orientation and attack by the reaction partners as indicated.

assures enantiocontrol in the addition. Based on the experimental outcome, the malonate attacks the nitroolefin from the Re-face
(when R=Ph) as illustrated in Figure 3.°*

The proposed oxidative cyclopropanation mechanism is outlined in Scheme 18.

In the presence of PhI(OAc), and Bu,NI, the tetrabutylammonium salt of diacetoxyiodine A is formed. The enolate forms of
the Michael adduct and A facilitates the formation of intermediate B which undergoes an intramolecular cyclization to C.
Elimination of HI in the presence of BuyNOAc affords the chiral nitrocyclopropane product.

Takemoto’s group subsequently used their bifunctional thiourea catalyst 14 for a one-pot nitrocyclopropanation reaction,
similar to those reported with iminium ion activation of «,f-unsaturated aldehydes above. In this case, Michael addition of
bromonitromethane onto «,f-unsaturated =-cyanoimides followed by an intramolecular Sy2 reaction gave the cyclopropane
products,®® Scheme 19.

Several aryl derivatives of the Michael acceptors and bromonitromethane gave the highly functionalized cyclopropane type
products as shown in Scheme 19 in high yield, moderate diastereoselectivity, and excellent enantioselectivity. Notably the reaction
was completely diastereoselective when the reaction was performed at room temperature (r.t.) (R=Ph) and produced I in Scheme
19 with 96% ee, albeit with a lower yield (55%).
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Scheme 18 Proposed reaction pathway for oxidative cyclopropanation of Michael adducts formed by hydrogen bond catalyzed addition of

malonates to nitroolefins.
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Scheme 19 Asymmetric organocatalytic nitrocyclopropanation with «,$-unsaturated «-cyanoimides, catalyzed by bi-functional thiourea catalyst
14, proceeding via a tandem Michael-nucleophilic displacement reaction within the same reaction solution.

It was envisioned that the thiourea catalyst again functioned through dual activation of both the nucleophile and the
electrophile similarly as depicted in Figure 3; that is, the thiourea motif activates the electrophilic «,f-unsaturated z-cyanoimides
through hydrogen bond donation, and the catalyst’s basic nitrogen atom is increasing the nucleophilicity of the bromoni-
tromethane through deprotonation. Although cyclization of the intermediate Michael adduct was hypothesized to take place with
the help of the catalyst, optimization showed that addition of triethyl amine was needed to increase the yield of the cyclopro-

panation product.

Recently, the first asymmetric organocatalytic synthesis of cyclopropanes via Michael addition to vinyl selenones was developed
by Marini et al.°®® Although this reaction sequence utilizes alkalimetal salts for the cyclopropanation step, and consequently are
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Scheme 20 Enantioselective cyclopropanation via Michael addition to vinyl selenones as reported by Marini et al. (representative data shown).

not organocatalytic in the most conservative sense, it will be summarized here as the key asymmetric step is based on an
organocatalytic Michael addition of (E)-vinylselenones to ethylphenylcyanoacetates in the presence of urea catalyst 15,
Scheme 20.

Interestingly, thiourea catalysts 12 and 14 were also evaluated, but none of these provided the Michael adduct in equally high
enantiomeric excess as 15. Two different protocols (method A: LiCl in HMPA; method B: NaOEt in EtOH) were used to displace
the ester group, which through the nitrile enolate displace the selenonyl group through a 3-exo-tert cyclization. Reactions
proceeded with complete diastereoselectivity, but with moderate enantiomeric excess and yields, despite long reaction times
(90-144 h). The stereochemistry of products from entries 1 and 6 (Scheme 20) suggested that in presence of catalyst 15,
preferential attack on the Re face of the unsaturated selenone was favored. This facial selectivity was different to that observed in
similar reactions with Michael acceptors that contain either a nitro or carbonyl group, suggesting that the selenoyl group alters the
spatial orientation of the ternary complex formed by the catalyst and the substrate.

6.11.5 Asymmetric Cyclopropanation Reactions through Organocatalytic Activation of Ylides

The organocatalytic activation strategies reviewed above relies on that the chiral catalyst is temporary being attached to the
electrophile (either covalently as in the case of iminium ion catalysis, or as a hydrogen bonded complex as in the case of hydrogen
bond catalysts), and thus dictates the stereochemical outcome of the reaction by directing the incoming nucleophilic reagent
through steric and electronic interactions. An alternative strategy for inducing stereochemical control in the reaction would be by
temporarily modifying the nucleophile with a chiral catalyst. One way to accomplish this is through chiral modification of an
ylide nucleophile.

Aggarwal and co-workers pioneered the use of chiral sulfur-ylides for stoichiometric epoxidation-, aziridination-, and cyclo-
propanation-reactions,®”*® and also reported the first catalytic asymmetric cyclopropanation using an ylide as catalyst in 1997°%7°
and disclosed an improved protocol in 2001.7° The improved process is a true extravagance in catalysis, combining metal catalysis,
phase-transfer catalysis, and organocatalysis to produce cyclopropanes from o,f-unsaturated carbonyl compounds and tosyl
hydrazone salts, Scheme 21. The final cyclopropanation step utilizes the chiral sulfide 16 as an organocatalyst.
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Scheme 21 Example of asymmetric cyclopropanation with chiral sulfide 16 as organocatalyst in the final cyclopropanation step, as reported by
Aggarwal et al. Rh-catalysis, combined with phase-transfer catalysis, is used to regenerate the chiral sulfur ylide from tosyl hydrazone salts.

Unfortunately, even the improved protocol was limited under catalytic conditions, primarily being of practical utility for
phenyl ketones and z-amino-substituted acrylates.
Recently, Tang and co-workers”" reported an alternative catalytic cycle for sulfur ylide catalyzed cyclopropanations, Scheme 22.

©
@é . . Ph
O N~
17
% Catalyst 17 (20%) el Ena
AN atalys b
Ar‘/\/u\Ar2 & BC:,CO, (2 equivalent) AN, e T AN
aJg q 1 "’/\Ph A Ph

+BUOH/CHL CN, 0°C AT

Ar' Ar? Yield dr ee % (I)
(%) (L)

Ph Ph 92 86:14 82

p-Br-CgH, Ph 89 75:25 78

p-OMe-C¢H, Ph 66 86:14 80

Ph p-Me-CeH, 87 87:13 81

Scheme 22 Asymmetric organocatalyzed cyclopropanation of «,-unsaturated ketones with sulfur ylide catalyst 17, as reported by Tang and co-
workers (representative data shown).

The chiral camphor-derived sulfonium salt 17 functioned as the organocatalyst, by being deprotonated by Cs,COj5 to form the
ylide that reacts with o,f-unsaturated ketones to yield cyclopropanation products with fair diastereoselectivity, good yield, and
high enantiomeric excesses. The sulfonium salt of the catalyst was regenerated in situ by reaction with the allylic bromine shown.
Tang previously reported a similar cyclopropanation using a chiral tellurium ylide as catalyst, although most reactions in that
report were stoichiometric in the ylide.””

The major breakthrough in the area of asymmetric organocatalyzed activation of ylides came in 2003, when Gaunt and co-
workers employed tertiary amines as organocatalysts.”* In the original study, the ammonium ylide was first generated in situ by the
addition of a stoichiometric amount of a non-chiral tertiary base (DABCO) to phenacyl chloride followed by addition of the o, /-
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unsaturated carbonyl compound. After stirring the reaction mixture for 18 h at 80 °C, the cyclopropane product was isolated in
79% yield as a single diastereoisomer. The methodology was then applied with a stoichiometric amount of the two cinchona
alkaloid derivatives 18 and 19 as the tertiary base, to promote the cyclopropanation shown in Scheme 23, providing the
cyclopropanation product in fair yield, and with very high levels of sterocontrol (up to 94% ee).

—
OMe
H N OMe
N
N oMe i I
N N ~#
18 19
18 or 19 (1 equivalent), fo)
o B
)]\/X - /\CO . 1.3 equivalent NaOH Ph)L,' OBu
Ph 4 MeCN, 80 °C, 24 h
o}
X =ClorBr
Chiral Amine Yield % ee %
18 57 94 (+)
19 58 94 (-)

Scheme 23 One pot enantioselective cyclopropanation promoted by a stoichiometric amount of the pseudoenantiomeric cinchona alkaloids 18
and 19 used as nucleophilic reagents to form temporary ammonium ylides that promote cyclopropanation of #Bu acrylate.

With these results in hand, the authors investigated the catalytic process for this reaction based on the proposed mechanism,
Scheme 24.

Q o
Ph)l' "'D}(R NR4 Ph)K, X
wi  ©

0 o
Phw R Ph
NRg* y NRaX
vi
0
P NaOH
R (0]
v
Ph” Y
NR;*
v

Scheme 24 Proposed catalytic cycle for organocatalyzed cyclopropanations via in situ generated ammonium ylides.

The mechanism proposed by the authors suggested that the z-halo carbonyl compound II undergoes an Sy2 displacement
reaction with the tertiary amine I to form a quaternary ammonium salt III. Deprotonation with a mild base afforded the ylide IV,
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18 C-C Bond Formation: Cyclopropane Formation

which undergoes a conjugate addition to the alkene V to yield VI. Cyclization generates the cyclopropane product VII and the
amine I which should be regenerated at the end of the reaction. Based on this mechanism the tertiary amine should be possible to
use in catalytic quantities without the possibility of a competing background reaction. Consequently, in 2004, Gaunt’s group
reported an organocatalytic asymmetric intermolecular cyclopropanation between «-bromo carbonyl compounds and electron
deficient alkenes using cinchona derivatives 18, 20 and 21,°* using a slightly modified protocol, Scheme 25.

N
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OMe

H N

3 MeO OMe
Xy “OMe

N~

18 20 21

o T Catalyst 18, 20 or 21 (10-20 mol%) Jou>,R3
y a 0,
Br 4+ \/lk 2 ", R2
R‘J\/ s R Cs,CO; (1.3 equivalent) R 'I]/
R MeCN, 80 °C, 24 h o]
Entry R? Alkene Product Catalyst Yield ee %
(%)
1 OfBu o o Br 18 83  85(+)
Y
M sl
Br o)
2 NEt, o] o 18 94  97(+)
S ,
\)\@ EtzNJu> u,l
O
3 NMe(OMe) o Br 20 67  96(+)

4 OfBu o NBoc, 18 90  97(+)
M .. ome
OMe tBuO n’

NMe
5  NMe(OMe) | < L
X ~ ‘",
\ N 21 84 94()
NMe OMe O

Scheme 25 Intermolecular organocatalytic asymmetric cyclopropanation as reported by Gaunt and co-workers (representative data shown).

The pseudoenantiomeric relationship of cinchona derived organocatalysts 20 and 21 allows either enantiomer of the cyclo-
propane product to be accessed (entries 3-5, Scheme 25).

In another study, Gaunt and co-workers "* expanded the concept of in situ generated ammonium ylide formation to a new
organocatalytic intramolecular cyclopropanation reaction; this reaction was subsequently evolved by developing two new orga-
nocatalysts, that is, 22 and 23, that experienced less of the undesirable quinoline N-alkylation and promoted the desired
quinuclidine alkylation,”*Scheme 26.
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(@)
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\
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Scheme 26 Intramolecular organocatalyzed asymmetric cyclopropanation reaction catalyzed by the second generation catalysts 22 and 23 from
Gaunt and co-workers (representative data shown).

Addition of either NaBr or Nal (40 mol%) facilitated formation of the quaternary ammonium salt, and decreased the reaction
time from 4-5 days to 1 day and provided higher enantioselectivities. The modified catalysts worked on a range of substrates for
intramolecular cyclopropanation reactions as shown with some representative examples in Scheme 26.

Upon investigation on the origin of the enantioselectivity, it was suggested from the transition state model of a derivative of
catalyst 23 and a ketone (Scheme 15) that the ammonium salt orientates itself such that the Z-enolate of the nucleophile is
favored upon deprotonation with the base and intramolecular conjugate addition takes place via a boat-type transition state,
Scheme 27.

Kojima and co-workers reported the use of the natural cinchona alkaloid cinchonidine 23 as organocatalysts for the cyclo-
propanation of chloromethyl ketones and f-substituted methylidenemalononitriles to yield tetrasubstitued cyclopropane prod-
ucts.”® From an initial screening of cinchona derivatives as catalysts, 23 emerged as the best catalyst and was used on a variety of
substrates (Scheme 28).

Moderate selectivity was achieved with fairly mild (0 “C) conditions although long reaction times were required. Interestingly,
these non-O-methylated cinchona catalysts did not follow the proposed mechanism by Gaunt et al. The expected quaternary
ammonium salt intermediate formed between phenacyl bromide and the tertiary amine catalyst did not form under these reaction
conditions in absence of the acceptor. This led to the assumption that a Bronsted base mechanism was taking place. In addition,
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20 C—C Bond Formation: Cyclopropane Formation

Scheme 27 Proposed transition state model for intramolecular conjugate addition forming a 6-membered ring intermediate, which subsequently
undergoes a second intramolecular cyclization leading to the cyclopropane ring.

- = ~
H N
i “/OH
N~
23
5 Catalyst 23 (20 mol%) NC CN
o] R CN  Na,COj, (2.0 equivalent)
R‘J\/CI ’ CN Toluene, 0 °C 5
; RZ  C(O)R’
R? R2 Time Yield  ee %
(days) (%)
Ph Ph 4 78 56
Ph 2-CICH, 2 81 44
Ph t-Bu 3 27 66
2-CIC4H, Ph 7 19 33
tBu Ph T 22 56

Scheme 28 Enantioselective intermolecular cyclopropanation with g-substituted methylidene malononitriles catalyzed by cinchonidine.
Interestingly, Bronsted base catalysis, and not nucleophilic catalysis viaammonium ylides, was proposed to operate in this reaction.

hydrogen bonding seemed to be necessary for asymmetric induction. Unfortunately, no further mechanistic insight into these
findings have been so far reported.

6.11.6 Organocatalytic Asymmetric Cyclopropanation through Chiral PTC

In addition to the “traditional” modes of organocatalyzed activation, that is, iminium ion formation, hydrogen bond formation,
nucleophilic catalysis, and acid-base catalysis, a few reports exploiting phase-transfer catalysis for asymmetric cyclopropanation
have been described. Application of phase transfer catalysis (PTC) for cyclopropropanations remained unexplored until Merz and
Mark reported the first PTC cyclopropanation in 1973 using a nonchiral catalyst.”” During the course of the next 25 years a steady
interest in this field occurred; however, it took until 1999 when Arai et al. developed the first enantioselective PTC cyclopropa-
nation reaction.”® The cyclopropanation of x-bromocycloenones with either nitromethane, cyanomethyl phenyl sulfone, or
cyanoacetate in the presence of cinchona derived catalysts 24-26 was achieved under phase transfer conditions, Scheme 29.
This reaction sequence involves an enantioselective Michael addition followed by proton transfer and an intramolecular
alkylation step. The addition of nitromethane to 2-bromo-3-cyclopentenone in presence of catalyst 24 was found to proceed with
optimum yield and enantioselectivity by the addition of 1 mol% of tetrahexylammonium bromide as an achiral co-PTC and by
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BO Be Be
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CF,
F 3
24 25 26
Catalyst 24 (10 mol%)
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Q Rb,COs (3 equivalent)
&Br + Me—NO, N
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+ NC LR
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R = CO,Bn: 50% vyield, 83% ee

Scheme 29 Asymmetric organocatalyzed cyclopropanation of cyclic z-bromoenones under phase-transfer conditions, as reported by Arai and
co-workers (best results shown).

using Rb,COj5 instead K,COs. These modifications were not needed when the more acidic nucleophiles cyanomethyl phenyl
sulfone or cyanoacetate were used. Although the yields and enantioselectivities obtained with this procedure were modest, it
represents the only example of organocatalyzed cyclopropanation reaction in which the leaving group is part of the electrophilic
reactant (i.e. equation 7 in the introduction section).

Surprisingly, the next enantioselective PTC cyclopropanation has only been recently reported by Belyk et al.”” In effort to
minimize the production cost of (1R,2S)-1-amino-2-vinylcyclopropanecarboxylic acid (vinyl-ACCA), which is a key building
block in several hepatitis C virus (HCV) NS3/4a protease inhibitors, these Merck scientists developed a scalable organocatalytic
asymmetric PTC cyclopropanation procedure to this derivative, Scheme 30.

An extensive study using more than 100 cinchona derived PTC catalysts for the reaction between imine protected glycine
derivative and trans-1,4-dibromo-2-butene under various reaction conditions was investigated. Catalyst 27 emerged as the best
furnishing the desired product in 78% yield and 77% ee. After enhancement of the optical purity by supercritical fluid chro-
matography on a chiral stationary phase, and deprotection, they obtained the desired product in 50% overall yield and with
>99% enantiomeric excess.

6.11.7 Conclusion and Outlook

The cyclopropane structural element continues to fascinate chemists. The importance of chiral cyclopropane derivatives in organic
chemistry, natural product chemistry, and medicinal chemistry continues to rise, as witnessed by an expansion of commercially
manufactured cyclopropane derivatives, for example, as part of pharmaceutical agents. Over the past decades, the evolving field of
organocatalysis has significantly expanded the methods available for asymmetric synthesis. Consequently, asymmetric organo-
catalysis has also contributed with a number of environmentally friendly, high yielding, and highly stereoselective methods for the
preparation of chiral cyclopropane derivatives, as illustrated in this chapter. We have tried to summarize the contributions made to
the area, and, as stated in the introduction, we have limited ourselves to catalytic processes and omitted enzyme catalyzed
processes. Upon concluding, we allow ourselves a few reflections on the topic reviewed:

All examples of organocatalyzed asymmetric cyclopropanation rely on the concept of Michael-initiated ring-closure (MIRC)
reactions of the general kind illustrated in equations 6 and 7 in the introduction. A few new organocatalysts have been specifically
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Scheme 30 Asymmetric organocatalyzed cyclopropanation under phase transfer conditions, as reported by Belyk et al. for the manufacture of a
key intermediate found in protease inhibitors.

developed for asymmetric cyclopropanation reactions, whereas most catalyst have been utilized for various other organocatalyzed
processes before, and proven successfully also for the MIRC process. The reported catalysts operate through either of two main
modes of activation, that is, activation of «,f-unsaturated electrophiles via iminium ion formation or through hydrogen bond
formation; or, alternatively, activation of the nucleophile via ammonium ylide formation or through chiral counter ion formation
in case of PTC. Only a handful of reagents have so far been employed as nucleophiles for addition to the activated electrophiles,
for example, chalcogen ylides, bromomalonates, and bromonitroalkanes; likewise the substrate scope for catalysis via ammonium
ylides is somewhat restricted. Almost all examples reported proceed via a process where the nucleophile contains the leaving
group that departs when the 3-membered ring is formed. The only exceptions to this are the two phase-transfer catalyzed
processes described in the last section of this review.

The purpose of these reflections were not to diminish the important contributions made in the area of organocatalytic
asymmetric synthesis of cyclopropane derivatives, but rather to (hopefully) spark an interest that there are more discoveries to be
made in this rapidly evolving field!
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R’ R?
| (0] o
R1 MO 5 /5\9/11\':{2 ;

¢Ho
R1
(e} . &
<1 equivalent ylide [e)

PhsAs !

© VA

B 1 8
2 R R? "CHO
+ Rt
CHO o ﬁ/
,=/ >2 equivalent ylide
R? z [}




152

C-—C Bond Formation: Cyclopropane Formation 23

R
n

RSOC .CO,R?

RF SRy ¢ R?o)J\H]\Fl3 A 0
0y,

Br R 1z

CO,R? R?0,C. CO,R?
/=/ + X N02
R! CO,R? e
NO, COLEt EtO,C. CO,Et
__/ . < NO,
R
CO,Et H
Bra_-NO,
i ON o o ON o o
13 giscNatee
R/\)LN)E@ on M n
CN
F I I
SeO,Ph NC  CO,Et NC. Ar
= + NC_CO,Et Ar Method A or B &
K ) — =
Ar R SeO,Ph R
o COAR COAr?
AN
Ar1/\)J\Ar2 + Ph Br _ - P
AT P ph A

Ph
1

(e} R3
R1Jj\/Br 4 \S)an R‘W"n/ﬁz
R

(0]
o B2 cN NC, CN
R J\/CI e \_<CN

RZ CO)R!



153

24 C—C Bond Formation: Cyclopropane Formation

0 o
o
o
R
g
0
<>/Br + Me—NO,
o
Br
+ NC_R
o
Ph\éN\)I\OEt Ph N -COEt
+ ———— .

Br\/\/\Br

References

. Elliott, M.; Janes, N. F. Chem. Soc. Rev. 1978, 74), 473-505.

. Donaldson, W. A. Tetrahedron 2001, 57(41), 8589-8627.

. Wessjohann, L. A.; Brandt, W.; Thiemann, T. Chem. Rev. 2003, 103(4), 1625-1647.

. Brackmann, F;; De Meijere, A. Chem. Rev. 2007, 107(11), 4493-4537.

Wong, H. N. C.; Hon, M. Y;; Tse, C. W.; et al. Chem. Rev. 1989, 891), 165-198.

. Goldschmidt, Z.; Crammer, B. Chem. Soc. Rev. 1988, 17, 229-267.

. Reissig, H.-U.; Zimmer, R. Chem. Rev. 2003, 103(4), 1151-1196.

. Li, H.; Dai, L-X.; Aggarwal, V. K. Chem. Rev. 1997, 97, 2341-2372.

. Lebel, H.; Marcoux, J. F; Molinaro, C.; Charette, A. B. Chem. Rev. 2003, 103, 977-1050.
10. Aggarwal, V. K.; Winn, C. L. Acc. Chem. Res. 2004, 37, 611.

11. Abele, S.; Seiler, P; Seebach, D. Helv. Chim. Acta 1999, 82(10), 1559-1571.

12. Abele, S.; Seebach, D. Eur. J. Org. Chem. 2000, (1), 1-15.

13. Cativiela, C.; Diaz-de-Villegas, M. D. Tetrahedron: Asymmetry 2000, 11, 645-732.

14. Gnad, F; Reiser, 0. Chem. Rev. 2003, 103(4), 1603-1623.

15. De Pol, S. C.; Zorn, C.; Klein, C. D.; Zerbe, O.; Reiser, 0. Angew. Chem. Int. Ed. 2004, 43, 511-514.
16. Salaun, J. Chem. Rev. 1989, 895), 1247-1270.

17. Hoveyda, A. H.; Evans, D. A;; Fu, G. C. Chem. Rev. 1993, 93(4), 1307-1370.

18. Lautens, M.; Klute, W.; Tam, W. Chem. Rev. 1996, 96(1), 49-92.

19. Reissig, H.-U. Angew. Chem. Int. Ed. Engl. 1996, 359), 971-973.

20. Hartley, R. C.; Caldwell, S. T. Perkin 2000, 1(4), 477-501.

21. Pellissier, H. Tefrahedron 2008, 64(30-31), 7041-7095.

22. Simmons, H. E.; Smith, R. D. J. Am. Chem. Soc. 1958, 80, 5323-5324.

23. Simmons, H. E.; Smith, R. D. J. Am. Chem. Soc. 1959, 81, 4256-4264.

24. Charette, A. B.; Beauchemin, A. Org. React. (N. ¥,) 2001, 58, 1-415.

25. Singh, V. K.; DattaGupta, A.; Sekar, G. Synthesis 1997, 2, 137-149.

26. Doyle, M. P; Forbes, D. C. Chem. Rev. 1998, 98(2), 911-935.

27. Davies, H. M. L.; Antoulinakis, E. G. Org. React. (N. Y)) 2001, 57, 1-326.

28. Rovis, T.; Evans, D. A. Prog. Inorg. Chem. 2001, 50, 1-150.

29. Kulinkovich, 0. G.; de Meijere, A. Chem. Rev. 2000, 100(8), 2789-2834.

30. Kulinkovich, 0. G. Russ. Chem. Bull. 2004, 53(5), 1065-1086.

31. Bertus, P; Szymoniak, J. Synlett 2007, 9, 1346—1356.

32. Morgans, D. J., Jr; Sharpless, K. B.; Traynor, S. G. J. Am. Chem. Soc. 1981, 103(2), 462—-464.
33. Marson, C. M.; Qare, C. A.; McGregor, J.; et al. Tetrahedron Lett. 2002, 44(1), 141-143.
34. Hardee, D. J.; Lambert, T. H. J. Am. Chem. Soc. 2009, 131(22), 7536-7537.

35. Hegedus, L. S.; Darlington, W. H.; Russell, C. E. J. Org. Chem. 1980, 45(25), 5193-5196.
36. Satake, A.; Koshino, H.; Nakata, T. Chem. Lett. 1999, 1, 49-50.

37. Liu, W; Chen, D.; Zhu, X.-Z.; Wan, X-L.; Hou, X-L. J. Am. Chem. Soc. 2009, 131(25), 8734-8735.
38. Lelais, G.; MacMillan, D. W. C. Aldrichim. Acta 2006, 393), 79-87.

©CENDO A WN =



C—C Bond Formation: Cyclopropane Formation 25

39.
40.
4.
42.
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.

58.
59.
60.
61.
62.
63.
. Papageorgiou, C. D.; Dios, M. A. C. d.; Ley, S. V; Gaunt, M. J. Angew. Chem. Int. Ed. 2004, 43(35), 4641-4644.
65.
66.
67.

68.
69.
70.
.
72,
73.
74.
75.
76.
i,
78.
79.

MacMillan, D. W. C. Nature 2008, 455(7211), 304-308.

Kunz, R. K.; MacMillan, D. W. J. Am. Chem. Soc. 2005, 127(10), 3240-3241.

Hartikka, A.; Slosarczyk, A. T.; Arvidsson, P. |. Tetrahedron-Asymmetry 2007, 18(12), 1403-1409.

Hartikka, A.; Arvidsson, P. |. J. Org. Chem. 2007, 72(15), 5874-5877.

Hansen, H. M.; Longbottom, D. A.; Ley, S. V. Chem. Commun. 2006, 46, 4838-4840.

Wascholowski, V.; Hansen, H. M.; Longbottom, D. A.; Ley, S. V. Synthesis 2008, 8, 1269-1275.

Rios, R.; Sunden, H.; Vesely, J.; et al. Adv. Synth. Catal. 2007, 349(7), 1028-1032.

Ibrahem, I.; Zhao, G. L.; Rios, R.; et al. Chem. — Eur. J. 2008, 14(26), 7867-7879.

Xie, H.; Zu, L.; Li, H.; Wang, J.; Wang, W. J. Am. Chem. Soc. 2007, 12935), 10886-10894.

Companyo, X.; Alba, A. N.; Cardenas, F.; Moyano, A.; Rios, R. Eur. J. Org. Chem. 2009, 18, 3075-3080; with correction: 4180-4180.
Uria, U.; Vicario, J. L.; Badia, D.; Carrillo, L.; Reyes, E.; Pesquera, A. Synthesis-Stuttgart 2010, 4, 701-713.

Vesely, J.; Zhao, G. L.; Bartoszewicz, A.; Cordova, A. Tetrahedron Lett. 2008, 49(27), 4209-4212.

Zhang, J. M.; Hu, Z. P; Dong, L. T; Xuan, Y. N.; Lou, C. L.; Yan, M. Tetrahedron-Asymmetry 2009, 20(3), 355-361.
Zhao, Y. H.; Zhao, G.; Cao, W. G. Tetrahedron-Asymmelry 2007, 18(20), 2462—2467.

Zhao, Y. H.; Zheng, C. W, Zhao, G.; Cao, W. G. Tetrahedron-Asymmetry 2008, 196), 701-708.

Lv, J.; Zhang, J. M; Lin, Z.; Wang, Y. M. Chem. — Eur. J. 2009, 15(4), 972-979.

Dong, L. T; Du, Q. S;; Lou, C. L.; Zhang, J. M,; Lu, R. J.; Yan, M. Synlett 2010, 2, 266-270.

Yu, X. H.; Wang, W. Chem. — Asian J. 2008, 3(3), 516-532.

Yamamoto, H.; Payette, J. N. Bronsted Acids, H-bond Donors, and Combined Acid Systems in Asymmetric Catalysis. In Hydrogen Bonding in Organic Synthesis, Pihko,
P. M., Ed.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 2009; pp 73-140.

Marcelli, T.; Hiemstra, H. Synthesis — Stuttgart 2010, 8, 1229-1279.

McCooey, S. H.; McCabe, T.; Connon, S. J. J. Org. Chem. 2006, 71(19), 7494-7497.

Li, H.; Wang, Y.; Tang, L.; Deng, L. J. Am. Chem. Soc. 2004, 126, 9906.

Xuan, Y. N.; Nie, S. Z.; Dong, L. T; Zhang, J. M.; Yan, M. Org. Lett. 2009, 71(7), 1583-1586.

Fan, R. H.; Ye, Y, Li, W. X.; Wang, L. F. Adv. Synth. Catal. 2008, 350(16), 2488-2492.

Okino, T.; Hoashi, Y.; Furukawa, T; Xu, X.; Takemoto, Y. J. Am. Chem. Soc. 2005, 127, 119-125.

Inokuma, T.; Sakamoto, S.; Takemoto, Y. Synlett 2009, 70, 1627-1630.

Marini, F,; Sternativo, S.; Del Verme, F.; Testaferri, L.; Tiecco, M. Adv. Synth. Catal. 2009, 357(11-12), 1801-1806.
McGarrigle, E. M.; Aggarwal, V. K. Ylide Based Reactions. In Enantioselective Organocatalysis; Dalko, P. I., Ed.; Wiley-VCH Verlag Gmb & Co, KGaA: Weinheim, 2007,
pp 357-389.

McGarrigle, E. M.; Myers, E. L.; llla, O.; et al. Chem. Rev. 2007, 107(12), 5841-5883.

Aggarwal, V. K.; Smith, H. W,; Jones, R. V. H.; Fieldhouse, R. J. Am. Chem. Soc. 1997, 1785-1786.

Aggarwal, V. K.; Alonso, E.; Fang, G.; et al. Angew. Chem. Int. Ed. 2001, 408), 1433-1436.

Deng, X-M.; Cai, P; Ye, S.; et al. J. Am. Chem. Soc. 2006, 128, 9730-9740.

Liao, W-W;; Li, K; Tang, Y. J. Am. Chem. Soc. 2003, 125(43), 13030-13031.

Papageorgiou, C. D.; Ley, S. V.; Gaunt, M. J. Angew. Chem. Int. £d. 2003, 42(7), 828-831.

Bremeyer, N.; Smith, S. C.; Ley, S. V.; Gaunt, M. J. Angew. Chem. Int. Ed. 2008, 43(20), 2681-2684.

Johansson, C. C. C.; Bremeyer, N.; Ley, S. V.; et al. Angew. Chem. Int. £d. 2006, 45(36), 6024-6028.

Kojima, S.; Suzuki, M.; Watanabe, A.; Ohkata, K. Tetrahedron Lett. 2006, 47(51), 9061-9065.

Merz, A.; Mark, G. Angew. Chem. Int. Ed. 1973, 1210), 845-846.

Arai, S.; Nakayama, K.; Ishida, T.; Shioiri, T. Tetrahedron Lett. 1999, 40(22), 4215-4218.

Belyk, K. M.; Xiang, B.; Bulger, P. G.; et al. Org. Process Res. Dev. 2010, ACS, ASAP.

154



155

CHAPTER 7
SUMMARY

The development of novel chiral organocatalysts based on the tetrahydroisoquinoline backbone
and their evaluation on asymmetric reactions was successfully achieved. Three organocatalytic
modes of activation have been investigated for C-C bond forming asymmetric reactions. For the
first time organocatalysts bearing a secondary nitrogen within a cyclohexane ring were
evaluated in the asymmetric Diels—Alder reaction. These catalysts were tested over a range of
dienes and dienophiles and displayed promising chemical conversions of up to 100 % with up to
64 % ee when triflic acid was employed as the cocatalyst. Density functional theory
computational studies and 2D NMR spectroscopy were used to determine the structure of the
intermediate iminium ion formed between the most efficient catalyst and cinnamaldehyde. The
reaction profile for each of the four possibilities in this reaction were calculated and it was found
that the iminium intermediate leading to the major product is higher in energy but kinetically
preferred. The activation energies of all possible reaction paths were calculated and the results
correlated with the observed products. These experiments revealed that the presence of both
(E)- and (Z)-isomers of the cinnamaldehyde were contributing factors for the Ilow
enantioselectivity of the reaction products. Thereafter, a series of novel tetrahydroisoquinoline
chiral N-oxide organocatalysts and their evaluation in the asymmetric allylation reaction of
aromatic and a-B-unsaturated aldehydes with allyltrichlorosilane was carried out. The chiral
homoallyl products were obtained with good chemical efficiency (up to 93 % yield) and high
enantioselectivity (up to 91 % ee) under mild reaction conditions (23 °C). Lastly, the simple and
practical syntheses of new tetrahydroisquinoline guanidine organocatalysts and their evaluation
in the asymmetric Michael addition reaction of malonates and B-ketoesters with nitro-olefins
were performed. In addition, a novel microwave assisted procedure of introducing the guanidine
unit onto amino amide derivatives is reported. The chiral products were obtained with
quantitative chemical efficiency (up to 99 % yield) and excellent enantioselectivity (up to 97 %
ee). Furthermore, 18 X-ray crystal structures pertaining to Chapters 2-4 were published from

this project.



