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Abbreviations

Ac acetyl 
aq. aqueous 
atm atmosphere 
Boc tert-butoxycarbonyl
Bn benzyl 
Bu butyl 
conv. conversion 
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 
de diastereomeric excess 
DIBAl Diisobutylaluminun Hydride 
EDC 1-ethyl-3-[3-dimethylamino)propyl]carbodiimide 
ee enantiomeric excess 
equiv. equivalent 
Et ethyl 
GC gas chromatography 
h hours 
HPLC high performance liquid chromatography 
i-Pr iso-propyl 
HOBt 1-hydroxybenzotriazole 
LDA lithium diisopropylamide 
Me methyl 
MS molecular sieves 
NMO N-methyl morpholine N-oxide 
NMR nuclear magnetic resonance 
Ph phenyl 
Pr propyl 
py pyridine 
rfx reflux 
rt room temperature 
stoich. stoichiometric 
t-Bu tert-butyl
temp temperature 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
Ts tosyl 
X halogen (Cl, Br, I) 
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1 Introduction 

1.1 What is chirality? 
The concept of chirality was first introduced in 1815 by the French 

chemist Jean Baptiste Biot when he discovered optical activity in 
nature.1 One of his students, Louis Pasteur achieved the first 
separation of enantiomers in 1848 when he manually resolved a 
racemic mixture of a tartaric acid salt based on differently shaped 
crystals.2 Since then, chirality has become of tremendous importance 
in our daily life. 

A chiral object is one that possesses the property of “handedness”. 
Thus a molecule can exist in two forms, which are mirror images, and 
cannot be superimposed upon one another. A chiral object, such as our 
hands is one that cannot be placed on its mirror image so that all parts 
coincide (Figure 1). A chiral molecule and its mirror image are called 
enantiomers, and possess identical physical properties in an achiral 
environment. Two enantiomers can be differentiated through their 
ability to rotate the plane of polarized light by the same angle, but in 
opposite directions. 

H3C CO2H

HO H

CH3HO2C

OHH

(-)-(R)-lactic acid (+)-(S)-lactic acidmirror
 plan

Figure 1. The two enantiomers of the chiral molecule: lactic acid.  

The majority of biological systems are composed of chiral 
molecules; all but one of the twenty amino acids that make up 
naturally occurring proteins are chiral. This implies that the two 
enantiomers of a molecule will interact differently with a living 
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organism. Indeed, usually only one enantiomer of a drug provides the 
desired effect, whilst the other enantiomer is, at best, less or not 
active. However, in some cases the undesired enantiomer can have 
severe side effects. The most well-known and tragic example is the 
drug thalidomide, which was given as a racemic mixture during the 
1960s to alleviate the symptom of morning sickness in pregnant 
woman. It was later discovered that only one of the thalidomide 
enantiomers has the intended effect, while the other induces 
abnormalities in human embryos (Figure 2). Unfortunately, the 
situation is complicated by the racemisation of the desired enantiomer 
in the body. 

H
NO O

N

O

O

H
N OO

N

O

O

(S)-thalidomide
(tetragen)

(R)-thalidonide
(mild tranquilizer)

Figure 2. The two enantiomers of thalidomide. 

Chiral molecules are not only primordial for the pharmaceutical 
industry but also for the perfumery and food industry; with our sense 
of taste and smell also depending on chirality. One enantiomeric form 
of a compound called limonene is primarily responsible for the odour 
of orange whilst the other enantiomer for the odour of lemon. 
Similarly one enantiomer of the amino acid asparagine tastes sweet 
while the other tastes bitter (Figure 3). 

(S)-limonene
(lemon)

(R)-limonene
(orange)

H2N

O
NH2

O
HO

NH2

O
H2N

O
OH

(S)-asparagine
(sweet)

(R)-asparagine
(bitter)
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Figure 3. Example of enantiomers having different smell or taste. 

These are just a few reasons why the field of asymmetric synthesis 
has developed enormously in recent decades. In 2001 this area of 
chemistry received the ultimate recognition with the Nobel Prize in 
Chemistry being awarded to K. Barry Sharpless, William S. Knowles, 
and Ryoji Noyori for their work on catalytic asymmetric methods for 
oxidation and reduction. 

1.2 The quest for the single isomer 
There are three main ways to synthesis an enantiomerically pure or 

enriched compound: 

¶ Resolution of racemates. 

¶ The “Chiral pool” based on the use of a naturally occurring 
chiral starting materials. 

¶ Asymmetric synthesis (both through stoichiometric and 
catalytic processes). 

1.2.1 Resolution of racemates 
Resolution is the oldest, yet still widely used, method to obtain 

enantiopure compounds.3 Normally, the resolution is applied at the 
end of a racemic synthetic sequence, and is performed with the aid of 
an enantiomerically pure compound. However, because only one 
optical antipode is useful, half of the synthetic product is often 
discarded. Even if the wrong isomer can sometimes be converted to 
the active form, via racemisation and resolution, extensive work is 
required. A further drawback of this method is the need to use an 
equimolar amount of an enantiopure material; which can not always 
be recycled and reused. Even so, the resolution of racemates is a 
powerful method that is still widely used in industry. A typical 
example of resolution by crystallisation is illustrated in Scheme 1.4
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H2N NH2

+
OHHO

HO2C CO2H

H2O/HOAc

90° to 5°C

NH3
++H3N

CO2
-

HO OH

-O2C

K2CO3 2 equiv

H2O/EtOH NH2H2N

40-42%
>98% ee(racemic)

Scheme 1. Classical resolution of trans-1,2-cyclohexadiamine. 

1.2.2 The chiral pool or “Chiron” approach 
In this case, the synthetic method is based on the transformation of 

a naturally occurring enantiomerically pure starting material.5 The 
most common chiral compounds offered by nature are amino acids, 
carbohydrates, terpenes or alkaloids (Figure 4). 

N
H

amino acid
L-proline

O

OH

carbohydrate
D-glucose

O
OH

OH OH
OH

OH

terpene
D-camphor

O

alkaloid
(-)-quinine

N

H

N
OH

O

Figure 4. Example of naturally occurring chiral molecules. 

A strong limitation of the chiral pool approach is the limited 
number of starting materials available, which can sometimes be very 
expensive or difficult to obtain, thus restricting the synthetic 
applications. Another disadvantage of this method is due to the chiral 
aspect of nature, which often produces only one of the two possible 
enantiomers of a compound. 

The synthesis of negamycin, a broad-spectrum antibiotic, from 
glucose is a typical example of the Chiron approach (Figure 5). 
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N
H

N CO2H
OH NH2 O

H2N

CH2NH2
OHH
HH
HHO
HH

CH2OH

CHO
OHH
OHH
HHO
OHH

CH2OH

negamycin D-glucose

Figure 5. Retro-synthetic analysis of negamycin. 

1.2.3 Asymmetric synthesis 
The principle of asymmetric synthesis is the formation of a new 

stereogenic centre under the influence of a chiral group. This method 
is presently the most powerful and commonly used in the preparation 
of chiral molecules. Asymmetric synthesis can be further divided into 
four categories, depending of how the stereo-centre is formed: 

¶ Substrate-controlled methods.  
¶ Auxiliary-controlled methods.  
¶ Reagent-controlled methods.  
¶ Catalyst-controlled methods. 

In the case of the substrate-controlled method or “first generation of 
asymmetric synthesis”, the formation of the new chiral centre is 
directed by the presence of a stereogenic unit that already exists 
within the chiral substrate. 

The auxiliary-controlled method or “second generation of 
asymmetric synthesis”, is based on the same principle as the first 
generation method in which the asymmetric control of the reaction is 
achieved by a chiral group in the substrate. The advantage of this 
method is that the enantiomerically pure chiral auxiliary is attached to 
an achiral substrate in order to direct the enantioselective reaction. The 
chiral auxiliary can be removed once the transformation is performed 
and often reused. This method usually offers high levels of selectivity 
and has proven itself to be very useful. However, this methodology 
suffers from the need of two extra steps to attach and remove the 
chiral auxiliary. Davies et al.6 have developed a typical procedure 
where they use an “Evans type” chiral oxazolidinone to control the 
alkylation of an enolate (Scheme 2). 
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OHN

O

ON

O

BuLi

O

Cl

O

ON

OO
LDA

PhCH2Br
Ph

LiOH

THF, H2O
OHN

O
O

Ph

H +

>95% de
93% yield

>95% ee
100% yield 100% yield

Scheme 2. Enantioselective alkylation directed by a chiral auxiliary. 

In the third method, an achiral substrate is directly transformed to a 
chiral product using an enantiomerically pure chiral reagent. 

All three previously described chiral transformations have a 
common feature, which is the requirement of at least one equivalent of 
an enantiomerically pure compound. This requirement is not 
satisfactory from an economical and environmental perspective. Thus, 
the most significant advance in asymmetric synthesis during the past 
three decades has been the development and application of chiral 
catalysts to induce the transformation of an achiral molecule to an 
enantioenriched chiral product. Due to its importance, this process 
will be dealt within more details in the following section. 

1.3 Asymmetric catalysis 
Asymmetric catalysis is a combination of asymmetric synthesis, 

were a chiral molecule is used to govern an enantioselective 
transformation, and catalysis. In catalysis a small amount of a foreign 
material called “catalyst” speeds up a chemical process by decreasing 
the transition state energy, thus increasing the rate of the reaction 
without being consumed itself during the transformation. This process 
seems ideal for the preparation of chiral molecules since it only 
requires a limited amount of chiral catalyst to transform an achiral 
molecule into an enantioenriched chiral product. 

Noyori reported pioneering work in the field of catalytic 
asymmetric transformations in the mid 60s.7  Although the 
enantioselectivity was poor, it opened up a new field in organic 
synthesis that became the focus of many brilliant research groups 
during the last decades. 

The most common asymmetric catalytic methods involve a 
transition metal, which once bonded to a chiral ligand, become the 
chiral catalyst. In 2001 the Nobel Prize in Chemistry was awarded to 
Dr William S. Knowles, Professor Ryoji Noyori, and Professor K. 
Barry Sharpless for ”their development of catalytic asymmetric 
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synthesis”.8 Knowles and Noyori received half the Prize for: “their 
work on chirally catalysed hydrogenation reactions” and Sharpless 
was rewarded with the other half of the Prize for: ”his work on 
chirally catalysed oxidation reactions”. This was the final recognition 
for a process which has had a remarkable impact on the chemical 
industry and especially the pharmaceutical industry where catalytic 
systems are used to prepare ton-scale of enantiopure drugs. An 
important example resulting from the work of Noyori,9,10 and based on 
the work of Knowles, is the synthesis of the anti-inflammatory agent 
naproxen, involving a stereoselective catalytic hydrogenation reaction 
(Scheme 3). 

O
OH

O
OH

Ru(OAc)2-(S)-BINAP
0.5 mol%

PPh2
PPh2

(S)-BINAP

(S)-naproxen
92% yield, 97% ee

O O

Scheme 3. Asymmetric synthesis of (S)-naproxen. 

The hydrogenation catalyst in this reaction is an organometallic 
complex formed from ruthenium and a chiral organic ligand called 
(S)-BINAP. The reaction itself is truly remarkable because it proceeds 
with excellent enantiomeric excess (97%) and in high yield (92%). 

The development of highly enantioselective oxidation reactions by 
Sharpless has proved to be crucial to organic synthesis. The 
asymmetric epoxidation of allylic alcohols,11 and the asymmetric 
dihydroxylation of olefins,12 became widely used tools in the synthesis 
of complex chiral molecules (Scheme 4, and 5). 

OH OH
Ot-BuOOH, Ti(O-i-Pr)4

CO2Et

CO2EtHO

HO

(+)-diethyl tartrate
95% ee
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Scheme 4. Sharpless epoxidation of allylic alcohol 

NN
OO

N

O

N

N

O

N

(0.5 %)

OsO4 (0.2 %), NMO (stoich.)

Ph
Ph

Ph
Ph

OH

OH

99% ee

Scheme 5. Sharpless dihydroxylation of alkenes. 

For decades, it was generally accepted that transition metal 
complexes and enzymes were the two main classes of very efficient 
asymmetric catalysts. Indeed, synthetic chemists have scarcely used 
small organic molecules as catalysts throughout the last century, even 
though some of the very first asymmetric catalysts were purely 
organic molecules. Already in 1912, Bredig reported a modestly 
enantioselective alkaloid-catalysed cyanohydrin synthesis. Only in 
recent years has the scientific community begun to appreciate the 
great potential of organocatalysis as a broadly useful methodology. 
Today many methods using simple chiral molecules have been 
reported to catalyse asymmetric transformations with a very high 
degree of enantioselectivity. Currently, organocatalysis is one of the 
fastest growing areas in organic chemistry.13
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2 Transfer hydrogenationI

2.1 Introduction 
The transfer hydrogenation of ketones, which employs stable 

molecules such as 2-propanol,14 and formic acid15 as hydrogen donors, 
is one of the most attractive processes to synthesise enantioenriched 
secondary alcohols. An advantage is the use of a very cheap hydrogen 
source, avoiding the handling of explosive molecular hydrogen or 
reactive metal hydrides. This reaction, often promoted by a transition 
metal complex is useful for small- and medium- scale reductions due 
to its operational simplicity. The reaction is highly chemo- and 
enantioselective. However, it is a reversible process and therefore the 
hydrogen source must be used in very large excess to shift the 
equilibrium in favour of the desired product. The reversibility of the 
process may also result in the loss of enantiopurity through 
racemisation of the product if a long reaction time is required (Scheme 
6).

R

O

+
OH catalyst

R

OH

+
O

*

Scheme 6. Transfer hydrogenation reaction using 2-propanol as the 
hydrogen source. 

Asymmetric transfer hydrogenation of simple ketones has been 
intensely studied with chiral catalysts based on Rh, Ir, and Ru.16 The 
most successful example being the diamine ligand 1, developed by 
Noyori and co-workers17 (Figure 6). Other chiral diamine ligands such 
as 1, 2,18 or the amino alcohols 3-5,19 and the amino phosphorous 
compound 620 have been shown to enantioselectively reduce 
acetophenone. 
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Ph

NHTsH2N

Ph

1

Ph

NHMeHO

Ph

4

NHTs

NH2

2

OH

NH2

5

NHO
O

OH
3

NH HN

PPh2
Ph2P

6

99% yield
98% ee

95% yield
91% ee

70% yield
91% ee

85% yield
97% ee

98% yield
97% ee

93% yield
97% ee

Figure 6. Some successful ligands used in transfer hydrogenation. 

Surprisingly, only few examples of ligands containing a sulphur 
atom have been reported, beside the work by Lemaire,21 Leeuwen,22

and Andersson.23 Sulphur-containing ligands create additional 
possibilities when compared to nitrogen and oxygen containing 
ligands, since the sulphur atom can become chiral when coordinated 
to a metal. 

2.2 Ligand development 
2.2.1 Ligand design 

The goal of the project was to develop new N,S containing ligands 
for the transfer hydrogenation of ketones according to the following 
set of rules. 
¶ The ligand synthesis should be reasonably short, and use 

cheap starting materials. 
¶ The ligand must be available in both enantiomeric forms. 
¶ The ligand structure must allow easy structure modification. 
¶ The ligand structure must be new. 
Having these rules in mind, we decided to use the chiral pool as the 

source of chirality. Camphor derivatives have been widely used in 
asymmetric synthesis to create successful chiral auxiliaries24. The best 
example being the camphor sultam (Figure 7), developed by Oppolzer 
that has been successfully employed in many asymmetric 
transformations.25 Knowing the ability of the camphor structure to 
direct the outcome of asymmetric transformations, camphor sulphonic 
acid was chosen as the starting material for the development of our 
new chiral ligands. 
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S

NH

O O
Figure 7. The Oppolzer sultam. 

Our first target was directly derived from the Oppolzer sultam 
featuring a 1,3-relationship between the sulphur and nitrogen atoms. 
However, most of the successful ligands used in transfer 
hydrogenation (diamines, amino alcohols and even amino thiols) 
possess a 1,2-relationship between the two chelating atoms.26 A 1,2 
relationship between the donor atoms can be achieved in two ways; 
shortening the side chain of the camphor sulfonic acid by removing 
carbon number ten, or by moving the nitrogen atom from its exocyclic 
position into the bicyclic structure. We choose the second alternative, 
and designed the following retrosynthetic scheme were both series of 
ligands have a common oxime intermediate, itself prepared from 
camphor sulfonic acid (Figure 8). This strategy gives us access to two 
different series of amino-thiol ligands, which can be easily optimised 
through modification of the substituents on both the sulfur and 
nitrogen atoms. 

SO3H

(+)-camphor-10-sulfonic acid

SR1

NR2R3

N
R2

SR1

Common oxine intermediate

1,3-series of ligands

1,2-series of ligands

NOH
SR1

O

 Figure 8. Retrosynthetic analysis of 1,3- and 1,2-amino-thio ligands. 
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2.2.2 Ligand synthesis 
We first developed a method to synthesise the common oxime 

intermediate, which allowed us to prepare a set of compounds 
possessing different substituents on the sulphur atom. Camphor 
sulfonic acid 7 was heated to reflux in thionyl chloride, according to a 
published procedure,27to produce camphor sulphonyl chloride 8
Which was directly reduced in the presence of an excess of 
triphenylphosphine to give the camphor-10-thiol 9 in good yield 
(Scheme 7). The thiol 9 was then either directly converted to the 
corresponding oxime 10, or was first alkylated and then converted to 
the oxime, introducing diversity in the ligand synthesis. 

SO3H

SOCl2, rfx

98% 88%

PPh3
Water/dioxane 3:1

NH2OH·HCl, py.
EtOH, rfx

94%

7 8 9 10

O
SO2Cl

O
SH

O
SH

NOH

Scheme 7. Synthesis of the oxime-thiol 10.

Substitution on the sulphur atom was achieved using simple 
alkylation methods. Compound 9 was alkylated by treatment with an 
alkyl halide in the presence of sodium hydride to form the thioethers 
11-14. This method was successful using simple or branched alkyl 
halides; however, no product was formed when aromatic electrophiles 
such as phenyl iodide were used. This could be explained by the low 
reactivity of non activated aryl halides towards nucleophilic 
substitution. Preparation of the phenyl substituted thioether 15 was 
instead achieved using a palladium catalysed nucleophilic substitution 
(Scheme 8). The oximes 16-20 were prepared from the corresponding 
ketones following the method described for the formation of 10.
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SH

9

NaH, THF,
RX

PhI, Pd(PPh3)4
EtONa, EtOH, 72%

NH2OH.HCl, py.
EtOH, rfx

11 R=Me (91%)
12 R=Et (90%)
13 R=iPr (85%)
14 R=Bn (80%)

15

16 R=Me (94%)
17 R=Et (92%)
18 R=iPr (90%)
19 R=Bn (88%)
20 R=Ph (89%)

O

SR
O

SPh
O

SR
NOH

Scheme 8. Synthesis of the thioethers 16-20.

The key step for the preparation of the 1,3-series is the 
stereoselective reduction of the oxime moiety. Several reducing 
methods, such as LiAlH4, NaBH4 and even L-Selectride®, were tested 
to perform this reaction. However, all of them gave rise to a mixture 
of endo- and exo- products, which proved problematic to separate. We 
finally succeeded to stereoselectively reduce the oxime group using a 
combination of sodium borohydride and nickel (II) chloride. The use 
of those reagents in methanol at -30 C enabled selective reduction of 
compounds 16-19 to the corresponding equatorial amines, with no 
axial products observed (Scheme 9). The high selectivity of this 
transformation is the consequence of the large complex formed by the 
nickel and NaBH4, which can only approach the oxime from the less 
hindered endo- face of the camphor derivative. The attacks from the 
exo- face being hindered by the presence of the bridgehead bearing 
two methyl groups. Regrettably, compound 10 and 20, having a free 
thiol and a phenyl thioether, could not be reduced using this method. 
We believe that in the case of compound 10, the nickel complex is 
coordinating strongly with the free thio moiety; this inhibiting the 
reduced product to be recovered from the aqueous phase during 
workup. In the case of compound 20, it appears that the phenyl group 
on the thioether is cleaved under the conditions, leading to a free thiol 
similar to compound 10.
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16 R=Me
17 R=Et 
18 R=iPr
19 R=Bn

SR
NOH

21 R=Me(58%)
22 R=Et (59%)
23 R=iPr (61%)
24 R=Bn (51%)

SR

NiCl2, NaBH4

MeOH, -30¯C
NH2

H

Scheme 9. Synthesis of primary amines 21-24.

For the preparation of the 1,2-series of ligands, the key step is the 
displacement of the nitrogen atom from an exocyclic to an endocyclic 
position. Azarro et al. have published such a rearrangement,28 when 
camphor oxime was treated with DIBAl, the product of nitrogen 
inserted into the camphor ring was formed. Within the reaction, 
DIBAl is believed to play a dual function. First it acts as a Lewis acid, 
converting the oxime into an amide after migration of the -
bridgehead carbon, and then it act as a reducing agent to convert the 
amide into a secondary amine. When this methodology was applied to 
our system, the amines 25-28 could be produced in good yield from 
the corresponding oximes (Scheme 10). 

N OH
SR

DIBAl, Et2O, rfx
N
H

SR

10 R=H
16 R=Me
17 R=Et 
18 R=Bn
19 R=Ph

25 R=H (47%)
26 R=Me (49%)
27 R=Et (51%)
28 R=Bn (48%)
29 R=Ph (45%)

Scheme 10. Synthesis of secondary amines 25-29.

2.3 Ligands evaluation 
Previous studies with N,S-ligands in transfer hydrogenation 

reaction have established that the use of [IrCl(COD)]2 often proved to 
be the most efficient pre-catalyst. Thus, for our evaluation of these 
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new ligands in the transfer hydrogenation of acetophenone, we chose 
to apply the same system as previously published by Petra et al..29 The
ligands were therefore evaluated in the reduction of acetophenon 
using iso-propanol as hydrogen source, [IrCl(COD)]2 as pre catalyst 
and potassium iso-propoxide as base. The ligands tested were the 1,3-
aminothiol ligands 21-24. In the presence of the iridium source, they 
form the active catalyst through chelation with the nitrogen and 
sulphur atoms to the metal, forming a six membered ring complex. All 
reactions were performed using a substrate/catalyst ratio of 200:1 
(Table 1). 

Table 1. Transfer hydrogenation of acetophenon using ligands 21-24.

O OHSR

NH2

[IrCl(COD)]2 1/400
iPrOH, iPrOK

1/100

Entry Ligand Time (h) Conv. (%)b ee (%)b,cR

Me

Et
Et

i-Pr
i-Pr

Bn
Bn

0.5

  2
12

  2
12

  2
12

100

22
74

0
0

29
93

80

31
30

-
-

70
70

1

2
3

4
5

6
7

21

22
22

23
23

24
24

a)  Ir:ligand:base:substrate= 1:4:5:200. The ligand and [IrCl(COD)]2 were heated to reflux in
iPrOH for 30 min, cooled to rt and added to the substrate after addition of the base.

b) Conversions and enantiomeric excess were determined by chiral GC analysis
c) The major product was identified as the (S)- isomer.

*

The first ligand to be tested was compound 21, having a primary 
amine and a methyl thioether, resulted in a very active catalyst. Total 
reduction of acetophenone was observed after 30 min, and the 
selectivity was a very promising, 80% ee (Table 1, entry 1). At this 
point, we anticipated that a raise in selectivity could be achieved by 
increasing the bulk on the sulphur atom. Unfortunately, when the 
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methyl was replaced with an ethyl group a dramatic loss of activity 
and selectivity was observed, after 12 hours the Ir-22 catalyst lead to 
74% conversion and 30% ee. Further increase of the bulk produced an 
inactive catalyst, with no conversion observed after 12 hours using 
ligand 23 (Table 1, entry 2). One can suspect that in this case, the very 
large iso-propyl group prevents the iridium from coordinating to the 
sulphur atom and as a result, the active catalyst is not formed. 
Surprisingly, replacement of the methyl by a benzyl group resulted in 
a less dramatic decrease of activity and selectivity, using 24, 93% 
conversion and 70% ee were observed (Table 1, entry 4). 

Since no further improvement of the selectivity was achieved by 
modifying the substituent on the sulphur, the effect of the nitrogen 
substituent was investigated. Treatment of the primary amine 21 with 
formamide followed by LiAlH4 reduction afforded the methyl 
substituted secondary amine 30 in 88% yield over two steps (Figure 
19). Unfortunately, the introduction of an extra substituent on the 
nitrogen lead to a complete loss of selectivity, as well as a decrease in 
activity. Using Ir-30, full conversion was achieved after 12 hours but 
the resulting alcohol was racemic (Scheme 11). No further 
modification of the nitrogen was performed as the introduction of 
bulkiness on this position resulted in a non selective catalyst. 

S

NH2

1) Formamide, 120¯C

2) LiAlH4, THF, rfx
S

H
N

88% yield

21 30

O OH

[IrCl(COD)]2 1/400
iPrOH, iPrOK

301/100

*

100% conv.
racemic

Scheme 11. Synthesis of the secondary amine 30 and its evaluation in the 
transfer hydrogenation of acetophenone. 
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After the encouraging results obtained with the 1,3-series, the 1,2-
ligands were tested. Forming a five membered ring complex with 
iridium, more commonly used in the transfer hydrogenation reaction, 
it was hoped that the increased rigidity would also provide an increase 
in selectivity. 

Table 2. Transfer hydrogenation of acetophenone using ligands 25-29.

a)  Ir:ligand:base:substrate= 1:4:5:200. The ligand and [IrCl(COD)]2 were heated to reflux in
iPrOH for 30 min, cooled to rt and added to the substrate after addition of the base.

b) Conversions and enantiomeric excess were determined by chiral GC analysis
c) The major product was identified as the (S)- isomer.

O OHSR

[IrCl(COD)]2 1/400
iPrOH, iPrOK

1/100

Entry Ligand Time (h) Conv. (%)b ee (%)b,cR

H
H
Me
Me
Et
Et
Bn
Bn
Ph
Ph

43
90
33
89
36
73
35
93
24
65

60
60
50
49
43
43
26
26
0
0

1
2
3
4
5
6
7
8
9
10

25
25
26
26
27
27
28
28
29
29

*

N
H

1
24
1

24
1

24
1

24
1

24

As observed with the 1,3-series, the catalysts derived from the 1,2-
series proved to be very sensitive to the steric bulk on the sulphur 
atom. The best result was observed using ligand 25 having a free thiol 
group, with 90% conversion and 60% enantiomeric excess obtained 
after 24 hours (Table 2, entry 2). Substitution of the thiol with a 
methyl thioether (ligand 26), lead to a decrease of selectivity, with 
only 49% ee observed, but the catalyst activity remained at the same 
level with 89% conversion was reached after 24 hours (Table 2, entry 
4). Further increase of the steric bulk on the thioether resulted in the 
progressive loss in selectivity. Replacing the methyl by an ethyl (27)
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or a benzyl group (28) afforded 43% and 26% ee respectively and the 
introduction the more bulky phenyl group on the sulfur (29) resulted 
in a racemic product. However, the activity of the catalyst did not 
deteriorate to the same extent as the selectivity when the size of the 
thioether was increased. With ligand 29 providing the alcohol in 65% 
conversion after 24 hours. 

2.4 Summary and outlook 
Two series of sulphur- and nitrogen-containing ligands, which form 

a 5- and 6-membered chelating rings with iridium(I) metal have been 
synthesised and evaluated in the asymmetric transfer hydrogenation of 
acetophenone. Ligand 21 gave rise to a catalyst of good selectivity 
80% ee and very high activity, with full conversion after only 30 
minutes. A short 5-step synthetic route leading to both series of 
ligands has been developed using the chiral pool as the source of 
chirality. The most successful series of ligands was the 1,3-aminothiol 
giving a 6-membered chelate with the metal. Higher selectivity and 
activity were observed despite the greater flexibility of this system 
compared to the 1,2-aminothiol ligands that offer a more rigid 5-
membered chelate. These results suggest that the formation of the 
catalyst and/or its reactivity is very dependent on the bulk of the 
groups attached to the nitrogen and sulphur atoms. 
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3. Asymmetric base mediated epoxide 
isomerisationsII, IV

3.1 Introduction 
The asymmetric base-mediated rearrangement of meso-epoxides

into optically active allylic alcohols is a reaction of great interest, 
since allylic alcohols are useful intermediates for organic synthesis.30

The first enantioselective -deprotonation of an epoxide to produce an 
enantio-enriched allylic alcohol was presented in 1980 by J. K. 
Withesell and S. W. Felman31. Even though the enantioselectivity was 
low in this initial attempt, it opened up the way for further research in 
the area.32 The reaction is now a valuable complement to the few other 
straightforward methods for the preparation of enantioenriched allylic 
alcohols.33,34,35  A variety of optically active lithium amides, most 
frequently based on structures 31-34,36,37,38,39 have been applied to this 
asymmetric rearrangement reaction. Among them, the lithium amides 
containing one secondary and one tertiary amine moiety have proven 
to be superior (31 and 32). However, a drawback with all these 
systems is their low generality, and the need to use at least a 
stoichiometric amount of the chiral base in order to induce acceptable 
enantioselectivity. 

NLi
N

Ph
N

NLi

R
Ph

NHLi
OLi NLi

NLi

OMe

OMe

31 343332

Figure 9. Examples of lithium amides used in the asymmetric 
rearrangement of epoxide into allylic alcohol. 

M. Asami, published the first catalytic variation of the reaction in 
1997, where he used the lithium amide 35 as catalytic chiral base and 
LDA as stoichiometric achiral base (Scheme 12). With this chiral 
base, he could rearrange cyclohexene oxide into the corresponding 
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allylic alcohol in 94% enantiomeric excess using a catalyst loading of 
20 mol% (reducing the catalyst loading to 5% resulting in 85% ee). 

O OH

N
H

NN
Li

N

Li
N

H
N

35

Scheme 12. Catalytic cycle for the catalytic asymmetric rearrangement of 
cyclohexene oxide. 

In 1998, our group began investigation on the use of lithium amide 
36 as a chiral base for this rearrangement reaction,40 which after 
further improvement lead to the highly potent lithium amide 37.41

Using 5 mol% of this chiral lithium amide, cyclohexene oxide can be 
converted to the corresponding optically active allylic alcohol in 96% 
ee and 95% yield after 6 hours at 0˚C.

NLi
N

NLi
N

36 37
Figure 10. Chiral lithium amides developed within the Andersson group.  

For the catalytic rearrangement of epoxides, it has been shown that 
additives, especially DBU can improve the enantioselectivity of the 
reaction.42 These additives have been assumed to suppress Li-amide 
aggregation, known to affect the reactivity and selectivity of Li-amide 
mediated reactions.43,44 This theory was supported by a non-linear 
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effect study where the enantiomeric purity of the chiral lithium amide 
was varied in the rearrangement of cyclohexene oxide with or without 
DBU.45 In the absence, or with a low concentration of the additive, a 
negative non-linear effect was revealed. The negative effect 
diminished when the amount of DBU was increased. 

In this reaction lithium diisopropyl-amide (LDA) has commonly 
been used as the bulk base (catalyst-regenerating base). However, this 
suffers from the fact that LDA is itself able to deprotonate the epoxide 
and produce racemic product. In 2001, Ahlberg et al. reported the use 
of lithiated methyl-imidazol 38 as the bulk base. This base was found 
to have comparable thermodynamic basicity but lower kinetic basicity 
than LDA.46 Under catalytic conditions, a reaction mixture, composed 
of 41 (20 mol%) as chiral base and 38 (2 equiv) as the bulk base in 
THF, could deprotonate cyclohexene oxide to form the corresponding 
allylic alcohol in 93% ee, while only 22% ee could be achieved using 
LDA. Later work from the same group demonstrated that the lithiated 
compounds 39 and 40 had the same beneficial effect as 38 in the 
chiral lithium amide catalyzed deprotonation of cyclohexene oxide.47

NMR studies have shown that the lithiated azoles not only act as bulk 
bases, but also break the homodimers formed by the chiral lithiated 
amide to produce thermodynamically more stable heterodimer such as 
42. This new heterodimer complex has thus been implicated as the 
chiral reagent in the enantioselective deprotonation of meso-
epoxides.17,48

N

N
Li

N

N

Li
N

N

Li N N
Li

38 39 40 41

N N
Li

N
N

Li

42

Figure 11. Lithiated bulk bases 38-40, chiral lithium amide 41, and mixed 
complex 42.
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3.2 Use of novel bulk bases in the catalytic 
rearrangement of cyclohexene oxide 

It has been reported that the use of these new bulk bases has proven 
to be beneficial when combined with a norephedrine-derived 
diamine.47 Therefore the effect of the lithiated azoles on our catalytic 
system was investigated. The reaction studied was the enantioselective 
deprotonation of cyclohexene oxide in THF at room temperature, 
using the bicyclic lithium amide 36 as chiral base. 

As highlighted in Table 3, lithiated 1-methyl imidazole 38 in 
combination with the diamine 36 was unable to deprotonate 
cyclohexene oxide (Entries 3 and 4). This can be explained either by 
the fact that the lithiated azole 38 is not capable of lithiating the 
diamine; or that the heterodimer formed by compound 38 and 36 does 
not react with cyclohexene oxide. To differentiate between these 
hypotheses, low temperature NMR, or other techniques would be 
needed.

Table 3. Enantioselective deprotonation of cyclohexene oxide. 

NH
N

O
OH

1) Bulk base, THF, 20°C

2) H3O+

Entrya 36/equiv Bulk base/equiv Li-source Time (h) Conv.b (%) eec (%)

1

2

3

4

5

6

7

1

0.05

0.05

0.05

0.05

0.05

0.05

LDA/2

LDA/2

1-Me-
imidazole/2

1-Me-
imidazole/2

1,2-diMe-
imidazole/2

DBU/2

DBU/2

n-BuLi

n-BuLi

LDA

n-BuLi

n-BuLi

LDA

n-BuLi

6

12

48

48

12

12

12

99

93

<5

0

94

96

95

96

28

0

-

94

92

94

4443

36

a) General procedure: Amine 36 and the bulk base precursor were added to THF (1.6 mL) under 
argon. n-BuLi was added drop wise to the reaction and the reaction solution was allowed to
equilibrate for 10 min. The reaction was started by addition of cyclohexene oxide (0.2 mmol).
b) Conversion was determined using GC, and dodecane as internal standard.
c) Determined using Chiral GC.
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On the other hand, lithiated 1,2-dimethyl imidazole 39 was shown 
to be as efficient as Li-DBU 40 in this reaction, in combination with 
diamine 36, and n-butyl lithium. Under both these conditions, the 
deprotonation of cyclohexene oxide produced the corresponding 
allylic alcohol in 94% ee and over 94% conversion (Table 3, entries 5 
and 7). When DBU was lithiated by LDA, a slightly lower ee was 
recorded probably due to background reaction with unreacted LDA. 
Yet, none of the bulk bases used in the catalytic reaction could lead to 
better enantioselectivity than the reaction using a stoichiometric 
amount of the chiral diamine.  

These results show that the bulk bases 39 and 40 are superior to 
LDA for the chiral amide catalysed deprotonation of cyclohexene 
oxide. The primary role of these bases is the lithiation of the diamine. 
But, the dramatic increase in enantioselectivity, as compared to the 
use of LDA, can only be explained by a direct action on the active 
catalyst. They most probably are involved in the formation of mixed 
dimers such as those proposed by Ahlberg. Further studies would be 
necessary to fully support this theory. 

3.3 Kinetic resolution of racemic epoxides 
Whilst the use of enzymes for the kinetic resolution of racemic 

substrates, to afford enantiopure compounds in high ee and good 
yields, has long ago emerged as a popular strategy in synthesis.49 It is 
only relatively recently that the widespread application of non-
enzymatic chiral catalysts for kinetic resolution50 (or dynamic kinetic 
resolution51) has gained popularity within the synthetic community.52

In a typical kinetic resolution, the two enantiomers of a racemic 
substrate react at different rates to form a product. Depending on if we 
are interested in recovering the unreacted starting material in high 
enantiomeric excess or the product (if chiral), the reaction must be 
stopped shortly after or before 50% conversion is reached. 

The first kinetic resolution method applied in the resolution of a 
racemic epoxide was published by Asami et al..53. Using a chiral 
lithium amide he performed the kinetic resolution of cis-3-
alkylcyclohexene oxides as illustrated in Scheme 13. However, a 
stoichiometric amount of the chiral base was necessary for the 
reaction to produce both the alcohol and the unreacted epoxide in 
good enantiomeric excess. 
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O

N
Li

N

1.1 eq.

DBU (1.2 eq), THF
O

OH

racemic
(+)

27%, 95% ee
(-)

72%, 35% ee

Scheme 13. Kinetic resolution of cis-3-iso-propylcyclohexene oxide.

Other examples of kinetic resolutions of racemic epoxides have 
been reported, but they typically involve protocols requiring the use of 
stoichiometric quantities of chiral base. 

The chiral diamines 36 and 38 have proven to be very efficient in 
the catalytic asymmetric rearrangement of meso epoxides over a large 
range of substrates.40,41 The scope of the reaction was further 
increased by applying them to racemic epoxides to perform kinetic 
resolutions (Scheme 14). 

O O O HOchiral Li-amide
+ +

Scheme 14. Lithium amide mediated kinetic resolution of racemic 
epoxides.

We were interested in obtaining both the unreacted epoxide and the 
allylic alcohol in enantiomerically enriched form. This was achieved 
by quenching the reaction either shortly before or after 50% 
conversion. The results obtained with the first generation lithium 
amide 36 are summarised in Table 4. The best result was obtained for 
the -disubstituted epoxide 2,3-dimethyl cyclohexene oxide, after 
49% conversion both epoxide and allylic alcohol were obtain in 99% 
ee (Entry 11). Excellent selectivity was also achieved with t-
butylcyclohexene oxide, both the epoxide and the alcohol were 
produced in 99% ee after 58% conversion (Entry 10). Those two cases 
represent an almost perfect process, leading to both starting material 
and product in nearly enantiopure form. Other -substituted 
cyclohexene oxides were tested producing highly useful tertiary 
alcohols with enantiopurities over 90% (Entries 3-8). The 
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enantiopurity of both epoxides and alcohols was found to be 
dependent upon the size of the -substituent. Decreasing the size of 
the ring resulted in a significant loss of selectivity, 1-tert-
butylcyclopent-2-en-1-ol being produced in 79% ee from the 
corresponding epoxide after 42% conversion (Entry 14). Increasing 
the size of the ring resulted in a marginal loss of selectivity, 1-tert-
butylcyclohept-2-en-1-ol being formed in 94% ee after 41 % 
conversion.

Changing the alkyl substituents on the epoxides to an alkene, or a 
phenyl group, resulted in no kinetic resolution. Either a fast -
elimination occurred, leading to a racemic alcohol, or -elimination 
leading to the corresponding ketone. This can probably be explained 
by the fact that the deprotonation by the bulk base is faster in these 
cases than the desired deprotonation by the chiral lithium amide base.
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Table 4. Kinetic resolution of racemic epoxides using chiral amide 36.

racemic epoxide

36 (5 mol%)
LDA (1.2 equiv.)
DBU (5 equiv.)

THF 0°C
epoxide allylic alcohol+

Entry epoxide conv. (%)a ee (%)b

epoxide
ee (%)b

allylic alcohol

O
Ph

O
R

O

O

t-Bu
O

O
t-Bu

R= Me

R= Et

R= i-Pr

R= t-Bu

O

O

O

Ph

O

1
2

3
4
5
6
7
8
9
10

11

12

13
14

15
16

17

18

19

20

48
55

43
52
40
63
46
52
44
58

49

40

63
42

47
41

-

100

-

100

77
94

78
87
30
70
73
92
67
99

99

80

ndc

ndc

ndc

ndc

88
84

96
94
90
90
ndc

ndc

99
99

99

99

60
79

90
94

0

0

a) Determined by GC. Based on epoxide consumption relative to an internal standard. b)
Determined by chiral GC c) Not determined. The enantiomers were not successfully separeted 
by chiral GC
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Table 5. Kinetic resolution of racemic epoxides using chiral amide 38.

racemic epoxide

38 (5 mol%)
LDA (1.2 equiv.)
DBU (5 equiv.)

THF 0°C
epoxide allylic alcohol+

Entry epoxide conv. (%)a ee (%)b

epoxide
ee (%)b

allylic alcohol

O
t-Bu

O

t-Bu
O

O
t-Bu

a) Determined by GC. Based on epoxide consumption relative to an internal standard. b) 
Determined by chiral GC c) Not determined. The enantiomers were not successfully
separeted by chiral GC.

O

O

Ph

cis

trans

cis

trans

cis

trans

trans

O

O n-Bu

O

n-Bu

1

2

3

4

5

6

7

8

9

10

11

12

13

46

32

34

41

56

49

62

70

60

65

80

30

32

72

nd

nd

42

96

51

99

99

99

21

99

5

nd
O

t-Bu

99

96

96

94

85

95

55

40

90

20

64

16

94
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The diamine 38 displays equal or higher selectivity than its non-
substituted equivalent for a large range of substrates (Table 5). Using 
this chiral base, racemic cyclic -t-butyl epoxides can be converted to 
the corresponding allylic alcohols in 96 to 99% ee when the reaction is 
stopped before 50% conversion (Entries 1-3). In this case, decreasing 
the size of the -substituent did not affect the selectivity, with 1-
ethylcyclopent-2-en-1-ol being produced in 95% ee from the 
corresponding epoxide after 49% conversion (Entry 6). -Spiro 
epoxide were also resolved in high stereoselectivity, with the starting 
epoxide and the alcohol, obtained in 96 and 85% ee respectively after 
56 % conversion. More interesting is the case of cyclohexene oxide 
possessing two different substituents at the -position. If both 
substituents are reasonably bulky, both cis- and trans-epoxides can be 
successfully subjected to kinetic resolution (Entries 7 and 8). But, if 
one of the -substituent is a hydrogen the outcome of the resolution 
depends both on the size of the -alkyl group and its relative position 
to the epoxide. Cis-epoxides proved to be excellent candidates for 
kinetic resolution independently of the size of the -substituents 
(Entries 9 and 11), while only trans-epoxides having a very large -
substituent can be successfully resolved. Trans- -tert-butyl
cyclohexene oxide produced the corresponding allylic alcohol in 94% 
ee after 32% conversion. Replacement of the tert-butyl group by an 
iso-propyl group resulted in a dramatic loss of selectivity, with the 
epoxide and the alcohol obtained in 20% and 21% ee respectively 
after 65% conversion (Entry 10). Further reduction in the size of the 

-substituent resulted in very poor selectivity, the use of an n-butyl
substituent produced the epoxide in 5% ee and the allylic alcohol in 
16% ee after 30% conversion (Entry 12). 

3.4 Summary and outlook 
In summary, the chiral amides 36 and 38 could be used to resolve a 

large range of racemic epoxides. Enantiomeric excesses up to 99% 
were obtained for both unreacted epoxides and allylic alcohols. 
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4 Organocatalysed epoxidation of olefinsIV

4.1 Introduction 
Chiral epoxides are important and versatile building blocks in 

organic synthesis. The development of efficient catalysts for the 
asymmetric epoxidation of olefins has received considerable attention 
in recents years.54 Chiral iminium salts have been employed as 
catalysts for the asymmetric epoxidation of olefins with Oxone® as 
the primary oxidant.55 In most cases, the iminium salt had to be 
isolated prior to use, however a recent report from Yang describes the 
use of chiral iminium salts generated in situ from chiral amines and 
aldehydes, under oxidative conditions.56

Under slightly acidic conditions, a significant amount of iminium 
salt can be formed from a secondary amine and an aldehyde (Scheme 
15). Then the oxaziridinium salt can be formed by treatment with 
Oxone® and used in olefin epoxidation. 

N
H

+
O

N+
A-

HA

iminium salts

N+
O

A-

oxaziridinium salts

KHSO5

KHSO4

O

Scheme 15. Catalytic cycle for the epoxidation of olefins catalyzed by 
iminium derived oxaziridinium salts. 
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4.2 Catalyst synthesis and evaluation 
It has been shown that iminium salts derived from proline can 

catalyse the epoxidation of olefins. Furthermore, the more rigid 
bicyclic structure developed within our group has proved to be 
superior to its proline equivalent in a range of reactions. Therefore, we 
decided to test the use of such compounds in the epoxidation of 
olefins.

To evaluate the potential of the bicyclic structure, the amides 54
and 55 were synthesized from the readily available 2-aza-norbornene 
49 as outlined in Scheme 16.57 The amines 54 and 55, bearing bulky 
amide moieties and 50 having a methyl ester were tested as catalyst 
precursors in the epoxidation of trans-stilbene. The reaction was 
conducted by stirring the amine and hexanal in a mixture of CH3CN
and H2O followed by the addition of Oxone® and NaHCO3. The ratio 
of Oxone® to NaHCO3 was fixed to 1:2.5 in order to provide a 
slightly acidic medium. 

N
CO2Me

NH
CO2Me

N
CO2H
Boc

N
Boc

N
HO

R
NH

N
HO

R

49 50 51

52 R= adamantyl
53 R= cyclohexyl

54 R= adamantyl
55 R= cyclohexyl

i ii, iii

iv v

i) Pd/C, MeOH, H2,; ii) LiOH, THF/H2O : 4/1, 40°C; iii) Boc2O, NaHCO3, MeOH; iv) 
EDC, HOBt, amine, CH2Cl2; v) HCl (anhydrous in dioxane), reflux.

Ph

Scheme 16. Synthesis of amines 54, 55.

Under those conditions, epoxidation of trans-stilbene using 0.5 
equivalent of hexanal and compound 54, possessing a very large 
adamantyl amide at the -position of the amine, provided trans-
stilbene oxide in 28% ee and full conversion after 3 hours (Table 6, 
entry 2). Reducing the size of the amide group from the tricyclic 
adamantyl to the monocyclic cyclohexyl (55), resulted in a loss of 
catalyst selectivity and activity, with the epoxide produced in 25% ee 
and 80% yield after 3 hours. The use of an even smaller -substituent 
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did not affect the catalyst activity, but resulted in lower selectivity. 
Use of compound 50 bearing a methyl ester functionality gave the 
epoxide in 12% ee after 3 hours and 94% conversion (Table 6, entry 
6). Those results emphasise the importance of the steric bulk at the -
position of the catalyst. A large substituent seems to be needed on the 
catalyst in order to achieve any selectivity during the epoxidation step. 
To investigate further the importance of bulk at the -position we 
decided to replace the amide functionality by a large di-aryl 
substituent. The amino alcohol 56 was prepared according to a 
procedure developed in our group,58 and tested in the epoxidation of 
trans-stilbene. Only 17% conversion could be reached after 3 hours 
and the epoxide was produced in 16% ee. By synthesising 56, we 
moved the bulky substituent closer to the bicyclic structure, therefore 
increasing the steric hindrance around the amine. This may prevent 
the formation of the iminium and/or the approach of the Oxone® 
toward the alkene explaining the low conversion of the reaction. 

Table 6. Asymmetric organocatalysed epoxidation of trans-stilbene.a

a) All epoxidation reactions were carried out at room temperature with 0.1
mmol of trans-stilbene, 0.05 mmol of amine, 0.05 mmol of aldehyde, 0.4 mmol 
of Oxone, and 1.0 mmol of NaHCO3 in 2.0 mL of CH3CN and 0.2 mL of H2O.
b) Conversion was determined using GC and an internal standard. c)
Determined by chiral HPLC (OD column); the configuration of the major
enantiomer of the epoxide was found to be (S,S).

Ph

Ph

Ph

PhOamine 0.5eq, hexanal 0.5eq

Oxone/NaHCO3
CH3CN/H2O, rt

entry amine conversion (%)btime (h) ee (%)c

NH
N
HO

NH
N
HO

NH
CO2Me

1
2

3
4

5
6

7
8

2
3

2
3

2
3

2
3

95
100

75
80

80
94

15
17

27
28

25
25

11
12

16
16

NH

Ph Ph
OH

54

55

50

56
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According to the proposed mechanism of this reaction (Scheme 15), 
the enantioselectivity is dependent on two factors: the stereoselectivity 
of the epoxidation by the oxaziridinium ion, and the stereoselectivity 
of the oxidation of the iminium ion into oxaziridinium salt by 
Oxone®. The Oxone, depending from which side it approaches the 
iminium ion may lead to the creation of two different oxaziridinium 
salts (Scheme 17). Having a diastereomeric mixture of the catalyst 
would explain the low selectivity observed during the reaction. 

N+

O

R1

N+

O

R1

O R

O

R

N+

R

O

R1

Oxone®

"Endo" attack

Oxone®

"Exo" attack

Scheme 17. The two possible oxaziridiniums ions. 

Therefore, we decided to investigate the possibility of selective 
formation of a single diastereoisomer, of the oxaziridinium ion by 
changing the orientation of the -substituent. And consequently 
increasing the selectivity of the oxidation of the iminium ion. 
Compound 60 and 61 were synthesised in two steps from 5759 as 
highlighted in (Scheme 18). 

N Ph
CO2Me

N Ph

H CO2Me

R
NH

CO2Me

R
i, ii iii

58 R= H
59 R= Me

60 R= H
61 R= Me

i) LDA, THF, rt; ii) MeI or H2O; iii) Pd(OH)2/C, H2, MeOH.

57

Scheme 18. Syntheses of amines 60 and 61.

By moving the methyl ester group from the exo- to the endo-
position (compound 60), we increased the bulk under the bicyclic 
structure, and decreased it on the upper face, in order to direct the 
Oxone attack from the exo-face. However, when 60 was tested in the 
epoxidation of trans-stilbene, low selectivity and reduced activity 
were observed; 16% ee and 64% conversion after 2 hours (Table 9, 
entry 1). Addition of an exo-methyl group at the -position did not 
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improve the selectivity, with compound 61 catalysing the formation of 
trans-stilbene oxide in only 17% ee. 

Table 7. Asymmetric organocatalysed epoxidation of trans-stilbene.a

Ph

Ph

Ph

PhOamine 0.5eq, hexanal 0.5eq

Oxone/NaHCO3
CH3CN/H2O, rt

entry amine conversion (%)btime (h) ee (%)c

1
2

3
4

2
3

2
3

64
64

56
62

16
16

17
17

a) All epoxidation reactions were carried out at room temperature with 0.1
mmol of trans-stilbene, 0.05 mmol of amine, 0.05 mmol of aldehyde, 0.4 mmol 
of Oxone, and 1.0 mmol of NaHCO3 in 2.0 mL of CH3CN and 0.2 mL of H2O.
b) Conversion was determined using GC and an internal standard. c)
Determined by chiral HPLC (OD column); the configuration of the major
enantiomer of the epoxide was found to be (S,S).

NH
H

CO2Me

NH

CO2Me

60

61

All our attempts to increase the selectivity by changing the size and 
the orientation of the substituent  to the amine were unsuccessful. We 
then decided to investigate the influence of the aldehyde on the 
epoxidation. During the condensation of the amine and the aldehyde, 
two iminium salts can be formed (the E and Z isomers), leading to the 
formation of two different oxaziridinium ions. The ratio between those 
two forms and consequently the selectivity of the reaction depends on 
the size of the aldehyde as shown in Scheme 19.  

N+

O

R1

N+

O

R1
NH

O

R1

R
R

O

R

O

R

Scheme 19. Formation of the two possible iminiums salts.
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Furthermore, the bulkiness of the aldehyde is likely to have a strong 
influence on the facial discrimination during the epoxidation step due 
to its proximity to the active site of the catalyst. A study on the effect 
of the aldehyde structure on the selectivity and activity of epoxidation 
was performed and the results summarised in table 8.

Table 8. Aldehyde effect on the asymmetric organo-catalysed epoxidation 
of trans-stilbene.a

Ph

Ph

Ph

PhOamine 54 0.5eq, aldehyde 0.5eq

Oxone/NaHCO3
CH3CN/H2O, rt

entry aldehyde conversion (%)btime (h) ee (%)c

1

2

3

4

5

6

7

100

95

75

<5

<5

0

0

18

28

26

a) All epoxidation reactions were carried out at room temperature with 0.1
mmol of trans-stilbene, 0.05 mmol of amine, 0.05 mmol of aldehyde, 0.4
mmol of Oxone, and 1.0 mmol of NaHCO3 in 2.0 mL of CH3CN and 0.2 mL 
of H2O. b) Convertion was determined using GC and an internal standard
.c) Determined by chiral HPLC (OD column); the configuration of the major
enantiomer of the epoxide was found to be (S,S).

O

H H

O

H C5H11

O

H
O

H Ph
O

H

O

none

2

2

2

2

2

2

2

It was observed that the reaction rate is strongly dependent of the 
steric bulk of the aldehyde. The epoxidation performed with sterically 
less hindered formaldehyde and hexanal gave almost full conversion 
after two hours (Table 10, entries 1 and 2). Whereas reactions 
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performed with the more bulky benzaldehyde and 
dimethylacetaldehyde gave less than 5% conversion after 2 hours 
(Table 10, entries 4 and 5). Increasing the bulk at the -position of the 
aldehyde did not affect the reaction rate to the same extent, using 
isovaleraldehyde 75% conversion could be achieved after 2 hours 
(Table 10, entry 3). This may be due to steric effects that disfavour the 
formation of the iminium ion. However, the structure of the aldehyde 
seems to play only a minor role on the enantioselectivity in our 
system. Having a substituent on the aldehyde’s -position is 
favourable, but further branching has little effect on the selectivity 
(Table 10, entries 1,2 and 3). Changing the aldehyde for a ketone led 
to a totally inactive system. When acetone was used no reaction took 
place (Table 10, entry 6). Aggarwal and co-workers have 
demonstrated the possibility of catalysing the epoxidation of alkenes 
using an amine alone60 (without any aldehyde), but in our case the 
presence of the aldehyde was necessary for the epoxidation to take 
place. When no aldehyde was used in combination with the amine 54
no epoxide was formed (Table 10, entry 7).  

4.3 Summary and outlook 
In summary, we have developed a protocol for the asymmetric 

epoxidation of olefins catalysed by iminium salts generated in situ 
from chiral amines and aldehydes. Catalysts with excellent activity 
were developed; however, only moderate enantioselectivity could be 
achieved. Further work must be directed towards understanding the 
mechanism of the chiral induction, in order to enable us to develop a 
more efficient catalyst, both in terms of activity and selectivity. 
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5 Preparation of new ligandsIII, IV

5.1 Polymer supported diamine 
Pyrrolidinyl 2-azabicyclo[2.2.1]heptane 36 (p. 28) has been 

identified by our group as very effective enantioselective ligand for 
the rearrangement of epoxides to yield allylic alcohols.40 In the 
presence of stoichiometric quantities of base, these ligands bring about 
excellent chemical yields and ee’s for a variety of chiral allylic 
alcohols. A disadvantage of such diamine compounds is the difficulty 
separating them from the reaction mixture, to enable them to be 
recycled, thus a catalytic protocol that allows their recycling is highly 
desirable. One way of retrieving the homogeneous catalysts from the 
reaction mixture is through (nano)filtration of physically enlarged 
catalysts. Dendrimers and dendrons have proven very effective as 
soluble supporting agents for this purpose.61 Dendritic carbosilane 
materials have attracted special attention due to the inert chemical 
nature of their backbones.62 As a result, these materials have been 
successfully used in combination with highly reactive main group and 
transition organometallic reagents. In an ongoing research project, G. 
van Koten´s group has recently made progress in the synthesis of new 
carbosilane dendrons.63 Initial tests on catalysts derivatised with the 
first generation dendrons of this type have exhibited good retention 
profiles in filtration setups. These dendrons therefore seem perfectly 
suited, with respect to both their chemical inertness and their reactive 
focal moiety, for the physical enlargement of the pyrrolidinyl 2-
azabicyclo [2.2.1] heptane ligands. In order to investigate the synthetic 
accessibility of dendronized pyrrolidinyl 2-azabicyclo[2.2.1]heptane 
ligands of the type shown in Figure 12, I joined Professor G. van 
Koten´s group for a two months period.
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NH
N

Si
Si

Si

Si

N
N

SiH
Si

Si

Si

+
Ph

O
45

Figure 12. Retro-synthetic scheme of dendronized pyrrolidinyl-2-
azabicyclo[2.2.1]heptane. 

Due to the high cost of large carbosilane wedges, the simpler 
phenyl dimethyl silane was chosen as test substrate for the 
hydrosilylation the alkene 45.64 A preliminary activity test using a 
number of platinum and rhodium complexes, known for their activity 
in similar reactions, were run to identify a suitable catalyst (Table 9).  

Table 9. Hydrosilylation of compound 45.

N
N

Ph

O

PtCl6(n-Bu)4
PtCl4
PtCl2(COD)
PtCl6H2
PtCl6(NH4)
Karstedt cat.
RhCl(PPh3)3

4
100
100
100

3
100

0

9
100
100
100

7
100

0

Catalyst Conversion (%)b

4h rt
Conversion (%)b

4h reflux

PhMe2SiH 2eq.

cat. 0.05 eq., THF
N

N
Ph

O

SiPh

45

a) General procedure: To a solution of alkene 45 (150 mg, 0.5 mmol) in THF (4 ml) 
was added the catalyst ( 5 mol%) and PhMe2SiH ( 136 mg, 1 mmol),  the reaction  
mixture was  stirred for 4 hours.
b) Conversion was determined by GC.

Entrya

1
2
3
4
5
6
7
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Those preliminary tests allowed us to identify two classes of 
catalysts. PtCl6(n-Bu4), PtCl6(NH4) and RhCl(PPh3)3 having no or 
very little catalytic activity even after 4 hours under reflux (Table 4, 
entries 1, 5, and 7). While PtCl4, PtCl2COD, PtCl6H2 and 
PtO[Si(CH3)2CHCH2]2 showed a high activity, leading to a complete 
consumption of the starting material after a few hours at room 
temperature (Entries 2, 3, 4, and 6). However, none of these catalysts 
could produce the clean silylated product. Analysis by GC-MS 
revealed that a mixture of stereo- and regio-isomers of the expected 
silylated product and a by-product were formed. After purification and 
analysis, the unwanted product could be identified as the ring-opened 
product 46 from the bicyclic amine 45 (Figure 13). Unfortunately, the 
ring-opened product was in every case the major component in the 
reaction mixture. 

N
HN

O

46
Figure 13. Ring-opened product 46

Two catalyst PtCl2(CODC) and PtO[Si(CH3)2CHCH2]2 (Karstedt 
catalyst) were further investigated in order to improve the 
chemoselectivity of the reaction with the results illustrated in Table 
10. A change of the solvent did not influence the outcome of the 
reaction. With the use of either dichloromethane or toluene resulting 
in full conversion, but the ring-opened bicycle was the major product 
for both catalysts (Entries 4-7). It should be noted that our group has 
previously observed a similar ring-opened product during the 
hydrogenation of other bicyclic derivatives.65 In these cases the 
opening was believed to be acid catalysed, and the addition of two 
equivalents of potassium carbonate prohibited the ring-opening 
reaction. However, addition of base to the reaction mixture did not 
suppress the formation of the ring-opened product under the 
hydrosilylation conditions (Entries 8 and 9). Surprisingly, when the 
silane was slowly added over one hour to a mixture of the alkene, and 
catalyst in THF at room temperature, the open product 46 was formed 
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almost exclusively (Entry 10). With the formation of compound 46 is 
favoured at low temperatures in the presence of a low concentration of 
silane, higher temperatures and an increased concentration of silane 
were used in order to favour the formation of the silylated product. 

Increasing the reaction temperature to 50 or 80 degrees did not help 
the formation of the silylated product (Entries 11 and 12). In order to 
shorten the reaction time and allow higher temperature the reaction 
was run in a sealed tube under microwave conditions. However, the 
ring-opened product 46 was again the major product. 

Table 10. Study of the hydrosilylation of compound 45.

N
HN

O

46

N
N

Ph

O

Catalyst

PtCl2(COD)
Karstedt cat.

PtCl2(COD)
Karstedt cat.
PtCl2(COD)
Karstedt cat.
PtCl2(COD)
Karstedt cat.
Karstedt cat.
Karstedt cat.
Karstedt cat.
Karstedt cat.
Karstedt cat.

PhMe2SiH 

cat. 0.05 eq., solvent

N
N

Ph

O

SiPh

45
+

Solvent

THF
THF
THF
CH2Cl2
CH2Cl2
Toluene
Toluene
THF, K2CO3
THF, K2CO3
THF
CH2Cl2
Toluene
THF
Toluene

Temp. (°C)

25
25
25
25
25
25
25
25
25
25
50
80

120
180

Conv. (%)a

0
0
0

100
100
100
100
100
100
100
100
100
75

100

45-Si (%)b

-
-
-

29
26
31
28
34
30
3
35
37
35
35

46 (%)b

-
-
-

71
74
69
72
66
70
97
75
63
65
65

PhMe2SiH (eq.)

0
0
2
2
2
2
2
2
2
2
3
3
3
3

Entry

1
2
3
4
5
6
7
8c

9c

10d

11
12
13e

14e

Time

4h
4h
4h
4h
4h
4h
4h
4h
4h
4h
4h
4h

15 min
25 min

a) Conversion was determined by GC; b) relative abundance determine by GC; c) two equivalent of base were used. 
d) Slow addition over 1 hour of the silane; e) Reaction in sealed tube under micro-wave conditions.

45-Si

All attempts to hydrosilylate compound 45 proved unsuccessful, 
thus another route needs to be investigated in order to produce a 
dendritic diamine. Nevertheless, a new metal-catalysed ring opening 
of compound 45 under very mild condition has been discovered, 
leading to clean formation the very interesting product 46. Further 
investigation will be necessary to understand the mechanism of this 
reaction and its full scope as a useful synthetic procedure. 
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5.2 Synthesis of novel chiral bicyclic diamines 

5.2.1 Introduction 
The pioneering work of Kagan66 and Knowles67 in the field of 

asymmetric hydrogenation at the end of the 1960´s, has induced a 
tremendous amount of work dealing with chiral phosphine-containing 
complexes as catalysts. However, very few systems could be applied 
to industrial scale due to their low stability toward oxidation and their 
usually complicated synthesis. In this respect, nitrogen containing 
ligands present several advantages. First, they are largely available in 
enantiomerically pure form, both in the chiral pool, or as cheap 
industrial chemical intermediates. The second advantage lies in the 
chemistry of the nitrogen atom itself, which has been widely studied. 
In the last decades many very successful nitrogen containing ligands 
have been developed.68

As previously described, our group recently developed highly 
selective nitrogen containing ligands for the rearrangement of 
epoxides into chiral allylic alcohols69 (Figure 14). However, a 
drawback of these ligands is the difficulty of introducing diversity into 
the structure, and the fact that they did not afford an anchoring point 
to link them onto a polymeric support. We therefore decided to 
develop a protocol for the preparation of new chiral diamines and 
explore their use in asymmetric catalysis. 

NH
N

NH
N

Figure 14. Amine containing ligands used in the asymmetric 
rearrangement of epoxide into allylic alcohol.

5.2.2 Preparation of novel bicyclic diamine ligands 
Our attention was drawn to the work of Shapiro70 and Pombo-

Villar71 on the ring opening of enantiomerically pure aziridiniums 
with stabilized nucleophiles. A clean inversion of the configuration of 
the ring system occurs, because only the less sterically hindered bond 
of the aziridinium bromide is available for SN2 nucleophilic attack 



49

(Scheme 20). A later patent72 describes the ring opening of a racemic 
aziridinium bromide with hydride as the nucleophile leading to an 
unsubstituted bicyclic structure. In each case, this strategy was 
employed to synthesise analogues of the muscarinic agonist arecoline 
and epibatidine. 

N+

Br R

Nu-

N
Nu

R

Br

Scheme 20. Nucleophilic ring opening of aziridinium ion. 

We decided to use this aziridinium opening reaction as the key step 
in the formation of the diamine 68 as illustrated in Scheme 21. 

H2N N

N+

Br R

N

R

Br

N

R

N

N
H

N

i ii iii

iv v

i) Cyclopentadiene, CH2O, H2O, rt; ii) CH2Cl2, Br2, 0°C; iii) Red-Alá, THF, rt; 
iv) Pyrrolidine, reflux; v) Pd(OH)2/C, H2 (1 atm), MeOH.

63

68

65

6766

64

Scheme 21. Synthesis of diamine 68.

Following an analogous procedure,73 the Diels-Alder adduct 64 was 
formed by the in situ reaction of (S)-phenyl ethylamine with aqueous 
formaldehyde and cyclopentadiene. Compound 64 was then converted 
to the aziridinium salt 65 by treatment with bromine.74 Nucleophilic 
attack to the enantiopure aziridinium by hydride led to the ring-opened 
product 66 as a single compound. Subsequent nucleophilic 
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substitution of the bromine at the 7-position by pyrrolidine produced 
the protected diamine 67, which after removal of the benzyl group by 
hydrogenation gave the diamine 68.

The diamine 68 was then used as a catalytic chiral base in the 
rearrangement of epoxides into allylic alcohols using LDA as 
stoichiometric base (Scheme 22). Using 0.1 equivalent of the diamine 
we could successfully catalyse the rearrangement of cyclohexene 
oxide to the corresponding allylic alcohol in 60% ee and full 
conversion after 12h. Even though this result is not excellent, it is very 
promising since only few catalytic systems exist for this reaction (see 
chapter 3). 

N
H

N

O OH

*

1)

THF, LDA, DBU
2) NH4Cl aq.

0.1 eq
68

a) Reaction was performed as described in chapter 3.
b) Enantiomeric excess was determined using chiral GC.
c) Major enantiomer is the (R) isomer.    
d) Conversion was determined by GC analysis with 
dodecane as internal standard.

60% eeb,c

100% conversiond

Scheme 22. Use of diamine 68 as chiral ligand in the rearrangement of 
epoxide into allylic alcohol.a

In order to improve the selectivity of the ligand we can tune the 
substituent on the 7-position by modifying the amine used as 
nucleophile. However, more interesting would be to vary the nature of 
the nucleophile used in the opening of the aziridinium ion, as this will 
allow us to introduce new substitutuents at the 6-position. It has been 
demonstrated in our group that in some cases adding a substituent on 
the backside of such a bicyclic structure dramatically enhances the 
rate and selectivity exhibited by a ligand (Figure 15).19 Having a 
substituent in the 6-position also provides a perfect anchoring point 
for attaching the ligand to a polymeric support. 
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NH
OH

NH
OH

O
O

94%ee
90 conv. after 3h

98%ee
92% conv. after 1 h

Figure 15. Substitution effects in the transfer hydrogenation of 
acetophenone.

5.2.3 Nucleophilic addition to 3-bromo-1-azoniatricyclo 
[2.2.1.0]heptyle bromide 

Until now, only a limited number of stabilised nucleophiles have 
been used in the opening of the aziridinium ion 65. Therefore we 
decided to investigate the potential use of hard nucleophiles in this 
reaction. This would allow us to introduce a large variety of 
substituents to the 6-position of the bicycle. We chose to use 
organocopper reagents known for their high reactivity and 
chemoselectivity as nucleophiles to open the aziridinium bromide 65.
Our initial studies concerned the use of lower-order cuprates as 
nucleophiles. Thus, cuprates of the general formula R2CuLi were 
prepared by combining two equivalents of an organolithium with one 
equivalent of copper (I) iodide. 

Table 11. Additions of lower order cuprates to aziridinium bromide 65.

N+

Br
N

Br

65
R

R2CuLi, THF

Entry R Copper reagent Yield (%)a Compound 

1 Me Me2CuLi 57 69

2 n-Bu n-Bu2CuLi 39 70

3 s-Bu s-Bu2CuLi   0 71

4 t-Bu t-Bu2CuLi   0 72

5 Ph Ph2CuLi 60 73
a) Isolated yield
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The first homocuprate addition was achieved with MeLi as the 
organolithium species, leading to compound 69 as a single product in 
57% yield (Table 11, entry 1). After this first promising result, we 
wanted to determine the scope of the reaction by testing commercially 
available organolithiums. Use of n-butyl lithium resulted in a 
reduction in yield to 39% under the same condition (Table 11, entry 
2). Furthermore, the use of the more bulky butyl organolithiums did 
not produce any open product. The corresponding sec-butyl and tert-
butyl organocopper reagents did not react with the aziridinium 65
(Table 11, entries 3 and 4). However, the use of PhLi produced the 
opened product 73 in good yield (60%) (Table 11, entry 5). 

Because bulky alkyl lithium groups could not successfully ring-
open 65 under the conditions described above, we decided to test 
higher-order cyanocuprates as nucleophiles. When CuCN is exposed 
to two equivalents of an alkyl lithium reagent a diionic species of 
general formula R2Cu(CN)Li2 is produced. Such cuprates are far more 
reactive and more stable than the corresponding lower-order cuprates. 

Table 12. Additions of higher order cuprates to aziridinium bromide 65.
Entry R Copper reagent Yield (%)a Compound 

1 Me Me2Cu(CN)Li2 46 69

2 n-Bu n-Bu2Cu(CN)Li2 91 70

3 s-Bu s-Bu2Cu(CN)Li2 57 71

4 t-Bu t-Bu2Cu(CN)Li2   0 73

5 Ph Ph2Cu(CN)Li2 64 73
a) Isolated yield 

The use of these more reactive organocopper reagents as 
nucleophiles allowed the opening of 65 with bulkier alkyl groups. 
Compound 70 having a n-butyl group in the 6-position could be 
prepared in over 90% yield (Table 12, entry 2), and compound 71
bearing the bulky sec-butyl group can now be prepared in good yield 
(57%) (Table 12, entry 3). We observed little change in the reactivity 
of the PhLi cuprate (Table 12 entry 5). Surprisingly, the reactivity of 
the MeLi cyanocuprate decreased compare to its lower-order 
equivalent, the yield of 69 dropped from 57% to 46% (Table 12, entry 
1). This result emphasises the unpredictable nature of organocopper 
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reagents. Unfortunately, our attempt to introduce the very bulky tert-
butyl group was again unsuccessful.  

Since the number of readily available organolithiums is limited, we 
decided to investigate the possible use of Grignard reagents to form 
organocopper reagents suitable for the opening aziridinium bromide 
65. Initially we tried to use only a catalytic amount of the copper salt 
(Table 13, entry 1), but no ring-opened product was observed under 
those conditions. Subsequently we tried to use a stoichiometric 
amount of copper compared to the Grignard reagent (Table 13, entry 
2), forming a lower-order organocopper of the general formula 
RCu•MgX2, but again no reaction occurred. This is probably due to 
the low reactivity of those organocopper species. 

We then tested the more reactive magnesio-cuprates of types 
R2CuMgX or R2Cu(CN)MgX, formed by the addition of two 
equivalents of Grignard reagent to one equivalent of copper (I) salt. 
Whilst the resulting organocopper reagent is very reactive it is also 
more thermally unstable, effective stirring and cooling was essential 
for both reagent formation and subsequent introduction to the 
aziridinium bromide. We first tried CuCN as the copper source and 
EtMgBr (Table 13, entry 3), which lead to the formation of 74 in 
excellent yield (86%). Variation of the copper source in the reaction 
resulted in a lower activity with CuI and CuBr•SMe2 giving 74 in 65 
and 62% yield respectively (Table 13, entries 5 and 6). Changing the 
Grignard reagent from the bromide to the iodide (Table 13, entry 6) 
did not improve the reactivity of the corresponding magnesio-cuprate, 
with 74 formed in 52% yield. 

After the encouraging result obtained with EtMgBr, we investigated 
the scope of the reaction by using a variety of Grignard reagents. 
MeMgBr in combination with CuCN afforded 69 in 83% yield (Table 
13, entry 7). Surprisingly, the use of vinyl magnesium bromide, with 
either CuCN or CuBr•SMe2 as copper source (Table 13, entries 8 and 
9 respectively) could not open 65 to form the desired product.  

Using larger Grignard reagents the yields decreased, but stayed 
within an acceptable range. Compound 76 having a butyl group in the 
6-position was produced in 45 % yield using CuCN as copper source 
(Table 13, entry 12). While under the same conditions compound 65
did not react with the corresponding n-propyl-cuprate. However, it 
was found that the use of CuBr•SMe2 enabled the addition of n-propyl,
producing 76 in 49% yield (Table 13, entry 11). Addition product 77,
bearing the bulky iso-propyl substituent was formed in 60% yield 
when CuCN was employed as the copper source. Interestingly, unlike 
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with n-propyl the use of CuBr•SMe2 yielded no product (Table 13, 
entries 13 and 14 respectively). These results highlight the difficulty 
in predicting which copper salt provides the best yield for a particular 
Grignard reagent. CuCN seems to be the first choice, but if it is 
unsuccessful other cupper sources must always be tested prior to 
discounting the use of a particular Grignard reagent. 

Table 13. Additions of organocuprates derived from Grignard reagents to 
aziridinium bromide 65.

Entry CuI Source equiv.
Grignard

reagent 
equiv.

Yield

(%)a Product

1 CuCN 0.1 EtMgBr 1.1 0 74

2 CuCN 1.1 EtMgBr 1.1 0 74

3 CuCN 1.1 EtMgBr 2.2 86 74

4 CuI 1.1 EtMgBr 2.2 65 74

5 CuBr¶SMe2 1.1 EtMgBr 2.2 62 74

6 CuCN 1.1 EtMgI 2.2 52 74

7 CuCN 1.1 MeMgBr 2.2 82 69

8 CuCN 1.1 vinylMgBr 2.2 0 75

9 CuBr¶SMe2 1.1 vinylMgBr 2.2 0 75

10 CuCN 1.1 n-PrMgBr 2.2 0 76

11 CuBr¶SMe2 1.1 n-PrMgBr 2.2 49 76

12 CuCN 1.1 n-BuMgBr 2.2 45 70

13 CuCN 1.1 i-PrMgBr 2.2 60 77

14 CuBr¶SMe2 1.1 i-PrMgBr 2.2 0 77

a) Isolated yield 

5.2.4 Summary and outlook 
We have developed a successful method for the preparation of a 

variety of enantiopure 6-substituted-7-bromo-aza-bicyclo[2.2.1]-
heptanes, using organocopper reagents as nucleophiles, for the 
regioselective ring-opening of the tricyclic aziridinium bromide 65.
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The usefulness of these 6-substituted-7-bromo-aza-
bicyclo[2.2.1]heptane compounds as intermediates in the preparation 
of successful chiral ligand for catalytic asymmetric synthesis has also 
been highlighted. 
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