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List of abbreviations 

boc tert-butoxycarbonyl 

CSA camphorsulfonic acid 

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 

ee enantiomeric excess 

LDA lithium diisopropyl amide 

LUMO lowest unoccupied molecular orbital 

MS 4Å molecular sieves with 4Å porosity 

ROMP ring-opening metathesis polymerization 

SAMP/RAMP (S)- or (R)-1-amino-2-methoxymethylpyrrolidine 

s/c substrate to catalyst ratio 

TFA trifluoroacetic acid 

THF tetrahydrofuran 

TOF turn over frequency 
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Populärvetenskaplig sammanfattning på 

svenska.

Nya metoder att framställa specifika organiska molekyler har haft ett stort 

intresse allt sedan organisk kemi blev ett eget mer eller mindre väldefinierat 

område inom kemin i slutet på 1700-talet. Utvecklingen har gått framåt 

mycket snabbt de senaste 50 åren, till viss del på grund av ökad 

grundkunskap men också mycket på grund av förbättrade analysmetoder, 

främst NMR och masspektroskopi för strukturutvärdering.  

De flesta organiska molekyler finns i två spegelformer, enantiomerer. 

Naturligt förekommer oftast endast den ena. Om den aktiva substansen i ett 

läkemedel kan finnas i ett enantiomert par finns det starka påtryckningar skäl 

att endast den ena enantiomeren finns närvarande i det färdiga läkemedlet. 

Detta kan vara att den andra enatiomeren är helt overksam och därmed 

onödig, eller att den till och med skadlig. Detta har i sin tur medfört ett ökat 

behov att kunna tillverka enantiomert rena molekyler via asymmetrisk 

syntes. Denna metodutveckling har till stor del traditionellt bedrivits, med 

några signifikanta undantag, vid universiteten. 

Kemiindustrin omsätter stora mängder kemikalier varje år för att tillverka 

exempelvis läkemedel, bekämpningsmedel eller liknande substanser. För att 

få en ekonomiskt och miljömässigt sund process finns det därför en strävan 

att minimera onödig kemikalieanvändning. Ett sätt att göra detta är att 

använda en katalytisk process där komplexet som styr reaktionen finns i en 

mycket liten mängd i förhållande till den mängd produkt som skall bildas. 
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Om det är eftersträvansvärt att få en kiral1 produkt behövs en kiral ligand 

som styr processen. 

För att lyckas med detta så måste liganden binda lagom mycket till metallen. 

Binder den in för hårt så får man en oreaktivt komplex medan om liganden 

binder för löst så får man oftast en reaktion som ger dålig enantioselektivitet. 

 I vår grupp har vi under en lång tid studerat ligander med en bicyklisk 

struktur innehållande en kväveatom, figur I.  

Figur I. Grundläggande 
ligandstruktur.

NR''

R'

Denna struktur har vissa fördelar genom att den är relativt stel men den är 

ändå mycket flexibel ur ett kemiskt perspektiv i och med att den går att 

förändra på många sätt. 

I denna avhandling visar jag på några sådana sätt, dels genom att ändra de 

olka substituenterna på liganden, R' och R'', men även genom att förändra 

den grundläggande ligandstrukturen. Jag har dessutom testat vissa av 

modifikationerna i kopparkatalyserad Michaeladdition samt därutöver 

undersökt möjligheterna att använda en (datoriserad) syntesrobot 

automatisering för att snabbare kunna testa nya ligandstrukturer i 

asymmetrisk transferhydrogenering. 

1 Kiralitet = fenomenet att en molekyl kan uppträda i två former som är varandras 

spegelbilder, detsamma som enantiomeri.
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1 Introduction

In 1815 the French chemist Jean-Baptiste Biot discovered chirality the 

nature when he found optical activity in a natural organic material, sugar.1

One of Biot's students Louis Pasteur, far better known for his achievements 

in the development of vaccines, did in 1848 publish the first successful 

separation of a pair of enantiomers, when he separated different looking 

crystals of the two enantiomers of sodium ammonium tartrate, by hand.2

(figure 1) 

Figure 1. The enantiomeric pair of sodium 
ammonium tartrate separated by L. Pasteur 1848.

CO2NH4

OHHO

NaO2C CO2Na

OHHO

H4NO2C

Since these pioneers in asymmetric organic chemistry the knowledge in this 

field has literally exploded and today forms a fundamental area of organic 

chemistry. 

1.1 Asymmetric synthesis 

Traditionally there are three different ways to perform asymmetric organic 

chemistry.  
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1.1.1 Asymmetric synthesis derived from Mother 

Nature 

The first way to get asymmetric compounds is by turning to nature to collect 

stereochemically enriched starting materials which are then used directly in 

the synthesis; this procedure is called 'Chiral Pool'. The major benefit of 

performing chemistry this way is that the starting material, is generally 

inexpensive and usually has a high degree of optical purity. The major 

disadvantage, on the other hand, is clearly evident if one takes a closer look 

at Nature itself. Since Nature is chiral and highly selective, it does not 

usually produce anything that is not needed. The chiral pool therefore 

typically only provides us with one of the two stereoisomers, for example 

natural amino acids or terpenes.  

One example of the use of the chiral pool can be seen in figure 2 where the 

natural Curacin A, previously isolated from the marine cyanobacterium 

Lyngbya majuscula, has been synthesised starting from the amino acid L-

serine.3

H2N

HO2C

OH OMe N S

L-Serine curacin A

Figure 2. Total synthesis of curacin A starting with naturally 
occuring L-serine.
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1.1.2 Resolution 

A further approach to achieve stereochemically pure products is to 

synthesise the racemic product and then perform a resolution, i.e. separation 

of a racemic mixture, to get the stereochemically pure material. This way 

you can get a very high optical purity, however the theoretical maximal yield 

is limited to only 50 %. A way to get around this problem is by employing 

‘dynamic kinetic resolution’.4 Dynamic kinetik resolution extends the 

theoretical maximum of 50 % through the racemization of the substrate 

whilst leaving the produkt untouched. When combined with enantioselective 

reactions only a single enantiomer of product is afforded. This can e.g. be 

done by using a metal catalyst that racemizes the starting material, together 

with an enzyme that then transforms the desired enantiomer to the product as 

outlined in scheme 1.5

Scheme 1. Dynamic kinetic resolution of a racemic alcohol to the 
enantiopure acetate.

OH OAc
Ru Cat
Enzyme
Ac-donor

yield 80 %, >99 % ee

1.1.3 Asymmetric synthesis 

The final way to achieve asymmetric organic synthesis is to design and use 

an asymmetric route to the desired product. There is more than one way to 

achieve this. Either you use a chiral reagent, a chiral auxiliary, or a chiral 

ligand to induce the desired stereochemistry. 
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1.1.3.1 Chiral  reagents 

When a chiral reagent is used, the stereochemistry is added to the achiral 

substrate via the chiral reagent to give an enantioenriched product. The 

reagent can of course come from Nature but this methodology should not be 

mixed up with the ‘Chiral pool’ where the chirality is incorporated in the 

substrate, not the reagent.6,7

1.1.3.2 Chiral  auxil iaries 

A chiral auxiliary shall, by definition, not be consumed and therefore be 

possible to reuse. The chiral auxiliary is connected to the substrate, a 

diastereoselective reaction is performed after which the auxiliary is cleaved 

off to give the enantioenriched product. Classic examples of chiral 

auxiliaries are Enders SAMP/RAMP8 and Evans oxazolidinone, (figure 

3).9,10

Figure 3. Enders SAMP (left) and Evans 
oxazolidinone (right).

N
NH2

OMe

NHO

O

All examples above involve some kind of bond formation/bond breaking 

relatively close to the part that controls the stereochemical outcome of the 



13

reaction. Thus if one is not careful, epimerization might occur at the newly 

formed centre. 

1.1.3.3 Chiral  l igands and catalysis  

A further way to perform asymmetric synthesis is to use a chiral ligand with 

a metal catalyst to form a complex with a chiral environment. This can either 

be done by using a stoichiometric or a catalytic amount of ligand. An 

advantage with using ligands instead of auxiliaries is that the former 

generally can be reused directly while the auxiliary are often affected by the 

cleavage step and requires modification prior to reuse. Moreover, an 

auxiliary has to be used in a stoichiometric amount, whereas ligands can be 

used in catalytic reactions where very small amounts are sufficient, leading 

to industrially as well as environmentally friendly processes.11-13

Recent examples of industrial use of catalytic asymmetric processes are the 

AstraZeneca process to synthesise esomeprazole, the S-enantiomer of 

omeprazole,14 or the Solvias/Syngenta procedure to synthesise 

metolachlor,15-17 (scheme 2). In the case of metolachlor the substrate to 

catalyst ratio is >1,000,000 and the initial TOF is in exceess of 1,800,000 h-1.
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i, ii

Scheme 2. Reagents and conditions: i) Ti(O-i-Pr)4/(S,S)-diethyl tartrate/H2O (0.3:0.6:0.1), PhMe, reflux; ii) i-
Pr2NEt/PhC(CH3)2OOH (0.3:1), 30 °C; iii) [Ir(xyliphos)(NBu4)][I], H2, acetic acid, 50 °C, 80 bar; iv) chloroacetyl 
chloride.

Et

N

MeO

Et

N

O

Cl

MeO

iii,iv

esomeprazole

metolachlor

N

HN

S
N

OMe

OMe

N

HN

S
N

OMe

OMe

O

Esomeprazole is primarily used for gastroesophageal reflux disease, sold 

under the trade name Nexium®, and was sold for approximately US$ 3.3 

billion during 2003.18 The non-racemic metolachlor is sold under the trade 

name Dual Magnum® by Syngenta as a selective herbicide primarily for the 

protection of corn and sorghum in quantities of more than 10,000 tons per 

year.16
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2 Diels-Alder

The Diels-Alder reaction was discovered in 1927 by Otto Diels and Kurt 

Alder and published in 1928.19 This started a new and growing field in 

organic chemistry that has seen many publications.20 In scheme 3 an 

example of one of the first Diels-Alder reactions can be seen. 

Scheme 3. One of the first Diels-Alder reactions made by 
Otto Diels and Kurt Alder.

O

O

O

O

O

O

H

H

+
Benzene

cooling

quantitative yield

The Diels-Alder reaction is formally a [4 + 2] cycloaddition where the 

reactants are a diene with 4 -electrons and a dienophile with 2 -electrons, 

(scheme 4).  

Scheme 4. Formal pathway in a 4 + 2 cycloaddition where 
two concurrent bond formations occur in the transition 
state.

+

The Diels-Alder reaction is usually very regio- and stereo-selective.21,22

Attempts were made as early as 1961 to perform an enantioselective 

cycloaddition however the earliest versions were not so successful.23-25 This 

was delt with during the following decades and numerous examples of 

efficient enantioselective reactions have since been presented in the 

literature.26-28 Since this reaction has a very broad scope and high versatility, 

the Diels-Alder reaction soon got attention from those working with total 
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synthesis and has been widely used as a tool in that field of organic 

chemistry over a long period of time.29-32

Many natural or pharmaceutical compounds are heterocycles and as the 

Diels-Alder reaction proved to be very useful in organic synthesis, the 

logical extension was the development of a hetero Diels-Alder reaction in an 

asymmetric fashion.33-47 This development led in 1990 to the advent of the 

aza-norbornene skeleton, as seen in figure 4, by the independent research 

from the groups of Stella, Bailey and Waldmann.43-46

Figure 4. The aza-
norbornene skeleton.

N

CO2R

Ph

In a Diels-Alder reaction with no heteroatoms in either the diene or the 

dienophile, the endo/exo selectivity usually favours the endo isomer.22

However, when an aza-dienophile is used exo selectivity is usually observed. 

The endo/exo ratio for 1 is when the reaction is performed at –80 °C is about 

2/98.45 Scheme 5 presents an overview of the four possible stereoisomers in 

the aza-norbornene Diels-Alder reaction. 
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Scheme 5. Selectivity in the aza-Diels-Alder reaction

HN Ph

EtO

O
BF3

CF3CO2
-

Re face

Si face

exoendo

N Ph

EtO2C

N Ph
EtO2C

N Ph

CO2Et

N

EtO2C
Ph

N

EtO2C

Ph

N

CO2Et

Ph

N Ph

CO2Et

Major

N

CO2Et

Ph

1

The Re face is probably favoured due to the methyl group on the chiral 

auxiliary on the imine nitrogen. 

2.1 Synthesis of aza-norbornene skeleton 

The synthesis of aza-norbornene 1 starts with the oxidative cleavage of the 

carbon-carbon bond vicinal to the two hydroxy groups in diethyl tartrate to 

give the corresponding ethyl glyoxylate. (scheme 6) This glyoxylate is 

subsequently treated with (S)-phenylethylamine to give the corresponding 

imine, which in turn is treated with 1.0 equivalent of boron trifluoride 

diethyl etherate, 1.0 equivalent of trifluoroacetic acid and 1.2 equivalents of 

cyclopentadiene under inert atmosphere to afford 1.
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Scheme 6. Synthesis of (1R,3R,4S)-2-[(1S)-1-phenylethyl]-2-azabicyclo[2.2.1]hept-5-
ene-3-carboxylic acid ethyl ester 1.

Reagents and conditions: (i) H5IO6, diethyl ether; (ii) (S)-phenylethylamine, MS 4Å, 
CH2Cl2; (iii) BF3 Et2O, TFA, cyclopentadiene, CH2Cl2, -78 °C

CO2Et

HO

EtO2C

OH

O

O

EtO

N

CO2Et

Ph

N

O

EtO

Ph

1

i ii

iii

.

Since its discovery this ligand type has found great use in a wide variety of 

organic transformations. Aza-norbornene 1 itself has for example been used 

in controlled ROMP polymerization.48,49 Similarily derivatives of 1 have 

proved to be highly efficient ligands in asymmetric synthesis. With the 

amino alcohol derivative of 1  displaying high activity for transfer 

hydrogenations50-53 and diethylzinc additions to imines.54

2.2 Optimization of the synthesis of 1 (I) 

The work-up of 1 has always been a source of grey hairs and large columns. 

It was not until the discovery that if dimethyl tartrate was used instead of 

diethyl tartrate, recrystallization of the Diels-Alder adduct in pentane was 

possible, giving virtually diastereopure material.55 One of the problems with 

the original synthesis was that the reaction mixture sometimes solidified 

upon addition of cyclopentadiene. This was prevented by the use of a 

mechanical stirrer. Moreover the was purification simplified by the use of a 

quick filtration through a silica pad to remove any polymeric product and 

then recrystallization from pentane to give the diastereomericly pure 
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material. When optimized it was possible to rationally make the Diels-Alder 

adduct in at least half mole scale using ordinary laboratory glassware. 

2.3 Synthesis of diamine ligands (II) 

Bicyclic diamines have been useful as chiral ligands in asymmetric 

synthesis, for example as bases in the rearrangement of epoxides to allylic 

alcohols.56-59 An example of an early ligand can be seen in figure 5. 

Figure 5. Chiral base used in 
the rearrangement of epoxides 
to allylic alcohols.

NH

N

2a

This ligand was originally synthesised in seven steps starting from  diethyl 

tartrate (scheme 7).57 Involving numerous steps, the synthesis was both time 

consuming and the reductive amination troublesome. Since the ligand 2a

performs so well in the rearrangement of meso-epoxides to allylic alcohols, 

being the first ligand to work in a catalytic fashion with excellent results, 

there has been great need for a more efficient synthesis. 
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Scheme 7. Original synthesis of diamine ligand 2a. For experimental details see JACS, 1998, 10760

CO2Et

HO

EtO2C

OH

N

CO2Et

Ph

N

O

EtO

Ph

N

CO2Et

Ph

N Ph

OH

N Ph

O

N Ph

N

NH

N

2a

To shorten this synthetic sequence, a revised procedure was developed. 

Instead of adding the second amine at the penultimate step of the synthetic 

sequence, it was introduced in the very first (scheme 8). This was done by 

treating neat diethyl tartrate with an appropriate secondary amine to afford 

the corresponding bis-amide via a previously published procedure.60-62 The 

adduct was treated in the same way as in the synthesis of 1 to give 4a-c.

These were then reduced by Pd(OH)2/C (H2) and LiAlH4 to give the desired 

bisamines.  
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Scheme 8. Synthesis of diamine ligand 2a-c.

Reagents and conditions:(i) amine, heat. (ii) H5IO6, CH2Cl2 then (S)-phenylethylamine, 
then TFA, BF3 Et2O, cyclopentadiene, -78 °C to rt. (iii) H2 (1 atm), Pd(OH)2/C, ethanol. 
(iv) LiAlH4, THF

NR2

OH

OH

O

O

R2N

N O

NR2

Ph
NH

NR2

ii

iii, iv

R = (CH2)4
R = (CH2)5
R = (CH2)2O(CH2)2

2a
2b
2c

R = (CH2)4
R = (CH2)5
R = (CH2)2O(CH2)2

4a
4b
4c

.

OEt

OH

OH

O

O

EtO
i

R = (CH2)4
R = (CH2)5
R = (CH2)2O(CH2)2

3a
3b
3c

.

In the synthesis of 2 it was noted that the order of the two reactions to go 

from 4 to 2 was important. If the reduction of the amide was performed first 

it was not possible to carry out the hydrogenolysis of the C,N benzylic bond, 

(scheme 9). If, on the other hand, the hydrogenolysis was performed prior to 

the reduction of the carbonyl group, both reactions gave the desired products 

in good yields. The most probable reason for this is that the palladium 

coordinates well with the diamine ligand hereby inhibiting the 

hydrogenolysis. 

Scheme 9. Importance of order of the reactions in the synthesis of 2 from 4.

Reagents and conditions: (i) H2 (1 atm), Pd(OH)2/C, ethanol; (ii) LiAlH4, THF

N PhO

N

NH O

N

NH

N

N Ph

N

4a

2a

i

ii

i

ii
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In order to verify the stereochemistry of ligand 2a and c, they where tested in 

the allylic rearrangement of cyclohexene oxide in which they gave results 

comparable to those published earlier as summarised in scheme 10.57

Scheme 10. Rearrangement of cyclohexene oxide to 
its corresponding allylic alcohol.

O

OH
5% catalyst
2 equiv. LDA
5 equiv. DBU

THF

Entry Ligand % yield (GC)a % eea

1
2

2ab 91
67

95
72

a Experimental procedure as in ref. 57. bLigand as (-)-CSA salt
2c

2.4 Expanding the scope with new dienes 

(III)

2.4.1 Spirodienes

There has always been a keen interest in the development of ligands to 

hopefully improve the performance of asymmetric transformation. Studies 

have been made where the backbone of 1 has been altered. Initially this was 

done by replacing the cyclopentadiene with 1,3-cyclohexadiene to give 

azabicyclo[2.2.2]octane derivatives, however the enatioselectivity obtained 

with those ligands where not as good as those recorded with ligands bearing 

the azabicyclo[2.2.1]heptane backbone.43,45,63

Another approach is the use of spirodienes, spiro[2.4]hepta-4,6-diene 5 and 

spiro[4.4]nona-1,3-diene 6, that were prepared as detailed in scheme 11. The 

synthesis and work up of these compounds was problematic, as they tended 
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to polymerize very easily when heated resulting in very varied yields. Diene 

5 could be synthesised in a simplified manner where the solvent was 

excluded, the base changed from NaH to NaOH and a catalytic amount of a 

phase transfer catalyst was added. This simplified procedure is unfortunately 

not applicable on 6. Furthermore, all attempts to synthesize spirodienes 

derived from cyclopentadiene with four and six membered rings failed as 

previously reported in the literature.64

Scheme 11. Synthesis of spirodiene 5 and 6.

Reagents and conditions: (i) NaOH, 1,2-
dichloroethane, cyclopentadiene, Bu4NF (cat.); (ii) 
NaH, 1,4-dibromobutane, THF.

i

ii

5

6

The dienes 5 and 6 were then tested in the aza-Diels-Alder reaction (scheme 

12).

Scheme 12. Synthesis of Diels-Alder adduct 7 and 8.

Reagents and conditions: (i) H5IO6, CH2Cl2 then (S)-phenylethylamine, then 
TFA, BF3 Et2O, 5 (n = 1) or 6 (n = 3), -78 °C to rt.

N

CO2Me

Ph

( )n

i
CO2Me

OH

OH

MeO2C

n = 1
n = 3

7
8

.

The synthesis of 7 and 8 proved difficult and the yields were generally low. 

This is probably due to the diene polymerizing in the acidic conditions. All 



24

attempts to remove the protecting group from the nitrogen gave 

decomposition of the bicyclic backbone. 

2.4.2 Anthracene 

Another way of altering the diene is to use an aromatic diene, in this case 

anthracene (scheme 13). By using the anthracene there were some ideas that 

both a large steric bulk and a possible electronic effect from the aromatic 

structure would be beneficial in various transition metal catalysed reaction. 

Scheme 13. Synthesis of Diels-Alder adduct 9.

Reagents and conditions: (i) (S)-ethyl 2-(1-phenylethylimino)acetate, TFA, BF3 Et2O, 
CH2Cl2, -78 °C to rt.

i N

CO2Et

Ph

9

.

Since anthracene is very insoluble in non-aromatic solvents and the aza-

Diels-Alder is working best in polar organic solvents, the anthracene was 

added to the reaction mixture as a solid. Thereby most of the remaining 

anthracene could be filtered off after the reaction.  

As the nitrogen have both endo- and exo-benzylic C-N bonds, the 

hydrogenolysis of 9 under mild conditions exclusively gave 10, scheme 14. 

The endo-cyclic C-N bond is the weakest since it is bis-benzylic and 

breaking the bicyclic framework releases a lot of conformational strain. 

When increasing the pressure and turning to a more potent catalyst, complete 

conversion of 9 to 11 is observed. This particular amino acid ethyl ester has 



25

previously been synthesised in an racemic fashion.65

Scheme 14. Hydrogenolysis of 9.

Reagents and conditions: (i) H2 (1 atm), Pd/C, EtOH; (ii) H2 (500 psi), Pd(OH)2/C, EtOH.

i
N

CO2Et

Ph

9 N
H

CO2Et

H2N CO2Et

Ph

ii

10

11
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3 Asymmetric catalytic Michael 

additions of Grignard reagents to 

enones. (IV) 

3.1 Introduction

Nucleophilic addition to an , -unsaturated ketone can take place in one of 

two ways, either a 1,2-addition or a 1,4-addition (figure 6). This ultimately 

leads to two different products. The 1,2-addition gives a 1-substituted allylic 

alcohol whilst the 1,4-addition affords a 3-substituted ketone. A hard 

nucleophile like BuMgCl gives almost exclusively 1,2-addition whereas soft 

nucleophiles like Bu2CuMg add in a 1,4 fashion. The reason that you get 1,4-

addition with a soft nucleophile (organocuprate) is due to the larger LUMO 

coefficient in the 4-position of the substrate.66

Figure 6. Ways for nucleophilic addition to , -unsaturated 
ketone. 1,2-addition to the left and 1,4-addition to the right 
leading to different products.

O 1

2
3

4

O

1,2 1,4

HO R

R

Catalytic enantioselective 1,4-addition of carbon nucleophiles to , -

unsaturated ketones has been a challenge to organic chemists for a long time. 

The first example came as early as 1973 when Bergson et al. used a non-

racemic base to induce chirality to acrolein, scheme 15.67
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Scheme 15. First catalytic asymmetric Michael addition.

O

CO2Me

R

O

O

CO2Me

CHO

R

N

Benzene+
CH2OH

*

Since then much attention has been focused in this area of asymmetric 

catalysis and a number of papers have been published.68,69 Among the 

ligands that have been tried, many different ligand classes can be found. 

Examples can include aryl sulfides,70 mercaptoaryl-oxazolines,71

thiosugars,72 phosphine peptides,73 diselenides,74 phosphoramidite,75,76

oxazoline-phosphite,77 phosphoramides78 and diphosphines.79

Tomioka et al presented a ligand that gave promising results for the 

asymmetric Michael addition to enones.78 The ligand was based on the 

amino-acid proline where they have replaced the carboxylic acid 

functionality with a diphenylphosphine and have put a pivaloyl group on the 

amino functionality as shown in figure 7. 

Figure 7. Proline based ligand 12 developed by 
Tomioka et al and the bicyclic analogue 18.

N

O

PPh2

12

N

PPh2

O

t-Bu

t-Bu

18

To elucidate wether the bicyclic analogue of 12 would be more efficient as a 

ligand we devised a synthetic route to prepare 18 from 1.
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3.2 Synthesis of ligand 

The first step in the preparation of 18 was hydrogenation/hydrogenolysis of 

1 and then reduction of the ester to give the amino alcohol 14, scheme 16. 

This was then N-protected with a boc group followed by tosylation of the 

OH group to yield 16. The tosylate in 16 then acted as a leaving group in the 

SN2 displacement with LiPPh2. This step was found to troublesome and 

irreproducible until it was found that the best way to run it was with THF as 

solvent under a protective argon atmosphere. The LiPPh2 was made just 

prior to use from triphenylphosphine and lithium metal. Quenching of the 

formed phenyllithium was achieved with 1 equivalent of tert-butyl chloride 

to give benzene, 2-methyl propene and lithium chloride as a precipitate in an 

exothermic reaction.80

Scheme 16. Synthesis of aminophosphine ligands 18 and 19.

Reagents and conditions: (i) H2 (100 bar), Pd/C, EtOH; (ii) LiAlH4, THF; (iii) boc2O, THF, 
Et3N; (iv) TsCl, pyridine, CH2Cl2; (v) LiPPh2, THF, Ar; (vi) HCl, THF; then t-BuCOCl, Et3N, 
CH2Cl2 (R = tert-Butyl) or AcCl, Et3N, CH2Cl2 (R = Me).
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The protecting group was then removed under acidic conditions and the 

crude product was pivaloylated or acetylated to give ligand 18 and 19

respectively.  
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3.3 Evaluation of ligand performance 

Ligands 18 and 19 were evaluated in the copper catalyzed conjugate addition 

of BuMgCl to cyclohexenone and chalcone in a similar manner as described 

by Tomioka et al. (scheme 17). To be able to compare the results from 

ligands 18 and 19 with those published with the proline analogue, 12 was 

synthesised in an analogues manner to 18 starting from naturally occurring 

L-proline.78

Scheme 17. Typical procedure for the conjugate 
addition of a Grignard reagent to 2-cyclohexenone.

O O

R

Cu(I)X
RMgCl
Chiral ligand

Ether

The results of the evaluation in the addition to 2-cyclohexenone are 

summarised in table 1. 
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Table 1. 

Addition of BuMgCl to 2-cyclohexenone promoted by ligands 12, 18 and 19.

entry ligand mol% 

ligand

Copper(I) salt yield 

(%)a

ee

(%)b

configb Selectivity 

1,4:1,2c

1 12 34 CuI 55d 79 S 4.0:1

2 18 34 CuI 8 e -- 1.6:1

3 12 17 CuI 35 45 S 4.8:1

4 18 17 CuBr 28 55 R 1.2:1

5 18 17 CuBr·Me2S 74 25 R f

6 18 34 CuCN 28 50 R 1.4:1

7 18 17 CuCN 41 59 R 2.0:1

8 18 9.5 CuCN 26 28 R 2.3:1

9 18 17 CuCNg 55 56 R 2.3:1

10 12 17 CuCN 43 12 S 2.8:1

11 18 17 CuCl 54 41 R 4.9:1

12 19 17 CuCN 25 52 R 0.8:1

13 18 17 CuI 44 72 R 1.9:1

14 18 4.7 CuI 73 71 R >10:1
aIsolated yield after flash chromatography (deactivated silica gel, pentane/EtOAc). 
bDetermined by specific optical rotation.81 cDetermined by 1H NMR. dNot quantitative 

separated. eToo low yield to be able to determine ee. fNo [1,2] addition could be detected. 
g17 mol% TMSCl added before adding Grignard reagent.  

When comparing the results in entry 1 and 2, it seems as the bicyclic ligand 

18 does not give any Michael addition when using 34 mol% ligand. 

However, when entry 3 is compared with entry 4, the bicyclic ligand works 

better than the proline-based ligand.

Since the counter ion in copper catalysed reactions often has a profound 

effect on catalyst activity and the fact that the ligand gave positive results, 

encouraged us to further study the counter ion of the cuprous salt. When 

going from iodo to bromo cuprate the 1,4/1,2 selectivity decreased, entry 13 

and 4. The selectivity was however dramatically increased when using 
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CuBr·Me2S instead, entry 5, as no 1,2-adduct could be detected. 

Unfortunately the use of CuBr·Me2S resulted in a substantial decrease of the 

enantioselectivity. The results using CuBr·Me2S can be explained by the fact 

that the dimethyl sulfide stabilizes an intermediary species in the reaction 

pathway leading to higher yield and exclusively 1,4-addition. Moreover it 

does not leave the copper (I) and thereby inhibits coordination of the 

phosphine to the copper leading to a decreased enantiomeric excess.82 When 

replacing the bulky substituent on the nitrogen, i.e. going from a t-butyl to a 

methyl group, entry 7 and 12, both the yield and the 1,4/1,2 selectivity 

decreases. As ligand 19, entry 12, did not perform better than 18 it was not 

tested in more reactions. The best results were achieved using 4.7 mol % of 

ligand 18 leading to 73 % yield and 71 % ee. The reason why the results are 

better using a lower catalyst loading is unknown but attempts to further 

decrease the catalyst loading were unsuccessful. 

When using an acyclic substrate, chalcone, the product was completely 

racemic, table 2.  

Table 2 

Addition of BuMgCl to chalcone promoted by ligands 18 or 12.

entry ligand mol% 

ligand

Copper(I) salt Yield 

(%)a

ee (%)b selectivityc

1,4:1,2

1 18 17 CuCN 12 rac -- 

2 12 17 CuCN 71 rac 88:5 
aIsolated yield after flash chromatography (deactivated silica gel, pentane/EtOAc) 
bDetermined by HPLC analysis on a chiral column (ChiralCel OD-H) 
cDetermined by 1H NMR.
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4 Parallellisation in Organic Chemistry 

To increase the throughput in traditional organic synthesis parallel synthesis 

can be used. By parallellisation is meant the idea to run reactions in a 

parallel mode and therby perform more reactions in a given time period. By 

looking upon the steps of an ordinary synthesis of an organic compound the 

following steps can be found to a larger or smaller extent: 

I. Preparation

II. Synthesis

III. Work-up

IV. Analysis 

V. Follow-up.

In the preparation step the chemicals are weighted in and the experimental 

setup is completed. In the synthesis step the actual synthesis is performed 

and any eventual inspection of the progress is done. Then there might be 

some work-up of the synthetic mixture, not always necessary, and analysis to 

get the results. Finally the results must be rationalized so that a new 

synthetic sequence can be set up, with or without adjustments. 

To speed up the preparation step stock solutions of the reagents are often 

used. The throughput in the synthesis step can be increased by applying a 

synthetic robot of some kind to automate the liquid handling. The work-up 

can be automated by use of parallel purification techniques, i.e. parallel flash 

chromatography or automated HPLC. The choosen analysis is highly 

dependent on the type of synthesis performed and in many cases the analysis 

can be done as a part of the work-up. The follow-up is usually a manual 

labour step but can be automated to some extent. 
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If automation is added to only one of the steps above, little or nothing has 

been gained. The only result is a bottleneck and a lot of frustration.  

The main reason to automate organic chemistry is to be able to have a higher 

throughput in the system and thereby be able to discover more potential hits. 

This of course does not imply that a great deal of thinking and knowledge 

should not be put in to the beginning of the first step in the synthetic 

sequence. Otherwise a great deal of resources would be wasted.  

The concept of high throughput chemistry has found great use in the 

pharmaceutical industry where large copound libraries have been built up 

and machines screen those substances against receptors to generate a list of 

hits.83-88

4.1 Transfer hydrogenation using 

Chemspeed ASW2000 

The reaction that was chosen to be used in the robot was the asymmetric 

transfer hydrogenation of aromatic ketones with iso-propanol as the 

hydrogen donor and solvent. The rationale for this choice was the large 

knowledge of this reaction within the group.50-53,89 This type of reaction was 

developed by Noyori in 199590 and extensive work has been performed since 

then (scheme 18).52,91
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Scheme 18. Examples of transfer hydrogenations.
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Since there are a lot of different ligand systems and each system works best 

with a specific metal salt, there is a need to screen ligands and metal salts 

against each other. As such a  system was designed for this purpose. 

An application for synthesis in a robot is constructed from methods that do 

different things, for example to transfer catalyst from A to B. This method is, 

in turn put together by small tasks like aspirate, a task that simply withdraws 

a liquid from one place. 

4.1.1 Work performed at Solvias AG, Basel 

The way the operation was performed was found to be crucial for the 

performance of the catalytic system. In the system software, Gilson 735 

version 2.1 modified by Chemspeed, there were some bugs. The most 

obvious one was regarding the way the system made an inert atmosphere in 

the reaction vessels. Rather than leaving the reaction vessel sealed after a 
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vacuum/gas cycle, as a chemist would have done it with a Schlenk tube, the 

Chemspeed system software left it in the same position as it had before the 

cycle, i.e. usually open as this is the default position at the start of an 

application. This was evident when working with highly air sensitive 

reactions in a catalytic fashion. This bug could simply be circumvented by 

adding a step before the vacuum/gas cycle where the control plate was 

closed.

There was also a second more serious bug in the task that does the basic 

liquid handling. When transfering a liquid under inert atmosphere, e.g. 

taking samples, the natural way would be to have a positive pressure on top 

of the reaction vessel as the liguid is aspirated. This was, however, not the 

case and resulted in the introduction of air into the reaction vessel and the 

active catalyst died. To illustrate the impact of this bug a series of transfer 

hydrogenation experiments were performed. In these experiments ligand 20

was used (figure 8) and the results are summarized in figure 9. This problem 

was solved by the technical staff at Chemspeed. 

Figure 8. Ferrocene based ligand 20
used to control the performance of the 
Chemspeed ASW 2000.

20
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N
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Figure 9. Series A is a control experiment performed using 

standard schlenk techniques by hand; series B and C is before bug 

fix and D-F is after bug fix. All samples are after 20h, s/c 200 at 

room temperature with catalyst preparation for 30 min at 85 °C 

using 20 and RuCl2(PPh3)3. The dark bars denote conversion and 

the white ee.

4.1.1.1 Screening metals  to achiral  R3P and R2PH 

ligands 

When the bugs had been resolved a screening was performed of achiral 

monodentate R3P and R2PH ligands to see if there were any activity 

difference between the two ligand types in transfer hydrogenations. The 

metals used were those that were in stock. As the reactions were performed 

in i-PrOH and some of the metals have a low solubility in this solvent, 

dichloromethane had to be added to the stock solutions of the metals. It was 

however found that for some of the metals the dichloromethane had a 

negative impact of the reactivity of the active catalyst mixture. An example 



37

of this behaviour can be seen in figure 10 were the conversion is decreased 

dramatically. To counter this negative effect, the solvent was removed from 

the metal after the transfer to the catalyst preparation site from the stock 

solution, but before the metal was mixed with the ligand and additional i-

PrOH was added.  

0%
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20%

30%

40%

50%

60%

70%

80%

90%

100%

Ph2PH Ph3P Cy2PH Cy3P t-Bu2PH t-Bu3P

% evaporation
no evaporation

Figure 10. Effect of co-solvent removal on RuCl2(DMSO). 

A total of 25 metals were screened against 6 different phosphines and a 

summary of all results from this screening are found in table 3. 
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Table 3. Overview of phosphine screening using 25 metal salts, after 10 h reaction time. Numbers 

are conversion in %. 

Entry Metal salts Ph2PH Ph3P Cy2PH Cy3P t-Bu2PH t-Bu3P

1 [Ir(cod)Cl]2 76 98 40 31 89 10 

2 [RuCl2(p-cymene)]2 97 92 53 87 75 61 

3 [RuCl2(DMSO)4] 97 97 98 63 60 40 

4 [RhCl2(Cp*)]2 49 97 78 75 98 95 

5 [RhCl(norbornadiene)]2 96 5 4 18 26 28 

6 [IrCl(Cp*)]2 19 8 28 6 20 20 

7 RuCl2(PPh3)3 18 15 49 15 11 4 

8 [RuCl2(cod)(CH3CN)2]2 90 99 62 72 94 1c

9a [Pd(C^N)OAc]2 0 3 2 24 1 0 

10 [(PhCN)Cl2Pd]2 0 4 1 29 2 0 

11b [Pd(C^N)Cl]2 4 2 15 1 1 1 

12 ZrCp2Cl2 2 2 2 2 2 0 

13 TiCp2Cl2 1 2 1 1 1 0 

14 Sc(OSO2CF3)3 2 2 2 2 3 0 

15 Ti(NMe2)4 3 3 4 2 3 0 

16 Yb(OSO2CF3)3 3 3 3 3 4 5 

17 MoCpCl4 0 0 0 0 0 0 

18 Sm(i-PrO)3 13 11 8 7 8 6 

19 HfCpCl3 3 1 2 2 2 1 

20 Nd(OSO2CF3)3 9 9 7 5 11 5 

21 FeCpI(CO)2 2 1 2 1 2 0 

22 Sm(i-PrO)3 2 1 1 2 2 3 

23 FeCl2 0 0 0 0 0 0 

24 Zr(t-BuO)4 3 2 3 2 3 2 

25 Al(acac)3 2 1 2 1 1 0 
a CC94-2/122-3; b CC94-2/131-3; c This result is probably due to destruction of the highly 

oxidizable t-Bu3P. 

In a control experiment without ligand it was verified that the transformation 

using Sm(i-PrO)3 and Nd(OSO2CF3)3, entry 18 and 20, probably reacts via
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the free metal in a Meervein-Ponndorf-Verley-Oppenauer (MPVO) reaction 

rather than via a metal/ligand complex. Since the MPVO-reaction is not 

controlled by any ligand it will result in a racemic product (scheme 19).92

There are in the literature a few examples of enantioselective MPVO 

reactions but the stereochemical effectiveness is not very high.93-95

R1 R2

O

R4

O

H
R3

M
O

H

O
M

R1
R2

R4
R3

R1

O

H
R2

M

R3 R4
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Scheme 19. Generally accepted mechanism of the Meerwien-Pondorf-Verley-Oppenauer

In general the results were in line with those already known, with complexes 

containing Ru, Rh and Ir providing the highest conversions. Moreover no 

clear trend could be distinguished regarding R3P and R2PH.

4.1.1.2 Investigation of the effect  of hydrogen gas in 

transfer  hydrogenation 

One of the problems with transfer hydrogenations is that the reaction is in an 

equilibrium between the starting material and the product.90 In most cases it 

is enough to decrease the concentration of the reaction to avoid racemization 

but that might not be sufficient in all cases. One example is ligand 20, figure 

8, that gives a high ee until the reaction is finished, then the racemization 

reaction is pronounced and the ee decreases over time. A way to avoid this 

would be to remove the produced acetone during the reaction to push the 

equilibrium further towards product, however that might be difficult in some 

cases. There might also be an option to have an atmosphere of hydrogen gas 
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instead of argon or nitrogen on top of the reaction to reduce the acetone and 

thereby push the equilibrium towards the desired product.  

The experimental setup was done by changing the gas inlet to the robot and 

run the reaction as usual. After some initial experiments to reduce the leaks 

in the system, some positive results were obtained. The racemisation of the 

product was indeed prevented and moreover the ee, after 1h, was increased 

from 97 to 99 %. The ee after 10h was increased from 88 to 99 %. 

These results encouraged us to increase the concentration of the aromatic 

ketone from 0.1 M to 1 M but in this case the hydrogen pressure was not 

enough to suppress racemisation. 

It was later found that the reaction leading to the nonracemising product was 

not a transfer hydrogenation as first thought but instead a hydrogenation.96

4.1.2 Work performed in Uppsala (V)  

The knowledge acquired during the stay in Basel was applied to a 

cooperation project with the group of Dr. Arvidsson, to explore the 

capabilities of cinchona alkaloid derived ligands in the catalytic transfer 

hydrogenation (scheme 20). 
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Scheme 20. Cinchona alkaloid derived ligands.
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The first part was to screen a selection of metal complexes. It was found that 

[Ir(cod)Cl]2 and [Rh(cod)Cl]2 were the only two complexes giving any 

reaction, with [Ir(cod)Cl]2 giving the best results. Moreover it was found that 

only the diamine ligands 22 and 24 gave any reaction at all. Thus the 

screening of the different substrates was limited to [Ir(cod)Cl]2 with ligand 

22 and 24. Unfortunately the products racemised upon standing and it was 

not possible to run the reactions under a low hydrogen pressure due to 

technical reasons. 

NOTE:

In all experiments carried out with the Chemspeed a minimum of two 

control experiments where performed and if those two did not work the 

whole run was discarded. 
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