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Abstract 

This thesis deals with the copper-catalyzed substitution of allylic substrates. 
In the first part of this thesis, the synthesis of a series of metallocenethiolates 

is described. The thiolates were examined as ligands in the enantioselective cop-
per(I)-catalyzed γ-substitution of allylic acetates.  

The second part describes a study on copper-catalyzed α-substitution of enan-
tiomerically pure secondary allylic esters. It was observed that the degree of 
chirality transfer is strongly dependent on the reaction temperature. The loss of 
chiral information is consistent with an equilibration of the allylCuIII intermedi-
ates prior to product formation, which is essential in order to realize a copper-
catalyzed dynamic kinetic asymmetric transformation process. 

The third part describes a study on copper-catalyzed stereoselective α-
substitution of enantiopure acyclic allylic esters. This method, when combined, 
with ruthenium and enzyme catalyzed dynamic kinetic resolution of allylic alco-
hols, provides a straightforward route to pharmaceutically important α-methyl 
carboxylic acids. 

The fourth part is a mechanistic study on the reaction of perfluoroallyl iodide 
with organocuprates. Experimental studies as well as theoretical calculations 
were used to explain the contrasting reactivity of perfluoroallyl iodide vs. allyl 
iodide in cuprate allylation reactions. 

In the fifth part, the development of a practical and useful method for the 
preparation of pentasubstituted acylferrocenes is presented. 

 

 





 

List of Publications 

This thesis is based on the following papers, referred in the text by their Roman 
numerals I-V: 
 
 

I. Screening of Ligands in the Asymmetric Metallocenethiolato- 
copper(I)-Catalyzed Allylic Substitution with Grignard Reagents  
Cotton, H. K.; Norinder, J.; Bäckvall, J.-E. Tetrahedron in press.  

II. Dynamic Processes in the Copper-Catalyzed Substitution of Chiral 
Allylic Acetates Leading to Loss of Chiral Information   
Norinder, J.; Bäckvall, J.-E. Manuscript. 

III. Enantioselective Synthesis of α-Methyl Carboxylic Acids and Alde-
hydes via Metal and Enzyme Catalysis   
Norinder, J.; Bogár, K.; Kanupp, L.; Bäckvall, J.-E. Manuscript. 

IV. Unusual Homocoupling in the Reaction of Diorganocuprates with an 
Allylic Halide  
Norinder, J.; Bäckvall, J.-E.; Yoshikai, N.; Nakamura, E. Organometallics 
2006, 25, 2129. 

V. An Efficient Route to Pentasubstituted Acylferrocenes  
Norinder, J.; Cotton, H.; Bäckvall, J.-E. J. Org. Chem. 2002, 67, 9096. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reprints were made with kind permission of the publishers. 



 



 

Contents 

Abstract 
List of Publications 
Abbreviations 
 

1 General Introduction ..................................................................................1 
1.1 The utility of copper(I) in modern organic synthesis ............................1 
1.2 The nature of the active copper species.................................................1 

1.2.1 Nontransferable ligands in copper(I) chemistry ...........................2 
1.2.2 Catalytic reactions ........................................................................2 
1.2.3 Catalytic enantioselective reactions..............................................3 

1.3 The mechanism of copper(I)-catalyzed allylic substitution ..................3 
1.3.1 SN2 versus SN2′ substitution...........................................................3 
1.3.2 Copper-catalyzed enantioselective SN2′ substitution.....................4 

1.4 Ferrocene as a scaffold for chiral ligands..............................................6 
2 Ferrocene-based N,S-ligands in the enantioselective copper-catalyzed 
SN2′ substitution of allylic acetates ....................................................................9 

2.1 Introduction...........................................................................................9 
2.2 Investigation of background reactions and attempted improvements in 
the ligand preparation........................................................................................9 

2.2.1 Using the dimer as a ligand precursor........................................10 
2.2.2 Heterolytic cleavage of dichalcogenide 15a................................ 11 
2.2.3 Background reactions..................................................................12 
2.2.4 An allylic ligand precursor with the ligand as a leaving group ..13 

2.3 Screening of ligands............................................................................14 
2.3.1 Ligand selection ..........................................................................14 
2.3.2 Ligand synthesis ..........................................................................15 
2.3.3 The Stereochemical Purity of the Ligands...................................17 

2.4 Allylic Substitution. ............................................................................18 
2.5 Discussion ...........................................................................................19 
2.6 Conclusions.........................................................................................20 

3 Loss of Chiral Information in the α-Substitution of Allylic Substrates22 
3.1 Introduction.........................................................................................22 
3.2 Results and discussion.........................................................................23 

3.2.1 Examination of copper sources ...................................................24 
3.2.2 Influence of reaction temperature ...............................................24 
3.2.3 Variation of solvents ....................................................................26 
3.2.4 Examination of different Grignard reagents................................27 
3.2.5 Stoichiometric amounts of cuprates ............................................28 
3.2.6 Investigating different additives ..................................................28 
3.2.7 Different leaving groups..............................................................30 
3.2.8 Different substrates .....................................................................31 



 

3.3 Conclusions.........................................................................................32 
4 Stereoselective α-Substitution of Allylic Substrates ...............................33 

4.1 Introduction.........................................................................................33 
4.2 Choice of substrates for the copper-catalyzed allylic α-substitution...36 
4.3 Results and discussion.........................................................................36 

4.3.1 Allylic substitution.......................................................................36 
4.3.2 DKR experiments ........................................................................39 
4.3.3 Oxidation of olefins to carboxylic acids and confirmation of 
absolute stereochemistry. ............................................................................39 

4.4 Conclusions.........................................................................................40 
5 Unexpected Homo-Coupling in the Reaction of Diorganocuprates with 
an Allylic Halide ................................................................................................41 

5.4 Introduction.........................................................................................41 
5.1 Experimental results............................................................................42 
5.2 Computational results and discussion .................................................43 

5.2.1 Computational details .................................................................43 
5.2.2 Results and discussion.................................................................44 

5.3 Conclusions and future work...............................................................46 
6 Development of an Efficient Route to Pentasubstituted Acylferrocenes
 48 

6.1 Introduction.........................................................................................48 
6.2 Synthetic strategy................................................................................48 
6.3 Preparation of starting materials .........................................................50 
6.4 Preparation of pentasubstituted acylferrocenes ...................................50 
6.5 Discussion ...........................................................................................52 
6.6 Conclusions.........................................................................................52 
Acknowledgements.........................................................................................53 

 
Papers I-V 
 



 

 
 

Abbreviations  
 

CALB Candida antarctica lipase B 

cat. catalyst 

conv. conversion 

de diastereomeric excess 

DKR dynamic kinetic resolution 

DYKAT dynamic kinetic asymmetric transformation 

INT interaction energy 

isol. isolated 

n.d. not determined 

substr. substrate 

TS Transition state or transition structure, 
depending on the context. 

Xy xylyl 

  

  

 



 

 



 1 

1 General Introduction 
1.1 The utility of copper(I) in modern organic synthesis 

The formation of C-C bonds is an important synthetic step in organic chemistry 
and this can be accomplished by a carbon electrophile and a carbon nucleophile. 
Non-stabilized carbon nucleophiles such as Grignard reagents, organolithiums, 
and organozinc compounds react preferentially with carbonyl electrophiles, and 
to a lesser extent with sp3 hybridized carbon atoms bearing leaving groups such 
as halides and sulphonate esters. By employing copper(I), often in catalytic 
amounts, the latter transformations can be performed. The opening of epoxides 
and aziridine rings can be accomplished under mild conditions in the presence of 
copper(I). Generally, but not always, these displacement reactions proceed with 
inversion of configuration.1,2,3 The soft and nucleophilic nature of organocopper 
species makes it react with π-acceptors such as olefins and acetylenes, which 
makes copper an indispensable tool for conjugate addition, allylic substitution 
and direct addition to acetylenes (carbocupration).4 
 

O
O

RR''R'
R''R'

R Cu

R' LG

SN2-       and     SN2'-products

R' LG

R' R R' R
*

R'

R'

"RCu"

 
Scheme 1. Examples of the nucleophilic reactivity of organocopper and or-
ganocuprates. 

1.2 The nature of the active copper species 

When reacting a copper(I) halide with one equivalent of an organometallic com-
pound (RM), where M is a metal less electronegative than copper, a neutral or-
ganocopper compound is formed (Eq 1).4 These monoalkylcopper species are 
generally not very reactive in the reactions shown in Scheme 1 and exists usually 

                                                           
1 Nakamura, E.; Mori, S. Angew. Chem. Int. Ed. 2000, 39, 3750. 
2 Lipshutz, B. H.; Sengupta, S. Organic reactions, 1992, 41, 135. 
3 Mori, S.; Nakamura, E. In Modern Organocopper Chemistry; Krause, N., Ed.; Wiley-VCH: 
Weinheim, Germany, 2002; p 315 
4 Krause, N.; Gerold, A. Angew. Chem. Int. Ed. Engl. 1997, 36, 186. 
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as oligomeric species. Methylcopper and n-butylcopper are polymeric and in-
soluble in ethereal solvents. Upon addition of a second equivalent of RM, a dial-
kylcuprate is formed R2CuM (Eq 2). This species, called a lower order homocu-
prate, is more reactive than organocopper in the reactions described in Scheme 1. 
Upon further addition of RM higher order homocuprates can be achieved (Eq 3). 
Cyanocuprates are examples of heterocuprates. Lower order cyanocuprates are 
formed by reacting CuCN with one equivalent of RM. Due to the relatively 
strong Cu-CN bond the cyanide remains on the copper (Eq 4). Other heterocu-
prates can be prepared by reacting a copper(I) salt with two different alkyl 
sources consecutively (Eq 5).2 
 

CuX + RM RCu + MX

RCu + RM R2CuM

CuX + nRM RnCuMn-1 + MX

RCu + R'M' RR'CuM'

M, M' = any metals  less 
electronegative than copper

(Eq 1)

(Eq 2)

(Eq 3)

(Eq 5)

CuCN + RM RCu(CN)M (Eq 4)
a monoalkylcopper

complex

a lower order 
homocuprate

a higher order 
homocuprate

a lower order 
cyanocuprate

a lower order 
heterocuprate

 

1.2.1 Nontransferable ligands in copper(I) chemistry 
A disadvantage with the use of lower order homocuprates is that only one of the 
two alkyl groups can be transferred to the electrophile, as the second alkyl group 
will reside on copper in the form of an unreactive alkylcopper species. One way 
to circumvent this problem is by using heterocuprates, where one of the substitu-
ents on copper is a nontransferable “dummy” ligand. Examples of nontransfer-
able ligands used in the literature are CN-, alkynyl-, thienyl-, thiolato-, amido-, 
and phosphane groups.4 In a comparative study of the aptitude to selectively 
transfer one ligand from various heterocuprates to acetyl chloride, it was found 
that phenylthiolate was the best nontransferable ligand.5 

1.2.2 Catalytic reactions 
Copper(I)-mediated reactions are often performed with catalytic amounts of 
copper. The reactive dialkylcuprate is then continuously regenerated in situ from 
the RM. The advantage from an atom economy viewpoint is that only small 
amounts of copper are required, and only a catalytic amount of the potentially 
precious alkyl group is lost as unreactive alkylcopper.  

                                                           
5 Posner, G. H.; Whitten, C. H.; Sterling, J. J. J. Am. Chem. Soc. 1973, 95, 7788. 
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1.2.3 Catalytic enantioselective reactions 
By using catalytic amounts of copper with a chiral nontransferable ligand and a 
prochiral substrate, for example a Michael acceptor or an allylic substrate, cata-
lytic enantioselective reactions can be performed. Catalytic enantioselective 
Michael additions have been extensively studied and enantioselectivities higher 
than 95% have been reported.6 Copper(I)-catalyzed enantioselective SN2′ substi-
tution is less reported in the literature, and the enantioselectivity in this reaction 
is generally lower compared to the Michael addition reaction.7 Hence there is 
need for further improvements in this area. 

1.3 The mechanism of copper(I)-catalyzed allylic substitution 

The generally accepted mechanism for allylic substitution proceeds via transient 
CuIII intermediates (Scheme 2). So far, these intermediates have not been isolated 
from the reaction mixture or detected spectroscopically, although recent studies 
have given indirect evidence that the reaction of allylic substrates with allylic 
Grignard reagents do involve a CuIII intermediate.8 
 

R'M

CuIX

R LG
R LG

R'CuIX

R

R

R'

R

R'

SN2'
γ−product

SN2
α−product

R'CuIX

π−complex
1 2

R'CuIIIX

R

R'CuIIIX

 
Scheme 2. Catalytic cycle of the copper(I)-catalyzed alkylation of allylic sub-
strates. 

1.3.1 SN2 versus SN2′ substitution 
Oxidative addition of allylic esters occurs with high stereoselectivity.9 The sub-
strate adds to copper in a γ-selective manner and with anti stereochemistry, giv-
ing σ-allyl complex 1 (Scheme 2).10,11 Earlier studies in our group showed that 

                                                           
6 Feringa, B. L.; Naasz, R.; Imbos, R.; Arnold, A. L. In Modern Organocopper Chemistry; 
Krause, N., Ed.; Wiley-VCH: Weinheim, Germany, 2002; p 224. 
7 Karlström, A. S. E.; Bäckvall, J.-E. In Modern Organocopper Chemistry; Krause, N., Ed.; 
Wiley-VCH: Weinheim, Germany, 2002; p 259. 
8 Karlström, A. S. E.; Bäckvall, J.-E. Chem. Eur. J. 2001, 7, 1981. 
9 (a) Goering, L. H.; Tseng, C. C. J. Org. Chem.1983, 48, 3986. (b) Goering, L. H.; 
Singleton,  V. D., Jr. J. Org. Chem.1983, 48, 1531. (c) Goering, L. H.; Kantner, S. S. J. Org. 
Chem. 1983, 48, 721. (d) Goering, L. H.; Kantner, S. S. J. Org. Chem. 1981, 46, 2144. (e) 
Goering, L. H.; Singleton, V. D., Jr. J. Am. Chem. Soc. 1976, 98, 7854. (f) Bäckvall, J.-E.; 
Persson, E. S. M.; Bombrun, A. J. Org. Chem. 1994, 59, 4126. 
10 Corey, E. J.; Boaz, N. W. Tetrahedron Lett. 1984, 25, 3063. 
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the α/γ selectivity can be tuned by varying the temperature, solvent and copper 
species.11 Employing reaction conditions that render an electron-deficient CuIII 
intermediate (e.g. X = Cl– or CN–) will make the rate of reductive elimination 
higher than the rate of isomerization between the allyl intermediates and thereby 
the γ-product is formed selectively. Using reaction conditions that favor the for-
mation of a more electron-rich CuIII intermediate (e.g. X = alkyl), the rate of 
reductive elimination will be reduced, promoting isomerization of complex 1 to 
2 prior to product formation. In this way, the reaction can be directed to give 
either α- or γ-product. 11,12 

1.3.2 Copper-catalyzed enantioselective SN2′ substitution 
Allylic halides together with alkylzinc reagents are the most commonly used 
combination in enantioselective copper(I)-catalyzed γ-allylation reactions.13 
Allylic halides in combination with Grignard reagents14 and allylic phosphates 
with dialkylzinc15 have also been reported (Figure 1). To the best of our knowl-
edge no copper(I)-catalyzed allylation reactions employing alkyllithium have 
been reported. 
 

NH2

Fe
t-Bu

t-Bu

OH
OH

SMe

SMe

O
P

O N

Ph

Ph

O
P

O

Ph Ph

Ph Ph

O

O
O

Ph

NMe2 N
H
N

O
Ph

NHBu

O

N

Oi-Pr  
Figure 1. Examples of ligands used in copper(I)-catalyzed enantioselective γ-
allylation reactions. 

                                                                                                                                   
11 (a) Bäckvall, J.-E.; Sellén, M.; Grant, B. J. Am. Chem. Soc. 1990, 112, 6615. (b) Bäckvall, 
J.-E.; Sellén, M. J. Chem. Soc., Chem. Commun. 1987, 827. (c) Persson, E. S. M.,; Bäck-
vall, J.-E. Acta Chem. Scand. 1995, 49, 899. 
12 (a) Tseng, C. C.; Paisley, D.; Goering, H. L. J. Org. Chem. 1986, 51, 2884. (b) Goering, H. 
L.; Seitz, E. P.; Tseng, C. C. J. Org. Chem. 1981, 46, 5304. 
13 (a) Dübner, F.; Knochel, P. Angew. Chem. Int. Ed. 1999, 38, 379. (b) Dübner, F.; Knochel, 
P. Tetrahedron Lett. 2000, 41, 9233. (c) Malda, H.; van Zijl, A. W.; Arnold, L. A.; Feringa, B. 
L. Org. Lett. 2001, 3, 1169. (d) Börner, C.; Gimeno, J.; Gladiali, S.; Goldsmith, P. J.; Rama-
zotti, D.; Woodward, S. Chem. Commun. 2000, 2433. 
14 (a) Alexakis, A.; Croset, K. Org. Lett. 2002, 4, 4147. (b) Alexakis, A.; Malan, C.; Lea, L.; 
Benhaim, C.; Fournioux, X. Synlett 2001, SI, 927. 
15 (a) Van Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. 
Soc. 2005, 127, 6877. (b) Luchaco-Cullis, C. A.; Mizutani, H.; Murphy, K. E.; Hoveyda, A. H. 
Angew. Chem. Int. Ed. 2001, 40, 1456. 
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Our group in collaboration with van Koten found that by employing thiolates 
3a and 3b as ligands to copper, in combination with Grignard reagents, substitu-
tion of allylic esters could be performed. By varying the reaction conditions, 
either α- or γ-products could be obtained in high selectivity (Figure 2).16 Shortly 
thereafter it was found that ligand 3b also could be used in enantioselective ally-
lation reactions, giving products with up to 42% ee.17 Later on, the ferrocene 
analogue 4a was used as a ligand which improved the optical purity to 64% ee.18 
This is the highest ee reported in the substitution of allylic carboxylate esters. 
The preparation of analogues to 4a will be described in Chapter 2, as well as 
their use in copper(I)-catalyzed γ-allylation reactions. 

SCu

R

NMe2

SLi

Me

NMe2

Fe

(R,Sp)-4a
      3a, R=H
(R)-3b, R=Me  

Figure 2. Examples of ligands used in copper(I)-catalyzed γ-substitution reac-
tions. 

Organozinc reagents are less reactive, compared to Grignard reagents, and are 
for that reason more tolerant to functional groups on the substrate and can also 
carry functional groups themselves.19 Although Grignard reagents exhibit less 
functional group tolerance, they have the advantages of being less expensive and 
easy to prepare and handle. Recently the preparation of functionalized Grignard 
reagents has been reported.20 Allylic carboxylate esters can readily be prepared 
from the corresponding alcohols under mild reaction conditions. For that reason 
the possibility to perform enantioselective substitution of allylic esters is an im-
portant complement to the substitution of allylic halides. Another example of the 
utility of the thiolate / Grignard reagent system is the chemoselective substitution 
of an allylic acetate in the presence of an allylic chloride (Scheme 3).21 
 

                                                           
16 van Klaveren, M.; Persson, E. S. M.; Grove, D. M.; Bäckvall, J.-E.; van Koten, G. 
Tetrahedron Lett. 1994, 35, 5931. 
17 (a) van Klaveren, M.; Persson, E. S. M.; del Villar, A.; Grove, D. M.; Bäckvall, J.-E.; van 
Koten, G. Tetrahedron Lett. 1995, 36, 3059. (b) Meuzelaar, G. J.; Karlström, A. S. E.; van 
Klaveren, M.; Persson, E. S. M.; del Villar, A.; van Koten, G.; Bäckvall, J.-E. Tetrahedron 
2000, 56, 2895. 
18 Karlström, A. S. E.; Huerta, F. F.; Meuzelaar, G. J.; Bäckvall, J.-E. Synlett 2001, SI, 923. 
19 Knochel, P.; Singer, R. D. Chem. Rev. 1993, 93, 2117. 
20 Rottländer, M.; Boymond, L.; Bérillon, L.; Leprêtre, A.; Varchi, G.; Avolio, S.; Laaziri, H.; 
Quéginer, G.; Ricci, A.; Cahiez, G.; Knochel, P. Chem. Eur. J. 2000, 6, 767. 
21 Persson, E. S. M.; van Klaveren, M.; Grove, D. M.; Bäckvall, J.-E.; van Koten, G. Chem. 
Eur. J. 1995, 1, 351. 
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Cl

AcO

Cl

n-Bu

3a, 6 mol%
n-BuMgI

 
Scheme 3. Chemoselective allylic substitution of acetate in the presence of an 
allylic chloride. 

1.4 Ferrocene as a scaffold for chiral ligands 

Most chiral ferrocenes exhibit either central chirality at the α-position to ferro-
cene and/or planar chirality, due to 1,2-substitution. Optically active ferrocenes, 
having a chiral center at the α-position are often derivatives of amine 7a, since 
either enantiomer of 7a can readily be prepared (Scheme 4).  
 

NMe2

Fe

(R)-7a

OR

Fe

NMe2

Fe

resolution
with

tartaric
acid

NMe2

Fe

rac-7a (S)-7a

Fe

5a: R = H

1) AcCl,
    AlCl3

2) LAH

6a: R = Ac

HNMe2

 
Scheme 4. Preparation of enantiopure 7a. 

Enantiopure 7a can be transformed into other optically active ferrocenes; Nu-
cleophilic displacement of 7a, proceeds via an apparent SN1 mechanism with 
retention of configuration, due to anchimeric assistance of iron.22 This facilitates 
the preparation of a variety of enantiopure α-substituted ferrocenes (Scheme 5). 

 

Fe

Nu

FeFe

LG

LG = NR3, AcO- Nu = HNR2, HPR2, ROH, N3
-, AcO-, HS-  

Scheme 5. Nucleophilic displacement of α-substituted alkylferrocenes with reten-
tion of configuration at carbon. 

Planar chirality in ferrocenes due to 1,2-substitution originates from the pos-
sibility to perform diastereoselective ortho-lithiation of 7a.23 Nitrogen coordi-

                                                           
22 Wagner, G.; Herrmann, R. In Ferrocenes; Togni, A.; Hayashi, T., Eds.; VCH: Weinheim, 
Germany, 1995; p 173. 
23 The stereochemical assignment of planar chirality in metallocenes is determined by view-
ing the substituted Cp-ring from above, having the other Cp-ring below the plane, and the 
substituents are assigned according to the Cahn–Inghold–Prelog rules. If the shortest path 
from the substituent with highest priority to the substituent coming next in priority is clock-
wise, the chirality descriptor is (Rp). When a molecule exhibit both central and planar chiral-
ity, the descriptor of central chirality is set first, followed by the descriptor of planar chirality 
(ref 22). 
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nates to lithium, which thereby is directed towards the least sterically hindered 
ortho-carbon on the Cp-ring and lithiation occurs with a diastereoselectivity of 
96% (Scheme 6). Subsequent reaction with an electrophile produces planar chiral 
1,2-substituted ferrocenes. 
 

(S,Sp)-8a

NMe2

Fe

LiNMe2

Fe

(S,Rp)-8a(S)-7a

n-BuLi
Fe

NMe2
Li

4%96%  
Scheme 6. Diastereoselective ortho-lithiation of 7a. 

The diastereoselective transformation of acetate 6a to 1,2-disubstituted ferro-
cenes chiral ferrocenes was first reported in the early 1970s.24 However, these 
manipulations are still today key steps in the synthesis of optically active ferro-
cenes. For example, by using this methodology ligands 10a and 10b are prepared 
on a multi-kg scale (Scheme 7). These ferrocenes have successfully been used as 
ligands for hydrogenation catalysts for industrial applications. Ligand 10a was 
used by Lonza for the preparation of (+)-Biotin and ligand 10b was used in the 
preparation of (S)-Metolachlor (the active ingredient in Dual®, a grass herbi-
cide).25,26 

 

Fe

PR2

(R,Sp)-10a R=t-Bu
               b R=(3,5)-Xyl (Xyliphos)

PPh2Fe

NMe2

(R,Sp)-9

PPh2

Fe

NMe2

(R)-7a

1) BuLi

2) Ph2PCl

HPR2

AcOH

Fe

OH

(R)-5a

Fe

OAc

(R)-6a

lipase
OAc

HNMe2

 
Scheme 7. Examples of ligands prepared from (R)-7a. 

Today optically active α-hydroxyalkylferrocenes can be prepared by enzy-

                                                           
24 Selected references: (a) Marquarding, D.; Klusacek, H.; Gokel, G.; Hoffmann, P.; Ugi, I. J. 
Am. Chem. Soc. 1970, 92, 5389. (b) Gokel, G.; Marquarding, D.; Ugi, I. K. J. Org. Chem. 
1972, 37, 3052. (c) Gokel, G.; Ugi, I. K. J. Chem. Edu. 1972, 49, 294. 
25 Blaser, H.-U.; Brieden, W.; Pugin, B.; Spindler, F.; Studer, M.; Togni, A. Topics in Catalysis 
2002, 19, 3. 
26 Richards, C.; J.; Locke, A. J. Tetrahedron: Asymmetry 1998, 9, 2377. 
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matic resolution,27 kinetic resolution with ruthenium complexes,28 stereoselective 
borane reduction of ferrocenyl ketones using chiral oxazaborolidine as catalyst,29 
and stereoselective alkylation of ferrocene aldehyde.30 Of these methodologies 
the latter two have been frequently employed (Scheme 8).31 

 

Fe

O N
OH

t-Bu

(5%)

R2Zn, R = Me, Et

Fe

OH

R

94-100% ee

N B
O

PhPh

R'
Fe

O

(20%)

BH3

R

 
Scheme 8. Stereoselective preparation of α-hydroxyalkylferrocenes. 

 

                                                           
27 Tatsuro, K; Yoshihiro, Y; Taeko, I. J. Chem. Technol. Biotechnol. 1999, 74, 501. 
28 Hashiguchi, S.; Fujii, A.; Haack, K.-J.; Matsumura, K.; Ikariya, T.; Noyori, R. Angew. 
Chem. Int. Ed. Engl. 1997, 36, 288. 
29 (a) Wright, J.; Frambes, L.; Reeves, P. J. Organomet. Chem. 1994, 476, 215. (b) Schwink, 
L.; Knochel, P. Chem. Eur. J. 1998, 4, 950. 
30 (a) Matsumoto, Y.; Ohno, A.; Lu, S.-J.; Hayashi, T.; Oguni, N.; Hayashi, M. Tetrahedron 
Asymmetry 1993, 4, 1763. (b) Hayashi, T.; Ohno, A.; Lu, S.; Matsumoto, Y.; Fukuyo, E.; 
Yanagi, K. J. Am. Chem. Soc. 1994, 116, 4221. 
31 Kagan, H. B.; Riant, O. In Advances in Asymmetric Synthesis; Hassner, A. Ed.; JAI Press 
Inc.: Greenwich, Connecticut 1997; Vol, 2, p 189. 
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2 Ferrocene-based N,S-ligands in the 
enantioselective copper-catalyzed 
SN2′ substitution of allylic acetates 

(Paper I) 

2.1 Introduction 

Chiral N,S-ligands have been used earlier in our group in the copper-catalyzed 
SN2′ substitution of allylic acetates. When thiolate 3b was used as ligand in the 
allylic substution of 10a, an ee of 42% was achieved (Scheme 9).17 With the 
ferrocene analogue 4a, which exhibits both planar and central chirality, 64% ee 
was achieved.18  
 

R OAc R

n-Bu

R OHR n-Bu

11a R=cyclohexyl
11b R=phenyl

12a
12b

13a
13b

14a
14b

SCu

Me

NMe2

(R)-3b

n-BuMgI

CuI, 
ligand

+ +

SLi

Me

NMe2

Fe

(R,Sp)-4a

ether, 0 °C ether / toluene, rt  
Scheme 9. Allylic substitution of acetate with Grignard reagents and cop-
perthiolate complexes. 

In this work, analogues to 4a have been prepared and tested as ligands. In or-
der to improve the reproducibility and enantioselectivity, more stable ligand 
precursors that can be deprotected in situ were prepared and tested in the reac-
tion. It was also of interest to study if any background reaction can take place 
under the present reaction conditions; therefore control experiments without 
ligand, as well as with possible contaminants present were performed. 

2.2 Investigation of background reactions and attempted 
improvements in the ligand preparation. 

Ligand (S,Rp)-4a was prepared by diastereoselective ortho-lithiation of (S)-7a, 
followed by addition of sulfur and subsequent crystallization under inert atmos-
phere (Scheme 10).18,32 

                                                           
32 Nishibayashi, Y.; Singh, J. D.; Fukuzawa, S.; Uemura, S. J. Chem. Soc. Perkin Trans. 1 
1995, 22, 2871. 
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1) t-BuLi

2) S8

(S,Sp)-4a(S,Rp)-4a

crystallization

(S)-7a (S,Rp)-4a

NMe2

Me

SLi
Fe

NMe2

Me

Fe

NMe2SLi

Fe

Me

NMe2SLi

Fe

Me

major product minor product 87%  
Scheme 10. Preparation of ligand (S,Rp)-4a. 

Arenethiols are susceptible to oxidation and form disulfides in the presence of 
oxygen.32 This tendency is more pronounced for the electron-rich ferrocenyl-
thiols and protonation of lithium thiolate 4a led to disulfide formation.33 There-
fore the copper complex was formed in situ by mixing lithium thiolate 4a and a 
copper salt.18 The instability of 4a hampers the possibility to use direct methods, 
for example NMR, chromatography, and elemental analysis, to analyze the 
chemical and stereochemical purity of the compound. It also renders crystalliza-
tion under inert atmosphere as the only feasible means to purify the product. 

The stereoisomeric purity of 4a was determined by analysis of the correspond-
ing dimer 15a. Treatment of (S,Rp)-4a with air and water afforded disulfide 15a 
within two hours (Scheme 11).32 The 1H NMR spectrum of the crude product 15a 
showed a single product where no stereoisomers could be detected. This experi-
ment showed that thiolate (S,Rp)-4a was enantiomerically as well as di-
astereomerically pure. 

 

NMe2SLi

Fe

Me
S

Fe
Me

NMe2

S

Fe
Me

Me2N

(S,S,Rp,Rp)-15a(S,Rp)-4a

Air / H2O / Et2O

 
Scheme 11. Oxidation of ligand 4a. 

2.2.1 Using the dimer as a ligand precursor 
Since 4a readily and cleanly can be oxidized to the air-stable dimer 15a, it would 
be convenient to use 15a as a ligand precursor, provided that it could be cleaved 
in situ to generate the active catalyst. It is known that disulfide bridges can be 
cleaved reductively.34 Uemura showed that the selenide analogue to 15a could be 
cleaved by LiAlH4 in THF.32 The cleavage of the disulfide in situ requires a re-
                                                           
33 Gornitzka, H.; Besser, S.; Herbst-Irmer, R.; Kilimann, U.; Edelmann, F. T. J. Organomet. 
Chem. 1992, 437, 299. 
34 Wardel, J. L. In The Chemistry of the Thiol Group, Pt. 1; Patai, S., Ed.; Wiley: New York, 
1974; p 220–229. 
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agent that does not affect the allylic substitution reaction and therefore alkali 
metalhydrides were ruled out. We have found that diphenyldithioether can be 
reduced to lithium thiophenolate by the use of lithium metal in Et2O. Attempts to 
reductively cleave 15a under similar conditions, using reducing agents such as 
zinc dust, magnesium filings, lithium powder, and lithium powder together with 
naphthalene resulted in no reaction (Scheme 12). 
 

S

Fe
Me

NMe2

S

Fe
Me

Me2N

(S,S,Rp,Rp)-15a (S,Rp)-4a'

sonication,

Et2O, rt

reducing 
agent

NMe2SM

Fe

Me

M = Li, Mg+, Zn+

 
Scheme 12. Attempts to reductively cleave the dimer 20a. 

2.2.2 Heterolytic cleavage of dichalcogenide 15a 
Dichalcogenides have been reported as ligand precursors, which could be hetero-
lytically cleaved in situ.32,35 We therefore tried to cleave the disulfide with the 
Grignard reagent employed in the allylic substitution reaction. Treating the disul-
fide with 1 equivalent of n-BuMgI resulted in heterolytic cleavage, generating 1 
equivalent of magnesium thiolate 4a″ and 1 equivalent of the corresponding 
butyl thioether 16a (Scheme 13). 
 

(S,Rp)-4a''

S

Fe
Me

NMe2

S

Fe
Me

Me2N
n-BuMgI

Et2O, rt

(S,S,Rp,Rp)-15a (S,Rp)-16a

NMe2SMgI

Fe

Me

NMe2SBu

Fe

Me

 
Scheme 13. Heterolytic cleavage of the dimer 15a by use of Grignard reagent 

Employing 15a as a ligand precursor indeed gave enantioselective reactions, 
although the enantioselectivity was not as high as when using (S,Rp)-4a as a 
ligand (Table 1, entries 1,3,7 and 8). In control experiments with 16a as plausible 
ligand it was found that, at least for the more reactive substrate 11b, the thioether 
16a does affect the enantioselectivity, as it provided a low enantiomeric excess 
of the opposite product enantiomer (Table 1, entries 4 and 9). 

                                                           
35 (a) Wirth, T. Tetrahedron Lett. 1995, 36, 7849. (b) Santi, C.; Wirth, T. Tetrahedron: Asym-
metry 1999, 10, 1019. (c) Bolm, C.; Kesselgruber, M.; Grenz, A.; Hermanns, N.; Hildebrand, 
J. P. New J. Chem. 2001, 25, 13. 
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2.2.3 Background reactions 
The active catalyst was prepared prior to performing the substitution reaction by 
mixing CuI with (S,Rp)-4a in Et2O. If the transfer of thiolate to copper would not 
be complete, CuI would be present in the reaction mixture, which could lead to a 
background reaction producing racemic 12. In control experiments using CuI and 
no ligand it was found that with substrate 11a only 3% of the alkylation products 
12a and 13a were formed. With the more reactive substrate 11b, 56% of 12b was 
formed (Table 1, entries 2 and 6). In conclusion, the presence of CuI, when using 
11b as a substrate may decrease the enantiopurity of the product. On the other 
hand, an experiment under identical reaction conditions, using (R)-3b as a ligand 
and 3-phenoxyallyl acetate as a substrate, showed that the ee of the product did 
not decrease during the time of the reaction.17b This indicates that when the N,S- 
ligand has coordinated to copper, it remains coordinated and no achiral copper 
catalyst builds up during the reaction.  

Table 1. Copper-catalyzed substitution reactions between allylic acetates and n-
BuMgI in the presence of 4a, 7a, 15a, and 16a.a 

entry substr. ligand ee 
(%)b 

γ:α 
ratio 

14 
(%)c 

conv. 
(%)c 

yield (%)  
(12+13)c 

1 11a (S,Rp)-4a 62 (+) 97:3 0 100 98 

2 11a – n.d. n.d. 91 94 3 

3d 11a (S,S,Rp,Rp)-15a 50 (+) 96:4 0 97 94 

4 11a (S,Rp)-16a 3 (–) 80:20 25 32 6 

5 11b (S)-7a 2 (+) 96:4 14 93 55 

6 11b – 0 97:3 31 99 58 

7 11b (S,Rp)-4a 38 (+) 96:4 5 100 90 

8d 11b (S,S,Rp,Rp)-15a 18 (+) 96:4 10 100 84 

9 11b (S,Rp)-16a 11 (+) 97:3 14 92 61 
a Reaction Conditions: The allylic acetate 11, ligand (0.30 equiv) and CuI (0.15 equiv) were mixed in 
Et2O at rt for 30 minutes. n-BuMgI (1.5 equiv) was added via a syringe pump over 2 hours to main-
tain a low concentration. The reaction mixture was kept at rt for 1 hour. b Enantioselectivity was 
measured by optical rotation for entries 1 and 2 and by GC for entries 3-8 and. c Determined by GC 
with 2-decanol as internal standard for entries 1-3, and by 1H NMR with 2-decanol as internal stan-
dard, for entries 4-9. d The ligand:metal ratio was 1.2. 

As the chemical purity of 4a cannot be analyzed by direct means, the presence 
of the corresponding amine 7a as a possible contaminant can not be excluded. 
Primary α-ferrocenylamines have successfully been used as ligands in the cop-
per(I)-catalyzed enantioselective substitution of allylic halides with alkylzinc 
reagents.13a,b Therefore it is likely that the presence of 7a may influence the en-
antioselectivity and a control experiment with amine 7a as a plausible ligand was 
performed. This experiment gave similar results as when no ligand was used 
(Table 1, entries 5 and 6). 
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2.2.4 An allylic ligand precursor with the ligand as a leaving group 
By treating 4a with allyl chloroformate, ligand precursor 17 was prepared 
(Scheme 14). This product was stable to air and moisture and could be purified 
by chromatography. The allylic carbonate, employed as a protecting group, could 
be removed in situ by copper(I)-mediated allylic substitution. 

(S,Rp)-4a (S,Rp)-17

THF, rt, 5h
O

O

Cl

NMe2S

Fe

Me

O
O

NMe2SLi

Fe

Me

65%

 
Scheme 14. Preparation of ligand precursor 17. 

Ligand precursor 17 was deprotected by reaction with dibutylcuprate, pre-
pared from 2 equivalents of n-BuLi and 1 equivalent CuI (Scheme 15). The pro-
gress of the reaction was monitored by GC, following the formation of 1-
heptene.  

 

CO2 BuCu
Bu

(S,Rp)-17 (S,Rp)-4a

Bu2CuLi
Et2O

0° C, 60 min

NMe2S

Fe

Me

O
O

NMe2SLi

Fe

Me

 
Scheme 15. Deprotection of ligand precursor 17 with Bu2CuLi. 

Deprotection of 17 with this dibutylcuprate in the reaction of 11a with n-
BuMgI led to a substitution reaction with a product of 43% ee (Table 2, entry 2). 
Attempts to use n-Bu2CuMgI in the deprotection of 17 in the catalytic reaction 
led to an almost racemic product 12a (Table 2, entry 3). As the enantioselectivity 
when using ligand precursor 17 was lower than with the unprotected thiolate 
(S,Rp)-4a, this project was set aside, and for the screening of analogues to (S,Rp)-
4a, unprotected thiolates were used.  
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Table 2. Copper-catalyzed allylic substitution of 11a using allylic carbonate 17 as 
a ligand precursor.a 

entry L/CuI T 
(°C) 

conv. 
(%)b 

11a+12ac 
(%) 

γ:α 
ratiob 

ee 
(%)d 

heptene 
(%)e 

1f 2:1 rt 100 88 97:3 62 (+) – 

2g 1.05:1 0 100 84 96:4 43 (+) 100 

3h 1.5:1 rt 93 67 94:6 5 (–) 100 
a Reaction conditions: Deprotection of ligand precursor 17, by addition of dibutylcuprate, was per-
formed at 0 °C. Substrate 11a was added to the reaction mixture, followed by the addition of n-
BuMgI (1.5 equiv) by syringe pump over 2 hours, at the given temperature. Thereafter the reaction 
mixture was stirred for 1 hour. b Determined by GC.c Isolated yield. d Determined by GC. e Deter-
mined by GC, using toluene as internal standard. f Thiolate (S,Rp)-4a was used as ligand. g n-BuLi 
was used to prepare dibutylcuprate. h n-BuMgI was used to prepare dibutylcuprate. 

2.3 Screening of ligands 

2.3.1 Ligand selection 
Based on steric and electronic considerations, a series of ligands were designed. 
By systematically varying the substituents on the ligands, we expected to deter-
mine the factors governing the chiral induction in the allylic substitution reac-
tion. Ligands 4b-e were chosen in order to examine the effect of steric bulk and 
different electronic properties in proximity to the chiral center (Figure 3).  

The role of planar chirality was examined by increasing the steric bulk on the 
lower Cp-ring, as exemplified by ligands 4f and 4g. Introducing substituents on 
the lower ring also affected the electronic properties of the ligand, making 4f 
more electron-rich and 4g more electron-deficient. We anticipated that by substi-
tuting iron for ruthenium, the planar chirality of the ligand would be affected, 
due to the longer distances between the Cp rings in ruthenocene compared to 
ferrocene. Hence ligand 4h was prepared. Selenium has a larger atomic radius 
and is less electronegative than sulfur. Consequently, the selenoate analog 4j was 
examined. As there might be a matched or mismatched situation in terms of 
chiral induction, ligand (R,Rp)-4j, with reversed planar chirality compared to 
ligand (S,Rp)-4a, was prepared.  
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Figure 3. Targeted analogues of ligand (S,Rp)-4a 

2.3.2 Ligand synthesis 
Ligands 4b–h and 4i were prepared from the corresponding amines. The prepara-
tion of these amines is shown in Scheme 16 and Scheme 17. Acylation of ferro-
cene and ruthenocene under standard Friedel-Crafts conditions afforded the cor-
responding acylmetallocenes 18b–e and 18h. For the preparation of the pen-
tasubstituted acetylferrocenes 18f and 18g a new synthetic method was devel-
oped, which will be discussed separately in Chapter 6.V  

For the enantioselective reduction of ketones 18b–h, the procedure developed 
by Corey, Bakshi and Shibata (CBS-reduction)36 was chosen, as this methodol-
ogy previously has been used for enantioselective reduction of ferrocenyl ke-
tones.29 We had problems reproducing the published results and tried both com-
mercially available methyl-oxazaborolidine and in situ prepared oxazaborolidine 
catalysts.37 The difficulties encountered with the CBS-reduction may be ascribed 
to the purity of the catalyst and solvents used. Alcohols 5b and 5e–g were ob-
tained in high ee. Naphthyl alcohols 5c–d, on the other hand, had to be recrystal-
lized to give satisfactory optical purity. Hayashi has prepared the enantiomeri-
cally pure alcohol 5h by treating ruthenocenecarboxaldehyde with dimethylzinc 
in the presence of a chiral ligand for an extensive period of time.30b We found 
that 5h could be prepared by CBS-reduction within 45 minutes in excellent yield 
and optical purity. 

 

                                                           
36 (a) Corey, E. J.; Bakshi, R. K.; Shibata, S.; Chen, C.-P.; Singh, V. K. J. Am. Chem. Soc. 
1987, 109, 7925. (b) Corey, E. J.; Bakshi, R. K.; Shibata, S. J. Am. Chem. Soc. 1987, 109, 
5551. 
37 Prasad, K. R. K.; Joshi, N. N. Tetrahedron: Asymmetry 1996, 7, 3147. 
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Scheme 16. Preparation of acetylmetallocenes 18b–h and stereoselective reduc-
tion to alcohols 5b–h. 

Amines 7b–f and 7h were prepared from the corresponding acetates in a simi-
lar way as described for 7a (Scheme 17). Acetate 6g on the other hand, did not 
react under this conditions. This is most likely due to the electron-withdrawing  
effect of the phenyl substituents, destabilizing the carbocationic intermediate 
described in Scheme 5.  
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i)

i) Ac2O in pyridine  
Scheme 17. Preparation of amines 7b–f and 7h. 

Ligands 4b–f, and 4h–i were prepared by diastereoselective ortho-lithiation of 
the corresponding amines followed by addition of elemental sulfur, as described 
for ligand (S,Rp)-4a.18,32 In the case of ligand 4i selenium was used instead of 
sulfur (Scheme 18). The lithium salts 4b–d, 4f, and 4h–i precipitated. The pre-
cipitates were washed with either Et2O or hexane, depending on the solubility of 
the product. For ligand 4e no material precipitated and the crude ligand was used 
in the allylic substitution. The purity of the ligands depends in this step on the 
selectivity of the ortho-lithiation, which is governed by the steric properties of 
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the amine,38 and the purity obtained in the precipitation of the lithium salts. 
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Scheme 18. Preparation of ligands 4b-f, 4h and 4i. 

The diastereomer with reversed planar chirality (R,Rp)-4j was obtained by 
treatment of (R)-7a with t-BuLi and TMS-Cl to block the ortho-position which is 
preferentially lithiated.24a,39 The resulting compound 19 was subjected to an addi-
tional lithiation in the remaining ortho-position, followed by treatment with 
iodine as electrophile and removal of the TMS group by base.40 This afforded the 
diastereomer with reversed planar chirality, compound 20. The lithium thiolate 
(R,Rp)-4j was subsequently obtained by halogen-metal exchange employing t-
BuLi41 and treatment with elemental sulfur. The bulky t-BuLi was used to pre-
vent alkylation of the ferrocene by attack on the alkyl iodide formed during the 
reaction (Scheme 19). 
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Scheme 19. Preparation of the diastereomer with reversed planar chirality (R,Rp)-
4j. 

2.3.3 The Stereochemical Purity of the Ligands 
The enantiomeric and diastereomeric purity of the ligands is essential for the 
enantioselectivity of the allylic substitution reaction. As the copper complexes 
often are trimers or tetramers, the relationship between the purity of the ligand 
                                                           
38 Howell, J. A.; Yates, P. C.; Fey, N. Organometallics 2002, 21, 5272. 
39 Butler, I. R.; Cullen, W. R.; Rettig, S. J. Organometallics 1986, 5, 1320. 
40 Xiao, L.; Weissensteiner, W.; Mereiter, K.; Widhalm, M. J. Org. Chem. 2002, 67, 2206. 
41 You, S.-L.; Hou, X.-L.; Dai, L.-X.; Yu, Y.-H.; Xia, W. J. Org. Chem. 2002, 67, 4684. 
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and the enantiomeric excess obtained in the allylic substitution might be nonlin-
ear.42 Both van Koten and Pfaltz reported on negative nonlinear effects when 
using copper(I) thiolates in conjugate addition of Grignard reagents to cyclic 
enones.43 In theory even small amounts of a fast reacting isomer could yield 
racemic product and thus give low enantiomeric excess. Hence, to be able to 
compare the results obtained with different ligands the purity has to be consid-
ered. 

The alcohols 5b–h, obtained in the enantioselective CBS-reduction, all had 
high enantiomeric excess (from 93% to >98% ee). Since the conversion to the 
amines, via the acetate, proceeds with retention of configuration, it can safely be 
assumed that no racemization took place. 

As mentioned in the General Introduction, ortho-lithiation of amine 7a pro-
ceeds with a diastereoselectivity of around 96%.24a,44 The diastereoselectivity of 
the ortho-lithiation of similar amines is not so well studied and can be assumed 
to be affected by the structure of the amine. However, the selectivity could only 
be measured by indirect methods as the lithium chalcogenides 4a–f and 4h–i 
degrade in the presence of oxygen. The ortho-protons for amines 7c–d, and 7h 
showed different shifts in the 1H NMR spectrum. The selectivity of the ortho-
lithiation could therefore be determined by treating the lithiated amines with 
methanol-d4. This experiment revealed that ortho-lithiation of naphthylamines 
7c–d was highly selective and none of the diastereomer with reversed planar 
chirality could be detected. Ortho-lithiation of ruthenocene-derived amine 7h on 
the other hand, gave a diastereomeric ratio of 80:20. The lower selectivity for 7h 
can be a result of the larger distance between the Cp rings, thus allowing for a 
nitrogen-assisted lithiation on both sides of the substituent. 

As the stereochemical purity of ligand 4a could be determined by 1H NMR 
analysis of the corresponding dimer 15a (Scheme 11), this method was also 
applied to our new ligands. In the case of 4b, 4e–f the disulfide-formation was 
sluggish and the diastereomeric purity could not be measured by 1H NMR. Di-
sulfide formation of ruthenocene-derived 4h showed an 80:20 relationship be-
tween the major diastereoisomers of the corresponding sulfide. This experiment 
showed that the diastereisomeric ratio of thiolate 4h was 89:11. 

Despite the fact that some of the ligands had unsatisfactory stereochemical pu-
rity we studied them as ligands in the allylic substitution reaction. 

2.4 Allylic Substitution. 

The allylic substitution reactions were performed in Et2O with ligands 4b–f and 
4h–j (0.3 equiv), CuI (0.15 equiv) and substrates 11a or 11b. Higher tempera-

                                                           
42 Girard, C.; Kagan, H. B. Angew. Chem. Int. Ed. 1998, 37, 2922. 
43 (a) van Koten Pure Appl. Chem. 1994, 66, 1455. (b) Zhou, Q.-L.; Pfaltz, A. Tetrahedron 
1994, 50, 4467. 
44 Battelle, L. F.; Bau, R.; Gokel, G. W.; Oyakawa, R. T.; Ugi, I. K. J. Am. Chem. Soc. 1973, 
95, 482. 
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tures and a slow addition of the Grignard reagents are required for high regio- 
and stereoselectivities.11,17 Thus the reactions were performed at either 0°C or 
room temperature and n-BuMgI (1.5 equivalents) was added over 2 hours. The 
results were compared with those previously published with ligand (S,Rp)-4a 
(Table 3, entries 1 and 3).18 Although somewhat higher enantioselectivity had 
been obtained in Et2O–toluene (3:1) than in Et2O, we decided to use Et2O as 
solvent, since the product is volatile and hence difficult to isolate from toluene. 

2.5 Discussion 

Increasing the bulk of the R-group, as in ligands 4b–e resulted in low enantio-
selectivity in the allylic substitution reaction (Table 3, entries 5–9). Hence, it can 
be concluded that other groups than methyl on the α-carbon are detrimental to 
the chiral induction. 

With the pentamethyl substituted ligand 4f, 33% ee was obtained (Table 3, en-
try 8). The ruthenocene ligand 4h also gave lower enantioselectivity (20%) than 
ligand (S,Rp)-4a (Table 3, entry 11). The lower chiral induction obtained with 4h 
as a ligand can be a consequence of the lower diastereomeric purity (78% de) or 
it could be due to the planar chirality being less pronounced due of the greater 
distance between the Cp rings in ruthenocene and therefore enhanced flexibility 
compared to ferrocene.45 

The lithium selenide 4i gave the same enantioselectivity with cinnamyl ace-
tate 11b as ligand (S,Rp)-4a. However, for substrate 16a ligand 4i gave lower 
enantioselectivity than ligand (S,Rp)-4a (Table 3, entries 12-13) 

Allylic substitution with the diastereomer of reverse planar chirality (R,Rp)-4j 
gave 52% ee with substrate 11b (Table 3, entry 14). This is higher than the chiral 
induction obtained with ligand (S,Rp)-4a. It may therefore be concluded that the 
chiral induction obtained with ligand (S,Rp)-4a is a mismatched situation, while a 
matched situation exists for ligand (R,Rp)-4j. Since the use of ligand (R,Rp)-4j 
resulted in the same absolute configuration in the product as for (S,Rp)-4a, it can 
be concluded that the chiral induction is mainly due to the planar chirality in the 
ligand. 

 

                                                           
45 Garrett, C. E.; Fu, G. C. J. Am. Chem. Soc. 1998, 120, 7479. 
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Table 3. Reactions between allylic acetates and n-BuMgI catalyzed by CuI and 
ligands (S,Rp)-4a, (R,Sp)-4b–f, (R,Sp)-4h–i, and (R,Rp)-4i.a 

entry substr. ligand γ:α 
ratio 

14 
(%) 

conv. 
(%) 

yield 
12+13 (%)b 

ee 
(%)c 

1d 11a (S,Rp)-4a 98:2 - 100 88 64 (+) 

2 11a (S,Rp)-4a 97:3 0 100 88 62 (+) 

3e 11b (S,Rp)-4a 94:6 - 100 78 42 (+) 

4 11b (S,Rp)-4a 96:4 5 100 82 40 (+) 

5 11a (R,Sp)-4b 95:5 8 100 52 14 (–) 

6f 11a (R,Sp)-4c 95:5 3 100 65 6 (–) 

7f 11b (R,Sp)-4d 92:8 2 100 64 0 

8 11b (R,Sp)-4d 89:11 0 100 60 14 (–) 

9 11b (R,Sp)-4e 100:0 60 85 25 2 (–) 

10 11a (R,Sp)-4f 94:6 6 99 80 33 (–) 

11 11b (R,Sp)-4h 92:8 2 100 89 20 (–) 

12 11a (S,Rp)-4i 93:7 2 98 67 42 (+) 

13 11b (S,Rp)-4i 94:6 3 100 78 41 (+) 

14 11b (R,Rp)-4j 94:6 38 100 60 52 (+) 
a Reaction Conditions: The allylic acetate 11, ligand 4 (0.30 equiv), and CuI (0.15 equiv) were mixed 
in Et2O at rt for 30 minutes. n-BuMgI (1.5 equiv) was added via a syringe pump over 2 hours to 
maintain a low concentration. The reaction mixture was kept at rt for 1 hour. b Isolated yield. c Enan-
tioselectivity was measured by GC, except for entry 6, which was measured by optical rotation. d The 
reaction was performed in Et2O/toluene 3:1, with 13% CuI, and a ligand:CuI ratio of 2.7:1. e The 
reaction was performed at 0 °C, with 13% CuI, and a ligand:Cu ratio of 1.3:1. f The reaction was 
performed at 0 °C.  

2.6 Conclusions 

A systematic variation of the structure of thiolate ligands for the copper(I)-
catalyzed substitution of allylic acetates was conducted. Eight different ligands 
(4b–f, 4h–j) were prepared and employed in the allylic substitution reaction. 
Ligands 4b–f and 4h–i gave lower enantioselectivity than the original ligand 
(S,Rp)-4a. In agreement with Fu’s observations, ruthenocene ligand 4h gave a 
lower chiral induction than the corresponding ferrocene ligand. Ligand (R,Rp)-4j, 
with reversed planar chirality compared to ligand (S,Rp)-4a gave slightly better, 
enantioselectivity than (S,Rp)-4a. It was also found that the chiral induction is 
mostly governed by the planar chirality, and with ligand (R,Rp)-4j, a matched 
situation was found, where the planar chirality (strong chiral induction) and 
central chirality (weak chiral induction) cooperate. 

Attempts to develop a more robust system were made; employing disulfide 
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15a and allyl carbonate 17 as ligand precursors. Generating the magnesium 
thiolate 4a″ by reacting 15a with Grignard reagent worked well. However, em-
ploying this method as a means to prepare the chiral catalyst in situ was not suc-
cessful and a decrease in enantioselectivity was observed. When the allyl car-
bonate 17 was used as a ligand precursor the enantioselectivity was low for rea-
sons still unclear. 
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3 Loss of Chiral Information in the α-
Substitution of Allylic Substrates 

(Paper II) 

3.1 Introduction 

In Chapter 2, a chiral catalyst was used to produce an optically active product 
from a prochiral substrate. Another example of asymmetric catalysis is when a 
chiral catalyst is used to transform a stereoisomeric mixture to an optically active 
product, via a dynamic equilibrium of the reaction intermediates. This process is 
called dynamic kinetic asymmetric transformation (DYKAT).46 To the best of our 
knowledge, no examples of copper(I) catalyzed DYKAT reactions have been 
reported. We were interested in realizing this kind of a copper-catalyzed asym-
metric allylic alkylation, where a racemic substrate is transformed to an optically 
active product (Scheme 20).47 
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Scheme 20. Copper(I) catalyzed asymmetric allylic alkylation of a racemic sub-
strate. 

                                                           
46 (a) Trost, B. M.; Bunt, R. C.; Lemoine, R. C.; Calkins, T. L. J. Am. Chem. Soc. 2000, 122, 
5968. (b) Trost, B. M. Chem. Pharm. Bull. 2002, 50, 1. 
47 For related studies on palladium-catalyzed substitution reactions of allylic substrates see: 
(a) Auburn, P. R.; Mackenzie, P. B.; Bosnich, B. J. Am. Chem. Soc. 1985, 107, 2033. (b) 
Mackenzie, P. B.; Whelan, J.; Bosnich, B. ibid, 107, 2046. (c) Trost, B. M.; Bunt, R. C.; 
Lemoine, R. C.; Calkins, T. L. J. Am. Chem. Soc. 2000, 122, 596. (d) Trost, B. M. Chem. 
Pharm. Bull. 2002, 50, 1. 
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According to the Curtin-Hammet principle, two criteria need to be fulfilled in 
order to obtain an optically active product from a racemic substrate, via inter-
conversion of the stereoisomeric intermediates:48  
 

i) A selective formation of product from one of the diastereomeric in-
termediates.49  

ii) A fast equilibration of the reaction intermediates, to ensure restora-
tion of the intermediate from which the desired product enantiomer 
is formed.50  

 
Since equilibration of the intermediates prior to product formation is crucial 

for a successful DYKAT, we decided to study this process separately. Hence, the 
copper-catalyzed substitution of enantiopure 21 with an achiral catalyst was 
studied. In this case, 23 and 24 are enantiomers and under reaction conditions 
that facilitate an equilibration of the allylCuIII prior to product formation, a race-
mic product would be obtained.51 

As CuIII intermediates in allylation reactions are short-lived, the rate of reduc-
tive elimination needs to be retarded. Earlier studies by our group have shown 
that dialkylcuprate, compared to the relatively more electron deficient monoal-
kylcopper, provides more stable CuIII intermediates.52 For this reason a catalytic 
amount of copper in combination with a fast addition of the Grignard reagent to 
the reaction mixture was chosen. In this way the equilibrium between monoal-
kylcopper and dialkylcuprate will be shifted towards the desired dialkylcuprate. 
To achieve reaction conditions that favor an equilibration of the allyl intermedi-
ates prior to product formation, different copper species, solvents, Grignard re-
agents, and temperatures were examined. It was found that the enantiopurity of 
the product varied with the reaction conditions, the reaction temperature being 
the most important parameter.  

3.2 Results and discussion 

The allylic substitution reactions were performed by addition of Grignard re-
agent to a mixture of substrate (R)-21 and a copper salt in the appropriate solvent 
(Scheme 21). The reaction is highly α-selective and α-product 25 was the only 
regioisomer observed except in one case when benzylmagnesium chloride in 
                                                           
48 (a) Seeman, J. I. Chem. Rev. 1983 83, 1983. (b) Gawley, R.; E.; Aubé, J. Baldwin, J. 
Principles of Asymmetric Synthesis; Baldwin, J.; E.; Magnus, P.; D. Eds.; Elsevier Science; 
1995. 
49 For a selective formation of 25: k5 >> k′5. 
50 For a selective formation of 25: k-2, k-3, and k-4 >> k′5. 
51 Explicitly put: k2 = k-2, k3 = k4

 = k-3
 = k-4 and k5 = k′5. Accordingly, the objective is to find 

reaction conditions where k2 and k3>>k5. 
52 (a) Persson, E. S. M., Bäckvall, J.-E. Acta Chem. Scand. 1995, 49, 899. (b) Bäckvall, J.-
E.; Sellén, M.; Grant, B. J. Am. Chem. Soc. 1990, 112, 6615. (c) Bäckvall, J.-E.; Sellén, M. 
J. Chem. Soc., Chem. Commun. 1987, 827. 
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THF was employed. The alcohol (R)-27, formed by alkyl anion attack at the 
carbonyl carbon was observed in small amounts in most experiments.  
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Scheme 21. Products formed in the in the allylation reaction. 

3.2.1 Examination of copper sources 
Different copper salts as catalysts were investigated. Copper halides and CuCN 
gave similar results concerning the conservation of chiral information (Table 4). 
However, CuCN and CuI appear to provide a less reactive cuprate, since the 
yields were lower and more of alcohol 27 was formed with these catalysts. Cop-
per chloride was chosen for further studies since a high yield of cross-coupling 
product 25a was obtained in short reaction time.  

Table 4. Examining of copper sources.a 

Ph

Ph

OAc Ph

Ph

Bu

25a

10 mol% "Cu"
1.5 equiv. BuMgBr

THF, 0 °C

(R)-21

Ph

Ph

OH

(R)-27  
entry “Cu” time (h) conv. (%)b 25a (%)b 27 (%)b ee (%)c 

1 Li2CuCl4 3 90 72 (64) <5 74 

2 CuCN o.n.d 60 42 (36) 22 70 

3 CuI o.n.d >95 55 15 70 

4 CuCl 1.75 >95 79 (67) <5 69 

5 CuBr•SMe2 3.75 >95 80 (72) 9 67 
a Reaction conditions: The substrate and “Cu” were mixed in THF. After cooling 0 °C, n-BuMgBr 
was added. b Determined by 1H NMR using 2-decanol as internal standard. Isolated yields in paren-
theses. c Determined by HPLC. d The reaction was stirred over night. 

3.2.2 Influence of reaction temperature 
When the stereochemical outcome of the reaction was studied at different tem-
peratures, a linear relationship between reaction temperature and chirality trans-
fer was observed and at low temperature a racemic product was obtained (Figure 
4 and Table 5).  
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The relationship between tem-

perature and chirality transfer, as 
illustrated in Figure 4, is in ac-
cordance with a CuIII intermediate 
in the copper-catalyzed allylic 
substitution reactions. Since CuIII 
is a d8 electron species, four 
ligands are required in order to 
form a 16 electron square planar 
complex. It is likely that the CuIII 
intermediate formed from oxida-
tive addition is the 16 electron 
complex 28-L(a) (Scheme 22). 
The ligand L may be a solvent 
molecule or another Lewis base 
moiety. In order to form product 
from 16 electron complex 28-L(a) via π-allyl complex 29, dissociation of ligand 
L is required. Accordingly, the free energy of activation for the conversion of 28-
L(a) to 29 will have a positive ∆S‡ due to the loss of a ligand when forming π-
complex 29. The competing reaction of 28-L(a) to 28-L(b) on the other hand has 
a ∆S‡ close to zero. Consequently, the ratio of formation of 29 over 28(b) from 
28(a) will increase with temperature and a low temperature will favor the equili-
bration between the rotamers 28(a) and 28(b) prior to product formation. 

Table 5. Effect of temperaturea 

entry T (°C) time (h) conv. (%)b 25a (%)b 27 (%)b ee (%)c 

1 22 4 93 74 (62) 12 73 

2 0 1.75 >95 79 (67) <5 69 

3 -20 13 >95 93 (70) 7 51 

4 -30 12 >95 93 (67) 7 38 

5 -40 16 >95 74 (67) 8 29 

6 -60 16 47 25 (22) 6 15 

7 -78 24 12 3 (2) 4 1 
a Reaction conditions: The substrate and CuCl (10 mol %) were mixed in THF. After cooling to the 
appropriate temperature n-BuMgBr (1.5 equiv) was added within one minute. b Determined by 1H 
NMR using 2-decanol as internal standard. Isolated yields in parentheses. c Determined by HPLC. 
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Figure 4. Temperature vs. product ee. 
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Scheme 22. Mechanistic explanation for the temperature-dependent loss of chiral 
information. 

At this stage, our initial objective was obtained: to find reaction conditions 
that facilitates an equilibration of the allyl intermediates. The relationship be-
tween temperature and loss of chiral information strongly supports that the loss 
of chiral information is due to an equilibration of the transient allyl intermedi-
ates, as described in Scheme 22. However, although a racemic product was ob-
tained, the yields were too low to be synthetically useful. 

Different solvents, organocopper reagents, Grignard reagents, additives and 
substrates were examined in order to find reaction conditions under which a 
racemic product could be produced in synthetically useful yields.  

3.2.3 Variation of solvents 
The best result obtained, in terms of yield and racemic product was obtained 
with THF as solvent (Table 6, entry 1). In contrast Et2O as solvent gave 25a with 
high optical purity (Table 6, entry 2). The latter reaction was rather slow indicat-
ing that THF is a better coordinating solvent than Et2O. Coordination by the 
solvent would provide a better stabilization of σ-allyl intermediate 28 and 
thereby facilitate the loss of chiral information. Acetonitrile has good coordinat-
ing abilities and thus was tested as the solvent. Unfortunately this did not im-
prove the loss of chiral information (Table 6, entry 3). Other solvents (CH2Cl2 
and DMF) and solvent mixtures (THF/DMA, PhMe/THF and DMSO/THF) were 
tested over a range of reaction temperatures. These experiments were not suc-
cessful; the reactions were often sluggish, gave low yields and the loss of chiral 
information was not improved.  
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Table 6. Variation of solvents.a 

entry solvent time (h) conv. (%)b 25a (%)b 27 (%)b ee (%)c 

1 THF 21 ≥95 85 15 21 

2d Et2O 18 43 34 9 93 

3 CH3CN 25 54 37 16 51 
a Reaction conditions: The substrate and CuCl (10 mol %) were mixed in the solvent stated in the 
table. After cooling to -40 °C, n-BuMgCl (1.5 equiv) was added. b Determined by 1H NMR. c Deter-
mined by HPLC. d As Grignard reagent n-BuMgBr was used. 

3.2.4 Examination of different Grignard reagents 
No loss of chiral information was observed when aryl Grignard reagents were 
used instead of n-BuMgBr (Table 7, entries 3 and 4). The retained chiral infor-
mation obtained when employing aryl Grignard reagents is most likely due to the 
greater bulk of the aryl groups on copper, which would hinder the coordination 
of a plausible ligand to the copper atom in σ-allyl intermediate 28, forcing the 
equilibrium between 28 and 29 completely towards 29. Thus no loss of chiral 
information can take place. When benzylmagnesium chloride was employed as a 
nucleophile, a 1:1 mixture of α−product 25d and γ−product 26d was observed 
(Table 7, entry 5). In all other cases only α−product was observed.  

Table 7. Results from using different Grignard reagents.a 

Ph

Ph

OAc Ph

Ph

R

25a: R=Bu
    b: R=Ph
    c: R=p-MeO-Ph
    d: Bn

10 mol% CuCl
1.5 equiv. RMgX

THF, -40 °C

(R)-21

R

Ph

26a-d

Ph

Ph

OH

(R)-27

Ph

 
entry RMgX time 

(h) 
conv. 
(%)b 

25 
(%)b 

26 
(%)c 

27 
(%)b 

ee 
(%)d 

1 n-BuMgBr 16 ≥95 74 0 8 29 

2 n-BuMgCl 21 ≥95 85 0 15 21 

3 PhMgCl 23 57 42 0 9 ≥99.5 

4 p-MeO-PhMgBr 15 44 31 (25) 0 13 ≥99.5 

5 BnMgCl 15 ≥95 32 35 32 e 

a Reaction conditions: The substrate and CuCl were mixed in THF. After cooling to -40 °C, Grignard 
reagent was added. b Determined by 1H NMR. 2-Decanol was used as internal standard for entries 1 
and 3. Isolated yield in parentheses. c Determined by HPLC, except for entry 5, which was deter-
mined by 1H NMR. d Determined by HPLC. e Racemic substrate was used. 
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3.2.5 Stoichiometric amounts of cuprates 
Stoichiometric amounts of organocuprate were tested in order to improve the rate 
of product formation at low temperatures. When one equivalent of Bu2CuMgCl 
was used at -80 °C, a low yield of product with 11% ee was obtained (Table 8, 
entry 1). The use of Bu2CuLi as nucleophile at -80 ° did produce a nearly race-
mic product, but the yield was low (Table 8, entry 2).  

Table 8. Experiments using stoichiometric Bu2CuM at low temperature.a 

Ph

Ph

OAc Ph

Ph

Bu

25a

Bu2CuM

THF, -80 °C

(R)-21

Ph

Ph

OH

(R)-27  
entry M time (h) conv. (%) b 25a (%)b 27 (%)b ee (%)c 

1 MgCl 84 32 16 16 11 

2 Li 84 28 12 15 ≤ 3 
a Reaction conditions: The substrate was added to a preformed solution of Bu2CuM in THF. b Deter-
mined by 1H NMR. c Determined by HPLC. 

3.2.6 Investigating different additives 
Changing from bromide to chloride in the butylmagnesium halide reagent in-
creased the loss of chiral information (Table 7, entries 1 and 2). As this may be 
an effect of the halide interacting with the reaction intermediates, the influence 
of different salt additives was examined. The presence of magnesium bromide 
reduced the loss of chiral information (Table 9, entry 2), whereas the presence of 
lithium acetate was found to increase it (Table 9, entry 3). Halide free conditions 
were obtained by using copper acetate as catalyst and butylmagnesium acetate as 
nucleophile (Table 9, entry 5). This gave no significant improvement with regard 
to loss of chiral information (19% ee) compared to the use of CuCl as catalyst 
and BuMgCl as nucleophile (21% ee) (Table 9, entry 2). A decreased reaction 
temperature (-60 °C) in combination with the presence of one equivalent of 
LiOAc gave after prolonged reaction time 59% yield of 25a with an ee of 11% 
(Table 9, entry 4). 
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Table 9. Effect of different salts. 

Ph

Ph

OAc Ph

Ph

Bu

25a

10 mol% CuCl
1.5 equiv BuMgBr
1.0 equiv. salt

         THF

(R)-21

Ph

Ph

OH

(R)-27  
entry Salt T (°C) time (h) conv. 

(%)a 25a (%)a 27 (%)a ee 
(%)b 

1 – -40 10 ≥95 83 13 29 

2 MgBr2 -40 23 75 66 10 40 

3 LiOAc -40 7 83 70 13 20 

4 LiOAc -60 72 74 59 15 11 

5c – -40 26 66 66 (48) not obsd 19 
a Determined by 1H NMR. Isolated yield in parentheses. b Determined by HPLC. c Copper acetate 
was used as catalyst and butylmagnesium acetate as nucleophile. 

Lewis bases such as trimethyl phosphite did not increase the loss of chiral in-
formation (Table 10, entries 2–4). The decreased amount of cross-coupling prod-
uct and the high conservation of chiral information observed in the presence of 
P(OMe)3 is most likely due to an organocopper species BuCu•P(OMe)3 and not a 
dibutylcuprate. The former is a poor nucleophile and will also lead to fast reduc-
tive elimination. In the presence of 0.11 equivalents of DMAP, the loss of chiral 
information decreased to 14% ee in product 25a compared to 21% ee in the ab-
sence of additives (Table 10, entry 6 vs. entry 1). No further improvement was 
observed when the amount of DMAP was increased to one equivalent (Table 10, 
entry 7). The low solubility of DMAP in THF at -40 °C was interpreted as a 
possible explanation. Pyridine is more soluble in THF than DMAP and therefore 
was tested as an analog to DMAP. However, both the yield and loss of chiral 
information was lower in the presence of pyridine compared to when no additive 
was used (Table 10, entry 8).  
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Table 10. Effect of different Lewis bases.a 

Ph

Ph

OAc Ph

Ph

R

25a

10 mol% CuCl
1.5 equiv. BuMgCl
Lewis base

THF, -40 °C

(R)-21

Ph

Ph

OH

(R)-27  
entry 

mol % of 
Lewis base 

Lewis 
base 

time (h) 
conv. 
(%)b 

25a (%)b 27 (%)b 
ee 

(%)c 
1 – – 21 >95 85 15 21 

2 100 P(OMe)3 22 20 7 13 85 

3 22 P(OMe)3 21 14 7 7 71 

4 11 P(OMe)3 16 32 21 10 39 

5 11 NEt3 16 72 60 12 22 

6 11 DMAP 16 73 58 15 14 

7 100 DMAP 22 76d 41d 10d 16 

8 0.1 ml pyridine 20 33d 24d 11d 29 
a Reaction conditions: The substrate, Lewis base and CuCl were mixed in THF. After cooling, n-
BuMgCl was added. b Determined by 1H NMR. c Determined by HPLC. d 2-Decanol was used as 
internal standard. 

3.2.7 Different leaving groups 
The oxidative addition of allylic substrate to copper is usually the rate-
determining step in the copper-catalyzed allylic substitution reaction.53 Various 
leaving groups were studied in order to improve the reaction rate at low tempera-
ture. Attempts to prepare diethyl phosphate-, diphenylphosphinate- and 
trifluoroacetate esters of alcohol 27 were unsuccessful and resulted in complex 
product mixtures in which elimination product and starting material could be 
observed. Preparation of the corresponding chloride from enantiopure 27 led to a 
quantitative yield of apparently racemic product.54 The trichloroacetate ester of 
27 was successfully prepared, although this substrate did not give any cross-
coupling product in the reaction with BuMgCl as nucleophile. The electron defi-
cient p-CF3-benzoate ester 30 and perfluorobenzoate ester 31 were prepared from 
enantiopure alcohol 27. These esters were more reactive than the original acetate 
21, although the conversion at low temperatures was still too low to give syn-
thetically useful yields.  
  

                                                           
53 Goering, L. H.; Kantner, S. S.; Seitz, E. P. J. Org. Chem. 1985, 50, 5495. 
54 Optical rotation of this product was close to zero. In the absence of a reference value, the 
product was considered practically racemic. 
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Table 11. Effect of different leaving groups. 

Ph

Ph

OCOR Ph

Ph

Bu

25a

20 mol% CuCl
1.5 equiv. BuMgCl

THF

(R)-21: R=Me 
      30: R=p-CF3-Ph
      31: R=C6F5

Ph

Ph

OH

(R)-27

 
entry substr. T (°C) time 

(days) 
conv. 
(%)b 25a (%)b 27 (%)b ee 

(%)c 

1d 21 -70 4 51e 34e 16e 10 

2 30 -75 3 48 37 11 8 

3 31 -75 3 45 45 not obsd 6 
a Reaction conditions: Allylic ester and CuCl were mixed in THF. After cooling to the given tem-
perature, n-BuMgCl was added. b Determined by 1H NMR. c Determined by HPLC.d 10 mol % of 
CuCl was used. e 2-Decanol was used as internal standard. 

3.2.8 Different substrates  
Three similar substrates (21, 32 and 33) with different electronic properties were 
examined. The electron deficient substrate 32 rendered the highest loss of chiral 
information and the electron-rich substrate 33 gave the lowest loss of chiral in-
formation of the substrates tested (Table 12, entries 1-3). Electron-deficient car-
bon ligands bind strongly to the metal and the rate of reductive elimination in-
volving an electron-deficient ligand is lower compared to the rate of reductive 
elimination involving electron-rich carbon ligands.55,56,IV Consequently an elec-
tron-deficient allyl ligand will allow the reaction intermediates more time to 
equilibrate, prior to product formation. Hence a better loss of chiral information 
was observed with substrate 32. 

Substrate 34 was less reactive and a higher reaction temperature was neces-
sary to obtain product. When the reaction was run at 0 °C with substrate 34, α-
product 37 was formed with an ee exceeding 97%, (Table 12, entry 4).  

  

                                                           
55 Shekhar, S.; Hartwig, J. F. J. Am. Chem. Soc. 2004, 126, 13016. 
56 Yamanaka, M; Kato, S; Nakamura, E. J. Am. Chem. Soc. 2004, 126, 6287. 
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Table 12. Effect of different substrates.a 

R

R

OAc R

R

Bu

10 mol% CuCl
1.5 eq BuMgBr

THF
 -40 °C, 16 h

R

R

OH
 

entry substr. R product yield 
(%)b 

alcohol 
(%)b 

conv. 
(%)b 

ee 
(%)c 

1 32 p-F-Ph 35 58 (37) 15 ≥ 95 20d 

2 21 Ph 25 74 (67) 8 ≥ 95 29 

3 33 p-MeO-Ph 36 (36) ≤ 5 ≥ 95 49 

4e 34 Me 37a 79 not obsd not obsd ≥97d 
a Reaction conditions: The substrate and CuCl were mixed in THF. After cooling to -40 °C, n-
BuMgBr was added within one minute. b Determined by 1H NMR, using 2-decanol as internal stan-
dard, except entry 4 which was determined GC with decane as internal standard. Isolated yields in 
parentheses. c Determined by HPLC. d Determined by derivatization to the corresponding carboxylic 
acid, whose enantiomers could be separated by GC. e The reaction was performed at 0 °C, using 
HeptMgBr as nucleophile. 

3.3 Conclusions 

The temperature-dependent loss of chiral information in the copper-catalyzed 
SN2 substitution of allylic esters is consistent with an equilibration of the tran-
sient allyl intermediates prior to product formation. This equilibration is crucial 
in order to facilitate a copper-catalyzed DYKAT process, and despite unsatisfac-
tory yields, this study gives proof of principle that copper-catalyzed asymmetric 
allylic alkylation is possible via DYKAT (cf. Scheme 20).  

When a series of allylic substrates were examined, it was found that the elec-
tron-deficient substrates provided the highest loss of chiral information. This 
observation is in accordance with that an electron-deficient allyl ligand on cop-
per(III) is more reluctant to participate in reductive elimination (Chapter 5 and 
Paper IV).55,56 Hence, the allyl intermediates will have more time to equilibrate 
and for this reason a greater loss of chiral information is observed.  

It was found that in the presence of DMAP or LiOAc the loss of chiral infor-
mation increased, and the best result in terms of yield (59%) and ee (11%) was 
obtained in the presence of LiOAc as an additive, when the allylation reaction 
was performed at -60 °C. 
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4 Stereoselective α-Substitution of 
Allylic Substrates 

(Paper III) 

4.1 Introduction 

In the previous chapters, two different concepts to obtain optically active prod-
ucts in copper mediated allylic substitution were presented: i) Using a chiral 
catalyst, which transforms a prochiral substrate to an optically active product. ii) 
Using a chiral catalyst to transform a racemic substrate to an optically active 
product. An easier way to obtain enantiopure products could be to use enantio-
pure substrates, provided that the chirality can be transferred from substrate to 
product. In our previous studies, we found that α-substitution of allylic esters, in 
some cases proceeded with perfect stereoselectivity (Chapter 3 and Paper II). 
Consequently, we were interested in developing a generally applicable method to 
prepare optically pure olefins via stereoselective α-substitution of optically ac-
tive acyclic allylic substrates (Scheme 23).  
 

OCOR

CuR2

R

R2CuM

enantiopure
substrate

enantiopure
product  

Scheme 23. Stereoselective α-substitution of acyclic allylic esters. 

Copper(I)-mediated substitution of optically active allylic substrates, giving 
the γ–product with high 1–3 chirality transfer have been reported.57 On the other 
hand, stereoselective formation of α–product is less studied. To the best of our 
knowledge, only cyclic allylic substrates have been employed,57c except for one 
case.9a However, no further studies or synthetic applications on this result were 
reported.  

Since optical activity is not introduced by a chiral catalyst to the olefinic 
product, but contained already in the substrate, preparation of enantiomerically 
pure starting material is necessary. A most feasible way to produce enantiomeri-
cally pure allylic esters as starting materials is enzymatic kinetic resolution. 
However, this method suffers from that only a 50% yield can be obtained under 
ideal conditions. This limitation can be circumvented by employing dynamic 
kinetic resolution (DKR) (Scheme 24). The criteria for a succesful DKR is selec-
tive formation of product from one substrate enantiomer, combined with a fast 
racemization of the substrate, to ensure restoration of the substrate enantiomer 

                                                           
57 (a) Belelie, J. L.; Chong, J. M. J. Org. Chem. 2001, 66, 5552. (b) Breit, B.; Demel, P.; 
Studte, C. Angew. Chem. Int. Ed. 2004, 43, 3786. (c) Calaza, M. I.; Yang, X.; Soorukram, 
D.; Knochel, P. Org. Lett. 2004, 6, 529. (d) Harrington-Frost, N.; Leuser, H.; Calaza, M. I.; 
Kneisel, F. F.; Knochel, P. Org. Lett. 2003, 5, 2111.  
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from which the product is formed. 
  

(R)-Alcohol

(S)-Alcohol

lipase, kR

racemization
catalyst

lipase kS

(R)-Ester

(S)-Ester

fast

slow  
Scheme 24. Example of a dynamic kinetic resolution. 

Methods to prepare esters in high optical purity by DKR have successfully 
been developed by our group and by others.58 A highly efficient ruthenium cata-
lyst (38a) for room temperature racemization of secondary alcohols was recently 
developed in our laboratories (Figure 5).59 This catalyst, combined with (R)- and 
(S)-selective enzymes, successfully provided a powerful chemoenzymatic cata-
lytic system for the preparation of both possible enantiomerically pure alcohol 
esters in high yield at ambient temperature in short reaction times.59b, 59c,60  

 

Ru
Ph

PhPh

COOC
Cl

Ph

Ph

38b

Ru
Ph

PhPh

COOC
OtBu

Ph

Ph

38a
catalyst precursoractive catalyst  

Figure 5. Racemization catalyst 1a used in the dynamic kinetic resolution.  

As mentioned in the General Introduction, oxidative addition of allylic esters 
occurs with high stereoselectivity in a γ-selective manner and with anti stereo-
chemistry. Hence nucleophilic attack of a dialkylcuprate on 39 leads to σ-allyl 
complex 40 (Scheme 25). A fast reductive elimination from intermediate 40 
leads to product 41. Alternatively, under reaction conditions that allow equilibra-
tion between the allyl intermediates prior to product formation, selective forma-
tion of the kinetically favored product is anticipated. 
 

                                                           
58 (a) Huerta, F. F.; Minidis, A. B. E.; Bäckvall, J.-E. Chemical Society Reviews, 2001, 30, 
321. (b) Pàmies, O.; Bäckvall J-E. Chem. Rev.; 2003, 103, 3247. (c) Pàmies, O.; Bäckvall 
J.-E. Trends in Biotech. 2004, 3, 130. (d) Kim, M.-J.; Ahn, Y.; Park, J. Curr. Opin. Biotechnol. 
2002, 13, 578. Erratum: Kim, M.-J.; Ahn, Y.; Park, J. Curr. Opin. Biotechnol. 2003, 14, 131. 
(e) Pellissier, H. Tetrahedron 2003, 59, 8291.  
59 (a) Csjernyik, G.; Bogár, K.; Bäckvall, J-E. Tetrahedron Lett. 2004, 45, 6799. (b) Martín-
Matute, B.; Edin, M.; Bogár, K.; Bäckvall, J.-E. Angew. Chem. Int. Ed. 2004, 43, 6535. (c) 
Martín-Matute, B.; Edin, M.; Bogár, K.; Kaynak, F. B.; Bäckvall J.-E. J. Am. Chem. Soc. 
2005, 127, 8817. 
60 Borén, L.; Martin-Matute, B.; Xu, Y.; Cordóva, A.; Bäckvall, J.-E. Chem. Eur. J. 2006, 12, 
225. 
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Scheme 25. Isomerization of the allyl intermediates, leading to different products. 

If substituents A and B are identical, intermediates 42 and 43 will be enanti-
omers. As described in Chapter 3.1, an equilibration of these reaction intermedi-
ates prior to product formation would lead to formation of a racemic α-product, 
(i.e. 44+45). If substituents A and B are different, 42 and 43 are diastereoisomers 
and they will have different rate constants for product formation. Consequently, 
an equilibration between 42 and 43 would lead to the kinetic product. For this 
reason we anticipated that both enantiomers (E)-46 and ent-(E)-46 can be ob-
tained in high ee, from (E)-47 and (Z)-47, respectively (Scheme 26). One advan-
tage with this method would be that both allylic acetates (E)-47 and (Z)-47 can 
be prepared with CALB as the enzyme in the DKR. The lipase CALB, immobi-
lized on a polyacrylate resin, is commercially available and can be used without 
further preparations. Subtilisin Carlsberg on the other hand requires activation 
with a surfactant prior to use in organic solvents.60 
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Scheme 26. Anticipated stereoselective product formation from (R)-(E)-47 and 
(R)-(Z)-47. 
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4.2 Choice of substrates for the copper-catalyzed allylic α-
substitution 

Five different substrates were studied (Figure 6). Substrates 21a, 21b and 34 are 
similar in the sense that the γ-carbons are not prochiral centers and for this rea-
son, a loss of chiral information according to Scheme 25 may occur. However, in 
our previous studies perfect chirality transfer was observed when aryl-Grignard 
reagents were employed in the copper-catalyzed cross-coupling of 21a (Chapter 
3 and Paper II). We also found, in the same study, that cross-coupling of 21a 
with aliphatic Grignard reagents could be tuned to give either loss of chiral in-
formation or high chirality transfer. Substrate 34 was also observed to undergo 
α-substitution with high stereoselectivity. The substrates (E)-47 and (Z)-47were 
also examined. The latter was chosen in order to investigate the possibilities to 
produce the opposite α−product enantiomer, via equilibration of the reaction 
intermediates in the cross-coupling reaction as shown in Scheme 26. 
 

Ph

OAc Ph OAc

(E)-47 (Z)-47

OAc

34

Ph

Ph

OAc

21a

Ph

Ph

OCOBu

21b  
Figure 6. Substrates investigated in the copper-catalyzed allylic substitution. 

4.3 Results and discussion 

4.3.1 Allylic substitution 
To improve the reaction rate, a higher reaction temperature and a larger catalyst 
loading was used, compared to our previous study (Chapter 3). The higher tem-
perature also helps suppressing loss of chiral information, due to equilibration of 
the reaction intermediates, as described in Scheme 22. Under these conditions, 
using PhMgBr as a nucleophile in the copper-catalyzed substitution of substrate 
21a in THF, α–product 25b was produced in high yield and with perfect stereo-
selectivity (Table 13, entry 1). When BuMgBr was used under the same reaction 
conditions, product 25a was obtained in a moderate ee (69%) (Table 13, entry 3). 
Changing to Et2O as solvent, instead of THF, in the substitution of 21a with 
BuMgBr resulted in perfect chirality transfer (≥99.5% ee), but the yield was 
moderate (48%) (Table 13, entry 4). The lower yield when using Et2O as a sol-
vent is due to the lower reaction rate for allylic substitution, compared to in THF. 
As a consequence, attack of the Grignard reagent on the carbonyl carbon be-
comes a competing reaction, which leads to formation of alcohol 27. 

Enantiopure acetate (R)-21a was obtained from the corresponding racemic al-
cohol 27 by DKR employing CALB and ruthenium catalyst 38a. In a similar 
way, pentanoate (S)-21b is expected to be prepared by employing Subtilisin 
Carlsberg. For this reason, (S)-21b was also tested as a substrate. The conversion 
of 21b was slower than for 21a, but the stereoselectivity was unaffected (Table 
13, entry 2).   
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Table 13. Reactions with substrates (R)-21a and (S)-21b.a 

OCOR

Ph

Ph R'

Ph

Ph

20% CuCl
R'MgBr

25a: R'=Bu
25b: R'=Ph

  25d: R'=Bn

(R)-21a: R = Me
(S)-21b: R = Bu

 
entry substr. R′ solvent T (°C) time 

(h) 25 (%)b ee (%)c 

1 (R)-21a Ph THF 0 4.5 ≥95d (91) ≥99.5 (S) 

2 (S)-21b Ph THF 0 18 88 ≥99.5 (R) 

3e (R)-21a Bu THF 0 1.8 79d (67) 69 (R) 

4 (R)-21a Bu Et2O -20 18 48d ≥99.5 (R) 
a Reaction conditions: The substrate and CuCl were mixed in the solvent. After cooling, Grignard 
reagent, 1.5 equiv was added. b Determined by 1H NMR. Isolated yields in parentheses. c Determined 
by HPLC. d As internal standard 2-decanol was used. e 10% CuCl was used.  

As mentioned in Chapter 3, copper-catalyzed substitution of substrate 34 with 
aliphatic Grignard reagent (heptylmagnesium bromide) resulted in a highly 
stereoselective formation of 37a (Table 14, entry 1). Quite expectedly, when 
phenylmagnesium bromide was used as a nucleophile, the formation of α-
product 37b was also highly stereoselective (Table 14, entry 2). In case of the 
benzylation product 37c, the optical purity has not yet been determined (Table 
14, entry 3). In all experiments the desired α-product was produced in high 
yields, accompanied by less than 10% of γ-product 50.   

Table 14. Reactions with substrate 34.a 

OAc

10% CuBr•SMe2
RMgY

THF, 0 °C
34

R R
37a: R=Hept
    b: R=Ph
    c: R=Bn

50a: R=Hept
    b: R=Ph
    c: R=Bn  

entry RMgY time (h) 37+50 (%)b α:γ-ratiob ee (%)c 

1 HeptMgBr 14.5 ≥91.1 93:7 ≥97.0 

2 PhMgBr 14.5 ≥99.5 92:8 ≥98.0 

3d BnMgCl 5 95.9 (41.5) 91:9 n.d. 
a Reaction conditions: The substrate and CuBr•SMe2 were mixed in THF. After cooling, Grignard 
reagent, 1.5 equiv was added. b Determined by GC, using decane as internal standard for entries 1and 
2, and 2-decanol was used as internal standard for entry 3. Isolated yield in parentheses. c Determined 
by GC analysis of the corresponding carboxylic acid obtained by oxidative cleavage as described in 
the text. d The reaction was performed at -20 °C.  
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Cross-coupling of (R)-(E)-47 with phenylmagnesium bromide in THF led to a 
quantitative yield of α-product (E)-46a in ≥99.5% ee (Table 15, entry 1). For a 
high chirality transfer in the cross coupling with an aliphatic Grignard reagent, 
Et2O was found to be the better solvent and in this way α-product (E)-46d was 
obtained in high optical purity (Table 15, entry 3). Benzylmagnesium chloride as 
nucleophile gave a complex product mixture.  

Table 15. Reactions with substrate (E)-47.a 

OAc

Ph

R

Ph
10% CuCl

RMgY

(E)-47 (E)-46a: R=Ph
          b: R=Bu
          d: R=Hept

R

Ph

51a-d

 
entry RMgY time 

(h) solvent T (°C) (E)-46 + 
51 (%)b 

α/γ-
ratiob ee(%)c 

1 PhMgBr 6 THF 0 ≥95 100:0 ≥99.5 

2 BuMgCl 24 THF -20 59 (59) 89:11 89.8 

3 HeptMgBr 16 Et2O 0 65 90:10 96.3 
a Reaction conditions: The substrate and CuCl were mixed in the solvent. After cooling, Grignard 
reagent, 1.5 equiv was added. b Determined by 1H NMR, using 2-decanol as internal standard. c 
Determined by GC analysis of the corresponding carboxylic acid obtained by oxidative cleavage as 
described in the text. d No internal standard was used, except for entry 1, which was determined by 
HPLC.  

In the cross-coupling of (Z)-47 with butylmagnesium chloride, (E)-46b was 
formed as the major product as anticipated, although only a moderate yield was 
obtained (40%) (Table 16, entry 1). When phenylmagnesium bromide was used 
as a nucleophile, the expected product (E)-46a, was not observed and product 
(Z)-46a and γ−product (E)-51a were formed in equal amounts (Table 16, entry 
2). Decreasing the reaction temperature to -40 °C did not improve the product 
selectivity or yield in these reactions. 

Table 16. Reactions with racemic (Z)-47.a 

Ph OAc Ph R R

Ph

R

Ph
10% CuCl
RMgY

THF, 0 °C
18h

(Z)-47 (Z)-46a: R=Ph
          b: R=Bu

(E)-51(E)-46
 

entry RMgY (Z)-46 (%)b (E)-46 (%)b (E)-51 (%)b 

1 BuMgCl not obsd 40 7 

2 PhMgBr 47 not obsd 49 
a Reaction conditions: The substrate and CuCl were mixed in THF. After cooling, Grignard reagent, 
1.5 equiv was added. b Determined by 1H NMR.  
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4.3.2 DKR experiments 
Dynamic kinetic resolution of alcohol 27 was carried out using ruthenium com-
plex 43a and CALB. In all experiments the enantioselectivity was excellent, but 
it was found that an elevated temperature was required to obtain an acceptable 
rate of product formation (Table 17). The low rate of product formation at lower 
temperatures can most likely be ascribed to the steric bulk of the substrate, 
caused by the two phenyl groups. Allylic alcohols often isomerize to the corre-
sponding saturated ketones in the presence of ruthenium complexes such as 
43a.61 No ketone formation from rearrangement the allylic alcohol 27 was ob-
served, which most likely also can be ascribed to the steric bulk of the phenyl 
substituents of the allylic alcohol 27. 
 

Table 17. Preparation of (R)-21 by DKR using 43b and CALB at different tem-
peratures.a 

Ph

Ph

OH Ph

Ph

OAc

5 mol% 43b
5 mol% t-BuOK
CALB
1 equiv. Na2CO3

toluene
27 (R)-21a

OAc

 
entry T (°C) time (h) 21 (%)b,c ee (%)b 

1 20 48 35 >99 

2 30 24 24 >99 

3 80 24 >99 (>97) >99 
a Conditions: Catalyst precursor 43b, CALB (40 mg/mol of substrate), Na2CO3, and tBuOK were 
stirred in toluene before adding the alcohol rac-27, followed by isopropenyl acetate (1.5 equiv). b 
Determined by HPLC. c Isolated yield in parentheses. 

4.3.3 Oxidation of olefins to carboxylic acids and confirmation of 
absolute stereochemistry.  

In those cases when the optical purity of the olefins could not be analyzed by 
chromatography, the olefins were oxidized to the corresponding carboxylic acids, 
whose enantiomers could be separated by GC.62 Additionally, the anticipated 
stereochemistry in the synthetic steps described in Scheme 27 could be con-
firmed in this way. A sample of olefin (R)-25b (≥99.5% ee), obtained from sub-
stitution of (S)-21b, was oxidized to α-phenylpropionic acid (52). According to 
optical rotation, the absolute configuration of the acid was (S)-(+)-52, as antici-
pated.63  
 

                                                           
61 Martin-Matute, B.; Bogar, K.; Edin, M.; Kaynak, F. B.; Bäckvall, J.-E. Chem. Eur. J. 2005, 
11, 5832. 
62 Carlsen, P. H. J.; Katsuki, T.; Martin, V. S.; Sharpless, K. B. J. Org. Chem. 1981, 46, 3936. 
63 Aldrich catalogue 2005. 
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>99.5% ee >99.5% ee  
Scheme 27. Oxidation of olefins to carboxylic acids. 

4.4 Conclusions 

Copper-catalyzed SN2 substitution of allylic esters can be accomplished with 
excellent regio- and stereoselectivity (90%, ≥99.5% ee). However, the generality 
of the allylic substitution reaction needs to be examined by cross-coupling with 
other Grignard reagents.  

The preparation of optically active allylic esters by DKR seems promising, 
since for the one substrate examined so far, an excellent yield and optical purity 
(97%, >99% ee) was obtained and no isomerization to the corresponding ketone 
was observed.  

The ruthenium-catalyzed oxidation, which originally was used as a means to 
analyze the optical purity of the allylation products, conveniently accomplished a 
facile route for the preparation of pharmaceutically important α-methyl arylace-
tic acids.  
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5 Unexpected Homo-Coupling in the 
Reaction of Diorganocuprates with 
an Allylic Halide 

(Paper IV) 

5.4 Introduction  

It is well known that the reaction of cuprates with allylic electrophiles give cross-
coupling products. As mentioned in the General Introduction, this reaction is 
believed to proceed via transient CuIII allyl intermediates, although these inter-
mediates never have been isolated or detected spectroscopically. There are a few 
examples of isolated organic CuIII complexes in the literature.64 In these com-
plexes the organic ligands are fluorinated. We envisioned that a fluorinated CuIII 
allyl complex might be kinetically stable enough to be isolated. Thus the reaction 
of perfluoroallyl iodide with organocuprates was investigated (Scheme 28). No 
CuIII perfluoroallyl complexes or cross-coupling products were observed. How-
ever, homo-coupling product was formed in good yields. To the best of our 
knowledge, there has been no reported observation of such homo-couplings in 
cuprate allylation reactions except for a special case using a diallylcuprate, in 
which several allylcopper(III) isomers are likely to be equilibrating prior to re-
ductive elimination.8 Previous theoretical studies have also neglected this possi-
bility so far.56,65 DFT calculations were used to find a mechanistic explanation 
for this shift in reactivity from the usual cross-coupling to the formation of 
homo-coupling product.  
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X
X

X
XX

RR

R2CuM

X
X

X

I

X X

R

R R

Homo-coupling

X = F

X = H
(M = Li or MgBr) 53a: X=F

   b: X=H
54

56

55

Cross-coupling  
Scheme 28. Unexpected formation of homo-coupling product. 

                                                           
64 (a) Naumann, D.; Roy T.; Tebbe, K.–F. Crump, W. Angew. Chem. Int. Ed. Engl. 1993, 32, 
1482. (b) Eujen, R.; Hoge, B.; Brauer, D. J.; J. Organom. Chem. 1996, 519, 7. (c) Willert-
Porada, M. A.; Burton, D. J.; Baenziger, N. C. J. Chem. Soc., Chem. Commun. 1989, 1633. 
65 (a) Nakanishi, W.; Yamanaka, M.; Nakamura, E. J. Am. Chem. Soc. 2005, 127, 1446. (b) 
Nakamura, E.; Mori, S.; Morokuma, K. J. Am. Chem. Soc. 1997, 119, 4900.  
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5.1 Experimental results 

The reaction of perfluoroallyl iodide (53a) with dialkyl- or diarylcuprate was 
examined. The reaction of Hex2CuLi with C3F5I (53a) in THF at -60 °C gave 
dodecane (55) as the major product without any detectable formation of cross-
coupling product 56 (Table 18, entry 1). A small amount (13%) of hexyl iodide 
(57) was also formed. In contrast, the reaction of Hex2CuLi with allyl iodide 
(53b) expectedly gave only cross-coupling product 56 (1-nonene) in high yield 
(entry 2). Ph2CuLi showed similar reactivity as Hex2CuLi and in reactions with 
C3F5I and C3H5I it predominantly afforded biphenyl and allylbenzene, respec-
tively (Table 18, entries 3 and 4). 

The same trend was observed also when the cuprate was prepared from Grig-
nard reagent, instead of hexyllithium (entries 5 and 6). Thus, reaction of 
Hex2CuMgBr with C3F5I gave exclusively homo-coupling (55) over cross-
coupling (56) together with 51% of hexyl iodide (entry 5).As expected, the cor-
responding reaction with allyl iodide afforded only cross-coupling product (entry 
6). 

Table 18. Product Selectivity in the Reaction of R2CuM with Allyl and Perfluoroal-
lyl Iodide.a 

R2CuM
X

X

X

I

X X

X
X

X

R

X X

R R R I

53a: X = F
    b: X = H

56 55

THF
-60 °C

57
 

entry R M X %yield 
55+56+57b 

ratio 
55/56b 

%yield 
57b 

1 n-Hex Li F 83 100:0 13 

2 n-Hex Li H ≥99 0:100 0 

3 Ph Li F 51 100:0 6 

4 Ph Li H ≥99 0:100 0 

5 n-Hex MgBr F 87 100:0 51 

6 n-Hex MgBr H ≥99 0:100 0 
a 1.2 Equiv of R2CuM were used. b Determined by GC, using n-tridecane as internal standard. 

In the reaction of the cuprate R2CuM with C3F5I, a significant amount of RI 
(hexyl iodide or phenyl iodide) was formed (Table 18). This organohalide forma-
tion most likely has its origin in a copper halogen exchange.66,67 Because of the 
presence of organohalide in the reaction mixture, one may argue that the homo-
coupling product could have been formed from reaction of the RI with the cu-

                                                           
66 Such copper halogen exchange has been observed: Piazza, C.; Knochel, P. Angew. 
Chem. Int. Ed. 2002, 41, 3263. 
67 Reductive elimination of MeI from [Me2CuIII(I)C3F5]- was ruled out by theoretical calcula-
tions (B3LYP/SDD/6-31+G(d)), which gave a barrier of 38.9 kcal/mol. 
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prate R2CuM. For the reaction of Ph2CuLi, this possibility was readily ruled out 
because it did not react at all with PhI under reaction conditions similar to those 
in Table 18.  

Hexyl iodide on the other hand reacted fast with Hex2CuLi to give dodecane 
in a quantitative yield. A competitive experiment where equimolar amounts of 
C3F5I, and octyl iodide (59) were reacted with C3F5I was carried out (Scheme 
29). Homo-coupling product dodecane was formed in 70%, whereas only 7% of 
tetradecane (60) was observed, indicating the cross-coupling of a primary iodide 
with Hex2CuLi is slow compared to the reaction of Hex2CuLi with C3F5I. In the 
reaction of C3F5I with Hex2CuLi as described in Table 18, the actual concentra-
tion of hexyl iodide in the reaction mixture is lower than one equivalent. In an 
experiment using 0.25 equivalents of octyl iodide, which closer mimics the ac-
tual conditions, only 2% of tetradecane (60) was observed. In this way it was 
demonstrated that the direct reaction of the cuprate with the alkyl halide cannot 
be a significant source for the homo-coupling product. 
 

n-Hex2CuLi
F

F

F

I

F F

n-Hex I

53a
55

THF
-60 °C 5759 60

n-C8H17I n-C12H26 n-C14H30

0.25 equiv. of 59 67% 17%
1.0 equiv. of 59 70%

2%
7%19%

 
Scheme 29. Relative reactivities of 53a vs. n-Octyl Iodide 

5.2 Computational results and discussion 

5.2.1 Computational details 
All calculations were carried out with a Gaussian 03 package. The density func-
tional theory method employed was B3LYP hybrid functional. Structures were 
optimized with a basis set consisting of the Stuttgart/Dresden effective core po-
tential (SDD) for Cu and 6-31G(d) for the other atoms, unless stated in the text. 
The method and basis sets used are reported to give structures that are consistent 
with known structural data for organocopper complexes.68 In the same publica-
tion, the energetics obtained were reported to be similar to those obtained with 
the CCSD(T) method, but with much less computational cost. Intrinsic reaction 
coordinate (IRC) analysis was carried out to confirm that stationary points were 
smoothly connected with each other. Natural charges were calculated by natural 
population analysis at the same level as used for geometry optimization. 
  

                                                           
68 Yamanaka, M.; Inagaki, A.; Nakamura, E. J. Comput. Chem. 2003, 24, 1401. 
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5.2.2 Results and discussion 
In order to understand the contrasting reactivities of C3F5I and C3H5I, density 
functional calculations were carried out, using Me2(C3F5)CuIII•OMe2, (54a) and 
Me2(C3H5)CuIII•OMe2 (54b) as model reactants (Scheme 30) The energy profiles 
for both cases are shown in Figure 7. The reaction of the parent (C3H5) cop-
per(III) species is discussed first. As for most allyl ligands on transition-metals, 
the parent allylcopper(III) is stable as a π-complex 54b instead of a σ-complex 
(58b) (Figure 7b).56 A seemingly straightforward path for homo-coupling starting 
from the π-complex 54b with retention of its Cs-symmetry would give a Cs-
symmetric π-allylcopper(I), which is symmetry forbidden (Figure 8). For this 
reason homo-coupling can only take place from the C1-symmetric σ-complex 
58b via transition state TS58b-62b, which is a high-energy process (18.3 kcal/mol). 
Cross-coupling, on the other is a more favorable pathway, which can take place 
directly from π-complex 54b through TS54b-61b (∆E‡ = 14.7 kcal/mol). An alter-
native path for cross-coupling via σ-complex 58b and TS58b-61b is a high-energy 
process (∆E‡ = 18.1 kcal/mol). The calculated energetics agree well with the 
experimental observations. 
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Scheme 30. Cross-coupling and Homo-coupling Pathways of Allyldimethylcop-
per(III) Complexes (S = OMe2). 
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Figure 7. Potential energy profiles (kcal/mol) for reductive elimination from 
Me2(C3F5)CuIII•OMe2 (54a) and Me2(C3H5)CuIII•OMe2 (54b). Nonproductive inter-
mediates and transition states are indicated in a grey color. 

The perfluoroallylcopper(III) species was quite different from the parent allyl-
copper(III) complex (Figure 7a): In contrast to most allyltransition-metal com-
plexes, it exists as a σ-allyl complex (58a) instead of the π-allyl counterpart 54a 
(8.8 kcal/mol less stable), because Me2O is a much better ligand to CuIII than the 
internal CF2=CF- moiety. This can be understood in terms of fluorine effect on 
frontier orbital interaction between Me2Cu- and allyl cation: The perfluoroallyl 
cation has lower HOMO and LUMO energies compared to the parent allyl 
cation.69 Consequently, the perfluoroallyl cation acts as a better electron acceptor 
from the Cu 3dxz orbital as well as a weaker electron donor to the Cu 4s orbital, 
which gives rise to the above structural feature. This conjecture was further sup-
ported by a model study with Me3CuIII•L (L = C2F4, C2H4, and Me2O) (Table 19). 
The stabilizing interaction energy between Me3Cu and L is least for the electron 
deficient C2F4 ligand (5.5 kcal/mol), while the interaction energy between 
Me3Cu and Me2O is much stronger (15.0 kcal/mol). Neither σ/π isomerization 
nor enyl[σ+π] reductive elimination TSs corresponding to those in Figure 7b 
could be located after many trials.  

 

                                                           
69 Single-point calculation (HF/6-31G(d)) of the allyl fragments in the complexes 5a and 5b 
gave the following HOMO/LUMO energy levels: 5a: HOMO -18.2 eV, LUMO -7.7 eV; 5b: 
HOMO -17.4 eV, LUMO -6.1 eV. 
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Figure 8. Symmetry forbidden 
homo-coupling pathway. 

Table 19. Interaction energies of Me3CuIII•L 
complexes and their Me3CuIII and L fragments. 

Me
CuMe Me

L

Me
CuMe Me

L
INT

+

 
entry L INT 

(kcal/mol) 
1 C2F4 5.5 
2 C2H4 10.4 
3 Me2O 15.0 

 

 
In accordance with the experimental results, Me-Me coupling via TS58a-62a 

(∆E‡ = 7.0 kcal/mol) is more favorable than Me-C3F5 coupling via TS58a-61a (∆E‡ 
= 16.3 kcal/mol). This is reasonable in light of the population change during 
reductive elimination;56 Upon reductive elimination, the ligand Me1 slightly loses 
its negative charge, while the populations of ligands Me2 and C3F5 change sig-
nificantly (Figure 9). As a general trend, the ligands that participate in reductive 
elimination donate electron density back to the metal to become neutrally 
charged, while the ligands remaining on the metal accepts some of the electron 
density to become more negatively charged. Accordingly, the highly electron-
withdrawing C3F5 ligand prefers to play the latter role than the former. 
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Figure 9. Natural population analysis of the decomposition of 58a to 61a and 
62a. 

5.3 Conclusions and future work 

We have found experimentally that the homo-coupling pathway is possible in the 
reaction of diorganocuprates with an allylic substrate. The calculations revealed 
that pentafluoroallyl (C3F5), being a more stabilized carbanion than allyl (C3H5), 
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changes the electronic nature of allylcopper(III) species significantly enough to 
perfectly switch the reaction pathways in carbon-carbon bond coupling.  

The generality of this reaction, that is; homo-coupling from cuprates, induced 
by an electron deficient allylic electrophile would be most interesting to study. In 
some cases this may be a useful reaction, for example in biaryl coupling via 
cuprate oxidation.70 In such cases perfluoroallyl iodide may serve as a plausible 
two-electron oxidant. However, perfluoroallyl iodide is expensive and not readily 
available. For that reason it would be of interest to find other electron deficient 
allylic electrophiles that could act as mild and highly selective oxidants. In other 
situations it may explain the failure of cross-coupling reactions between electron 
deficient allylic electrophiles and organocuprates. 

Electron deficient carbon ligands are more strongly bound to the metal and 
consequently more reluctant to participate in reductive elimination.55,56,71 In order 
to design a kinetically stable allylCuIII complex, (CF3)2(C3F5)CuIII might appear 
promising. In this case each ligand would be a spectator ligand. However, it is 
also well known that electron-deficient spectator ligands promote reductive 
elimination of other ligands.72 In this case, it may result in a cancellation of the 
stabilizing effect. A more promising candidate for being a kinetically stable al-
lylCuIII complex is (CF3)2(C3H5)CuIII. The two spectator ligands (CF3) would not 
undergo reductive elimination and the lonely C3H5 ligand would not have a part-
ner to couple with. 

 

                                                           
70 Surry, D. S.; Su, X.; Fox, D. J.; Franckevicius, V.; Macdonald, S. J. F.; Spring, D. R. 
Angew. Chem. Int. Ed. 2005, 44, 1870. 
71 Culkin, D. A.; Hartwig, J. F. Organometallics 2004, 23, 3398. 
72 (a) Crabtree, R. H. The Organometallic Chemistry of the Transition Metals; 3rd ed.; John 
Wiley & Sons, New York, 2001. (b) Hegedus, L. S. Transition Metals in the Synthesis of 
Complex Organic Molecules; 2nd ed.; University Science Books, Sausalito, CA, 1999. 
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6 Development of an Efficient Route to 
Pentasubstituted Acylferrocenes 

(Paper V) 

6.1 Introduction 

Acylferrocenes are important precursors in the preparation of chiral ferrocene-
based ligands.26,31,73,74 As described in Chapter 2, ferrocene-based thiolates, were 
used as ligands in the enantioselective copper-catalyzed SN2′ substitution of 
allylic acetates.I In order to prepare ligands 4f and 4g, the corresponding ketones 
were necessary starting materials. (Figure 10). 

Methods to prepare pentasubstituted acylferrocenes have been described in the 
literature.29b,75. Generally these procedures either consist of many synthetic steps 
resulting in low yields, or they are reported to be difficult to reproduce.75a Con-
sequently, there was room for a more efficient route to this type of ferrocenes. 
 

R
RR
RR

R'

SLi
Fe

R
RR
RR

R'

Fe

ONMe2

4f R=Me, R'=Me
 g R=Me, R'=Ph  

Figure 10. Ferrocene-based thiolates prepared from pentasubstituted acylferro-
cenes. 

6.2 Synthetic strategy 

Mixed ferrocenes are generally prepared by consecutive addition of two different 
cyclopentadienyl anions to an iron source.75a,76  

For the synthesis of pentasubstituted acylferrocenes two strategies were con-
sidered: (i) the ferrocene sandwich structure can be obtained from the pentasub-
stituted cyclopentadiene and the unsubstituted cyclopentadiene, followed by 

                                                           
73 Togni, A. Angew. Chem. 1996, 108, 1581. Angew. Chem. Int. Ed. Engl. 1996, 35, 1475. 
74 Ferrocenes; Togni, A.; Hayashi, T. Eds.; VCH: Weinheim, Germany; 1995. 
75 (a) Bildstein, B.; Hradsky, A.; Kopacka, H.; Malleier, R.; Ongania, K.-H. J. Organomet. 
Chem. 1997, 540, 127. (b) Jones, G.; Butler, D. C. D.; Richards, C. J. Tetrahedron Lett. 
2000, 41, 9351. (c) Herberich, G. E.; Gaffke, A.; Eckenrath, H. J. Organometallics 1998, 17, 
5931. (d) Butler, C. D.; Richards, C. J. Organometallics, 2002, 21, 5433. 
76 (a) Cunningham, K. L.; McMillin, D. R. Polyhedron 1996, 15, 1673. (b) Lee, S.-G.; Lee, H.-
K.; Lee, S. S.; Chung, Y. K. Organometallics 1997, 16, 304. (c) Bunel, E. E.; Valle, L.; 
Manriquez, J. M. Organometallics 1985, 4, 1680. (d) Abbenhuis, H. C. L.; Burckhardt, U.; 
Gramlich, V.; Togni, A.; Albinati, A.; Müller, B. Organometallics 1994, 13, 4481. (e) Ruble, J. 
C.; Latham, H. A.; Fu, G. C. J. Am. Chem. Soc. 1997, 119, 1492. 
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functionalization of the unsubstituted cyclopentadienyl ring or (ii) the ferrocene 
sandwich structure can be formed from the pentasubstituted cyclopentadiene and 
an acylcyclopentadiene (Scheme 28).  
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Scheme 31. Retrosynthetic analysis of the preparation of pentasubstituted 
acylferrocenes. 

Examples of pentasubstituted acylferrocenes obtained by both strategies can 
be found in the literature. The first approach is exemplified by Friedel–Crafts 
acylation of pentamethylferrocene, giving acetyl-pentamethylferrocene 18f in 
30% yield75e and by acylation of pentaphenylferrocene with ortho-chloro-
benzoylchloride in a high yield.75c With the less active acetyl chloride no 
Friedel–Crafts acylation took place on pentaphenylferrocene, probably due to the 
electron-withdrawing effect of the phenyl substituents, causing pen-
taphenylferrocene to be less susceptible towards electrophilic aromatic substitu-
tion, compared to ferrocene and pentamethylferrocene.77 Furthermore, the pen-
tasubstituted ferrocenes have to be synthesized prior to acylation, often in low 
yields.75a-c,76a,b,78  

The second approach was followed and is exemplified by the preparation of 
compound 18f by consecutive addition of lithium pentamethylcyclopentadienide 
(63a) and lithium acetylcyclopentadienide to Fe(acac)2.75a A yield of 39% was 
obtained using 2 equivalents of both Fe(acac)2 and 63a. However, the reactions 
involving Fe(acac)2 were difficult to reproduce as they are sensitive towards 
ligand exchange giving the symmetrical ferrocenes as major products79 and for-
mation of the ligand coupling product decamethyldihydrofulvalene as a by-
product.75a Our attempts to prepare 18f and pentamethylferrocene according to 
published procedures,75a,76c,79 using Fe(acac)2, resulted in the formation of de-
camethyldihydrofulvalene as the major product. Various ferrocenes have been 
prepared by use of FeCl2 as iron source without observation of ligand coupling 

                                                           
77 We could not obtain the desired product by employing the reaction conditions for 
Friedel−Crafts acylation according to Slocum, D. W.; Duraj, S.; Matusz, M.; Cmarik, J. L.; 
Simpson, K. M.; Owen, D. A. Met.-Containing Polym. Syst. 1985, 59. 
78 (a) Field, L. D.; Ho, K. M.; Lindall, C. M.; Masters, A. F.; Webb, A. G. Aust. J. Chem. 1990, 
43, 281. (b) McVey, S.; Pauson, P. L. J. Chem. Soc. 1965, 87, 4312. (c) Field, L. D.; 
Hambley, T. W.; Lindall, C. M.; Masters, A. F. Polyhedron 1989, 8, 2425. (d) Aroney, M. J.; 
Buys, I. E.; Dennis, G. D.; Field, L. D.; Hambley, T. W.; Lay, P. A.; Masters, A. F. Polyhedron 
1993, 12, 2051. 
79 Manríquez, J. M.; Bunel E. E. Inorg. Synth. 1997, 31, 214. 
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products,76a,80 and therefore we chose to use FeCl2 instead of Fe(acac)2. 

6.3 Preparation of starting materials 

Lithium salts 63a–c were obtained by treatment of the pentasubstituted 
cyclopentadienes with n-BuLi (Scheme 32). For practical reasons we chose to 
work with the isolated lithium salts 63a and 63b. However, these compounds are 
air-sensitive and at a few occasions caught fire, when exposed to air. Compound 
63c could not be stored and was used immediately after preparation according to 
a published procedure.76e 
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Scheme 32. Preparation of pentasubstituted cyclopentadienides. 

Sodium salt 64a was obtained according to a literature procedure in which so-
dium cyclopentadienide is allowed to react with ethyl acetate in THF.81 The cor-
responding sodium salts 64b and 64c were prepared by the same procedure using 
methyl propionate and ethyl isobutanoate, respectively (Scheme 33). Compounds 
64a and 64b could be manipulated for short times in air without any notable 
decomposition. Sodium salt 64c on the other hand became sticky and darkened 
within a short time in the presence of air.  
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Scheme 33. Preparation of acylcyclopentadienides. 

6.4 Preparation of pentasubstituted acylferrocenes 

Pentasubstituted acylferrocenes 18f, 18g, and 65a–e could be readily prepared by 
adding acylcyclopentadienide 64a, 64b or 64c and the appropriate pentasubsti-
tuted cyclopentadienide 63a, 63b or 63c to a preformed suspension of FeCl2 at 
room temperature (Table 20). The product 18f was obtained in 57% yield and 

                                                           
80 (a) Emme, I.; Redlich, S.; Labahn, T.; Magull, J.; de Meijere, A. Angew. Chem Int. Ed, 
2002, 41, 786. (b) Chi, K.-M.; Calabrese, J. C.; Reiff, W. M.; Miller, J. S. Organometallics, 
1991, 10, 688. (c) Jolly, W. L. Inorg. Synth. 1968, 11, 120. (d) King, R. B.; Bisnette, M.B. J. 
Organomet. Chem. 1967, 8, 287. 
81 Hart, W. P.; Macomber, D. W.; Rausch, M. D. J. Am. Chem. Soc. 1980, 102, 1196. 
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with a selectivity of 95% (Table 20, entry 1). In this reaction, and in all following 
reactions, the decasubstituted ferrocenes were never detected. Using 1.3 equiva-
lents of lithium pentamethylcyclopentadienide 63a increased the yield of 18f to 
69% (Table 20, entry 2). Compounds 65a, 65c and 65d were similarly prepared 
in good yields and with a selectivity of >95% employing the same conditions 
(Table 20, entries 3,5 and 6). By using 1.1 equivalents of 63a, 18f was success-
fully prepared on a large laboratory scale yielding 3.6 grams (83%). (Table 20, 
entry 10). In the case of compound 65a only 24% yield was achieved. This result 
can most likely be ascribed to the air-sensitive nature of acylcyclopentadienide 
64c, as it rapidly degraded during weighing in air prior to performing the reac-
tion. 

Table 20. Preparation of pentasubstituted acylferrocenes. 

FeCl2
64a-c

THF, rt, 12h
Li

R
R

R
R

R

63a: R=Me
    b: R=Et
    c: R=Ph R'

O
Na

64a: R'=Me
    b: R'=Et
    c: R'=i-Pr

18f R = Me,
65a R = Me,

65e

R = Et,65c
R = Et,65d
R = Ph,18g
R = Ph,

R' = Me
R' = Et

R' = Me
R' = Et
R' = Me
R' = Et

65b R = Me, R' = i-Pr
66a: R'=Me
    b: R'=Et
    c: R'=i-Pr

R
RR
RR

R'

Fe

O

R'

Fe

O

O

R'

 
entry product equiv of 63 selectivity (%)a isolated 

yield (%) 
1b 18f 1.0 95 57 
2b 18f 1.3 >95 69 
3b 65a 1.5 >95c 67 
4b 65b 1.0 n.d. 24 
5b 65c 1.3 >95 76 
6b 65d 1.3 >95c 58 
7b 18g 1.3 83 53 
8d 18g 1.3 89 66 
9d 65e 1.3 91 64 
10e 18f 1.1 >95c 83 

a Determined from 1H NMR spectra of the crude products. Selectivity is defined as 18/(18+66) or 
65/(65+66). b Prepared on a 0.5 – 1.8 mmol scale by simultaneous addition of a suspension of 63 and 
64 in THF (approximately 6 mL / mmol of cyclopentadienienides 63 and 64) to a suspension of FeCl2 
in THF (10mL / mmol of FeCl2) at rt. The reaction mixture was stirred over night. c No bisacylferro-
cene (66) could be detected. d Prepared on a 0.5 mmol scale by consecutive addition of 63 and 64 to 
FeCl2. e Prepared on a 15 mmol scale. 

In the preparation of the pentaphenyl acylferrocenes by simultaneous addition, 
the formation of compound 18g proceeded with 83% selectivity and gave a yield 
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of 53% (Table 20, entry 7). The outcome of the reaction was improved by con-
secutive addition of the starting materials, allowing FeCl2 and lithium pen-
taphenylcyclopentadienide to react for 2 h before sodium acetylcyclopentadi-
enide was added, increasing the yield to 66%. Furthermore, the formation of 
bisacetylferrocene (66a) was decreased and the selectivity for 18g was 89% 
(Table 20, entry 8). Compound 65e was also prepared by consecutive addition to 
give the product in 64% yield and with 91% selectivity (Table 20, entry 9). 

6.5 Discussion 

If the cyclopentadienides were equally reactive, a statistical distribution (1 : 2 : 
1) of 66, 18 or 65, and the symmetric decasubstituted ferrocene would be ob-
tained. The preparation of 18f, by simultaneous addition of equimolar amounts 
of the starting materials resulted in a considerably higher selectivity (95%) than 
that from a statistical distribution. Since pentamethylcyclopentadienide and pen-
taethylcyclopentadienide are good Lewis bases they readily react with FeCl2. 
Acylcyclopentadienides, on the other hand, are less good Lewis bases and for 
this reason react more slowly with FeCl2. Attack by the second cyclopentadienyl 
ring is more difficult from a steric point of view, hindering the pentasubstituted 
cyclopentadienide from being introduced, which gives the acylcyclopentadienide 
time to react. This can explain why direct addition of all three components is 
possible in the preparation of 18f and 65a–d. 

The electron-withdrawing ability of the phenyl groups makes pentaphenylcy-
clopentadienide (63c) a less good Lewis base. Thus, the difference in Lewis 
basisity of the two cyclopentadienyl rings is not as pronounced in the reactions 
leading to 18g and 65e compared to the reactions leading to 18f and 65a–d, 
which can explain why more bisacylferrocene (66) was obtained in the former 
case. 

6.6 Conclusions 

A simple and highly selective method for the preparation of pentasubstituted 
acylferrocenes has been developed, which affords the product in good yields. 
This method is of synthetic interest due to its simplicity and reliability. The pre-
sent method gives better yields and consists of fewer steps than previously pub-
lished procedures. 
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