
Doctoral Thesis 
 

Stockholm 2002 
 

Royal Institute of Technology 
Department of Chemistry 

Organic Chemistry 

C2- and C3-Symmetric Ligands          
via Ring-Opening of Aziridines:         

Applications in Asymmetric Catalysis 

 

Fredrik Lake 

Akademisk avhandling som med tillstånd av Kungl Tekniska Högskolan i 
Stockholm framlägges till offentlig granskning för avläggande av teknologie 
doktorsexamen i kemi fredagen den 8:e november kl 13.00 i Kollegiesalen, KTH, 
Valhallavägen 79, Stockholm. Avhandlingen försvaras på engelska. Opponent är 
Professor Carsten Bolm, RWTH Aachen. 
 



 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
ISBN 91-7283-381-5 
ISRN KTH/IOK/FR--02/73--SE 
ISSN 1100-7974 
TRITA-IOK 
Forskningsrapport 2002:73 
 
 Fredrik Lake, 2002 
Ekonomi-Print AB, Stockholm 



Abstract 

This thesis deals with the design and synthesis of chiral enantiopure nitrogen-
containing ligands and the use of these ligands in asymmetric catalysis. 

A modular synthetic approach to enantiopure nitrogen-containing ligands was 
developed. The synthetic method is based on the ring-opening of activated chiral 
aziridines by nitrogen nucleophiles. The aziridines are conveniently prepared 
from amino alcohols. The structure of the aziridine and of the nucleophile can be 
extensively varied and libraries of ligands are easily prepared. The use of pri-
mary amines affords C2-symmetric bis(sulfonamides), whereas the use of ammo-
nia affords C3-symmetric tris(sulfonamides) that can be elaborated into the corre-
sponding tetra-amines.  

The C2- and C3-symmetric ligands were used in the asymmetric titanium-
mediated addition of diethylzinc to benzaldehyde resulting in modest enantiose-
lection, 76% ee. A thorough investigation of the reaction conditions revealed that 
the amount of Ti(OiPr)4 has a decisive effect on the reaction rate and the stereo-
chemical outcome of the reaction. The reaction time decreased from about 90 
hours to 15 minutes and the enantioselectivity changed from 26% of the (R)-
enantiomer to 72% of the (S)-enantiomer when the Ti(OiPr)4:benzaldehyde ratio 
was increased from 0.125:1 to 1.48:1. Moreover, the titanium-mediated addition 
of diethylzinc to benzaldehyde was studied in the presence of chiral additives. 
The bis(sulfonamides) were also used in the cyclopropanation of cinnamyl alco-
hol. However, only low enantioselection was observed, 27% ee.  

The C3-symmetric tetra-amines were reacted to form azaphosphatranes. These 
weak acids were only partially deprotonated by the strong base KOtBu to form 
the corresponding proazaphosphatranes. The unexpectedly strong basicity of the 
proazaphosphatranes was believed to be due to steric effects as suggested by 
DFT calculations. The tetra-amines and the sulfonamides were used for the 
preparation of metal complexes of Lewis acidic metals such as titanium(IV) and 
zirconium(IV).   
 
 
Keywords: asymmetric catalysis, aziridine, benzaldehyde, diethylzinc, enantiose-
lective, ligand, proazaphosphatrane, ring-opening, sulfonamide, symmetry, tita-
nium, zirconium 
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1. Asymmetric Catalysis − Introduction 
 
There is an ever increasing demand for enantiomerically pure compounds, 
especially from the pharmaceutical industry, which must comply with stricter 
regulations imposed by the authorities. The world-wide sale of single-enantiomer 
drugs in 2001 amounts to $147 billion, or approximately 36% of the total market 
of pharmaceutical products.1 To meet this demand, a number of successful 
methods have evolved which transform simpler chiral or achiral compounds into 
enantiomerically enriched products. There are two distinct routes for obtaining 
enantiomerically pure compounds. Either is a racemate resolved into the two 
enantiomers or a stereoselective synthesis is performed, starting from 
enantiopure or achiral materials. 
 
Resolution of a racemate is normally achieved by the addition of a chiral 
resolving agent that transforms the enantiomers into two diastereomers, which 
can be separated by techniques such as crystallisation or chromatography. The 
disadvantages are that suitable functionality must be present in the molecules 
that are to be separated, that an enantiopure resolving agent must be readily 
accessible and that the maximum yield is 50%, unless the undesired enantiomer 
can be recycled. A related strategy is the kinetic resolution of a racemate, which 
is based on the relative reaction rate of the enantiomers in the presence a chiral 
modifier, often an enzyme. The disadvantage of a low yield (maximum 50%) can 
be overcome by the introduction of a simultaneous racemisation process of the 
starting material. Resolution was the first method to evolve for the preparation of 
enantiopure substances and it is still commonly used in industry. The 
attractiveness of the method increases if the resolution is performed at the 
beginning of a synthetic sequence. 
 
Stereoselective synthesis can be performed under substrate control, with chiral 
auxiliaries, under reagent control or with chiral catalysts. Chiral substrate control 
is based on the principle that the presence of a chiral element in a substrate 
makes the remaining groups or faces diastereotopic. High diastereoselectivities 
are possible and cyclic control often affords higher selectivities than acyclic 
control. However, substrate control is limited to the enantiopure starting 
materials that are easily available. Many of these are derived from natural 
sources, the chiral pool, e.g. amino acids, carbohydrates, terpenes and hydroxy 
acids. Another disadvantage is that many of these substances, e.g. terpenes and 
carbohydrates, contain too few or too many functional groups to be of general 
use. An achiral starting material can be converted into a chiral intermediate by 
using a stoichiometric amount of a chiral auxiliary. High diastereoselectivities 
are possible, but the use of a chiral auxiliary requires additional synthetic steps 
for its attachment and subsequent removal. A chiral reagent is also needed in a 

                                                           
1 Rouhi, M. Chem. Eng. News 2002, 80 (23), 43-50. 
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stoichiometric amount although no additional steps are required for its 
attachment and removal. Reagent control is based on the differentiation of  
enantiotopic groups or faces in the achiral substrate, but there are only a limited 
number of reagents available. The most refined way of achieving asymmetric 
induction is the use of a chiral catalyst,2 which can either be a chiral ligand 
coordinating a metal ion, or a biocatalyst such as an enzyme or a catalytic 
antibody, even though low molecular weight organic molecules are gaining in 
importance as catalysts.3 This thesis deals mainly with catalysts comprising a 
chiral ligand and a metal. The advantage of using a chiral catalyst is that only a 
catalytic amount of an enantiopure substance is needed for the synthesis of a 
stoichiometric amount of a chiral material and this makes it the most atom 
efficient of the methods available. Only the ligand and the metal, present in a 
catalytic amount, needs to be separated from the product, provided that the 
process is highly selective. This is an advantage compared to the use of 
resolution techniques, chiral auxiliaries or chiral reagents for which larger 
amounts of material must be separated from the product. 
 
The first asymmetric catalyst comprising a metal and a chiral ligand was reported 
by Nozaki et al. in 1966.4 Although the chiral Schiff base copper(II)-catalyst 1 
(Figure 1) afforded low enantioselectivity in the asymmetric cyclopropanation of 
styrene, ee < 10%, the stage was set for further development in the area. The first 
highly enantioselective process was the homogeneous hydrogenation of olefins 
reported by Kagan in 1971.5 In 1968 Horner6 and Knowles7 had independently 
shown that rhodium(I), coordinated to monodentate chiral phosphines, catalysed 
the enantioselective hydrogenation of olefins, albeit with low enantioselection, 
ee ≤ 15%. However, the use of Kagan’s C2-symmetric bidentate DIOP-ligand 2 
(Figure 1) afforded enantioselectivities up to 72%. An enormous expansion has 
since been witnessed in the field of asymmetric catalysis and numerous 
successful catalytic systems have been developed. This was recognised by 
awarding the Nobel Prize in Chemistry for 2001 to William S. Knowles and 
Ryoji Noyori for their work on asymmetric hydrogenation, and to K. Barry 
Sharpless for his work on asymmetric oxidation. An illustrative example of the 
development of stereoselective synthesis during the last 35 years is Corey’s work 
on prostaglandin F2α 3 (Figure 1).8 The first reported synthesis of this 
prostaglandin afforded the racemic product but later syntheses gave enantiopure 
material by the use of resolution, chiral auxiliary methodology and, ultimately, 
asymmetric catalysis.  

                                                           
2 Comprehensive Asymmetric Catalysis I-III; Jacobsen, E. N.; Pfaltz, A.; Yamamoto, H., Eds.; 
Springer: Berlin, 1999. 
3 Dalko, P. I.; Moisan, L. Angew. Chem. Int. Ed. 2001, 40, 3726-3748. 
4 Nozaki, H.; Moriuti, H.; Takaya, H.; Noyori, R. Tetrahedron Lett. 1966, 7, 5239-5244. 
5 Dang, T. P.; Kagan, H. B. J. Chem. Soc., Chem. Commun. 1971, 481. 
6 Horner, L.; Siegel, H.; Büthe, H. Angew. Chem. Int. Ed. Engl. 1968, 7, 942. 
7 Knowles, W. S.; Sabacky, M. J. J. Chem. Soc., Chem. Comm. 1968, 1445-1446. 
8 Nicolaou, K. C.; Sorensen, E. J. Classics in Total Synthesis, VCH, Weinheim, 1996, Chapter 5, pp 
65-82. 
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1.1 Ligand Design 
 
Despite the plethora of chiral ligands that are available,9 there is still a need for 
new ligands in order to improve the catalytic properties of transition metal com-
plexes in terms of substrate generality, turnover number, turnover frequency, 
yield and enantioselection. The design of chiral ligands for use in asymmetric 
catalysis is a complex task and is often pursued on a trial-and-error basis, due to 
lack of mechanistic insight. A number of factors that affect the electronic and 
steric properties of a ligand must be considered, e.g. the type of donor atom or 
atoms, the hapticity and the bite or cone angle of the ligand as well as the chelate 
ring size.  
 

 
Kagan’s DIOP ligand 2 (Figure 1) is an example of a bidentate ligand containing 
soft phosphorus donor atoms which forms a seven-membered chelate upon 
coordination to a suitable metal such as rhodium. Most of the ligands used in 
asymmetric catalysis are polydentate, although some examples of monodentate 
ligands are known, for example Hayashi’s monophosphine MeO-MOP 4 (Figure 
2), which is a successful ligand for palladium-catalysed hydrosilylation.10 The 
steric and electronic requirements of mono- and bidentate ligands are discussed 

                                                           
9 Seyden-Penne, J. Chiral Auxiliaries and Ligands in Asymmetric Synthesis; John Wiley & Sons, Inc.: 
New York, 1995. 
10 Hayashi, T. Acc. Chem. Res. 2000, 33, 354-362. 
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in terms of cone11 and bite angles12, respectively. A bidentate ligand containing 
one soft (phosphorus) and one relatively hard donor atom (imine nitrogen) is the 
phosphinooxazoline ligand 5, which, for example, is able to electronically 
govern the attack of a nucleophile on a Pd-allyl complex.13 Two further examples 
of successful ligands are the tetradentate salen ligand 614 and the bidentate ligand 
TADDOL 7.15 The hard oxygen donor atoms of 7 form a seven-membered 
chelate with the hard titanium ion. Both ligands have found numerous 
applications in asymmetric catalysis, e.g. epoxidation and epoxide ring-opening 
reactions (salen) and cycloaddition and nucleophilic addition reactions 
(TADDOL). An interesting concept is represented by ligand 8 which forms a 
bifunctional catalyst upon coordination to aluminium.16 The oxygen atoms of the 
phosphine oxides serve as Lewis bases and activate the nucleophile, and the 
aluminium atom serves as a Lewis acid and activates the electrophile. High 
asymmetric induction has been observed in the cyanosilylation of aldehydes. 
 
A factor that is occasionally important to consider is the symmetry of the ligand. 
C2-Symmetric ligands have met with great success in asymmetric catalysis, e.g. 
ligands 2 and 6-8.17 In contrast, there are much fewer reports on successful C3-
symmetric ligands in asymmetric catalysis.18 Alhough a symmetric ligand is no 
guarantee of high enantioselection, there are circumstances where a symmetric 
ligand is likely to reduce the number of possible diastereomeric intermediates or 
transition states in a catalytic process, and thereby increase the probability of a 
highly selective process. Thus, a bidentate C2-symmetric ligand in a tetrahedral 
or square planar geometry (9) (Figure 3) renders the two remaining coordination 
sites equivalent (homotopic), whereas the same ligand in an octahedral geometry 
(10) affords two pairs of homotopic sites, which are mutually non-equivalent 
(diastereotopic, the coordination of a second equivalent of the ligand leaves the 
two remaining sites homotopic). A tridentate C3-symmetric ligand in a square 
planar geometry affords two diastereotopic coordination sites (11), whereas three 
homotopic sites are found in a facially coordinated octahedral complex (12). 
Moreover, two homotopic sites are also found for tridentate C2-symmetric 
ligands in trigonal bipyramidal complexes (13). Thus, a bidentate C2-symmetric 
ligand may have favourable properties in a tetrahedral or square planar geometry 
whereas a C2- and a C3-symmetric tridentate ligand may have advantageous 
properties in a trigonal bipyramidal and an octahedral geometry, respectively. A 
trigonal bipyramidal complex containing a C3-symmetric tetradentate ligand (14) 

                                                           
11 (a) Tolman, C. A. Chem. Rev. 1977, 77, 313-348. (b) Netherton, M. R.; Dai, C.; Neuschütz, K.; Fu, 
G. C. J. Am. Chem. Soc. 2001, 123, 10099-10100. 
12 van Leeuwen, P. W. N. M.; Kamer, P. C. J.; Reek, J. N. H.; Dierkes, P. Chem. Rev. 2000, 100, 
2741-2769. 
13 Helmchen, G.; Pfaltz, A. Acc. Chem. Res. 2000, 33, 336-345. 
14 Jacobsen, E. N. Acc. Chem. Res. 2000, 33, 421-431. 
15 Seebach, D.; Beck, A. K.; Heckel, A. Angew. Chem. Int. Ed. 2001, 40, 92-138. 
16 Hamashima, Y.; Sawada, D.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 1999, 121, 2641-2642. 
17 Whitesell, J. K. Chem. Rev. 1989, 89, 1581-1590. 
18 Moberg, C. Angew. Chem. Int. Ed. 1998, 37, 248-268. 
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has only one free coordination site and the three-fold symmetry gives rise to 
three identical rotamers. 
 

 
Some examples of successful C3-symmetric ligands are 15-17 (Figure 4). Trial-
kanolamines such as 15 have been employed in the titanium and zirconium cata-
lysed oxidation of sulfides to sulfoxides,19 and in the zirconium catalysed addi-
tion of azide and halide to meso-epoxides.20 The phosphine 16 has been applied 
in asymmetric hydrogenations of olefins (95% ee),21 and tris(oxazoline) 17 has 
been in used in asymmetric copper(I) catalysed cyclopropanation of styrene 
affording the corresponding cyclopropanes with 70% ee.22  
 

 
More practical requirements for an optimal ligand are that it should be easily 
available in few high-yielding synthetic steps in both enantiomeric forms, be 
stable towards air and moisture, be recycleable, be easily derivatized and, from 
an atom economical standpoint, have a low molecular weight.  
 
 
 
 

                                                           
19 (a) Ti: Di Furia, F.; Licini, G.; Modena, G.; Motterle, R. J. Org. Chem. 1996, 61, 5175-5177. (b) 
Bonchio, M.; Licini, G.; Di Furia, F.; Mantovani, S.; Modena, G.; Nugent, W. A. J. Org. Chem. 1999, 
64, 1326-1330. 
20 (a) Azide: Nugent, W. A. J. Am. Chem. Soc. 1992, 114, 2768-2769. (b) Halide: Nugent, W. A. J. 
Am. Chem. Soc. 1998, 120, 7139-7140. 
21 (a) Burk, M. J.; Harlow, R. L. Angew. Chem. Int. Ed. Engl. 1990, 29, 1462-1464. (b) Burk, M. J.; 
Feaster, J. E.; Harlow, R. L. Tetrahedron: Asymmetry 1991, 2, 569-592. 
22 Bellemin-Lapponaz, S.; Gade, L. H. Angew. Chem. Int. Ed. 2002, 41, 3473-3475. 
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1.3 Scope of the Study 
 
Earlier work by our group shows that C2- and C3-symmetric tri- and tetradentate 
ligands can be obtained via ring-opening of chiral sulfonyl-activated aziridines, 
and that the C2-symmetric bis(sulfonamides) afford moderate enantioselection in 
the alkylation of benzaldehyde. This thesis deals with the extension of this work 
and the use of these ligands in new applications. The syntheses of chiral azirdi-
nes starting from amino alcohols and the ring-opening of the aziridines with a 
wide range of amines are described. The resulting sulfonamides can be depro-
tected and elaborated further into primary or secondary amines. The use of C2-
symmetric bis(sulfonamides) as promoters of the asymmetric alkylation of ben-
zaldehyde and the asymmetric cyclopropanation of cinnamyl alcohol is pre-
sented, as well as a careful optimisation study of the reaction conditions of the 
alkylation reaction. The C3-symmetric tetradentate ligands could be reacted with 
phosphorus compounds in oxidation state three, and the surprisingly high ba-
sicity of the resulting compounds was rationalised with the assistance of DFT 
calculations. The synthesis of titanium(IV) and zirconium(IV) complexes with 
the C3-symmetric tetradentate ligands is described. 
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2. C2- and C3-Symmetric Ligands Obtained 
via Ring-Opening of AziridinesI 

             
 
2.1 Introduction 
 
Chiral nonracemic aziridines form an important class of compounds in organic 
chemistry. Aziridine rings exist in many biologically active substances and can 
also serve as ligands and chiral auxiliaries in stereoselective synthesis.23 How-
ever, the main characteristic of these three-membered heterocycles is their pro-
pensity to undergo ring-opening reactions with a wide range of nucleophiles, due 
to relief of ring strain. The ring-opening reactions are often highly regio- and 
stereoselective, which makes them useful in organic synthesis.24 For example, 
chiral α-amino acids and vicinal diamines can be synthesised via ring-opening of 
aziridines.  
 

2.1.1 Synthesis of chiral aziridines 
 
In contrast to the situation as regards epoxides,2 there is no general and reliable 
method for the enantioselective catalytic aziridination of achiral starting materi-
als. Instead, the majority of enantiopure aziridines are synthesised from other 
chiral compounds.25 Substances derived from the chiral pool, e.g. amino acids26 
and hydroxy acids,27 are common starting materials. More indirect approaches 
involve diastereoselective aziridination of alkenes or imines attached to chiral 
auxiliaries, e.g. camphor,28 oxazolidinones,29 and sulfoxides,30 or enantioselective 

                                                           
23 (a) For a general review on chiral aziridines, see: Tanner, D. Angew. Chem., Int. Ed. Engl. 1994, 33, 
599-619. (b) For a general review on monocyclic aziridines, see : Pearson, W. H.; Lian, B. W.; Berg-
meier, S. C. In Comprehensive Heterocyclic Chemistry II; Padwa, A., Ed.; Pergamon Press: New 
York, 1996; Vol. 1A, pp 1-60. (c) For a general review on ring-fused aziridines, see: Rai, K. M. L.; 
Hassner, A. In Comprehensive Heterocyclic Chemistry II; Padwa, A., Ed.; Pergamon Press: New 
York, 1996; Vol. 1A, pp 61-96. (d) For a recent synthetic example of a biologically active aziridine, 
see: Vedejs, E.; Little, J. J. Am. Chem. Soc. 2002, 124, 748-749. 
24 For a review over synthetic applications of chiral aziridines, see: McCoull, W.; Davies, F. A. Syn-
thesis, 2000, 1347-1365. 
25 For a review on the asymmetric synthesis of aziridines, see: Osborn, H. M. I.; Sweeney, J. Tetrahe-
dron: Asymmetry 1997, 8, 1693-1715. 
26 For a more detailed discussion, see chapter 2.2. 
27 (a) Tanner, D.; Birgersson, C.; Gogoll, A.; Luthman, K. Tetrahedron 1994, 50, 9797-9824. (b) Shi, 
M.; Jiang, J.-K.; Feng, Y.-S. Tetrahedron: Asymmetry 2000, 11, 4923-4933. 
28 (a) For alkenes, see: Yang, K.-S.; Chen, K. J. Org. Chem. 2001, 66, 1676-1679. (b) For imines, see: 
McLaren, A. B.; Sweeney, J. B. Org. Lett. 1999, 1, 1339-1341. 
29 (a) Cardillo, G.; Casolari, S.; Gentilucci, L.; Tomasini, C. Angew. Chem., Int. Ed. Engl. 1996, 35, 
1848-1849. (b) Hanessian, S.; Moitessier, N.; Cantin, L.-D. Tetrahedron 2000, 57, 6885-6900. 
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synthesis of aziridines starting from chiral epoxides,31 diols,32 and amino alco-
hols33. These intermediates can be obtained via asymmetric catalytic transforma-
tions of alkenes, i.e. epoxidation, dihydroxylation or aminohydroxylation.34  

 
The methods of catalytic asymmetric aziridination that are available today can be 
divided into three categories.35 The first method to evolve was the addition of a 
nitrene to a prochiral alkene, which was described by Evans and co-workers in 
1991, affording aziridines with moderate ee’s (61%).36 The copper complex of 
bis(oxazoline) 18 catalysed reaction was improved later by Evans, resulting in 
aziridines with up to 97% ee, but only cinnamate esters afforded excellent ee-
values (Scheme 1).37 Jacobsen and co-workers reported on the asymmetric cop-
per catalysed aziridination using a chiral salen ligand 19 (Scheme 2). An excel-
lent ee-value (>98%) was reported for one substrate but also in this case the 
reaction was highly substrate dependent.38    
 
 

 

 
 

                                                                                                                                   
30 Davies, F. A.; Liu, H.; Zhou, P.; Fang, T.; Reddy, G. V.; Zhang, Y. J. Org. Chem. 1999, 64, 7559-
7567. 
31 See for example: (a) Tanner, D.; Somfai, P. Tetrahedron Lett. 1987, 28, 1211-1214. (b) Shao, H.; 
Zhu, Q.; Goodman, M. J. Org. Chem. 1995, 60, 790-791. (c) Mordini, A.; Sbaragli, L.; Valacchi, M.; 
Russo, F.; Reginato, G. Chem. Comm. 2002, 778-779. 
32 See for example: (a) Lohray, B. B.; Gao, Y.; Sharpless, K. B. Tetrahedron Lett. 1989, 30, 2623-
2626. (b) Tanner, D.; Kornö, H. T.; Guijarro, D.; Andersson, P. G. Tetrahedron 1998, 54, 14213-
14232. (c) Xiong, C.; Wang, W.; Cai, C.; Hruby, V. J. J. Org. Chem. 2002, 67, 1399-1402. 
33 See for example: (a) Thomas, A. A.; Sharpless, K. B.; J. Org. Chem. 1999, 64, 8379-8385. (b) Han, 
H.; Yoon, J.; Janda, K. D. J. Org. Chem. 1998, 63, 2045-2048. 
34 For a review on oxidation methodologies of olefins, see: Bonini, C.; Righi, G. Tetrahedron 2002, 
58, 4981-5021.  
35 An additional alternative is the asymmetric reduction of azirines, see: Roth, P.; Andersson, P. G.; 
Somfai, P. Chem. Commun. 2002, 1752-1753. 
36 Evans, D. A.; Woerpel, K. A.; Hinman, M. M.; Faul, M. M. J. Am. Chem. Soc. 1991, 113, 726-728. 
37 (a) Evans, D. A.; Faul, M. M.; Bilodeau, M. T.; Anderson, B. A.; Barnes, D. M. J. Am. Chem. Soc. 
1993, 115, 5328-5329. (b) Evans, D. A.; Faul, M. M.; Bilodeau, M. T. J. Am. Chem. Soc. 1994, 116, 
2742-2753. (c) For other nitrene precursors, see: Södergren, M. J.; Alonso, D. A.; Andersson, P. G. 
Tetrahedron: Asymmetry 1997, 8, 3563-3565. (d) Also: Dauban, P.; Sanière, L.; Tarrade, A.; Dodd, R. 
H. J. Am. Chem. Soc. 2001, 123, 7707-7708. (e) For a mechanistic study, see: Brandt, P.; Södergren, 
M. J.; Andersson, P. G.; Norrby, P.-O. J. Am. Chem. Soc. 2000, 122, 8013-8020. 
38 (a) Li, Z; Conser, K. R.; Jacobsen, E. R. J. Am. Chem. Soc. 1993, 115, 5326-5327. (b) For mecha-
nistic studies, see: Zhang, W.; Lee, N. H.; Jacobsen, E. J. J. Am. Chem. Soc. 1994, 116, 425-426. (c) 
Also: Li, Z; Quan, R. W.; Jacobsen, E. N. J. Am. Chem. Soc. 1995, 117, 5889-5890. (d) For a similar 
ligand, see: Sanders, C. J.; Gillespie, K. M.; Bell, D.; Scott, P. J. Am. Chem. Soc. 2000, 122, 7132-
7133. 

CO2Ph

Ar

PhI=NTs

Ts
N

CO2Ph

Ar
N

O

N

O

RR

18 (5 mol%)
CuOTf

18 Evans97% ee, 64% yieldScheme 1



 9

 

 
 

In a reaction complementary to that of a nitrene and a prochiral alkene, a carbene 
and a prochiral imine can be reacted in the presence of a chiral catalyst to give a 
chiral aziridine. This was first described by Jacobsen and co-workers using a 
bis(oxazoline) ligand, but it met with only moderate success (67% ee).39 Aggar-
wal and co-workers developed the successful sulfur ylide mediated addition of in 
situ generated diazo compounds to prochiral imines (Scheme 3, promoter 20). 
Aziridines were obtained with excellent ee’s and, importantly, the group on the 
aziridine nitrogen atom could easily be varied.40  
 

 
The third method to evolve was based on the Lewis acid catalysed reaction be-
tween imines and diazoacetates.41 Wulff and Antilla reported on the formation of 
aziridines with excellent enantio- and diastereomeric excesses, starting from 
benzhydryl imines and diazoacetate, and using a boron Lewis acid prepared from 
(S)-VAPOL (21) and BH3 (Scheme 4).42  
 

 

                                                           
39 Hansen, K. B.; Finney, N. S.; Jacobsen, E. N. Angew. Chem., Int. Ed. Engl. 1995, 34, 676-678. 
40 (a) Aggarwal, V. K.; Thompson, A.; Jones, R. V. H.; Standen, M. C. H. J. Org. Chem. 1996, 61, 
8368-8369. (b) Aggarwal, V. K.; Alonso, E.; Fang, G.; Ferrara, M.; Hynd, G.; Porcelloni, M. Angew. 
Chem. Int. Ed.  2001, 40, 1433-1436. 
41 (a) Rasmussen, K. G.; Jörgensen, K. A. J. Chem. Soc., Perkin Trans. 1, 1997, 1287-1291. (b) Juhl, 
K.; Hazell, R. G.; Jörgensen, K. A. J. Chem. Soc., Perkin Trans. 1, 1999, 2293-2297. 
42 Antilla, J. C.; Wulff, W. D. J. Am. Chem. Soc. 1999, 121, 5099-5100. 
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2.1.2 Ring-opening of aziridines  
 
As mentioned earlier, the popularity of aziridines as intermediates in organic 
chemistry stems from their selective ring-opening reactions with a broad range of 
nucleophiles. However, the aziridine ring needs to be activated in order for an 
efficient reaction to occur, and aziridines are, therefore, classified as nonacti-
vated or activated aziridines. Nonactivated aziridines have a hydrogen atom or an 
alkyl or aryl group attached to the aziridine nitrogen atom and ring-opening is 
often assisted either by the use of a Brönstedt or a Lewis acid, or via quaternisa-
tion.23a Activated aziridines have an electron-withdrawing substituent that can 
stabilize the developing negative charge on the nitrogen atom. Common exam-
ples are sulfonyl groups, such as the tosyl group, or carbonyl-containing groups 
such as N-acyl or carbamoyl. The disadvantage with carbonyl derivatives is the 
fact that they may be attacked by the nucleophile, while the disadvantage with 
sulfonyl groups is related to the difficulties associated with the subsequent 
deprotection. This thesis deals mainly with sulfonyl-activated aziridines. 
 
Mono-substituted aziridines are generally attacked at the sterically least hindered 
carbon atom in the aziridine ring, the exception being phenyl- and vinyl-
substituted aziridines. Here, the nucleophile preferably attacks the benzylic or 
allylic position, but the regioselectivity of the attack is sometimes poor.43 The 
outcome of a nucleophilic attack on a 2,3-disubstituted aziridine is less predict-
able, but the nucleophilic attack occurs stereospecifically through an SN2 mecha-
nism. There are examples, where a functional group in a side chain is capable of 
directing the attack of the nucleophile, and conditions for regioreversal have 
been found.23a The literature describes the use of many nucleophiles in the ring-
opening of sulfonyl-activated aziridines, e.g. chiral enolates to give γ-amino 
amides,44 lithium acetylides to give α-amino acids,45 copper catalysed addition of 
lithiated aromatics to give β-arylalkyl amines46, TMSN3 and TMSCN to give 
vicinal diamines and β-amino acids, respectively,47 primary and secondary 
amines to give vicinal diamine derivatives,48 alkoxides to give amino ethers,49 and 
hydride in the total synthesis of diterpenoids.50 Lewis acids have been employed 
in the ring-opening reactions with alcohols [Sn(OTf)2 and BF3•OEt2]51 and 
amines [Yb(OTf)3 and InBr3]52,53 as nucleophiles. Tributylphosphine has also 

                                                           
43 For 2-phenyl substitiuted aziridines, see for example: Yadav, J. S.; Reddy, B. V. S.; Kumar, G. M. 
Synlett 2001, 1417-1418. For SN2’ reactions of vinyl aziridines with organocopper reagents, see: 
Toda, A.; Aoyama, H.; Mimura, N.; Ohno, H.; Fuji, N.; Ibuka, T. J. Org. Chem. 1998, 63, 7053-7061. 
44 Vicario, J. L.; Badía, D.; Carrilo, L. J. Org. Chem. 2001, 66, 5801-5807. 
45 Turner, J. J.; Leeuwenburgh, M. A.; van der Marel, G.; van Boom, J. H. Tetrahedron Lett. 2001, 42, 
8713-8716. 
46 Nenajdenko, V. G.; Karpov, A. S.; Balenkova, E. S.; Tetrahedron: Asymmetry 2001, 12, 2517-2527. 
47 Wu, J.; Hou, X.-L.; Dai, L.-X. J. Org. Chem. 2000, 65, 1344-1348. 
48 Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem. Int. Ed. 2001, 40, 2004-2021. 
49 Wipf, P.; Venkatraman, S.; Miller, C. P. Tetrahedron Lett. 1995, 36, 3639-3642. 
50 White, R. D.; Wood, J. L. Org. Lett. 2002, 3, 1825-1827. 
51 Prasad, B. A. B.; Sekar, G.; Singh, V. K. Tetrahedron Lett. 2000, 41, 4677-4679. 
52 Meguro, M.; Asao, N.; Yamamoto, Y. Tetrahedron Lett. 1994, 35, 7395-7398. 
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been used as a catalyst for the ring-opening of aziridines using different heteroa-
tom nucleophiles.54 Jacobsen and co-workers have developed a chromium-
catalysed system, which performs asymmetric ring-opening of meso aziridines, 
using azide as the nucleophile, and produces diamine derivatives with up to 94% 
ee.55 
 

2.2 Synthesis of chiral N-sulfonyl aziridines 

2.2.1 Introduction 
 
Amino alcohols are convenient starting materials for the synthesis of chiral 
aziridines. Some of them are commercially available but there are also numerous 
procedures for their preparation, e.g. through reduction of the corresponding 
amino acids. The synthesis of N-sulfonyl activated aziridines from amino alco-
hols requires the transformation of the hydroxy group into a good leaving group. 
The most frequently used methods are the Mitsunobu reaction56 and the use of 
sulfonyl chlorides57. 
 

2.2.2 Results and discussion 
 
(S)-N-Triflic-2-isopropylaziridine 22 has previously been synthesised in our 
group starting from (S)-valinol 23 in a one-pot procedure, which probably pro-
ceeds via intermediate 24 (Scheme 5).58 Reaction of (S)-valinol 23 with 2.2 
equivalents of triflic anhydride in the presence of two equivalents of triethyl-
amine afforded aziridine 22 in 90% yield and in acceptable purity (about 90%) 
after aqueous basic work-up. 
 

 

                                                                                                                                   
53 Yadav, J. S.; Reddy, B. V. S.; Rao, K. V.; Raj, K. S.; Prasad, A. R. Synthesis 2002, 1061-1064. 
54 Hou, X.-L.; Fan, R.-H.; Dai, L.-X. J. Org. Chem. 2002, 67, 5295-5300. 
55 Li, Z.; Fernández, M.; Jacobsen, E. N. Org. Lett. 1999, 1, 1611-1613. 
56 See for example: (a) Turner, J. J.; Sikkema, F. D.; Filippov, D. V.; van der Marel, G. A.; van Boom, 
J. H. Synlett 2001, 1727-1730. (b) Ibuka, T.; Mimura, N.; Aoyama, H.; Akaji, M.; Ohno, H.; Miwa, 
Y.; Taga, T.; Nakai, K.; Tamamura, H.; Fujii, N. J. Org. Chem. 1997, 62, 999-1015. 
57 See for example: (a) Sutton, P. W.; Bradley, A.; Farràs, J.; Romea, P.; Urpì, F.; Vilarrasa, J. Tetra-
hedron 2000, 56, 7947-7958. (b) Berry, M. B.; Craig, D. Synlett 1992, 41-44. 
58 Cernerud, M.; Skrinning, A.; Bérgère, I.; Moberg, C. Tetrahedron: Asymmetry 1997, 8, 3437-3441. 
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The methodology described above has now been extended to other amino alco-
hols. Thus, aziridines 25 and 26 were prepared starting from (S)-alaninol 27 and 
(S)-phenylalaninol 28, respectively (Scheme 5). Aziridines 25 and 26 were found 
to polymerise upon evaporation of the solvent. Therefore, the subsequent ring-
opening step was performed in situ. Aziridine 22 can be isolated but should be 
used directly after its preparation since it decomposes slowly at room tempera-
ture. 
 
Aziridine 31 was previously synthesised in our group in a two-step procedure 
starting from (S)-alaninol 27 (Scheme 6).59 The bis(sulfonated) intermediate 32 
was isolated and treated with excess NaH to give aziridine 31 in a combined 
yield of 29% for the two steps.60 

 
Synthetic pathways to aziridines 31 and 33 have now been developed, 
commencing from either the amino acids or the amino alcohols (Scheme 6). 
Aziridines 31 and 33 were prepared via one-pot procedures, starting from their 
respective amino alcohols. Aziridine 31 was obtained in 74% yield by treating 
(S)-alaninol with 1.15 equivalents of TsCl followed by 1.05 equivalents of MsCl 
in the presence of four equivalents of triethylamine. Analogously, aziridine 33 
was prepared in 92% yield. The yield of 33 was moderate (61%) when MsCl was 
replaced by TsCl. However, Kim et al. recently reported on the one-pot synthesis 
of 31 and 33 in 73 and 82% yield, respectively, starting from their respective 
amino alcohol using two equivalents of TsCl.61 It was also possible to synthesise 
aziridines 31 and 33 starting from (S)-alanine and (S)-valine, respectively, 
according to a procedure developed by Craig and Berry.57b N-Tosylation of (S)-
alanine 34 followed by LiAlH4 reduction of the carboxylic acid group in 36 to 
the corresponding alcohol gave 38 in 84% yield for the two steps. Analogously, 
the isopropyl analogue 39 was prepared in 94% yield, starting from (S)-valine 
35. Tosylation of the hydroxy group of 39 followed by base-mediated ring 
closure gave aziridine 33 in 91% yield. An acceptable yield of 31, 63%, was 
obtained when 38 was subjected to the same conditions on a small scale (1.3 
mmol), but when the reaction was run on a 75 mmol scale only low yields of 31 
were obtained. Instead, ring-closure was achieved under Mitsunobu conditions,62 
producing 31 in 74% yield when performed on a mmol scale, and 65% yield 
when performed on a larger scale (60 mmol). Once again, ring closure to form 
aziridine 31 proved more difficult than ring closure to aziridine 33. (S)-Valinol 
(23) was prepared in about 60% yield by the reduction of (S)-valine using either 
LiAlH4

63 or BH3,64 whereas only traces of (S)-alaninol (27) were isolated after 

                                                           
59 Cernerud, M.; Adolfsson, H.; Moberg, C. Tetrahedron: Asymmetry 1997, 8, 2655-2662. 
60 Aziridines 31 and 33 were recently synthesised via this route in the improved yields of 88 and 
90%, respectively. See: Argouarch, G.; Gibson, C. L.; Stones, G.; Sherrington, D. C. Tetrahedron Lett. 
2002, 43, 3795-3798. 
61 Kim, B. M.; So, S. M.; Choi, H. J.; Org. Lett. 2002, 4, 949-952. 
62 Mitsunobu, O. Synthesis 1981, 1-28. 
63 Meyers, A. I.; Dickman, D. A.; Bailey, T. R. J. Am. Chem. Soc. 1985, 107, 7974-7978. 
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reduction of (S)-alanine with borane in THF. The reduction of the N-tosylated 
amino acids (36, 37) was preferred to the reduction of the non-derivatised amino 
acids. The lower yields associated with the non-derivatised amino acid 
reductions were probably due to difficulties in isolating the amino alcohols 
during work-up. 

 

 
 

                                                                                                                                   
64 The reported yield for the BH3-reduction of (S)-valine is 94%, but this result could not be repro-
duced despite numerous attempts: McKennon, M. J.; Meyers, A. I.; Drauz, K.; Schwarm, M. J. Org. 
Chem. 1993, 58, 3568-3571. 
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Scheme 6. (a) 2 TsCl, pyridine; 47%. (b) 1.5 NaH, THF; 62%. (c) i: 1.15 TsCl, 
4 NEt3, CH2Cl2, ii: 1.05 MsCl; 31 74%, 33 92%. (d) 1.04 TsCl, 1 NaOH, 1 NEt3, 
water/acetone; 36 88%, 37 95%. (e) 3.1 LiAlH4, THF/Et2O; 38 95%, 39 99%. 
(f) 1.9 DEAD, 1.1 PPh3, THF; 31 74%. 1.2 TsCl, 3 NEt3, DMAP; 33 91%. 
(g) 2.4 NaBH4, 2 I2, THF (for 23 also 2 LiAlH4, Et2O);  27 nd, 23 60%.
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2.3 Synthesis of C2-symmetric bis(sulfonamides) 

2.3.1 Introduction 
 

C2-symmetric bis(sulfonamides) are useful ligands in asymmetric catalysis (see 
Chapter 3). They are usually prepared by allowing chiral diamines to react with 
achiral sulfonyl chlorides or other suitable sulfonic acid derivatives.65 The use of 
chiral amines and chiral sulfonyl chlorides affords diastereomeric ligands.66 In 
order to optimise the properties of a certain ligand in a catalytic application, it is 
desirable to have access to synthetic methods that allow easy and extensive 
variation of the ligand structure.66a,67 Previous work from our group show that C2-
symmetric bis(sulfonamide) ligands and C3-symmetric tetra-amines can be syn-
thesised via ring-opening of activated aziridines with primary amines58 and am-
monia59, respectively. The work presented below shows that this approach per-
mits a wide structural variation of the resulting ligands since the structure of the 
two building blocks can easily be varied in a number of ways. For example, the 
amino group can be either a mono- or a diamine, and amines containing addi-
tional functional groups can be applied. Also, in the aziridine, the 2-substituent 
and the activating group attached to the nitrogen atom can easily be varied (vide 
supra). This modular approach gives access to a large number of 
bis(sulfonamide) ligands that can be tested in various catalytic applications. 

 

2.3.2 Results and discussion 
 

Several examples in the literature show that primary amines afford 
bis(sulfonamides) upon reaction with N-p-toluenesulfonyl- (Ts) and N-p-
nitrobenzenesulfonylaziridines (pNs) in MeOH, CH3CN and toluene.60,61,68 
Surprisingly, a report states that benzylamine affords bis(sulfonamides) when 
reacting with N-tosylaziridines in MeOH, but that the reaction stops at the 
mono(sulfonamide) adduct when CH3CN is used as solvent.69 Previous results 

                                                           
65 For ligand preparation, see for example: (a) Corey, E. J.; Lee, D.-H.; Sarshar, S. Tetrahedron: 
Asymmetry 1995, 6, 3-6. (b) Ho, D. Betancourt, J. M.; Woodmansee, D. H.; Larter, M. L.; Walsh, P. J. 
Tetrahedron Lett. 1997, 38, 3867-3870. (c) Diltz, S.; Aguirre, G.; Ortega, F.; Walsh, P. J. Tetrahedron: 
Asymmetry 1997, 8, 3559-3562. (d) Ng, K.; Somanathan, R.; Walsh, P. J. Tetrahedron: Asymmetry 
2001, 12, 1719-1722.  
66 (a) Gennari, C.; Ceccarelli, S.; Piarulli, U.; Montalbetti, C. A. G. N.; Jackson, R. F. W. J. Org. 
Chem. 1998, 63, 5312-5313. (b) Gennari, C.; Gude, M.; Potenza, D.; Piarulli, U. Chem. Eur. J. 1998, 
4, 1924-1931. 
67 (a) Chataigner, I.; Gennari, C.; Onegri, S.; Piarulli, U.; Ceccarelli, S. Chem. Eur. J. 2001, 7, 2628-
2634. (b) Dalko, P. I.; Moisan, L.; Cossy, J. Angew. Chem. Int. Ed. 2002, 41, 625-628. For a review 
on combinatorial methods in enantioselective catalysis, see: (c) Reetz, M. T. Angew. Chem. Int. Ed. 
2001, 40, 285-310. 
68 Alul, R.; Cleaver, M. B.; Taylor, J.-S. Inorg. Chem. 1992, 31, 3636-3646. 
69 Scheuermann, J. E. W.; Ilyashenko, G.; Griffiths, D. V.; Watkinson, M. Tetrahedron: Asymmetry 
2002, 13, 269-272. 
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from our group show that aziridine 22 yields bis(sulfonamides) upon reaction 
with benzylamine, 2-(aminomethyl)pyridine, and 2-aminophenol in MeOH.58 

This study has now been extended to include other amines and aziridines. 
 
The bis(sulfonamide) 40 was prepared by treatment of (R)-1-phenylethylamine 
with three equivalents of aziridine 22 (Scheme 7).70 A survey of different solvents 
showed that the highest yield (83%) was obtained when the reaction was 
performed in dichloromethane (Table 1, entry 1). The other three solvent 
combinations all afforded 40 in lower yields (Table 1, entries 2-4). In the 
alcoholic solvents, small amounts of a by-product resulting from ring-opening of 
22 by the solvent were observed. The reaction forming the intermediate 
mono(adduct) was very fast and the primary amine was consumed within 30 
minutes. However, the reaction of complete transformation of the mono(adduct) 
into the bis(adduct) 40 was slower in dichloromethane (40 hours) than in the 
other three solvent systems where the reaction required about 16 hours for 
completion. Reacting the aziridine 22 with (S)-1-phenylethylamine gave the 
diastereomer 41 in 76% yield. 

 

          Table 1. The influence of the solvent on the yield of 40 and the reaction time. 

Entry Solvent 40 Yield [%][a] Reaction time [h] 
1 CH2Cl2 83 40 
2 CH3CN 63 16 
3 MeOH 58 16 
4 tBuOH/iPrOH 7/3 64 16 

[a] Isolated yields. 
 

Next, more bulky primary amines were tested as nucleophiles in the reaction 
with 22. The bis(sulfonamides) 42 and 43 were prepared by reacting aziridine 22 
with 1-methyl-1-phenylethylamine and 1,1-diphenylmethylamine with 65 and 
82% yield, respectively (Scheme 7).  
 

 
 

                                                           
70 An excess of 22 was used, since it was difficult to separate the bisadduct from the undesired 
monoadduct in the ring-opening reactions. Aziridine 22 was also difficult to purify due to its instabil-
ity and the crude material was used instead. The purity of aziridine 22 was 90±5% as estimated by 1H 
NMR and GCMS.  
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Scheme 7
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When 9-(aminomethyl)anthracene71 was used as the nucleophile, 39% of the 
bis(adduct) 44 was formed along with 23% of the mono(adduct) 45 (Scheme 8). 
No bis(adducts) were formed with the bulky amines tert-butylamine and 
tritylamine, and only the mono(adducts) 46 and 47, respectively, were isolated. 
This was in line with earlier reports on sterically demanding amines or aziridines 
producing the mono(adduct) only.56a,72,73 However, a large excess of less bulky 
amines also produced the mono(adduct) as the major product.74 Thus, reacting 
aziridine 22 with 9.5 equivalents of benzylamine produced mono(adduct) 48 in 
75% yield together with 7% of the bis(adduct) 49.75  
 

 
Next, the study was extended to include other azirdines as electrophiles in the 
ring-opening reaction. Benzylamine was reacted with aziridines 25 and 33 to 
give bis(sulfonamides) 50 and 51, respectively (Scheme 9). The methyl-
substituted aziridine 25 was found to be more reactive than the isopropyl 
analogue 22, and 25 was used in situ to give 50 in 20% yield (based on the 
starting amount of (S)-alaninol). The N-tosyl aziridine 33 is less reactive than the 
N-triflic analogue 22 and heating in MeOH at 50 °C for 27 hours was required 
for the formation of 51.69 Maligres et al. reported that N-p-nosyl aziridines 
reacted 50-60 times faster with primary amines than the corresponding N-tosyl 
aziridines,73 the rate difference probably being even larger when N-triflic 
aziridines are used. (S)-N-Triflic-2-benzylaziridine 26 was reacted with (R)-
phenylethylamine to give bis(sulfonamide) 52. 

                                                           
71 9-(aminomethyl)anthracene was prepared by careful BH3-reduction of 9-anthracene-carbonitrile 
according to the low-yielding procedure by: Weizman, H.; Ardon, O.; Mester, B.; Libman, J.; Dwir, 
O.; Hadar, Y.; Chen, Y.; Shanzer, A. J. Am. Chem. Soc. 1996, 118, 12368-12375. Attempts at pro-
longed reaction times produced complex mixtures of over-reduced material, and so did the use of 
LiAlH4 and AlH3. The reductive amination (NH4OAc/NaCNBH3) of the corresponding aldehyde 
failed. 
72 Mao, H.; Joly, G. J.; Peeters, K.; Hoornaert, G. J.; Compernolle, F. Tetrahedron 2001, 57, 6955-
6967. 
73 It was reported from one study that the mono(adduct) was formed in high yield when benzylamine 
(1 equiv.) was treated with 2-methyl-N-p-nosylaziridine (1 equiv.) in THF: Maligres, P. E.; See, M. 
M.; Askin, D.; Reider, P. J. Tetrahedron Lett. 1997, 38, 5253-5256. 
74 Solomon, M. E.; Lynch, C. L.; Rich, D. H. Tetrahedron Lett. 1995, 36, 4955-4958. 
75 The bis(adduct) 49 can be synthesised in 75% yield by using a slight excess of aziridine 22. See 
also footnote 58. 
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When amino alcohols were used as nucleophiles, the resulting ligands were 
obtained in somewhat lower yields. (−)-Norephedrine and 2-hydroxybenzyl-
amine76 gave compounds 53 and 54, respectively, both in 41% yield, whereas 2-
methoxybenzylamine gave compound 55 in 65% yield (Scheme 10).  
 

 
 

Chiral ligands containing elements of planar chirality could be prepared from 54 
and 55 via elaboration of their respective prostereogenic arene moieties. 
Reacting 55 with tricarbonyl(naphthalene)chromium in dibutylether at 125 °C 
for 5h produced a 1:1 mixture of diastereomers 56 and 57 together with some 
unreacted starting material (Scheme 11). The selectivity was somewhat higher 
when the reaction was performed in diethyl ether. Thus, 56 and 57 were 
produced as a 1:1.3 mixture of diastereomers in 67% total yield by reacting 55 
with tricarbonyl(naphthalene)chromium77 in diethylether at 90 °C for 5h (Scheme 
11). The diastereomers were separated by flash chromatography, but their 
instability hampered their characterisation.  

 
                                                           
76 2-Hydroxybenzylamine was prepared by LiAlH4 reduction of 2-hydroxybenzonitrile in 35% yield 
by a procedure similar to the one used by: Freudenreich, C.; Samama, J.-P.; Biellmann, J.-F. J. Am. 
Chem. Soc. 1984, 106, 3344-3353.  
77 Uemura, M.; Kobayashi, T.; Isobe, K.; Minami, T.; Hayashi, Y. J. Org. Chem. 1986, 51, 2859-
2863. 
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The scope of the aziridine ring-opening reactions with nitrogen nucleophiles was 
extended to the synthesis of tetradentate ligands commencing from C2-symmetric 
diamines (Scheme 12). Compounds 58 and 59 were prepared in 84 and 79% 
yield, respectively, starting from (R,R)- and (S,S)-1,2-diphenyl-1,2-
diaminoethane. In order to reduce the risk of formation of tertiary amines, only a 
slight excess of aziridine 22 was used. Similarily, the two enantiomers of 1,2-
diaminocyclohexane gave the diastereomeric compounds 60 and 61 in 64 and 
67% yield, respectively. Aromatic amines proved to be capable of ring-opening 
aziridine 22. The axially chiral bis(sulfonamides) 62 and 63 were prepared from 
the corresponding chiral binaphthyl diamines in 58 and 61% yield. No tertiary 
amines were observed in the ring-opening reactions to form compounds 58-63, 
probably due to steric effects. 
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2.4 Ring-opening of aziridines using ammonia as the nucleophile 

2.4.1 Synthesis of C3-symmetric tris(sulfonamides) 
 
Previous work from our group shows that C3-symmetric tris(sulfonamides) 64-67 
can be prepared by treating the appropriate aziridine with 0.33 equivalents of 
ammonia (Scheme 13).59 The reactions were carried out in methanol at about 50 
°C for four to five days. Some of the yields for these tris(sulfonamide) ligands 
have now been improved slightly by using an exact ratio of 1:3 between 
ammonia and the corresponding aziridine (Table 2). The ammonia concentration 
is conveniently determined by titration.78 The series of C3-symmetric 
tris(sulfonamides) has also been extended to include compound 68 which was 
prepared in 70% yield.  
 
 

 
 

Table 2. Aziridine ring-opening with ammonia in methanol. 
Entry R R’ Aziridine Tris(sulfonamide) Yield [%][a] 

1 iPr Tf 22 64 55 
2 iPr Ms 69 65 80 
3 iPr p-Ns 70 66 87 
4 Me Ts 31 67 75 
5 iPr Ts 33 68 70 

[a] Isolated yields. 
 

Microwave-induced heating has been proved to be successful in several organic 
reactions, including asymmetric catalysis.79 Microwave heating has now been 
applied to the synthesis of the C3-symmetric tris(sulfonamide) 68, resulting in an 
improved yield and a considerably shorter reaction time (from 4 days to 45 
minutes, vide infra). The usefulness of microwave heating has been 
demonstrated in a recent study by Licini et al., in the synthesis of the 
corresponding C3-symmetric trialkanolamine ligands (15, Figure 4) from 
ammonia and chiral epoxides.80 

                                                           
78 A 2.0 M solution of ammonia in methanol was used (Aldrich). Titration was performed by using 
HCl with methyl red as an indicator. 
79 For a general review, see: (a) Lidström, P.; Tierney, J.; Wathey, B.; Westman, J. Tetrahedron 2001, 
57, 9225-9283. For application in catalysis, see: (b) Larhed, M.; Moberg, C.; Hallberg, A. Acc. Chem. 
Res. 2002, 35, 717-727. 
80 Favretto, L.; Nugent, W. A.; Licini, G. Tetrahedron Lett. 2002, 43, 2581-2584. 
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An aziridine to ammonia ratio of 3.1:1 was initially used in the microwave-
assisted ring-opening of aziridine 33. Heating at 160 °C for 30 minutes produced 
the tris(adduct) 68 in 60% yield along with the C2-symmetric bis(adduct) 71 and 
the mono(adduct) 72 in 16 and 20% yield, respectively (Scheme 14 and Table 3, 
entry 1). An increase of the reaction time to 75 minutes did not improve the yield 
of 68. However, 68 was obtained in 77% yield along with 13% of unreacted 
aziridine 33 when the aziridine to ammonia ratio was increased successively to 
4:1 (entries 3 and 4). An increase of the reaction time from 45 to 75 minutes 
produced 68 in an improved yield of 85%. This yield could be improved slightly 
if the aziridine to ammonia ratio was increased further to 4.5:1 (88% yield, entry 
6). 

 

Table 3. Microwave-assisted ring-opening of aziridine 33 with ammonia at 160 °C. 

Entry Time [min] 33:NH3 68 [%][a] 71 [%][a] 72 [%][a] 
1 30 3.1:1 60 16 20 
2 75 3.1:1 61 14 23 
3 45 3.5:1 68 7 15 
4 45 4:1 77[b] - 9 
5 75 4:1 85 6 7 
6 45 4.5:1 88[c] - - 

[a] Isolated yields. [b] 13% of 33 was recovered. [c] 12% of 33 was recovered. 
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2.4.2 Synthesis of C1- and C2-symmetric sulfonamides, using ammonia 
as the nucleophile 
 
Enantiopure vicinal diamine derivatives can be prepared via ring-opening of 
chiral aziridines by using large excesses of ammonia.68,81,82 Indeed, compound 72 
was prepared in 71% yield by treating aziridine 33 with 16 equivalents of 
ammonia in methanol (Scheme 15). An alternative route is the reaction between 
an azide and an aziridine, followed by reduction of the azide group to the 
corresponding primary amine.61  

 
 
Conditions for the preparation of C2-symmetric secondary amines (e.g. 
bis(adduct) 73) starting from ammonia are delicate to find since the bis(adduct) 
may react further with any remaining aziridine to form the C3-symmetric 
tris(adduct) 64 (Scheme 16). An excess of ammonia favours the formation of the 
primary amine 74, as seen above, and an excess of the aziridine favours the C3-
symmetric tertiary amine. However, the treatment of aziridine 22 with 0.65 
equivalents of ammonia yielded the bis(adduct) 73 in 31% yield along with 21% 
of the mono(adduct) 74 and 8% of the tris(adduct) 64. Hydrogenolysis of 43 
using H2 and Pd/C,83 hydrolysis of 42 using TFA,84 or reaction of 74 with one 
equivalent68,85 of 22 may be more high-yielding approaches to 73.  

 

 
 

                                                           
81 Baron, E.; O’Brien, P.; Towers, T. D. Tetrahedron Lett. 2002, 43, 723-726. 
82 For a review on vicinal diamines see: Lucet, D.; Le Gall, T.; Mioskowski, C. Angew. Chem. Int. 
Ed. 1998, 37, 2580-2627. 
83 Chruma, J. J.; Sames, D.; Polt, R. Tetrahedron Lett. 1997, 38, 5085-5086. 
84 Clayden, J.; Menet, C. J.; Tchabanenko, K. Tetrahedron 2002, 58, 4727-4733. 
85 Wang, J.-Q.; Zhong, M.; Lin, G.-Q. Chin. J. Chem. 1998, 16, 65-77. 

N
Ts

16 NH3

33
MeOH

H2N
NHTs

72   71%Scheme 15

N
Tf 22

MeOH

NHTf
HN

NHTf
H2N

NHTf
N

NHTf
3

0.65 NH3
++

64  8%73  31% 74  21%
Scheme 16



 22

2.5 Synthesis of C3-symmetric primary and secondary tetra-
amines 
 
 
The C3-symmetric tetra-amine 75 was previously prepared in our group in 85% 
yield starting from 66 (Scheme 17).59 The N-p-nosyl protected amine was 
methylated and the p-nosyl group was removed using mercaptoacetic acid/NaOH 
in DMF, via a nucleophilic aromatic substitution mechanism.  
 
 

 
 
However, the high yield of the deprotection step was difficult to reproduce and 
75 was obtained in yields in the region of 0-45%. The use of Fukuyama’s 
original deprotection protocol of mercaptoacetic acid/LiOH in DMF improved 
the yield and 75 was isolated in yields of 41-63% (albeit once in 82% yield).86 
Attempts using PhSH/K2CO3 in DMF for up to 48h produced only partially 
deprotected material.86 The use of Na/NH3 at –78 °C gave 75 in less than 40% 
yield and the material contained impurities that were difficult to remove.87 
Employing Mg in MeOH/THF under ultrasonication gave a complex mixture. 

 
 Previous work in the group had also failed to produce the primary amine 76 
from 66.59,88 The difficulties associated with the deprotection of the p-nosyl group 
to form primary and secondary C3-symmetric tetra-amines prompted the search 
for a more easily removable nitrogen-protection group, but still one that would 
facilitate the aziridine ring-opening using ammonia. 

 
Other analogues of the p-Ns group, e.g. the o-Ns (o-nitrobenzenesulfonyl) and 
the DNs (o,p-dinitrobenzenesulfonyl) groups, were not tested even though they 
are supposedly easier to remove (especially the DNs group), and additional 
protocols for their deprotection are available.89 Another option is the Ses group 
                                                           
86 Fukuyama, T.; Jow, C.-K.; Cheung, M. Tetrahedron Lett. 1995, 36, 6373-6374. 
87 The findings are in accordance with the results reported by Andersson and Alonso regarding depro-
tection of sulfonyl aziridines: Alonso, D. A.; Andersson, P. G. J. Org. Chem. 1998, 63, 9455-9461. 
88 Maligres found that the p-Ns group could be removed by using PhSH/K2CO3 in CH3CN/DMF at 
50 °C to yield the primary amine, see footnote 73. 
89 For the DNs group, see: (a) Fukuyama, T.; Cheung, M.; Jow, C.-K.; Hidai, Y.; Kan, T. Tetrahedron 
Lett. 1997, 38, 5831-5834. For the deprotection of the o-Ns group by 2-mercaptoethanol/DBU in 
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[2-(trimethylsilyl)ethanesulfonyl] which is removed through treatment with 
fluoride,49 and the Dpp group (diphenylphosphinyl), which can be removed using 
MeOH/BF3•OEt2.90 The Dpp-aziridines are easily prepared in one-pot procedures 
from chiral amino alcohols and undergo ring-opening with both heteroatom-
centered and carbon-centered nucleophiles. The Boc group (tert-butoxy 
carbonyl) is easily removed under acidic conditions and should be an attractive 
alternative. However, the preparation of N-Boc activated aziridines from amino 
alcohols is known to be problematic sometimes, due to the interference of the 
Boc-group during ring-closure.25 Indeed, ring-closure of 77, prepared from (S)-
valinol,91 under Mitsunobu conditions did not produce the desired aziridine, and 
treatment of 77 with MsCl in the presence of excess NEt3 only yielded the O-
mesylated derivative 78 (Scheme 18). Treatment of three equivalents of 78 with 
ammonia did not yield the C3-symmetric Boc-protected amine 79. 
 

 

 
 

Considering the numerous methods available for the deprotection of the Ts-group 
and the fact that the Ts-protected amines 67 and 68 were accessible in good 
yields, we proceeded with the search for deprotection conditions which would 
produce both primary and secondary C3-symmetric amines from their 
corresponding Ts-protected analogues. 

 
Attempts to methylate 67 and 68 utilizing the conditions that were successful 
with the p-Ns analogue 66 (MeI, K2CO3, DMF) produced methylated 80 and 81, 
accompanied with small amounts of partially methylated material (Scheme 19). 
Use of the stronger base NaH gave fully methylated material in 91 and 90% 
yield, respectively, after purification. However, the purity of the crude products 
was excellent and the crude material would be used directly in the subsequent 
deprotection step. Detosylation of 81 was attempted using the mild conditions 
Mg in methanol under ultrasonication.92 Disappointingly, no deproteced material 
was observed and some of the starting material was recovered. Deprotection of 

                                                                                                                                   
DMF, see: (b) Miller, S. C.; Scanlan, T. S. J. Am. Chem. Soc. 1997, 119, 2301-2302. For the deprotec-
tion of the o-Ns and DNs groups to yield primary amines, see: (c) Nihei, K.; Kato, M. J.; Yamane, T.; 
Palma, M. S.; Konno, K. Synlett 2001, 1167-1169. 
90 Cantrill, A. A.; Osborn, H. M. I.; Sweeney, J. Tetrahedron 1998, 54, 2181-2208. 
91 Caputo, R.; Cassano, E.; Longobardo, L.; Palumbo, G. Tetrahedron 1995, 51, 12337-12350. 
92 Nyasse, B.; Grehn, L.; Ragnarsson, U. Chem. Comm. 1997, 1017-1018. 
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Scheme 18. (a) 1.1 (Boc)2O, NEt3, DMAP, CH2Cl2, 40%. (b) 1.1 MsCl, 2 NEt3,
                     CH2Cl2, 65%. (c) 0.33 NH3, 3.6 NEt3, MeOH, 0%.
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81 using Na/NH3 at –78 °C for 2h93 gave 75 in 36% yield. The yield was 
improved to 52% when the reaction temperature was increased to –33 °C. When 
81 was subjected to Na/naphthalene in DME,94 the 1H NMR spectrum of the 
resulting crude product had no signals in the aromatic region but several by-
products besides the desired amine 75 were observed. Heating 81 with 
HBr/AcOH (45% w/v) at 50 °C for 24 h did not produce amine 75, maybe 
because the reaction temperature was too low.95 However, refluxing (150 °C) 81 
in an aqueous solution of HBr (48%)96 for 24 h gave 75 in isolated yields 
between 49 and 72% (Scheme 19). The conditions worked well also for the 
methyl analogue 80, producing 82 in yields of 43-64%. The primary amines 83 
and 76 could be prepared in acceptable yields of 38 and 57%, respectively, by 
using the same conditions. 
 

 

 
 

2.6 Summary 
 
A modular approach to chiral sulfonamides was developed. Mono-, bis- and 
tris(sulfonamides) can be prepared in moderate to good yields (about 50-80%) 
starting from chiral sulfonyl activated aziridines and primary amines or 
ammonia. The aziridines are conveniently prepared in a one-pot procedure 
starting from 1,2-amino alcohols. The aziridines react with a wide range of 
nucleophiles such as primary amines, primary diamines, amino alcohols and 
aromatic amines. However, no bis(sulfonamides) are observed when bulky 
primary amines are used as nucleophiles and only the corresponding 
mono(sulfonamides) are obtained. The use of ammonia as nucleophile affords 
C3-symmetric tris(sulfonamides). The reaction rate of the aziridine ring-opening 
reaction with ammonia can be increased by microwave heating. The tosyl group 
of the tris(sulfonamides) can be removed by using HBr (48%, aqueous solution) 
to form primary and secondary amines.     
                                                           
93 Ibuka, T.; Nakai, K.; Akaji, M.; Tamamura, H.; Fujii, N.; Yamamoto, Y. Tetrahedron 1996, 52, 
11739-11752. 
94 Bergmeier, S. C.; Seth, P. P. Tetrahedron Lett. 1999, 40, 6181-6184. 
95 Roemmele, R. C.; Rapoport, H. J. Org. Chem. 1988, 53, 2367-2371. 
96 Compagnone, R. S.; Rapoport, H. J. Org. Chem. 1986, 51, 1713-1719. 

N
NHMe

R
N

NMeTs

R
N

NHTs

R
N

NH2

R

3

67   R = Me
68   R = iPr

3

80   R = Me
81   R = iPr

Scheme 19. (a) i: 19.5 NaH/DMF. ii: 6 MeI; 80, 91%; 81, 90%. (b) HBr (48% aq.), 
                     PhOH, 150oC, 24h; 82, 43-64%; 75, 49-72%; 83, 38%; 76, 57%.

3

a

3

82   R = Me
75   R = iPr

b

83   R = Me
76   R = iPr

b



 25

3. Applications of Bis(sulfonamides) in  
Asymmetric CatalysisI, II   
 
 
Chiral enantiopure bis(sulfonamides) have found widespread use in asymmetric 
catalysis. For example, they have been successfully applied in the aluminium 
catalysed Diels-Alder97 and ketene aldehyde cycloadditions to afford six- and 
four-membered rings with excellent enantioselectivities, and high enantio-
selectivities have also been observed in the magnesium bis(sulfonamide) 
catalysed amination of enolates.98 Bis(sulfonamides) are also known to promote 
the alkylation of aldehydes and the Simmons-Smith cyclopropanation of allylic 
alcohols. Moreover, stoichiometric amounts of boron bis(sulfonamides) have 
been used for the allylation of aldehydes,99 for the Ireland-Claisen 
rearrangements100 and for the aldol reactions.101 This chapter describes the use of 
the bis(sulfonamides) that are presented in Chapter 2 as promoters of the 
titanium-mediated addition of diethylzinc to benzaldehyde and the cyclo-
propanation of cinnamyl alcohol.  
 

3.1 Addition of diethylzinc to benzaldehyde 

3.1.1 Introduction 
  
Chiral secondary alcohols are integral parts of biologically active compounds 
and are versatile intermediates for further transformation. The two most obvious 
ways of synthesising such alcohols from achiral starting materials involve the 
enantioselective reduction of the corresponding ketone or the addition of an 
organometallic reagent to the corresponding aldehyde. The advantage of adding 
an organometallic reagent is that a carbon-carbon bond is formed and that the 
carbon skeleton thus is extended during the process.  
 
The first highly enantioselective addition of an organometallic reagent to an 
aldehyde was reported by Mukaiyama et al. in 1979.102 Butyllithium and 
diethylmagnesium were added to benzaldehyde under the influence of the 

                                                           
97 (a) Corey, E. J.; Imwinkelreid, R.; Pikul, S.; Xiang, Y. B. J. Am. Chem. Soc. 1989, 111, 5493-5495. 
(b) Corey, E. J.; Sarshar, S.; Bordner, J. J. Am. Chem. Soc. 1992, 114, 7938-7939. (c) Corey, E. J.; 
Sarshar, S.; Lee, D.-H. J. Am. Chem. Soc. 1994, 116, 12089-12090. 
98 Evans, D. A.; Nelson, S. G. J. Am. Chem. Soc. 1997, 119, 6452-6453. 
99 Corey, E. J.; Yu, C.-M.; Kim, S. S. J. Am. Chem. Soc. 1989, 111, 5495-5496. 
100 (a) Corey, E. J.; Lee, D.-H. J. Am. Chem. Soc. 1991, 113, 4026-4028. (b) Corey, E. J.; Roberts, B.-
E.; Dixon, B. R. J. Am. Chem. Soc. 1995, 117, 193-196. 
101 Corey, E. J.; Kim, S. S. J. Am. Chem. Soc. 1990, 112, 4976-4977. 
102 Mukaiyama, T.; Soai, K.; Sato, T.; Shimizu, H.; Suzuki, K. J. Am. Chem. Soc. 1979, 101, 1455-
1460. 
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lithium salt of the proline-derived amino alcohol 84, resulting in secondary 
alcohols with ee’s of 92-95%. The disadvantage of using lithium and magnesium 
reagents was their propensity to add to aldehydes in the absence of a ligand even 
at low temperatures. Even though the coordination of donor atoms like nitrogen 
and oxygen to an organometallic species normally increased their 
nucleophilicity, the rate acceleration was often too low to compete with the non-
stereoselective pathway, and an excess of the ligand was needed to achieve 
acceptable enantioselection.103 To circumvent this problem the attention was 
turned to organozinc reagents. Frankland was the first to describe organozinc 
reagents as early as in 1848104 but they were considered as alternatives to lithium 
and magnesium reagents only after Mukaiyama et al.102 discovered that β-amino 
alcohols catalyzed their addition to aldehydes. The advantage of using alkylzinc 
reagents was that they did not add to aldehydes at room temperature in the 
absence of coordinating molecules. An excess of the deprotonated amino alcohol 
84 failed to induce any chirality and it was not until 1984 that the first 
enantioselective addition of diethylzinc to benzaldehyde 85 was reported by 
Oguni and Omi (Scheme 20).105 The secondary alcohol 86 was obtained with 
49% ee in the presence of 2 mol% (S)-leucinol 87. 
 

 
The success of (S)-leucinol as a promoter for alkylation of aldehydes was soon 
followed by other reports on β-amino alcohols showing the excellent 
enantioselectivity of the alkylation reaction. Noyori and co-workers106 applied the 
DAIB ligand 88, which worked well with aromatic aldehydes, and Soai et al. 
introduced the norephedrine-derived ligand DBNE 89, which gave secondary 
alcohols with excellent ee’s when aliphatic aldehydes were used as substrates 
(Scheme 21).107 Noyori and co-workers108 also demonstrated that DAIB exhibited 
a positive non-linear effect when applied in the alkylation reaction. When DAIB 
(8 mol%) with 15% ee was used as a catalyst, the secondary alcohol 86 was 
obtained with 95% ee.  

                                                           
103 Mazaleyrat, J.-P.; Cram, D. J. J. Am. Chem. Soc. 1981, 103, 4585-4586. 
104 For a cover assay on zinc alkyls and the beginnings of main group organometallic chemistry, see: 
Seyferth, D. Organometallics 2001, 20, 2940-2955. 
105 Oguni, N.; Omi, T. Tetrahedron Lett. 1984, 25, 2823-2824. 
106 Kitamura, M.; Suga, S.; Kawai, K.; Noyori, R. J. Am. Chem. Soc. 1986, 108, 6071-6072. 
107 Soai, K.; Yokoyama, S.; Ebihara, K.; Hayasaka, T. J. Chem. Soc., Chem. Commun. 1987, 1690-
1691. 
108 (a) Kitamura, M.; Okada, S.; Suga, S.; Noyori, R. J. Am. Chem. Soc. 1989, 111, 4028-4036. See 
also: (b) Oguni, N.; Matsuda, Y.; Kaneko, T. J. Am. Chem. Soc. 1988, 110, 7877-7878. 
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Monomeric dialkylzinc compounds have a linear geometry around the zinc atom 
and this makes the zinc-alkyl bond non-polar and the alkylzinc reagent 
unreactive toward aldehydes. When an amino alcohol is treated with an alkylzinc 
reagent, the nitrogen and oxygen donor atoms coordinate to the zinc atom 
forming a bifunctional catalyst 90 that is unable to act as an alkyl donor (Scheme 
22).108 The zinc atom in the five-membered chelate in 90 serves as a Lewis acid 
and coordinates the aldehyde via the oxygen non-bonding orbital and the 
carbonyl carbon atom is activated for nucleophilic attack. The electrons in one of 
the lone pairs on the oxygen atom in 90 coordinate to the zinc atom in the zinc 
reagent and this Lewis basic coordination changes the geometry of the zinc 
reagent from linear to bent, and the carbon-zinc bond in Me2Zn is elongated 
resulting in an increased nucleophilicity. The geminal methyl groups in the 
ligand backbone direct the aldehyde to an endo coordination. Theoretical work 
on the mechanism and on possible transition state structures indicates that the 
aldehyde coordinates to the zinc atom in an anti-trans fashion 91, i.e. the two 
terminal cycles in the zinc-containing tricyclic system formed (the ligand 
backbone excluded) have a anti relationship and the aldehyde coordinates to the 
zinc atom with the lone pair trans to the phenyl ring of benzaldehyde (Scheme 
22).109 The alkyl group is then transferred to the Si face of the aldehyde producing 
the product alkoxide. The product alkoxide is removed from the catalyst as an 
alkylzinc alkoxide and the formation of a stable tetramer is the driving force for 
the reconstitution of the catalyst, which is believed to be monomeric.110  

 

 
 

                                                           
109 (a) Noyori, R.; Yamakawa, M.; J. Am. Chem. Soc. 1995, 117, 6327-6335. (b) Goldfuss, B.; Houk, 
K. N. J. Org. Chem. 1998, 63, 8998-9006. (c) Yamakawa, M.; Noyori, R. Organometallics 1999, 18, 
128-133. For related work, see: (d) Vázquez, J.; Pericàs, M. A.; Maseras, F.; Lledós, A. J. Org. Chem. 
2000, 65, 7303-7309. (e) Rasmussen, T.; Norrby, P.-O. J. Am. Chem. Soc. 2001, 123, 2464-2465. 
110 (a) Kitamura, M.; Suga, S.; Oka, H.; Noyori, R. J. Am. Chem. Soc. 1998, 120, 9800-9809. (b) 
Kitamura, M.; Oka, H.; Noyori, R. Tetrahedron 1999, 55, 3605-3614. See also: (c) Chen, Y. K.; 
Costa, A. M.; Walsh, P. J. J. Am. Chem. Soc. 2001, 123, 5378-5379. 
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Several hundreds of efficient catalytic systems for the enantioselective addition 
of zinc reagents to aldehydes are now known, and the diversity of the structures 
which have been evaluated as ligands in the alkylation reaction is impressive, 
e.g. pyridyl alcohols, amino thiols, amines, diols, and bis-(sulfonamides).111 Two 
distinct alternatives exist for the addition of diethylzinc to aldehydes; the 
addition can be performed either in the presence or in the absence of Ti(OiPr)4. 
An amino alcohol serves as a Lewis base which activates the zinc reagent and 
forms a Lewis acidic zinc species, e.g. 90, which activates the aldehyde. A 
bis(sulfonamide) or a diol in the presence of Ti(OiPr)4 forms a Lewis acidic 
ligand-titanium complex which activates the aldehyde. The excess of Ti(OiPr)4 
which is normally used probably assists the alkyl transfer to the aldehyde. 
Examples of structures that are successful ligands, either in the presence or in the 
absence of Ti(OiPr)4, are given in Table 4 and Figure 5. A comparison is made 
between the ligands on the basis of reaction time, reaction temperature, catalyst 
loading, and enantioselectivity of the benzaldehyde substrate. Furthermore, the 
number of aromatic, α,β-unsaturated, and aliphatic aldehydes which afford the 
corresponding secondary alcohol with 90% ee or more are listed in order to give 
a picture of the substrate generality.112 The alkylation reaction is in general much 
faster and is performed at lower temperatures in the presence of Ti(OiPr)4. 
Aromatic aldehydes afford higher enantioselectivity than aliphatic aldehydes, as 
seen in Table 4. Diols 95 and 96 stand out as two of the most general promoters 
for the alkylation of a broad range of aldehydes, e.g. substituted benzaldehydes, 
linear and branched aliphatic aldehydes, and α,β-unsaturated aldehydes (entries 
4 and 5). Bis(sulfonamide) 99 (vide infra) is an attractive alternative due to its 
straightforward preparation and it shows a remarkable catalytic activity at very 
low catalyst loading (entry 8). The substrate to catalyst ratio can be as high as 
2000 while still maintaning an excellent enantioselectivity. The extensive work 
by Knochel et al. show the generality of 99 as a promoter for the alkylation of 
aldehydes.113 The substrate tolerance is as impressive as that of 95 and 96, and a 
number of aldehydes and functionalized organozinc reagents can be employed 
(vide infra).  

 

                                                           
111 For reviews, see: (a) Noyori, R.; Kitamura, M.; Angew. Chem. Int. Ed. Engl. 1991, 30, 49-69. (b) 
Duthaler, R. O.; Hafner, A. Chem. Rev. 1992, 92, 807-832. (c) Soai, K.; Niwa, S. Chem. Rev. 1992, 
92, 833-856. (d) Pu, L.; Yu, H.-B. Chem. Rev. 2001, 101, 757-824.  
112 Huang, W.-S.; Hu, Q.-S.; Pu, L. J. Org. Chem. 1999, 64, 7940-7956. 
113 For a detailed discussion on Knochel’s work, see Chapter 3.1.2. 
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Table 4. Comparison between different catalytic systems for the enantioselective addition 
of diethylzinc to aldehydes. 

[a] For the benzaldehyde substrate. [b] The number of aromatic aldehydes which afford the 
correspondning product with ee≥ 90%. [c] The same criterion as under b but for α,β-unsaturated 
aldehydes. [d] The same criterion as under b but for aliphatic aldehydes. [e] Only the aldehydes 
reported in the original papers are listed. Knochel´s work on 99 include over 50 aldehyde-organozinc 
combinations. 
 

                                                           
114 (a) Reddy, K. S.; Solà, L.; Moyano, A.; Pericàs, M. A.; Riera, A. J. Org. Chem. 1999, 64, 3969-
3974. (b) Solà, L.; Reddy, K. S.; Vidal-Ferran, A.; Moyano, A.; Pericàs, M. A.; Riera, A.; Alvarez-
Larena, A.; Piniella, J.-F. J. Org. Chem. 1998, 63, 7078-7082. 
115 Kang, J.; Lee, J. W.; Kim, J. I. J. Chem. Soc., Chem. Commun.,1994, 2009-2010. 
116 (a) Chelucci, G.; Conti, S.; Falorni, M.; Giacomelli, G. Tetrahedron 1991, 47, 8251-8258. (b) 
Conti, S.; Falorni, M.; Giacomelli, G.; Soccolini, F. Tetrahedron 1992, 48, 8993-9000. 
117 (a) Huang, W.-S.; Hu, Q.-S.; Pu, L. J. Org. Chem. 1998, 63, 1364-1365. 
118 (a) Schmidt, B.; Seebach, D. Angew. Chem. Int. Ed. Engl. 1991, 30, 1321-1323. (b) Seebach, D.; 
Beck, A. K.; Schmidt, B.; Wang, Y. M. Tetrahedron 1994, 50, 4363-4384. 
119 (a) Zhang, X.; Guo, C. Tetrahedron Lett. 1995, 36, 4947-4950. (b) Guo, C.; Qiu, J.; Zhang, X.; 
Verdugo, D.; Larter, M. L.; Christie, R.; Kenney, P.; Walsh, P. J. Tetrahedron 1997, 53, 4145-4158. 
(c) Qiu, J.; Guo, C.; Zhang, X. J. Org. Chem. 1997, 62, 2665-2668. 
120 Paquette, L. A.; Zhou, R.; J. Org. Chem. 1999, 64, 7929-7934. 
121 Hwang, C.-D.; Uang, B.-J. Tetrahedron: Asymmetry 1998, 9, 3979-3984. 
122 Prieto, O.; Ramón, D. J.; Yus, M. Tetrahedron: Asymmetry 2000, 11, 1629-1644. 

Entry Lig. Ti(OiPr)4
[a] 

(equiv.)  
ee[a] 
[%] 

Time 
[h] [a] 

Temp.[a] 
[°C] 

S/C[a]  Arom. 
[b] 

α,β-
unsat. 

[c] 

Aliph. 
[d] 

Ref. 

1 92 - 97 3 0 17 13 2 5 114 

2 93 - 100 12 0 20 8 0 2 115 

3 94 - 100 18 -10 17 5 1 1 116 

4 95 - >99 4 0 20 11 6 5 117 

5 96 1.2 99 30 -25 5 9 6 5 118 

6 97 1.4 99 4 -23 5 8 3 1 119 

7 98 1.2 98 16 -40 100 1 0 3 120 

8 99 1.2 98 2 -20 2000 1[e] 1[e] 2[e] 123  

9 100 1.4 91 10 27 5 2 0 0 121 

10 101 1.2 96 16 -20 25 2 0 1 66a 

11 102 1.3 64 2 -20 5 0 0 3 122 
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3.1.2. Bis(sulfonamides) as ligands for alkylation of aldehydes −    
Background  
 
The work on bis(sulfonamides) as ligands in the asymmetric addition of 
diethylzinc to aldehydes was pioneered by Yoshioka and co-workers in 1989.123 
They sought a promoter class that contained stronger electron-withdrawing 
elements than those present in the amino alcohols, in order to achieve a rate 
acceleration of the catalytic reaction. They identified the sulfonyl group as a 
suitable candidate in this respect and prepared several ligands by reacting (R,R)-
1,2-diaminocyclohexane with various sulfonyl chlorides. However, the 
bis(sulfonamides) produced the secondary alcohol 86 (Scheme 20) with 
moderate enantioselection (36-83% ee) and only a weak rate acceleration was 
observed, even when bis(sulfonamide) 99 was employed.124 A suitable metal 
partner was sought to increase the rate and various Lewis acidic metal alkoxides 

                                                           
123 (a) Yoshioka, M.; Kawakita, T.; Ohno, M. Tetrahedron Lett. 1989, 30, 1657-1660. (b) Takahashi, 
H.; Kawakita, T.; Yoshioka, M.; Kobayashi, S.; Ohno, M. Tetrahedron Lett. 1989, 30, 7095-7098. 
124 Takahashi, H.; Kawakita, T.; Ohno, M.; Yoshioka, M.; Kobayashi, S.; Tetrahedron 1992, 48, 5691-
5700. 
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were screened in the reaction between Et2Zn and benzaldehyde. Ti(OiPr)4 stood 
out among the metal alkoxides tested, and at 2 mol% it was able to catalyze the 
alkylation of benzaldehyde in 80% yield in 12h at room temperature. The 
combination of bis(sulfonamide) 99 (4 mol%) and Ti(OiPr)4 (4.8 mol%) was 
highly successful and alcohol 86 was produced with 98% ee after 2h at 0 °C. It 
was possible to use as little as 0.05 mol% of ligand 99 in combination with 120 
mol% of Ti(OiPr)4 and still obtain an excellent enantiomeric excess (98% ee). 
However, the introduction of Ti(OiPr)4 complicated the alkylation reaction since 
Ti(OiPr)4 alone catalysed the reaction in an non-selective fashion, and it was 
surprising to note that alcohol 86 could be obtained with high enantiomeric 
excess despite the use of a large excess of Ti(OiPr)4. The role of the excess of 
Ti(OiPr)4 was attributed to replacing the product alkoxide in the titanium-
bis(sulfonamide) complex and thus reconstituting the active catalyst. 
 
Knochel developed the scope of the asymmetric alkylation reaction by 
introducing functionalized dialkylzinc reagents.125 These reagents were prepared 
from the corresponding alkyl iodides via a copper-catalysed iodine-zinc 
exchange reaction.126 The asymmetric alkylation reaction catalyzed by 99 and 
Ti(OiPr)4 tolerated the presence of funtional groups like esters and chlorides, if 
the ester group or the chlorine atom was separated by at least four carbon atoms 
from the zinc atom, and alcohols with excellent ee’s were obtained (Scheme 23). 
The methodology was also extended to include β-stannylated saturated and α,β-
unsaturated aldehydes as well as β-silylated α,β-unsaturated aldehydes and 
acetylenic aldehydes.126,127,128 The products obtained, when these aldehydes were 
used as substrates in the alkylation reaction could be modified further in a 
number of ways.  

 
 
 

 
 

                                                           
125 Rozema, M. J.; Sidduri, A.; Knochel, P. J. Org. Chem. 1992, 57, 1956-1958. 
126 (a) Brieden, W.; Ostwald, R.; Knochel, P. Angew. Chem. Int. Ed. Engl. 1993, 32, 582-584. (b) 
Rozema, M. J.; Eisenberg, C.; Lütjens, H.; Ostwald, R.; Belyk, K.; Knochel, P. Tetrahedron Lett. 
1993, 34, 3115-3118. 
127 Ostwald, R.; Chavant, P.-Y.; Stadtmüller, H.; Knochel, P. J. Org. Chem. 1994, 59, 4143-4153. 
128 Lütjens, H.; Nowotny, S.; Knochel, P. Tetrahedron: Asymmetry 1995, 6, 2675-2678. 
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An alternative and milder path to funtionalized organozinc reagents commences 
with alkenes.129 The one-pot procedure involves hydroboration of the alkene to 
the corresponding borane, which readily undergoes a boron-zinc exchange with 
diethylzinc to form the organozinc reagent (Scheme 24). The functional group 
tolerance is impressive: ester groups, silyl ethers, acrylates, alkyl iodides and 
alkyl bromides are tolerated in the alkylation reacton, if they are separated by at 
least three carbon atoms from the zinc atom. The drawback of these zinc reagents 
is that an excess (two-three equivalents) is needed for a high chemical yield and 
high enantioselectivity. Moreover, only one of the alkyl groups bound to zinc is 
transferred to the aldehyde in the alkylation reaction. The problems can be 
avoided by treating the organozinc reagent with (Me3SiCH2)2Zn forming a new 
organozinc reagent in which the Me3SiCH2 moiety behaves as a nontransferable 
group.130 These mixed organozinc reagents can be used in smaller amounts but at 
the expense of the reaction rate, and a smaller excess of Ti(OiPr)4 must be used 
to suppress the background reaction. The combination of functionalised 
organozinc reagents, bis(sulfonamide) 99, and Ti(OiPr)4 can be successfully 
employed in the syntheses of complex structures.131  

      
 
 

 
 

                                                           
129 (a) Schwink, L.; Knochel, P. Tetrahedron Lett. 1994, 35, 9007-9010. (b) Langer, F; Schwink, L.; 
Devasagayaraj, A.; Chavant, P.-Y.; Knochel, P. J. Org. Chem. 1996, 61, 8229-8243. (c) For nickel 
catalysed hydrozincation of alkenes, see: Vettel, S.; Vaupel, A.; Knochel, P. Tetrahedron Lett. 1995, 
36, 1023-1026. 
130 (a) Berger, S.; Langer, F.; Lutz, C.; Knochel, P.; Mobley, T. A.; Reddy, C. K. Angew. Chem. Int. 
Ed. Engl. 1997, 36, 1496-1498. (b) Lutz, C.; Knochel, P. J. Org. Chem. 1997, 62, 7895-7898. See 
also: (c) Lutz, C.; Jones, P.; Knochel, P. Synthesis 1999, 312-316. 
131 (a) Lutz, C.; Lutz, V.; Knochel, P. Tetrahedron 1998, 54, 6385-6402. (b) Fürstner, A.; Müller, T. J. 
Am. Chem. Soc. 1999, 121, 7814-7821. (c) Takemoto, Y.; Yoshikawa, N.; Baba, Y.; Iwata, C.; Tanaka, 
T.; Ibuka, T.; Ohishi, H. J. Am. Chem. Soc. 1999, 121, 9143-9154. 
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3.1.3. The present study − Optimisation of the reaction conditions 
 

Earlier work in our group dealing with bis(sulfonamide) 49 as a ligand for the 
enantioselective addition of diethylzinc to benzaldehyde, had shown that the 
enantiomeric excess of 1-phenylpropanol (86) was highly dependent upon the 
reaction conditions (Scheme 25).58 The amount of Ti(OiPr)4 was an important 
factor and a ratio of benzaldehyde:49:Ti(OiPr)4:Et2Zn of 1:0.125:1.48:1.2 in the 
presence of activated 4Å molecular sieves had proven to be optimal, giving 86 
with 78% ee. A precatalyst, prepared by heating 49 and Ti(OiPr)4 in a 1:1 ratio in 
the presence of molecular sieves, had been used in the catalytic reactions. 
 
 

 
 
Further optimisation of the reaction conditions has now been performed and the 
ligands which are described in Chapter 2 have been evaluated as promoters in the 
alkylation reaction under the newly optimised conditions. The effect of the 
amount of Ti(OiPr)4 was studied in order to give a clear picture of how it 
influences the catalytic reaction as well as the competing achiral background 
reaction. The experiments were performed in the presence of 0.125 equivalents 
of ligand 49, 1.2 equivalents of Et2Zn, and activated 4Å molecular sieves, but 
without heating 49 with an equimolar amount of Ti(OiPr)4 to form a precatalyst. 
In the absence of Ti(OiPr)4 a slow and unselective reaction occurred, which 
probably proceeded via a zinc-bis(sulfonamide) complex, and 86 was obtained 
with 21% ee (Table 5, entry 1). This was in line with results obtained with ligand 
99 and derivatives thereof, which gave 86 with modest ee’s in the absence of 
Ti(OiPr)4.124 The (R)-enantiomer of the product dominated when ligand 49 and 
Ti(OiPr)4 were present in equimolar amounts during the catalytic reaction, but 
the ee was still low (26%) and the reaction was very slow (entry 2). However, 
increasing the amount of Ti(OiPr)4 successively from 0.34 equivalents to 1.68 
equivalents changed the enantioselectivity in a remarkable fashion and increased 
the reaction rate. It was surprising to note that the enantiomer obtained as the 
major product, when an excess of Ti(OiPr)4 was used, was opposite to the major 
enantiomer obtained, when equimolar amounts of Ti(OiPr)4 and ligand 49 were 
used (compare entries 2 and 3). Further increases of the amount of Ti(OiPr)4 led 
to increased enantioselectivity and a maximum of the ee (59%, entry 6) was 
reached at around 1.5 equivalents of Ti(OiPr)4. Seebach and co-workers observed 
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a similar phenomenon to an even larger extent with the TADDOL ligand 7 
(Figure 2), and with 4-methoxybenzaldehyde as the substrate.  The (R)-
enantiomer of the product was obtained with 98% ee when two equivalents of 
the catalyst (TiL2) was used in the absence of Ti(OiPr)4, whereas the (S)-
enantiomer was obtained with 94% ee when 0.1 equivalents of the same catalyst 
was used in the presence of 1.2 equivalents of Ti(OiPr)4.132 The precatalyst in the 
latter case probably formed a Ti(OiPr)2L species in the presence of Ti(OiPr)4. 

 
 
 

Table 5. The influence of the amount of Ti(OiPr)4 on the enantioselectivity 
and the reaction rate in the addition of diethylzinc to benzaldehyde.[a] 

[a] The reactions were performed in the presence of 1.2 equiv. of Et2Zn and 
activated 4 Å MS (250 mg/mmol 85), but without using a precatalyst. [b] 
Reaction time at –35 °C. [c] Determined by GC. 

 
 

The reaction rate was increased considerably also when the amount of Ti(OiPr)4 
was increased. Thus, 87% conversion was reached after four hours when 0.34 
equivalents of Ti(OiPr)4 were used, whereas full conversion was reached after 15 
minutes when 0.68 equivalents of Ti(OiPr)4 were employed (Table 5, entries 3 
and 4). As mentioned earlier, the alkylation of aldehydes was complicated by the 
introduction of the Lewis acidic Ti(OiPr)4, since the titanium can catalyze the 
reaction in an non-selective way. However, the background reaction was too 
slow to compete with the ligand-catalyzed pathway and should not influence the 
                                                           
132 Schmidt, B.; Seebach, D. Angew. Chem. Int. Ed. Engl. 1991, 30, 99-101. 

Entry 49 (equiv.) Ti(OiPr)4 

(equiv.) 
Time [h][b] Conv. [%][c] ee [%][c] 

1 0.125 - 50 24 15 (S) 
   96 58 21 (S) 
2 0.125 0.12 94 100 26 (R) 
3 0.125 0.34 1 69 24 (S) 
   4 87 22 (S) 
4 0.125 0.68 0.05 77 40 (S) 
   0.25 100 45 (S) 
5 0.125 1.02 1 100 47 (S) 
6 0.125 1.48 0.05 93 56 (S) 
   0.25 100 59 (S) 
7 0.125 1.68 1 100 56 (S) 
8 - 0.68 0.25 0 - 
   0.50 7 - 
   1 17 - 
9 - 1.48 0.25 0 - 
   1 29 - 



 35

stereochemical outcome of the reaction. Full conversion was reached within 15 
minutes in the presence of ligand 49 and 1.48 equivalents of Ti(OiPr)4, whereas 
no product was detected after 15 minutes in the absence of 49 when the same 
amount of Ti(OiPr)4 was employed (entries 6 and 9). The rate of the background 
reaction was also influenced by the amount of Ti(OiPr)4 and 29% conversion was 
reached after 1h when 1.48 equivalents of the titanium alcoholate was used, 
whereas only 17% conversion was reached after the same time when 0.68 
equivalents was used (entries 8 and 9).  
 
The alkylation reaction catalyzed by bis(sulfonamides) such as 49 is ligand 
accelerated, probably due to the presence of the strongly electron-withdrawing 
sulfonyl groups.133 Seebach et al. suggest that the role of the excess of Ti(OiPr)4 
is to replace the product alkoxide on the catalyst by isopropoxide and thus 
reconstitute the catalyst.134 The presence of Ti(OiPr)4 has a decisive effect on the 
enantioselectivity when a TADDOL-titanium complex containing enantiopure 1-
phenylpropoxides coordinating to titanium is used as a catalyst. An excess of 
Ti(OiPr)4 (1.2 equivalents) affords the secondary alcohol (86) with much higher 
ee than is observed in the absence of Ti(OiPr)4.134 A large excess of Ti(OiPr)4 
(1.2-1.8 equivalents) is commonly employed in the bis(sulfonamide) catalyzed 
addition of alkylzinc reagents to aldehydes. For example, bis(sulfonamide) 97 
(Figure 5) gives 86 with 4% ee in the presence of 0.20 equivalents of Ti(OiPr)4 
(an equimolar amount), whereas the use of 1.4 equivalents gives 99% ee.119a 
 
Activated 4 Å molecular sieves are sometimes employed in asymmetric 
catalysis, especially when d0 early transition metals such as titanium are used as 
the metal source.135 The roles of the sieves are different in different reactions; the 
sieves may serve to trap water,136 or as sources of limited amounts of water.137 The 
structure and the water content of molecular sieves can have a decisive effect on 
the outcome and reproducibility of a catalytic reaction.138 Molecular sieves can 
also assist complex formation between ligand and metal.139 The presence of water 
can largely influence the enantioselectivity in titanium bis(sulfonamide) 
mediated alkylation reactions.85 

 

                                                           
133 Berrisford, D. J.; Bolm, C.; Sharpless, K. B. Angew. Chem. Int. Ed. Engl. 1995, 34, 1059-1070. 
134 Seebach, D.; Plattner, D. A.; Beck, A. K.; Wang, Y. M.; Hunziker, D. Helv. Chim. Acta 1992, 75, 
2171-2209. 
135 (a) Costa, A. L.; Piazza, M. G.; Tagliavini, E.; Trombini, C.; Umani-Ronchi, A. J. Am. Chem. Soc. 
1993, 115, 7001-7002. (b) Almqvist, F.; Torstensson, L.; Gudmundsson, A.; Frejd, T. Angew. Chem. 
Int. Ed. Engl. 1997, 36, 376-377. (c) Charette, A. B.; Molinaro, C.; Brochu, C. J. Am. Chem. Soc. 
2001, 123, 12168-12175. 
136 Hanson, R. M.; Sharpless, K. B. J. Org. Chem. 1986, 51, 1922-1925. 
137 (a) Terada, M.; Matsumoto, Y.; Nakamura, Y.; Mikami, K. Chem. Comm. 1997, 281-282. (b) 
Shimizu, M.; Ogawa, T.; Nishi, T. Tetrahedron Lett  2001, 42, 5463-5466. (c) Casas, J.; Nájera, C.; 
Sansano, J. M.; Saá, J. M. Org. Lett. 2002, 4, 2589-2592. 
138 Posner, G. H.; Dai, H.; Bull, D. S.; Lee, J.-K.; Eydoux, F.; Ishihara, Y.; Welsh, W.; Pryor, N.; Petr 
Jr, S. J. Org. Chem. 1996, 61, 671-676. 
139 Mikami, K.; Motoyama, Y.; Terada, M. J. Am. Chem. Soc. 1994, 116, 2812-2820. 
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The influence of activated 4 Å molecular sieves on the outcome of the alkylation 
reaction was examined using bis(sulfonamide) 49 and 1.2 equivalents of Et2Zn 
without forming a precatalyst. The alcohol 86 was obtained with 59% ee both in 
the presence and in the absence of activated 4 Å molecular sieves, and the 
reaction rate was unchanged (Table 6, entries 1 and 2). The background reaction 
was also unaffected by the presence of molecular sieves (compare entries 3 and 
4). The use of non-activated 4 Å molecular sieves attenuated the reaction rate 
considerably, yet the enantioselectivity was improved slightly compared to the 
effect of activated 4 Å molecular sieves (entries 5 and 6).  
 

 
Table 6. The influence of 4 Å MS on the enantioselectivity and the reaction 
rate in the addition of diethylzinc to benzaldehyde.[a] 

[a] The reactions were performed using 1.2 equiv. of Et2Zn and without the use of a 
precatalyst. [b] Reaction time at –35 °C. [c] Determined by GC. [d] Non-activated 4Å 
MS.  

 
 

Heating bis(sulfonamide) 49 and Ti(OiPr)4 in toluene at 60 °C did not produce a 
titanium bis(sulfonamide) complex according to 1H and 13C NMR spectroscopy. 
The acidic sulfonamide protons were still visible in the 1H NMR spectrum and 
the addition of activated 4 Å molecular sieves did not assist the ligand exchange. 
Similar observations were made by Walsh and co-workers with derivatives of 99, 
and they suggested that Et2Zn is needed to deprotonate the bis(sulfonamide) for 
ligand exchange to occur (vide infra).140 In order to promote titanium 
bis(sulfonamide) complex formation before the addition of the aldehyde, we 
mixed ligand 49, Ti(OiPr)4, and Et2Zn at –78 °C, allowed the mixture slowly to 
reach room temperature and kept that temperature for 140 minutes before the 
aldehyde was added. Improved enantioselectivity was observed under these 
conditions, the enantiomeric excess of 86 increasing from 59 to 72% (Table 7, 
entries 1 and 2). Keeping the mixture for an extended time at room temperature 
did not improve the enantioselectivity (entry 3). Varying the Ti(OiPr)4:Et2Zn 
ratio afforded a slower and less selective catalytic reaction (entries 4 and 5). 
                                                           
140 Pritchett, S.; Woodmansee, D. H.; Gantzel, P.; Walsh, P. J. J. Am. Chem. Soc. 1998, 120, 6423-
6424. 

Entry 49 
(equiv.) 

Ti(OiPr)4 

(equiv.) 
4 Å MS 

[mg/mmol 85]
Time 
[h][b] 

Conv. [%][c] ee [%][c]

1 0.125 1.48 250 0.25 100 59 (S) 
2 0.125 1.48 - 0.25 100 59 (S) 
3 - 1.35 250 2 64 - 
    4 87 - 
4 - 1.35 - 2 64 - 
    4 87 - 
5 0.125 0.68 250 0.25 100 45 (S) 
6 0.125 0.68    250[d] 26 30 53 (S) 



 37

 
 
 
Table 7. The influence of complex formation on the enantioselectivity and the 
reaction rate in the addition of diethylzinc to benzaldehyde. 

[a] Ligand 49, Ti(OiPr)4, and Et2Zn were mixed at –78 °C, allowed to reach rt during 75 min and 
kept at rt for 140 min before benzaldehyde was added at –78 °C. [b] Reaction time at –35 °C. [c] 
Determined by GC. [d] The reaction mixture was held at rt for 11 h before the aldehyde was 
added. 

 
 
The influence of the amount of ligand 49 on the reaction rate and the 
enantioselectivity in the addition of diethylzinc to benzaldehyde was studied 
using the optimised conditions, i.e. a benzaldehyde:Ti(OiPr)4:Et2Zn ratio of 
1:1.48:1.2 in the absence of 4 Å MS and keeping the reaction mixture at room 
temperature before adding the aldehyde. The enantioselectivity was almost 
unaffected when the amount of 49 was reduced from 12.5 mol% to 6 mol%, but 
the reaction rate decreased and 97% conversion was achieved after 1 h (Table 8, 
entries 1 and 2). Almost identical results were obtained when 4 mol% of ligand 
49 was used (entry 3), whereas at 2 mol% the enantioselectivity increased with 
the conversion to reach 67% after 3 hours (entry 4). Competition from the non-
selective background reaction was probably responsible for the lower 
enantioselectivity when 2 mol% of 49 was employed. Interestingly, the 
enantioselectivity increased with the conversion when 6 mol% or less of ligand 
16 was used. The chiral alkoxide formed in the reaction probably coordinate to 
the catalytically active species and influence the enantioselectivity. Variation in 
the enantioselectivity with the conversion had also been observed with 
derivatives of ligand 99 in the alkylation of benzaldehyde.141     

 
 
 
 

 
 
 
 

                                                           
141 Royo, E.; Betancort, J. M.; Davies, T. J.; Carroll, P.; Walsh, P. J. Organometallics 2000, 19, 4840-
4851. 

Entry 49  
(equiv.) 

Ti(OiPr)4 

(equiv.) 
Et2Zn 

(equiv.)  
Kept at rt[a] Time 

[h][b] 
Conv. [%][c] ee [%][c] 

1 0.125 1.48 1.2 No 0.25 100 59 (S) 
2 0.125 1.48 1.2 Yes 0.25 97 72 (S) 
3 0.125 1.48 1.2   Yes[d] 3.25 90 63 (S) 
4 0.125 1.48 3.0 Yes 1.2 96 16 (S) 
5 0.125 0.68 3.0 Yes 1.2 94 10 (S) 



 38

Table 8. The influence of the amount of ligand 49 on the reaction rate and 
the enantioselectivity in the addition of diethylzinc to benzaldehyde.[a]  

 
 
 
 
 
 
 
 

 
 
 

[a] The reactions were performed at a benzaldehyde:Ti(OiPr)4:Et2Zn 
ratio of 1:1.48:1.2 in the absence of 4 Å MS. The mixture was kept at rt 
before the aldehyde was added. [b] Reaction time at –35 °C. [c] 
Measured by GC. 

 
 

3.1.4. Evaluation of sulfonamides as promotors for the addition of 
diethylzinc to benzaldehyde.  

 
The ligands which are described in Chapter 2 were assessed in the 
enantioselective addition of diethylzinc to benzaldehyde in order to examine how 
the structural differences in the ligands affect the outcome of the catalytic 
reaction. The conditions that had been found to be optimal for bis(sulfonamide) 
49 were employed, i.e. a ligand:benzaldehyde:Ti(OiPr)4:Et2Zn ratio of 
0.06:1:1.48:1.2 in the absence of 4 Å molecular sieves (Scheme 26). We assumed 
that 6 mol% of the ligand would be sufficient to suppress the non-selective 
background reaction. Mono(sulfonamide) 48 (Scheme 26) afforded low 
enantioselectivity (3% ee) in the alkylation reaction and only 6% of the aldehyde 
was consumed after 15 minutes (Table 9, entry 1). The ligand catalyzed pathway 
could probably not compete with the achiral background reaction. The alkylation 
reaction was much faster in the presence of bis(sulfonamide) 73, the conversion 
then being 44% after 15 minutes (entry 2). Interestingly, the enantioselectivity 
varied with the conversion and the ee of 86 was 10% at full conversion. As seen 
in the optimisation study above, replacement of the hydrogen atom by a benzyl 
group at the secondary amine moiety afforded a ligand which accelerated the 
reaction even further, and the enantioselectivity was substantially improved 
giving 86 with 71% ee (entry 3). Lowering of the reaction temperature from –35 
°C to –78 °C did not improve the selectivity and the ee of 86 was 50% after 3h, 
whereas the conversion was 10% (entry 4). Full conversion was achieved after 
an additional 90 minutes at –55 °C and the enantiomeric excess of 86 increased 
to 69% (entry 4). The introduction of a bulkier group in the ligand, as in 40 
(Scheme 26) and 41, slightly improved both the reaction rate and the 
enantioselectivity (entries 5 and 6). However, either configuration of this 

Entry 49 (equiv.) Time [h][b] Conv. [%][c] ee [%][c] 
1 0.125 0.25 97 72 (S) 
2 0.06 0.25 86 67 (S) 
  1 97 71 (S) 
3 0.04 0.25 81 66 (S) 
  1 96 70 (S) 
4 0.02 0.25 53 57 (S) 
  1 95 66 (S) 
  3 96 67 (S) 



 39

additional stereocentre improved the enantioselectivity in favour of the (S)-
enantiomer. The reaction was exceptionally fast in the presence of ligands 40 and 
41 and full conversion was reached within 15 minutes. The enantioselectivity 
was not improved when ligands 42 and 43, having additional steric bulk at the 
benzylic position, were used in the alkylation reaction (entries 7 and 9). A slower 
and less selective reaction took place when the reaction solvent was changed 
from toluene to THF, in which ligand 42 was completely soluble (entry 8). 
Ligand 43 displayed as strong ligand-acceleration effect, as did ligands 40 and 
41, and the benzaldehyde was completely consumed within 15 minutes. The 
enantiomeric excess of 86 increased with increased conversion when ligand 42 
and anthracene derivative 44 were applied in the catalytic reaction.   

 
 
 

Table 9. Bis(sulfonamide)-mediated addition of diethylzinc to benzaldehyde.[a] 
 
 

 
 
 

[a] A ligand:benzaldehyde:Ti(OiPr)4:Et2Zn ratio of 0.06:1:1.48:1.2 was used. 
The reaction mixture was kept at rt before the benzaldehyde was added. [b] 
Reaction time at –35 °C. [c] Determined by GC. [d] Determined by GC using an 
external standard. [e] Conversion after 15 min at –35 °C. [f] Reaction time at –78 
°C. [g] 3 h at –78 °C followed by 1.5 h at –55 °C. [h] THF was used as solvent. 

 

Entry Ligand Time 
[h][b] 

Conv. [%][c] ee [%][c] Yield 
[%][d] 

Conv. 
[%][e] 

1 48 19 95 3 (S) 88 6 
2 73 0.25 44 0   
  1.33 94 8 (S)   
  2.7 100 10 (S) 100 44 
3 49 0.25 86 67 (S)   
  1 97 71 (S) 90 86 
4 49 3[f] 10 50 (S)   
  4.5[g] 97 69 (S) - 0 
5 40 0.25 97 75 (S) 97 97 
6 41 0.25 99 76 (S) 93 99 
7 42 0.25 42 48 (S)   
  2.5 95 56 (S) 91 42 

8[h] 42 0.25 14 12 (S) - 14 
9 43 0.25 96 69 (S) 93 96 
10 44 0.25 73 56 (S)   
  2.33 98 63 (S) 98 73 
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The (S)-alaninol-derived ligand 50 was inferior to its (S)-valinol analogue 49 as a 
promotor for the addition of diethylzinc to benzaldehyde (Scheme 27). Only 11% 
conversion was reached after 15 minutes and the enantiomeric excess was 19% 
at full conversion with the (S)-enantiomer dominating (Table 10, entry 1). The 
use of ligand 51, containing the less electron-withdrawing tosyl groups rather 
than the trifluoromethanesulfonyl groups as in ligand 49, interestingly favoured 
the formation of the (R)-enantiomer of 86 with 50% ee in the alkylation 
reaction.142 The presence of the tosyl groups in ligand 51 slowed down the 
catalytic reaction compared to the use of ligand 49, and only 18% conversion 
was reached after 15 minutes (entry 2). The hydroxy-containing ligands 53 and 
54 resulted in low enantioselectivity in the catalytic reaction (entries 3 and 4). 
The hydroxy groups were probably coordinated to the titanium in the catalytic 
species and the increased sterical congestion might be responsible for the low 
selectivity. Walsh and co-workers as well as Seebach and co-workers observed 
decreased enantioselectivity with sterically encumbered derivatives of 99 and 96, 
respectively,143,134 whereas the tetradentate ligand 97 afforded excellent 
enantioselectivity.119 The use of the O-methylated ligand 55 afforded a more rapid 
and selective alkylation reaction than was observed with the hydroxy analogue 
54, giving 86 with 61% ee (entry 5). Whereas the enantioselectivity increased 
with the conversion when ligands 50 and 51 were employed in the alkylation 
reaction, use of ligand 53 caused a decrease in the selectivity with conversion. 
The diastereomeric ligands 56 and 57 showed a behaviour similiar to that of 
ligand 55 in the catalytic reaction (entries 6 and 7). The unstable ligands 56 and 
                                                           
142 This is in accordance with the results obtained by Lin et al. who reported that the tosyl-derivative 
of 73 favoured the (R)-enantiomer of 86. See footnote 85. 
143 Balsells, J.; Betancort, J. M.; Walsh, P. J. Angew. Chem. Int. Ed. 2000, 39, 3428-3430. 
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57 might have decomposed to ligand 55, alternatively, the planarily chiral arene 
moiety was situated too far from the catalytic centre to affect the 
enantioselectivity. Ligands 50 and 54 afforded higher enantioselectivities, 67 and 
60% respectively, under the conditions used in the previous investigation in our 
group,58 i.e. forming a precatalyst by heating equimolar amounts of ligand and 
Ti(OiPr)4, using activated 4 Å molecular sieves in the catalytic reaction but 
without keeping the mixture at room temperature before addition of the 
aldehyde. The results indicated that optimal conditions probably must be found 
for each particular ligand.  
 

Table 10. Bis(sulfonamide)-mediated addition of diethylzinc to benzaldehyde.[a]  

[a] A ligand:benzaldehyde:Ti(OiPr)4:Et2Zn ratio of 0.06:1:1.48:1.2 was used. The 
reaction mixture was kept at rt before the benzaldehyde was added. [b] Reaction 
time at –35 °C. [c] Determined by GC. [d] Determined by GC using an external 
standard. [e] Conversion after 15 min at –35 °C. [f] 5 mol% of the ligand was used. 
 

 

Entry Ligand Time [h][b] Conv. [%][c] ee [%][c] Yield 
[%][d] 

Conv. 
[%][e] 

1 50 0.25 11 7 (S)   
  1.5 67 17 (S)   
  3.5 89 23 (S)   
  19.3 100 19 (S) 97 11 
2 51 0.25 18 31 (R)   
  1 65 49 (R)   
  4.5 99 50 (R)  99 18 
3 53 0.25 30 41 (S)   
  18 96 29 (S) 92 0 
4   54[f] 4.5 93 20 (S) 90 22 
5 55 1.67 98 61 (S) 90 86 
6 56 1.67 95 65 (S) 78 74 
7 57 1.67 94 65 (S) 78 76 
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The tetradentate ligands 58 and 59 (Scheme 28) both favoured the formation of 
the (R)-enantiomer of 86 with 59 and 12% ee, respectively, when they were 
applied in the catalytic reaction (Table 11, entries 1 and 2). The diastereomeric 
ligands promoted the alkylation at a similar rate and the conversion was 29 and 
27%, respectively, after 15 minutes. A decrease in enantioselectivity with 
conversion was observed in the alkylation rection in the presence of ligand 58 
whereas a linear relationship was observed with ligand 59. The 1,2-
diaminocyclohexane derivatives 60 and 61 did not mediate the addition of 
diethylzinc to benzaldehyde to any appreciable extent and only racemic products 
were obtained (entries 3 and 4). The low reaction rate indicated that a substantial 
amount of the secondary alcohol was formed via the Ti(OiPr)4-catalyzed 
pathway. The poor solubility of ligands 60 and 61 in toluene was not responsible 
for the lack of enantioselectivity, since similar results were obtained when the 
reactions were performed in THF, where the ligands were completely soluble. 
The axially chiral ligands 62 and 63 afforded low enantioselectivity in the 
catalytic reaction and 86 was obtained in 9 and 5% ee, respectively, with the (R)-
enantiomer dominating (entries 5 and 6). The rate acceleration observed in the 
presence of ligands 62 and 63 should ensure that the background reaction did not 
influence the enantioselectivity. C3-symmetric tris(sulfonamide) ligands 64 and 
68 exhibited low enantioselectivity when they were applied in the alkylation 
reaction. Interestingly, the two (S)-valinol-derived ligands afforded the product 
86 with opposite configuration (entries 7 and 8). Ligand 68, containing tosyl 
groups as electron-withdrawing elements, promoted the formation of the (R)-
enantiomer of 86, whereas the triflate analogue 64 afforded the (S)-enantiomer 
even though the (R)-enantiomer dominated at low conversion. This was in line 
with the results obtained for tosyl-derivative 51, which favoured the formation of 
the (R)-enantiomer, whereas the triflate analogue 49 favoured the formation of 
the (S)-enantiomer.  
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Table 11. Sulfonamide-mediated addition of diethylzinc to benzaldehyde.[a]  

[a] A ligand:benzaldehyde:Ti(OiPr)4:Et2Zn ratio of 0.06:1:1.48:1.2 was used. The 
reaction mixture was kept at rt before the benzaldehyde was added. [b] Reaction 
time at –35 °C. [c] Determined by GC. [d] Determined by GC using an external 
standard. [e] Conversion after 15 min at –35 °C. [f] 5 mol% of the ligand was used. 
[g] Similar results were obtained in THF. [h] A mixture of THF:toluene 1:7 was 
used to solubilize the ligand. 
 

 

Entry Ligand Time [h][b] Conv. [%][c] ee [%][c] Yield 
[%][d] 

Conv. 
[%][e] 

1  58[f] 0.25 29 80 (R)   
  1.67 73 65 (R)   
  5 87 59 (R) 79 29 
2   59[f] 5.25 87 12 (R) 87 27 
3    60[g] 18.25 93 0 89 5 
4 61 18 98 0 95 4 
5 62 3.67 95 9 (R) 83 25 
6 63 3.33 94 5 (R) 84 35 
7    64[h] 0.25 29 17 (R)   
  1.75 91   9 (S)   
  3.3 97 11 (S) 89 29 
8 68 0.25 20 25 (R)   
  18 96 31 (R) 91 20 
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With a few exceptions, benzaldehyde and similar aromatic aldehydes are the 
substrates which afford the highest enantioselectivities in the asymmetric 
alkylation of aldehydes. The large difference between the small hydrogen atom 
and the relatively large phenyl ring, and the absence of acidic α-protons make 
benzaldehyde a perfect substrate for the addition of an alkyl group, even though 
the synthetic utility is limited. In general it is difficult to obtain excellent enantio-
selectivities with aliphatic aldehydes, but higher ee’s are often obtained if the 
aliphatic aldehydes contain a substituent at the α-position. Addition of 
diethylzinc to cyclohexanecarboxaldehyde 103 in the presence of ligand 49 
under the optimised conditions (see above) affords alcohol 104 with low 
enantiomeric excess, 25% ee (Scheme 29). The reaction time is markedly longer 
than for benzaldehyde, and 90% conversion is achieved after 36 hours. 
 
 

 
 

3.1.5. Proposal of a catalytic cycle 
 
Some features of the intermediates involved in the bis(sulfonamide)-mediated 
enantioselective alkylation of aldehydes are known, even though suggestions 
regarding possible transition state structures are rare.15 The X-ray structure of the 
zinc-bis(sulfonamide) complex obtained by mixing Et2Zn with the bis(n-
butanesulfonamide) derivative 105 is known (Scheme 30). It shows that the zinc 
atom is bound to both of the sulfonamide nitrogen atoms, preserving the C2-
symmetry.144 Sulfonamide protons are acidic with pKa-values of about 7-10,145 
and bis(sulfonamides) are easily deprotonated by Et2Zn. Work by Walsh and co-
workers shows that mixing ligand 106 with excess Ti(OiPr)4 does not lead to the 
formation of a titanium complex, 107.140 Instead, mixing 106 with 
Ti(OiPr)2(NMe2)2 results in the formation of the bis(sulfonamide) titanium 
complex 107 (Scheme 30). The X-ray structure shows that titanium has a 
distorted octahedral geometry and that one oxygen atom of each sulfonyl group 
is coordinated to the titanium centre, thus maintaining a rigid C2-symmetric 
structure of the complex.140,146 Furthermore, the use of a ligand 

                                                           
144 Denmark, S. E.; O’Connor, S. P.; Wilson, S. R. Angew. Chem. Int. Ed. 1998, 37, 1149-1151. 
145 (a) Bordwell, F. G. Acc. Chem. Res. 1988, 21, 456-463. (b) pKa for NH2Ts: 10.5, pKa for NH2pNs: 
9.4, pKa for NH2Tf: 7, see: Koike, T.; Kimura, E.; Nakamura, I.; Hashimoto, Y.; Shiro, M. J. Am. 
Chem. Soc. 1992, 114, 7338-7345. 
146 (a) Pritchett, S.; Gantzel, P.; Walsh, P. J. Organometallics 1997, 16, 5130-5132. (b) Armistead, L. 
T.; White, P. S.; Gagné, M. R. Organometallics 1998, 17, 216-220. (c) Pritchett, S.; Gantzel, P.; 
Walsh, P. J. Organometallics 1999, 18, 823-831. 
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106:Ti(OiPr)4:Et2Zn mixture gives the same results in the alkylation reaction as 
is observed when the titanium complex 107 is employed under the same 
conditions. The results indicate that Et2Zn serves to deprotonate 106 and that the 
bis(sulfonamide) zinc complex reacts with Ti(OiPr)4 in situ to form 107. 
However, the driving force of this reaction remains unlcear. The absence of non-
linear effects when ligand 106 is employed in the catalytic reaction suggests that 
the catalytically active species is monomeric.119b,140 The enantioselection observed 
in the alkylation reaction with titanium complexes containing two 
bis(sulfonamide) ligands, (TiL2), are inferior to the enantioselection observed 
when complexes containing one sulfonamide ligand is used, indicating that the 
active species has the stoichiometry of Ti(OiPr)2L.141 It is of importance that a 
C2-symmetric trans-conformation of the aryl groups in the catalyst 107 is 
maintained during the reaction.143 Catalysts, in which a short tether forces the aryl 
groups (108, n=6) into a syn-conformation, are inferior to catalysts, in which a 
longer tether (108, n=22) allows a trans-conformation to be maintained during 
the reaction (Scheme 30).  
 

 
 
It is not known whether the ethyl group is transferred from zinc or from titanium, 
and whether the transfer occurs inter- or intramolecularly. 1H NMR studies on a 
mixture of Et2Zn and Ti(OiPr)4 reveal a concentration-dependent equilibrium 
where no monomeric Et2Zn is present but signals from at least two ethyl groups 
are observed.123,124 These studies, by Yoshioka and co-workers, on ligand 99 
(Figure 5) led to the proposal of the species TiL(Et)(OiPr)147 as a crucial 
intermediate, from which transfer of the ethyl group occurred faster than in any 
other ethyl-containing species. Paquette and Zhou120 also proposed that the ethyl 
group is transferred intramolecularly from titanium to the aldehyde. However, it 
seems unlikely that the strong Ti-O bond is replaced by the weaker Ti-C bond, 
even though the Ti-C bond is stronger than the corresponding Zn-C bond.148 
Moreover, an intramolecular transfer would probably result in an unfavourable 
angle of approach of the ethyl group. A bimetallic complex comprising Et2Zn, 

                                                           
147 For a similar structure see: Reetz, M. T.; Kükenhöhner, T.; Weinig, P. Tetrahedron Lett. 1986, 27, 
5711-5714.  
148 Ti-O: 447, Ti-C: 255, Zn-C: 219, Zn-O: 381 kJ/mol. Woodward, S. Tetrahedron 2002, 58, 1017-
1050. 
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titanium and the ligand, and from which the ethyl group is transferred 
intramolecularly from zinc, seems more probable, as suggested by the groups of 
Knochel127, Seebach134 and Zhang119. 
 
A mechanistic scenario is presented below, based on our findings with 
bis(sulfonamide) 49 and the observations reported in the literature on similar 
systems. Treatment of 49 with Et2Zn results in gas evolution (ethane) and the 
probable formation of intermediate 109, where the tertiary nitrogen atom 
probably is coordinated to the zinc atom (Scheme 31). The intermediate 109 
catalyzes the addition of diethylzinc to benzaldehyde in a slow and unselective 
process, and only 58% conversion is achieved in four days (21% ee). These 
results indicate that 109 is not the catalytically active species when the reaction 
is performed in the presence of Ti(OiPr)4. Instead, the zinc complex 109 
probably reacts with Ti(OiPr)4 forming a titanium complex of the type 
Ti[bis(sulfonamide)](OiPr)2, which presumably is the active species in the 
catalytic reaction. The X-ray structure of the aluminium complex of ligand 49 
shows that the tertiary nitrogen atom coordinates to aluminium, and a similar 
coordination can be expected in the titanium complexes.149 A distorted trigonal 
bipyramidal (110) or an octahedral geometry is possible, by analogy with a 
similar achiral bis(sulfonamide) ligand.150 Two complexes are possible for the 
octahedral coordination of ligand 49. Either a facial or a meridional coordination 
of the bis(sulfonamide) is possible, resulting in the complexes 111 or 112, 
respectively. It is difficult to predict the exact structures and the relative stability 
of the octahedral complexes and whether or not there is an interaction between 
the sulfonyl oxygen atoms and the titanium centre. The sulfonamide nitrogen 
atoms can be expected to have a planar geometry140 and each isopropyl group in 
the ligand should force the sulfonamide group into a trans relationship. This 
should destabilise the facially coordinated structure 111 since the two sterically 
demanding sulfonamide groups would then be in close proximity. We did not 
succeed to obtain spectroscopic evidence for any of the intermediates. 
 

                                                           
149 Nelson, S. G.; Kim, B.-K.; Peelen, T. J. J. Am. Chem. Soc. 2000, 122, 9318-9319. 
150 Hamura, S.; Oda, T.; Shimizu, Y.; Matsubara, K.; Nagashima, H. J. Chem. Soc., Dalton 
Trans.,2002, 1521-1527. 
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Benzaldehyde is a weak ligand which prefers to coordinate to titanium trans to 
the strong isopropoxide ligand in 112, resulting in complex 113 (Scheme 32).151 A 
coordination such as that seen in complex 114 might also be possible if the 
benzyl group is residing below the plane. A recent proposal by Corey and co-
workers suggests that hydrogen bonding between an aldehyde proton and an 
alkoxide ligand bound to titanium can be invoked to explain the stereochemical 
outcome of asymmetric transformations.152 Such an interaction is improbable in 
our system since a hydrogen bond between the aldehyde proton and the oxygen 
atom of the equatorial isopropoxide group in 113 will bring the sulfonamide, 
which is sitting above the plane, and the benzaldehyde moieties too close to each 
other. 153 A hydrogen bond to the highly electron deficient sulfonamide nitrogen is 
unlikely even though, according to the proposed model, the aldehyde proton 
should be situated in a nearly optimal position. Our model then predicts that the 
ethyl group attacks the aldehyde from the Si face at the same time as the 
isopropoxide ligand trans to the aldehyde leaves the catalyst (see 115), probably 
forming iPrOZnEt.154 This model predicts the formation of the observed (S)-
alcohol (116). A possible mode of activation of the diethylzinc is seen in 
structure 115, where the equatorial titanium isopropoxide oxygen coordinates to 
the zinc atom of diethylzinc or, alternatively, an intermolecular ethyl transfer 
from an ethylzinc species like 117 can be envisaged. Both scenarios would 
probably ensure that the aldehyde is attacked at a favourable angle.   
 

                                                           
151 (a) Gau, H.-M.; Lee, C.-S.; Lin, C.-C.; Jiang, M.-K.; Ho, Y.-C.; Kuo, C.-N. J. Am. Chem. Soc. 
1996, 118, 2936-2941. (b) Wu, Y.-T.; Ho, Y.-C.; Lin, C.-C.; Gau, H.-M. Inorg. Chem. 1996, 35, 5948-
5952. 
152 (a) Corey, E. J.; Barnes-Seeman, D.; Lee, T. W. Tetrahedron Lett. 1997, 38, 1699-1702. (b) Corey, 
E. J.; Barnes-Seeman, D.; Lee, T. W. Tetrahedron Lett. 1997, 38, 4351-4354. (c) Corey, E. J.; Lee, T. 
W. Chem. Comm., 2001, 38, 1321-1329. 
153 A hydrogen bond to the oxygen atom of the isopropoxide sitting in the equatorial position should 
result in an attack on the Re face, which would give the (R)-alcohol. 
154 Cernerud, M. Versatile Ligands for Selective Metal Catalysis, Ph. D. thesis, KTH, Stockholm, 
1997. 
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The excess of Ti(OiPr)4 will replace the alkoxide residue from the intermediate 
116 (Scheme 32) and reconstitute the intermediate 112 (Scheme 31). The non-
linearity between the conversion and the enantiomeric excess that is observed 
with some of our ligands in the alkylation reaction indicates that the catalyst is 
not intact during these catalytic process. It is possible that structure 116 serves as 
a catlyst of the alkylation reaction and that the chiral alkoxide residue 
coordinates to the titanium in 116 in a favourable or unfavourable way, causing 
an increase or a decrease, respectively, in the enantiomeric excess.  
 
 

3.1.6. The effect of chiral additives on the enantioselectivity of the 
addition of diethylzinc to benzaldehyde 

 
Even though the exact structure of the catalytically active species is unknown in 
the bis(sulfonamide) mediated addition of diethylzinc to benzaldehyde, it can be 
stated that a neutral bis(sulfonamido) titanium(IV) complex would require the 
coordination of two anionic ligands. The ligands are probably two isopropoxide 
molecules, even though the presence of an ethyl group on titanium has been 
suggested (vide supra). The structure of the alkoxides that coordinate titanium 
can have a decisive effect on the outcome of the asymmetric alkylation reaction. 
A study by Knochel and co-workers shows that the ee of the product alcohol is 
increased from 0 to 93% when the Ti(OiPr)4 is replaced by the bulkier 
Ti(OtBu)4.155 However, the task of finding the optimal size of the titanium 
alkoxide employed is delicate. Another study by Knochel and co-workers reveals 
that an equimolar mixture of Ti(OiPr)4 and Ti(OtBu)4 affords optimal enantio-
selectivity,128 whereas Yus and co-workers report that the use of Ti(OiPr)4 affords 
higher enantioselectivity than the use of Ti(OtBu)4 or Ti(OEt)4.122 Moreover, 

                                                           
155 Nowotny, S.; Vettel, S.; Knochel, P. Tetrahedron Lett. 1994, 35, 4539-4540. 
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moderate enantioselectivities are observed when achiral bis(sulfonamides) are 
used as ligands in combination with titanium bound to (S)-1-phenylpropanol 
(86).156 Our observation of non-linearity between the ee and the conversion in the 
asymmetric alkylation reaction (vide supra) indicates that the enantioselectivity 
can be affected by the presence of chiral coordinating alkoxides. This 
observation suggests that it might be possible to improve the enantioselectivity 
of the bis(sulfonamide) 49 in the alkylation reaction by the use of chiral 
coordinating groups as additives in the reaction.157 Thus, chiral amines, chiral 
amino alcohols and chiral alcohols have now been used in the presence of 
bis(sulfonamide) 49 and Ti(OiPr)4.158  
 

 
A ligand 49:additive:Ti(OiPr)4 ratio of 1:1:1 (12.5 mol% of each) was used in the 
alkylation reaction as it was believed to favour the formation of a titanium 
complex containing one molecule of ligand 49 and one molecule of the additive, 
but other combinations might have been formed. The mixture was heated in 
toluene at 60 °C for 90-160 minutes, after which Et2Zn (1.2 equivalents) and 
benzaldehyde were added at –78 °C. The reactions were quenched after about 90 
hours at –35 °C. The ee-values of the catalytic reactions in the presence of chiral 
mono- and diamines159 and amino alcohols are reported in Figure 6. The 
conversion was >87% with all of the additives except the amino alcohols. The 
reaction in the absence of any additive gave 86 in 26% ee in favour of the (R)-
enantiomer (Figure 6, 1). The two enantiomers of 1-phenylethylamine both 
favored the (S)-enantiomer of 86, but the ee’s were very low (Figure 6, 2 and 3). 
The two enantiomers of 1,2-diaminocyclohexane also afforded the (S)-
enantiomer, but again the ee’s observed were low (4 and 5). The highest 
enantioselectivity, 49% (S), was observed when (1R,2R)-1,2-diphenyl-1,2-
ethanediamine (118) was used as an additive, whereas its enantiomer favoured 
the formation of the (R)-enantiomer with 16% ee (7 and 8). The axially chiral 
diamine (R)-1,1’-binaphthyl-2,2’-diamine, (−)-sparteine and the two amino 

                                                           
156 Balsells, J.; Walsh, P. J. J. Am. Chem. Soc. 2000, 122, 1802-1803. 
157 For chiral activation in diethylzinc additions, see: (a) Ding, K.; Ishii, A.; Mikami, K. Angew. 
Chem. Int. Ed. 1999, 38, 497-510. (b) Costa, A. M.; Jimeno, C.; Gavenonis, J.; Carroll, P. J.; Walsh, 
P. J. J. Am. Chem. Soc. 2002, 124, 6929-6941. 
158 (a) For a study on titanium TADDOLate in the combination with coordinating molecules, see: 
Shao, M.-Y.; Gau, H.-M. Organometallics 1998, 17, 4822-4827. (b) For a study on the coordination 
of chiral bidentate amines to Ti(IV) Lewis acids, see: Larsen, A. O.; White, P. S.; Gagné, M. R. Inorg. 
Chem. 1999, 38, 4824-4828. 
159 No imines were detected in the reactions even though similar conditions had been used to favour 
their formation: (a) Mattson, R. J.; Pham, K. M.; Leuck, D. J.; Cowen, K. A. J. Org. Chem. 1990, 55, 
2552-2554. (b) Bhattacharyya, S.; Chatterjee, A.; Williamson, S. C. Synlett, 1995, 1079-1080. 
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alcohols (R)-2-phenylglycinol and (S)-phenylalaninol, all afforded low 
enantioselectivities in the alkylation reaction (9-12.) 
 
 

Figure 6. The effects on the enantioselectivity caused by amines and amino alcohols 
when used as additives in the addition of diethylzinc to benzaldehyde.[a] 1: No 
additive. 2: (R)-1-Phenylethylamine. 3: (S)-1-Phenylethylamine. 4: (1R,2R)-1,2-
Diaminocyclohexane. 5: (1S,2S)-1,2-Diaminocyclohexane. 6: cis-1,2-Diaminocyclo-
hexane. 7: (1R,2R)-1,2-Diphenyl-1,2-ethanediamine. 8: (1S,2S)-1,2-Diphenyl-1,2-
ethanediamine. 9: (R)-1,1’-Binaphthyl-2,2’-diamine. 10: (−)-Sparteine. 11: (R)-2-
Phenylglycinol. 12: (S)-Phenylalaninol. [a] A stock-solution of the ligand 49:Ti(OiPr)4 
mixture was prepared by heating 49 and Ti(OiPr)4 in toluene at 40 °C for 11 h, followed by 60 
°C for 4 h and removal of the 4 Å MS. A sample of the stock-solution (12.5 mol%) was heated 
with the appropriate additive in toluene at 60 °C for 90-160 min. The mixture was cooled to –
78 °C and Et2Zn (1.2 equiv.) and benzaldehyde were added. The mixture was stirred at –35 °C 
for about 90 h. 

 
 
The results obtained with mono- and bidentate alcohols as additives under the 
conditions described above are summarised in Figure 7. The conversion is >90% 
with a few exceptions. It is interesting to note that all monodentate alcohols 
favour the formation of the (R)-enantiomer of 86, whereas the bidentate alcohols 
all favour the (S)-enantiomer, with one exception, (R)-BINOL. Two equivalents 
of the monodentate alcohol L-menthol also favour the (R)-enantiomer (entry 4). 
(−)-TADDOL affords the highest enantioselectivity, 46% ee, of the alcohols 
tested.160 Studies on BINOL/Ti(OiPr)4 as a system for alkylation of aldehydes 
show that (S)-BINOL favours the (S)-enantiomer of 86 with 92% ee in the 
presence of a small excess of Ti(OiPr)4, a result which partially explains the 
enantioselectivity observed for the BINOL additives.161  

                                                           
160 The (−)-TADDOL ligand (=L) and Ti(OiPr)4 afford the following results in the absence of any 
additive: TiL(OiPr)2 (1.2 equiv.) 90% (S), TiL(OiPr)2 (0.2 equiv.) and Ti(OiPr)4 (1.2 equiv.) 98% (S), 
TiL2 (1.0 equiv.) 90% (R). See footnote 134. 
161 (a) Zhang, F.-Y.; Yip, C.-W.; Rong, C.; Chan, A. S. C. Tetrahedron: Asymmetry 1997, 8, 585-589. 
(b) Mori, M.; Nakai, T. Tetrahedron: Asymmetry 1997, 8, 6233-6236. 
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Figure 7. The effect of mono- and bidentate alcohols as additives on the 
enantioselectivity in the addition of diethylzinc to benzaldehyde  1: No additive. 
2: D-Menthol. 3: L-Menthol. 4: 2 equiv. L-Menthol. 5: (1S,2S,5S)-(−)-Myrtanol. 
6: Methyl (S)-(+)-mandelate. 7: cis-1,2-Cyclohexanediol. 8: Dimethyl L-tartrate. 
9: (−)-TADDOL. 10: (2R,5R)-2,5-Hexanediol. 11: (2S,5S)-2,5-Hexanediol. 12: 
(1S,2S)-1,2-di-o-Tolylethane-1,2-diol. 13: (R)-(+)-BINOL. 14: (S)-(−)-BINOL. 

 
 
 
 
The results obtained with enantiomeric pairs of additives indicate the presence of 
diastereomeric complexes in the alkylation reactions. If titanium complexes 
containing only one additive and no ligand dominate the stereochemical outcome 
of the alkylation reaction, then (1R,2R)-1,2-diaminocyclohexane, for example, 
would favour the formation of the opposite enantiomer to that obtained with 
(1S,2S)-1,2-diaminocyclohexane, but with the same ee. Of course, many 
combinations of Ti(OiPr)4, ligand 49 and the additive are possible and the 
enantioselectivity, the relative concentration and the reaction rate of each species 
must be considered.   
 
Attempts to improve the enantioselectivity of the catalytic reaction in the 
presence of diamine 118 (Scheme 33) were made by optimising the reaction 
conditions. However, a marked decrease in the enantioselectivity was observed 
when the amount of Ti(OiPr)4 was increased from 0.125 to 1.35 equivalents, 
probably due to competition from the background reaction (Table 12, entries 1 
and 2). It was surprising to note that full conversion was not achieved, despite 
the extended reaction time and the large excess of Ti(OiPr)4 (entry 2). Keeping 
the reaction mixture at room temperature before the aldehyde was added slightly 
improved the enantioselectivity (entry 3). An increase of the amount of Et2Zn 
under the same conditions did not improve the enantioselectivity (entry 4). The 
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use of diamine 118 and Ti(OiPr)4 in a 1:1 ratio in the absence of 49, afforded the 
(S)-enantiomer with low ee (3%) in a slow reaction (entry 5), whereas 118 in the 
absence of 49 and of Ti(OiPr)4 favoured the (R)-enantiomer, albeit in an even 
slower process (entry 6).   
   
 
 
 
Table 12. The influence of diamine 118 on the enantioselectivity in the addition of Et2Zn 
to benzaldehyde. 

[a] The reaction mixture was kept at rt before the aldehyde was added. [b] Reaction time at –35 °C. 
[c] Determined by GC. 
 
 

Entry 49  
(equiv.) 

118 
(equiv.) 

Ti(OiPr)4 

(equiv.) 
Et2Zn 

(equiv.) 
Kept at rt[a] Time 

[h][b] 
Conv. 
[%][c] 

ee [%][c] 

1 0.125 0.125 0.125 1.2 No 90 96 49 (S) 
2 0.125 0.125 1.35 1.2 No 91 90   3 (S) 
3 0.125 0.125 0.125 1.2 Yes 94 85 53 (S) 
4 0.125 0.125 0.125 3.0 Yes 95 98 45 (S) 
5 - 0.125 0.125 1.2 No 91 64   3 (S) 
6 - 0.125 - 1.2 No 111 47 61 (R) 
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3.2. Bis(sulfonamides) as promoters of asymmetric   
cyclopropanation 
 
The cyclopropyl subunit is an integral part of many natural162 and non-natural 
products. The two most successful methods of achieving catalytic asymmetric 
cyclopropanation are the classical Simmons-Smith reaction and the 
decomposition of diazo compounds in the presence of copper or rhodium. The 
drawback of using diazo compounds is that only those stabilised by carbonyl 
moieties can be used, which limits the scope to carbonyl-substituted 
cyclopropanes. This thesis deals with the asymmetric Simmons-Smith reaction 
only. 
 
In 1958 Simmons and Smith discovered that alkenes were transformed into the 
corresponding cyclopropanes in the presence of CH2I2 and Zn-Cu.163 It was soon 
realised that the Simmons-Smith reagent, IZnCH2I, was more reactive towards 
allylic alcohols and ethers than towards simple alkenes.164 Furukawa et al. 
introduced Et2Zn and CH2I2 as means of generating a homogeneous zinc 
carbenoid reagent, EtZnCH2I.165 Early attempts to achieve asymmetric induction 
in the cyclopropanation reaction in the presence of (S)-leucine failed.166 The first 
catalytic asymmetric Simmons-Smith reaction was described by Takahashi et al. 
in 1992.167 Bis(sulfonamide) 119 mediated the cyclopropanation of cinnamyl 
alcohol 120, affording the corresponding cyclopropane 121 with 76% ee 
(Scheme 34). The reaction was extended to include a number of allylic alcohols 
even though the presence of a free hydroxy group was essential for high 
enantioselectivity.169,168 Lower enantioselectivity was observed in the reaction of 
120 when combinations of Ti(OiPr)4 and various bis(sulfonamides) were used, 
alhough TiCl4 and Ti(OiPr)4 catalysed the cyclopropanation.169 Imai et al. 
improved the enantioselectivity of the cyclopropanation reaction to 85% ee, by 
applying bis(sulfonamide) 122.170 Denmark et al. performed extensive studies on 
both the reaction conditions and the promoter structure, and bis(sulfonamide) 
123 was identified as the optimal promoter of the cyclopropanation of cinnamyl 

                                                           
162 Donaldsson, W. A. Tetrahedron 2001, 57, 8589-8627. 
163 (a) Simmons, H. E.; Smith. R. D. J. Am. Chem. Soc. 1958, 80, 5323-5324. (b) Simmons, H. E.; 
Smith. R. D. J. Am. Chem. Soc. 1959, 81, 4256-4264. 
164 (a) Winstein, S.; Sonnenberg, J.; DeVries, L. J. Am. Chem. Soc. 1959, 81, 6523-6524. (b) Chan, J. 
H.-H.; Rickborn, B. J. Am. Chem. Soc. 1968, 90, 6406-6411. 
165 (a) Furukawa, J.; Kawabata, N; Nishimura, J. Tetrahedron Lett. 1966, 7, 3353-3354. (b) 
Furukawa, J.; Kawabata, N; Nishimura, J. Tetrahedron 1968, 24, 53-58.  
166 Furukawa, J.; Kawabata, N; Nishimura, J. Tetrahedron Lett. 1968, 9, 3495-3498. 
167 Takahashi, H.; Yoshioka, M.; Ohno, M.; Kobayashi, S. Tetrahedron Lett. 1992, 33, 2575-2578.  
168 Imai, N.; Sakamoto, K.; Takahashi, H.; Kobayashi, S. Tetrahedron Lett. 1994, 35, 7045-7048. 
169 Takahashi, H.; Yoshioka, M.; Shibasaki, M.; Ohno, M.; Imai, N.; Kobayashi, S. Tetrahedron 1995, 
51, 12013-12026. 
170 Imai, N.; Sakamoto, K.; Maeda, M.; Kouge, K.; Yoshizane, K.; Nokami, J. Tetrahedron Lett. 1997, 
38, 1423-1426. 
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alcohol (Scheme 34).171 Denmark et al. identified three experimental features as 
crucial for a highly enantioselective reaction to occur: firstly, the preformation of 
the ethylzinc alkoxide of the alcohol substrate via deprotonation of the allylic 
alcohol by Et2Zn, secondly, the preformation of the zinc-promoter complex via 
deprotonation of the bis(sulfonamide) by Et2Zn, and finally, the use of in situ 
generated ZnI2 (from Et2Zn and I2).172 It was suggested, based on spectroscopic 
studies and reaction investigations, that the presence of ZnI2 favoured the 
formation of the more reactive cyclopropanation reagent IZnCH2I via a Schlenk 
equilibrium.173 The enantioselectivity of 121 was improved from 80 to 89% ee 
under the optimised conditions, and a number of allylic alcohols afforded 
excellent ee’s, 80-89% ee, but the reaction protocol was rather laborious.172 An 
X-ray structure of the zinc-bis(sulfonamide) complex of the bis(n-
butanesulfonamide) derivative of 123 (Scheme 30, structure 105) was obtained 
and a transition state model was proposed.144,172 A related approach to catalytic 
asymmetric cyclopropanation was presented by Charette and Brochu who 
reported on the successful cyclopropanation of cinnamyl alcohol in the presence 
of one equivalent of (ICH2)2Zn and a chiral Lewis acid.174 The titanium-
TADDOLate 124 mediated the cyclopropanation of cinnamyl alcohol, affording 
the product 121 with 92% ee.135c,175 However, the use of bis(sulfonamides) in 
combination with zinc, titanium, boron or aluminium afforded lower 
enantioselectivities, 0-44% ee. 
 

 
We decided to test some of the sulfonamides described in Chapter 2 as promoters 
of the cyclopropanation of cinnamyl alcohol 120 (Scheme 35). The simpler 
protocol developed by Takahashi et al. was used for the initial screening, i.e. 
adding CH2I2 (three equivalents) to a solution of the bis(sulfonamide) (0.1 
                                                           
171 (a) Denmark, S. E.; Christenson, B. L.; Coe, D. M.; O’Connor, S. P. Tetrahedron Lett. 1995, 36, 
2215-2218. (b) Denmark, S. E.; Christenson, B. L.; O’Connor, S. P. Tetrahedron Lett. 1995, 36, 
2219-2222. 
172 Denmark, S. E.; O’Connor, S. P. J. Org. Chem. 1997, 62, 584-594. 
173 (a) Denmark, S. E.; O’Connor, S. P. J. Org. Chem. 1997, 62, 3390-3401. (b) For an X-ray struc-
ture of IZnCH2I, see: Charette, A. B.; Marcoux, J.-F.; Bélanger-Gariépy, F. J. Am. Chem. Soc. 1996, 
118, 6792-6793. 
174 Charette, A. B.; Brochu, C.; J. Am. Chem. Soc. 1995, 117, 11367-11368. 
175 (a) Charette, A. B.; Molinaro, C.; Brochu, C. J. Am. Chem. Soc. 2001, 123, 12160-12167. (b) 
Charette, A. B.; Molinaro, C.; Brochu, C. J. Am. Chem. Soc. 2001, 123, 12168-12175. 
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equivalent), cinnamyl alcohol and Et2Zn (two equivalents) in CH2Cl2 at –23 °C 
(Method A). However, the stoichiometry of the reagents used was unclear, but 
deprotonation of the bis(sulfonamide) and the alcohol with Et2Zn probably 
occurred. The remaining Et2Zn presumably reacted with CH2I2 to form 
(ICH2)2Zn (0.9 equivalents), leaving an excess of CH2I2. Charette and Brochu 
showed that ROZnEt did not form ROZnCH2I or the corresponding cyclopropyl 
adduct in the presence of CH2I2.174 However, cyclopropanation of cinnamyl 
alcohol (120) under these conditions afforded the product 121 in 85% yield after 
48 hours in the absence of any chiral promoter (Table 13, entry 1). This fact 
complicated the development of a highly enantioselective reaction and a strong 
ligand-acceleration was needed. Indeed, the starting material was completely 
consumed within 19 hours in the presence of the bis(sulfonamide) 49 (entry 2), 
and the rate acceleration was high enough to ensure that most of the product was 
formed via the ligand-accelerated pathway. Disappointingly, the 
enantioselectivity was only 3%. The use of the tetradentate ligand 58 caused a 
slightly slower reaction, and only the racemic product was obtained. The use of 
mono(sulfonamide) 48 gave an even slower reaction and a very low 
enantioselectivity was observed (3%, entry 4). Somewhat improved 
enantioselectivity was observed with the hydroxy-containing bis(sulfonamide) 
53, which afforded the product with 12% ee (entry 5). Ligand 53 promoted the 
cyclopropanation reaction at a higher rate than the ligands 48 and 49. The use of 
the bis(sulfonamide) 49 under the conditions developed by Denmark et al. 
(Method B, vide supra) afforded a substantial rate acceleration and full 
conversion was reached within 90 minutes (entry 6). However, the 
enantioselectivity of the reaction was still very low (3% ee). Slightly improved 
enantioselectivity, 17% ee, was observed in the presence of bis(sulfonamide) 53, 
and an increase of the ligand loading from 10 to 20 mol% improved the 
enantiomeric excess of 121 to 27% ee (entries 7 and 8).  
 
 

Table 13. Sulfonamide-mediated cyclopropanation of cinnamyl alcohol. 

[a] See Supplementary material. [b] The ratio between 121 and 120 after 24 h 
measured by GCMS. [c] Reaction time at –23 °C. [d] Measured by HPLC. [e] 
Isolated yield. [f] Not optimised. [g] Unoptimised reaction time at 0 °C. 

 

Entry Ligand  
(equiv.) 

Method[a] 121:120 [b] Time [h][c] ee [%][d] Yield [%][e] 

1 - A 1.8:1 48 - 85 
2 49 (0.10) A    1:0   19[f]   3 (S,S) 69 
3 58 (0.10) A  30:1 48 0 79 
4 48 (0.10) A 8.4:1 48   3 (S,S) 79 
5 53 (0.10) A    1:0 24 12 (R,R) 83 
6 49 (0.10) B - 1.5[g]   3 (R,R) 86 
7 53 (0.10) B - 1.5[g] 17 (R,R) 85 
8 53 (0.20) B - 1.0[g] 27 (R,R) 80 
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3.3 Aluminium bis(sulfonamide) complexes as catalysts of [2+2]-
cycloadditions 

 
Tamai et al. were the first to report on the catalytic asymmetric cycloaddition of 
ketenes to aldehydes, giving β-lactones with moderate ee’s.176 The reaction was 
recently improved by Nelson et al. who successfully applied our 
bis(sulfonamide) 49 in the aluminium-catalysed ketene-aldehyde cycloaddition 
reaction, affording β-lactones with high enantiomeric excess, ee 89-95% 
(Scheme 36).177 The ketene was generated in situ from acetyl bromide and 
di(isopropyl)ethylamine, and the reaction tolerated a wide range of aldehydes, 
e.g. conjugated ynals and straight-chain, β-branched and alkoxy-substituted 
aldehydes. The scope of the reaction was extended to include propionyl bromide 
and other acid bromides as ketene precursors.178 The success of catalyst 125 in 
the cycloaddition reaction was attributed to a ligand-defined geometric distortion 
which markedly enhanced the Lewis acidity of 125.149 An X-ray structure of 125 
showed a tetra-coordinated complex which adopted a trigonal monopyramidal 
geometry with the methyl group and the sulfonamide nitrogens defining the 
equatorial plane. It was suggested that the ligand-imposed coordination geometry 
was responsible for the Lewis acidity observed, by providing an empty orbital 
ideally disposed to accepting a Lewis basic ligand, despite the electron-rich 
nature of the tetra-coordinated aluminium atom.149 The synthetic potential of 
enantiopure β-lactones as versatile intermediates was shown in their elaboration 

                                                           
176 (a) Tamai, Y.; Yoshiwara, H.; Someya, M.; Fukumoto, J.; Miyano, S. J. Chem. Soc., Chem. Comm. 
1994, 2281-2282. (b) Dymock, B. W.; Kocienski, P. J.; Pons, J.-M. Chem. Comm. 1996, 1053-1054. 
177 (a) Nelson, S. G.; Peelen, T. J.; Wan, Z. J. Am. Chem. Soc. 1999, 121, 9742-9743. (b) For a High-
light, see: Schneider, C. Angew. Chem. Int. Ed. 2002, 41, 744-746. 
178 Nelson, S. G.; Wan, Z. Org. Lett. 2000, 2, 1883-1886. 
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into propionate aldol adducts,178 allenes,179 β-amino acids,180 dihydropyrones,181 β-
peptides182 and carboxylic acids.183 

 
 
 

 

3.4 Summary 
 
The sulfonamides that are described in Chapter 2 have been evaluated as 
promoters of the titanium-mediated addition of diethylzinc to benzaldehyde and 
of the Simmons-Smith cyclopropanation of cinnamyl alcohol. The promoter 
structure was found to be important for both the enantioselection and the reaction 
rate of the addition of diethylzinc to benzaldehyde, although only moderate ee-
values were observed. Highest enantioselectivity and reaction rate, 76% ee and 
full conversion within 15 minutes, was observed for bis(sulfonamides) 
substituted with bulky groups at the tertiary amino group. The reaction 
conditions have a large influence on the outcome of the reaction and a large 
excess of Ti(OiPr)4 favours both the reaction rate and the enantioselcetion. The 
titanium-mediated addition of diethylzinc to benzaldehyde was also performed in 
the presence of bis(sulfonamide) 49 together with various chiral additives such 
as amines and alcohols. However, the ee-values were only modest although large 
variations were observed. Only one of the tested bis(sulfonamides) induced 
chirality in the cyclopropanation of cinnamyl alcohol, 27% ee, but other 
sulfonamides should be tetsed. The versatility of the sulfonamides as ligands for 
asymmetric catalysis was shown by Nelson et al. in the keten aldehyde 
cycloaddition and the sulfonamides should be evaluated as promoters for other 
types of Lewis acid mediated processes such as Diels-Alder reactions.  
 
 

                                                           
179 Wan, Z.; Nelson, S. G. J. Am. Chem. Soc. 2000, 122, 10470-10471. 
180 Nelson, S. G.; Spencer, K. L. Angew. Chem. Int. Ed. 2000, 39, 1323-1325. 
181 Zipp, G. G.; Hilfiker, M. A.; Nelson, S. G. Org. Lett. 2002, 4, 1823-1826. 
182 Nelson, S. G.; Spencer, K. L.; Cheung, W. S.; Mamie, S. J. Tetrahedron 2002, 58, 7081-7091. 
183 Nelson, S. G.; Wan, Z.; Stan, M. A. J. Org. Chem. 2002, 67, 4680-4683. 
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4. Applications of C3-Symmetric Ligands in 
Asymmetric CatalysisIII,IV 
 
 
We identified several areas where our C3-symmetric tetra-amines could be 
successfully employed for asymmetric transformations. We expected that it 
would be possible to react the amines with phosphorus in the two oxidation 
states (III) and (V). Similar achiral compounds have found applications as Lewis 
and Brönstedt bases in organic synthesis. Furthermore, achiral tren analogues, 
tris(2-aminoethyl)amine, exhibit a rich coordination chemistry with a number of 
metal ions and we were aiming to explore this chemistry using our chiral tren-
analogues, and to apply the resulting metal complexes in various catalytic 
applications. 
 

4.1 C3-symmetric proazaphosphatranes 
 
The so-called azaphosphatranes, 126-128 and 134 (Figure 8), and the 
proazaphosphatranes, 129-133 make up an interesting class of compounds 
prepared from tetra-amines (Figure 8). The first examples of these compounds,  
126 and 129, were prepared by Verkade and co-workers in 1989.184 The axial 
N→P transannular185 bond and the trigonal bipyramidal geometry around the 
pentacoordinated phosphorus atom are characteristic of the azaphosphatranes. 
The transannular bonding in the azaphosphatranes stabilises the protonated 
species and is responsible for the remarkable basicity and nucleophilicity 
observed in the proazaphosphatranes.186 The pKa-values of the protonated 
azaphosphatranes 126, 127187 and 128188 in acetonitrile are 32.9, 33.6 and 33.5, 
respectively.189 This means that the proazaphosphatranes parallel the basicity of 
Schwesinger’s P2 phosphazene bases, 135 (Figure 8, R = alkyl group). 
Proazaphosphatrane 129 is a stronger Lewis base than P(NMe2)3 due to the 
stabilising transannular bonding in the resulting Lewis acid/base adduct.190 The 
                                                           
184 (a) Lensink, C.; Xi, S. K.; Daniels, L. M.; Verkade, J. G. J. Am. Chem. Soc. 1989, 111, 3478-3479. 
(b) Schmidt, H.; Lensink, C.; Xi, S. K.; Verkade, J. G. Z. Anorg. Allg. Chem. 1989, 578, 75-80. (c) 
Schmidt, H.; Xi, S. K.; Lensink, C.; Verkade, J. G. Z. Phosphorus, Sulfur, Silicon 1990, 49/50, 163-
168. 
185 (a) Tang, J.-S.; Laramay, M. A. H.; Young, V.; Ringrose, S.; Jacobson, R. A.; Verkade, J. G. J. Am. 
Chem. Soc. 1992, 114, 3129-3131. (b) Tang, J.-S.; Verkade, J. G. J. Am. Chem. Soc. 1993, 115, 1660-
1664. 
186 (a) Laramay, M. A. H.; Verkade, J. G. J. Am. Chem. Soc. 1990, 112, 9421-9422. (b) Tang, J.; 
Dopke, J.; Verkade, J. G. J. Am. Chem. Soc. 1993, 115, 5015-5020. 
187 Wroblewski, A. E.; Pinkas, J.; Verkade, J. G. Main Group Chem. 1995, 1, 69-79.  
188 Kisanga, P. B.; Verkade, J. G. Tetrahedron 2001, 57, 467-475. 
189 Kisanga, P. B.; Verkade, J. G.; Schwesinger, R. J. Org. Chem. 2000, 65, 5431-5432. 
190 Xi, S. K.; Schmidt, H.; Lensink, S.; Kim, S.; Wintergrass, D.; Daniels, L. M.; Jacobson, R. A.; 
Verkade, J. G. Inorg. Chem. 1990, 29, 2214-2220. 
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proazaphosphatranes 129-131191 are applied as non-ionic Brönstedt bases and 
Lewis bases in a number of transformations, e.g. as catalysts of the silylation of 
hindered alcohols,192 as promoters of the acylation of alcohols,193 as promoters of 
the nitroaldol reaction,194 as catalysts for the synthesis of β-hydroxy nitriles195 and 
as promoters for the allylation of aromatic aldehydes.196  
 

 
Both the Yamamoto197 and the Verkade198 groups recently described the syntheses 
of chiral proazaphosphatranes but no successful applications in asymmetric 
synthesis were reported. The seemingly more rigid proazaphos-phatrane 133 was 
prepared in nine steps from (S)-proline,197 whereas proaza-phosphatrane 132 was 
prepared from (S)-phenylethylamine in four steps (Figure 8).198 
 

4.1.1 Results and discussion 
 
It was surmised that a useful application of our C3-symmetric tetra-amines would 
be found in the synthesis of chiral proazaphosphatranes, and that these 
compounds could serve as versatile Lewis or Brönstedt bases in asymmetric 
synthesis. Azaphosphatranes 136 and 137 were prepared analogously to 126199 by 
the reaction of the tetra-amines 75 and 82, respectively, with one equivalent of 
PCl(NEt)2 in CH3CN (Scheme 37). The reaction with the isopropyl analogue 75 
was followed by 1H NMR spectroscopy of the product, which initially exhibited 

                                                           
191 129, 130 and 131 were compared as promoters in some of the reactions and the yields of the 
resulting products in general descended in the order: 131>130>129. See reference 188. 
192 (a) Verkade, J. G.; D’Sa, B. A. J. Am. Chem. Soc. 1996, 118, 12832-12833. (b) D’Sa, B.; McLeod, 
D.; Verkade, J. G. J. Org. Chem. 1997, 62, 5057-5061. 
193 (a) D’Sa, B. A.; Verkade, J. G. J. Org. Chem. 1996, 61, 2963-2966. (b) Ilankumaran, P.; Verkade, 
J. G. J. Org. Chem. 1999, 64, 3086-3089. (c) Ilankumaran, P.; Verkade, J. G. J. Org. Chem. 1999, 64, 
9063-9066. 
194 Kisanga, P. B.; Verkade, J. G. J. Org. Chem. 1999, 64, 4298-4303. 
195 (a) Kisanga, P. B.; McLeod, D.; D’Sa, B.; Verkade, J. G. J. Org. Chem. 1999, 64, 3090-3094. (b) 
D’Sa, B.; Kisanga, P. B.; Verkade, J. G. J. Org. Chem. 1998, 63, 3961-3967. 
196 Wang, Z.; Kisanga, P.; Verkade, J. G. J. Org. Chem. 1999, 64, 6459-6461. 
197 Ishihara, K.; Karumi, Y.; Kondo, S.; Yamamoto, H. J. Org. Chem. 1998, 63, 5692-5695. 
198 Liu, X.; Ilankumaran, P.; Guzei, I. A.; Verkade, J. G. J. Org. Chem. 2000, 65, 701-706. 
199 Tang, J.-S.; Verkade, J. G. Tetrahedron Lett. 1993, 34, 2903-2904. 
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a complex spectrum. However, the spectrum gradually became simpler as the C3-
symmetric azaphosphatrane 136 was formed, and complete formation was 
reached after about 12 hours. Steric effects probably had an important effect on 
the reaction rate of the ring closure to the azaphosphatranes; 126 needed only 
one hour, whereas 132H+, 136 and 137 required about 12 hours for completion. A 
number of spectroscopic criteria indicated transannular bonding184,200 in 136 and 
137; upfield 31P NMR chemical shifts of –6.5 and –7.9 ppm, respectively, as well 
as 1JP,H of 511 and 506 Hz, respectively, are known to be typical of 
pentacoordinated phosphorus. Furthermore, the presence of 3JP,H of 12.4 and 12.3 
Hz, respectively, of one of the diastereomeric protons, PNaxCHH, and the 2JP,C 
observed between PNaxCH2 gave further support of transannulation in 136 and 
137. Attempts to obtain crystals of 136 and 137 for determination of their solid 
state structures failed. 
 

 
An upper limit of the pKa-value of 126 in DMSO was estimated to 26.8201 and a 
strong base such as KOtBu (pKa of tBuOH in DMSO: 32.2202) was needed for its 
deprotonation. However, the deprotonation of 136 to form the strong base 138 
was problematic and the conditions successfully employed by Verkade and co-
workers, i.e. two equivalents of KOtBu in CH3CN, failed (Scheme 37).199 
Attempts to deprotonate 136 under the conditions above, followed by treatment 
with BH3, were unsuccessful, whereas in the presence of 18-crown-6,203 25% of 
deprotonated 138 was observed by means of 1H NMR spectroscopy.204 The best 
results were obtained when 2.2 equivalents of KOtBu in DMSO were used, 
affording 72% of 138 according to 1H NMR.205 The use of 5.5 equivalents of 
KOtBu in DMSO did not improve the amount of azaphosphatrane 138 observed. 
It was not possible to separate the deprotonated base 138 from the remaining 

                                                           
200 Laramay, M. A. H.; Verkade, J. G. Z. Anorg. Allg. Chem. 1991, 605, 163-174. 
201 A pKa-value of tBuOH of 28.6 in DMSO was used, see footnote 186a. However, in the referred 
work by Arnett a pKa-value of 29.4 is reported, see: Arnett, E. M.; Small, L. E. J. Am. Chem. Soc. 
1977, 99, 808-816. 
202 Olmstead, W. N.; Margolin, Z.; Bordwell, F. G. J. Org. Chem. 1980, 45, 3295-3299. 
203 For the use of KOtBu/18c6, see: DiBiase, S. A.; Gokel, G. W. J. Org. Chem. 1978, 43, 447-452. 
204 The 1H NMR spectrum of 138 could partly be deduced from the spectrum of the mixture. The 3JP,H 
of the NCH3 groups decreased from 17.4 to 11.9 Hz and the corresponding protons underwent an 
upfield shift from 2.52 to 1.92 ppm. The 31P shift was 119.4. A similar 31P shift and decrease in 3JP,H 
was observed for 129, see footnote 184a.  
205 It was of importance to use freshly dried DMSO and sublimated KOtBu, since lower amounts (40-
60%) of 138 were obtained otherwise.  
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azaphosphatrane 136.206 The use of stronger bases such as NaH, NaNH2, MeLi or 
n-BuLi in THF afforded no deprotonated product. Alternative methods of 
synthesising 138 starting from 75 were unsuccessful. Treatment of 75 with three 
equivalents of BuLi followed by addition of PCl3 did not produce 138, neither 
did the reaction between 75 and one equivalent of n-BuLi, followed by the 
addition of PCl(NEt2)2. P(NMe2)3 was not considered as an alternative, since 
Verkade and co-workers had shown that it reacted exceedingly slowly with tetra-
amines.184b Moreover, the methyl analogue 137 was difficult to deprotonate 
completely. As estimated by 1H NMR, about 70% of 137 was deprotonated to 
form 139, when 137 was treated with KOtBu (2.6 equiv.) in CH3CN.207,208 The use 
of five equivalents of KOtBu did not improve the degree of deprotonation and 
the use of one equivalent of n-BuLi in THF failed to deprotonate 137. 
 
Our experimental results indicated that the proazaphosphatranes 138 and 139 are 
stronger bases than the achiral proazaphosphatrane 129 and the chiral 
proazaphosphatranes 132 and 133, since the conjugated acids of 129, 132 and 
133 were completely deprotonated by an excess of KOtBu, whereas 136 and 137 
were only partially deprotonated.197,198 In order to understand the difficulties 
associated with the deprotonation, DFT calculations were performed on the bases 
138, 139, 129 and 133, and on their conjugated acids 136, 137, 126 and 134, 
respectively (Figure 8 and Scheme 37). The results showed that large structural 
changes occurred when the azaphosphatranes were deprotonated. One of the 
most notable changes was that the geometry around phosphorus changed from 
trigonal bipyramidal (NeqPNeq 119°) to approximately tetrahedral (NeqPNeq 104°). 
A similar but reversed change occurred for the axial nitrogen atom where the 
CH2NaxCH2 angle changed from 113° to 120° upon deprotonation. Another 
important feature was the increase of the PNax distances. The PNax bond lengths 
calculated for 126, 136 and 137 were 2.10209, 2.04 and 2.06 Å, respectively, 
whereas the corresponding distances in the proazaphosphatranes 129, 138 and 
139 were 3.49210, 3.30 and 3.40 Å, respectively.211 The NaxPNeq angles were found 
to be about nearly 90° for all three azaphosphatranes. In contrast to the 
azaphosphatranes, among which no significant structural differences were seen, 
interesting differences were observed for the proazaphosphatranes. The torsional 
angles CMeNeqCX (X = H, iPr, Me) which represent the “twist“ of the 
compounds, were calculated to 20.6°, 38.7° and 31.4°, for 129, 138 and 139, 
respectively. The equatorial nitrogen atoms in 129 were found to be planar and 
sp2-hybridised, which probably stabilised 129 compared to 138 and 139, where 

                                                           
206 Extraction of the reaction mixture with n-pentane failed to separate the proazaphosphatrane 138 
from 136 since the two compounds exhibited similar solubilities. 
207 The amount of 139 decreased to 25-45% when CH3CN and KOtBu were not freshly purified.   
208 The 3JP,H values of the NCH3 groups decreased from 18.3 to 10.6 Hz and the corresponding pro-
tons underwent an upfield shift from 2.54 to 2.06 ppm. Compare footnote 204. 
209 This distance was found to be 1.967 Å according to X-ray crystallography, see footnote 184a. 
210 The P-Nax distance in 129 was calculated to 3.36 Å: Nyulászi, L.; Veszprémi, T.; D’Sa, B. A.; 
Verkade, J. Inorg. Chem. 1996, 35, 6102-6107. 
211 The P-Nax distance in 130 was determined to 3.293 Å by X-ray crystallography, see footnote 187. 
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slight deviations from sp2-hybridisation were observed. The bond lengths and 
bond angles calculated in the azaphosphatranes and the proazaphosphatranes 
were found to be in agreement with those found in other calculations211 and with 
the available X-ray data.184,187,198 The structural changes that accompany the 
deprotonation of 134 to form 133 (Figure 8) were not as pronounced according 
to our calculations.212 The PNax distance increased from 2.20 Å to merely 2.50 Å 
upon deprotonation. The phosphorus atom went from a planar to an 
approximately tetrahedral geometry, whereas the CH2NaxCH2 angle was 
unaffected at 114°.  
 

 
The calculations suggest that the conformational changes occurring upon 
deprotonation of the azaphosphatranes are responsible for the differences in 
acidity of these species. When the P-Nax distances increase during the 
deprotonation process, the methyl groups on the equatorial nitrogen atoms and 
the substituents on the neighbouring carbon atoms approach each other (Figure 
A). This gives rise to steric repulsion between these groups descending in the 
order 138>139>129 as reflected by the values calculated for the “twist“ of the 
molecules. Thus, 136 is less prone to undergo deprotonation than 126 since the 
steric repulsion between the N-methyl and the isopropyl groups in 138 is much 
larger than the corresponding repulsion between the N-methyl groups and the 
hydrogen atoms in 129 (Figure A). The calculations show that the energy 
required to deprotonate 136 is 29.6 kJ/mol higher than that required to 
deprotonate 137, which in turn is 38.6 kJ/mol higher than that required for 126. 
Calculations on the chiral azaphosphatrane 134 and proazaphosphatrane 133 

                                                           
212 Brandt, P.; Lake, F.; Moberg, C. Unpublished results. 
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show that deprotonation of 134 and 126 require similar energy.213 
 
Chiral nucleophilic catalysts for the acylation of secondary alcohols214 commonly 
contain nitrogen215 or phosphorus216 as their nucleophilic atom. Verkade and co-
workers employed proazaphosphatrane 129 (Figure 8) as a nucleophilic catalyst 
for the silylation of deactivated and sterically hindered alcohols.192  We decided 
to test 139 as a nucleophilic silylation catalyst217 in a desymmetrization218 process 
(Scheme 38). Some preliminary attempts were made to protect one of the 
enantiotopic hydroxy groups of 1,2-cis-cyclohexanediol219 140 selectively, as the 
corresponding silyl ether 141, by using the mixture of 139 and 137 that was 
obtained after the incomplete deprotonation attempt (Scheme 37). We used a 
protocol similar to that developed by Verkade and co-workers, i.e 0.2 equivalents 
of 139 in the presence of 1.0 equivalents of TBDMSCl and 1.1 equivalents of 
NEt3. A survey of different solvents and reaction conditions revealed that the 
highest conversion of 140 to 141, 17%, was obtained in THF or CH2Cl2 at room 
temperature. However, we were not able to determine the ee of 141. It should be 
noted that these experiments were performed before the calculations were made, 
and the calculations clearly show that NEt3 cannot function as a stoichiometric 
base, a fact that would explain the low conversion of 140 into 141 under the 
conditions employed. 
 
 
 

 

                                                           
213 Brandt, P.; Lake, F.; Moberg, C. Unpublished results. The chiral 132 and 132H+ are expected to 
have acid-base properties similar to those of 129 and 126. 
214 Somfai, P. Angew. Chem. Int. Ed. Engl. 1997, 36, 2731-2733. 
215 (a) Ruble, J. C.; Latham, H. A.; Fu, G. C. J. Am. Chem. Soc. 1997, 119, 1492-1493. (b) Kawabata, 
T.; Nagato, M.; Takasu, K.; Fuji, K. J. Am. Chem. Soc. 1997, 119, 3169-3170. (c) Ruble, J. C.; Twed-
dell, J.; Fu, G. C. J. Org. Chem. 1998, 63, 2794-2795. (d) Spivey, A. C.; Fekner, T.; Spey, S. E. J. 
Org. Chem. 2000, 65, 3154-3159. 
216 Vedejs, E.; Daugulis, O.; Diver, S. T. J. Org. Chem. 1996, 61, 430-431. 
217 Fore guanidines as asymmetric silylation catalysts, see: Isobe, T.; Fukada, K.; Araki, Y.; Ishikawa, 
T. Chem. Commun. 2001, 243-244. 
218 (a) Trost, B. M.; Patterson, D. E. J. Org. Chem. 1998, 63, 1339-1341. (b) Chen, Y.; Tian, S.-K.; 
Deng, L. J. Am. Chem. Soc. 2000, 122, 9542-9543. 
219 (a) Fujioka, H.; Nagatomi, Y.; Kitagawa, H.; Kita, Y. J. Am. Chem. Soc. 1997, 119, 12016-12017. 
(b) Oriyama, T.; Imai, K.; Sano, T.; Hosoya, T. Tetrahedron Lett. 1998, 39, 3529-3532. 
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4.2 C3-Symmetric phosphoramides 
 
Chiral phosphoramides220 are useful Lewis bases in asymmetric synthesis.221 They 
are known to catalyse the asymmetric allylation of aldehydes,222 the asymmetric 
ring-opening of epoxides by chloride,223 and the asymmetric aldol reaction.224 
Verkade and co-workers recently reported on the preparation of the C3-
symmetric phosphoramide 142.198 We surmised that a C3-symmetric 
phosphoramide such as 143225 could be prepared from the tetra-amine 75 and that 
the resulting phosphoramide 143 might be an even stronger Lewis base than 
those reported so far, due to donation of electron density from the ideally placed 
axial nitrogen atom. However, there is a risk that a successful catalytic cycle is 
hampered by the conformational changes that might occur when the geometry 
around the phosphorus atom changes from trigonal bipyramidal to tetrahedral 
(see discussion above on the structural changes that occur when 136 and 137 is 
deprotonated).  
 
The reaction of 75 with three equivalents of n-BuLi, followed by the addition of 
POCl3, produced oligomeric material only. Attempts with NEt3 in 1,2-
dichloroethane and slow addition of POCl3 and 75 were more promising, 
although we were not able to obtain spectroscopic data, and work is still in 
progress within our group. 
 

                                                           
220 Denmark, S. E.; Su, X.; Nishigaichi, Y.; Coe, D. M.; Wong, K.-T.; Winter, S. B. D.; Choi, J. Y. J. 
Org. Chem. 1999, 64, 1958-1967. 
221 Buono, G.; Chiodi, O.; Wills, M. Synlett 1999, 377-388. 
222 (a) Denmark, S. E.; Coe, D. M.; Pratt, N. E.; Griedel, B. D. J. Org. Chem. 1994, 59, 6161-6163. 
(b) Iseki, K.; Kuroki, Y.; Takahashi, M.; Kobayashi, Y. Tetrahedron Lett. 1996, 37, 5149-5150. (c) 
Denmark, S. E.; Fu, J. J. Am. Chem. Soc. 2000, 122, 12021-12022. (d) Denmark, S. E.; Wynn, T. J. 
Am. Chem. Soc. 2001, 123, 6199-6200. (e) Denmark, S. E.; Fu, J. J. Am. Chem. Soc. 2001, 123, 
9488-9489.  
223 Denmark, S. E.; Barsanti, P. A.; Wong, K.-T.; Stavenger, R. A. J. Org. Chem. 1998, 63, 2428-
2429. 
224 (a) Denmark, S. E:; Winter, S. B. D.; Su, X.; Wong, K.-T. J. Am. Chem. Soc. 1996, 118, 7404-
7405. (b) Denmark, S. E.; Su, X.; Nishigaichi, Y. J. Am. Chem. Soc. 1998, 120, 12990-12991. (c) 
Denmark, S. E.; Stavenger, R. A.; Wong, K.-T.; Su, X. J. Am. Chem. Soc. 1999, 121, 4982-4991. (d) 
Denmark, S. E.; Stavenger, R. A. Acc. Chem. Res. 2000, 33, 432-440. (e) Denmark, S. E.; Ghosh, S. 
K. Angew. Chem. Int. Ed. 2001, 40, 4759-4762. 
225 A possible way of synthesising 138 might be to reduce 143. For the reduction of phosphine ox-
ides, see: Naumann, K.; Zon, G.; Mislow, K. J. Am. Chem. Soc. 1969, 91, 7012-7023. 
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4.3 C3-Symmetric titanium and zirconium complexes 
 
The coordination chemistry of tren, tris(2-aminoethyl)amine (144 R=H, Figure 
9), and its derivatives have been studied extensively. The alkyl-, trialkylsilyl-, 
and pentafluorophenyl derivatives of the tripodal tetra-amine ligand coordinate 
to a wide range of transition metals and main group elements.226 The ligands 
often coordinate to the metal in a tetradentate fashion, forming rigid trigonal 
bipyramidal complexes or, in the absence of an apical ligand, monopyramidal 
complexes (145). For example, complexes of the pentafluorophenyl derivative 
(144 R=C6F5) with tungsten and molybdenum as well as rhenium and vanadium 
in various oxidation states have been prepared.227 Moreover, the trialkylsilyl 
derivatives (144 R=SiR3) have been shown to coordinate to titanium (III and IV), 
vanadium (III and IV), chromium (III), manganese(III) and iron(III), as well as 
molybdenum(IV) and cerium (III and IV).228    
          
 

 
 
There are only a few reports on chiral tren analogues. The amines 146198,229 and 
147197 (Figure 10) are mentioned above in conjunction with the preparation of the 
proazaphosphatranes 132 and 133 (Figure 8). A more favourable transfer of 
chirality might be expected for metal complexes of tetra-amines substituted at 
the methylene positions rather than at the nitrogen atoms, due to formation of 
more rigid structures with the chirality residing in the chelate. Examples of chiral 
tridentate nitrogen-based ligands are 148230 and the macrocyclic ligand 149231 
(Figure 10). The zirconium(IV) complex of 148 affords moderate to good 
                                                           
226 (a) Verkade, J. G. Acc. Chem. Res. 1993, 26, 483-489. (b) Schrock, R. R. Acc. Chem. Res. 1997, 
30, 9-16.  
227 (a) W and Mo: Seidel, S. W.; Schrock, R. R.; Davis, W. M. Organometallics 1998, 17, 1058-1068. 
(b) Re: Neuner, B.; Schrock, R. R. Organometallics 1996, 15, 5-6. (c) V: Rosenberger, C.; Schrock, 
R. R.; Davis, W. M. Inorg. Chem. 1997, 36, 123-125. 
228 (a) Ti, V, Cr, Mn, Fe: Cummins, C. C.; Lee, J.; Schrock, R. R.; Davis, W. D. Angew. Chem. Int. 
Ed. Engl. 1992, 31, 1501-1503. (b) Mo: Schrock, R. R.; Seidel, S. W.; Mösch-Zanetti, N. C.; Shih, 
K.-Y.; O’Donoghue, M. B.; Davis, W. M.; Reiff, W. M. J. Am. Chem. Soc. 1997, 119, 11876-11893. 
(b) Morton, C.; Alcock, N. W.; Lees, M. R.; Munslow, I. J.; Sanders, C. J.; Scott, P. J. Am. Chem. Soc. 
1999, 121, 11255-11256. 
229 Hammes, B. S.; Ramos-Maldonado, D.; Yap, G. P. A.; Liable-Sands, L.; Rheingold, A. L.; Young 
Jr, V. G.; Borovik, A. S. Inorg. Chem. 1997, 36, 3210-3211.  
230 Gade, L. H.; Renner, P.; Memmler, H.; Fecher, F.; Galka, C. H.; Laubender, M.; Radojevic, S.; 
McPartlin, M.; Lauher, J. W. Chem. Eur. J. 2001, 7, 2563-2580. 
231 Bolm, C.; Meyer, N.; Raabe, G.; Weyermüller, T.; Bothe, E. Chem. Commun. 2000, 2435-2436. 
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enantioselection in the stoichiometric and catalytic alkylation of aryl aldehydes, 
and the manganese complex of 149 exhibits modest enantioselection in the 
oxidation of styrene. 
 

 
 
We aimed at coordinating our C3-symmetric tetra-amines (75 and 82, Scheme 
40) and tris(sulfonamides) (64 and 68, Scheme 41) to various Lewis acidic 
metals such as titanium(IV) and aluminium(III), and at using the complexes in 
Lewis acid catalysed asymmetric transformations. The achiral alkyl and 
trialkylsilyl analogues of 144 (Figure 9) had been complexed to titanium(IV),232 
boron(III) and aluminium(III)233 as well as to zirconium(IV) and hafnium(IV),234 
whereas reports on the correspondning metal complexes of tris(sulfonamides)235 
are rare. The metal complexes of our chiral tris(sulfonamide) derivatives 64 and 
68 (Scheme 41), containing the strongly electron-withdrawing sulfonyl groups, 
were expected to be stronger Lewis acids than the more electron-rich complexes 
of the N-methyl analogues 75 and 82 (Scheme 40). It might be necessary to 
transform the tetravalent metal complexes of the N-methyl ligands 75 and 82 to 
the corresponding cationic complexes to increase the Lewis acidity,232b,236 
although the aluminium complex of the achiral methyl analogue of 144 
coordinates Lewis bases.233a   
 
 

4.3.1 Results and discussion 
 
We first pursued the synthesis of the titanium complexes from the N-methylated 
compounds. Attempts with Ti(NEt2)4 in a transamination process with 75 in THF 
at 60 °C only returned the starting material.232a We then turned our attention to the 
salt metathesis reaction of the lithium amides of 75 and 82 with TiCl4(THF)2 
                                                           
232 (a) Naiini, A. A.; Menge, W. M. P. B.; Verkade, J. G. Inorg. Chem. 1991, 30, 5009-5012. (b) 
Schubart, M.; O’Dwyer, L.; Gade, L. H.; Li, W.-S.; McPartlin, M. Inorg. Chem. 1994, 33, 3893-3898. 
(c) Duan, Z.; Verkade, J. G. Inorg. Chem. 1995, 34, 4311-4316. 
233 (a) Pinkas, J.; Gaul, B.; Verkade, J. G. J. Am. Chem. Soc. 1993, 115, 3925-3931. (b) Pinkas, J.; 
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235 Prodi, L.; Bolletta, F.; Montalti, M.; Zaccheroni, N. Eur. J. Inorg. Chem. 1999, 455-460. 
236 Schrock, R. R.; Cummins, C. C.; Wilhelm, T.; Lin, S.; Reid, S. M.; Kol, M.; Davis, W. M. Or-
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(Scheme 40).232b Ligands 75 and 82 were treated with three equivalents of n-BuLi 
in pentane at –50 °C, and the solutions were stirred at room temperature for two 
hours. TiCl4(THF)2 was added to the lithium amides at –60 °C and the mixtures 
were stirred at room temperature for 48 hours, resulting in deep red solutions. 
The LiCl formed was removed by centrifugation and the titanium complexes 150 
and 151 were isolated as highly moisture-sensitive red solids after evaporation of 
the solvent. Both compounds exhibited 1H and 13C NMR spectra consistent with 
the expected threefold symmetry. Numerous attempts were made to grow crys-
tals of 150 and 151 from a number of solvent combinations, but the crystals 
obtained were too small to be suitable for X-ray crystallographic determination. 
We did not succeed to form the corresponding zirconium complex from the lith-
ium amide of 75 and ZrCl4. 
 
 

 
 
We then explored the possibility of forming titanium and zirconium complexes 
of the tris(sulfonamide) ligands 65 and 68 (Scheme 41). However, no titanium or 
zirconium complexes were formed under similar conditions to that described 
above, i.e. treating the tris(sulfonamide) ligand with three equivalents of n-BuLi 
in toluene, followed by the addition of TiCl4(THF)2 or ZrCl4. The use of the 
weaker base NEt3 in CH2Cl2 in combination with TiCl4(THF)2 or ZrCl4 was also 
unsuccessful. However, a clean and rapid formation of zirconium complex 152 
took place when 64 was treated with an equimolar amount of Zr(NMe2)4 in 
toluene (Scheme 41).234 The Ts-analogue 68 required heating at 50 °C for 
formation of the zirconium complex 153. The reactivity observed in the 
transamination reactions of the sulfonamide derivatives seemed to parallel the 
acidity of the sulfonamide protons. A similar trend in reactivity was observed 
with the corresponding titanium and aluminium complexes prepared by Licini 
and co-workers. The reaction of 64 with AlMe3 or Ti(NEt2)4 to form 154 and 155 
was much faster than the corresponding reaction of 67 with the same metal 
sources to form 156 and 157 (Scheme 41).  
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Attempts were made to employ the C3-symmetric metal complexes in Lewis acid 
catalysed transformations. The in situ prepared complex of TiCl4 and 67 was 
used in the addition of TMSN3 to cyclohexene oxide. Full conversion was 
achieved within 24 hours but only racemic material was observed. Moreover, 
Licini and co-workers applied the titanium complex 157 and the aluminium 
complexes 154 and 156 in the Diels-Alder reaction of cyclopentadiene with 3-(1-
oxo-2-propenyl)-2-oxazolidinone. However, only racemic material was observed 
when catalytic amounts (0.1 equivalents) of the complexes were present, whereas 
the endo product was obtained with 20% ee when an excess (1.4 equivalents) of 
complex 154 was present.237 These disappointing results prompted us to search 
for C3-symmetric ligands which would induce higher selectivity. We assumed 
that the transfer of chirality from the methine substituent to the N-substituent in 
trigonal pyramidal complexes such as 152-157 would be hampered due to the 
flexible nature of the sulfonyl group. A phenyl derivative might serve this 
purpose better since a restricted rotation about the N-Caryl bond would be 
expected. Work is in progress both in our group and in the Licini group to 
prepare N-aryl analogues such as the N-phenyl and the more electron-
withdrawing N-pentafluorophenyl derivatives. Another plausible explanation of 
the low selectivity observed is that the cavity at the apical position is too small to 
allow complexation of a Lewis base. Moreover, the results obtained with 
complex 154 are in stark contrast to the results obtained for the aluminium 
complex of the C2-symmetric bis(sulfonamide), see complex 125 (Scheme 36).  
 
 

                                                           
237 Licini, G. et al. Unpublished results. 
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4.4 Summary 
 
Tetra-amines 75 and 82 were applied in the syntheses of C3-symmetric 
azaphosphatranes 136 and 137 (Scheme 37). These weak acids were only 
partially deprotonated by the strong base KOtBu in DMSO, indicating that the 
pKa-values of 136 and 137 in DMSO are about 32. The surprisingly strong 
basicity of the proazaphosphatranes 138 and 139 was believed to be due to steric 
effects, as suggested by DFT calculations. The conformational changes that 
occur upon deprotonation are responsible for the repulsion between the N-methyl 
groups and the neighbouring methine substituents.  
 
Attempts to prepare C3-symmetric phosphoramides are an ongoing research area 
in our group. These compounds are expected to be strong Lewis bases due to 
donation of electron density from the ideally placed apical nitrogen atom. 
Interesting applications might be the asymmetric allylation of aldehydes and the 
asymmetric ring-opening of meso-epoxides. 
 
Titanium(IV) and zirconium(IV) complexes were prepared from our C3-
symmetric ligands. The N-methyl analogues required deprotonation by BuLi, 
followed by the addition of TiCl4(THF)2, whereas the N-sulfonyl derivatives 
reacted in transamination processes with M(NR2)4. The use of the complexes in 
various Lewis acid mediated applications has so far only resulted in low 
enantioselectivities. The preparation of more effective ligands is in progress. 
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5. Concluding remarks 
 
A modular approach to chiral enantiopure nitrogen-containing ligands was 
developed. Mono-, bis- and tris(sulfonamides) were prepared by reacting 
sulfonyl-activated aziridines with a wide range of primary amines and ammonia. 
The sulfonamides can be elaborated further into their corresponding primary and 
secondary amines. 
 
The bis(sulfonamides) are useful ligands in asymmetric catalysis, as shown by us 
and others. For example, they promote the addition of diethylzinc to 
benzaldehyde and the cyclopropanation of cinnamyl alcohol with moderate 
enantioselection. 
 
The C3-symmetric tetra-amines were reacted with phosphorus compounds in 
oxidation states III and V. The strong basicity of the resulting 
proazaphosphatranes was rationalised by the use of DFT-calculations. 
 
Titanium(IV) and zirconium(IV) complexes were prepared from the C3-
symmetrical tetra-amines and tris(sulfonamides). 
 
The use of the ligands in various Lewis acid mediated processes are in progress 
in the group.      
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Supplementary material 
 
 
For general procedures, see paper I. NMR spectra were recorded in CDCl3 unless 
otherwise stated.  
 
 
Bis(sulfonamide) 52  
 
Aziridine 26 was prepared from (S)-phenylalaninol according to the method 
described for aziridine 1a in paper I. The solvent was carefully evaporated after 
the work-up procedure until about 5 mL remained, and the resulting solution was 
used immediately in the subsequent ring-opening reaction. Complete evaporation 
of the solvent should be avoided due to the risk of polymerisation of the 
aziridine. GC-MS analysis showed that the purity of aziridine 26 was > 95%. 
Bis(sulfonamide) 52 was prepared according to the method described for com-
pounds 19-24 in paper I starting from (S)-phenylethylamine (0.81 mmol, 103 
µL) and 26 (assumed to be about 1.8 mmol). Purification by MPLC (gradient 0-
60% EtOAc in hexanes) gave a sticky semi-solid in 47% yield (0.38 mmol, 0.25 
g). [α]D

20 = - 69.0 (c = 0.58, MeOH). Rf = 0.45 (20% EtOAc in hexanes). 1H 
NMR (500 MHz): δ 1.06 (d, J = 6.8 Hz, 3H, CH3), 2.36 (dd, J = 13.9 and 9.9 Hz, 
2H, NCHH), 2.44 (dd, J = 13.9 and 4.1 Hz, 2H, NCHH), 2.63 (dd, J = 13.8 and 
8.1 Hz, 2H, CbenzylicHH), 2.92 (dd, J = 13.8 and 4.8 Hz, 2H, CbenzylicHH), 3.83-
3.87 (m, 2H, CHNHTf), 4.10 (q, J = 6.8 Hz, 1H, CbenzylicH), 4.95 (br s, 2H, 
NHTf), 7.06 (d, J = 6.9 Hz, 4H, Haromatic), 7.21-7.25 (m, 2H, Haromatic), 7.27-7.31 
(m, 7H, Haromatic), 7.34-7.37 (m, 2H, Haromatic); 13C NMR (125.8 MHz): δ 9.5, 
40.3, 53.4, 54.3, 56.1, 119.4 (q, JC,F = 327 Hz), 127.3, 127.8, 128.6, 128.7, 128.9, 
129.3, 136.0, 141.6. 
 
 
Tris(sulfonamide) 81 
 
A 100 mL flask was charged with NaH (35.8 mmol, 1.43 g, 60% dispersion in 
oil) and the NaH was washed with pentane (3×10 mL). DMF (20 mL) was added 
and the suspension was cooled to 0 °C. Compound 68 (5.44 mmol, 4.00 g) was 
dissolved in DMF (25+8 mL) in a 50 mL flask and the solution was added drop-
wise via a canula to the NaH suspension during 30 min. The suspension was 
stirred for 10 min at this temperature before the dropwise addition of methyl 
iodide (32.7 mmol, 2.03 mL, 6.00 equiv.) during 10 min. The suspension was 
stirred over-night in the warming cooling bath and then quenched by careful 
addition of water (40 mL). CH2Cl2 (50 mL) was added, the phases were sepa-
rated and the aqueous phase was extracted with CH2Cl2 (4×50 mL). The com-
bined organic phases were washed with brine, dried over MgSO4, filtered, and 
concentrated to give a 94% yield of a white sticky solid (5.09 mmol, 3.95 g) 
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which was pure enough to use directly in the deprotection step. An analytical 
sample was obtained by recrystallisation from 80% EtOAc in hexanes which 
yielded colourless crystals in 90% yield (4.92 mmol, 3.83 g). M. p.: 172-174 °C. 
[α]D

20 = -32.1 (c = 0.70, CH2Cl2). Rf = 0.35 (40% EtOAc in hexanes). 1H NMR 
(500 MHz): δ 0.85 (d, J = 6.9 Hz, 9H, iPr CH3), 0.97 (d, J = 6.7 Hz, 9H, iPr 
CH3), 1.79 (octett, J = 6.6 Hz, 3H, CH(CH3)2), 2.07 (dd, J = 13.6 and 6.7 Hz, 3H, 
NCHH), 2.41 (s, 9H, p-tolCH3), 2.70 (s, 9H, NCH3), 2.95 (dd, J = 13.6 and 6.7 
Hz, 3H, NCHH), 3.75 (app q, J = 6.6 Hz, 3H, CHNSO2), 7.27 (d, J = 8.2 Hz, 6H, 
Haromatic), 7.70 (d, J = 8.2 Hz, 6H, Haromatic); 13C NMR (125.8 MHz): δ 19.8, 20.6, 
21.7, 30.2, 30.5, 55.2, 60.0, 127.5, 129.6, 137.3, 143.2; Anal. Calcd for 
C39H60N4O6S3 (777.12): C, 60.28; H, 7.78; N, 7.21. Found: C, 60.36; H, 7.81; N, 
7.17. 
 
 
Tris(sulfonamide) 80 
 
Compound 80 was prepared analogously to compound 81. Trissulfonamide 67 
(2.32 mmol, 1.51 g) gave trimethylated 80 as a white solid in 99% crude yield 
(2.30 mmol, 1.59 g). The solid was pure enough to be used directly in the subse-
quent deprotection step. An analytical sample was obtained by flash chromatog-
raphy (40% EtOAc in hexanes) which yielded a white solid in 91% yield (2.10 
mmol, 1.45 g). M. p.: 57-59 °C. [α]D

20 = −55.3 (c = 0.90, CHCl3). Rf = 0.35 
(30% EtOAc in hexanes). 1H NMR (500 MHz): δ 0.84 (d, J = 6.6 Hz, 9H, 
CHCH3), 2.37 (dd, J = 12.9 and 8.4 Hz, 3H, NCHH), 2.42 (s, 9H, p-tolCH3), 
2.51 (dd, J = 13.0 and 5.8 Hz, 3H, NCHH), 2.72 (s, 9H, NCH3), 4.00 (app sex-
tett, J = 6.7 Hz, 3H, CHNSO2), 7.30 (d, J = 8.1 Hz, 6H, Haromatic), 7.67 (d, J = 8.2 
Hz, 6H, Haromatic); 13C NMR (125.8 MHz): δ 15.1, 21.7, 28.4, 51.0, 59.2, 127.2, 
129.8, 137.1, 143.3; Anal. Calcd for C33H48N4O6S3 (692.96): C, 57.20; H, 6.98; 
N, 8.09. Found: C, 57.39; H, 7.10; N, 8.02. 
 
 
Tetra-amine 75 
 
A 250 mL flask was charged with the tris(sulfonamide) 81 (8.58 mmol, 6.67 g), 
phenol (82.8 mmol, 7.80 g), and HBr (109 mL, 48% in water). The mixture was 
refluxed at 155 °C for 24 h. Water (150 mL) and NaOH (s) were carefully added 
to the cooled dark red mixture until pH ≈ 1. The aqueous phase was washed with 
EtOAc (7×80 mL), the pH of the aqueous phase was increased to > 13 with 
NaOH (s), and aqueous wasextracted with CH2Cl2 (5×80 mL). The combined 
organic phases were dried with Na2SO4, filtered, and concentrated in vacuo leav-
ing a red oil which was purified by bulb-to-bulb distillation (150-155 °C/0.5 
mmHg) giving a slightly yellow oil in 72% yield (6.17 mmol, 1.94 g). For spec-
tral data see footnote 59. 
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Tetra-amine 82  
 
Tetra-amine 82 was prepared analogously to compound 75. Tris(sulfonamide) 80 
(6.26 mmol, 4.34 g) gave tetra-amine 82 in 60% yield (3.75 mmol, 0.87 g). Dis-
tillation (110 °C/0.05 mmHg) gave the product as a colourless oil which partially 
solidified upon standing. [α]D

20 = 155 (c = 0.26, CHCl3). 1H NMR (500 MHz): δ 
0.95 (d, J = 6.2 Hz, 9H, CHCH3), 1.75 (br s, 3H, NHMe), 2.19 (dd, J = 12.9 and 
3.2 Hz, 3H, NCHH), 2.33 (dd, J = 12.9 and 10.0 Hz, 3H, NCHH), 2.41 (s, 9H, 
NCH3), 2.58-2.62 (m, 3H, CH); 13C NMR (125.8 MHz): δ 19.5, 35.4, 53.4, 63.2, 
Anal. Calcd for C12H30N4 (230.39): C, 62.56; H, 13.12; N, 24.32. Found: C, 
62.43; H, 12.95; N, 24.17. 
 
 
Tetra-amine 76  
 
Tetra-amine 76 was prepared analogously to compound 75. Tris(sulfonamide) 68 
(2.04 mmol, 1.50 g) gave tetra-amine 76 in 57% yield (1.71 mmol, 0.32 g). Dis-
tillation (170-180 °C/0.1 mmHg) gave the product as a yellow viscous oil. [α]D

20 
= 179 (c = 0.72, MeOH). 1H NMR (400 MHz): δ 0.90 (d, J = 6.7 Hz, 9H, CH3), 
0.91 (d, J = 6.7 Hz, 9H, CH3), 1.50 (octett, J = 6.6 Hz, 3H, CH(CH3)2), 1.89 (br 
s, 6H, NH2), 2.26-2.29 (m, 6H, NCH2), 2.67-2.72 (m, 3H, NCH); 13C NMR 
(100.6 MHz): δ 18.4, 19.3, 32.3, 53.5, 59.6; Anal. Calcd for C15H36N4 (272.47): 
C, 66.12; H, 13.32; N, 20.56. Found: C, 65.93; H, 13.28; N, 20.42. 
 
 
Tetra-amine 83  
 
Tetra-amine 83 was prepared analogously to tetra-amine 75. Tris(sulfonamide) 
67 (5.38 mmol, 3.50 g) gave tetra-amine 83 in 38% yield (2.04 mmol, 0.39 g). 
Distillation (105-110 °C/0.13 mmHg) gave the product as a clear oil which partly 
solidified upon standing. [α]D

20 = 183 (c = 0.73, MeOH). 1H NMR (500 MHz): δ 
0.98 (d, J = 6.3 Hz, 9H, CH3), 1.57 (br s, 6H, NH2), 2.14-2.24 (m, 6H, CH2), 
3.04-3.09 (m, 3H, CH); 13C NMR (125.8 MHz): δ 24.4, 43.9, 64.1.  
 
 
Mono(sulfonamide) 7268 
 
Aziridine 33 (0.426 mmol, 102 mg) was added in two portions to a solution of 
ammonia in methanol (6.8 mmol, 3.4 mL, 2.0 M) under a nitrogen atmosphere. 
The mixture was heated at 50 °C for 41 h in a sealed flask. Flash chromatogra-
phy (gradient 5-10% MeOH in CH2Cl2, 4 cm column) yielded 77 mg (0.30 
mmol, 71%) of 72 as a white solid, Rf = 0.26 (5% MeOH in CH2Cl2).  
 
 



 76

Mono(sulfonamide) 74 
 
For an experimental procedure, see Paper I. M. p.: 189-192 °C (slightly yellow 
solid). [α]D

20 = -23.3 (c = 0.40, MeOH). Rf = 0.10 (100% EtOAc in hexanes). 1H 
NMR (500 MHz, DMSO-d6): δ 0.83 (d, J = 6.7 Hz, 3H, CH3), 0.84 (d, J = 6.7 
Hz, 3H, CH3), 1.63 (octett, J = 6.4 Hz, 1H, CH(CH3)2), 2.63 (dd, J = 12.3 and 7.1 
Hz, 1H, NCHH), 2.73 (dd, J = 12.3 and 4.3 Hz, 1H, NCHH), 3.08 (m, 1H, 
CHNHTf), 7.08 (br s, 3H, NHTf and NH2); 13C NMR (125.8 MHz, DMSO-d6): δ 
18.4, 18.7, 31.0, 42.5, 58.1, 122.3 (q, JC,F = 327 Hz, CF3).  
 
Typical procedure for the cyclopropanation of cinnamyl alcohol. Method 
A.167 
Bis(sulfonamide) 49 (0.090 mmol, 48.8 mg) and cinnamyl alcohol (0.902 mmol, 
121.0 mg) were dissolved in CH2Cl2 (9.0 mL) in a 25 mL flask under an argon 
atmosphere. Et2Zn (1.80 mmol, 1.80 mL, 1.0 M in hexanes) was added dropwise 
(gas evolution) at –23 °C, followed by CH2I2 (2.70 mmol, 218 µL), also added 
dropwise. Aliquots were removed with a syringe and quenched with 2 M NaOH, 
the aqueous phase was extracted with CH2Cl2, the combined organic phases were 
dried with MgSO4 and filtered, and the volatiles were removed in vacuo. The 
reaction mixture was quenched at –23 °C and was worked up as described above. 
The resulting oil was purified by flash chromatography (gradient 10-40% EtOAc 
in hexanes) giving 121 as a colourless oil in 69% yield (0.62 mmol, 93 mg). The 
ee was determined by HPLC (Chiralcel OD-H, 5% 2-propanol in hexane, 1.0 
mL/min, tR for 2S,3S-isomer: 11.0 min, tR for: 2R,3R-isomer 13.6 min): 3% 
(2S,3S). 
Method B.173a 
Bis(sulfonamide) 53 (0.069 mmol, 40.2 mg) and cinnamyl alcohol 120 (0.343 
mmol, 46.0 mg) were dissolved in CH2Cl2 (4.6 mL) in a 10 mL flask under an 
argon atmosphere (Flask A). Et2Zn (0.41 mmol, 0.41 mL, 1.0 M in hexanes) was 
added dropwise (gas evolution) at 0 °C and the clear solution was stirred for 30 
min. I2 (0.686 mmol, 0.175 g) was dissolved in CH2Cl2 (8.0 mL) under an argon 
atmosphere (Flask B). Et2Zn (0.69 mmol, 0.69 mL, 1.0 M in hexanes) was added 
dropwise and the milky suspension was stirred for 7 min., whereafter CH2I2 
(0.69 mmol, 55 µL) was added dropwise. The content of Flask A was transferred 
via a canula to Flask B. The reaction mixture was quenched after 1 h and purified 
as described above. 80% yield (0.27 mmol, 41 mg), 27% ee (2R,3R). 
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