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Abstract 

This thesis deals with the development of new reaction methodology as well as 
stereochemical investigations. 
 
The first part concerns the investigation of 1,2- and merged 1,2- and 1,3-
asymmetric induction in Mukaiyama aldol additions to α-heteroatom and α,β-
heteroatom substituted aldehydes respectively. In particular, the unexpected 
1,2-syn selectivity obtained in the addition of sterically hindered nucleophiles 
to α-chloroaldehydes is examined, and an explanation for the observed 
stereochemical trends is proposed.   
 
The second part describes the development of a novel entry to α-amino-β-
hydroxy esters by a 1,3-dipolar cycloaddition reaction of aldehydes and 
azomethine ylides, generated by thermolysis of aziridines. 
 
The third part deals with our efforts to develop a novel entry to vicinal all-
carbon quaternary centers, based on an intramolecular domino Heck-
carbonylation reaction using tetrasubstituted olefins.   
 
 
  
Keywords: Asymmetric induction, stereochemical models,  Mukaiyama, polar 
Felkin-Anh, Cornforth-Evans, 1,3-dipole, aziridine, cycloaddition, amino 
alcohol, carbonylation, Heck reaction, quaternary stereocenter
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1.  
Introduction 

1.1. Stereoinduction models for carbonyl addition reactions 

Nucleophilic additions to carbonyls are powerful synthetic tools to achieve 
stereoselective C-C bond formation.1 Among the wide host of nucleophilic 
additions to carbonyl reactions, the aldol reaction stands out as one of the most 
powerful and influential synthetic organic transformation.2 The development 
of certain types of reactions has historically often been associated with the 
difficulties presented by specific groups of natural products, whose challenges 
would be significantly simplified by invoking that particular transformation. 
One group of natural products that have benefited tremendously from the 
development of the aldol reaction is the polyketides.3 In 1956, R. B. 
Woodward said the following about the polyketide natural product 
Erythromycin: “Erythromycin, with all of our advantages, looks at present 
time quite hopelessly complex, particularly in view of its plethora of 
asymmetric centers”.  
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Figure 1. Erythromycin A 

Since then, Erythromycin and a wide array of related natural products have 
been synthesized numerous times,3 which at least partially can be attributed to 
the significant developments that have been made in the area of modern aldol 
methodologies.2 However, the utility of such transformations is intimately 
intertwined with the broader goals of acyclic stereocontrol, which has for a 
                                                             
1 a) Comprehensive Organic Synthesis, (Eds.:B. M. Trost, I. Fleming), Pergamon, New York, 

1991, Vol. 2 ; b) Houben Weyl: Methods of Organic Chemistry, (Eds. :G. Helmchen, R. W. 
Hoffmann, J. Mulzer, E. Schaumann), Thieme, Stuttgart, 1995, Vol. E 21b, Chapter 1.3; c) C. H. 
Heathcock, in: Asymmetric Synthesis, (Ed.: J. D. Morrison), Academic, Orlando, 1984; Vol. 3, p 
111–212; d) D. A. Evans, J. V. Nelson, T. R. Taber. Top. Stereochem. 1982, 13, 1–115; e) T. 
Mukaiyama, Org. React. 1982, 28, 203–331. 

2 Modern Aldol Reactions, Mahrwald. R., Eds, Wiley-VCH Verlag GmbH & Co. KGaA, 
Weinheim, 2004. 
3 Schetter, B.; Mahrwald, R. Angew. Chem., Int. Ed. 2006, 45, 7506-7525. 
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long time been one of the central stereochemical issues addressed in organic 
chemistry.4 Indeed, equipped with a thorough understanding of the interactions 
that dictate π-facial selectivity in carbonyl addition reactions, and a transition 
state model derived from this knowledge, the challenges presented to the 
chemist by natural products like the Erythromycins are significantly reduced.  
Over the years, a host of transition state models has been forwarded in efforts 
to reach the ultimate goal of understanding π-facial selectivity at trigonal 
carbon centers. The prolific output of such models serves as a testament not 
only to the importance of the models themselves, but also to the tremendous 
complexity involved in gaining a comprehensive understanding of the various 
control elements that dictate π-facial selectivity. These interactions may 
stabilize a certain transition state conformation or destabilize another. To 
assess the relative importance and magnitude of each interaction and to find 
the delicate balance that ultimately determines the favored transition state 
conformer is an exceedingly complex task.   
The relevant interactions can broadly be categorized as steric, torsional, 
electronic or electrostatic. A combination of these effects will be responsible 
for determining the rotational energy profile for the carbonyl compound. 
However, as a consequence of the lower rotational energy barrier around sp3-
sp2 C-C bonds compared to the activation energy for nucleophilic addition to 
carbonyls, it is not necessarily the most stable rotamer of the electrophile that 
will be the responsible for the product distribution. In this scenario, the 
reaction will instead be controlled by Curtin-Hammet kinetics which states that 
the product ratio will be controlled not only by the energy difference between 
the interconverting rotamers, but also by the difference in free energy of 
activation for product formation.5 Therefore, it is insufficient to establish 
which rotamer is most abundant, as it is also necessary to evaluate the 
reactivity of the pertinent rotamers, or in other words the different transition 
state energies.   
Knowing the structures of the transition state is certainly not trivial; therefore 
the Hammond postulate6 is usually invoked to simplify the situation. This 
postulate claims that the transition state will resemble the species that it is 
closest to in energy. The relevant reactions are typically exothermic implying 
that the transition state should resemble the starting materials, with only very 
little bond formation and bond breaking. Thus, the assumption of an early 
transition state is essential for the proposed models for diastereofacial 
induction in carbonyl addition reactions. 
The primary driving force for the formulation of new models has typically 
been the failure of previous models to accurately account for the observed 
stereochemical trends. Consequently, whenever reaction outcomes that cannot 

                                                             
4 Mengel, A.; Reiser, O. Chem. Rev. 1999, 99, 1191-1224. 
5 Karabatsos, G. J. J. Am. Chem. Soc. 1967, 89, 1367-1371. 
6 Hammond, G. S. J. Am. Chem. Soc. 1955, 77, 334-338. 
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be accounted for by the contemporary transition state models are obtained, it is 
necessary to reevaluate the relevant models and refine them.  
In this study, we investigated the origin of unexpected diastereoselectivities in 
Mukaiyama aldol reactions and probed the influence of additional polar 
substituents in the aldehyde. Chapter 2 deals with this investigation.  

1.2. β-Amino alcohols 

The importance of the β-amino alcohol subunit stems from its abundance in 
natural products, its use as chiral auxiliaries7 and chiral ligands for asymmetric 
catalysis, and from its presence in various pharmaceuticals.8 In asymmetric 
catalysis, β-amino alcohol such as ephedrine and quinine (Figure 2) have 
played a vital role as ligands binding to Lewis acids or transition metals and 
imparting chirality in a host of different reactions.9  Moreover, chiral 
auxiliaries such as Evans’ oxazolidinone (Figure 2) have successfully been 
applied in numerous organic transformations. Their importance as structural 
subunits in pharmaceuticals is exemplified by the HIV protease inhibitor 
Nelfinavir (Figure 2), which is widely prescribed for the treatment of HIV.10 
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Figure 2. Examples of two ligands, an auxiliary, and a pharmaceutical containing 
the β-amino alcohol subunit 

Naturally occurring β-amino alcohols display a high degree structural diversity 
and often exhibit pronounced biological activities, which make them suitable 
starting points for drug development. For example, hapalosin (Figure 3), 
isolated from blue-green algae, is a peptide-type β-amino alcohol that displays 
promising ability to inhibit multidrug resistance in drug resistant cancer cells.11 

                                                             
7 Ager, D. J.; Prakash, I.; Schaad, D. R. Chem. Rev. 1996, 96, 835-876. 
8 Cossy, J.; Pardo, D. G.; Dumas, C.; Mirguet, O.; Déchamps, I.; Métro, T.-X.; Burger, B.; 
Roudeau, R.; Appenzeller, J.; Cochi, A. Chirality 2009, 21, 850-856. 
9 Burchak, O. N.; Py, S. Tetrahedron 2009, 65, 7333-7356. 
10 (a) Boden, D.; Markowitz, M. Antimicrob. Agents Chemother. 1998, 42, 2775-2783. (b) Zhang, 
K. E.; Wu, E.; Patick, A. K.; Kerr, B.; Zorbas, M.; Lankford, A.; Kobayashi, T.; Maeda, Y.; 
Shetty, B.; Webber, S. Antimicrob. Agents Chemother. 2001, 45, 1086-1093. 
11 Stratmann, K.; Burgoyne, D. L.; Moore, R. E.; Patterson, G. M. L.; Smith, C. D. J. Org. Chem. 
1994, 59, 7219-7226. 
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Sphingosine12 (Figure 3) is a lipid-like β-amino alcohol that plays an important 
role in cell structure and has also been found to be an important player in cell 
signaling. Securinine (Figure 3) belongs to a group of naturally occurring β-
amino alcohols where the amino group is contained within a ring. Several 
plants from which securinine has been isolated has been used in traditional 
folk medicine13 and securinine itself has been shown have antimalarial14 
properties and to be a GABA receptor antagonist.15 Moreover, members of the 
same family of natural products have been shown to have antibiotic16 and 
antifungal properties.17   
Another group of β-amino alcohols is those where the amino alcohol moiety is 
part of a sugar unit. Neomycin B (Figure 3) is an aminoglycoside antibiotic18 
comprising two aminosugar units connected by a glycosidic bond. This group 
of antibiotics has found use in the treatment of Gram-negative and Gram-
positive bacterial infections.  
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Figure 3. Examples of naturally occurring β-amino alcohols 

1.2.1. The synthesis of β-amino alcohols 
The most important disconnections for the β-amino alcohol unit can 
conceptually be performed in a four different ways. One way is to 
simultaneously install the two heteroatoms onto a preexisting carbon skeleton 
(Scheme 1, Route A). Another way is to install one heteroatom onto a carbon 
skeleton already containing the other heteroatom (Scheme 1, Route B). A third 
way is to manipulate the functional groups of a substrate already containing 

                                                             
12 Hannun, Y. A.; Linardic, C. M. Biochimica et Biophysica Acta (BBA) - Reviews on 
Biomembranes 1993, 1154, 223-236. 
13 Oliver-Bever, B. J. Ethnopharmacol. 1983, 7, 1-93. 
14 Weenen, H.; Nkunya, M. H. H.; Bray, D. H.; Mwasumbi, L. B.; Kinabo, L. S.; Kilimali, V. A. 
E. B.; Wijnberg, J. B. P. A. Planta Med. 1990, 56, 371,373. 
15 Beutler, J. A.; Karbon, E. W.; Brubaker, A. N.; Malik, R.; Curtis, D. R.; Enna, S. J. Brain Res. 
1985, 330, 135-140. 
16 Mensah, J. L.; Lagarde, I.; Ceschin, C.; Michelb, G.; Gleye, J.; Fouraste, I. J. Ethnopharmacol. 
1990, 28, 129-133. 
17 Singh, A. K.; Pandey, M. B.; Singh, U. P. Mycobiology 2007, 35, 62-64. 
18 Davis, B. D. Microbiol. Rev. 1987, 51, 341-350. 



   5 

both heteroatoms (Scheme 1, Route C), and the final way is to merge two 
carbon fragments each containing one of the heteroatoms (Scheme 1, Route 
D). 
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Scheme 1. Retrosynthetic disconnections for β-amino alcohols 

A representative example from route A is the Sharpless asymmetric 
aminohydroxylation (Scheme 2).19 It allows the syn-specific simultaneous 
installation of the two heteroatoms over a double bond. Although 
diastereoselectivity is not an issue in this reaction, the regioselectivitiy can 
sometimes be problematic and is usually influenced by the choice of ligands, 
solvent, and the N-haloamide. Typical substrates for this reaction are α,β-
unsaturated ester, yielding α-hydroxy-β-amino esters as the main product. 

CO2i-Pr CO2i-Pr

OH

NHAc
AcNHBr

LiOH
K2[OsO2(OH)4]
(DHQ2)PHAL
 t-BuOH/H2O

yield: 81%
ee 99%

regioselectivitry > 20:1

 

Scheme 2. Example of a Sharpless asymmetric aminohydroxylation of isopropyl 
cinnamate20 

Ring-opening of aziridines is a way to synthesize β-amino alcohols from 
substrates which already contains one of the heteroatoms. Wulff has developed 
an efficient catalytic asymmetric aziridination of imines using ethyl 
diazoacetate, B(OPh)3, and chiral binaphtyl ligands.21 This reaction was 
recently further developed into a three-component aziridination of aldehydes 

                                                             
19 Bodkin, J. A.; McLeod, M. D. . Chem. Soc., Perkin Trans. 1 2002, 2733-2746. 
20 Bruncko, M.; Schlingloff, G.; Sharpless, K. B. Angew. Chem., Int. Ed. Engl. 1997, 36, 1483-
1486. 
21 (a) Zhang, Y.; Desai, A.; Lu, Z.; Hu, G.; Ding, Z.; Wulff, W. D. Chem.--Eur. J. 2008, 14, 3785-
3803., (b) Desai, A. A.; Wulff, W. D. J. Am. Chem. Soc. 2010, 132, 13100-13103. (c) Lu, Z.; 
Zhang, Y.; Wulff, W. D. J. Am. Chem. Soc. 2007, 129, 7185-7194. 
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(Scheme 3).22 Deprotection followed by ring opening of the highly 
enantioenriched aziridine with water and re-protection gave the β-amino 
alcohol 1.4 in 98 % ee and 60 % overall yield from the protected amine 1.1.  
 

Ph H

O
OEt

O

N2

(S)-VAPOL (5 mol %)
B(OPh)3 (15 mol %)

Toluene
4 Å Ms
25 °C

H2N MEDAM N

Ph CO2Et

MEDAM

1) TfOH
    Acetone, 60 °C
2) H2O, 60 °C

CO2EtPh

OH

NH2Boc2O
NaHCO3

THF, 25 °CCO2EtPh

OH

NHBoc
yield: 60 %
(from 1.1)
ee: 98 %

1.1 1.2

1.31.4  
 Scheme 3. Catalytic asymmetric aziridination of aldehydes developed by Wulff  

The preparation of β-amino alcohols from substrates, which already contains 
both heteroatoms can be accomplished, for example, by reduction of β-keto-α-
amino esters. An example of this process is the ruthenium catalyzed 
asymmetric transfer hydrogenation of racemic β-keto-α-amino esters (Scheme 
4).23 This particular reaction gives the anti isomer in excellent drs and ees for 
electron rich as well as electron poor aryl ketones. The labile α-stereocenter in 
the starting material is racemized under the reaction conditions, and one of the 
enantiomers is selected for reduction by the chiral catalyst.  
 

Ar OR

OO

NHBoc

[RuCl2(benzene)]2
(S,S)-BnDPAE

HCOOH:Et3N (5:2) Ar OR

OOH

NHBoc

yield 69 - 95%
er 66:34 - 99:1  

Scheme 4. Ruthenium catalyzed asymmetric transfer hydrogenation of racemic β-
keto-α-amino esters 

The most elegant way to create the β-amino alcohol unit is to couple two 
carbon fragments both containing one of the heteroatoms, thereby 
simultaneously setting both stereocenters, while also creating a new C-C bond. 
This approach has been realized by employing Mannich,24 aldol,25 and 

                                                             
22 Gupta, A. K.; Mukherjee, M.; Wulff, W. D. Org. Lett. 2011, 13, 5866-5869. 
23 Seashore-Ludlow, B.; Villo, P.; Häcker, C.; Somfai, P. Org. Lett. 2010, 12, 5274-5277. 
24 (a) For a relevant review see: Kobayashi, S.; Mori, Y.; Fossey, J. S.; Salter, M. M. Chem. Rev. 
2011, 111, 2626-2704. (b) Matsunaga, S.; Kumagai, N.; Harada, S.; Shibasaki, M. J. Am. Chem. 
Soc. 2003, 125, 4712-4713. (c) List, B.; Pojarliev, P.; Biller, W. T.; Martin, H. J. J. Am. Chem. 
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pinacol26 reactions, and also sigmatropic rearrangements.27 Feng reported an 
elegant nickel catalyzed direct asymmetric aldol addition of α-thiocyanato 
imides to aldehydes (Scheme 5).28  Electron rich and electron poor aromatic 
aldehydes are tolerated, as well as aliphatic and heteroaromatic aldehydes, 
giving high ees and drs of the trans oxazolidinethione 1.6, which can be 
converted into the corresponding syn amino alcohol.   

O N

O O
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O

H R

1.5
Ni(acac)2

(2.5 mol %)
THF

t-BuOMe
0 ºC

N
ON

H

O

N
O
H N O

i-Pr

i-Pr

1.5

O N

O O

HN
O

R

S1.6

 
Scheme 5. Direct asymmetric aldol reaction of α-thiocyanato imides and aldehydes  

Another way to simultaneously set both stereocenters while also creating the 
C-C bond joining them would be to use a 1,3-dipolar cycloaddition of 
azomethine ylides (1.9) and aldehydes (1.8) to generate oxazolidines (1.7), 
which can be readily hydrolyzed to β-amino alcohols (Figure 4.). Our efforts 
exploring this entry to β-amino alcohols are described in chapter 3.    

O NPg

R3

R1 R2

R1
OH

NHPg

R2 NR3

R2

Pg

R1
O

H

1.7 1.91.8  
Figure 4. Retrosynthetic analysis of β-amino alcohols   

                                                                                                                                      
Soc. 2002, 124, 827-833. (d) Kobayashi, S.; Ishitani, H.; Ueno, M. J. Am. Chem. Soc. 1998, 120, 
431-432. 
25 (a) Kobayashi, J.; Nakamura, M.; Mori, Y.; Yamashita, Y.; Kobayashi, S. J. Am. Chem. Soc. 
2004, 126, 9192-9193. 
26 (a) For a review on reductive coupling of carbonyls and imines, see: Burchak, O. N.; Py, S. 
Tetrahedron 2009, 65, 7333-7356. (b) Zhong, Y.-W.; Dong, Y.-Z.; Fang, K.; Izumi, K.; Xu, M.-
H.; Lin, G.-Q. J. Am. Chem. Soc. 2005, 127, 11956-11957. 
27 (a) Barbazanges, M.; Meyer, C.; Cossy, J.; Turner, P. Chem.--Eur. J. 2011, 17, 4480-4495. (b) 
Barbazanges, M.; Meyer, C.; Cossy, J. Org. Lett. 2007, 9, 3245-3248. 
28 Chen, X.; Zhu, Y.; Qiao, Z.; Xie, M.; Lin, L.; Liu, X.; Feng, X. Chem.--Eur. J. 2010, 16, 10124-
10129. 
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1.3. Heck-Carbonylation 

The Pd(0)-mediated coupling of aryl, vinyl, or alkyl halides or pseudohalides 
with alkenes is widely known as the Heck reaction (Figure 5).29, 30  The 
mechanism proceeds by an initial activation of a Pd(0) or Pd(II) precatalyst to 
the active catalytic Pd(0) species. Oxidative addition of this species to the C-X 
bond yields an organopalladium intermediate, which then coordinates to the 
alkene and undergoes a syn migratory insertion (carbopalladation) to yield a σ-
alkylpalladium intermediate. Due to the syn requirement for β-hydride 
elimination, this species then undergoes C-C bond rotation to align the 
palladium and the β-hydrogen syn, after which it readily undergoes β-hydride 
elimination to release the alkene. A base is then required to neutralize the acid 
formed after reductive elimination of the resultant hydridopalladium species. 
Depending on the nature of the X-group, the mechanism can follow either a 
neutral or cationic reaction manifold. If X is a halide, it can remain coordinated 
to the Pd(II) center and the reaction then follows a neutral pathway. On the 
other hand, when X is triflate, the oxidative addition step is followed by triflate 
disassociation to generate a cationic Pd(II) species with a vacant coordination 
site, thus allowing bidentate ligands to remain fully coordinated during the 
entire reaction. For this reason, most asymmetric Heck reactions follow the 
cationic pathway. It is also possible to divert the neutral pathway into the 
cationic pathway by halide abstraction through addition of Ag(I) or Tl(I) salts.   

                                                             
29 The Pd(II) mediated coupling of alkenes and an organometal reagent is known as the oxidative 
Heck reaction, see: Karimi, B.; Behzadnia, H.; Elhamifar, D.; Akhavan, P. F.; Esfahani, F. K.; 
Zamani, A. Synthesis 2010, 2010, 1399,1427.  
30 Beletskaya, I. P.; Cheprakov, A. V. Chem. Rev. 2000, 100, 3009-3066. 
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Figure 5. Catalytic cycle for the Heck reaction 

Moreover, several Heck-type cascade sequences have been developed which 
rely on capturing the σ-alkylpalladium intermediate with, for example, a 
nucleophile, carbon monoxide, or by using a subsequent carbopalladation 
step.31 Such reactions are often highly efficient tools for rapid generation of 
molecular complexity, enabling the construction of multiple carbon-carbon 
bonds in a single operation.32 For example, de Meijere33 has developed several 
Heck cascade reactions. An example of such a palladium catalyzed Heck 
cascade event, creating three new C-C bonds and also avoiding β-hydride 
elimination, is shown in Scheme 6.34 

                                                             
31 (a) Grigg, R.; Sridharan, V. J. Organomet. Chem. 1999, 576, 65-87. (b) Vlaar, T.; Ruijter, E.; 
Orru, R. V. A. Adv. Synth. Catal. 2011, 353, 809-841. (c) Negishi, E.-i.; Wang, G.; Zhu, G., 
Palladium-Catalyzed Cyclization via Carbopalladation and Acylpalladation. In Metal Catalyzed 
Cascade Reactions, Müller, T., Ed. Springer Berlin / Heidelberg: 2006; Vol. 19, pp 1-48. 
32 (a) Nicolaou, K. C.; Chen, J. S. Chem. Soc. Rev. 2009, 38, 2993-3009. (b) Nicolaou, K. C.; 
Edmonds, D. J.; Bulger, P. G. Angew. Chem., Int. Ed. 2006, 45, 7134-7186. (c) Nicolaou, K. C.; 
Bulger, P. G.; Sarlah, D. Angew. Chem., Int. Ed. 2005, 44, 4442-4489. 
33 (a) de Meijere, A.; von Zezschwitz, P.; Bräse, S. Acc. Chem. Res. 2005, 38, 413-422. (b) de 
Meijere, A.; Bräse, S. J. Organomet. Chem. 1999, 576, 88-110. 
34 Meyer, F. E.; Brandenburg, J.; Parsons, P. J.; de Meijere, A. J. Chem. Soc., Chem. Commun. 
1992, 390-392. 
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Scheme 6. Heck cascade cyclization 

Trapping of the σ-alkyl palladium intermediate with carbon monoxide is an 
alternative way to execute a palladium catalyzed cascade process. In their 
exploratory studies towards perophoramidine, Weinreb and co-workers used a 
domino Heck-carbonylation reaction to simultaneously set one of the 
quaternary stereocenters while also installing the ester moiety (Scheme 7).35  
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Scheme 7. Tandem Heck-carbonylation  

This reaction starts of as a usual Heck reaction by oxidative addition of Pd(0) 
to the Ar-I bond, followed by migratory insertion into the alkene. The formed 
σ-alkyl palladium intermediate is then carbonylated by the carbon monoxide. 
The mechanism for this process is believed to involve coordination of CO 
followed by insertion into the C-Pd bond to generate an acyl palladium species 
(Scheme 8).36 Coordination of the alcohol followed by reductive elimination 
then liberates the ester.    

R Pd CO R
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O MeOH R
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HOMe
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Scheme 8. Mechanism for palladium catalyzed carbonylation 

                                                             
35 (a) Artman, G. D.; Weinreb, S. M. Org. Lett. 2003, 5, 1523-1526. (b) Seo, J. H.; Artman, G. D.; 
Weinreb, S. M. J. Org. Chem. 2006, 71, 8891-8900. (c) Evans, M. A.; Sacher, J. R.; Weinreb, S. 
M. Tetrahedron 2009, 65, 6712-6719. 
36 Milstein, D. Acc. Chem. Res. 1988, 21, 428-434. 
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The Heck-reaction has proven particularly useful for the construction of 
quaternary all-carbon centers, and has been applied numerous times for this 
purpose in total synthesis.37  

1.3.1. Vicinal All-Carbon Quaternary Stereocenters 

Quaternary all-carbon stereocenters are common structural subunits in natural 
products (Figure 6).38 The impediment to synthesis posed by quaternary all-
carbon centers stems form the inherent steric repulsion present in these 
motifs.39 The challenge associated with the stereoselective assembly of all-
carbon quaternary centers is necessarily exacerbated by the vicinal disposition 
of two such units. Indeed, despite the tremendous progress that has taken place 
in the field of organic synthesis during the last decades, the construction of 
vicinal all-carbon quaternary stereocenters remains a daunting challenge.40 The 
number of organic reactions that have been shown to be capable of 
constructing vicinal all-carbon quaternary stereocenters, is very limited, 
implying a need for new reaction methodology to attain this goal. Chapter 3 
describes our attempts to develop a novel entry to vicinal all-carbon quaternary 
stereocenters based on a Heck-carbonylation cascade reaction. 
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Figure 6. Natural products containing all-carbon quaternary stereocenters   

                                                             
37 Dounay, A. B.; Overman, L. E. Chem. Rev. 2003, 103, 2945-2964. 
38 (a) Arimoto, H.; Uemura, D. Important Natural Products in Quaternary Stereocenters; 
Christoffers, J.; Baro, A., Eds; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 2005; pp 1-21 
(b) Steven, A.; Overman, L. E. Angew. Chem., Int. Ed. 2007, 46, 5488-5508. 
39 (a) Douglas, C. J.; Overman, L. E. Proc. Natl. Acad. Sci. U. S. A. 2004, 101, 5363-5367. (b) 
Christoffers, J.; Mann, A. Angew. Chem., Int. Ed. 2001, 40, 4591-4597. (c) Christoffers, J.; Baro, 
A. Adv. Synth. Catal. 2005, 347, 1473-1482. (d) Trost, B. M.; Jiang, C. Synthesis 2006, 2006, 
369,396. 
40 Peterson, E. A.; Overman, L. E. Proc. Natl. Acad. Sci. U. S. A. 2004, 101, 11943-11948. 



   12 

1.4. The aim of this thesis 

Chapter 2: The aim of this study was to investigate the origins of 1,2-syn 
selectivities obtained in Mukaiyama aldol additions to α-chloro aldehydes. As 
this result is unaccounted for by the contemporary paradigm for 1,2-
asymmetric induction in carbonyl addition reactions, we wanted to investigate 
the transition state geometries which were responsible for this unexpected 
product distribution. We also wanted to examine the influence of other α-
heteroatom substituents and determine their effect on the favored transition 
state conformations. Moreover, we were also interested in probing the 
influence of an additional polar substituent in the β-position. 
 
Chapter 3: The aim of this project was to develop an entry to α-amino-β-
hydroxy esters based on a 1,3-dipolar cycloaddition of azomethine ylides and 
aldehydes. The idea was to use aziridines as precursors for azomethine ylides, 
which could subsequently participate in 1,3-dipolar cycloadditions with 
aldehydes, furnishing oxazolidines. The cycloadducts would then be 
hydrolyzed to α-amino-β-hydroxy esters. 
 
Chapter 4: In this study, we investigated the utility of tetrasubstituted olefins 
as potential substrates in domino Heck-carbonylation reactions with the aim of 
creating vicinal all-carbon quaternary stereocenters. 
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2.  
Investigation of Diastereofacial 

Selectivity in Nucleophilic additions to 
Aldehydes with Polar α- and α,β-

Substituents  
(Papers I & III) 

2.1. Background 

The art of constructing complex molecules requires not only a diverse toolbox 
of available reaction methodology, but also some instrument for predicting the 
stereochemical outcome of the invoked transformations. The ability to make 
accurate stereochemical predictions is thus critical to the design of any 
synthesis requiring consideration of stereochemistry. One of the most 
elementary, yet powerful ways to achieve stereoselective C-C bond formation 
is the use of carbonyl addition reactions. The history of models that predict 
1,2-induction in carbonyl addition reactions dates back more than half a 
century, to the models proposed by Cram.41 In the intervening years, 
noteworthy models have been proposed by Cornforth,42 Karabatsos,43 Felkin,44 
Anh-Eisenstein,45 and Evans51. Through this process, the models have 
incrementally evolved into increasingly sophisticated and accurate tools. At 
present, the models used for predicting the facial selectivity in nucleophilic 
additions to α-heteroatom substituted carbonyl compounds is the polar Felkin-
Anh model and the Cornforth-Evans model. Moreover, Evans has proposed a 
merged model for 1,2- and 1,3-asymmetric induction in nucleophilic additions 
to α,β-bisalkoxy aldehydes. These models are described below.  

2.1.1. The polar Felkin-Anh model 
Felkin proposed the initial version of this model, which was later revised by 
Anh and Eisenstein. Felkin argued that previous models failed to take into 
account torsional strain involving partially formed bonds in the transition state. 

                                                             
41 Cram, D. J.; Elhafez, F. A. A. J. Am. Chem. Soc. 1952, 74, 5828-5835. 
42 Cornforth, J. W.; Cornforth, R. H.; Mathew, K. K. J. Chem. Soc. 1959, 112-127. 
43 Karabatsos, G. J. J. Am. Chem. Soc. 1967, 89, 1367-1371. 
44 Cherest, M.; Felkin, H.; Prudent, N. Tetrahedron Lett. 1968, 2199-2204. 
45 (a) Nguyen, T. A.; Eisenstein, O.; Lefour, J. M.; Tran, H. D. M. E. J. Amer. Chem. Soc. 1973, 
95, 6146-6147. (b) Nguyen, T. A.; Eisenstein, O. Nouv. J. Chim. 1977, 1, 61-70. (c) Nguyen, T. A. 
Top. Curr. Chem. 1980, 88, 145-162. (d) Nguyen, T. A.; Eisenstein, O. Tetrahedron Lett. 1976, 
155-158. 
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He postulated that the torsional strain felt in the transition state represents a 
significant fraction of the strain between fully formed bonds, which suggests a 
staggered rather than an eclipsed transition state. For this reason, the model 
proposed by Felkin was the first fully staggered transition state model. Anh 
and Eisenstein later incorporated results from Bürgi and Dunitz46 regarding the 
trajectory of nucleophilic attack on carbonyls, and also provided an 
explanation for the polar effect that dictates a perpendicular alignment between 
the polar α-substituent and the carbonyl moiety.  
The polar Felkin-Anh (PFA) model (Figure 7, TS1) is based on two 
hyperconjugative interactions which stabilizes the transition state conformation 
with the best vicinal acceptor orbital (σC-X*) oriented perpendicular to the C=O 
framework. Anh argued that delocalization of electron density from the π 
orbital to the best vicinal acceptor orbital (σC-X*)47 would stabilize the 
conformation which allows the greatest overlap between these two orbitals 
(Figure 7).  This is the case when the σC-X* orbital is parallel with the p orbitals 
that make up the π orbital.  The second effect which was thought to be 
responsible for the perpendicular alignment of the polar group was based on 
hyperconjugative delocalization of the forming bond with the best vicinal 
acceptor orbital (σC-X*).48 Also this effect is maximized when the C-X bond is 
antiperiplanar to the forming bond.    
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Figure 7. The polar Felkin-Anh model and the orbital interactions proposed by Anh 

 
The PFA model has proved to be remarkably useful in its predictive power and 
has for a long time been regarded as the prevailing model for predicting the 
facial selectivity in nucleophilic additions to α-heteroatom substituted carbonyl 
compounds. 

2.1.2. The Cornforth-Evans model 
Cornforth42 proposed the first version of this model, which was later modified 
by Evans.51 Cornforth suggested that minimization of the dipole moment 

                                                             
46 (a) Bürgi, H. B.; Dunitz, J. D.; Shefter, E. J. Amer. Chem. Soc. 1973, 95, 5065-5067. (b) Bürgi, 
H. B.; Dunitz, J. D.; Lehn, J. M.; Wipff, G. Tetrahedron 1974, 30, 1563-1572. 
47 For an investigation of the acceptor ability of different σ∗-bonds, see: Alabugin, I. V.; Zeidan, 
T. A. J. Am. Chem. Soc. 2002, 124, 3175-3185. 
48 This effect was shown by calculations by Evans to be of little significance in determining the TS 
energy of enolborane additions to α-heteroatom substituted aldehydes. See ref.  54. 
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between the polar α-substituent and the carbonyl group is a decisive control 
element for determining the transition state energy for nucleophilic additions to 
α-heteroatom substituted carbonyl compounds. He argued that further 
polarization of the carbonyl group, which occurs during the nucleophilic 
addition, would be easiest in the conformation where the dipole interaction is 
minimized, thus lowering the energy of the transition state. Although Ab Inito 
studies have generally supported the PFA model49, some studies have been 
more consistent with the Cornforth model.50 In an effort to experimentally sort 
out this discrepancy, Evans and coworkers designed an experiment to 
differentiate between the two models.51 However, the original Cornforth model 
was first modified to incorporate the Bürgi-Dunitz trajectory, and the dihedral 
angle was altered to achieve a staggered transition state (Figure 8, TS2), in line 
with arguments presented by Felkin.44, 52 

X

S
L

O

RNu-
NuL

S X

HO R

1,2-antiTS2  
Figure 8. The Cornforth-Evans model 

By adding E(O)- and Z(O)-boron enolates to the same α-alkoxy aldehyde and 
invoking a combination of the Zimmerman-Traxler53 model and either the 
revised Cornforth model (Cornforth-Evans) or the PFA model, they were able 
to validate the Cornforth-Evans model for nucleophilic additions to α-alkoxy 
aldehydes (Scheme 9). It was predicted that E(O)-enolates should confer 
superior levels of 3,4-anti selectivity if the PFA model (Scheme 9, TS4) was 
operative due to a destabilizing syn-pentane interaction between the polar α-
substituent and the R’ substituent in the corresponding Cornforth-Evans 
transition state (Scheme 9, TS3). Conversely, by invoking the Cornforth-Evans 
transition state (Scheme 9, TS5), it was predicted that Z(O)-enolates should 
impart higher levels of 3,4-anti selectivity due to a similar syn-pentane 
interaction in the PFA transition structure (Scheme 9, TS6) for the Z(O)-
enolate. 
                                                             
49 (a) Wu, Y. D.; Tucker, J. A.; Houk, K. N. J. Am. Chem. Soc. 1991, 113, 5018-5027. (b) Wong, 
S. S.; Paddon-Row, M. N. J. Chem. Soc., Chem. Commun. 1990, 456-458. (c) Wong, S. S.; 
Paddon-Row, M. N. J. Chem. Soc., Chem. Commun. 1991, 327-330. (d) Wu, Y. D.; Houk, K. N. J. 
Am. Chem. Soc. 1987, 109, 908-910. (e) Frenking, G.; Köhler, K. F.; Reetz, M. T. Tetrahedron 
1991, 47, 9005-9018. (f) Frenking, G.; Köhler, K. F.; Reetz, M. T. Tetrahedron 1993, 49, 3983-
3994. (g) Wong, S. S.; Paddon-Row, M. N. Aust. J. Chem. 1991, 44, 765-770. (h) Nguyen, T. A.; 
Maurel, F.; Lefour, J.-M. New J. Chem. 1995, 19, 353-364. 
50 (a) Cieplak, A. S.; Wiberg, K. B. J. Am. Chem. Soc. 1992, 114, 9226-9227. (b) Grenking, G.; 
Koehler, K. F.; Reetz, M. T. Tetrahedron 1994, 50, 11197-11204. 
51 Evans, D. A.; Siska, S. J.; Cee, V. J. Angew. Chem., Int. Ed. 2003, 42, 1761-1765. 
52 For a discussion on staggered transition states see: Paddon-Row, M. N.; Rondan, N. G.; Houk, 
K. N. J. Am. Chem. Soc. 1982, 104, 7162-7166. 
53 Zimmerman, H. E.; Traxler, M. D. J. Am. Chem. Soc. 1957, 79, 1920-1923. 
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Figure 9. Cornforth-Evans and PFA transition structures for the addition of E(O)- 

and Z(O)-boron enolates to α-heteroatom substituted aldehydes 

It was found that the Z(O)-enolates gave superior levels of 3,4-anti 
diastereoselection and as a consequence of the dichotomy outlined above, these 
findings validated the Cornforth-Evans model for additions to α-alkoxy 
aldehydes.  
In a theoretical study, Evans and coworkers later showed that the preferred 
model is dependent on the nature of the α-heteroatom.54 For more 
electronegative substituents (F, O, and Cl), the dipole moment is stronger and 
columbic interactions dominate, which favors the Cornforth-Evans TS (TS2). 
On the other hand, for less electronegative elements (P, S, and N), the 
columbic interactions are weaker while the σ* orbital is lower in energy 
(making it a better electron acceptor orbital for the delocalization interaction 
that forms the basis of the polar effect in the PFA model), which favors the 
PFA TS (TS1).   

2.1.3. 1,3-Asymmetric induction  
A model for predicting 1,3-aymmetric induction in nucleophilic additions to β-
heteroatom substituted carbonyl compounds was proposed by Evans.55 This 
model (Figure 10, TS7) is centered around three main premises that are 
reminiscent of the Felkin-Anh and the Cornforth-Evans analysis. The first 
assumptions are based on Felkin’s assertions44 that torsional effects dictate a 
staggered transition state conformation, leading directly to a staggered product, 
and that steric interactions between the nucleophile and the α-alkyl substituent 
is a decisive factor in enforcing an anti orientation of these two units. 
Moreover, the polar β-substituent and the carbonyl moiety are aligned anti to 
minimize electrostatic repulsive effects. 

                                                             
54 Cee, V. J.; Cramer, C. J.; Evans, D. A. J. Am. Chem. Soc. 2006, 128, 2920-2930. 
55 a) Evans, D. A.; Duffy, J. L.; Dart, M. J. Tetrahedron Lett. 1994, 35, 8537-8540., b) Evans, D. 
A.; Dart, M. J.; Duffy, J. L.; Yang, M. G. J. Am. Chem. Soc. 1996, 118, 4322-4343. 
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Figure 10. Evans’ 1,3-induction model 

2.1.4. Merged 1,2- and 1,3-asymmetric induction 
Rationalizing the stereochemical outcome in nucleophilic additions to α,β-
disubstituted aldehydes is a considerably more complex task. In this case, it 
can be expected that one stereoisomer of the aldehyde should have a matched 
combination of α- and β-stereocenters, which will mutually reinforce the 
addition from a particular π-face, whereas the other stereoisomer should have a 
mismatched combination, promoting addition from opposite π-faces. At first 
sight, it can be assumed that the influence of multiple stereocenters can be 
analyzed in terms of their individual directing effects.  
Evans and coworkers investigated the nucleophilic addition to syn and anti 
α,β-bisalkoxy aldehydes.56 By invoking a combination of the PFA or 
Cornforth-Evans model and the 1,3-stereinduction model, it was predicted that 
the stereocenters in the syn aldehyde should be working in concert and promote 
addition to the same aldehyde π-face, whereas in the anti aldehyde the effect is 
non-reinforcing and the two stereocenters should promote addition to opposite 
π-faces. However, experimentally, it was found that the anti aldehyde 
exhibited higher diastereoselectivities in Mukaiyama aldol reactions, compared 
to the syn aldehyde. A careful analysis of the possible transition state structures 
for the addition to the syn and anti aldehydes was performed in order to clarify 
this anomaly. It was found that the most favorable Cornforth-Evans TS (Figure 
11, TS9) for addition to the syn aldehyde suffered from a suboptimal 
positioning of the β-alkyl substituent, causing a destabilizing syn-pentane 
interaction with the aldehyde hydrogen. A similar destabilizing interaction was 
found to be absent in the most favorable transition state (Figure 11, TS8) for 
the addition to the anti aldehyde, and as a result, it was concluded that the 
Cornforth-Evans model accurately predicted the merged effects of the α and β 
stereocenters in α,β-bisalkoxy aldehydes. On the other hand, when the same 
analysis was performed invoking the PFA model, it was found that the syn 
aldehyde should display higher diastereoselectivity, which is inconsistent with 
the observed stereochemical trends. Thus, the validity of the Cornforth-Evans 
model for predicting the stereochemical outcome in nucleophilic additions to 
α-alkoxy substrates was further strengthened by this study.  

                                                             
56 Evans, D. A.; Cee, V. J.; Siska, S. J. J. Am. Chem. Soc. 2006, 128, 9433-9441. 
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Figure 11. Evans proposed Cornforth-Evans transition states for nucleophilic 

additions to α,β-bisalkoxy aldehydes 

The importance of being able to predict the facial selectivity in carbonyl 
addition reactions was clearly illustrated in the introduction in chapter 1. The 
models described above enable us to make such predictions, and it is thus of 
prime importance that these models accurately portray reality and make correct 
stereochemical predictions. In this project, we studied the influence of polar 
substituents in the α and β positions in the aldehyde in order to unravel any 
stereochemical trends and gain knowledge about the favored transition state 
geometries. 

2.2. Investigation of the diastereoselectivity in Mukaiyama aldol 
additions to α- and α,β-heteroatom substituted aldehydes 

2.2.1. α-Substituted aldehydes 
We directed our initial focus towards establishing the directing effect of the α-
stereocenter by adding enolsilanes of different steric bulk to a series of α-
heteroatom substituted aldehydes (Table 1). Generally, poor anti selectivities 
were obtained in the Mukaiyama aldol additions to α-alkoxy (Table 1, entries 
7-9) and α-fluoro aldehydes (Table 1, entries 10-12), with an increase in the 
steric size of the nucleophile leading to lower selectivities. A similar but much 
more pronounced trend was observed for α-chloro aldehydes (Table 1, entries 
1-6). Remarkably, addition of the very bulky pinacolone enolsilane 2.6a to the 
aldehydes 2.1 and 2.2 gave a complete reversal of the diastereoselectivity in 
favor of the syn diastereomer (Table 1, entries 1 and 4). This unexpected result 
cannot be predicted using either the PFA or the Cornforth-Evans models and 
demands a closer examination of the possible transition state geometries. In 
fact, on the basis of the PFA model, an increase in the size of the nucleophile is 
expected to lead to increased levels of facial discrimination in favor of the anti 
isomer. Interestingly, this trend was observed for the α-sulfonamide 2.5 (Table 
1, entries 13-15).  
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Table 1. Mukaiyama aldol additions to aldehydes 2.1-2.5a)  
O

+

X

R
OH

X

R
O

R'

OH

X

R
O

R'R'

OTMS BF3
.OEt2

CH2Cl2

2.7a - 2.21a (syn) 2.7b - 2.21b (anti)

H

2.1-5 2.6  
Entry Ald. X R 2.6 R’ Products b) 

(Ratio) 
Yield c) 

(%) 
1 2.1 Cl i-Pr a t-Bu 2.7a:2.7b 

(84:16) 
99 

2 2.1 Cl i-Pr b i-Pr 2.8a:2.8b 
(35:65) 

92 

3 2.1 Cl i-Pr c Me 2.9a:2.9b 
(40:60) 

94 

4 2.2 Cl CH2Ph a t-Bu 2.10a:2.10b 
(78:22) 

99 

5 2.2 Cl CH2Ph b i-Pr 2.11a:2.11b 
(29:71) 

97 

6 2.2 Cl CH2Ph c Me 2.12a:2.12b 
(40:60) 

94 

7d) 2.3 OTBS i-Pr a t-Bu 2.13a:2.13b 
(50:50) 

66 

8d) 2.3 OTBS i-Pr b i-Pr 2.14a:2.14b 
(25:75) 

69 

9d) 2.3 OTBS i-Pr c Me 2.15a:2.15b 
(18:82) 

66 

10 2.4 F CH2Ph a t-Bu 2.16a:2.16b 
(43:57) 

43 

11 2.4 F CH2Ph b i-Pr 2.17a:2.17b 
(27:73) 

35 

12 2.4 F CH2Ph c Me 2.18a:2.18b 
(36:64) 

63 

13 2.5 NTsBn i-Pr a t-Bu 2.19a:2.19b 
(> 2:98) 

85 

14 2.5 NTsBn i-Pr b i-Pr 2.20a:2.20b 
(7:93) 

94 

15 2.5 NTsBn i-Pr c Me 2.21a:2.21b 
(22:78) 

60 

a) Reaction conditions: To a solution of the aldehyde in CH2Cl2 at -60 °C was added BF3⋅OEt2 (3 
equiv.) and 2.6 (2 equiv.) and the mixture was stirred for 18h. b) Diastereomeric ratio was 
determined by 1H NMR spectroscopy of the crude reaction mixture. c) Isolated yield. d) See ref. 
56 for experimental details. 
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In order to begin to unravel the puzzling results obtained in the additions to the 
α-chloro aldehydes, it is necessary to elucidate which transition state geometry 
(PFA or Cornforth-Evans) is favored by the α-chloro substituent. In a recent 
theoretical investigation of enol borane additions to α-heteroatom substituted 
aldehydes, it was found that the preferred transition state model is dependent 
on the heteroatom.54 Highly electronegative elements (F, O, and Cl) favor the 
Cornforth-Evans model while less electronegative elements (P, S, and N) favor 
the PFA model.  The validity of the Cornforth-Evans model for α-alkoxy 
(Figure 9) and α-fluoro aldehydes was also verified experimentally in two 
separate experimental setups.57  
In order to investigate the inherent mode of reactivity for α-chloro aldehydes 
and validate a single stereoinduction model, we performed a similar set of 
experiments as to those conducted by Evans for α-alkoxy aldehydes, and with 
similar reasoning. Addition of the Z(O)-boron enolate 2.23 to aldehyde 2.1 
gave 2.25a and 2.25b in excellent yield and diastereoselectivity (Scheme 9). 
On the other hand, addition of the E(O)-boron enolate 2.22 to the same 
aldehyde furnished 2.24a and 2.24b in modest yield and selectivity. Using the 
same analysis as for the α-alkoxy aldehydes, these results confirm the validity 
of the Cornforth-Evans model for additions to α-chloro aldehydes.  
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Scheme 9. Addition of E(O)-boron enolate 2.22 and Z(O)-boron enolate 2.23 to α-
chloroaldehyde 2.1 

 
It is known that Mukaiyama aldol reactions proceed through an open transition 
state,58 although exceptions are known,59 having either an antiperiplanar or a 
synclinal transition state geometry. In order to rationalize the unprecedented 
syn selectivity obtained in the Mukaiyama addition of pinacolone enolsilane 

                                                             
57 (a) Evans, D. A.; Siska, S. J.; Cee, V. J. Angew. Chem., Int. Ed. 2003, 42, 1761-1765. (b) Diaz-
Oltra, S.; Carda, M.; Murga, J.; Falomir, E.; Marco, J. A. Chem.--Eur. J. 2008, 14, 9240-9254.  
58 (a) Denmark, S. E.; Lee, W. J. Org. Chem. 1994, 59, 707-709. (b) Denmark, S. E.; Lee, W. 
Chem.--Asian J. 2008, 3, 327-341. 
59 (a) Myers, A. G.; Widdowson, K. L. J. Am. Chem. Soc. 1990, 112, 9672-9674. (b) Myers, A. G.; 
Widdowson, K. L.; Kukkola, P. J. J. Am. Chem. Soc. 1992, 114, 2765-2767. 
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(2.6a) to α-chloro aldehydes 2.1 and 2.2, transition structures TS10 – TS13 
(Figure 12) were considered. TS10 and TS11 correspond to Cornforth-Evans 
structures with a synclinal and antiperiplanar orientation respectively, with the 
Lewis acid coordinated in a position syn60 to the aldehyde hydrogen. Structures 
TS12 and TS13 correspond to anti-Cornforth-Evans structures where the 
dihedral angle between the α-chloro substituent and the carbonyl group is 
relatively small, resulting in a destabilizing dipole repulsion. On the other 
hand, antiperiplanar transition structure TS11 suffers from a destabilizing 
steric interaction between the nucleophile and the aldehyde α-substituent. 
Synclinal structures TS10 and TS12 are characterized by destabilizing an 
interaction between the coordinated Lewis acid and the nucleophile. The 
magnitude of this interaction is expected to increase when the size of the Lewis 
acid is increased, which should disfavor the synclinal structures. Moreover, as 
the size of the enol silane R’ substituent is enlarged from Me to t-Bu, this 
reaction pathway is expected to be disfavored still further.  
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Figure 12. Transition state structures for Mukaiyama additions to α-chloro 

aldehydes 

In order to differentiate between synclinal and antiperiplanar transition states 
TS12 and TS13, pinacolone enolsilane (2.6a) and acetone enolsilane (2.6c) 
were added to aldehyde 2.1 facilitated by the sterically demanding Lewis acid 
trityl tetrafluoroborate (Scheme 10).  
 

                                                             
60 (a) Shambayati, S.; Crowe, W. E.; Schreiber, S. L. Angew. Chem., Int. Ed. Engl. 1990, 29, 256-
272. b) S. Shambayati, S. Schreiber in Comprehensive Organic Synthesis, Vol. 1, Additions to C—
X π Bonds, Part 1 (Ed.: S. Schreiber), Pergamon, Oxford, 1991, pp. 283 – 324.  
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Scheme 10. Addition of enolsilanes to α-chloro aldehyde 2.1 facilitated by the bulky 

Lewis acid trityl tetrafluoroborate 

Using the bulky trityl Lewis acid, the selectivity remained unchanged within 
limits of experimental error for the Me substituted (2.6c), as well as the t-Bu 
substituted (2.6a) enolsilane (Scheme 10). These results suggest that synclinal 
structures are not relevant in this case and will therefore be excluded from 
further consideration. The magnitude of the steric interaction between the enol 
silane nucleophile and the polar α-substituent in TS11 is expected to increase 
as the size of the enol silane R’ substituent is increased. Thus, when using the 
bulky pinacolone enolsilane (2.6c), this interaction outweighs the destabilizing 
dipole repulsion present in the anti-Cornforth-Evans structure TS13, making 
TS13 the preferred reaction manifold. As the size of the enolsilane is reduced, 
the steric interaction present in TS11 is attenuated while the dipole repulsion 
present in TS13 remains constant, resulting in increasing amounts of the anti 
isomer as TS11 becomes more favored. The magnitude of the dipole repulsion 
should be larger for more electronegative elements (O and F), which will 
destabilize the anti-Cornforth-Evans structure TS13. Consequently, the higher 
anti selectivity obtained in the Mukaiyama aldol addition to 2.3 (X = O) and 
2.4 (X = F) compared to 2.1 and 2.2 (X = Cl) can be rationalized as a 
manifestation of the higher electronegativity of these elements which makes 
the inherent Cornforth-Evans preference more difficult to override. Moreover, 
the small size of the fluorine substituent in aldehyde 2.4 could also have an 
effect since for this substrate the steric interaction in TS11 should be less. 
The phenomenon discussed above is limited to substrates that preferentially 
react through the Cornforth-Evans manifold. On the other hand, it is widely 
accepted that larger nucleophiles gives higher levels of stereoinduction for 
substrates preferentially reacting through the PFA manifold. Consequently, 
these substrates are expected to display a reversed dependence of the 
stereoinduction on the sterics of the nucleophile compared to substrates that 
prefer the Cornforth-Evans model. Indeed, α-sulfonamido aldehyde 2.5 
displays the opposite trend (Table 1, entries 13-15) upon increasing the steric 
bulk of the enol silane, suggesting that the α-amino substituent conforms to the 
PFA model. This conclusion is supported by the calculations done by Evans, 
which found that α-amino substituted aldehydes prefer the PFA manifold.54  

2.2.2. α,β-Disubstituted aldehydes  
We proceeded by probing the combined stereodirecting effects of different α- 
and β-substituents and assess the generality of Evans’ merged α,β-
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stereoinduction model. We chose to study the reactions of three different types 
of aldehyde substrates with different steric and electronic properties of the α-
substituent, while keeping the β-alkoxy substituent relatively constant. α,β-
Bisalkoxy aldehydes 2.26-2.29, α-amino-β-alkoxy aldehydes 2.30-2.33 and α-
chloro-β-alkoxy aldehydes 2.34 and 2.35, were subjected to Mukaiyama aldol 
reactions with the sterically hindered pinacolone enolsilane (2.6a) as well as to 
allylation using the significantly less bulky allyl trimethylsilane, in order to 
unravel any stereochemical trends. Mukaiyama addition of 2.6a to anti 
aldehydes 2.26 and 2.27 furnished the 3,4-anti triols 2.36b and 2.37b as the 
major products with excellent yields and good selectivities (Table 2, entries 1 
and 2). 

Table 2. Mukaiyama addition of enolsilane 2.6a to α,β-substituted aldehydes 

R H
X

PO

R

OH

X

PO

t-Bu +!
" 3

4
5 R

OH

X

PO

t-Bu3
4

5

3,4-syn 3,4-anti

t-Bu

CH2Cl2

BF3.OEt2
2.6aO

OTMS

O O

2.26 - 2.35 2.36a - 2.45a 2.36b - 2.45b  
Entry Aldehyde α,β X P R 

 
Products b) 

(Ratio) 
Yield c) 

(%) 
1 2.26 anti OBn Bn CH2Bn 2.36a:2.36b        

(14:86) 
99 

2 2.27 anti OBn Bn n-C6H13 2.37a:2.37b 
(16:84) 

93 

3 2.28 syn OBn Bn CH2Bn 2.38a:2.38b 
(49:51) 

90 

4 2.29 syn OBn Bn n-C6H13 2.39a:2.39b 
(45:55) 

92 

5 2.30 anti NTsBn TBS CH2Bn 2.40a:2.40b 
(> 2:98) 

92 

6 2.31 anti NTsBn TBS c-C6H11 2.41a:2.41b 
(> 2:98) 

81 

7d) 2.32 syn NTsBn TBS CH2Bn 2.42a:2.42b 
(53:47) 

91 

8e) 2.33 syn NTsBn TBS c-C6H11 2.43a:2.43b 
(56:44) 

49 

9 2.34 anti Cl TBS CH2Bn 2.44a:2.44b 
(95:5) 

99 

10 2.35 syn Cl TBS CH2Bn 2.45a:2.45b 
(91:9) 

94 

a) Reaction conditions: To a solution of the aldehyde (1 equiv.) in CH2Cl2 at -60 °C was added 
BF3⋅OEt2 (3 equiv,) and 2.6a (2 equiv.) and the mixture was stirred for 18 h. b) Determined by 1H 
NMR spectroscopy of the crude reaction mixture. c) Yields are reported for diastereomeric 
mixtures. d) The reaction time was 40 h. e) The reaction was run at -40 °C. 



   24 

 
Addition of 2.6a to the corresponding syn aldehydes 2.28 and 2.29 gave the 
corresponding triols 2.38 and 2.39 in excellent yields but with virtually no 
selectivity (Table 2, entries 3 and 4). These results are in line with Evans’ 
merged α,β-stereoinduction model, which suggest that an unfavorable syn-
pentane interaction in the Cornforth-Evans TS for addition to the syn-aldehyde 
is responsible for the lower selectivities obtained in the addition to this 
aldehyde isomer. As it was previously shown that α-alkoxy and α-chloro 
substituents both conform to tenets of the Cornforth-Evans model, it could be 
assumed that similar trends should be observed for α-chloro-β-alkoxy 
aldehydes 2.34 and 2.35 as for α,β-bisalkoxy aldehydes 2.26 - 2.29. However, 
upon addition of 2.6a to anti and syn aldehydes 2.34 and 2.35, the 3,4-syn 
products were obtained in excellent yields and selectivities (Table 2, entries, 9 
and 10). As the selectivities using the anti and syn aldehydes 2.34 and 2.35 are 
remarkably similar, it appears as if there is no clear matched or mismatched 
combination. These results are in stark contrast to those obtained using the 
α,β-bisalkoxy aldehydes 2.26 - 2.29 where anti aldehydes 2.26 and 2.27 
displayed enhanced 3,4-anti selectivities (Table 2, entries 1 and 2) and syn 
aldehydes 2.28 and 2.29 displayed severely diminished levels of 
stereoinduction (Table 2, entries 3 and 4). Addition of 2.6a to anti α-amino-β-
alkoxy aldehydes 2.30 and 2.31 furnished the 3,4-anti isomers 2.40b and 2.41b 
in excellent selectivities and high yields, whereas addition of 2.6a to the 
corresponding syn aldehydes 2.32 and 2.33 gave the aldol adducts 2.42 and 
2.43 without any selectivity. According to Evans’ analysis of the transition 
state geometries for nucleophilic addition to α,β-bisalkoxy aldehydes, the PFA 
model predicts higher selectivity for the syn isomer. By directly applying this 
conclusion to α-amino-β-alkoxy aldehydes 2.34 and 2.35,61 it is expected that 
in the syn isomer, the stereocenters should be mutually reinforcing. However, 
for α-amino-β-alkoxy aldehydes 2.34 and 2.35, the trend is opposite to what 
would be expected for substrates following the PFA model, according to 
Evans’ analysis. It is clear that the diastereofacial selectivity for substrates 2.34 
and 2.35 cannot be analyzed in terms of the contributions from the individual 
stereocenters, and nor can it be directly deduced from Evans’ merged α,β-
stereoinduction model.  

                                                             
61 The results from our study on α-heteroatom aldehydes indicates that α-amino substrates prefer 
the PFA model, and this conclusion is also supported by calculations done by Evans, see ref. 54. 
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Table 3. Addition of allyl trimethylsilane to α,β-substituted aldehydes 

R H
X

PO

R

OH

X

PO

+!
" 3

4
5 R

OH

X

PO

3
4

5

3,4-syn 3,4-anti

TMS

CH2Cl2

BF3.OEt2
O

2.26 - 2.35 2.46a - 2.56a 2.46b - 2.56b  
Entry Ald. α,β X P R Products (Ratio) b) Yield 

(%)c) 
1 2.26 anti OBn Bn CH2Bn 2.46a:2.46b 

(13:87) 
95 

2 2.27 anti OBn Bn n-C6H13 2.47a:2.47b 
(16:84) 

93 

3 2.38 syn OBn Bn CH2Bn 2.48a:2.48b 
(21:79) 

83 

4 2.29 syn OBn Bn n-C6H13 2.49a:2.49b 
(33:67) 

87 

5 2.30 anti NTsBn TBS CH2Bn 2.50a:2.50b 
(13:87) 

67 

5 2.31 anti NTsBn TBS c-C6H11 2.51a:2.51b 
 (-:-) 

- 

6 2.32 syn NTsBn TBS CH2Bn 2.52a:2.52b 
(45:55) 

<5 

6 2.33 syn NTsBn TBS c-C6H11 2.53a:2.52b 
 (-:-) 

- 

7 2.34 anti Cl TBS CH2Bn 2.55a:2.55b 
(60:40) 

88 

8 2.35 syn Cl TBS CH2Bn 2.56a:2.56b 
(59:41) 

94 

a) Reaction conditions: To a solution of the aldehyde (1 equiv.) in CH2Cl2 at -60 °C was added 
BF3⋅OEt2 (3 equiv.) and allyl trimethylsilane (2 equiv.) and the mixture was stirred for 18 h. b) 

Isolated yield. c) Determined by 1H NMR spectroscopy of the crude reaction mixture. 

However, addition of the less bulky allyl trimethylsilane to α-amino-β-alkoxy 
aldehyde 2.30 caused an erosion of the anti selectivity (compare entry 5, 
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Table 3 to entry 5, Table 2), which is expected on the basis of the PFA model. 
A deeper investigation into various factors that govern the diastereofacial 
selectivity would be needed to extricate these puzzling results in order to draw 
any definite conclusions regarding the favored transition states involved in 
each case. However, it appears that upon addition of the bulky pinacolone 
enolsilane (2.6a) to α-chloro-β-alkoxy aldehydes 2.34 and 2.35, the α-
stereocenter overrides the influence of the β-stereocenter through a similar 
steric interaction that was proposed to be responsible for the preferential 
formation of the 1,2-syn isomer in the addition of 2.6c to α-chloro aldehydes 
2.1 and 2.2. This view is supported by the observation that the 3,4-syn 
selectivity decreases when the less bulky allyl trimethylsilane is added to α-
chloro-β-alkoxy aldehydes 2.34 and 2.35 (entries 7 and 8, 
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Table 3). 

2.3. Proof of relative stereochemistry 

The relative stereochemistry of the aldol adducts 2.7 - 2.9 was determined after 
conversion into an epoxide (Scheme 11) with subsequent analysis of the 1H 
NMR coupling constants of the epoxide protons.  
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Scheme 11. Determination of relative stereochemistry of α-chloro aldehyde aldol 

adducts 

 
However, for the aldol adducts 2.10 - 2.12, the peaks for the Ha and Hb protons 
of the corresponding epoxides were overlapped, thereby ruling out the 
coupling constant analysis as a means to determine the relative 
stereochemistry. For these adducts, the relative stereochemisty was instead 
determined by NOESY. A NOE cross-peak between the indicated protons was 
observed for the cis isomer, whereas no NOE cross-peak was observed from 
the same protons in the trans isomer.  
A facile way to determine the stereochemistry of the α-chloro aldehyde aldol 
adducts would be if these compounds displayed a pronounced trend in the 
dependence of the Ja-b-coupling on the relative stereochemistry. This would 
allow rapid prediction of relative stereochemistry without transforming the 
aldol adduct into a rigid system deprived of rotational degrees of freedom, and 
subsequent 1H NMR coupling analysis. It was found that such a trend indeed 
exists, as the Ja-b-coupling constants for the anti aldol adducts were consistently 
much higher than for the corresponding syn aldol adducts. For the syn aldol 
adducts, the J values were in the range 2.2-3.4 Hz, whereas for the anti isomer, 
the range was 7.2-8.9 Hz. 
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Table 4. Correlation of J-value and relative stereochemistry   

R2

OH O

Cl

R1 a
b

 
R1 R2 Ja-b(syn) Ja-b(anti) 
i-Pr t-Bu 2.9 8.9 
i-Pr i-Pr 3.1 8.7 
i-Pr Me 3.4 8.6 
Bn t-Bu 2.2 7.2 
Bn i-Pr 2.4 - 
Bn Me 2.3 - 

 
The relative stereochemistry of aldol adducts 2.19 – 2.21 was determined by 
conversion into an oxazolidinone according to Scheme 12 and subsequent 
analysis of the Ja-b coupling constant.62  
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CH2Cl2
94-95%  

Scheme 12. Determination of stereochemistry of the α-amino aldehyde aldol 
adducts 

2.4. Conclusion 

In this project, the facial selectivities obtained in Mukaiyama aldol additions to 
α-heteroatom substituted aldehydes were studied. In particular, the unexpected 
1,2-syn selectivity obtained in Mukaiyama aldol additions to α-chloro 
aldehydes was investigated. It was shown that the Cornforth-Evans model 
explains the inherent mode of reactivity for α-chloro aldehydes, and that when 
using bulky nucleophiles, the Cornforth-Evans transition state is disfavored 
due to steric interactions between the nucleophile and the α-chloro substituent. 
It was proposed that this interaction is sufficiently severe to override the 
intrinsic Cornforth-Evans preference for these substrates, and we proposed a 
stereoinduction model explaining the observed trends, based on an open 
transition state.  We also showed that α-alkoxy and α-flouro substituted 
aldehydes, which also conform to the Cornforth-Evans paradigm, displays the 
same trends albeit less pronounced. Moreover, we also showed that the 
selectivities obtained in nucleophilic additions to α-chloro-β-alkoxy and α-
amino-β-alkoxy aldehydes are not predicted by current transition state models 
for merged 1,2- and 1,3-asymmetric induction.  

                                                             
62 Mikami, K.; Kaneko, M.; Loh, T. P.; Terada, M.; Nakai, T. Tetrahedron Lett. 1990, 31, 3909-
3912. 
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3.  
Synthesis of Anti α-Amino-β-Hydroxy 
Esters by 1,3-Dipolar Cycloadditions 

(Paper II) 

3.1. Introduction 

Cycloadditions can generally be classified according to the number of atoms 
involved in the ring formation in each reacting species. The formation of 5-
membered rings through a concerted [3+2] cycloaddition cannot possibly 
involve only uncharged octet stabilized species. In this case, a 1,3-dipolar a-b-c 
unit must be invoked wherein the a atom possess an electron sextet and the c 
atom carries an unshared electron pair (Figure 13.). Species where an electron 
sextet is carried by carbon, nitrogen, or oxygen are highly unstable and 
therefore have to be stabilized by a free electron pair on the central b atom, 
yielding a mesomeric octet structures (Figure 13), where b carries the positive 
charge and all atoms have filled valence shells. Such a unit is defined as a 1,3-
dipole and can be either allylic or propargylic.63  

a
b

c a
b
c

a
b c a

b
c

octet-structure

sextet-structure  
Figure 13. Resonance structures for 1,3-dipoles 

A dipolarophile is defined as a 2π electron species that is capable of 
participating in a 1,3-dipolar cycloaddition. The multiple bond can be either 
electron rich or electron poor depending on the nature of the 1,3-dipole, and it 
can be between two carbons, between a carbon and a heteroatom, or between 
two heteroatoms.  
1,3-dipolar cycloadditions are, just as the related Diels-Alder reaction, 
thermally allowed [π4s + π2s] processes; the transition states of which are 
controlled by frontier molecular orbital (FMO) interactions. The concerted 
nature of 1,3-dipolar cycloadditions imply that any stereochemical information 
stored in the multiple bond geometry of the dipolarophile will be maintained in 
the cycloadduct. Since it is a suprafacial process, reactions with Z-olefins give 
cis-substituted cycloadducts whereas E-olefins produce the diastereomeric 
trans-cycloadduct. The stereospecificity with respect to dipolarophile double 
bond geometry is an exceptionally powerful feature of these types of reactions. 

                                                             
63 Huisgen, R. Angew. Chem., Int. Ed. Engl. 1963, 2, 565-598. 
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As 1,3-dipoles are ambident species, the relevant FMO interactions can occur 
either between the HOMO of the dipole and the LUMO of the dipolarophile or 
between the LUMO of the dipole and the HOMO of the dipolarophile. 
The regioselectivity of 1,3-dipolar cycloadditions is determined by the 
orientation of the reactants that result in overlap of the largest coefficients of 
the two reacting species. Consequently, in order to predict the regiochemical 
outcome it is first necessary to know which FMO interaction to consider.   

a b

c

R

a b

c

R

Dipole-HOMO control Dipole-LUMO control

stabilizing interactioion

 
Figure 14. Stabilization of endo TS of dipole-HOMO controlled 1,3-dipolar 

cycloadditions by secondary orbital interactions   

The stereoselectivity of 1,3-dipolar cycloadditions is determined by the endo or 
exo transition state preference. In contrast to the Diels-Alder reaction, the 
prediction of endo/exo preference is not straightforward as there is no universal 
“endo rule” that can be applied. Nevertheless, secondary orbital interactions 
have been invoked to explain the stereochemical outcome from endo selective 
1,3-dipolar cycloadditions. However, for type 1 reactions this interaction can 
be expected to be negligible due to a node at the central atom in the HOMO of 
the dipole.  The endo/exo selectivity of 1,3-dipolar cycloadditions is thus 
controlled primarily by steric factors, such as the structure of the reactants or 
by a catalyst.64  

3.2. Generation of azomethine ylides 

Azomethine ylides are unstable and highly reactive species and because of this, 
they have to be generated in situ. Ever since the first reaction65 with these 
intermediates, several methods have been developed for this.70 The first study 
of azomethine ylides was performed by Huisgen66 and was based on 
thermolysis of aziridines (Figure 15, route A). He showed that, as predicted by 

                                                             
64 (a) Fleming, I. Molecular Orbitals, John Wiley & Sons Ltd, The Atrium, Southern Gate, 
Chichester, West Sussex, 2010, pp 336-337. (b) Gothelf, K. V.; Jørgensen, K. A. Chem. Rev. 1998, 
98, 863-910. 
65 Heine, H. W.; Peavy, R. Tetrahedron Lett. 1965, 6, 3123-3126. 
66 (a) Huisgen, R.; Scheer, W.; Szeimies, G. n.; Huber, H. Tetrahedron Lett. 1966, 7, 397-404. (b) 
Huisgen, R.; Maeder, H. J. Am. Chem. Soc. 1971, 93, 1777-1779. (c) Huisgen, R.; Scheer, W.; 
Huber, H. J. Am. Chem. Soc. 1967, 89, 1753-1755. (d) Huisgen, R.; Scheer, W.; Mäder, H. Angew. 
Chem., Int. Ed. Engl. 1969, 8, 602-604. (e) Huisgen, R.; Scheer, W.; Mäder, H.; Brunn, E. Angew. 
Chem., Int. Ed. Engl. 1969, 8, 604-604. (f) Huisgen, R.; Mäder, H. Angew. Chem., Int. Ed. Engl. 
1969, 8, 604-606. 
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the Woodward-Hoffmann rules67 for a 4π electron system under thermal 
conditions, the electrocyclic ring opening proceeds in a conrotatory manner. 
Consequently, cis-aziridines undergoes thermolytic ring opening to yield an S-
ylide and trans-aziridines undergoes ring opening to a W-ylide (Scheme 13.).  
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Scheme 13. Thermal and photochemical ring opening of cis- and trans-aziridines 

and subsequent 1,3-dipolar cycloadditions  

The S and W ylides were found to equilibrate and yield the same product 
mixture if the subsequent cycloaddition step was not fast enough. For very 
reactive dipolarophiles, it was found that the stereochemical integrity was 
maintained as the cycloaddition step preceded isomerization. The opposite 
stereochemical outcome was obtained for each aziridine isomer when the ylide 
generation was instead performed under photochemical conditions, and rapidly 
trapped with reactive dipolarophiles. As the electrocyclic ring opening of a 4π 
electron system under photochemical conditions is a disrotatory process, the 
cis-aziridine now yielded the W and U ylides and the trans-aziridine gave the 
S-ylide. These experiments provided one of the first experimental verifications 
of the Woodward-Hoffmann rules. 
A drawback of this method is that the electrocyclic ring opening requires high 
temperatures, which may be incompatible with sensitive functional groups. For 
this reason an electron withdrawing group is typically attached to one of the 
aziridine carbons in order to facilitate the ylide formation by stabilization of 
the negative charge.68    
Other routes to azomethine ylides include the ring opening of 4-oxazolines69 
(Figure 15, route B), condensation of an amino acid and an aldehyde followed 
by decarboxylation (Figure 15, route C), metallation of an imine followed by 
deprotonation (Figure 15, route D), condensation of a secondary amine and an 
aldehyde followed by deprotonation (Figure 15, route E), and also desilylation 
of an α-silyl iminium ion (Figure 15, route F).  

                                                             
67 (a) Hoffmann, R.; Woodward, R. B. Acc. Chem. Res. 1968, 1, 17-22. (b) Woodward, R. B.; 
Hoffmann, R. Angew. Chem., Int. Ed. Engl. 1969, 8, 781-853. 
68 Husinec, S.; Savic, V. Tetrahedron: Asymmetry 2005, 16, 2047-2061. 
69 Vedejs, E.; Grissom, J. W. J. Am. Chem. Soc. 1988, 110, 3238-3246. 



   32 

N
R2

R1 R3

N
H

R2

R1 H

O

Base

N R3R1

Ag+
Base

N
H

CO2H
R2

R1 H

O

!
N
R2

R3R1

!

O N

R1
R2

R3

NR1 SiMe3
R2

F-

A

B

C

D

E

F

R3

 
Figure 15. Ways of generating azomethine ylides 

3.3. Addition of azomethine ylides to aldehydes 

1,3-dipolar cycloaddition of azomethine ylides provides a general and direct 
access to five membered heterocycles. In particular, the cycloaddition with 
olefins, yielding pyrrolidines, have found widespread use in organic synthesis 
and today represents one of the most powerful methods for construction of the 
pyrrolidine skeleton offering good possibilities for control of both relative and 
absolute stereochemistry.70 While the cycloaddition of azomethine ylides and 
olefins is well established, the analogous cycloaddition with aldehydes, 
yielding oxazolidines (Scheme 14), has received much less attention.71 In this 
case, hydrolysis of the aminal functionality in the oxazolidine 3.3 would yield 
a β-amino alcohol (3.4), which is a very important class of compounds, as 
described in chapter 1.2. Therefore, we became interested in exploiting the 

                                                             
70 (a) Pellissier, H. Tetrahedron 2007, 63, 3235-3285. (b) Husinec, S.; Savic, V. Tetrahedron: 
Asymmetry 2005, 16, 2047-2061. (c) Pandey, G.; Banerjee, P.; Gadre, S. R. Chem. Rev. 2006, 106, 
4484-4517. (d) Stanley, L. M.; Sibi, M. P. Chem. Rev. 2008, 108, 2887-2902. (e) Coldham, I.; 
Hufton, R. Chem. Rev. 2005, 105, 2765-2809. (f) Kanemasa, S. Synlett 2002, 1371-1387. 
71 (a) Aldous, D. J.; Drew, M. G. B.; Draffin, W. N.; Hamelin, E. M. N.; Harwood, L. M.; 
Thurairatnam, S. Synthesis 2005, 3271-3278. (b) Dallas, G.; Lown, J. W.; Moser, J. P. J. Chem. 
Soc. D 1970, 278-279. (c) Alker, D.; Hamblett, G.; Harwood, L. M.; Robertson, S. M.; Watkin, D. 
J.; Williams, C. E. Tetrahedron 1998, 54, 6089-6098. (d) Harwood, L. M.; Macro, J.; Watkin, D.; 
Williams, C. E.; Wong, L. F. Tetrahedron: Asymmetry 1992, 3, 1127-1130. (e) Brome, V. A.; 
Harwood, L. M.; Osborn, H. M. I. Can. J. Chem. 2006, 84, 1448-1455. (f) Orsini, F.; Pelizzoni, F.; 
Forte, M.; Destro, R.; Gariboldi, P. Tetrahedron 1988, 44, 519-541. (g) Lown, J. W.; Akhtar, M. 
H. Can. J. Chem. 1972, 50, 2236-2248. (h) Padwa, A.; Chen, Y. Y.; Chiacchio, U.; Dent, W. 
Tetrahedron 1985, 41, 3529-3535. 
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benefits of cycloaddition chemistry in order to access β-amino alcohols in a 
stereoselective manner.  
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Scheme 14. Proposed reaction scheme for the synthesis of α-amino-β-hydroxy 

esters by 1,3-dipolar cycloadditions of azomethine ylides to aldehydes 

Several different strategies have been employed for generating azomethine 
ylides for cycloadditions with aldehydes. For example, in an elegant approach, 
Harwood71a generated the requisite azomethine ylide by condensing chiral 
secondary amines with aldehydes. The resulting azomethine ylide was then 
added to another equivalent of the same aldehyde (Scheme 15). The reaction 
proceeded in high yields for aliphatic aldehydes and in moderate yields for 
both electron rich and electron poor aromatic aldehydes, producing a single 
stereoisomer of the cycloadduct 3.5. The chiral auxiliary was then removed 
and the oxazolidine ring opened by catalytic hydrogenation to give the 
enantiopure syn-amino acid 3.6 after ion-exchange chromatography.  
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Scheme 15. Harwood’s synthesis of α-amino-β-hydroxy acids by 1,3-dipolar 

cycloadditions of azomethine ylides to aldehydes  

A related way of generating the ylide involves condensation of an amino acid 
with an aldehyde and subsequent decarboxylation to the azomethine ylide. This 
approach has been reported in the context of aldehyde cycloaddition by Orsini 
et. al (Scheme 16).71f In this case, a single isomer (3.7) was isolated in 63 % 
yield.  
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Scheme 16. 1,3-Dipolar cycloaddition of azomethine ylides generated from amino 

acids by condensation followed by decarboxylation 

Thermal ring opening of aziridines was used by Lown71b to generate 
azomethine ylides for subsequent 1,3-dipolar cycloadditions with aldehydes. 
An example of this reaction is shown in Scheme 17, which gives the 
heterocycles 3.8 in modest yield and low selectivities by refluxing a solution of 
the aziridine and the aldehyde in acetonitrile.  
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Scheme 17. Generation of azomethine ylide from aziridine and addition to aldehyde 

Initial efforts to probe the viability of the cycloaddition chemistry using 
azomethine ylides as an entry to β-amino alcohols was made in our group72 
using Vedejs’ 4-oxazoline route.69 An advantage of this method is the mild 
reaction conditions, whereas a disadvantage is the N-methyl group present in 
the product. Reduction of the alkylated 4-oxazoline 3.9 with phenyl silane gave 
the heterocycle 3.10, which is in equilibrium with the ring opened form, 
azomethine ylide 3.11. Cycloaddition with benzaldehyde ensued, yielding 
oxazolidine 3.12 as a mixture of diastereomers, which upon hydrolysis gave 
amino alcohols 3.13a and 3.13b in a ratio of 2.3:1 favoring the syn isomer. A 
significant amount of over-reduction to glycine derivative 3.14 was observed 
and it was found that this side reaction could not be prevented.  

                                                             
72 Seashore-Ludlow, B.; Torssell, S.; Somfai, P. Eur. J. Org. Chem. 2010, 3927-3933. 
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Scheme 18. Generation of azomethine ylides using Vedej’s 4-oxazoline route and 

cycloaddition with aldehydes, followed by hydrolysis 

Instead, the N-metalation/deprotonation route (Figure 15, route D) using Ag+ 
salts was examined.  This method maintains the benefit of proceeding under 
mild reaction conditions while also offering several advantages over the 4-
oxazoline route. For example, the product is an unprotected amine, and the use 
of chiral ligands opens up the possibility for asymmetric catalysis. It was found 
that when using a bulky acetophenone imine, the diastereoselectivity in 
forming the oxazolidines was very high but decreased upon hydrolysis 
(Scheme 19). It was shown that the reaction was in fact not concerted when 
using the acetophenone imine, but actually preceded by a step-wise 
mechanism.     
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Scheme 19. Generation of azomethine ylides using Ag+ and cycloaddition with 
aldehydes, followed by hydrolysis 

Based on the examples above, we decided to explore the utility of aziridines as 
precursors for azomethine ylides and subsequently add them to aldehydes. By 
modulating the nitrogen protecting group and the ester moiety as well as 
changing other reaction parameters, we hoped to be able to optimize the 
diastereoselectivity and yield into synthetically useful values. Moreover, 
contrary to the methods previously explored within our group (Scheme 18 and 
Scheme 19), the use of aziridines had been shown to give cis-oxazolidines as 
the major stereoisomer (Scheme 17), which gives anti amino alcohols upon 
hydrolysis. Consequently, this route would be stereochemically 
complementary to the ones previously examined.  
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3.4. 1,3-Dipolar cycloadditions of azomethine ylides and aldehydes 

We chose to carry out initial trials of the reaction using benzhydryl-protected 
aziridine 3.15a. When the aziridine was refluxed in toluene for 18 hours, it 
underwent an electrocyclic ring opening to the azomethine ylides, which 
subsequently participated in a 1,3-dipolar cycloaddition with benzaldehyde, 
yielding oxazolidines 3.16a and 3.16b (Scheme 20). Hydrolysis of the aminal 
functionality using aqueous hydrochloric acid gave the α-amino-β-hydroxy 
esters 3.18a and 3.18b in low yield and moderate selectivity (Table 5, entry 1). 
The relative stereochemistry of the amino alcohols was determined by 
conversion of the major isomer 3.18a into oxazolidinone 3.19 followed by 1H 
NMR analysis of the relevant coupling constants.73        
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Scheme 20. Generation of azomethine ylide by thermolysis of aziridine 3.15a and 

cycloaddition with benzaldehyde, followed by hydrolysis and stereochemistry 
determination of the major stereoisomer 

The relative configuration of the oxazolidines 3.16a-c (Scheme 20) was 
established by NOE experiments.74 Irradiation of H-2 in compound 3.16a did 
not give any NOE enhancements of H-4 or H-5, while irradiation of H-4 gave a 
strong (8%) NOE enhancement of H-5 (Figure 16). This indicated that H-4 and 
H-5 are cis, while both are trans to H-2 and that the relative stereochemistry of 
3.16a is 2,4-trans-4,5-cis. On the other hand, irradiation of H-2 in compound 
3.16b gave an average (3%) NOE enhancement of H-5, but no NOE 
enhancement of H-4, while irradiation of H-4 gave a weaker (2%) NOE 
enhancement of H-5 than was observed for 3.16a. This suggested that the 
relative configuration of 3.16b was 2,4-trans-4,5-trans. The 2,4-trans 
relationship found in both 3.16a and 3.16b indicate that they are derived from 
                                                             
73 Mikami, K.; Kaneko, M.; Loh, T. P.; Terada, M.; Nakai, T. Tetrahedron Lett. 1990, 31, 3909-
3912. The coupling constant for the trans-oxazolidinone was found to be 3.8 Hz. However, this 
species was not fully characterized.  
74 Stonehouse, J.; Adell, P.; Keeler, J.; Shaka, A. J. J. Am. Chem. Soc. 1994, 116, 6037-6038. 
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an S-ylide. For 3.16c, however, the results are less clear-cut. Irradiation of H-2 
did not give observable NOE enhancements of H-4 or H-5, similarly to 3.16a, 
but irradiation of H-4 gave a comparable (3%) NOE enhancement of H-5 
which was observed for 3.16b. The relative configuration of this diastereomer 
could consequently not be firmly established by NMR techniques. Hydrolysis 
of 3.16c gave the same syn amino alcohol as obtained from hydrolysis of 
3.16b, indicating that the relative configuration of 3.16c is 2,4-cis-4,5-trans. 
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Figure 16. The important NOE enhancements 

The NMR experiments revealed that the oxazolidines 3.16a and 3.16b 
originate from cycloaddition between an S-ylide and benzaldehyde. The 
formation of the major cycloadduct 3.16a can thus be rationalized by invoking 
an S-ylide that reacts through an exo transition state. The endo/exo selectivity 
in 1,3-dipolar cycloadditions can be influenced by secondary orbital 
interactions, but is controlled primarily by the structure of the substrates or by 
a catalyst.75 For type 1 reactions, the secondary orbital interactions that can 
stabilize the endo transition state is absent due to a node in the HOMO of the 
dipole. In the present case, it is believed that the bulky diphenylmethyl 
protecting group makes the endo TS unfavorable as a result of steric 
interactions with the aldehyde (Figure 17.). 
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Figure 17. Proposed exo and endo transition states  

 
                                                             
75 Gothelf, K. V.; Jørgensen, K. A. Chem. Rev. 1998, 98, 863-910. 
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In order to increase the yield of the reaction, we first tried to change the 
solvent. It was found that when running the reaction in DMSO, the yield 
increased significantly to 72% under otherwise identical reaction conditions 
(Table 5, entry 2). However, due to the very hygroscopic nature of this solvent, 
it was necessary to add 4Å molecular sieves to the reaction in order to prevent 
the formation of glycine derivate 3.17, believed to originate from hydrolysis of 
the intermediate azomethine ylide.  Since full conversion of the aziridine was 
not observed in the reaction, we next decided to increase the temperature. 
Interestingly, when the temperature was increased to 155 ºC, oxazolidine 3.16c 
was obtained as the major stereoisomer (dr 3.16a:3.16b:3.16c 2:6:92) albeit in 
very low yield (Table 5, entry 3).  
 

Table 5. Screening of Solvent, Temperature, Protecting Groups and Ester Groupa 

O N

Ph

Ph CO2R

PgN

Ph CO2R

Pg

Ph

OH

HN

O

OR Ph

OH

HN

O

OR

Pg

HCl (1M)

MeOH:H2O (95:5)
Pg

Ph

O

DMSO

3.15

110°C

a b

H

 

Entry Pg R 3.15 Producte a:bb 
Yield 

(%) 

1i CH(Ph)2 Et a 3.18a/3.18b 83:17e < 30c 

2g CH(Ph)2 Et a 3.18a/3.18b 81:19e 72c 

3j CH(Ph)2 Et a 3.18a/3.18b 2:98e 35d 

4 Bn Et b 3.20a/3.20b 25:75e,f 85c 

5 Bn t-Bu c 3.21a/3.21b 28:72f,h 83c 
a) Reaction conditions: aziridine 3.15 (1 equiv.) and benzaldehyde (3 equiv.) in DMSO was heated to 
the 110 ºC and stirred for 18 h. After workup, the crude residue (1 equiv.) and 1M HCl (2 equiv.) was 
heated to 50 ºC for 2 h in MeOH/H2O (95:5). b) Determined by 1H NMR spectroscopic analysis of the 
crude reaction mixture after hydrolysis. c) Isolated yield of aminoalcohols. d) Yield based on 1H NMR 
spectroscopic analysis of crude oxazolidines. e) Relative stereochemistry determined by transforming 
one of the diastereomers into the corresponding oxazolidinone, see ref. 62 f) The oxazolidines were 
obtained as mixture of four diastereomers. g) 4Å molecular sieves were added to the reaction mixture. 
h) Relative stereochemistry determined by comparison with literature data. i) Toluene was used as the 
solvent in this reaction. j) This reaction was performed at 155 ºC.  
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A possible explanation for the formation of isomer 3.16c is the initial 
formation of 3.16a and 3.16b followed by equilibration by C-C bond cleavage 
to the thermodynamically more stable isomer 3.16c. 
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Scheme 21. Possible mechanism for the isomerization of 3.16a into 3.16c 

Indeed, heating isomer 3.16a in DMSO gave 3.16c with the same selectivity as 
previously observed. However, as we were not able to increase the yield of the 
reaction at this temperature, it was decided to proceed with the optimization at 
the lower temperature.  
Changing the protecting group from the bulky benzhydryl group to a 
significantly smaller benzyl group caused a reversal of the selectivity in favor 
of the trans-oxazolidine, which gave syn-amino alcohol 3.20b as the major 
product upon hydrolysis (Table 5, entry 4). This result is in line with the 
proposed transition states (Figure 17), since a sterically less demanding 
protecting group will cause less steric interactions with the aldehyde in the 
endo transition state. With this result in mind, it seemed likely that increasing 
the size of the protecting group would boost the cis-selectivity. Consequently, 
trityl protected aziridine 3.15d was synthesized (Scheme 22) and subjected to 
the reaction conditions. Unfortunately, aziridine 3.15d proved unreactive and 
only starting material was returned from the reaction. As the electronic 
properties also could impact the reactivity of the azomethine ylide, we also 
tried the reaction using tosyl (3.15e) and Boc (3.15f) protected aziridines, but 
unfortunately, they yielded only decomposition products. 
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Scheme 22. Synthesis of Tr, Boc, and Ts protected aziridines 

The influence of the ester group was next determined.  Thus, aziridine 3.15c 
with a bulky tert-butyl group was synthesized and tried in the reaction. The 



   40 

impact of the ester group was shown to be negligible, as both the yield and 
selectivity remained unchanged within limits of experimental error (compare 
entries 4 and 5 in Table 5). 
The introduction of a substituent on the α-position in the aziridine would, after 
cycloaddition and hydrolysis, yield a quaternary amino acid, a very important 
class of compounds. Quaternary amino acids have been incorporated into 
peptides instead of natural amino acids to impose conformational constraints as 
well as to study structural stability and bioactivity changes of peptides.76 Thus, 
α-methylated aziridine 3.22 was synthesized (Scheme 23) following the 
procedure developed by Wulff77 in order to evaluate the possibility of 
constructing quaternary α-amino-β-hydroxy esters using our cycloaddition 
protocol.          
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Scheme 23. Synthesis of α-alkylated aziridine 3.22 

Unfortunately, aziridine 3.22 proved unreactive under the reaction conditions 
and did not participate in the cycloaddition, only starting material could be 
observed in the reaction mixture. 
We next turned our attention to examining the substrate scope of the reaction. 

 

 

 

 

 

 

                                                             
76 Venkatraman, J.; Shankaramma, S. C.; Balaram, P. Chem. Rev. 2001, 101, 3131-3152. 
77 Patwardhan, A. P.; Pulgam, V. R.; Zhang, Y.; Wulff, W. D. Angew. Chem., Int. Ed. 2005, 44, 
6169-6172. 
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Table 6. Screening of Aldehydesa 

N

Ph CO2Et

R

OH

HN

O

OEt R

OH

HN

O

OEt
Ph Ph

R

O
Ph

Ph

Ph

Ph
3.15a a b

1. DMSO 110°C
2. HCl (1M), 
    MeOH/H2O (95:5)

H

 
Entry R Producte a:bc Yield (%)d 

1 
 

3.18a/3.18b 81:19 72 

2b 
MeO  

3.23a/3.23b 78:22 57 

3b 
F  

3.24a/3.24b 77:23 58 

4 
O2N  

3.25a/3.25b 67:33g 81 

5 
Cl  

3.26a/3.26b 72:28 87 

6 
Me  

3.27a/3.27b 79:21 83 

7 
 

3.28a/3.28b 72:28 86 

8 
O  

3.29a/3.29b 76:24f 80 

9 
 

3.30a/3.30b - - 

10 
 

3.31a/3.31b 60:40 68 

a) Reaction conditions: aziridine 3.15a (1 equiv.), 4Å MS and the indicated 
aldehyde (3 equiv.) was heated to 110 °C in DMSO and stirred for 18 h. After 
workup, the crude residue (1 equiv.) and 1M HCl (2 equiv.) was heated to 50 ºC 
for 2 h in MeOH/H2O (95:5). b) MS was not used in this reaction. c) dr of amino 
alcohols determined by 1H NMR spectroscopic analysis of the crude reaction 
mixture. a and b series referes to anti and syn series respectively. d) Isolated yield 
of amino alcohols. e) Relative stereochemistry was determined by converting the 
major isomer into the corresponding oxazolidinone. The coupling constants were 
all in the range 7.9-8.3 Hz consistent with a cis-oxazolidinone, see ref. 62. f) 

Relative stereochemistry determined by analogy. g) Relative stereochemistry 
determined by comparison with literature data.  
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The reaction worked well for aromatic aldehydes having either electron 
donating groups (Table 6, entries 2 and 6) or electron withdrawing groups 
(Table 6, entries 3, 4 and 5) as well as for heteroaromatic aldehydes (Table 6, 
entry 8).  Aliphatic aldehydes also worked (Table 6, entry 10) albeit in lower 
yield and selectivity, whereas α,β-unsaturated aldehydes (Table 6, entry 9) did 
not participate in the intended reaction.  

3.5. Conclusion 

We have developed an entry to anti α-amino-β-hydroxy esters based on 1,3-
dipolar cycloadditions of aldehydes and azomethine ylides, generated by 
thermolysis of aziridines. The formed cycloadducts were subsequently 
hydrolyzed, liberating the desired β-amino alcohols. The reaction was found to 
be general for aromatic aldehydes, delivering high yields and moderate 
selectivities for electron rich as well as electron poor aldehydes. 
Heteroaromatic and aliphatic aldehydes also participated in the cycloaddition. 
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4.  
Domino Heck-Carbonylation 

(Paper IV) 

4.1. Introduction 

The structurally related indole alkaloids perophoramidine78 (4.1) and the 
communesins79 (4.2) share a unique and intriguing core structure. The 
congested polycyclic framework and most notably, the vicinal all-carbon 
quaternary centers impose a particular challenge on any synthetic endeavor 
aimed at these natural products.80 Moreover, the adjacent quaternary carbons in 
perophoramidine and the communesins have opposite relative stereochemistry, 
making it difficult to access both of these natural products using the same 
synthetic methodology. 
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Figure 18. Structure of perophoramidine and communesin F 

We envisioned that the cyclic amidines of perophoramidine could be 
disconnected to an intermediate 4.3, which in turn could be made from a Heck-
carbonylation of tetrasubstituted olefin 4.4. This would allow us to set both 
quaternary carbons simultaneously and with full control of relative 
stereochemistry. Moreover, by changing the olefin geometry we would be able 
to access the opposite diastereomer, which is naturally occurring in the 
communesins.  
 

                                                             
78 Verbitski, S. M.; Mayne, C. L.; Davis, R. A.; Concepcion, G. P.; Ireland, C. M. J. Org. Chem. 
2002, 67, 7124-7126. 
79 Numata, A.; Takahashi, C.; Ito, Y.; Takada, T.; Kawai, K.; Usami, Y.; Matsumura, E.; Imachi, 
M.; Ito, T.; Hasegawa, T. Tetrahedron Lett. 1993, 34, 2355-2358. 
80 (a) Artman, G. D.; Weinreb, S. M. Org. Lett. 2003, 5, 1523-1526. (b) Seo, J. H.; Artman, G. D.; 
Weinreb, S. M. J. Org. Chem. 2006, 71, 8891-8900. (c) Yang, J.; Song, H.; Xiao, X.; Wang, J.; 
Qin, Y. Org. Lett. 2006, 8, 2187-2190. (d) Wu, H.; Xue, F.; Xiao, X.; Qin, Y. J. Am. Chem. Soc. 
2010, 132, 14052-14054. (e) Fuchs, J. R.; Funk, R. L. J. Am. Chem. Soc. 2004, 126, 5068-5069. (f) 
Sabahi, A.; Novikov, A.; Rainier, J. D. Angew. Chem., Int. Ed. 2006, 45, 4317-4320. (g) Evans, M. 
A.; Sacher, J. R.; Weinreb, S. M. Tetrahedron 2009, 65, 6712-6719. 
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Figure 19. Retrosynthetic analysis of perophoramidine 

However, we were aware that this particular Heck-carbonylation reaction 
would be difficult for a number of reasons. First, tetrasubstituted olefin 4.4 was 
expected to undergo carbopalladation (Scheme 24, step C) slower than less 
substituted olefins, making early carbonylation (Scheme 24, step B) more 
favored. In fact, relatively few tetrasubstituted olefins have been used in Heck 
reactions.81 Moreover, the alkoxycarbonylation of tertiary centers under 
palladium catalysis is rare,82 although the related rhodium catalyzed 
hydroformylation reaction has recently been reported.83 Third, the presence of 
β-hydrogens in substrate 4.4 introduces yet another competing reaction 
pathway (Scheme 24, step E). Moreover, whereas increased carbon monoxide 
pressure will disfavor the β-hydride elimination pathway, it will also favor the 
formation of the early ester. Consequently, the incongruent demand for carbon 
monoxide pressure with respect to the two major competing by-product 
pathways, implies that a delicate balance of CO pressure must be located in 
order to realize the desired Heck-carbonylation reaction.  
 

                                                             
81 (a) Nilsson, P.; Larhed, M.; Hallberg, A. J. Am. Chem. Soc. 2003, 125, 3430-3431. (b) Abelman, 
M. M.; Oh, T.; Overman, L. E. J. Org. Chem. 1987, 52, 4130-4133. (c) Dyker, G.; Körning, J.; 
Jones, P. G.; Bubenitschek, P. Angew. Chem., Int. Ed. Engl. 1993, 32, 1733-1735. (d) Grigg, R.; 
Sridharan, V.; Stevenson, P.; Worakun, T. J. Chem. Soc., Chem. Commun. 1986, 1697-1699. (e) 
Liu, P.; Seo, J. H.; Weinreb, S. M. Angew. Chem., Int. Ed. 2010, 49, 2000-2003. (f) S. Bräse, A. de 
Meijere, in Metal-Catalyzed Cross-Coupling Reactions, Vol. 1 (Eds.: A. de Meijere, F. Diederich), 
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 2004, pp. 217-316. 
82 To our knowledge, Negishi has published the only report of a carbonylation of a tertiary center, 
but it is unclear if that is actually the case since the authors reported forming diastereomers of the 
carbonylated product even though it has only one chiral center and thus cannot have diastereomer. 
Therefore, it seems possible that the proposed structure is incorrect. See ref. 87b. 
83 (a) Clarke, M. L.; Roff, G. J. Chem.--Eur. J. 2006, 12, 7978-7986.  
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Scheme 24. Reaction pathways for Heck-carbonylation in the presence of β-
hydrogens 

4.2. Preventing β-hydride elimination 

To date, several methods have been reported for avoiding β-hydride 
elimination in palladium-catalyzed reactions and a selection of these will be 
exemplified here. β-Hydride elimination is normally a very facile process as 
long as a syn arrangement of the β-hydrogen and Pd is possible. Preventing β-
hydride elimination thus requires either stabilization of the σ-alkyl palladium 
species, or a very rapid alternative termination event.  
For example, Fu has developed an intramolecular Heck reaction of unactivated 
alkyl bromides and chlorides and terminal olefins (Scheme 25).84 In this case, 
the N-heterocyclic carbene ligand SiMes-HBF4 was found to be a uniquely 
effective ligand for desired transformation. Whereas this reaction was 
suggested to follow a normal Heck pathway on the basis of deuterium labeling 
experiments, related reactions have been shown to follow a radical pathway.85 
A drawback of this protocol is that it only works to construct cyclopentanes 
using terminal olefins.  

                                                             
84 Firmansjah, L.; Fu, G. C. J. Am. Chem. Soc. 2007, 129, 11340-11341. 
85 (a) Bloome, K. S.; McMahen, R. L.; Alexanian, E. J. J. Am. Chem. Soc. 2011, 133, 20146-
20148. (b) Bloome, K. S.; Alexanian, E. J. J. Am. Chem. Soc. 2010, 132, 12823-12825. 
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Scheme 25. Intramolecular Heck reaction developed by Fu  

Intramolecular carbopalladation has also been shown to be able to out-compete 
β-hydride elimination as part of Heck cascade sequences (see Scheme 6.86  
Moreover, Negishi found that β-hydride elimination could be avoided by 
applying a high pressure of carbon monoxide.87a,b However, double carbon 
monoxide insertion was obtained as a result of the very high pressure applied 
(Scheme 26. Stabilization of the σ-alkyl palladium intermediate through 
chelation with the ketone carbonyl was later invoked to explain the results.87c 
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Pd(PPh3)2Cl2
CO (40 atm)

Et3N
MeCN/PhH (1:1)

66 %

n-Hex

CO2Me

O

 

Scheme 26. Palladium catalyzed cascade carbonylation by Negishi  

Kim and Ahn88 reported a Heck-Suzuki cascade where the alkyl palladium 
species formed after the initial carbopalladation step did not undergo β-hydride 
elimination (Scheme 27). Instead, transmetallation with the boronic acid and 
reductive elimination to the coupled product 4.6 ensued. The authors proposed 
that one of the oxygens from the sulfonamide group coordinated to the 
palladium after the carbopalladation step, yielding intermediate 4.7. However, 
the use of an N-Bn protecting group, which lacks to possibility for O-Pd 
coordination, also yielded the Heck-Suzuki product, albeit in reduced yield. In 
this case, direct coordination of the nitrogen to the palladium through a five-
membered ring was proposed.  
 

                                                             
86 (a) Schweizer, S.; Song, Z.-Z.; Meyer, F. E.; Parsons, P. J.; de Meijere, A. Angew. Chem., Int. 
Ed. 1999, 38, 1452-1454. (b) Oh, C. H.; Rhim, C. Y.; Kang, J. H.; Kim, A.; Park, B. S.; Seo, Y. 
Tetrahedron Lett. 1996, 37, 8875-8878. 
87 (a) Negishi, E.-i.; Copéret, C.; Ma, S.; Mita, T.; Sugihara, T.; Tour, J. M. J. Am. Chem. Soc. 
1996, 118, 5904-5918. (b) Negishi, E.-i.; Ma, S.; Amanfu, J.; Copéret, C.; Miller, J. A.; Tour, J. M. 
J. Am. Chem. Soc. 1996, 118, 5919-5931. (c) Copéret, C.; Negishi, E.-i. Org. Lett. 1999, 1, 165-
168. 
88 Lee, C.-W.; Oh, K. S.; Kim, K. S.; Ahn, K. H. Org. Lett. 2000, 2, 1213-1216. 



   47 

N
Ts

Br

ArB(OH)2 
(2 eqviv)

Pd(PPh3)3
Na2CO3

THF:H2O
6:1, 80 ºC

N

Ar

Ts

N S O
Pd

Op-Tol

4.5 4.6

4.7  
Scheme 27. Tandem Heck-Suzuki reaction by Kim and Ahn 

Stabilization of σ-alkyl palladacycle intermediates with pendant β-hydrogens 
by N-chelation has also been reported by Overman89 and Broggini.90  
Aggarwal91 reported a domino Heck-carbonylation sequence where β-hydride 
elimination was circumvented (Scheme 28). The authors argued that high CO 
pressure would lead to premature carbonylation, yielding product 4.13. 
Consequently, they relied primarily on the possibility to tune the reactivity of 
the palladium complex by a careful choice of ligands. They reasoned that by 
employing electron rich phosphine ligands, the rate of carbonylation should 
increase as a result of increased binding of CO to palladium. However, the use 
of highly electron rich alkyl phosphines increased the rate of carbonylation too 
much, leading to formation of the early carbonylated product 4.14. Instead, it 
was observed that arylphosphines possessed the desired balance of reactivity. 
The reaction works in good yields for X = C(CO2Et)2 and X = NTs, furnishing 
cyclopentanes and pyrrolidines respectively. However, moderate yields were 
obtained of the desired tetrahydrofurane when X = O, and only use of terminal 
olefins was explored.  

X
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X

CO2R

X

CO2R

4.12 4.13 4.14

Pd2dba3-CHCl3
Phosphine

NaOAc
CO (2 atm)

DMF, 80 °C

 
Scheme 28. Heck-carbonylation reaction developed by Aggarwal 

A related approach to preventing β-hydride elimination in Heck-carbonylations 
was developed in our group (Scheme 29).92 Conditions for realizing the desired 

                                                             
89 Burke, B. J.; Overman, L. E. J. Am. Chem. Soc. 2004, 126, 16820-16833. 
90 Beccalli, E. M.; Borsini, E.; Brenna, S.; Galli, S.; Rigamonti, M.; Broggini, G. Chem.--Eur. J. 
2010, 16, 1670-1678. 
91 Aggarwal, V. K.; Davies, P. W.; Moss, W. O. Chem. Commun. 2002, 972-973. 
92 Seashore-Ludlow, B.; Somfai, P. Org. Lett. 2010, 12, 3732-3735. 
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transformation was found after a careful screening of palladium source, ligand, 
base, solvent as well as carbon monoxide pressure. The reaction scope was 
examined for several trisubstituted olefins and a range of different oxindoles 
with α-quaternary carbons could be created using this methodology. 
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Scheme 29. Carbopalladation-carbonylation cascade previously developed in our 

group 

Other reactions where β-hydride elimination has been successfully 
circumvented is in the coupling of aryl halides with alkyl amines or alcohols93, 
pioneered by Buchwald94a and Hartwig,94b and in cross-coupling reactions with 
alkyl halides.95 

4.3. Domino Heck-Carbonylation  

4.3.1. Tetrasubstituted olefins 
Previous investigations within our group had shown that Heck-carbonylations 
of trisubstituted olefins in the presence β-hydrogens was possible (Scheme 
29).92 We were now interested in examining the possibility of extending this 
protocol to the creation of vicinal all-carbon quaternary centers, by using 
tetrasubstituted olefins, with the hope of eventually applying this reaction to 
the synthesis of perophoramidine. 4.15 was chosen as a model substrate for 
studying this reaction, and was first subjected to standard Heck conditions in 
order to evaluate the proclivity of 4.15 to undergo carbopalladation.  
Gratifyingly, oxindole 4.16 was indeed formed in this reaction, verifying the 
ability of the initially formed aryl palladium species to undergo 
carbopalladation of the double bond.  

                                                             
93 For a review on palladium catalyzed hydroxylation and alkoxylation, see: Enthaler, S.; 
Company, A. Chem. Soc. Rev. 2011, 40, 4912-4924. 
94 (a) Guram, A. S.; Rennels, R. A.; Buchwald, S. L. Angew. Chem., Int. Ed. Engl. 1995, 34, 1348-
1350. (b) Louie, J.; Hartwig, J. F. Tetrahedron Lett. 1995, 36, 3609-3612. 
95 For reviews on cross-couplings using alkyl halides, see: (a) Kambe, N.; Iwasaki, T.; Terao, J. 
Chem. Soc. Rev. 2011, 40, 4937-4947. (b) Jana, R.; Pathak, T. P.; Sigman, M. S. Chem. Rev. 2011, 
111, 1417-1492. 
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Scheme 30. Heck reaction of substrate 4.15  

However, when 4.15 was tried in the Heck-carbonylation reaction using the 
conditions that had previously been optimized for related trisubstitued olefins, 
only premature carbonylation (4.17) was observed (Scheme 31). 
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Scheme 31. Attempted Heck-carbonylation of substrate 4.15 

These results indicated that the carbopalladation step was too slow compared 
to CO insertion and trapping of the resulting acyl-palladium species with 
MeOH. One solution to this problem would be to slow down the rate of the 
early carbonylation, which can be accomplished by lowering the CO pressure. 
However, this will also lower the inclination of the alkyl-palladium 
intermediate to undergoing the desired carbon monoxide insertion reaction, 
thus making this reaction pathway less competitive compared to the undesired 
β-hydride elimination.  
However, decreasing the CO pressure to atmospheric pressure did not have the 
intended effect, as still only early carbonylation was observed. We therefore 
had to investigate alternative ways to slow down the rate of early carbonylation 
in order to make the carbopalladation of the olefin competitive. Several 
mechanisms have been proposed for the alkoxycarbonylation of arylpalladium 
species. It is believed that the alkoxycarbonylation of iodobenzene in the 
presence of an alcohol and an amine base proceeds via reductive elimination of 
an ArCO-Pd-OR species.96 From this mechanism, it can be predicted that if the 
carbon monoxide insertion into the Ar-Pd bond is reversible, then the steric 
size of the alcohol could influence the product distribution by altering the rate 
of reductive elimination of the ArCO-Pd-OR species.97 With this in mind, we 

                                                             
96 (a) Milstein, D. Acc. Chem. Res. 1988, 21, 428-434. (b) Ozawa, F.; Kawasaki, N.; Okamoto, H.; 
Yamamoto, T.; Yamamoto, A. Organometallics 1987, 6, 1640-1651. (c) Garrou, P. E.; Heck, R. F. 
J. Am. Chem. Soc. 1976, 98, 4115-4127. (d) Hu, Y.; Liu, J.; LuÃà, Z.; Luo, X.; Zhang, H.; Lan, Y.; 
Lei, A. J. Am. Chem. Soc. 2010, 132, 3153-3158. 
97 This also requires that the carbopalladation is irreversible, which it is known to be, see: Negishi, 
E.-i.; Copéret, C.; Ma, S.; Liou, S.-Y.; Liu, F. Chem. Rev. 1996, 96, 365-394. 
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hoped that the use of a more sterically hindered alcohol would decrease the 
rate of early ester formation, provided that the carbon monoxide insertion is 
reversible. It is known that the electronic nature of the phosphine ligands can 
influence the reversibility of carbon monoxide insertion.98 In order to probe the 
reversibility of this process, trisubstituted olefin 4.18 was subjected to the 
reaction conditions using i-PrOH as nucleophile, and the results were 
compared to the previously published results with MeOH (Scheme 32).92 The 
yield of the β-hydride elimination product 4.19 using i-PrOH as the 
nucleophile was 66 %, whereas the yield was only 8 % using MeOH as the 
nucleophile. These results clearly demonstrate the reversibility of the carbon 
monoxide insertion. 
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Scheme 32. Investigation of the reversibility of the CO insertion 

However, when 4.15 was subjected to the reaction conditions using i-PrOH as 
the nucleophile, still only early ester product 4.20 was obtained.    
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Scheme 33. Attempted Heck-carbonylation using i-PrOH as nucleophile 

Given the knowledge that the carbonylation is reversible, another way of 
reducing the rate of early carbonylation would be to reduce the amount of 
nucleophile present. We thus thought of attaching the nucleophile to the 
substrate in order to make the trapping of the acylpalladium species an 
intramolecular process, where the desired reaction manifold could be favored 
by the choice of ring-size. Moreover, since carbonylation of tertiary 
alkylpalladium species is not known in the literature82 and achieving this would 
be a remarkable achievement in itself, we decided to remove the β-hydrogens 
to first verify that we could create vicinal quaternary carbons with this process.   
To this end, tetrasubstituted olefin 4.21 lacking β-hydrogens, was synthesized. 
Disappointingly, when substrate 4.21 was subjected to the reaction conditions, 
11-membered lactone 4.22 as well as byproduct 4.23, both originating from an 
early carbonylation event, were the only isolated products (Scheme 34).   
                                                             
98 Barnard, C. F. J. Organometallics 2008, 27, 5402-5422. 
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Scheme 34. Attempted carbonylation of substrate 4.21  

These results indicate that the rate of carbopalladation of tetrasubstituted olefin 
4.21 is significantly slower than intramolecular trapping of the acyl palladium 
species. Thus, the use of this Heck-carbonylation methodology for the 
construction of vicinal quaternary stereocenters remains elusive.  

4.3.2. Allylic amines 
We were also interested in expanding the scope of the Heck-carbonylation 
methodology92 that had previously been developed within our group. We were 
interested in examining the influence of the electronic nature of the double 
bond on the reaction outcome. The α,β-unsaturated amides used so far possess 
an electron deficient double bond, whereas the double bond of allylic amines is 
electron rich. Consequently, allylic amine 4.24 was synthesized and subjected 
to the reaction conditions in order to probe the influence of the electron density 
of the double bond. Aggarwal91 had previously developed conditions for the 
Heck-carbonylation of substrate 4.24 (Scheme 28) and we were therefore also 
interested in comparing our reaction to the one developed by Aggarwal. It was 
found that PPh3 was a better ligand for this substrate as higher yield and ratio 
of the desired product was obtained. It was also noted that the early ester 
product 4.25 was not stable under the reaction conditions, but was deallylated 
to 4.27, which was formed in significant quantities. However, based on sterics, 
the carbopalladation of the olefin 4.24 is expected to be faster than the 
carbopalladation of the corresponding trisubstituted olefins previously 
investigated.92 Thus, the high ratio of early carbonylation can be attributed 
either to the higher electron density of allylic amine 4.24, compared to α,β-
unsaturated amides, or the less rigid conformation of the substrate.    
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Table 7. Heck-carbonylation of allylic amine 4.24a 

Br
TsN

TsN
CO2Me

CO2Me
TsN+ TsHN

4.24 4.25 4.26 4.27  

Entry Conditions Ligand Yieldb Ratio  
4.25:4.26:4.27 

1c A PPh3 69 100:0:0 
2c B P(2furyl)3 62 50:50:0 
3c B PPh3 50 90:10:0 
4 C P(2furyl)3 46 67:0:33 
5 C PPh3 75 75:0:25 

aA = 2 atm CO, 4 equiv. Et3N, 5 mol % Cl2Pd(PPh3)2, PPh3 (0.2 equiv.), MeOH, 
DMF-H2O (1:2:0.1), see reference 91. B = 2.5 mol % Pd2(dba)3⋅CHCl3, 0.3 equiv. 
phosphine, 2 equiv. NaOAc in  DMF (0.2M), see reference 91. C = DMA and MeOH 
with 5 mol % Pd2(dba)3⋅CHCl3 and 30 mol % P(2-furyl)3 and 4 equiv. of DABCO and 
0.4 equiv. DMAP at 100 psi (prior to heating) and 80 °C (internal temperature). b 
Isolated yields c From reference 91.  

 
When allylic amine 4.28a with a trisubstituted olefin was subjected to the 
reaction conditions, even higher ratios of early carbonylated product were 
obtained (Table 8, entries 1 and 2). Compared to the α,β-unsaturated amides, 
these substrates also have a more electron rich aryl group. Therefore, acetyl 
protected allylic amine 4.28b was subjected to the reaction conditions.  The 
electronic nature of the aryl group of this substrate should be similar to the 
α,β-unsaturated amides. However, an increased ratio of early carbonylated 
product 4.30b was obtained from this reaction, along with the Heck product. 
From this experiment, it can be determined that the increased proclivity 
towards early carbonylation of the allylic amine substrates is due to the less 
rigid substrate conformation compared to α,β-unsaturated amides, or the 
electronic nature of the double bond. Interestingly, N-Me substituted substrate 
4.28c gave the double carbonylated product 4.31c. It is known that carbon 
monoxide insertion should be faster for more electron rich aromatic groups,99 
which is in line with this result. However, the reason why carbopalladation is 
faster than trapping with methanol to form the early ester in this case is 
unclear. Possible explanations for this could be that the increased electron 
density in the aryl ring favors carbopalladation or alternatively disfavors 
reductive elimination.96a  

                                                             
99 Garrou, P. E.; Heck, R. F. J. Am. Chem. Soc. 1976, 98, 4115-4127. 
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Table 8. Heck-carbonylation of allylic amines 4.28  

I

N
R RN

CO2Me
CO2Me

N
R N

R

O CO2Me
H

+ +

4.28 4.29 4.30 4.31  

Entry R 4.28 Ligand Yield (Ratio 
4.29:4.30:4.31) 

1 Ts a PPh3 37 (33:67:0) 
2 Ts a P(2-furyl)3 35 (33:67:0) 
3b Ac b PPh3 47 (17:83:0) 
4c Ac b P(2-furyl)3 53 (17:83:0) 
5 Me c P(2-furyl)3 39 (0:0:100) 

a Reaction run in DMA and MeOH with 5 mol % Pd2(dba)3⋅CHCl3 and 30 mol % P(2-
furyl)3 and 4 equiv. of DABCO and 0.4 equiv. DMAP at 100 psi (prior to heating) and 
80 °C (internal temperature). b 26% of the Heck product was formed in this reaction. c 

8% of the Heck product was formed in this reaction. 
 

4.3.3. Carbon substrates 
We were also interested in investigating the possibility of creating carbocyclic 
compounds using the Heck-carbonylation reaction. To this end, substrate 4.32 
was synthesized (see appendix B) and subjected to the reaction conditions.  

4.32 4.33

OCO2MePd2dba3•CHCl3
P(2-furyl)3

DMAP, DABCO
DMA, MeOH

70°C
CO (100 psi)

OI

 
Scheme 35. Attempted Heck-carbonylation of substrate 4.32  

Disappointingly, this substrate failed to undergo carbopalladation in the 
presence of carbon monoxide, and gave only the early ester. We believed that, 
just as for the allylic amines, this could be due to the flexible conformation of 
the substrate and in an effort to solve this, substrate 4.34 was devised (see 
appendix B).  We hoped that the gem-dialkyl effect would facilitate ring 
closure to the desired product.100 Surprisingly, when this substrate was tried in 
the reaction, early ester 4.35, missing one of the geminal esters, was obtained.   

                                                             
100 For a review on the gem-dialkyl effect, see: Jung, M. E.; Piizzi, G. Chem. Rev. 2005, 105, 
1735-1766. 
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Scheme 36. Attempted Heck-carbonylation of substrate 4.34 

4.4. Conclusion  

We have attempted to construct vicinal quaternary all-carbon stereocenters by 
employing a carbopalladation-carbonylation cascade sequence using 
tetrasubstituted olefins. However, it was found that the carbopalladation step 
was too slow compared to the rate of early ester formation. As a result, only 
early carbonylation could be achieved and no carbopalladation of the 
tetrasubstituted olefins was observed in the presence of carbon monoxide. 
Mono- and trisubstituted allylic amines were also tried in the reaction, with 
varying degrees of success.  Trisubstituted allylic amines generally gave poor 
results with significant quantities of early carbonylation, whereas the 
monosubstituted allylic amines gave good yields of the desired cyclised and 
carbonylated product. We also attempted to construct carbocycles by using the 
carbopalladation-carbonylation sequence. However, in this case only early 
carbonylation was obtained, and no carbopalladation of the olefin could be 
observed.  
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5.  
Concluding Remarks 

Chapter 2 described our investigation of asymmetric induction in nucleophilic 
additions to α-heteroatom and α,β-heteroatom substituted aldehydes. It was 
shown that α-chloroaldehydes abides by the Cornforth-Evans paradigm and 
that this transition state conformation is sterically disfavored when using bulky 
nucleophiles. This effect was proposed to be responsible for the unexpected 
formation of the 1,2-syn product as the major stereoisomer, when sterically 
hindered nucleophiles were employed. It was also shown that α-alkoxy and α-
fluoro aldehydes display stereochemical trends that are in line with the 
proposed explanation. Moreover, it was shown that the merged stereodirecting 
effects of the α- and β-stereocenters in α-amino-β-alkoxy aldehydes and α-
chloro-β-alkoxy aldehydes cannot be predicted by analyzing the contributions 
from the individual stereocenters, and can also not be predicted from the 
existing model for merged 1,2- and 1,3-asymmetric induction in α,β-bisalkoxy 
aldehydes. 
We also developed a novel entry to α-amino-β-hydroxy esters based on a 1,3-
dipolar cycloaddition of azomethine ylides and aldehydes. The ylides were 
generated by thermal electrocyclic ring opening of aziridines and subsequently 
added to aldehydes to furnish oxazolidines, which were readily hydrolyzed to 
the corresponding anti-amino alcohol. The reaction worked well for electron 
poor as well as electron rich aromatic aldehydes and also heteroaromatic 
aldehydes, delivering the amino alcohols in good yields and moderate 
selectivities.  
Finally, we attempted to construct vicinal all-carbon quaternary stereocenters 
by employing an intramolecular tandem Heck-carbonylation reaction using 
tetrasubstituted olefins. It was found that this approach was unsuccessful since 
the rate of carbonylation was significantly faster than the rate of 
carbopalladation.
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The following is a description of my contribution to Publications I to IV, as 
requested by KTH. 
 
Paper I: I performed most of the experimental work and contributed to the 
formulation of the research problems. 
 
Paper II: I performed the experimental work, contributed to the formulation of 
the research problems and wrote the manuscript. 
 
Paper III: I performed part of the experimental work and contributed to the 
formulation of the research problems. 
 
Paper IV: I performed part of the experimental work and contributed to the 
formulation of the research problems.  
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Appendix B 

This appendix contains experimental data for compounds mentioned in this 
thesis but not reported in the publications I-IV. 

3.22 
1H NMR (500 MHz, CDCl3) δ 7.79 (d, J = 7.4 Hz, 2H), 7.58 (d, J = 7.3 Hz, 
2H), 7.43 - 7.34 (m, 4H), 7.32 - 7.18 (m, 7H), 4.57 (s, 1H), 4.06 - 3.85 (m, 
2H), 3.07 (s, 1H), 1.63 (s, 3H), 0.97 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, 
CDCl3) δ 170.0, 143.6, 143.0, 136.2, 128.4, 127.8, 127.6, 127.3, 127.2, 126.9, 
126.9, 126.8, 70.5, 60.5, 52.7, 50.2, 13.8, 13.3 
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Scheme 37. Synthesis of tetrasubstituted olefin 4.15 
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Scheme 38. Synthesis of substrate 4.21 
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Scheme 39. Synthesis of substrate 4.32 

4.32 
1H NMR (500 MHz, CDCl3) δ 7.72 (dd, J = 7.9, 1.1 Hz, 1H), 7.21 - 7.16 (m, 
1H), 7.11 (dd, J = 7.6, 1.8 Hz, 1H), 6.80 (td, J = 7.6, 1.7 Hz, 1H), 6.58 (t, J = 
4.3 Hz, 1H), 2.79 - 2.70 (m, 2H), 2.43 - 2.34 (m, 4H), 2.24 (td, J = 6.0, 4.4 Hz, 
2H), 1.91 (p, J = 6.2 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 199.4, 146.1, 
144.4, 139.4, 138.4, 129.8, 128.2, 127.7, 100.6, 39.7, 38.6, 30.3, 26.1, 23.1. 
 
4.33 
1H NMR (500 MHz, CDCl3) δ 7.79 (dd, J = 8.2, 1.5 Hz, 1H), 7.34 (td, J = 7.5, 
1.5 Hz, 1H), 7.20 - 7.14 (m, 2H), 6.57 (t, J = 4.2 Hz, 1H), 3.82 (s, 1H), 3.03 2 
2.94 (m, 2H), 2.47 - 2.38 (m, 2H), 2.38 - 2.31 (m, 2H), 2.23 (tt, J = 6.0, 2.9 Hz, 
2H), 1.89 (p, J = 6.2 Hz, 2H). 
 

I

CO2H H2SO4
MeOH
97 % I

CO2Me
1. LiHMDS
2. MeOCOCl

THF
99 % I

CO2Me

CO2Me K2CO3
Bu4NI

MeCN
50 %

O

Br
OI

MeO2C MeO2C

O

HO

O

4.34

HCOH
DMAP

PBr3

 
Scheme 40. Synthesis of substrate 4.34 

 
4.34 
1H NMR (500 MHz, CDCl3) δ 7.92 (dd, J = 7.9, 1.3 Hz, 1H), 7.39 - 7.28 (m, 
2H), 6.95 (td, J = 7.5, 1.8 Hz, 1H), 6.41 (t, J = 4.2 Hz, 1H), 3.72 (s, 6H), 3.44 
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(s, 2H), 2.34 (dd, J = 7.4, 6.1 Hz, 2H), 2.21 (q, J = 5.6 Hz, 2H), 1.89 (p, J = 6.2 
Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 198.4, 169.3, 148.1, 142.0, 140.2, 
135.1, 130.1, 128.9, 127.7, 98.8, 66.2, 53.0, 38.1, 33.1, 26.3, 22.8. 
 
4.35 
1H NMR (500 MHz CDCl3) δ 7.82 (dt, J = 7.7, 1.2 Hz, 1H), 7.48 - 7.43 (m, 
1H), 7.38 - 7.34 (m, 1H), 7.30 (tt, J = 7.5, 1.3 Hz, 1H), 6.44 (t, J = 4.3 Hz, 1H), 
4.78 - 4.71 (m, 1H), 3.88 (d, J = 1.1 Hz, 3H), 3.64 (d, J = 1.0 Hz, 3H), 3.16 - 
3.08 (m, 1H), 2.53 (dd, J = 13.8, 8.4 Hz, 1H), 2.35 (dd, J = 7.3, 6.0 Hz, 2H), 
2.21 (dq, J = 17.3, 5.8 Hz, 1H), 2.16 - 2.07 (m, 1H), 1.85 (dtt, J = 19.5, 12.9, 
6.3 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 198.90, 173.88, 168.02, 147.32, 
139.59, 136.54, 131.96, 130.44, 130.34, 129.30, 126.95, 52.16, 51.94, 46.03, 
38.29, 33.57, 26.03, 22.81. 




