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Chapter 1
Enantiomerically pure compounds
1.1 Introduction
Interactions of organic molecules with biological systems aie highly sensitive to molecular
asymmetry in the substrate. Since biological systems themselves show molecular asymmetry,
they will in most cases recognize a pair of enantiomers as different substances with different
properties. Typical examples of different enantiomer recognition are encountered in some
fragrances: (R)-limonene smells like lemon whereas its antipode smells like orange. The
situation becomes more serious in the case of drugs: one enantiomer may have effective
therapeutic properties, whereas its optical antipode may be less active or even highly toxic.
Some examples of less active isomers are found for physostigmine and carbovir. The natural
(-)-physostigmine is an inhibitor of the cortex acetylcholinesterase, which is 700 times more
potent in vitro than the unnatural enantiomer1. (-)-Carbovir triphosphate is a highly potent
inhibitor of HIV reverse transcriptase, whereas the antiviral activity of the antipode is
negligible2 (Figure 1.1). An example of an enantiomer that is toxic, whereas its antipode has
therapeutic value, is found in the tragic case of Thalidomide (Softenon). Recent FDA rulings,
therefore, clearly state that commercialization of racemic drugs is only authorized if the less
potent enantiomer is completely devoid of any side effects. Synthetic chemists have the
responsibility to provide efficient and reliable methods for synthesizing new drugs (and chiral
compounds in general) in the enantiomerically pure state.
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(-)-Physostigmine
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Figure 1.1 Drugs with different physiological properties for the optical antipodes
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1.2 Synthesis of enantiomerically pure compounds
For the preparation of enantiopure compounds three principle strategies are available, viz.
resolution of racemates, synthesis starting from the 'chiral pool' and (catalytic) asymmetric
synthesis (Figure 1.2).
Kinetic resolution
Racemate

Preferential crystallization
Diastereomer separation

Chiral Pool Substrate

\ EnantloPure Compound

Synthesis

-|

Biocatalyzed synthesis

\-

•4

Chemocatalyzed synthesis

I-

Prochiral Substrate

Figure 1.2 Enantiomerically Pure Compound synthesis
On an industrial scale, the resolution of racemates is in many cases the most cost efficient
method. However, in this case the maximum yield of desired product that can be achieved is
50 %, unless the unwanted isomer can be recycled in a racemization step. A successful
example of the latter is the synthesis of D- and L-amino acid. (For details, see chapter 2)
In the 'chiral pool' approach, optically pure natural compounds like amino acids, hydroxy
acids and carbohydrates are used as starting material. These are then converted into other
compounds with retention of optical integrity. An industrial process based on the chiral pool
approach can only be cost efficient if the natural starting material is readily available.
The third strategy involves the transfer of chirality from a chiral auxiliary to a prochiral
center, to produce a new chiral product with a high degree of efficiency. Various chiral
auxiliaries can be used for this purpose, viz. chiral reagents, a chiral solvent, a chiral catalyst
or an enzyme. The stereoselectivity of such asymmetric synthesis is governed by the energy
differences of diastereomeric transition states. It should be noted that these energy differences
are relatively small and consequently, subtle structural effects determine the outcome of the
asymmetric synthesis.

2
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Two different modes of asymmetric synthesis can be distinguished. The first is the diastereoselective reaction, whereby the chirality inducing auxiliary is covalently bound to the
substrate, leading to products with defined relative configuration. Secondly, there is the
enantioselective reaction, involving an external auxiliary, leading to compounds with a
defined absolute configuration. Examples of both modes are schematically pictured in
Scheme 1.1.
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Scheme 1.1 Asymmetric reduction ofcarbonyls, internal vs. external induction

In the current literature much attention is given to the asymmetric conversion of various
prochiral functionalities. Reactions involving the use of catalytic amounts of 'chiral
information' are of greatest interest, also from an economical point of view.
Many chiral catalysts contain a metallic center surrounded by ligands, which serve as the
3

actual auxiliary. A wide variety of chiral ligands has been developed for different purposes "
5

. Many effective chiral ligands are derived from natural products, or analogues thereof.

There are some guidelines for the structural features of chiral auxiliaries, which are helpful
for the design of new catalysts.
i

The stereogenic centers in the ligands should preferrentially be in close proximity to the
reaction center to ensure effective chirality transfer. However, there are examples known
where transfer of chirality takes place via two or three bonds,

ii

Ligands should be able to form bi- or tridentate chelates, as opposed to monodentate
ones. Chelates possessing C2-symmetry° are often among the most efficient ones. The
optimal chelate ring size may vary for each type of reaction.

3
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iii

Bidentate ligands with cyclic backbones often give very good results. The resulting
bicyclic chelate complexes are spatially well defined since a limited number of
conformations can be adopted. A minor drawback of bicyclic complexes is the narrow
scope of the reaction when the rigidity of the transition state is too high.

iv

A well-defined environment of the reaction center, where substrates can approach only in
one orientation, is clearly beneficial for selectivity. This can be achieved by placing
bulky substituents around the active center. However, these substituents should not be
too bulky since this decreases the accessibility and thus the activity of the reactive center.

In view of these guidelines, it is not surprising that chiral auxiliaries based on the proline and
4-hydroxy-proline backbone show very often good to excellent selectivities in transition
metal catalyzed asymmetric reactions. Some examples are collected in Table 1.1, of which
entry 5 is most illustrative. Corey et al. studied the borane reduction with (S)-a,ct-diphenyI-2pyrrolidine-methanol by NMR7 and proposed a bidentate chelate structure with a cyclic
backbone and bulky carbinol substituents for the catalyst complex prepared in situ. In a
following paper this was unambiguously confirmed by X-ray diffraction of the methylborane
complex8.

Table 1.1 Selectivities in reactions with (4-hydroxy-) proline derived ligands
Entry
1
2
3
4

chiral ligand
^N>*-CONHR
H
\-^-CPh 2 OH
R

5
6
7
8

\>^CH 2 OH
Me

^ N -^-CH 2 0PPh 2
PPh2
(Rl,2,

\

Metal

Reaction

ее [%]

Ref.

Rh

hydrogénation of enamides

99

9,10

Ni

Michael addition reaction

61

Π

В

Et2Zn addition to aldehydes

99

12

В

Diels-Alder reaction

97

13

В

reduction of acetophenones

97

7,8

Cu

Michael addition

88

14,15

Rh

hydrogénation of a-ketoamides

79

16

Rh

transfer hydrogénation

97

17

Rh

hydrogénation of ketones

97

18,19

10

Rh

hydrogénation of enamides

98

20

11

Pt-SnCl2

98

21

12

Ir

hydroformylation of olefins
hydrogénation of imines

84

22

9

%>-CH 2 P<R 2 ) 2
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Considering the amount of literature data on asymmetric catalytic reactions using 5membered pyrrolidine ring derivatives as auxiliaries, it is surprising how little has been
published about three- and four-membered heterocyclic ligands. In the Department of
Organic Chemistry of the University of Nijmegen functionalized three-membered heterocycles, i.e. epoxides23-24, aziridines 25 · 26 and azirines27, have been given considerable
attention. The high reactivity, due to the strain energy present in the small-ring systems, and
the presence of a second, reactive functionality made these compounds ideal for a variety of
transformations. Recently, it has been demonstrated that aziridine-derived carbinols are
excellent auxiliaries in asymmetric catalytic reduction of prochiral ketones 28 (Scheme 1.2).

^
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Ph

Лгп
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Sr ^
35 °C
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e.e. up to 94 %
R = H,Me

Scheme 1.2 Asymmetric reduction with aziridine carbinol auxiliaries
Only recently, Behnen and coworkers 29 · 30 reported that ligands derived from the fourmembered heterocycle (L)-azetidine-2-carboxylic acid are also very useful auxiliaries in
inducing chirality transfer when applied in sub-stoichiometric amounts (Scheme 1.3).

> 99 % ее (R)

> 99 % ее (S)
R

Et7Zn

R

Scheme 1.3 Azetidine-ligands in chirality transfer

Finally, Hoshino reported that a C2-symmetric ligand based on azetidine-2,4-dicarboxylic
acid31 could be used for a stoichiometric asymmetric benzylation reaction (Scheme 1.4).
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Scheme 1.4 C2-symmetric azetidines in chirality transfer

1.3 Aim and outline of the thesis
The main objective of the study described in this thesis, is to develop catalytic systems in
which azetidine derivatives serve as chiral ligands. Thusfar, there is only scarce information
on this type of ligands, which may be due to the lack of good, preparative routes to these
chiral four-membered heterocycles.
In chapter 2 a short synthesis of optically active JV-alkylated azetidine-2-carboxylic acid deri
vatives is reported. These azetidine derivatives are then used as chiral ligands in several
asymmetric reactions, viz. the boron catalyzed Diels-Alder reaction as is described in chapter
3, the dirhodium(II) catalyzed cyclopropanation as reported in chapter 4 and the copper(I)
catalyzed Michael addition as is outlined in chapter 5. In the final chapter the possibilities of
expressing chirality on a supramolecular level were investigated.
A summary in English and Dutch concludes this thesis.
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Chapter 2
Synthesis of functionalized, optically
active azetidine compounds
2.1 Introduction
As was outlined in chapter 1, it is important that potentially bioactive compounds and ligands
for enantioselective catalysis are synthesized in enantiomerically pure form. In general, optically active compounds can be synthesized in several ways, each with its own advantages and
disadvantages. The methods most commonly used are classic resolution of racemates, total
synthesis starting from chiral pool resources, synthesis of separable diastereomers, biosynthesis and enzymatic resolution of racemates.
For the preparation of optically active derivatives of azetidine-2-carboxylic and -2,4dicarboxylic acid all five methods have already been employed. Hitherto, none of these
methods is satisfactory for preparing both (L)- and (D)-azetidine-2-carboxylic acid on a
multi-gram scale.
Azetidine-2-carboxylic acid was first isolated from Convallaria Majalis by Fowden et al. in
19561 and its structure was established by an independent synthesis from (L)-a,y-diaminobutyric acid dihydrochloride. It took nearly twenty years before Leete et al.2¿ were able to
unravel the biosynthesis of azetidine-2-carboxylic acid using 14C- and l5N-labeled precursors.
In the mean time Rodebaugh and coworkers developed a versatile and straight forward route
to several N-alkyl-azetidine-2-carboxylic esters and to the parent compound in the racemic
form4"7 (Scheme 2.1).
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Scheme 2.1 Synthesis of racemic azetidine-2-carboxylic acid
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In the same year Rodebaugh separated the racemic parent compound into its optical antipodes
by classic resolution8 using (L)-tyrosine hydrazide as the resolving agent (Scheme 2.2).

<
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Scheme 2.2 Resolution of racemic azetidine-2-carboxylic acid

In the early seventies Miyoshi et al. published an elegant five-step total synthesis starting
from optically active (L)-methionine9·10 (Scheme 2.3). Unfortunately, in our hands the
procedures for the synthesis of all intermediate compounds did not give the reported chemical
yields and only disappointing results were obtained. This relatively short route, starting from
chiral pool resources, was therefore abandoned.
l)MeI
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-^^Y °
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NH 2
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DMF.H20
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Br^^^XC^Et
LTS

< V C,CO,H
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liq.NH 3

^
H

Scheme 2.3 Total synthesis of (L)-azetidine-2-carboxylic acid

In 1995 Guanti and coworkers were able to perform a desymmetrization of cfj-N-benzylazetidine-2,4-dimethanol using Pig Pancreatic Lipase (PPL) in an irreversible acyl-transfer
reaction using vinyl acetate as acyl donor. Double sequential kinetic resolution of racemic
fraws-N-benzyl-azetidine-2,4-dimethanol afforded optically enriched diol and its enantiomer
11

as the corresponding diacetate (Scheme 2.4). The absolute configurations of these products
have not been determined.
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Scheme 2.4 Enzymatic resolution of cis- andtrans-N-benzyl-aetidine-2,4-dimethanol

Finally, Hoshino et al. reported the conversion of dimethyl α,α'-dibromopentanedioate into a
diastereomeric mixture of dimethyl azetidine-2,4-dicarboxylate upon heating with enantiopure (S)-a-methylbenzylamine and a co-base12 (Scheme 2.5). The three products {i.e.
(S,2S,4S)-trans, (S,2R,4R)-trans and cis dimethyl azetidine-2,4-dicarboxylate) were separa
ted by flash chromatography. The absolute configuration of one of the trans products was
determined by X-ray analysis of the corresponding (S,2R,4R)-diol, which was obtained by
reduction of both ester functions.
Ме0 2 С ^ Х 0
Br

2

Br

М е

^
+

Ψ2
Ph

^

M e

Ме02С-Ч^>-С02Ме

^

j
P h ^
(S,2S,4Sytrans, (S,2R,AR)-trans and cis
dimethyl azetidine-2,4-dicarboxylate

Scheme 2.5 Synthesis of diastereomeric 2,4-disubstìtutedazetidines

A combination of Rodebaugh's synthesis of racemic azetidine-2-carboxylates and Hoshino's
route toward diastereomeric azetidine-2,4-dicarboxylates led to the proposal of a new and
short synthetic route of diastereomeric azetidine-2-carboxylic acid derivatives, and eventually
to a new total synthesis of both (L)- and (D)-azetidine-2-carboxylic acid on a multi-gram
scale, starting from readily available chemicals (Scheme 2.6). The essence of this proposed
synthesis is the reaction of methyl 2,4-dibromobutanoate with (S)-a-methylbenzylamine in
the presence of solid potassium carbonate as HBr scavenger.
11
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Scheme 2.6 New route toward both isomers ofazetidine-2-carboxylic acid

2.2 Synthesis
The bromination of γ-butyrolactone proceeded via a straightforward procedure that led to the
corresponding methyl 2,4-dibromobutanoate in good yields after quenching the reaction with
methanol13. The ring-closure reaction with (S)-a-methylbenzylamine was performed using
various conditions:
i

Using Rodebaugh's conditions4"7, i.e. three equivalents of amine in refluxing acetonitrile,
the reaction afforded the desired diastereomeric mixture of the azetidine derivative in 68
% yield, in a nearly 1:1 ratio,
12

ii Using Hoshino's reaction conditions , i.e. one equivalent of amine, 1.2 equivalent of
potassium carbonate in refluxing toluene:water (3:1, v/V), no product was formed as was
evident from TLC- and GC-analyses.
iii Using one equivalent of amine in the presence of one equivalent of potassium carbonate
in a refluxing acetonitrile/water mixture, the desired diastereomeric products were
obtained in a nearly 1:1 ratio, in 71 % total yield which could be improved by carefully
monitoring the consumption of chiral amine,
iv As in iii, except for using a refluxing dioxane/water mixture, the reaction proceeded
slower and afforded the products in 48 % total yield, in a nearly 1:1 ratio.
Clearly, the third method is preferred, since it required only one equivalent of chiral amine
and as long as the reaction was stopped as soon as the starting material had been consumed,
the azetidine esters were obtained in good yield. When the reaction mixture was heated at
reflux for an extended period of time, the esters were hydrolyzed in the alkaline solution.
12
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After separation of the diastereomers by flash chromatography both (S,2R)- and (S,2S)azetidine esters were obtained in diastereopure form (Scheme 2.7).
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azetidine-2-carboxylates

The absolute configuration at C-2 of the two isomers was established by two independent
methods. First, azetidine ester 2 was synthesized starting from commercially available,
optically pure (L)-azetidine-2-carboxylic acid by esterification and reductive animation with
acetophenone (Scheme 2.8). One of the products that was obtained in optically pure form
showed an optical rotation that had the same value but with the opposite sign as that of one of
the isomers obtained according to Scheme 2.7. This had to be the (R,2S) optical antipode 2c
of the (S,2R) ester 2b. The other diastereomer 2a was not obtained in pure form.
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Second, the absolute configuration was unambiguously confirmed by X-ray analysis of a
crystalline derivative of (S,2R)-2b, viz. piperidinamide З Ы , which was prepared analogous to
a literature procedure 1 4 (Scheme 2.9).
О

<Г> -^оснз
Ν
I

h

О
6

вТьГ
——-*:
acetonitnle
3 5

^

°

С

2b

О

^
I I

Ν

1

P h ^

ЗЫ

Scheme 2.9 Direct, high pressure ammoniolysis of 2b
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The crystal lattice contained two independent molecules which were chemically the same but
15
had slightly different geometries (Figure 2.1).

Figure 2.1
16
PLUTON generated drawing of X-ray crystal
structure of l-((lS)-phenylethyl)-azetidine-(2R)piperidinamide (ЗЫ)

2.3 Removal of the α-methylbenzyl group
For the preparation of enantiopure azetidine-2-carboxylic acid or its esters in both the S- and
R-form, the substituent at the nitrogen atom containing the second chiral center had to be
removed. According to Greene 17 there are several ways to remove benzylic groups from a
nitrogen atom.
One of the mildest procedures is hydrogenolysis using a palladium catalyst. Numerous
examples are reported where a benzyl group as well as the α-methylbenzyl group are
removed from a nitrogen atom. It should be noted however that some substituents in the
substrate may be not be compatible with this hydrogenolysis. In the case of JV-benzyl
azetidine-2-carboxylic esters, the formation of diketopiperazine may occur as was reported by
Phillips and Cromwell18. To circumvent this potential problem the ester function was first
converted into an alcohol, either by reduction with lithium aluminum hydride, or by reaction
with an appropriate Grignard reagent (Scheme 2.10).
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V./
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οι
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Scheme 2.10 Attempted hydrogenolysis of various 1-substituted azetidine carbinols
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The results of the hydrogenolysis experiments with the alcohols 4a and 5a are collected in
Table 2.1. In none of the cases the desired debenzylation could be accomplished.

Table 2.1 Attempted hydrogenolysis of various azetidine alcohols at ambient temperature

Substrate

Catalyst

H2 pressure [bar]

4a
4a
4a
4a
4a
4a
5a
5a
5a

Pd(OH)2
Pd(OH)j
Pd(OH)2
Pd(OII)2
Pd/C
Pd/C
Pd(OH)2
Pd(OH)2
Pd(OH)2

1
3.45 (50 psi)
20
20
3.45 (50 psi)
20
3.45 (50 psi)
3.45 (50 psi)
20

Solvent

Result

'BuOH/H20/HCl
•BuOH/H20/HCl
*BuOH/H20/HCl
methanol
methanol
glacial acetic acid
methanol
ethyl acetate
"BuOH/H20/HCl

A
A
A
A
A
A
В
В
В

A No hydrogenolysis, starting material recovered
В Inseparable mixture of products, α-methylbenzyl group still present as was determined by Ή NMR
In sharp contrast to the aforementioned results, a smooth debenzylation was observed in
nearly quantitative yield, when the hydroxyl group of 4a was protected as an acetate or silyl
ether 1 9 prior to the hydrogenolysis (Scheme 2.11). The same smooth debenzylation was
observed

when silyl protected cis

2,4-bishydroxymethyl-l-((lS)-phenylethyl)-azetidine,

prepared according to literature procedures 1 2 · 1 9 , was subjected to hydrogenolysis.

<C>^
N
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Λ
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OH or

TBDMSC1,
imidazole/DMF

N
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H2, Pd(OH)2
^·
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N
I
Η

6al R = Ac
6a2 R = TBDMS

Scheme 2.11 Hydrogenolysis oj"O-protected 2-hydroxymethyl-l-phenylethyl-azetidine

6al/2

In principle, these azetidine methanol derivatives can be converted into the desired azetidine
carboxylic acids or esters, but a major drawback of this approach is the necessity of initial
reduction of the ester (2a or 2b) to an alcohol and protection thereof before debenzylation.
Subsequently, the resulting protected azetidine alcohol has to be deprotected, oxidized to the
carboxylic acid and esterified. The overall sequence involves at least four additional steps
which has a negative effect on the yield of the reaction.
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An alternative, generally accepted reductive removal of an JV-benzyl group involves a single
electron transfer by sodium in liquid ammonia. This method was tried using standard
conditions with a potentially amphiphilic azetidine tertiary alcohol (7a). Also in this case the
starting material was recovered unchanged (Scheme 2.12).
Ç14H29

;

<vb
ч s
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I

C

ли

14 H 29

w n
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—»•
NH3 (liq.)

Starting material recovered

7a

Scheme 2.12 Attempted debenzylation by single electron transfer
A deprotection method involving the intermediacy of tertiary amine-JV-oxides and subsequent
treatment with Fe(II) ions in a catalytic fashion20 was also attempted with alcohol 7a, but
only starting material was recovered (Scheme 2.13).
Pl4H29
/ \ J - C 1 И4 H2299
< V\
xj
|

OH

Dm-CPBA
2) Fe(II)-sol.
CH2CI2

>• Starting material recovered

7a

Scheme 2.13 Attempted Fe(ll) mediated debenzylation ofN-oxides
Finally, a mild, iodotrimethylsilane-mediated cleavage of carbamates as described in 1979 by
Olah and coworkers21 was considered for the debenzylation. According to Kanth et α/.22 such
carbamates can be conveniently prepared by substitution of a (α-methyl) benzyl group with
ethyl chloroformate. However, this reaction did not take place when morpholinamide 3b2
was subjected to the reaction conditions described by Kanth (Scheme 2.14). Therefore, this
attempt had to be aborted.
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|
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Scheme 2.14 Attempted debenzylation by successive treatment with ethyl chloroformate and
iodotrimethyl silane
The results described above indicate that the debenzylation of functionalized azetidines is
much more difficult than expected. Only the detour method shown in Scheme 2.11 was
successful.
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2.4 Enzymatic resolutions
Since the removal of the a-methylbenzyl group proved to be quite difficult, another approach
toward enantiopure azetidines was desirable. An enzymatic resolution was considered as an
attractive alternative method. Many examples of resolutions involving enzymes have been
reported, using enzymatic hydrolysis, trans-esterification, reduction and ammoniolysis
reactions.
Hydrolysis of JV-alkvlated azetidine-2-carboxvlic esters
The most direct resolution would be the enzymatic hydrolysis of the azetidine-2-carboxylic
esters. Boutelje et al.2^ reported an elegant resolution of dimethyl l-benzyl-pyrrolidine-2,5dicarboxylate by Pig Liver Esterase (PLE) which has served as an example for the enzymatic
hydrolyses of azetidine esters (Scheme 2.15).
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2a, 2b: R = Me
2d: R = H

Scheme 2.15 Lipase-mediated hydrolysis ofazetidine-2-carboxylic esters
First, the hydrolyses were carried out with a diastereomeric mixture of (S,2S)-2a and (S,2R)2b (R = Me). Since the mixture was not exactly 1:1, the initial samples indicate an artificial
excess of the (S,2S)-2a isomer. The results of these hydrolyses are depicted in Figure 2.2.
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Figure 2.2 Enzyme-catalyzed hydrolysis in Tris.HCl buffer of diastereomeric 2a/2b

17

Chapter 2

The reaction was conveniently monitored by GC-analysis since the diastereomers had
different retention times. A blanc experiment indicated that after 210 minutes auto-hydrolysis
had resulted in 15 % conversion of the esters.
The data shown in Figure 2.2 clearly reveal that PLE, lipase from Mucor Mihei and both
Liver Acetone Powder "Horse" and "Bovine" showed selectivity for the hydrolysis of (S,2S)2a. Although Maxatase seems to show selectivity it should be noted that for this reaction a
large amount of enzyme was needed, whereas for the other resolutions catalytic amounts of
enzyme were sufficient. Samples taken from the resolutions with both Liver Acetone Powder
Horse and Bovine showed a tendency to emulsify upon extraction with organic solvents,
which constitutes a practical drawback. Finally, although PLE showed selectivity for the
hydrolysis of (S,2S)-2a, this was achieved at conversions much higher than 50 %, leaving
only a small amount of ester 2b with a d.e. that was higher than 95 %.
Boutelje et al. also showed that organic co-solvents may have a substantial effect on
selectivity and the rate of reaction in these type of enzymatic resolutions. For cis dimethyl 1benzyl-pyrrolidine-2,5-dicarboxylate this was demonstrated by an increased e.e. of the
recovered mono-ester when 25 % DMSO or 10 % methanol was added. The addition of 10 %
acetonitrile or 10 % acetone had almost no effect on the e.e. For trans 1-benzyl-pyrrolidine2,5-dicarboxylate Boutelje et al. observed a remarkable increase in both the reaction rate and
the e.e. of the products when 25 % DMSO was added.
This solvent effect was also tested in the present case by adding 20 % (v/v) of an organic
solvent to the Liver Acetone Powder "Bovine" catalyzed hydrolysis of diastereomeric 2a/2b
in TrisHCl solution (pH = 7.60). The results are shown in Figure 2.3.
100 т

801

^^ш

J
—«
и

20% acetonitrile
20% DMSO

_A_ 20% methanol
_ я _ 20% acetone

Г1

^00

200

300

400

-20 1
time [min]

Figure 2.3

Solvent effect in enzymatic hydrolysis of 2a/2b in Tris.HCl buffer by LAP
Bovine
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In all cases the reaction became very slow and non-selective, except when 20 % DMSO was
added. However, the addition of DMSO did not give any significant rate enhancement, and
by taking into account that formation of emulsion was still taking place, the addition of cosolvents was abandoned.
The test experiments with the diastereomeric mixture of 2a and 2b clearly showed that an
enzymatic kinetic resolution of azetidine-2-carboxylic esters is feasible. As the substrate
racemic methyl l-benzyl-azetidine-2-carboxylate (2d) was chosen and lipase from Mucor
Mihei as the enzyme system in a phosphate buffer solution (pH = 7.60). The reaction was
stopped after 2.5 and 5 hours since it was assumed that the rate of hydrolysis of 2d was of the
same order as that of diastereomeric 2a/2b. The e.e.'s of the recovered esters were determined
by Ή NMR using 0.3 equivalents (+)-Eu(hfc)3: after 2.5 hours reaction time it was 8 % and
after 5 hours it was 15 %. These disappointing results were reasons to investigate another
enzymatic resolution.

Hydrolysis of ^-alkylated azetidine-2-carboxamide
The amidase-catalyzed hydrolysis24 of amino acid amides also seemed to be an attractive
option. At DSM (Geleen, the Netherlands) a very efficient and universal method has been
developed for the production of optically pure L- and D-amino acids 2 5 · 2 6 . The principle is
based on the enantioselective hydrolysis of D,L-amino acid amides 27 by permeabilized whole
cells of Pseudomonas putida or Ochrobactrum anthropi2* and a nearly 100 % stereo
selectivity for the hydrolysis of only the L-amino acid amide is combined with a broad
substrate specificity. P. putida gives the best results with ct-unsubstituted amino acid amides,
whereas O. anthropi is very selective for α-substituted amino acid amides. The only
requirement in the former case is the presence of an α-hydrogen atom. An interesting
example of the aforementioned selectivity is P. putida's ability to specifically hydrolyze
racemic proline amide (Scheme 2.16). An optimal substrate for P. putida would therefore be
(±) azetidine-2-carboxamide, but our synthetic strategy involves the use of N-alkylated
azetidines as the substrates.
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Scheme 2 16 Hydrolysis of racemic proline amide by DSM enzymes
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Thusfar, amino acid amides with a tertiairy amino functionality have not been tested with
these anudases. Therefore, the resolution of N-alkylated azetidine amides would be an
unprecedented application of the enzymes of DSM. The substrate that was selected for this
enzymatic process was the primary amide (8d) of l-benzyl-azetidine-2-carboxylic acid. This
compound was prepared by a ringclosure of 1 with benzylamine and potassium carbonate as a
co-base. The resulting methyl ester (2d) could be converted to the primary amide, either by
ammoniolysis in ammonia saturated methanol in a sealed tube, or by stirring at ambient
temperature in concentrated aqueous ammonia (Scheme 2.17). Although the latter method
resulted in partial hydrolysis to the corresponding carboxylic acid (about 20 %), it was much
faster and therefore preferred.

Br
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C0 2 CH 3

K2CO3

NH3/MeOH
C0 2 CH·,
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50 °C

<V
N

Ph
2d

or
NH3/water
20 °C

/

\

^\^,C(0)NH2
S
N

L

Ph
8d

Scheme 2.17 Synthesis of primary amide 8d

The hydrolysis

of 8d was carried out using Pseudomonas putida ATCC 12633,

Ochrobactrum anthropi NCIMB 40321, Mycobacterium neoaurum ATCC 25795 and a
recombinant Escherichia coli. The results are collected in Table 2.2.
Table 2.2 Conversion during the enzymatic hydrolysis of 8d
Enzyme
Pseudomonas putida (2.4 wt%)

temp. [°C]

time

conversion

37

02 h 15 min

15.3

22 h 08 min

16.3

25 h 35 min

35.4a

27 h 45 min

89.3"

Ochrobactrum anthropi (1.0 wt%)

55

04 h 10 min

0.5

Mycobacterium neoaurum (2.0 wt%)

37

03 h 25 min

6.3

Escherichia coli (recombinant)

37

03 h 50 min

2.3

a)
b)

an additional 1.2 equivalents of Я. putida were added.
an additional 3.3 equivalents of P. putida were added.

At DSM Research the gene for the aminopeptidase I in Pseudomonas putida has been
determined. This aminopeptidase I is the enzyme responsible for the stereoselective
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hydrolysis of amino acid amides. Via genetic engineering this gene is overexpressed in an
Escherichia coli strain. Therefore, a higher hydrolytic activity was expected for the
recombinant Escherichia coli compared to Pseudomonas putida. The reaction was monitored
in time by measuring the amount of ammonia released during the reaction. These data show
an initial hydrolysis activity of P. putida for the substrate after 2 hours. The activity of the
other enzymes for the substrate after 3.5-4 hours was low and therefore these biocatalysts
were not investigated further. After 22 hours the conversion of the P. putida catalyzed
hydrolysis was marginally higher than the initial one, indicating a possible product-inhibitive
effect. This is also observed for the hydrolysis of proline amide. Subsequent additions of P.
putida gradually increased the conversion. The conversion at 27 hours and 45 minutes was
larger than the ideal 50 %, and therefore the reaction was stopped. The optical purity of the
amino acid amide was measured both by chiral HPLC and chiral capillary electrophoresis.
The e.e. of remaining 8b was less than 5 %, indicating a low selectivity of P. putida for this
substrate. Also, large amounts of P. putida were needed for the hydrolysis of 8d.
(Approximately 50 times more than for the hydrolysis of natural amino acid amides). The
recombinant Escherichia coli nearly showed no amide hydrolysis. Considering these two
observations it seems likely that 8d is not a suitable substrate for the (stereoselective)
aminopeptidase I. The observed (low) hydrolytic activity of Pseudomonas putida is probably
an artifact due to some kind of aselective amidase present in P. putida but not in the
recombinant Escherichia coli. Thus, enzymatic hydrolysis of 7V-benzyl-azetidine-2carboxamide is not an appropriate method for the preparation of enantiopure azetidine
derivatives.

Ammoniolvsis of JV-alkvlated azetidine-2-carboxvlic esters
As the final alternative, the lipase catalyzed ammoniolysis of azetidine-2-carboxylic esters
was investigated. Lipases are particularly suited for this purpose, because this class of
enzymes usually is effective in the trans-acylation of a wide variety of nucleophiles, such as
hydrogen peroxide, amines, hydrazines and oximes29"33. The enzymatic formation of
carboxamides from carboxylic esters whereby ammonia serves as the nucleophile was
successfully accomplished with several esters 34 ' 39 . However, amino acid derivatives have
only been reported once as substrates in this reaction40. On the basis of the abovementioned
literature reports it seemed worthwile to use an enzymatic ammoniolysis for the resolution of
N-alkylated azetidine-2-carboxylic esters.
Several primary amines were therefore used to synthesize racemic azetidine esters in the
usual way and the latter were subjected to ammoniolysis by Candida Antarctica lipase in
ammonia saturated terf-butyl alcohol).
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Scheme 2.18 Optically active azetidines by enzymatic ammoniolysis
The results of the enzymatic resolution are collected in Table 2.3. Blanc experiments showed
that no appreciable ammoniolysis takes place in the absence of enzyme. Only compound 2g,
with the bulky benzhydryl group, was not accepted by Candida Antarctica and no reaction
took place, whereas the other substrates were smoothly converted to the corresponding
amides. The optical purity of the esters and amides were determined either by chiral capillary
GC or capillary electrophoresis.
Table 2.3 Selectivities of Candida Antarctica mediated ammoniolysis
ester

Conversion
Substrate

R

2d

Benzyl

2e

p-Methoxybenzyl

2f

Allyl

2g

Benzhydryl

amide

[%]

e.e. [%]

[«]?'

e.e. [%]

60

>99 b

+ 125.2°

± 80e (> 99cd)

58

>99 b

+ 70.9°

84e

50

b

+ 158.4°

97"

-

-

>99

0e

-

a

optical rotation (c=l, СН2С1з)

b
с
d
e

determined by chiral capillary GC using a Beta-DEX™ 120 column by Supelco
determined by chiral capillary electrophoresis
after one crystallization
not accepted by Candida Antarctica lipase

Furthermore, the optical rotation of enantiopure (2R)-2d was compared to the results reported
by Seebach and coworkers41 for the optical antipode: the enantiopure ester obtained after
enzymatic resolution showed [a] D °: +125.2° (c=l, CH2C12), whereas the abovementioned
literature reports [a] D : -115° (c=1.3, CH2C12). This indicates that Seebach's route toward
optically active (2S)-2a, using base induced alkylation of the nitrogen atom, is accompanied
by partial racemization.
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For esters 2d and 2f the enzymatic resolution was monitored in time and the enantiomeric
excesses of the esters and amide 8f are depicted in Figure 2.4. An almost straight line for the
selectivity versus the conversion was obtained with only minimal leveling off. The high
selectivity oí Candida Antarctica in converting only the natural amino ester is evident.
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Figure 2.4 Selectivities of C. Antarctica mediated ammoniolysis vs. time and conversion

2.5 Conclusions
A new, short and high yielding route for the synthesis of diastereopure azetidine esters 2a and
2b on a multigram scale was developed starting from readily available materials. The
absolute configuration at C-2 was unambiguously determined by X-ray analysis of the
crystalline piperidinamide ЗЫ. Removal of the N-a-methylbenzyl group should lead to the
formation of both (L)- and (D)-azetidine carboxylic acid derivatives but this operation turned
out to be very problematic. Hydrogenolysis of the unprotected amino alcohols 4a and 5a as
well as debenzylation using single electron transfer or Fe(II) mediated cleavage of tertiairy Noxides was not successful. The debenzylation was only accomplished when the initial ester
functionality was converted into a protected alcohol moiety, i.e. a silyl ether or an acetate.
Although the debenzylation is possible, the extra four reaction steps make this route
inefficient.
In order to obtain enantiopure azetidine ester derivatives the enzymatic resolution of
appropriate racemic azetidine derivatives was investigated. Although the initial results of the
enzymatic hydrolysis of diastereomeric 2a/2b with lipase from Mucor Mihei and both Liver
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Acetone Powder "Horse" and "Bovine" in TrisHCl buffer solution were promising, the
resolution of racemic 2d under the same conditions afforded only low e.e.'s (8 and 15 %).
The enzymatic hydrolysis of racemic azetidine amide (8d) with amidases produced
unsatisfactory results: the substrate was not accepted by Mycobacterium neoaurum,
Ochrobactrum anthropi or a recombinant Escherichia coli. Although the substrate seemed to
be accepted by Pseudomonas putida, some undesired inhibition of the enzyme was observed.
Additional enzyme forced the reaction to proceed, but the selectivity was found to be
negligible (3 % for the amide). Most likely, the non-selective hydrolytic activity was due to
some kind of aselective amidase present in P. putida but not in the recombinant E. coli.
Finally, the biocatalytic ammoniolysis of several azetidine esters (2d - 2g) by immobilized
lipase from Candida Antarctica turned out to be very successful. Although the N-benzhydryl
group was not accepted by the enzyme (propably due to the extreme bulkiness) the other
substrates were converted with remarkably high enantioselectivity to the corresponding
primary amides. Moreover, at conversions higher than 50 %, the unreacted esters were
obtained in excellent optical purity, whereas the corresponding amides could be obtained in
high optical purity. In the case of amide 8d the purity could be improved to higher than 99 %
e.e. by a single crystallization. At conversions lower than 50 %, the selectivity for the amides
was excellent. Indeed, the reaction of the JV-allyl derivative 2f was stopped at 50 % and both
the ester and the corresponding amide were obtained in virtually enantiopure states.

2.6 Experimental
General remarL·
All reactions were carried out in an inert atmosphere of argon or nitrogen unless stated
otherwise. Melting points were determined using a Reichert thermopan microscope and are
uncorrected. Optical rotations were measured with a Perkin Elmer automatic Polarimeter,
model 241 MC, using concentrations с in g/100 ml at 20 °C in the solvents indicated. Ή- and
"C-NMR spectra were recorded with a Bruker AC 100 (100 MHz, FT) or a Braker AM-400
(400MHz, FT) spectrometer. The chemical shift δ is denoted in ppm relative to the internal
13

standard (TMS for Ή NMR, CDC13 for C NMR). IR spectra were recorded on a Perkin
Elmer 298 spectrophotometer. The wavenumber σ is listed in cm"'. For (high resolution) mass
spectra a double focussing VG7070E mass spectrometer was used. GC-MS were measured
using a Varian Saturn II GC-MS by on-column injection (DB-1 column, length 30 m, internal
diameter 0.25 mm, film thickness 0.25 μιη). Elemental analyses were performed using a
Carlo Erba Instruments CHNS-0 EA 1108 element analyzer. HPLC was performed on a
Spectra Physics HPLC system equipped with a Chiralcel OD-H column (length 250 mm,
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internal diameter 4.6 mm, 5 μτα particle size, cellulose carbamate stationary phase) with
filtered mixtures as mobile phase. Detection was at 254 nm and the flow rate was 0.5
ml/minute at ambient temperature. Capillary electrophoresis was performed on a Hewlett
Packard CE apparatus, using ß-cyclodextrine saturated TrisHCl/phosphate buffer (pH 2.5) at
30 kVolts and 10 °C, while detection was at 254 nm. Chiral capillary GC was performed
using a Beta-DEX™ 120 fused silica column (length 50 m, internal diameter 0.25 mm, film
thickness 0.25 ц т ) by Supelco.
Chemicals
Diethyl ether was pre-dried over calcium chloride, then distilled from calcium hydride and
stored over molsieves (4Â). Hexane was distilled from calcium hydride and stored over
molsieves (4Â). Ethyl acetate was distilled from potassium carbonate. Dichloromethane was
distilled from calcium hydride. Acetonitrile was distilled from P 2 0 5 and stored over
molsieves (4Â). Other solvents were analytical grade and used as such. TrisHCl buffer
solution (pH 7.60) was purchased from Fluka and stored under nitrogen. Lipase from Mucor
Mihei was purchased from Fluka and contained 24.2 units/mg. Liver Acetone Powder
"Horse" and "Bovine" were purchased from Sigma and contained 17 and 22.8 units/mg,
respectively. PLE was also purchased from Sigma and contained 230 units/mg. Lipase PS
"Amano" and Maxatase were generous gifts from Gist-Brocades. DSM (Geleen, the
Netherlands) is gratefully acknowledged for supplying Pseudomonas putida ATCC 12633,
Ochrobactrum anthropi NCIMB 40321, Mycobacterium neoaurum ATCC 25975 and a
recombinant Escherichia coli and the use of the equipment needed. Novo Nordisk A/S is
gratefully acknowledged for the generous gift of immobilized Candida Antarctica (Novozym
435).
Methyl 2,4-dibromobutyrate (1)
To a cooled suspension of γ-butyrolactone (40.002 g, 465 mmol) and red phosphor (4.00 g,
129 mmol) approximately 10 ml bromine was carefully added dropwise. The resulting
mixture was then heated to about 100 °C and the remaining part of the bromine (total amount
52.5 ml, 1.03 mol) was gradually added. After an additional 3 h. of heating, the reaction
mixture was cooled to room temperature and flushed with a nitrogen flow for 30 min. The
suspension was then cooled to 0 °C and an excess of methanol (50 ml) was carefully added.
The resulting solution was set aside for 19 h., after which it was concentrated in vacuo. The
residue was taken up in diethyl ether and Na 2 S 2 0 3 solution was added, the layers separated
and the aqueous solution extracted with ether once. The combined organic layers were
successively washed with Na 2 S 2 0 3 solution and saturated NaCl solution, dried over MgS0 4 ,
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filtered and concentrated in vacuo. The resulting yellow oil was purified by vacuum
distillation.
Yield: 102.7 g, 85 %. Bp. 53 °C (0.03 mm Hg). Ή NMR (CDC13): δ 4.54 (t, IH, СНВг), 3.81
(s, 3H, COOCHj), 3.55 (t, 2H, CH2Br), 2.53 (dt, 2H, CHJ. IR (CC14): σ 1742 (s, COOCH3).
+

GC-MS: m/e 227 (M - ОСН3, isotope pattern of 2 bromines), 199 (NT - COOCH3, isotope
+

79

pattern of 2 bromines), 179 (M - Br, isotope pattern of 1 bromine).
(2S) and (2R) Methyl l-((lS)-phenylethyI)azetidine-2-carboxyIate (2a and 2b)
To a refluxing solution of 1 (25.001 g, 96.18 mmol) in acetonitrile (200 ml) and distilled
water (25 ml) containing potassium carbonate (13.294 g, 96.2 mmol), a solution of (S)-amethylbenzylamine (12.4 ml, 96.18 mmol) in acetonitrile (40 ml) was added dropwise. When
no more 1 was present as was checked by GC, the reaction was stopped by concentrating the
mixture in vacuo and taking-up the residue in IN HCl solution. The aqueous solution was
extracted once with ethyl acetate, brought to pH > 8 by adding IN NaOH solution and
extracted with dichloromethane. This extract was dried (MgS04), filtered and concentrated in
vacuo. The diastereomers were separated and purified by flash chromatography (hexanerethyl
acetate, 4:1, v/v) resulting in a total yield of 71 %, after which analytical samples were
distilled under reduced pressure.
Methyl l-((lS)-phenylethyl)azetidine-(2S)-carboxylate (2a)
Rf: 0.25. Bp.: 76-77 °C (0.03 mm Hg). [a\™ : -124.5° (c=l, CHC13). Ή NMR (CDC13): δ 7.30
(m, 5H, Ph), 3.75 (s, 3H, COOCH3 and t, IH, NCfl), 3.45 (q, IH, NC#(CH3), 3.20-3.02 and
2.91-2.66 (m, 2H, NCH2), 2.37-2.10 (m, 2H, CH2), 1.22 (d, 3H, NCH(Ctf3)). 13C NMR
(CDC13): δ 173.6 (s, C(O)O), 142.4 (s, aromatic С), 128.1, 127.4, 127.1 (d, aromatic С),
67.1 and 63.6 (d, NCH and NCH(CH3), 51.8 (q, OCH3), 49.5 (t, NCH2), 20.9 (t, CH2), 20.7
(q, NCH(CH3)). IR (CC14): σ 1735 (s, COOCH3), 700 (s, monosubstituted phenyl). GC-MS:
+

+

+

m/e 220 (M + 1), 204 (M - СН3), 160 (М - СООСН3), 105 (Methyltropilium). HR-MS:
Calculated for C 13 H 17 N0 2 219.1259, found 219.1260.
Methyl l-((lS)-phenylethyl)azetidine-(2R)-carboxylate (2b)
Rf: 0.20. Bp.: 79 °C (0.02 mm Hg). [ a ] " : +35° (c=l, CHC13). Ή NMR (CDC13): δ 7.26 (m,
5H, Ph), 3.67-3.50 (m, 2H, NCH and NCtf(CH3)), 3.36 (m, IH, NCH2), 3.33 (s, 3H,
COOCH3), 3.13-2.89 (m, IH, NCH2), 2.39-2.08 (m, 2H, CH2), 1.29 (d, 3H, NCH(Ctf3). , 3 C
NMR (CDC13): δ 172.8 (s, C(O)O), 141.8 (s, aromatic С), 128.1, 128.0, 127.6 (d, aromatic
С), 66.3 and 64.6 (d, NCH and NCH(CH3), 51.6 (q, OCH3), 50.7 (t, NCH2), 20.9 (t, CH2),
19.8 (q, NCH(CHj)). IR (CCI,): σ 1745 (s, COOCH3), 700 (s, monosubstituted phenyl). GCMS: m/e 220 (M++ 1), 204 (M* - CH3), 160 (M+- COOCH3), 105 (Methyltropilium). HR-MS:
Calculated for C„H 1 7 N0 2 219.1259, found 219.1258.
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Methyl l-((lR)-phenykthyl)azetidine-(2S)-carboxylate (2c)
Thionyl chloride (362 μΐ, 5.00 mmol) was carefully added to methanol (25 ml) that was
cooled to - 78 °C. The temperature was slowly raised to room temperature, after which
azetidine-(2S)-carboxylic acid (500 mg, 4.95 mmol) was added and the reaction mixture
refluxed for 3 h. The methanol was removed in vacuo and the residue stripped twice with
methanol. The resulting hydrochloride was used in the reductive animation reaction without
any further purification.
To a solution of the hydrochloride salt and potassium hydroxide (67 mg, 1.2 mmol) in
methanol (5 ml), acetophenone (578 μΐ, 4.95 mmol) was added. The solution was stirred for
15 min., after which sodium cyanoborohydride (342 mg, 5.44 mmol) in methanol (5 ml) and
additional potassium hydroxide (277 mg, 4.94 mmol) were added. The reaction was stopped
after 18 h. by removing the methanol in vacuo. The residue was taken up in dichloromethane,
washed with saturated NaCl solution, dried (MgSOJ, filtered and concentrated in vacuo.
Purification by flash chromatography (hexane:ethyl acetate, 4:1, v/v) afforded only (R,2S)-2c
in pure form; (S,2S)-2a was still contaminated as was found by GC analysis.
Yield: 100 mg, 18 % (out of the maximum 50 %). [ a ] ^ : -34.2° (c=l, CHC13). Ή NMR
(CDCI3): δ 7.26 (m, 5H, Ph), 3.67-3.50 (m, 2H, NCH and NCtf(CH3)), 3.36 (m, IH, NCH2),
3.33 (s, 3H, COUCH,), 3.13-2.89 (m, IH, NCH2), 2.39-2.08 (m, 2H, CH2), 1.29 (d, 3H,
NCH(C#3). IR (CCI,): σ 1745 (s, COOCH3), 700 (s, monosubstituted phenyl).
General procedure for the synthesis ofracemic azetidine esters
To a refluxing solution of 1 in acetonitrile:distilled water (25:1, v/v) containing one
equivalent of potassium carbonate, a solution of 1.1 equivalent primary amine in acetonitrile
was added dropwise. When no more 1 was present as was determined by GC, the reaction
was stopped by pouring the mixture in chloroform/water. The layers were separated and the
organic layer acidified with 6 N HCl solution until pH < 4. The layers were separated, the
aqueous layer neutralized with 6 N NaOH solution until pH > 8 and extracted three times
with chloroform. The latter organic extracts were then dried over MgS0 4 , filtered and
concentrated in vacuo. The resulting yellow oil was purified by distillation in vacuo or flash
chromatography.
(±) Methyl l-benzylazetidine-2-carboxylate (2d)
Yield: 45 %. Bp.: 107-109 °C (1.0 mm Hg). Ή NMR (CDC13): δ 7.27 (m, 5H, Ph), 3.88-3.51
(m, 3H, NCH and CH2Ph), 3.63 (s, 3H, COOCH3), 3.32 and 2.95 (dt and dt, 211, NCH2), 2.462.15 (m, 2H, CH2). "C NMR (CDC13): δ 173.0 (s, C(O)O), 139.0 (s, aromatic С), 129.1,
128.3, 127.2 (d, aromatic С), 64.3 (d, NCH), 62.4 (t, CH2Ph), 51.7 (q, OCH3), 50.8 (t, NCH2),
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21.6 (t, CH2). IR (CCI4): σ 1740 (s, COOCHj), 700 (s, monosubstituted phenyl). Mass (EI):
+

m/e 205 (M ), 91 (Tropilium).
(±) Methyl l-(4-methoxybenzyI)azetidine-2-carboxylate (2e)
Yield: 39 %. Bp.: 85 °C (0.07 bar). Ή NMR (400 MHz, CDCI3): δ 7.20 (A part of AB
quartet, 2H, aromatic p-methoxybenzyl), 6.84 (В part of AB quartet, 2H, aromate), 3.79 (s,
ЗН, ОСН3), 3.71 (AB quartet, 2Н, benzylic СН2), 3.64 (s, ЗН, СООСН3), 3.54 (d, IH, NCH),
3.29 (dt, IH, NCH2), 2.93 (q, IH, NCH2), 2.36 (m, IH, CH2), 2.21 (m, IH, CH2). , 3 C NMR
(CDCI3): δ 173.0 (s, C(O)O), 158.9 (s, aromatic С), 130.3 (d, aromatic С), 129.1 (s, aromatic
С), 113.7 (d, aromatic С), 64.2 (d, NCH), 61.7 (t, CH2Ph), 55.2 (q, OCH3), 51.7 (q,
COOCHj), 50.5 (t, NCH2), 21.6 (t, CH2). IR (CHCI3): σ 1720 (s, COOCHj). GC-MS: m/e
236 (M+ + 1), 176 (M+ - COOCH3), 121 (Methoxytropilium).
(±) Methyl 1-ally lazetidine-2-carboxy late (2f)
Yield: 64 %. Bp.: 47-48 °C (1.0 mm Hg). Ή NMR (400 MHz, CDCI3): δ 5.86-5.75 (m, IH,
СН2СЯ=СН2), 5.20 and 5.11 (d and d, 2H, СН2СН=СЯ2), 3.73 (s, ЗН, СООСН3), 3.66 (t,
IH, NCH), 3.38 and 2.90 (dt and q, NCH2), 3.26 and 3.07 (dd and dd, 2H, C//2CH=CH2),
2.40-2.31 and 2.27-2.20 (m and m, 2H, CH2). I 3 C NMR (400 MHz, CDCI3): δ 172.8 (s,
C(O)O), 133.4 (d, CH2CH=CH2), 117.5 (t, CH2CH=CH2), 64.0 (d, NCH), 61.0 (t, NCH2),
51.4 (q, COOCH3), 50.2 (t, CH2CH=CH2), 21.3 (t, CH2). IR (CHC13): σ 1718 (s, COOCH3).
GC-MS: m/e 156 (M+ + 1), 96 (M+ - СООСН3).
(±) Methyl l-benzhydrylazetidine-2-carboxylate (2g)
Yield: 50 %. Bp.: 130 °C (0.1 mm Hg). Ή NMR (CDC13): δ 7.52-7.09 (m, ЮН, aromatic
benzhydryl), 4.46 (s, IH, benzylic CH), 3.72 (t, IH, NCH), 3.50-3.34 (m, IH, NCH2), 3.34 (s,
3H, COOCH3), 2.90 (dt, IH, NCH2), 2.49-2.0 (m, 2H, CH2). 13 C NMR (CDC13): δ 172.9 (s,
C(O)O), 141.4,141.2 (s, aromatic С), 128.5, 128.3, 128.2, 127.5, 127.2 (d, aromatic С), 77.5
and 64.6 (d, CHPh2 and NCH), 51.4 (q, COOCHj), 51.4 (t, NCH2), 20.9 (t, CH2). IR (CHCI3):
σ 1715 (s, COOCHj). GC-MS: m/e 282 (M+ + 1), 222 (М+ - СООСН3), 167 (Ph-CH+-Ph).
l-((lS)-PhenylethyI)azetidine-(2R)-piperidinamide(3bl)
In а 1.5 ml teflon tube (S,2R)-2b (302 mg, 1.38 mmol) and freshly distilled piperidine (272
μΐ, 2.75 mmol) were dissolved in acetonitrile. The tube was sealed and pressurized (8 kbar) at
35 °C for 5 days. The solution was concentrated in vacuo and the resulting yellow oil purified
by flash chromatography (dichloromethane:methanol, 19:1, v/v) to give 375 mg ЗЫ.
Yield: quantitative. Mp.: 80-81 °C (hexane). [a]2D° : +2.3° (c=l, CHCI3). Ή NMR (CDCI3): δ
7.4-7.1 (m, 5H, Ph), 3.92 (t, IH, NCH), 3.7-2.8 (m, 7H, NC#(CH 3 ) and CH2NCH2 and
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NCH2), 2.44-1.9 (m, 2H, CH2), 1.5-1.0 (broad, 6H, CH2CH2CH2), 1.24 (d, 3H, NCH(Ctf3)).
"C NMR (CDClj): δ 169.9 (s, C(O)N), 142.8 (s, aromatic С), 128.1, 128.0, 127.2 (d,
aromatic С), 68.6 and 61.9 (d, NCH and NCH(CH3)), 50.9 (t, NCH2), 45.8 and 42.9 (t,
CHJNCHJ), 26.0, 25.3 and 24.4 (t, CH2CH2CH2), 21.0 (t, CH2), 20.7 (q, NCH(CH3)). IR
+

+

(KBr): σ 1635 (s, NC(0)). GC-MS: m/e 273 (M + 1), 160 (M - C(0)NR2), 105 (Methyltropilium). Elemental analysis: Calculated for C„H 24 N 2 0 %C 74.96, %H 8.88, %N 10.28.
Found %C 74.91, %H 8.84, %N 10.27.
An irregular shaped crystal of dimensions 0.65x0.51x0.18 mm was mounted on a glassfiber
and the structure of ЗЫ was determined at a temperature of 208 K. The crystal structure was
solved by the program CRUNCH42. The structure was refined by full-matrix least-squares on
F„2 values using SHELXL43 with anisotropic parameters for the non-hydrogen atoms. The
hydrogen atoms of the structure were placed at calculated positions and were freely refined
subsequently. The refinement converged to an R-value of 0.0393 for the 4264 unique
reflections considered observed. Crystal data and a refinement summary are given in Table
2.4 and Table 2.5.
Table 2.4 Crystal data for compound 3bl
Color / shape
Empirical formula
Formula weight
Temperature
Crystal system
Space group
Unit cell dimensions
(25 reflections, 11.527 < θ < 17.844
Volume
Ζ
Density (calculated)

colorless / irregular
C, 7 H„N 2 0
272 38
208(2) К
monoclinic
P2,
a = 8 3782(4) Α, α = 90 °
b = 20 0342(13) Α, β = 109 687(6) °
с = 9 7769(8) Α,
γ = 90 °
1545 1(2) AJ
4
1.171 Mg/m'
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Table 2.5 Structure refinement for compound ЗЫ
Absorption coefficient
Diffractometer / scan
Radiation / wavelength
F(000)
Crystal size
θ-range for data collection
Index ranges
Reflections collected
Independent / observed refis.
Absorption correction
Range of relat, transm. factors
Refinement method
Computing
Data / restraints / parameters
2
Goodness-of-fit on F
SHELXL-93 weight parameters
Final R indices[I>2a(I)]
R indices (all data)
Largest diff. peak and hole

1

0.073 mm'
Enraf-Nonius CAD-4 / ω-scan
MoKa (graphite monochrom.) / 0.71073 A
592
0.65x0.51 χ 0.18 mm
2.03 to 24.97 °
- 9 < ; h < l , - 2 3 < k < 2 3 , - l l í l í 11
5410
5410/4264 ([1>2ст(У]
44

Semi-empirical from ψ-scans
0.988-1.013
2
Full-matrix least-squares on F
43

SHELXL-93
5410/1/553
1.103
0.0286 0.1150
Ä1 = 0.0393, wÄl =0.0723
R\ = 0.0612, wR2 = 0.0798
0.12 and -0.14 e.A°

(2S) and (2R) 2-Hydroxymethyl-l-((lS)-phenylethyl)azetidine (4a and 4b)
To a suspension of lithium aluminum hydride (400 mg, 10.5 mmol) in diethyl ether (25 ml) a
solution of 2a or 2b (2.00 g, 9.12 mmol) in diethyl ether (10 ml) was added dropwise. The
reaction was refluxed for 5 h. and then stirred for 16 h. at room temperature. After careful
quenching with water, the slurry was filtered and the residue intensively washed with warm
dichloromethane. The combined organic layers were concentrated in vacuo, the residue
dissolved in ethyl acetate, washed with saturated NaCl solution, dried over MgS04, filtered
and concentrated in vacuo.
(2S)-Hydroxymethyl-l -((1 S)-phenylethyl)azetidine (4a)
Yield: 1.672 g, 96 %. [a]D°: -56.6° (c=l, CHC13). Ή NMR (CDC13): δ 7.29 (m, 5H, Ph),
3.63-3.41 (m, 4H, NCH, Ctf2OH and NCtf(CH3)), 3.02 and 2.74 (dt and dt, 2H, NCH2), 2.261.85 (m, 2H, CH2), 2.46 (d, 3H, NCH(Ctf3)). ,3C NMR (CDC13): δ 143.4 (s, aromatic С),
128.2,126.9 (d, aromatic С), 67.0 and 65.2 (d, NCH and NCH(CH3)), 63.5 (t, NCH2), 49.6 (t,
CH2OH), 21.5 (q, NCH(CH3)), 17.7 (t, CH2). IR (neat): σ 3400 (broad, OH), 700 (s, monosubstituted phenyl). GC-MS: m/e 192 (M+ + 1), 176 (M+ - CH3), 160 (M* - CH2OH), 105
(Methyltropilium). HR-MS: Calculated for C12H17NO 191.13101, found 191.13107.
(2R)-Hydroxymethyl-1 -(( 1 S)-phenylethy l)-azetidine (4b)
Yield: 1.55 g, 89 %. Mp.: 67-68 °C (hexane). [a]D° : -63.3° (c=l, CHC13). Ή NMR (CDC13):
δ 7.22 (s, 5H, Ph), 3.46-3.14 (m, 3H, NCH and NCtf(CH3) and ОН), 3.01-2.78 (m, 2Н,
NCH2), 2.41 (dd, 2H, Ctf2OH), 2.05-1.63 (m, 2Н, СН2), 1.16 (d, ЗН, NCH(Ctf3)). "С NMR
(CDC13): δ 143.4 (s, aromatic С), 128.4, 127.6,127.3 (d, aromatic С), 67.6 and 66.0 (d, NCH
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and NCH(CHj)), 62.3 (t, NCH2), 50.4 (t, CH2OH), 20.1 (q, NCH(CH3)), 17.7 (t, CH2). IR
+

(CC14): σ 3300 (broad, OH), 700 (s, monosubstituted phenyl). GC-MS: m/e 192 (M + 1), 176
+

+

(M - CH3), 160 (M - CH2OH), 105 (Methyltropilium). HR-MS: Calculated for C12H,7NO
191.1310, found 191.1311. Elemental analysis: Calculated for C12H17NO %C 75.35, %H 8.96,
%N 7.32. Found %C 75.11, %H 8.86, %N 7.30.
Diphenyl-(1 -((1 S)-phenylethy l)azetidin-(2S)-y!)-methanol (5a)
The glassware used was oven-dried and assembled under argon. To a suspension of 5 equiv.
of magnesium turnings in 10 ml diethyl ether 1 ml of a solution of 5 equiv. of bromobenzene
in 10 ml diethyl ether was added to start the reaction. If the reaction started sluggishly, a
spoontip of iodine or some drops of 1,2-dibromoethane were added. As soon as the reaction
started, the remaining bromobenzene was gradually added and the solution was refluxed for
an additional 30 min. Then a solution of 2a (2.00 g, 9.13 mmol) in diethyl ether (5 ml) was
added dropwise and the reaction mixture was stirred for 2 h. After addition of an excess of
saturated NH4C1 solution, the layers were separated and the aqueous layer was extracted with
diethyl ether. The combined organic layers were dried over MgS0 4 , filtered and concentrated
in vacuo. The crude carbinol was purified by flash chromatography (hexane:ethyl acetate,
10:1-5:1, v/v).
Yield: 72 %. Mp.: 90-92 °C (hexane). [a]2° : -14.5° (c=l, CHC13). Ή NMR (CDC13): δ 7.666.80 (m, 15H, Ph), 5.60 (broad s, IH, OH), 4.26 (t, IH, NCH), 3.30-2.82 (m, 3H, NCH2 and
NCtf(CH3)), 2.08-1.66 (m, 2H, СН2), 0.85 (d, ЗН, NCH(C#3)). | 3 С NMR (CDC13): δ 148.1,
145.3, 140.6

(s, aromatic С), 128.2, 128.2, 128.1, 127.1, 126.8, 126.5, 126.0, 125.7

(d, aromatic С), 75.7 (s, carbinol С), 69.8, 61.2 (d, NCH and NCH(CH3)), 45.0 (t, NCHj),
19.8 (q, NCH(CHj)), 19.6 (t, CH2). IR (CCI,): σ 3230 (broad, OH), 700 (monosubstituted
phenyl). GC-MS: m/e 343 (M+), 328 (М+ - СН3), 266 (М+ - Ph), 238 (М+ - methylbenzyl),
105 (Methyltropilium). Elemental analysis: Calculated for C24H25NO %C 83.93, %H 7.34,
%N 4.08. Found %C 83.61, %H 7.28, %N 4.19.
(l-((lS)-Phenylethyl)azetidin-(2S)-yl)-methyl acetate (6al)
To a solution of 4a (251 mg, 1.31 mmol) in pyridine (10 ml), acetic anhydride (5 ml, 52.9
mmol) was added. The reaction mixture was stirred for 4 h. at ambient temperature, after
which it was concentrated in vacuo. The residue was stripped twice with toluene, dissolved in
dichloromethane and washed with saturated NaHC03 solution. The organic layer was dried
with MgS0 4 , filtered and concentrated in vacuo. The resulting oil was purified by flash
chromatography (hexane: ethyl acetate, 3:1, v/v).
Yield: quantitative. [a]2D° : -62.4° (c=1.2, CHC13). Ή NMR (CDC13): δ 7.28 (s, 5H, Ph), 4.19
(AB quartet, 2H, СН 2 0), 3.42 (dt, 2Н, NCH2), 3.06 (dt, IH, NCH), 2.71 (q, IH, NCtf(CH3)),
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2.09 (s, ЗН, ОС(0)СН,), 2.1-1.88 (m, 2Н, СН2), 1.25 (d, ЗН, NCH(Cfl),). ІЗС NMR (CDC13):
δ 170.8 (s, ОС(0)), 143.7 (s, aromatic С), 128.2, 127.3, 126.9 (d, aromatic С), 68.6 (t,
NCH2), 67.4 and 62.6 (d, NCH and NCH(CH3)), 49.9 (t, CH 2 0), 22.0 and 20.2 (CH3 and
NCH(CH3)). IR (CC14): σ 1725 (s, OC(0)CH3). GC-MS: m/e 234 (M+ + 1), 160 (М+ СН2ОАс), 105 (Methyltropilium).
(2S)-tert-ButyldimethylsiIyloxymethyl-l-((lS)-phenylethyl)azetidine(6a2)
While stirring, imidazole (459 mg, 6.74 mmol) andter/-butyldimethylsilylchIoride(494 mg,
3.28 mmol) were added to a solution of 4a (516 mg, 2.70 mmol) in DMF (1 ml). After 23 h.
the mixture was poured in water and extracted twice with hexane. The combined organic
layers were washed with saturated NaCl solution, dried (MgS04), filtered and concentrated in
vacuo.
Yield: 747 mg, 91 %. [α]„ : -56.9° (c=l, CHC13). Ή NMR (CDC13): δ 7.20 (s, 5H, Ph), 3.773.5 (m, 2H, CH2OSi), 3.32 (m, 2H, NCH and NC#(CH3)), 2.95 and 2.59 (dt and dd, 2H,
NCH2), 2.0-1.7 (m, 2H, CH2), 1.15 (d, 3H, NCH(C#)3), 0.83 (s, 9H, SiC(CH3)3), 0.00 (s, 6H,
Si(CH3)2). 13C NMR (CDC13): δ 143.5 (s, aromatic С), 128.2, 127.4, 126.7 (d, aromatic С),
68.6 (t, CH2OSi), 67.6 and 66.3 (d, NCH and NCH(CH3)), 49.9 (t, NCH2), 26.0 (q,
SiC(CH3)3), 22.3 (q, NCH(CH3)), 20.6 (t, CH2). IR (CC14): σ 700 (s, monosubstituted phenyl).
GC-MS: m/e 306 (M+ + 1), 290 (M+ - CH3), 248 (M+ - Ъи), 160 (M+ - CH2OTBDMS), 105
(Methyltropilium). HR-MS: Calculated for C18H31NOSi 305.2174, found 305.2176.
Attempted removal of the a-methyl-benzyl group
Hvdrogenolvsis
To a solution of 4a (200 mg, 1.05 mmol) or 5a (350 mg, 1.02 mmol) in 10-15 ml solvent
palladium catalyst (i.e. 10 wt% Pd/C or Pearlman's catalyst, approximately 35 mg) was added
in an inert atmosphere. Atmospheric hydrogen pressure was applied in a standard
hydrogénation vessel. Higher hydrogen pressures were applied in a Parr-apparatus (45-60 psi)
or an autoclave (20 bar). Samples were taken at regular time intervals and checked by GCand TLC-analysis. When no reaction seemed to have taken place after 2 days, the reaction
was stopped by removing the catalyst over a plug of hyfio. The catalyst was thoroughly
washed with methanol and the filtrate concentrated in vacuo. NMR-analysis of the residue
showed no debenzylation.
To a mixture of /erf-butyl alcohol:water:0.6 N HCl (6 ml: 1.7 ml: 2.3 ml) 6al (328 mg, 1.4
mmol) and Pearlman's catalyst (70 mg) were added. The mixture was stirred in an autoclave
for two days at 10 bar hydrogen pressure, after which the catalyst was removed by filtration
through a hyflo plug. The catalyst was thoroughly washed with methanol and the combined
organic layers were concentrated in vacuo. The residue (290 mg) was dissolved in 5 ml
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pyridine and 2.5 ml acetic anhydride and stirred for 4 hours. The mixture was concentrated in
vacuo and the residue stripped twice with toluene and dissolved in dichloromethane. The
organic solution was washed with saturated NaHCO, and NaCl solution, respectively, dried
with MgS04, filtered and concentrated in vacuo. NMR-analysis showed no aromatic signal.
Single electron transfer, sodium/liquid ammonia
Ammonia (approximately 30 ml) was condensed in a three-necked bottle after which metallic
sodium (74 mg, 3.2 mmol) was added. After stirring for 15 min. at -40 °C, a solution of 15(l-((lS)-phenylethyl)azetidin-(2S)-yl)-nonacosan-15-ol (7a) (584 mg, 1.0 mmol) in hexane
(10 ml) was added dropwise and the reaction mixture stirred for 1 h. The cooling bath was
then removed and the ammonia was allowed to evaporate overnight. The hexane was
removed in vacuo and the residue dissolved in water/NaCl solution. The aqueous phase was
extracted with dichloromethane, the organic extracts dried (MgS04), filtered and concentrated
in vacuo. From NMR analysis it was clear that the resulting pale yellow oil (562 mg) was
starting material.
Fe(II) induced elimination of N-oxides
A solution of 15-(l[(lS)-phenylethyl]-azetidin-(2S)-yl)-nonacosan-15-ol (7a) (258 mg, 0.44
mmol) in dichloromethane (10 ml) was cooled to 0 °C. Gradually, solid ти-СРВА (90 mg,
0.45 mmol) was added and the reaction mixture was stirred for 20 min., after which IM FeCl2
solution (200 μΐ, 0.2 mmol) was added. The reaction mixture was stirred for 1 h. at 0 °C and
2 h. at room temperature. The reaction was quenched by adding 2N NaOH solution (1 ml)
and separation of the layers. The aqueous layer was extracted three times with
dichloromethane after which the combined organic layers were washed with saturated NaCl
solution, dried with MgS0 4 , filtered and concentrated in vacuo. From NMR analysis it was
clear that the residue (241 mg) was starting material.

General procedure for the lipase-catalyzed hydrolysis of azetidine-2-carboxylic esters
A mixture of nearly 1:1 ratio of (S,2S)-2a and (S,2R)-2b was prepared in advance. The ratio
was checked by GC-analysis and had a d.e. of approximately 7 % of (S,2S)-2a.
A suspension of this mixture (approximately 54 mg, 0.25 mmol) in TrisHCl buffer solution
(pH = 7.60, 20.0 ml) or phosphate buffer solution (pH = 7.60, 20.0 ml) at room temperature
was incubated with an appropriate amount of enzyme at t = 0 minutes. Amounts of enzyme
were: 4 μΐ PLE, 200 μΐ Maxatase, 1.0 mg lipase of Mucor Mihei in TrisHCl, 3.4 mg lipase of
Mucor Mihei in phosphate buffer, 49.4 mg Liver Acetone Powder "Horse", 50.0 mg Liver
Acetone Powder "Bovine", 8.6 mg Lipase PS. When solvent effects were determined, an
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additional 5.0 ml of an organic solvent was added. At regular time intervals 0.50 ml samples
were taken and extracted twice with diethyl ether. The combined extracts were concentrated
in vacuo, the residue dissolved in 60 μΐ of 0.04 M 2-bromonaphtalene (internal standard) in
diethyl ether and analyzed by GC-analysis (apolar column, 130 °C isothermic).
(±) l-BenzyIazetidine-2-carboxamide (8d)
Method A: A solution of 2d (7.001 g, 34.11 mmol) in methanol (120 ml) was bubbled
through with ammonia for 45 min. The tube was sealed and heated to 50 °C. After 4 days the
tube was opened and the reaction mixture checked for starting material which had all reacted.
The solution was concentrated in vacuo to give a yellow oil, from which the product could be
crystallized using either methanol/diethyl ether or ethanol (96 %).
Method B: A solution of 2d (1.00 g, 4.87 mmol) in concentrated aqueous ammonia (20 ml)
was stirred for 3 h and then extracted three times with chloroform to provide 8d as a white
solid.
Yield: 6.57 g, ~ 100 % (Method A) or 751 mg, 81 % (Method B). Mp.: 104-105 °C (ethanol
(96 %)). Ή NMR (CDjOD): δ 7.24 (s, 5H, Ph), 4.92 (t, IH, NCH), 4.20 (s, 2H, benzylic
CH2), 3.97 and 3.73 (t and dt, 2H, NCH2), 2.8-2.15 (m, 2H, CH2). IR (CCI,): σ 3500 and 3430
(s, NH2 amide), 1685 (s, CO amide), 700 (s, monosubstituted phenyl). GC-MS: m/e 191 (M*
+ 1), 146 (Mf - C(0)NH2), 91 (Tropilium). Elemental analysis: Calculated for C,,H14N20 %C
69.45, %H 7.42, %N 14.72. Found %C 69.43, %H 7.10, %N 14.45.
General procedure for the enzymatic hydrolysis of(±) l-benzyl-azetidine-2-carboxamide 8d
A suspension of 8d (approximately 0.25 g, 1.31 mmol) in 1 mM MnS0 4 solution (12.30 g)
was prepared (pH 8.5-8.6; no buffer solution was needed). This suspension was incubated
with an appropriate amount of enzyme at t = 0 minutes. The Ochrobactrum anthropi
catalyzed hydrolysis was shaken at 55 °C, the other hydrolyses were shaken at 37 °C.
Amounts of enzyme were: Pseudomonas putida 10 % dry weight): 0.6 g initially. After 22 h.
20 min. an additional 0.7 g was added and after 26 hours another 2.0 g. Ochrobactrum
anthropi (5 % dry weight): 0.5 g. Mycobacterium neoaurum (-10 wt% suspension): 0.25 g.
Recombinant Escherichia coli: 0.35 g.
During the enzymatic hydrolysis of amino acid amides an equimolar amount of ammonia is
released. Due to a pH ~ 8.0 of the suspension used in activity determinations, almost all of
this ammonia was in the protonated ammonium form (> 90 %), preventing severe ammonia
losses during the reaction. The conversion of the reaction was measured by taking samples
and determination of the concentration of ammonium present in the samples. The determin
ation of the ammonia concentration was accomplished by injecting part of the sample into a
very strong alkaline buffer (pH 12). At this pH all the ammonium was converted into
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ammonia, which caused a change in potential of an ammonia selective electrode. After
addition of a known amount of standard solution to the same buffer solution, the ammonia
concentration in the sample could be calculated exactly with the following equation:
[N

]=

1

J

Ç ^
8.

S b b ^ b ^
51+

g.+g>

10

J

(-^)_/

with:
С

the concentration of ammonium in the reference solution (moles/kg)

g,

the amount of sample added to the phosphate buffer (grams)

g2

the amount of reference solution added to the phosphate buffer (grams)

ΔΕ,

the change in potential due to sample addition (mV)

ΔΕ 2

the change in potential due to addition of reference solution (mV)

N

the Nernst factor (57.6 mV)

Reagents and equipment
1. Orion: Model 95-12 ammonia electrode
2. pH/mV Meter, e.g. Knick Microprocessor-pH-meter 763
3. Recorder
4. Magnetic stirrer
5. 50 ml Dispenser
6. Double walled reaction vessel with necks for a thermometer, the dispenser, the selective
electrode and sample addition
7. Thermostatic circulating unit
8. Reference solution:

1 mole/kg N H ¡ (53.49 g/kgNH<Cl)

9. Help solution:

2.5 10 3 mole/kg NHJ (0.133 g/kg NH4C1)

10. Measuring buffer:

0.8 M NajHPC^ and 0.68 M NaOH, pH 12

Optical purity
The Pseudomonas Putida catalyzed hydrolysis was stopped at 89 % conversion by adding 1
N HCl solution until pH ~ 3. The destroyed whole cell was removed by ultra centrifuging for
10 minutes and décantation of the supernatant. The solution was concentrated in vacuo and
the residue checked for selectivity. Since the conversion was well over 50 %, only the
selectivity for the remaining carboxamide was tested.
HPLC: Chiralcel OD-H, hexane:iso-propanol, 80:20, v/v. E.e.: 3 %.
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General procedure for the ammoniolysis ofracemic azetidine-2-carboxylic esters
A stock solution of NH3-saturated íerí-butyl alcohol was prepared by bubbling NH3 gas
through 20 ml feri-butyl alcohol for approximately 60 min. while stirring. A reference line
was made by GC-analysis of solutions of the racemic azetidine ester and 2-bromonaphtalene
(internal standard) with different weight ratios.
A vial was charged with azetidine ester (approximately 1.0 mmol), 2-bromonaphtalene (100
mg, 0.48 mmol), immobilized lipase from Candida Antarctica (50 mg) and NH3-saturated
íerí-butyl alcohol (5.0 ml, 12 mmol NH3), capped with a septum and shaken in a
thermostatized box at 35 °C. At regular time intervals 0.1 ml samples were taken with a
syringe, diluted with dichloromethane (0.4 ml) after which the conversion was measured by
GC-analysis (apolar column, 130 °C isothermic). At approximately 50 % conversion the
reaction was stopped by filtration. The immobilized enzyme was washed with methanol and
the combined organic filtrates were concentrated in vacuo. The residue was dissolved in
water/hexane and the layers were separated. The aqueous layer was extracted twice with
hexane, the combined organic layers dried with MgSO<, filtered and concentrated in vacuo.
The optical purity of the remaining azetidine ester was determined by chiral capillary GC, or
when purified by bulb-to-bulb distillation, by optical rotation. The aqueous layer containing
the corresponding amide was concentrated in vacuo after which the optical purity of the
amide was determined by chiral capillary GC or chiral capillary electrophoresis.
(±) l-(4-Methoxybenzyl)azetidine-2-carboxamide (8e)
Mp.: 109.5-111 °C. Ή NMR (CDC13): δ 7.18 (A part of AB quartet, 2H, aromatic pmethoxybenzyl), 6.84 (B part of AB quartet, 2H, aromatic p-methoxybenzyl), 5.71 (broad s,
CONHj), 3.79 (s, 3H, OCH3), 3.78 (t, IH, NCH), 3.57 (d, 2H, benzylic CH2), 3.33 and 3.49
(dt and dt, 2H, NCH2), 2.55-2.04 (m, 2H, CH2). ,3C NMR (CDC13): δ 176.5 (s, CONH2), 129.6
(d, aromatic C), 129.4 (s, aromatic C), 114.0 (d, aromatic C), 66.0 (d, NCH), 61.7 (t, benzylic
CH2), 55.3 (q, OCH3), 50.6 (t, NCH2), 22.9 (t, CH2). IR (KBr): σ 3370 (s, NU), 1620 (s,
CONHj). GC-MS: m/e 221 (M+ + 1), 176 (M* - C(0)NH2), 121 (Methoxytropilium).
(±) l-Allylazetidine-2-carboxamide (8f)
Mp.: 49-52 °C. Ή NMR (300 MHz, CDC13): δ 7.17 and 5.9 (broad s, 2H, CONH2), 5.81-5.67
(m, IH, CHjCtf=CH2), 5.19 and 5.11 (d, 2H, СН2СН=СЯ2), 3.54 (t, IH, NCH), 3.39 and 2.94
(dt and dt, 2H, NCH2), 3.16 and 3.06 (dd and dd, 2H, СЯ2СН=СН2), 2.46-2.34 and 2.22-2.10
(m and m, 2H, CH2). 13C NMR (CDC13): δ 176.8 (s, CONH2), 133.7 (d, CH2CH=CH2), 117.9
(t, CH2CH=CH2), 65.8 (d, NCH), 60.9 (t, CH2CH=CH2), 50.6 (t, NCH2), 22.7 (t, CH2). IR
(CHC13): σ 1670 (s, CONH2). GC-MS: m/e 141 (M+ + 1), 96 (M+ - C(0)NH2).
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Chapter 3
Asymmetric Diels-Alder reactions
3.1 Introduction
General background of the Diels-Alder reaction
In 1928 the German chemists, Otto Diels and Kurt Alder, discovered the 1,4-cycloaddition
reaction between conjugated 1,3-dienes and compounds with an olefinic double bond
contained in α,β-unsaturated carbonyl systems. This Diels-Alder reaction is now one of the
most powerful synthetic methodologies, especially for the synthesis of six-membered ring
systems. It was originally observed by Alder that the cycloaddition is particularly favored by
the presence of electron-withdrawing groups in the dienophile and by electron-releasing
groups in the diene. Some typical features of this reaction are the following:
;

the stereochemical relationships between the substituents in the reactants is retained in
the products.

ii

The diene must react in the s-cis conformation.

Hi In the transition state two relative orientations of the reactants are possible, as is shown
in Scheme 3.1 for the reaction of acrylic esters with cyclopentadiene.

endo adduct
4S55/C02R

RCbC-J/

C0 2 R

К C0 Rj

"*

äJ^2-C07K

exo adduct

2

Scheme 3.1 Endo and exo pathways for [4+2] cycloadditions

The endo isomer is assumed to be kinetically preferred for electronic reasons (secondary
orbital overlap), while in most cases the exo adduct is thermodynamically favored because of
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steric factors. Thus, by choosing the right conditions, the reaction can be directed to give
either of the isomers. It should be noted however, that temperature control is essential when
the kinetic products are desired. The Diels-Alder reaction is essentially a thermal reaction,
with the consequence that in many cases rather high reaction temperatures are required to
accomplish the cycloaddition. The reactivity of the dienophile can be increased by enhancing
the electron-withdrawing capacity of the substituent at the olefinic bond. This is achieved
through complexation of the carbonyl unit in these substrates with Lewis acids. In this
manner, the problem of too low reactivity in Diels-Alder reactions often can be overcome.
Asymmetric induction in Diels-Alder reactions
The Diels-Alder reaction forms an essential step in the synthesis of many natural products,
such as steroids, mono-, di- and sesquiterpenes to mention a few. These natural products
contain stereogenic centers, the configuration of which in many cases are of crucial impor
tance for the biological activity (see chapter 1).
As a consequence it is of utmost importance that the Diels-Alder reaction is directed in an
asymmetric fashion with a strong or exclusive preference for one enantio or diastereo isomer.
In the context of this thesis the main focus will be on enantioselective Diels-Alder reactions.
Two major approaches in achieving such reactions can be distinguished, viz. :
Use of chiral reactants
Use of chiral Lewis acid catalysts
In the first-mentioned approach a major drawback is that stoichiometric amounts of chiral
auxiliaries are required. Unless such auxiliaries can be removed without loss of chiral
integrity and can be recycled in the process, this approach is unsuitable for multigram
1

synthesis. In Scheme 3.2 and Scheme 3.3 some typical examples of chiral dienes and
2 3

dienophiles · in asymmetric Diels-Alder reactions are presented.
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Scheme 3.2 Chiral diene induced enantioselectivity in a Diels-Alder reaction
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Scheme 3.3 Chiral dienophile induced enantioselectivity in Diels-AIder reactions
The use of chiral Lewis acids in accomplishing asymmetric Diels-AIder reactions has
received extensive attention over the last decades. The most frequently used metal atoms are
aluminum, titanium and boron that have been modified by a chiral ligand. The primary
function of the Lewis acid is to activate a carbonyl function by complexation. The ligands
surrounding the metal center can be mono-dentate or bi-dentate, but effectively create a chiral
environment in which the prochiral substrate has to react with a diene. For the chirality
transfer to be effective, the binding of the dienophile with the chiral catalyst must be rather
firm and highly specific. Two typical examples of the molecular complexes involved in
enantioselective Diels-AIder reactions are depicted in Figure 3.1.

if I C.' Ъ

Figure 3.1 Transition states involved in enantioselective Diels-AIder reactions
One of the enantiofaces of the dienophile must be shielded by the ligand, thereby ensuring the
reaction of the diene with the antipodal enantioface. However, the energy difference between
the diasteromeric transition states for the asymmetric Diels-AIder reactions is ca. 12 kJ/mol at
most. This implies that the success of an asymmetric cycloaddition depends on very subtle
effects in the molecular complex of the reactants with the chiral Lewis acid. Furthermore, the
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asymmetric catalysis can be achieved in either a substoichiometric or true catalytic fashion
(catalyst:substrate ratio less than 1:100) depending on the nature of the Lewis acid.
Working models
Recently, Kobayashi4 and Aggarwal5 introduced a new type of chiral catalyst for Diels-Alder
reactions, based upon proline derivatives, whereby a carbinol is complexed with boron
tribromide . This complex can be present in an 'open' and a 'bicyclic' structure as is shown in
Scheme 3.4. Kobayashi's results with these catalysts are collected in Table 3.1.
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Scheme 3.4 Efficient chiral Diels-Alder catalyst

Table 3.1 Diels-Alder reaction of α,β-unsaturated aldehydes with dienes4
Ligand

Dienophile

Diene

exo/endo

e.e. major isomer

R'=Methyl

= ^

Çy

>99/l

97%

R ' = Methyl

=£~

ζ\

>99/l

73%

R' = Benzyl

=Ç

y~^

-

48%

R' = Benzyl

v^^o

(y

31/69

59%'0

R ' = Benzyl

/v^v*o

ry

42/5s

70%

According to Aggarwal5, the open structure seems to predominate, as was deduced from Ή-,
"B- and "C-NMR spectra. In the open structure the Lewis acidic site is retained allowing the
complexation with a carbonyl moiety of a dienophile. In the aforementioned report, three
possible catalyst/substrate complex structures were proposed, namely А, В and С as depicted
in Figure 3.2. Since complexation of the carbonyl moiety with boron leaves the aldehyde
oxygen with a formal charge of+1, hydrogen bond formation as suggested in structure В is
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reactions

highly unlikely. Furthermore, although Kobayashi assumed the active catalyst to be the HBr
salt of the proline-derived carbinol, it should be noted, that the catalyst was prepared in the
following fashion: a solution of equimolar amounts of BBr3 and ligand in dichloromethane
was stirred 1 h at room temperature. The solvent was then removed under reduced pressure
(0.5 mm Hg, 1 h) to remove non-coordinated BBr3. Any loss of hydrogen bromide from the
reaction mixture was not accounted for. This is essential, however, since structures A and С
become equivalent when no HBr is present, leaving only side-on coordination of the
unsaturated carbonyl compound, as proposed in structure A, as possible transition state
structure. However, the high selectivity observed in the reaction, is unlikely to result from
side-on coordination only.
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Figure 3.2 Catalyst/substrate complexes according to Aggarwal5

Only recently, Corey and coworkers postulated a hypothesis for the conformational restric
tions in complexes of compounds containing an aldehyde functionality with Lewis acids,
based upon a hydrogen bond involving the aldehyde hydrogen^. They applied this to the
understanding of enantioselective reactions involving chiral (boron) Lewis acids and
aldehydes7 (Scheme 3.5). Although the hydrogen bond formation of an aldehyde hydrogen is
highly unconventional, the absolute configurations of many products were correctly
rationalized using this hypothesis7"9.

О . у ^ % Л ^ _ JV

сно

Br

Ъ
L*= (ISJ-tN.N-di-ß.S-dimethylbenzyli-amino](2R)-hydroxymethyl-cyclohexane

s/
^Г
/

(2R)-isomer

Scheme 3.5 Diels-Alder reaction via a catalyst/substrate complex involving a hydrogen bond
with the aldehyde proton
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Incorporating the aldehyde C(=0)H hydrogen bond into Aggarwal's model leads to
complexes as depicted in Figure 3.3. For structures D and E protonation of the pyrrolidine
nitrogen atom is assumed. The carbinol oxygen atom may form hydrogen bonds with either
the ammonium or the aldehyde hydrogen atom. For structure F it has been assumed that
hydrogen bromide is lost.
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Figure 33 Working-model according to combination of Aggarwal's and Corey's model
The objective of the present study is the use of azetidine based catalysts with a structure
analogous to those of the proline derived carbinols. The working-model proposed by
Aggarwal and modified by Corey's hypothesis was therefore adopted and translated to the
azetidine-derived ligands. However, the conformational flexibility of these 4-membered
nitrogen ringsystems is lower than that of the corresponding 5-membered rings. Therefore the
question arises whether this higher rigidity has an effect on the chirality transfer in DielsAlder reaction.

3.2 Ligand synthesis
Azetidine esters 2a and 2b served as starting materials for the synthesis of azetidine-based
ligands. These compounds were prepared following the methodology described in chapter 2.
The azetidine esters were converted into the corresponding tertiary alcohols by reaction with
a variety of Grignard reagents (Scheme 3.6). Both aliphatic and aromatic carbinol substiruents
were chosen. In this manner a series of potential ligands became available which can provide
more insight in the electronic and stereochemical effect of the ligand substiruents on the
enantioselectivity of the Diels-Alder reaction.
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Scheme 3.6 Synthesis ofdiastereomeric azetidine ligands
The spatial arrangement of the diphenyl substituted ligand 6a was determined by X-ray
analysis. The absolute configuration at C-2 relative to the known (S)-configuration of the amethylbenzyl group was again confirmed. Furthermore, this analysis clearly reveals the
presence of a hydrogen bond between the carbinol hydroxyl group and the azetidine nitrogen
atom (Figure 3.4).

Figure 3.4 PLUTON10 generated
drawing of X-ray crystal structure of
diphenyl-[l -((1 S)-phenylethyl)-azetidin(2S)-yl]-methanol 6a

For the sake of comparison, two proline-derived ligands were prepared too. The proline ester
10 was conveniently prepared from δ-valerolactone following a strategy analogous to that
used for azetidine esters 2a/2b. However, in the case of this 5-membered ring system, the
separation of the diastereomeric products by flash chromatography proved to be impossible.
Therefore, the mixture of esters was converted into the corresponding diphenylcarbinols.
Only the (S,2R)-isomer 11 was obtained in pure form after flash chromatography (Scheme
3.7). The absolute configuration at C-2 in compound 11 was established by X-ray analysis by
relating it to the known (S)-configuration of the a-methylbenzyl-group (Figure 3.5).
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Scheme 3.7 Synthesis ofproline-derived ligands 11 and 13
As mentioned before, Kobayashi used the A/-benzyl substituted proline-derived ligand 13 in
the enantioselective Diels-Alder reaction4. This compound was also used as a reference
ligand in the present study. It was prepared starting from ЛГ-benzyl proline by esterification
with diazomethane and subsequent treatment of ester 12 with phenylmagnesium bromide as
shown in Scheme 3.7. The spatial orientation of 13 was determined by X-ray analysis (Figure
3.5). For both proline-derived ligands the X-ray analyses show a hydrogen bond between the
carbinol hydroxyl group and the pyrrolidine nitrogen atom. The similarity in the structures of
the 4-membered and 5-membered ring ligands is worth noting.

Figure 3.5 PLUTON10 generated drawings of X-ray crystal structures of ligands 11 (left)
and 13 (right)

3.3 Selectivity in catalytic Diels-Alder reactions
The reaction of cyclopentadiene with four dienophiles, viz. acrolein, 2-bromoacrolein,
methacrolein and crotonaldehyde, was used as model-reaction for testing the effectiveness of
the respective ligands in the BBr3 catalyzed Diels-Alder reaction (Scheme 3.8).
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16 R' = CH3,R" = H
17 R' = H, R" = CH3

Scheme 3 8 Diels-Alder reaction ofcyclopentadiene and α,β-enals
The results are collected in Table 3.2 and Table 3.3. The exo/endo ratio was determined by
NMR using the formyl protons at 9-9.5 ppm and by capillary GC. The enantioselectivities
were determined by chiral GC and showed baseline separation.
Table 3.2 Enantioselective Diels-Alder reaction catalyzed by chiral boron catalysts'
15. R'=Br, R"=H

14: R'=R"=H
Catalyst

b

exo/endo

e.e. endo [%]

exo/endo e.e. exo [%]bc

b
e.e., endo [%]

3a

9/91

1.9"

90/10

5.9 (S)

<0.1

3b

10/90

3.4

90/10

16.0 (R)

9.5

4b

15/85

0.7

93/7

24.0 (R)

23.6

d

1.8
11.5

5a

11/89

0.5

89/11

2.0 (S)

Sb

11/89

4.7

89/11

18.0 (R)

6a

10/90

0.7

90/10

3.3 (R)

1.6

6b

9/91

0.8

90/10

0.2 (R)

3.0

7a

8/92

<0.1

92/8

5.8 (S)

2.9d

7b

8/92

0.8

91/9

1.4 (S)

<0.1

11

9/91

<0.1

89/11

0.5 (R)

0.5

13

9/91

0.5

88/12

1.4 (R)

0.8

Reactions were carried out m dichloromethane at -78 °C using SO mol% catalyst and 2 5 equivalents of
unsaturated aldehyde
Determined by chiral capillary GC using Alfa DEX 120 column by Supelco
Absolute configuration determined by comparison .
Other isomer m excess

In addition to the enantioselectivities the diastereoselectivities as expressed by the exo/endo
ratio is of importance. The data show that the exo/endo ratio is not very much effected by the
structural nature of the ligands with a few exceptions, e g ligand 4b in the reaction with
acrolein and ligand 6a in the reaction with crotonaldehyde.
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The data presented in Table 3.2 and Table 3.3 clearly indicate that the enantioselectivities for
both ligand types are rather disappointing and absolutely not in line with the positive
expectation on the basis of the results reported by Kobayashi for ligand 13. It seems that the
cycloaddition of cyclopentadiene and crotonaldehyde is a positive exception in these series of
asymmetric Diels-Alder reactions. There is, however, a considerable effect of the carbinol
substituent on the enantioselectivity. These overall results strongly suggest that the energy
differences between the si- and re-facial transition states are too small to result in an
appreciable enantioselectivity. In order to shed some more light on these asymmetric DielsAlder reactions, the working models of Kobayashi and Aggarwal were studied using semiempirical calculations. The results of this computational study are described in the next
section.

Table 3.3 Enantioselective Diels-Alder reaction catalyzed by chiral boron catalysts"
16· R'=CH3, R"=H

a

Catalyst

exo / endo

ее.ехо[%]

17: R'=H, R"=CH,
Ьс

exo /endo

e.e. endo [%]"

3a

93 Π

16.6 (R)

i 192

<0.1

3b

92/8

7.0 (S)

12/88

30

4b

93/7

30.1 (S)

6/94

7.4

5a

93/7

7.8 (R)

7/93

4.1

Sb

92/8

2.0 (S)

7/93

0 6e

6a

95/5

33 4 (S)

26/74

32.2

6b

92/8

2.5 (R)

10/90

17.7e

7a

93/7

20.3 (S)

11/89

4.2

7b

90/10

1.8 (R)

7/93

2.4

8b

90/10

3.7 (R)

6/94

6.3

11

90/10

0.7 (R)

9/91

26 9e

13

91/9

0.7 (S)

10/90(31/69/

65 (59/

b

Reactions were earned out in dichloromethane at -78 °C using SO mol% catalyst and 2.S
equivalents of unsaturated aldehyde withrespectto cyclopentadiene.
Determined by chiral capillary GC using Alfa DEX 120 column by Supelco

с
d
e

Absolute configuration determined by comparison' *
Determined by chiral capillary GC usmg Beta DEX 120 column by Supelco.
Other isomer m excess

f

Values m parentheses determined by Kobayashi et al *
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3.4 Semi-empirical calculations
Recent theoretical studies on reactions of cyclopentadiene and unsymmetrical dienophiles
have shown that at least a HF/6-31G' level of calculation is required in order to reproduce the
correct endo/exo selectivities12-13. Studies (both semi-empirical14 and ab initio15'^) predict
a notable increase in the asynchronicity of the transition states when using Lewis acidic
catalysts in Diels-Alder reactions. However, the size of the system in this study, i.e. ligand/
boron/norbomene complex, precludes the use of high level ab initio methods. Therefore, the
working models of Aggarwal and Kobayashi, which led to excellent stereocontrol in this
reaction, were investigated with semi-empirical calculations using the azetidine and proline
derived ligands as well as Corey's ligand (18).
As mentioned earlier, Aggarwal stated that the complexes in solution of the diphenyl-[lmethyl-pyiTolidin-(2S)-yl]-methanol/borontribromide catalyst can be present in an open or
bicyclic structure (Scheme 3.4). NMR studies suggested only the presence of the open
structure. This means that the open structure either has a lower energy than the bicyclic
structure or that the energy barrier between the two structures is too large for establishing a
rapid equilibrium between the species or both. In the calculations shown below, the ligands
were minimized as their BBr2 complexes with varying boron-nitrogen distances by
MOPAC18. In all cases two energy minima were observed: the first minimum at a B-N
distance larger than 3 Â, indicating an open structure. The second minimum was observed at
approximately 1.7 Â, corresponding to a bicyclic structure (Figure 3.6).
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Figure 3.6 Minimized heats of formation of catalyst complexes with varying B-N distances
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The energy barrier between the two species was calculated by subtracting the minimized
energy of the 'open' structure from the minimized maximum energy at a B-N distance of
approximately 2.2 A. These results are collected in Table 3.4.

Table 3.4 Energy barrier between open and bicyclic structures'
bicyclic

open

max.

Efom

Efoim

Sforni

Comp.

a
b
с

ι
ДЕ,

Ь

ΔΕ,'

\

За

-215.84

-196.08

-175.52

19.04

20.55

.

3b

-208.10

-193.86

-167.42

14.24

26.43

ώ

4b

-528.21

-519.32

^89.41

8.89

29.91

5a

-322.30

-289.77

-278.21

32.53

11.57

5b

-312

-305.79

-283.99

6.21

21.80

6a

115.30

132.34

157.31

17.04

24.97

6b

283.18

146.00

298.56

-137.2

152.56

7a

50.31

71.47

92.73

21.16

21.26

7b

56.26

57.92

102.73

1.66

44.82

8b

277.19

279.40

324.51

2.21

_ 45.11 _

11

97.77

43.65

113.31

-54.12

69.66

13

35.33

28.89

67.46

-6.44

38.58

18

-353.60

-373.67

-332.11

-20.07

41.56

\

V

ψΤ^^
Ι^ι

Β-Ν

Heats of formation in kJ/mol.
ΔΕ, = E f m (open structure) - EroOT (bicyclic structure)
ΔΕι = E ^ (max) - Eroral (open structure); going from bicyclic to open structure

These results show that for the azetidine complexes, the bicyclic structure is more stable than
the open form, whereas the the open form is more stable in the case of the proline derived
catalysts and Corey's ligand. However, the energy barrier that has to be overcome before any
stabilizing effect of nitrogen toward boron can take place, is quite large at low temperature
for all catalyst complexes. Therefore, any complexation of the α,β-enals can be expected to
take place in the open structure. Corey's catalyst complex, depicted in Scheme 3.5, is a
bidentate chelate where boron is trivalently surrounded. Therefore, the bicyclic structure of
18 was further manipulated by placing one of the bromine atoms at increasing distance from
the boron atom. However, due to the lack of solvent interactions in the calculations, the
highly polarized structures thus obtained, showed continuously increasing heats of formation.
Since the available time was restricted, no further calculations with 18 using computational
methods which approximate the effect of solvent, i.e. EPS option in MOP AC 93, were
performed.
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In the next stage, the 2-bromo-2-formyl-norbomene structures (both endo and exo antipodes,
i.e. four configurations) were placed in relation to 6a such, that the B-Ol distance was 4.5 Â.
The norbomene skeleton was then rotated to obtain the structure with minimal interaction
between catalyst and substrate. In all four configurations this led to similar angles and
dihedral angles between the atoms 02, B, 0 1 , C5 and C2. Subsequently, the boron-formyl
oxygen distance was decreased to 1.7 Á. This led to an optimal distance of approximately 2 Â
for all configurations (Figure 3.7). Rotation of the norbomene fragment around the B-01
bond yielded only structures with less favorable energies.
210

P\

Ph
5
U**>

=?

190

Ph

I
i
á

A

Br' \Br

Ï
Br

- R-exo
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Figure 3.7 Heats of formation of boron complexes of 6a with four 2-bromo-2-formylnorbomene structures at varying B-Ol distances
Starting from the minimized structure with B-Ol « 2.0 Â, grid searches were performed by
increasing the distance between both CI and C2 and between C3 and C4 of the norbomene
fragment. It was expected that the potential energy hypersurface would show a saddlepoint,
representing the transition state of the reaction, but no such saddlepoint was observed (Figure
3.8). The uncatalyzed reaction of 2-bromoacrolein and cyclopentadiene, however, did show a
saddlepoint in the potential energy surface, leading to a straightforward determination of the
transition state.
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Figure 3.8 Energy profile of 6a / BBr2 / endo (R)-2-bromo-2-formyl-noibomene
Apparently, the addition of a boron catalyst effects the Diels-Alder reaction in such a way
that the formation of C3-C4 precedes the formation of C1-C2, which makes the latter less
relevant for the transition state. Therefore, the transition state was estimated by a reaction
path in which the distance C3-C4 was increased, while the C1-C2 bond length was no longer
restricted. This way the transition state structures of all four isomers of the catalyzed reaction
between 2-bromoacrolein and cyclopentadiene were determined. The results of the calcula
tions are collected in Table 3.5. Graphical representations of these structures are shown in
appendix A (Figure 3.9).
Table 3.5 Calculated heats of formation and bond lengths of the transition states of the boron
catalyzed reaction of 2-bromoacrolein and cyclopentadiene using auxiliary 6a
Efomi [kJ/mol]

C1-C2 [Â]

C3-C4 [A]

01-C5-C2-Br [°]

endo (1R,2S,4R)-15
endo(lS,2R,4S)-15

339.038

3.254

1.897

-172.1

343.295

3.458

1.899

172.1

eco(lS,2S,4S)-15

345.132

3.341

1.852

-174.8

exo (1R,2R,4R)-15

341.952

3.408

1.857

175.3

endo (1R,2S,4R)-15

369.321

3.254

1.820

2.5

eco(lS,2S,4S)-15

360.457

3.341

1.839

-1.2

Cycloadduct

2-Bromoacrolein assumes two distinct preferential conformations: the s-trans arrangement in
which the dihedral angle 01-C5-C2-Br is approximately 0° and the s-cis arrangement in
which this angle is near 180°. Both forms may react with cyclopentadiene and, indeed, in
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both cases a saddlepoint in the energy surface was found. However, the s-cts form leads to a
heat of formation more than 20 kJ/mol lower than the former, and is therefore the true
transition state.
The calculations were repeated after the bromine atom in 2-bromoacrolein was substituted for
a methyl group. Thus, the transition state structures of the boron catalyzed reaction of
methacrolein and cyclopentadiene using chiral ligand 6a were obtained. The results of these
calculations are collected in Table 3.6. Again, both for the s-trans and s-as conformations of
methacrolein saddlepoints in the energy surface were found. In the case of the s-cis
conformer, with a dihedral angle 01-C5-C2-C of approximately 180°, the energy was about
20 kJ/mol lower than for the s-trans conformer. Therefore, the structure in which
methacrolein adopts the s-cis conformation represents the true transition state. Graphical
representations of these structures are shown in appendix A (Figure 3.10).
Table 3.6 Calculated heats of formation and bond lengths of the transition states of the boron
catalyzed reaction of methacrolein and cyclopentadiene using auxiliary 6a
E f o m [kJ/mol]

C1-C2 [A]

C3-C4 [A]

endo (1R,2S,4R)-16

295.357

3.500

1.897

-172.1

endo (1R,2R,4R)-16

299.086

3.512

1.887

172.1

exo(lS,2S,4S)-16

301.559

3.581

1.819

-175.9

exo(lS,2R,4S)-16

297.980

3.394

1.827

175.3

en<fo(lR,2S,4R)-16

312.691

2.390

1.949

-4.2

Cycloadduct

01-C5-C2-<

In both cases, no evidence was found for the formation of a hydrogen bond between the
aldehyde hydrogen and the carbinol oxygen atoms. This is not surprising, since no such
unconventional hydrogen bond formation is incorporated in the MOPAC program.
Furthermore, in both cases considered the most favorable transition state structure led to the
formation of an endo product which is in contrast to the experimental observations (Table 3.2
and Table 3.3). Again, these results suggest that higher level ab initio calculation methods are
required to predict the correct stereo outcome of the reaction.

3.5 Discussion
The Diels-Alder reaction of cyclopentadiene with four types of α,β unsaturated aldehydes is
catalyzed by BBr3, as well as by the boron based catalysts 3-8 as could be deduced from the
enhanced reaction rate of the cycloaddition. The exo/endo ratios at - 78 °C with all four enals,
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compared to the reaction at room temperature, have improved as was expected. The
enantioselectivity induced by the chiral boron complexes is rather low. This is in sharp
contrast to the expectation on the basis of the reports by Kobayashi and Aggarwal, who
claimed high selectivities for proline-derived ligands in analogous Diels-Alder reactions. The
observed enantioselectivity proved to be strongly dependent on the structure of the dienophile
as well as that of the ligand.
The reaction with acrolein showed the lowest selectivities with all ligands and even
Kobayashi's 13 was no exception. The ligands where C-2 had an R-configuration all gave the
same enantiomeric cycloadduct with higher e.e. than the corresponding ligands with (S,2S)configuration.
The reaction of 2-bromoacrolein and cyclopentadiene is best catalyzed with catalysts 3b, 4b
and 5b. These catalysts all bear aliphatic carbinol substituents and have a (S,2R>configuration. It is of interest to point out that ligands which have (S,2S)-configuration give
much worse results. This may indicate that the (S,2R)-configuration of the catalysts leads to a
matching effect of the two chiral centers of the ligand as far as the chirality transfer is
concerned. On the other hand, the (S,2S)-configuration of the ligand apparently gives rise to a
mismatch. All ligands with aromatic carbinol substituents showed poor selectivities for either
product.
The best selectivities for the cycloaddition of methacrolein and cyclopentadiene were
obtained with azetidine ligands 4b, 6a and 7a, all giving the same norbomene-enantiomer in
excess. The proline derived ligands showed selectivities smaller than 1 %. These results are in
sharp contrast with those reported by Kobayashi and Aggarwal for the same reaction with the
corresponding diphenyl carbinol derived from Λί-methvl-proline which showed very good
selectivity4'5. This points at a substantial effect of the N-alkyl substituent on the enantio
selectivity. The sterically more demanding (a-methyl-)benzyl group apparently hinders the
complexation of the dienophile, resulting in a less effective chirality transfer from the
ligand/boron complex to the substrate.
The diphenyl carbinols 6a, 6b, 11 and 13 were the ligands of choice in the Diels-Alder
reaction of crotonaldehyde and cyclopentadiene giving moderate to good selectivities. Both
ligands with (S,2S)-configuration gave the same norbomene enantiomer, whereas the
opposite enantiomer was formed preferentially when the ligands with (S,2R)-configuration
were used. Disappointingly, the selectivities with the azetidine based ligands were somewhat
lower than those with the proline derived ligands. The difference in exo/endo ratio for catalyst
13 as compared to Kobayashi's results is remarkable.
The following observations can be made regarding the simulations of the boron catalyzed
Diels-Alder reaction by semi-empirical calculations:
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All ligands considered showed two distinct optimal BBr2-complex structures: one structure
with a B-N distance of approximately 1.7 Â and another with B-N distance larger than 3 Â.
The energy barrier between the two structures, which is larger than 20 kJ/mol, prohibits the
formation of the former, bicyclic structure at low temperature. Therefore, chirality transfer
can be expected to take place via the latter structure. Furthermore, no evidence was found for
the formation of a hydrogen bond between the carbinol oxygen of the auxiliary and the
aldehyde hydrogen of the dienophile as postulated by Corey and coworkers.
Also, the use of boron catalyst 6a-BBr2 increased the asynchronicity of the transition states
observed, which is in good agreement with literature observations14"17. Indeed, the formation
of C3-C4 precedes the formation C1-C2 to such an extent, that the latter is no longer relevant
for the transition state. Furthermore, both 2-bromoacrolein and methacrolein react in the s-cis
rather than the s-trans conformation.
AMI calculations as implemented in the MOPAC 93 program are a useful tool for locating
transition state structures of elaborate structures. However, the calculation of the exact heats
of formation still requires higher level ab initio methods. The energies thus obtained, may
then lead to predictions for the exo/endo selectivity when using chiral auxiliaries.

3.6 Experimental
General remarks
All reactions were carried out in an inert atmosphere of argon or nitrogen. Melting points
were determined using a Reichert thermopan microscope and are uncorrected. Optical
rotations were measured with a Perkin Elmer automatic Polarimeter, model 241 MC, using
concentrations с in g/100 ml at 20 °C in the solvents indicated. 'H- and l3C-NMR spectra
were recorded with a Braker AC 100 (100 MHz, FT) spectrometer. The chemical shift δ is
l3
denoted in ppm relative to the internal standard (TMS for Ή NMR, CDC13 for C NMR). IR
spectra were recorded on a Perkin Elmer 298 spectrophotometer. The wavenumber σ is listed
in cm''. For (high resolution) mass spectra a double focussing VG7070E mass spectrometer
was used. GC-MS were measured using a Varian Saturn II GC-MS by on-column injection
(DB-1 column, length 30 m, internal diameter 0.25 mm, film thickness 0.25 μπι). Elemental
analyses were performed using a Carlo Erba Instruments CHNS-O EA 1108 element
analyzer.
Solvents and reagents
Diethyl ether was pre-dried over calcium chloride, then distilled from calcium hydride and
stored over sodium wire. Hexane was distilled from calcium hydride and stored over
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molsieves (4Â). Ethyl acetate was distilled from potassium carbonate. Dichloromethane was
distilled from calcium hydride. Triethylamine was distilled from calciumhydride and stored
over KOH pellets. Dicyclopentadiene was cracked at 180 °C to obtain cyclopentadiene as a
colorless liquid with a boiling point of 41 °C which was stored at -70 °C to prevent
dimerization. Acrolein, methacrolein and crotonaldehyde were distilled and stored at -70 °C.
2-Bromo-acrolein was prepared following literature procedures,9·20 and also stored at -70 °C.
Stock solutions of BBr3, cyclopentadiene and the unsaturated carbonyl compounds in freshly
distilled dichloromethane were prepared in advance and stored at -70 °C. 1-Benzyl-(2S)proline was a generous gift of Dr. G.H.L. Nefkens. N-Tosyl-phenylalanine and N-tosyl-isoleucine were generous gifts of Drs. P.J. Hermsen.
Methyl 2,4-dibromobutyrate (1)
Compound 1 was prepared following literature procedure21 as described in chapter 2.
Yield: 102.7 g, 85 %. Bp. 53 °C (0.03 mm Hg). Ή NMR (CDC13): δ 4.54 (t, IH, СНВг), 3.81
(s, ЗН, СООСНз), 3.55 (t, 2Н, CH2Br), 2.53 (dt, 2H, CH2). IR (СС14): σ 1742 (s, COOCH3).
GC-MS: m/e 227 (M+ - ОСН3, isotope pattern of 2 bromines), 199 (M* - COOCH3, isotope
pattern of 2 bromines), 179 (M+ - "Br, isotope pattern of 1 bromine).
(2S) and (2R) Methyl l-((lS)-phenylethyl)azetidine-2-carboxylate (2a and 2b)
Azetidine esters 2a and 2b were prepared starting from 1 as described in chapter 2.
Methyl l-((lS)-phenylethyl)azetidine-(2S)-carboxylate (2a)
R,: 0.25. Bp.: 76-77 °C (0.03 mm Hg).[a]n : -124.5° (c=l, CHC13). Ή NMR (CDC13): δ 7.30
(m, 5H, Ph), 3.75 (s, ЗН, COOCH3and t, IH, NCW), 3.45 (q, IH, NCtf(CH3), 3.20-3.02 and
2.91-2.66 (m, 2H, NCH2), 2.37-2.10 (m, 2H, CH2), 1.22 (d, 3H, NCH(C#3)). ,3 C NMR
(CDC13): δ 173.6 (s, C(O)O), 142.4 (s, aromatic С), 128.1, 127.4, 127.1 (d, aromatic С),
67.1 and 63.6 (d, NCH and NCH(CH3), 51.8 (q, OCH3), 49.5 (t, NCH2), 20.9 (t, CH2), 20.7
(q, NCH(CH3)). IR (CC1„): σ 1735 (s, COOCH3), 700 (s, monosubstituted phenyl). GC-MS:
m/e 220 (M+ + 1), 204 (M+ - СН3), 160 (M* - СООСН3), 105 (Methyltropilium). HR-MS:
Calculated for C l 3 H 1 7 N0 2 219.1259, found 219.1260.
Methyl l-((lS)-phenylethyl)azetidine-(2R)-carboxylate (2b)
Rf: 0.20. Bp.: 79 °C (0.02 mm Hg). [ a ] " : +35° (c=l, CHC13). Ή NMR (CDC13): δ 7.26 (m,
5H, Ph), 3.67-3.50 (m, 2H, NCH and NCtf(CH3)), 3.36 (m, IH, NCH2), 3.33 (s, 3H,
COOCH3), 3.13-2.89 (m, IH, NCH2), 2.39-2.08 (m, 2H, CH2), 1.29 (d, 3H, NCH(Ctf3). "C
NMR (CDC13): δ 172.8 (s, C(O)O), 141.8 (s, aromatic С), 128.1, 128.0, 127.6 (d, aromatic
С), 66.3 and 64.6 (d, NCH and NCH(CH3), 51.6 (q, OCH3), 50.7 (t, NCH2), 20.9 (t, CH2),
19.8 (q, NCH(CH3)). IR (CC14): σ 1745 (s, COOCH3), 700 (s, monosubstituted phenyl). GC-
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MS: m/e 220 (M++ 1), 204 (M+ - CH3), 160 (M+- COOCH3), 105 (Methyltropilium). HR-MS:
Calculated for C13H17N02 219.1259, found 219.1258.
General procedure for Grignard syntheses
The glassware was oven-dried and assembled under argon. To a suspension of 5 equivalents
of magnesium turnings in diethyl ether (10 ml) 1 ml of a solution of 5 equivalents of alkyl- or
arylhalide in diethyl ether (10 ml) was added to start the reaction. If the reaction started
sluggishly, a spoontip of iodine or some drops of 1,2-dibromoethane were added. As soon as
the reaction started, the remaining alkyl- or arylhalide was gradually added and the solution
was refluxed for an additional 30 min. Then, a solution of 2a or 2b (2.00 g, 9.13 mmol) in
diethyl ether (5 ml) was added dropwise and the reaction mixture was stirred for 2 h. After
addition of an excess of saturated NH4C1 solution, the layers were separated and the aqueous
layer was extracted with diethyl ether. The combined organic layers were dried (MgS04),
filtered and concentrated in vacuo. The crude carbinols were purified by flash chromatography (hexane:ethyl acetate, 10:1 - 5:1, v/v).
2-(l-((lS)-phenylethyl)azetìdin-(2S)-yl)-propan-2-ol (За)
Yield: 1.44 g, 72 %. [α]^° : -64.0° (c=l, CHC13). Ή NMR (CDC13): δ 7.45-7.14 (m, 5H, Ph),
3.78 (q, IH, NCtf(CH3)), 3.59 (s, IH, OH), 3.18-2.76 (m, 3H, NCH2 and NCH), 2.17-1.54
(m, 2H, CH2), 1.30 (d, 3H, ЫСН(СЯ3)), 1.24 and 1.01 (s, 3H, СЯ3-С-ОН).

,3

C NMR

(CDClj): δ 140.9 (s, aromatic С), 128.3, 128.2, 127.2 (d, aromatic С), 69.6 (s, carbinol С),
69.2 and 62.3 (d, NCH and NCH(CH3)), 44.7 (t, NCH2), 29.1, 24.0, 20.1 (q, CH3CCH3 and
NCH(CH3)), 17.3 (t, CH2). IR (CC14): σ 3550 (broad, OH), 700 (s, monosubstituted phenyl).
GC-MS: m/e 220 (M+ + 1), 204 (M+ - СН3), 160 (М+ - С(СН3)2ОН), 105 (Methyltropilium).
HR-MS: Calculated for CI4H2lNO 219.1623, found 219.16236.
2-(l-((lS)-phenylethyl)azetidin-(2R)-yl)-propan-2-ol(3b)
Yield: 1.10 g, 55 %. [ a ] " : -9.3° (c=l, CHC13). Ή NMR (CDC13): Ъ 7.38-7.23 (m, 5H, Ph),
3.78 (q, IH, NCtf(CH3)), 3.29-2.88 (m, 3H, NCH2 and NCH), 2.31 (broad s, IH, OH), 2.111.77 (m, 2H, CH2), 1.29 (d, 3H, NCH(Ctf3)), 0.96 and 0.64 (s, 3H, СЯ3-С-ОН). 13C NMR
(CDC13): δ 144.4 (s, aromatic С), 126.5,127.7,127.4 (d, aromatic С), 73.1 and 65.1 (d, NCH
and NCH(CH3)), 69.6 (s, carbinol С), 46.8 (t, NCH2), 26.6, 23.9, 17.9 (q, CH3CCH3 and
NCH(CHj)), 18.0 (t, CH2). IR (СС14): σ 3550 (broad, ОН), 700 (monosubstituted phenyl).
GC-MS: m/e 220 (M+ + 1), 204 (M+ - CH3), 160 (M+ - C(CH3)2OH), 105 (Methyltropilium).
HR-MS: Calculated for Cl4H21NO 219.1623, found 219.16235.
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8-(l -((1 S)-phenylethyl)azetidin-(2R)-yl)-pentadecan-8-ol (4b)
Yield: 3.26 g, 92 %. [ α ] " : +32.2° (c=l, CHC13). Ή NMR (CDC13): δ 7.34-7.26 (m, 5H, Ph),
3.64 (q, IH, NCtf(CH3)), 3.42 (t, IH, NCH), 3.09 (dd, 2H, NCH2), 2.26-1.64 (m, 2H, CHj),
1.32 (d, 3H, NCH(Ctf3)), 1.3-0.9 (broad m, 14 H, alkyl chain CH2), 0.87 (t, 6Н, alkyl chain
CH3). "С NMR (CDCI3): δ 144.5 (s, aromatic С), 126.5, 127.6,127.3 (d, aromatic С), 72.9 (s,
carbinol С), 70.0 and 63.4 (d, NCH and NCH(CH3)), 45.9 (t, NCH2), 36.6 (t, CH2), 33.4,
31.9, 30.4, 30.2, 29.3, 29.3, 23.6, 23.2, 22.7 (t, alkyl CH2), 17.1, 16.7, 14.2 (q, NCH(CH3)
and alkyl CH3). IR (CCI,): σ 3300 (broad, OH). GC-MS: m/e 388 (M+ + 1), 288 (M* - C7HI5),
105 (Methyltropilium). HR-MS: Calculated for C26H45NO 387.3501, found 387.3483.
DicycIohexyl-(l-((lS)-phenylethyl)azetidiD-(2S)-yl)-methanol(5a)
Yield: 2.89 g, 89 %. Mp.: 66-67 °C (diethyl ether), [ a ] " : +42.6° (c=l, CHC13). Ή NMR
(CDC13): δ 7.45-7.15 (m, 5H, Ph), 3.88-3.58 (m, 2H, NCH and NCtf(CH3)), 3.46 (broad s,lH,
OH), 3.23-2.84 (m, 2H, NCH2 ), 2.3-0.9 (m, 27H, CH2, NCH(Ctf3) and cyclohexyl). I3C
NMR (CDC13): δ 141.4 (s, aromatic С), 128.4,128.2, 127.3 (d, aromatic С), 75.4 (s, carbinol
С), 64.9 and 62.9 (d, NCH and NCH(CH3)), 46.5,43.5 (d, cyclohexyl), 45.2 (t, NCH2), 29.3,
29.0, 28.7, 27.8, 27.7, 27.6, 27.4, 27.1, 27.0 (t, cyclohexyl), 20.1 (q, NCH(CH3)), 18.3 (t,
CH2). IR (CC14): σ 3400 (broad, OH), 700 (monosubstituted phenyl). GC-MS: m/e 356 (M+ +
1), 340 (M+ - CH3), 272 (M+ - cyclohexyl), 160 (M+ - C(C6HM)2OH), 105 (Methyltropilium).
Elemental analysis: Calculated for C24H37NO %C 81.07, %H 10.49, %N 3.94. Found %C
81.06, %H 10.56, %N 4.02.
Dicyclohexyl-(l-((lS)-phenylethyl)azetidin-(2R)-yl)-methanol(5b)
Yield: 2.14 g, 66 %. Mp.: 107-108 °C (diethyl ether), [ a ] " : -94.2° (c=l, CHC1}). Ή NMR
(CDC13): δ 7.35-7.15 (m, 5H, Ph), 4.03-3.71 (m, 2H, NCH and NC#(CH3)), 3.31-3.09 and
2.86 (broad m and dt, ЗН, ОН and NCH2), 2.4-0.9 (m, 27H, CH2, NCH(Ctf3) and cyclohexyl).
,3

C NMR (CDC13): δ 144.0 (s, aromatic С), 128.3, 127.1, 126.8 (d, aromatic С), 75.4 (s,

carbinol С), 65.1 and 59.8 (d, NCH and NCH(CH3)), 47.1, 43.5 (d, cyclohexyl), 42.9 (t,
NCH2), 29.3, 29.1, 29.0, 27.9, 27.7, 27.5, 27.0 (t, cyclohexyl), 18.5 (q, NCH(CH3)), 13.3 (t,
CH2). IR (CC14): σ 3390 (broad, OH), 700 (monosubstituted phenyl). GC-MS: m/e 356 (Μ* +
1), 340 (M+ - CH3), 272 (M+ - cyclohexyl), 160 (M+ - C(C6HM)2OH), 105 (Methyltropilium).
Elemental analysis: Calculated for C24H37NO %C 81.07, %H 10.49, %N 3.94. Found %C
80.93, %H 10.60, %N 3.99.
Diphenyl-(l-((lS)-phenylethyl)azetidin-(2S)-yl)-methanol(6a)
The crystallographic data of 6a are compiled in appendix B.
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0

Yield: 2.26 g, 72 %. Mp.: 90-92 °C (hexane). [ a ] " : -H.5 (c=l, CHC13). Ή NMR (CDC13):
δ 7.66-6.80 (m, 15H, Ph), 5.60 (broad s, IH, OH), 4.26 (t, IH, NCH), 3.30-2.82 (m, 3H,
NCH2 and NCtf(CH3)), 2.08-1.66

I3

(m, 2H, CH2), 0.85 (d, 3H, NCH(Ctf3)). C NMR

(CDC13): δ 148.1, 145.3, 140.6 (s, aromatic С), 128.2, 128.2, 128.1, 127.1, 126.8, 126.5,
126.0, 125.7 (d, aromatic С), 75.7 (s, carbinol С), 69.8, 61.2 (d, NCH and NCH(CH3)), 45.0
(t, NCH2), 19.8 (q, NCH(CH3)), 19.6 (t, CH2). IR (CC14): σ 3230 (broad, OH), 700 (mono+

+

+

substituted phenyl). GC-MS: m/e 343 (M ), 328 (M* - CH3), 266 (M - Ph), 238 (M methylbenzyl), 105 (Methyltropilium). Elemental analysis: Calculated for C24H25NO %C
83.93, %H 7.34, %N 4.08. Found %C 83.61, %H 7.28, %N 4.19.
Diphenyl-(l-((lS)-phenylethyl)azetidin-(2R)-yl)-methanol(6b)
Yield: 2.35 g, 75 %. Mp.: 89.5-90.0 °C (hexane). [a]™ : -52.0° (c=l, CHC13). Ή NMR
(CDC13): δ 7.60-6.97 (m, 15H, АгН), 5.25 (broad s, IH, OH), 4.65 (t, IH, NCH2), 3.41-2.81
(m, 3H, NCH, and NCtf(CH3)), 2.21-1.81 (m, 2H, СН2), 1.16 (d, ЗН, NCH(Ctf3)). ,3 С NMR
(CDC13): δ 147.4, 144.7, 142.6 (s, aromatic С), 128.1, 128.0, 127.0, 126.9, 126.5, 126.3,
125.5, 125.5 (d, aromatic С), 75.5 (s, carbinol С), 66.4, 57.7 (d, NCH and NCH(CH3)), 42.6
(t, NCH2), 19.0 (t, CH2), 12.8 (q, NCH(CH3)). IR (CC1<): σ 3200 (broad, OH), 700 (monosubstituted phenyl). GC-MS: m/e 343 (M+), 328 (M+ - CH3), 238 (M+ - methylbenzyl), 105
(Methyltropilium), 91 (Tropilium). Elemental analysis: Calculated for C24H25NO %C 83.93,
%H 7.34, %N 4.08. Found %C 84.02, %H 7.32, %N 4.24.
Di-(4-methylphcnyl)-(l-((lS)-phenylethyl)azetidin-(2S)-yl)-methanol(7a)
Yield: 2.41 g, 71 %. [a]^° : -41.7° (c=l, CHC13). Ή NMR (CDC13): δ 7.90 and 7.76 (d ABquartet, 4H, tolyl), 7.59-7.32 (m, 9H, Ph and tolyl), 5.60 (broad s, IH, OH), 4.97 (t, NCH2),
3.76 (q, IH, NCtf(CH3)), 3.74-3.3 (m, 2H, NCH2), 2.58 (s, 6H, 4-СЯ3-рЬепу1), 2.4-2.0 (m,
2H, CH2), 1.51 (d, ЗН, NCH(Ctf3)). ,3 С NMR (CDC13): δ 145.4, 142.6, 140.8, 136.0, 135.9
(s, aromatic С), 128.9, 128.4,128.2, 127.3,125.9, 125.6 (d, aromatic С), 75.6 (s, carbinol С),
69.6, 61.2 7 45.0 (t, NCH2), 21.1, 19.9 (q, 4-CH3-phenyl and NCH(CH3)), 19.6. (t CH2). IR
(CCI,): σ 3300 (broad, OH). GC-MS: m/e 372 (M + + 1), 160 (М+ - С(4-СН3-С6Н4)2ОН), 105
(Methyltropilium). HR-MS: Calculated for C26H29NO 371.2249, found 371.2248.
Di-(4-methylphenyl)-(l-((lS)-phenylethyl)azetidin-(2R)-yl)-mcthanol(7b)
Yield: 2.31 g, 68 %. [ α ] „ : +45.3° (c=l, CHC13). Ή NMR (CDC13): δ 7.58 (d AB-quartet,
2H, tolyl), 7.35-6.8 (m, ПН, Ph and tolyl), 4.23 (t, IH, NCH), 3.3-2.8 (m, 3H, NC#(CH3)
and NCH2), 2.28 and 2.25 (s, 6H, 4-Ctf3-phenyl), 2.0-1.7 (m, 2H, CH2), 0.91 (d, 3H,
NCH(Ctf3)). 13C NMR (CDC13): δ 145.2, 143.3 , 142.6, 136.0, 135.8 (s, aromatic С), 129.1,
128.5, 127.4, 127.0, 125.8 (d, aromatic С), 75.6 (s, carbinol С), 68.9, 58.3 (d, NCH and
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NCH(CHj)), 43.1 (t, NCH2), 21.4,21.3 (q, 4-CH3-phenyl), 19.4 (t, CH2), 13.3 (q, NCH(CH3)).
+

IR (CCI,): σ 3300 (broad, OH). GC-MS: m/e 372 (M +l), 160 (M* - С(4-СН3-С6Н4)2ОН),
105 (Methyltropilium). HR-MS: Calculated for C26H29NO 371.2249, found 371.2248.
Di-(2-naphtyl)-(l -((1 S)-pheny lethy I)azetidin-(2R)-yl)-methano! (8b)
Yield: 2.75 g, 68 %. Mp.: 141 °C (diethyl ether), [a]™ : -51.2° (c=l, CHC13). Ή NMR
(CDC13): δ 8.1-7.3 (m, 14H, nafryl), 7.1-6.9 (m, 5H, Ph), 5.25 (broad s, IH, OH), 4.87 (t, IH,
NCH), 3.4-2.9 (m, 3H, NCH2 and NCtf(CH3)), 2.2-1.85 (m, 2H, CH2), 1.17 (d, 3H,
NCH(C#3)). , 3 C NMR (CDC13): δ 144.5, 142.8, 142.1, 133.1, 132.2 (s, aromatic С), 128.3,
128.2, 128.0, 127.7, 127.5, 127.3, 126.9, 126.7, 125.8, 125.6, 124.5, 124.3, 124.0, 123.7 (d,
aromatic С), 75.9 (s, carbinol С), 68.6, 59.1 (d, NCH and NCH(CH3)), 43.6 (t, NCH2), 19.3
(t, CH2), 14.1 (q, NCH(CH3)). IR (CC14): σ 3300 (broad, OH). Mass (ΕΙ): m/e 443 (M+), 160
(M+ - С(С10Н7)2ОН), 105 (Methyltropilium). Elemental analysis: Calculated for C32H29NO
%C 86.65, %H 6.58, %N 3.16. Found %C 86.43, %H 6.64, %N 3.26.
Methyl 2,5-dibromo-pcntanoate (9)
The same procedure as for the synthesis of 1 was used starting with δ-valerolactone (5.00 g,
49.9 mmol). The product was purified by distillation in vacuo.
Yield: 12.284 g, 90 %. Bp.: 91-93 °C (0.12 mmHg). Ή NMR (CDC13): δ 4.28 (dd, IH,
СНВг), 3.80 (s, ЗН, СООСН3), 3.43 (t, 2Н, СН2Вг), 2.35-1.91 (m, 4Н, СН2СН2). IR (CCI,):
σ 1745 (s, COOCHj). GC-MS: m/e 279 (M*, isotope pattern of 2 bromines), 212 (M+ COOCHj, isotope pattern of 2 bromines).
Methyl l-((lS)-phenylethyl)pyiTolidine-2-carboxylate (10)
To a refiuxing solution of 9 (1.00 g, 3.65 mmol) and potassium carbonate (1.009 g, 7.3
mmol) in acetonitrile (10 ml) and distilled water (1 ml) a solution of (S)-a-methylbenzylamine (491 mg, 4.05 mmol) in acetonitrile (5 ml) was added dropwise. When no more
9 was present as was determined by GC, the reaction was stopped by concentrating the
mixture in vacuo and taking-up the residue in IN HCl solution. The aqueous solution was
extracted once with ethyl acetate, brought to pH > 8 by adding IN NaOH solution and
extracted with dichloromethane. The latter extract was dried (MgS04), filtered and
concentrated in vacuo. The diastereomers were purified, but not separated, by flash
chromatography (hexane:ethyl acetate, 7:1, v/v) and used as such in the Grignard reaction.
Diphenyl-(l-((lS)-phenyIethyI)pyrroIidin-(2R)-yl)-methanol(ll)
The crystallographic data of 6c are compiled in appendix B.
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Mp.: 115.5 °C (hexane). [ α ] " : +0.5° (c=l, CHC13). Ή NMR (CDC13): δ 7.76-7.01 (m, 15H,
Ph), 5.0 (broad s, IH, OH), 4.3 (t, NCH), 3.10-2.57 (m, 3H, NC#(CH3) and NCH2), 1.75-1.25
(m, 4H, CHjCHj), 1.18 (d, 3H, NCH(Ctf3)). "C NMR (CDC13): δ 148.9, 146.7, 140.3 (s,
aromatic С), 128.8, 128.3, 128.1, 127.2, 126.5, 126.3, 126.1, 125.8 (d, aromatic С), 78.1 (s,
carbinol С), 67.9, 57.7 (d, NCH and NCH(CH3)), 47.5 (t, NCH2), 30.1, 24.5 (t, CH2CH2),
20.6 (q, NCH(CH3)). IR (CC14): σ 3450 (broad, OH), 710, 700 (s, monosubstituted phenyl).
+

+

+

Mass (EI): m/e 358 (M + 1), 280 (M - C6H5), 174 (M - C(C6H5)2OH), 105 (Methyltropilium). Elemental analysis: Calculated for C^H^NO %C 83.99, %H 7.61, %N 3.92.
Found %C 83.71, %H 7.69, %N 3.96.
Methyl l-benzylpyrrolidine-(2S)-carboxylate (12)
To a suspension of l-benzyl-(2S)-proline in THF was added an excess of a 0.3 M solution of
diazomethane in diethyl ether. After the initial gas evolution had stopped the yellow solution
was stirred for 30 min., after which the excess diazomethane was removed by bubbling
nitrogen gas through the solution. The product was obtained in quantitative yield after
concentration in vacuo.
[ α ] " : ° (c=l, CHC13), lit. [a\™ : -79.2° (c=1.203, CHC13)22, [a]'D8: -85.7° (c=4.0, CHC13)23.
Ή NMR (CDC13): δ 7.4-7.3 (m, 5H, Ph), 3.73 (AB quartet, 2H, NC# 2 Ph), 3.65 (s, ЗН,
COOCH3), 3.32-2.95 (m, 2Н, NCH2), 2.43 (t, IH, NCH), 2.28-1.7 (m, 4H, CH2CH2). IR
(CC14): σ 1740 (s, COOCH3), 700 (s, monosubtituted phenyl).
Diphenyl-(l-benzylpyrrolidin-(2S)-yl)-methanoI (13)
The crystallographic data of 13 are compiled in appendix В.
Yield: 76 %. Mp.: 116 °C (diethyl ether), [ α ] " : -94.5° (c=l, CHC13). Ή NMR (CDC13): δ
7.8-6.9 (m, 15 H, Ph), 4.87 (broad s, IH, OH), 3.97 (dd, IH, NCH), 3.11 (AB quartet, 2H,
NCtfjPh), 3.0-2.8 and 2.49-2.22 (m, 2H, NCHj), 2.2-1.4 (m, 4H, СН2СН2). 13С NMR
(CDC13): δ 148.2, 146.8, 139.8 (s, aromatic С), 128.7, 128.3, 128.2, 128.2, 126.9, 126.5,
126.3, 125.7, 125.7 (d, aromatic С), 76.0 (s, carbinol С), 70.8 (d, NCH), 60.7, 55.6 (t,
NCHjPh and NCH2), 29.9, 24.3 (t, CH2CH2). IR (CC14): 3450 (broad, OH). GC-MS: 160 (M+
- C(C6H5)2OH), 91 (Tropilium). Elemental analysis: Calculated for C2<H25NO %C 83.93, %H
7.34, %N 4.08. Found %C 83.96, %H 7.34, %N 4.22.
General remarks concerning the asymmetric catalytic Diels Alder reactions
All reactions were carried out under an inert atmosphere of argon, using standard Schlenk
techniques. First, racemic mixtures of both endo and exo adducts were obtained by carrying
out the BBr3 catalyzed Diels-Alder reaction without any chiral auxiliary. Endo/exo ratios
were determined by capillary GC and Ή NMR. Enantiomeric excesses (e.e.'s) of the Diels
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Alder products were determined by GC using chiral columns: Supelco, Beta-DEX™ 120
fused silica column (length 60 m, internal diameter 0.25 mm, film thickness 0.25 ц т ) and
Supelco, Alfa-DEX™ 120 fused silica column (length 30 m, internal diameter 0.25 mm, film
thickness 0.25 um).
9

2-Bromoacrolein ' >

20

A solution of freshly distilled acrolein (4.19 g, 74.7 mmol) in dichloromethane (20 ml) was
cooled to -50 °C and bromine was added until no decolorization of the reaction mixture
occurred. During the addition the temperature was kept below -40 °C. To the dibrominated
acrolein triethylamine (20 g, 198 mmol) was carefully added, while keeping the temperature
below -40 °C. When all was added the temperature of the mixture was slowly raised to room
temperature. The reaction mixture was acidified to pH < 4 by addition of 1 M citric acid
solution. The layers were separated and the aqueous layer extracted with dichloromethane.
The combined organic layers were dried over MgS04, filtered and concentrated by distillation
(Toi| ,„„, < 55 GC). The product was then purified by distillation in vacuo.
Yield: 48 %. Bp.: 43-45 °C/25 mmHg; lit. 24 38 °C/22 mmHg; lit. 20 46-48 °C/28 mmHg. Ή
NMR (CDClj): δ 9.28 (s, IH, CHO), 6.94 (s, 2Н, СН2)
General procedure for asymmetric Diels-Alder reactions
In a dry 10 ml Schlenktube 0.16 mmol chiral ligand was dissolved in dichloromethane (1 ml)
containing 0.16 mmol BBr3. After 1 h. the solvent and any non-coordinated BBr3 were
removed in high vacuum. The residue was then dissolved in dichloromethane (5.0 ml)
containing 0.8 mmol (5 equivalents) of unsaturated carbonyl compound and cooled to -78 °C.
Finally, a solution of 0.3 mmol (2 equivalents) cyclopentadiene in dichloromethane (5 ml)
was added and the reaction mixture was stored at -70 °C for 19 h. The reaction was quenched
at -70 °C with saturated NaHC0 3 solution and the aqueous layer extracted with diethyl ether.
The combined organic layers were extracted with 1 N HCl solution to separate the chiral
ligand and dried with MgSO<, filtered and concentrated in vacuo after which the endo/exo
ratios and the e.e.'s were determined. The chiral ligand was recovered by adding 1 N NaOH
solution to the acidic aqueous extract and extraction of the alkaline solution with dichloro
methane (Typical recovery yield: 80 %).
Bicyclo [2.2.1 ] hept-5-ene-2-carboxaldehyde (14)
The enantioselectivity of the endo adduci was determined by chiral capillary GC using the
Alfa DEX 120 column.
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2-Bromobicyclo[2.2.1]hept-5-ene-2-carboxaldehyde(15)
Semi-solid. Ή NMR (CDC13): δ 9.54 and 9.33 (s, IH, CHO exo and endo, respectively), 6.45
(dd, IH, H-6), 6.15 (dd, IH, H-5), 3.26 (broad s, IH, H-l), 2.98 (broad s, IH, H-4), 2.66 (dd,
IH, H-3), 1.60-1.40 (m, 2H, H-3 and Н-7), 1.34 (d, IH, H-7). IR (CC14): σ 1725 (C=0).
The enantioselectivity of both the endo and exo adduet was determined by chiral capillary GC
using the Alfa DEX 120 column (100 °C isotherm). The absolute configuration of the exo
adduct was determined by comparison to the known compound (1R,2R,4R)-15 obtained from
the N-tosyl-Z.-phenylalanine derived oxazaborolidine catalyzed reaction1 '.
2-MethyIbicyclo [2.2.1 ] hept-5-ene-2-carboxaldehyde (16)
Ή NMR (CDClj): δ 9.62 and 9.33 (s, IH, CHO exo and endo, respectively), 6.23 (dd, IH, H6), 6.03 (dd, IH, H-5), 2.33 (broad s, 2H, H-l and ПА), 2.18 (dd, IH, H-3), 1.32 (d, IH, H3), 1.4-1.2 (m, IH, H-7), 0.94 (s, 3H, CH3), 0.69 (d, IH, H-7). IR (CH2C12): σ 2922 (m,
CHO), 1712 (s, C=0).
The enantioselectivity of the exo adduct was determined by chiral capillary GC using the Alfa
DEX 120 column (85 °C isotherm). The absolute configuration of this adduct was determined
by comparison to the known compound (1R,2R,4S)-16 obtained from the N-tosyl-£-woleucine derived oxazaborolidine catalyzed reaction11.
3-Methylbicyclo[2.2.1]hept-5-ene-2-carboxaldehyde(17)
Analytical Ή NMR (CDC13): δ 9.79 (d, exo-CHO), 9.36 (d, endo-CUO).
The enantioselectivity of the endo adduct was determined by chiral capillary GC using the
Beta DEX 120 column.
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3.7 Appendices
Appendix A: Computational details and transition state structures
25

Semi-empincal studies were earned out using A M I method as implemented in the
18
MOP AC 93 program Transition states have been located without any geometry restriction
and have been characterized through the calculation of the force constants matrix by ensuring
that they correspond to maxima of the potential energy hypersurface, ι e, they have one and
26
only one imaginary frequency Individual structures along the reaction coordinates and the
27
corresponding potential energies were visualized using the program Molden
3 408 A

3 458 A

e/ii/o(lS,2R,4S)-15

exo (1R,2R,4R)-15

О

H

®
©

N

fà

endo (1R,2S,4R)-15

B

Br

exo(lS,2S,4S)-15

Figure 3.9 Chem3D drawings of the transition state structures of the boron catalyzed reaction
of 2-bromoacrolein and cyclopentadiene All hydrogen atoms have been omitted for clarity,
except the aldehyde hydrogen atom Bond lengths for C1-C2 and C3-C4 of the norbornene
fragment were calculated by MOP AC
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endo (1R,2R,4R)-16

exo(lS,2R,4S)-16

endo (\S¿SAS)-16

eto(lR,2S,4R)-16

Figure 3.10 Chem3D drawings of the transition state structures of the boron catalyzed
reaction of methacrolein and cyclopentadiene. All hydrogen atoms have been omitted for
clarity, except the aldehyde hydrogen atom. Bond lengths for C1-C2 and C3-C4 of the
norbomene fragment were calculated by MOPAC.
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Appendix В: Crystallographic data*
Diphenyl-(l-((lS)-phenylethyl)azetidin-(2S)-yl)-methanol(6a)
An iiregular shaped crystal of dimensions 0.41 * 0.38 * 0.36 mm was mounted on a
glassfiber and the structure of 6a was determined at a temperature of 293 K.
28
The crystal structure was solved by the program CRUNCH . The structure was refined by
2
29
full-matrix least-squares on F values using SHELXL with anisotropic parameters for the
nonhydrogen atoms. All hydrogens attached to the carbon atoms were initially placed at
calculated positions and were freely refined subsequently. The hydrogen attached to the
oxygen atom was taken from a difference Fourier map and was also freely refined. The
refinement converged to an R-value of 0.0462 for the 2141 unique reflections considered
observed. Crystal data and a summary of the refinement are collected in Table 3.7.
Table 3.7 Crystal data and structure refinement for compound 6a
Color / shape
Empirical formula
Formula weight
Temperature
Crystal system
Space group
Unit cell dimensions
(25 reflections, 40.059 < θ < 46.875)
Volume
Ζ
Density (calculated)
Absorption coefficient
Difiractometer / scan
Radiation / wavelength
F(000)
Crystal size
θ range for data collection
Index ranges
Reflections collected
Independent / observed refis.
Absorption correction
Range of relat, transm. factors
Refinement method
Computing
Data / restraints / parameters
Goodness-of-fit on F2
SHEXL-93 weight parameters
Final R indices[I>2o-(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

1

colorless / irregular
C„H25NO
343.45
293(2)К
monoclinic
C2
a = 26.4035(7) A,
α = 90°
b = 5.97541(13) A, β =110.884(2)°
с - 13.3843(3) A, γ = 90°
1972.93(8) A'
4
1.156 Mg/hi
0.537 nun'1
Enraf-Nonius CAD4 / Θ-2Θ
CuKa (graphite monochrom.) /1.54184 A
736
0.41 χ 0.38 χ 0.36 mm
3.53 to 74.27°
- 3 2 ¿ h й 3 0 , 0 S к <; 7, Os; l à 16
2317
2221 0 ^ = 0.0185) /2141 ( [ Ι ^ σ ^ ) ] )
Semi-empirical from ψ-scans-O
0.868-1.139
Full-matrix least-squares on F2
SHELXL-9329
2221/1/336
1.058
0.1007 0.1122
RÌ = 0.0462, wR2 = 0.1191
Rl = 0.0472, wR2 = 0.1211
0.0019(4)
0.278 and -0.207 e.A°

We like to thank dr. R. de Gelder and dr. J.M.M. Smits for determining the crystal structures of compounds
6a, 11 and 13
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DiphenyI-(l-((lS)-phenyIethyl)pyrroIidin-(2R)-yI)-inethanol (11)
A regular shaped crystal of dimensions 0.50 * 0.38 * 0.21 mm was mounted on a glassfiber
and the structure of 11 was determined at a temperature of 293 K.
28
The crystal structure was solved by the program CRUNCH . The structure was refined by
2
29
full-matrix least-squares on F values using SHELXL with anisotropic parameters for the
nonhydrogen atoms. All hydrogens attached to the carbon atoms were initially placed at
calculated positions and were freely refined subsequently. The hydrogen attached to the
oxygen atom was taken from a difference Fourier map and was also freely refined. The
refinement converged to an R-value of 0.0468 for the 1819 unique reflections considered
observed. Crystal data and a summary of the refinement are collected in Table 3.8.
Table 3.8 Crystal data and structure refinement for compound 11
Color/shape
Empirical formula
Formula weight
Temperature
Crystal system
Space group
Unit cell dimensions
(18 reflections, 40.258 < θ < 46.006)
Volume
Ζ
Density (calculated)
Absorption coefficient
Diffractometer / scan
Radiation / wavelength
F(000)
Crystal size
θ range for data collection
Index ranges
Reflections collected
Independent / observed refis.
Absorption correction
Range of relat, transm. factors
Refinement method
Computing
Data / restraints / parameters
Goodness-of-fit on F2
SHEXL-93 weight parameters
Final R indices[I>2o(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

colorless/regular
C25H2,NO
357.48
293(2) К
orthorhombic
P2,2,2,
a= 10.1756(10)A, a = 90°
b= 10.835(2) Α,
β = 90°
с = 18.333(2) Α,
γ = 90°
2021.3(5) A'
4
1.175 Mg/m3
0.543 mm"1
Enraf-Nonius CAD4 / Θ-2Θ
CuKa (graphite monochrom.) /1.54184 A
768
0.50 χ 0.38 χ 0.21 mm
4.74 to 69.89°
0 < h £ l 2 , 0 <,Y.<,13,-22<П£0
2194
2194 (R,„, = 0.0000) /1819 ([L>2ti(I0)])
Semi-empirical from ψ-scans^
0.937-1.052
Full-matrix least-squares on F2
SHELXL-9329
2192/0/353
1.123
0.0808 0.2196
Л1 = 0.0468, wR2 = 0.1234
Я1 = 0.0588, wR2 = 0.1367
0.0043(7)
0.221 and -0.204 e.A°
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Diphenyl-(l-benzylpyrrolidin-(2S)-yl)-methanol(13)
An irregular shaped crystal of dimensions 0.53 χ 0.53 χ 0.50 mm was mounted on a
glassfiber and the structure of 13 was determined at a temperature of 293 K.
28
The crystal structure was solved by the program CRUNCH . The structure was refined by
2
29
full-matrix least-squares on F values using SHELXL with anisotropic parameters for the
nonhydrogen atoms. All hydrogens attached to the phenylrings were initially placed at
calculated positions and were freely refined subsequently. All other hydrogens were taken
from a difference Fourier map and were also freely refined. The refinement converged to an
R-value of 0.0306 for the 2190 unique reflections considered observed. Crystal data and a
summary of therefinementare given in Table 3.9.
Table 3.9 Crystal data and structurerefinementfor compound 13
Color/shape
Empirical formula
Formula weight
Temperature
Crystal system
Space group
Unit cell dimensions
(25 reflections, 18.433 < θ < 21.364)
Volume
Ζ
Density (calculated)
Absorption coefficient
Diffractometer / scan
Radiation / wavelength
F(000)
Crystal size
θ range for data collection
Index ranges
Reflections collected
Independent / observed refis.
Absorption correction
Range of relat, transm. factors
Refinement method
Computing
Data / restraints / parameters
Goodness-of-fit on F2
SHEXL-93 weight parameters
Final R indices[I>2a(I)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

colorless/irregular
C*H„NO
343.45
293(2) К
orthorhombic
ra.2,2,
a=10.1601(6)A, a = 90°
b= 10.2128(8) Α, β = 90°
с =18.4204(14) Α, γ = 90°
1911.3(2) A'
4
1.194 Mg/m'
0.072 mm"'
Enraf-Nonius CAD4 / Θ-2Θ
MoKa (graphite monochrom.) / 0.71073 A
736
0.53 χ 0.53 χ 0.50 mm
2.83 to 26.29°
-7 S h a 12,-7 S к £12,-13 ¡Sla 22
2699
2 5 1 7 ( R , M = 0.0115)/2190([I„>2CT(I ( ) )])

Semi-empirical from ψ-scans™
0.988- 1.012
Full-matrix least-squares on F1
SHELXL-9329
2517/0/336
1.119
0.0342 0.2195
ÄI = 0.0306, wR2 = 0.0710
Ä1 = 0.0389, wR2 = 0.0760
0.030(2)
0.129 and -0.136 e. A 5
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Dìrhodium(II) catalyzed
cyclopropanation reactions
4.1 Introduction
Since the introduction of stricter requirements for pesticides with respect to toxicity and
environment, the use of chlorinated hydrocarbons such as Aldrin, Dieldrin and DDT is no
longer acceptable and has been replaced by environmentally more benign agents.
Pyrethroides1 are a class of naturally occurring pesticides, which combine the following
advantages2: they are biodegradable, highly toxic to insects, hardly toxic to mammals, not
very volatile, show slow resistance development and a high "knock down" effect.
Pyrethrine I and II, Cinerine I and II and Jasmoline I and II are all pyrethroid esters, derived
by a combination of one of the cyclopropanoic acids (1) and a cyclopent-2-en-4-ol-one (2)
(Figure 4.1).
CH3

H3C
HO,

H снз

'со2н

R = CH3(la)
R = COOCH3 (lb)
Pyrethrine I :1a and 2c
Cinerine I : la and 2a
Jasmoline I : la and 2b

àçj
R' = CH3(2a)
R' = C2H5 (2b)
R' = CH=CH2 (2c)
Pyrethrine II
Cinerine I
Jasmoline II

lb and 2c
lband2a
lb and 2b

Figure 4.1 Structural elements of six important pyrethroid esters
By a 'modular approach' Elliot et al. described how the biological activity of pyrethroids
depends on structural variations within the cyclopropyl- and cyclopentenolone-moiety3. It has
been demonstrated that C-l of the cyclopropane ring must have the R-configuration.
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Synthetically this could be achieved by an enantioselective carbenoid addition to a double
bond using chiral copper(lI) and rhodium(II) catalysts4"6.
Rhodium(II) carboxylates have proven to be very efficient catalysts for the generation of
carbenoid species from a-diazocarbonyl compounds. In several typical carbene reactions like
C-Η or Si-Η insertion, cyclopropanation and aromatic cycloaddition Rh(II) catalysts were
more frequently employed than any other metal catalyst7. Since its introduction in 19738,
rhodium(II) acetate became most popular amongst the rhodium(II) carboxylates, possibly
because of its ease of preparation9.
In order to obtain asymmetric induction in the diazocarbonyl-mediated cyclopropanation
reactions, a source of chirality has to be introduced. This can be either in one of the reactants
or in the rhodium(II) catalyst. In the former case, Davies and coworkers10 treated chiral
vinyldiazomethanes with achiral Rh(II) carboxylates and isolated the resulting cyclopropanes
in moderate to high diastereomeric excesses (Scheme 4.1). They used α-hydroxy esters and
(+)-menthol as inexpensive chiral auxiliaries.
О

0

N2

Ph

0

РгГ

d.e.'supto97%(lIUR)

R=

¥$ Χ* οώ
-о

C^OMe

о

Scheme 4.1 Asymmetric cyclopropanation using chiral diazo compounds

The first dirhodium(II) complexes containing chiral ligands were synthesized by Brunner11,
who prepared

13 chiral derivatives from enantiomerically pure carboxylic

acids

R'R2R3CCOOH with substituents that were varied from H, Me and Ph to OH, NHAc and CF3.
However, reactions with ethyl diazoacetate and styrene yielded products with e.e.'s of less
than 12 %. In the early 1990's Kennedy and McKervy reported the homochiral dirhodium(II)
prolinate catalyzed carbenoid formation12"14 which showed a remarkably improved selec
tivity in the cyclopropanation reactions 15 " 18 . The key step in the total synthesis of the
19

antidepressant Sertraline (3) by Corey and coworkers was a rhodium(II) prolinate catalyzed
cyclopropanation (Scheme 4.2).
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Scheme 4.2 Total synthesis of Sertraline using chiral Rh(II) prolinate

From a fundamental point of view it would be of interest to investigate the corresponding
azetidine- and aziridine-2-carboxylates as chiral auxiliaries in the cyclopropanation reactions
of olefins with diazo esters and to compare the results with those obtained with proline
derived catalysts. These rhodium(II) carboxylates were therefore prepared in a similar way as
the rhodium(II) prolinates and tested in cyclopropanation reactions.

4.2 Ligand synthesis
The azetidine-(2S)-carboxylate catalysts (2a and 2b) were prepared in the same way as the
corresponding rhodium prolinate complexes by carbonate displacement using Na4Rh2(C03)4.
In order to circumvent solubility problems in the catalytic cyclopropanation reactions, both
the tosyl group and the 4-ferf-butylbenzenesulfonyl group were attached to the nitrogen atom
(Scheme 4.3). 4-/er/-Butylbenzenesulfonyl chloride and Na4Rh2(C03)4 were prepared
following literature procedures14,20.21.
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N
I
H

CO 2 H

ArS02Cl
/-Pr2EtN
1 N NaOH

,C0 2 H

.CH-Rh
и--»
Na4Rh2(C03)4

N
I
S0 2 Ar
la: Ar = 4-toluene
lb: Ar = 4-tert-butylbenzene

\

/
N
I
S0 2 Ar
2a, 2b

Scheme 4.3 Homochiral rhodium(ll) azetidine-(2S)-carboxylates
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It should be noted that our compound l a was found to have a melting point of 148.5-149 °C
and [ α ] π : -154.7° ( c = l , CHC1 3 ) whereas Miyoshi and coworkers

22

found 145.5-147 °C and

[ a ] D : -144° (c=0.6, CHC1 3 ). This indicates that Miyoshi's route towards l a suffered from
partial racemization, which probably occurred in the ring closing reaction.
The enantiopure aziridine catalyst (4) could be synthesized starting from commercially
available (У5,2А)-тгеопіпе by sulfonylation and esterification, followed by a Mitsunobu ring
closure. The stereochemical integrity at C-l and C-2 was retained (Scheme 4.4).

OH

l.TsCl
i-PrçEtN
+
2. ЕЮН, H
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Scheme 4.4 Homochtral

rhodium(II)

aziridine-(2S)-carboxylate

4.3 Cyclopropanation
The cyclopropanation was

carried

out using

methyl

phenyldiazoacetate ( C ) as the

diazocarbonyl compound (Scheme 4.5). С was prepared by a modification o f the procedure
by D o y l e and coworkers 1 8 , using D B U , methyl phenylacetate (A) and 4-toluenesulfonyl
azide (B). Compounds A and В were prepared by standard literature procedures 2 3 - 2 4 . The
results o f the catalytic cyclopropanation reaction are collected in Table 4.1.
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R
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Scheme 4.5 Asymmetric

cyclopropanation

using chiral rhodium(II)
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Table 4.1

Stereoselectivity of catalysts 2a, 2b and 4 in the cyclopropanation of styrene
and a-methylstyrene with methyl phenyldiazoacetate' (Scheme 4.5)
Stjrene (R = H)

Catalyst/solvent

C

a-methylstyrene (R = Methyl)
d

b

yield

C

E:Z

d

e.e. E

Rh2(OAcyCH2Cl2

[%]
96

88.4:11.6

[%]
-

[%]
93

3.85:1

-

[%]
-

2a/CH2Cl2

70

98.6:1.4

36(+)

98

2.82:1

42(+)

51(+)

2b/CH2Cl2

71

98.2:1.8

35(+)

96

2.74:1

43(+)

50(+)

2b/benzene

98

>99:1

40(+)

61

2.57:1

49(+)

55(+)

2b/pentane

96

>99:1

49(+)

94

2.56:1

64(+)

62(+)

2b/cyclohexane

88

97.6:2.4

51(+)

78

2.62:1

65(-)

63(-)

2b7cyclohexane

54

>99:1

54(+)

2bf/cyclohexane

53

>99:1

57(+)

4/CH2Cl2

86

>99:1

31(-)

94

2.86:1

26(+)

45(+)

e.e. E
[%]

e.e. Z

d

E:Z

a

yield

b

Reactions performed using 1 mol% of catalyst, unless noted otherwise, by controlled addition of С (0 5
mmol) m 5 ml of solvent to the olefin (5 0 mmol) in 3 ml of refluxmg solvent. With peritane and
cyclohexane, 15 and 10 ml were used, respectively
Isolated yields
Determined by capillary gas chromatography
Determined by 300 MHz NMR using 0 2 equivalents of (+>Eu(hfc), Optical rotation (c=l,CHCl 3 )
4 3 mol% 2b
0 1 mol% 2b

b
с
d
e
f

4.4 Discussion
The results of the diastereo- and enantiocontrol in the cyclopropanations were compared with
those of representative chiral dirhodium(II) (5,6) and copper(I) (7) catalysts (Table 4.2).
С0 2 Ме

Л
5a:
5b
5c
5d

Rh

О--Rh
4
X = CH2
X = 0
X = NCOPh
X = NCOC6H4-4-iBu

0--Rh
N
I
S0 2 Ar

\ /

Rh
4

m/

6a Ar = Ph
6b Аг = 4-«Ви-СбН4

Figure 4.2 Representative Rh(II) and Cu(I) cyclopropanation catalysts
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Table 4.2

Stereoselectivity of representative catalysts in the cyclopropanation of
styrene and ct-methylstyrene with methyl phenyldiazoacetate
product from styrene

Catalyst/solvent

а

yield

E:Z

product from a-methylstyrene

e.e. E'
[%]

5a/CH2Cl2

[%]
27

97:3

18

yield

E: Ζ

[%]

e.e. E

e.e. Ζ

[%]

[%]

49

5b/CH2Cl2

57

96:4

41

5c/CH2Cl2

73

96:4

48

5d/CH2Cl2

63

95:5

77

5d/pentane

69

94:6

75

6a/CH2Cl2

45

97:3

60

6b/CH2Cl2

77

97:3

61

6b/pentane

73

96:4

85

7/CuOTf/CHClj

54

99:1

8

91

2.23 : 1

36

14

86

1.56 : 1

63

73

88

1.50: 1

85

81

(1 R,2S)-enantiomer, % e.e. values determined by capillary GC using a Chiraldex B-Ph column

The diastereocontrol observed with dirhodium(II) carboxylates and -carboxamidates indicates
that the E : Ζ ratio depends on the nature of the reacting olefin rather than on the chiral
ligands of the catalysts. For all catalysts used the diastereoselectivity, as expressed by the E :
Ζ ratio, is much higher for styrene than for a-methylstyrene. A second observation is that the
rhodium catalysts 2 and 4 with 3- and 4-membered heterocyclic ligands show much better
diasterocontrol in both reactions than the catalysts 5 and 6 with 5-membered heterocyclic
ligands.
Furthermore, the positive influence of pentane on the enantiocontrol as observed by Davies
and coworkers16 is not limited to proline derived ligands (6b), but is also effective when
azetidine-2-carboxylate ligands (2b) surround the active carbenoid species. Moreover, a series
of cyclopropanation reactions with both styrene and α-methylstyrene in organic solvents with
decreasing polarity result in steadily increasing enantiocontrol. The structurally more rigid
dirhodium(II) carboxamidate (5d) showed no appreciable increase of enantiocontrol with
varying solvent polarity. This effect could be attributed to the influence of solvent on the
alignment of the ligands surrounding the dirhodium(II) moiety18.
The data in Table 4.1 also clearly reveal that catalysts 2 and 4 are effective catalysts in
cyclopropanation reactions. The enantiocontrol of these catalysts is only moderate in polar
solvents but can be improved by decreasing the solvent polarity. The best results were
obtained in pentane and cyclohexane. The dirhodium(II) carboxylates 6 and <arboxamidates
5 exhibit higher enantiocontrol than catalysts 2 and 4. On the other hand, the reaction of
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methyl phenyldiazoacetate proceeds with a much better enantiocontrol when the catalysts 2
and 4 are employed than when the bisoxazoline ligand 7 is used in the presence of Cu(I)
triflate. It should be noted however, that the last-mentioned catalytic system gives excellent
enantiocontrol when ethyl diazoacetate is used as the cyclopropanating agent 25 .

4.5 Experimental
General remarks
All reactions were carried out in an inert atmosphere of argon or nitrogen unless stated
otherwise. Melting points were determined using a Reichert thermopan microscope and are
uncorrected. Optical rotations were measured with a Perkin Elmer automatic Polarimeter,
model 241 MC, using concentrations с in g/100 ml at 20 °C in the solvents indicated. 'H- and
"C-NMR spectra were recorded with a Braker AC 100 (100 MHz, FT) spectrometer. The
chemical shift δ is denoted in ppm relative to the internal standard (TMS for Ή NMR, CDC13
for l3 C NMR). IR spectra were recorded on a Perkin Elmer 298 spectrophotometer. The
wavenumber σ is listed in cm'1. For (high resolution) mass spectra a double focussing
VG7070E mass spectrometer was used. GC-MS were measured using a Varían Saturn II GCMS by on-column injection (DB-1 column, length 30 m, internal diameter 0.25 mm, film
thickness 0.25 μτα). Elemental analyses were performed using a Carlo Erba Instruments
CHNS-O EA 1108 element analyzer.
Solvents and reagents
Diethyl ether was pre-dried over calcium chloride, then distilled from calcium hydride and
stored over molsieves (4À). Cyclohexane and pentane were distilled from calcium hydride
and stored over molsieves (4Â). Ethyl acetate was distilled from potassium carbonate.
Dichloromethane was distilled from calcium hydride. Acetonitrile was distilled from P 2 0 5
and stored over molsieves (4Â). Chloroform, methanol, acetone and THF were p.a. grade and
used as such. (2S.3S) Ethyl 3-methyl-l-(4-toluenesulfonyl)-aziridine-2-carboxylate was a
generous gift of F.J. Dommerholt.
Methyl phenylacetate (A)23
To a solution of phenylacetic acid (16.073 g, 118.05 mmol) in methanol (100 ml)
concentrated sulfuric acid (2.0 ml) was slowly added and the reaction mixture refluxed for 2
h. When no more starting material was present as was checked by TLC (hexane:ethyl acetate,
3:1, v/v) the reaction was quenched by pouring the reaction mixture into dichloromethane
(300 ml) and washing the organic layer with saturated NaHC03 solution. The aqueous layer
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was extracted once with dichloromethane and the combined organic layers were dried
(MgS04), filtered and concentrated in vacuo. The crude product was distilled in vacuo to give
15.907 g A as a clear, colorless oil.
Yield: 90 %. Bp.: 55-56 °C (0.3 mmHg), lit. 26 : 218 °C. Ή NMR (CDC13): δ 7.30 (s, 5H, Ph),
3.69 (s, 3H, COUCH,), 3.63 (s, 2Н, СН2).
4-Toluenesulfonyl azide (В) 2 4
A solution of sodium azide (5.626 g, 86.6 mmol) in distilled water (16 ml) was diluted with
ethanol (96 %, 32 ml). To this solution a warm (45 °C) solution of tosylchloride (15.005 g,
78.7 mmol) in ethanol (96 %, 80 ml) was added and the mixture was stirred for two and a half
h. at room temperature, after which it was concentrated in vacuo. The residue was dissolved
in diethyl ether, washed twice with water, dried with MgS0 4 , filtered and concentrated in
vacuo to produce 15.246 g product which solidified at 4 °C.
Yield: 98 %. IR (CC14): σ 2120 (s, N3), 1375 and 1175 (s, S0 2 ).
Methyl phenyldiazoacetate (C) 2 7
A solution of A (4.505 g, 30.0 mmol) and В (6.915, 35.0 mmol) in acetonitrile (60 ml) was
cooled to 0 °C. Then DBU (6.1 ml, 40.8 mmol) was added and the reaction mixture stirred
overnight. The reaction was quenched by adding diethyl ether and saturated NH4C1 solution.
The organic layer was successively washed with NH4C1- and NaCl solution. The combined
aqueous layers were extracted twice with diethyl ether and the combined organic extracts
dried (MgS04), filtered and concentrated in vacuo. The 4-toluenesulfonylamide solid by
product was removed by washing the product with hexane: diethyl ether (1:1, v/v). Finally,
the product was purified by flash chromatography (hexane: ethyl acetate, 40:1, v/v) and stored
in the dark at 4 °C.
Yield: 50 %. Ή NMR (CDC13): δ 7.55-7.11 (m, 5H, Ph), 3.87 (s, 3H, COOCH3). IR (СС14): σ
2080 (s, CN2), 1700 (s, COOCH3), 690 (s, monosubstituted phenyl).
4-*ButyIbenzenesulfonyl chloride (D) 20 - 21
A solution of íerí-butylbenzene (5.00 g, 37.25 mmol) in chloroform (25 ml) was cooled to 0
°C. Then chlorosulfonic acid (25.0 ml) was added dropwise. After the initial evolution of
hydrogen chloride had subsided, the reaction mixture was brought to room temperature and
stirred for 45 min. Following, the mixture was carefully poured into a beaker filled with
crushed ice, the chloroform layer separated and washed with cold water, dried (MgS04),
filtered and concentrated in vacuo. The product was recrystallized from hexane.
Yield: 6.94 g, 80 %. Mp.: 81-83 °C (hexane), lit.21: 81-82 °C.
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Rhodium carbonate sodium salt
A suspension of rhodium(II)acetate dimer (50.0 mg, 0.113 mmol) in 2 M sodium carbonate
solution (1.41 ml, 2.82 mmol) was heated for 30 min. at 97 °C, during which time the green
color changed to blue. The suspension was cooled and centrifugea, after which the
supernatant was removed. The precipitate was washed twice with distilled water, once with
methanol and once with diethyl ether, and then dried in a vacuum stove at 45 °C to yield
Na4Rh2(C03)4 (58.4 mg, 96 % yield).
l-(4-ToluenesuIfonyl)azetidine-(2S)-carboxyHc acid (la)
A solution of azetidine-(2S)-carboxylic acid (204 mg, 2.02 mmol) in IN NaOH solution (2.5
ml, 2.5 mmol) was cooled to 0 °C. To this solution 4-toluenesulfonyl chloride (415 mg, 2.18
mmol), diisopropylethylamine (396 μΐ, 2.27 mmol) and acetone (2.5 ml) were added. After
35 min. the reaction mixture was brought to room temperature and stirred overnight. The
aqueous solution was extracted three times with diethyl ether to remove excess tosyl chloride.
The combined organic extracts were extracted twice with 1 N NaOH solution and the
combined alkaline aqueous layers acidified with concentrated HCl solution to pH 1. The
aqueous layer was extracted three times with ethyl acetate, the combined extracts dried
(MgS04), filtered and concentrated in vacuo.
Yield: 462 mg, 90 %. Mp.: 148.5-149 °C, lit. 22 : 145.5-147 °C. [a]™: -154.7° (c=l, CHC13),
lit. 22 : -144° (c=0.6, CHClj). Ή NMR (CDC13): δ 9.45 (broad s, IH, COOH), 7.78 (d, A part
of AB quartet, 2H, aromate), 7.41 (d, В part of AB quartet, 2H, aromate), 4.53 (t, IH, NCH),
3.74 (t, 2H, NCH2), 2.69-2.17 (m, 2H, CH2), 2.46 (s, 3H, CH3). IR (KBr): σ 3000 (broad,
ОН), 1715 (s, COOH), 1342 (s, S0 2 ), 1160 (s, S0 2 ). Mass (El): m/e 255 (M4), 210 (M+ COOH), 91 (Tropilium).
Tetrakis (l-(4-toluenesulfonyl)azetidine-(2S)-carboxyIato) dirhodium(II) dihydrate (2a)
A suspension of Na4Rh2(C03)4 (58.4 mg, 0.109 mmol) and la (231 mg, 0.905 mmol) in
distilled water (3.5 ml) was heated to 80-90 °C for 35 min., during which time the initial blue
color disappeared and a green solid precipitated. The precipitate was dried in a vacuum stove
at 35 °C to give 123.5 mg 2a.
Yield: 93 %. [a]™: -261.0° (c=0.08, CH2C12). Mass (FAB): m/e 1223 (M+ + 1), 1067 (M+ S02C6H4CH3). Elemental analysis: Calculated for Rh 2 C 44 H 48 N 4 0, 6 S 4 .2H 2 0 %C 41.98, %H
4.16, %N 4.45, %S 10.19. Found %C 42.02, %H 4.13, %N 4.49, %S 9.67.
l-(4-terf-Butylbenzenesulfonyl)azetidine-(2S)-carboxylic acid (lb)
A solution of azetidine-(2S)-carboxylic acid (253 mg, 2.50 mmol) in IN NaOH solution (3.5
ml, 3.5 mmol) was cooled to 0 °C. To this solution was added 4-ierf-butylbenzenesulfonyl

81

Chapter 4

chloride (641 mg, 2.75 mmol), diisopropylethylamine (0.50 ml, 2.88 mmol) and acetone (3.5
ml). After 35 min. the reaction was brought to room temperature and stirred overnight. The
aqueous solution was extracted three times with diethyl ether to remove excess tosyl chloride.
The combined organic extracts were extracted twice with 1 N NaOH solution and the
combined alkaline aqueous layers acidified with concentrated HCl solution to pH 1. The
aqueous layer was extracted three times with ethyl acetate, the combined extracts dried over
MgS0 4 , filtered and concentrated in vacuo.
Yield: 733 mg, 98 %. Mp.: 154-159 °C. [ a ] " : -141.8° (c=l, methanol). Ή NMR (CDCI3): δ
7.83 (d, A part of AB quartet, 2H, aromate), 7.62 (d, В part of AB quartet, 2H, aromate), 4.54
(t, IH, NCH), 3.76 (t, 2H, NCH2), 2.65-2.19 (m, 2H, CH2), 1.37 (s, 9H, C(CH3)3). ,3 C NMR
(CDClj): δ 172.7 (s, COOH), 157.9, 131.4 (s, aromatic С), 128.3,126.5 (d, aromatic С), 60.6
(d, NCH), 47.7 (t, NCHj), 35.3 (s, C(CH3)3), 31.1 (q, C(CH3)3), 19.8 (t, CH2). IR (KBr): σ
3000 (broad, OH), 1700 (s, COOH), 1338 (s, S0 2 ), 1160 (s, S0 2 ). Mass (El): m/e 252 (M+ COOH), 197 (M+ - S02C6H4C(CH3)3), 133 (С 6 Н 4 С(СН 3 )Д Elemental analysis: Calculated
for C l 4 H„N0 4 S %C 56.55, %H 6.44, %N 4.71, %S 10.78. Found %C 56.05, %H 6.40, %N
4.86, %S 10.56.
Tetrakis(l-(4-terf-butylbenzenesulfonyl)azetidine-(2S)-carboxylato)

dirhodium(II) d¡hy-

drate (2b)
A suspension of Na4Rh2(C03)4 (63.3 mg, 0.117 mmol) and lb (280 mg, 0.94 mmol) in
distilled water (3.5 ml) was heated to 80-90 °C for 35 min., during which time the initial blue
color disappeared and a green solid precipitated. The precipitate was washed twice with water
and dried in a vacuum stove at 50 °C.
Yield: 151 mg, 90 %. Mp.: 155-160 °C. [a]™ : -177.Г (c=0.02, CH2C12). Mass (FAB): m/e
1391 (M+). Elemental analysis: Calculated for Rh 2 C 44 H 48 N 4 0 I6 S 4 .2H 2 0 %C 47.12, %H 5.37,
%N 3.93, %S 8.99. Found %C 47.88, %H 5.39, %N 4.10, %S 8.55.
(2S,3S) 3-Methyl-l-(4-toluenesulfonyl)aziridine-2-carboxylic

acid (3)

A solution of (2S.3S) methyl 3-methy 1-1 -(4-toluenesulfonyl)-aziridine-2-carboxylate

(502

mg, 1.76 mmol) and lithium hydroxide monohydrate (74 mg, 1.76 mmol) in THF:water (50
ml, 1:1, v/v) was stirred for 24 h. at 50 °C. The solution was neutralized by adding 10 wt%
aqueous tartaric acid and extracted with ethyl acetate. The organic extracts were washed with
NaCl solution, dried (MgS04), filtered and concentrated in vacuo.
Yield: quantitative, [ a ] " : -29.7° (c=l, methanol). Ή NMR (CDC13): δ 10.34 (broad s, IH,
COOH), 7.76 (d, A part of AB quartet, 2H, aromate), 7.27 (d, В part of AB quartet, 2H,
aromate), 3.31 (d, IH, NCH), 3.06 (dq, IH, NCtf(CH3)), 2.37 (s, 3H, CH3), 1.25 (d, 3H,
NCH(Ctf,)). IR (KBr): σ 3000 (broad, OH), 1710 (s, COOH), 1327 (s, S0 2 ), 1160 (s, S0 2 ).
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Tetrakis((3S)-methyI-l-(4-toluenesulfonyl)aziridine-(2S)-carboxylato) dirhodium(II) dihydrate (4)
A suspension of Na4Rh2(C03)4 (61.7 mg, 0.114 mmol) and 3 (232 mg, 0.91 mmol) in distilled
water (3.5 ml) was heated to 80-90 °C for 35 min., during which time the initial blue color
disappeared and a green solid precipitated. The precipitate was washed twice with water and
dried in a vacuum stove at 50 °C.
Yield: 116 mg, 81 %. Mp.: 235-245 °C (dec), [a]™ : +107.7° (c=0.05, CH2C12). Mass (FAB):
m/e 1223 (M+ + 1). Elemental analysis: Calculated for Rh 2 C«H 48 N 4 0 16 S 4 .2H 2 0 %C 47.12,
%H 5.37, %N 3.93, %S 8.99. Found %C 47.88, %H 5.39, %N 4.10, %S 8.55.
General procedure for cyclopropanation reactions
All glassware was oven dried and assembled under nitrogen. To a refluxing solution of olefin
(5.0 mmol) and Rh(II) carboxylate (5.0 μπιοί) in an appropriate solvent (3 ml), a solution of
methyl phenyldiazoacetate (0.50 mmol) in 5 ml solvent was added over a period of 45 to 60
min. When pentane or cyclohexane were used as solvent, the amounts were 10 and 15 ml,
respectively. After refluxing for an additional 30 min. the reaction mixture was allowed to
cool to room temperature, after which it was filtered through a 5-cm plug of Silica 60. The
product and excess of olefin were washed from the plug with dichloromethane (25 ml) and
ethyl acetate (6 ml), respectively. The catalyst was washed from the plug with additional
ethyl acetate. The product was then purified by flash chromatography and obtained as a
colorless oil which solidified after some time at 4 °C.
Methyl 2-methyl-l,2-diphenyl-cyclopropane-l-carboxylate
E-isomer:
Rf: 0.1 (hexane:ethyl acetate, 25:1, ν/ν). Ή NMR (CDC13): δ 7.25-6.97 (m, ЮН, 2 Ph), 3.70
(s, ЗН, СООСНз), 2.02 (AB quartet, 2H, CH2), 1.67 (s, ЗН СН3). IR (СС14): σ 1718 (s,
COOCHj), 692 (monosubstituted phenyl).
Z-isomer:
Rf: 0.07 (hexane:ethyl acetate, 25:1, ν/ν). Ή NMR (CDC13): δ 7.55-7.05 (m, ЮН, 2 Ph), 3.19
(s, ЗН, С0 2 СН 3 ), 2.47 (d, IH, CH2), 1.46 (d, IH, CH2), 1.12 (s, 3H, CH3). IR (CC1„): σ 1721
(s, СООСН3), 700 (monosubstituted phenyl).
Methyl 1 Д-diphenyl-cyclopropane-l-carboxylate (Ε-isomer)
R,: 0.21 (hexane:ethyl acetate, 15:1, ν/ν). Ή NMR (CDC13): δ 7.30-6.71 (m, ЮН, 2 Ph), 3.66
(s, ЗН, COOCHj), 3.12 (dd, IH, CHPh), 2.14 and 1.88 (dd, 2H, CH2). IR (CC1„): σ 1718 (s,
COOCH3), 695 (monosubstituted phenyl).
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Chapter 5
Asymmetric Michael addition reactions
5.1 Introduction
The carbon-carbon bond formation is one of the most important reactions in organic
chemistry. One of the reactions to accomplish the formation of the C-C bond, is the conjugate
addition of a stabilized nucleophilic species to an olefinic substrate carrying an electron
withdrawing group. The first example was reported by Kommenos1 and described the
addition of diethyl sodiomalonate to diethyl ethylidenemalonate (Scheme 5.1).

Et0 2 C.,Na

Lx02Et

COjEt

EtOjC^/L^COjEt
Et02C

C02Et

C02Et

Scheme 5.1 First reported conjugate addition

The versatility of the reaction is demonstrated by the enormous number of nucleophiles that
have been used over the years. The nature of the nucleophiles ranges from π-stabilized
carbanions to organocopper reagents, silyl enol ethers, ketene acetáis and allyl silanes.
Especially, organocopper reagents have received much attention.
The conjugate acceptors are best classified by their activating group. The relative activating
capacity of these groups can be roughly correlated with their ability to stabilize an adjacent
carbanion2 and is as follows:
NOj > RCO > C02R > S02R > CN ~ CONR2
Krief tested many nucleophiles in conjugate additions and observed the following reactivity
series of α,β-unsaturated ketones (Figure 5.1):
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Ph'
Figure 5.1 Reactivity of some alkenones toward nucleophiles
The introduction of chirality by means of the Michael reaction was an incentive of many
studies, and over the years the usual methods, described in chapter 1, were explored. An
important example of the 1,4-conjugate addition is encountered in the total synthesis of
prostaglandins and clavulones. One of the key steps in these syntheses is the addition of
appropriate substituents to cyclic alkenones 4 (Scheme 5.2).
0

,
ÒTBS
Cui, ВизР, THF, -78 "С

ОТНР

•
2) НМРА, -30 °С
3) n-Bu3SnCl, -78 to -40 °С
4) у = ^ ν --'ΟΤΗΡ
ÔTBS

С0 2 Н

PGA2

ÒTBS
Scheme 5.2 Prostaglandin synthesis by organocopper addition to a cyclopentenone

The conjugate addition of organocopper reagents to a wide variety of alkenals and alkenones
proceeds very smoothly. Therefore, it is not surprising that chiral ligands for these reagents
have been frequently used as auxiliaries in asymmetric 1,4-conjugate addition reactions. A
series of modified, bidentate (S)-proline ligands has been employed in heterocuprate
additions, and although the outcome was variable, enantiomeric excesses as high as 83 %
were obtained 5 (Scheme 5.3).
X

6

N-Cu.(Me)Li

ECO, -78 °C
X = OH, OMe,
SPh, SMe

X = OMe 46%,58%e.e.
X = SPh 42 %, 74 % e.e.
X = SPh 78 %, 83 % e.e.

Scheme 5.3 Addition of chiral organocopper reagents to aprochiral

alkenone
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The aim of the research described in this chapter is to compare the asymmetric induction
obtained by ligands derived from azetidines with that of the 5-membered analogues.
Therefore, the literature of these proline-based ligands is discussed in more detail.
Scheme 5.3 shows proline-derived transfer ligands that have already been used in asymmetric
1,4-conjugate addition reactions. Recent reports of conjugate addition reactions show the use
6

7

8

of other proline derivatives with either a covalent and a coordinating site (la , l b - le > ) or
9

two coordinating sites (If- l i in Figure 5.2).

rv-s.Bu гу™
Ν
H

г

N
Me

la

N
Boc

lb

rV-PPh2
N'

N
tBu'^o

*
N

If

-он

cy^cy^

N

N
Boc

Me

lc

ГУ-SMe

Id

O ^ ;SPh

~N'

'Ν'
N
tBu-^o

•Bu'^o
lg

OH

le

У^

C.

"PPh,

N

'Bu-^o

Ih

li

Figure 5.2 (S)-Proline-derived bidentate ligands for selective Michael addition reactions
Leyendecker et α/.8 proposed two reacting copper-magnesium species in equilibrium for
auxiliary l b (Figure 5.3). The chelated form В was assumed to posses higher enantiodifferentiating ability than the form A due to the bicyclic structure and because of the direct
connection of the metal center to the so generated chiral nitrogen atom.
х м

6ч
-O

Cu
Cu

Me. Mg*
^c/-0.

/
Me

Me
Figure 5.3 Chiral heterocuprates in equilibrium

5.2 Ligand synthesis
As indicated above, the aim of this study is to investigate the asymmetric Michael addition
catalyzed by azetidine derived ligands. The azetidine alcohols 4a and 4b can easily be
prepared by ringclosure of methyl 2,4-dibromobutyrate 2 with optically active (S)-a-methyl89
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benzylamine and a co-base, separation by flash chromatography of the diastereomeric esters
and subsequent reduction with lithium aluminum hydride (Scheme 5.4).

N

C02Me

L1AIH4

NH2
Ph"^·

PIT ^
3a

K2CO3

/K

N

Ph
4a
C02Me

/ \

iH

N

LiAlH^

PIT ^
3b

^

N
Ph'
4b

Scheme 5.4 Synthesis of diastereomeric ligands 4a and 4b

Furthermore, the diastereomeric azetidine-2-tertiary carbinols (4c: R = methyl, and 4d: R =
phenyl) were prepared by a Grignard reaction with azetidine ester 3a. A matter of conside
ration is that the presence of two chiral centers in the chiral ligand may give rise to a
matching or mismatching effect as far as chirality transfer is concerned. Therefore, enantiopure ligands were also prepared. N-benzyl-(2S)-hydroxymethyl-azetidine (4e) was obtained
by reduction of the corresponding N-benzoyl azetidine-(2S)-carboxylic acid (Scheme 5.5).
This intermediate was synthesized under Schotten-Baumann conditions using the amino acid
and benzoyl chloride in 1 N NaOH solution.
R R
< V ^он
Ν
,
Ph^\

^усс^ме
N

RMeBr
RMgBr
—e~ „

3a

4c:R = Me
4d: R = Ph

α 1 benzoyl
<ν
* NaOH
= : ^у^
N
N
H

*

L¡A1H4*•

Bzl

<r>^oH
N
Bn
4e

Scheme 5.5 Synthesis of tertiary carbinols 4c and 4d and enantiopure auxiliary 4e

Finally, for the sake of comparison N-benzylprolinol 5 was prepared in the same manner as
4e starting from (S)-proline and benzoyl chloride in NaOH solution and subsequent reduction
of the intermediate by lithium aluminum hydride (Scheme 5.6).

90

Asymmetric Michael addition reactions

0 a * 1 SS О 0 0 2 "
N
Η

NaOH

N
Bzi

*·

LiAlH^
*"

О-он

>J
Βη

S

Scheme 5.6 Synthesis of N-benzylprolinol 5

5.3 Asymmetric conjugate addition
All chiral auxiliaries shown in Scheme 5.4, and Scheme 5.5 and Scheme 5.6 were tested for
selectivity in a standard 1,4-conjugate addition reaction and compared with literature data for
auxiliary l b . The conjugate addition of L'MeCuMgBr to l,3-diphenyl-prop-2-en-3-one was
used as a model reaction (Scheme 5.7). L* represents a chiral auxiliary. At first the selectivity
of the reaction was measured by the optical rotation of the adduct 6. However, the optical
rotation of enantiopure 6 is small ((R)-6: [a] ™ -14.6° (c=10, CC1 4 ) 1 0 ) and large quantities of
chiral ligand were required. Therefore, an alternative method for the determination of the
enantioselectivity was developed. A sample of known optical purity was converted to
diastereomeric imine 7 by addition of enantiopure (S)-a-methylbenzylamine and a catalytic
amount of BF 3 etherate. Samples were taken at different conversions and analyzed by
capillary GC, giving baseline separation for the imines formed. No evidence was found for
preferential reaction of one of the antipodes of 6 with the optically pure amine. The
diastereomeric ratio observed was in all cases in good agreement with the enantioselectivity
of 6. The results of the conjugate addition reaction are collected in Table 5.1, Table 5.2 and
Table 5.3. Isolated yields of conjugate adduct 6 were all over 95 %.

Me
9

H Me О

L',Cu(I)X
solvent,
- 20 °C

™

NH2
™

BF3.0E12

(S)-(+)-6

Scheme 5.7 Asymmetric conjugate addition
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Table 5.1 Counterion-effect on the selectivity of 1,4 addition by 4a, 4b and lb in THF

a
b

Entry

Ligand

CuX

e.e

1

2

4a
4a

CuCl
CuBr

3

4a

Cui

2(R)

4

4a

CuCN

26 (R)
14 (S)

11(R)
9(R)
9(R)

5

4b

CuCl

6
7

4b
4b

CuBr

16(R)

Cui
Cul

11(S)
11 (S)

8

4b

CuCN

10 (S)

9

lb

CuBr

61 (S)b

10
11

lb
lb

CuBr BujP

12 (S)"

Cui
Cui

48 (S)b

-

<f>^OH
i
PIT ^ 4a

<V

ΌΗ

1

P
Ph'h ^ \

4b

О^он
N
Me

Determined by capillary GC of diastereomenc 6
Taken from Imamoto et al '

lb

Table 5.2 Solvent effect on the selectivity of 1,4 addition by 4a and 4b using CuCN
Ligand

Solvent

e.e. [%]*

1

4a

THF

2

4a

Et¡0

3

4a

4

4a

5

4b

6
7

4b

8

4b

DMS
DME
THF
Et20
DMS
DME

26 (R)
4(R)
4(R)
7(R)
10 (S)
ndb
1(S)
ndb

Entry

a
b

4b

О^он
N
P h " ^

4a

Ν
Ph*^\
Ah

Determined by capillary GC of diastereomenc б
not determined

Table 5.1 and Table 5 2 clearly reveal from entries 4 and 1, respectively, that when azetidine
hgands are used the best results were obtained by using CuCN and THF in the model system.
Imamoto and coworkers7 and Leyendecker et al · · also reported THF as the solvent of
choice, but they did not use CuCN in their investigations. They obtained the highest
selectivities by using CuBr. The variation of hgands was therefore performed using our
conditions. The results of the enantioselectivity are collected in Table 5 3 Again, all isolated
yields were over 95 %.
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Table 5.3 Enantioselectivity of 1,4-conjugate addition by different chiral auxiliaries

a

Ligand

R

R'

e-e. Г/Ч'

(2S)-4a

(S)-a-methylbenzyl

H

(2R)-4b

(S)-a-methylbenzyl

H

26 (R)
io (S)

V

(2S)-4c

(S)-a-methylbenzyl

methyl

35 (R)

R 4

(2S)-4d

(S)-a-methylbenzyl

phenyl

5(R)

(2S)-4e

benzyl

H

20 (S)

(2S)-S

benzyl

H

_1W

Determined by capillary GC of diastereomeru
c6

R

,

R

,

^ХШ
<

O^OH

è„
5

5.4 Discussion
Azetidine alcohol functionalized organo cuprates are reliable reagents for the 1,4-conjugate
addition of a methyl functionality to l,3-diphenyl-prop-2-en-3-one. Yields and selectivities
did not change significantly when reactions were carried out in duplicate, in contrast to the
results reported by Dieter et al5. Also, a facile method for determining the enantioselectivity
was developed. Instead of using the rather unreliable method of determining the optical
rotation of the conjugate adduct, a small amount of this adduct was converted to
diastereomeric imines 6 which gave baseline-separation by standard GC-analysis. No
preferential formation of one of the diastereomeric imines was observed, and the
diasteromeric excess thus measured related directly to the enantiomeric excess of the
corresponding conjugate adduct 5.
Generally, ligand (S,2R)-4b tended to give less selectivity for the R-adduct and more for the
S-adduct as is revealed in Table 5.1. On the other hand, auxiliary (S,2S)-4a gave higher
selectivity towards the R-adduct. This may indicate that the (S,2S)-configuration of azetidine
alcohol 4a leads to a matching effect of the two chiral centers of the ligand as far as chirality
transfer is concerned. This matching effect is most pronounced when CuCN is used. The
selectivity of the reaction decreases significantly when copper(I) halogenides were used in
combination with 4a.
Clearly, THF is the solvent of choice since the selectivity dropped significantly when other
aprotic, coordinating solvents like dimethoxyethane (DME) or diethyl ether were used. Even
dimethylsulfide (DMS), which is considered 'soft' in the Hard,Soft/Acid,Base principle, is no
exception.
Furthermore, it is of interest to note the difference in selectivity when N-benzyl ligand 4e,
which is derived from azetidine-2-carboxylic acid, and ligand 5, which is derived from
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proline, are compared. Not only was the selectivity with the former ligand higher, but it also
resulted in the formation of the other enantiomer.

5.5 Experimental
General remarks
All reactions were carried out in an inert atmosphere of argon or nitrogen unless stated
otherwise. Melting points were determined using a Reichert thermopan microscope and are
uncorrected. Optical rotations were measured with a Perkin Elmer automatic Polarimeter,
model 241 MC, using concentrations с in g/100 ml at 20 °C in the solvents indicated. 'H- and
13

C-NMR spectra were recorded with a Braker AC 100 (100 MHz, FT) spectrometer. The

chemical shift δ is denoted in ppm relative to the internal standard (TMS for Ή NMR, CDClj
for 13C NMR). IR spectra were recorded on a Perkin Elmer 298 spectrophotometer. The
wavenumber σ is listed in cm'. For (high resolution) mass spectra a double focussing
VG7070E mass spectrometer was used. GC-MS were measured using a Varían Saturn II GCMS by on-column injection (DB-1 column, length 30 m, internal diameter 0.25 mm, film
thickness 0.25 μτή). Elemental analyses were performed using a Carlo Erba Instruments
CHNS-0 EA 1108 element analyzer.
Solvents and reagents
Diethyl ether was pre-dried over calcium chloride, then distilled from calcium hydride and
stored over molsieves (4Â). Tetrahydrofuran (THF) was distilled from lithium aluminum
hydride. Ethyl acetate was distilled from potassium carbonate. Dichloromethane, dimethylsulfide (DMS) and dimethoxyethane (DME) were distilled from calcium hydride. Chloroform
and methanol were p.a. grade and used as such. Methylmagnesiumbromide (3 M in diethyl
ether) was purchased from Aldrich and stored in an inert atmosphere. Optically active (L)azetidine-2-carboxylic acid was purchased from Fluka and stored in the dark at room
temperature.
Ligand synthesis
Methyl 2,4-dibromobutyrate (2)
Methyl 2,4-dibromobutyrate 2 was prepared by a Hell-Volhard-Zelinsky bromination of γbutyrolactone as is described in chapters 2 and 3.
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(2S) and (2R) Methyl l-((lS)-phenylethyl)azetidine-2-carboxylate (3a and 3b)
A diastereomeric mixture of 3a and 3b was prepared by ring closure of 2 with enantiopure
(S)-a-methylbenzylamine and potassium carbonate as a co-base as was described in chapters
2 and 3. The diastereomers were separated by flash chromatography (hexane: ethyl acetate,
4:1, v/v).
(2S) and (2R) 2-Hydroxymethyl-l-((lS)-phenylethyI)azetidine (4a and 4b)
Azetidine alcohols 4a and 4b were prepared by reduction of the corresponding azetidine ester
with lithium aluminum hydride as is described in chapter 2.
(2S)-Hydroxymethyl-1 -(( 1 S)-phenylethyl)azetidine (4a)
Yield: 1.672 g, 96 %. [a]2D° : -56.6° (c=l, CHC13). Ή NMR (CDC13): δ 7.29 (s, 5H, Ph), 3.633.41 (m, 4H, NCH, СЯ2ОН and NC//(CH3)), 3.02 and 2.74 (dt and dt, 2H, NCH2), 2.26-1.85
(m, 2H, CH2), 2.46 (d, 3H, NCH(Ctf3)). ,3 C NMR (CDC13): δ 143.4 (s, aromatic С), 128.2,
126.9 (d, aromatic С), 67.0 and 65.2 (d, NCH and NCH(CH3)), 63.5 (t, NCH2), 49.6 (t,
CH2OH), 21.5 (q, NCH(CH3)), 17.7 (t, CH2). IR (neat): σ 3400 (broad, OH), 700 (s, monosubstituted phenyl). GC-MS: m/e 192 (M+ + 1), 176 (M+ - CH3), 160 (M+ - CH2OH), 105
(Methyltropilium). HR-MS: Calculated for C12H,7NO 191.13101, found 191.13107.
(2R)-Hydroxymethyl-1 -(( 1 S)-phenylethy l)azetidine (4b)
Yield: 1.55 g, 89 %. Mp.: 67-68 °C (hexane). [a]™ : -63.3° (c=l, CHC13). Ή NMR (CDC13):
δ 7.29 (s, 5H, Ph), 3.53-3.18 (m, 3H, NCH, NCtf(CH3) and OH), 2.92 and 2.48 (dd and dd,
4H, NCH2 and СЯ2ОН), 2.21-1.70 (m, 2H, CH2), 1.23 (d, 3H, NCH(Ctf3)). ,3 C NMR
(CDC13): δ 143.4 (s, aromatic С), 128.4, 127.6, 127.3 (d, aromatic С), 67.6 and 66.0 (d, NCH
and NCH(CH3)), 62.3 (t, NCH2), 50.4 (t, CH2OH), 20.1 (q, NCH(CH3)), 17.7 (t, CH2). IR
(CC1<): σ 3300 (broad, OH), 700 (s, monosubstituted phenyl). GC-MS: m/e 192 (M+ + 1), 176
(M+ - CH3), 160 (M* - CH2OH), 105 (Methyltropilium). HR-MS: Calculated for C12H17NO
191.1310, found 191.1311. Elemental analysis: Calculated for C12Hl7NO %C 75.35, %H 8.96,
%N 7.32. Found %C 75.11, %H 8.86, %N 7.30.
2-(l-((lS)-phenylethyl)azetidin-(2S)-yl)-propan-2-ol (4c)
The Grignard reaction was carried out as described in chapter 3 using azetidine ester 3a.
Yield: 1.44 g, 72 %. [ a ] " : -64.0° (c=l, CHC13). Ή NMR (CDC13): δ 7.45-7.14 (m, 5H, Ph),
3.78 (q, IH, NC#(CH3)), 3.59 (s, IH, OH), 3.18-2.76 (m, 3H, NCH2 and NCH), 2.17-1.54
(m, 2H, CH2), 1.30 (d, 3H, NCH(C#3)), 1.24 and 1.01 (s, 3H, Ctf3-C-OH). 13C NMR
(CDC13): δ 140.9 (s, aromatic С), 128.3, 128.2, 127.2 (d, aromatic С), 69.6 (s, carbinol С),
69.2 and 62.3 (d, NCH and NCH(CH3)), 44.7 (t, NCH2), 29.1, 24.0, 20.1 (q, CH3CCH3 and
NCH(CH3)), 17.3 (t, СИ,). IR (CC14): σ 3550 (broad, OH), 700 (s, monosubstituted phenyl).

95

Chapter 5

+

GC-MS: m/e 220 (M* + 1), 204 (M - CH3), 160 (NT - C(CH3)2OH), 105 (Methyltropilium).
HR-MS: Calculated for C14H21NO 219.1623, found 219.16236.
Diphenyl-(l-((lS)-phenylethyl)azetidin-(2S)-yl)-methanol(4d)
The Grignard reaction was carried out as described in chapter 3 using azetidine ester 3a.
Yield: 2.26 g, 72 %. Mp.: 90-92 °C (hexane). [ a ] * : -14.5° (c=l, CHC13). Ή NMR (CDC13):
δ 7.66-6.80 (m, 15H, Ph), 5.60 (broad s, IH, OH), 4.26 (t, IH, NCH), 3.30-2.82 (m, 3H,
NCH2 and NCtf(CH3)), 2.08-1.66

(m, 2H, CH2), 0.85 (d, 3H, ЫСН(СЯ3)). ,3 C NMR

(CDClj): δ 148.1, 145.3, 140.6 (s, aromatic С), 128.2, 128.2, 128.1, 127.1, 126.8, 126.5,
126.0, 125.7 (d, aromatic С), 75.7 (s, carbinol С), 69.8, 61.2 (d, NCH and NCH(CHj)), 45.0
(t, NCH2), 19.8 (q, NCH(CH3)), 19.6 (t, CH2). IR (CC14): σ 3230 (broad, OH), 700 (monosubstituted phenyl). GC-MS: m/e 343 (M+), 328 (M* - CH3), 266 QA+ - Ph), 238 (M* methylbenzyl), 105 (Methyltropilium). Elemental analysis: Calculated for C24H25NO %C
83.93, %H 7.34, %N 4.08. Found %C 83.61, %H 7.28, %N 4.19.
l-Benzyl-(2S)-hydroxymethyIazetidine(4e)
To a IN NaOH solution (6 ml, 6 mmol) azetidine-(2S)-carboxylic acid (253 mg, 2.5 mmol)
and benzoyl chloride (0.3 ml, 2.58 mmol) were added and stirred for 15 min. at room
temperature. Then, the temperature was raised to 30 °C and additional IN NaOH solution (6
ml, 6 mmol) and benzoyl chloride (0.3 ml, 2.58 mmol) were added. After stirring the reaction
mixture for 1 h., it was acidified to pH 3 by the addition of HCl solution and extracted twice
with dichloromethane. The organic extracts were washed with saturated NaCl solution, dried
(MgS04), filtered and concentrated in vacuo. The crude product was used as such in the
following reduction step.
To a cooled (0 °C) suspension of lithium aluminum hydride (244 mg, 6.43 mmol) in THF (25
ml) a solution of the crude l-benzoyl-azetidine-(2S)-carboxylic acid in THF (10 ml) was
added. Then, the mixture was refluxed for 24 h. and quenched by the careful addition of
water. The mixture was filtered, the residue thoroughly washed with warm dichloromethane
after which the combined organic layers were concentrated in vacuo. The residue was then
taken up in ethyl acetate and extracted twice with IN HCl solution. The acidic aqueous layer
was neutralized by the addition of IN NaOH solution and extracted three times with ethyl
acetate. These combined organic extracts were washed with saturated NaCl solution, dried
over MgS0 4 , filtered and concentrated in vacuo. The product was purified by flash
chromatography using first hexane:ethyl acetate (1:1, v/v) to remove benzylic alcohol and
then ethyl acetate methanol (10:1, v/v).
Yield: 253 mg, 57 %. [α]„ : -6.0° (c=l, CHC13). Ή NMR (CDC13): δ 7.26 (s, 5H, Ph), 3.753.45 (AB quartet and m, 3H, benzylic СН2 and NCH), 3.38-3.20 (m, 3H, NCH2 and СЯ2ОН),
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2.90 (dt, IH, NCH2), 2.24-1.75 (m, 2H, СН2). С NMR (CDC13): δ 137.8 (s, aromatic С),
128.6, 128.2, 127.1 (d, aromatic С), 66.8 (d, NCH), 62.5 and 61.9 (t, NCH2 and benzylic
+

CH2), 51.2 (t, CHjOH), 18.7 (t, CH2). IR (neat): σ 3450 (broad, OH). GC-MS: m/e 178 (M +
+

1), 146 (M - CH2OH), 91 (Тгорііішп). HR-MS: Calculated for C„H15NO 177.11536, found
177.11532.
l-Benzyl-(2S)-hydroxymethylpyrrolidine(5)
Following the procedure described for the synthesis of 4e, compound 5 was obtained.
Yield: 59 %. [o]„ : -20.5° (c=l, CHC13). Ή NMR (CDC13): δ 7.30 (m, 5H, Ph), 3.97 (A part
of AB quartet, IH, benzylic CH2), 3.66 and 3.42 (dd and dd, 2H, СЯ.ОН), 3.34 (B part of AB
quartet, IH, benzylic CH2), 3.06-2.88 (m, IH, NCH), 2.76 (broad s, 2H, NCH2 and OH), 2.28
(dt, IH, NCH2), 1.96-1.5 (m, 4H, CH2CH2). 13C NMR (CDC13): δ 139.1 (s, aromatic С),
128.5, 128.1, 126.8 (d, aromatic С), 64.1 (d, NCH), 61.7 and 58.4 (t, benzylic CH2 and
NCH2), 54.2 (t, CH2OH), 27.6, 23.2 (t, CH2CH2). IR (CCI,): σ 3400 (broad s, OH), 700 (s,
monosubstituted phenyl). GC-MS: m/e 160 (M+ - CH2OH), 91 (Tropilium). HR-MS:
Calculated for CI2H17NO 191.13101, found 191.13107.
General procedure for the 1,4-conjugate addition reaction
To a suspension of CuX (2.88 mmol) in dry THF (15 ml) was added methylmagnesium
bromide (2.12 ml of 3 M in diethyl ether, 6.34 mmol) at - 30 °C and subsequently, the
mixture was stirred for 30 min. at 0 °C. A solution of chiral auxiliary (4.03 mmol) in THF (2
ml) was then added, whereupon the color of the suspension turned from white to orange.
After stirring for 1 h. at the same temperature, this suspension was cooled to - 20 °C and 1,3diphenyl-prop-2-en-3-one (150 mg, 0.72 mmol) was added. The mixture was stirred for 1 h.
after which the reaction was quenched by the addition of aqueous ammonium chloride
solution. The layers were separated and the aqueous layer was thoroughly extracted three
times with ethyl acetate. The combined organic layers were dried (MgS04), filtered and
concentrated in vacuo. The resulting residue was purified by chromatography using
hexane:ethyl acetate (10:1, v/v) to obtain the solid conjugate adduct 5 in over 95 % yield,
after which the chiral ligand was recovered by eluating with ethyl acetate:methanol (10:1,
v/v). Typical ligand recovery was about 80 %.
A sample of the Michael adduct (10 mg, 45 цтоі) was then converted to the diastereomeric
imine 6 by addition of excess (S)-a-methylbenzylamine and a catalytic amount of BF3.OEt2
and heating this mixture for 3 h. at 85 °C. The diastereoselectivity of the imine was
determined by capillary GC.
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Amphiphilic azetidine-(2S)-carboxylic
acid amides
6.1 Introduction
Aggregation of amphiphiles: dispersions
Amphiphilic molecules are compounds that contain a hydrophilic part connected to a
hydrophobic part. In general, the hydrophilic part consists of a polar head group, that can be
either cationic, anionic, zwitterionic or non-ionic. The hydrophobic part normally constitutes
of one or two saturated or unsaturated alkyl chains. The driving force for the self-assembly
upon dispersion in an aqueous phase is called the hydrophobic effect1. This force is
dominated by entropie effects. The entropy is decreased by reduction of the motional freedom
of the individual amphiphiles. On the other hand, it is increased by liberation of the highly
organized shell water molecules surrounding the aggregating amphiphiles. Furthermore,
aggregation is positively influenced by the vanderWaals interactions which are generated by
clustering of the hydrocarbon chains.
There are two types of opposing forces determining the type of aggregate formed by a
surfactant: the attractive interactions arising from the hydrophobic effect mentioned above,
and the electrostatic repulsion between the polar head groups. The former force tends to
minimize the interfacial area in order to decrease the exposure of the hydrophilic hydro
carbons to water. The latter leads to an increase of the distances between the repulsive
hydration spheres by increasing the interfacial area. Consequently, the type of aggregate
depends on the ratio between the respective sizes of the head group and the hydrophobic part
of the molecule.
A model for the aggregation behavior of phospholipids was developed based on statistical
mechanics2. In this model, a packing parameter Ρ is defined as Ρ = ν / (l.a), in which ν and /
are the volume and length of the alkyl chains, respectively, and a is the area of the head
group. Thus Ρ describes the shape of the amphiphiles, and hence the structures of the
conceivable aggregates. Common examples of such structures are micelles, vesicles, planar
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bilayers and inverted hexagonal phases (Figure 6.1). The formation of these aggregates can be
examined by electron microscopy.

Ampbiphile

cone shape
P<0.5

Structure of aggregate

Micellar structures

1

cone or cylinder shape
0.5<P<1

inverted cone shape
P>1

Vesicles and planar bilayer structures

Inverted structures

Figure 6.1 Schematic representations of common surfactant aggregates in water and their
dependence on the shape of the individual amphiphiles

Aggregation of amphiphiles: monolayers
Bilayer structures in dispersions are composed of two monolayers, making surface monolayer
studies important for understanding the packing and orientation of amphiphiles in bilayer
structures. By recording П-А diagrams it is possible to obtain information about the
molecular area, orientational behavior and mobility of the amphiphiles, and about the
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interactions between the surfactant and substances dissolved in the sub-phase. Last but not
least, surface changes and phase separations in the monolayers may be visualized by either
3 4

5

fluorescence - or Brewster angle microscopy .
Amphiphiles form a monolayer when a diluted solution of the compound in an organic
solvent is spread on a water surface and the organic solvent evaporates; the polar parts of the
amphiphile will be directed toward the aqueous phase, while the hydrophobic parts will be
directed away from it. Ideally, the following stages can be observed when the surface pressure
(Π) is measured while decreasing the surface area per molecule (A):
At low surface concentrations the monolayer resembles a gaseous phase in a two-dimensional
fashion: the amphiphilic molecules move freely over the interface without disturbing each
other, while their hydrophobic hydrocarbon chains float on the polar surface. When the
surface area is decreased by means of a barrier, the available area per molecule becomes less
than the area required for the apolar chains to float undisturbed on the interface: the
hydrophobic parts are forced to lift from the water surface and adopt an orientation which is
more or less perpendicular to the air-water interface. A two dimensional liquid monolayer is
formed when the hydrocarbon chains of different amphiphiles in the perpendicular orientation
make contact. Further reduction of the surface area even prevents the rotational movement of
the hydrocarbon chains, thus forming a two dimensional solid phase. Compression of this
rigid phase will lead to a substantial increase of the surface pressure until the monolayer
either dissolves in the sub-phase, or collapses into bi- or multilayers.
solid-analogue

liquid-analogue
gas-analogue
Τ
area per molecule, A

Figure 6.2 Idealized representation of a surface pressure-surface area (Π-Α) isotherm

In the preliminary study presented in this chapter some simple derivatives of azetidine-(2S)carboxylic acid are considered as amphiphiles, viz. amides derived from fatty amines. Apart
from the aggregation behavior in the context described above, such substrates, at least in
principle, may form chiral aggregates. Chiral supramolecular structures are of basic interest
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for the preparation of chiral micro-reactors, that are chiral superstructures which can
incorporate prochiral substrates. Because of the chiral environment, these substrates can
undergo, in principle, enantioselective reactions under appropriate conditions. Recently,
chiral amide containing surfactants were prepared in the Nijmegen laboratory which show
helical aggregates as chiral superstructure6. Now, azetidine-based amphiphiles are investiga
ted for their ability to express molecular chirality on a supramolecular level.

6.2 Synthesis and characterization of an amphiphilic azetidine compound
Synthesis
It was thought that for expression of chirality on a supramolecular level, the formation of
multiple, intermolecular hydrogen bonds was essential7. An amino acid amide has two
hydrogen bond donors and one acceptor and is therefore a suitable candidate.
Amphiphilic azetidine 3 was prepared according to the route displayed in Scheme 6.1. The
protection of the nitrogen functionality proceeded under standard conditions and was
followed by a DCC coupling with the fatty amine. The addition of hydroxy-benzotriazole
(HOBT) in this coupling was found to be necessary in order to prevent excessive formation of
N-acylureum by-product. Deprotection of the amino group was carried out by standard
hydrogenolysis.
HOBT
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Scheme 6.1 Synthesis ofamphiphile 3

Characterization: pK' -determination
Since the polar head group of compound 3 can be protonated at low pH, its surface area
depends on the pH of the sub-phase in which the amphiphile is dispersed. Therefore, the pK„
of 3 was determined by titration. In order to avoid deviating pK„ values due to aggregation in
the aqueous solutions, a mixture of methanol:water (95:5, v/v) was used as the solvent during
titration*. In the area between the equivalence points, the pH* is determined by the basic

pH and pK, values obtained from non-aqueous solutions are denoted with an asterisk.
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character of the amphiphile. The pH in the middle of this sample buffered area (pH = 7.98)
was taken as the pK¡ value (Figure 6.3).
12.0 -,

0.0 -I
0.0

1
2.0

1
e p l

\
4.0

e

1 1
P- 2 6.0

1
8.0

1
10.0

mlNaOH

Figure 6.3 Determination of pKJ value of compound 3 in methanol: water (95:5, v/v)

Characterization; ТЕМ
In order to investigate compound 3 by Transmission Electron Microscopy (ТЕМ), dispersions
of 3 in aqueous solution adjusted to pH 4 were prepared. In this way, it was ensured that more
than 95 % of 3 was protonated. The formation of vesicle structures is clearly demonstrated by
electron micrographs depicted in Figure 6.4. However, these micrographs reveal no
expression of chirality on a supramolecular level, such as helices.

N
Figure 6.4 Electron micrographs of aqueous 1 % (w/w) dispersions of 3 adjusted to pH 4.
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Characterization: Monolayer experiments
The pH dependence of the surface area of the head group was further investigated by
monolayer experiments. The isotherms of 3 were recorded on an aqueous sub-phase of
varying pH (Figure 6.5). In none of the three cases a distinct phase of liquid/solid coexistence
is apparent. This may indicate a very gradual process of lining the alkyl chains to a
perpendicular orientation with respect to the aqueous surface. From the curves at pH 6.5 and
9.5 it shows that the head group area is approximately 42 Â /molecule, whereas at pH 2.7 this
is approximately 50 A2/moIecule. This demonstrates the larger electrostatic repulsion
between the positively charged head groups at pH 2.7. It should be noted, however, that the
error margin in these determinations is rather large due to the gradual decrease of the slope.
The monolayers all collapse at approximately 20 Â2/molecule. The collapse pressure at pH
2.7, however, is much lower than at pH 6.5 or 9.5. At pH 2.7 the protonated head group
probably has so much affinity for the polar aqueous phase, that the monolayer dissolves
readily in the sub-phase, e.g. it collapses at lower surface pressure.
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Figure 6.5 Monolayer isotherms of 3, recorded at 20 °C on a sub-phase of varying pH
Brewster angle microscopy of the monolayers at different surface pressures reveals no
formation of two-dimensional structures with expression of chirality at a supramolecular
level.

6.3 Summary and conclusions
The preliminary results of the experiments described above demonstrate that azetidine-based
amphiphiles can be obtained from azetidine-(2S)-carboxylic acid and a fatty amine, such as
tetradecylamine. Since protonation of the amine functionality has influence on the size of the
polar head group, and hence on the aggregation behaviour of the amphiphile, the pK„ of 3 was
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detemiined in a non-aqueous solution: pKJ = 7.98. Upon dispersion in aqueous solution of
pH 4 these surfactants form vesicle type aggregates. No expression of chirality was observed
in these superstructures when taking ТЕМ micrographs. Apparently, the formation of an
amide 'polymer' structure through intermolecular hydrogen bonding alone does not suffice
for the formation of chiral aggregates upon dispersion. By means of monolayer experiments it
was found that the process of lining the apolar chains from the sub-phase proceeds very
gradually and no phase of liquid/solid coexistence was detectable. Furthermore, on acidic
sub-phases amphiphile 3 shows a remarkably low collapse pressure, which is tentatively
assigned to the higher solubility of 3 in the aqueous solution. Finally, no phase separation or
expression of chirality was apparent from Brewster Angle Microscopy.
More experiments remain to be done in order to establish the expression of chirality of
azetidine-based amphiphiles and their use as possible micro reactors. These experiments may
involve the use of additives in the sub-phase, i.e. metal ions, or to additional functionalities in
the surfactant.

6.4 Experimental
General remarks
All reactions were carried out in an inert atmosphere of nitrogen unless noted otherwise.
Melting points were determined using a Reichert thermopan microscope and are uncorrected.
Optical rotations were measured with a Perkin Elmer automatic Polarimeter, model 241 MC,
using concentrations с in g/100 ml at 20 °C in the solvents indicated. Ή- and 13C-NMR
spectra were recorded with a Braker AC 100 (100 MHz, FT) or a Braker AM 400 (400 MHz,
FT) spectrometer. The chemical shift δ is denoted in ppm relative to the internal standard
(TMS for Ή NMR, CDCI3 for 13 C NMR). IR spectra were recorded on a Perkin Elmer 298
spectrophotometer. The wavenumber σ is listed in cm". For (high resolution) mass spectra a
double focussing VG7070E mass spectrometer was used. Elemental analyses were performed
using a Carlo Erba Instruments CHNS-0 E A 1108 element analyzer. DSC was recorded
using a Perkin Elmer DSC 7 apparatus.
Solvents
Diethyl ether was pre-dried over calcium chloride, then distilled from calcium hydride and
stored over molsieves (4Â). Hexane was distilled from calcium hydride and stored over
molsieves (4Â). Ethyl acetate was distilled from potassium carbonate. Dichloromethane was
distilled from calcium hydride. Methanol was p.a. grade and used as such.
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l-Benzyloxycarbonyl-azetidine-(2S)-carboxylic acid (1)
Azetidine-(2S)-carboxylic acid (1.00 g, 9.89 mmol) was dissolved in 4 N NaOH solution (2.5
C

ml, 10 mmol) and cooled to 0 C. To this solution 4 N NaOH solution (3.0 ml, 12 mmol) and
benzyl chloroformate (1.53 ml, 10.88 mmol) were added, after which the reaction mixture
was stirred overnight. The aqueous solution was then extracted once with diethyl ether,
acidified with 1 N HCl solution to pH 3-5 and extracted three times with ethyl acetate. The
latter organic extracts were dried over MgS0 4 , filtered and concentrated in vacuo to produce
2.26 g 1 as an oil.
Yield: 97 %. [a]2D° : -87° (c=l, MeOH). Ή NMR (CDC13): δ 8.63 (broad s, IH, COOH), 7.35
(s, 5Н, Ph), 5.15 (s, 2H, CH2Ph), 4.81 (t, IH, NCH), 4.01 (t, 2H, NCH2), 2.63-2.38 (m, 2H,
CH2). IR (CCI4): σ 3000 (broad, OH), 1770 (s, NC(O)O), 1718 (s.COOH).
1-BenzyloxycarbonyI-azetidine (2S)-tetradecylamide (2)
To a solution of 1 (100 mg, 0.425 mmol) in dichloromethane (10 mi) hydroxybenzotriazole
(HOBT; 86 mg, 0.638 mmol), dimethylaminopyridine (DMAP; 12 mg, 0.10 mmol) and tetradecylamine (91 mg, 0.425 mmol) were added successively. The mixture was stirred for 15
min., cooled to -5 °C after which dicyclohexylcarbodiimide (DCC; 97 mg, 0.468) was added.
After stirring for 19 h. the mixture was filtered and concentrated in vacuo. The crude product
was purified by flash chromatography (hexane: ethyl acetate, 2:1, v/v) to give 138 mg 2 as an
off-white solid.
Yield 75 %. Mp.: 70-71 °C. [a]„ : -87.2° (c=l, CHC13). Ή NMR (400 MHz, CDCI3): δ 7.35
(s, 5Η, Ph), 6.84 (broad s, IH, NH), 5.13 (AB quartet, 2H, CH2Ph), 4.70 (t, IH, NCH), 3.98
and 3.87 (q, 2H, NCH2), 3.24 (m, 2H, C(0)NHCtf2), 2.46 (m, 2H, CH2), 1.26 (broad m, 24H,
alkyl chain CH2), 0.88 (t, 3H, alkyl chain CH3). 13 С NMR (400 MHz, CDCI3): δ 170.9 (s,
CO), 135.9 (s, aromatic С), 128.6, 128.3, 128.0 (d, aromatic С), 67.3 (t, CH2Ph), 49.0 (t,
NCH2), 39.3 (t, C(O)NHCHj), 33.9, 31.9, 29.63, 29.56, 29.5, 29.4, 29.3, 29.2, 26.8, 25.6,
24.9, 22.6 (t, CH2 and alkyl chain CH2), 14.1 (q, alkyl chain CH3). IR (CC14): σ 2920 (s,
alkyl), 1685 (s, C(0)), 695 (s, monosubstituted phenyl). Mass (EI): m/e 430 (M+), 323 (M+ OBn), 295 (M+ - C(O)OBn), 240 (C(0)NHCMH29), 91 (Methyltropilium). Elemental
analysis: Calculated for C 2 6 H 4 2 N 2 0 3 %C 72.52, %H 9.83, %N 6.51. Found %C 72.61, %H
9.88, %N 6.66.
Azetidine-(2S)-tetradecylamide (3)
To a nitrogen flushed solution of 2 (500 mg, 1.16 mmol) in methanol (20 ml) Pd(C) (35 mg;
10 wt%) was added. The resulting suspension was shaken in a hydrogen atmosphere until all
starting material had been converted as was checked by TLC. The Pd(C) catalyst was
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removed by filtration over hyflo and subsequently washed with methanol. The filtrate was
concentrated in vacuo to give 344 mg 3 as an off-white solid.
Yield: quantitative. Mp. PSC): 64 °C. [ a ] " : -57.3° (c=l, CHC13). Ή NMR (400 MHz,
CDCI3): δ 7.49 (broad s, IH, CONH), 4.32 (t, IH, NCH), 3.76 and 3.27 (q and dt, 2H,
NCH2), 2.62 and 2.36-2.26 (ddt and m, 2H, CH2), 2.19 (broad s, IH, NH), 1.57-1.50 (m, 2H,
13

CONHCtf2), 1.35-1.26 (m, 24H, alkyl chain CH2), 0.88 (t, 3H, alkyl chain CH3). C NMR
(400 MHz, CDCI3): δ 173.9 (s, C(O)NH), 59.2 (d, NCH), 43.4 (t, NCH2), 38.7 (t,
C(0)NHCH2), 31.8, 29.6, 29.51, 29.48, 29.3, 29.2, 26.93, 26.87, 26.6 (t, alkyl chain CH2),
22.6 (t, CH2), 14.0 (q, alkyl chain CH3). IR (KBr): 3300 (m, NH), 2915 (s, alkyl), 1645 (s,
C(O)). Mass (El): m/e 296 (M+), 212 (NHC 14 H 29 ), 56 (M+ - C(0)NHC 14 H 29 ). HR-MS:
Calculated for C, 8 H 3 6 N 2 0 296.2827, found 296.2829.
Determination of the pK* value5 of compounds
In order to avoid deviating pK, values due to aggregation in the aqueous solutions, a mixture
of methanol:water (95:5, v/v) was used as the titration solvent. For comparison imidazole
(crystallized from toluene) was also titrated in this medium and was found to have a pK*
value of 6.77, which is similar to the value in water (pK„ = 6.958). The titrations were carried
out in a nitrogen atmosphere and the pH electrode was calibrated with a lithium
succinate/succinic acid and an ammonium oxalate/oxalic acid buffer (pK| = 7.26 and pK* =
4.23, respectively9). Approximately 0.025 mmol of sample was dissolved in methanol:water
(50 ml, 95:5, v/v) containing 0.0012 M HC104. This mixture was titrated with a solution of
0.01 M NaOH in methanol:water (95:5, v/v). The curves showed two equivalence points. The
first point (e.p.l) was reached when the amount of NaOH added was equivalent to the total
amount of HCIO4 minus the amount of sample. The second point (e.p.2) equaled the total
amount of HCIO4. In the area between the equivalence points, the pH is determined by the
basic character of the sample. The pH in the middle of this sample buffered area (pH = 7.98)
was taken as the pK* value.
ТЕМ experiments
A 1 wt% dispersion (pH 4) of amphiphile 3 was prepared by dissolving 3 (2.13 mg, 7.2 μπιοί)
in methanol (100 μΐ) whereupon this solution was dispersed in water (200 μΐ) which had been
adjusted to pH 4 by the addition of sulfuric acid. The dispersion was then sonicated at 50 °C
for 1 h.
A drop of the dispersion was placed on a carbon coated copper grid and aged for 19 h.
Finally, the sample was stained by platinum shadowing and examined under a Philips ТЕМ
201 (60 kVolts) microscope.
pH and pK. values obtained from non-aqueous solutions are denoted with an asterisk
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Monolayer experiments
Isotherms were recorded either on a thermostatized, home-built trough (140 x 210 mm) or a
Reigler & Kirstein (Wiesbaden) trough (60 χ 260 mm) which was placed in a laminar flow
cabinet. The surface pressure was measured using Wilhelmy plates mounted on a Trans-Tek
transducer (Connecticut, USA). On the sub-phase of ultra pure water (Water Pro PS,
LABCONCO), adjusted to the desired pH, 20 ml of a chloroform solution of the surfactant (1
mg/ml) was spread and the solvent was allowed to evaporate. The rate of compression was 8
cm2/min.
Brewster Angle Microscopy
The surface of compressed monolayers was studied with a Brewster Angle Microscope (NFT
BAM-1) manufactured by Nano Film Technology, Göttingen. The instrument was equipped
with a 10 mW He-Ne laser with a beam diameter of 0.68 mm operating at 632.8 nm.
Reflections were detected using a CCD camera.
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Summary
Many interactions of organic molecules with biological systems are highly sensitive to the
molecular asymmetry of the substrate. Chemists who synthesize new chiral compounds have
therefore the responsibility to provide efficient and reliable methods for synthesizing these
compounds in enantiomerically pure state.
The most elegant approach to enantiopure compounds is asymmetric catalytic synthesis. This
strategy involves the transfer of chirality from a chiral auxiliary to a prochiral center, to
produce a new product with an asymmetric center with a high degree of efficiency. The most
commonly used auxiliary is the chiral catalyst, containing a metallic center surrounded by
chiral ligands. A wide variety of chiral ligands has been developed for different catalytic
purposes, ranging from alkaloid to α-hydroxy acid to amino acid derivatives. Among the
latter, derivatives from (S)-proline (1) are the most successful. This success is probably due to
the extra rigidity in the ligand backbone which leads to spatially well defined transition state
structures with limited number of conformations that can be adopted.

ГЛ^со2н

<

Ν
H
(S)-Proline (1)

^со2н
N
H

Azetidine-(2S)-carboxylic acid (2)

Figure 1 Naturally occurring cyclic amino acids

The amino acid with an even more rigid backbone than 1 is azetidine-(2S)-carboxylic acid
(2). One might expect that results in enantioselective catalytic reactions are even better when
derivatives of this amino acid are used. Unfortunately, azetidine-(2S)-carboxylic acid is not
readily commercially available, as is the case with 1, while the optical antipode is not
available at all. In this thesis therefore, some new routes toward optically pure derivatives of
2 are described as well as the results in enantioselective catalysis with these ligands.
In chapter 2 the synthesis of diastereomerically pure azetidine esters 3 is described. The
synthetic route would lead to both the (S)- and the (R)-enantiomer of 2 if the substituent at
the nitrogen atom containing the second chiral center could be removed. Several different
techniques were used of which only one proofed in principle successful. However, this route
involves at least four additional steps, which has a negative effect on the overall yield.
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Another approach toward enantiopure azetidines, i.e. biocatalytic resolution, was then
considered. First the enzymatic hydrolysis of diastereomeric azetidine esters 3a and 3b was
investigated. A number of enzymes was screened for their activity and selectivity. This led to
promising results for lipase from Mucor Mihei and Liver Acetone Powder "Horse" and
"Bovine", but selectivity for the corresponding racemic methyl l-benzylazetidine-2carboxylate was poor: e.e. smaller than 15 %. Next, the enzymatic hydrolysis of racemic 1benzylazetidine-2-carboxamide was tested at DSM. Hydrolytic activity was only found for
Pseudomonas putida ATCC 12633. A genetically engineered Escherichia coli strain, which
contained the overexpressed gene for the aminopeptidase I in P. putida, showed no activity.
Combined with the low selectivity found for the P. putida catalyzed hydrolysis, the activity
was probably an artifact due to some kind of aselective amidase present in P. putida but not
in the recombinant E. coli. Finally, the Candida Antarctica lipase mediated ammoniolysis of
methyl l-alkylazetidine-2-carboxylates

was considered. The results obtained with this

reaction were excellent for both the (2S)-amides that were formed (e.e.'s up to 97 %) and the
(2R)-esters that remained (e.e. > 99 %).
In chapter 3 an asymmetric Diels-Alder reaction is described. Ten azetidine-based ligands
and two proline derived auxiliaries were tested in the BBr3 catalyzed reaction of cyclopentadiene and α,β-unsaturated aldehydes.
The selectivities proved to be highly dependent on the structure of the dienophile as well as
that of the ligand: none of the ligands tested provided enantioselectivity in the reaction of
acrolein with cyclopentadiene. The highest e.e.'s for the reaction with 2-bromoacrolein were
obtained for azetidine-based auxiliaries with aliphatic carbinol functionalities (16-24 %). The
proline derived catalysts showed no selectivity in the reaction of methacrolein with cyclo
pentadiene, whereas compatible azetidine ligands afforded e.e.'s up to 33.4 %. Finally, both
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proline and azetidine-based ligands with a diphenylcarbinol substituent were the catalysts of
choice for the asymmetric reaction of crotonaldehyde and cyclopentadiene (32-65 % e.e.)·
ВВгз,
ligand
-78°C
CH2CI2

О

R"
R'

L

IPHO

CHO
endo
R' = R" = H
R' = Br,R" = H

R' = СНз, R" = H
R' = H, R" = CH3

Scheme 2 Diels-Alder reaction of cyclopentadiene and α,β-enals
The complexation characteristics of the catalysts were also investigated by means of semiempirical calculations. Aggarwal's observations of the presence of two possible boron-ligand
complexes, i.e. a bicyclic structure and a side-on coordination complex, were confirmed for
all catalysts. It was assumed that for complexation with a carbonyl moiety and subsequent
reaction with cyclopentadiene only the side-on coordination was suited. In this manner the
transition state structures of all four possible products of both the reaction of methacrolein
and of 2-bromoacrolein catalyzed by diphenyl-(l-((lS)-phenylethyl)azetidin-(2S)-yl)-methanol/BBr3 were established. These structures can be implemented in higher level (HF/6-31G )
ab initio calculations to obtain correct energy values.
In chapter 4, dirhodium(II) A'-sulfonyl-azetidine-(2S)-carboxylates (4) are used as ligands in
asymmetric cyclopropanation reactions.
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Scheme 3 Asymmetric cyclopropanation reactions using dirhodium catalysts 4

It was found that the E:Z ratio depended on the nature of the reacting olefin rather than on the
catalyst. For all catalysts this ratio was much higher for the reaction with styrene than for amethylstyrene. Furthermore, the enantiocontrol for both E and Ζ isomer steadily increases
with decreasing solvent polarity. This effect was attributed to the influence of the solvent on
the alignment of the ligands surrounding the reactive dirhodium(II) moiety.

Ill

Summary

Azetidine-2-alcohols can also be applied as chiral auxiliaries in the asymmetric Michael
addition reaction as is described in chapter 5. The influence of counterion, solvent and ligand
substituents on the 1,4-conjugate addition of a methyl group to l,3-diphenyl-prop-2-en-3-one
was investigated.
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^ ^
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Scheme 4 Enantioselective 1,4-conjugate addition reactions

Instead of determining the enantioselectivity by measurement of the optical rotation of the
adduct, an alternative method was developed. The adduct was converted into a diasteromeric
imine by reaction with enantiopure a-methylbenzylamine, of which the isomers were
separated by standard GC-analysis. By optimizing the three variables, a maximum selectivity
of 35 % e.e. was obtained when Cu(I)CN and 2-(l-((lS)-phenylethyl)azetidin-(2S)-yl)propan-2-ol was used in THF.
In the final chapter 6, a preliminary study is presented of an amphiphilic derivative (5) of
azetidine-(2S)-carboxylic acid.
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Scheme 5 Synthesis of chiral azetidine-based amphiphile 5

The aggregation behavior of this surfactant was studied by Transmission Electron
Microscopy (ТЕМ), monolayer experiments and Brewster Angle Microscopy (BAM). Upon
dispersion in aqueous solution of pH 4 the amphiphile forms vesicle type aggregates. No
expression of chirality was observed in these superstructures by ТЕМ. By means of
monolayer experiments no phase of liquid/solid coexistence was detectable. Furthermore, on
acidic sub-phases 5 showed a low collapse pressure, which was assigned to the higher
solubility of the amphiphile in the acidic aqueous solution. Finally, no phase separation or
expression of chirality was observed by Brewster Angle Microscopy.
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Samenvatting
Vele interacties van organische moleculen met biologische systemen zijn erg gevoelig voor
de moleculaire asymmetrie van het substraat. Chemici die nieuwe, chirale verbindingen
synthetiseren, dienen daarom efficiënte en betrouwbare methoden te ontwikkelen om deze
verbindingen in enantiomeer-zuivere vorm te synthetiseren.
De elegantste methode voor de synthese van enantiomeer zuivere verbindingen is
asymmetrische katalytische synthese. Hierbij wordt de chiraliteit van een chirale hulpstof
overgedragen aan een prochiraal centrum, waarbij een nieuw produkt met een asymmetrisch
centrum wordt gevormd met een hoge mate van efficiëntie. De meest gebruikte chirale
hulpstoffen zijn chirale katalysatoren. In het algemeen zijn dit metaalionen die omgeven
worden door chirale liganden. Voor de diverse katalytische omzettingen is een breed scala
van chirale liganden ontwikkeld, welke onder andere derivaten van alkaloïden, α-hydroxy
zuren en amino zuren omvatten. Uit de klasse van amino zuren zijn de derivaten van (S)proline (1) het breedst inzetbaar met goede resultaten. Dit succes is waarschijnlijk toe te
schrijven aan de extra starheid in het skelet van het ligand. Deze starheid leidt ertoe dat er
slechts een beperkt aantal overgangstoestand-structuren aangenomen kan worden en dat deze
structuren ruimtelijk gezien goed gedefinieerd zijn.
ГЛ^со2н

fyC02H

Ν
H
(S)-Proline (1)

N
H
Azetidine-(2S)-carbonzuur (2)

Figuur 1 In de natuur voorkomende cyclische aminozuren
Azetidine-(2S)-carbonzuur (2) is een aminozuur dat erg op 1 lijkt en een nog starder skelet
heeft. Het valt dus te verwachten dat de resultaten in enantioselectieve katalyse nog beter
uitpakken wanneer derivaten van dit amino zuur worden gebruikt. Helaas is azetidine-(2S)carbonzuur erg duur in aanschaf, in tegenstelling tot 1, terwijl de optische antipode helemaal
niet te koop is. Daarom worden in dit proefschrift enkele nieuwe routes naar optisch zuivere
derivaten van (2S)- en (2R)-2 beschreven. Tevens worden de resultaten in enantioselectieve
katalyse met deze liganden gegeven.
In hoofdstuk 2 wordt de synthese van diastereomeer zuivere azetidine esters beschreven.
De synthese route zou zowel naar het (S)- als het (R)-enantiomeer van 2 leiden als de
substituent aan het stikstof atoom, met het tweede chirale centrum, vlot verwijderd kon
worden. Daartoe werden verschillende technieken toegepast, waarvan slechts één succesvol
was. Deze route omvatte echter vier extra stappen, hetgeen een negatief effect had op de
totale opbrengst.
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Schema 1 Synthese van azetidine-(2S)-carbonzuur 2
Er werd vervolgens besloten om een andere route naar enantiomeer-zuivere azetidines te
onderzoeken, te weten enzymatische resolutie. Allereerst werd de enzymatische hydrolyse
van diastereomere azetidine esters 3a en 3b onderzocht. Daartoe werd de activiteit en de
selectiviteit van een aantal enzymen bepaald. De lipase van Mucor Mihei en Liver Acetone
Powder "Horse" en "Bovine" lieten hoopvolle resultaten zien. Maar toen de reactie onder
vergelijkbare omstandigheden werd herhaald met het sterk op 3a en 3b lijkende, racemische
substraat methyl l-benzylazetidine-2-carboxylaat, vielen de resultaten tegen: e.e. kleiner dan
15 %. Vervolgens werd de enzymatische hydrolyse van racemisch l-benzylazetidine-2carboxamide getest bij DSM. Er werd alleen hydrolyse activiteit gevonden voor Pseudomo
nas putida ATCC 12633. Er werd geen activiteit gevonden voor een genetisch gemanipuleer
de Escherichia coli streng, welke het tot overexpressie gebrachte gen van de aminopeptidase
van P. putida bevatte. Samen met de lage selectiviteit die gevonden werd in de door P. putida
gekatalyseerde reactie, is het waarschijnlijk dat de activiteit een artifact was ten gevolge van
een niet-selectieve amidase in P. putida, die niet in de recombinante E. coli voorkwam. Tot
slot werd de ammoniolyse reactie van methyl l-alkylazetidine-2-carboxylaten met behulp van
het lipase van Candida Antarctica bekeken. De resultaten die Ыеттее verkregen werden,
waren zowel voor de gevormde (2S)-amides als de achterblijvende (2R)-esters uitstekend.
In hoofdstuk 3 wordt een asymmetrische Diels-Alder reactie beschreven. Tien liganden
met een azetidine-skelet en twee proline-derivaten werden getest als hulpstoffen in de door
BBr3 gekatalyseerde reactie van cyclopentadiëen en α,β-onverzadigde aldehydes. De
selectiviteiten in deze reacties bleken sterk afhankelijk te zijn van de structuur van het dienofiel en het ligand: geen enkel getest ligand leverde enantioselectiviteit in de reactie van
acroleïne met cyclopentadiëen. Verder werden de hoogste enantiomere overmaten in de
reactie met 2-broomacroleïne behaald, wanneer azetidines met een alifatische carbinol
functionaliteit als hulpstoffen werden gebruikt (16-24 %). De katalysatoren afgeleid van
proline vertoonden geen selectiviteit in de reactie van methacroleïne met cyclopentadiëen,
terwijl katalysatoren met overeenkomstige azetidine liganden e.e's tot 33.4 % te zien gaven.
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Schema 2 Diels-Alder reactie van cyclopentadiëen en α,β-onverzadigde

aldehydes

Tot slot bleken zowel liganden met een azetidine 4-ring als met een proline 5-ring en een
difenylcarbinol substituent de beste resultaten op te leveren in de asymmetrische reactie van
crotonaldehyde en cyclopentadiëen (32-65 % e.e.). Vanwege deze sterke afhankelijkheid in
selectiviteit, werden de complexatie-karakteristieken van de katalysatoren onderzocht met
behulp van semi-empirische berekeningen. De aanwezigheid van twee boor-ligand complexen zoals Aggarwal meldde, zijnde een bicyclische structuur en een 'side-on' coördinatie
complex, werd bevestigd voor alle katalysatoren. Er werd van uitgegaan dat complexatie met
een carbonyl eenheid en vervolgens reactie met cyclopentadiëen, alleen kon plaatsvinden in
het geval van 'side-on' coördinatie. Op deze manier werden voor twee reacties, de difenyl-(l((lS)-fenylethyl)azetidin-(2S)-yl)-methanol/

BBr 3

gekatalyseerde

reactie

van

2-

broomacroleïne en methacroleïne met cyclopentadiëen, de overgangstoestanden van alle vier
de mogelijke produkten bepaald. Deze structuren kunnen ingevoerd worden in een hoger
niveau (HF/6-31 G ) ab initio berekening om de correcte vormingsenergieën te berekenen.
Hoofdstuk 4 is gewijd aan het gebruik van dirhodium(II) N-sulfonyl-azetidine-(2S)carboxylaten (4) als liganden in asymmetrische cyclopropaneringsreacties. Het bleek dat de
E:Z verhouding afhing van de aard van het reagerende olefine en niet zo zeer van de
katalysator. Deze verhouding was met alle katalysatoren veel groter in de reactie van styreen
dan in de reactie met α-methylstyreen. Verder nam de enantioselectiviteit voor zowel het Eals het Z-isomeer gestaag toe wanneer de reactie in oplosmiddelen met afnemende polariteit
werd uitgevoerd. Dit effect werd toegeschreven aan de invloed van het oplosmiddel op de
plaatsing van de liganden rondom het reactieve dirhodium(II) centrum.
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Schema 3 Asymmetrische cyclopropaneringsreacties met dirhodium katalysatoren 4
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Azetidine-2-alcoholen werden ook toegepast als chirale hulpstoffen in de asymmetrische
Michael additie, zoals wordt beschreven in hoofdstuk 5. Bij de 1,4-conjugate additie van een
methyl groep aan l,3-difenyl-prop-2-en-3-on werd de invloed onderzocht van het gebruikte
tegenion, het oplosmiddel en de substituenten aan het ligand.
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Scheme 4 Enantioselectieve 1,4-geconjugeerde additiereacties
De enantioselectiviteit werd echter niet bepaald door meting van de optische rotatie van
het adduct. In plaats daarvan werd een alternatieve methode ontwikkeld. Het adduct werd
omgezet in een diastereomeer imine door middel van een reactie met optisch zuiver amethylbenzylamine. De twee isomeren van dit imine waren met behulp van standaard GCanalyse te scheiden. Door de drie variabelen te optimaliseren werd een maximale e.e. van 35
% verkregen. Hierbij werd de reactie uitgevoerd met behulp van Cu(I)CN en 2-(l-((lS)fenylethyl)azetidin-(2S)-yl)-propan-2-ol in THF.
In het afsluitende hoofdstuk 6 wordt een voorlopige studie gepresenteerd van een amfifiel
derivaat (5) van azetidine-(2S)-carbonzuur. Het aggregatie-gedrag van deze oppervlakte
actieve stof werd bestudeerd met behulp van Transmissie Electronen Microscopie (TEM),
monolaag experimenten en Brewster Angle Microscopie (ВАМ).
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Schema 5 Synthese van amfifiel 5, een chiraal azetidine derivaat
Het amfifiel vormde vesicles wanneer het gedispergeerd werd in water met pH 4. Deze
superstructuren vertoonden geen expressie van chiraliteit wanneer ze bekeken werden met
behulp van TEM. Bij de monolaag experimenten werd geen fase 'liquid/solid coexistence'
waargenomen. Tevens vertoonde 5 een lage oppervlakte-druk waarbij de monolaag instortte,
wanneer het op een zure sub-fase werd uitgespreid. Dit werd toegeschreven aan de hogere
oplosbaarheid van het amfifiel in de zure, waterige oplossing. Tot slot werd er geen fase
scheiding of expressie van chiraliteit waargenomen met behulp van Brewster Angle
Microscopie.
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Stellingen behorende bij het proefschrift
'Synthesis and application of functionalized azetidines'

1. Wetenschappers en referees die voor de verbinding (R)-N-benzyl-1 -phenylethylamine
((Л)-1а) met 2 fenylgroepen maar tot vijf aromatische protonen komen, dienen opnieuw te
leren tellen.
Juaristi, E.; Murer, P. and Seebach, D., Synthesis, p. 1243-1246 (1993).
2. Ten onrechte gaan Seebach et al. er van uit dat de door base geïnduceerde alkylering van
methyl azetidine-(2)-carboxylaat (2) niet leidt tot (partiële) racemisatie.
Seebach et al. voor (2S)-2:

[a] D =-115° (c=1.3, dichloormethaan).

Dit proefschrift (hoofdstuk 2) voor (2R)-2:

[a] D = +125.2° (c=l, dichloormethaan).

Seebach, D.; Vettiger, T.; Müller, H.-M.; Plattner, DA. and Petter, W., Liebigs Ann.
Chem., γ. 687-695(1995).

3. Ook Miyoshi et al. gaan in de fout door te beweren dat de door base geïnduceerde
ringsluiting van ethyl 4-broom-(2S)-(4-tolueensulfonylamino)butanoaat tot l-(4-tolueensulfonyl) azetidine-(2S)-carbonzuur (3) in een DMF/water mengsel zonder (partiële)
racemisatie verloopt.
Miyoshi et al. voor 3: [α]™ = -144° (c=0.6, CHC13) en mp. 145.5-147 °C.
Dit proefschrift (hoofdstuk 4) voor 3: [a]„ = -154.7° (c=l, CHC13) / mp. 148.5-149 °C.
Miyoshi, M.; Sugano, H.; Fujii, T.; Ishihara, T. and Yoneda, N., Chem. Lett., p. 5-6
(1973).

4. De door Aggarwal et al. voorgestelde transition state structuur 9, waarin het zuurstof
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