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Chapter 1 

Introduction 

1.1 — Solid-Phase Organic Synthesis (SPOS) 

The vast amount of literature about the recent achievements in solid-phase organic 

synthesis (SPOS) demonstrates the importance of this new discipline in contemporary 

organic chemistry.1'2'3' 4 However, it is important to realize that already as early as 

1963 Merrifield described the successful synthesis of a short peptide chain on a 

functionalized polystyrene resin, thereby initiating the use of polymeric supports in 

organic synthesis.5 

The most important advantages of reactions carried out on a solid support are: a simple 

reaction procedures, such as work-up and purification that can be easily automated, 

and b the possibility to drive reactions to completion by using a large excess of 

reagents. The basic principle of a solid-phase synthetic approach is shown in Scheme 

1. 

Scheme 1. 

φ ^aç^on^ y _^_ Q-Œ) -i^L O - O M B ] & + O-fa] 
attachment detachment 

of the substrate of the product product 

^Λ = solid support 

The first essential step is the attachment of the substrate to an activated polymer 

support. Then, a sequence of reactions can be performed, including protection and 
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Introduction 

deprotection of functional groups, activation, substitution and condensation steps, etc.6 

Finally, detachment of the product from the resin has to be accomplished. 

A serious problem with a sequence of reactions on solid support is that incomplete 

conversions lead to by-product formation. Accumulation of incomplete conversions, in 

fact mistakes in the product formation, is especially problematic for a long sequence of 

events. In other words, it is essential that reactions on a solid support are high yielding. 

Since the introduction of solid support synthesis by Merrifield, much effort was put 

into the development of peptide synthesis and its automation. Moreover, the synthesis 

of oligonucleotides benefitted enormous from the solid-support technology. The use of 

solid-phase organic synthesis (SPOS) stems from much later date. In fact, SPOS of 

various low molecular weight compounds became really important about a decade ago 

when combinatorial chemistry was introduced to make compound libraries for 

biological evaluation purposes. Although extensive research on SPOS commenced in 

the early nineties, many polymer-supported reagents have been developed since the 

1960's. For the development of SPOS to its full potential, there is a high demand for 

new synthetic methodology. The ever increasing need for molecular diversity in 

establishing structure/activity relationship for, e.g., drug development, catalysis 

research and new materials, can be met by a combinatorial approach using SPOS. This 

thesis deals with the development of new solid-phase synthetic methodology involving 

three- and five-membered ring heterocycles. 

1.2 — Linkers in SPOS 

Currently, a wide variety of so-called linkers are available to attach substrates to a 

polymer support. A linker is a structural unit that acts as an immobilized protecting 

group, whereas the resin itself is considered as an inert polymer matrix.7 As in 

solution-phase synthesis, it is often necessary to use a particular type of protecting 

group to ensure that desired chemical operations can be carried out. Bradley et al. have 
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Chapter 1 

classified linkers into two types: a Integral linkers and b non-integral (or grafted) 

linkers. 

The characteristic feature of integral linkers is that a part of the polymer backbone is 

incorporated in the linker unit. These integral linkers were developed first. Typical 

examples are shown in Figure 1. Non-integral linkers on the other hand, are as a whole 

attached to the polymer backbone of which they form no part. Such non-integral 

linkers are tailor-made and allow a more remote and specific substrate binding to a 

polymer support. Examples of non-integral linkers are shown in Figure 1. In all 

examples shown the polymer used is polystyrene crosslinked with divinylbenzene. 

Figure 1. 
Ph. Ph o x / p 

,/Γ0' ,/Γ0" jr- çp CI Integral linkers 

X 
Nonintegral linkers 

- polymeric backbone 

The integral benzylic linker 1 was originally developed by Memfield and is still one of 

the most widely used linkers in SPOS. The benzylic chloride unit in this Merrifield 

resin 1 can be readily replaced by a variety of nucleophiles, e.g. by N-protected amino 

acids to give immobilized ./V-protected amino benzyl esters.5 The modified Merrifield 

resin 2 can also be utilized for the immobilization of activated carboxylates as their 

esters. An example will be encountered in Chapter 6. 
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Polymer-supported trityl chloride 3 is a highly effective immobilized acid-labile 

protecting group for amines. Fréchet8 and Leznoff9 were the first to develop trityl 

linkers for SPOS. An application of this type of linker will be discussed in Chapter 5. 

Linker 4 is the polymer-bound substitute for tosyl chloride and can be used to protect 

amines, activate hydroxy groups or form sulfonamide linkers. Immobilized 

arenesulfonyl chloride 4 can be prepared either by direct introduction of the 

chlorosulfonyl group in cross-linked polystyrene using chlorosulfonic acid,10, " or by 

converting a polymer-bound sulfonic acid into the corresponding sulfonyl chloride.12' 
I3' 14 Synthesis and application of linker 4 will be described in Chapters 2, 3 and 4 of 

this thesis. Roush15 and Maryanoff16 have developed non-integral examples of 

immobilized sulfonyl chloride. The first one is an alkylsulfonyl chloride resin 5 

(Scheme 2), whereas the latter is an arenesulfonyl chloride 6. Both linkers 5 and 6 are 

derived from Merrifield resin. 

Scheme 2. 
1)Nal 

Acetone, 550C 

M "CI ,-PrOS02CH2Li % ' ' 0 2) S02CI2 , PPh3 ^ Z / 0 

KJ THF,-78to-250C^ f^T^ ^ " ^ CH2CI2,0 to 230C f^Y^^ "CI ^ 

A non-integral trityl linker 7 has been connected to a polystyrene backbone by an 

amide bond.17 Non-integral linker 8 is the key feature of the Wang resin and was 

initially derived from Merrifield resin by a regioselective substitution of the chloride 

by/7-hydroxybenzyl alcohol.18 

Another useful application of Merrifield resin 1, involves oxidation to the 

corresponding integral aldehyde linker 9 (Scheme 3),19 which, via vinyl resin 10, can 

be converted into various non-integral linkers such as a di-n-butyltin chloride 11 or di-

n-butyltin hydride 12.20 
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Scheme 3. 

^ 

NaHCOj 
DMSO, heal 

1 ) 5-hydro)(y-2-nitro-

benzaldehyde 

CS2CO3, n-Bu4NI 

DMF, heat 

2) NaBH4 

THF / EIOH, 0°C 

^ o STL ^ 

ver 
N 0 2 

OH 

10 

n-Bu2SnCl2 / n-Bu2SnH2 

AIBN, hv, toluene, 0°C 

η-Bu ,n-Bu 

svh' 

eCr-
LiBH, 
THF t: 11,R = CI 

2, R = H 

Di-«-butyltin hydride 12 has been successfully applied in the solid-phase synthesis of 

macrocycles via a Stille coupling cyclorelease procedure (see also Section 1.3), 

whereas linker 13 is used in the preparation of a dodecasaccharide. Merrifield resin 1 

has been also successfully converted into the non-integral photo-labile linker 13 

(Scheme 3).21 

1.3 — Attachment and Detachment Strategies 

The attachment of a substrate to a solid support depends on the detachment strategy 

planned in the final stage of a solid-phase synthetic approach. Therefore, in describing 

the various attachment methods the detachment strategy is the decisive factor. It is thus 

appropriate to briefly review the detachment methodology in connection with the 

attachment method. Various detachment strategies have been developed for SPOS. 

These approaches can be roughly divided into two types: a Intermolecular detachment 

and b intramolecular detachment. Intermolecular detachment is induced by a second 

substrate (non-bonded) that actively participates in the cleavage reaction and generally 

(partially) ends up in the final cleaved off product. One of the best-known examples of 

this type is the hydrolysis, aminolysis or transesterification of an ester linkage. 

Hydrolysis is generally accomplished with a strong acid such as TFA (Scheme 4).22 
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This is a useful method if linear carboxylic acid derivatives are considered. (In Chapter 

6, transesterification under basic conditions is described.) 

Scheme 4. 
O 0 0 

Q P ° A r v > ~ N B n 50%TFA'cH;Ci2 H o A r T V N B n cH2Nz M e o A r Y V N B n 

Wang 
Resin 

In this approach, the starting material is bound to the solid support, for instance the 

Merrifield or Wang resin, by a nucleophilic substitution of the chloride by the 

carboxylate of the substrate. The best conditions to accomplish such a coupling, 

involves the use of cesium carbonate as the base, as cesium ions are known to enhance 

the nucleophilicity of carboxylates. An alternative is a DCC-type activation of a 

carboxylic acid and coupling with an immobilized alcohol group. Intramolecular 

detachment is predominantly achieved by cyclization/cleavage (C/C) strategies.23 

Cyclization/cleavage is a powerful approach since it usually generates detached 

products of high purity. This can be explained as follows. The cyclization/cleavage 

detachment reaction requires a special arrangement of functional groups to allow the 

cleavage reaction to take place. In absence of such an arrangement, detachment will 

not occur. Thus, mistakes in the synthetic sequence on the solid support will not be 

included in the detached product. An example is shown in Scheme 5, wherein a ring 

closing methatesis (RCM) is used to effect the C/C, which clearly only can occur when 

the proper arrangement of olefmic bonds is present. Van Maarseveen et al. 

demonstrated that RCM indeed can be used to prepare the seven-membered 

heterocycles 14 in high purity.24 It should be noted that the required final structure 

suitable for a C/C implies a carefully planned attachment step as well. In the case 

shown in Scheme 5 the allylic linker was introduced by a nucleophilic substitution of 

the benzylic chloride in Merrifield resin by the phenolate. 
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Scheme 5. 

2) NMP, PyBrop 

DIPEA 

Boc-AIIGIy-OH 

Nucleophilic C/C can readily be achieved by SAE-type reactions. This C/C approach has 

been used for the solid-phase synthesis of hydantoins,25'26'27'28 diketopiperazines,29,10 

and various other carbonyl-containing heterocycles. Two examples of this approach 

have been depicted in Scheme 6. 

Scheme 6. 

Q R 2 R 3 O, 
R4 O R1 

R 0 R 3 R1 

A more exceptional manner to achieve a nucleophilic C/C makes use of an 

intramolecular SN2 displacement. The substrate should then be bound to the support 

via an appropriate leaving group, such as a sulfonate ester (see also Section 1.2). A 

novel application14 of this methodology is described in Chapter 2. A recent example of 

an SN2-type nucleophilic C/C which was published after our first report,14 is depicted in 

Scheme 7.31 

Scheme 7. 

Ηο-γ™ 2 

R 

"έΧ 
2) r ^ V ^ci 

çO^Î 
xR' 
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In the case shown, a polymer-supported sulfonyl chloride is used for "Resin-Capture -

Release" purification (see also Section 1.5) of the initially acylated aminoalcohol in a 

high-throughput oxazoline synthesis. 

Other successful examples of the C/C approach are oxidative sulfur-sulfur bond 

formation,32 Dieckmann condensation,33 Wittig-Homer olefination,34 and Stille 

coupling cyclorelease.20 An elegant intramolecular detachment strategy is based on the 

ß-elimination reaction. Tesser et al., used this technique for the first time in the solid-

phase preparation of peptides.35 For this purpose 2-hydroxyethylsulfonyl-substituted 

polystyrene 15 was prepared from Merrifield resin in two steps. Esterification of this 

polymer-bound alcohol with an ./V-protected amino acid, followed by standard peptide 

chain elongation resulted in immobilized peptide 16, which could be cleaved off by 

treatment with a mild base. The entire sequence of this methodology is shown in 

Scheme 8. 

Scheme 8. 
1 ) 2-mercaptoethanol 

NaOH, NHj (liq ) — ^ - ^ / ^ O H 1) HO-AA1-Boc, DCC 

Â 2)MCPBA w o b 2)Η* 

15 3) Merrifield cycles 

^ ^ / S ' ^ ^ 0 - A A 1 - - - A A n - B o c N a O H . 

HO-AA1- - -AAn-Boc 

+ 
O O 

ont* 
0 0 

AA1 = first amino acid 

The corresponding ß-sulfonylethyl carbamate linker was developed recently for the 

efficient synthesis of various amine derivatives.36 Simple tertiary amines were 

prepared using the same ß-elimination strategy with a carboxylate-activated linker,37 

whereas more recently the polymer-bound sulfonyl group was used to effect ß-

elimination in the solid-phase synthesis of substituted benzimidazoles.38 
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1.4 — Immobilized Chiral Auxiliaries 

39 

One of the first polymer-supported chiral auxiliaries was developed by Leznoff et al. A 

polymer-bound chiral amine was used in the enantioselective a-methylation of cyclohexanone 

as is depicted in Scheme 9. 

Scheme 9. 

,NH2 benzene ^ V ^ / ^ Q - ^ V / N ^ ^ N 1)LiN(-Pr2 ^ N ^ - N w - ^ ^ N n j oenzene i ^ > ^ ^ 0 ^ ^ - " ^ r ^ \ 1) 
[ J - molecular sieves. Γ i f = Τ J — 

17 

çff^ 
"^J< H30* 

17 

Enantioselectivities up to 98% were obtained with immobilized auxiliary 17 whereas 

the analogous system in solution gave only ee's ranging from 49 to 85%. In addition, it 

is worth noting that the yields in the solid-phase synthesis were considerably better 

than in solution synthesis. The most widely applied and very useful chiral auxiliaries in 

solution-phase chemistry are Evans' oxazolidinones, which were initially used in 

enantioselective aldol condensations via their boron enolates (Figure 2).40 

Figure 2. 

?-< 
,0 

«OT 
Eva η β' Oxazolidinones 
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Immobilization of this chiral auxiliary was accomplished by reaction of the appropriate 

alkoxides with Merrifield resin producing polymer-supported auxiliaries 18 and 19 as 

typical examples.41,42 Various applications of these immobilized auxiliaries have been 

reported. 

1.5 — Immobilized Catalysts and Reagents 

An important development in SPOS is the immobilization of catalysts and reagents.43,44' 
45 As mentioned before, the polymer-supported reagents have been in use for quite 

some time. The use of immobilized catalysts and reagents has several attractive 

features. The easy recovery and reuse of immobilized catalysts is particularly 

important when such species are rather costly. Moreover, work-up procedures are 

greatly facilitated as the immobilized material can simply be filtered off. Polymer-

supported reagents and catalysts can successfblly be used in automated synthesis with 

robots. In most cases, reaction with polymer-supported reagents and catalysts proceed 

in a cleaner manner that under conventional solution conditions. A typical example 

involving a purification procedure using solid supports is depicted in Scheme 10. Here, 

an impure product is selectively attached to a polymer, then filtered off and 

subsequently detached in a Resin-Capture - Release process (Scheme 10, see also 

Section 1.3).46 

Scheme 10. 

attachment Ö-CÄMEI 
filtration & 
detachment 

impure 
product 

ι g ι modified, 
depending on the 

purified applied detachment 
product procedure 

A problem often encountered in synthesis using solid supported reagents is scaling-up. 

Furthermore, when swelling of the polymer matrix is required in a SPOS sequence, the 

number of solvents that can be used is limited. For immobilized reagents and catalysts 

this problem is less severe. Numerous examples of the successful use of solid-

10 
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supported reagents and catalysts are reported over the past 30 years. A few cases will 

be mentioned here. The use of Amberlyst 15-H, which is an immobilized arenesulfonic 

acid, in combination with polymer-bound quartemary ammonium salt of a precursor of 

a Wittig-Homer olefmation reagent is shown in Scheme ll. 4 7 It is especially 

noteworthy that this combination of an acid and a base, to perform two steps in a 

subsequent fashion, would be impossible using solution-phase conditions. 

Scheme 11. 

«Sty . „,ο " U 
Ft2 CN 

fernet 
^ o? 
** NCHC-P(OEt)2 

Other notable examples are the immobilized versions of the Swem oxidation using 

polymer-bound sulfoxide,48 a heterogeneous variant of of osmium tetroxide to perform 

asymmetric dihydroxylation reactions,49 polymer-supported perruthenate,50 

diacetoxyiodobenzene,51 and permanganate.52 Finally, various reducing agents, such as 

borohydrides, have been successfully immobilized.53,54'55 

Relevant for the chemistry described in this thesis (Chapter 5) are polymer-bound 

chiral ß-amino alcohols that serve as catalyst, e.g. for the asymmetric reduction of 

ketones (Scheme 12),56'57 and the asymmetric addition of diethylzinc to aldehydes.58' 
59,60 One of these examples will be described in detail in Chapter 5. 

11 



Introduction 

Scheme 12. 

V 

O Ph 
. U 15mol% u Me 

\ ^ BH3 . SMe2 

THF, reflux 

1.6 — Outline of the Thesis 

This dissertation deals with the solid-phase chemistry of heterocyclic compounds. The 

solid-phase synthetis of 3,5-disubstituted l,3-oxazolidin-2-ones, a new and highly 

active class of antibiotics, will be described in the Chapters 2 and 3.14' 61 For this 

purpose a tailor-made linker and a new synthetic strategy to oxazolidinones were 

developed. The 'translation' of a solution-phase tandem nitroaldol-cyclization reaction 

of JV-activated aziridine aldehydes with nitroacetic ester to SPOS will be elucidated in 

Chapter 6.62 Here, immobilized nitroacetic ester was successfully used as the starting 

material. The solid support methodology was also used in a new concept called 

'polymer aided stereodivergent synthesis' (PASS), which involves the discrete 

synthesis of optical antipodes (Chapter 4).63 Finally, the heterogenization of a highly 

efficient homogeneous aziridine carbinol catalyst for the enantioselective addition of 

diethylzinc to aldehydes will be outlined in Chapter 5.58 The synthesis, use, recycling 

and reuse of this ligand will be described. A summary in English and Dutch concludes 

the thesis. 

OH 

Me 

95% yield 
93% ee 
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Chapter 2 

Solid-Phase/Activation Cyclo-Elimination (SP/ACE): 
The Concept — Synthesis of 3-Tosyl-5-Alkyl 1,3-
Oxazolidin-2-ones 

Abstract: Polymer-supported sulfonyl chloride is used in the solid-phase synthesis of 
disubstituted l,3-oxazolidin-2-oncs. Attachment of 1,2-diols to the solid support, followed by 
reaction with p-toluenesulfonyl isocyanate and subsequent cyclo-elimination with concurrent 
detachment from the resin, furnished the target compounds. Oxazolidinones of high 
enantiopurity can be prepared with this method starting from enantiopure 1,2-diols. 

2.1 — Introduction 

Solid-phase organic synthesis (SPOS) has attracted increasing attention over the past 

several years.' Reactions run on an insoluble support can offer a significant advantage 

over solution-phase reactions due to the simple work-up procedures. Instead of 

elaborate work-up and purification, the product is simply filtered off after completion 

of the reaction. One of the most attractive features of this facile methodology is that it 

offers the possibility of fast and automated synthesis. Once a reliable solid-phase 

synthesis route has been developed, a combinatorial approach to SPOS, using 

automated techniques, is feasible. Automated combinatorial chemistry enables the 

preparation of large numbers of (structurally related) molecules in short periods of 

time, which is of great importance in the quest for new lead compounds in current 

drug, catalysis and materials research.2,3 

" Part of this chapter has been published. Ρ ten Holte, L Thijs and Β Zwanenburg, Tetrahedron Lett 1998, 39, 
7407-7410; P. ten Holte, Β C J van Esseveldt, L Thijs, Β Zwanenburg, Eur J Org Chem 2001,2965-2969 
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SP/ACE: The Concept 

In recent years, there has been a considerable interest in 3,5-disubstituted 1,3-

oxazolidin-2-ones (see Scheme 1 for the general structure) as they exhibit broad and 

effective antibacterial activity.4 For that reason, they are interesting targets for SPOS; a 

solid-phase synthetic route to such oxazolidinones will open avenues for an automated 

combinatorial approach to these molecules. Although considerable attention has been 

given to the synthesis of this class of compounds during the last decade, the vast 

majority of reported synthesis routes are still performed in solution. This analysis of 

the relevant literature was a strong stimulus to develop a new solid-phase synthesis 

route leading to 3,5-disubstituted l,3-oxazolidin-2-ones. 

A versatile synthetic strategy on solid support in order to produce the target 

compounds has a number of important requirements. First of all, the method should 

allow the facile introduction of a range of substituents R1 and R2 in these 

oxazolidinones (see Scheme 1). Also, the introduction of defined chirality at C-5 must 

be possible, as only the S-enantiomer of this class of compounds displays antibacterial 

activity. Additionally, the various building blocks should be easily accessible. In view 

of the fact that the target compounds are cyclic structures, cyclization/cleavage (C/C) is 

considered as the preferred detachment strategy. C/C allows the cyclization and 

detachment from the resin in a concerted manner; this approach generally leads to 

products of high purity since only the structural units that have completed the synthetic 

sequence, will be split off. It should be noted that an important issue is the installment 

of suitable functional groups that will allow the cyclization/elimination to take place. 

The abovementioned requirements and conditions are summarized in Scheme 1. 
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Scheme 1. 
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3,5-disubstituted 1,3-oxazolidin-2-one 

Nucleophilic C/C methods generally involve a remote nucleophilic unit that is attached 

to a polymeric support by a carboxylic ester-derived linker (Scheme 2).5 Nucleophilic 

C/C using such a system can give lactams (Nu = NHR),6 lactones (Nu = OH),7 and a 

series of related structures, but is unable to produce l,3-oxazolidin-2-ones. 

Scheme 2. 

Carboxyhc ester 
derived linker 

Nu = NHR 

Nu = OH 

Lactam (and related structures) 

Lactone (and related structures) 

Consequently, the conventional carboxylic ester linker cannot be used in solid-phase 

oxazohdinone formation through cyclization/cleavage. Buchstaller has circumvented 

this dilemma using a carbamate linker instead of a carboxylic ester; the nucleophilic 

cyclization/cleavage was carried out with an in situ generated secondary alcohol 

(Scheme 3).8 The carbamate linker was obtained by reaction of Wang resin with an 

isocyanate. Next, this carbamate was treated with glycidyl tosylate in the presence of 

lithium hexamethyldisilazide (LiHMDS) and lithium iodide, which resulted in a 

selective substitution of the tosylate group. In the final step, the oxirane ring is opened 
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by pyrrolidine with concomitant formation of an oxygen nucleophile which then can 

induce the C/C to give oxazolidinones of high purity (Scheme 3). 

Scheme 3. 
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The approach described in this chapter also avoids the use of a carboxylate ester linker 

and is based on a system with a sulfonate ester instead. Application of such a sulfonate 

ester moiety implies that C/C can proceed via an SN2-type reaction, involving a remote 

linear carbamate, as is outlined in Scheme 4. This carbamate functionality can be 

introduced by the reaction of a polymer-bound alcohol with an isocyanate. The most 

convenient way to obtain such a polymer-bound system would be the attachment of 

diol to an immobilized sulfonyl chloride. The required solid-phase 'tosyl chloride' can, 

in principle, be prepared by chlorosulfonation of polystyrene or chlorination of 

sulfonated polystyrene (see Chapter 1, Section 1.2). Thus, for the preparation of the 

oxazolidinones (see Scheme 4), a chiral 1,2-diol, possessing both a primary and a 

secondary alcohol group, inevitably is an essential building block. 

Scheme 4. 
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Chapter 2 

Selective attachment of this diol to polymer-bound sulfonyl chloride through its 

primary hydroxyl group, leads to activation of this alcohol function as a sulfonate. 

Subsequent functionalization of the secondary alcohol with isocyanate then gives an 

immobilized carbamate, which by a base promoted cyclo-elimination furnishes the 

disubstituted target oxazolidinones (Scheme 4). This completely new approach to 

cyclization/cleavage is termed solid-phase/activation cyclo-elimination (SP/ACE). 

2.2 — Results & Discussion 

Polymer-bound sulfonyl chloride 

Sulfonated polystyrenes are commercially readily available, and various literature 

procedures are known for the solution-phase chlorination of sulfonates and sulfonic 

acids. Therefore, conversion of sulfonated polystyrene into polymer-bound sulfonyl 

chloride is an attractive approach.9, 10' " Attempts to prepare the sulfonyl chloride 2 

(Scheme 5) starting from the sodium salt of commercially available sulfonated 

polystyrene 1 (Dowex 50X2-400 ion-exchange resin; 4.5 mequiv/g, 2% cross-linked 

with divinyl benzene, 200-400 mesh) appeared to be troublesome. According to a 

literature procedure9 the polymeric sulfonate salt was treated with a large excess of 

sulfuryl chloride (SO2CI2) in refluxing toluene for 6 hours; this procedure, however, 

did not give any conversion to sulfonyl chloride. 

Scheme 5. 
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Similarly, treatment of the polymeric sodium salt with thionyl chloride (5 equiv) or 
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chloride, even not after prolonged reaction time of several days. Starting from the 

sodium salt, product 2 could only be obtained under harsh conditions, viz. 6 

equivalents of oxalyl chloride in DMF. A much more convenient manner to obtain 

solid support 2, however, makes use of sulfonic acid 1, instead of its sodium salt. 

Treatment of this resin-bound 1 sulfonic acid with thionyl chloride (3 equiv) in DMF 

afforded polymer-bound sulfonyl chloride 2 within 5 minutes in a yield of 

approximately 65%, as was indicated by the increase of weight of the polymeric 

product. Since sulfonyl chloride 2 appeared to be unstable towards heat, no attempts 

were made to increase the yield by elevating the temperature for this conversion. 

The successful chlorination reaction of the free acid of sulfonated polystyrene 1 is 

probably attributable to the superior swelling capacity of the acid. In contrast, the 

sodium salt does not show any increase of volume upon addition of DMF, whereas the 

acid clearly undergoes swelling, which allows reagents to enter the polymeric matrix 

to insure an efficient reaction. It is assumed that DMF serves also as a reagent in this 

conversion. Initial reaction of DMF with thionyl chloride leads to an active iminium 

species, which then reacts with the sulfonic acid to give a sulfonyloxy iminium 

intermediate, as depicted in Scheme 6. In this manner a very good leaving group at 

sulfur has been introduced, which can be displaced by chloride to give the sulfonyl 

chloride 2. It should be noted that HCl is eliminated during this chlorination reaction 

when a sulfonic acid resin is used as starting material. The thus-formed HCl may exert 

a catalytic effect during the nucleophilic introduction of chloride as is shown in 

Scheme 6. 
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Scheme 6. 
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The instability that was observed for polymer-bound sulfonyl chloride 2 is most likely 

due to a Friedel-Crafts type cross-linking reaction between sulfonyl chloride moieties 

and free phenyl groups of the styrene backbone, giving diphenyl sulfone bridges with 

concurrent elimination of HCl. 

Recently, polymer-bound sulfonyl chloride also became commercially available.12 

However, its preparation in the manner described above is very easy. 

Solid-phase/activation cyclo-elimination (SP/ACE) 

Three 1,2-diols 3a-c were attached to the solid support13 by selective attack of their 

primary alcohol function (Scheme 7). In this manner the primary alcohol was 

protected and at the same time converted into a potential leaving group for the cyclo-

elimination step. Reaction of the 1,2-diols 3a-c with immobilized sulfonyl chloride 2 

in pyridine as the solvent did not lead to an exclusive reaction at the primary hydroxyl 

group. In the case of 1,2-propanediol (R = Me, 3a) and 1,2-butanediol (R = Et, 3b) a 

selectivity of 92-96% was achieved. This conclusion was derived from the 

characteristics of the products ( ' H - N M R and GC/MS) that were cleaved off in the final 

step. The selectivity was enhanced considerably (>99%) by performing the reaction in 

dichloromethane as the solvent in the presence of 1 equiv of triethylamine. The lower 

selectivity observed in pyridine can be explained by assuming the formation of an ./V-
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sulfonyi pyridinium species (see formula below) which probably is much more 

reactive than sulfonyi chloride and therefore shows a considerable lower selectivity 

towards primary and secondary alcohol groups. 

& 

Θ 
Cl 

Activation of sulfonyi moiety by pyridine 

When 3,3-dimethyl-l,2-butanediol (R = f-Bu, 3c) was used, reaction at the primary 

alcohol was observed exclusively, most probably due to the steric effect of the bulky 

tert-buly\ group on the reactivity of the secondary alcohol. The course of the reaction 

was monitored by measuring the infrared absorption band at 1370 cm"1 (S-0 stretch of 

-SO2CI), which shifted to 1350 cm"' (-SO2-O-) during the reaction. Furthermore, a 

typical OH absorption was observed at 3500 cm"' in polymer-bound alcohols 4a-c. 

Scheme 7. 
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6a: R = Me, 39% 
6b: R = Et, 40% 
6c: R = f-Bu, 43% 

In the next step, the secondary alcohol was reacted with /Moluenesulfonyl isocyanate. 

Formation of the carbamate moiety (see product 5) was observed by the appearance of 

an absorption band at 1740 cm"1 (which is typical for this unit) and at 3300 cm"' (N-H) 

22 



Chapter 2 

and the concurrent disappearance of OH absorption at 3500 cm"1. At this stage of the 

development of the SP/ACE concept for the preparation of the oxazolidinone scaffold 

on solid support, tosyl isocyanate was chosen for the carbamate formation because 

arylsulfonyl isocyanates react instantaneously with alcohols without the need of a 

catalyst.14 In addition, the resulting carbamate contains an N-activating group ensuring 

easy cyclo-elimination to give the heterocyclic target molecule. 

The cyclo-elimination to products 6a-c, whereby the polymeric arenesulfonate serves 

as a leaving group (Scheme 7), was accomplished with DBN (2 equiv) as the base. 

After this product-forming step, DBN was removed by filtration through a short plug 

of silica gel and the product was obtained in an overall yield of 39-43%. GC/MS and 

'H-NMR analysis of the product obtained, clearly showed the predominant formation 

of target compounds 6a-c along with a minor contaminant (Table 1). For the substrates 

R = Me and Et this by-product was regioisomer 7 which corresponded to 1% of the 

overall product at most. This low percentage implies that the reaction of the 1,2-diols 

with the immobilized arylsulfonyl chloride takes place with at least 99% selectivity for 

the primary alcohol function. For R = /-Bu, the by-product is the cyclic carbonate 9, 

which corresponds to 25% of the overall yield. 

Table 1. Selectivity of product formation. 

R 

Me 

Et 

f-Bu 

0 
Ts-rAo 

R 
6 

>99%a 

99%b 

75%c 

O 

R 
7 

<1%a 

1%b 

0%c 

0 

rAn 0 O 

M 
R 

9 

0%a 

0%b 

25%c 

of 39% overall yield;D of 40% overall yield;c of 43% overall yield 
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No impurities other than regioisomers 7 and by-product 9 were detected in any of 

these syntheses. The cyclic carbonate is probably formed by ring closure via the 

oxygen atom (following pathway b shown in Scheme 8) and subsequent hydrolysis of 

the cyclic imine 8 during filtration through the silica plug (Scheme 8). The structure of 

cyclic carbonate 9 was established by its independent solution-phase synthesis from 

3,3-dimethyl-l,2-butanediol and diethyl carbonate, according to a literature 

procedure.15 The mass spectra of both the cyclic carbonate and the by-product showed 

identical mass spectral fragmentation patterns. 

Scheme 8. 
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An alternative explanation for the formation of cyclic carbonate 9 involves the reaction 

of polymer-bound alcohol 4c with carbon dioxide (Scheme 9).16' '7' 18 This reaction 

may occur in the step wherein the polymer-bound alcohol is treated with tosyl 

isocyanate to generate the carbamate. When moisture is present, the isocyanate will 

produce carbon dioxide by decomposition, as shown in Scheme 9. Reaction of carbon 

dioxide may give linear carbonate, which can cyclize under the influence of base to the 

corresponding cyclic carbonate by-product 9. However, repeating the SP/ACE 

procedure for R = t-Bu under dry conditions, i.e. in the presence of molecular sieves 

and under an inert argon atmosphere, did not lower the yield of 9 (GC analysis). From 

this result, it may be concluded that moisture and CO2 do not play a role in the 

formation of 9. Therefore, the correct explanation for the formation of 9 is most likely 

the O-alkylation during the cyclo-elimination reaction as described above (Scheme 8). 
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Scheme 9. 
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Solution-phase synthesis of regioisomer 7 (R = Me) 

Regioisomer 7 (R = Me) was re-synthesized in solution in order to be tested in the 

disease-oriented in vitro anticancer screening program of the National Cancer Institute 

(NCI). In order to obtain this 3,4-disubstituted oxazolidinone in a reasonable quantity, 

the primary alcohol function of 1,2-propanediol was selectively protected with tert-

butyldimethylsilyl chloride prior to the tosylation reaction (Scheme 10). After 

tosylation of the secondary alcohol unit, the primary OH was deprotected and then 

converted into the carbamate by reaction with tosyl isocyanate. Finally, the linear 

carbamate was ringclosed by treatment with DBN, giving 3,4-disubstituted 

regioisomer 7 (R = Me) in a reasonable yield. 
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Scheme 10. 
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For the past ten years, the Developmental Therapeutics Program (DTP) of the NCI has 

used an in vitro model consisting of 60 human tumor cell lines as the primary 

anticancer screen.19 An analysis of the data indicated that approximately 95% of the 

actives from the 60-cell line screen could be identified using only three cell lines. For 

this reason, compound 7 (R = Me) was evaluated in a 3-cell line panel consisting of 

MCF7 (Breast), NCI-H460 (Lung), and SF-268 (CNS) for pre-screen purposes. 

Unfortunately, in the lung and CNS cell lines the compound appeared to be inactive 

and only a minor activity (9% reduction of cell growth compared to control cells) was 

found in the breast cell line.20 

Enantiopure oxazolidinone from an enantiopure 1,2-diol 

In order to introduce defined chirality in the target compound, an enantiopure 1,2-diol 

was subjected to the solid-phase synthetic sequence. This 1,2-diol was prepared from 

ethyl 2-oxo-4-phenylbutanoate. The carbonyl function of the starting material was 

protected by reaction with triethyl orthofoimate and subsequent reduction of the ester 

moiety with LÌAIH4 yielded α-hydroxy ketone 10, after acidic work up (Scheme 11). 

Asymmetric reduction of 10 with baker's yeast then gave Ä-(+)-2-hydroxy-4-

phenylbutanol 11 in an enantiomeric excess of >99%, as was determined by chiral 

HPLC analysis (Chiralcel OD column, 70/30 = hexane/ethanol). The use of 

enantiopure 1,2-diol 11 as starting material of the SP/ACE procedure gave enantiopure 
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oxazolidinone 12 (R = Ch^CI^Ph) after crystallization of the crude product (Chiralcel 

OD column, 70/30 = hexane/ethanol). 

Scheme 11. 
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111) Baker's yeast in H 2 0 (17% w/v), 30oC, overnight 

Other generally accepted procedures for the preparation of optically active 1,2-diols 

such as the Sharpless asymmetric dihydroxylation,21 can also be applied to obtain 

various building blocks with defined chirality to be used in this sequence. In addition, 

naturally occurring precursors of enantiopure 1,2-diols, such as D-mannitol can be 

applied. The use of D-mannitol as precursor for a suitable 1,2-diol for the SP/ACE 

reaction will be described in Chapter 3. 

A surprising observation was made during the SP/ACE sequence is shown in Scheme 

11. According to HPLC analysis (Chiralcel OD column, hexane/ethanol = 70/30), the 

enantiomeric excess of the initially obtained product 12 amounted to 86% only, before 

crystallization. This points to racemization during the product formation, in spite of the 

fact that the stereogenic center is not involved in any of the conversions. In order to 

explain the loss of enantiopurity, the intermediate formation of an intimate ion pair 14 

arising from a carbon-oxycarbonyl bond cleavage, can be envisaged. Collapse of the 

ion pair goes along with racemization. The proposed bond cleavage shows some 

similarity with the process that takes place when triaryl- and diarylmethanols, and 

allylic alcohols are brought into reaction with sulfonyl isocyanates and W-sulfmyl 
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sulfonamides, respectively, in toluene at temperatures ranging from 0-100°C. ' ' 

The latter reaction is pictured in Scheme 13. The activated carbamate (X = C) or 

amidosulfite (X = S) undergoes bond cleavage to yield relatively stable carbocations 

and an anion that under the condition of the reaction loses either CO2 or SO2. The 

ultimate product of this extrusion reaction is a sulfonamide. 

Scheme 12. 
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In the present case the initially obtained crude product 12 could be purified by 

crystallization thanks to the earlier crystallization of enantiopure 12. It is important to 

note that the enantiopure material has a higher melting point (118-120oC) than the 

racemic product (100-1010C). 

Scheme 13. 

R O - X ^ S 0 2 P h 

H 

θ? 
R© ,X. .S02Ph 

Η 
Ν ζ + Χ02 
Η 

Χ = S or C 

Recycling of the solid support 

Treatment of the remaining polymer with sulfuric acid (1 N) resulted in regeneration 

of immobilized sulfonic acid 1; the infrared spectrum of the support obtained was 

identical with that of starting material 1. This observation implies that the cyclo-

elimination process is complete. Furthermore, conversion of this recycled resin into 

sulfonyl chloride 2 was easily accomplished. The recycling of the polymeric support 

adds to the attractiveness of the SP/ACE methodology described above. 
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Preparation of 6- and 7-membered cyclic carbamates employing SP/ACE 

The SP/ACE methodology is quite successful for the synthesis of 5-membered ring 

cyclic carbamates. The intriguing question arises whether the same methodology 

would allow the synthesis of 6- and 7- membered ring analogs 15 and 16, starting from 

1,3- and 1,4-diols respectively (Scheme 14). 

Scheme 14. 
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For this purpose, 1,3-butanediol was treated with polymer-supported sulfonyl chloride 

in dichloromethane in the presence of triethylamine as the base (1 equiv). The same 

reaction was also attempted with pyridine as the solvent. Both coupling reactions 

worked satisfactorily, giving polymer-bound alcohol as was deduced from infrared 

analysis of the resin obtained by a shift of the 1370 cm"' band (SO2-CI) to 1350 cm"1 

(SO2-O) and the appearance of an absorption band at 3500 cm"' (OH). Subsequent 

treatment of the polymer-bound alcohol with tosyl isocyanate, followed by a cyclo-

elimination by reaction with DBN, indeed gave the expected 6-membered cyclic 

carbamate (a l,3-oxazinan-2-one). When polymer-bound alcohol was obtained with 

triethylamine as the base, only 3,6-disubstituted product 15 was obtained in a yield of 

24%. The pyridine derived polymer-bound alcohol led to a mixture of regioisomeric 

products (3,4- and 3,6-disubstituted cyclic carbamates). The latter observation is in 

line with that made for the 5-membered ring case. 
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An attempt to prepare a 7-membered cyclic carbamate using the SP/ACE methodology 

was unsuccessful. The coupling of 1,4-pentanediol to immobilized sulfonyl chloride 

did not give a resin with the expected infrared pattern; no shift of the 1370 cm"1 band 

was observed. After reaction with tosyl isocyanate and subsequent treatment with 

DBN no cyclic carbamate was detected in the solution. 

In the solution-phase, the reaction of 1,4-pentanediol with tosyl chloride under the 

standard conditions (dichloromethane, 1 equiv of triethylamine, room temperature) 

gave, even after two days, hardly any product. From this result it may be safely 

concluded that this diol is not susceptible to reaction with polymer-supported sulfonyl 

chloride. The reason for this behavior is not clear yet. 

2.3 — Conclusions 

A general protocol for a facile solid-phase preparation of 3,5-disubstituted 1,3-

oxazolidin-2-ones has been developed. A variety of oxazolidinones can be obtained by 

employing various readily available 1,2-diols and isocyanates. The SP/ACE 

methodology generally gives good yields of product in excellent purity. Moreover, a 

defined chirality can be installed in these oxazolidinones when enantiopure 1,2-diols 

are used as starting material. Such diols are readily available, e.g. by the Sharpless 

asymmetric dihydroxylation of terminal olefins. A tailor-made polymer-bound 

sulfonyl chloride was developed from commercially available Dowex 50X2-400 ion-

exchange resin. 
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2.4 — Experimental Section 

General Remarks: 

Melting points were determined using a Reichert thermopan microscope and are uncorrected 

Optical rotations were measured with a Perkin Elmer automatic polanmeter, model 241 MC, 

using concentrations c in g/100 ml at 20oC in the solvents indicated Ή and ' C NMR spectra 

were recorded with a Bruker AMX-500, a Bruker AM-400, or a Bruker AC-300 spectrometer 

in CDCI3 The chemical shift δ is denoted in ppm relative to the internal standard (TMS for 

'H-NMR, CDCI3 for '3C-NMR) FTIR spectra were recorded on an ATI Mattson - Genesis 

Senes FTIR spectrophotometer The wavenumbers ν are given 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 EA 1108 element analyzer 

Polymer loading values, that were used as a starting point for following reactions, were 

established assuming quantitative preceding reactions The overall yields of detached 

products were calculated according to the theoretical value, based on the loading of the 

onginal PS-SO2CI For this purpose, the amount of resin obtained was weighed after each 

reaction step and a known part of this amount of product was then set up for the successive 

reaction These values, together with the amounts of detached product, allow the calculation 

of the correct overall yields 

Polymer-bound sulfonyl chloride 2: 

A sample of Dowex 50X2-400 ion-exchange resin (10 g) was nnsed with water (50 ml, 3χ), 

methanol (50 ml, 3x), and dry ether (50 ml, 3χ), and dned in vacuo at 70oC overnight The 

resin obtained (1 85 g, 8 3 mmol) was suspended in DMF (15 ml) at 0oC and thionyl chloride 

( 1 82 ml, 25 0 mmol) was slowly added The mixture was allowed to warm up to room 

temperature (5 mm) and the resin was filtered, washed with methanol (50 ml, 3x), water (50 

ml, 3x), methanol (50 ml, 3χ), and dry ether (50 ml, 3x) and dned overnight under vacuum 

yielding 2 (~65%, determined by the weight increase) IR (KBr) ν 2915 (C-Η stretch), 

1587(arom ), 1368 (-SO2-), 1169 (-SO2-) cm ' 
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Polymer-bound alcohol 4a-c - general procedure: 

Dichloromethane (5 mL), 1,2-diol (3.35 mmol) and EtsN (0.37 mL, 2.68 mmol) were added to 

polymer-bound sulfonyl chloride 2 (1.00 g, 1.34 mmol), and the mixture was allowed to stir 

for 5 h at room temperature. The resin was filtered and washed with dichloromethane (50 mL, 

3X), methanol (50 mL, 3*), and dichloromethane (50 mL, 3x), and dried in vacuo for 6 h to 

give 3a-g. - FTIR (KBr): ν 3410 (OH), 2910 (C-Η stretch), 1590 (arom.), 1365 (-SO2-), 1171 

(-S02-). 

Polymer-bound carbamate 5a-c - general procedure: 

Resin 4a-c (1.15 mmol) was treated with tosyl isocyanate (0.35 mL, 2.30 mmol) in 

dichloromethane (5 mL) for 3 h at room temperature. The resulting resin was filtered off, 

washed with methanol (50 mL, 5χ), dichloromethane (50 mL, 3χ), methanol (50 mL, 5χ) and 

dichloromethane (50 mL, 3x) and dried in vacuo for 6 h to afford carbamates 5a-c. - FTIR 

(KBr): ν 3300 (NH, broad), 2910 (C-Η stretch), 1740 (carbamate, linear), 1595 (arom.), 1365 

(-SO2-), 1175(-S02-). 

Cyclo-elimination to 3,5-disubstituted l,3-oxazolidin-2-ones 6a-c - General Procedure: 

A sample of 5a-c (1.00 mmol) was suspended in dichloromethane (5 mL) and DBN (0.14 mL, 

1.13 mmol) was added. The mixture was stirred at room temperature for Ih and the resin was 

filtered, washed with dichloromethane (50 mL, 3x), methanol (50 mL, 3x), dichloromethane 

(50 mL, 3x), and methanol (50 mL, 3x). The filtrate was concentrated under reduced 

pressure, filtered through a short plug of silica gel (ethyl acetate/heptane = 1/1). Evaporation 

of the solvent gave oxazolidinones 6a-c as a white solid. Crystallization of the product (ethyl 

acetate/hexane) gave pure 6a-c as colorless crystals. 

5-Methyl-3-p-toluenesulfonyl-l,3-oxazolidin-2-one6a: 

Yield 112 mg (0.44 mmol, 39 % overall) white solid. Colorless crystals from ethyl 

acetate/hexane; m.p. 144-1450C. - Ή NMR (CDCI3, 300 MHz) δ 1.42 (d, J= 6.3 Hz, 3H), 

2.46 (s, 3H), 3.57 (dd, part of ABX, Λ Β = 9.1 Hz, JBX = 7.1 Hz, IH), 4.14 (dd, part of ABX, 

Λ Β = 9.1 Hz, Λχ = 7.8 Hz, IH), 4.69 (m, part of ABX, IH), 7.37 (d, J = 8.3 Hz, 2H), 7.93 (d, 

J= 8.3 Hz, 2H). - 13C NMR (CDCI3, 75 MHz): δ 19.78, 21.62, 50.91, 71.18, 128.15, 129.84, 
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133.82, 145.67, 151.61. -Anal. Calcd for C11H13NO4S: C, 51.75; H, 5.13; N, 5.49. Found: C, 

51.75; H, 4.97; N, 5.55. 

5-Ethyl-3-p-toluenesulfonyl -l,3-oxazolidin-2-one 6b: 

Yield 122 mg (0.45 mmol, 40% overall) white solid. Colorless crystals from ethyl 

acetate/hexane; m.p. 116-1180C. - Ή NMR (CDCI3, 300 MHz) δ 0.95 (t, J =7.4 Hz, 3H), 

1.72 (m, 2H), 2.45 (s, 3H), 3.62 (dd, part of ABX, Λ Β = 9.1 Hz, Λχ = 7.1 Hz, IH), 4.12 (dd, 

part of ABX, Λ Β = 9.1 Hz, Λχ = 8.0 Hz, IH), 4.49 (m, part of ABX, IH), 7.37 (d, J = 8.4 Hz, 

2H), 7.93 (d, J = 8.4 Hz, 2H). - 13C NMR (CDCI3, 75 MHz) δ 8.33, 21.52, 27.11, 49.09, 

75.56, 127.99, 129.75, 133.79, 145.59, 151.60. - Anal. Calcd for CijH.sNO^S: C, 53.52; H, 

5.61; N, 5.20. Found: C, 53.14; H, 5.59; N, 4.92. 

5-/-Butyl-3-/>-toluenesulfonyl -l,3-oxazoIidin-2-one 6c: 

Yield 126 mg (0.49 mmol, consisting of 6c (75%) of the total amount) and cyclic carbonate 9 

(25% of the total amount), 43% overall) white solid. Colorless crystals of 6c from ethyl 

acetate/hexane; m.p. 121-1220C. - Ή NMR (CDCI3, 300 MHz) δ 0.89 (s, 9Η), 2.45 (s, 3H), 

3.75 (dd, part of ABX, Λ Β = 9.4 Hz, Jax = 7.5 Hz, IH), 3.98 (dd, part of ABX, Λ Β = 9.4 Hz, 

JAX = 8.6 Hz, IH), 4.22 (dd, part of ABX, JAX = 8.6 Hz, JBX = 7.5 Hz, IH), 7.36 (d, J = 8.4 

Hz, 2H), 7.93 (d, J = 8.4 Hz, 2H). - 13C NMR (CDCI3, 75 MHz) δ 21.63, 24.00, 33.64, 45.42, 

81.13, 128.02, 129.81, 134.04, 145.63, 151.73. - Anal. Calcd for C14H19NO4S: C, 56.55; H, 

6.44; N, 4.71. Found: C, 56.78; H, 6.58; N, 4.73. 

4-Methyl-3-/7-toluenesulfonyl-l,3-oxazolidin-2-one 7: 

A sample of 1,2-propanediol (1.00 g, 13.1 mmol) was dissolved in dichloromethane (15 mL), 

cooled (0CC), and subsequently triethylamine (1.46 g, 14.5 mmol) and ?er/-butyldimethylsilyl 

chloride (1.97 g, 13.1 mmol) were added. After 2h the reaction was complete and the mixture 

was washed with water (5 mL, 2*) and brine (5 mL, l x ) . The organic layer was dried 

(Na2S04) and concentrated under reduced pressure to give 1.67 g (61%) of the silyl ether as a 

colorless oil. Ή NMR (CDCI3, 100 MHz): δ 0.83 (s, 9Η), 1.04 (d, J = 6.2 Hz, 3H), 3.36 (m, 

2H), 3.76 (m, IH) ppm. Next, the silyl ether was dissolved in pyridine (10 mL) and p-

toluenesulfonyl chloride (1.67 g, 8.8 mmol) was added and the reaction mixture was stirred 

overnight at room temperature. Then, the mixture was poured out into an ice bath (15 mL) 

and the aqueous layer was extracted with dichloromethane (10 mL, 3x). The combined 
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organic layers were washed with an aqueous copper sulfate solution (0 16 M, 50 ml, 5*), 

dned (Na2S04), and concentrated in vacuo to give 2 51 g (83%) of the product as a colorless 

oil Ή NMR (CDCI3, 100 MHz) δ 0 84 (s, 9Η), 1 26 (d, J = 6 5 Hz, 3H), 2 44 (s, 3H), 3 59 

(m, 2H), 4 58 (m, IH), 7 33 (d, J = 8 0 Hz, 2H), 7 80 (d, J = 8 0 Hz, 2H) ppm This product 

was subsequently dissolved in a TFA/ACOH/H2O (2/2/1) mixture and stirred for 30 mm at 

room temperature Evaporation of the solvent under high vacuum, followed by flash column 

chromatography (ethyl acetate/heptane = 1/3, then 2/3, then 1/1) of the product furnished the 

monotosylate in quantitative yield Ή NMR (CDCI3, 100 MHz) δ 1 24 (d, J = 6 6 Hz, 3H), 

2 45 (s, 3H), 3 62 (d, J = 4 8 Hz, 2H), 4 67 (m, IH), 7 35 (d, J= 8 3 Hz, 2H), 7 82 (d, J= 8 3 

Hz, 2H) ppm Finally the monotosylate was dissolved in dichloromethane and p-

toluenesulfonyl isocyanate (1 45 g, 7 4 mmol) was added The reaction mixture was stirred at 

room temperature for 30 mm , followed by the addition of DBN ( 1 03 g, 8 3 mmol) and 

stimng for Ih at room temperature The solvent was evaporated and the product filtered 

through a short plug of silica (ethyl acetate/heptane = 1/2) to give 1 86 g (63%) of 7 (R = Me) 

as a colorless oil IR (neat) ν 1743 (cyclic carbamate), 1591 (arom ), 1345 (SO2), 1155 (SO2) 

cm ' Ή NMR (CDCI3, 100 MHz) δ 1 52 (d, 7 = 6 0 Hz, 3H), 2 44 (s, 3H), 3 92 (m, IH), 4 52 

(m, 2H), 7 35 (d, J = 8 3 Hz, 2H), 7 94 (d, J= 8 3 Hz, 2H) ppm 

4-(f-Butyl)-l,3-dioxolan-2-one 9: 

A solution of 3,3-dimethyl-l,2-butanediol (5 01 g, 42 0 mmol) in diethyl carbonate (5 51 g, 

46 6 mmol) to which sodium (25 mg, 1 1 mmol) was added was heated under reflux for 3h, 

followed by removal of the ethanol by distillation The reaction mixture was dissolved in 

diethyl ether (50 ml) and washed with water (30 ml, 3χ) and then with an aqueous saturated 

sodium chloride solution (30 ml, 3χ) The organic layer was dned (MgS04) and concentrated 

under reduced pressure to give 5 57 g (92 %) of 9 IR (KBr) ν 2962 (alkyl), 1790 (carbonate) 

1480 (alkyl) cm ' GC/MS, m/z (relative intensity) 144 ([M]+, 9), 57 ([C,H9]+, 100) 

l-Hydroxy-4-phenyl-2-butanone 10: 

Ethyl 2-oxo-4-phenylbutanoate (1 50 g, 7 3 mmol) and tnethyl orthoformate (2 59 g, 17 5 

mmol) were dissolved in a solution of H2SO4 in ethanol (0 24 M, 15 ml), and the mixture was 

stirred at room temperature for 4 days The solvent was evaporated under reduced pressure 

and the product was dissolved in a mixture of diethyl ether (15 ml) and an aqueous NaOH 

solution (0 5 M, 15 ml) The organic layer was separated and the aqueous layer was extracted 
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with diethyl ether (2*) The combined organic layers were washed successively with water 

and bnne, dned (MgS04) and concentrated in vacuo Next, the product was dissolved in 

diethyl ether (25 ml) and treated dropwise with a solution of L1AIH4 (128 mg, 3 3 mmol) in 

diethyl ether (15 ml) and stirred at room temperature overnight Diethyl ether (25 ml) and an 

aqueous HCl solution (1 0 M, 15 ml) were added successively, and the mixture was allowed 

to stir at room temperature for 1 hour The organic layer was isolated and the aqueous layer 

was extracted with diethyl ether (3x) The combined organic layers were dned (MgSO,»), 

concentrated and the product was purified by flash column chromatography (hexane/ethyl 

acetate = 3/1) affording 10 as a colorless oil (0 729 g, 62%) Ή NMR (CDCI3, 100 MHz) δ 

2 69 (t, 2Η, J = 7 0 Hz), 2 95 (t, 2H, J = 7 0 Hz), 3 36 (s, 1H), 4 13 (s, 2H), 7 21 (m, 5H) This 

product was used as such in the next step 

(2Ä)-4-Phenylbutane-l,2-diol 11: 

Compound 10 (500 mg, 3 0 mmol) and baker's yeast (25 g) were added to water (150 ml), and 

the mixture was carefully stirred with a mixer at 30C'C overnight The reaction mixture was 

concentrated in vacuo, diethyl ether (100 ml) was added, and the resulting emulsion was 

filtered and nnsed thoroughly with diethyl ether (200 ml) Evaporation of the solvent and 

subsequent flash column chromatography (hexane/ethyl acetate =1/1) yielded 10 (329 mg, 

65%) as a colorless oil Ή NMR (CDCI3, 100 MHz) δ 1 74 (m, 2Η), 2 09 (s, IH), 2 30 (s, 

IH), 2 73 (m, 2H), 3 67 (m, 3H), 7 22 (m, 5H) [α]20ο = +33 5° (c = 1 0, ethanol)25 

(5Ä)-3-(/»-Toluenesulfonyl)-5-phenethyl-l,3-oxazolidin-2-one 12: 

Procedure similar to that of oxazohdinones 6a-c Starting from 11, compound 12 was 

obtained in 27% yield and 86% ee (Chiralcel OD, hexane/ethanol = 70/30) After 

crystallization from hexane/ethyl acetate, enantiopure product 12 was obtained Mp 118-

120oC Rf 0 31 (hexane/ethyl acetate = 2/1 ) [α]20ο = +32 10 (c = 0 27, chloroform) ' Η NMR 

(CDCI3, 400 MHz) δ 1 91 (m, IH), 2 06 (m, IH), 2 45 (s, 3H), 2 75 (m, 2H), 3 60 (dd, part of 

ABX, IH, Λ Β = 9 1 Hz, Λχ = 7 2 Hz), 4 07 (t, IH, Λ Β = Jm = 9 1 Hz), 4 49 (m, IH, part of 

ABX, IH), 7 14 (d, 2H, J = 1 2 Hz7 25 (m, 3H7 36 (d, 2H, J = 8 2 Hz), 7 93 (d, 2H, J = 8 2 

Hz) IR (KBr) ν 3020 (aryl-H), 2920 (alkyl), 1765 (carbamate), 1595 (arom ), 1450 (alkyl), 

1370(-SO2-), 1175(-S02-) 
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6-Methyl-3-[(4-methylphenyl)sulfonyl]-l,3-oxazinan-2-one 15: 

Procedure identical to that of oxazolidinones 6a-c Starting from 1,3-butanediol, compound 

15 was obtained in 24% yield Mp 79-81°C Ή NMR (CDCI3, 100 MHz) δ 1 36 (d, 3Η, J = 

Ί 0 Hz, CH3), 2 00 (m, 2H, CH2), 2 43 (s, 3H, Ar-CHj), 4 17 (m, 3H, N-CH2 + CH), 7 31 (d, 

2H, J = 9 0 Hz, Ar-CH), 7 93 (d, 2H, J = 9 0 Hz, Ar-CH) ppm IR (neat) ν 1710 (cyclic 

carbamate), 1690 (arom), 1350 (SO2-N) cm ' MS m/z (%) 270 (M+1, 69), 155 (Ts, 25), 91 

(Tol, 76) 
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Chapter 3 

Solid-Phase/Activation Cyclo-Elimination (SP/ACE): 
Application I — Synthesis of 3-Aryl-5-Amidomethyl 
l,3-Oxazolidin-2-ones # 

Abstract: D-Mannitol-denved enantiopure 1,2-diol is employed in the sohd-phase/activation 
cyclo-elimination (SP/ACE) approach to produce enantiopure oxazolidinones with the correct 
stereochemistry and structural features required for antibiotic activity. Four different aryl 
groups and two types of amidomethyl substituents have been introduced in this manner. 

3.1 — Introduction 

Oxazolidinones are synthetic antibacterials that exhibit activity against multiple 

antibiotic resistant strains of Gram-positive bacteria.1 Structure-activity relationship 

(SAR) studies have revealed the most important features that are necessary for their 

biological activity and which are summarized in Figure I.2 

Figure 1. 

/ N ^ N H 1 

S-config. ^ r _ R 

• 0 

•*" = essential, R1 and R2 = variable 

4 5 

Part of this chapter has been published P. ten Holte, Β C J van Esseveldt, L Thijs and Β Zwanenburg Eur J 
Org Chem 2001,2965-2969. 
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The oxazolidinones represent the only completely new class of antibiotics registered 

over the past 30 years.3 These new entities show activity against Gram-positive 

organisms and are successful against methicillin-resistant Staphylococcus aureus 

(MRSA) and vancomycin-restistant enterococci (VRE). They do not show cross-

resistance with the traditional antibactenals, as they display a different mode of action. 

Oxazolidinones selectively bind the 50S ribosomal subunit and thereby inhibit 

bacterial translation at the initiation stage of protein synthesis.4,5 

Currently, the first example of this new class, i.e. Linezolid, is launched on the market 

in Europe and the US. However, the continuing genetica! adaptation of bacteria to new 

antibacterials prompts the development of new and better examples of this class of 

compounds. At the moment, the aim in this field of research is to find other 

oxazolidinones that are also active against Gram-negative organisms, which show an 

even more robust biological activity. For this purpose, new synthetic approaches that 

allow faster synthesis of new structural variants are needed. One example of such a 

new synthetic approach to oxazolidinones is described in this chapter. More in 

particular, the solid-phase synthesis of oxazolidinones that possess the general 

structure that is necessary for antibiotic activity (as in Figure 1) will be reported. These 

target compounds will be prepared via the solid-phase/activation cyclo-elimination 

(SP/ACE) process, which has been discussed in detail in Chapter 2. Since this approach 

enables the efficient introduction of defined chirality at C-5 by employing enantiopure 

1,2-diols, it is an ideal methodology for obtaining optically pure target oxazolidinones 

(Figure 1). The required enantiopure 1,2-diol starting material has been derived from 

D-mannitol. Furthermore, aryl isocyanates have been used to obtain the appropriate JV-

aryl substitution in the product. The synthesis of oxazolidinones presented in this 

chapter differs from the conventional approach starting from amino alcohols, which 

allows the adjustment of chirality at C-4 instead. 
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3.2 — Results & Discussion 

Synthesis of the target oxazolidinones 

Oxazolidinones 6a-d were synthesized by employing 1,2-diol 3 in the SP/ACE 

methodology (Scheme 1). Diol 3 was prepared from commercially available racemic 

solketal according to a literature procedure.6, 7' 8 Tosylation of the alcohol function, 

followed by tosylate substitution with azide, and subsequent deprotection afforded 3 in 

good overall yield (68%). Coupling of diol 3 to immobilized arenesulfonyl chloride 2 

(Argonaut Technologies Inc.) was accomplished with triethylamine in 

dichloromethane. The remaining secondary alcohol was then reacted with a series of 

jV-aryl isocyanates giving polymer-bound jV-aryl carbamates 5a-d. The lower 

reactivity of aryl isocyanates compared to the aforementioned tosyl isocyanate (see 

Chapter 2) necessitated the use of triethylamine (0.1 - 1 equiv) to allow the reaction to 

occur in a satisfactory manner. The carbamates prepared in this way were finally 

treated with DBN (3 equiv) in dichloromethane. Cyclization to oxazolidinones 6a-d 

did occur, in spite of the hardly activated N-H bond of the jV-aryl carbamate. The 

observed overall yield of 6b (R = p-Ac-Ph) was disappointingly low (6%), which is 

most likely due to the poor solubility of the isocyanate. However, the overall yield of 

the cycloeliminated compounds 6a, 6c and 6d as calculated on starting resin 2 was 

more satisfactory (32-42%). The purity of the detached material was in all cases high 

(>85% by GC analysis). 
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Scheme 1. 
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The thus acquired ./V-aryl-5-azidomethyl oxazohdinones 6a-d were expected to be 

suitable for conversion into the corresponding jV-aryl-5-amidomethyl oxazolidinones 

(as in Figure 1 ) by successive reduction and acylation of the azide moiety. For this 

reason, ./V-phenyl-5-azidomethyl oxazohdinone 6a was subjected to catalytic 

hydrogénation (H2/Pd(C)) and subsequent acetylation (Ac20/pyridine) giving 7a, as is 

depicted in Scheme 2. These steps proceeded smoothly in good overall yield (90%). 

Additionally, a sample of 6a was hydrogenated and subsequently converted into 

benzamidomethyl substituted oxazohdinone 7b under Schotten-Baumann conditions 

(80% overall) (Scheme 2). 

Scheme 2. 

0 

N ^ O 

6a 

1)H2/Pd(C), MeOH 
2) Ac20/pyridine 
or 
1)H2/Pd(C), MeOH 
2) PhCOCll 10% NaOH 
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Ο 

-Λ 
-NH 

7a R = CH3 ο 
7b R = Ph 
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Enantiopure oxazolidinones 

Since compound 6a appeared an excellent candidate to be converted into 

amidomethyl-substituted oxazolidinones 7, it was decided to prepare jV-aryl-5-

azidomethyl oxazolidinones with the correct and unambiguous stereochemistry (R-

configuration) at C-5. The desired stereogenicity can be introduced in the target 

oxazolidinones by employing optically pure 1,2-diol 8 (Scheme 3). This diol 8 was 

prepared from 5'-(+)-solketal, analogous to the synthesis of racemic diol 3. S-(+)-

Solketal can be prepared by protection, oxidative cleavage (NalO^) and subsequent 

reduction (NaBFLi) of D-mannitol as has been described in various reports.9, 10' " 

Reaction of diol 8 following the SP/ACE protocol gave products 9 in yields that were in 

agreement with those found for the racemic diol (38 and 5% overall). The optical 

rotation of oxazolidinones 9a ([a]D

2 0 = -157° (c = 1, ethanol) and 9b ([a]D

2 0 = -150° (c 

= 1, acetonitrile) was found to be in good agreement with the values reported in the 

literature.12 Olirai HPLC of 9a (Chiralcel OD, 2-propanol/hexane: 20/80) and 9b 

(Chiraipak AD, 2-propanol/hexane: 30/70), demonstrated that only one enantiomer 

was present as was proved by simultaneous runs of these samples with the 

corresponding racemates 6a and 6b, which showed complete separation of 

enantiomers under these conditions. 

Scheme 3. 

D-Manmtol 

(0.5 equiv.) 

steps Ρ \ steps 
• \-0 • 

S-(+)-Solketal 

9a: 

9b 

H C r V - 0 H SP/ACE \ ^ N \ 
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65% 5-38% 

R = H; [ a ] D

2 0 = -157° (c = 1, ethanol), 38% 

R = Ac, [a] D

2 C = -150° (c = 1, acetonitrile), 5% 
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Direct introduction of the amidomethyl group 

Instead of converting the azidomethyl group into an amidomethyl moiety after cyclo-

elimination of the oxazolidinone product, it was also attempted to introduce the 

amidomethyl group at the same time as the 1,2-diol. Since the most promising 

oxazolidinone antibiotic, i.e. Linezolid, contains an acetamidomethyl group at the C-5 

position, synthesis and application of the 1,2-diol 10 (Scheme 4) was attempted in the 

first place. This acetamidomethyl-substituted 1,2-diol 10 was prepared from racemic 

solketal as is outlined in Scheme 4. 

Scheme 4. 

o—r ^ \ ^OH 

, • v o HO 
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F 
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0 

Ά. 
- N O 

^ v _ 

Linezolid 

NH 

0 

This synthesis is straightforward in every respect. Only the reduction/acetylation step 

led to the formation of a small amount of by-product. This might be caused by the 

untimely removal of the acid-labile isopropylidene group by the acetic acid formed in 

this reaction, followed by acetylation of one of the hydroxy groups. The coupling of 

the thus-prepared 1,2-diol 10 to polymer supported sulfonyl chloride, however, was 

not successful. Even overnight treatment of diol and resin with triethylamine in 

dichloromethane did not result in the formation of any product as was confirmed by 

the total absence of a carbonyl absorption in the infrared spectrum of the resin 

obtained. A possible explanation of this disappointing result is an expected lower 

nucleophilicity of this 1,2-diol compared to that of the azidomethyl-substituted diol. 
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The amide group could form an intramolecular hydrogen bond with the primary 

alcohol group, thereby occupying the lone pair and reducing the nucleophilicity of this 

alcohol (Figure 2). 

Figure 2. 

EtsN' Ό 

δ + δ 

OH 

ΗΝ 

.Η. 
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δ + Η 

OH 

Reduction and acylation of the resin-bound azide group 

It was also attempted to achieve an on-resin conversion of the azide unit into an amide. 

Ideally, reduction and acylation of the immobilized azide moiety should take place in a 

one-pot operation. A well-known procedure to carry out such a conversion involves 

the use of thioacetic acid.13 Hence, polymer supported azide 11 was treated with 

thioacetic acid in dichloromethane at 0oC in an inert atmosphere (Scheme 5). 

Scheme 5. 

9-so2-o 
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11 

RHN 

R = Η or Ac 

Stirring of this mixture did not give any reaction after two hours, as was verified by 

infrared spectroscopy. Warming up of the reaction mixture to room temperature, 

followed by another two hours of reaction time, did not lead to a decrease of the strong 

azide absorption band (2100 cm"1) in the infrared spectrum. Nevertheless, a weak 

absorption band at 1650 cm"1, possibly belonging to a secondary amide, was detected 

in this sample. However, subsequent overnight reaction at room temperature did not 

lead to an increase of this band nor to a decrease of the azide absorption. Next, the 

reaction was attempted in thioacetic acid as the solvent. The high concentration of 
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thioacetic acid might facilitate the reduction/acetylation reaction. However, even after 

four hours at 30°C no conversion could be detected by infrared analysis of the resin. 

Application of the Staudinger reaction to achieve reduction of the immobilized azide 

group was attempted as well.1 Treatment of polymer-supported azide 11 with 

triphenylphosphine in dry THF did not lead to product formation after three hours. 

Also overnight stirring of this mixture at 35°C did not affect the azide group to any 

extent. Furthermore, Wilkinson's soluble rhodium catalyst for hydrogénation did not 

cause any conversion, even not after a prolonged reaction time. 

Finally, the resin bound azide 11 was treated with 1,3-propanedithiol (neat) under 

basic conditions (triethylamine). This resulted in the disappearance of both the azide 

and the carbamate absorption in the infrared spectrum of the product resin.15 It is 

important to note that this treatment considerably reduced the weight of the resulting 

resin. These observations can be accounted for in two ways. The first explanation is 

that the reduction of the azide moiety works in combination with the destruction of the 

carbamate group, thereby losing the group attached to the carbamate moiety. Another 

explanation is the displacement of the polymer-bound substrate by nucleophilic attack 

of the thiol group. Especially under the applied basic conditions, this is a reasonable 

assumption. However, no prove for either of these explanations was obtained. 

3.3 — Conclusions 

The present study resulted in a convenient solid-phase method for the preparation of 

potential antibacterial 3,5-disubstituted oxazolidin-2-ones employing the SP/ACE 

methodology. The synthesis of the target compounds via SP/ACE has been 

accomplished with high purity and in good overall yields. Enantiopure products are 

easily obtained by employing 5-(+)-Solketal as the starting material. 
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3.4 — Experimental Section 

For General Remarks, see Chapter 2, Section 2 4 

Polymer-bound alcohol 4a-d - general procedure: 

Dichloromethane (5 mL), 1,2-diol (3 35 mmol) and Et^N (0 37 mL, 2 68 mmol) were added to 

polymer-bound sulfonyl chloride 2 (1 00 g, 1 34 mmol), and the mixture was stirred for 5h at 

room temperature The resin was filtered and washed with dichloromethane (50 mL, 3x), 

methanol (50 mL, 3x), and dichloromethane (50 mL, 3x), and dned in vacuo for 6 hours to 

give 4a-d - FTIR (KBr) ν 3410 (OH), 2910 (C-Η stretch), 1590 (arom ), 1365 (-SO2-), 1171 

(-SOr) 

Polymer-bound carbamate 5a-d - general procedure: 

Resin 4a-d (115 mmol) was treated with p-R-phenyl isocyanate, R = H, Ac, Br, NO2 (3 45 

mmol) and triethy lamine (0 02 mL, 0 14 mmol) overnight at room temperature in 

dichloromethane (5 mL) The resin was filtered off, washed with dimethyl sulfoxide (50 mL, 

3x), water (50 mL, 3x), methanol (50 mL, 3x), and dichloromethane (50 mL, 3x) and dned in 

vacuo for 6h to give carbamates 5a-d - FTIR (KBr) ν 3300 (NH, broad), 2915 (C-Η stretch), 

2100 (N3) 1700 (carbamate, linear), 1680 (C=0 for R = Ac) 1590 (arom ), 1365 (-SO2-), 1175 

(-S02-) 

Cycloelimination to 3,5-disubstituted l,3-oxazolidin-2-ones 6a-d - general procedure: 

A sample of 5a-d (1 00 mmol) was suspended in dichloromethane (5 mL) and DBN (0 14 

mL, 1 13 mmol) was added The mixture was stirred at room temperature for Ih and the resin 

was filtered off, washed with dichloromethane (50 mL, 3x), methanol (50 mL, 3x), 

dichloromethane (50 mL, 3x), and methanol (50 mL, 3x) The filtrate was concentrated under 

reduced pressure, filtered through a short plug of silica gel (ethyl acetate/heptane = 1/1) 

Evaporation of the solvent gave oxazohdinones 6a-c as a white solid and 6d as a slightly 

yellow solid Crystallization of the product (ethanol/hexane) gave pure 6a-c as colorless 

crystals and 6d as slightly yellow crystals 
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5-Azidomethyl-3-phenyl-l,3-oxazolidin-2-one 6a: 

Yield 94 mg (0.43 mmol, 40% overall) white solid. Colorless crystals from ethanol/hexane; 

m.p. 82-840C. - Ή NMR (CDCI3, 400 MHz) δ 3.60 (dd, part of ABX, JAB = 13.2 Hz, JBX = 

4.5 Hz, IH), 3.69 (dd, part of ABX, JAB = 13.2 Hz, JAX = 4.7 Hz, IH), 3.87 (dd, part of ABX, 

JAB = 9.0 Hz, JBX = 6.2 Hz, IH), 4.10 (t, part of ABX, JAB = JAX = 9.0 Hz, IH), 4.78 (m, part 

of ABX, IH), 7.16 (t, J =7.4 Hz, IH), 7.39 (t, J = 8.0 Hz, 2H), 7.54 (d, J = 8.1 Hz, 1 H ) . - 1 3 C 

NMR(CDCl3, 100 MHz) δ47.5, 53.1,70.6, 118.3, 124.4, 129.1, 137.9, 153.9.-MS (CI) m/z 

190 (20) [M+ - N2], 71 (44) [C3H5NO], 43 (100) [C2H3O]. - Anal. Calcd for CioH,oN402: C, 

55.04; H, 4.62; N, 25.68. Found: C, 55.06; H, 4.58; N, 25.32. Spectral data are in agreement 

with those reported. 

5-Azidomethyl-3-/>-acetylphenyl-l,3-oxazolidin-2-one 6b: 

Yield 17 mg (0.07 mmol, 6% overall) white solid. Colorless crystals from ethanol/hexane; 

m.p. 80-81oC. - Ή NMR (CDCI3, 400 MHz) δ 2.59 (s, 3Η), 3.62 (dd, part of ABX, JAB = 

13.3 Hz, JBX = 4.3 Hz, IH), 3.74 (dd, part of ABX, JAB = 13.3 Hz, JAX = 4.4 Hz, IH), 3.92 

(dd, part of ABX, JAB = 9.1 Hz, JBX = 6.2 Hz, IH), 4.15 (t, part of ABX, JAB = JAX = 9.1 Hz, 

IH), 4.83 (m, part of ABX, IH), 7.65 (d, J = 8.9 Hz, 2H), 7.98 (d, J = 8.9 Hz, 2H). - l 3 C 

NMR (CDCI3, 100 MHz) δ 26.4, 47.1, 52.9, 70.7, 117.3, 129.6, 132.7, 141.9, 153.6, 196.8. -

MS (CI) m/z 232 (15) [M+ - N2], 71 (47) [C3H5NO], 43 (100) [C2H3O]. - Anal. Calcd for 

C ^ H ^ O j : C, 55.38; H, 4.65; N, 21.53. Found: C, 55.03; H, 4.44; N, 21.48. Spectral data 

are in agreement with those reported. ' 

5-Azidomethyl-3-/7-bromophenyl-1,3-oxazolidin-2-one 6c: 

Yield 138 mg (0.46 mmol, 42% overall) white solid. Colorless crystals from ethanol/hexane; 

m.p. 92-930C. - Ή NMR (CDCI3, 400 MHz) δ 3.58 (dd, part of ABX, J A B = 13.2 Hz, JBX = 

4.38 Hz, IH), 3.69 (dd, part of ABX, JAB = 13.2 Hz, JAX = 4.6 Hz, IH), 3.84 (dd, part of 

ABX, JAB = 8.9 Hz, JQx = 6.2 Hz, IH), 4.07 (t, part of ABX, JAB = JAX = 8.9 Hz, IH), 4.79 

(m, part of ABX, IH), 7.44 (d, J = 9.0 Hz, 2H), 7.50 (d, J = 9.0 Hz, 2H). - 1 3C NMR (CDCI3, 

100 MHz) δ 47.3, 53.0, 70.6, 117.2, 119.7, 132.1, 137.0, 153.7. - MS (CI) m/z 268 (17) [M+ -

N 2 ], 71 (51) [C3H5NO], 43 (100) [C2H3O]. - HRMS (EI) m/z 295.9905 (CioHgBrN^: 

requires 295.9909). 
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5-Azidomethyl-3-/7-nitrophenyl-l,3-oxazolidin-2-one 6d: 

Yield 98 mg (0.37 mmol, 32% overall) slightly yellow solid. Slightly yellow crystals from 

ethanol/hexane; m.p. 115-1160C. - Ή NMR (CDCI3, 300 MHz) δ 3.65 (dd, part of ABX, Λ Β 

= 13.4 Hz, JBx = 4.2 Hz, IH), 3.79 (dd, part of ABX, Λ Β = 13.4 Hz, Λχ = 4.2 Hz, IH), 3.96 

(dd, part of ABX, Λ Β = 9.1 Hz, JBx = 6.2 Hz, IH), 4.19 (dd, part of ABX, Λ Β = Λχ = 9.0 Hz, 

IH), 4.89 (m, part of ABX, IH), 7.73 (d, J = 9.3 Hz, 2H), 8.24 (d, J = 9.3 Hz, 2H). - 13C 

NMR (CDCI3, 75 MHz) δ 47.0, 52.8, 70.8, 117.4, 119.9, 124.9, 125.1, 153.4. - MS (CI) m/z 

235 (18) [M+ - N2], 71 (37) [C3H5NO], 43 (100) [C2H3O]. - Anal. Calcd for CIOHQNJCV C, 

45.63; H, 3.45; N, 26.61. Found: C, 45.79; H, 3.42; N, 26.55. - HRMS (El) m/z 263.0651 

(C10H9N5O4 requires 263.0655). 

5-Acetamidomethyl-3-phenyl-l,3-oxazolidin-2-one 7a: 

A sample of 6d (62 mg, 0.28 mmol) was dissolved in methanol (10 mL) and palladium (10% 

on activated carbon) (12 mg, 0.01 mmol Pd) was added under nitrogen atmosphere. 

Subsequently, the mixture was shaken under a hydrogen atmosphere (Ih) and filtered over a 

plug of hyflo. The solvent was removed under reduced pressure giving the primary amine as a 

colorless oil (99%), which was dissolved in a mixture of pyridine (0.5 mL) and acetic 

anhydride (0.05 mL, 0.53 mmol). The resulting mixture was stirred at room temperature (Ih). 

Ice (25 mL) and aqueous HCl (36%) (0.6 mL, 6 mmol) were added, and the mixture was 

extracted with dichloromethane (5x 20 mL). The organic fractions were collected, dried 

(Na2S04) and concentrated to give 60 mg (90% overall from 6d) of 7a as a white solid. 

Colorless crystals from ethanol: mp 130-131oC; Ή NMR (CDCI3, 300 MHz) δ 2.01 (s, 3Η), 

3.64 (m, 2H), 3.81 (dd, part of ABX, Λ Β = 9.2 Hz, Λχ = 6.8 Hz, IH), 4.06 (dd, part of ABX, 

Λ Β = ΛΧ =9.2 HZ, lH),4.78(m, lH),6.60(m, IH), 7.15 (t, J= 7.4 Hz, IH), 7.37 (t, J = 8.6 

Hz, 2H), 7.50 (d, J= 8.4 Hz, 2H); 13C NMR (CDCI3, 75 MHz) δ 23.0, 41.9, 47.5, 72.0, 118.4, 

124.3, 129.1, 137.8, 154.6, 171.2. - MS (CI) m/z 235 (7) [M++ 1], 190(18) [M+-C02],43 

(100) [CH3CO]. - Anal. Calcd for C^Hn^Ch: C, 61.53; H, 6.02; N, 11.96. Found: C, 61.36; 

H, 5.79; N, 11.62. Spectral data are in agreement with those reported.12 

5-Benzamidomethyl-3-phenyl-l,3-oxazolidin-2-one 7b: 

A sample of 6d (151 mg, 0.68 mmol) was dissolved in methanol (10 mL) and palladium 

(10% on activated carbon) (12 mg, 0.01 mmol Pd) was added under nitrogen. Subsequently, 
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the mixture was shaken under a hydrogen atmosphere (Ih) and filtered over a plug of hyflo. 

The solvent was removed under reduced pressure to give the primary amine as a colorless oil 

(99%). The amine and benzoyl chloride (0.09 mL, 0.77 mmol) were dissolved in 10% 

aqueous NaOH (8 mL), and the solution was stirred vigorously (15 min) in a sealed vessel. 

The white precipitate was filtered off, rinsed with water, and dried in vacuo yielding 162 mg 

(80%) of 7b as a white solid. Colorless crystals from ethanol; m.p. 1680C. - Ή NMR (CDCI3, 

500 MHz) δ 3.80 (ddd, part of ABMX, JAB = 14.7 Hz, JBM=JBX = 6.1 Hz, IH), 3.88 (dd, part 

of ABX, Λ Β = 9.1 Hz, JBX = 6.7 Hz, IH), 3.94 (ddd, part of ABMX, JAB = 14.7 Hz, JAM = 3.4 

Hz, Λ χ = 6.4 Hz, IH), 4.11 (dd, part of ABX, JAB = J AX = 9.1 Hz, IH), 4.88 (m, IH), 6.94 (t, 

J =6.4 Hz, IH), 7.13 (t, J= 7.5 Hz, IH), 7.35 (t, J= 8.0 Hz, 2H), 7.41 (t, J= 8.0 Hz, 2H), 

7.50 (m, 3H), 7.78 (d, J = 7.0 Hz, 2H). - 1 3C NMR (CDCI3, 75 MHz) δ 42.5, 47.7, 72.0, 

118.4, 124.3, 127.1, 128.6, 129.1, 131.9, 133.5, 137.8, 154.5, 168.3. - MS (CI) m/z 297 (4) 

[M+ + 1], 252 (15) [M+ - CO2], 105 (90) [CÔHSCO], 77 (100) [C(,H5]. - Anal. Calcd for 

Ci7H|6N203: C, 68.91; H, 5.44; N, 9.45. Found: C, 68.55; H, 5.16; N, 9.07. -HRMS (EI) m/z 

296.1162 (C,7H,6N203 requires 296.1161). 

(Ä)-5-Azidomethyl-3-phenyl-l,3-oxazolidin-2-one 9a: 

Yield 89 mg (0.41 mmol, 38% overall) white solid. Colorless crystals from ethyl 

acetate/hexane; m.p. 76-780C. - [a]D
2 0 = -157° (c = 1, ethanol); lit. -160.0 ± 0.9° (c = 0.93, 

ethanol). Ή and l3C NMR spectra are identical to those of6d. Melting point and spectral data 

are in agreement with those reported. 

(Ä)-5-Azidomethyl-3-/7-acetylphenyl-l,3-oxazolidin-2-one 9b: 

Yield 16 mg (0.06 mmol, 5% overall) white solid. Colorless crystals from ethyl 

acetate/hexane; mp 79-810C. - [α]ο 2 0 = -150ο (c = 1, acetonitrile); lit. -150.0 ± 0.9° (c = 0.93, 

acetonitrile). Η and ' C NMR spectra are identical to those of6e. Melting point and spectral 

data are in agreement with those reported} ' ' 

l-Acetainido-2,3-dihydroxypropane 10: 

Azide 12 (0.5 g, 3.2 mmol) and acetic anhydride (1.5 mL, 16 mmol) were dissolved in 

methanol ( 15 mL) and subsequently, 10% Pd(C) (25 mg) was added. The mixture was shaken 

for 4 h at room temperature under a hydrogen atmosphere. Then the mixture was filtered 

(hyflo) and the filtrate azeotropically evaporated with toluene (10 mL, 6x). The crude product 
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obtained was punfied with column chromatography (ethyl acetate/hexane = 1/1, 150 mL, 

followed by ethyl acetate, 200 mL) to give 350 mg (64%) of a slightly yellow oil {FTIR 

(neat) ν 3290 (NH), 1650 (C=0)} This product was then dissolved in a tnfluoroacetic 

acid/water (v/v = 1/9, 6 mL) mixture and the solution obtained was stirred for 5 mm at room 

temperature Next, the solvents were azeotropically evaporated with toluene (10 mL, 6x) to 

give 263 mg (95%) of 10 as a slightly yellow oil FTIR (neat) ν 3400 (broad, OH/NH), 1650 

(broad, C=0) 
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Chapter 4 

Solid-Phase/Activation Cyclo-Elimination (SP/ACE): 
Application II — Polymer-Aided Stereodivergent 
Synthesis (PASS) # 

Abstract: A new concept for the discrete preparation of optical antipodes is described. The 
approach makes use of the cyclo-elimination reaction that leads to oxazolidinones. This 
cyclization/cleavage procedure has been applied to a polymer-supported quasi-symmetric 
compound that contains a polymeric arenesulfonate and also a regular tosylate leaving group. 
Two-directional cyclization leads to the formation of separate quasi-enantiomeric 
oxazolidinones, one being immobilized, and the other one free in solution. Treatment of these 
quasi-enantiomeric compounds with appropriate nucleophiles gives discrete optical antipodes. 
In addition, several other approaches to this new concept are discussed. 

4.1 — Introduction 

Separation of enantiomeric species has been a challenge for chemists ever since 

Pasteur performed his 'crystal picking' experiment in 1848.1' 2 Nowadays it is 

becoming ever more important to be able to control the stereochemistry of chiral 

compounds, for example in current drug research where contamination of a sample by 

an undesired enantiomer can lead to fatal incidents. Several different approaches have 

proven to be successful in providing enantiopure compounds, for instance the use of 

synthetic chiral catalysts, 3 , 4 ' 5 ' 6 ' 7 ' 8 ' 9 enzymes3,10' " and chiral resolution methods.'a " ' 

12, η, 14 Syndetic chiral catalysts typically promote the conversion of a prochiral 

substrate into an enantiopure compound (see chapter 5 for an example). Enzymes can 

be used for the same purpose, however they are also widely applied in the kinetic 

resolution of racemic compounds. 

"Part of this chapter has been published· Ρ ten Holte, L Thijs and Β Zwanenburg O g Leti 2001, J, 1093-
1095 
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In this chapter, a new concept is reported that allows the discrete preparation of both 

quasi-enantiomers15 of a chiral substance by making use of a polymeric support. The 

intention is to 'racemize' a 'quasi-symmetric' compound such as 1 (Scheme 1) by 

performing a two-directional cyclization reaction that leaves one quasi-enantiomer 

bound to the resin (2, route a) and the other one in solution (3, route b), as is illustrated 

in Scheme 1. 

Scheme 1. 

φ_ LG Nu 

Cyclization 

Nu LG 

IMMOBILIZED IN SOLUTION 

[ QUASI-ENANTIOMERS) 

System 1 consists of an enantiopure central stereogenic carbon atom that has a 

nucleophilic group attached to it via a spacer and is flanked by two leaving groups that 

are connected to the chiral center by methylene units. The system is "quasi-

symmetric" since one of the (technically identical) leaving groups is, in contrast to the 

other, bound to a polymeric backbone. An intramolecular nucleophilic cyclization can 

either substitute the polymer-bound leaving group or the non-polymer containing 

leaving group, resulting in a detached or polymer-bound product, respectively. The 

quasi-enantiomeric products can be separated by filtration and converted into 

enantiomers by successive substitution of the unaffected leaving group. We have 

termed this approach Polymer Aided Stereodivergent Synthesis (PASS). Thus, PASS 

allows the discrete preparation of quasi-enantiomers in one reaction step and gives 
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access to the enantiomers by further functionalization. Several approaches to put this 

concept into practice will be described. 

4.2 — Results & Discussion 

Approaches with glycerol-derived substrates 

The strategy described here to put the concept of PASS into practice is based on the 

work on the application of immobilized arenesul fonate esters in the synthesis of a 

series of 3,5-substituted l,3-oxazolidin-2-ones by means of solid-phase/activation 

cyclo-elimination (SP/ACE) methodology (see chapter 3).16 This approach employs 1,2-

diols as the starting materials and gives rise to a system that allows intramolecular 

cyclo-elimination in the last step of the synthetic sequence, yielding detached 

oxazolidinones of high purity as the cleavage products (Scheme 2). 

Scheme 2. 
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To prepare a substrate that is suitable for PASS, i.e. conceptually according to system 1 

(Scheme 1), the diol starting material was replaced by an enantiopure glycerol 

derivative. Thus, 5-(+)-solketal (Scheme 3) was brought into reaction with p-

toluenesulfonyl chloride and the arenesulfonate obtained was deketalized with 

trifluoroacetic acid in water. The resulting enantiopure 1,2-diol 4 was selectively 

attached with its primary alcohol function to polymer-bound arenesulfonyl chloride 

(PS-SO2CI, Argonaut Technologies Ine, see also Chapter 2) and subsequently, the 

secondary alcohol was converted into a carbamate by reaction with phenyl isocyanate 

to give quasi-symmetric system 5a (R = Ph) with the 5-configuration (Scheme 3). By 
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introducing the carbamate moiety, a two-atom spacer is created between the chiral 

central carbon atom and the nucleophilic group, i.e. the carbamate nitrogen. 

Scheme 3. 
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Quasi-symmetric system 5a (R = Ph) was then treated with DBN (2 equiv) in 

dichloromethane to induce the cycloelimination reaction. The cyclization route a 

provided polymer-bound oxazolidinone 6a, while elimination via route b gave quasi-

enantiomeric oxazolidinone 7a in solution (overall yield of 23% of the maximum of 

50%, Scheme 4a). 

Scheme 4a. 

<P^-SO,-0. 

5a (S) 

Nu, DMF ο 
heat, 5-16h 

N--ph »- M,, I .N 

,0 

Ph NLK X / N — P h 

8a (Nu = Ci; 
9a (Nu = Nj) 

Ο 

Nu, DMF \ ο 
heal, 5-16h 

P h - N \ / ^ \ / 0 T s " P h - ^ 1 - A , . N u 

7a 10a (Nu = CI) 
11a(Nu = N3) 

54 



Chapter 4 

Along with the tosylate-substituted oxazolidinone 7a also a undeniable amount of 

chloride-substituted oxazolidinone 10a (Nu = Cl) was obtained via route b (ratio of 

7a/10a = 1/2). Substitution of the tosylate with chloride probably took place already 

during the coupling reaction of the glycerol derivative 4 with the polymeric support 

whereby triethylammonium chloride is formed. This chloride anion served as 

nucleophile in the tosylate substitution. The chloride analog 10a could easily be 

separated from oxazolidinone 7a by column chromatography, which provided pure 

enantiomer 10a. However, there was no need to separate the chloride analog 10a from 

oxazolidinone 7a because, where appropriate, both the tosylate and chloride leaving 

groups are readily substituted in the subsequent reaction. As the formation of 

oxazolidinone 10a had taken place spontaneously, chloride was the logical nucleophile 

of choice in the reaction of 6a and 7a in order to prepare the optical antipodes 8a and 

10a, respectively (Scheme 4a). Thus, polymer-bound oxazolidinone 6a and its quasi-

enantiomer 7a were treated with lithium chloride (10 equiv, based on maximum 

theoretical loading) in DMF to give enantiomers 8a (21% overall, of max. 50%) and 

10a respectively. Oxazolidinone 10a thus obtained is optically pure by chiral HPLC 

(Chiralcel OD, ee = 100%) with an optical rotation of [a]D

2 0 -68° (c = 0.33, ethanol), 

whereas crude product 8a was formed with an ee of 95% (Chiralcel OD, 

hexane/isopropyl alcohol = 80/20). Crystallization of 8a (ethanol) gave the pure 

enantiomer with an optical rotation of [a]D

2 0 = +68° (c = 0.34, ethanol). 

Azide was another nucleophile that was investigated in the series of events shown in 

Scheme 4a. Thus, the azide-substituted optical antipodes 9a and 11a were prepared by 

reaction of quasi-enantiomers 6a and 7a (admixed with 10a) with sodium azide (3 and 

10 equiv respectively) producing enantiomer 11a in optically pure form directly 

(Chiralcel OD, ee = 100%, [a]D

2 0 = -160°, c = 0.30, ethanol) and enantiomer 9a (15% 

overall, of max. 50%) in 96% ee (Chiralcel OD, hexane/isopropyl alcohol = 80/20). 

Crystallization of 9a furnished optically pure product ([α]ο20 = +166°, c = 0.30, 

ethanol). 
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It is worth noting that the reactions of the nucleophiles with tosylate 7a and 

corresponding chloride 10a in solution do not lead to racemized products, whereas the 

products that arise from polymer-supported tosylate 6a seem to have racemized 

slightly. 

Scheme 4b. 
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The same sequence of Scheme 4a was investigated for the starting substrate 5b (R = 

Ts, Scheme 4b), which was obtained from diol 4 by treatment with polymer-bound 

sulfonyl chloride and subsequently with tosyl isocyanate (Scheme 3). These 

conversions took a similar course as observed for the preparation of resin 5a (R = Ph). 

Treatment of substrate resin 5b (R = Ts) with DBN gave the expected product 7b as 

the detached material, albeit in a disappointing yield of ca 5% (of max. 50%). Again, 

the initially obtained product contained the chloride 8b, which could be separated by 

column chromatography. The initially obtained mixture of 7b and 8b, as resulting 

from DBN treatment, was brought into reaction with sodium azide in DMSO to give 

product 10b in a yield of 92%. The remaining resin 6b was then treated with sodium 

azide in DMSO at 90oC for Ih to give compound 9b, which was partially racemized. 

This conclusion was reached by comparison of the optical rotation of this product with 
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that obtained via route b (quasi-enantiomer 7b in solution). In the former case the 

absolute rotation was lower (+7° vs. -75°), hence racemization must have taken place 

in route a. As both enantiomers 9b and 10b could not be separated by chiral HPLC, 

the extent of racemization could not be determined. The overall yields for both route a 

and b are low, therefore any explanation for this racemization during route a is rather 

speculative. At any rate, racemization is most likely due to a deviant course of the 

detachment process. A possible alternative mode of nucleophilic attack of azide ions 

could be at the methylene unit according to the "curly arrow" mechanism depicted in 

Scheme 5, which involves an initial ring opening, followed by a ring closure with a 

concomitant detachment of the polymer. The ring opening is facilitated by the 

electron-withdrawing W-tosyl substituent. 

o 

u 
10b 

Such a deviant reaction is much less conceivable for the JV-Ph case (substrate 6a). The 

reaction shown in Scheme 5 leads to the formation of 10b, whereas the direct 

detachment reaction gives the antipode 9b. An alternative deviant reaction is shown in 

Scheme 6. Here it is assumed that the DBN reaction takes place via the carbonyl group 

to give an imine of a cyclic carbonate. A similar reaction was encountered in Chapter 2 

(Section 2.2). Ring opening by azide then leads to an anionic intermediate, which is 

stabilized by the tosyl group. Subsequent ring closure then leads to product 10b, which 

means inversion in comparison with the normal detachment route 6b to 9b. Pretreating 

the initial product obtained from the DBN reaction with DMF/water for 2 h at 90°C 

can prevent the reaction shown in Scheme 6. Then the proposed carbonate imine 

would be hydrolyzed. After this hydrolytic pretreatment the detachment of resin 6b 

with azide gave product 9b with some higher rotation ([α]ο20 = +30°). This modified 
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procedure gave less racemization than previously, however the rotation of this product 

9b is still lower than that obtained via route b. 

Scheme 6. 

(pfrscvo. •*• <p^-scvo 

O-alkylation 

Ts. 
\ 

a, 

Ts. 
N ' X 

Θ χ Ο 
(P^-SO,-O 

10b 

It should be noted that for the sequence with 5b homemade resin-bound sulfonyl 

chloride was used, which is much more densely loaded than the commercial polymer 

supported reagent. This difference in experimental conditions may have an effect on 

the outcome of the reactions with base and the subsequent nucleophilic detachment. 

Alternative approaches to PASS 

Another approach to the stereodivergent reaction sequence is shown in Scheme 7. 

Here, the quasi-symmetric compound 11 can be converted, at least in principle, into 

epoxide 13 as the detached product and polymer-bound epoxide 12. The subsequent 

reaction of the quasi-enantiomers 12 and 13 with nucleophiles may be directed in such 

a manner that an epoxide ring opening takes place. Subsequent base treament is then 

expected to lead to ring closure to give antipodal epoxides 16 and 17, respectively. In 

principle, this scheme fulfills the requirements for PASS. The choice of the appropriate 

reagents and conditions is the major obstacle. 
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Scheme 7. 

ΐ > \ / ° Τ 5 ^ Nu-^A^OTs ^ N u ^ ^ J 

13 (R) N u 15 Base 1 7 

A common reagent for epoxide formation from a diol monotosylate is potassium 

carbonate in methanol.'7, l 8 However, methanol is not effective in swelling the 

polymeric matrix. Indeed, treatment of 11 with potassium carbonate in methanol 

hardly showed any reaction. Only when a ten-fold excess of base was used a trace of 

detached product was observed. Reaction with DBN (2 equiv) in dichloromethane (this 

is an excellent swelling solvent) gave a better result as some product 13 could be 

obtained (7% of max. 50%). 

The next step also needs a careful choice of nucleophilic reagent. Selective ring 

opening of the epoxide, with no competing direct SN2 displacement of the tosylate 

group, is required (see Scheme 7). A suitable reagent is triphenylmethane thiol.19 This 

sterically demanding nucleophile preferentially reacts in an SN2' fashion, because the 

direct SN2 reaction is sterically not possible. In order to test the behavior of this 

nucleophile enantiopure glycidyl tosylate 13 (R) was treated with 3 equiv of 

triphenylmethane thiol in a dichloromethane/chloroform/methanol (1/1/1) mixture as 

the solvent. No ring opening was observed, however, when a catalytic amount of 

triethylamine (0.15 equiv) was added a slow but still incomplete ring opening was 

achieved. When applying a larger excess of Ph-jCSH (5 equiv) in the presence of 

triethylamine (2.5 equiv) a nearly complete ring opening to product 15 (Nu = Ph-jCS) 

could be accomplished within 48h. Re-closure of 15 to epoxide 17 (Nu = Pl^CS) was 
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realized by treatment with DBN as the base (yield 73%). Epoxide 17 showed an 

optical rotation of [a]D
20 = -28.4° (c = 1.4, chloroform). 

Encouraged by this positive result, the solid-supported epoxide 12 (rac.) was tested. 

This substrate was prepared from racemic glycidol and polymer-supported sulfonyl 

chloride in the presence of Et3N, without noticeable problems. Reaction of polymer-

supported compound 12 with Pl^CSH in a dichloromethane/chloroform/methanol 

(1/1/1) mixture as the solvent in the presence of Et3N (2.5 equiv), followed by 

treatment with DBN (2 equiv) gave racemic 16 in good yield (40%). This result shows 

that the principle of PASS can work, however, the first step in this PASS sequence, i.e. 

base treatment of 11, is still a bottleneck. So far, no suitable conditions for this first 

step could be established. A sequence shown in Scheme 7 is conceptually suitbable for 

PASS; it deserves further study. 

Approach with an L-serine-derived substrate 

A second alternative approach to PASS is shown in Scheme 8. In fact, there is a close 

analogy with the sequence shown in Scheme 7, where also a ring closure to three-

membered ring is involved. The synthesis of the required starting materials is by no 

means straightforward. Preliminary attempts to prepare tritylated compound 18 are 

described in Scheme 9. 

Scheme 8. 

7r J' 

20(S) 22 
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In a series of steps serine methyl ester was converted into compound 23 without 

serious problems (Scheme 9). Unfortunately, the deprotection and subsequent 

tritylation of compound 23 could not be accomplished. Reaction of 24 with 

PhjCCl/Œ^N led to a considerable amount of aziridine 26 but not to the desired 

tritylation. Due to time constraints this approach to PASS was not investigated further. 

Scheme 9. 
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ι Boc20, NaHCOs, H20, u DMP. TsOH H20, benzene, Δ, m LAH, Et20 iv TsCI, pyridine, ν Η*, vi EtjN, TrCI vu EI3N, Λ - S02CI 

4.3 — Conclusions 

The new concept of polymer-aided stereodivergent synthesis (PASS) for the 

simultaneous preparation of the two isolated, optically pure enantiomers from an 

optically pure single enantiomeric starting material, has been successfully applied to 

the synthesis of the optical antipodes of two oxazolidinone products. Attempts to apply 

this unique strategy to other systems were not successful in this stage, although some 

promising leads were identified. 
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4.4 — Experimental Section 

For General Remarks, see Chapter 2, Section 2.4. 

Enantiopure glycerol monotosylate 4: 

;?-Toluenesulfonyl chloride (2.922 g, 15.7 mmol) was dissolved in pyridine (4 ml) and slowly 

added to a cooled (0oC) sample of (5)-(+)-solketal (2.228 g, 16.9 mmol). The reaction mixture 

was kept at room temperature for 5 h, then dichloromethane (75 ml) was added and the 

solution was successively washed with an aqueous copper sulfate solution (0.16 M, 50 ml, 

5x) and water (50 ml, lx). The organic layer was concentrated in vacuo and treated with 

TFA/water (2/1, 10 ml) for 15 min. Azeotropic evaporation (toluene, 20 mL, 5*) of the 

solvent yielded a slightly yellow oil that was purified by flash column chromatography (ethyl 

acetate/hexane = 1/1, v/v, 250 ml followed by ethyl acetate) to give 3.166 g (84 %) of 4 as 

colorless oil that solidified upon standing. M.p. 57-590C — [α]20ο = -9.5° (c = 5.5, methanol) 

— IR (neat): ν 3300 (OH, H-bonded), 2910 (C-Η stretch), 1355 (-SO2-), 1180 (-SO2-) cm"'— 

Ή NMR (400 MHz, CDCI3): δ 2.42 (s, 3Η, CH3), 3.55 (dd, IH, part of ABX, Λ Β = 11.6 Hz, 

JBX = 5.8 Hz), 3.64 (dd, IH, part of ABX, Λ Β = 11 6 Hz, Λχ = 3.8 Hz), 3.74 (bs, 2H), 3.93 

(m, IH), 4.03 (m, 2H), 7.34 (d, 2H, J = 8.2 Hz), 7.78 (d, 2H, J= 8.3 Hz) ppm. Melting point 

and spectral data are in agreement with those reported. 

Quasi-symmetric compound 5a (R = Ph): 

A sample of polymer-bound sulfonyl chloride (1.000 g, 1.34 mmol; PS-SO2CI, Argonaut 

Technologies Inc.) was suspended in dichloromethane (10 mL). Then, 1,2-diol 4 (824 mg, 

3.35 mmol) and triethylamine (271 mg, 2.68 mmol) were added and the mixture was allowed 

to stir overnight at room temperature. The resin was filtered off and successively washed with 

dichloromethane (25 mL, 3x), methanol (25 mL, 3X) and dichloromethane (25 mL, 3X), and 

then dried in vacuo for 6 h. The resin obtained (1.144 g) was suspended in dichloromethane 

(10 mL), then phenyl isocyanate (428 mg, 3.59 mmol) and triethylamine (12 mg, 0.12 mmol) 

were added. The mixture was stirred at room temperature overnight. The resin was filtered 

and thoroughly washed successively with dichloromethane (25 mL, 5*), 

dichloromethane/methanol (1/1, 25 mL, 5X), methanol (25 mL, 5x), 
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dichloromethane/methanol (1/1, 25 mL, 5x), dichloromethane (25 mL, 5*), and then dned in 

vacuo for 6 h to give 1 215 g of resin 5a (R = Ph) IR (KBr) ν 3350 (NH, broad), 2900 (C-H 

stretch), 1735 (carbamate, linear), 1590 (arom ), 1365 (-SO2-), 1170 (-SO2-) cm ' 

Quasi-symmetric compound 5b (R = Ts): 

A sample of Dowex 50X2-400 ion-exchange resin ( 10 g) was successively rinsed with water 

(50 ml, 3x), methanol (50 ml, 3x), and dry ether (50 ml, 3*), and then dried in vacuo at 70°C 

overnight, and 3 h at 110°C The resin obtained (1 85 g, 8 3 mmol) was suspended in DMF 

(15 ml) at 0oC and thionyl chloride (1 82 ml, 25 0 mmol) was slowly added The mixture was 

allowed to warm up to room temperature (5 mm) and the resin was filtered, washed 

successively with methanol (50 ml, 3 χ), water (50 ml, 3χ), methanol (50 ml, 3χ), and dry 

ether (50 ml, 3x) and then dned under vacuum overnight, yielding 1 95 g (65%) of Dowex-

denved PS-SO2CI, IR (KBr) ν 2915 (C-Η stretch), 1587(arom ), 1368 (-SO2-), 1169 (-S02-) 

cm ' Subsequently, dichloromethane (20 ml), diol 4 (2 09 g, 8 5 mmol) and EtsN (1 2 ml, 8 6 

mmol) were added and the mixture was allowed to stir at room temperature overnight The 

resin was filtered off and washed with methanol (50 ml, 3χ), IN H2SO4 (50 ml, 3χ), water (50 

ml, 3χ), methanol (50 ml, 3x), dry ether (50 ml, 3x) and dned in vacuo at 100°C for 3 h to 

give 2 205 g of product, IR (KBr) ν 3410 (OH), 2910 (C-Η stretch), 1590 (arom ), 1365 (-

SO2-), 1171 (-SO2-) cm ' Treatment of the resin obtained with tosyl isocyanate (1 3 ml, 8 5 

mmol) for 3 h at room temperature in dichloromethane (10 ml), followed by filtration and 

washing with methanol (50 ml, 3x), dry ether (50 ml, 3x) and drying in vacuo at 70oC 

overnight afforded 2 430 g of system 5b, R = Ts IR (KBr) ν 3300 (NH, broad), 2910 (C-H 

stretch), 1740 (carbamate, linear), 1595 (arom ), 1365 (-SO2-), 1175 (-SO2-) cm ' No free OH 

was present 

Cyclization to quasi-enantiomers 6a (R = Ph) and 7a (R = Ph): 

Resin 5a (R = Ph) ( 1 000 g, maximum theoretical loading 0 93 mmol/g) was suspended in 

dichloromethane (10 mL) and DBN (115 mg, 0 93 mmol) was slowly added The mixture was 

stirred at room temperature for 2 h The resulting resin was filtered off and washed 

successively with dichloromethane (10 mL, 3x), dry diethyl ether (10 mL, 3x), and 

dichloromethane (10 mL, 3x) The filtrate was concentrated in vacuo and the product 

obtained was filtered through a short plug of (60H) silica gel (eluent ethyl acetate/heptane = 

1/1, v/v) to give 32 mg (23% overall, starting from PS-TsCl, maximum of 50%) of a white 
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solid consisting of a mixture of tosylate 7a (R = Ph) and chlonde l ia (R = Ph) (ratio 7a/lla 

= 1/2, GC-MS analysis) The resin obtained was thoroughly washed with dichloromethane (25 

mL, 5x), dichloromethane/methanol (1/1, 25 mL, 5x), methanol (25 mL, 5*), 

dichloromethane/methanol (1/1, 25 mL, 5x), dichloromethane (25 mL, 5x), and then dried in 

vacuo for 6 h to give 977 mg of resin 6a (R = Ph) 

Synthesis of enantiomers 8a and 9a — general procedure: 

Resin 6a (R = Ph) (900 mg, maximum theoretical loading 0 48 mmol/g) was suspended in 

wet DMF (10 mL) and lithium chlonde (147 mg, 3 46 mmol) or sodium azide (85 mg, 1 30 

mmol) was added The reaction mixture was heated (55°C) and stirred for 5h The resin was 

filtered off and washed with dichloromethane (10 mL, 3X), methanol (10 mL, 3X), and 

dichloromethane (10 mL, 3X) and the filtrate was concentrated under high vacuum The 

product obtained was filtered through a short plug of (60H) silica gel (eluent ethyl 

acetate/heptane = 1/1, v/v) giving 23 mg (21% overall, starting from PS-TsCl, of maximum of 

50%) of 8a as a white solid or 17 mg (15% overall, starting from PS-TsCl, of maximum of 

50%) of 9a as a white solid 

Enantiomer 8a: 

Μ ρ 1320C - Ή NMR (CDCI3, 300 MHz) δ 3 75 (dd, part of ABX, Λ Β = 11 6 Hz, JBX = 6 6 

Hz, IH), 3 80 (dd, part of ABX, Λ Β = 11 6 Hz, Λχ = 4 2 Hz, IH), 3 97 (dd, part of ABX, Λ Β 

= 9 2 Hz, JBx = 5 7 Hz, IH), 4 18 (t, part of ABX, Λ Β = Λχ = 9 0 Hz, IH), 4 88 (m, part of 

ABX, IH), 7 1 6 ( t , J = 7 4Hz, IH), 7 39 (t, J = 8 0 Hz, 2H), 7 55 (d, 7 = 8 1 Hz, lH)ppm-

' 3CNMR(75 MHz, CDCI3) δ 44 47, 48 15,70 80, 118 31, 124 38, 129 13, 137 76, 153 87 

HRMS (E1+) m/z 211 0395 (C10H10CINO2 requires 211 0400) 

Enantiomer 9a: 

M ρ 75-770C — Ή NMR (CDCI3, 300 MHz) δ 3 60 (dd, part of ABX, Λ Β = 13 2 Hz, JBX = 

4 5 Hz, IH), 3 70 (dd, part of ABX, Λ Β = 13 2 Hz, Λχ = 4 7 Hz, IH), 3 88 (dd, part of ABX, 

Λ Β = 9 0 Hz, JBX = 6 2 Hz, IH), 4 11 (t, part of ABX, Λ Β = Λχ = 9 0 Hz, IH), 4 79 (m, part 

of ABX, IH), 7 16 (t, 7= 74 Hz, IH), 7 39 (t, J = 8 0 Hz, 2H), 7 54 (d, J= 1 8 Hz, lH)ppm 

— 13C NMR (75 MHz, CDCI3) δ 47 44, 53 03, 70 54, 118 27, 124 34, 129 13, 137 83, 153 90 

ppm 
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Synthesis of enantiomer 10a (R = Ph): 

A sample of the compound 7a (R = Ph) admixed with 10a (R = Ph) (30 mg, ratio 7a/10a = 

1/2, 0.12 mmol, for the preparation, see preceding experiment) was dissolved in wet DMF, 

lithium chloride (49 mg, 1.17 mmol) was added and the reaction mixture was heated (550C) 

and stirred for 5 h. Next, the solvent was evaporated under high vacuum and the product 

obtained was filtered through a short plug of (60H) silica gel (eluent: ethyl acetate/heptane = 

1/1, v/v) giving 24 mg (96% for this step; 22% overall, starting from PS-SO2CI, of maximum 

of 50%) of 10a (R = Ph) as a white solid. M.p. 1320C — Ή NMR (CDCI3, 300 MHz): δ 3.74 

(dd, part of ABX, Λ Β = 11 ·6 Hz, Jm = 6.5 Hz, IH), 3.80 (dd, part of ABX, Λ Β = 11 -6 Hz, 

Λχ = 4.2 Hz, IH), 3.97 (dd, part of ABX, Λ Β = 9.2 Hz, JBX = 5.7 Hz, IH), 4.18 (t, part of 

ABX, A B = Αχ = 9.0 Hz, IH), 4.87 (m, part of ABX, IH), 7.16 (t, J = 7.4 Hz, IH), 7.39 (t, J 

= 8.0 Hz, 2H), 7.55 (d, J = 7 . 8 Hz, lH)ppm— ^C NMR (75 MHz, CDCI3): 6 44.48,48.15, 

70.80, 118.32, 124.39, 129.13, 137.76, 153.86 ppm. HRMS (EI+) ml ζ 211.0397 

(CoHioClNOz requires 211.0400). 

Synthesis of enantiomer lia: 

A sample of the compound mixture of 7a and 10a (30 mg, ratio 7a/10a = 1/2, 0.12 mmol, see 

preceding experiment) was dissolved in wet DMSO, sodium azide (76 mg, 1.17 mmol) was 

added and the reaction mixture was heated (750C) and stirred overnight. Next, the solvent was 

evaporated under high vacuum and the product obtained was filtered through a short plug of 

(60H) silica gel (eluent: ethyl acetate/heptane = 1/1, v/v) giving 25 mg (quantitative for this 

step, 23% overall, starting from PS-SO2CI, of maximum of 50%) of l ia as a white solid. M.p. 

76-780C — Ή NMR is identical to that of 9a. '3C NMR (CDCI3, 75 MHz): δ 47.44, 53.04, 

70.54, 118.28, 124.35, 129.14, 137.84, 153.93 ppm. 

Cyclization to quasi-enantiomers 6b (R = Ts) and 7b (R = Ts): 

A sample of 5b (R = Ts) (2.00 g, max. 2.6 mmol) was suspended in dichloromethane (20 ml) 

and DBN (0.32 mL, 2.6 mmol) was added. The mixture was stirred at room temperature for 

15 min and the resin was filtered, washed successively with dichloromethane (15 mL, 3χ), 

dry ether (15 mL, 3x), dichloromethane (15 mL, 3*) and dry ether (15 mL, 3*). The filtrate 

was evaporated under reduced pressure and the product obtained was purified by flash 

column chromatography (ethyl acetate/hexane = 1/4, v/v, followed by ethyl acetate/hexane = 

1/2, v/v; for the optional removal of 8b) and crystallized (ethyl acetate/hexane) to yield 15 mg 

(1.7% of max. 50%) of 7b (R = Ts) as colorless crystals (combined with 8b: 5.2 % of max. 
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50%), mp 135-1360C, R f 0 46 (ethyl acetate/hexane = 1/1, v/v), [CX]D = ^ 0 0° (c = 0 5, 

methanol), [α]ο 2 0 = -36 3° (c = 1 0, chloroform), [α]ο 2 0 = -33 8° (c=0 4, chloroform), IR 

(KBr) ν 1773 (carbamate, cyclic), 1595 (arom), 1368 (-SO2-), 1179 (-SO2-) cm ', Ή NMR 

(400 MHz, CDCI3) δ 2 45 (s, 3Η, CH3), 2 46 (s, 3H, CH3), 3 91 (dd, IH, part of ABX, Λα = 

9 6 Hz, JBX = 5 9 Hz, 4-CH2), 4 13 (m, 3H, 4-CH2 and S'-C^), 4 71 (m, 1 H, 5-CH), 7 34 (d, 

2H, J= 8 2 Hz, arom ), 7 38 (d, 2H, J= 8 2 Hz, arom ), 7 70 (d, 2H, J= 8 3 Hz, arom ), 7 91 

(d, 2H, J = 8 3 Hz, arom ) ppm, l 3 C NMR (75 MHz, CDCI3) δ 21 68 (CHj), 2171 (CH,), 

45 65 (4-CH2), 67 62 (S '-C^), 70 38 (5-CH), 127 92, 128 24, 130 00 and 130 13 (arom CH), 

13174, 133 72, 145 71 and 145 99 (arom C), 150 60 (C=0) ppm, CIMS (70eV), m/z 

(relative intensity) 426 ([M + 1]+, 65), 254 ([M - C T H T S C ^ , 19), 155 ( [CTHTSOJ] ' , 100), 139 

([C7H7SO]+, 46), 91 ( [ C J H ? ] * , 73) Subsequently, the remaining resin was thoroughly washed 

with dichloromethane to give 1 84 g of immobilized oxazohdinone 6b (R = Ts), IR (KBr) ν 

3420 (-SO3DBNH), 2920 (C-Η stretch), 1779 (carbamate, cyclic), 1635 (-SO3DBNH), 1591 

(arom ), 1355 (-SO2-), 1174 (-SO2-) cm ' 

Chloride 8b (R = Ts): 

Yield 20 mg (3 5% of max 50% - product of column chromatography of preceding 

expenment) Ή NMR (400 MHz) δ 2 46 (s, 3Η, CH3), 3 66 (d, 2H, J = 4 9 Hz, S'-C^), 3 66 

(dd, IH, JAB = 9 6 Hz and JBx = 5 7 Hz, 4-CH2), 4 17 (t, IH, Λ Β = Λ χ = 9 6 Hz, 4-CH2), 4 77 

(m, IH, 5-CH), 7 37 (d, 2H, J = 8 2 Hz, arom ), 7 93 (d, 2H, J = 8 2 Hz) ppm, 1 3C NMR (75 

MHz, CDCI3) δ 21 71 (CHj), 43 98 ( S ' - C H Î ) , 47 03 (4-CH2), 71 72 (5-CH), 128 25 and 

129 93 (arom CH), 133 81 and 145 97 (arom C), 150 92 (C=0) ppm, CIMS (70eV), m/z 

(relative intensity) 290 ([M + 1]+, 100), 254 ([M - Cl]+, 3), 155 ([CT^SOsf, 48), 139 

([C7H7SO]+, 10),91([C7H7]+,48) 

Enantiomer 9b: 

Immobilized oxazohdinone 6b (R = Ts) (1 80 g, max 1 3 mmol) was suspended in DMSO 

(15 mL), NaN3 (85 mg, 1 3 mmol) was added and the mixture was heated to 55°C for 5h 

Water (25 mL) was added and the mixture was continuously extracted with diethyl ether 

overnight, the organic layer was concentrated under reduced pressure, the product purified by 

flash column chromatography (ethyl acetate/hexane = 1/2, v/v, 100 ml followed by ethyl 

acetate/hexane = 1/1, v/v) and crystallization (ethanol/hexane) to give 39 mg of 9b (4 6% of 

max 50%) as colorless crystals, IR (KBr) ν 2118 (azide), 1780 (carbamate, cyclic), 1371 (-
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SO2-), 1173 (-SO2-) cm ', Ή NMR (400 MHz) δ 2 46 (s, 3H, CH3), 3 48 (dd, part of ABX, 

Λ Β = 13 4 Hz, Λχ = 4 3 Hz, IH), 3 60 (dd, part of ABX, Λ Β = 13 4 Hz, Λχ = 4 2 Hz, IH), 

3 86 (dd, part of ABX, Λ Β = 9 5 Hz, Λχ = 6 0 Hz, IH), 4 11 (t, IH, part of ABX, Λ Β = Λχ = 

9 5 Hz, 4-CH2), 4 66 (m, IH, 5-CH), 7 38 (d, 2H, J = 8 3 Hz, arom ), 7 94 (d, 2H, J= 8 3 Hz) 

ppm, 13C NMR (75 MHz, CDCI3) δ 21 72 (CH,), 46 44 (4-CH2), 52 45 (S'-Cfy), 71 60 (5-

CH), 128 24 and 129 90 (arom CH), 133 82 and 145 95 (arom C), 150 88 (C=0) ppm CIMS 

(70eV), m/z (relative intensity) 297 ([M + 1]\ 5), 172 ([CTHTSC^NHJ]"", 100), 155 

([C7H7S02]+,99),91([C7H7]
+,39) 

Glycidyl triphenylmethane thiolate 17 (from glycidyl tosylate): 

Glycidyl tosylate (50 mg, 0 22 mmol) and tnphenyl methane thiol (303 mg, 1 10 mmol) were 

dissolved in a dichloromethane/chloroform/methanol (1/1/1, v/v/v) and treated with 

tnethylamine (55 mg, 0 55 mmol) under argon atmosphere at room temperature for 48 h 

Evaporation of the solvent and punfication by means of flash column chromatography (ethyl 

acetate/heptane = 1/2) gave pure nng-opened product that after treatment with DBN (41 mg, 

0 33 mmol) in dichloromethane (2 h) and flash column chromatography (ethyl acetate/heptane 

= 1/4) furnished oxirane 17 (52 mg, 0 16 mmol) as a white solid [α]ο20 = -28 4 e (c = 14, 

CHCI3) Ή NMR (CDCI3, 100 MHz) δ 2 24 (m, 2Η), 2 61 (m, 3H), 7 32 (m, 15H) 

ferf-Butyl 2,2-dimethyl-4-({p-toluenesulfonyl}oxy)methyl-l,3-oxazolane-3-carboxylate 

2 3 : 2 . 22 23 

To a sample of L-senne methylester hydrochloride (5 00 g, 32 2 mmol), in a cooled (0oC) 

water/dioxane mixture (200 mL, 1/1, v/v), was added sodium bicarbonate (5 4 g, 64 4 mmol) 

After the gas formation had stopped, di-/ert-butyl dicarbonate (7 72 g, 35 4 mmol) was added 

and the reaction mixture was stirred at room temperature overnight The suspension was 

evaporated, followed by the addition of THF (100 mL), the precipitate was filtered off, 

washed with THF (20 mL, 3χ), and the filtrate was dried (MgSO^) and concentrated in vacuo 

furnishing TV-boc protected senne methyl ester quantitatively (7 23 g, 33 mmol), which was 

dissolved in benzene (250 mL) along with 2,2-dimethoxy propane (10 g, 96 mmol) and p-

toluenesulfonic acid monohydrate (100 mg, 0 53 mmol) The reaction mixture was heated to 

reflux for 30 mm then distilled until no starting matenal could be observed anymore by tic 

To achieve complete conversion of all starting material by distillation, additional fresh 

benzene (100 mL) and DMP (5 g, 48 mmol) had to be added The reaction mixture was 
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concentrated and taken up in diethyl ether (50 mL) and washed with a saturated NaHCOs 

solution (25 mL, 2x) and bnne (25 mL, 1 x), dried (MgSO,») and concentrated to furnish an oil 

that was purified by flash column chromatography (ethyl acetate/heptane = 1/2) to give (6 34 

g, 24 mmol, 76%) of colorless oil that was dissolved in diethyl ether (100 mL), lithium 

aluminum hydnde (1 85 g, 49 mmol) was added and the mixture was stirred for 1 h 

Subsequently, water (1 85 mL), 15% aqueous NaOH (1 85 mL) and water (5 55 mL) were 

added and the suspension was stirred at room temperature for 1 h and then filtered The 

precipitate was washed with diethyl ether (20 mL, 3 χ) and the filtrate was dned (MgS04) and 

concentrated under reduced pressure to give 5 15 g (22 mmol, 91%) of the alcohol as slightly 

yellow oil that was used for the next reaction without further purification Thus the oil was 

taken up in dichloromethane (25 mL) and pyridine (5 mL), cooled (0°C), and p-

toluenesulfonyl chloride (4 58 g, 24 mmol) was added and the mixture was stirred at room 

temperature overnight The reaction mixture was washed with water (25 mL, 2x), an aqueous 

copper sulfate solution (0 16 M, 15 mL, 3x) and bnne (15 mL, lx), dried (MgS04) and 

concentrated in vacuo to yield 6 10 g (16 mmol, 72%) of 23 as a white solid Crystallization 

in ethyl acetate afforded colorless crystals Μ ρ 97-990C [α]ο20 = ̂ 0 ° (e = 2, CHCI3) Ή 

NMR (CDCI3, 100 MHz) δ 1 40 (s, 9H), 1 45 (s, 3H), 1 50 (s, 3H), 2 45 (s, 3H), 3 91 (m, 

3H), 4 08 (m, 2H), 7 35 (d, J = 8 3 Hz, 2H), 7 80 (d, J = 8 3 Hz, 2H) ppm 
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Chapter 5 

Polymer-Supported iV-Tritylaziridinyl-
(diphenyl)methanol as an Effective Catalyst in the 
Enantioselective Addition of Diethylzinc to Aldehydes 

Abstract: Polymer supported N-trityl-aziridine carbinol 4 was used as chiral hgand in the 
asymmetric addition of diethylzinc to aldehydes. High enantioselectivities were obtained for both 
aromatic and aliphatic aldehydes. The catalyst was successfully recycled and employed in 
subsequent additions with retention of high enantioselectivity. 

5.1 — Introduction 

One of the major fields of interest in contemporary synthetic organic chemistry is the 

preparation of molecules with specific chirality. Such stereochemically well-defined 

compounds are of great importance in e.g. pharmaceutics, catalysis, and food- and 

agrochemical sciences. The introduction of asymmetry in organic compounds can be 

achieved by several different methods. Enantiopure sp3 carbon stereogenic centers may 

be obtained by asymmetric carbon-carbon bond formation, asymmetric reduction or 

conversion of an unsaturated carbon-containing moiety, and by resolution of a racemic 

mixture. Asymmetric carbon-carbon bond formation is typically induced by a chiral 

auxiliary, which can be used in a stoichiometric or catalytic amount. One of the most 

extensively studied asymmetric carbon-carbon bond forming reactions is the catalytic 

enantioselective addition of diethylzinc to aldehydes (Scheme 1). Several classes of 

chiral ligands, for instance TADDOLs,1 binaphtols2'3 and amino alcohols, have proven 

to be successful catalysts in this reaction. Among the most successful ligands are the 

chiral ß-amino alcohols. These catalysts are easy accessible from natural amino acid as 

' Part of this chapter has been published Ρ ten Holte, J -P Wijgergangs, L ThijsandB Zwanenburg Org Lett 
1999,/, 1095-1097 
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starting materials and they promote an efficient addition reaction and give high ee's as 

has been demonstrated for numerous examples.4'5'6'7" 

Scheme 1. 

O 
1 1 + 2 Et2Zn chiral auxiliary^ 

Attachment of these ß-amino alcohol ligands to a polymeric support may offer 

important advantages, such as facilitated workup procedures, easy recovery, and reuse 

of the catalyst in successive additions. Despite the considerable attention given to such 

immobilized catalysts, only a few of the reported examples display a high 

enantioselectivity for addition of diethylzinc to both aromatic and aliphatic 

aldehydes.10' "' 12' 13' 14 Recently, an exceptional class of amino alcohols, viz. the 

aziridinylmethanols, has also been successfully applied as catalyst in the asymmetric 

addition of diethylzinc to aldehydes. It is worth noting that the aziridinylmethanols 

belong to the class of β- as well as γ-amino alcohols. Tanner15 has reported about the 

use of yV-tritylaziridine carbinols 1 (Figure 1 ) as catalyst for the addition of diethylzinc 

to aromatic aldehyde and an aliphatic aldehyde resulting in ee's of 97% and 65% 

respectively. Also ligand 2 (Figure 1) was investigated in the addition to aromatic 

aldehyde, which gave an ee of 2% only.15 These two ligands were the first examples of 

the use of aziridine-derived catalyst in solution-phase asymmetric diethylzinc 

additions.15 Zwanenburg and co-workers reported that especially JV-

tritylaziridinyl(diphenyl)methanol 3 (Figure 1) is an excellent chiral catalyst in the 

enantiospecific diethylzinc addition to both aromatic and aliphatic aldehydes (ee = 

99% for addition to both aromatic and aliphatic aldehyde, Figure I).1 6 

OH 
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1 2 3 
eearom = 97% 0 0arom_,0 / eearom = 99% 
eeallph = 65% e e " ^ eeallph = 99% 

These findings, together with the advantages of immobilized catalysts over 

homogeneous ones, prompted the development of the new polymer-supported azindine 

carbinol ligand 4 for heterogeneous catalysis (Figure 1). The high degree of structural 

resemblance between ligands 3 and 4 justifies the assumption that polymer-supported 

catalyst 4 may display high enantioselectivities in diethylzinc additions to both 

aromatic and aliphatic aldehydes. The results of this study is described in this chapter 

5.2 — Results & Discussion 

Synthesis of the ligand 
Immobilized azindine carbinol 4 (Figure 1) was synthesized starting from L-senne. 

Estenfication of L-senne with methanol and thionyl chlonde gave 5. Subsequent 

protection of the amino nitrogen with trityl chlonde in the presence of tnethylamine 

resulted in TV-tntyl senno ester 6 (Scheme 2). 
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Scheme 2. 
HO HO HO 

H2N ( MeOH/SOCb c
< p H 3 | ^ _ / TrCI/EljN^ T r H N / MSCI/EI3NM T r _ N \ l 

CO2H C02Me C02Me C0 2 M8 

L-Senne 

PhMgBr/EI20 HJSOÎ/CHJCI 
7 • 3 >• 

6 

Ph Ä - C P h 2 C I / EtjN 

Next, ester 6 was converted into aziridino ester 7 by successive mesylation and base-

promoted ring closure (Et3N) as is depicted in Scheme 2.,7 Grignard reaction of ester 7 

with phenylmagnesium bromide gave the diphenylmethanol unit in product 3. Finally, 

deprotection of 3 was accomplished with a mixture of 12N aqueous H2SO4, 

chloroform, and methanol (5/2/2, v/v/v).18 The thus obtained aziridine carbinol 8 was 

attached to polymer-bound triphenylchloromethane (1,1 mequiv/g, cross-linked with 

1% divinylbenzene) using 2 equivalents of triethylamine in dichloromethane. The 

reaction was allowed to proceed for three days and a yield of 70% was achieved, as 

was concluded from gravimetric analysis of the resin. The polymer-bound chloride 

moieties that remained unreacted in the attaching step were capped with methoxy 

groups by stirring the resin for 15 minutes in a mixture of dichloromethane and 

methanol (1/1) containing an excess of triethylamine, in analogy to a procedure used 

by Barlos and co-workers.19 

It should be noted that the polymer-bound catalyst 4 contains the diphenylmethanol 

unit, as does the non-immobilized ligand 3. It has been shown that this diphenyl 

carbinol unit has a "magic" effect in the catalytic action. Several examples of catalysts 

are known in which such a diphenyl carbinol unit plays a beneficial role in the 

catalytic expression of a ligand. The exact nature of this promoting effect is not yet 

understood.20 The trityl protecting group, which is retained in the polymer-bound 

74 



Chapter 5 

ligand 4, also has a positive effect16 on the catalytic capability of aziridine carbinol 3 in 

contrast to earlier opinions.15 

For the immobilization of ligand 3 also other positions of attachment to the polymer 

backbone can be considered, e.g. to the phenyl group of the carbinol unit. Such 

attachment is synthetically more cumbersome and moreover, it may affect the "magic" 

effect of the carbinol unit. Immobilization in the stage of the ester 5 can also be 

envisaged. However, then two steps on the solid support would be required, namely, 

the ring closure to aziridine and the Grignard reaction to the carbinol, which may lead 

to incomplete reactions. The direct one step attachment to the solid support is clearly 

avoiding such possible complications. 

Ligands 3 and 4 were both derived from L-serine, which resulted in ^-configuration in 

both catalysts. The polymer-bound trityl protecting group was introduced using a 

commercially available trityl chloride resin ' for the immobilization of unprotected 

aziridine carbinol 8. This trityl chloride resin has an initial loading of 1.1 mmol/g, 

which is rather low. However, recently it was demonstrated that a low concentration of 

amino alcohol ligands on the polymeric matrix facilitates diethylzinc addition 

reactions.10 The site separation of the amino alcohols on the polymer backbone 

prevents the formation of dimeric zinc alkoxides. Such dimers are catalytically inactive 

as is evident from the generally accepted mechanism for amino alcohol-catalyzed 

diethylzinc additions to aldehydes (Scheme 3).22 
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Scheme 3. 
active species 

polymeric 
matrix 

High loading of catalytic units 
on the polymer enhances the 
formation of inactive dimenc 
species 

Diethylzinc additions 

The addition of diethylzinc to benzaldehyde in the presence of 10 mol% of polymer-

supported catalyst 4 gave the corresponding (^-alcohol in a high yield (92%) and an 

enantiomeric excess of 96%. It is noteworthy that the solvent system plays an 

important role in the efficiency of the reaction. It should be noted that the solvent does 

not only affect the yield of the reaction to a great extent, but it also has a considerable 

impact on the enantioselectivity. The best result was obtained in a 1/1 (v/v) mixture of 

toluene and dichloromethane as can be concluded by comparison of entries 1 to 4 in 

Table 1. The presence of dichloromethane is essential for swelling of the polymer and 

making the aziridine carbinol ligands accessible for the substrates. 

0 

X + 

R = aromatic or 
aliphatic substituent 

2 EtzZn 

10mol% 

$-CPh2NCl p h 

4 HO 

toluene/CH2Cl2 
rt, overnight 

OH 

yield 72-92% 
ee- 81-97% 
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Table 1. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

aldehyde 

benzaldehyde 

benzaldehyde 

benzaldehyde 

benzaldehyde 

p-chlorobenz-
aldehyde 

anisaldehyde 

cyclohexane-
carboxaldehyde 
isovaleraldehyde 

Undecylic 
aldehyde 

solvent 

(toluene/CHzCb) 

100/0 

75/25 

50/50 

0/100 

50/50 

50/50 

50/50 

50/50 

50/50 

yield 

(%) 

88 

91 

92 

72 

88 

88 

90 

77 

80 

ee" 

(%) 

93" 

96b 

96* 

91" 

96* 

95* 

97f 

81 

77c 

confign' 

S 

S 

S 

s 
s 

s 
s 

s 
s 

"Determined by chiral GC (Beta-DEX) '"Determined by optical rotation ' Determined by '9F NMR of 
Mosher's ester23 ''Determined by comparison with absolute optical rotation given in the literature 

In this toluene/dichloromethane (1/1, v/v) mixture, other aromatic aldehydes such as p-

chlorobenzaldehyde and anisaldehyde also underwent highly enantioselective addition 

of diethylzinc (96 and 95% ee respectively, cy 88%) in the presence of hgand 4 (see 

Table 1, entnes 5 and 6) An enantiomeric excess of 97% was observed for the 

addition diethylzinc to cyclohexanecarboxaldehyde (cy 90%) using polymer-bound 

hgand 4 (Table 1, entry 7) This is a remarkably high enantioselectivity for a 

heterogeneously catalyzed asymmetric addition of diethylzinc to an aliphatic aldehyde 

Likewise, addition of diethylzinc to other aliphatic aldehydes, such as isovaleraldehyde 

and undecylic aldehyde, took place with good enantioselectivity in the presence of 

catalyst 4 (see Table 1, entries 8 and 9) These results were so exceptional that 

Lancaster Synthesis, in collaboration with Chamwood Catalysis, has decided to make 

this hgand commercially available for the chemical community 24 
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Reuse of the ligand 

The catalytic capability of the polymer-supported ligand was retained in successive 

addition cycles (see Table 2). Addition of diethylzinc to benzaldehyde in the presence 

of chiral ligand 4 occurred in the second reaction cycle with an ee of 95% and in the 

third cycle with the same level of enantioselectivity. 

Table 2. 

aldehyde 

benzaldehyde 

benzaldehyde 

benzaldehyde 

"Determined 

run (no.) 

1 

2 

3 

by chiral GC (Beta -DEX). 

yield (%) 

92 

92 

92 

''Determined by optical 

eea " (%) 

96 

95 

95 

rotation. 

Washing of the resin with saturated aqueous ammonium sulfate solution, water, 

methanol and ether accomplished recycling of polymer-bound aziridine carbinol 4. 

Infrared spectroscopic data of the recovered catalysts were in good agreement with the 

original material. Removal of the zinc salts by washing the resin with other acidic 

media, such as 1 Ν aqueous sulfuric acid, was not successful. These conditions led to 

detachment of the amino alcohol from the resin. 

Diethylzinc addition to trifluoro acetophenone 

Diethylzinc addition to ketones is sterically more demanding than the addition to 

aldehydes. The lower reactivity of ketones requires the use of activated ketones to 

accomplish successful addition reaction. The good results with heterogeneous ligand 4 

in the addition of diethylzinc to various aromatic and aliphatic aldehydes, was a reason 

to use the same catalyst in diethylzinc addition to activated ketone. Hence, 2,2,2-

trifluoro acetophenone was treated with diethylzinc in the presence of 10 mol% of the 

chiral catalyst 4. The yield of the expected tertiary alcohol was high, however, the 

enantiomeric excess was very disappointing (4%, S-enantiomer). No further attempts 

to achieve enantioselective diethylzinc addition to ketones were made. 
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5.3 — Conclusions 

The catalytic capability of the polymer-supported ligand (4) was retained in successive 

cycles demonstrating that, in addition to highly facilitated workup procedures, 

polymer-supported catalyst 4 shows the advantage of easy recovery and utilization in 

consecutive asymmetric diethylzinc additions. Currently, heterogenization of 

homogeneous catalysts is a highly important issue. In the present case it was shown 

that the aziridine carbinol 3, which is an effective catalyst in diethylzinc additions to 

aldehydes, can successfully be immobilized with retention of its catalytic properties. 

5.4 — Experimental Section 

For General Remarks, see Chapter 2, Section 2.4. 

Polymer-supported ligand 4: 

To a suspension of polymer-bound triphenylchloromethane21 (4.00 g, 4.4 mmol) in 

dichloromethane (50 mL) were successively added aziridinylmethanol 8 (2.00 g, 8.9 mmol) 

and triethylamine (1.23 mL, 8.8 mmol). The thus obtained mixture was stirred at ambient 

temperature for three days under an argon atmosphere. The resin was successively washed 

with dichloromethane (25 mL), water (25 mL), methanol (25 mL), and diethyl ether (25 mL) 

and dried in vacuo at 70oC for 3h to give 4.58g (0.68 mmol/g, 70%) of 4. FT1R (KBr): ν 3450 

(OH), 3050 (arom.), 2930 (alkyl C-H), 1600 (arom. C-H). 

Capping of unreacted polymer-bound trityl chloride units: 

Resin 4 (1.00 g, 0.68 mmol) was suspended in a mixture of dichloromethane (10 mL), 

methanol (10 mL), and triethylamine (0.66 mL, 4.7 mmol). The suspension was stirred for 15 

min. The resin was successively washed with dichloromethane (25 mL), water (25 mL), 

methanol (25 mL) and diethyl ether (25 mL), and dried in vacuo at 70oC for 3h. FTIR (KBr): 

ν 3455 (OH), 3052 (aryl-H), 2917 (alkyl C-H), 1595 (arom. C-H). 
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Diethylzinc addition to aldehydes catalyzed by polymer bound ligand 4, general 

procedure: 

To a cooled (0oC) suspension of polymer bound hgand 4 (0 28 g, 0 2 mmol) in a mixture of 

dichloromethane and toluene (1/1, v/v, 16 mL) were added aldehyde (2 0 mmol) and 

diethylzinc (4 1 mL of a 1 M solution of diethylzinc in H-hexane), and the mixture thus 

obtained was stirred overnight at ambient temperature A saturated aqueous solution of 

ammonium chloride (25 mL) was added and the mixture was stirred for 15 mm The resin was 

removed by filtration, washed with dichloromethane ( 5 x 5 mL) and the organic layer was 

dried (MgS04), concentrated under reduced pressure and the product was purified by column 

chromatography Enantiomeric excesses of the secondary alcohols were determined using 

chiral GC (Beta-DEX ), ' F NMR of the Mosher's ester or optical rotation measurements 

Recycling of polymer-bound ligand 4: 

Utilized resin 4 was washed successively with a saturated aqueous solution of ammonium 

chloride (5x5 mL), water (5x5 mL), dichloromethane (3x5 mL), methanol (3x5 mL) and 

diethyl ether ( 3 x 5 mL) to yield original polymer supported hgand 4 FTIR spectrometry 

revealed an absorption pattern identical with that of freshly prepared catalyst 4 

Ethylmagnesium bromide addition to aldehydes, general procedure: 

To a solution of aldehyde (4 0 mmol) in diethyl ether (15 mL), was added at 0°C and under 

argon atmosphere, a 3 M solution of ethylmagnesium bromide in ether (1 34 mL, 4 0 mmol) 

The reaction mixture was stirred for 30 minutes at room temperature, quenched with a 10% 

aqueous acetic acid solution (5 mL), and washed with water (3x 10 mL) and a saturated 

bicarbonate solution to neutral pH The aqueous layer was back-extracted with ether (3x 15 

mL), and the combined organic layers were dned (MgS04) and concentrated The acquired oil 

was then purified by means of column chromatography (heptane/ethyl acetate = 9/1) and the 

product was typically obtained in a yield of 85% Spectral data were in accordance with the 

literature The secondary alcohols prepared in this manner served as authentic samples for the 

products obtained during the diethylzinc additions to aromatic and aliphatic aldehydes 
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Chapter 6 

Solid-Phase Synthesis of 4-hydroxy-2-isoxazoline-2-
Oxides from Aziridine Carbinols and Polymer-
Bound Nitroacetate via a New Tandem Reaction î # 

Abstract: JV-Activated aziridine-2-carboxaldehydes are reacted with polymer-supported 
nitroacetic ester to provide 4-hydroxy-2-isoxazoline-2-oxides in a highly efficient manner. 
The appropriate aziridine carboxaldehydes were prepared by oxidizing the corresponding 
alcohols that, in turn, were easily obtained from L-serine, L-threonine and a commercially 
available amino alcohol. 

6.1 — Introduction 

Isoxazolines play an important role in contemporary organic synthesis, as they are 

versatile synthetic intermediates that give access to a variety of natural products 

(Scheme I).1 

Scheme 1. 

R' ^ R-

R 

t NOH 

R^-V^R-
O-N * * · * ' 

R - ^ / ~ - R -
R 
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OH NH; OH O 

R ^ V ^ R - R - ^ ^ O R -

* Research earned out in collaboration with the group of Professor G Rosini, University of Bologna, Italy 
Ρ Righi, Ν Scardovi, E. Marotta, P. ten Holte and B. Zwanenburg, submitted for publication 

83 



Solid-Phase Synthesis of 4-hydroxy-2-isoxazoline-2-Oxides 

The so-called "isoxazoline route" makes use of the isoxazoline ring as a synthetic tool 

in the synthesis of complex molecules. This route has led to a wide variety of 

structures with potent biological activity, such as stereoids with anti-inflammatory 

potential,2 amino sugar derivatives,3 higher-carbon dialdoses,4 γ-amino alcohols, ß-

hydroxy ketones, and ß-hydroxy nitriles, acids and esters.' The most widely applied 

procedure for the preparation of such isoxazolines is the [3+2] cycloaddition reaction 

of nitrile oxides with olefins,5 which was first discovered by Weygand and Bauer.6 

An alternative approach to the construction of isoxazolines is a tandem nitroaldol-

(Henry)7 - ring closure process (Scheme 2),8 which involves the reaction of ethyl 

nitroacetate with aldehydes or ketones bearing an additional leaving moiety. This 

method yields 3,5-functionalized 4-hydroxy-2-isoxazoline-2-oxides that can be 

converted into the corresponding isoxazolines by deoxygenation (of the t-

butyldimethylsilyl ether) with trimethyl phosphite. ' It is important to note that 4-

hydroxy-2-isoxazoline derivatives cannot be obtained by the [3+2] cycloaddition 

reaction of nitrile oxides with olefins." 

Scheme 2. 

LG 
NO, 

> + L 
Il EWG 
O 

base ÖAÈ O 
'© 

EWG 
OH 

Θ 
ρ 

ρ - Ν 0 deoxygenation 

"EWG 

OH 

Ο-Ν 

R - X / ^ - E W G 

OH 

It was found recently that these 4-hydroxy isoxazoline-2-oxide derivatives as such, 

display biological activity as well.12 Moreover, they are also ideal candidates for 

further functionalization and "unfolding" to yield highly complicated 

polyhydroxylated nonnatural amino acid derivatives10' ':, or aminopolyhydroxylated 

structures. ' An example of this unfolding methodology is depicted in Scheme 3 

where a rapid domino assembly leads to the aminopolyhydroxylated product.14 
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Scheme 3. 
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The tandem nitroaldol-cyclization reaction has been successfully applied to various 

suitable electrophilic substrates such as α,β-epoxy carboxaldehydes,8, 15 α-bromo 

aldehydes,9 a-mesyloxy aldehydes,10 and α-bromo enones.16 The latest additions to the 

list of substrates that are successful in this tandem reaction are activated aziridine-2-

carboxaldehydes (Scheme 4). 

Scheme 4. 
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The enantiopure aziridine carboxaldehydes allow an exceptionally smooth and highly 

stereoselective nitroaldol additon with ethyl nitroacetate, followed by a very efficient 
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ring closure - ring opening reaction to give the corresponding amino-substituted 4-

hydroxy-2-isoxazoline-2-oxides. In view of the fact that of all substrates mentioned, 

these aziridine carboxaldehydes show the highest reactivity towards ethyl nitroacetate 

and that they give remarkably high yields in the tandem reaction, they are the preferred 

substrates to be implemented in a solid-phase tandem nitroaldol-cyclization approach. 

In this chapter, this solid-phase approach will be described in detail and, where 

appropriate, comparisons with the solution-phase counterpart will be made. 

6.2 — Results & Discussion 

Preparation of polymer supported nitroacetate 

To accomplish this two-component tandem nitroaldol-cyclization reaction in a solid 

supported manner, one of the two starting materials should be immobilized in an 

appropriate manner. As the variation in the target compounds originates merely from 

the different aziridine carbinols employed, the logical starting material to immobilize 

is the nitroacetic ester, which is a reactant in all cases. The most convenient and simple 

way to reach this goal probably is to couple nitroacetic acid with hydroxylated 

Merrifield resin17 in the presence of DCC as was described earlier by Mioskowski.18 

The synthesis of nitroacetic acid, however, is laborious and yields the acid only in a 

low overall yield of approximately 30% from nitromethane and potassium hydroxide 

(SchemeS).'9'20 

Scheme 5. 
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To circumvent the use of nitroacetic acid, preparation of immobilized nitroacetate was 

also attempted directly from commercially available ethyl nitroacetate and 
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hydroxymethyl polystyrene via transesterification (Scheme 6). The coupling was 

performed with an excess (3.0 equivalents) of ethyl nitroacetate in toluene in the 

presence of 3.5 equivalents of triethylamine and a catalytic amount of DMAP (10 

mol%). No reaction was observed by infrared analysis of the polymer. Even stirring 

for 12 days at room temperature did not give any product. Overnight heating of the 

reaction mixture to 50oC resulted in the formation of product. The polymeric 

nitroacetate could be clearly observed in the infrared spectrum by the strong 

absorptions at 1565 cm"1 and 1749 cm"1. However, a considerable number of hydroxyl 

groups was present as well as was evident from the typical absorptions at 3572 cm"1 

(free) and 3446 cm"1 (hydrogen bonded). Prolonged heating did not result in the 

formation of additional product. Even after 48 hours the infrared spectrum was similar 

to that of the overnight experiment. Addition of an extra 3 equivalents of ethyl 

nitroacetate only resulted in a minor improvement after 24 hours. 

Scheme 6. 

NO2 vanous M|-. 

0 ο 
hydroxylaled 

elhyl mlroacetate Memfield resin 1 

Ethyl EtaN DMAP Τ Time Product 
nitroacetate (equiv) (equiv) (°C) (h) formation 

(equiv) 

3 3.5 0.1 25 288 none 

3 3.5 0.1 50 48 not complete 

6 3.5 0.1 50 24 not complete 

These results suggest that the transesterification reaction itself takes place 

satisfactorily, however, they also show that the reaction is not complete, which is 

probably due to an unfavorable equilibrium. Completion of the transesterification 

reaction was attempted by means of azeotropic distillation of the methanol, formed 

during the reaction. The use of triethylamine was omitted in this case, because of its 
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volatility, which was compensated by 1 equivalent of DMAP. The reaction mixture 

was heated to 100oC and kept at this temperature for 30 minutes followed by further 

heating at reflux temperature. After 1 hour the first distillate was collected and 

distillation was continued for another hour. Infrared analysis of the resin after 1 hour 

of distillation showed that a small amount of product was formed (absorption at 1565 

cm"1) after 60 minutes. The azeotropic distillation was continued for a considerable 

length of time, whereby the Dean-Stark trap was filled with 5Â mol sieves. This 

approach however, using either toluene or benzene, did not result in completion of the 

transesteri fication reaction. 

An alternative approach to the synthesis of polymer bound nitroacetate, avoiding the 

use of nitroacetic acid, is the reaction of dipotassium nitroacetate with Merrifield resin 

as shown in Scheme 7. 

Scheme 7. 
. .« ., vanous Μ Λ 
Ψ * - ^ conditions *[0* / - ^ 

Π ^ ^ DMF, 80oC II 
Ο overnight 

Mernfield resin 1 

IR IR IR 

Dipotassium Kl CS2CO3 Nitro band Ester band Unknown 
nitroacetate (equiv) (equiv) 1565 cm"1 1740 cm"1 3387 cm"1 

(equiv) 

5 1.0 0 not present weak strong 

5 1.0 1.0 not present weak strong 

5 1.0 3.0 not present weak strong 

This would eliminate the drawback of the laborious synthesis of nitroacetic acid from 

its dipotassium salt. Attempts to perform this nucleophilic substitution reaction were 

carried out in DMF at 80oC overnight. In an attempted substitution reaction under 

Finkelstein conditions using an excess of the dipotassium salt (5 equivalents) and 1 

equivalent of potassium iodide, almost no reaction took place, as was concluded from 
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the presence of only a minor ester absorption at 1740 cm"1 and the absence of a nitro 

absorption at 1565 cm'. Although cesium carboxylates have proven to be successful 

substrates for the substitution of benzylic chlorides,21 the presence of 1 equivalent of 

cesium carbonate in the reaction mixture neither led to the desired product. 

Application of an excess (3 equivalents) of cesium carbonate, also did not lead to the 

product. It is noteworthy that all products gave a similar infrared spectrum that differed 

from the spectrum of Merrifield resin. A strong absorption at 3387 cm"1 was found, 

which suggests the formation of an alternative product. Probably a competiting C-

alkylation reaction probably plays a role, however, decisive evidence has not been 

obtained. In summary, the best method to prepare the polymer supported nitroacetate is 

that shown in Scheme 5, involving the DIC coupling of nitroacetic acid with 

hydroxylated Merrifield resin. 

Preparation of the JV-tosyl-aziridine carbinols 

The required jV-tosyl-aziridine carboxaldehydes were prepared from the corresponding 

primary alcohols. The oxidation was accomplished with TEMPO/BAIB, following a 

literature procedure.22 The aziridine carbinols were obtained by employing several 

procedures either starting from L-serine, L-threonine or commercially available 

dihydroxyamines. The syntheses of the aziridine carbinols 2-4 are summarized in 

Scheme 8 and will not be discussed further since the original procedures are described 

in detail elsewhere.23'24 
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Tandem addition of aziridine carboxaldehydes to polymer supported 

nitroacetate 

Three different aziridine carboxaldehydes were allowed to react with immobilized 

nitroacetate in a parallel fashion (Scheme 9). The condensation reactions were all 

performed in dichloromethane in the presence of imidazole as the base. The aldehydes 

were obtained in situ, by oxidation of the appropriate aziridine carbinols with 2,2,6,6-

tetramethyl-1-piperidinyloxy radical (TEMPO) (0.1 equiv) and bisacetoxyiodobenzene 

(BAIB) (1.1 equiv). The oxidation of the methyl-substituted aziridine carbinol took 

place smoothly as was confirmed by HPLC analysis of the reaction mixture. 

Scheme 9. 
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Subsequent reaction of the corresponding aldehyde with the polymer-bound 

nitroacetate was assumed to be complete when no nitro absorption at 1565 cm" was 

detected by FTIR analysis of the resulting polymer-supported product. The weight of 

the product is in agreement with a quantitative yield for substrate 2. The same 

sequence of reactions seemed to occur equally well for the phenyl-substituted aziridine 

carbinol. However, although the absence of the nitro absorption in the infrared 

spectrum of the polymer-supported product indicated complete addition in this case 

too, the weight of the resulting polymer was considerably lower than expected 

(approximate yield of 68% for the tandem addition). Oxidation of the unsubstituted 

aziridine carbinol did not lead to a complete reaction under the same conditions and 

reaction time. Therefore, this oxidation reaction was allowed to last seven hours 

instead of the usual four. After seven hours only a minor amount of unreacted alcohol 

was detected by HPLC analysis. Reaction of the aldehyde derived from substrate 3 

with polymer-bound nitroacetate gave a polymer-supported product in which both the 

characteristic C=N (1635 cm') infrared absorption of the isoxazoline product and the 

NO2 (1565 cm"1) absorption of the starting material were present. The weight of the 

product indicated a chemical yield of approximately 42% for this step. 

Cleavage of the isoxazoline TV-oxide product from the resin 

Several attempts were made to cleave products 6 (Figure 1) from the resin; all attempts 

were based on a transesterification of the polymer-bound ester with an external 

alcohol. Acid-catalyzed transesterifications were carried out using 1 equivalent of p-

toluenesulfonic acid (TsOH) or camphorsulfonic acid in a toluene/methanol mixture. 

Overnight reaction at room temperature led to the formation of a minor amount of 

cleaved-off product (TLC analysis). Elevation of the temperature to 5Q°C did not lead 

to a significant increase of the amount of product formed. Reaction of TsOH in 

dichloromethane/methanol (5/3) did not result in any detectable product. 

Base-induced transesterifications were all carried out with triethylamine as the base. A 

previously described polymeric ester cleavage, employing potassium cyanide as the 

catalyst and benzene as the co-solvent, served as the basis for our approach.25 A 
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catalytic amount of DMAP (10-20 mol%) in a toluene/methanol/triethylamine (25/5/1) 

mixture contained in a sealed vessel at 50°C appeared to be an efficient system for the 

cleavage. This procedure avoids the use of potentially harmful potassium cyanide and 

carcinogenic benzene. Under these conditions, complete cleavage from the resin was 

attained in 72 hours as was concluded from the disappearance of the infrared 

absorption at 1635 cm"' (C=N). Overall yields of 80-85% were obtained with this 

system. Replacement of toluene for dioxane resulted in the failure of the reaction, as 

was deduced from an infrared analysis of the resin-bound product. Dioxane was 

chosen as an alternative solvent because of its potential to catalyze nucleophilic 

substitution reactions by the formation of an oxonium ion intermediate.26 Attempted 

transesterification with ethanol resulted in a much slower mode of reaction than was 

observed for methanol. Moreover, the reaction could not be driven to completion in 6 

days at 50-60oC. 

As DMAP seemed to be an excellent substitute for potassium cyanide, the cleavage 

reaction was also performed in the presence of 1 equivalent of DMAP instead of the 

earlier applied catalytic quantity. Surprisingly, the reaction was not completed any 

faster in this case. A more efficient transesterification, however, was accomplished in a 

toluene/methanol/triethylamine mixture (20/10/1) containing a doubled amount of 

methanol and a catalytic amount of DMAP. Under these conditions the reaction was 

completed in 48 hours at 50oC, giving the detached product in a high overall yield 

(82% for R = Ph, quantitative for R = Me, and 72% for R = H), and a cisltrans ratio of 

7/93 for the methyl substituted isoxazoline and 40/60 for the unsubstituted case. As the 

amount of DMAP in the reaction mixture had no influence on the reaction rate, it was 

not clear whether DMAP was essential for the reaction to occur. Therefore, the 

transesterification was also tried without DMAP. Interestingly, under these conditions 

a complete transesterification was achieved in 48 hours, with a quantitative yield of the 

methyl-substituted product in a cisltrans ratio of 8/92. The results for the basic 

detachment of the methyl-substituted isoxazoline-2-oxide are summarized in Table 1. 
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Table 1. 

Solvent system Base Catalyst Overall yield Reaction time 

Toluene/MeOH 
(5/1) 

Toluene/MeOH 
(5/1) 

Toluene/MeOH 
(2/1) 

Toluene/MeOH 
(2/1) 

Dioxane/MeOH 
(2/1) 

Toluene/EtOH 

(5/1) 

EtaN 
(3 equiv) 

EtsN 
(3 equiv) 

EtaN 
(3 equiv) 

EtaN 
(3 equiv) 

EtaN 
(3 equiv) 

EtaN 
(3 equiv) 

- Reaction 

DMAP 
(0.1 equiv) 

DMAP 
(1.0 equiv) 

DMAP 
(0.1 equiv) 

-

DMAP 
(0.1 equiv) 

DMAP 
(0.1 equiv) 

temperature was 50°C 

85% 

85% 

99% 

99% 

No completion 

No completion 

in all cases -

72h 

72h 

48h 

48h 

72h 

6 days 

The structures of the products obtained are depicted in Figure 1 (the yields refer to the 

conditions: toluene/MeOH = 2/1,3 equiv of Et,N, 48h at 50oC). 

Figure 1. 
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The overall yields of the solid-phase tandem nitroaldol-cyclization reactions (72 to 

99%) are comparable to those obtained in solution (75 to 94%). Aziridine carbinol 

substrate 2 (R = Me) gives both in solution (94% overall yield) and on solid support 

(99% overall) the best result in terms of yield. Substrate 3 (R = H) gives both in 

solution and on solid support a considerably lower overall yield, i.e. in solution the 

overall yield drops to 75% and on solid support to 72%. Aziridine carbinol 4 gives 

better results in solution (92% overall yield) than on solid support (82% overall). 

Epimerization of the isoxazoline TV-oxide product 

Complete separation of the methyl-substituted isoxazoline diastereomers (6a) by 

column chromatography appeared to be troublesome. The cis diastereomer could not 

be obtained without being contaminated with the trans diastereomer (i.e. the fast-

moving diastereomer). During the chromatography, the following observation was 

made. Fraction n, which is the final fraction with only fast-moving isomer, contains 

less of this product than fraction η + 1, consisting of a mixture of cis and trans product 

(Scheme 10). This observation may imply that the isoxazoline TV-oxide epimerizes at 

the carbon bearing the OH substituent (in favor of the trans diastereomer) on acidic 

silica gel. Alternatively, the two diastereomeric products may show a strong adherence 

towards each other, due to intermolecular forces such as hydrogen bonding or π-

stacking, so that separation is not possible and that they will be eluted as a pair. 

Scheme 10 — Composition of the fractions during chromatography on silica gel 
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In order to investigate the possible acid-catalyzed epimerization by silica gel, two 

fractions of this column chromatographic separation containing isoxazoline derivatives 

6a with different cisltrans ratios (75/25 and 90/10) were stirred overnight in the 

presence of silica gel. Analysis by HPLC, however, did not indicate any change in 

cisltrans ratio during this treatment with silica gel, implying that these compounds are 

stable under these conditions. 

However, treatment of a sample that is enriched in cis diastereomer {cisltrans = 75/25) 

with Et3N in toluene/MeOH at 50°C undergoes epimerization to a mixture with the 

ratio 60/40. Thus, epimerization under basic cleavage conditions may occur with 

preference for the trans isomer. It should be noted that under solid-phase conditions 

the nitroaldol condensation of 2 leads to a product with the composition cisltrans 8/92 

after cleavage. This ratio is practically the same as that observed for the condensation 

in the solution-phase (ratio 12/88). The latter product composition represents the 

kinetic ratio. Apparently, the kinetic ratio for both condensations is the same. Thus, 

basic epimerization during cleavage from the resin does not interfere during the solid-

phase condensation. When a /ra«s-enriched sample {cisltrans = 10/90) of compound 

6a was subjected to the standard cleavage conditions, no epimerization occurred after 

overnight treatment. 

For the unsubstituted aziridine carbinol 3, the solution-phase nitroaldol condensation 

led to a product ratio of cisltrans - 58/42. Under the solid-phase conditions however, 

the product ratio amounts to cisltrans = 34/66. This higher content of trans isomer may 

be accounted for by epimerization of the initial kinetic product mixture, assuming that 

the kinetic ratio is the same irrespective of the phase in which the condensation is 

carried out. The solution-phase nitroaldol-cyclization reaction of the phenyl-

substituted aziridine carboxaldehyde (from carbinol 4) gave the trans product 

exclusively. The solid-supported nitroaldol-cyclization sequence, starting from 

aziridine carbinol 4, furnished 100% trans product, which in full agreement with the 

solution-phase experiment. 
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6.3 — Conclusions 

The results described in this chapter show that the nitroaldol-cychzation to isoxazohne 

2-oxides can be successfully performed with polymer-bound nitroacetate and in situ 

generated azindine carboxaldehydes All reactions occur with high efficiency and 

excellent yields implying an exceptional effective solid-phase tandem reaction Only a 

10% excess of in situ generated aldehyde is required to achieve yields up to 

quantitative Conditions for complete detachment of the products by base-induced 

transestenfication have been established These conditions, however, cause 

epimenzation of the product, which accounts for the opposite cisltrans ratio observed 

for the unsubstituted isoxazohne derivative prepared from resin-bound nitroacetate 

compared with the same product when prepared in solution This solid-phase tandem 

reaction forms an excellent starting point for further combinatorial elaboration of the 

polymer-supported isoxazohne derivatives 

6.4 — Experimental Section 

General: Ή NMR spectra were recorded at 300 00 MHz at 20CC, l 3C NMR spectra were 

recorded at 75 46 MHz at 20oC Signal multiplicities were estabilished by DEPT expenments 

Specific optical rotations were determined at the Na D line using a Perkin Elmer 341 

Polarimeter The progress of the reactions was monitored by HPLC using a Hewlett Packard 

1100 instrument with a direct phase LiChospher Si 60 (5 \im) column of 250 mm x 4mm ID 

and a precolumn of 4mm χ 4mm ID Tetrahydrofuran was obtained anhydrous distillation 

over sodium and benzophenone Other solvents and reagents were used as commercially 

available 
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Nitroacetic acid:1 ' 

Potassium hydroxide (120.97 g, 2.156 mol) was added to water (121 mL) in a 250 mL three-

necked round-bottomed flask equipped with a thermometer and a condenser. When the 

temperature reached 67°C, nitromethane (28.2 mL, 0.524 mol) was added. During the 

addition the temperature rose to 950C and the reaction mixture was kept at this temperature 

for 5h. The mixture was then cooled to room temperature and yellow crystals appeared. The 

solid was filtered and washed with cold methanol. The mother liquors were concentrated 

under reduced pressure and a second crop of crystals was collected. 20.81 g (44%) of 

dipotassium salt product was obtained, which was used without further purification. Ina 100 

mL three necked-round bottomed flask, this dipotassium nitroacetate (8.00 g, 44.1 mmol) was 

dissolved in water (20 mL) while stirring. The solution was cooled (-80C) and a cold solution 

(-10 C) of L-tartaric acid in water (20 mL) was gradually added, keeping the temperature 

between -8 and -30C. After completion of the addition, the mixture was stirred at -2°C for 30 

mm., the solid was filtered off and the filtrate was saturated with sodium chloride. The 

aqueous solution was extracted 12 times with cold diethyl ether; the combined organic layers 

were dried over magnesium sulfate and concentrated under reduced pressure. The oil obtained 

was taken up in cold chloroform and concentrated in vacuo three times to give 3.51 g (76% 

yield) of nitroacetic acid as white crystals.27 IR (neat): ν 1770 (CO), 1550 (NO2) cm'1. 

Polymer-supported nitroacetate 1: 

Hydroxylated Merrifield resin (1.00 g, 0.68 mmol) was swollen in anhydrous THF (6.0 mL). 

The suspension was cooled (0oC) and a solution of diisopropyl carbodiimide (0.47 mL, 3.06 

mmol) in anhydrous THF (1.0 mL) was gradually added. The mixture was stirred for 10 min., 

followed by dropwise addition of a cooled (0oC) solution of nitroacetic acid (322 mg, 3.06 

mmol) in anhydrous THF (1.0 mL). After stirring of the reaction mixture for 2h at 0°C, the 

suspension was allowed to warm up to room temperature and then stirred overnight. The resin 

was filtered off, washed successively with dichloromethane (10 mL, Sx), methanol/DMF = 

1/1, v/v (10 mL, 3x), water (10 mL, 3x), methanol/DMF = 1/1, v/v (10 mL, 3x) and 

dichloromethane (10 mL, 3x), and dried for 2h at 50oC under reduced pressure giving 1.05 g 

(ca. 0.64 mmol/g). IR (KBr): ν 3084, 3060 (arom.), 2951, 2925 (alkyl), 1755 (C=0), 1565 

(N02)cm-'. 
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Polymer-supported isoxazoline TV-oxides 5a-c - General procedure: 

A sample of aziridine carbinol 2-4 (2.00 mmol) was dissolved in dichloromethane (2.0 mL), 

followed by the addition of TEMPO (31 mg, 0.20 mmol) and BAIB (711 mg, 2.20 mmol). 

The reaction mixture was stirred for 6h at room temperature. Subsequently, imidazole (445 

mg, 6.60 mmol), polymer-supported nitroacetate (2.80 g, 1.82 mmol), and dichloromethane (5 

mL) were added and then the reaction mixture was stirred overnight. The resin-bound product 

(5) was filtered off, washed with dichloromethane (10 mL, 3x), methanol (10 mL, 3*), and 

dichloromethane (10 mL, 3x) and dried at 50oC for 2h under reduced pressure. IR (KBr): ν 

3300 (OH), 3060, 3025 (arom.), 2920, 2847 (alkyl), 1615 (C=N), 1335, 1155 (SO2) cm'. 

Polymer-supported isoxazoline TV-oxide 5a: 

IR (KBr) ν (cm"1): 3491 (OH), 3269 (NH), 3056, 3025 (CH arom.), 2921, 2849 (CH aliph.), 

1737 (CO), 1625 (CN), 1325, 1155 (SO2) cm-1. 

Polymer-supported isoxazoline TV-oxide 5b: 

IR (KBr) ν (cm1): 3485 (OH), 3300 (NH), 3061, 3025 (CH arom), 2922, 2847 (CH aliph.), 

1738 (CO), 1615 (CN), 1335, 1157 (SO2) cm-1. 

Polymer-supported isoxazoline TV-oxide 5c: 

IR (KBr) ν (cm1): 3498 (OH), 3277 (NH), 3059, 3025 (CH arom.), 2923, 2850 (CH aliph.), 

1736 (CO), 1629 (CN), 1327, 1158 (SO2) cm'. 

General procedure for the detachment of 4-hydroxy oxazoline-2-oxide derivatives 6 

from the resin: 

The resin was suspended in a mixture toluene/methanol/triethylamine = 20/10/1 (15 

mL/mmol) and the mixture was heated at 50°C until FTIR analysis of the resin revealed that 

the cleavage was complete (48h). Then the mixture was filtered and washed with 

dichloromethane (15 mL/mmol, 3χ), methanol (15 mL/mmol, 3x), and dichloromethane (15 

mL/mmol, 3χ) and the filtrate was concentrated under reduced pressure. Flash 

chromatography of the crude product afforded the desired detached products 6. 

98 



Chapter 6 

4-Hydroxy isoxazoline-2-oxide methyl ester 6a: 

The cleavage of the polymer-supported dihydroisoxazole 5a (obtained from 509 mg, 2 109 

mmol, of azindine carbinol 2 and 3 00 g, 1 92 mmol, of resm 1) afforded 687 mg (1 917 

mmol) of cisltrans isoxazoline derivative 6a (quantitative overall) The cisltrans mixture was 

separated by flash column chromatography (ethyl acetate/petroleum ether from 1 1 to 3 2) 

(45,5/ΐ)-4,5-ίΓα«5-63 (major isomer): 

Μ ρ 350C [α]ο2 5 +111 6 (e = 1 57, CHjOH), Ή NMR (CDCI3, 300 MHz) δ 0 97 (d, 3Η, J = 

1 2 Hz, CH3C' ), 2 44 {s, 3H, CH, (Ts)), 3 41 {d, 1 H, J = 4 1 Hz, OH), 3 69 (m, IH, C' H), 

3 90 (s, 3H, OCH3), 4 42 (dd, 1 H, J = 2 2, 3 6 Hz, C5H), 5 07 {d, IH, J = 9 34 Hz, NH), 5 64 

(m, IH, C4H), 7 34 {d, 2H, J = 8 5 Hz, arom), 7 76 (d, 2H, 7 = 8 5 Hz, arom), 1 3C NMR 

(CDCI3, 75 MHz) δ 18 38 (CHj), 22 24 (CH3), 51 46 (CH), 53 55 (CH3), 75 84 (CH), 85 89 

(CH), 111 60 (C), 127 66 (CH), 130 69 (CH), 137 81 (C), 144 80 (C), 159 85 (C) 

(4Ä,5Ä)-4,5-CK-6a (minor isomer): 

Ή NMR (acetone-i/6, 300 MHz) δ 1 38 (d, 3Η, J = 6 6 Hz, CH3C1 ), 2 62 (s, 3H, CH3 (Ts)), 

3 97 (5, 3H, OCH3), 4 18 (m, IH, C1 H), 4 72 (dd, IH, J = 5 4, 9 7 Hz, C5H), 5 47-5 63 (m, 

2H, C4H, NH), 7 59 (d, 2H, J = 8 1 Hz, arom), 7 97 (d, 2H, J = 8 1 Hz, arom) 

4-Hydroxy isoxazoline-2-oxide methyl ester 6b: 

The cleavage of polymer-supported dihydroisoxazole 5b (obtained from 539 mg, 2 37 mmol) 

of azindine carbinol 3 and 3 37 g, 2 16 mmol, of resin 1), afforded 535 mg (1 55 mmol) of 

as/trans isoxazoline derivative 6b (72% overall) Ή NMR (CDCI3, 300 MHz) δ 2 40 (s, 3Η, 

CHj (Ts), trans + cis), 3 15-3 25 (m, 2H, C1 H2, trans), 3 30-3 39 (m, IH, C 1 Ha, cis), 3 44-

3 52 (m, IH, C1 Hb, cis), 3 83 (s, 3H, OCH3, trans + as), 4 40 (bs, IH, OH, trans + cis), 4 59-

4 63 (m, IH, C5H, trans), 4 70-4 77 (m, IH, C5H, cu), 5 46 (m, IH, C4H, trans + as), 5 80 (/, 

1 H, J = 8 8 Hz, NH, as), 6 00 (t, 1 H, J = 8 9 Hz, NH, trans), 7 31 (m, 2H, arom, trans + as), 

7 74 (m, 2H, arom, trans + as), 1 3C NMR (CDCI3, 75 MHz) δ 21 60 (CH3), 39 89 (CH2), 

43 42 (CH2), 52 98 (CH3), 72 61 (CH), 74 96 (CH), 77 65 (CH), 81 43 (CH), 110 48 (C), 

118 81 (C), 127 03 (CH), 130 06 (CH), 136 23 (C), 136 38 (C), 144 12 (C), 144 24 (C), 

159 23(C), 159 41 (C) 
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Solid-Phase Synthesis of 4-hydroxy-2-isoxazoline-2-Oxides 

4-Hydroxy isoxazoline-2-oxide methyl ester 6c: 

The cleavage of polymer-supported dihydroisoxazole 5c (obtained from 465 mg, 1.53 mmol, 

of aziridine carbinol 4 and 2.18 g, 1.39 mmol, of resin 1) afforded 480 mg (1.14 mmol) of 

isoxazolme derivative 6c (82% overall). M.p. 57°C. [α]ο27 -124.8 (c 1.480 CH3OH); Ή NMR 

(CDCI3, 300 MHz): δ 2.20 (s, 3Η; CH3 (Ts)), 3.73 (s, 3H; OCH3), 4.00 (bs, IH; OH), 4.65 (m, 

2H; C5H, C'H), 5.58 (bs, IH; C4H), 6.28 (d, IH, J = 8.9 Hz; NH), 6.93 (d, 2H, J = 8.1 Hz; 

arom), 7.01 (m, 5H; arom), 7.41 (d, 2H, J = 8.1 Hz; arom); 13C NMR (CDCI3, 75 MHz): δ 

21.88 (CH3), 53.35 (Œb), 59.08 (CH), 75.69 (CH), 85.98 (CH), 111.42 (C), 127.49 (CH), 

128.67 (CH), 129.08 (CH), 129.85 (CH), 135.91 (C), 137.20 (C), 143.96 (C), 159.68 (C). 

The three products 6 were compared with those prepared under solution-phase 

conditions. The spectra are in full agreement. 
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Summary 

This thesis deals with the solid-phase synthesis of functionalized three- and five-

membered ring heterocycles. In the introductory chapter various aspects of solid-phase 

organic synthesis (SPOS) are briefly reviewed. The various types of solid supports and 

linkers, and the most common attachment and detachment methods are described. 

Attention is given to solid-supported reagents and catalysts, whereby typical examples 

are given to illustrate their use in practice. 

In Chapter 2 a new synthesis of l,3-oxazoIidin-2-ones is described employing solid-

supported starting materials, viz. 1,2-diols. These substrates are attached to tailor-made 

immobilized sulfonyl chloride whereby one of the alcohols is selectively activated. 

Subsequent reaction of the remaining alcohol with p-toluenesulfonyl isocyanate leads 

to a carbamate which undergoes a base-promoted cyclo-elimination to give the 

targeted oxazolidinones. When enantiopure 1,2-diols are used, oxazolidinones of high 

enantiopurity are obtained. The sequence of events of these versatile solid-phase 

organic syntheses is outlined in Scheme 1. 

Scheme 1. 

HO' - ' 0 H 

φ - 5 θ 3 Η -™^ tf*-S02CI — ^ φ - 5 0 2 - 0 - γ Ο Η ™ Ç ° - tf&-S02-0^0
Y

N-Ts 
Η 
C 

Ft Ο 
Dowex 

50X2-400 
ion-exchange 

resin 

DBN 
cyclo-elimtnation 

Ο 
= polyslyrene backbone R = Me, Et, ί-Bu, Ch^Ch^Ph II 

T s ~ N Ο 

In Chapters, the application of this solid-phase/activation cyclo-elimination (SP/ACE) 

methodology in the synthesis of oxazolidinones 2 is described. These five-membered 

ring heterocycles have the required structural features for antibacterial activity. These 
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characteristics are the 5-configuration at C-5, a p-substituted yV-aryl group and an 

amidomethyl unit at the 5-position of the ring (Scheme 2). 

Scheme 2. 

D-mannitoi 
steps 

HO 
OH SP/ACE 

> W ^ - N Ο 

Lmezolid 

NH 

Ο 

The correct stereogenicity was introduced by employing 1,2-diol 3, derived from D-

mannitol and containing an azidomethyl group, as the starting material. This 

azidomethyl unit can furnish a series of different amidomethyl substitutions by 

successive reduction and acylation. The required N-aryl substituent was introduced by 

employing appropriate aryl isocyanates. The importance of this versatile new route to 

this class of compounds is illustrated by the recent launching of the oxazolidinone 

antibiotic linezolid by Pharmacia & Upjohn in the US and Europe as the first example 

of a completely new class of antibacterials in 30 years (see Scheme 2). 

A new concept for the discrete preparation of optical antipodes using the SP/ACE 

methodology is presented in Chapter 4. For this purpose, a polymer-supported 

enantiopure quasi-symmetric compound 4 is "racemized" by performing a two-

directional cyclization reaction that leaves one quasi-enantiomer bound to the resin, 

namely 5 (route a), while the other quasi-enantiomer is in the solution phase 

(compound 6, route b). This process, which we termed polymer-aided stereodivergent 

synthesis (PASS) is depicted in Scheme 3. In the concluding step the quasi-enantiomers 
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Summary 

5 and 6 are treated with a nucleophile to produce true enantiomers 7 and 8, 

respectively. 

Scheme 3. 
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Two other schemes for PASS were designed, namely one involving oxiranes an one 

based on aziridine chemistry. So far, these schemes were only partly realized in 

practice. 

Chapter 5 deals with the heterogenization of the aziridine carbinol ligand 9 (Scheme 

4). This carbinol is an efficient catalyst in the enantioselective addition of diethylzinc 

to aromatic and aliphatic aldehydes. 

Scheme 4. 

T r - N 
Ph 

Ph 
HO 
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Μ Θ (EÄ-CPh2CI s ^ 
_2 ^ ^ fep-CPh2-N 

EUN 
Ph 
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HO 

10 
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J) + EtjZn • A 
FT R Et 

9. ee's up to 99% 
10. ee's up to 97% 
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Polymer-supported ligand 10 (Scheme 4) displays the same degree of efficiency and 

enantioselectivity as the homogeneous ligand but has significant advantages such as a 

simple work-up procedure, easy catalyst recovery, and potential re-use of the catalyst 

in successive reactions. It is of interest to note that soon after our publication appeared, 

this catalyst was brought on the market by Lancaster Synthesis. 

In Chapter 6, aziridine carbinols 11 were used as synthon in the one-pot solid-phase 

synthesis of 4-hydroxy-2-isoxazoline-A^-oxides 12 via a tandem nitroaldol-cyclization 

reaction of the corresponding aldehyde with polymer-supported nitroacetate. This 

synthetic sequence is outlined in Scheme 5. 

Scheme 5. 

nitroaldol addition 

Ts 

^ o A . 

BAIB/TEMPO 
oxidation 

HO 

NO, 

+ Imidazole '-

Ν 
ts 

11 

R = H, Me, Ph 
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TsHN 

12 
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ο Θ 

ta 
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Free 4-hydroxy-2-isoxazoline-Af-oxides 13 were obtained in high overall yield by a 

final methanolic transesterification reaction. This solid-phase approach opens avenues 

for parallel (combinatorial) derivatization of 12 prior to the detachment from the resin. 

Also in this case, the SPOS approach has the attractive features associated with the 

solid-phase methodology. A summary, in English and Dutch, concludes this thesis. 
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Samenvatting 

In dit proefschrift wordt de synthese van gefunctionaliseerde drie- en vijfring 

heterocycli aan een vaste drager beschreven. In het inleidende hoofdstuk worden 

verscheidene aspecten van organische synthese aan de vaste drager behandeld. De 

verschillende soorten vaste dragers en linkers, en de meest voorkomende koppelings-

en ontkoppelingsmethoden worden beschreven. Er wordt aandacht geschonken aan 

vaste drager gebonden reagentia en katalysatoren, waarbij specifieke voorbeelden 

worden gegeven om hun toepassingen te illustreren. 

In Hoofdstuk 2 wordt een nieuwe synthese van l,3-oxazolidin-2-onen, gebruikmakend 

van geïmmobiliseerde uitgangsstoffen (1,2 -diolen), beschreven. Deze substraten zijn 

gebonden aan een voor dit doel ontwikkeld geïmmobilise erd sulfonyl chloride, waarbij 

een van de alcoholgroepen selectief wordt geactiveerd. De andere alcoholgroep wordt 

vervolgens d.m.v. een reactie met /?-tolueensulfonyl isocyanaat omgezet in een 

carbamaat, dat vervolgens een base-geïnduceerde cyclo -eliminatie ondergaat om aldus 

de gewenste oxazolidinonen te geven. Wanneer enantiomeer zuivere 1,2-diolen 

worden gebruikt, worden oxazolidinonen met hoge enantiomere zuiverheid verkregen. 

Deze synthese van doelmoleculen 1 aan de vaste drager is weergegeven in Schema 1. 

Schema 1. 

H O ' - ' 0 H 

SOCIj , 

A - s o ^ - ^ l - ^ - so 2 c i - ^ Λ - 5 θ 2 - ο - γ Ο Η ™Ç° - Λ - 3 θ 2 - ο ~ γ 0 γ Ν - Τ Β 
^ ^ ^ ^ activering R ^ ^ R O 

Dowex 
50X2-400 

lonen-
wisselaar 

DBN 
cyclo-eltminatie 

lEM = polystyreen matrix R = Me, Et, f-Bu, CHoCH^Ph _ Ü 
^ ^ T s - M ^ N 

O 

Ν O 

1 
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In Hoofdstuk 3 wordt de toepassing van deze solid-phase/activation cyclo-elimination 

(SP/ACE) methodologie in de synthese van oxazolidinonen 2 beschreven. Deze vijf-

ring heterocycli bezitten de vereiste structurele kenmerken voor antibactenële 

activiteit. Deze kenmerken zijn de S-configuratie op C-5, een p-gesubstitueerde N-

arylgroep en een amidomethylgroep op de 5-positie van de ring (Schema 2). 

Schema 2. 

reductie 
slappen , , ^ ^ ^ ^ - Ο Η SP/ACE 4 acylenng 

D-mannilol HO ^ D^Y ·̂ 

0 ^ ^ O 

> = i / ^ N O F K_ 
V-w y-

De juiste stereochemie werd geïntroduceerd door gebruik te maken van 1,2 -diol 3 als 

de uitgangsstof. Dit diol is afgeleid van D-mannitol en bevat tevens een 

azidomethylgroep. Deze azidomethylgroep kan een veelheid aan amidomethyl 

substituties geven door achtereenvolgens te reduceren en te acyleren. De vereiste N-

aryl substituent werd aangebracht door gebruik te maken van de juiste aryl 

isocyanaten. Het belang van deze veelzijdige nieuwe route tot deze klasse van 

verbindingen wordt onderstreept door de recente lancering van het oxazolidinon 

antibioticum Linezolide door Pharmacia & Upjohn in de VS en Europa als het eerste 

voorbeeld van een geheel nieuwe klasse van synthetische antibiotica in 30 jaar (zie 

Schema 2). 

Een nieuw concept voor de synthese van optische antipoden, gebruikmakend van de 

solid-phase/activation cyclo-elimination (SP/ACE) methodologie, wordt gepresenteerd 

in Hoofdstuk 4. Voor dit doel werd een polymeer gebonden, enantiomeerzuivere, 

quasi-symmetrische verbinding 4 "geracemiseerd" door een tweerichtings 

cyclisatiereactie uit te voeren, waarbij één quasi-enantiomeer aan de hars gebonden 
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Samenvatting 

blijft, namelijk 5 (route a), terwijl het andere quasi-enantiomeer in de oplossing is 

(verbinding 6, route b). Dit proces, dat als een polymeer-geassisteerde 

stereodivergente synthese werd betiteld, is weergegeven in Schema 3. In de laatste stap 

worden de quasi-enantiomeren 5 en 6 behandeld met een nucleofiel om respectievelijk 

de ware enantiomeren 7 en 8 te geven. 

Schema 3. 

N-R 

R = Ph, Ts 
Nu = CI, N3 

Twee andere benaderingen voor dit concept werden ontworpen, namelijk één 

gebruikmakend van epoxides en één gebaseerd op aziridine chemie. Tot dusver zijn 

deze benaderingen slechts gedeeltelijk met succes uitgevoerd. 

In Hoofdstuk 5 wordt het heterogeniseren van aziridine carbinol ligand 9 (Schema 4) 

beschreven. Dit carbinol is een efficiënte katalysator van de enantioselectieve additie 

van diethylzink aan aromatische en alifatische aldehydes. 
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Schema 4. 
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10 

Polymeergebonden ligand 10 (Schema 4) vertoont dezelfde mate van efficiëntie en 

enantioselectiviteit als het homogene ligand 9, maar heeft tegelijkertijd belangrijke 

voordelen, zoals eenvoudige opwerkprocedures, het terugwinnen van de katalysator, 

en de mogelijkheid tot hergebruik van de katalysator in volgende reacties. Een 

vermeldenswaardig detail is, dat kort nadat onze publicatie was verschenen, deze 

katalysator 10 op de markt werd gebracht door Lancaster Synthesis. 

In Hoofdstuk 6 worden aziridinecarbinolen 11 gebruikt als synthon in de één-pot vaste 

drager synthese van 4-hydroxy-2-isoxazoline-/V-oxiden 12 via een tandem nitroaldol-

cyclisatiereactie van de overeenkomstige aldehydes met polymeergebonden 

nitroacetaat. Deze synthetische strategie is weergegeven in Schema 5. 

Schema 5. 
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Samenvatting 

Vrije 4-hydroxy-2-isoxazoline-./V-oxiden 13 werden in hoge opbrengst verkregen via 

een transesterificatiereactie met methanol. Deze vaste-drager benadering geeft vele 

mogelijkheden voor parallelle (combinatoriële) derivatisering van 12, alvorens het 

product af te splitsen van de hars. Ook in dit geval heeft de vaste drager strategie 

aantrekkelijke voordelen die kenmerkend zijn voor de vaste drager methodologie. Een 

samenvatting in het Engels en het Nederlands, besluit dit proefschrift. 
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tijd die we buiten werktijd hebben gehad de afgelopen vier jaar. Bart Nelissen en 

Maud van der Veldt, mijn paranimfen, bedank ik voor hun logistieke diensten die ze, 

al fietsend door Nijmegen, hebben verricht. Mede door hun inzet in mijn thuisbasis 

Nijmegen, ligt dit proefschrift nu voor u. 

Mijn ouders bedank ik voor hun steun en aanmoediging die mij hebben geholpen de 

finish te bereiken. En ten slotte ben ik jou, Marie, erg dankbaar voor je altijd 

aanwezige liefde, begrip en positieve instelling. 

PtH 

LaJolla, 14 juli 2001 
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