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VOORWOOR D D 

Voorr degene die niet van plan is om dit boekwerk tot aan de laatste letter tot zich te 

nemen,, of al ergens na de inhoudsopgave zal stranden, lijk t het mij verstandig om maar 

meteenn met het belangrijkste beginnen. Dat betekent natuurlijk niet dat de rest minder de 

moeitee waard is. Integendeel. Dus voordat je je toch nog vol enthousiasme stort in deze 

beschrijvingg van meer dan vier jaar chemisch onderzoek aan de Universiteit van Amsterdam, 

iss het belangrijk om te weten dat zonder de hulp van een aantal personen dit boekwerk er 

nooitt was geweest, of er in ieder geval anders had uitgezien. Op de eerste plaats wil ik mijn 

beidee promotoren Henk Hiemstra en Floris Rutjes en co-promotor Jan van Maarseveen 

bedanken.. Henk, ik bewonder jouw uitermate preciesheid en ik heb met veel plezier in de 

Hiemstragroepp gewerkt. Ik stond niet dagelijks bij je voor de deur, maar het was goed om te 

wetenn dat die deur wel altijd open was. Ondanks dat het onderzoek tijdens de regelmatige 

literatuurbesprekingen,, werkbesprekingen, colloquia, probleemavonden en andere 

bijeenkomstenn soms lijk t stil te staan, heb ik daar veel geleerd. Misschien was het juist wel 

daaromm dat jouw deur niet door mij is platgelopen. Floris, een grotere chemische encyclopdie 

dann jij ken ik niet. Jij bent degene die mij de eerste vaardigheden van het onderzoeken heeft 

bijgebrachtt en daar heb ik nu nog steeds profijt van. Het blijf t voor mij onvoorstelbaar hoe jij 

eenn tot dan toe onoplosbaar probleem met een ongekend simpel idee uit de wereld kunt 

helpen.. En dat het dan ook nog werkt. Na het vertrek van Floris werd de stilte al snel 

opgevuldd door Jan. Jan, jouw enthousiasme voor de chemie en alles ver daarbuiten is 

ongekend.. Dat heeft er in ieder geval voor gezorgd dat een gesprek met jou vaak langer dan 

geplandd en nooit zonder nieuwe gespreksstof eindigt. De bijdragen van Pedro Hermkens aan 

ditt proefschrift mogen ook zeker niet ongenoemd blijven. Pedro, jij hebt mij in Oss de 

beginselenn van de vaste fase chemie bijgebracht, maar ook de regelmatige werkbesprekingen 

diee daarop volgden zijn van groot belang voor het verloop van dit onderzoek geweest. 

Kerstinn Kirchsteiger wil ik bedanken voor al het werk wat zij op het lab gedaan heeft. 

Hett onderzoek zat zeker niet altijd mee, maar dat de resultaten belangrijk waren blijkt wel uit 

hett feit dat het meerendeel in dit proefschrift terug te vinden is. Het schrijven van dit 

dankwoordd in het Nederlands wil ook wel zeggen dat jouw bezoek in meerdere opzichten de 

moeitee waard is geweest. Rudmer van Dijk wil ik bedanken voor zijn bijdragen aan de 

resultatenn in dit proefschrift. Jij hebt je vooral beziggehouden met een aantal toepassingen 

waarr ikzelf de tijd niet voor had en je hebt dat met succes afgerond. Veel succes met je eigen 

promotieonderzoek.. Johan Veerman wil ik bedanken voor onze bijzondere samenwerking. 

Al ss pioniers op het gebied van de vaste fase chemie waren we in de werkgroep veel op elkaar 

aangewezenn en dat heeft uiteindelijk heel goed uitgepakt. 



Voorr de gezellige tijd op en buiten het lab wil ik met name de dames Alessia, 

Angeline,, Kim, Larissa en Mandy bedanken. Jullie hebben er - ieder op je eigen manier - voor 

gezorgdd dat ik kan terugkijken op een geweldige tijd met lekker eten, 5-uurtjes, congres, 

skaten,, Toomler, terrasje doen?, Willeke, het laatste nieuws, gnocchi, parade, green tortoise, 

eenn luisterend oor en nog veel meer. Mandy en Alessia wil ik bovendien bedanken dat zij mij 

alss paranimf bij willen staan. 

Vann mijn labgenoten wil ik allereerst Jan bedanken. Voor de praktische tips, maar ook 

voorr het ongemerkt en efficiënt draaiende houden van ons lab en de rest van de groep. Verder 

will  ik labgenoten en collega's Gerbert, Gertjan, Hester, Hue, Mark, Olivier, René, Sabine, 

Arjan,, Hans, Hans, Lourdes, Paul, Peter, Robin, Sape, Samantha, Willem-Jan, Winfred en de 

overigee (ex)-medewerkers en studenten van de werkgroep bedanken voor het dagelijkse 

lableven.. De bioboys Arnold, Boris, Martin, Melle en Stijn mogen daarbij ook niet worden 

vergeten.. Naast het werk in de zuurkast zijn er aantal zaken daarbuiten onmisbaar of 

onvermijdelijkk geweest: NMR en IR van Jan en Lidy, massa's van Han, het zoeken-en-vinden 

vann de bibliotheek, koffie van Jaap, reparaties van Joep, het magazijn van Iwan, de 

administratiee van Marjan, de financiële zaken van Hans en de aanwezigheid van Rob en Ren. 

Voorr het vieren van succes, het vergeten van tegenvallers en gewoon voor de gezelligheid 

wass slechts één glaasje in de RttR de genoeg. De stamgasten - onder andere bestaande uit 

Alessia,, Boris, Jasper, Larissa, Mandy, Richard, Robin en Stijn - hebben zeker aan deze 

succesformulee bijgedragen. Dat zelfs in dit chemiebolwerk de buitenwereld is doorgedrongen 

wass met name te danken aan Linda. Na een ongetwijfeld vijandig verleden, een reeks 

(on)bedoeldee slachtoffers, Patsy en Edina blijken we ook hele andere dingen gemeen te 

hebben.. Ik ben blij dat we dat ontdekt hebben. 

Hoewell  dit proefschrift vol chemie staat, heeft het leven daarbuiten gezorgd voor de 

broodnodigee afleiding en een heerlijke tijd. Het sportieve gedeelte is te danken aan de 

masterdamess Annette, Annette, Leonie, Leonie en Madelon. Al zwemmend hebben we met 

veell  succes alle uithoeken van Nederland aangedaan, maar ook buiten het zwembad zijn we 

eenn uniek team. Op de ski, in de zon, in een hutje op de hei, in de Kroon, in een tent, tijdens 

eenn creatieve EC-meeting, een filmpje of gewoon thuis op de bank. Na toevallige 

ontmoetingenn in de buurt konden oude herinneringen en de PNC-banden met Claudia, Linda 

enn Ellen ook weer opgehaald worden. Dit heeft vervolgens geleid tot lange nachten en nieuwe 

vrienden.. Dennis, we hebben veel plekken geprobeerd, toch is er natuurlijk maar een echt 

leukee straat om uit te gaan. Mike, een betere Havanabarman dan jij bestaat niet en dat zal nu 

altijdd zo blijven. Marieke, York, Karin, Martijn, Monique en Rudi hebben ervoor gezorgd dat 

dee studietijd niet vergeten werd en natuurlijk voor de auto- en treinreisjes naar het verre 

oosten.. Marieke, jij weet als geen ander dat nieuws, cultuur en avontuur gedeeld moeten 



worden.. Afstand doet niet ter zake, maar hoe korter de discussie hoe eerder het probleem de 

wereldd uit is. En dat is een feit. 

Pap,, Mam, Elma, Stephan, Tim, Opa en Oma wil ik bedanken voor de steun en 

gezelligheidd van de afgelopen jaren en al die tijd daarvoor. Ik heb julli e interesse en al die 

kleinee en grote dingen altijd gewaardeerd. En dan Martin. You're not waisting your time! Jij was 

dee eerste die mijn creaties op papier onder ogen kreeg en daarmee dit boekwerk van begin tot 

hett bittere eind gelezen en verbeterd heeft. Dat is al een prestatie op zich, maar daarbuiten -

vann Umtata tot de Keizersgracht - ben je van nog grotere waarde. Op welke kosmopolitische 

plekk het nu weer is, ik wil daar graag nog heel lang en met veel plezier van genieten. Baie 

dankiee vir alles. 

Wim m 
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CHAPTE RR 1 

GENERALL INTRODUCTION 

1.11 Combinatorial and sol id phase synthesis 

Combinatoriall  and solid phase chemistry have their origin in the revolutionary and 

Nobell  Prize-winning work of Merrifield in 1963.1 Merrifield was the first scientist to use an 

insolublee polymer support as a synthesis tool for the preparation of a range of tetrapeptides 

andd this approach has since inspired many scientists. Nevertheless, besides a few exceptions 

inn the 1970's and 1980's,2 solid phase chemistry was solely focused on peptide synthesis until 

thee early 1990's. In particular the work of Ellman3 and Hobbs DeWitt4 in 1992/1993 caused a 

revivall  in solid phase chemistry by its application in the organic synthesis of benzodiazepines. 

Thiss renaissance of solid phase chemistry can be attributed to the development of automation 

inn biology at that time, in combination with the practical advantages of solid-supported 

chemistry.. There are a number of practical advantages of solid phase chemistry compared to 

classicall  solution phase chemistry, (1) simplified purification procedures by using filtration, 

(2)) forcing reactions to completion by the addition and facile removal of reagents in excess, (3) 

suppressingg of side reactions such as dimerization and cross-linking by the principle of high 

dilution,, (4) standardization of synthetic procedures to enable automation. The automation in 

biologyy led to the need for large numbers of new, potentially biologically active compounds to 

bee tested by the efficient method of high throughput screening. As a consequence the 

automationn of solid phase chemistry took place and created the ability to very quickly 

generatee large numbers (libraries) of chemical compounds, which is the core of combinatorial 

synthesis.. More precisely, the IUPAC recommendations defines the term 'combinatorial' as 

follows:: "A combinatorial library is a set of compounds prepared by combinatorial synthesis. 

Combinatoriall  synthesis is a process to prepare large sets of organic compounds by combining 

setss of building blocks."5-6 A particularly efficient example of combinatorial synthesis can be 

foundd in the split-and-mix procedure, which was described for the first time in the literature 

byy Houghten and Lam in 1991 and resulted in the preparation of large peptide libraries.7 Since 

then,, combinatorial and solid phase organic synthesis have become important tools for the 

preparationn of large libraries of organic compounds to be tested for biological activity, 

particularlyy in the field of drug discovery. 

Althoughh several techniques for the immobilization on a solid support are known, the 

cross-linkedd polystyrene resin beads that were originally used by Merrifield still remain the 

mostt popular ones.8 Nowadays, these gel-like resins are commercially available and are 

1 1 



ChapterChapter 1 

usuallyy prepared in a copolymerization process with styrene and a small amount of 

divinylbenzenee (DVB, around 1%), resulting in the desired cross-linked network. A 1% degree 

off  cross-linking is sufficient to give the required mechanical strength and insolubility, while 

swellingg of the resin in a solvent to allow diffusion of the reagents throughout the whole 

polymerr backbone is still possible.9 Although polystyrene resins are inert under a wide range 

off  reaction conditions, it should be kept in mind that the polymer is unstable towards highly 

electrophilicc reagents and at temperatures above ~ 120 °C. 

Schematicc representation 

Inn order to use a polymer support as a tool in the synthesis of (organic) compounds, a 

chemicall  handle has to be introduced. This can either be done by the use of a functionalized 

monomerr prior to polymerization, or by chemical modification of the polystyrene resin itself. 

Thee chemical handle is used to attach a group, which allows for further functionalization. A 

chloromethylatedd resin, which is also known as Merrifield resin, is most commonly used as 

thee handle, but other groups such as aminomethylene, hydroxymethylene and carboxyl 

functionalitiess are also known and commercially available. The resin can be used as such, but 

mostt often an additional spacer and/or linker moiety is used as the actual attachment point. 

Spacerr moieties might be used for more flexiblity or to reduce steric influence of the polymer 

backbone.. A linker moiety allows for the efficient loading of the polymer and conversely, 

shouldd facilitate ready cleavage of the desired products. Clearly, the choice of the linker 

systemm is dependent on the chemistry to be performed and is one of the most significant 

factorss for the success of any solid phase synthesis. 

Solidd phase synthesis also has its limitations. Loading and cleavage of the resin require 

additionall  reaction steps, while the choice of the linker system could limi t the scope of 

possiblee chemistry. Furthermore, solid phase synthesis is a new field that is still under 

development,, and analytical monitoring of the reactions is therefore not yet well developed. 

Moreover,, the development of new reactions on solid phase is rather time consuming. 

Molecularr structure of cross-linked polystyrene X 
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GeneralGeneral introduction 

Althoughh a plethora of different reactions on solid support has been reported in the 

pastt few years,10 the development of novel reactions on solid support still remains important. 

Overr these years the focus of solid phase chemistry seems to have shifted from the 

preparationn of libraries containing large numbers of compounds (mixtures) to the preparation 

off  smaller libraries, which contain more diverse and highly functionalized, discrete 

compounds.. In addition, the developments in solid phase chemistry have also led to 

developmentss in related fields, such as (1) parallel synthesis in solution phase, which for 

examplee can be applied to the optimization of reaction conditions, (2) the use of solid-

supportedd reagents,11 (3) the use of polymer-supported catalysts,12 (4) the screening of 

catalysts,133 and (5) automated synthesis in general. From Merrifield's work in the early 1960's 

onward,, combinatorial and solid phase synthesis have contributed to some major revolutions 

inn the way chemists think and how synthesis can be performed more rapidly and more 

efficiently.. Therefore, particularly in an era in which time is considered as one of the most 

valuablee commodities, research in solid phase synthesis has been and wil l remain of major 

importance. . 

1.22 Functionalized aldehydes in N-acyl iminiu m ion chemistry 

N-Acyliminiumm ion chemistry is an effective tool for the formation of C-C bonds and 

hass been successfully used in the synthesis of highly complex molecules.14 The introduction of 

substituentss at the a-position of acylated amines is accomplished by the addition of a suitable 

nucleophilee to the intermediate N-acyliminium ion 2 (eq 1.1). The ionic species itself is 

generatedd in situ by the protic or Lewis acid treatment of an N-acylated compound 1 bearing a 

leavingg group (LG) at the a-position. 

OO LG 
JJJ I (Lewis) acid 

~NN FT 

O O OO Nu 
nucleophilee ^J[  ̂ J  ̂ (1.1) 

i 3 3 

Severall  methodologies for the preparation of appropriate N-acyliminium ion 

precursorss exist.14 Amongst these, the most important techniques include (1) the reduction of 

imides155 (route A, Scheme 1.1), (2) the (electro)chemical oxidation of amides16 (route B) and (3) 

thee addition of aldehydes to amides or carbamates to afford the corresponding N,0-

hemiacetalss (route C). Despite the relative instability of the N-acyl N,0-hemiacetal 

functionality,, the latter methodology is an efficient approach for the incorporation of an 

aldehydee in the desired N-acyliminium ion precursor and the N,0-(hemi)acetal functionality 

3 3 
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iss even found in some natural products.17 However, the intermolecular addition of amides or 

carbamatess to aldehydes is an equilibrium process in which the formation of the desired 

adductt is usually disfavored. Regular aliphatic and aromatic aldehydes are not sufficiently 

electrophilicc to react with amides or carbamates and as a result the adducts cannot be isolated. 

Therefore,, the use of these aldehydes is restricted to some specific cases in which the resulting 

N,0-hemiacetall  is trapped. Efficient additives to trap the intermediate N,0-hemiacetal adduct 

aree phosphorous acid or esters,18 silylated amides in combination with SiMejOTf,19 DABCO20 

orr trimethyl orthoformate.21 

Schemee 1.1: 

OO O 

R 1 A N A R 2 2 

R3 3 

4 4 

OO LG 
AA 1 1 B 

RJ J 

O O 

R I A N ^ R 2 2 

R3 3 

5 5 

O O 

R 1 ^ N ' ' 
H H 

O O 

HAR 2 2 

7 7 

Panek222 and Veenstra23 developed a particularly interesting approach, in which the 

desiredd N,0-hemiacetal 9 was generated as an intermediate and subsequently transformed 

intoo the N-acyliminium ion species 10, which resulted in a one-pot three component N-

acyliminiumm ion reaction (Scheme 1.2). Thus, starting from carbamate or sulfonamide 8 (R1 = 

CO2R,, SO2R), aldehyde 7, allylsilane 11 and BF3-OEt2, the desired homoallylic amine 12 was 

obtained.. Via the application of aliphatic and aromatic aldehydes a wide range of homoallylic 

aminess was prepared. 

Schemee 1.2: 

R1—NH2 2 

O O x: : 
R"R" H 

BF3OEt2 2 

OH H 

~ N ^ R 2 2 

H H 
R V N ^ R 2 2 

H H 

10 0 

^SiMeo o 

111 R4 

122 (45-95%) 

4 4 
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Inn contrast to regular aliphatic and aromatic aldehydes, the use of more electrophilic 

aldehydess can shift the equilibrium of the intermolecular reaction with amides and 

carbamatess in favor of the desired adduct. Thus, the use of formaldehyde (13),24 chloral (14)25 

andd glyoxylic acid derivatives (15-18) results in the formation of stable N,0-hemiacetals. 

Glyoxylatess are particularly useful aldehydes as their corresponding N,0-hemiacetals are 

precursorss for the preparation of a-amino acids via N-acyliminium ion chemistry. Related 

approachess towards amino acids that involve a-cation equivalents26 are nucleophilic additions 

too bromoglycine27 or acyl imines.28 

O O 

HAH H 

o o 
0 0 

CI3CC H 

0 0 
H 0-A A 

0 0 

OH H 

™ Y ^ O H H 
0 0 

0 0 

"Y" " 
0 0 

OH H 

MeO.. A _ „ , YY OMe 
0 0 

133 14 15 16 17 18 

Glyoxylicc acid (15) and methyl glyoxylate (17) are both colorless liquids. However, in 

theirr pure form the aldehydes are not stable and transformed into viscous liquids due to self-

polymerization.. Therefore, glyoxylic acid is usually available as its crystalline monohydrate 16 

orr as a solution in water, while methyl glyoxylate is normally used as the hydrate or in its 

hemiacetall  form 18. Pure methyl glyoxylate can be readily obtained from the corresponding 

hemiacetall  by distillation from P2O5.29 To prevent polymerization, the compound can only be 

preparedd prior to use and has to be collected at a low temperature (-78 °C). Alternative 

methodss have been developed to generate the aldehyde in situ by refluxing the hemiacetal in 

benzene.300 An even more sophisticated way to generate the aldehyde in situ was reported by 

vann Benthem.31 In this approach hemiacetal 18 was refluxed in CH2CI2 and MeOH was 

azeotropicallyy removed from the reaction mixture. MeOH was trapped by 4A molecular 

sieves,, which were positioned above the reaction mixture to prevent polymerization of the 

aldehydee on its aluminum silicate surface. In this approach, CH2CI2 appeared a superior 

solvent,, which may be caused by the fact that the low boiling point of CH2CI2 allowed the 

aldehydee a longer lifetime in the reaction mixture.32 

Startingg from the amide or carbamate 19, several suitable N-acyliminium ion 

precursorss can be readily prepared (Scheme 1.3). The N,0-hemiacetal 20 - made via either of 

thee aforementioned approaches - can be subsequently transformed into (1) N,0-acetal 21 by 

acidd catalyzed methanolysis,30b (2) chloride 22 by either PCls-mediated chlorination of 21 or 

directlyy from 20 by treatment with SOCl2,30b and (3) acetate 23 by base-mediated acylation.24a 
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Schemee 1.3: 

NH H 
COR1 1 

19 9 

15,, 16, 17 or 18 
OH H 

R 2 " N ^ C O 2 R 3 3 

COR1 1 

20 0 

Ac20 0 
pyr,, DMAP 

OAc c 

R 2 " N ^ C O 2 R 3 3 

COR1 1 

23 3 

H' ' 

MeOH H 

SOC1, , 

OMe e 

"NN C02Me 
COR1 1 

PCI, , 

CI I 

VNN CO,Me 
COR1 1 

22 2 

Inn 1975 the first example of an intermolecular N-acyliminium ion reaction with a 

glyoxylate-derivedd precursor was reported.303 In that year, Ben-Ishai described the use of N,0-

hemiacetall  20 in the protic acid-mediated N-acyliminium ion reaction with a variety of 

mercaptanss (eq 1.2). 

OH H 

H N " X 0 2 H H 
COR1 1 

20 0 

R2SH H 

H2S04/AcOH H 
n n 

SR-" " 

HN^N:O2H H 
COR1 1 

24(72-88%) ) 

(1.2) ) 

Thee addition of mercaptans to N-acyliminium ion precursor 20 in a mixture of 

concentratedd H2SO4 and acetic acid afforded the desired N,S-acetals 24 in good yields. Using a 

differentt approach by starting from N,0-acetal 21, the N-acyliminium ion intermediate was 

generatedd with a catalytic amount of 2-naphthalenesulfonic acid (NSA) in refluxing 1,2-

dichloroethanee to give the corresponding thioaminals in yields of 68-92%. Analogously, the 

developmentt of N-acyliminium ion reactions with glyoxylate-derived precursors was 

extendedd to aromatic nucleophiles.33 A wide range of aromatic nucleophiles (25-33) was 

successfullyy used in combination with N,0-hemiacetal 20 as the N-acyliminium ion precursor 

inn concentrated H2SO4 to deliver the desired products in moderate to excellent yields of 41-

92%.. In the case of acid sensitive furan-derived nucleophiles 34 and 35, these reaction 

conditionss were changed. Starting from N,0-acetal 21, with the use of BF3-OEt2 as the Lewis 
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acidd in ether, the furan adducts were obtained in 67 and 84% yields, respectively. Aromatic 

nucleophiless have since extensively been used in the synthesis of a-aromatic amino acids.34 

25 5 

R R 

266 R = Me 29 R = OMe 
27RR = C1 30R = OH 
288 R = NAc 

31 1 32 2 33 3 

77 W 
o' o' 

34RR = H 
355 R = Me 

Hardingg introduced a stereoselective approach for the use of an aromatic nucleophile 

inn the intermolecular N-acyliminium ion reaction with a glyoxylate-derived precursor (eq 

1.3).355 Oppolzer's auxiliary was used to prepare N,0-hemiacetal 20a as a mixture of 

diastereoisomers.. The treatment of 20a with BF3-OEt2 and anisole (29) resulted in an 

essentiallyy quantitative yield of (R,S)-36 and a diastereoselectivity of >96:4. The same 

diastereoisomerr was obtained when the reaction was performed in H2SO4/ACOH, albeit with 

aa slightly lower stereoselectivity of 91:9. 

OMe e 

BF3OEt2 2 

anisole e 

C y 2 N ' \ \ 

\\ HN C02Me 

Lo o 

(1.3) ) 

20a a (R,S)-36(R,S)-36 (quantitative, >96:4) 

Nextt to mercaptans and aromatic nucleophiles, the application of olefinic nucleophiles 

wass also developed by Ben-Ishai.36 Glyoxylate-derived N,Oacetal 21, several styrene 

derivativess and 2-naphthalenesulfonic acid were reacted to afford the substituted 

vinylglyciness 38 in good yields (Scheme 1.4). When the phenyl amide-protected N,0-acetal 

21aa (R1 = Ph) was used in combination with BF3-OEt2, oxazine 39 was afforded as the product. 

Bothh reactions were believed to occur via a nucleophilic cycloaddition reaction in which the 

protonatedd oxazine 39 was generated as an intermediate. With the use of asymmetric olefins, 

productss 38 and 39 were obtained as (E)/(Z) and cis/trans isomeric mixtures, respectively. 
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R 3 3 7 7 

R 2 ^ ^ 

BF3OEt2,, Et20, 

rt t 

forr R1 = Ph 

OMe e 

H N ^ X 0 2 M e e 

COR1 1 

21 1 

R 3 3 7 7 

R 2 ^ ^ 

NSA,, benzene, 
reflux x 

R3 3 

HN^N:02Me e 
COR1 1 

388 (33-76%) 

Schemee 1.4: 

R 3 \ / - \ , C 0 2 M e e 
R2^TT I 

Ph h 

399 (53-82%) 

Thee intermolecular N-acyliminium ion reaction of N,0-hemiacetal 20 with olefins 37 

resultedd in the formation of cis/trans mixtures of lactone 40 in mostly moderate yields (eq 1.4). 

Thee reaction was performed in a mixture of concentrated sulfuric acid and dioxane, in which 

thee lactone was obtained after rearrangement of a protonated oxazine intermediate (cf. 

formationn of 39). Similar results were obtained by using an ethylthio function as the leaving 

group.377 Further applications of the cyclic compounds 39 and 40 were also investigated, 

particularlyy those in the synthesis of unsaturated a-amino acids.36-38 

(1.4) ) 
OH H 

HNN CO,H 
COR1 1 

20 0 

X" " 
f^SOydioxane e 

rt rt 

R3 3 

COR11

400 (25-80%) 

Concentratedd sulfuric acid is the most commonly used acid and solvent for the N-

acyliminiumm ion reaction of N,0-hemiacetal 20. However, its use is limited to nucleophiles 

thatt are stable under these strongly acidic conditions. For example, in the case of a-diketones 

andd a-keto esters, deacylation or decarboxylation of the desired products was observed as a 

sidee reaction and therefore milder reaction conditions had to be found (Scheme 1.5).39 The use 

off  MsOH, TFA or a H2SO4/AcOH solvent mixture proved to be sufficiently acidic to generate 

thee intermediate N-acyliminium ion, while it was mild enough to produce product 43. The 

desiredd products were isolated as isomeric mixtures. The application of a-diketones and <x-

ketoo esters as nucleophiles was also investigated in the N-acyliminium ion reaction of 

glyoxylate-derivedd N-acyliminium ion precursor 21. Again, the stability of the nucleophile 

andd the desired product required the use of mild reaction conditions. Several acids were tried 

andd the best results were obtained when the intermediate N-acyliminium ion was generated 

inn TFA or with BF3OEt2 in CH2C12. 
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Schemee 1.5: 

0 0 

H N ^ C O z H H 

COR1 1 

42(43-81%) ) 

RVY R1 1 
OO 0 4I 

concentratedd H2SO4 

rt t 

OH H 

HNN C02H 

COR1 1 

20 0 

RYY R : : 
00 0 4 I 

MsOH,, TFA or 
H2S04/AcOH H 

00 0 

R 2 A A R 3 3 

HNN C02H 

COR1 1 

433 (25-89%) 

Inn 1988 the first example of the use of allyltrimethylsilane in a reaction with a 

glyoxylate-derivedd precursor was reported (eq 1.5).40 Substituted allylsilanes were also 

successfullyy applied, which resulted in the preparation of a wide range of allylglycine 

derivativess 45.41 In the case of N,0-acetal 21, the best results were obtained with the use of 

BF3-OEt22 as the Lewis acid, while in the case of chloroglycine 22 SnCL gave the best results. 

Wheree appropriate, diastereoisomers were obtained in low selectivity. Modifications of this 

proceduree involving silicon-based 7t-nucleophiles include the use of vinylsilane,42 alkynyl 

silaness and stannanes,43 cyclopentadienylsilane,44 a menthyl ester as chiral auxiliary,45 cyclic 

N,0-acetals,466 and fS-lactams.47 

LG G 

HN^XOzMee —- HN' "C02Me n5\ 
Q O R II  BFrOEt2orSnCl4 

CH2Cl2,, rt 

21LGG = OMe 45(34-99%) 
222 LG = CI 

Steckhann - who prepared N,0-acetal 21a by electrochemical methoxylation rather than 

usingg a glyoxylate - was the first to report studies on the nucleophilic addition of an enamine, 

aa silyl enol ether and an enol acetate to these compounds (eq 1.6).48 Several reaction conditions 

weree evaluated, and with the use of enamine 46a the best results were achieved in 

combinationn with TiCU where the <wfi-diastereoisomer of 47 was obtained in yields up to 90% 

andd de's up to 86%. Silyl enol ether 46b gave also the best results in combination with TiCU-

Surprisingly,, with silyl enol ether 46b the syn-diastereoisomer was obtained as the major 

productt in de's up to 38%. Enol acetate 46c was much less reactive and only produced the 

desiredd product in combination with BF3-OEt2 in a 50% yield and a maximum of 31% de in 

favorr of the an t/-isomer. 
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46aa X = morpholine 

OMee I ^L  4 6 bx = OS.Me3 
XX 46cX = OCOMe (1.6) 

H N '' "C02Me
ii  BF3-OEt2 or TiCl4 

°° Ph CH2Cl2,-55->5 °C 
21a a 

Mooiweerr reported a more detailed study on the use of silyl enol ethers in the 

synthesiss of y-oxo-a-amino acids.49 In contrast to the use of bromoglycine (22, LG = Br),27e the 

generationn of an N-acylimino acetate from chloroglycine 22 (by treatment with EtsN) and 

subsequentt addition of silyl enol ethers only resulted in low yields of the anticipated product 

49.. This difference in reactivity was assigned to the better leaving group ability of bromide 

withh respect to chloride. Interestingly, the use of N,0-acetal 21 as an N-acyliminium ion 

precursorr resulted in poor yields of the desired product. Nevertheless, a range of y-oxo-a-

aminoo acids 49 was prepared from chloroglycine 22 by the SnCU-mediated N-acyliminium ion 

reactionn with silyl enol ethers (Scheme 1.6). A particularly useful application of this approach 

wass found in the synthesis of the natural product 5-hydroxy-4-oxonorvaline (HON, 50). In a 

similarr fashion, fluorinated y-oxo-a-amino acids were prepared by McCarthy.50 

Schemee 1.6: 

LG G 

HNN C02Me 

COR, , 

211 LG = OMe 
222 LG = CI 

ff  48 
R V ^ O S i M e 3 3 

R4 4 

SnCl4,, CH2C12, -78 t 

O O 

HNN COoMe 
COR1 1 

499 (46-96%) 

H3N" " 
CI I 

r^ OH H 
C02H H 

50 0 

Rooss extended the scope of intermolecular N-acyliminium ion reactions with glycine-

derivedd precursors to a-methoxy glycinamides 51.51 The desired amides were obtained from 

NO-acetall  21 and subsequently used in N-acyliminium ion chemistry with 

allyltrimethylsilanee (Scheme 1.7). Formic acid and BF3-OEt2 were found to be the most 

efficientt reagents for the formation of the ionic intermediate. The reaction was also performed 

withh substituted allylsilanes and afforded the products in reasonable yields and low 

diastereoselectivity.. In some cases, the poor solubility and reactivity of the amide precursors 

requiredd an in situ silylation step prior to the actual addition of a carbon nucleophile. 

10 0 



GeneralGeneral introduction 

Moreover,, the obtained a-amino amides were subsequently used in an enzymatic resolution 

processs with Pseudomonas putida to produce the corresponding a-amino acids in enantiopure 

form. . 

Schemee 1.7: 

OMe e 

Me02Crr NH 

C02R' ' 

NH3,, H2NOMe 
orr HNMe2 

te-te-

H,0 0 

21 1 

R R 
! ! 

OMe e 

NH H 

^SiMe, , 

ÖÖ CO R1 H C O OH orBF3OEt2 

511 (70-91%) 

Thee use of silol enol ethers in the N-acyliminium ion reaction with amide 51 was also 

investigated.522 However, the desired reaction of N-methoxycarboxamide 51a with silyl enol 

etherss failed completely, which forced the use of the aforementioned in situ silylation 

approach.. Interestingly, silylamide 53 in combination with silyl enol ethers resulted in the 

formationn of dihydropyrrolone 54 and in the case of reactive or unhindered silyl enol ethers in 

thee formation of pyrrolidinone 55 in reasonable yields. The formation of these rather 

unexpectedd cyclic products was explained by the generation of a cyclic N-acyliminium ion 56, 

whichh proceeded via attack of the reasonably nucleophilic amide at the carbonyl group in the 

sidee chain. Comparable N-acyliminium ion reactions of pyruvate-derived N,0-acetals with 

allylsilaness and silyl enol ethers were also reported.53 

R 1 ^ ^ 
MeO O 

HN N 

OMe e MeOO OMe M e O ^ N
/ \ ^ R 2 M e O ^ - ^ X

O O 

51a a 

NH H 
Cbz z 

Me3Si' ' 
O O 

53 3 

NH H 

Cbz z 
H H 

OO NH 
Cbz z 

54 4 

MeO O 

OO NH 
Cbz z 

55 5 56 6 

Inn 1980, Ben-Ishai reported the first investigations towards intramolecular N-

acyliminiumm ion cyclization reactions with glyoxylate-derived precursors.54 However, the 

intramolecularr reaction of N,0-hemiacetal 20b with an intramolecular aromatic nucleophile 

appearedd troublesome (Scheme 1.8). The reason that the anticipated product 59 was not 

formed,, was mainly attributed to the preferred s-trans conformation 57 of the ionic 

intermediate,, which disfavors the endotrigonal cyclization step (58->59). 

11 1 



ChapterChapter 1 

Schemee 1.8: 

O. . 

HOO NH 

COzH H 

20b b 

O O 

NH H f f 
C02H H 

57 7 

Slightt modification of the starting material resulted in the cyclization precursor 60 that 

successfullyy reacted in an endotrigonal fashion (Scheme 1.9).55 The reaction with glyoxylic 

acidd and the subsequent cyclization step were performed in one pot, which made this process 

ann extension of the Pictet-Spengler reaction of less reactive aromatic systems. The amide 

carbonyll  is not incorporated into the newly formed ring and the interference of the prefered s-

transtrans conformation of the amide bond is therefore less pronounced, while the desired 

tetrahydroisoquinolinee 62 was obtained in good yields. Ben-Ishai also reported the extention 

off  this methodology to the cyclization of dipeptides.56 

Schemee 1.9: 

R ' \ . N H H 

T T 
o o 60 0 

99 H,S04/AcOH 

HAC02HH R Y N ^ 
OO C02H 

15 5 61 1 

OO C02H 

622 (80-84%) 

Mooiweerr investigated the use of intramolecular silyl nucleophiles in N-acyliminium 

ionn chemistry with glyoxylate-derived precursors (Scheme 1.10).24a The Lewis acid-mediated 

cyclizationn of allylsilane 23a afforded the corresponding pyrrolidine or piperidine 64 in good 

yields.. Particularly in the case of the five-membered ring formation, the fnms-diastereoisomer 

wass obtained in high selectivity. Comparable results were obtained when product 64 was 

preparedd from the corresponding N,0-hemiacetal by mesylation and subsequent generation 

off  the ionic intermediate 63 under thermal conditions (MsCl and EfeN, then A). 

Propargylsilaness were also cyclized under Lewis acidic or thermal conditions to give the 

endocyclicc allenes 65. 
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Schemee 1.10: 

C02Me e 

Me3Sii || Me3Si 

?A cc Et2AlCl 

~ r A c 02 M ee " "%^C02Me " " % '"C02Me 

C H 2 C l22 C02Me C02Me 

23aa 63 64 (79-88%) 
forr n = 1 trans.cis = 78:22 
forr n = 2 trans.cis = 54:46 

Eschh extended the use of intramolecular nucleophiles to the SnCU-mediated 

cyclizationn of olefin 23b. The reaction was quenched with water either at -78 °C or after 

warming-upp at rt to afford the axial alcohol 66 and the equatorial chloride 67, respectively.57 

Substitutedd olefins resulted in the formation of similar alcohols and chlorides. 

/ / / 

Me02CC | n 

Et0 2 C' ' 

Me02C C 

EtQ2C C 

-ci i 
OAc c 

N - ^ C 0 2 M ee K N ^ C 0 2 M e 
i i 

C02Mee C02Me 

655 23b 66 67 

Ann important goal in this study was to investigate the cyclization mechanism, which 

mightt include an aza-Cope rearrangement. The proposed mechanism that explains the 

formationn of the different products, is shown in Scheme 1.11. Cyclization of both N-

acyliminiumm ions 68 and 69 led to the formation of the dioxycarbenium ion 70. Hydrolytic 

quenchingg resulted in the formation of 66, while at higher temperatures the cation was 

quenchedd by an SN2 attack of chloride to give 67. In the case of allylsilane 63 (n = 1, Scheme 

1.10)) the cyclization step was apparently faster than the aza-Cope rearrangement of the 1,5-

dienee moiety, since the latter would have led to an exocyclic six-membered ring. However, 

reductivee trapping by the addition of Et3SiH to the intermediates that are formed in the 

reactionn with 23b, resulted in the exclusive isolation of the reduced N-acyliminium ion 69. 

Thiss clearly proved the presence of an aza-Cope rearangement in this kind of cyclization 

reaction. . 
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Schemee 1.11: 

Me02C C 

23b b 

SnCl4 4 
Me02C C 

Et02CC oAc CH2C12, -78 °C Et02C 
-N N pH pH 

68 8 
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Me02C C 

E t 0 2 C C 
,N N && && 

69 9 
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r r 
EtQ 2 CC 7 ] 

H,0 0 
MeO O 
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-788 "C E t 0 2 C ? 0 

CI" " 

-788 °C->rt 
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Ana logouss to the react ions w i t h acetate 23b described above, the same precursor was 

usedd for the SnCL-mediated cycl ization in M e CN to afford the Ritter product 7251 and for the 

formicc ac id- induced react ion to give products 73 and 74.24b Format ion of 73 was explained by 

equator iall  attack of formic acid onto 70 (cf. formation of 67), whereas formation of 74 was 

expla inedd by the format ion of intermediate 71 due to traces of water in formic acid. 

O O 
Me02CC II 

/ j ^ T NN Me 
EtOzC C 

72 2 

Me02C C 

r' r' 
EtQ2C C 

73 3 

O O 
Me02C C 

r' r' 
Et0 2 C/ N N 

?y ?y 
o o 

74 4 

I nn conclusion, glyoxylic acid and der ivat ives thereof have been widely used in the 

p repara t ionn of sui table N-acy l imin ium ion precursors and subsequent ly appl ied in the 

synthes iss of a -amino acids and its derivat ives. Most of the research presented in this overview 

w ass dedicated to the determinat ion of the scope and l imitat ions wi t h respect to the 

nuc leoph i lee and herewi th has shown its h igh potent ial. New deve lopments in the use of 

g lyoxylate-der ivedd cationic glycine equivalents may include the further deve lopment of 

h igh lyy stereoselective me thods and combinatorial or solid phase approaches.58 

1.33 P u r p o se a nd o u t l i n e of t h i s i nves t i ga t i on 

Unl ik ee other great achievements, i t is clear that combinator ial and solid phase 

chemis t ryy are still under deve lopment and requi re the translat ion of efficient solut ion phase 

processess to the sol id phase. A n example of such a solut ion phase process is the N-
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acyliminiumm ion-mediated C-C bond formation, which due to the versatility of amines and 

theirr facile condensation with aldehydes to give suitable precursors has over the years turned 

intoo a well-developed and highly efficient technology. Therefore, a combination of the two -

solidd phase and N-acyliminium ion chemistry - could lead to a powerful combinatorial 

methodologyy and forms the basis of this thesis. 

Chapterr 2 describes the initial results of the translation process of the one-pot three 

componentt N-acyliminium ion reaction of an immobilized carbamate, an aldehyde and an 

allylsilanee on the Wang linker system. In Chapter 3 the development of novel dedicated linker 

systemss for solid phase N-acyliminium chemistry is presented. The investigation of the scope 

andd limitations of the one-pot three component N-acyliminium ion reaction in solution and on 

solidd phase is described in Chapter 4. Finally, in Chapter 5 the diastereoselective synthesis of 

P-aminoo alcohols via a new technology that combines glyoxylates, Weinreb amides and N-

acyliminiumm ion chemistry wil l be detailed. 

Partss of this thesis have been published,59 or wil l be published in the near future. 
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ONE-POTT THREE COMPONENT N-ACYLIMINIU M ION REACTIONS ON THE 

WAN GG LINKE R SYSTENP 

Preliminaryy investigations towards N-acyl iminium ion chemistry on solid support 

2.11 Introductio n 

Inn the previous chapter, the versatile applicability of N-acyliminium ion chemistry in 

thee synthesis of a wide variety of structurally different compounds has been illustrated? 

Thesee examples, however, largely consisted of multistep sequences, where in the N-

acyliminiumm ion reaction a single bond was formed. As an alternative to multistep 

approaches,, research is going on to make organic reactions more efficient, economical and 

elegant.. In pursuing this goal, the use of multicomponent reactions has recently attracted 

moree and more attention.3 The principle of combining three or more reactive components in a 

one-pott process, leading to a single product via the formation of multiple bonds renders this 

typee of reaction particularly interesting for solid phase chemistry, where the reaction can be 

automatedd and readily applied in a combinatorial fashion. Considering the previously 

conductedd N-acyliminium ion chemistry in our group, our wish to translate this type of 

chemistryy to the solid phase and the efficiency of multicomponent reactions, we envisioned 

thatt by combining these three items a valuable combinatorial entry into a wide range of 

compoundss could be within reach. However, at the start of this research there were no 

exampless of multicomponent N-acyliminium ion reactions on solid support known in 

literature.. The few precedents on the combination of intermolecular iminium ion chemistry 

andd solid phase or on the combination of N-acyliminium ion chemistry and solid phase 

chemistryy wil l be described here. 

Wilsonn and coworkers reported the solid phase synthesis of 2,3-dihydro-4-pyridones 3 

viavia a Lewis acid-catalyzed tandem Mannich-Michael reaction of Danishefsky's diene (2) with 

immobilizedd iminel (eq 2.1).4 

Me3SiOO 2 

o^ ^ 
OMe e 

0 0 

11 (Wang 

Yb(OTf)3,, THF, 60 °C 
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Kobayashii  reported two examples of solid phase one-pot three component iminium 

ionn reactions.5-6 In the first example an aldehyde, an amine and a silyl enol ether were reacted 

underr the influence of the polymer-supported scandium catalyst 7 to afford amino ketones 8 

(eqq 2.2). The scope with respect to all three components was investigated, which also resufed 

inn the effective synthesis of amino esters and nitrile derivatives. 

O O 
FT-NH 22

 + 

Ph h 

OSiMe3 3 

.Me e 

— C H 2 C H --

CH2NTf f 

Sc(OTf)2 2 

CH,C1,, / MeCN, rt i 2 ^ i 2 2 

Me e 
Ph h 

H H 
88 (77-95%) 

(2.2) ) 

Inn the second example, Kobayashi described a similar reaction in which the 

nucleophilee 9 was immobilized on a polymer support to construct, after reductive cleavage, 

:aminoo alcohols 11 (eq 2.3). Using this method, five 'field syntheses' (small libraries in which 

,onee of the three components is fixed) were performed to afford a variety of in total 48 

differentt amino alcohols in yields ranging from 10 to 98%. 

OSiMe3 3 

OH H 

R 1 ^ N H R 2 2 

111 (10-98%) 

Finally,, the group of Patek reported the solid phase synthesis of l-acyl-3-

oxopiperaziness 15 via a tandem N-acyliminium ion cyclization-nucleophilic addition reaction 

(eqq 2.4)7 

EtCLL ^O 

133 HNu' 

R1 1 

T T rr  V - R 2 

HNu u 

14 4 15(18-87%,, 3 steps) 

(2.4) ) 
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Inn this approach, the immobilized acetal 12 was treated with formic acid to generate 

thee oxycarbenium intermediate 13, which cyclized to eventually produce N-acyliminium ion 

14,, after which a second intramolecular nucleophilic attack occurred to form the bicyclic 

compoundd 15. 

Althoughh all of the aforementioned examples combine iminium ions, and in the final 

examplee even an N-acyliminium ion with a solid phase, in none of these cases an N-

acyliminiumm ion is actually generated on the solid phase. In order to study the combination of 

solidd phase and multicomponent N-acyliminium chemistry, a protocol that was originally 

developedd by Panek8 and Veenstra9 for the solution phase synthesis of protected homoallylic 

aminess 17, seemed particularly interesting (eq 2.5). This protocol involved a onepot three 

componentt reaction of an aldehyde, a carbamate or a sulfonamide, and an allylsilane under 

thee influence of the Lewis acid BrVOEt2. In this reaction were not only different carbamates or 

sulfonamidess used, but also the scope with respect to the aldehyde was investigated and 

provedd to be reasonably wide (R1 = benzyl, aromatic, or aliphatic). Panek made use of di-

substitutedd allylsilanes (16 R3 = Me, R4 = CHRC02Me), while Veenstra performed the reaction 

inn combination with normal allyltrimethylsilane (16 R3, R4 = H). 

(2.5) ) 
0 0 

R 1 ^ H H 

4 4 

++ R2 -NH 2 + 

55 R2 = C02R, S02R 

R3v v 

R4 4 

16 6 

BF3OEt2 2 

MeCNN or CH2C12 

-200 °C or it H H 
177 (45-95%) 

Accordingg to this multicomponent methodology, by immobilizing the carbamate 

component,, it should be possible to construct a library of homoallylic aminesl8 in which the 

actuall  N-acyliminium ion 20 is formed as an intermediate on the solid support (eq 2.6) The 

homoallylicc amines can then be obtained after cleavage of the immobilized homoallylic 

carbamatee 19, which wil l be produced via nucleophilic attack of an allylsilane onto the 

intermediatee ionic species. The N-acyliminium intermediate itself should be accessible by the 

Lewiss acid-mediated reaction of an aldehyde with the immobilized carbamate 21. In this 

chapter,, preliminary results of the one-pot three component N-acyliminium ion reaction on 

solidd phase and the scope with respect to the linker system, the aldehyde and the nucleophile 

wil ll  be described. 

Afterr publication of this work, more research on the combination of N-acyliminium 

ionn and solid phase chemistry has been reported,10 some of which is also based on the three 

componentt N-acyliminium ion reaction.11 
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or or °^ic* °^ic* 
o o 

Q P C A N H 22 (2.6) 

20 0 21 1 

2.22 Preparation of the immobil ized carbamate 

Inn preparing the immobilized carbamate 21, a suitable linker system had to be chosen. 

Thee first choice was to attach the carbamate functionality to a hydroxymethylene resin, which 

leadss to a 'linkerless' immobilized carbamate. Because this 'linkerless' system should be stable 

towardss a wide range of reaction conditions, it was initially considered as an ideal system for 

reactionn optimization. However, because of the same stability, fadle cleavage of the desired 

compoundss from the hydroxymethylene resin might be troublesome. Although the Wang2 

linkerr is readily cleaved under moderately acidic conditions, it was anticipated that under the 

mildlyy acidic conditions of the N-acyliminium ion reaction (BF3OEt2, -20 °C or rt)8-9 hardly any 

cleavagee would be observed. Therefore, both the hydroxymethylene and the Wang linker 

systemm were used for the preparation of the N-acyliminium ion precursors. 

\^^JK \^^JK OH H 

hydroxymethylenee resin 

OH H 

Wangg resin 

®r r OH H 

Startingg from alcohol 22 that was immobilized on the hydroxymethylene or Wang 

resin,, the hydroxyl group was activated using p-nitrophenyl chloroformate to afford the 

correspondingg carbonate 23 (Scheme 2.1).13 

Schemee 2.1: 

OH H 

22aa Wang 
22bb hydroxymethylene 

00 O' 

NO, , 

23aa Wang 
23bb hydroxymethylene 

O O 
ANH2 2 

21aa Wang 
21bb hydroxymethylene 

ReagentsReagents and conditions: (a) p-nitrophenyl chloroformate (3 equiv), N-methylmorpholine (3 

equiv),, CH2CI2, 0->20 °C, 18 h; (b) NH3, MeOH/DMF, rt, 18 h. 
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Then,, carbonate 23 was reacted with ammonia to provide the immobilized primary carbamate 

21.. The yield of the carbamate was determined by elemental analysis of the nitrogen content 

onn the resin and proved to be virtually quantitative over these two steps.14 

2.33 Optimizatio n of the three component N-acyl iminiu m ion reaction 

Oncee the immobilized primary carbamate 21 had been prepared, the one-pot three 

componentt N-acyliminium ion reaction on solid support could be performed. For this 

purpose,, the condensation of carbamate 21a with benzaldehyde and allyltrimethylsilane was 

usedd as a model reaction (Scheme 2.2). 

Schemee 2.2: 

O O 
III  PhCHO, B F3O E t2 

OT"00 N H 2 
21a a 

MeCN,, 0->20 °C 

H2N'' Ph 

27 7 

OO OH 

O T o A N ^ P h h 

24 4 

50%% TFA/CH2C12 (v/v), 

rt,, 2h 

O O 

25 5 

,SiMeo o 

O O 

© T 0A N N 

26 6 

'Ph h 

Ph h 

Thee first reaction conditions which were tried (4 equiv of the aldehyde, silane and 

Lewiss acid, rt, 18 h) did not lead to any formation of amine27 after acidic cleavage of resin 26. 

Whenn a shorter reaction time (4 h) and equimolar amounts of the components (1 equiv) were 

used,, amine 27 could be isolated in a yield of 8%, after acidic cleavage of resin26. It was found 

thatt under influence of these Lewis acidic conditions, the Wang linker system was not 

sufficientlyy stable and most of the product was already cleaved from the resin during the 

formationn of the homoallylic carbamate 26. Therefore, studies with the aim to find the optimal 

conditionss for this reaction were performed with the acid stable hydroxymethylene resin21b 

(Tablee 2.1). 
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Tablee 2.1: 

O O 

r v ^ - n ^ N N 

PhCHO,, allyltrimethylsilant 

BF3OEt2 2 

^^ O Nh2 

MeCN,, 0->2( 
21b b 

entry y 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

benza ldehyde e 

200 equiv 

100 equiv 

55 equiv 

55 equiv 

55 equiv 

55 equiv 

1.22 equiv 

1.22 equiv 

°C,, 2.5 h 
QT° QT° 

al lyl tr imethylsi lane e 

100 equiv 

100 equiv 

55 equiv 

55 equiv 

55 equiv 

1.22 equiv 

55 equiv 

1.22 equiv 

00 ^ 

H H 

26 6 

BF3OEt2 2 

11 equiv 

11 equiv 

55 equiv 

11 equiv 

0.66 equiv 

11 equiv 

11 equiv 

11 equiv 

r - " " " 5 ^ ^ 
SiMe3I I 

*""  H2N Ph 
MeCN,, rt, 2 h 

27 7 

format ionn of 26°/271" 

y e s / y es s 

yes / yes s 

y e s / y es s 

y e s / y es s 

n o / no o 

y e s / no o 

y e s / no o 

yes / yes s 

"Formationn of compound 26 was determined by MAS 13C NMR. ''Formation of 

compoundd 27 was determined by TLC and MS 

HMM  JOG 175 ISO 1?*  160 

Figuree 2.1: Solid state MAS 13C NMR of compound 26. The signals assigned as PS originate from the 

polymericc backbone. 
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Formationn of the homoallylic carbamate 26 was deduced from solid state MAS 13C 

NMRR experiments (Figure 2.1). Furthermore, addititional information about the N-

acyliminiumm ion reaction was obtained by TLC and MS analysis of the residue that was 

obtainedd upon SiMe3l-mediated cleavage of the immobilized carbamate. All reactions were 

performedd on a non-preparative scale and provided the desired amine 27 in a maximum yield 

off  28%. In the table is shown that in entries 1-4 and 8 both the carbamate 26 and the amine 27 

weree detected; except for entry 4 the analyses showed the formation of pure compounds. 

Therefore,, it was concluded that the best results were obtained with equimolar amounts of the 

aldehyde,, silane and Lewis acid (entries 3 and 8) or with a large excess of the aldehyde and 

silanee (entries 1-2). 

Inn order to study the rate of the one-pot three component N-acyliminium ion reaction, 

anotherr experiment was performed withp-cyanobenzaldehyde (eq 2.7). This specific aldehyde 

wass used because the cyano group can be easily detected by the absorbance of this group 

aroundd 2230 cm1 in IR spectroscopy experiments. The reaction with p-cyanobenzaldehyde 

wass analyzed every 30 min by IR spectroscopy. When the reaction was carried out with 

equimolarr amounts of reagents (cf. Table 2.1, entry 8) the formation of carbamate 28 was 

completee after 3.5 h. Addition of a large excess of the aldehyde and silane (cf. Table 2.1, entry 

1)) even shortened the reaction time to only 30 min. 

QO O 
OO p-cyanobenzaldehyde, 

J[^J[^ allyltrimethylsilane, BF3OEt2 
OO NH2 

21b b 
MeCN,, 0^20 °C 

Analogouss to the hydroxymethylene resin, the optimized reaction conditions were 

noww applied to the acid labile Wang resin. To prevent cleavage from the Wang linker system 

itt was anticipated that the best reaction conditions were those in which a large excess of the 

aldehydee and silane (20 and 10 equiv, respectively) were used in combination with a small 

amountt of the Lewis acid (1 equiv) and a short reaction time (2 h). Under these conditions 

prematuree cleavage was mostly prevented and the amine 27 could be obtained in a maximum 

yieldd of 57%. Higher reaction temperatures and stronger Lewis acids (SnCt or TiCL) only led 

too significantly more decomposition of the Wang linker system prior to the actual cleavage 

step.. In addition to BF3OEt2, the reaction was also carried out using Sc(OTf)& as the Lewis acid 

(1.11 equiv), but no significant difference in reactivity between the two Lewis acids was found 

(inn case of Sc(OTf)3 a 52% yield of amine 27 was obtained). Attempts to increase the yidds -

especiallyy by adding reagents that would turn the hydroxy group of the intermediate N,0-

acetall  24 into a good leaving group - were unsuccessful. For example, additives such as 
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benzotriazole,, acetic anhydride, SiMejOTf and SiMesCl did not increase the yield of the 

reaction. . 

2.44 Librar y synthesis 

Despitee the acid lability of the linker system and the somewhat modest yield of the 

one-pott three component N-acyliminium ion reaction on the Wang resin, the scope of this 

reactionn with respect to the aldehyde and nucleophile was determined next. For this reason, a 

smalll  library of homoallylic amines was prepared on a synthesis robot (SYRO, Multisyntech). 

Logically,, the optimized reaction conditions that were reported in paragraph 2.3 were used 

forr the library synthesis. 

Schemee 2.3: 

OO 29a-c 

OO l equiv BF3OEt2 O Nu 50% TFA in Nu 

(^r^cr^NH22 + * ^ ^ c r ^ N ^ R 1 "" H,N^R1 

SS0SS0 2 MeCN, 0H>20°C W H CH2Cl, (v/v), rt 2 

21aa nucleophile 31 32 

30A-F F 

nucleophile: : 

2-naphthyll  (29a) OSiMe33 O O O O 

P h . ^ .. J^JK XO-V -^OY ^ X /7-ethylphenyll  (29b) ^ ' - ^ ' O M e 
/?-methoxyphenyll  (29c) 

30AA 30B 30CX, Y = Me 30EX = CN 
30DXX  = Ph,Y = Et 30FX = CO2Et 

Inn order to determine the scope with respect to the nucleophile a library was 

synthesizedd in which three aromatic aldehydes (29a-c) were used in combination with the six 

differentt nucleophiles 30A-F (Scheme 2.3). Thus, the reactivity of a silyl enol ether (30A), an a-

diketonee (30B), malonates (30C,D), and malonitriles (30E,F) in the one-pot three component 

N-acyliminiumm ion reaction was examined. Disappointingly, none of these nucleophiles led to 

anyy product formation at all. 
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Withh the aim of determine the scope with respect to the aldehyde and allylsilane a 

secondd library was synthesized. Because in preliminary experiments with aliphatic aldehydes 

noo product formation was observed, the choice of the aldehyde was restricted to (hetero) 

aromaticc aldehydes (Scheme 2.4, Table 2.2). Hence, the aldehydes 29a-f were used in 

combinationn with allylsilanes 33A-C; furthermore, aldehydes 29g-u were used in combination 

withh 33A and 33C. The use of aldehydes 29v-gg did not lead to any product formation. The 

resultss of the reactions with aldehydes 29a-u are presented in Table 2.2 as the isolated yields 

off  the pure products 35. The yields of products 35 were determined over two steps starting 

fromm Wang resin 21a and include the purification of the primary amines over a Solid Phase 

Extractionn (SPE) column. The products were all analyzed by TLC and MS (ESI), while some 

representativee examples were also characterized by!H NMR. Clearly, electron rich aldehydes 

{e.g.{e.g. 29c) gave the best results, whereas electron poor aldehydes (e.g. 29z) did not react. This 

trendd can be explained by considering the formation of the cationic intermediate 20, which 

wil ll  be more difficul t in the presence of an electron withdrawing substituent. Suprisingly, the 

presencee of two electron donating substituents in the aldehyde part (particularly 291) did not 

leadd to an increase of the yield. Interestingly, in the case of aldehyde 29w, no product was 

formedd at all. This is probably due to the basic properties of the dimethylamino group, which 

mayy deactivate the Lewis acid, thus preventing the formation of the N-acyliminium ion. The 

samee reason might explain the lack of product formation when the pyridine-based aldehydes 

29eee and 29ff were used. With respect to the nucleophile, it was clear that allyltrimethylsilane 

gavee the highest yields, while acetate 33C and in particular vinyl bromide 33B gave 

significantlyy lower amounts of products. 

Schemee 2.4: 

99 29a-gg 

OO 1 equiv BF3OEt2 0 f R 50% TFA in 

,A A tfvl^Otfvl^O  NH2 + ~ ( V ^ ^ O N R1 ™, ^ , , , _ H2N R1 

V*## 2 MeCN, 0-20 °C W H CH2C12 (v/v), rt 
21aa ] 34 35 

,.SiMe3 3 

33AA R2 = H 

33BB R2 = Br 

33CC R2 = CH2OAc 
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Tablee 2.2: 

yieldd of 35 (%) 

500 -

40--

300 -

200 -

100 -

00 - 11 1 

-i i 

ll l 

_ _ 

jj . .  , JL L 111 1 

 33 A 

Q33B B 

D33C C 

11, , IL L 
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aldehydee 29 

29a a 

OMe e 

29bb X = Et 
29cc X = OMe 
29dd X = OH 
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OMee MeO 

29f f 

OMe e 

MeO O 

29gg X = m-OMe 
29hh X = o-OMe 
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-Cr1 1 

29mX29mX = p-Me 
29nn X = rn-Me 
29oo X = o-Me 
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29pX=/;-Br r 
29qq X = m-Br 
29rr X = o-I 

29ii  OMe 

CI I 

CI I 

29s s 

OMe e 

OMee 29j 

R R 

MeO O 

29t t 

NO O 

29u u 

ij j 
29v v 

" ^ ^ 

Me2N N 

F,C C 

29w w 

-a" " 
29x x 29y y 

--a" " 
29z z 

Br r 

NC C 

29aaa X = H 
29bbb X = OMe 

29cc c 
Br r 
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. ^ ^ 

29gg g 

B(OH)2 2 
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2.55 Conclusions 

Inn this chapter, the viablity of N-acyliminium ion reactions on solid support was 

demonstratedd for the first time. Initially , the reactions were performed on the stable 

hydroxymethylenee resin to optimize the reaction conditions. Later on, the acidlabile Wang 

resinn was used, initially for further optimization, but eventually also for library synthesis. 

Thus,, in an automated fashion, a library of around 40 homoallylic amines was synthesized via 

aa one-pot three component N-acyliminium ion reaction. The scope with respect to the 

aldehydee was mainly restricted to electron rich aromatic aldehydes, while the scope with 

respectt to the nucleophile was limited to the use of substituted allylsilanes. A clear limiting 

factorr for further improvement of the yields and for extension of the scope of the reaction was 

thee use of the Wang resin, which appeared only moderately compatible with the acidic 

reactionn conditions. 
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2.77 Experimental section 

Generall  informatio n Al l reactions with air or moisture sensitive reagents were carried 

outt under an inert atmosphere of dry nitrogen. Standard syringe techniques were applied for 

thee transfer of air or moisture sensitive reagents and dry solvents. The solid phase reactions 

weree gently stirred with a magnetic stirring bar. The resins were washed according to the 

indicatedd sequence and dried in vacuo (50 °C) prior to use. The resin was allowed to 

swell/shrinkk for at least 1 minute before each filtration. Infrared (IR) spectra were obtained 

fromm KBr pellets or neat, using a Bruker IFS 28FT-spectrometer with wavelengths (v) reported 

inn cm1. IR spectra of resins were measured in KBr using a DRIFT module. Proton nuclear 

magneticc resonance OH NMR) spectra were determined in the indicated solvent using a 

Brukerr AC 200 (200 MHz), Bruker ARX 400 (400 MHz), or a Varian Inova (500 MHz) 

spectrometer.. The machines were also used for carbon nuclear magnetic resonance PC NMR, 

AFT)) spectra (50 MHz, 100 MHz, and 125 MHz, respectively). Chemical shifts £) are given in 

ppmm downfield from tetramethylsilane. Mass spectra and accurate mass measurements were 

carriedd out using a JEOL JMS-SX/SX 102A Tandem Mass spectrometer. Elemental analysis 

weree performed by Dornis u. Kolbe Mikroanalytisches Laboratorium, Mülheim a. d. Ruhr, 
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Germany.. R/ values were obtained by using thin layer chromatography (TLC) on silica gel-

coatedd plastic sheets (Merck silica gel 60 R54) with the indicated solvent (mixture). UV light or 

I22 were used as visualizing agents, while KMnQ solution and heat or anisaldehyde solution 

andd heat were used as developing agents. Chromatographic purification refers to flash 

columnn chromatography15 using the indicated solvent (mixture) and Acros Organics Silica gel 

(0.035-0.0700 nm). Melting points are uncorrected and were determined on a Büchi melting 

pointt B-545 apparatus. Dry THF and EtiO were freshly distilled from sodium benzophenone 

ketyl.. Dry DMF, CH2C12, EtOAc and MeCN were distilled from CaFi and stored over 4A MS 

underr a dry nitrogen atmosphere. PE (60-80) was distilled prior to use. Merrifield resin (200-

4000 mesh, 1% DVB, 1.7 mmol Cl/g) and Wang resin (200-400 mesh, 1% DVB, 0.71 mmol 

OH/g)) were obtained from Fluka. Al l commercially available reagents were used as received, 

unlesss indicated otherwise. 

N OO 4-Nitrophenyl carbonate resin (23a/23b) Wang resin 22a (5.00 g, 

111 3.55 mmol) was suspended in CH2CI2 (50 mL) and cooled to 0 °C, 

Q f ^ OO C T 5 ^ 4-nitophenyl chloroformate (2.15 g, 10.7 mmol) and N-

methylmorpholinee (1.17 mL, 10.7 mmol) were added, the 

reactionn mixture was allowed to warm up to rt and was stirred for 18 h. The suspensionwas 

filtered,, the resin was washed with CH2CI2 (50 mL), EtOH (50 mL, the last two steps were 

repeatedd four times) and Et2Ü (2 x 50 mL). After drying in vacuo (50 °C) 5.68 g of resin 23a was 

obtained.. IR v 1770,1526. The same procedure was applied to obtain hydroxymethylene resin 

23bb from resin 22a. IR v 1765. 

Carbamatee resin (21a/21b) Wang resin 23a (5.34 g, 3.41 mmol) was 

j ll  suspended in DMF (40 mL) and a saturated NfL/MeOH solution (10 mL) 

^Jl^^ O NH2 w a s added. After stirring for 18 h at rt, the resin was filtered off, washed 

withh DMF (50 mL), CH2CI2 (50 mL), EtOH (50 mL, the last two steps were 

repeatedd four times) and Et20 (2 50 mL). After drying in vacuo (50 °C) 4.88 g of resin 21a was 

obtained.. IR v 1733. Elemental anal. Found: N 0.92% (0.66 mmol /g N, 96% from Wang resin). 

Thee same procedure was applied to obtain hydroxymethylene resin21b from 23b. IR v 1728. 

Hydroxymethylenee l-phenylbut-3-enylcarbamate resin (26) 

Hydroxymethyelenee resin 21a (100 mg, 0.09 mmol) was suspended 

Q f ^ O ^ N ^ N r ^^ i n M e C N (L 5 m L ) ' benzaldehyde (189 uL, 1.84 mmol), 

allyltrimethylsilanee (146 uL, 0.92 mmol) and BF3OEt2 were 

subsequentlyy added at 0 °C. The reaction mixture was warmed up to rt and stirred for 2 h at 

thiss temperature. The resin was filtered off, washed with MeCN (1.5 mL), CH2CI2 (1.5 mL), 
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EtOHH (1.5 mL, the last two steps were repeated four times) and EfcO (2 x 1.5 mL). After drying 

inin vacuo (50 °C) resin 26 was obtained. IR v 1733. «C MAS NMR (100 MHz, CDC13) 5 54.9 

(NHCH),, 67.2 (ArCH2), 118.9 (CH=CH2), 134.3 (CH=CH2). 

Hydroxymethylenee l-(4-cyanophenyl)but-3-enylcarbamate 

(28)) Hydroxymethylene resin 21a (150 mg, 0.17 mmol) was 

CjfCjf ° N II l suspended in CH2CI2 (1.5 mL), 4-cyanobenzaldehyde (67 mg, 
HH , I 

0.511 mmol), allyltrimethylsilane (62 uL, 0.51 mmol) and 

BF3-OEt22 (32 uL, 0.26 mmol) were subsequently added and the 

reactionn mixture was stirred for 3 h at rt. The resin was filtered off, washed with CH>C12 (1.5 

mL),, EtOH (1.5 mL, the last two steps were repeated four times) and EfcO (2 x 1.5 mL). After 

dryingg in vacuo (50 °C) resin 28 was obtained. IR v 3637, 3501, 2229,1723. 

Generall  procedure A for  the three component N-acyliminium ion reaction on the Wang 

resinn W a ng carbamate resin 21a was suspended in MeCN. The a ldehyde (20 equiv), 

nucleophi lee (10 equiv) and Lewis acid (1 equiv) were added. The react ion mixture w as st i r red 

att rt for 2 h, filtered off and washed wi th MeCN, CH2CI2, E tOH (the last two steps we re 

repeatedd four t imes) and Et2Ü (2 x) and dr ied in vacuo. Then, the resin was suspended in 50% 

TFAA in CH2CI2 ( v / v) and the suspens ion was stirred for 2 h at rt. The react ion mix ture w as 

filteredd off, the resin was washed w i t h CH2CI2 (2 x) and concentrated in vacuo. The p roduct 

wass puri f ied using SPE chromatography (Isolute, silica, solvent system: 0—>10% M e OH i n 

CH2CI2). . 

l -Phenylbut-3-enylaminee (27) Wang resin 21a (150 mg, 0.10 mmol ), 

benza ldehydee (195 uL, 1.92 mmol ), al ly l t r imethylsi lane (153 uL, 0.96 mmol) 

H2NN and BF3-OEt2 (13 uL, 0.11 mmol) were reacted for 2 h according to general 

p roceduree A to afford 27 (8.0 mg, 0.06 mmol, 57%) as a colorless oil . R/ 0.20 

(CH2Cl 2 /MeOHH 9:1). 'H NM R (400 MHz, CDCI3) S 7.34-7.22 (5H, m, Ar-H) , 5.81-5.70 (1H, m, 

CH=CH2) ,, 5.15-5.07 (2H, m, CH=CH2) , 3.99 (1H, dd, ƒ = 8.0, 5.4 Hz, NH2CH), 2.51-2.33 (2H, m, 

CH2CH=CH2) ,, 1.66 (2H, br s, NH2). 13C NM R (100 MHz, CDCh) 5 148.6 (Ar-H) , 133.6 

(CH=CH2) ,, 128.6,127.4,126.6 (Ar-C), 118.6 (CH=CH2) , 55.4 (NH2CH), 41.7 (CH2CH=CH2) . IR v 

3385,1642.. HRMS (EI) calculated for G0H13N (M+) 147.1048 found, 147.1037. Accord ing to the 

samee procedure, c o m p o u nd 27 was obtained in a yield of 52% when Sc(OTf)i was used as the 

Lewiss acid. To purify Sc(OTf)3 from possible traces of TfOH, the reagent was co-evaporated 

wi t hh H 2 0 (2 x) and subsequent ly dr ied (150 °C) for at least 1 d. 
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H,N N 

l-Thiophen-3-ylbut-3-enylaminee (35Aa) Wang resin 21a (100 mg, 0.06 mmol), 

3-thiophenecarboxaldehydee (109 uL, 1.24 mmol), allyltrimethylsilane (99 uL, 

0.622 mmol) and BF3OEt2 (8 uL, 0.06 mmol) were reacted for 2 h according to 

generall  procedure A to afford 35Aa (4.2 mg, 0.03 mmol, 43%) as a pale yellow 

oil.. R/ 0.34 (CH2Cl2/MeOH 5:1). 'H NMR (400 MHz, CDC13) 5 7.39-7.11 (m, 3H, Ar-H), 5.71-

5.588 (m, 1H, CH=CH2), 5.22-5.12 (m, 2H, CH=CH2), 4.33 (br s, 1H, NH2CH), 2.66-2.35 (m, 2H, 

CH2CH=CH2).. MS (ESI) calculated for QH,2NS (M+ + H) 154, found 154. 

H?N N 

3-Bromo-l-thiophen-3-ylbut-3-enylaminee (35Ba) Wang resin 21a (100 mg, 

0.066 mmol), 3-thiophenecarboxaldehyde (109 uL, 1.24 mmol), 2-

bromoallyltrimethylsilanee (133 uL, 0.62 mmol, 90%) and BF3OEt2 (8 uL, 0.06 

mmol)) were reacted for 2 h according to general procedure A to afford 35Ba 

(5.22 mg, 0.02 mmol, 35%) as a pale yellow oil. R/ 0.66 (CH2Cl2/MeOH 5:1). 'H 

NMRR (400 MHz, CDCI3) 8 7.66-7.26 (m, 3H, Ar-H), 5.83 (br s, 1H, CH=CH2), 5.61 (br s, 1H, 

CH=CH2),, 4.55 (br s, 1H, NH2CH), 3.17-2.81 (m, 2H, CH2CBr=CH2). MS (ESI) calculated for 

C8HnBrNSS (M+ + H) 232 and 234, found 232 and 234. 

OAc c 
Aceticc acid 2-(2-amino-2-thiophen-3-ylethyl)allyl ester  (35Ca) Wang resin 

21aa (100 mg, 0.06 mmol), 3-thiophenecarboxaldehyde (109 uL, 1.24 mmol), 

2-(methoxyacetate)allyltrimethylsilanee (132uL, 0.62 mmol) and BF3OEt2 (8 

uL,, 0.06 mmol) were reacted for 2 h according to general procedure A to 

affordd 35Ca (4.3 mg, 0.02 mmol, 33%) as a pale yellow oil. Rj 0.55 

(CH2Cl2/MeOHH 5:1). MS (ESI) calculated for GiHi 6N02S (M+ + H) 226, found 226. 

H,N N 

HPN N 

l-(4-EthyIphenyl)but-3-enylaminee (35Ab) Wang resin 21a (100 mg, 0.06 

mmol),, 4-ethylbenzaldehyde (170 uL, 1.24 mmol), allyltrimethylsilane (99 

uL,, 0.62 mmol) and BF3-OEt2 (8 uL, 0.06 mmol) were reacted for 2 h 

"Ett according to general procedure A to afford 35Ab (1.1 mg, 6.3 nmol, 10%) 

ass a pale yellow oil. R, 0.45 (CH2Cl2/MeOH 5:1). 1H NMR (400 MHz, CDCI3) 8 7.30-7.20 (m, 

4H,, Ar-H), 5.71-5.60 (m, 1H, CH=CH2), 5.20-5.11 (m, 2H, CH=CH2), 4.09 (t, ƒ = 3 Hz, 1H, 

NH2CH),, 2.65 (q, ƒ = 4 Hz, 2H, CH2-CH3) 2.66-2.58 (m, 2H, CH2CH=CH2) 1.23 (t, ƒ = 4 Hz, 3H, 

CH3). . 

H,N N 

3-Bromo-l-(4-ethylphenyl)but-3-enylaminee (35Bb) Wang resin 21a (100 

mg,, 0.06 mmol), 4-ethylbenzaldehyde (170 ^L, 1.24 mmol), 2-

bromoallyltrimethylsilanee (133 uL, 0.62 mmol, 90%) and BF3OEt2 (8 uL, 

gtt 0.06 mmol) were reacted for 2 h according to general procedure A to 
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affordd 35Bb (2.4 mg, 9.5 umol, 15%) as a pale yellow oil. R/0.69 (CH2Cl2/MeOH 5:1). m NMR 

(4000 MHz, CDCla) 6 7.28 (d, ƒ = 4 Hz, 2H, Ar-H), 7.17 (d, ƒ = 4 Hz, 2H, Ar-H) 5.62 (d, ƒ = 2 Hz, 

1H,, CBr=CH2), 5.46 (d, J = 2 Hz, 2H, CBr=CH2), 4.37 (t, ƒ = 3 Hz, 1H, NH2CH), 2.84-2.78 (m, 2H, 

CH2CBr=CH2)) 2.63 (q, ƒ = 4 Hz, CH2CH3) 1.22 (t, ƒ = 4 Hz, 3H, CH3). MS (ESI) calculated for 

Q2Hi 7NBrr (M+ + H) 254 and 256, found 254 and 256. 

III  Acetic acid 2-[2-amino-2-(4-ethylphenyl)ethyl]allyl ester  (35Cb) Wang 

J l ^ O A cc resin 21a (100 mg, 0.06 mmol), 4-ethylbenzaldehyde (170 uL, 1.24 mmol), 

JLL  ^  ̂ 2-(methoxyacetate)allyltrimethylsilane (132 uL, 0.62 mmol) and BF3-OEt2 

22 (8 \ih, 0.06 mmol) were reacted for 2 h according to general procedure A to 

^ ^ ^ E tt afford 35Cb (2.5 mg, 0.01 mmol, 17%) as a pale yellow oil. Rf 0.53 

(CH2Cl2/MeOHH 5:1). >H NMR (400 MHz, CDCI3) 5 7.27 (d, ƒ = 5 Hz, 2H, Ar-H), 7.20 (d, ƒ = 5 

Hz,, 2H, Ar-H) 5.16 (d, ƒ = 2Hz, 1H, C=CH2), 5.05 (d, ƒ = 2 Hz, 1H, C=CH2), 4.47 (s, 2H, 

CH2OAc)) 4.21 (br s, 1H, NH2CH), 2.64 (br s, 2H, NH2) 2.62-2.54 (m, 2H, CHCH2) 2.09 (s, 3H, 

OO Ac) 1.22 (t, ƒ = 4 Hz, 3H, CH3). 

4-(l-Aminobut-3-enyl)phenoll  (35Ac) Wang resin 21a (100 mg, 0.06 

mmol),, 4-hydroxybenzaldehyde (151 mg, 1.24 mmol), allyltrimethylsilane 

(999 uL, 0.62 mmol) and BF3OEt2 (8 uL, 0.06 mmol) were reacted for 2 h 

accordingg to general procedure A to afford 35Ac (0.9 mg, 5.7 umol, 9%) as 

aa pale yellow oil. R/0.14 (CH2Cl2/MeOH 5:1). iH NMR (400 MHz, CDCI3) 

88 7.30-6.64 (m, 4H, Ar-H), 5.71-5.58 (m, IH, CH=CH2), 5.20-5.11 (m, 2H, CH=CH2), 4.06 (br s, 

IH ,, NH2CH), 3.75 (br s, IH , OH), 2.62-2.45 (m, 2H, CH2CH=CH2). 

4-(l-Amino-3-bromobut-3-enyl)phenoll  (35Bc) Wang resin 21a (100 mg, 

III  0.06 mmol), 4-hydroxybenzaldehyde (151 mg, 1.24 mmol), 2-
Brr bromoallyltrimethylsilane (133 uL, 0.62 mmol, 90%) and BF3OEt2 (8 M-L, 

H2N'̂ ^ ^Ti^ 5^ 0.06 mmol) were reacted for 2 h according to general procedure A to 

\ i ^ 0 HH afford 35Bc (0.8 mg, 3.3 umol, 5%) as a pale yellow oil. Rf 0.29 

(CH2Cl2/MeOHH 5:1). !H NMR (400 MHz, CDCh) 5 7.22 (d, ƒ = 5 Hz, 2H, 

Ar-H),, 6.82 (d, ƒ = 5 Hz, 2H, Ar-H), 5.66 (d, ƒ = 2 Hz, IH, CH=CH2), 5.49 (d, ƒ = 2 Hz, IH , 

CH=CH2),, 4.36 (br s, IH, NH2CH), 2.87 (br s, IH, OH), 2.98-2.70 (m, 2H, CH2CBr=CH2). MS 

(ESI)) calculated for GoHuBrNO (M+ + H) 242 and 244, found 242 and 244. 

H,N N 
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OAc c 

H,N N 

Aceticc acid 2-[2-amino-2-(4-hydroxyphenyl)ethyI]allyl ester  (35Cc) 

Wangg resin 21a (100 mg, 0.06 mmol), 4-hydroxybenzaldehyde (151 mg, 

1.244 mmol), 2-(methoxyacetate)allyltrimethylsilane (132 uL, 0.62 mmol) 

andd BF3-OEt2 (8 uL, 0.06 mmol) were reacted for 2 h according to general 

"OHH procedure A to afford 35Cc (2.1 mg, 0.01 mmol, 16%) as a pale yellow oil. 

RRff 0.19 (CH2Cl2/MeOH 5:1). 'H NMR (400 MHz, CDCfe) 6 7.21 (d, ƒ = 4 Hz, 2H, Ar-H), 6.81 (d, 

ƒƒ = 4 Hz, 2H, Ar-H), 5.18 (s, 1H, C=CH2), 5.04 (s, 1H, C=CH2), 4.43 (s, 2H, CH2OAc), 4.26 (br s, 

1H,, NH2CH), 3.49 (br s, 1H, OH), 2.84-2.64 (m, 2H, CHCH2), 2.09 (s, 3H, OAc). MS (ESI) 

calculatedd for QsHisNOs (M+ + H) 236, found 236. 

H,N N 

l-(4-Benzyloxyphenyl)but-3-enylaminee (35Ad) Wang resin 21a (100 

mg,, 0.06 mmol), 4-benzyloxybenzaldehyde (263 mg, 1.24 mmol), 

allyltrimethylsilanee (99 uL, 0.62 mmol) and BF3OEt2 (8 uL, 0.06 mmol) 

weree reacted for 2 h according to general procedure A to afford 35Ad 

(7.88 mg, 0.03 mmol, 49%) as a pale yellow oil. Rf 0.52 (CH2Cl2/MeOH 

5:1).. m NMR (400 MHz, CDCb) 8 7.42-6.59 (m, 9H, Ar-H), 5.60-5.46 (m, 1H, CH=CH2), 5.17-

5.011 (m, 2H, CH=CH2), 5.04 (s, 2H, OCH2), 3.94 (br s, 1H, NH2CH), 2.69-2.58 (m, 2H, 

CH2CH=CH2).. MS (ESI) calculated for Ci7H,60 (M+ - NH2) 237, found 237. 

OBn n 

H,N N 

l-(4-Benzyloxyphenyl)-3-bromobut-3-enylaminee (35Bd) Wang resin 

21aa (100 mg, 0.06 mmol), 4-benzyloxybenzaldehyde (263 mg, 1.24 

mmol),, 2-bromoallyltrimethylsilane (133 uL, 0.62 mmol, 90%) and 

BF3-OEt22 (8 uL, 0.06 mmol) were reacted for 2 h according to general 

"OBnn procedure A to afford 35Bd (7.2 mg, 0.02 mmol, 35%) as a pale yellow 

oil.. Rf 0.73 (CH2Cl2/MeOH 5:1). m NMR (400 MHz, CDCb) S 7.43-7.31 (m, 5H, Ar-H), 7.01-

6.966 (m, 4H, Ar-H) 5.64 (d, ƒ = 2 Hz, 1H, CBr=CH2), 5.47 (d, ƒ = 2 Hz, 1H, CBr=CH2), 5.05 (s, 

2H,, OCH2), 4.42 (br s, 1H, NH2CH), 3.06-2.83 (m, 2H, CH2CBr=CH2). MS (ESI) calculated for 

Ci7Hi9BrNOO (M+ + H) 332 and 334, found 332 and 334. 

H,N N 

OAc c 

Aceticc acid 2-[2-amino-2-(4-benzyloxyphenyl)ethyl]allyl ester  (35Cd) 

Wangg resin 21a (100 mg, 0.06 mmol), 4-benzyloxybenzaldehyde (263 

mg,, 1.24 mmol), 2-(methoxyacetate)allyltrimethylsilane (132 uL, 0.62 

mmol)) and BF3-OEt2 (8 uL, 0.06 mmol) were reacted for 2 h according to 

"OBnn general procedure A to afford 35Cd (7.2 mg, 0.01 mmol, 22%) as a pale 

yelloww oil. R/ 0.59 (CH2Cl2/MeOH 5:1). 'H NMR (400 MHz, CDCI3) 5 

7.42-7.299 (m, 5H, Ar-H), 7.27 (d, ƒ = 5 Hz, 2H, Ar-H), 6.93 (d, ƒ = 5 Hz, 2H, Ar-H) 5.22 (s, 1H, 

C=CH2),, 5.01 (s, 2H, OCH2), 4.99 (s, 1H, C=CH2), 4.44 (s, 2H, CH2OAc), 4.21 (br s, 1H, NH2CH), 
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2.76-2.488 (m, 2H, CHCH2), 2.05 (s, 3H, OAc). MS (ESI) calculated for G0H-4NO3 (M+ + H) 326, 

foundd 326. 

HoN N 

l-Naphthalen-2-ylbut-3-enylaminee (35Ae) Wang resin 21a (100 mg, 

0.066 mmol), 2-naphtaldehyde (194 mg, 1.24 mmol), allyltrimethylsilane 

(999 uL, 0.62 mmol) and BF3OEt2 (8 uL, 0.06 mmol) were reacted for 2 h 

accordingg to general procedure A to afford 35Ae (3.3 mg, 0.02 mmol, 

27%)) as a pale yellow oil. R/ 0.54 (CH2Cl2/MeOH 5:1). iH NMR (400 

MHz,, CDCb) 5 7.91-7.77 (m, 4H, Ar-H), 7.55-7.44 (m, 3H, Ar-H), 5.62-5.59 (m, IH, CH=CH2), 

5.21-5.077 (m, 2H, CH=CH2), 4.37 (br s, IH, NH2CH), 2.80-2.62 (m, 2H, CH2CH=CH2). MS (ESI) 

calculatedd for C14Hi6N (M+ + H) 198, found 198. 

H,N N 

3-Bromo-l-naphthalen-2-ylbut-3-enylaminee (35Be) Wang resin 21a (100 

mg,, 0.06 mmol), 2-naphtaldehyde (194 mg, 1.24 mmol), 2-

bromoallyltrimethylsilanee (133 uL, 0.62 mmol, 90%) and BF3OEt2 (8 uL, 

0.066 mmol) were reacted for 2 h according to general procedure A to 

affordd 35Be (3.1 mg, 0.01 mmol, 17%) as a pale yellow oil. Rj 0.73 

(CH2Cl2/MeOHH 5:1). 'H NMR (400 MHz, CDCI3) 5 7.92-7.79 (m, 4H, Ar-H), 7.55-7.48 (m, 3H, 

Ar-H),, 5.62 (br s, IH , CH=CH2), 5.43 (br s, IH, CH=CH2), 4.64 (br s, IH, NH2CH), 3.38-2.94 (m, 

2H,, CH2CBr=CH2). MS (ESI) calculated for Q4H15BrN (M+ + H) 276 and 278, found 276 and 

278. . 

H?N N 

Aceticc acid 2-(2-amino-2-naphthalen-2-ylethyl)allyl ester (35Ce) Wang 

resinn 21a (100 mg, 0.06 mmol), 2-naphtaldehyde (194 mg, 1.24 mmol), 2-

(methoxyacetate)allyltrimethylsilanee (132 uL, 0.62 mmol) and BF3-OEt2 (8 

uL,, 0.06 mmol) were reacted for 2 h according to general procedure A to 

affordd 35Ce (1.6 mg, 6.6 umol, 10%) as a pale yellow oil. R, 0.61 

(CH2Cl2/MeOHH 5:1). 'H NMR (400 MHz, CDCb) 6 7.88-7.79 (m, 4H, Ar-H), 7.51-7.47 (m, 3H, 

Ar-H),, 5.16 (s, IH, C=CH2), 5.07 (s, IH, C=CH2), 4.53 (s, 2H, CH2OAc), 4.39 (br s, IH, NH2CH), 

2.69-2.633 (m, 2H, CHCH2), 2.10 (s, 3H, OAc). MS (ESI) calculated for Ci7H20NO2 (M
+ + H) 270, 

foundd 270. 

l-(4-Methoxyphenyl)but-3-enylaminee (35Af) Wang resin 21a (100 mg, 

0.066 mmol), p-anisaldehyde (151 uL, 1.24 mmol), allyltrimethylsilane (99 

uL,, 0.62 mmol) and BF3-OEt2 (8 uL, 0.06 mmol) were reacted for 2 h 

*"OMee according to general procedure A to afford 35Af (5.7 mg, 0.03 mmol, 

51%)) as a colorless oil. Rf 0.13 (CH2Cl2/MeOH 9:1). ^H NMR (400 MHz, CDCI3) 5 7.27 (2H, d, ƒ 

H,N N 
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==  8.7 Hz, Ar-H), 6.85 (2H, d, ƒ = 8.5 Hz, Ar-H), 5.71-5.60 (1H, m, CH=CH2), 5.11-5.03 (2H, m, 

CH=CH2),, 4.61 (2H, br s, NH2), 3.99 (1H, dd, ƒ = 14.2, 6.8 Hz, NH2CH), 3.78 (3H, s, OCH3), 2.51 

(2H,, t, ƒ = 7.0 Hz, CH2CH=CH2). MS (ESI) calculated for CnH,6NO (M+ + H) 178, found 178. 

H,N N 

3-Bromo-l-(4-methoxyphenyl)but-3-enylaminee (35Bf) Wang resin 21a 

(1000 mg, 0.06 mmol), p-anisaldehyde (151 uL, 1.24 mmol), 2-

bromoallyltrimethylsilanee (133 uL, 0.62 mmol, 90%) and BF3-OEt2 (8 uL, 

0.066 mmol) were reacted for 2 h according to general procedure A to 

OMee afford 35Bf (12.3 mg, 0.05 mmol, 53%) as a pale yellow oil. Rj 0.65 

(CH2Cl2/MeOHH 5:1). m NMR (400 MHz, CDCb) 5 7.18 (br s, 2H, Ar-H), 6.84 (br s, 2H, Ar-H), 

5.555 (br s, 1H, CH=CH2), 5.42 (br s, 1H, CH=CH2), 4.31 (br s, 1H, NH2CH), 3.78 (s, 3H, OMe), 

2.95-2.799 (m, 2H, CH2CBr=CH2). MS (ESI) calculated for CnHisBrNO (M+ + H) 256 and 258, 

foundd 256 and 258. 

OAc c 

H,N N 

Aceticc acid 2-[2-amino-2-(4-methoxyphenyl)ethyl]allyl ester (35Cf) 

Wangg resin 21a (100 mg, 0.06 mmol), p-anisaldehyde (109 uE, 1.24 

mmol),, 2-(methoxyacetate)allyltrimethylsilane (132 |jL, 0.62 mmol) and 

BF3OEt22 (8 uL, 0.06 mmol) were reacted for 2 h according to general 

proceduree A to afford 35Cf (7.1 mg, 0.03 mmol, 43%) as a pale yellow 

oil.. Rf 0.48 (CH2Cl2/MeOH 5:1). 'H NMR (400 MHz, CDCI3) 6 7.28 (d, ƒ = 4 Hz, 2H, Ar-H), 7.89 

(d,, ƒ = 4 Hz, 2H, Ar-H), 5.17 (s, 1H, C=CH2), 5.06 (s, 1H, C=CH2), 4.42 (s, 2H, CH2OAc), 4.29 (br 

s,s, 1H, NH2CH), 3.79 (s, 3H, OMe), 2.49-2.42 (m, 2H, CHCH2), 2.05 (s, 3H, OAc). MS (ESI) 

calculatedd for Ci4H,703 (M
+ - NH2) 233, found 233. 

OMe e 

H,N N 

l-(3-Methoxyphenyl)but-3-enylaminee (35Ag) Wang resin 21a (100 mg, 

0.099 mmol), m-anisaldehyde (226 uL, 1.86 mmol), allyltrimethylsilane 

(1488 uL, 0.93 mmol) and BF3OEt2 (12 uL, 0.09 mmol) were reacted for 2 

hh according to general procedure A to afford 35Ag (4.5 mg, 0.03 mmol, 

26%)) as a pale yellow oil. R/0.71 (CH2Cl2/MeOH 9:1). MS (ESI) calculated for C„Hi 6NO (M+ + 

H)) 178, found 178. 

Aceticc acid 2-[2-amino-2-(3-methoxyphenyl)ethyl]allyl ester  (35Cg) 

Wangg resin 21a (100 mg, 0.09 mmol), m-anisaldehyde (226 uL, 1.86 

mmol),, 2-(methoxyacetate)allyltrimethylsiIane (198 uL, 0.93 mmol) and 

BF3OEt22 (12 uL, 0.09 mmol) were reacted for 2 h according to general 

proceduree A to afford 35Cg (4.4 mg, 0.02 mmol, 28%) as a pale yellow 

oil.. R/0.67 (CH2Cl2/MeOH 9:1). MS (ESI) calculated for Ci4H20NO3 (M
+ + H) 250, found 250. 

H7N N 
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H,N N 

l-(2-Methoxyphenyl)but-3-enylaminee (35Ah) Wang resin 21a (100 mg, 0.09 

mmol),, o-anisaldehyde (225 uL, 1.86 mmol), allyltrimethylsilane (148 uL, 0.93 

mmol)) and BF3-OEt2 (12 uL, 0.09 mmol) were reacted for 2 h according to 
M e °° general procedure A to afford 35Ah (5.0 mg, 0.03 mmol, 44%) as a pale yellow 

oil.. R/0.55 (CH2Cl2/MeOH 9:1). MS (ESI) calculated for Q,Hi6NO (M+ + H) 178, found 178. 

Aceticc acid 2-[2-amino-2-(2-methoxyphenyl)ethyl]allyl ester  (35Ch) Wang 

^OAcc resin 21a (100 mg, 0.09 mmol), o-anisaldehyde (225 uL, 1.86 mmol), 2-

(methoxyacetate)allyltrimethylsilanee (198 uL, 0.93 mmol) and BF3OEt2 (12 

uL,, 0.09 mmol) were reacted for 2 h according to general procedure A to 

MeCTT afford 35Ch (4.8 mg, 0.02 mmol, 20%) as a pale yellow oil. R/ 0.73 

(CH2Cl2/MeOHH 9:1). MS (ESI) calculated for G4H20NO3 (M+ + H) 250, found 250. 

H,N N 

HoN N 
OMe e 

OMe e 

l-(3,5-Dimethoxyphenyl)but-3-enylaminee (35Ai) Wang resin 21a (100 

mg,, 0.09 mmol), 3,5-dimethoxybenzaldehyde (309 mg, 1.86 mmol), 

allyltrimethylsilanee (148 uL, 0.93 mmol) and BF3OEt2 (12 uL, 0.09 mmol) 

weree reacted for 2 h according to general procedure A to afford 35Ai 

(4.55 mg, 6.3 umol, 6%) as a pale yellow oil. Rf 0.32 (CH2Cl2/MeOH 9:1). 

MSS (ESI) calculated for C,2Hi502 (M+ - NH2) 191, found 191. 

H,N N 

OMe e 

Aceticc acid 2-[2-amino-2-(3,5-dimethoxyphenyl)ethyl]allyl ester (35Ci) 

Wangg resin 21a (100 mg, 0.09 mmol), 3,5-dimethoxybenzaldehyde (309 

mg,, 1.86 mmol), 2-(methoxyacetate)allyltrimethylsilane (198 uL, 0.93 

mmol)) and BF3-OEt2 (12 uL, 0.09 mmol) were reacted for 2 h according 

too general procedure A to afford 35Ci (1.0 mg, 3.8 umol, 1%) as a pale 

yelloww oil. R/0.21 (CH2Cl2/MeOH 9:1). MS (ESI) calculated for Q5H19O4 

(M++ - NH2) 263, found 263. 

l-(2,3-Dimethoxyphenyl)but-3-enylaminee (35Aj) Wang resin 21a (100 

mg,, 0.09 mmol), 2,3-dimethoxybenzaldehyde (309 mg, 1.86 mmol), 

0 M ee allyltrimethylsilane (148 uL, 0.93 mmol) and BF3OEt2 (12 uL, 0.09 mmol) 

weree reacted for 2 h according to general procedure A to afford 35Aj 

(4.44 mg, 0.03 mmol, 22%) as a pale yellow oil. Rf 0.80 (CH2Cl2/MeOH 

9:1).. MS (ESI) calculated for Ci2Hi 8N02 (M
+ + H) 208, found 208. 

HoN N 
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OMe e 

Aceticc acid 2-[2-amino-2-(2,3-dimethoxyphenyl)ethyl]allyl ester 

(35Cj)) Wang resin 21a (100 mg, 0.09 mmol), 2,3-

dimethoxybenzaldehydee (309 mg, 1.86 mmol), 2-

(methoxyacetate)allyltrimethylsilanee (198 uL, 0.93 mmol) and 

BF3-OEt22 (12 \iL, 0.09 mmol) were reacted for 2 h according to 

generall  procedure A to afford 35Cj  (2.9 mg, 0.01 mmol, 11%) as a pale yellow oil. Rj 0.53 

(CH2Cl2/MeOHH 9:1). MS (ESI) calculated for Ci5H,904 (M
+ - NH2) 263, found 263. 

OMe e 

hUN N 

MeO O 

l-(2,6-Dimethoxyphenyl)but-3-enylaminee (35Ak) Wang resin 21a (100 mg, 

0.099 mmol), 2,6-dimethoxybenzaldehyde (309 mg, 1.86 mmol), 

allyltrimethylsilanee (148 |iL, 0.93 mmol) and BF3OEt2 (12 uL, 0.09 mmol) 

weree reacted for 2 h according to general procedure A to afford 35Ak (7.5 

mg,, 0.04 mmol, 37%) as a pale yellow oil. Rf 0.64 (CH2Cl2/MeOH 9:1). MS 

(ESI)) calculated for G2H1 502 (M+ - NH2) 191, found 191. 

OMe e 

Aceticc acid 2-[2-amino-2-(2,6-dimethoxyphenyl)ethyl]allyl ester 

(35Ck)) Wang resin 21a (100 mg, 0.09 mmol), 2,6-

dimethoxybenzaldehydee (309 mg, 1.86 mmol), 2-

(methoxyacetate)allyltrimethylsilanee (198 uE, 0.93 mmol) and BF3-OEt2 

(122 uE, 0.09 mmol) were reacted for 2 h according to general procedure 

AA to afford 35Ck (3.8 mg, 0.01 mmol, 14%) as a pale yellow oil. R, 0.34 (CH2Cl2/MeOH 9:1). 

MSS (ESI) calculated for G5H19O4 (M+ - NH2) 263, found 263. 

MeO O 

H9N N 

MeO O OMe e 

l-(2,4-Dimethoxyphenyl)but-3-enylaminee (35A1) Wang resin 21a (100 

mg,, 0.09 mmol), 2,4-dimethoxybenzaIdehyde (309 mg, 1.86 mmol), 

allyltrimethylsilanee (148 uL, 0.93 mmol) and BF3OEt2 (12 uL, 0.09 

mmol)) were reacted for 2 h according to general procedure A to afford 

35A11 (1.1 mg, 5.3 umol, 5%) as a pale yellow oil. R/0.35 (CH2Cl2/MeOH 

9:1).. MS (ESI) calculated for d2Hi 502 (M+ - NH2) 191, found 191. 

H,N N 

l-/?-Tolylbut-3-enylaminee (35Am) Wang resin 21a (100 mg, 0.09 mmol), 

p-tolualdehydee (219 ^L, 1.86 mmol), allyltrimethylsilane (148 uE, 0.93 

mmol)) and BF3OEt2 (12 uL, 0.09 mmol) were reacted for 2 h according to 

~Mee general procedure A to afford 35Am (0.8 mg, 5.5 umol, 5%) as a pale 

yelloww oil. R/0.21 (CH2Cl2/MeOH 9:1). MS (ESI) calculated for G1H13 (M+ - NH2) 145, found 

145. . 
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l-m-Tolylbut-3-enylamin ee (35An) Wang resin 21a (100 mg, 0.09 mmol), 

M ee m-to lualdehyde (203 uL, 1.86 mmol), al ly l t r imethylsi lane (148 pi, 0.93 

mmol)) and BF3-OEt2 (12 uL, 0.09 mmol) were reacted for 2 h according to 

generall  p rocedure A to afford 35An (6.9 mg, 0.04 mmol, 44%) as a pale 

yel loww oil. R, 0.58 (CH2Cl 2 /MeOH 9:1). MS (ESI) calculated for CnH i 6N (M+ + H) 162, found 

162. . 

Aceticc acid 2-(2-amino-2-w-tolylethyI)allyl ester  (35Cn) Wang resin 21a 

(1000 mg, 0.09 mmol), m- to lua ldehyde (203 uL, 1.86 mmol), 2-

(methoxyacetate)al ly l t r imethylsi lanee (198 uL, 0.93 mmol) and BF3-OEt2 

H2NN (12 uL, 0.09 mmol) were reacted for 2 h accord ing to general p rocedure A 

too afford 35Cn (1.9 mg, 8.1 umol, 8%) as a pale yel low oil. R/ 0.56 

(CH2Cl 2 /MeOHH 9:1). M S (ESI) calculated for C14H20NO2 (M+ + H) 234, found 234. 

l -o-Tolylbut-3-enylamin ee (35Ao) W a ng resin 21a (100 mg, 0.09 mmol), o-

to lua ldehydee (215 uL, 1.86 mmol), al ly l t r imethylsi lane (148 uL, 0.93 mmol) 
22 l i ^ ^ 

andd BF3-OEt2 (12 uL, 0.09 mmol) were reacted for 2 h according to general 
M ee procedure A to afford 35Ao (5.4 mg, 0.03 mmol, 34%) as a pale yellow oil. R/ 

0.599 (CH2Cl2/MeOH 9:1). MS (ESI) calculated for G,Hi6N (M+ + H) 162, found 162. 

Aceticc acid 2-(2-amino-2-o-tolylethyl)allyl ester  (35Co) Wang resin 21a 

,OAcc (100 mg, 0.09 mmol), m-tolualdehyde (203 uL, 1.86 mmol), 2-

(methoxyacetate)allyltrimethylsilanee (198 uL, 0.93 mmol) and BF3OEt2 (12 

uL,, 0.09 mmol) were reacted for 2 h according to general procedure A to 

affordd 35Co (5.4 mg, 0.02 mmol, 19%) as a pale yellow oil. Rf 0.60 

(CH2CI2/MeOHH 9:1). MS (ESI) calculated for G4H2oN02 (M
+ + H) 234, found 234. 

l-(3-Bromophenyl)but-3-enylaminee (35Ap) Wang resin 21a (100 mg, 0.06 

mmol),, 3-bromobenzaldehyde (145 uL, 1.24 mmol), allyltrimethylsilane 

(999 uL, 0.62 mmol) and BF3OEt2 (8 LIL, 0.06 mmol) were reacted for 2 h 

accordingg to general procedure A to afford 35Ap (3.4 mg, 0.01 mmol, 15%) 

ass a pale yellow oil. R/0.70 (CH2Cl2/MeOH 9:1). MS (ESI) calculated for GoHisBrN (M+ + H) 

2266 and 228, found 226 and 228. 
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H,N N 

l-(2-Bromophenyl)but-3-enylaminee (35Aq) Wang resin 21a (100 mg, 0.06 

mmol),, 2-bromobenzaldehyde (145 uL, 1.24 mmol), allyltrimethylsilane (99 

uL,, 0.62 mmol) and BF3-OEt2 (8 ^L, 0.06 mmol) were reacted for 2 h according 

too general procedure A to afford 35Aq (3.6 mg, 0.02 mmol, 16%) as a pale 

yelloww oil. R/0.69 (CH2Cl2/MeOH 9:1). MS (ESI) calculated for C,0Hi3BrN (M+ 

++ H) 226 and 228, found 226 and 228. 

HPN N 

l-(4-Iodophenyl)but-3-enylaminee (35Ar) Wang resin 21a (100 mg, 0.09 

mmol),, 4-iodobenzaldehyde (432 mg, 1.86 mmol), allyltrimethylsilane (148 

uL,, 0.93 mmol) and BF3-OEt2 (12 uL, 0.09 mmol) were reacted for 2 h 

accordingg to general procedure A to afford 35Ar (11.0 mg, 0.04 mmol, 41%) 

ass a pale yellow oil. R, 0.76 (CH2Cl2/MeOH 9:1). MS (ESI) calculated for 

CioH13INN (M+ + H) 274, found 274. 

H,N N 

OAc c 

Aceticc acid 2-[2-amino-2-(4-iodophenyl)ethyl]allyl ester  (35Cr) Wang 

resinn 21a (100 mg, 0.09 mmol), 4-iodobenzaldehyde (432 mg, 1.86 mmol), 2-

(methoxyacetate)allyltrimethylsilanee (198 uL, 0.93 mmol) and BF3-OEt2 (12 

uL,, 0.09 mmol) were reacted for 2 h according to general procedure A to 

affordd 35Cr (6.0 mg, 0.02 mmol, 18%) as a pale yellow oil. R/ 0.86 

(CH2Cl2/MeOHH 9:1). MS (ESI) calculated for G3H17IN02 (M+ + H) 346, found 346. 

H,N N 

l-(3,4-Dichlorophenyl)but-3-enylaminee (35As) Wang resin 21a (100 mg, 

p.. 0.09 mmol), 3,4-dichlorobenzaldehyde (326 mg, 1.86 mmol), 

allyltrimethylsilanee (148 uL, 0.93 mmol) and BFvOEt2 (12 uL, 0.09 mmol) 

""CII  were reacted for 2 h according to general procedure A to afford 35As (4.0 

mg,, 0.02 mmol, 19%) as a pale yellow oil. R,0.87 (CH2Cl2/MeOH 9:1). MS (ESI) calculated for 

CioH,2Cl2NN (M+ + H) 216, 218 and 220, found 216, 218 and 220. 

Aceticc acid 2-[2-amino-2-(3,4-dichlorophenyl)ethyl]allyl ester  (35Cs) 

,OAcc Wang resin 21a (100 mg, 0.09 mmol), 3,4-dichlorobenzaldehyde (326 mg, 

p.. 1.86 mmol), 2-(methoxyacetate)allyltrimethylsilane (198 uL, 0.93 mmol) 

andd BF3-OEt2 (12 uL, 0.09 mmol) were reacted for 2 h according to general 

^Cll  procedure A to afford 35Cs (1.3 mg, 4.5 umol, 5%) as a pale yellow oil. R/ 

0.888 (CH2Cl2/MeOH 9:1). MS (ESI) calculated for Ci3Hi6Cl2N02 (M+ + H) 288, 290 and 292, 

foundd 288, 290 and 292. 

H7N N 
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H,N N 

l-(3-Fluoro-4-methoxyphenyl)but-3-enylaminee (35At) Wang resin 21a 

(1000 mg, 0.09 mmol), 3-fluoro-p-anisaldehyde (287 mg, 1.86 mmol), 

allyltrimethylsilanee (148 uL, 0.93 mmol) and BF3OEt2 (12 uL, 0.09 mmol) 

^OMee were reacted for 2 h according to general procedure A to afford 35At 

(4.66 mg, 0.02 mmol, 24%) as a pale yellow oil. Rf 0.63 (CH2Cl2/MeOH 9:1). MS (ESI) calculated 

forr CnH,2FO (M+ - NH2) 179, found 179. 

Aceticc acid 2-[2-amino-2-(3-fluoro-4-methoxyphenyl)ethyl]allyl ester 

(35Ct)) Wang resin 21a (100 mg, 0.09 mmol), 3-fluoro-p-anisaldehyde 

(2877 mg, 1.86 mmol), 2-(methoxyacetate)allyltrimethylsilane (198 \xh, 

0.933 mmol) and BF3OEt2 (12 uL, 0.09 mmol) were reacted for 2 h 

^OMee according to general procedure A to afford 35Ct (2.1 mg, 7.8 umol, 24%) 

ass a pale yellow oil. R, 0.64 (CH2Cl2/MeOH 9:1). MS (ESI) calculated for 

C14H19FNO33 (M+ + H) 268, found 268. 

H7N N 

H7N N 

l-(4-Cyanophenyl)but-3-enylaminee (35Au) Wang resin 21a (100 mg, 0.09 

mmol),, 4-cyanobenzaldehyde (244 mg, 0.51 mmol), allyltrimethylsilane 

(1488 uL, 0.93 mmol) and BF3OEt2 (12 uL, 0.09 mmol) were reacted for 2 h 
VCNN according to general procedure A to afford 35Au (3 mg, 0.02 mmol, 22%) 

ass a colorless oil. R/0.24 (CH2Cl2/MeOH 9:1). MS (ESI) calculated for CnHioN (M +- NH2) 156 

found,, 156. 

HoN N 

Aceticc acid 2-[2-amino-2-(4-cyanophenyl)ethyl]allyl ester  (35Cu) Wang 

resinn 21a (100 mg, 0.09 mmol), 4-cyanobenzaldehyde (244 mg, 0.51 

mmol),, 2-(methoxyacetate)allyltrimethylsilane (198 uL, 0.93 mmol) and 

BF3OEt22 (12 uL, 0.09 mmol) were reacted for 2 h according to general 

proceduree A to afford 35Cu (2 mg, 4.5 umol, 5%) as a colorless oil. R/0.24 

(CH2Cl2/MeOHH 9:1). MS (ESI) calculated for Ci4H,7N202 (M
+ + H) 245 found, 245. 
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DEVELOPMENTT AN D APPLICATIONS OF NOVEL LINKE R SYSTEMS FOR 

N-ACYLIMINIU MM ION REACTIONS ON SOLID SUPPORT1 

3.11 Introductio n 

Inn the previous chapter, solid phase bound N-acyliminium ion intermediates were 

generatedd using the acid labile Wang linker. However, the linker appeared not fully stable 

underr the required Lewis acidic conditions and consequently, premature cleavage of the 

precursorr molecules and products was observed. Due to this incompatibility, moderate yields 

off  the desired homoallylic amines were obtained, which prompted the search for an 

alternativee linker system. A straightforward approach of combining N-acyliminium ions and 

solidd phase chemistry would involve the immobilization of the precursor amine as a 

carbamatee functionality, in such a way that the activating acyl group is part of the linker 

system.. In the design of a tailor-made polymer-supported linker system a few criteria should 

bee met: (1) The linker system should be easily synthesized in a few steps and in a high yield. 

(2)) The linker should be completely stable under the (Lewis) acidic reaction conditions that 

aree required for N-acyliminium ion chemistry (and preferably also under the conditions, 

neededd for further functional ization). (3) The linker system should not interfere with the 

intermediatee cationic species. (4) The linker system should be readily and quantitatively 

cleavedd under relatively mild conditions. Although nowadays the choice of linker systems is 

fairlyy extensive,2 those that completely match all of the desired criteria are still limited. 

Fromm the linker systems that were screened for the combination with N-acyliminium 

ionn chemistry, a few seem the most suitable for the application in our one-pot three 

componentt reaction. First of all, the Fmoc-based linker system 1, which was developed in the 

groupp of Albericio for the solid phase synthesis of peptides, was considered.3 Peptides were 

coupledd to the immobilized Fmoc functionality via an ester bond and were cleaved by a base-

mediatedd p-elimination step. However, the synthesis of the linker system was quite laborious 

andd required the use of expensive starting materials so that this option was abondoned. 

Additionally,, we evaluated linker system 2 that is based on the 2- and 4-

nitrobenzenesulfonamidee protective groups (Ns) that were developed by Fukuyama.4 This 

linker,, reported by Murray and coworkers,5 was used for the synthesis of several primary and 

secondaryy amines and seemed an efficient handle for performing N-sulfonyliminium ion 

rectionss on solid support. 
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Thee use of Pd in combination with an activated allylic system is a cleavage principle 

thatt also might be applied. Although several allyl ester linker systems have been reported,6 

theree is only one example of an allyl carbamate linker system.7 This linker system 3, used by 

Guibéé and Undén, consists of an allylic ether functionality attached to an amino acid spacer 

moiety.. Because the amino acid nitrogens might interfere with the desired reaction, a novel 

all-carbonn linker system 5 was designed. This novel linker system is also based on the Alloc 

protectivee group and consists of a two carbon spacer moiety between the allyl ether and the 

polymerr backbone. Finally, linker 4 that was designed in the 1970's by Tesser and coworkers 

forr the solid phase synthesis of peptides was considered.8 This linker is based on the 

methylsulfonylethoxycarbonyll  (Msc) protective group (also developed by Tesser)9 and was 

attachedd to the C-terminus of a peptide via an ester bond. The Msc group can be regarded as a 

versatile,, cheap and readily synthesized equivalent of the Fmoc protective group. Cleavage of 

thee Msc group occurs through a base-mediated p-elimination mechanism using a strong 

alkoxidee base. 

Inn this chapter, the application of a model system of linker 2 in N-sulfonyliminium ion 

chemistryy wil l be described. Furthermore, the development and application of the novel 
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carbamatee linkers 5, 6 and 7 for solid phase N-acyliminium ion reactions wil l be detailed. In 

addition,, the use of ester linker 4 wil l be investigated. 

3.22 2-Nitrobenzenesulfonamide linker 

Ass shown in the previous paragraph, the use of the sulfonamide linker 2 for the 

synthesiss of primary and secondary amides via a Mitsunobu type reaction has been reported.5 

Inn the solution phase one-pot three component reaction described by Veenstra,10 sulfonamides 

weree also used as one of the reaction components (see Chapter 2). Therefore, the use of 

sulfonamidee linker 2 in a three component N-sulfonyliminium ion reaction was investigated. 

Thee synthesis of the linker system commenced with sulfonyl chloride 10, prepared according 

too a procedure described by Murray,11 which was subsequently transformed into the 

correspondingg sulfonamide 11 (Scheme 3.1). 

Scheme3.1: : 

f VV a , [TV  2 

M e C ^ C r ^ ^ N C ^^ Me0 2 C x ^ s * *^N0 2 M e 0 2 C " ^ ^ N 0 2 

88 9 10R = C1 1 c 

11RR = NH2 -—' 

ReagentsReagents and conditions: (a) Na2S2, DMSO, EtOH, rt, 18 h, 79%; (b) Cb_, AcOH, H20, rt, 4 h, 89%; 

(c)) NH3, CH2C12, rt, 18 h, 76%. 

Next,, sulfonamide 11 and 4-nitro-benzenesulfonamide 12 were used in the solution 

phasee one-pot three component N-sulfonyliminium ion reaction. In both cases, 

allyltrimethylsilanee and benzaldehyde were used as the other two components (eq 3.1). 

S02NH2 2 

R' ' 

PhCHO,, allyltrimethylsilane 

BF3OEt2,, MeCN 
(3.1) ) 

111 R = C02Me, R' = N02 13 R = C02Me, R' = NO, 
12RR = N02, R' = H 14R=NO,, R' = H 

Althoughh Veenstra could succesfully use tosylamide in the three component N-

sulfonyliminiumm ion reaction, by using the electron deficient nosylamide 12, or the even more 

electronn deficient sulfonamide 11, no product could be obtained. This is probably due to the 
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loww nucleophilicity of these particular sulfonamides. Therefore, no further studies towards the 

synthesiss and use of the 2-nitrobenzenesulfonamide linker in combination with N-

sulfonyliminiumm ion reactions were carried out. 

3.33 Ally l carbamate linker 

Becausee the Alloc protective group is stable in both acidic and basic media, and can be 

deprotectedd using mild and selective conditions, the allyl carbamate linker 5 was designed 

andd synthesized starting from Merrifield resin. According to an existing procedure, the 

benzylicc side chain was elongated by a reaction with allylmagnesium chloride (Scheme 3.2).12 

Thee resulting olefin 15 was reacted with l,4-diacetoxybut-2-ene in a ruthenium-catalyzed 

cross-metathesiss reaction to afford olefin 16. 

Schemee 3.2: 

^ M g C II  A c O ^ / = V 0 A c „ ^ ^ ^ 

aa b 

Merrifieldd resin 15 16R = Ac I O KK  = AC 1 
17RR = H .« I 

ReagentsReagents and conditions: (a) toluene, 60 °C, 18 h; (b) Cl2(PCy3)2Ru=CHPh (4 mol%), toluene, rt, 
488 h; (c) 3 M NaOMe in THF/MeOH (7:3), rt, 3 h. 

Thee cross-metathesis reaction of alkene 15 was performed with the use of Grubbs' 

metathesiss catalyst Cl2(PCy3)2Ru=CHPh in toluene at rt for 48 h. Under these conditions, 

completee conversion of olefin 15 was detected with IR spectroscopy by the disappearance of 

thee terminal olefin absorbance at 1639 cm1. In accordance with the findings of similar cross-

metathesiss reactions in solution phase,13 it may be assumed that the immobilized olefin 16 was 

obtainedd as a mixture of (E)/(Z) isomers. Removal of acetate 16 was accomplished with 

NaOMee to provide the immobilized allylic alcohol 17. Introduction of the carbamate 

functionalityy was effected by the method previously described in section 2.2 (eq 3.2). 

O r ^^  NH2 (3.2) ) 
iV-methylmorpholine, , 

177 CH2C12, 0^20 °C, 18 h 

2)) NH3, DMF/MeOH, rt, 18 h 
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Thee yield of the immobilized carbamate 5 was determined by elemental analysis of the 

nitrogenn content of the resin and proved to be 50% (over five steps, starting from Merrifield 

resin).144 The somewhat moderate yield of the linker system can be explained by homo-

couplingg as a side reaction in the cross-coupling metathesis reaction. Homo-coupling on the 

resinn leads to cross-linking of the polymer, which eventually causes a lower loading of the 

desiredd carbamate 5.15 

Schemee 3.3: 

55 18 19 

ReagentsReagents and conditions: (a) benzaldehyde (3 equiv), allyltrimethylsilane (3 equiv), BF3-OEt2 (1.5 

equiv),, CH2C12, rt, 3 h; (b) Pd(PPh?)4 (5 mol%), piperidine (7 equiv), CH2C12, rt, 2 h. 

Carbamatee 5 was used for the one-pot three component N-acyliminium ion reaction 

withh benzaldehyde and allyltrimethylsilane (Scheme 3.3). The allyl carbamate linker was 

indeedd stable under these Lewis acidic conditions. No premature cleavage of the linker was 

observed,, and the immobilized homoallylic carbamate 18 was obtained. Furthermore, when 

carbamatee 18 was stirred in the presence of an excess of (Lewis) acid (2 equiv of BF3-OEt2, 

SnCl44 or TFA), no cleavage of the resin occurred. 

Formationn of homoallylic alcohol 19 was accomplished by a palladium-catalyzed 

cleavagee step. To find the optimal conditions for the cleavage step, several nucleophiles were 

usedd to trap the immobilized n-allylpalladium species and regenerate the active palladium 

catalystt (Table 3.1). By using Et3SiH16 or HC02H17 (entries 4-5) no cleavage of the products 

wass observed. IR analysis of the resin after treatment with dimedone18 (entry 3) only 

demonstratedd partial cleavage of carbamate 18. IR analysis of the resins after cleavage with 

Bu3SnH/AcOH199 and piperidine20 (entries 1-2) showed that by using these nucleophiles the 

homoallylicc amine 19 was liberated quantitatively. However, in all cases purification of the 

productt by column chromatography or preparative HPLC was not reproducible due to 

tediouss removal of the remains of the cleavage cocktail (especially triphenylphosphine oxide). 

Thee best results were obtained with a large excess of piperidine (entry 3), which resulted in 

isolatedd yields of the pure product that typically ranged from 39 to 85%. 
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Tablee 3.1: 

Pd(PPh3)4 4 

nucleophilc c H,N N 

entry y nucleophile e solvent t isolatedd yield of 19 

Bu3SnHH (2 equiv)/AcOH (5 equiv) CH2C12 

piperidinee (7 equiv) CH2CI2 

dimedonee (3 equiv) THF 

Et3SiHH (3 equiv) CH2CI2 

HCO2HH (3 equiv) CH2CI2 

maxx 70% 

maxx 85% 

maxx 45% 

noo product 

noo product 

Althoughh the allyl carbamate linker was readily synthesized and stable under the 

desiredd reaction conditions, this linker system was not ideal for our applications because the 

purificationn procedure for the desired homoallylic amine 19 was not sufficiently reproducible. 

3.44 2-Sulfonylethyl carbamate (SEC) linker 

Thee sulfonylethyl linker described by Tesser8 was used for the automated solid phase 

synthesiss of peptides, in which the linker system was coupled to the C-terminus of the peptide 

byy an ester bond. For the application of this linker system in the three component N-

acyliminiumm ion reaction, a straightforward strategy would be to use the corresponding 

primaryy carbamate. Hydroxysulfonyl resin 22 was obtained after slight improvement of the 

originall  experimental procedure (eq 3.3). 

^^M ^^M CI I 

Merrifieldd resin 

H S — ° H H 

Cs2C03,, DMF, 
»--

60°C4h,, rt, 18 h 
21 1 

uCPBA A 

22 2 

(3.3) ) 

Merrifieldd resin was reacted with CS2CO3 (2 equiv) and a large excess of 

mercaptoethanoll  (8 equiv) to provide thioether 21. Subsequent oxidation of the thioether with 

mCPBAA (4 equiv) afforded sulfone 22. The corresponding carbamate 6 was obtained according 
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too the previously described method for the Wang and allyl carbamate linkers (eq 3.4). The 

yieldd of the SEC linker system 6 was determined by elemental analysis and proved to be 91% 

overr these four steps.14 

OH H 

i)) o i ^ V N 0 ; 

»> > 
A'-methylmorpholine, , 

CH2C12,0^20°C,, 18 h 

2)) NH3, DMF/MeOH, rt, 18 h 

(3.4) ) 

Carbamatee 6 was then used for the one-pot three component N-acyliminium ion 

reactionn with benzaldehyde and allyltrimethylsilane. Cleavage of the immobilized 

homoallylicc amine 23 was accomplished by a NaOMe-mediated (3-elimination of the 

sulfonylethyll  carbamate functionality, leading to the formation of the corresponding 

immobilizedd vinylsulfone and the desired primary amine 19. After cleavage, re-

immobilizationn of the amine by conjugate addition onto the vinylsulfone was not observed 

andd the amine was isolated and purified by an EtOAc/H20 extraction step followed by SPE 

chromatography.. The results of the optimization of the N-acyliminium ion reaction are shown 

inn Table 3.2. 

Tablee 3.2: 

PhCHO O 
allyltrimethylsilane e 

Lewiss acid 

NaOMe e 

entryy benzaldehyde allyltrimethylsilane 

HoN N 

19 9 

Lewiss acid yieldd of 19 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

1.55 equiv 

1.55 equiv 

33 equiv 

33 equiv 

100 equiv 

33 equiv 

33 equiv 

33 equiv 

1.55 equiv 

1.55 equiv 

33 equiv 

33 equiv 

100 equiv 

33 equiv 

33 equiv 

33 equiv 

BF3OEt22 (1.5 equiv) 

BF3OEt22 (3 equiv) 

BF3-OEt22 (3 equiv) 

BF3OEt22 (1.5 equiv) 

BF3OEt22 (5 equiv) 

Sc(OTf)33 (3 equiv) 

SnChh (3 equiv) 

SiMe3OTff  (3 equiv) 

50% % 

38% % 

57% % 

79% % 

83% % 

28% % 

--

21% % 
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Fromm the table it is clear that the best results were obtained by using an excess of the 

aldehydee and silane in combination with smaller amounts of the Lewis acid (entries 4-5). 

Whenn equimolar, or even larger amounts of the Lewis acid relative to the aldehyde and silane 

weree used (entries 1-3), the yields of amine 19 were lower. Moreover, SiMejOTf and Sc(OTf)3 

affordedd the desired amine 19 in somewhat lower yields than BF3-OEt2 (entries 6 and 8), while 

thee use of SnCh as a Lewis acid (entry 7) did not lead to any product formation at all. For 

convenience,, the conditions described in entry 4 wil l be henceforth used as standard 

conditionss for the one-pot three component N-acyliminium ion reaction on the SEC linker. 

Duringg the Lewis acid-mediated N-acyliminium ion reaction, no premature cleavage 

off  the product was observed, thus proving the stability of the SEC linker towards these Lewis 

acidicc conditions. Due to the stability of the SEC linker, the yield of the desired amine 19 was 

improvedd by approximately 20% compared to the yield obtained with the Wang linker system 

(83%% and 57%, respectively). To further investigate the stability of the linker system, 

immobilizedd carbamate 23 was treated with a number of different reagents (Table 3.3). After 

stirringg for 24 h at rt, the filtrates were analyzed for the presence of product 19 by using TLC. 

Iff  present, the product was isolated and purified to determine the amount that was cleaved 

fromm the resin. 

Tablee 3.3: 

reagent,, solvent, 

rt,, 24 h H,N N 

entry y solvent t reagent t equiv v yieldd of 19 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

THF F 

THF F 

SnCU U 

TFA(50%,v/v) ) 

TfOH H 

pTsOH H 

DiPEA A 

DMA P P 

piperidinee (20%, v/v) 

DBU U 

NaOMee (0.1 M) 

NaOMee (1 M) 

5 5 

--

5 5 

5 5 

5 5 

5 5 

--

5 5 

--

--

<5% % 

57% % 

47% % 

78% % 
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Thesee results clearly show the versatility of the SEC linker system. The system is 

completelyy stable towards a moderately strong Lewis acid (SnCU, entry 1) and protic acids 

suchh as TFA, TfOH and pTsOH (entries 2-4). A weak organic base (DiPEA) and the acylating 

catalystt DMAP (entries 5-6) did not lead to any cleavage of the product from the resin either. 

Thee conditions that are used as standard conditions for the base-mediated p-elimination 

cleavagee of Fmoc groups (20% piperidine in CH2CI2, entry 7) only resulted in the formation of 

aa trace of amine 19. With a stronger organic base (DBU, entry 8), or a low concentration of 

NaOMee (entry 9) considerably more product was cleaved from the resin. The use of an excess 

off  NaOMe in THF effected quantitative cleavage of resin 23 (entry 10) and the pure amine 19 

wass isolated in 78% yield. These last conditions are comparable with the conditions that 

Tesserr used for the cleavage of the Msc-based ester linker system (a 30:9:1 solution of 

dioxane/MeOH/44 N NaOH in H2O)8 and wil l be henceforth used as standard conditions for 

thee cleavage of the SEC linker. 

3.55 2-Thioethyl carbamate (TEC) linker 

Inn addition to the SEC linker, a system with anticipated orthogonal stability - the 2-

thioethyll  carbamate 7 or TEC linker system - was designed.21 The thioethyl functionalized 

linkerr system was constructed by using the same technology that was developed for the SEC 

linkerr (eq 3.5). 

.)) o - N O ' 

21 1 

jV-methylmorpholine, , 
CH2C12,0^20°C,, 18 h 
2)) NH3, DMF/MeOH, rt, If 

Carbamatee 7 was obtained in a high yield (90-99%, determined by elemental analysis 

off  the nitrogen content of the resin)14 over two steps from hydroxyl resin 21. TEC resin 7 was 

alsoo used for the one-pot three component N-acyliminium ion reaction with benzaldehyde 

andd allyltrimethylsilane. For this reaction, the optimal reaction conditions that were identified 

inn the previous paragraph were used (eq 3.6). 

PhCHOO (3 equiv) 
allyltrimethylsilanee (3 equiv) 

BF3OEt22 (1.5 equiv) 
CH2C12,, rt, 4 h. 

(3.6) ) 
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TECC carbamate 24 proved to be sufficiently stable under the Lewis acidic conditions, 

thuss proving the compatibility of this linker with N-acyliminium ion chemistry. Cleavage of 

thee TEC linker system could be effected via two different approaches (Scheme 3.4). 

Schemee 3.4: 

mCPBA A 

CH2C12,, 0 °C, 2 h 

50%% TFA in CH2C12 

it,, 20 h 

57%% (2 steps from 7) H,N N 

lMNaOMe,, THF/MeOH 
(2:1),, it, 3 h 

69%% (3 steps from 7) 

First,, direct cleavage of the immobilized thioethyl carbamate 24 by treatment with a 

strongg protic acid resulted in the formation of the desired amine 19 in 57% yield (route A).22 

Second,, the TEC linker could also be cleaved via a safety-catch approach resulting in the 

formationn of the desired amine 19 in 69% yield (route B). In the safety-catch cleavage 

approach,, TEC resin 24 was selectively oxidized to the corresponding SEC resin 23 to enable 

facilee cleavage by treatment with NaOMe. Selective oxidation of the thioether functionality to 

thee corresponding sulfone in the presence of a homoallylic moiety could be effected by a 

reactionn with a small excess of mCPBA at low temperature during a short reaction time (2.5 

equiv,, 0 °C, 2 h). The yield of amine 19 via direct acidic cleavage (route A, 57%) was somewhat 

lowerr than the yield of the same amine when using the SEC linker system (80%, see Section 

3.4).. This lower yield is probably due to the more difficul t N-acyliminium ion reaction in the 

presencee of a nucleophilic thioether moiety in combination with a non-quantitative cleavage 

step.. Compared to route A and according to IR experiments, the cleavage via route B is 

quantitative.. However, the yield of amine 19 is still somewhat lower than in the case of the 

SECC linker. This indeed clearly proves that the N-acyliminium ion reaction in the presence of a 

thioetherr functionality is more difficul t to achieve. Cleavage of TEC resin 24 occurs via acid-

mediatedd carbonyl activation and subsequent thiiranium ion formation (route A, Scheme 

3.5),222 whereas cleavage of SEC resin 23 occurs via a base-mediated (3-elimination mechanism 

(routee B). In both cases amine 19 and CO2 are released from the resin. In route B, the resulting 

vinylsulff  one is trapped by methoxide to produce resin 25. 
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Schemee 3.5: 

\J \J 
oo - N r~\  H 

??? I K -
oo o 

routee B 

OMe e 

25 5 

Duringg the Lewis acid mediated N-acyliminium ion reaction, no premature cleavage of 

thee product was observed, thus demonstrating the stability of the TEC linker under these 

Lewiss acidic conditions. The stability of the linker system was further investigated by the 

treatmentt of immobilized carbamate 24 with a number of different reagents (Table 3.4). After 

stirringg for 24 h at rt, the filtrates were analyzed for the presence of product 19 by using TLC. 

Iff  present, the product was isolated and purified to determine the amount that was cleaved 

fromm the resin. 

Tablee 3.4: 

reagent,, solvent, 

rt,, 24 h HoN N 

entry y solvent t reagent t equiv v yieldd of 19 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

CH2C12 2 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

THF F 

THF F 

SnCLt t 

TFAA (50%, v/v) 

TfOH H 

pTsOH H 

DiPEA A 

DMA P P 

piperidinee (20%, v/v) 

DBU U 

NaOMee (0.1 M) 

NaOMee (1 M) 

5 5 

--

5 5 

5 5 

5 5 

5 5 

--

5 5 

--

--

57% % 

53% % 

Comparedd to the SEC linker (see Table 3.3), the TEC linker did indeed show 

orthogonall  stability. The system was completely stable towards basic conditions (entries 5-10). 

Forr example, conditions for cleavage of the SEC linker (entry 10) did not lead to any cleavage 
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off  the TEC system. Mil d protic acidic conditions (entry 4), or Lewis acidic conditions (entry 1) 

didd not lead to any cleavage of amine 19 either. The use of strong acidic conditions such as 

TFAA or TfOH (entries 2-3) did however result in cleavage of the SEC linker system. TFA gave 

aa somewhat higher yield of homoallylic amine 19 than TfOH (57 and 53%, respectively). 

Thee orthogonal stability of the TEC system, especially in combination with the safety-

catchh cleavage mechanism demonstrates the versatility of this linker system. For example, by 

usingg the TEC system both basic and moderately acidic reaction conditions could be used, 

whilee cleavage of the system could be readily effected by subsequent oxidation and base-

mediatedd p-elimination. 

3.66 2-Sulfonylethyl ester  (SEE) linker 

Thee immobilized sulfonylethyl functionality was also used for the development of a 

sulfonylethyll  ester (SEE) linker system. The system described here, is slightly different from 

thee one Tesser used8 and was especially designed for the application of N-acyliminium ion 

chemistry.. For this application, the immobilized glyoxylate 27 was used, which after 

condensationn with benzyl carbamate and subsequent acylation was transformed into the N-

acyliminiumm ion precursor 29 (Scheme 3.6). 

Schemee 3.6: 

22 2 

O O 

o o 
,o ,o 

o o 
26 6 

OH H 

OMe e 

27 7 

OAc c 

Cbz z OO Cbz 

299 28 
ReagentsReagents and conditions: (a) (E)-crotonyl chloride (3 equiv), CH2CI2 0 °C—>rt, 2 d; (b) (1) O3, 
CH2Cl2/MeOH,, -78 °C, 30 min (2) DMS (15 equiv), -78 °C->rt, 18 h; (c) benzylcarbamate (2 
equiv),, TFA (2 equiv), 4 A MS, CH2CI2, reflux, 18 h; (d) acetic anhydride (5 equiv), pyridine (5 
equiv),, CH2C12, rt, 2 h. 

Somee examples of immobilized glyoxylates are known,23 and these systems were all 

eitherr synthesized via oxidative cleavage of a diol or addition of the sodium salt of the 

glyoxylate.. However, analogous to the synthesis of the glyoxylic acid derivative of Oppolzer's 
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chirall  auxiliary,24 it was decided to synthesize glyoxylate 27 via ozonolysis of the 

correspondingg crotonyl ester 26. Crotonyl ester 26 was obtained by the addition of (E)-

crotonyll  chloride to hydroxysulfonyl resin 22. Indeed, ozonolysis of the crotonyl ester and 

subsequentt reductive workup in CTfcCh/MeOH provided the desired methyl hemiacetal 

glyoxylatee 27. Condensation of glyoxylate 27 with benzyl carbamate resulted in the formation 

off  N,0-acetal 28. To obtain a more reactive N-acyliminium ion precursor, the hydroxy group 

off  28 was acetylated to give the corresponding acetate 29. To prevent transesterification, in 

thiss specific case, acetylation was preferred over acid-mediated methanolysis. Subsequently, 

N,0-acetall  29 was used for the N-acyliminium ion reaction with allyltrimethylsilane (Scheme 

3.7). . 

Schemee 3.7: 

299 30 31 

ReagentsReagents and conditions: (a) allyltrimethylsilane (3 equiv), BF3-OEt2 (2 equiv), CH2CI2, rt, 18 h; 
(b)) NaOMe (3 equiv), THF/MeOH (2:1), rt, 3 h, 44% over 8 steps. 

Thee N-acyliminium ion reaction was performed with an excess of allylsilane and 

BF3-OEt22 (3 and 2 equiv, respectively) and resulted in the formation of homoallylic ester 30.25 

Cleavagee of the resin was accomplished by treatment with NaOMe and afforded protected 

allylglycinee 31. The cleavage step only afforded carboxylic acid derivative 31, while formation 

off  the corresponding methyl ester was not observed. This observation clearly proves that the 

SEEE linker is cleaved by the fl-elimination mechanism, and NaOMe-mediated 

transesterificationn does not take place. Allylglycin e 31 was obtained in a yield of 44% over 8 

steps.. This yield includes the synthesis of the glyoxylate linker system, carbamate addition, N-

acyliminiumm ion reaction and cleavage of the desired amino acid. 

Withh the synthesis of the SEE linker, it has been shown that the sulfonylethyl 

functionalityy can also be used as an ester linker for solid phase N-acyliminium ion chemistry. 

AA useful application of N-acyliminium ion chemistry on the SEE linker was found in the 

synthesiss of an N-protected a-amino acid. 
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3.77 Conclusions 

Inn this chapter, the synthesis and application of several novel linker systems for solid 

phasee N-acyliminium ion chemistry have been demonstrated. Although a sulfonamide-based 

linkerr system could not be used for this application, the development of the allyl carbamate, 

SEC,, TEC and SEE linker systems were successful. Unfortunately, purification of the products 

afterr Pd-catalyzed cleavage of the allyl linker proved to be troublesome. The SEC linker -

especiallyy in combination with the TEC linker and a safety-catch cleavage approach - proved 

too be particularly effective for the application of N-acyliminium ion chemistry. The use of the 

SECC linker, as opposed to the Wang linker, has also led to an improvement in the yield of the 

desiredd homoallylic amine of around 20%. Furthermore, with the development of N-

acyliminiumm ion chemistry on the SEE linker, a facile entry into the solid phase synthesis of 

aminoo acids has been found. 
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3.99 Experimental section 

Forr experimental details, see: Section 2.7 

Disulfanyll  di~4-mercapto-3-nitrobenzoic acid methyl ester  (9) Sodium 

^ ^ / S ^ -- sulfide (455 mg, 3.48 mmol, 60%) was suspended in MeOH (5 mL) and 

^11 A  ̂ heated at reflux temperature for 20 min upon which a clear solution 
22 was formed. Sulfur (112 mg, 3.48 mmol) was added and the reaction 

mixturee was heated at reflux temperature until the suspension turned clear again (20 min). 

Thee resulting Na2S2 solution was slowly added to a solution of chloride 8 (1.00 g, 4.64 mmol) 

inn MeOH/DMSO (4 mL, 4:1) and stirred for another 18 h. Then, aqueous saturated NaCl (5 

mL)) and EtOAc (5 mL) were added, the layers were separated, the aqueous phase was 

extractedd with EtOAc ( 2 x 4 mL), the combined organic phases were dried (MgSC>4) and 

concentratedd in vacuo to afford 9 (780 mg, 1.84 mmol, 79%) as a pale yellow solid. Mp 207-209 

°CC (lit26 205-206 °C). iH NMR (400 MHz, CDCb) S 8.94 (s, 2H, Ar-H), 8.18 (d, ƒ = 14.4 Hz, 2H, 

Ar-H) ,, 7.88 (d, ƒ = 14.4 Hz, 2H, Ar-H), 3.96 (s, 6H, 2 x C02Me). IR v 3098, 2958, 1724, 1605, 

1523,1434,1337,1301,1238,1135,1041,, 980. 
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SOO CI 4-ChlorosulfonyI-3-nitrobenzoic acid methyl ester  (10) Disulfide 9 

f|| j ' (500 mg, 1.18 mmol) was suspended in AcOH/H20 (15 mL, 4:1) and 

M e 02 C " ' ^ ^ ^ N 022 cooled to 0 °C. Cl2 was bubbled through the solution for 2 h, the 

reactionn mixture was warmed up to rt and stirred for 4 h at this 

temperature.. Then, the mixture was diluted with H2O (30 mL) and EtOAc (20 mL), the layers 

weree separated, the water phase was extracted with EtOAc (3 x 20 mL), the combined organic 

phasess were washed with aqueous saturated NaCl (30 mL), dried (MgSQi) and concentrated 

inin vacuo to afford sulfonyl chloride 10 (582 mg, 2.09 mmol, 89%) as a white solid. Mp 232-234 

°C.. iH NMR (400 MHz, CDCI3) 5 8.46 (d, ƒ = 1.5 Hz, 1H, Ar-H), 8.44 (dd, ƒ = 1.6, 8.3 Hz, 1H, 

Ar-H),, 8.33 (d, ƒ = 8.3 Hz, IH, Ar-H), 4.02 (s, 3H, C02Me). IR v 3082, 2964, 1723, 1551, 1444, 

1386,1293,1178,1132,, 975. 

SOO NH 3-Nirro-4-sulfamoylbenzoic acid methyl ester  (11) Sulfonyl 

chloridee 10 (490 mg, 1.76 mmol) was dissolved in CH2C12 (20 mL) 

Me02CC y' "N02 and cooled to 0 °C. NH3 was bubbled through for 30 min and the 

resultingg suspension was warmed up to rt and stirred for 2 h at this 

temperature.. Then, aqueous saturated NaCl (10 mL) was added, the layers were separated, 

thee aqueous phase was extracted with EtOAc ( 2 x5 mL), the combined organic phases were 

driedd (MgSQt) and concentrated in vacuo. The crude product was purified using column 

chromatographyy (EtOAc/PE 1:1) to afford 11 (345 mg, 1.33 mmol, 76%) as a white solid. Mp 

153-1566 °C. Rf 0.18 (EtOAc/PE 1:1). iH NMR (400 MHz, CDCI3) 5 8.47 (d, J = 1.6 Hz, IH, Ar-

H),, 8.34 (dd, ƒ = 1.6, 8.2 Hz, IH, Ar-H), 8.24 (d, ƒ = 8.2 Hz, IH, Ar-H), 3.98 (2, 3H, C02Me). IR v 

3414,, 3299, 3135,1729,1538,1402,1281,1171. 

3-Butenyll  resin (15) Merrifield resin (5.00 g, 8.50 mmol) was suspended in dry 

^ Jff  toluene (50 mL), allylmagnesium chloride (10.6 mL, 21.3 mmol of a 2M 

solutionn in THF) was slowly added to the suspension and the reaction mixture 

wass stirred for 18 h at 60 °C under an argon atmosphere. The resin was filtered off, suspended 

inn THF (50 mL) stirred for 30 minutes at rt and filtered off. The resin was stirred in THF/1 N 

HC11 (50 mL, 3:1 v/v) at 45 °C for 30 minutes, filtered off, washed with THF (50 mL), MeOH 

(500 mL, the last two steps were repeated four times) and Et20 (2 x 50 mL). After drying in 

vacuovacuo (50 °C) 4.12 g of resin 15 was obtained. IR v 1639. 

5-Hydroxy-3-pentenyll  resin (17) Resin 15 (0.50 g, 0.84 mmol) was 

^ ^^ OH SUSpended in degassed toluene (5.0 mL), 2-butene-l,4-diacetate (578 

mg,, 3.36 mmol) and Cl2(PCy3)2Ru=CHPh (28 mg, 0.03 mmol) were 

addedd and the reaction mixture was stirred for 48 h under nitrogen atmosphere at rt. The 
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suspensionn was filtered and the resin was washed with toluene (10 mL), CH2CI2 (5 mL) and 

EtOHH (5 mL, the last two steps were repeated four times) and EtzO (2x5 mL). After drying in 

vacuovacuo (50 °C), the immobilized acetate 16 (0.53 g, 0.80 mmol, IR v 1738) was suspended in THF 

(55 mL) and NaOMe (0.05 mL, 0.16 mmol of a 3M solution in MeOH) was added. After stirring 

forr 2 h at rt, the reaction mixture was filtered off, washed with THF (5 mL), CH2CI2 (5 mL) and 

EtOHH (5 mL, the last two steps were repeated four times) and Et20 (2x5 mL). After drying in 

vacuovacuo (50 °C) 0.43 g of resin 17 was obtained. IR v 3573, 3432. 

Ally ll  carbamate resin (5) Immobilized alcohol 17 (1.50 g, 2.39 

mmol)) was suspended in 15 mL CH2CI2 and cooled to 0 °C, 4-
NH22 nitrophenyl chloroformate (1.45 g, 7.17 mmol) and N-

methylmorpholinee (791 uL, 7.17 mmol) were added, the reaction 

mixturee was allowed to warm up to rt and was stirred for 18 h. The suspension was filtered, 

thee resin was washed with CH2CI2 (15 mL), EtOH (15 mL, the last two steps were repeated 

fourr times) and Et2Ü (2 x 15 mL). After drying in vacuo (50 °C) 1.56 g of the activated carbonate 

resinn was obtained. IR v 1766, 1525, 1346. Elemental anal. Found: N 1.01% (0.72 mmol/g N, 

57%% from Merrifield resin). The resin (0.42 g, 0.30 mmol) was suspended in DMF (4 mL) and a 

saturatedd NH)/MeOH solution (1 mL) was added. After stirring for 18 h at rt, the resin was 

filteredd off, washed with DMF (5 mL), CH2CI2 (5 mL), EtOH (5 mL, the last two steps were 

repeatedd four times) and Et20 ( 2 x5 mL). After drying in vacuo (50 °C) 0.40 g of resin 5 was 

obtained.. IR v 3498, 3403, 1731. Elemental anal. Found: N 1.05% (0.75 mmol/g N, 50% from 

Merrifieldd resin). 

Ally ll  l-phenylbut-3-enylcarbamate resin (18) Carbamate 

resinn 5 (100 mg, 0.07 mmol) was suspended in CH2CI2 (1 

mL),, benzaldehyde (21 uL, 0.21 mmol), 

allyltrimethylsilanee (34 uL, 0.21 mmol) and BF3OEt2 (13 

(xL,, 0.11 mmol) were subsequently added and the reaction 

mixturee was stirred for 3 h at rt. The resin was filtered off, washed with CH2CI2 (1.5 mL), 

EtOHH (1.5 mL, the last two steps were repeated four times) and Et20 (2 x 1.5 mL). After drying 

inin vacuo (50 °C) resin 18 was obtained. IR v 3435,1716. 

l-Phenylbut-3-enylaminee (19) from resin 18 Resin 18 (0.07 mmol) was 

suspendedd in CH2CI2 (1 mL), piperidine (48 uL, 0.49 mmol) and Pd(PPh3)4 (4 

mg,, 0.04 mmol) were added and the suspension was stirred for 2 h at rt. The 

H2N^^ reaction mixture was filtered, the resin was washed with CH2CI2 ( 3 x2 mL) 

andd the collected filtrates were evaporated. The product was purified using 

flashh chromatography (silica 0—>10% MeOH in CH2CI2). Generally the product was still 
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contaminatedd with remains of the cleavage cocktail. Typical isolated yields of the pure 

productt ranged from 39-85% (from resin 5). For analytical data, see Chapter 2. 

2-Thioethyll  hydroxyl resin (21) A mixture of Merrifield resin (25.0 g, 42.5 

O f ^ s ' ^ V " // mmol), mercaptoethanol (25 mL, 359 mmol) and Cs2C03 (27.7 g, 85 mmol) 

inn dry DMF (200 mL) was stirred for 4 h at 60 °C and then for 20 h at rt. 

Thee reaction mixture was filtered, washed with DMF (200 mL), CH2C12 (200 mL) and EtOH 

(2000 mL, the last two steps were repeated four times) and Et20 (2 x 200 mL). After drying in 

vacuovacuo (50 °C) 26.1 g of resin 21 was obtained. IR v 3397. 

00 2-Sulfonylethyl hydroxyl resin (22) To a suspension of resin 21 (10.1 g, 

CM^S'~^'CM^S'~^'0H0H 1 6 1 mmol) in CH2C12 (200 mL), mCPBA (85%, 20.3 g, 100 mmol) was 

OO added in portions at 0 °C. When addition was complete the mixture was 

stirredd for 20 h at rt. Then, the reaction mixture was filtered, washed with CH2C12 (10 mL), and 

EtOHH (10 mL, the last two steps were repeated four times) and Et20 (2 x 10 mL). After drying 

inin vacuo (50 °C) 10.8 g of resin 22 was obtained. IR v 3442,1280,1107. 

2-Sulfonylethyll  carbamate resin (6) Resin 22 (10.6 g, 16 mmol) was 

/ " Y ^ s ' x \ / 0 > r N H 22 suspended in 100 mL CH2C12 and cooled to 0 °C, 4-nitrophenyl 

^ ^^ O O chloroformate (8.06 g, 40 mmol) and N-methylmorpholine (4.4 mL, 

400 mmol) were added, the reaction mixture was allowed to warm up to rt and was stirred for 

188 h. The suspension was filtered, the resin was washed with CH2C12 (100 mL), EtOH (100 

mL,, the last two steps were repeated four times) and Et20 (2 x 100 mL). After drying in vacuo 

(500 °C) 1.56 g of the activated carbonate was obtained. IR vl765, 1524, 1346, 1320, 1110. 

Elemental.. Anal, found: N 1.55% (1.11 mmol/g N, 91% from Merrifield resin). The resin (0.42 

g,, 0.30 mmol) was suspended in DMF (4 mL) and a saturated NHs/MeOH solution (1 mL) 

wass added. After stirring for 18 h at rt, the resin was filtered off, washed with DMF (5 mL), 

CH2C122 (5 mL), EtOH (5 mL, the last two steps were repeated four times) and Et20 (2x5 mL). 

Afterr drying in vacuo (50 °C) 0.40 g of resin 6 was obtained. IR v 3498, 3403, 1731; Elemental 

anal.. Found: N 1.37% (1.31 mmol/g N, 92% from Merrifield resin). 

2-Sulfonylethyll  l-phenylbut-3-enylcarbamate resin (23) 

Carbamatee resin 6 (150 mg, 0.17 mmol) was suspended in 

CH2C122 (1.5 mL), benzaldehyde (52 uL, 0.51 mmol), 

allyltrimethylsilanee (62 uL, 0.51 mmol) and BF3OEt2 (32 uL, 

0.266 mmol) were subsequently added and the reaction 

mixturee was stirred for 3 h at rt. The resin was filtered off, washed with CH2C12 (1.5 mL), 
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EtOHH (1.5 mL, the last two steps were repeated four times) and Et20 (2 x 1.5 mL). After drying 

inin vacuo (50 °C) resin 23 was obtained. IR v 3655, 3360,1724. 

l-Phenylbut-3-enylaminee (19) from resin 23 Resin 23 (0.17 mmol) was suspended in 

THF/MeOHH (2.25 mL, 2:1), NaOMe (28 mg, 0.51 mmol) was added and the suspension was 

stirredd for 3 h at rt. The reaction mixture was filtered, the resin was washed with CH2C12 (3x2 

mL)) the collected filtrates were neutralized with cone. HC1, diluted with saturated aqueous 

NaCll  (2 mL) and extracted with EtOAc ( 5 x1 mL). The collected organic phases were dried 

(MgS04)) and concentrated in vacuo. The product was purified using SPE chromatography 

(Isolute,, silica, solvent system: 0->10% MeOH in CH2C12) to give compound 19 (20 mg, 0.14 

mmol,, 80%) as a colorless oil which was identical to the compound obtained from the allyl 

carbamatee resin 18. 

N HH 2-Thioethyl carbamate resin (7) Resin 21 (1.01 g, 1.61 mmol) was 

suspendedd in 10 mL CH2C12 and cooled to 0 °C, 4-nitrophenyl 

chloroformatee (649 mg, 3.32 mmol) and N-methylmorpholine (0.35 

mL,, 3.32 mmol) were added, the reaction mixture was allowed to warm up to rt and stirred 

forr 18 h. The suspension was filtered, the resin was washed with CH2C12 (10 mL), EtOH (10 

mL,, the last two steps were repeated four times) and Et20 (2 x 10 mL). After drying in vacuo 

(500 °C) 1.29 g of the activated carbonate was obtained. IR v 1767, 1526, 1347. Elemental. Anal. 

found:: N 1.75% (1.25 mmol /g N, 99% from Merrifield resin). The resin (11.3 g, 14.1 mmol) was 

suspendedd in DMF (80 mL) and a saturated NHt/MeOH solution (20 mL) was added. After 

stirringg for 18 h at rt, the resin was filtered off, washed with DMF (100 mL), CH2C12 (100 mL), 

EtOHH (100 mL, the last two steps were repeated four times) and Et20 (2 x 100 mL). After 

dryingg in vacuo (50 °C) 9.6 g of resin 7 was obtained. IR v 3490, 3390, 1732. Elemental anal. 

Found:: N 1.68% (1.20 mmol /g N, 81% from Merrifield resin). 

2-Thioethyll  l-phenylbut-3-enylcarbamate resin (24) 

Carbamatee resin 7 (150 mg, 0.18 mmol) was suspended in 

\ ££ b CH2C12 (1.5 mL), benzaldehyde (55 uL, 0.54 mmol), 

allyltrimethylsilanee (86 uL, 0.54 mmol) and BF3OEt2 (33 uL, 

0.277 mmol) were subsequently added and the reaction 

mixturee was stirred for 3 h at rt. The resin was filtered off, washed with CH2C12 (1.5 mL), 

EtOHH (1.5 mL, the last two steps were repeated four times) and Et20 (2 x 1.5 mL). After drying 

inin vacuo (50 °C) resin 24 was obtained. IR v 3509, 3385,1728. 
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l-Phenylbut-3-enylaminee (19) acidic cleavage from resin 24 Resin 24 (0.18 mmol) was 

suspendedd in CH2C12 (1 mL), TFA (1 mL) was added and the suspension was stirred for 3 h at 

rt.. The reaction mixture was filtered, the resin was washed with CH2CI2 ( 3 x2 mL) and the 

collectedd filtrates concentrated in vacuo. The product was purified using SPE chromatography 

(Isolute,, silica, solvent system: 0->10% MeOH in CH2CI2) to give compound 19 (15 mg, 0.10 

mmol,, 57%) as a colorless oil which was identical to the compound obtained from the allyl 

carbamatee resin 18. 

l-Phenylbut-3-enylaminee (19) safety-catch cleavage from resin 24 Resin 24 (0.18 mmol) was 

suspendedd in CH2C12 (1.5 mL), mCPBA (77%, 101 mg, 0.45 mmol) was added at 0 °C and the 

mixturee was stirred for 2 h at this temperature. Then, the reaction mixture was filtered, 

washedd with CH2CI2 (1.5 mL), and EtOH (1.5 mL, the last two steps were repeated four times) 

andd Et20 (2 x 1.5 mL). After drying in vacuo (50 °C) resin 23 was obtained. Resin 23 was 

cleavedd in the same way as described above to give compound 19 (18 mg, 0.12 mmol, 69%) as 

aa colorless oil which was identical to the compound obtained from the allyl carbamate resin 

18. . 

OO 2-Sulfonylethyl crotonyl ester  resin (26) Resin 22 (5.0 g, 7.5 

C%C% ^ S ^ ^ ^ " ï l ^ ^ ^ mmol) was suspended in CH2C12 (50 mL), (E)-crotonyl chloride 
00 ° (90%, 2.4 mL, 22.5 mmol) was added at 0 °C, the reaction mixture 

wass allowed to warm up to rt and stirred for 2 days at this temperature. The suspension was 

filtered,, the resin was washed with CH2CI2 (50 mL), EtOH (50 mL, the last two steps were 

repeatedd four times) and Et20 (2 x 50 mL). After drying in vacuo (50 °C) 6.55 g of resin 26 was 

obtained.. IR v 1746,1657. 

_,.. 2-Sulfonylethyl glyoxylate methyl hemiacetal resin (27) Resin 
OH H 

266 (1.5 g, 2.04 mmol) was suspended in CH2Cl2/MeOH (20 mL, 
O M ee 1:1) and cooled to -78 °C. O3 was bubbled through the cold 

solutionn until the reaction mixture turned blue, then some O2 

wass bubbled through until the reaction mixture turned colorless again and a large excess of 

S(CH3)22 (2.5 mL, 35 mmol) was added. The solution was allowed to warm up to rt and stirred 

forr 18 h. The suspension was filtered, the resin was washed with CH2C12 (15 mL), EtOH (15 

mL,, the last two steps were repeated four times) and Et2Ü (2 x 15 mL). After drying in vacuo 

(500 °C) 1.45 g of resin 27 was obtained. IR v 3341,1785,1124. 

Ql_ii  Benzyloxycarbonylaminohydroxyacetic acid 2-sulfonylethyl 

( x J kk ester  resin (28) Resin 27 (200 mg, 0.27 mmol) was suspended in 

j ff  1 CH2CI2 (10 mL), benzyl carbamate (81 mg, 0.54 mmol) and TFA 

or r 
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(411 uL, 0.54 mmol) were added and the mixture was heated to reflux temperature. A reflux 

condensorr was placed on top of a pressure-equalizing dropping funnel filled with 4A MS and 

thee mixture was refluxed for 18 h. The suspension was filtered, the resin was washed with 

CH2C122 (2 mL), EtOH (2 mL, the last two steps were repeated four times) and Et20 (2x2 mL). 

Afterr drying in vacuo (50 °C) resin 28 was obtained. IR v 3215,1714,1493,1123,1052. 

QA CC Acetoxybenzyloxycarbonylaminoacetic acid 2-sulfonylethyl 

^ - ^ ^ H / ^ ^ / O ^ J^^ ester  resin (29) Resin 28 (250 mg, 0.29 mmol) was suspended in 

WW ^ O Cbz C H 2 C l2 (2-5 m L ) ' a c e t ic anhydride (147 uL, 1.44 mmol) and 

pyridinee (116 uL, 1.44 mmol) were added and the mixture was 

stirredd at rt for 2 h. The suspension was filtered, the resin was washed with CH2CI2 (2.5 mL), 

EtOHH (2.5 mL, the last two steps were repeated four times) and Et20 (2.5 x 2 mL). After drying 

inin vacuo (50 °C) resin 29 was obtained. IR v 3310,1734,1712,1122,1027. 

^ ^ .. 2-Benzyloxycarbonylaminopent-4-enoic acid 2-sulfonylethyl 

— ^ ^ i ? ^ ^^ O J-s. ester  resin (30) Resin 29 (260 mg, 0.29 mmol) was suspended in 

\Jf\Jf u ïï ^H CH2CI2 (2.5 mL), allyltrimethylsilane (138 uL, 0.87 mmol) and 

BF3-OEt22 (71 (iL, 0.58 mmol) were added and the mixture was 

stirredd at rt for 18 h. The suspension was filtered, the resin was washed with CH2CI2 (2.5 mL), 

EtOHH (2.5 mL, the last two steps were repeated four times) and Et20 (2.5 x 2 mL). After drying 

inin vacuo (50 °C) resin 30 was obtained. IR v 3293,1752,1714,1452,1122. 

2-Benzyloxycarbonylaminopent-4-enoicc acid (31) Resin 30 (0.29 mmol) was 

suspendedd in THF/MeOH (3 mL, 2:1), NaOMe (47 mg, 0.87 mmol) was added 

andd the suspension was stirred for 3 h at rt. The reaction mixture was filtered, 

thee resin was washed with CH2CI2 ( 3 x 2 mL), the collected filtrates were 

neutralizedd with cone. HC1, diluted with saturated aqueous NaCl (2 mL) and extracted with 

EtOAcc ( 5 x 1 mL). The collected organic phases were dried (MgS04) and concentrated in 

vacuo.vacuo. The product was purified using SPE chromatography (Isolute, silica, solvent system: 

0->10%% MeOH in CH2C12) to give compound 31 (31 mg, 0.13 mmol, 44% from Merrifield 

resin).. Rf 0.37 (CH2Cl2/MeOH 90:10, 1% AcOH). 'H NMR (400 MHz, CDCh) 5 7.41-7.31 (m, 

5H,, Ar-H), 5.78-5.63 (m, 1H, CH=CH2), 5.25 (br d, / = 7.37 Hz, 1H, NH), 5.19-5.06 (m, 4H, 

ArCH22 and CH=CH2), 4.51-4.48 (m, 1H, NHCH), 2.68-2.48 (m, 2H, CH2CH=CH2). '3C NMR 

(1000 MHz, CDCb) 8 175.6 (CO2H), 155.8 (OCON), 135.9, 131.5, 128.4, 128.1, 128.0 (Ar-C and 

CH=CH2),, 119.7 (CH=CH2), 67.1 (OCH2), 52.9 (NHCH), 36.2 (CH2CH=CH2). HRMS (FAB+) 

calculatedd for Ci3Hi 6N04 (M++ H) 250.1079, found 250.1084. 

NH H 
Cbz z 
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SCOPEE AN D LIMITATION S OF THE SOLUTION AN D SOLID PHASE SYNTHESIS 

OFF HOMOALLYLI C AMINE S VIA N-ACYLIMINIU M ION REACTIONS 

4.11 Introductio n 

Inn the preceding chapters, it was shown that N-acyliminium ion chemistry can be 

efficientlyy carried out on a solid phase, provided that an appropriate linker system is used. 

Withh the development of the novel SEC and TEC linker systems, an adequate immobilization 

approachh was found. From this point, extensive and more systematic investigations towards 

thee scope and limitations of solid phase N-acyliminium ion chemistry can be performed. As in 

thee preceding chapters, the one-pot three component N-acyliminium ion reaction for the 

synthesiss of homoallylic amines wil l be used as a model system.12 

Inn principle, the high potential of solid phase combinatorial chemistry should enable 

thee synthesis of libraries of any size. Reactions applied on a solid phase could potentially 

deliverr a wide variety of products. However, given that the number of possible organic 

compoundss with a molecular weight of less than 750 is estimated at 10200, it quickly becomes 

clearr that a subset of potential products should be selected.3 Hence, solid phase reactions 

shouldd not deliver as many compounds as possible, but rather as 'diverse' compounds as 

possible.. On the other hand, diversity is completely dependent on the goal of the 

investigations.. For example, diversity with respect to the biological activity of compounds 

cannott be compared with diversity with respect to the development of new chemical 

reactions.. In the former, aspects such as the presence of a multitude of different 

pharmacophoricc patterns are important, whereas in the latter, variety in functionality, steric 

bulkk and electronic properties are essential. Therefore, for our purposes the diversity of the 

productss obtained in the solid phase three component N-acyliminium ion reaction can be 

definedd as the scope and limitations of this reaction with respect to the different components. 

Inn the solution phase one-pot three component synthesis of protected homoallylic 

aminess introduced by Panek4 and Veenstra,5 a rough study on the scope of this N-

acyliminiumm ion reaction with respect to the amide and aldehyde components was reported 

(Tablee 4.1). This study dealt with a wide variety of possible aldehydes in combination with 

somee carbamates and sulfonamides. Both aromatic and aliphatic aldehydes were used. 

Electronn rich and electron poor aromatic aldehydes reacted equally well (entries 5-7) and 

stericc hinderance in the aldehyde component did not seem to play a significant role (entries 1-

3). . 
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Tablee 4.1: 

99 BF3OEt2 

R 1 A HH  R2-NH2  ^ ^ S i M e 3 . tf 
MeCNN or CH2Cl2 H 

la-hh 2A-E 3 0^20 °C 4 

entryy aldehyde 1 amide 2 solvent time 4 (yield) 

0,N N 

MeO O 

l e e 

Me^^  I» |f^( A 
O O 

2AA  CH2CI2 4h 4aA(72%) 

22 J l b 2A CH2CI2 2 h 4bA (70%) 

33 ^\ l c 2A MeCN 2h 4cA (88%) 

44 :! J I d 2A CH2CI2 4h 4dA(80%) 

l ee 2A MeCN 2h 4eA (95%) 

I ff  2A MeCN 2h 4fA(85%) 

l gg 2A CH2CI2 3h 4gA(84%) 

II  ° 
>̂\\ J\| 2B MeCN l h 4eB (45%) 

O O 
lh""  X ^ j 2C MeCN l h 4hC (75%) 

MeOO I v ; 

100 lh"  f f ^ T 'O 2D MeCN 20 h 4hD (60%) 

Me' ' 

111 lh" NN ^ 2E MeCN 3h 4hE (83%) 

"Thee corresponding diethyl acetal was used. 
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Carbamatess (benzyl carbamate in particular) gave slightly better results than sulfonamides 

(entriess 10-11). The scope with respect to the nucleophile was not investigated. 

Inn addition to the results in solution phase, investigations towards the scope of the 

solidd phase reaction on the Wang linker system were shown in Chapter 2. From these 

investigationss it was concluded that the best results were obtained by using electron rich 

aromaticc aldehydes. Other nucleophiles than (substituted) allylsilanes did not result in 

productt formation. 

Inn this chapter, studies towards a broader scope of the solid phase three component N-

acyliminiumm ion reaction wil l be presented. For a better understanding of the solid phase 

reaction,, these investigations wil l also include a more detailed scope determination of model 

systemss in solution phase. A significant part of this research wil l be focused on the use of 

moree reactive species (generated in situ or isolated) that are subsequently used as N-

acyliminiumm ion precursors. During the course of our work, the group of Mioskowski 

reportedd a similar type of approach (Scheme 4.1).6 Starting from the immobilized aromatic 

amidee 5, the corresponding N,0-acetal 6 was isolated and used as an N-acyliminium ion 

precursorr in the next step. This kind of approach leads to a 'two-step' reaction, which might 

eventuallyy improve the diversity of the potential products of the former one-pot three 

componentt solid phase N-acyliminium ion reaction. 

Schemee 4.1: 

.SiMe-, , 

—— O 

ReagentsReagents and conditions: (a) TFA (5 equiv), HC(OMe)3 (10 equiv), THF, 30 °C, 12 h;; (b) BF3OEt2 

(33 equiv), CH2C12, rt, 12 h. 

4.22 Preparation of model systems in solution phase 

2-(Benzylsulfonyl)ethyll  carbamate 11 and the corresponding 2-(benzylthio)ethyl 

carbamatee 12 were obtained using the same technology as described for the synthesis of the 

SECC and TEC linker systems (see Chapter 3). 
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Schemee 4.2: 

cr cr Br r 

94% % 

; ^ O H H 

93% % 

OH H 

31% % 

12 2 

9% % 

11 1 

ReagentsReagents and conditions: (a) CS2CO3 (1.05 equiv), mercaptoethanol (1.05 equiv), DMF, 60 °C, 4 h, 

rt,, 18 h; (b) mCPBA (2.3 equiv), CH2CI2, 0 °C->rt, 18 h; (c) (1) p-nitrophenyl chloroformate (1.0 

equiv),, N-methylmorphoIine (1.0 equiv), CH2C12, 0 °C->rt, 18 h; (2) NH3, MeOH/DMF, rt, 18 

h. . 

Too facilitate the purification of the products in the solution phase synthesis, the 

reagentss were used in slight excess or in equimolar amounts. Both carbamates 11 and 12 were 

obtainedd in good overall yields (78% and 76% over 3 and 2 steps, respectively). 

Ally ll  carbamate 13 and benzotriazole (Bt) derivative 14 were also prepared as model 

systemss for solution phase N-acyliminium ion reactions. Both these compounds were 

preparedd according to known literature procedures. Ally l carbamate 13 was obtained in one 

stepp from allyl chloroformate using the procedure of Roos.7 Bt-derivative 14 was obtained in 

onee step from benzyl carbamate using the technology described by Katritzky.8 Bt-compounds 

usuallyy exist as a mixture of 1-yl and 2-yl isomers (see the structures of l-yl-14 and 2-yl-14), 

bothh of which display a comparable leaving group ability.9 However, Bt-derivative 14 was 

mainlyy isolated as the the pure l-yl-14 isomer.8 

Bt t N N 

HN N 

Cbz z 
^ ^ HN N 

Cbz z 

13 3 14 4 l-yl-14 4 

/// \\ 
NN ,N 

N N 

Cbzz K^> 

2-yl-14 4 
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4.33 Solution phase N-acyliminiu m ion reactions 

Inn order to study the solution phase N-acyliminium ion reactions several model 

systemss were used. Ally l carbamate 13 was used as a model system for the allyl carbamate 

linker,, while carbamates 11 and 12 were used as models for the SEC and TEC linker systems 

(seee Chapter 3). Benzyl carabamate was used as a simple and readily available model system 

forr a general immobilized carbamate. To explore the two-step variant of the three component 

N-acyliminiumm ion reaction, Bt-derivative 14 was used. 

First,, the scope of the three component N-acyliminium ion reaction with allyl 

carbamatee 13 was investigated. Carbamate 13 was reacted with 1 equiv of the aldehyde 15, the 

nucleophilee 16 and BF3-OEt2 in CH2CI2 at rt. The reactions were quenched upon disappearence 

off  the starting material or after a maximum reaction time of 20 h. Several aromatic and 

aliphaticc aldehydes were used in combination with allyltrimethylsilane. Furthermore, 

benzaldehydee (15a) was also used in combination with several nucleophiles. The results of 

thesee reactions are summarized in Table 4.2. 

Tablee 4.2: 

entry y 

0 0 -- I 
OO NH2 

13 3 

a ldehyde e 15 5 

XX  ,5a_f 

+ + 

nucleophile e 
16A-F F 

11 equiv BF3OEt2 

CH2C12,, rt, 3-20 h 

nucleophi lee 16 t ime (h) 

00 Nu 

^ ^ 00 N ^ R 1 

H H 
17 7 

product t 
N u u 

(yield) ) 

Meö ö 

15a a 

15b b 

iMe-i iMe-i 

16A A 

16A A 17aAA (82%) 

17bAA (80%) 

NC C 

15c c 16A A 

44 sKsf> 15d 16A 
02N N 

20 0 

20 0 

17cc A (45%) 

17dAA (40%) 
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T T 
H H 
15a a 

15a a 

15a a 

15e e 

15f» » 

16A A 

16A A 

CI I 

^ k ^ S i M e3 3 

^ . ^ S n B u3 3 

Me3Si-CN N 

16B B 

16C C 

16D D 

20 0 

20 0 

20 0 

20 0 

20 0 f-CN N 

17eAA (44%) 

17ff  A (75%) 

17aBB (80%) 

17aCC (10%) 

17aDD (5%) 

100 15a ^ / 16E 20 f ^ " Sr 17aE (10%) 

OSiMe3 3 

111 15a Y 1 6 F 2 0 17aF(6%) 

"OSiMe3 3 

"Thee corresponding diethyl acetal was used. 

Ass shown in the table a clear trend - that is comparable with the scope determination 

onn the Wang linker system (see Chapter 2) - is observed. Electron rich aromatic aldehydes 

(entriess 1-2) gave the best results, while the electron poor aromatic aldehydes (entries 3-4) 

onlyy resulted in the formation of the desired homoallylic carbamate in moderate yields and 

longerr reaction times were needed. While the use of aliphatic substituents (entries 5-6) did 

yieldd the desired product, the yields were somewhat lower and the reaction time was 

considerablyy longer than with the electron rich aromatic aldehydes. With respect to the 

nucleophile,, the scope proved to be significantly narrower. Although the use of the 

substitutedd allylsilane 16B (entry 7) resulted in a high yield of the desired product (80%), the 

reactionn was much slower than with allyltrimethylsilane (entry 1). 1,2-

Propadienyltributylstannanee (16C) has been successfully used previously as a nucleophile for 

N-acyliminiumm ion chemistry.10 However, in this case, the use of the allenyltin compound 

(entryy 8) only resulted in the formation of the desired homopropargylic carbamate 17aC in a 

yieldd of 10%. The use of Me3SiCN (entry 9) and silyl enol ethers (entries 10-11) gave a trace of 

thee desired products, while these nucleophiles have shown their viability in N-acyliminium 

ionn chemistry before.1112 The low yields achieved with the nucleophiles 16C-F might be 
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explainedd by the rather low stability of these compounds under the conditions needed for the 

formationn of the N-acyliminium ion (BF3OEt2, rt). 

Thee scope of the solution phase one-pot three component N-acyliminium ion reaction 

withh respect to the nucleophile was further investigated with the use of benzyl carbamate (18) 

ass a model system (Table 4.3). 

Tablee 4.3: 

O O x x 
OO NH2 

18 8 

O O 
15a a 

nucleophile e 
16F-K K 

Lewiss acid 

CH2C12,, rt 

Nu u 

HN-Npi i 
Cbzz K^ 

19 9 

entryy nucleophile 16 Lewis acid time (h) Nu u 
product t 

(yield) ) 

SiMe e 33 16A BF3OEt2 

SiMe3 3 

16GG BF3OEt2 

' ' 

iMe-j j 

SiMe3 3 

/SiMe3 3 

OAc c 

16K K 

16H16H BF3OEt2 

3 3 

4 4 

20 0 

1611 BF3OEt2 20 

16JJ BF3OEt2 4 

16KK  BF3OEt2 20 

Sc(OTf)3°° 18 

19aAA (92%) 

C02Mee i 9 a G(71%) 

CI I 

19aJJ (62%) 

19aKK (28%) 

«AA catalytic amount of the Lewis acid (0.1 equiv) was used. 

Thee 1-substituted allylsilane 16G (entry 2) reacted smoothly and resulted in a 71% 

yieldd of homoallylic carbamate 19aG. The geometry of the newly-formed double bond was 

assignedd by 'H NMR experiments and proved to be exclusively the (E)-isomer. Suprisingly, 2-

andd 3-substituted allylsilanes 16H and 161 (entries 3-4) did not lead to any product formation 

att all. The steric hindrance of the chlorine and methyl substituents on the reactive double 

bondd of the allylsilane might explain the poor reactivity of these nucleophiles in this specific 
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N-acyliminiumm ion reaction. However, the successful use of a 2-bromo-substituted allylsilane 

inn the solid phase three component N-acyliminum ion reaction has been shown before (see 

Chapterr 2). Although the use of 2,3-buadienylsilane 16J in Sakurai-type additions to 

aldehydess or acetals has been reported by the groups of Hatakeyama and Takano,13 the use of 

thiss nucleophile in N-acyliminium ion reactions is still unexplored.14 The application of this 

allenylsilanee 16J in the one-pot three component N-acyliminium reaction with benzyl 

carbamatee (18) and benzaldehyde (16a) resulted in the formation of diene 19aJ in a yield of 

62%.. Analogous to the unsuccessful use of silyl enol ethers (see Table 4.2), at this point the 

moree stable vinyl acetate 16K  was used as a nucleophile (entries 6-7). However, under the 

conditionss that were previously used for the formation of the transient cation (1 equiv 

BF3-OEt2,, entry 6), no product was formed either. Recently, new developments to generate 

iminiumm and N-acyliminium ion intermediates by using catalytic amounts of metal triflates 

(Sc(OTf>,, Yb(OTf)3, Sn(OTf)2, Hf(OTf)4, etc.) have been reported by Kobayashi.̂ When the 

Lewiss acid was changed to a catalytic amount of Sc(OTf)3 (entry 7), the desired ketone 19aK 

couldd be obtained, albeit in a low yield (28%). 

Too achieve a better understanding of the translation process of the N-acyliminium ion 

reactionn to the SEC and TEC linkers, the model system was expanded to carbamates having 

thee sulfonylethyl and thioethyl functionalities already present in the molecule. Thus, 

carbamatess 11 and 12 were used for the one-pot three component reactions, which are shown 

inn Table 4.4. 

Thee yield of sulfonylethyl carbamate 21aA (89%, entry 1) is comparable with the yield 

thatt was earlier obtained in combination with allyl carbamate 13 (82%, Table 4.2, entry 1). 

However,, the same components in combination with thioethyl carbamate 12 afforded product 

22aAA  in a somewhat lower yield (65%, entry 3). This finding is similar to the results that were 

foundd with the N-acyliminium ion reactions on the SEC and TEC linker systems (see Chapter 

3).. The lower yields with thioethyl carbamate 12 and TEC resin might be explained by the 

presencee of the nucleophilic sulfur functionality, which interferes with the reaction conditions 

thatt are needed for the N-acyliminium ion reaction. A benzylic substituent was introduced by 

thee use of diethyl acetal 20f (entry 2). The diethyl acetal was used because of the poor stability 

off  the corresponding aldehyde. Logically, the same diethyl acetal functionality also generates 

aa more reactive precursor for the N-acyliminium ion formation (cf. compound 6 with OMe vs. 

OHH as a leaving group) and thus resulted in the smooth formation of product 21f A in a yield 

off  82%. The same positive effect of the diethyl acetal functionality was also found with the 

introductionn of an rc-hexyl substituent (entries 4-5). While M-heptanal (20g) produced the 

productt 22gA in a yield of only 45%, the use of the corresponding diethyl acetal 20g improved 

thee yield of 22gA to 66%. To further investigate the scope with respect to the aliphatic diethyl 
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acetall  component, benzyl carbamate (18) and allyltrimethylsilane (16A) were used in 

combinationn with the functionalized aliphatic diethyl acetal 20h (Scheme 4.3). 

Tablee 4.4: 

k ^^ On O 

l l nn = 2 
12nn = 0 

OO O Et uu or I 
R 1 / ^ HH R 1 / T ) E t 

15 5 20 0 BF3OEt2 2 

CH2C12,, rt 

HNN R 

^ 0 ^ 0 0 

StO)n n 

211 n = 2 
22nn = 0 

entryy carbamate aldehydee 15/acetal 20 timee (h) product (yield) 

11 1 

11 1 

3 3 

4 4 

5 5 

12 2 

12 2 

12 2 

15a a 

20f f 6» » 

21aAA (89%) 

21ff  A (82%) 

15g g 

20g g 

5 5 

18 8 

18 8 

22aAA (65% 

22gAA (45% 

22gAA (66% 

«Reactionn at 50 °C 

Afterr a reaction time of 18 h, a 75% conversion of benzyl carbamate (18) was obtained 

andd during the reaction a white precipitate was formed, which after isolation was identified as 

bis-carbamatee 25. The formation of similar bis-carbamates in this type of reaction have also 

beenn reported by Veenstra.5 However, the bis-carbamate precipitate is usually only observed 

att the beginning of the reaction and is thereafter completely transformed into the desired 

product.. The bis-carbamate 25 and the anticipated protected diamine 19hA were obtained as a 

1:11 mixture and could easily be separated by column chromatography. Subsequently, bis-

carbamatee 25 was used as an IV-acyliminium ion precursor itself, which after a reaction of 18 h 

resultedd in a 6:4 mixture of compounds 25 and 19hA. 
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Schemee 4.3: 

O O 

A A EtO O 

OEtt  20h 
,NPhth h 

NH, , 

OEt t 

HN N 

Cbz z 

NPhth h 

23 3 

HN' ' 
,, NPhth 

Cbz z 
24 4 

HN' ' 

HN N 

Cbz z 

.Cbz z 

NPhth h 

25 5 

ReagentsReagents and conditions: (a) allyltrimethylsilane (1 equiv), BFjOEt2 (1 equiv), CH2Q2, rt, 18 h 

(75%% conversion, 1:1 mixture of 25 and 19hA); (b) allyltrimethylsilane (1 equiv), BF3-OEt2 (1 

equiv),, MeCN, rt, 18 h (6:4 mixture of 25 and 19hA). 

Clearly,, the scope of the three component N-acyliminium ion reaction - in particular 

withh respect to the nucleophile - is still rather limited. Encouraged by the results of using 

moree activated intermediates for the N-acyliminium ion formation, it was decided to further 

investigatee the 'two-step' approach. In contrast to Mioskowski's results with aromatic 

amides,66 in our hands the addition of aldehydes to benzyl carbamate in the presence of TFA 

andd HC(OMe)3 did not lead to the desired N,0-acetal, but resulted in the exclusive formation 

off  the corresponding bis-carbamates.16 Therefore, in addition to N,0-acetals, the Bt-derivative 

144 was used as a readily available and versatile N-acyliminium ion precursor (Table 4.5). 

Byy using allyltrimethylsilane (16A) as the nucleophile, homoallylic carbamate 19aA 

wass obtained in a good yield (80%, entry 1), thus proving the viability and efficiency of this 

Bt-derivativee in N-acyliminium ion chemistry. 2,3-Butadienylsilane 16J (entry 2) was reacted 

withh Bt-derivative 14 to provide diene 19aJ, the preparation of which was described earlier in 

Tablee 4.3 (entry 4). In the current case diene 19aJ was obtained in a slightly lower yield than in 

thee previous example (53% and 62%, respectively). The application of a (vinologous) silyl enol 

etherr as a nucleophile was demonstrated by the use of furan 16L  (entries 3-4).1718 Sc(OTf)3 

provedd to be unsuitable for N-acyliminium ion formation with Bt-derivative 14 as it led to no 

productt formation at all. However, with the use of BF3-OEt2, the desired a,B-unsaturated 

ketonee 19aL  was obtained in a moderate yield of 51%. 
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Tablee 4.5 

r r 

entry y 

1 1 

2 2 

3 3 

4 4 

5 5 

Bt t 

Cbzz L l ^ 

14 4 

nucleophile e 

^ r \ ^ S i M e3 3 

/ - ° \^OSiMe3 3 

16L L 

Ö Ö 

nucleop p 
16 6 

16 6 

16A A 

16J J 

16L L 

16M M 

(Lewis)) acid 

BF3OEt2 2 

BF3OEt2 2 

Sc(OTf)3 3 

BF3OEt2 2 

CSA A 

(Lewis)) acid 

i t t 

solvent t 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

CH2CI2 2 

--

HN' ' 
1 1 
Ct t 

Nu u 

kA A 
(yv v 

t^ o o 

11 0 
\J \J 

Nu u 

^0 0 
19 9 

productt (yield) 

19aa A (80%) 

19aJJ (53%) 

--

19aL(51%) ) 

19aMM  (55%) 

Thee use of furan as an aromatic nucleophile in N-acyliminium ion chemistry has been 

shownn before,19 in which the best results were obtained with the use of moderately strong 

proticc acids in combination with furan as the solvent. Thus, Bt-derivative 14 was reacted with 

CSAA in furan (16M) to afford compound 19aM in a yield of 55% (entry 5). The introduction of 

thee furan functionality also allows for further functionalization by oxidation to the 

correspondingg carboxylic acid functionality (eq 4.1). Although a heterogeneous Ru02/NaIC>4 

systemm is usually used for the oxidation of rx-furyl carbamates,20 some examples of 

homogeneouss oxidations with ozone are also known.21 

19aM M 

O, , 

MeOH,, -78 °C, 30 min 
79% % 

Cvv .OH 

(4.1) ) 

26 6 

Hence,, furan 19aM  was ozonolyzed to afford N-protected phenylglycine 26 in a yield 

off  79%. Consequently, with this reaction sequence the scope of products was extended to N-

protectedd a-amino acids. 
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4.44 Solid phase N-acyl iminiu m ion reactions 

Withh the results of the solution phase N-acyliminium ion reactions in mind, the scope 

andd limitations of the same reactions on a solid phase were determined next. For this purpose, 

thee earlier developed SEC linker system 27 (see Chapter 3), was used. The introduction of 

aromaticc side chains is presented in Table 4.6. 

Tablee 4.6: 

O O 

ÖÖ O NH2 " * * 6 O N _ R 1 ,;v ' II 
BF3OEt2,, CH2Cl2,rt 

277 28 29 

entryy aldehyde 15 product (yield)» 

MeO O 

NC C 

15aa 29aA (80%) 

15bb 29bA (79%) 

15cc 29cA (39%) 

15dd 29dA (<3%) 

S ^ * ] ^ ''  15i 29iA (60%) 

"Yieldss were determined over two steps, starting from resin 27. 

Again,, the same trend in the reactivity of the aromatic aldehydes was observed: 

electronn rich aldehydes afforded the desired products 29 in high yields (entries 1-2, 5), 

whereass electron poor ones produced a lower yield (entry 3), or no product (entry 4). 

Furthermore,, the yields of these products were around 20% higher than those of the same 
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productss produced on the Wang linker system (see Chapter 2). This observation again proved 

thee viability of N-acyliminium ion chemistry on the SEC linker. 

Earlier,, the introduction of aliphatic side chains in the solid phase one-pot three 

componentt N-acyliminium ion reaction on the Wang resin proved to be troublesome (see 

Chapterr 2). On the other hand, the introduction of aliphatic substituents in the solution phase 

reactionn by the use of acetals 20 did result in the efficient formation of the desired products. 

Therefore,, the use of diethyl acetals in combination with SEC resin 27 was investigated (Table 

4.7). . 

Tablee 4.7: 

\^0 \^0 

27 7 

OEt t 
,SiMe, , 

R1"" OEt 
20 0 

Y' ' 
o o 

16A A 

BF3OEt2,, CH2C12, rt 

- O T T NaOMe e 
11 *- HoN'^R1 

29 9 

entry y acetall  20 productt (yield)" 

29fAA (39%) 

29gAA (58%) 

29JAA (35%) 

29kAA (46%) 

29dAA (7%) 

"Yieldss were determined over two steps, starting from resin 27. 

Byy using the aliphatic diethyl acetals 20f-g,j-k (entries 1-4), the corresponding 

productss could indeed be obtained, albeit in moderate yields. Surprisingly, with the use of 

acetall  20h in the solid phase reaction (entry 5) no product was obtained at all, whereas in 

solutionn phase (Scheme 4.4) the desired product was formed together with a substantial 
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amountt of the corresponding bis-carbamate. Nevertheless, the successful introduction of 

aliphaticc substituents (entries 1-4) significantly extended the scope of the process. Encouraged 

byy these results, the application of the corresponding diethyl acetal functionality in the 

introductionn of an electron poor aromatic substituent was also tested (entry 6). Unfortunately, 

thee desired homoallylic amine 29dA was only formed in a low yield of 7%. 

Next,, the application of the silyl nucleophiles 16G-J in combination with some 

aromaticc aldehydes in the three component N-acyliminium ion reaction was investigated 

(Tablee 4.8). 

Tablee 4.8: 

O O 
ii i 

s s 
ÖÖ C X . N H 2 

T T 
o o 

27 7 

O O 

1/iL ^^ nucleophile 
RR H 

15 5 

BF,OEt2,, CH,C1,, rt 

OO N 

S ^ NN NaOMe ?U 

00 C X / N ^ , R 1 H 2 N ^ R 1 

TT T 
OO Nu 28 8 29 9 

entry y aldehydee 15 nucleophilee 16 Nu u 
product t 

(yield)" " 

15a a 

15a a 

15a a 

15a a 

MeO O 
15b b 

,SiMeo o 

Me02C C 

SiMeo o 

16G G 

16H 16H 

161 1 

^ x .. ,SiMe3 
^ . ^ ^^ 16J 

16G G 

"C02Mee 29aG(42%) 

CI I 

29aJJ (30%) 

29bGG (37%) 

15b b 

aa4 4 
15i i 

15i i 

16J J 

16G G 

16J J 

29bJJ (48%) 

29iGG (36%) 

29iJJ (42%) 

"Yieldss were determined over two steps, starting from resin 27. 
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Byy us ing subst i tuted allylsi lanes (entries 1-3), 1-substituted si lane 16G again afforded 

thee p roduct (42%), whi l e 2- and 3-substi tuted allylsi lanes 16H-I  were not reactive at all. A 

d ienee functionality was in t roduced by mak ing use of al lenylsi lane 16J (entry 4). Silanes 16G 

andd 16J were also successfully used in combinat ion wi t h the aromat ic a ldehydes 15b and 15i 

(entriess 5-8) to afford the corresponding homoal ly l ic amines 29 in reasonable yields. 

Tablee 4.9: 

ww O C X . N H 2 T T 
o o 

27 7 

O O 

15 5 

pTsOH,, 4 A MS, 
toluene,, reflux 

O O 

NY 
OO Bt 

30 0 

(Lewis)) acid 
nucleophilee 16 

Nu u 

H 2 N ^ R 1 1 

29 9 

NaOMe e 

THF/MeOH H 

or r H H 
NYR1 1 

OO Nu 
28 8 

entryy a ldehyde 15 nucleophi lee 16 
(Lewis) ) 

acid d 
N u u 

product t 

(yield)" " 

15a a 

15a a 

15a a 

0,N N 
15d d 

,SiMe e 33 16A BF3-OEt2 

o„ „ 
\\ jj  16M  CSA 

OMe e 

16NN CSA 

"OMe e 

16A A BF3OEt2 2 

C\ \ 

29aAA  (71%) 

\\ n 29aM(50%) 

OMe e 

29aNN (20%) 
OMe e 

29dAA  (36%) 

"Yieldss were determined over three steps, start ing from resin 27. 
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Finally,, to extend the scope of the N-acyliminium ion reaction even more, the 'two-

step'' approach, involving a Bt-derivative 30 was applied on the SEC resin (Table 4.9). The 

resultss show that with the use of Bt-derivative 30, the scope with respect to the nucleophile 

wass extended to aromatic ones (entries 2-3). Analogous to the solution phase reaction, CSA 

wass used to generate the N-acyliminium ion intermediate while the aromatic nucleophile was 

usedd as the solvent. Moreover, the application of the Bt-derivative improved the yield of 

productt 29dA to 36% over three steps (entry 4). Thus, the 'two-step' approach also extended 

thee scope of the reaction with respect to electron poor aromatic aldehydes. 

4.55 Mechanistic considerations 

Iff  one compares the results of the solution phase N-acyliminium ion reactions with 

thosee of the solid phase, a few interesting features appear. In general the yields of the solid 

phasee reactions are somewhat lower than those in solution phase. For example, whereas the 

usee of p-nitrobenzaldehyde (15d) in solution phase afforded the desired product in a 

reasonablee yield, the same aldehyde on solid phase only produced a trace of the desired 

homoallylicc amine. Although in the solution phase a similar trend in reactivity was observed, 

thee low reactivity of aliphatic and electron poor aromatic substituents in the solid phase 

reactionss was much more pronounced (see also Chapter 2). This difference might be explained 

byy the polarity of the environment in which the reactions take place. Whereas in solution 

phasee the cationic intermediates can be stabilized by the relatively polar solvent, on solid 

phasee the extent of stabilization is reduced due to the more apolar environment of the 

polymerr support. 

Schemee 4.4: 

O O x x 
ROO NHo 

31 1 

RO O 

OO OX 

AA A 1 N N 
H H 

33 3 

BF,OEt2 2 
RO O 

O O 

ROO N R1 

H H 

34 4 

RO O 

O O x x 
OO HN OR 

A.. A. 
H H 

35 5 

*R R 

S2 2 
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Furthermore,, the use of diethyl acetal 20h in solution phase led to a considerable 

amountt of the undesired bis-carbamate (cf. 35 in Scheme 4.4), while on the solid phase no 

productt was formed at all. Veenstra presumed the aforementioned bis-carbamate to be the 

intermediate,, which is transformed into the key electrophile that undergoes the nucleophilic 

attackk (35—»34). However, formation of such an intermediate in the solid phase reaction (35 in 

whichh R is attached to the polymeric backbone) would be unlikely - though not impossible -

becausee of site-site isolation on the polymer. Most probably, bis-carbamate 35 is formed as an 

intermediatee species but is not necessarily required for formation of product 32. 

4.66 Conclusions 

Inn this chapter, the scope and limitations of the one-pot three component N-

acyliminiumm ion reaction have been explored. In both the solution and solid phase reactions a 

similarr trend can be observed. With respect to the aldehyde component, the best yields were 

obtainedd with electron rich aromatic ones. Whereas aliphatic side chains could be introduced 

inn satisfactory yields by using the corresponding diethyl acetals, electron poor aromatic 

substituentss could not efficiently be introduced by using the three component N-acyliminium 

ionn reaction. However, a 'two-step' approach involving a Bt-derivative has led to an extension 

off  the scope to also include electron poor aromatic groups. With respect to the nucleophile, 

thee scope was mainly restricted to simple substituted allylsilanes. However, a useful addition 

off  potential nucleophiles was found in the application of 2,3-butadienylsilane. Furthermore, 

aromaticc nucleophiles were used in the 'two-step' approach. Overall, it can be concluded that 

aa diverse range of products was made, although the introduction of different structural classes 

requiredd its own optimization, which has led to a range of optimal reaction conditions. 
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4.88 Experimental section 

Forr experimental details, see: Section 2.7 

2-Benzylthioethanoll  (9) Benzyl bromide (7.2 mL, 42.7 mmol), and 

Cs2C033 (14.6 g, 44.9 mmol) were suspended in dry DMF (150 mL), 

mercaptoethanoll  (25 mL, 44.9 mmol) was added dropwise and the 

reactionn mixture was stirred for 4 h at 60 °C and then for 20 h at rt. Then, saturated aqueous 

cr cr 
83 3 



ChapterChapter 4 

NH4CII  (100 ml) was added and the layers were separated. The aqueous layer was extracted 

withh CH3CCI3 (2 x 75 mL), the combined organic layers were washed with aqueous saturated 

NaCll  (75 mL), dried (MgS04) and concentrated in vacuo to obtain 9 (7.23 g, 40.2 mmol, 94%) as 

aa colorless oil, which was used without any further purification. ]H NMR (200 MHz, CDCI3) 5 

7.34-7.277 (m, 5H, Ar-H), 3.72 (s, 2H, ArCH2), 3.64 (t, ƒ = 6.1 Hz, 2H, OCH2), 2.62 (t, ƒ = 6.0 Hz, 

2H,, SCH2). »C NMR (50 MHz, CDCh) 8 137.9,128.6,128.4,126.9 (Ar-C), 60.1 (OCH2), 35.6, 34.1 

(ArCH22 and SCH2). IR v 3490, 3030, 2920,1410,1335,1070. 

2-Benzylsulfonylethanoll  (10) To a solution of thioether 9 (7.69 g, 42.7 

^ / \ ^ O HH mmol) in CH2C12 (100 mL), mCPBA (77%, 22 g, 98 mmol) was added in 

OO portions at 0 °C. When addition was complete the mixture was stirred 

forr 18 h at rt. Then, saturated aqueous NaHCÜ3 (100 mL) was added 

andd the layers were separated. The aqueous layer was extracted with CH2CI2 (2 x 50 mL), the 

combinedd organic layers were washed with aqueous saturated NaCl (50 mL), dried (MgSQt) 

andd concentrated in vacuo. The crude product was purified using column chromatography 

(EtOAc/PEE 1:1) to afford 10 (8.4 g, 0.40 mmol, 93%) as a white solid. iH NMR (400 MHz, 

CDCI3)) 8 7.45-7.33 (m, 5H, Ar-H), 4.35 (s, 2H, ArCH2), 4.06 (d, ƒ = 5.3 Hz, 2H, OCH2), 3.08 (d, ƒ 

== 5.3 Hz, 2H, S02CH2). " C NMR (100 MHz, CDCL) 8 130.9, 129.1, 129.0, 127.8 (Ar-C), 61.1 

(ArCH2),, 56.3 (OCH2), 53.0 (S02CH2). IR v 3488, 3033, 2978, 1495, 1393, 1287, 1117, 1070, 843. 

HRMSS (EI+) calculated for C9Hi203S (M+) 200.0507, found 200.0514. 

2-(Benzylsulfonyl)ethyll  carbamate (11) Alcohol 10 (7.00 g, 33.0 

-NH22 mmol) was dissolved in CH2C12 (70 mL) and cooled to 0 °C, 4-

nitrophenyll  chloroformate (6.66 g, 33.0 mmol) and N-

methylmorpholinee (3.63 mL, 33.0 mmol) were added, the 

reactionn mixture was allowed to warm up to rt and was stirred for 18 h at this temperature. 

Then,, saturated aqueous NH4CI (50 mL) was added and the layers were separated. The 

aqueouss layer was extracted with CH2C12 (2 x 50 mL), the combined organic layers were 

washedd with aqueous saturated NaCl (50 mL), dried (MgSQt) and concentrated in vacuo. The 

crudee carbonate was dissolved in DMF (60 mL), a saturated NEb/MeOH solution (30 ml) was 

addedd and the reaction mixture turned yellow immediately. The reaction mixture was stirred 

forr 18 h at rt and concentrated in vacuo. The crude product was purified using column 

chromatographyy (EtOAc/PE 1:1) to afford 11 (7.14 g, 29.4 mmol, 89%) as a white solid. Mp 

173-1755 °C. Rf 0.15 (EtOAc/PE 1:1). m NMR (400 MHz, CDCI3) 8 7.37-7.34 (m, 5H, Ar-H), 5.36 

(brr s, 2H, NH2), 4.43 (t, ƒ = 5.8 Hz, 2H, OCH2), 4.26 (s, 2H, ArCH2), 3.15 (t, ƒ = 5.8 Hz, 2H, SO2-

CH2).. «C NMR (100 MHz, CDCh) 8 156.3 (OCON), 130.7, 129.0, 128.9, 127.4 (Ar-C), 60.6 
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(OCH2),, 57.8 (ArCH2), 50.6 (SO2CH2). IR v 3421, 3033, 2984,1680, 1427,1365, 1282, 1119, 1025, 

995. . 

2-(Benzylthio)ethyll  carbamate (12) Alcohol 9 (4.61 g, 25.6 mmol) 

r r ^ : Y ^ " S ' ^ ^ ' 0 ~ Y ' N H 22 was dissolved in CH2C12 (40 mL) and cooled to 0 °C, 4-

\ ^^ ° nitrophenyl chloroformate (5.16 g, 25.6 mmol) and N-

methylmorpholinee (2.8 mL, 25.6 mmol) were added, the reaction mixture was allowed to 

warmm up to rt and was stirred for 18 h at this temperature. Then, saturated aqueous NH4CI 

(300 mL) was added and the layers were separated. The aqueous layer was extracted with 

CH2CI22 (2 x 30 mL), the combined organic layers were washed with aqueous saturated NaCl 

(300 mL), dried (MgS04) and concentrated in vacuo. The crude carbonate was dissolved in DMF 

(400 mL), a saturated N H s /M e ° H solution (20 mL) was added and the reaction mixture turned 

yelloww immediately. The reaction mixture was stirred for 18 h at rt and concentrated in vacuo. 

Thee crude product was purified using column chromatography (EtOAc/PE 1:1) to afford 12 

(4.388 g, 20.7 mmol, 81%) as a white solid. Rf 0.19 (EtOAc/PE 1:1). iH NMR (400 MHz, CDCb) 

55 7.36-7.23 (m, 5H, Ar-H), 4.77 (br s, 2H, NH2), 4.17 (t, ƒ = 6.8 Hz, 2H, OCH2), 3.75 (s, 2H, 

ArCH2),, 2.64 (t, ƒ = 6.8 Hz, 2H, SCH2). «C NMR (100 MHz, CDCI3) 5 156.5 (OCON), 137.9, 

128.8,, 128.1, 127.0 (Ar-C), 63.6 (OCH2), 36.2 (ArCH2), 29.9 (SCH2). IR v 3497, 3353, 3028, 2919, 

1744,1601,1454,1404,1337,1072. . 

Generall  procedure A for  the three component reaction wit h carbamates 11-13 and 18. The 

carbamate,, aldehyde (1 equiv) and nucleophile (1 equiv) were dissolved in CH2CI2. The Lewis 

acidd (1 equiv) was added and the reaction mixture was stirred for the indicated time at rt. 

Then,, saturated aqueous NaHC03 was added and the layers were separated. The aqueous 

layerr was extracted with CH2C12 (2 x), the combined organic layers were washed with 

aqueouss saturated NaCl, dried (MgS04) and concentrated in vacuo. The crude product was 

purifiedd using column chromatography (EtOAc/PE). 

(l-Phenylbut-3-enyl)carbamicc acid allyl ester  (17aA) Ally l carbamate 

133 (100 mg, 0.99 mmol), benzaldehyde (101 uL, 0.99 mmol) 

allyltrimethylsilanee (157 uL, 0.99 mmol) and BF3OEt2 (125 uL, 0.99 

mmol)) in CH2C12 (2 mL) were reacted for 3 h according to general 

proceduree A to afford 17aA (188 mg, 0.82 mmol, 82%) as a colorless 

oil.. Rf 0.59 (EtOAc/PE 1:2). 'H NMR (200 MHz, CDCb) 5 7.45-7.10 (m, 5H, Ar-H), 6.05-5.55 (m, 

2H,, 2 x CH=CH2), 5.40-4.95 (m, 4H, 2 x CH=CH2), 4.90-4.70 (m, IH, NHCH), 4.55 (dd, ƒ = 1.1, 

5.66 Hz, 2H, OCH2), 2.56-2.53 (m, 2H, CH2CH=CH2).
 13C NMR (100 MHz, CDCb) 5 155.3 

(OCON),, 141.9 (Ar-C), 133.7, 132.8 (2 x CH=CH2), 128.4, 127.4, 126.1 (Ar-C), 118.2, 117.6 (2 x 

OO ^ O 

85 5 



ChapterChapter 4 

CH=CH2),, 65.5 (OCH2), 54.4 (NHCH), 40.9 (CH2CH=CH2). IR v 3326, 3069, 3029, 2979, 2937, 

1713,, 1537, 1252, 1041, 1041, 994, 919. HRMS (FAB+) calculated for CuHjgNOz (M* + H) 

232.1338,, found 232.1339. 

OMe e 

[l-(4-Methoxyphenyl)but-3-enyl]carbamicc acid allyl ester 

(17bA)) Ally l carbamate 13 (100 mg, 0.99 mmol), 4-

methoxybenzaldehydee (120 uL, 0.99 mmol) allyltrimethylsilane 

(1577 uL, 0.99 mmol) and BF3OEt2 (125 uL, 0.99 mmol) in CH2C12 

(22 mL) were reacted for 3 h according to general procedure A to 

affordd 17bA (207 mg, 0.79 mmol, 80%) as a colorless oil. Rf 0.48 (EtOAc/PE 1:2). 'H NMR (200 

MHz,, CDCI3) 8 7.25-7.10 (m, 2H, Ar-H), 7.00-6.80 (m, 2H, Ar-H), 6.05-5.55 (m, 2H, 2 x 

CH=CH2),, 5.40-4.85 (m, 4H, 2 x CH=CH2), 4.82-4.65 (m, 1H, NHCH), 4.55 (dd, ƒ = 1.1, 4.6 Hz, 

2H,, OCH2), 3.80 (s, 3H, OMe), 2.56-2.52 (m, 2H, CH2CH=CH2). »c NMR (100 MHz, CDCb) 5 

156.77 (Ar-C), 155.4 (OCON), 134.0, 133.9 (2 x CH=CH2), 127.3 (Ar-C), 118.0, 117.5 (2 x 

CH=CH2),, 113.8 (Ar-C), 65.4 (OCH2), 55.2, 53.9 (NHCH and OMe), 40.9, 40.4 (2 x 

CH2CH=CH2).. IR v 3306, 3076, 2999, 2937,1712,1513,1246,1179,1037, 995, 920. HRMS (FAB+) 

calculatedd for Ci5H20NO3 (M
+ + H) 262.1443, found 262.1439. 

[l-(4-Cyanophenyl)but-3-enyl]carbamicc acid allyl ester  (17cA) 

Ally ll  carbamate 13 (100 mg, 0.99 mmol), 4-cyanobenzaldehyde 

(1122 mg, 0.99 mmol) allyltrimethylsilane (157 uL, 0.99 mmol) and 

BF3OEt22 (125 uL, 0.99 mmol) in CH2C12 (2 mL) were reacted for 

200 h according to general procedure A to afford 17cA (114 mg, 

0.455 mmol, 45%) as a colorless oil. Rf 0.44 (EtOAc/PE 1:2). 'H NMR (200 MHz, CDCb) 8 7.63 

(d,, ƒ = 8.3 Hz, 2H, Ar-H), 7.38 (d, ƒ = 8.2 Hz, 2H, Ar-H), 6.00-5.50 (m, 2H, 2 x CH=CH2), 5.40-

5.000 (m, 4H, 2 x CH=CH2), 4.80 (dd, ƒ = 6.6, 13.2 Hz, 1H, NHCH), 4.53 (d, ƒ = 5.6 Hz, 2H, 

OCH2),, 2.65-2.30 (m, 2H, CH2CH=CH2). »C NMR (100 MHz, CDCI3) 8 155.2 (OCON), 147.5, 

132.3,, 132.2,126.9, 126.7 (Ar-C and 2 x CH=CH2), 119.3, 118.5, 117.8, 111.0 (Ar-C, CN and 2 x 

CH=CH2),, 65.7 (OCH2), 54.0 (NHCH), 40.5 (CH2CH=CH2). IR v 3336, 3077, 2983, 2229, 1704, 

1530,, 1251, 1041, 923. HRMS (FAB+) calculated for C,5H17N202 (M+ + H) 257.1290, found 

257.1276. . 

OO ^O 

[l-(4-Nitrophenyl)but-3-enyl]carbami cc acid allyl ester  (17dA) 

Ally ll  carbamate 13 (100 mg, 0.99 mmol), 4-nitrobenzaldehyde 

(1322 mg, 0.99 mmol) allyltrimethylsilane (157 uL, 0.99 mmol) 

.,__ and BF3-OEt2 (125 uL, 0.99 mmol) in CH2C12 (2 mL) were reacted 
1NU2 2 

forr 20 h according to general procedure A to afford 17dA (109 
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mg,, 0.40 mmol, 40%) as a colorless oil. R/ 0.48 (EtOAc/PE 1:2). 'H NMR (200 MHz, CDC13) 5 

8.211 (d, ƒ = 7.2 Hz, 2H, Ar-H), 7.45 (d, ƒ = 7.0 Hz, 2H, Ar-H), 6.00-5.50 (m, 2H, 2 x CH=CH2), 

5.40-5.055 (m, 4H, 2 x CH=CH2), 4.86 (t, ƒ 6.6 Hz, 1H, NHCH), 4.53 (d, ƒ = 5.6 Hz, 2H, OCH2), 

2.65-2.455 (m, 2H, CH2CH=CH2). »C NMR (100 MHz, CDCI3) 155.4 (OCON), 147.0,132.6,132.4, 

127.0,, 126.3, 123.7 (Ar-C), 119.3, 117.8 (2 x CH=CH2), 65.7 (OCH2), 54.1 (NHCH), 40.5 

(CH2CH=CH2).. IR v 3543, 3332, 3015, 2975,1721,1608,1558,1442,1265,1112,1046, 931. HRMS 

(FAB+)) calculated for C4H17N2O4 (M+ + H) 277.1188, found 277.1190. 

(l-Isopropylbut-3-enyl)carbamicc acid allyl ester  (17eA) Ally l carbamate 

133 (100 mg, 0.99 mmol), isobutyraldehyde (90 |iL, 0.99 mmol) 

allyltrimethylsilanee (157 uL, 0.99 mmol) and BF3OEt2 (125 uE, 0.99 

mmol)) in CH2C12 (2 mL) were reacted for 20 h according to general 

proceduree A to afford 17eA (89 mg, 0.44 mmol, 44%) as a colorless oil. R/ 

0.644 (EtOAc/PE 1:2). iH NMR (200 MHz, CDCI3) 5 6.05-5.60 (m, 2H, 2 x CH=CH2), 5.40-4.95 

(m,, 4H, 2 x CH=CH2), 4.60-4.45 (d, ƒ = 5.2 Hz, 2H, OCH2), 3.65-3.45 (m, IH, NHCH), 2.40-2.00 

(m,, 2H, CH2CH=CH2), 1.85-1.60 (m, IH, CH(CH3)2), 1.00-0.70 (m, 6H, CH(CH3)2). »C NMR 

(1255 MHz, CDCI3) 5 153.6 (OCON), 134.7,133.0 (2 x CH=CH2), 122.0,117.3 (2 x CH=CH2), 67.0 

(OCH2),, 55.6 (NHCH), 36.8 (CH2CH=CH2), 31.4 (CH(CH3)2), 19.2 (CH(CH3)2). IR v 3323, 3076, 

2960,, 1720, 1647, 1536, 1250, 993. HRMS (FAB+) calculated for CnH20NO2 (M+ + H) 198.1494, 

foundd 298.1492. 

(l-Benzylbut-3-enyl)carbamicc acid allyl ester  (17fA) Ally l 

^ 11 \ n carbamate 13 (100 mg, 0.99 mmol), phenylacetaldehyde diethyl 

H N - ^ \ ^ ^ // acetal (163 uL, 0.99 mmol) allyltrimethylsilane (157 uL, 0.99 mmol) 

<%^/^^ A; , and BF3OEt2 (125 uL, 0.99 mmol) in CH2C12 (2 mL) were reacted 

forr 20 h according to general procedure A to afford 17f A (182 mg, 

0.744 mmol, 75%) as a colorless oil. R, 0.58 (EtOAc/PE 1:2). m NMR (200 MHz, CDCb) 8 7.40-

7.100 (m, 5H, Ar-H), 6.00-5.70 (m, 2H, 2 x CH=CH2), 5.40-5.00 (m, 4 H, 2 x CH=CH2), 4.65-4.45 

(m,, 2H, OCH2), 3.97 (dd, ƒ = 6.9, 13.7 Hz, IH, NHCH), 2.90-2.70 (m, 2H, ArCH2), 2.40-2.05 (m, 

2H,, CH2CH=CH2). »C NMR (100 MHz, CDCty 5 137.8 (Ar-C), 134.1, 132.9 (2 x CH=CH2), 

139.3,, 128.3, 126.3 (Ar-C), 118.0, 117.3 (2 x CH=CH2), 65.3 (OCH2), 53.2 (NHCH), 40.3, 38.0 

(ArCH22 and CH2CH=CH2). IR v 3334, 3027, 2925,1718,1531,1256,1121,1043, 994, 918. HRMS 

(FAB+)) calculated for Ci5H20NO2 (M
+ + H) 246.1494, found 246.1483. 
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(l-Benzylbut-3-enyl)carbamicc acid allyl ester  (17aB) Ally l 

carbamatee 13 (100 mg, 0.99 mmol), benzaldehyde (101 uL, 0.99 

mmol)) 2-(chloromethyl)allyltrimethylsilane (179 uL, 0.99 mmol) and 

BF3OEt22 (125 (iL, 0.99 mmol) in CH2C12 (2 mL) were reacted for 20 h 

accordingg to general procedure A to afford 17aB (221 mg, 0.79 mmol, 

80%)) as a colorless oil. Rf 0.54 (EtOAc/PE 1:2). « NMR (200 MHz, CDC13) S 7.50-7.15 (m, 5H, 

Ar-H) ,, 6.00-5.70 (m, 1H, CH=CH2), 5.40-5.10 (m, 4H, CH=CH2 and C=CH2), 4.90 (dd, / = 6.0, 

8.11 Hz, 1H, NHCH), 4.54 (dd, ƒ = 1.0, 5.6 Hz, 2H, OCH2), 4.20-3.90 (m, 2H, CH2C1), 2.85-2.50 

(m,, 2H, CH2C=CH2). »C NMR (100 MHz, CDCI3) 8 155.5 (OCON), 141.8, 141.2 (Ar-C and 

C=CH2),, 132.6 (CH=CH2), 128.6, 127.5, 126.0 (Ar-C), 117.8, 117.6 (C=CH2 and CH=CH2), 65.6 

(OCH2),, 53.2 (NHCH), 47.7 (CH2C1), 40.3 (CH2C=CH2). IR v 3331, 3089, 3035, 2956, 1703,1514, 

1439,1247,1032,, 994, 916. HRMS (FAB+) calculated for G5H19NO2CI (M+ + H) 280.1104, found 

280.1115. . 

(l-Phenylbut-3-ynyl)carbamicc acid allyl ester  (17aC) Ally l carbamate 

133 (100 mg, 0.99 mmol), benzaldehyde (101 uL, 0.99 mmol) 

allenyltributyltinn (294 uL, 0.99 mmol) and BF3OEt2 (125 uL, 0.99 

mmol)) in CH2CI2 (2 mL) were reacted for 20 h according to general 

proceduree A to afford 17aC (23 mg, 0.01 mmol, 10%) as a colorless oil. 

RR}} 0.54 (EtOAc/PE 1:2). *H NMR (200 MHz, CDCI3) 8 7.60-7.10 (m, 5H, Ar-H), 6.00-5.70 (m, 

1H,, CH=CH2), 5.05-4.45 (m, 2H, CH=CH2), 4.90 (t, ƒ = 6.4 Hz, 1H, NHCH), 4.55 (td, / = 1.3, 5.5 

Hz,, 2H, OCH2), 2.65 (dd, ƒ = 2.6, 6.3 Hz, 2H, CH2OCH), 2.10 (t, ƒ = 2.6 Hz, 1H, C=CH). «C 

NMRR (50 MHz, CDCI3) 8 154.0 (OCON), 142.2 (Ar-C), 132.5 (CH=CH2), 130.5, 128.2, 127.7, 

125.55 (Ar-C), 117.4 (CH=CH2), 80.4 (C=CH), 72.1 (C=CH), 65.4 (OCH2), 51.7 (NHCH), 29.2 

(CH2C=CH).. IR v 3294, 3033, 2924, 2854,1709,1608,1497,1453,1252,1049. 

(l-Cyanobenzyl)carbamicc acid allyl ester  (17aD) Ally l carbamate 13 

(1000 mg, 0.99 mmol), benzaldehyde (101 uL, 0.99 mmol) trimethylsilyl 

cyanidee (132 uL, 0.99 mmol) and BF3OEt2 (125 uL, 0.99 mmol) in 

CH2C122 (2 mL) were reacted for 20 h according to general procedure A 

too afford 17aD (11 mg, 0.05 mmol, 5%) as a colorless oil. Rf 0.61 

(EtOAc/PEE 1:2). iH NMR (200 MHz, CDCI3) 8 7.60-7.30 (m, 5H, Ar-H), 6.00-5.70 (m, 1H, 

CH=CH2),, 5.40-5.10 (m, 2H, CH=CH2), 4.85-4.76 (m, IH, NHCH), 4.66 (d, ƒ = 6.0 Hz, 2H, 

OCH2). . 
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[l-(2-Oxocyclohexyl)benzyl]carbamicc acid allyl ester  (17aE) Ally l 

carbamatee 13 (100 mg, 0.99 mmol), benzaldehyde (101 uL, 0.99 mmol) 

1-cyclohexenyloxytrimethylsilanee (193 uL, 0.99 mmol) and BF3-OEt2 

(1255 uL, 0.99 mmol) in CH2CI2 (2 mL) were reacted for 20 h according 

too general procedure A to afford 17aE (26 mg, 0.09 mmol, 10%) as a 

colorlesss oil. Rf 0.57 (EtOAc/PE 1:2). 'H NMR (200 MHz, CDCI3) 5 

7.50-7.000 (m, 5H, Ar-H), 6.10-5.80 (m, 1H, CH=CH2), 5.35-5.10 (m, 2H, CH=CH2), 5.10-4.90 (m, 

1H,, NHCH), 4.48 (d, ƒ = 5.4 Hz, 2H, OCH2), 3.07 (dd, ƒ = 4.7,12.5 Hz, 1H, COCH), 2.90-2.75 (m, 

2H,, CH2), 2.56 (t, ƒ = 6.7 Hz, CH2), 2.40-2.15 (m, 4H, 2 x CH2). »c NMR (100 MHz, CDCI3) 5 

201.77 (CH2CO), 154.5 (OCON), 140.4 (Ar-C), 135.4 (CH=CH2), 130.2, 128.1, 126.2 (Ar-C), 116.8 

(CH=CH2),, 63.6 (OCH2), 56.6 (COCH), 49.4 (NHCH), 38.4, 33.2, 26.4, 22.3 (4 x CH2). IR v 3364, 

3029,, 2936, 2861,1752,1709,1650,1506,1448,1378,1242,1088, 922. 

[l-(2-Oxo-2-phenylethyl)benzyl]carbamicc acid allyl ester  (17aF) 

Ally ll  carbamate 13 (100 mg, 0.99 mmol), benzaldehyde (101 uL, 0.99 

mmol)) l-phenyl-l-(trimethylsilyloxy)ethylene (203 uL, 0.99 mmol) 

andd BF3OEt2 (125 uL, 0.99 mmol) in CH2C12 (2 mL) were reacted for 

200 h according to general procedure A to afford 17aF (18 mg, 0.06 

mmol,, 6%) as a colorless oil. R/ 0.45 (EtOAc/PE 1:2). ] H NMR (200 

MHz,, CDCI3) 8 7.60-7.00 (m, 10H, Ar-H), 6.05-5.70 (m, 1H, CH=CH2), 5.40-5.10 (m, 3H, NHCH 

andd CH=CH2), 4.55 (dd, ƒ = 1.3, 5.6 Hz, 2H, OCH2), 3.70 (dd, ƒ = 5.2,16.9 Hz, 1H, COCH2), 3.46 

(dd,, ƒ = 6.0, 16.8 Hz, 1H, COCH2). »c NMR 155.3 (OCON), 141.1, 136.3, 134.3, 132.5, 128.9, 

128.5,, 127.2, 127.0, 121.7 (Ar-C and CH=CH2), 117.5 (CH=CH2), 65.5 (OCH2), 51.4 (NHCH), 

29.66 (COCH2). IR v 3337, 3084, 2926, 1740, 1694, 1539, 1450, 1253, 1045, 931. HRMS (FAB+) 

calculatedd for G9H20NO3 (M+ + H) 310.1443, found 310.1447. 

(l-Phenylbut-3-enyl)carbamicc acid benzyl ester  (19aA)2 Benzyl carbamate 

(1.200 g, 7.94 mmol), benzaldehyde (807 uL, 7.94 mmol), allyltrimethylsilane 

(1.277 uL, 7.94 mmol) and BF3OEt2 (976 uL, 7.94 mmol) in CH2C12 (10 mL) were 

reactedd for 3 h at rt according to general procedure A to afford 19aA (2.05 g, 

7.300 mmol, 92%) as a white solid. Mp 56 °C. Rf 0.40 (EtOAc/PE 1:2). 'H NMR 

(4000 MHz, CDCh) 5 7.38-7.25 (m, 10H, Ar-H), 5.76-5.65 (m, 1H, CH=CH2), 5.28 (br s, 1H, NH), 

5.15-5.077 (m, 4H, OCH2 and CH=CH2), 4.87-4.80 (m, 1H, NHCH), 2.56 (br s, 2H, CH2CH=CH2). 

i3CC NMR (100 MHz, CDCI3) 5 155.6 (OCON), 136.3, 133.6, 129.9, 128.5, 128.3, 128.1, 127.1, 

126.2,, 126.0 (Ar-C and CH=CH2), 118.2 (CH=CH2), 66.7 (OCH2), 54.4 (NHCH), 40.9 

(CH2CH=CH2).. IR v 3319, 3064,1709,1531,1454,1340,1252,1028, 917. 
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6-Benzyloxycarbonylamino-6-phenylhex-3-enoicc acid methyl ester 

r / ^ - / ^~C0 2M ee (19aG) Benzyl carbamate (100 mg, 0.66 mmol), benzaldehyde (67 uL, 

H N ^ Y ^ 5 ^^ 0 6 6 m m o 1) ' m e t hy l 3-(trimethylsilyl)-4-pentenoate (137 |iL, 0.66 

Cbzz ^ L ^ mmol) and BF:rOEt2 (81 uL, 0.66 mmol) in CH2CI2 (2 mL) were reacted 

forr 4 h at rt according to general procedure A to afford 19aG (165 mg, 

0.477 mmol, 71%) as a colorless oil. Rj 0.35 (EtOAc/PE 1:2). 'H NMR (400 MHz, CDCI3) 8 7.90-

7.244 (m, 10H, Ar-H), 5.67-5.59 (m, 1H, Me02CCH2CH=CH), 5.46-5.41 (m, 1H, 

Me02CCH2CH=CH),, 5.21 (br s, 1H, NH), 5.12-5.03 (m, 2H, ArCH2), 4.81 (br s, 1H, NHCH), 

3.655 (s, 3H, C02Me), 3.00 (d, ƒ = 6.8 Hz, 2H, CH2C02Me), 2.55-2.53 (m, 2H, CHCH2). Only one 

doublee bond isomer was found, the configuration of the double bond was established by a !H 

NMRR homo decoupling experiment. Upon irradiation at 3.00 ppm a 3J of 15.5 Hz between the 

twoo double bond signals was observed, which can be assigned to the (E)-isomer. 13C NMR 

(1000 MHz, CDCI3) 5 171.9 (C02Me), 155.7 (OCON), 141.8,136.5,129.6,128.9,128.5,128.0,127.2, 

126.2,, 125.6, 123.9 (Ar-C and CH=CH), 66.6 (ArCH2), 54.5 (C02Me), 51.7 (NHCH), 37.6 

(CH2C02Me),, 32.7 (CHCH2). IR v 3329, 3031, 2950, 1745,1702, 1524,1330,1243, 1026, 970, 843. 

HRMSS (FAB+) calculated for C2,H24N04 (M
+ + H) 354.1705, found 354.1716. 

(2-Methylene-l-phenylbut-3-enyl)carbamicc acid benzyl ester  (19aJ) Benzyl 

carbamatee (100 mg, 0.66 mmol), benzaldehyde (67 uL, 0.66 mmol), 

(allenylmethyl)trimethylsilanee (158 uL, 0.99 mmol) and BF3OEt2 (81 uL, 0.66 

mmol)) in CH2C12 (2 mL) were reacted for 4 h at rt according to general 

proceduree A to afford 19aJ (120 mg, 0.41 mmol, 62%) as a colorless oil. R/ 0.80 

(EtOAc/PEE 1:1). iH NMR (400 MHz, CDCI3) 8 7.35-7.27 (s, 10H, Ar-H), 6.33 (dd, ƒ = 11.2, 17.8 

Hz,, CH=CH2), 5.66 (br d, ƒ = 7.8 Hz, IH, NH), 5.19-5.07 (m, 7H, NHCff, ArCH2, C=CH2 and 

CH=CH2).. »C NMR (50 MHz, CDCI3) 8 155.2 (OCON), 145.6, 139.9, 136.2, 135.9, 128.4, 128.3, 

127.9,, 127.4, 126.9 (Ar-C, C=CH2 and CH=CH2), 116.6, 115.5 (C=CH2 and CH=CH2), 66.7 

(ArCH2),, 55.9 (NHCH). IR v 3320, 3089,1697, 1497, 1237, 1026, 910. HRMS (FAB+) calculated 

forr Ci9H20NO2 (M
+ + H) 294.1494, found 294.1495. 

(3-Oxo-l-phenylbutyl)carbamicc acid benzyl ester  (19aK) Benzyl carbamate 

(1000 mg, 0.66 mmol), benzaldehyde (67 uL, 0.66 mmol), isopropenyl acetate 

pp Me (73 uL, 0.66 mmol) and Sc(OTf)3 (33 mg, 0.07 mmol) in CH2C12 (2 mL) were 

H N ' ^ ^ f ^ ^^ reacted for 18 h at rt according to general procedure A to afford 19aK  (56 mg, 

Cbzz K  ̂ 0.15 mmol, 28%) as a colorless oil. R/ 0.35 (EtOAc/PE 1:1). m NMR (400 MHz, 

CDCI3)) 5 7.37-7.23 (m, 5H, Ar-H), 5.80 (br d, ƒ = 7.3 Hz, IH, NH), 5.18-5.05 (m, 

3H,, ArCH2 and NHCH), 3.08-3.04 (m, IH , MeCOCH2), 2.91 (dd, ƒ = 5.3, 16.3 Hz, IH, 

MeCOCH2),, 2.07 (s, 3H, MeCO). 13C NMR (50 MHz, CDCI3) 8 206.4 (MeCO), 155.4 (OCON), 
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141.0,, 136.2, 128.5, 128.3, 128.0, 127.9, 127.3, 126.0 (Ar-C), 66.5 (ArCH2), 51.3 (NHCH), 48.7 

(MeCOCHz),, 30.4 (MeCO). IR v 3302, 3026, 2932, 1718, 1702, 1524, 1340, 1251. HRMS (EI+) 

calculatedd for Ci8H19N03 (M
+) 297.1365, found 297.1362. 

(l-Phenylbut-3-enyl)carbamicc acid 2-benzylsulfonylethyl 

esterr  (21aA) Carbamate 11 (500 mg, 1.96 mmol), 

benzaldehydee (200 uL, 1.96 mmol), allyltrimethylsilane (312 

uL,, 1.96 mmol) and BF3OEt2 (241 uL, 1.96 mmol) in CH2C12 

(100 mL) were reacted for 4 h at rt according to general 

proceduree A to afford 21aA (672 mg, 1.75 mmol, 89%) as a white solid. Rj 0.38 (EtOAc/PE 

1:1).. iH NMR (400 MHz, CDCh) 5 7.41-7.27 (m, 10H, Ar-H), 5.71-5.63 (m, 1H, CH=CH2), 5.19-

5.088 (m, 3H, NH and CH=CH2), 4.78 (d, ƒ = 6.7 Hz, IH, NHCH), 4.46 (t, ƒ = 6.0 Hz, 2H, OCH2), 

4.244 (s, 2H, ArCH2), 3.15 (br s, 2H, S02CH2), 2.57-2.53 (m, 2H, CH2CH=CH2). «C NMR (100 

MHz,, CDCI3) 8 154.5 (OCON), 133.5, 130.6, 129.0, 128.9, 128.6, 127.4, 126.1 (Ar-C and 

CH=CH2),, 118.5 (CH=CH2), 60.6, 57.8 (OCH2 and ArCH2), 54.6 (NHCH), 50.7 (S02CH2), 40.8 

(CH2CH=CH2).. IR v 3345, 3033, 2956,1714,1537,1305,1253,1118, 920. 

(l-Benzylbut-3-enyl)carbamicc acid 2-

benzylsulfonylethyll  ester  (21f A) Carbamate 11 (500 mg, 

2.066 mmol), phenylacetaldehyde diethyl acetal (340 uL, 

2.066 mmol), allyltrimethylsilane (328 uL, 2.06 mmol) and 

BF3OEt22 (253 uL, 2.06 mmol) in MeCN (10 mL) were 

reactedd for 6 h at 50 °C according to general procedure A to afford 21f A (652 mg, 1.68 mmol, 

82%)) as a white solid. Rf 0.47 (EtOAc/PE 1:1). iH NMR (400 MHz, CDCI3) 8 7.39-7.16 (m, 10H, 

Ar-H),, 5.82-5.74 (m, IH, CH=CH2), 5.12-5.08 (m, 2H, CH=CH2), 4.67 (br d, ƒ = 7.7 Hz, IH , NH), 

4.433 (br s, 2H, OCH2), 4.20 (s, 2H, ArCH2S02), 4.00-3.95 (m, IH, NHCH), 3.13 (t, ƒ = 5.6 Hz, 2H, 

S02CH2),, 2.80 (d, ƒ = 6.6 Hz, 2H, ArCH2CH), 2.34-2.13 (m, 2H, CH2CH=CH2). IR v 3348, 3029, 

2978,1715,1530,1284,1245,1123. . 

(l-Phenylbut-3-enyl)carbamicc acid 2-benzylsulfanylethyl 

esterr  (22aA) Carbamate 12 (500 mg, 2.37 mmol), 

benzaldehydee (241 uL, 2.37 mmol), allyltrimethylsilane (378 

uL,, 2.37 mmol) and BF3-OEt2 (291 uL, 2.37 mmol) in MeCN 

(155 mL) were reacted for 4 h at rt according to general 

proceduree A to afford 22aA (526 mg, 1.54 mmol, 65%) as a white solid. Rf 0.29 (EtOAc/PE 

1:2).. iH NMR (400 MHz, CDCI3) 8 7.39-7.22 (m, 10H, Ar-H), 5.74-5.64 (m, IH, CH=CH2), 5.15-

5.055 (m, 3H, NH and CH=CH2), 4.79 (d, ƒ = 5.6 Hz, IH, NHCH), 4.16 (t, ƒ = 6.7 Hz, 2H, OCH2), 
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3.733 (d, ƒ = 2.8 Hz, 2H, ArCH2), 2.67-2.53 (m, 4H, SCH2 and CH2CH=CH2). »C NMR (100 MHz, 

CDC13)) 5 155.3 (OCON), 141.8, 133.6, 128.8, 128.5, 128.4, 128.0, 127.2, 127.0, 126.1 (Ar-C and 

CH=CH2),, 118.3 (CH=CH2), 63.8 (OCH2), 54.3 (NHCH), 43.1, 36.2, 30.0 (ArCH2, SCH2 and 

CH2CH=CH2).. IR v 3326, 3029, 2919,1707,1524,1453,1250,1010. 

(l-Hexylbut-3-enyl)carbamicc acid 2-

benzylsulfanylethyll  ester  (22gA) Carbamate 12 (50 

mg,, 0.24 mmol), tt-heptanal diethyl acetal (49 mg, 

0.266 mmol), allyltrimethylsilane (38 uL, 0.24 mmol) 

andd BF3OEt2 (29 uL, 0.24 mmol) in CH2C12 (1.5 mL) 

weree reacted for 18 h at rt according to general procedure A to afford 22gA (54 mg, 0.15 mmol, 

66%)) as a colorless oil. R, 0.49 (EtOAc/PE 1:3). iH NMR (400 MHz, CDCI3) 5 7.35-7.22 (m, 5H, 

Ar-H) ,, 5.79-5.73 (m, IH, CH=CH2), 5.09-5.05 (m, 2H, CH=CH2), 4.45 (br d, ƒ = 8.4 Hz, IH, NH), 

4.166 (d, ƒ = 6.6 Hz, 2H, OCH2), 3.75 (s, 2H, ArCH2), 3.69-3.66 (m, IH, NHCH), 2.63 (d, ƒ = 6.7 

Hz,, 2H, SCH2), 2.28-2.16 (m, 2H, CH2CH=CH2), 1.51-1.26 (m, 10H, rc-Hex), 0.87 (t, ƒ = 6.5 Hz, 

3H,, «-Hex). 

Preparationn of bis-carbamate 25 and homoallylic carbamate 19hA Benzyl carbamate (100 

mg,, 0.66 mmol) was dissolved in CH2C12 (2 mL), phthalimidoacetaldehyde diethyl acetal (174 

mg,, 0.66 mmol), allyltrimethylsilane (106 uL, 0.66 mmol) and BF3-OEt2 (81 ul, 0.66 mmol) were 

subsequentlyy added, after 5 min a white precipitate was formed and the resulting suspension 

wass stirred for 18 h at rt. Then, saturated aqueous NaHCO? (3 mL) was added and the layers 

weree separated. The aqueous layer was extracted with CH2C12 ( 2 x 2 mL), the combined 

organicc layers were washed with aqueous saturated NaCl (5 mL), dried (MgSQi) and 

concentratedd in vacuo. The resulting solid material was triturated with EtOAc/PE (1:1, 2 mL) 

andd filtrated. The white, solid residue was washed with EtOAc/PE (1:1, 2 x 2 mL), the 

combinedd filtrates were concentrated in vacuo and purified using column chromatography 

resultingg in 25 mg (0.17 mmol, 25%) of benzyl carbamate and 57 mg (0.16 mmol, 24%) of 

homoallylicc carbamate 19hA. The solid residue was dried in vacuo to afford 78 mg (0.17 mmol, 

25%)) of bis-carbamate 25 as a white solid. 

[l-Benzyloxycarbonylamino-2-(l,3-dioxo-l,3-dihydroisoindol-2--

HN"" ' yl)ethyl]carbamic acid benzyl ester  (25) Rf 0.05 (EtOAc/PE 1:1). iH NMR 

HN' "^~" N P h thh (400 MHz, CDCI3) 5 7.85-7.82 (m, 2H, Ar-H), 7.73-7.71 (m, 2H, Ar-H), 7.31-

Cbzz 7.26 (m, 10H, Ar-H), 5.87 (br d, ƒ = 6.5 Hz, 2H, 2 x NH), 5.29 (br s, IH, 

NHCHNH),, 5.07 (s, 4H, 2 x ArCH2), 4.16-4.11 (m, 2H, NCH2). «C NMR (50 MHz, CDCb) 5 

167.99 (CONCO), 155.1 (2 x OCON), 135.5,134.0,131.5,128.2,127.9,127.8,123.4 (Ar-C), 66.8 (2 x 
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ArCH2),, 59.0 (NHCHNH), 40.0 (NCH2). IR v 3306,1709,1509,1398,1236,1031. HRMS (FAB+) 

calculatedd for C26H24N3O6 (M+ + H) 474.1665, found 474.1649. Bis-carbamate 25 (70 mg, 0.148 

mmol)) was dissolved in MeCN (2 mL), allyltrimethylsilane (24 uL, 0.148 mmol) and BF3OEt2 

(188 uL, 0.148 mmol) were added and the reaction mixture was stirred for 18 h at rt. Then, 

saturatedd aqueous NaHC03 (3 mL) was added and the layers were separated. The aqueous 

layerr was extracted with CH2CI2 ( 2 x2 mL), the combined organic layers were washed with 

aqueouss saturated NaCl (5 mL), dried (MgS04) and concentrated in vacuo. The crude product 

wass purified using column chromatography (EtOAc/PE 1:1) to afford a second portion of 

19hAA  (20 mg, 0.06 mmol, 37%) as a colorless oil. 

^ .. [l-(l,3-Dioxo-l,3-dihydroisoindol-2-ylmethyl)but-3-enyl]carbamic acid 

^^  benzyl ester  (19hA) Rj 0.45 (EtOAc/PE 1:1). 'H NMR (400 MHz, CDCb) 6 
,A.. ,NPhth 

HNN ^ 7.83-7.81 (m, 2H, Ar-H), 7.72-7.69 (m, 2H, Ar-H), 7.30-7.22 (m, 5H, Ar-H), 
C b zz 5.89-5.78 (m 1H, CH=CH2), 5.16-4.91 (m, 5H, CH=CH2, NH and ArCH2), 

4.12-4.100 (m, 1H, NHCH), 3.81-3.70 (m, 2H, NCH2), 2.40-2.27 (m, 2H, CH2CH=CH2). " C NMR 

(1000 MHz, CDCh) 8 168.4 (CONCO), 155.6 (OCON), 136.4, 133.9, 133.0, 131.8, 128.2, 127.8, 

127.7,, 123.3 (Ar-C and CH=CH2), 118.6 (CH=CH2), 66.4 (ArCH2), 50.0 (NHCH), 41.2 (NCH2), 

37.22 (CH2CH=CH2). IR v 3360, 3068, 2912, 1773, 1723, 1526, 1397, 1253, 1009. HRMS (FAB+) 

calculatedd for C2iH 2iN 204 (M+ + H) 365.1501, found 365.1497. 

Generall  procedure B for  the JV-acyliminiu m ion reaction with carbamate 14. Carbamate 148 

andd the nucleophile were dissolved in CH2C12. BF3OEt2 was added and the reaction mixture 

wass stirred for the indicated time at rt. Then, aqueous Na2C03 (10%) was added and the layers 

weree separated. The aqueous layer was extracted with CH2C12 (2 x), the combined organic 

layerss were washed with aqueous saturated NaCl, dried (MgSO.4) and concentrated in vacuo. 

Thee crude product was purified using column chromatography (EtOAc/PE). 

(l-Phenylbut-3-enyl)carbamicc acid benzyl ester  (19aA) from 14 Carbamate 14 (100 mg, 0.28 

mmol),, allyltrimethylsilane (89 uL, 0.56 mmol) and BF3OEt2 (71 uL, 0.56 mmol) in CH2C12 (2 

mL),, were reacted for 18 h according to general procedure B to afford 19aA (62 mg, 0.22 

mmol,, 80%) as a colorless oil which was identical to the compound obtained from benzyl 

carbamatee (18). 

(2-Methylene-l-phenylbut-3-enyl)carbamicc acid benzyl ester  (19aJ) from 14 Carbamate 14 

(1000 mg, 0.28 mmol), (allenylmethyl)trimethylsilane (45 uL, 0.56 mmol) and BF3OEt2 (71 uL, 

0.566 mmol) in CH2C12 (2 mL), were reacted for 18 h according to general procedure B to afford 
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19aJJ (44 mg, 0.15 mmol, 53%) as a colorless oil which was identical to the compound obtained 

fromm benzyl carbamate (18). 

[l-(5-Oxo-2,5-dihydrofuran-2-yI)benzyl]carbamicc acid benzyl ester  (19aL)2 

fromm 14 Carbamate 14 (100 mg, 0.28 mmol), 2-timethylsilyloxy-furan (70 uL, 

0.422 mmol) and BF3OEt2 (34 uL, 0.28 mmol) in CH2C12 (1.5 mL), were reacted 

forr 1 h at at -78 °C, the mixture was allowed to warm up to rt and reacted for 

188 h at this temperature according to general procedure B to afford 19aL  (46 

mg,, 0.14 mmol, 51%) as a white solid. Rf 0.74 (EtOAc/PE 1:1). 'H NMR (400 

MHz,, CDC13) 5 7.47 (m, 11H, Ar-H and COCH=CH), 6.09 (dd, / = 2.0, 5.7 Hz, 1H, COCH=CH), 

5.344 (br s, 1H, NH), 5.14-5.03 (m, 4H, ArCH2, NHCH and CH=CHCH). »C NMR (100 MHz, 

CDC13)) 5 170.2 (OCO), 153.9 (OCON), 137.4,135.8,128.9,128.7,128.4,128.2,128.0,127.0 (Ar-C), 

122.66 (COCH=CH), 110.5 (COCH=CH), 84.7 (CH=CHCH), 67.1 (ArCH2), 55.7 (NHCH). IR v 

3312,, 3034,1760,1702,1533,1247,1160,1052, 819. HRMS (FAB+) calculated for G9H18NO4 (M+ 

++ H) 324.1236, found 324.1240. 

(l-(Furan-2-ylbenzyl)carbamicc acid benzyl ester  (19aM) from 14 Carbamate 

144 (100 mg, 0.28 mmol) was dissolved in furan (1.5 mL), camphorsulfonic acid 

monohydratee (65 mg, 0.28 mmol) was added and the reaction mixture was 

stirredd for 18 h at rt. Then, aqueous Na2C03 (10%, 3 mL) was added and the 

layerss were separated. The aqueous layer was extracted with CH2C12 ( 2 x2 

mL),, the combined organic layers were washed with aqueous saturated NaCl (5 mL), dried 

(MgSCU)) and concentrated in vacuo. The crude product was purified using column 

chromatographyy (EtOAc/PE 1:2) to afford 19aM  (47 mg, 0.15 mmol, 55%) as a white solid. R, 

0.566 (EtOAc/PE 1:1). 'H NMR (400 MHz, CDC13) 5 7.39-7.28 (m, 11H, Ar-H) 6.31 (dd, ƒ = 1.9, 

3.11 Hz, IH , furan), 6.15 (br s, IH, furan), 6.02 (br d, / = 7.6 Hz, IH, NH), 5.52 (br s, IH, NHCH), 

516-5.099 (m, 2H, ArCH2). " C NMR (100 MHz, CDCI3) 5 155.4 (OCON), 153.5, 139.4, 136.1, 

128.5,, 128.4, 128.0, 127.8, 126.8 (Ar-C), 110.2, 107.4 (furan), 67.0 (ArCH2), 53.1 (NHCH). IR v 

3307,, 1689, 1539, 1248. HRMS (FAB+) calculated for Ci9Hi 8N03 (M+ + H) 308.1287, found 

308.1280. . 

Benzyloxycarbonylaminophenylaceticc acid (26J2 Furan 19aM  (37 mg, 0.12 
Ovv /OH 

yy mmol) was dissolved in MeOH (2.5 mL) and cooled to -78 °C. O3 was bubbled 

H N ^ ^ T ^ ^^ through the cold solution until the reaction mixture turned blue, then some 02 

Cbzz \^y w a s bubbled through until the reaction mixture turned colorless again. The 

solutionn was allowed to warm up to rt, concentrated in vacuo and purified 

usingg column chromatography (EtOAc/PE, 1:1, 10% AcOH) to afford 26 (26 mg, 0.10 mmol, 
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79%).. iH NMR (400 MHz, CDCfe) 8 7.88 (br s, 1H, C02H), 7.54-7.34 (m, 10H, Ar-H), 5.87 (br d, ƒ 

== 6.9 Hz, 1H, NH), 5.39 (d, ƒ = 7.1 Hz, IH, NHCH), 5.10 (s, 2H, ArCH2). " C NMR (100 MHz, 

CDCk)) 5 174.3 (CO2H), 155.4 (OCON), 137.1, 135.8, 130.1, 128.5, 128.4, 128.2, 128.1, 127.1 (Ar-

C),, 67.2 (ArCH2), 57.7 (NHCH). IR v 3340, 3032,1718,1498,1410,1345,1215,1051. HRMS (EI+) 

calculatedd for Ci6Hi 5N04 (M
+) 285.1001, found 285.1007. 

Generall  procedure C for  the three component reaction wit h resin 27. SEC resin 27 was 

suspendedd in CH2CI2. The aldehyde or acetal (3 equiv), nucleophile (3 equiv) and Lewis acid 

(1.55 equiv) were added. The reaction mixture was stirred at rt for the indicated time, filtered 

off,, washed with CH2CI2, EtOH (these steps were repeated four times) and Et20 (2 x) and 

driedd in vacuo. Then, the resin was suspended in THF/MeOH (2:1), NaOMe (3 equiv) was 

addedd and the suspension was stirred for 3 h at rt. The reaction mixture was filtered off, the 

resinn was washed with THF (2 x), neutralized with HC1 and diluted with saturated aqueous 

NaCll  solution. The layers were separated, the aqueous phase was extracted with EtOAc (4 x), 

andd the collected organic phases were concentrated in vacuo. The product was purified using 

SPEE chromatography (Isolute, silica, solvent system: 0—>10% MeOH in CH2CI2). 

l-Phenylbut-3-enylaminee (29aA)2 Resin 27 (150 mg, 0.17 mmol), 

benzaldehydee (52 pL, 0.51 mmol), allyltrimethylsilane (82 uL, 0.51 mmol) and 

H2N'' BF3-OEt2 (32 \xL, 0.26 mmol) were reacted for 3 h according to general 

proceduree C to afford resin 28aA. IR v 3655, 3360, 1724. After subsequent 

cleavagee and purification, 29aA (20 mg, 0.14 mmol, 80%) was obtained as a colorless oil. For 

analyticall  data, see Chapter 2. 

l-(4-Methoxyphenyl)but-3-enylaminee (29bA)2 Resin 27 (150 mg, 0.17 

mmol),, p-anisaldehyde (62 uL, 0.51 mmol), allyltrimethylsilane (82 uL, 

0.511 mmol) and BF3OEt2 (32 uL, 0.26 mmol) were reacted for 3 h 

^OMee according to general procedure C to afford resin 28bA. IR v 3634, 3491, 

1724.. After subsequent cleavage and purification 29bA (24 mg, 0.14 

mmol,, 79%) was obtained as a colorless oil. For analytical data, see Chapter 2. 

l-(4-Cyanophenyl)but-3-enylaminee (29cA) Resin 27 (150 mg, 0.17 

mmol),, 4-cyanobenzaldehyde (67 mg, 0.51 mmol), allyltrimethylsilane 

(822 uL, 0.51 mmol) and BF3OEt2 (32 uL, 0.26 mmol) were reacted for 3 h 

^CNN according to general procedure C to afford resin 28cA. IR v 3637, 3501, 

2229,1723.. After subsequent cleavage and purification 29cA (12 mg, 0.07 

mmol,, 39%) was obtained as a colorless oil. R/0.24 (CH2Cl2/MeOH 9:1). *H NMR (400 MHz, 
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CDCI3)) 8 7.61 (2H, d, ƒ = 8.3 Hz, Ar-H), 7.46 (2H, d, ƒ = 8.2 Hz, Ar-H), 5.76-5.65 (1H, m, 

CH=CH2),, 5.13-5.01 (2H, m, CH=CH2), 4.07 (1H, dd, ƒ = 7.6, 5.6 Hz, NH2CH), 2.47-2.29 (2H, m, 

CH2CH=CH2),, 1.60 (2H, br s, NH2). "C NMR (100 MHz, CDCI3) 5 143.9 (Ar-C) 132.2 

(CH=CH2),, 127.6, 127.1 (Ar-C), 119.1, 118.5 (CN, CH=CH2) 111.2 (Ar-C), 55.6 (NH2CH), 42.1 

(CH2CH=CH2).. IR v 3339, 2228,1641. HRMS (EI+) calculated for C„H10N (M+ - NH3) 156.0813 

found,, 156.0821. 

l-(4-Nitrophenyl)but-3-enylaminee (29dA) Resin 27 (150 mg, 0.17 

mmol),, 4-nitrobenzaldehyde (78 mg, 0.51 mmol), allyltrimethylsilane 

H2I\TT (82 uL, 0.51 mmol) and BF3OEt2 (32 uL, 0.26 mmol) were reacted for 3 h 

~NOO according to general procedure C to afford resin 28dA. IR v 3625, 3505, 

1726,, 1523, 1352. After subsequent cleavage and purification 29dA (1 

mg,, 0.01 mmol, <3%) was obtained as a colorless oil. Rj 0.17 (CH2Cl2/MeOH 9:1). iH NMR 

(4000 MHz, CDCI3) 5 8.19 (2H, d, ƒ = 8.8 Hz, Ar-H), 7.52 (2H, d, ƒ = 8.7 Hz, Ar-H), 5.75-5.67 (IH, 

m,, CH=CH2), 5.30-5.06 (2H, m, CH=CH2), 4.14 (IH, dd, ƒ = 5.3, 7.8 Hz, NH2CH), 2.48-2.32 (2H, 

m,, CH2CH=CH2), 1.75 (2H, br s, NH2). »C NMR (100 MHz, CDCI3) 5 151.7,146.2 (Ar-C), 134.0 

(CH=CH2),, 127.2, 123.6 (Ar-C), 118.6 (CH=CH2), 54.7 (NH2CH), 43.6 (CH2CH=CH2). IR v 3356, 

1598,1520,1345.. HRMS (EI+) calculated for C10H,3N2O2 (M
+- NH3) 193.0977 found, 193.0974. 

l-(Thiophen-3-yl)but-3-enylaminee (29iA) Resin 27 (150 mg, 0.19 mmol), 3-

thiophenee carboxaldehyde (49 uL, 0.56 mmol), allyltrimethylsilane (89 uL, 

H2NN Y ^ s o.56 mmol) and BF3OEt2 (36 uL, 0.28 mmol) were reacted according to 

generall  procedure C to afford 29iA (17 mg, 0.11 mmol, 60%) as a pale yellow 

oil.. Rf 0.15 (CH2Cl2/MeOH 9:1). 'H NMR (400 MHz, CDCb) 8 7.43 (dd, ƒ = 1.1, 2.8 Hz, IH, Ar-

H),, 7.31-7.21 (m, 2H, Ar-H), 5.67-5.56 (m, IH, CH=CH2), 5.16-5.09 (m, 2H, CH=CH2), 4.40-4.37 

(m,, IH , NH2CH), 2.85-2.68 (m, 2H, CH2CH=CH2).
 13C NMR (50 MHz, CDCh) 8 136.6, 131.2, 

126.7,, 126.1, 124.2 (Ar-C and CH=CH2), 120.1 (CH=CH2), 51.0 (NH2CH), 38.3 (CH2CH=CH2). 

IRR v 2908, 1598,1509,1422,1087, 994, 924. HRMS (EI+) calculated for C,8HnNS (M+) 153.0612, 

foundd 153.0608. 

l-Benzylbut-3-enylaminee (29fA)2 Resin 27 (200 mg, 0.28 mmol), 

phenylacetaldehydee diethyl acetal (158 uL, 1.12 mmol), 
H 2N '' allyltrimethylsilane (179 uL, 1.12 mmol) and BF3OEt2 (69 uL, 0.56 mmol) 

weree reacted according to general procedure C to afford 29fA (18 mg, 0.11 mmol, 39%) as a 

colorlesss oil. iH NMR (400 MHz, CDCI3) 6 7.33-7.23 (m, 5H, Ar-H), 5.89-5.79 (m, IH, 

CH=CH2),, 5.29-5.51 (m, 2H, CH=CH2), 3.53-3.46 (m, IH, NH2CH), 3.23 (dd, ƒ = 5.4, 13.7 Hz, 

IH ,, ArCH2), 2.93 (dd, ƒ = 9.0, 13.6 Hz, IH, ArCH2), 2.47-2.43 (t, ƒ = 6.5 Hz, 2H, CH2CH=CH2). 
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" CC NMR (100 MHz, CDCb) 5 135.5, 131.3, 129.3, 128.2, 127.2 (Ar-C and CH=CH2), 120.9 

(CH=CH2),, 53.2 (NH2CH), 38.2, 35.7 (ArCH2 and CH2CH=CH2). IR v 3027, 2904, 1598, 1496, 

1076,, 996, 920. HRMS (EI+) calculated for Q1H15N (M+) 161.1204, found 161.1208. 

... l-Hexylbut-3-enylamine (29gA)2 Resin 27 (200 mg, 0.28 mmol), 

heptanall  diethyl acetal (156 mg, 0.83 mmol), allyltrimethylsilane (132 

H 2 N ^ \ / ^ x / \ //  ̂ 0 g 3 m m o l j  a n d Bp3.oEt2 (51 uL, 0.41 mmol) were reacted 

accordingg to general procedure C to afford 29gA (25 mg, 0.16 mmol, 58%) as a colorless oil. 'H 

NMRR (400 MHz, CDCb) 5 5.87-5.77 (m, 1H, CH=CH2), 5.26-5.21 (m, 2H, CH=CH2), 3.24-3.18 

(m,, 1H, NH2CH), 2.53-2.45 (m, 2H, CH2CH=CH2), 1.79-1.63 (m, 2H, CHCH2), 1.48-1.22 (m, 8H, 

(CH2)4),, 0.88-0.85 (m, 3H, CH3). »C NMR (100 MHz, CDCb) 8 132.3 (CH=CH2), 120.2 

(CH=CH2),, 51.8 (NH2CH), 45.8, 36.7, 32.1, 28.8, 25.1, 22.4 (CH2CH=CH2, (CH2)5), 8.48 (CH3). IR 

vv 2952, 2899,1605,1516, 995. HRMS (FAB+) calculated for Ci3H3oN02S (M+ + H + thioglycerol) 

264.1997,, found 264.1993. 

_^̂ ^ l-Cyclohexylbut-3-enylamine (29jA)2 Resin 27 (200 mg, 0.28 mmol), 

cyclohexanee carboxaldehyde diethyl acetal (208 mg, 1.12 mmol), 

H 2 N ' ^ / ^^ allyltrimethylsilane (179 uL, 1.12 mmol) and BF3OEt2 (69 uL, 0.56 mmol) 

—— were reacted according to general procedure C to afford 29jA (15 mg, 0.10 

mmol,, 35%) as a colorless oil. *H NMR (400 MHz, CDCb) 8 5.89-5.78 (m, 1H, CH=CH2), 5.28-

5.199 (m, 2H, CH=CH2), 3.09-3.04 (m, 1H, NH2CH), 2.52-2.48 (m, 2H, CH2CH=CH2), 1.84-1.64 

(m,, 6H, c-Hex), 1.35-1.10 (m, 5H, c-Hex). »C NMR (100 MHz, CDCb) 6 132.1 (CH=CH2), 119.8 

(CH=CH2),, 56.7 (NH2CH), 39.0 (c-Hex), 34.2, 28.8, 27.8, 25.8, 25.7 (CH2CH=CH2 and c-Hex). IR 

vv 2928, 2854,1602,1515,1447, 993. 

^^^^^  ̂ l-Styrylbut-3-enylamine (29kA)2 Resin 27 (200 mg, 0.28 mmol), (E)-

cinnamaldehydee diethyl acetal (171 mg, 0.83 mmol), allyltrimethylsilane 

H z I M ^ ^ N j ^ jj  (1 32 ^L , 0.83 mmol) and BF3OEt2 (51 ^L, 0.41 mmol) were reacted 

\ ^^ according to general procedure C to afford 29kA (22 mg, 0.13 mmol, 

46%)) as a colorless oil. ] H NMR (400 MHz, CDCb) 8 7.37-7.21 (m, 5H, Ar-H), 6.69 (d, ƒ = 16.0 

Hz,, 1H, PhCH=CH), 6.20 (dd, / = 8.0, 16.0 Hz, 1H, PhCH=CH), 5.74-5.63 (m, 1H, CH=CH2), 

5.17-5.100 (m, 2H, CH=CH2), 3.91-3.67 (m, 1H, NH2CH), 2.73-2.54 (m, 2H, CH2CH=CH2). " C 

NMRR (125 MHz, CDCb) 8 135.8, 135.5, 131.4, 128.6, 128.4, 126.9, 123.8 (Ar-C, PhCH=CH and 

CH=CH2)) 120.3 (CH=CH2), 53.8 (NH2CH), 37.8 (CH2CH=CH2). IR v 3383, 2980, 2884, 1601, 

1495,1073,, 968, 922. 
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l-(4-Nitrophenyl)but-3-enylaminee (29dA) Resin 27 (200 mg, 0.28 

mmol),, 4-nitrobenzaldehyde diethyl acetal (189 mg, 0.83 mmol), 

allyltrimethylsilanee (132 uL, 0.83 mmol) and BF3OEt2 (51 uL, 0.41 

N022 mmol) were reacted according to general procedure C to afford 29dA (4 

mg,, 0.02 mmol, 7%) as a colorless oil which was identical to the product 

obtainedd with 4-nitrobenzaldehyde (15d). 

H,N N 

C02Me e 
6-Amino-6-phenylhex-3-enoicc acid methyl ester  (29aG) Resin 27 

(1500 mg, 0.19 mmol), benzaldehyde (57 uL, 0.56 mmol), methyl 3-

(trimethylsilyl)-4-pentenoatee (116 uL, 0.56 mmol) and BF3OEt2 (36 

\xL,\xL, 0.28 mmol) were reacted according to general procedure C to 

affordd 29aG (17 mg, 0.08 mmol, 42%) as a colorless oil. JH NMR (400 

MHz,, CDCb) 5 7.44-7.27 (m, 5H, Ar-H), 5.69-5.62 (m, 1H, Me02CCH2CH=CH), 5.42-5.30 (m, 

1H,, Me02CCH2CH=CH), 4.14-4.09 (m, 1H, NH2CH), 3.62 (s, 3H, C02Me), 3.00 (d, ƒ = 6.8 Hz, 

2H,, Me02CCH2), 2.69-2.60 (m, 2H, CHCH2). «C NMR (100 MHz, CDCb) 8 172.1 (C02Me), 

128.9,128.7,127.5,, 127.1, 126.7 (Ar-C and 2 x CH=CH), 55.6 (C02Me), 51.7 (NH2CH), 39.2, 37.5 

(Me02CCH22 and CHCH2). IR v 3250, 2946, 1722, 1602, 1509, 1437, 1256, 1198, 1167. HRMS 

(FAB+)) calculated for Ci3Hi 8N02 (M++ H) 200.1338, found 200.1346. 

HoN N 

2-Methylene-l-phenylbut-3-enylaminee (29aJ) Resin 27 (150 mg, 0.19 mmol), 

benzaldehydee (57 uL, 0.56 mmol), (allenylmethyl)trimethylsilane (90 \xL, 0.56 

mmol)) and BF3OEt2 (36 \ih, 0.28 mmol) were reacted according to general 

proceduree C to afford 29aJ (18 mg, 0.06 mmol, 30%) as a colorless oil. R/0.23 

(CH2Cl2/MeOHH 9:1). 'H NMR (400 MHz, CDCb) 5 7.43-7.31 (m, 5H, Ar-H), 6.84 (dd, ƒ = 11.7, 

22.55 Hz, 1H, CH2=CH), 5.39 (d, ƒ = 18.4 Hz, 2H, =CH2), 5.04-4.98 (m, 3H, =CH2 and NH2CH). 

i3CC NMR (100 MHz, CDCI3) 5 141.2, 135.0 (Ar-C and CH2=C), 135.3 (CH2=CH), 129.0, 128.9, 

128.11 (Ar-C), 117.4,116.2 (=CH2), 55.7 (NH2CH). IR v 2894, 2709,1599,1519,1073,1029, 908. 

H?N N 

OMe e 

6-Amino-6-(4-methoxyphenyl)hex-3-enoicc acid methyl ester  (29bG) 

"C02Mee Resin 27 (150 mg, 0.19 mmol), 4-methoxybenzaldehyde (68 uL, 0.56 

mmol),, methyl 3-(trimethylsilyl)-4-pentenoate (116 ^L, 0.56 mmol) 

andd BF3OEt2 (36 |iL, 0.28 mmol) were reacted according to general 

proceduree C to afford 29bG (17 mg, 0.07 mmol, 37%) as a colorless 

oil.. iH NMR (400 MHz, CDCI3) 5 7.45 (d, ƒ = 8.7 Hz, 2H, Ar-H), 6.88 (d, ƒ = 8.8 Hz, 2H, Ar-H), 

5.72-5.644 (m, IH, Me02CCH2CH=CH), 5.34-5.26 (m, IH, Me02CCH2CH=CH), 4.15 (br s, IH, 

NH2CH),, 3.77, 3.66 (C02Me and OMe), 2.98 (d, ƒ = 7.0 Hz, 2H, Me02CCH2), 2.44-2.21 (m, 2H, 

CHCH2).. 13C NMR (100 MHz, CDCb) 6 170.6 (CQ2Me), 159.8, 129.4, 128.7, 127.8, 126.0, 114.2 
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(Ar-CC and 2 x CH=CH), 55.2, 55.1, 52.0 (C02Me, NH2CH and OMe), 37.5, 36.1 (MeOjCCH;. and 

CHCH2).. IR v 3384, 2958, 1734, 1614, 1518, 1253, 1182, 1031. HRMS (FAB+) calculated for 

C12H17NOO (M+ - C2H2O2) 190.1310, found 190.1218. 

l-(4-Methoxyphenyl)-2-methylenebut-3-enylaminee (29bJ) Resin 27 

(1500 mg, 0.19 mmol), 4-methoxybenzaldehyde (68 uL, 0.56 mmol), 

(allenylmethyl)trimethylsilanee (90 uL, 0.56 mmol) and BF3OEt2 (36 uL, 

OMee 0.28 mmol) were reacted according to general procedure C to afford 

29bJJ (17 mg, 0.09 mmol, 48%) as a colorless oil. Rf 0.18 (CH2Cl2/MeOH 9:1). ^H NMR (400 

MHz,, CDCb) 8 7.35 (d, ƒ = 7.9 Hz, 2H, Ar-H), 6.83 (d, ƒ = 7.9 Hz, 2H, Ar-H), 6.19 (dd ƒ = 11.2, 

17.66 Hz, 1H, CH=CH2), 5.31 (d, ƒ = 33.7 Hz, 2H, =CH2), 5.03-4.96 (m, 3H, NH2CH2 and =CH2), 

3.777 (s, 3H, OMe). »C NMR (50 MHz, CDCb) 5 159.9 (Ar-C), 140.7 (C=CH2), 135.2 (CH=CH2), 

129.6,126.33 (Ar-C), 117.3, 116.0 (2 x =CH2), 114.1 (Ar-C), 55.1, 55.0 (NH2CH, OMe). IR v 3220, 

3031,, 1616, 1519, 1466, 1257, 1182, 1035, 908, 835. HRMS (EI+) calculated for G2H15NO (M+) 

189.1154,, found 189.1154. 

.. 6-Amino-6-thiophen-3-ylhex-3-enoic acid methyl ester  (29iG) Resin 

C02Mee 2 7 (1 50 m & 0 1 9 m m o i ^ 3_thiophene carboxaldehyde (49 uL, 0.56 

H2N"^ XT^Xgg mmol), methyl 3-(trimethylsilyl)-4-pentenoate (116 uL, 0.56 mmol) 

^ ^^ and BF3-OEt2 (36 uL, 0.28 mmol) were reacted according to general 

proceduree C to afford 29iG (15 mg, 0.07 mmol, 36%) as a colorless oil. 'H NMR (400 MHz, 

CDCb)) 8 7.45 (d, ƒ = 2.6 Hz, 1H, Ar-H), 7.31 (dd, ƒ = 2.8, 4.9 Hz, 1H, Ar-H), 7.23 (d, ƒ = 5.3 Hz, 

1H,, Ar-H), 5.74-5.68 (m, 1H, Me02CCH2CH=CH), 5.43-5.35 (m, 1H, Me02CCH2CH=CH), 4.41 

(brr s, 1H, NH2CH), 3.63 (s, 3H, C02Me), 3.03 (d, ƒ = 6.8 Hz, Me02CCH2), 2.86-2.69 (m, 2H, 

CHCH2).. «e NMR (100 MHz, CDCI3) 8 172.2 (C02Me), 136.5, 127.8, 127.1, 126.0, 124.3, 122.2 

(Ar-CC and CH=CH), 52.3, 50.8 (NH2CH and C02Me), 37.5, 37.2 (Me02CCH2 and CHCH2). IR v 

3232,, 2984, 1718, 1637, 1509, 1438, 1284, 1206, 974. HRMS (FAB+) calculated for C„Hi 6N02S 

(M++ + H) 226.0902, found 226.0907. 

^ ^ ~~ 2-MethyIene-l-thiophen-3-ylbut-3-enylamine (29iJ) Resin 27 (150 mg, 0.19 

mmol),, 3-thiophene carboxaldehyde (49 uL, 0.56 mmol), 

H 2 N ^ N ^ SS (allenylmethyl)trimethylsilane (90 uL, 0.56 mmol) and BF3OEt2 (36 uL, 0.28 

""  mmol) were reacted according to general procedure C to afford 29iJ (18 mg, 

0.066 mmol, 30%) as a colorless oil. m NMR (400 MHz, CDCb) 8 7.44 (s, 1H, Ar-H), 7.27 (d, ƒ = 

5.00 Hz, 1H, Ar-H), 7.16 (d, / = 4.9 Hz, 1H, Ar-H), 6.28 (dd, ƒ = 11.2, 17.7 Hz, 1H, CH=CH2), 

5.51-5.088 (m, 5H, CH=CH2, C=CH2 and NH2CH). «C NMR (50 MHz, CDCb) 8 141.3 (C=CH2), 

135.55 (Ar-C), 134.9 (CH=CH2), 126.8, 126.5, 125.4 (Ar-C), 117.3, 116.2 (C=CH2 and CH=CH 2), 

H,N N 
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50.55 (NH2CH). IR v 3032, 2884, 1599, 1515, 1419, 1235, 1082, 996, 907. HRMS (EI+) calculated 

forr C9H„N S (M+) 165.0612, found 165.0617. 

(l-Benzotriazolylphenylmethyl)carbamicc acid 2-

sulfonylethyll  ester  resin (30a) Resin 27 (1.00 g, 1.38 mmol) 

^ JJ M was suspended in toluene (10 mL), benzaldehyde (421 uL, 
OO O Bt 

4.144 mmol), 1-H-benzotriazole (493 mg, 4.14 mmol) and 

pTsOHH (39 mg, 0.21 mmol) were added and heated to reflux temperature. The reflux 

condensorr was placed on top of a pressure-equalizing dropping funnel filled with 4A MS and 

thee mixture was refluxed for 18 h. The suspension was filtered, the resin was washed with 

CH2CI22 (10 mL), EtOH (2 mL, the last two steps were repeated four times) and Et20 (2 x 10 

mL).. After drying in vacuo (50 °C) resin 30a was obtained. IR v 3560, 3023, 2919, 2852, 1728, 

1601,1492,1310,1118. . 

l-Phenylbut-3-enylaminee (29aA) from resin 30a Resin 30a (150 mg, 0.16 

mmol),, allyltrimethylsilane (51 uL, 0.32 mmol) and BF3OEt2 (39 uL, 0.32 

mmol)) were reacted according to general procedure C to afford 29aA (17 mg, 

 0.11 mmol, 71% from resin 27) as a colorless oil which was identical to the 

productt obtained directly from resin 27. 

HoN N 

H,N N 

l-(Furan-2-yl)benzylaminee (29aM)2 from resin 30a Resin 30a (150 mg, 0.16 

mmol)) and camphersulfonic acid monohydrate (76 mg, 0.32 mmol) were 

suspendedd in furan (1.5 mL) and were reacted according to general 

proceduree C to afford 29aM (14 mg, 0.08 mmol, 50% from resin 27) as a 

colorlesss oil. R/ 0.41 (CH2Cl2/MeOH 9:1). JH NMR (400 MHz, CDCh) 5 7.46-

7.277 (m, 6H, Ar-H), 6.30 (dd, ƒ = 1.8, 3.1 Hz, 1H, furan), 6.10 (d, ƒ = 3.2 Hz, 1H, furan), 5.18 (s, 

1H,, NH2CH). »C NMR (100 MHz, CDCk) 5 148.9, 134.1, 129.1, 128.9, 128.1, (Ar-C and furan), 

110.6,, 109.7 (furan), 53.0 (NH2CH). IR v 3169, 2933, 2819, 1743, 1619, 1526, 1187, 1042. HRMS 

(EI+)) calculated for CuHnNO (M+) 173.0841, found 173.0838. 

OMe e 

H,N N 

2-(2,4-Dimethoxyphenyl)benzylaminee (29aN) from resin 30a Resin 30a 

(1000 mg, 0.11 mmol) and camphersulfonic acid monohydrate (51 mg, 0.22 

mmol)) were suspended in 1,3-dimethoxybenzene (1.0 mL) and were reacted 

accordingg to general procedure C to afford 29aN (5 mg, 0.02 mmol, 19% 

fromm resin 27) as a colorless oil. R/0.15 (CH2Cl2/MeOH 9:1). ^H NMR (400 

MHz,, CDCh) 5 7.41-7.11 (m, 6H, Ar-H), 6.44-6.41 (m, 2H, Ar-H), 5.45 (s, 1H, 

NH2CH),, 3.78 (2, 3H, OMe), 3.77 (s, 3H, OMe). «C NMR (100 MHz, CDCh), 

100 0 
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160.0,, 157.6, 130.0, 129.4, 128.9, 127.7, 127.6, 125.7, 104.0, 98.7 (Ar-C), 55.3, 55.2 (OMe), 53.6 

(NH2CH).. IR v 3361, 3007, 2935, 1612, 1587, 1454, 1293, 1209, 1034. HRMS (FAB+) calculated 

forr C4H21N2O5 (M+ + H) 297.1450, found 297.1459. 

l-(4-Nitrophenyl)but-3-enylaminee (29dA) via Bt-derivativ e 30d Resin 

277 (1.00 g, 1.38 mmol) was suspended in toluene (10 mL), 4-

H2N'' nitrobenzaldehyde (421 uL, 4.14 mmol), 1-H-benzotriazole (493 mg, 4.14 

mmol)) and pTsOH (39 mg, 0.21 mmol) were added and heated to reflux 

temperature.. The reflux condensor was placed on top of a pressure-

equalizingg dropping funnel filled with 4A MS and the mixture was refluxed for 18 h. The 

suspensionn was filtered, the resin was washed with CH2C12 (10 mL), EtOH (2 mL, the last two 

stepss were repeated four times) and Et20 (2 x 10 mL). After drying in vacuo (50 °C) resin 30d 

wass obtained. IR v 3545, 3018, 2957, 1726, 1524, 1353. Resin 30d (150 mg, 0.16 mmol), 

allyltrimethylsilanee (51 uL, 0.32 mmol) and BF3OEt2 (40 uL, 0.32 mmol) were reacted 

accordingg to general procedure C to afford 29dA (15 mg, 0.78 mmol, 49% from resin 27) as a 

colorlesss oil which was identical to the product obtained directly from resin 27. 
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SYNTHETICC APPLICATIONS OF HOMOALLYLI C AMINES^ 

Highlyy diastereoselective synthesis of fj-amino alcohols 

5.11 Introductio n 

Inn the previous chapters, effective combinatorial synthesis routes to N-protected and 

unprotectedd homoallylic amines via N-acyliminium ion chemistry have been described. 

Althoughh it was shown that the choice of the side chain at the a-position was restricted, 

derivatizationn of a versatile functional group in this side chain could still dramatically enlarge 

thee diversity of the resulting products.2 For example, the introduction of a Weinreb (N-

methoxy-N-methyl)) amide allows functionalization via the addition of Grignard reagents. 

Thus,, combining an efficient N-acyliminium ion synthesis of homoallylic amines with 

Weinrebb technology should further increase the variety of products to a wide range of highly 

functionalizedd molecules containing both oxygen and nitrogen atoms. 

Sincee the first report of Weinreb on the use of N-methoxy-N-methyl amides 1 as 

carbonyll  equivalents,3 this functional group has been widely recognized as an effective tool in 

organicc synthesis.4-5 Important reasons for its popularity are the ease of preparation, the 

selectivee formation of ketones on nucleophilic addition of organometallic reagents and the 

facilee reduction to form aldehydes without concomitant formation of alcohols. The high 

selectivityy can be ascribed to the stable five-membered chelate 2, which is formed upon 

nucleophilicc addition of an organometallic species (Scheme 5.1). This cyclic intermediate 

preventss the attack of a second nucleophile and thus - after acidic work-up - results in the 

selectivee construction of the corresponding carbonyl compound 3. 

Schemee 5.1: 

O O 
A .. X>Me 

RR N 
Me e 

R'M M R R O-M M 

Me e 

O O 

A D1 1 RR R 

Logically,, the resulting carbonyl compound 3 can subsequently be used as an 

electrophilee for a Grignard addition. Moreover, when a-amino Weinreb amides are used in 

thee first addition, the second nucleophilic addition wil l produce a p-amino alcohol. These P-
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aminoo alcohols are frequently occurring structural moieties with interesthg synthetic 

applicationss and exist in a wide range of natural and synthetic compounds? Interestingly, via 

thiss route the eventual amino alcohols can be synthesized in high levels of diastereoselectivity. 

Ass an example, Greene described the chelation-controlled7 addition of Grignard reagents toa-

aminoo aldehyde 4 (Scheme 5.2).8 

Schemee 5.2: 

NHCbz z 
HH < ^ M g B r 

O O 

NHCbz z 

OH H 

55 (62%, 9:1 syn.anti) 

Ph h 

Nu u 

Mg+ + 

OO NCbz 

^^  H \ 
Nil l 

Thee addition of 6 equiv vinylmagnesium bromide to the crude aldehyde 4 resulted in 

thee formation of a 9:1 mixture of syn- and anff-isomers 5 in a yield of 62%. Commonly used 

alternativess can be found in the application of Garner's aldehyde9 or N,N-dibenzyI protected 

aminoo aldehydes.10 These a-amino aldehydes lack the free NH on the amine and are 

chemicallyy and configurationally more stable. For example, Zhu reported the use of N,N-

dibenzyll  protection in the diastereoselective synthesis of y-hydroxy-p-amino alcohols (Scheme 

5.3)." " 

Schemee 5.3: 

NBn2 2 

TBDMSCXX J^ ^H 

O O 

,MgCI I NBn n 

TBDMSO.. _ 

OH H 

77 (88-95%, de > 95%) 

O O TBDMSO^y i i i 

/ ** H \ 
Nuu Nu 

a-Aminoo aldehyde 6 was reacted with 2 equiv iPrMgCl to afford (3-amino alcohol 7 in 

aa high yield and excellent diastereoselectivity. Interestingly, in this case the an t /-isomer was 

obtainedd as the exclusive product. This opposite selectivity can be explained by the absence of 

chelation-controll  and the preference for nucleophilic attack according to the FelkinAnh 

model.12 2 

Byy using a-amino ketones instead of the corresponding aldehydes, the aforementioned 

problemss concerning the stability of a-amino aldehydes can be circumvented. Therefore, in 
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thee case of ketones, carbamate protection of the amine functionality does not lead to unstable 

compounds.. For example, the stereoselective synthesis of p-hydroxy-a-amino acids, reported 

byy the group of Lajoie made use of an n«h-selective addition of Grignard reagents (2.5-4 

equiv)) to a-amino ketones of type 8 (Scheme 5.4).13 The high level of diastereoselectivity in the 

nucleophilicc addition step was explained by the Felkin-Anh attack from the face opposite to 

thee trioxabicyclo[2.2.2]orthoester protective group. 

Schemee 5.4: 

Me e 

NHCbz z 

OO o 

8 8 

MgBr r 

99 (92%, 99:1 anti.syn) 

OO NHCbz 

Hence,, a straightforward and versatile synthesis of p-substituted-f3-amino alcohols 10 

couldd involve the combination of the diastereoselective addition to a protected a-amino 

ketonee and Weinreb amide technology, preceded by the addition of a suitable nucleophile to 

thee N-acyliminium ion intermediate 12 (eq 5.1). Consequently, this methodology would also 

requiree an efficient synthesis route towards the key intermediate!!. 

Nu u 

H T ' > R ' ' 
Cbzz OH 

10 0 

Nuu Me 

H N ^ S f '' "OMe 

Cbzz O 

I I I 

+ + 
HN N 

Cbzz O 

Me e 

"OMe e 

12 2 

BnO O 

O O 

A A NH, , 

13 3 

(5.1) ) 

5.22 Preparation of Weinreb amides 

Ass a first straightforward approach, it was anticipated to synthesize the Weinreb 

amidee 11 from the corresponding methyl ester, preceded by the N-acyliminium ion reaction 

withh the known N,0-acetal 16.14 N,0-Hemiacetal 15 was obtained by the use of an optimized 

proceduree for the addition of hemiacetals to carbamates (Scheme 5.5).15 Subsequent 

methanolysiss afforded N,0-acetal 16 in a yield of 93% over these two steps. 
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Schemee 5.5: 

HOO CF3 

HNN C02Me 

Cbz z 

188 (95%) 

00 17 

F3CC C02Me 
0 0 

BncA A 

13 3 

O HH 14 

MeOO C02Me i 

NH22 • H N ^ X O z M e 
*•*• a i 

Cbz z 

15RR = H 1 , 
166 R = Me (93% from 13) -—I 

ReagentsReagents and conditions: (a) 4 A MS, CH2C12, reflux, 18 h; (b) H2S04 (0.1 equiv), MeOH, rt, 3 h; 

(c)) CHCI3, rt, 1 d. 

Thee introduction of an additional substituent at the a-position proved to be quite 

troublesome.. If benzyl carbamate (13) was reacted with methyl pyruvate, no product was 

formed.. Nor did the use of the more electron deficient methyl trifluoropyruvatel7 under the 

samee conditions lead to any formation of the desired product 18. On the other hand, it is 

knownn that similar types of fluorinated a-methyl substituted a-hydroxy-a-amino esters (18 

CF33 = CHF2, CBrF2, CCIF2, CIF2) were obtained by the addition of a carbamate to the 

correspondingg pyruvate derivative.16 By changing the solvent to CHCfe and using highly 

concentratedd conditions, the product crystallized from the reaction mixture and the desired 

N,0-acetall  18 was isolated in a nearly quantitative yield (95%). However, further 

functionalizationn of the N,0-hemiacetal by for example methanolysis, acylation or mesylation 

wass not possible. 

Consequently,, N,0-acetal 16 was used in N-acyliminium ion chemistry,17 followed by 

thee introduction of the Weinreb amide functionality (Scheme 5.6). Initially , the reaction of 

methyll  ester 19 with N,0-dimefhylhydroxylamine was rather slow and low yielding, but after 

slightt optimization of the reaction conditions (4 equiv of AIM© and MeNHOMeHCl and a 

reactionn time of four days) the desired Weinreb amide20 could be obtained in a yield of 70%. 

Thee Weinreb amide was also introduced in a two-step procedure, starting with the hydrolysis 

off  the methyl ester, followed by a reaction with MeNHOMeHCl using a standard peptide 

couplingg methodology. However, this alternative approach gave a lower yield of the desired 

compound.. Subsequently, a more elegant route was developed, involving the novel Weinreb 

amidee 21 which contains both precursor functionalities for N-acyliminium ion and Weinreb 

amidee chemistry. Hence, via this species three different functionalities can be introduced (one 

viavia N-acyliminium ion chemistry and two by organometallic additions) in three subsequent 

reactionn steps resulting in highly functionalized compounds. Introduction of the Weinreb 

amidee from methyl ester 16 afforded the desired amide 21 in 81% yield. 
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Schemee 5.6: 

OMe e 

HNN CO, Me 
i i 

Cbz z 

16 6 

,SiMe-, , 

aa (96%) 
HNN C02Me 

Cbz z 

19 9 

bb (70%) 

oree (61%) 
HN'' >c OMe 

Cbzz O 

20 0 
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^ \ ^ S i M e3 3 
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ReagentsReagents and conditions: (a) BF3OEt2 (2 equiv) CH2C12, rt, 24 h; (b) MeNHOMeHCl, AlMes, 

CH2C12;; (c) (1) KOH (3.5 equiv), EtOH (2) DiPEA (1.2 equiv), DIPCDI (1.2 equiv), HOBt (0.1 

equiv),, MeNHOMeHCl (1.2 equiv), CH2C12. 

Nevertheless,, an even more elegant route could be the reaction of benzyl carbamate 

withh a glyoxylate analogue containing the Weinreb amide. Unfortunately, direct conversion of 

methyll  glyoxylate hemiacetal (14) into the corresponding Weinreb amide 22 did not work 

(Schemee 5.7). 

Schemee 5.7: 

OH H 

MeOO C02Me 

14 4 

l)pTsOH,, HC(OR)3 ROH 

2)) MeNHOMeHCl, AlMe3, CH2C12 

MeNHOMeHCl,, AIMe3, CH2C12 

OFT T 

RnO O 

Me e 

"OMe e 

O O 

233 R', R- = Me (69%) 
24R',R22 = Et(75%) 
222 R1 = Me, R2 = H (0%) 

Inn contrast, after protection of the hemiacetal functionality into the analogous dimethyl 

orr diethyl acetal, it was indeed possible to convert the ester into Weinreb amide 23 or 24. 

However,, subsequent partial deprotection of the aldehyde functionality (23—>22) or direct 

couplingg to benzyl carbamate appeared troublesome. Therefore, an alternative route towards 

thee Weinreb amide-functionalized hemiacetal 22 was developed (Scheme 5.8). 
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Schemee 5.8: 

CC a ™ , M e O . l ^ T . b(95%). . .JkJF 
C ll ¥ N Y OMe MeO' ^f  O M e 

OO Me O O 
255 26 22 

ReagentsReagents and conditions: (a) MeNHOMeHCl (2.5 equiv), pyridine (5 equiv), CH2Q2, rt, 18 h; (b) 

(1)) O3, CH2Cl2/MeOH (2) DMS (10 equiv). 

Startingg from fumaryl chloride (25), the reaction with N,0-dimethylhydroxylamine 

resultedd in the bis-Weinreb amide 26. Subsequent ozonolysis in a Cl^Ck/MeOH solvent 

mixturee afforded the desired hemiacetal 22 in a high yield. Then, hemiacetal 22 was used in 

thee coupling reaction with benzyl carbamate (Scheme 5.9). 

Schemee 5.9: 

OHH Me 

MeO^Sf N v OMe e 
OO 22 O ? R Me ^ \ ^ S i M e 3 Me 

JL L .-.- HN"  ï f ^OM e ——; • H N ^ S r ' ^ M e 
BnOO NH2 a 1 ii c(89%) 1 

Cbzz O Cbz O 
133 27R = H —I 20 

21RR = Me ^ b (93%, 2 steps) 

ReagentsReagents and conditions: (a) 4 A MS, CH2CI2, reflux, 18 h; (b) pTsOH (0.2 equiv), MeOH, rt, 18 h; 

(c)) BF3-OEt2 (2 equiv), CH2CI2, rt, 18 h. 

Byy using the aforementioned technology for the addition of hemiacetals to carbamates, 

benzyll  carbamate (13) was reacted with Weinreb amide 22 to give N,0-acetal 27. Subsequent 

acid-catalyzedd methanolysis resulted in the versatile N-acyliminium ion precursor 21 in a 

virtuallyy quantitative yield over these two steps. In contrast to the methanolysis of compound 

15,, to prevent esterification of the amide functionality a weaker protic acid was used for the 

methanolysiss step (pTsOH instead of H2SO4). Thus, with the development of an efficient 

synthesiss of hemiacetal 22 and its subsequent reaction with benzyl carbamate, indeed an 

elegantt route to the targeted Weinreb amide21 was found. 

Withh the desired, highly versatile Weinreb amide 21 in hands, the first 

functionalizationn via N-acyliminium ion chemistry was performed. By using 
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allyltrimethylsilanee as the carbon nucleophile, the protected homoallylic amine 20 was 

obtainedd in a good yield. 

5.33 Formation of a-amino ketones 

Weinrebb amide 20 was used as a substrate for the addition of Grignard reagents, 

whichh after acidic work-up resulted in the fomation of a-amino ketones 28 (Table 5.1). 

Tablee 5.1: 

HN'' >^"""OMe 
Cbzz O 

20 0 

1)RR MgX, THF 

2)H H Cbzz O 

28 8 

entryy R'MgX equiv v timee (h) product t yield d 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

MeMgBr r 

MeMgBr/EtMgBr' ' 

MeMgBr r 

EtMgBr r 

AllylMgB r r 

PhC^CMgBr r 

iPrMgCl l 

cPentMgCl l 

1 1 

1/1 1 
3 3 

3 3 

3 3 

3 3 

3 3 

3 3 

1 1 

1/15 5 

18 8 

18 8 

18 8 

18 8 

40 0 

70 0 

--

28b b 

28a a 

28b b 

28c c 

28d d 

28e e 

28f f 

--

70% % 

97% % 

88% % 

86%* * 

83% % 

36% % 

24% % 

«Additionn of 1 equiv MeMgBr, followed by stirring for 1 h, and the addition of 1 equiv of 

EtMgBr.. ''The corresponding a,B-unsaturated ketone was obtained as a byproduct (10%). 

Reactionn of Weinreb amide 20 with one equiv of MeMgBr for 1 h, did not lead to any 

productt formation (entry 1). Upon addition of a second equiv of EtMgBr, complete formation 

off  the ethyl ketone 28b was observed (entry 2). This clearly proves that the first equiv of the 

Grignardd reagent is consumed by the deprotonation of the carbamate, while the second equiv 

iss used for the nucleophilic addition. The best results were obtained by using an excess (3 

equiv)) of the Grignard reagents at room temperature. On changing from primary to secondary 

Grignardd reagents the yields decreased (entries 3-6 to entries 7-8). These lower yields most 

probablyy reflect the increasing steric bulk of the organometallic reagents. Interestingly, in the 

casee of allylMgBr (entry 5), 10% of the isomerized a,(3-unsaturated ketone 28g was isolated in 

additionn to the desired allyl ketone 28c. The mixture of isomers 28c and 28g could be 
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equilibratedd to the more stable ketone 28g by purification using column chromatography 

(Schemee 5.10). A useful application of ketone 28g was found in the ring-closing metathesis 

reaction188 of this diene with Grubbs' catalyst to afford the cyclic ketone 29 in a yield of 67%. 

Schemee 5.10: 

OMe e 

20 0 

HN N 
Cbz z 

29 9 

,MgBr r 

86% % 

Ckk J 
PCy3 3 

CI '' i 
Ru=\ \ 
PCy^h h 

CH2C12 2 

67% % 

SiO? ? 

Inn addition, Weinreb amide 20 was reduced to the corresponding aldehyde 30. The 

reactionn was performed with LiAlH i as the reducing agent and afforded the rather unstablea-

aminoo aldehyde 30 in a yield of 42% (eq 5.2). 

HNN Y " 0 M e 

Cbzz O 

20 0 

LiAlH , , 

Et20,, rt, 15 min 
42% % 

(5.2) ) 

Cbzz O 

30 0 

5.44 Diastereoselective formatio n of p-amino alcohols 

Methyll  ketone 28a was then used for the addition of a second Grignard reagent to 

obtainn p-amino alcohol 31 (Table 5.2). The nucleophilic additions to methyl ketone 28a were 

performedd at low temperature (-78 °C) and during a short reaction time, which resulted in the 

diastereoselectivee formation of amino alcohols 31. Similarly, the difference in yields between 

entriess 1-3 and 5 and 6 can be explained by the increased steric bulk of the Grignard reagent. 

Thee low yield of amino alcohol 31d (entry 4) is due to a higher reaction temperature (65 °C), 

whichh was used to prevent initial precipitation of the Grignard reagent at lower reaction 

temperatures.. However, at this higher reaction temperature a side reaction resulted in the 

formationn of 65% of the cyclized oxazolidinone32 (82:18 ratio of diastereoisomers, eq 5.3). 
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Tablee 5.2: 

Cbzz O 

28a a 

RzMgXX (3 equiv) 

THF,, -78 °C 
HN N 

II I Me 
Cbzz OH 

31 1 

entryy R2MgX time e product t yield d symanti" symanti" 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

MeMgBr r 

EtMgBr r 

AllylMgB r r 

PhCECMgBr r 

j'PrMgCl l 

cPentMgCl l 

155 min 

155 min 

300 min 

22 days 

155 min 

188 h 

31a a 

31b b 

31c c 

31d d 

31e e 

--

72% % 

82% % 

89% % 

9%* * 

23% % 

--

--

>98:2 2 

70:30 0 

79:21 1 

>98:2 2 

--

"Ratioo determined by JH NMR. The reaction was carried out at reflux temperature; 

oxazolidinonee 32 was obtained as the main product (65%, 82:18 ratio of symanti isomers). 

Ph-- -MgBr r 

THF,, 65 °C 

28a a 

Cbzz OH 

31dd (79:21 syn.antï) 

(5.3) ) 

322 (82:18 trans:cis) 

Ass an interesting application and in order to establish the configuration of the 

diastereoisomers,, diene 31c was reacted in a ring-closing metathesis reaction under the 

influencee of Grubbs' catalyst to obtain cyclohexene33 (eq 5.4). 

Cbzz OH 

HN N 
II I Me 
Cbzz OH 

syn-31csyn-31c anti-3\c 
(70:30) ) 

C L ? C y 3 3 

~,, R u = \ 
Cll  P C > 

CH2C12 2 

60% % 

0.7% % 2.8% % 

(70:30) ) 

(5.4) ) 
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Afterr cyclization of the diastereoisomeric mixture 31c, the configuration of the main 

productt could be assigned as the frans-cyclohexene 33 by using ]H NMR NOE experiments. 

Thee major isomer gave an NOE effect of 0.7% of the methyl group upon irradiation of thea-H 

proton,, whereas in the minor isomer a 2.8% enhancement of the Me signal was observed. The 

frans-configurationn in cyclohexene 33 is in accordance with a sy«-configuration of diene 31c. 

Regardingg the high diastereoslectivity in the formation of amino alcohols31c, two models (the 

Felkin-Anhh model and the cyclic or chelation-control model) might play a role.19 

Felkin-Anhh model 
B B 

Cyclicc or chelation-control model 

Inn the Felkin-Anh model the selectivity of the side from which the nucleophilic attack 

occurss is determined by the difference in steric bulk of the allyl andN-carbamate substituents 

inn structure A. According to this model, one might expect that nucleophilic attack takes place 

fromm the left-hand side resulting in the formation of the anri-isomer. However, because 

deprotonationn of the carbamate NH by the Grignard reagent occurs faster than the 

nucleophilicc attack, magnesium most probably chelates between the nitrogen and ketone 

functionn of the starting material, which results in a cyclic or chelation-controlled intermediate 

B.. In this five-membered cyclic intermediate, the allyl group blocks the top face of the 

molecule,, thus forcing the incoming nucleophile to attack from the opposite side of the ring, 

resultingg in the formation of the syn-isomer as the main product. 

5.55 Solid phase approach towards the diastereoselective formatio n of p-amino 

alcohols s 

Forr a versatile, combinatorial approach of the previously described methodology it 

wouldd be useful to translate this chemistry to the solid phase. The most straightforward 

methodd would involve the immobilization of a primary carbamate on the resin (SEC/TEC 

resin,, see Chapter 3) and condensation with Weinreb amide 22. However, this methodology 

whichh was highly efficient in solution phase, was not successful on the solid phase and 

thereforee an alternative approach had to be developed. Because of the basicity of Grignard 

reagents,, it was anticipated that the reactions should be performed on the TEC linker systan 
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andd that the base-labile SEC linker system could not be used. Starting from 2-bromoethyl 

chloroformatee (34) a route to ester 37 and Weinreb amide 38 was developed (Scheme 5.11). 

Schemee 5.11: 

34 4 

OH H 

MeO O 

O O 

OO OMe 

H H O O 

39 9 

QT< < CI I 

OO OMe 

355 R = OMe (92%) 
366 R = NMeOMe (58%) 

M e ^ , S v v T T 
o o 

OO OMe 

HH O 

377 R = OMe (99%) 
388 R = NMeOMe (77%) 

ReagentsReagents and conditions: (a) (1) 14 (R = OMe, 2 equiv) or 22 (R = NMeOMe, 2 equiv), 4 A MS, 

CH2C12,, reflux, 18 h (2) pTsOH (0.2 equiv), MeOH, rt, 18 h; (b) potassium thioacetate (1.25 

equiv),, DMF, rt, 18 h; (c) (1) pyrrolidine (1 equiv), DMF, rt, 1 h (2) Merrifield resin (1 equiv), 

Et3NN (1 equiv), DMF, rt, 18 h. 

Carbamatee 34 was reacted with hemiacetal 14 or 22 according to the previously 

describedd procedure for the addition of hemiacetals to carbamates and subsequently 

transformedd into the corresponding N,0-acetals 35 and 36. Then, the bromides were reacted 

withh potassium thioacetate to obtain the protected thiols 37 and 38. Thioacetate 37 was used 

forr in situ deprotection20 and coupling to Merrifield resin to afford the immobilized N-

acyliminiumm ion precursor 39. Unfortunately, when ester 39 was treated with 

allyltrimethylsilanee and a Lewis acid (BF3-OEt2, Sn(OTf)3, Sc(OTf)3, SiMe3OTf or SnCL,) to 

generatee the iminium ion, instead of nucleophilic attack of the silane, complete cleavage of the 

linkerr system was observed. In this system the formation of the N-acyliminium ion is 

probablyy too slow and given the acidic conditions, the TEC resin is readily cleaved. Due to the 

respectivee incompatibilities of the SEC system with Grignard reagents, and the TEC system 

withh N-acyliminium ion formation, further development of the combination of Weinreb 

amide,, N-acyliminium ion and solid phase chemistry on these linker systems was not 
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pursued.. Clearly, translation of the efficient solution phase reaction sequence towards the 

diastereoselectivee formation of (3-amino alcohols requires the use of a more suitable linker 

system. . 

5.66 Conclusions 

Inn this chapter, the development of efficient syntheses of the Weinreb amide 

containingg hemiacetal 22 and the versatile N,0-acetal 21 have been described. Starting from 

thee highly functionalized Weinreb amide, three different substituents were introduced in 

threee subsequent reaction steps. An allyl group was introduced via N-acyliminium ion 

chemistryy and the resulting homoallylic amine was used for the organometallic additions to 

thee Weinreb amide functionality to afford a-amino ketones. Subsequent treatment of the ct-

aminoo ketones with Grignard reagents resulted in the highly diastereoselective, chelation 

controlledd formation of p-amino alcohols. Disappointingly, the translation of this efficient 

solutionn phase methodology to a solid phase approach was unsuccessful. 
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5.88 Experimental section 

Forr experimental details, see: Section 2.7 

2-Benzyloxycarbonylamino-3,3,3-trifluoro-2-hydroxypropionicc acid methyl 

II  ester  (16) Benzyl carbamate (1.01 g, 6.65 mmol) and methyl glyoxylate methyl 

HNN Y hemiacetal (1.99 g, 16.7 mmol) in CH2CI2 (10 mL) were heated to reflux 

temperature.. The reflux condensor was placed on top of a pressure-

equalizingg dropping funnel filled with 4A MS. After refluxing for 18 h the solvent was 

evaporatedd to obtain the crude N,0-hemiacetal, which was dissolved in MeOH (7.5 mL). A 

catalyticc amount of H2SO4 (100 uL, 1.82 mmol, 97% in H20) was added, the solution was 

stirredd for 5 h at rt and concentrated in vacuo. The residue was dissolved in CH2CI2, washed 

withh a saturated aqueous NaHCQi solution (10 mL), a saturated aqueous NaCl solution (10 

mL),, dried (MgSCV) and concentrated in vacuo. The crude product was purified using column 

chromatographyy (EtOAc/PE 1:1) to afford 16 (1.56 g, 6.18 mmol, 93%) as a white solid. R, 0.26 

(EtOAc/PEE 1:2). Mp 78 °C. W NMR (400 MHz, CDCI3) 5 7.37-7.32 (m, 5H, Ar-H), 5.84 (br d, ƒ = 

7.44 Hz, 1H, NH), 5.35 (d, ƒ = 9.4 Hz, 1H, NHCH), 5.15 (s, 2H, ArCH2), 3.81 (s, 3H, C02Me), 3.46 
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(s,, 3H, OMe). «€ NMR (100 MHz, CDCI3) 5 167.9 (C02Me), 154.8 (OCON), 135.8,126.6,128.4, 

128.22 (Ar-C), 80.7 (NHCH), 67.4 (ArCH2), 56.2, 52.9 (OMe and COzMe). IR v 3318, 2956, 1759, 

1728,1528,1440,1342,1217,1087,1052,1008. . 

2-Benzyloxycarbonylamino-3,3,3-trifluoro-2-hydroxypropionicc acid methyl 
HOO ,Cr3 

X ^ O M ee ester (18) Benzyl carbamate (484 mg, 3.20 mmol) and methyl 
HN N 

Cbzz O trifluoropyruvate (500 mg, 3.20 mmol) were dissolved in CHC13 (3 mL), after 

244 h the reaction mixture was filtered off, washed with cold CHCi ( 2 x1 mL) 

andd dried in vacuo to obtain 18 (929 mg, 3.03 mmol, 95%) as white crystals. Rj 0.45 (EtOAc/PE 

1:1).. ] H NMR (400 MHz, CDCh) 5 7.35-7.34 (m, 5H, Ar-H), 5.95 (br s, 1H, NH), 5.16 (br s, 1H, 

OH),, 5.13-5.08 (m, 2H, ArCH2), 3.91 (s, 3H, COzMe). " C NMR (125 MHz, CDCI3) 6 166.3 

(C02Me),, 154.6 (OCON), 135.0,128.7,128.4 (Ar-C), 121.33 (q, ƒ = 286.3 Hz, CE3), 81.0 (q, / = 32.8 

Hz,, CCF3), 68.1 (ArCH2), 54.9 (C02Me). IR v 3303, 3026, 2935, 1756, 1692, 1543, 1320, 1278, 

1201,1178,1137,1063,, 978. 

2-Benzyloxycarbonylaminopent-4-enoicc acid methyl ester  (19) N,0-Acetal 

166 (2.00 g, 7.60 mmol) and allyltrimethylsilane (2.41 mL, 15.2 mmol) were 

HN''' - ^ O M e dissolved in CH2C12 (70 mL) and cooled to 0 °C, BF3OEt2 (1.93 mL, 15.2 

C1322 O mmol) was added dropwise and the reaction mixture was allowed to warm 

upp to rt and stirred for 24 h at this temperature. Then, saturated aqueous NaHCO (50 mL) 

wass added and the layers were separated. The aqueous layer was extracted with CH2C12 (2 x 

500 mL), the combined organic layers were washed with aqueous saturated NaCl (50 mL), 

driedd (MgS04) and concentrated in vacuo. The crude product was purified using column 

chromatographyy (EtOAc/PE 1:2). R, 0.40 (EtOAc/PE 1:2). 'H NMR (200 MHz, CDCI3) 5 7.41-

7.311 (m, 5H, Ar-H), 5.78-5.58 (m, 1H, CH=CH2), 5.28 (br d, ƒ = 7.7 Hz, 1H, NH), 5.17-5.08 (m, 

4H,, ArCH2 and CH=CH2), 4.47 (dt, ƒ = 7.6, 5.9 Hz, 1H, NHCH), 3.75 (s, 3H, C02Me), 2.61-2.49 

(m,, 2H, CH2CH=CH2). «C NMR (100 MHz, CDCI3) 5 172.0 (C02Me), 155.6 (OCON), 136.1 (Ar-

C),, 131.9 (CH=CH2), 128.4,128.1,128.0 (Ar-C), 119.2 (CH=CH2), 66.9 (OCH2), 53.1, 52.2 (NHCH 

andd C02Me), 36.6 (CH2CH=CH2). IR v 3365, 3091, 3037, 2961, 1751, 1533, 1440, 1351, 1219, 

1057,, 995, 924. HRMS (FAB+) calculated for Ci4H18N04 (M
+ + H) 264.1236, found 264.1244. 

[l-(Methoxymethylcarbamoyl)but-3-enyl]carbamicc acid benzyl ester 
M ee (20) from 19 AlMe3 (15.2 mL, 30.4 mmol, 2M in hexanes) was slowly 

HN'' ~Y "OMe a d d ed t o N0-dimethylhydroxylamineHCl (2.96 g, 30.3 mmol) in CH2C12 

(500 mL) at 0 °C, the reaction mixture was allowed to warm up to rt and 

stirredd for 1 h at rt. The reaction mixture was cooled to 0 °C, 19 (2.06 g, 7.84 mmol in 20 mL 

CH2C12)) was slowly added over 2 h, the reaction mixture was allowed to warm up to rt and 
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stirredd for another 2 h at this temperature. Then, the reaction mixture was slowly poured into 

ice-coldd HC1 (50 mL, 0.5M) and stirred at 0 °C for 30 min and the layers were separated. The 

aqueouss layer was extracted with EfeO (3 x 40 mL), the combined organic layers were washed 

withh aqueous saturated NaCl (50 mL), dried (MgSQ) and concentrated in vacuo. The crude 

productt was purified using column chromatography (EtOAc/PE 1:2) to afford20 (1.62 g, 5.55 

mmol,, 71%) as a white solid. R/ 0.25 (EtOAc/PE 1:2). Mp 91 °C. m NMR (200 MHz, CDCls) 5 

7.40-1.311 (m, 5H, Ar-H), 5.81-5.64 (m, 1H, CH=CH2), 5.46 (br d, ƒ = 8.1 Hz, 1H, NH), 5.16-5.03 

(m,, 4H, ArCH2 and CH=CH2), 4.81 (dd, ƒ = 7.0,13.5 Hz, 1H, NHCH), 3.79 (s, 3H, NOMe), 3.22 

(s,, 3H, NMe), 2.63-2.31 (m, 2H, CH2CH=CH2). »C NMR (50 MHz, CDCh) 8 171.6 

(CON(OMe)Me),, 155.7 (OCON), 136.1, 132.4, 128.2, 127.7 (Ar-C and CH=CH2), 118.5 

(CH=CH2),, 66.6 (ArCH2), 61.4 (NOMe), 50.3 (NHCH), 36.6 (CH2CH=CH2), 31.9 (NMe). IR v 

3308,, 2941,1719,1657. HRMS (EI+) calculated for Ci5H20N2O4 (M
+) 292.1423, found 292.1435. 

[l-(Methoxymethykarbamoyl)but-3-enyl]carbamicc acid benzyl ester  (20) two-step 

proceduree from 19 To a solution of methyl ester 19 (104 mg, 0.40 mmol) in EtOH (5 mL), KOH 

wass addeded (56 mg, 1.40 mmol) and reaction mixture was stirred for 2 h at rt. Then, 

saturatedd aqueous NHjCl (5 mL) was added and the layers were separated. The aqueous 

phasee was extracted with EtOAc (3x5 mL), the combined organic layers were dried (MgSO) 

andd concentrated in vacuo to afford the carboxylic acid (97 mg, 0.39 mmol, 98%). Rf 0.37 

(CH2Cl2/MeOHH 90:10,1% AcOH). m NMR (400 MHz, CDCb) 5 7.41-7.31 (m, 5H, Ar-H), 5.78-

5.633 (m, 1H, CH=CH2), 5.25 (br d, ƒ = 7.37 Hz, 1H, NH), 5.19-5.06 (m, 4H, ArCH2 and 

CH=CH2),, 4.51-4.48 (m, 1H, NHCH), 2.68-2.48 (m, 2H, CH2CH=CH2). «C NMR (100 MHz, 

CDCI3)) 5 175.6 (C02H), 155.8 (OCON), 135.9, 131.5, 128.4, 128.1, 128.0 (Ar-C and CH=CH2), 

119.77 (CH=CH2), 67.1 (OCH2), 52.9 (NHCH), 36.2 (CH2CH=CH2). The carboxylic acid (210 mg, 

0.844 mmol) was dissolved in CH2C12 (10 mL), N,N-diisopropylethylamine (0.17 mL, 1.01 

mmol),, N,0-dimethylhydroxylamineHCl (98 mg, 1.01 mmol), 1,3-diisopropylcarbodiimide 

(0.166 mL, 1.01 mmol) and 1-hydroxybenzotriazole (14 mg, 0.08 mmol) were added and the 

reactionn mixture was stirred for 5 h at rt. Then, aqueous HC1 (10 mL, 3N) was added and the 

layerss were separated. The organic phase was washed with NaHCQ (2 x 10 mL), aqueous 

saturatedd NaCl (10 mL) dried (MgSOj) and concentrated in vacuo. The crude product was 

purifiedd using column chromatography (EtOAc/PE 1:2) to afford20 (150 mg, 0.52 mmol, 62%) 

ass a white solid, which was identical to the product directly obtained forml9. 

? M e Me e 

HN'^f]^N"OMe e 
Cbzz O 

[Methoxy(methoxymethylcarbamoyl)methyl]carbamicc acid benzyl ester 

(21)) from 16 AlMe3 (0.6 mL, 1.2 mmol, 2M in hexanes) was slowly added 

too N,0-dimethylhydroxylamineHCl (116 mg, 1.19 mmol) in CH2C12 (5 

mL)) at 0 °C, the reaction mixture was allowed to warm up to rt and 
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stirredd for 1 h at rt. The reaction mixture was cooled to 0 °C,16 (102 mg, 0.40 mmol in 5 mL 

CH2CI2)) was slowly added over 2 h, the reaction mixture was allowed to warm up to rt and 

stirredd for another 2 h at this temperature. Then, the reaction mixture was slowly poured into 

ice-coldd HC1 (5 mL, 0.5M) and stirred at 0 °C for 30 min and the layers were separated. The 

aqueouss layer was extracted with Et20 ( 3 x5 mL), the combined organic layers were washed 

withh aqueous saturated NaCl (5 mL), dried (MgSCX) and concentrated in vacuo. The crude 

productt was purified using column chromatography (EtOAc/PE 1:1) to afford 21 (92 mg, 0.33 

mmol,, 81%). R, 0.32 (EtOAc/PE 1:1). 'H NMR (400 MHz, CDCI3) 8 7.34-7.26 (m, 5H, Ar-H), 

6.266 (br s, 1H, NH), 5.77-5.74 (m, 1H, CH), 5.13 (s, 2H, OCH2), 3.75 (s, 3H, NOMe), 3.43 (s, 3H, 

OMe),, 3.19 (NMe). " C NMR (100 MHz, CDCb) 5 170.0 (CON(OMe)Me), 155.8 (OCON), 135.8, 

128.3,128.0,127.88 (Ar-C), 85.2 (NHCH), 66.8 (OCH2), 61.5 (NOMe), 55.0 (OMe), 31.9 (NMe). IR 

vv 3310, 3032, 2940, 1724, 1681. HRMS (FAB+) calculated for G s H ^ Os (M+ + H) 283.1294, 

foundd 283.1309. 

[l-(Methoxymethylcarbamoyl)but-3-enyl]carbamicc acid benzyl ester  (20) from 21N,Oacetal 

211 (100 mg, 0.35 mmol), allyltrimethylsilane (113 uL, 0.71 mmol) and BF3-OEt2 (90 uL, 0.71 

mmol)) were dissolved in CH2CI2 (5 mL) and the reaction mixture was stirred for 18 h at rt. 

Then,, saturated aqueous NaHCCb (5 mL) was added and the layers were separated. The 

aqueouss layer was extracted with CH2CI2 ( 2 x 5 mL), the combined organic layers were 

washedd with aqueous saturated NaCl (5 mL), dried (MgSQi) and concentrated in vacuo. The 

crudee product was purified using column chromatography (EtOAc/PE 1:2) to afford 20 (92 

mg,, 0.32 mmol, 89%) as a white solid, which was identical to the product obtained froml9. 

0 M ee 2,2,N-Trimethoxy-N-methylacetamide (23) Methyl glyoxylate methyl 

^ L N ^^ hemiacetal (2.0 g, 16.7 mmol), trimethyl orthoformate (5.47 mL, 50.0 

XX mmol) and pTsOH (635 mg, 3.33 mmol) were dissoloved in MeOH (15 

mL)) and heated to reflux temperature for 3 h. Then, saturated aqueous 

NaHC033 (10 mL) and Et20 (10 mL) were added and the layers were separated. The aqueous 

layerr was extracted with Et20 (2 x 10 mL), the combined organic layers were dried (MgSQj) 

andd concentrated in vacuo to afford the corresponding dimethyl acetal (1.81 g, 13.6 mmol, 81%) 

ass a colorless oil. ^H NMR (400 MHz, CDCb) 8 4.77 (s, 1H, CH), 3.75 (s, 3H, C02Me), 3.37 (s, 

6H,, CH(OCH5)2. AlMe3 (4.66 mL, 9.33 mmol, 2M in hexanes) was slowly added to N.O-

dimethylhydroxylamineHCll  (910 mg, 9.33 mmol) in CH2CI2 (5 mL) at 0 °C, the reaction 

mixturee was allowed to warm up to rt and stirred for 1 h at rt. The reaction mixture was 

cooledd to 0 °C, the dimethyl acetal (500 mg, 3.73 mmol in 4 mL CH2CI2) was slowly added 

overr 2 h, the reaction mixture was allowed to warm up to rt and stirred for another 2 h at this 

temperature.. Then, the reaction mixture was slowly poured into ice-cold HC1 (5 mL, 0.5M) 
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andd stirred at 0 °C for 30 min and the layers were separated. The aqueous phase was extracted 

withh Et20 ( 2 x5 mL), the combined organic phases were washed with aqueous, saturated 

NaCll  (5 mL), dried (MgS04) and concentrated in vacuo to afford 23 (517 mg, 0.32 mmol, 85%) 

ass a colorless oil. 'H NMR (400 MHz, CDCh) 6 5.17 (s, 1H, CH), 3.69 (s, 3H, NOMe), 3.39 (s, 

6H,, CH(OCH3)2), 3.17 (s, 3H, NMe). 

OEtt 2,2-Diethoxy-N-methoxy-N-methylacetamide (24) Methyl glyoxylate 

^ i w ^^ methyl hemiacetal (3.0 g, 25.0 mmol), triethyl orthoformate (12.5 mL, 750 

^^ ' mmol) and pTsOH (951 mg, 5.00 mmol) were dissoloved in EtOH (30 

mL)) and heated to reflux temperature for 5 h. Then, saturated aqueous 

NaHC033 (30 mL) and Et20 (50 mL) were added and the layers were separated. The aqueous 

layerr was extracted with Et20 (2 x 10 mL), the combined organic layers were dried (MgSQ) 

andd concentrated in vacuo to afford the corresponding diethyl acetal (3.86 g, 22.2 mmol, 89%) 

ass a colorless oil. 'H NMR (400 MHz, CDCb) 5 4.89 (s, 1H, CH), 4.23 (q, / = 7.1 Hz, 2H, 

C02CH2),, 3.70-3.60 (m, 4H, 2 x OCH2CH3), 1.29 (t, ƒ = 7.1 Hz, 3H, C02CH2CH3), 1.24 (t, ƒ = 7.0 

Hz,, 2 x OCH2CH3). AlMe3 (21 mL, 42.0 mmol, 2M in hexanes) was slowly added to N,0-

dimethylhydroxylamineHCll  (4.10 g, 42.0 mmol) in CH2C12 (50 mL) at 0 °C, the reaction 

mixturee was allowed to warm up to rt and stirred for 1 h at rt. The reaction mixture was 

cooledd to 0 °C, the diethyl acetal (3.65 g, 21.0 mmol in 20 mL CHC12) was slowly added over 2 

h,, the reaction mixture was allowed to warm up to rt and stirred for another 2 h at this 

temperature.. Then, the reaction mixture was slowly poured into ice-cold HC1 (50 mL, 0.5M) 

andd stirred at 0 °C for 30 min and the layers were separated. The aqueous phase was extracted 

withh Et20 (2 x 20 mL), the combined organic phases were washed with aqueous, saturated 

NaCll  (50 mL), dried (MgS04) and concentrated in vacuo. The crude product was purified 

usingg column chromatography (EtOAc/PE 2:1) to afford 24 (3.35 g, 17.5 mmol, 84%) as a 

colorlesss oil. 'H NMR (400 MHz, CDCh) 8 5.31 (s, 1H, CH), 3.72 (s, 3H, NOMe), 3.69 (q, ƒ = 7.1 

Hz,, 4H, 2 x OCH2CH3), 3.19 (s, 3H, NMe), 1.23 (t, ƒ = 7.1 Hz, 6H, 2 x OCH2CH3). 

But-2-enedioicc acid bis(methoxymethylamide) (26) Fumaryl 

MeCXX - J ^ ^ ^ ^ N 6 chloride (6.0 mL, 55.5 mmol) and N,0-

MeMe T O M e dimethylhydroxylamineHCl (13.5 g, 13.8 mmol) in CH2C12 (50 

mL)) were cooled to 0 °C and pyridine (22.5 mL, 278 mmol) was 

carefullyy added to the reaction mixture. The resulting dark purple reaction mixture was 

allowedd to warm up to rt and stirred for 18 h at this temperature. Saturated aqueous NHC1 

(500 mL) was added and the layers were separated, the aqueous phase was extracted several 

timess with CH2C12 (20 mL) until the organic phase was colorless. The combined organic layers 

weree dried (MgS04), concentrated in vacuo and purified using column chromatography 
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(EtOAc/PE,, 1:1->1:0) to afford bis-Weinreb amide 26 (8.29 g, 41.0 mmol, 73%). ]H NMR (400 

MHz,, CDC13) 5 7.40 (s, 2H, HC=CH), 3.66 (s, 6H, OMe), 3.20 (s, 6H, NMe). 13C NMR (100 MHz, 

CDCI3)) 5 165.0 (CO), 130.2 (HC=CH), 61.9 (OMe), 32.1 (NMe). IR v 2971, 1640. HRMS (FAB+) 

calculatedd for C3H15N2O4 (M+ + H) 203.1032, found 203.1053. 

2-Hydroxy-2,N-dimethoxy-JV-methylacetamidee (22) Di-Weinreb amide 26 

(4.555 g, 22.5 mmol) was dissolved in CHzCk/MeOH (75 mL, 1:1) and 

cooledd to -78 °C. O3 was bubbled through the cold solution untill the 

reactionn mixture turned blue, then some O was bubbled through untill 

thee reaction mixture turned colorless again and a large excess of S(CHj)2 (17 mL, 230 mmol) 

wass added. The solution was allowed to warm up to rt and stirred for 18h. The solvents were 

concentratedd in vacuo and the resulting hemiacetal 22 (8.03 g, 42.6 mmol, 95% of a 1:0.5 

mixturee of 22 and DMSO) was used without further purification. JH NMR (400 MHz, CDCI3) 8 

5.188 (s, 1H, CH), 4.41 (br s, 1H, OH), 3.73 (s, 3H, NOMe), 3.44 (s, 3H, OMe), 3.21 (s, 3H, NMe), 

2.588 (s, 6H, DMSO). " C NMR (100 MHz, CDCI3) 5 168.8 (CO), 90.41 (CH), 61.5 (NOMe), 54.6 

(OMe),, 40.8 (DMSO), 32.3 (NMe). IR v 3452, 2941,1667. 

[Methoxy(methoxymethylcarbamoyl)methyl]carbamicc acid benzyl ester  (21) from benzyl 

carbamatee Benzyl carbamate (200 mg, 1.32 mmol) and hemiacetal 22 (591 mg, 3.97 mmol) in 

CH2CI22 (7.5 mL) were heated to reflux temperature. The reflux condensor was placed on top 

off  a pressure-equalizing dropping funnel filled with 4A MS. After refluxing for 18 h the 

solventt was evaporated to obtain the crude N,0-hemiacetal 27, which was dissolved in MeOH 

(7.55 mL). A catalytic amount of pTsOH (50.0 mg, 0.26 mmol) was added, the solution was 

stirredd for 18 h at rt and concentrated in vacuo. The residue was dissolved in CH2CI2, washed 

withh a saturated aqueous NaHCO solution (15 mL), a saturated aqueous NaCI solution (15 

mL),, dried (MgSQt) and concentrated in vacuo. The crude product was purified using column 

chromatographyy (EtOAc/PE 1:1) to afford 21 (349 mg, 1.24 mmol, 94%) as a white solid, 

whichh was identical to the product obtained from 16. 

Generall  procedure A for  the addition of organometallic reagents to Weinreb amide 20 

Weinrebb amide 20 was dissolved in Et20/THF (1:1) and cooled to 0 °C. The indicated 

Grignardd reagent was added; the reaction mixture was allowed to warm-up to rt and 

monitoredd with TLC. Upon completion, the reaction mixture was cooled to 0 °C and quenched 

byy the slow addition of saturated aqueous NH4CI. The mixture was diluted with EtOAc, 

filteredd through Celite® and the residue was washed with EtOAc. The combined organic 

layerss were dried (MgS04), concentrated in vacuo and purified using column chromatography 

(EtOAc/PEE 1:2). 

MeO O 
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(l-Acetylbut-3-enyl)carbamicc acid benzyl ester  (28a) Weinreb amide 20 (201 

mg,, 0.68 mmol) and MeMgBr (690 uL, 2.07 mmol, 3M in Et20) in Et20/THF 

(1:1,, 5 mL) were reacted for 18 h according to general procedure A to afford 

28aa (165 mg, 0.67 mmol, 97%) as a pale yellow oiL R, 0.35 (EtOAc/PE 1:2). iH 

NMRR (200 MHz, CDC13) 5 7.31-7.42 (m, 5H, Ar-H), 5.76-5.50 (m, 2H, NH and CH=CH2), 5.19-

5.033 (m, 4H, ArCH2 and CH=CH2), 4.45 (dd, ƒ = 5.8, 12.4 Hz, IH, NHCH), 2.74-2.38 (m, 2H, 

CH2CH=CH2),, 2.21 (s, 3H, Me). «C NMR (50 MHz, CDCI3) 8 205.5 (COMe), 155.5 (OCON), 

136.0,, 131.6, 128.3, 127.9, 127.8 (Ar-C and CH=CH2), 119.1 (CH=CH2), 66.7 (ArCH2), 59.4 

(NHCH),, 35.4 (CH2CH=CH2), 26.9 (Me). IR v 3335, 2951,1711. 

(l-Propionylbut-3-enyl)carbamicc acid benzyl ester  (28b) Weinreb amide 20 

Ett (206 mg, 0.70 mmol) and EtMgBr (700 \xh, 2.10 mmol, 3M in Et20) in 

Et20/THFF (1:1, 5 mL) were reacted for 18 h according to general procedure A 

too afford 28a (162 mg, 0.62 mmol, 88%) as a pale yellow oiL R, 0.54 (EtOAc/PE 

1:2).. m NMR (200 MHz, CDCI3) 6 7.41-7.33 (m, 5H, Ar-H), 5.75-5.54 (m, 2H, NH and CH=CH-

2),2), 5.14-5.10 (m, 4H, ArCH2 and CH=CH2), 4.44 (dd, / = 6.4,12.4 Hz, IH, NHCH), 2.69-2.39 (m, 

4H,, CH2CH=CH2 and COCH,), 1.08 (t, ƒ = 7.2 Hz, 3H, CH3). «C NMR (50 MHz, CDCI3) 5 208.4 

(COCH2),, 155.5 (OCON), 136.1,131.8,128.3,127.9,127.8 (Ar-C and CH=CH2), 119.0 (CH=CH2), 

66.77 (ArCH2), 58.6 (NHCH), 35.8 (CH2CH=CH2), 33.0 (COCH2), 7.2 (CH3). IR v 3311, 2939,1711. 

HRMSS (FAB+) calculated for Ci5H20NO3 (M
+ + H) 262.1443, found 262.1450. 

(l-Allyl-2-oxopent-4-enyl)carbamicc acid benzyl ester  (28c) and (l-allyl-2-oxopent-3-

enyl)carbamicc acid benzyl ester  (28g) Weinreb amide 20 (203 mg, 0.69 mmol) and allylMgBr 

(2.800 mL, 2.80 mmol, 1M in Et20) in Et20/THF (1:1, 5 mL) were reacted for 18 h according to 

generall  procedure A. Quick chromatographic purification by a short column, afforded 28c 

(1622 mg, 0.59 mmol, 86%) together with the isomerized ex,p-unsaturated ketone 28g (19 mg, 

0.077 mmol, 10%) both as pale yellow oils. Slow chromatographic purification on a long 

columnn shifted the ratio of compounds to exclusively 28g. 

Dataa for 28c: R/ 0.62 (EtOAc/PE 1:2). m NMR (200 MHz, CDCI3) 8 7.41-

7.333 (m, 5H, Ar-H), 6.05-5.40 (m, 3H, NH and 2 x CH=CH2), 5.25-5.05 (m, 

6H,, ArCH2 and 2 x CH=CH2), 4.53-4.50 (m, IH, NHCH), 3.29 (d, ƒ = 6.7 

Hz,, 2H, COCH2), 2.75-2.35 (CH2CH=CH2).
 13C NMR (50 MHz, CDCI3) 5 

205.77 (COCH2), 155.5 (OCON), 136.0, 131.6,129.2, 128.3, 128.0, 127.8 (Ar-C and 2 x CH=CH2), 

119.22 (2 x CH=CH2), 66.8 (ArCH2), 58.5 (NHCH), 44.5 (COCH2), 35.5 (CH2CH=CH2). 
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Dataa for 28g:  JH NMR (200 MHz, CDCb) 5 7.44-7.27 (m, 5H, Ar-H), 7.14-

6.933 (m, 1H, CH=CHCH3), 6.21 (dd, ƒ = 2.5, 20.6 Hz, 1H, CH=CHCH3), 5.76-

5.511 (m, 1H, CH=CH2), 5.18-4.99 (m, 5H, NH, ArCH2 and CH=CH2), 4.65 

(dd,, ƒ = 7.7, 12.9 Hz, NHCH), 2.76-2.28 (m, 2H, CH2CH=CH2), 1.92 (dd, ƒ = 

2.5,, 6.2 Hz, 3H, CH=CHCH3).
 13C NMR (100 MHz, CDCb) 6 196.4 (COCH), 155.6 (OCON), 

145.2,, 136.2, 131.7, 128.2, 128.0, 127.9, 127.8 (Ar-C, CH=CH and CH=CH2), 118.9 (CH=CH2), 

66.77 (OCH2), 59.7 (NHCH),, 36.3 (CH2CH=CH2), 18.4 (CH=CHCH3). IR v 3099, 2993,1702,1632, 

1510,, 1257, 1046, 920. HRMS (FAB+) calculated for Ci6H20NO3 (M+ + H) 274.1443, found 

274.1437. . 

[l-(3-Phenylpropynoyl)but-3-enyl]carbamicc acid benzyl ester  (28d) 

Weinrebb amide 20 (203 mg, 0.69 mmol) and PhC-ECMgCl (2.1 mL, 

2.100 mmol, 1M in THF) in EfeO/THF (1:1, 5 mL) were reacted for 18 h 

accordingg to general procedure A to afford 28d (193 mg, 0.57 mmol, 

83%)) as a pale yellow oil. R, 0.33 (EtOAc/PE 1:2). ^H NMR (200 MHz, 

CDC13)) S 757-7.26 (m, 10H, Ar-H), 5.78-5.65 (m, 1H, CH=CH2), 5.54 (br d, ƒ = 7.7 Hz, 1H, NH), 

5.21-5.111 (m, 4H, ArCH2 and CH=CH2), 4.66 (dd, ƒ = 6.3, 13.2 Hz, 1H, NHCH), 2.81-2.66 (m, 

2H,, CH2CH=CH2). »C NMR (50 MHz, CDCb) 5 185.3 (COC), 155.6 (OCON), 136.0, 133.0, 

131.5,, 131.5, 131.0, 128.5, 128.3, 127.9, 127.8 (Ar-C and CH=CH2), 119.5, 119.2 (Ar-C and 

CH=CH2),, 94.6, 85.8 (2 x C=C), 66.8 (ArCH2), 60.6 (NHCH), 35.6 (CH2CH=CH2). IR v 3331, 

3065,, 3034, 2954, 2201,1714,1682. HRMS (FAB+) calculated for C21H20NO3 (M
+ + H) 334.1443, 

foundd 334.1444. 

(l-Isobutyrylbut-3-enyl)carbami cc acid benzyl ester  (28e) Weinreb amide 20 

(2055 mg, 0.70 mmol) and iPrMgCl (1.10 mL, 2.20 mmol, 2M in EfcO) in 

Et20/THFF (1:1, 5 mL) were reacted for 40 h according to general procedure A 

too afford 28e (70 mg, 0.25 mmol, 36%) as a pale yellow oil Rf 0.33 (EtOAc/PE 

1:2).. W NMR (200 MHz, CDCb) 5 7.41-7.33 (m, 5H, Ar-H), 5.71-5.49 (m, 2H, NH and 

CH=CH2),, 5.13-5.05 (m, 4H, ArCH2 and CH=CH2), 4.62 (dd, ƒ = 5.8,13.2 Hz, 1H, NHCH), 2.89-

2.799 (m, 1H, CH(CH3)2), 2.75-2.34 (m, 2H, CH2CH=CH2), 1.15 (d, ƒ = 7.0 Hz, 3H, CH3), 1.09 (d, ƒ 

== 6.7 Hz, 3H, CH3). »C NMR (50 MHz, CDCL) 5 211.6 (COCH), 155.4 (OCON), 136.1, 131.8, 

128.3,, 127.9, 127.8 (Ar-C and CH=CH2), 119.0 (CH=CH2), 66.6 (ArCHz), 57.1 (NHCH), 37.6 

(COCH),, 35.8 (CH2CH=CH2), 18.8,17.1 (CH3). IR v 3322, 2973, 1710. HRMS (FAB+) calculated 

forr CioHaNOs (M+ + H) 276.1600, found 276.1593. 
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(l-Cyclopentanecarbonylbut-3-enyl)carbamicc acid benzyl ester  (28f) 

Weinrebb amide 20 (200 mg, 0.68 mmol) and cPentMgCl (1.03 mL, 2.06 

HN^^ mmol, 2M in EfeO) in Et20/THF (1:1, 5 mL) were reacted for 70 h 

Cbzz O according to general procedure A to afford 28f (49 mg, 0.16 mmol, 24%) as 

aa pale yellow oil. R, 0.62 (EtOAc/PE 1:2). 'H NMR (200 MHz, CDC13) 5 7.41-7.33 (m, 5H, Ar-

i l ) ,, 5.71-5.50 (m, 2H, NH and CH=CH2), 5.13-5.05 (m, 4H, ArCH2 and CH=CH2), 4.52 (dd, ƒ = 

5.8,, 13.0 Hz, 1H, NHCH), 3.12-2.95 (m, 1H, COCH), 2.69-2.37 (m, 2H, CH2CH=CH2), 1.96-1.40 

(m,, 8H, (CH2)4). »C NMR (50 MHz, CDCI3) 5 210.7 (COCH), 155.5 (OCON), 136.1,131.9,128.3, 

127.9,, 127.8 (Ar-C and CH=CH2), 119.0 (CH=CH2), 66.6 (ArCH2), 58.3 (NHCH), 48.1 (COCH), 

35.66 (CH2CH=CH2), 30.4, 28.1, 25.9, 25.8 ((CH2)4). IR v 3321, 2964, 1715. HRMS (FAB+) 

calculatedd for Ci8H24N03 (M
+ + H) 302.1756, found 302.1745. 

X \\ (2-Oxocyclopent-3-enyl)carbamic acid benzyl ester  (29) Diene 28g (33 mg, 122 

// umol) was dissolved in toluene (2 mL) and degassed with argon. 

Cbzz ° Cl2(PCy3)2Ru=CHPh (5 mg, 6 umol) was added and the reaction mixture was 

stirredd for 18 h at 40 °C. Then, to quench the reaction air was bubbled through 

thee solution, the reaction mixture was concentrated in vacuo and purified using column 

chromatographyy (EtOAc/PE 2:1) to afford 29 (19 mg, 82 umol, 67%) as a brown oil. R, 0.25 

(EtOAc/PEE 2:1). 'H NMR (400 MHz, CDCb) 8 7.67 (br s, 1H, COCH=CH), 7.47-7.33 (m, 5H, 

Ar-H) ,, 6.25 (d, ƒ = 5.6 Hz, 1H, COCH=CH), 5.33 (br s, 1H, NH), 5.11 (s, 2H, ArCH,), 4.06 (br s, 

1H,, NHCH), 3.25-3.19 (m, 1H, CH2CH=CH), 2.65 (br d, ƒ = 18.6 Hz, 1H, CH2CH=CH). "C 

NMRR (50 MHz, CDCI3) 6 205.6 (COCH=CH), 162.2 (COCH=CH), 156.4 (OCON), 136.1, 132.2, 

128.5,128.2,128.11 (Ar-C and COCH=CH), 67.1 (ArCH2), 54.9 (NHCH), 37.0 (CH2CH=CH). IR v 

3330,, 1710, 1525, 1257. HRMS (FAB+) calculated for C13H14NO3 (M+ + H) 232.0974, found 

232.0972. . 

(l-Formylbut-3-enyl)carbamicc acid benzyl ester  (30) Weinreb amide 20 (242 

mg,, 0.83 mmol) was dissolved in EfeO (5 mL), LiAlL L (160 mg, 4.22 mmol) was 

addedd and the reaction mixture was stirred for 15 min at rt. Then, the mixture 

wass cooled to 0 °C and the reaction was quenched by the addition of aqueous 

KHSO44 (15 mL, 3.5M), the the layers were separated, the aqueous layer was extracted with 

Et200 (2 x 10 mL). The combined organic layers were washed with aqueous HC1 (2 x 10 mL, 

3N),, saturated aqueous NaHCQ) (2 x 10 mL), saturated aqueous NaCl (10 mL), dried (MgSQ,) 

andd concentrated in vacuo. The resulting crude product was purified using column 

chromatographyy (EtOAc/PE 1:2) to afford 30 (81 mg, 0.35 mmol, 42%) as a colorless oil. R/ 

0.244 (EtOAc/PE 1:1). 'H NMR (200 MHz, CDCI3) 5 9.61 (s, 1H, CHO), 7.37-7.31 (m, 5H, Ar-H), 

6.20-5.755 (m, 1H, CH=CH2), 5.33 (br s, 1H, NH), 5.18-5.02 (m, 4H, ArCH2 and CH=CH2), 4.39-
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4.300 (m, 1H, NHCH), 2.70-2.45 (m, 2H, CH2CH=CH2). " C NMR (50 MHz, CDC13) 5 198.7 

(CHO),, 155.7 (OCON), 135.8, 131.4, 128.5, 128.3, 127.8 (Ar-C and CH=CH2), 119.5 (CH=CH2), 

66.99 (ArCH2), 59.1 (NHCH), 33.4 (CH2CH=CH2). 

Generall  procedure B for  the addition of organometallic reagents to ketone 28a Ketone 28a 

wass dissolved in THF and cooled to -78 °C. The indicated Grignard reagent was added; the 

reactionn mixture was vigorously stirred and monitored with TLC. Upon completion, the 

reactionn was quenched by the slow addition of aqueous NH4CI (5%). Then, the mixture was 

extractedd with CH2C12 (2 x). The combined organic layers were washed with aqueous NHC1 

(3%),, aqueous saturated NaCl, dried (MgSQi), concentrated in vacuo and purified using 

columnn chromatography (EtOAc/PE 1:2, 2:3 or 13—•1:1). 

,Me e 
Me e 

[l-(l-Hydroxy-l-methylethyl)but-3-enyl]carbami cc acid benzyl ester  (31a) 

Ketonee 28a (106 mg, 0.43 mmol) and MeMgBr (0.5 mL, 1.50 mmol, 3M in EfeO) 

inn THF (3 mL) were reacted for 10 min according to general procedure B to 

Cbzz OH a f f o r d 3 1 a (81 m g / 0.31 mmol, 72%) as a colorless oil. R, 0.21 (EtOAc/PE 2:3). 

mm NMR (400 MHz, CDCb) 5 7.63-7.26 (m, 5H, Ar-H), 5.88-5.75 (m, 1H, CH=CH2), 5.15-5.00 

(m,, 5H, NH, ArCH, and CH=CH2), 3.61 (dt, ƒ = 3.2, 9.9 Hz, 1H, NHCH), 2.55-2.38 (m, 1H, 

CH2CH=CH2),, 2.15-2.06 (m, 1H, CH2CH=CH2), 1.22 (d, ƒ = 3.7 Hz, 6H, 2 x Me). »C NMR (100 

MHz,, CDCh) 8 157.0 (OCON), 136.5, 135.1, 128.4, 128.0, 127.8 (Ar-C and CH=CH2), 117.3 

(CH=CH2),, 72.8 (CHC), 66.7 (ArCH2), 58.8 (NHCH), 34.6 (CH2CH=CH2), 27.3, 26.3 (2 x Me). IR 

vv 3421, 3335, 2978, 1687. HRMS (FAB+) calculated for C,5H22N03 (M+ + H) 264.1600, found 

264.1600. . 

>Et t 

Me e 

[l-(l-Hydroxy-l-methylpropyl)but-3-enyl]carbami cc acid benzyl ester  (31b) 

Ketonee 28a (107 mg, 0.43 mmol) and EtMgBr (0.5 mL, 1.50 mmol, 3M in EfeO) 

inn THF (3 mL) were reacted for 15 min according to general procedure B to 

affordd 31b (99 mg, 0.36 mmol, 82%) as one single diastereoisomer as a 

colorlesss oil. Rf 0.18 (EtOAc/PE 1:2). W NMR (200 MHz, CDCh) 8 7.41-7.29 (m, 5H, Ar-H), 

5.95-5.222 (m, 1H, CH=CH2), 5.18-5.00 (m, 4H, ArCH2 and CH=CH2), 4.90 (br d, ƒ = 8.6 Hz, 1H, 

NH),, 3.69 (dd, ƒ = 3.5, 9.6 Hz, 1H, NHCH), 2.55-2.39 (m, 1H, CH2CH=CH2), 2.24-2.04 (m, 1H, 

CH2CH=CH2),, 1.68-1.43 (m, 2H, CH2CH3), 1.16 (s, 3H, Me), 1.00-0.85 (m, 3H, CH2CH3). »C 

NMRR (50 MHz, CDCh) 8 156.8 (OCON), 136.4, 135.1, 128.2, 127.8, 127.7 (Ar-C and CH=CH2), 

117.00 (CH=CH2), 74.7 (CHC), 66.5 (ArCH2), 56.8 (NHCH), 34.5 (CH2CH=CH2), 32.2 (CH2CH3), 

23.33 (Me), 7.8 (CH2CH3). IR v 3443, 2974, 1714, 1680. HRMS (FAB+) calculated for G6H2 4N03 

(M++ + H) 278.1756, found 278.1757. 
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(l-Allyl-2-hydroxy-2-methylpent-4-enyl)carbamicc acid benzyl ester (31c) 

Ketonee 28a (194 mg, 0.79 mmol) and allylMgBr (0.87 mL, 1.74 mmol, 2M in 

MM Et2Ü) in THF (5 mL) were reacted for 30 min according to general procedure 

BB to afford 31c (203 mg, 0.70 mmol, 89%) as a 70:30 mixture of two 

diastereoisomerss as a colorless oiL R/ 0.28 (EtOAc/PE 1:2). JH NMR (400 MHz, CDCLi) 5 7.38-

7.288 (m, 5H, Ar-H), 5.95-5.74 (m, 2H, 2 x CH=CH2), 5.72-5.65 (m, 1H, CH=CH2, minor), 5.20-

5.000 (m, 7H, ArCH2, NH and 2 x CH=CH2), 4.91 (br d, ƒ = 9.3 Hz, 1H, NHGH), 4.86 (br d, ƒ = 

9.22 Hz, 1H, NHCH, minor), 2.65-2.03 (m, 4H, 2 x CH2CH=CH2), 1.18 (s, 3H, Me). «C NMR (50 

MHz,, CDCI3) 5 156.7 (OCON), 136.3, 134.9, 133.1, 128.2, 127.8, 127.7 (Ar-C and 2 x CH=CH2), 

118.99 (CH=CH2, minor) 118.8, 117.2 (2 x CH=CH2), 74.1 (CHC), 66.6 (ArCH2), 57.5 (NHCH, 

minor),, 57.2 (NHCH), 44.1, 43.7, 34.4, 34.1 (2 x CH2CH=CH2 and 2 x CH2CH=CH2, minor), 24.0 

(Me,, minor) 23.5 (Me). IR v 3418, 3074, 2978, 1695. HRMS (FAB+) calculated for Ci7H24N03 

(M++ + H) 290.1756, found 290.1730. 

[l-(l-Hydroxy-l-methyl-3-phenylprop-2-ynyl)but-3-enyl]carbamic c 

acidd benzyl ester (31d) Ketone 28a (103 mg, 0.42 mmol) and 

PhC=CMgBrr (2.00 mL, 2.00 mmol, 1M in THF) in THF (3 mL) were 

PMee reacted for 60 h at reflux temperature according to general procedure 
C b zz O H B to afford 31d (13 mg, 0.04 mmol, 9%) as a 79:21 mixture of 

diastereoisomers,, trans-32 (48 mg, 0.19 mmol, 53%) and ris-32 (11 mg, 0.05 mmol, 12%) all as 

colorlesss oils. Data for 31d: Rf 0.35 (EtOAc/PE 1:2). iH NMR (400 MHz, CDCI3) 8 7.57-7.28 (m, 

10H,, Ar-H), 5.89-5.76 (m, IH, CH=CH2), 5.76-62 (m, IH, CH=CH2, minor), 5.20-5.05 (m, 4H, 

ArCH22 and CH=CH2), 5.01 (br s, IH, NH, minor), 4.81 (br s, IH, NH), 4.05-3.83 (m, IH, 

NHCH),, 2.86-2.77 (m, 2H, CH2CH=CH2), 2.77-2.58 (m, 2H, CH2CH=CH2, minor), 1.61 (s, 3H, 

Me,, minor) 1.58 (s, 3H, Me). Data for trans-32: m NMR (400 MHz, CDCb) 6 7.44-7.29 (m, 5H, 

Ar-H),, 6.47 (br s, IH, NH), 5.84-5.73 (m, IH, CH=CH2), 5.24-5.19 (m, 2H, CH=CH2), 4.06 (dd, ƒ 

== 4.5, 9.6 Hz, IH, NH2CH), 2.47-2.23 (m, 2H, CH2CH=CH2), 1.69 (s, 3H, Me). 13C NMR (100 

MHz,, CDCI3) 5 157.8 (OCON), 132.4, 131.5, 128.7, 128.2, 121.3 (Ar-C and CH=CH2), 119.2 

(CH=CH2),, 87.9, 85.7 (2 x C=C), 77.7 (CHC), 61.4 (NH2CH), 34.6 (CH2CH=CH2), 22.0 (Me). IR v 

3286,, 3054, 2970, 2219, 1747, 1492, 1379, 1309. HRMS (FAB+) calculated for Q5Hi6N02 (M+ + 

H)) 242.1181, found 242.1185. Data for ds-32: iH NMR (400 MHz, CDCL) 5 7.46-7.31 (m, 5H, 

Ar-H),, 5.87-5.76 (m, 2H, CH=CH2 and NH), 5.26-5.20 (m, 2H, CH=CH2), 3.65 (dd, ƒ = 4.6, 9.0 

Hz,, IH, NH2CH), 2.65-2.46 (m, 2H, CH2CH=CH2), 1.81 (s, 3H, Me). »C NMR (100 MHz, 

CDCb)) 6 157.3 (OCON), 132.8,131.5,128.7,128.3,121.3 (Ar-C and CH=CH2), 119.4 (CH=CH2), 

88.7,, 84.7 (2 x C=C), 79.2 (CHC), 61.1 (NH2CH), 37.1 (CH2CH=CH2), 27.7 (Me). IR v 2945, 2235, 

1457,1490,1376,1258. . 
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[l-(l-Hydroxy-l,2-dimethylpropyl)but-3-enyl]carbami cc acid benzyl ester 

(311 e) Ketone 28a (104 mg, 0.42 mmol) and /'PrMgCI (1.2 mL, 2.40 mmol, 2M in 

HN'' ^[C. ."^ Et20) in THF (3 mL) were reacted for 15 min according to general procedure B 

Cbzz OH t 0 afford 31e (28 mg, 0.10 mmol, 23%) as one single diastereoisomer as a 

colorlesss oil. Rj 0.18 (EtOAc/PE 1:2). 1H NMR (400 MHz, CDCb) 5 7.38-7.28 (m, 5H, Ar-H), 

5.88-5.766 (m, 1H, CH=CH2), 5.14-4.98 (m, 4H, ArCH2 and CH=CH2), 4.94 (br d, ƒ = 9.1 Hz, 1H, 

NH),, 3.82 (dd, ƒ = 3.4, 9.6 Hz, 1H, NHCH), 2.50-2.39 (m, 1H, CH2CH=CH2), 2.22-2.10 (m, 1H, 

CH2CH=CH2),, 1.94-1.82 (m, 1H, CCH), 1.06 (s, 3H, Me), 0.92 (dd, ƒ = 6.8, 12.7 Hz, 6H, 2 x 

CH(CH3)2). . 

(6-Hydroxy-6-methylcyclohex-3-enyl)carbamicc acid benzyl ester  (33) Diene 

HH f 31c (26 mg, 88 umol) was dissolved in CH2C12 (2 mL) and degassed with argon. 

HNN ^ ^ Cl2(PCy3)2Ru=CHPh (4 mg, 4 |amol) was added and the reaction mixture was 

Cbzz OH stirred for 24 h at rt. Then, to quench the reaction air was bubbled through the 

solution,, the reaction mixture was concentrated in vacuo and purified using column 

chromatographyy (EtOAc/PE 1:1) to afford31c (14 mg, 53 umol, 60%) as a 70:30 mixture of two 

diastereoisomers,, as a white solid. Rf 0.30 (EtOAc/PE 1:1). iH NMR (400 MHz, CDCI3) 8 7.37-

7.299 (m, 5H, Ar-H), 5.63-5.55 (m, 2H, CH=CH), 5.15-5.06 (m, 2H, ArCH2), 4.80 (br s, IH, NH), 

3.89-3.811 (m, IH, NHCH), 3.79-3.71 (m, IH, NHCH minor), 2.58-1.83 (m, 4H, CH2CH=CHCH2), 

1.266 (s, 3H, Me minor), 1.14 (s, 3H, Me). «C NMR (50 MHz, CDCI3) 5 155.3 (OCON) 136.0, 

128.3,128.0,127.99 (Ar-C), 125.4,123.6 (CH=CH), 71.0 (CHC), 66.9 (ArCH2), 54.2 (NHCH), 39.0, 

30.88 (CH2CH=CHCH2), 25.5 (Me). IR v 3415, 3331,1699,1535. 

(2-Bromoethoxycarbonylamino)methoxyaceticc acid methyl 
OO OMe 
00 1 Q M ester  35 2-Bromo ethyl carbamate (500 mg, 2.98 mmol) and 

methyll hemiacetal methyl glyoxylate (1.07 g, 8.93 mmol) were 
HH O 

dissolvedd in CH2C12 (20 mL) and heated to reflux temperature. A 

refluxx condensor was placed on top of a pressure-equalizing dropping funnel filled with 4A 

MS.. After refluxing for 18 h the solvent was evaporated to obtain the crude N,0-hemiacetal, 

whichh was dissolved in MeOH (20 mL). A catalytic amount ofpTsOH (113 mg, 0.60 mmol) 

wass added, the solution was stirred for 18 h at rt and concentrated in vacuo. The residue was 

dissolvedd in CH2C12, washed with a saturated NaHCQ? solution (15 mL), a saturated NaCl 

solutionn (15 mL), dried (MgSQj) and concentrated in vacuo. The crude product was purified 

usingg column chromatography (EtOAc/PE, 1:1) to afford N,0-acetal 35 (740 mg, 2.74 mmol, 

92%).. Rf 0.31 (EtOAc/PE 1:1). 'H NMR (400 MHz, CDCI3) 5 5.99 (br d, ƒ = 7.6 Hz, IH, NH), 

5.300 (d, ƒ = 9.4 Hz, NHCH), 4.40 (t, ƒ = 5.9 Hz, OCH2), 3.80 (s, 3H, OMe), 3.50 (t, ƒ = 6.0 Hz, 2H, 

BrCH2),, 3.44 (s, 3H, CC^Me). «C NMR (100 MHz, CDCI3) 5 167.6 (CQ2Me), OCON not app, 
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80.55 (NHCH), 64.7 (OCH2), 56.1 (OMe), 52.7 (CChMe), 28.5 (BrCH2). IR v 3358, 2952,1753,1716, 

1511,, 1334, 1211, 1089, 1009. HRMS (FAB+) calculated for C7Hi3BrN05 (M+ + H) 269.9977, 

foundd 269.9975. 

O M e M e e 

OMe e 

O O 

[Methoxy(methoxymethylcarbamoyl)methyl]carbamicc acid 

2-bromoethyll  ester  (36) 2-Bromo ethyl carbamate (100 mg, 

0.600 mmol) and hemiacetal 22 (177 mg, 1.20 mmol) were 

dissolvedd in CH2CI2 (5 mL) and heated to reflux temperature. 

AA reflux condensor was placed on top of a pressure-equalizing dropping funnel filled with 4A 

MS.. After refluxing for 18 h the solvent was evaporated to obtain the crude N,0-hemiacetal, 

whichh was dissolved in MeOH (3 mL). A catalytic amount of pTsOH (15 mg, 0.60 mmol) was 

added,, the solution was stirred for 18 h at rt and concentrated in vacuo. The residue was 

dissolvedd in CH2CI2, washed with a saturated NaHCQ) solution (5 mL), a saturated NaCl 

solutionn (5 mL), dried (MgS04) and concentrated in vacuo. The crude product was purified 

usingg column chromatography (EtOAc/PE, 2:1) to afford N,0-acetal 36 (104 mg, 0.35 mmol, 

58%).. R, 0.29 (EtOAc/PE 1:1). iH NMR (400 MHz, CDCh) 8 6.24 (br s, 1H, NH), 5.73 (d, ƒ = 9.3 

Hz,, NHCH), 4.39 (t, ƒ = 6.0 Hz, OCH2), 3.77 (s, 3H, NOMe), 3.50 (t, ƒ = 6.0 Hz, 2H, BrCH2), 3.42 

(s,, 3H, OMe), 3.22 (s, 3H, NMe). "C NMR (100 MHz, CDCh) 8 167.0 (CON(Me)OMe), 155.3 

(OCON),, 86.8 (NHCH), 64.4 (OCH2), 61.5 (NOMe), 55.1 (OMe), 31.5 (NMe), 28.6 (BrCH2). IR v 

3315,, 2954, 1728, 1666, 1523, 1229, 1073, 997, 852. HRMS (FAB+) calculated for GHi6BrN205 

(M++ + H) 299.0243, found 299.0236. 

(2-AcetylsulfanyIethoxycarbonylamino)methoxyacetic c 

OMee ac*rï methyl ester  (37) Bromide 35 (2.0 g, 7.51 mmol) was 

dissolvedd in DMF (25 mL) and potassium thioacetate (1.02 

g,, 8.89 mmol) was added. The reaction mixture was stirred 

inn the dark for 18 h at rt. Then the reaction mixture was concentrated in vacuo, the residue was 

dissolvedd in EtOAc (25 mL) and aqueous HC1 (25 mL, 0.1 N) was added, the layers were 

separated,, the aqueous layer was extracted with EtOAc (2 x 25 mL) and the combined organic 

layerss were dried (MgSQt) and concentrated in vacuo. The resulting crude product was 

purifiedd using column chromatography (EtOAc/PE 1:1) to afford37 (1.85g, 7.43 mmol, 99%) 

ass a colorless oil. Rf 0.45 (EtOAc/PE 1:1). ]H NMR (400 MHz, CDCI3) 8 5.88 (br d, ƒ = 8.0 Hz, 

IH,, NH), 5.29 (d, ƒ = 9.3 Hz, IH, NHCH), 4.19 (t, ƒ = 6.2 Hz, OCH2), 3.79 (s, 3H, OMe), 3.43 (s, 

3H,, C02Me), 3.12 (t, ƒ ƒ = 6.3 Hz, 2H, SCH2), 2.32 (s, 3H, Ac). «C NMR (100 MHz, CDCh) 8 194.5 

(Ac),, 167.7 (C02Me), 155.1 (OCON), 80.4 (NHCH), 63.6 (OCH2), 56.0 (OMe), 52.6 (C02Me), 30.2 

(Ac),, 27.8 (SCH2). IR v 3340, 2955, 1731, 1695, 1338,1217,1083,1008. HRMS (FAB+) calculated 

forr C9H,6N06S (M+ + H) 266.0698, found 266.0693. 
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Thioaceticc acid S-I2-
OMee M e 

NN [methoxy(methoxymethylcarbamoyl)methylcarbamoyl 

" O M ee oxyjethyl) ester  (38) Bromide 36 (500 mg, 1.67 mmol) 

wass dissolved in DMF (7.5 mL) and potassium 

thioacetatee (240 mg, 2.09 mmol) was added. The reaction mixture was stirred in the dark for 

188 h at rt. Then, the reaction mixture was concentrated in vacuo, the residue was dissolved in 

EtOAcc (10 mL) and aqueous HC1 (10 mL, 0.1 N) was added, the layers were separated, the 

aqueouss layer was extracted with EtOAc (2 x 7.5 mL) and the combined organic layers were 

driedd (MgSQj) and concentrated in vacuo. The resulting crude product was purified using 

columnn chromatography (EtOAc/PE 1:1) to afford 38 (357 mg, 1.28 mmol, 77%) as a colorless 

oil.. Rf 0.24 (EtOAc/PE 1:1). 'H NMR (400 MHz, CDCh) S 6.15 (br s, 1H, NH), 5.69 (d, ƒ = 9.3 

Hz,, 1H, NHCH), 4.17 (t, ƒ = 6.2 Hz, 2H, OCH2), 3.74 (s, 3H, NOMe), 3.40 (s, 3H, OMe), 3.19 (s, 

3H,, NMe), 3.10 (d, ƒ = 6.2 Hz, 2H, SCH2), 2.31 (s, 3H, Ac). «C NMR (100 MHz, CDCb) 8 194.5 

(Ac),, 167.1 (CON(OMe)Me), 155.5 (OCON), 77.6 (NHCH), 63.5 (OCH2), 61.6 (NOMe), 55.1 

(OMe),, 30.3 (NMe), 28.0 (SCH2), 20.8 (Ac). IR v 3309, 2999, 1739, 1695, 1505, 1232, 1136, 1080, 

994. . 

Qv/£ £ 
nn ._... [Methoxy(methoxymethylcarbamoyl)methyl]carbamic 

__ 1̂1̂  JL N acid 2-sulfanylethyl resin (39) To a stirred solution of 

HH T e thioacetate 37 (85 mg, 0.34 mmol) in DMF (1 mL) was 

addedd pyrrolidine (28 uL, 0.34 mmol). After stirring for 

11 h at rt, Et3N (47 uL, 0.34 mmol) and Merrifield resin (100 mg, 0.17 mmol) were added and 

thee rection mixture was stirred for 18 h at rt. The suspension was filtered, the resin was 

washedd with DMF (1 mL), CH2C12 (1 mL), EtOH (1 mL, the last two steps were repeated four 

times)) and Et20 (2x1 mL). After drying in vacuo (50 °C) resin 39 was obtained. IR v 3437, 3315, 

1731. . 
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SUMMAR Y Y 

COMBINATORIALL APPLICATIONS OF N-ACYLIMINIUM ION INTERMEDIATES 

INN THE SYNTHESIS OF HOMOALLYLIC AMINES 

Overr the years, solid phase chemistry has proven its high potential for the relatively 

simplee and rapid preparation of large numbers of compounds. Consequently, there is a 

continuouss need for the translation of efficient solution phase processes to the solid phase. 

Moreover,, N-acyliminium ion chemistry is an effective tool for the formation of C-C bonds 

andd has been successfully used for the synthesis of highly complex molecules. Therefore, a 

combinationn of the two would lead to a novel, versatile methodology. As a model system for 

thee translation of N-acyliminium ion chemistry to the solid support, the one-pot three 

componentt reaction of an aldehyde, a carbamate or a sulfonamide, and an allylsilane under 

thee influence of the Lewis acid BF3OEt2 was chosen (Scheme 1). The results of the translation 

off this reaction to the solid phase and the applications of its products are presented in this 

thesis. . 

Schemee 1: 

O O 

R 1 ^ H H 
R 2 _ N HH + R3^^^iMe 3 

2,, R = C02R, SQ2R 

BF3OEt2 2 

Chapterr 1 deals with the history of combinatorial and solid phase chemistry and a 

surveyy of the use of functionalized aldehydes in N-acyliminium ion chemistry - glyoxylic acid 

derivativess in particular - is given. 

Preliminaryy investigations towards the translation of the one-pot three component N-

acyliminiumm ion reaction are shown in Chapter 2. In the initial optimization studies the 

reactionss were performed on the stable hydroxymethylene resin. Later on, the acid-labile 

Wangg resin was used. With the Wang linker system, a library of circa 40 homoallylic amines 7 

wass prepared on a synthesis robot (Scheme 2). The anticipated amines were obtained in 

moderatee yields (up to 57% over two steps), while the scope of the reaction proved to be 

limitedd to (electron rich) aromatic aldehydes and some substituted allylsilanes. A clear 
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limitingg factor was the Wang resin, which appeared only moderately compatible with the 

acidicc reaction conditions. 

Schemee 2: 

A 1 1 

OO BF3OEt2 O ' " "R2 50%TFA 

( \ ^ 0 A N H 22 + "7777^ i T o N^R' H2N^R1 

WW 2 MeCN V2# CH2Cl2(v/v) 2 

,SiMe3 3 

Duee to the incompatibility of the Wang linker system with N-acyliminium ion 

chemistry,, an alternative linker had to be designed. The development of the novel, acid-stable 

linkerr systems 8-10 is described in Chapter 3. Unfortunately, the purification of the products 

afterr Pd-catalyzed cleavage from the allyl linker 8 proved to be troublesome. The SEC linker 9 

-- especially in combination with the TEC linker 10 and a safety-catch cleavage approach -

provedd to be particularly effective for the application of N-acyliminium ion chemistry 

(Schemee 3). The use of the SEC linker, as opposed to the Wang linker, has also led to a 

substantiall improvement in the yield of the desired homoallylic amine 7. 

88 9 10 

Withh the development of the novel SEC and TEC linker systems, an adequate 

immobilizationn approach was found and more systematic investigations towards the solid 

phasee N-acyliminium ion chemistry could be performed. The results of the study towards the 

scopee and limitations of the one-pot three component N-acyliminium ion reaction in solution 

phasee and on the SEC linker are shown in Chapter 4. With respect to the aldehyde component, 

thee best yields were obtained with electron rich aromatic ones. Aliphatic side chains could be 

introducedd in satisfactory yields by using the corresponding diethyl acetals. With respect to 

thee nucleophile, the scope was mainly restricted to simple substituted allylsilanes. According 

too an approach previously developed in solution phase, a 'two-step' methodology involving a 
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benzotriazolee derivative has led to an extension of the scope to also include electron poor 

aromaticc aldehydes and aromatic nucleophiles. 

Schemee 3: 

\ i i 
O O 

O O 
nucleophile e 
BF3OEt22 R 1 ' > k H 

1 1 

H H 

OO O Nu 

11 1 

NaOMe e 

mCPBA A 

Nu u 

H2NN R1 

7 7 

10 0 

O O 
nucleophile e u u 

R 1 - ^ HH BF3OEt2 

OO Nu 

12 2 

TFA A 

Applicationss of homoallylic amines are detailed in Chapter 5. By the introduction of 

thee Weinreb amide functionality, an effective handle for further functionalization was found. 

Startingg from the highly functionalized Weinreb amide 13, three different substituents were 

introducedd in three subsequent reaction steps (Scheme 4). An allyl group was introduced via 

N-acyliminiumm ion chemistry and the resulting homoallylic amine 14 was used for the 

organometallicc addition to the Weinreb amide functionality to afford a-amino ketones. 

Subsequentt treatment of the a-amino ketone with a second Grignard reagent resulted in the 

highlyy diastereoselective, chelation-controlled formation of p-amino alcohol 15. 

Unfortunately,, the translation of this efficient solution phase methodology to a solid phase 

approachh was unsuccessful. 

Schemee 4: : 

OMe e Me e ,SiMe, , 

HN N 

Cbzz O 

"OMe e 
BF3OEt2 2 

HN '' > f " ' " O M e 

Cbzz O 

1)RR MgBr 
•• HN' 

2)R2MgBrr Cbz OH 

13 3 14 4 15 5 
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SAMENVATTIN G G 

COMBINATORIËLEE TOEPASSINGEN VAN N-ACYLIMINIUMION 

INTERMEDIAIRENN IN DE SYNTHESE VAN HOMOALLYLISCHE AMINES 

Dee laatste tijd heeft chemie op een vaste drager zich bewezen als een doeltreffende 

methodee om relatief snel en gemakkelijk een groot aantal verbindingen te maken. Derhalve is 

err een constante behoefte om processen die in oplossing efficiënte verlopen te vertalen naar de 

vastee fase. De nucleofiele additie aan N-acyliminiumionen is een effectieve methode voor het 

makenn van C-C bindingen en is met succes gebruikt in de synthese van zeer complexe 

verbindingen.. Daarom zal een combinatie van deze twee kunnen leiden tot een nieuwe, 

veelzijdigee methodologie. Als modelsysteem voor de vertaling van chemie van N-

acyliminiumionenn naar de vaste fase werd gekozen voor de 'één-pots' 

driecomponentenreactiee van een aldehyde, een carbamaat of een sulfonamide en een 

allylsilaann onder invloed van het Lewiszuur BF3OEt2 (Schema 1). De resultaten van de 

vertalingg van deze reactie naar de vaste fase en de toepassingen van de hieruit voorkomende 

productenn worden in dit proefschrift beschreven. 

Schemaa 1: 

2,, tr = CO2R, SO2R 

Hoofdstukk 1 behandelt de geschiedenis van combinatoriële en vaste fase chemie en 

geeftt een overzicht van het gebruik van gefunctionaliseerde aldehydes - met name 

glyoxylzuurr derivaten - in N-acyliminiumion chemie. 

Voorbereidendd onderzoek naar de vertaling van de 'één-pots' driecomponentenreactie 

wordtt beschreven in Hoofdstuk 2. Om de reactiecondities te optimaliseren werden de reacties 

inn eerste instantie uitgevoerd op de stabiele hydroxymethyleenhars. Later werd de zuurlabiele 

Wangharss gebruikt. Met het Wanglinkersysteem werd een bibliotheek van ongeveer 40 

homoallylischee amines gemaakt op een syntheserobot (Schema 2). De gewenste producten 

werdenn verkregen in matige opbrengsten (tot 57% over twee stappen), terwijl het 

toepassingsgebiedd van de reactie beperkt bleek tot (electronenrijke) aromatische aldehydes en 
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enkelee gesubstitueerde allylsilanen. Een duidelijke beperkende factor was het gebruik van de 

Wanghars,, die niet goed verenigbaar bleek met de zure reactiecondtities. 

Schemaa 2: 

OO BF3OEt2 O r ^ R 2 50%TFAin 

55 R 

,SiMe3 3 

Aangezienn het gebruik van de Wanghars niet goed samengaat met de chemie van N-

acyliminiumionenn moest een alternatief linkersysteem ontworpen worden. De ontwikkeling 

vann de nieuwe, zuurstabiele linkersystemen 8-10 wordt beschreven in Hoofdstuk 3. De 

zuiveringg van de producten na de Pd-gekatalyseerde afsplitsing van de allyllinker 8 bleek 

echterr problematisch. De SEC linker 9 bleek - voornamelijk in combinatie met de TEC linker 

100 en een 'safety-catch' afsplitsingsbenadering - uitermate effectief voor de toepassing van N-

acyliminiumionchemiee (Schema 3). In vergelijking met de Wanglinker was bij gebruik van de 

SECC linker ook de opbrengst van het gewenste homoallylische amine 7 substantieel hoger. 

88 9 10 

Mett de ontwikkeling van de nieuwe SEC en TEC linkersystemen werd er een geschikte 

benaderingg gevonden om systematisch onderzoek naar het gebruik van N-acyliminiumionen 

opp de vaste drager uit te voeren. De resultaten van de mogelijkheden en beperkingen van de 

'één-pots'' driecomponentenreactie in oplossing en op de SEC linker worden behandeld in 

Hoofdstukk 4. Wat betreft de aldehydecomponent werden de beste resultaten met 

electronenrijkee aromatische aldehydes verkregen. Alifatische zijketens konden in 

bevredigendee opbrengst worden ingevoerd door gebruik te maken van de overeenkomstige 

diethylacetalen.. Wat betreft het nucleofiel, was het gebruik met name beperkt tot eenvoudige, 

gesubstitueerdee allylsilanen. Naar aanleiding van een benadering die eerst in de 

oplossingsfasee werd ontwikkeld en waarbij een benzotriazolderivaat betrokken is, werd het 
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mogelijkee gebruik van de verschillende componenten uitgebreid met electronenarme 

aromatischee aldehydes en aromatische nucleofielen. 

Schemaa 3: 

10 0 

O O 
nucleofiel l 
BF3OEt22 R ^ ^ H 

1 1 
Jk k 

nucleofiel l 
R 1 ^ HH BF3OEt2 

1 1 

QT QT 
OO H 

OO O Nu 

11 1 

NaOMe e 

nCPBA A 

Nu u 

H 2 N ^ R 1 1 

Qf^r^Qf^r^ NTR1 

OO Nu 

12 2 

TFA A 

Toepassingenn van homoallylische amines worden beschreven in Hoofdstuk 5. Door 

hett invoeren van een Weinrebamide werd een effectief aanknopingspunt voor verdere 

functionaliseringg gevonden. Vanuit het gefunctionaliseerde Weinrebamide 13, werden in drie 

achtereenvolgendee reactiestappen, drie verschillende groepen geïntroduceerd (Schema 4). 

Doorr middel van N-acyliminiumionchemie werd er een allylgroep ingevoerd en het hieruit 

voortkomendee homoallylische amine 14 werd gebruikt voor de organometaaladditie aan het 

Weinrebamidee wat een a-aminoketon opleverde. Het a-aminoketon werd vervolgens met een 

tweedee Grignardreagens behandeld wat resulteerde in de diastereoselectieve, chelaat-

gestuurdee vorming van P-aminoalcohol 15. Helaas bleek de vertaling van deze efficiënte 

methodee naar de vaste fase niet succesvol. 

Schemaa 4: 

OMe e Me e 

HN' ' 

Cbzz O 

13 3 

"OMe e 

„SiMe3 3 

BF3OEt2 2 

"OMe e 

14 4 

1)RR MgBr 

2)R/MgBr r 

H NN > * r , 1 
ii r R 1 

Cbzz OH 

15 5 
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