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CHAPTE RR 1 

INTRODUCTIO N N 

1.11 Brief Histor y of Solid Phase Chemistry 

Syntheticc polymers from styrene are known since 1839,1 but it was not before 1963 

thatt such a polymer was used as a synthetic tool. In that year in a landmark contribution, 

Merrifield22 described the first synthesis of a tetrapeptide on a solid support (Scheme 1.1). 

Schemee 1.1 

99 O 
NHCbz z 

1,, styrene/ 2 3 
divinylbenzene e 

NHCbz z 

copolymer r b,, d, b, e 

OO R2 O R4 O , R2 O R4 

R11 O R3 O w R1 O R3 O 

55 4 

key:key: a) Cbz-AAl-OH, NEt3, dioxane; b) 30% HBr/AcOH, then NEt3; c) Cbz-AA2-OH, DCC, DMF; d) Cbz-AA3-

OH,, DCC, DMF; e) Cbz-AA4-OH, DCC, DMF; f) 10% 2M NaOH/EtOH (2x). 

AA Cbz protected amino acid was coupled to the chloromethylated 

styrene/divinylbenzenee copolymer 1 to obtain the immobilised amino acid 2. Subsequent 

deprotectionn of the amine, neutralisation and coupling of the second amino acid provided 

thee dipeptide 3. These steps were repeated twice to give the resin bound tetrapeptide 4. 

Anotherr Cbz-deprotection, followed by basic hydrolysis of the ester function eventually 

providedd the desired tetrapeptide 5. It appeared that there were several advantages to 

applicationn of this solid phase protocol: (i) since the product was attached to an insoluble 

polymerr the workup could be reduced to a simple filtration step, thereby avoiding time 

consumingg and tedious purification steps, (ii) due to the easy purification use of excess 

reagentss to drive the reaction to completion was possible, and (iii ) because the synthesis 

consistedd of repetitive cycles of deprotection, coupling and washing, it was amenable to 

automatedd synthesis carried out on robotic systems. Some early contributions to its use for 

generall  organic synthetic purposes were made by Leznoff,3 Fréchet4 and Rapoport.5 

However,, until the early nineties, the potential of solid phase organic synthesis was not 

widelyy recognized and its use was essentially limited to polypeptide and oligonucleotide 

chemistry.. The renaissance of solid phase synthesis was initiated by the advent of novel high 

throughputt methods for biological screening in the pharmaceutical and agrochemical 

1 1 
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industry.66 Considering the history of solid phase reactions, it is not surprising that the first 

ideass for the combinatorial synthesis of compound libraries were reported by chemists such 

ass Geysen7 and Houghten8 who were working in the polypeptide area. In the beginning, 

theree was a strong focus on libraries via solid phase methodology available from peptide and 

oligonucleotidee chemistry, leading to the synthesis of mixtures of thousands of compounds 

usingg the so-called 'split synthesis' method.9 With a progressing sophistication of the solid 

supportedd synthetic strategies and an increasing desire for more complex products, the 

combinatoriall  approaches gradually shifted towards the parallel synthesis of small libraries 

off  compounds; nowadays most libraries are actually synthesised as arrays of single 

compounds.100 As a result, in the last decade, a lot of effort has been put in the 'translation' of 

reactionss to a solid support,11 the development of new linker systems for the 

attach/detachmentt of molecules to the solid phase,12 and the development of resin bound 

catalystss and reagents.13 Considering the progress made in the development of automated 

synthesiss and the still increasing demand for new compounds by the pharmaceutical 

industryy it is clear that solid phase chemistry wil l be an active field of research for years to 

come.14 4 

1.22 Iminiu m Ion Chemistry 

1.2.11 Iminiu m Ion Chemistry on Solid Support 

Solutionn phase iminium ion reactions are very well known, and have been frequently 

appliedd in the synthesis of biologically active substances and natural products.15 Despite the 

widee scope, examples of such reactions on a solid support do exist, but are certainly not as 

abundant. . 

RV+^R2 2 

R3-N~R44 6 R 3 ^ R 4 

(1.1) ) 

Thee iminium ion (6, eq 1.1) is most often generated in situ, but can be a stable species 

(e.g.(e.g. Eschenmoser salt). The iminium ion is the reactive intermediate in the well-known 

Mannichh reaction16 and has been used in inter- and intramolecular reactions. Only relatively 

feww examples of iminium ion reactions on solid support are known, the majority of which 

aree Pictet-Spengler reactions1718 and Ugi multicomponent reactions.19 A representative 

examplee of Li and coworkers is shown in Scheme 1.2 (vide infra).17" Removal of the Fmoc-

groupp from the Wang resin bound amino acid 7, followed by attachment of the second 

aminoo acid using standard coupling conditions and subsequent coupling of Fmoc-

tryptophanee using the same protocol and deprotecrion afforded precursor 8. The 

immobilisedd tryptophane was then reacted with Fmoc-glycinal using 1% of TFA in 

dichloromethanee to generate the tetrahydro-fJ-carboline derivative 9 as an approximate 1:1 

mixturee of diastereoisomers. Subsequent coupling of two additional amino acids using the 
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aforementionedd protocol delivered the desired intermediate 10, which was deprotected and 

cleavedd from the resin using TFA to provide peptidomimetic 11. 

Schemee 1.2 

00 H 

R V  oHN 

H H 
FmocHN'' Y N T ~N 

OO R3 H 

key:key: a) 20% Piperidine/DMF; b) Fmoc-AA2-OH, DIC, HOBt; c) Fmoc-Trp-OH, DIC, HOBt; d) Fmoc-GIy-H, 1% 

TFA/CH2CI2;; e) Fmoc-AA3-OH, DIC HOBt; f) Fmoc-AA4-OH, DIC, HOBt; g) TFA 

Ann intermolecular iminium ion reaction on solid support was reported by Kobayashi 

andd coworkers. A 48-membered library was constructed using a Mannich-type three 

componentt reaction, (eq 1.2).20 

b « « 

12 2 
key:key: a) Sc(OTf); 

DSiMe3 3 ^CHOO a 

++ * 
ArNH2 2 

,, CH2CI2; b) LiBFL,, THF. 

L:,:Nj i i 

0 0 

ssA A 

13 3 

T T 
R R 

NHAr r 
i i 

^ ^ 
OHH NHAr 

(1.2) ) 

R R 
14 4 

Ann aldehyde and an aniline were condensed to generate the corresponding imine. 

Activationn of this imine with scandium triflate generated an iminium ion that was trapped 

byy the resin bound enol ether 12. Subsequent cleavage of products 13 was effected using 

lithiumm borohydride to provide y-amino alcohols 14 in high yields (55-88%). 

3 3 
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1.2.22 N-Acyliminiu m Ion Chemistry on Solid Support 

Thee electrophilicity of the iminium ion can be greatly enhanced by attaching an 

electron-withdrawingg carbonyl group onto the nitrogen atom {viz. 16, eq 1.3).21 

R-NY
R44 LG = OR, S02R, 

155 halogen 

R U R 2 2 

R4 4 16 6 

RVV .R2 

(1.3) ) 

Thee most usual way to generate this so-called N-acyliminium ion is by Lewis or 

proticc acid induced cleavage of an acetal such as 15. In most cases, the leaving group is a 

hydroxyy or alkoxy group. Because of the high instability of these types of intermediates, N-

acyliminiumm ions are always generated in situ. Due to its enhanced reactivity as compared to 

iminiumm ions, the scope of the nucleophiles that can be used in intermolecular reactions is 

different.. An array of nucleophiles has been used including allylsilanes, enol ethers, 

cuprates,, trimethylsilyl cyanide and various electron rich aromatic rings. At the start of this 

project,, application of N-acyliminium ion chemistry for the production of libraries via solid 

phasee methods was rare. 

Thee first example of N-acyliminium ion chemistry on resin was reported by Wipf and 

Cunningham,222 who developed a solid phase protocol for the Biginelli23 dihydropyrimidine 

synthesiss (Scheme 1.3). 

Schemee 1.3 

OH H 

17 7 

R S ^ O R 2 2 

?? <*v 

''  "  "  "  HO' 
211 " 22 

key:key: a) 4-Ureidobutyric acid, EDCI, DMAP, DMF; b) RiCHO, R2OC(0)CH2C(0)R3, HC1, THF; c) TFA/CH2C12. 

0 0 

O^/OR2 2 

oo R 3 ^ Y R 1 

^A^x-^ NN NH 

O O 
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Commerciallyy available Wang resin 17 was esterified with 4-ureidobutyric acid to 

providee immobilised urea 18, to which an aromatic aldehyde, a P-ketoester and catalytic HC1 

weree added. The initially formed N-acyliminium ion 19 was intercepted by the P-ketoester to 

providee intermediate 20, which spontaneously lost water to generate the products 21, which 

weree cleaved from the resin using TFA. In this way a small library of ten 

dihydropyrimidiness 22 was synthesised in high yields of 80-98%. Considering the 

commerciall  availability of a large number of aldehydes and the straightforward synthesis of 

P-ketoesters,, very large numbers of dihydropyrimidines are potentially available. More 

recently,, two adaptations of this protocol, using an immobilised P-ketoester and a polymer 

boundd thiouronium salt, respectively, were reported by Kappe and coworkers.24 

Patekk et ah reported the synthesis of a supported precursor for solution phase N-

acyliminiumm ion reactions (Scheme 1.4).25 

Schemee 1.4 

HO O 
Br r J 3 3 

23 3 

OEt t 

O O 

24 4 

** ?Etja 

R11 OEt 

HN N 
O O 

25 5 

ijP P 
R11 OEt 

H2N N O O 
JÊÊÊ JÊÊÊ 

26 6 

HH o 
27 7 

HNu u 

O O 
28 8 

HNu u 

N O O 

V"'R 2 2 

O O 

29 9 

Nuu N 

HA A 

R11 = Bn, MeO(CH2)2 

R22 = Me, Bn, 'Pr 

nn = l , 2 

30 0 

key:key: a) 2-Bromo-l,l-diethoxyethane, quinolinium p-toluenesulfonate, 1,2-dichloroethane; b) 2M R]NH2, DMSO; c) 

Fmoc-AA2-OH,, TFFH, DIPEA, 1,2-dichloroethane, then 20% piperidine/DMF; d) HNu(CH2)„COOH, TFFH, 

DIPEA,, 1,2-dichloroethane; e) HCOOH. 

Functionalisationn of polyethylene grafted polystyrene resin 23 (tentagel-OH) with a-

bromoacetaldehydee diethylacetal, followed by displacement of the bromide with an amine 

generatedd glycinal diethyl acetal equivalent 25. Coupling of a second amino acid and Fmoc-

deprotectionn provided dipeptide 26, which was acylated with a nucleophile to give the N-

acyliminiumm ion precursor 27. Formic acid induced cleavage of this precursor generated the 

oxycarbeniumm ion 28, that was trapped intramolecularly by the amide nitrogen. Subsequent 

abstractionn of the second alkoxy group generated the N-acyliminium ion 29, which 

5 5 
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immediatelyy reacted with the nucleophile to give product 30 in reasonable yield and high 

purity.. The nucleophile was either the side chain or the nitrogen atom of an amino acid. 

Ann example where the reactive intermediate remained on the solid support was 

reportedd by Munoz and coworkers.26 They adapted the work of Comins27 to the solid phase 

too synthesise a number of 2-substituted N-acyl-dihydro-4-pyridones (Scheme 1.5). 

Schemee 1.5 

®"^ O H H 

17 7 

O O 

31 1 32 2 

O O 

" Ï N ^ R 1 1 

O O 

r ^ N - ^ R 1 1 

-^.M*-^.M*  -*- JJ"  * ™ 
HPLCC purity: 75-99% 

R''  ^ O 

333 34 

key:key: a) 4-Hydroxypyridine, PPh3, DEAD, THF/DMF; b) R1C(0)C1, THF; c) R?MgX, THF; d) 1M TFA/THF. 

Commerciallyy available Wang resin 17 was loaded with 4-hydroxypyridine under 

Mitsunobuu conditions to afford ether 31. Treatment of this pyridine derivative with several 

acidd chlorides afforded the intermediate N-acylpyridinium ions 32 that were reacted with 

differentt Grignard reagents to afford the 1,2-dihydropyridines 33. Cleavage of the products 

wass effected with 1M TFA in THF to provide the -2-substituted N-acyl-dihydro-4-pyridones 

344 in low to reasonable yields and in good purity. 

Thee first example of a carbamate tethered N-acyliminium ion on solid support was 

reportedd by Meester et al.,2*  who translated a solution phase protocol developed by Veenstra 

etet al.29 for the synthesis of protected homoallylic amines to the solid support (Scheme 1.6). 

Schemee 1.6 

17 7 

a,b b 
O O 

35 5 

ArCHO O 
OO OH 

9r~°9r~°xxw w 
36 6 

! ! 

Ar r 

O O 

H2NN A r 

399 38 L 37 

key:key: a) 4-N02GH40C(0)Cl, NMM, CH2CI2; b) NH3/MeOH, DMF; c) BF3OEt2, MeCN; d) 50 % TFA/CH2C12. 
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Commerciallyy available Wang resin 17 was activated using 4-nitrophenyl 

chloroformatee and reacted with ammonia to provide the immobilised carbamate 35. This 

carbamatee was reacted with an aromatic aldehyde and an allylsilane under Lewis acidic 

conditionss in a one-pot three component N-acyliminium ion reaction. Lewis acid mediated 

removall  of the hydroxy group from the intermediate aminal 36 provided the transient N-

acyliminiumm ion 37,which was trapped by the allysilane to provide the immobilised 

productss 38. Subsequent TFA mediated cleavage afforded the homoallylic amines 39. Using 

threee allylsilanes and 28 aromatic aldehydes, a 44-membered library was synthesised. It was 

foundd that the reaction proceeded best using a large excess of aldehyde (20 equiv) and 

allylsilanee (10 equiv) and only a slight excess of BF3-OEt2 (1.1 equiv) in order to avoid 

prematuree cleavage of the product. The best yields were obtained with electron rich 

aldehydes,, whereas electron poor or aliphatic aldehydes did not react at all. Use of different 

nucleophiles,, such as enol ethers or malonates, did not give any product either. 

AA related example was reported by Mioskowski and coworkers.30 Merrifield resin 1 

wass coupled with 4-hydroxybenzamide to give the immobilised amide 40 (Scheme 1.7). 

Schemee 1.7 

0^ C II -^—~
11 40 

43a::  R = Ph, 72% 
43b::  R = 3-NQ2C6H4> 77% o^ 42 2 

key:key: a) 4-Hydroxybenzamide, NaH, DMF; b) RCHO, TFA, HC(OMe)3, THF; c) allyltrimethylsilane, BF3OEt2, 

CH2CI2;; d) 60% TFA/CH2CI2. 

Treatmentt of this amide with an aldehyde in the presence of TFA and triethyl 

orthoformatee provided the stable aminal 41. In this case, not only electron rich aromatic 

aldehydes,, but also electron poor aromatic aldehydes, heteroaromatic aldehydes and 

aliphaticc aldehydes could be used to provide the aminals in fair to good yields (45-85%). 

Twoo of these precursors were treated with BF3-OEt2 to generate the intermediate N-

acyliminiumm ion, which was trapped by allyltrimethylsilane. Subsequent cleavage using TFA 

providedd the homoallylic amides 43a and 43b in good yields. 

Ann N-acyl variant of the Pictet-Spengler condensation was published by Wang and 

Ganesann in the synthesis of demethoxyfumitremorgine C analogues (Scheme 1.8).31 
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Schemee 1.8 

46 6 47 7 
key:key: a) 20% Piperidine/DMF; b) RiCHO, HC(OMe)3, CH2C12; c) Fmoc-(S)-AA-Cl, pyridine, CH2CI2; d) 20% 

Piperidine// CH2CI2. 

Thee commercially available Fmoc-(S)-tryptophan immobilised on Wang-resin (44) 

wass deprotected using 20% of piperidine in DMF and the free amine was reacted with 

severall  aromatic, aliphatic and unsaturated aldehydes. Treatment of the resulting imines 45 

withh Fmoc-protected amino acid chlorides induced the N-acyliminium ion Pictet-Spengler 

cyclisation,, together with simultaneous introduction of the R2 group to provide the 

tetrahydro-P-carbolinee 46. Subsequent Fmoc-deprotection by piperidine, with concomitant 

cycloreleasee via diketopiperazine formation, afforded the desired demethoxyfumitremorgine 

CC analogues 47 as approximately 1:1 cis/ trans-mixtures in reasonable to good yields (36-88%) 

overr four steps. An identical approach was reported by van Loevezijn et al.p- who used 

Fmoc-chloridee instead of amino acid chlorides, to induce the N-acyl Pictet Spengler reaction. 

Subsequentt deprotection of the resulting Fmoc-protected tetrahydro-P-carbolines and 

couplingg with an amino acid provided the same products (46, vide supra) as Ganesan. 

Althoughh the latter route is two steps longer, it has the advantage that it only uses 

commerciallyy available starting materials. 

1.33 Purpose and Outl in e of the Investigation 

Thiss thesis deals with the development of novel synthetic tools for the solid phase 

synthesiss of CNS active compounds. Two subjects are covered: (i) the development and 

applicationn of N-acyliminium ion chemistry on solid phase, and (ii) the N-acyliminium ion 

mediatedd synthesis of molecules that can be used as starting materials for further 

diversificationn via combinatorial chemistry. 

Inn Chapter 2, the development of a tailor-made carbamate linker system for N-

acyliminiumm ion chemistry on solid support is described. The stability of the linker system 

wass determined and it was then used in the synthesis of a number of 2-substituted and 2,4-
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disubstitutedd pyrrolidines starting from immobilised linear y^amino acetals. The scope with 

respectt to the nucleophiles that can be used in the intermolecular N-acyliminium ion 

couplingg was determined. 

AA modification of this protocol is described in Chapter 3, where immobilised 5-amino 

acetalss were first cyclised to 2-benzotriazolyl-substituted piperidines. These precursors were 

thenn further derivatised via an N-acyliminiurn ion reaction with several nucleophiles to 

affordd a number of 2-substituted and 2,4-disubstituted piperidines. 

Inn Chapter 4, the synthesis of an 80-membered library is described. The library was 

synthesisedd by derivatisation of some of the products described in Chapters 2 and 3. The key 

stepss were the ozonolysis of immobilised 2-allylated pyrollidines and piperidines to generate 

thee corresponding aldehydes and ketones. Reductive amination with various primary 

aminess and subsequent reaction of the resulting secondary amines with suitable 

electrophiless generated a diamine library. 

Thee solution phase synthesis of 2,6-bridged 3-ketopiperazines is described in Chapter 

5.. The key step in the synthesis is the cyclisation of a monoketopiperazine side chain onto an 

N-acylirniniumm ion. A systematic study of the scope of the nucleophilic side chain is 

described.. Furthermore, the stereoselective introduction of additional groups at the C5 

positionn was investigated. The final products may be attractive starting materials for library 

synthesis. . 

Partss of this thesis have been published or wil l be published in the near future.33 

1.44 References and Notes 

11 Mathur, N. K.; Narang, C. K.; Williams, R. E. Polymers as Aids in Organic Chemistry, 

Academicc Press: New York 1980. 
22 Merrifield, R. B. J. Am. Oxem. Soc. 1963, 85,2149. 
33 a*  Leznoff, C. C. Chem. Soc. Rev. 1974,3,65.3b Leznoff, C. C. Ace. Chem. Res. 1978,11,327. 
44 Fréchet, J. M. J. Tetrahedron 1981,37,663. 

ss Crowley, J. I.; Rapoport, H. Ace. Chem. Res. 1976, 9,135. 

66 &> Gordon, E. M.; Barrett, R. W.; Dower, W. J.; Fodor, S. P.; Gallop, M. A. J. Med. Chem. 1994, 
37,37,1385.1385. * Gallop, M. A.; Barrett, R. W.; Dower, W. J.; Fodor, S. P.; Gordon, E. M. J. Med. 

Chem.Chem. 1994,37,1233. 

77 Geysen, H. M ; Meloen, R. H.; Barteling, S. J. Proc. Natl. Acad. Sci. USA 1984,81,3998. 

aa Houghten, R. A. Proc. Natl. Acad. Sci. USA 1985,82,5131. 

99 * Lam, K. S.; Salmon, S. E.; Hersh, E. M ; Hruby, V. J.; Kazmiersky, W. M.; Knapp, R. J. 

NatureNature 1991,354,82. * Houghten, R. A.; Pinilla, C; Blondelle, S. E.; Appel, J. R.; Dooley, C. T.; 

Cuervo,, J. H. Nature 1991,354,84. 

i°° Terret, N. K.; Gardner, M ; Gordon, D. W.; Kobylecki, R. J.; Steele, J. Tetrahedron 1995, 51, 

8135. . 

""  For reviews, see:l l a Dolle, R. E. J. Comb. Chem. 2001,3,477.l l b Hall, D. G.; Manku, S.; Wang, 

F.. ƒ. Comb. Chem. 2001,3,125. "<= Schreiber, S. L. Science 2000, 287,1964. ™ Dolle, R. E. ƒ. Comb. 

9 9 



ChapterChapter 1 

Chem.Chem. 2000, 2, 383. l l e Franzén, R. G. ƒ. Comb. Chem. 2000, 2, 195. ll f Baldino, C. H. ƒ. Comb, 
Chem.Chem. 2000, 2, 89. «8 Osborn, H. M. I.; Khan, T. H. Tetrahedron 1999, 55,1807. " h Lorsbach, B. 
A.;; Kurth, M. J.; Chem. Rev. 1999, 99,1549. "» Drewry, D. H.; Coe, D. M.; Poon, S. Med. Res. 
Rev.Rev. 1999,19, 97. "i Dolle, R. E.; Nelson, K. H., Jr. ƒ. Comfe. Chan. 1999, 2,235. "k Andres, C. J.; 
Denhart,, D. J.; Deshpande, M. S.; Gillman, K. W. Comb. Chem. High Throughput Screening 1999, 
2,191.. «> Dax, S. L.; McNally, J. J.; Youngman, M. A. Curr. Med. Chem. 1999, 6, 255. «« Dolle, 
R.. E. Mo/. Diversity 1998, 4, 233. "« Dolle, R. E. Mo/. Diversity 1998, 3, 199. «° Booth, S.; 
Hermkens,, P. H. H.; Ottenheijm, H. J. C, Rees, D. C. Tetrahedron 1998,54,15385. "P Brown, R. 
C.. D. J. Chem. Soc, Perkin Trans. 1 1998, 3293. "q van Maarseveen, J. H. Comfe. Chem. High 
ThroughputThroughput Screening 1998, 1,185. »' Yan, B. Comb. Chem. High Throughput Screening 1998, 1, 
215.. l l s Hermkens, P. H. H.; Ottenheijm, H. J. C; Rees, D. C. Tetrahedron 1997, 53, 5643. «» 
Hermkens,, P. H. H.; Ottenheijm, H. J. C; Rees, D. C. Tetrahedron 1996, 52, 4527. «« 
Balkenhohl,, F.; von dem Bussche-Htinnefeld, C; Lansky, A.; Zechel, C. Angew. Chem., Int. Ed. 
19%,, 35, 2288. "» Thompson, L. H.; Ellman, J. A. Chem. Rev. 1996, 96, 555. " w Friichtel, J. S.; 
Jung,, G. Angew. Chem., Int. Ed. 1996, 35,17. «*  Armstrong, R. W.; Combs, A. P.; Tempest, P. 
A.;; Brown, S. D.; Keating, T. A. Ace. Chem. Res. 1996,29,123. 
122 For reviews on linker systems, see:12a Krchnak, V.; Holladay, M. W. Chem. Rev. 2002,102, 
61.12bb Comely, A. C; Gibson, S. E. Angew. Chem., Int. Ed. 2001, 40,1012. i*  Guillier, F.; Orain, 
D.;; Bradley, M. Chem. Rev. 2000,100,2091.12d James, I. W. Tetrahedron 1999,55,4855. 
133 i3a For an exhaustive review, see: Ley, S. V.; Baxendale, I. R.; Bream, R. N.; Jackson, P. S.; 
Leach,, A. G; Longbottom, D. A.; Nesi, M; Scott, J. S.; Storer, R. L; Taylor, S. J. J. Chem. Soc, 
PerkinPerkin Trans 1 2000,3815.13b Clapham, B.; Reger, T. S.; Janda, K. D. Tetrahedron 2001,57,4637. 
144 For an excellent book on solid phase chemistry see: Obrecht, D.; Villalgordo, J. M. Solid-
SupportedSupported Combinatorial and Parallel Synthesis of Small-Molecular-Weight Compound Libraries 
Baldwin,, J. E.; Williams, R. M. Eds. Pergamon: Oxford 1998, Tetrahedron Organic Chemistry 
Series,Series, Vol. 17. 
«« Arend, M.; Westermann, B.; Risch, N. Angew. Chem. Int. Ed. 1998,37,1045. 
166 Mannich, C; Arch. Pharm. 1912,250,647. 
177 Pictet, A.; Spengler, T. Chem. Ber. 1911,44,2030. 
188 For solid phase examples, see e.g.:18a Li, X; Zhang, L.; Zhang, W.; Hall, S. E.; Tarn. J. P. Org. 
Lett.Lett. 2000, 2, 3075. 18b van Loevezijn, A.; van Maarseveen, J. H.; Stegman, K.; Visser, G. M.; 
Koomen,, G.-J. Tetrahedron Lett. 1998, 39, 4737. »& Fantauzzi, P. P.; Yager, K. M.; Tetrahedron 
Lett.Lett. 1998, 39,1291. IM Mayer, J. P.; Bankaitis-Davis, D.; Zhang, J.; Beaton, G.; Bjergarde, K.; 
Andersen,, C. M.; Goodman, B. A.; Herra, C J. Tetrahedron Lett. 19%, 37, 5633. 18e Yang, L.; 
Guo,, L. Tetrahedron Lett. 19%, 37, 5041. i» Mohan, R.; Chou, Y.-L.; Morrissey, M. M. 
TetrahedronTetrahedron Lett. 19%, 37,3963.18s Kaljuste, K.; Unden, A. Tetrahedron Lett. 1995,36,9211. 
199 For a review, see: Dömling, A.; Ugi, I. Angew. Chem. Int. Ed. 2000,39,3168. 
200 20a Kobayashi, S.; Moriwaki, M. Tetrahedron Lett. 1997, 38,4251. **  Kobayashi, S.; Moriwaki, 
M.;; Akiyama, R.; Suzuki, S.; Hachiya, I. Tetrahedron Lett. 19%, 37, 7783. 

10 0 



Introduction Introduction 

211 For reviews on N-acyliminium ion chemistry, see: 21a Speckamp, W. N.; Moolenaar, M. J. 

TetrahedronTetrahedron 2000,56, 3817. 21b de Koning, H.; Speckamp, W. N. In Houben-Weyl, Stereoselective 

SynthesisSynthesis Helmchen, G.; Hoffman, R. W.; Mulzer, J.; Schaumann, E., Eds. 1995, Vol. E21b, 

1953.. 2lc Hiemstra, H.; Speckamp, W. N. In Comprehensive Organic Synthesis Trost, B. M.; 

Fleming,, I.; Eds. Pergamon: Oxford 1991, Vol, 2, 1047. 2u Volkmann, R. A. In Comprehensive 

OrganicOrganic Synthesis Trost, B. M.; Fleming, I.; Heathcock, C. H., Eds. Pergamon: Oxford 1991, Vol. 

1,355.2iee Speckamp, W. N.; Hiemstra, H. Tetrahedron 1985,42,4367. 

222 Wipf, P.; Cunningham, A. Tetrahedron Lett. 1995,36,7819. 

233 23a Biginelli, P. Gazz. Chim. Hal. 1893, 23, 360. a» For a review, see: Kappe, C. O. Tetrahedron 

1993,49,6937. . 

244 23a Valverde, M G.; Dallinger, D.; Kappe, C. O. Synlett 2001, 741. » Kappe, C. O. Bioorg. 

Med.Med. Chem. Lett 2000,10,49. 

255 25a Eguchi, M.; Lee, M. S.; Nakanishi, H.; Stasiak, M ; Lovell, S.; Kahn, M. J. Am. Chem. Soc. 

1999,122,12204.25bb Vojkovsk?, T.; Weichsel, A.; Patek, M. J. Org. Chem. 1998, 63,3162. 

266 26a c he r i / c .; Munoz, B. Tetrahedron Lett. 1998, 39, 6781. 2<*>  Chen, C ; Munoz, B. Tetrahedron 

Lett.Lett. 1998,39,6781. **  Chen, C; McDonald, I. A.; Munoz, B. Tetrahedron Lett. 1998,39,217. 
277 27« Comins, D. L.; Joseph, S. P.; Hong, H.; Al-awar, R. S.; Fori, C. J.; Zhang, Y.-M.; Chen, X.; 

LaMunyon,, D. H.; Guarra-Weltzien, M. Pure Appl. Chem. 1997, 63, 477. 27b Comins, D. L.; 

Joseph,, S. P.; Goehring, R. R. ƒ. Am. Chem. Soc. 1994,116,4719. 
288 Meester, W. J. N.; Rutjes, F. P. J. T.; Hermkens, P. H. H.; Hiemstra, H. Tetrahedron Lett. 1999, 
40,40,1601. 1601. 
299 Veenstra, S. J.; Schmid, P. Tetrahedron Lett. 1997,35,997. 
300 Vanier, C; Wagner, A.; Mioskowski, C. Chem. Eur. ƒ. 2001, 7,2318. 
311 Wang, H.; Ganesan, A. Org. Lett. 1999,1,1647. 
322 van Loevezijn, A.; Allen, J. D.; Schinkel, A. H.; Koomen, G.-J. Bioorg. Med. Chem. Lett. 2001, 
21,29. . 

333 33a Veerman J. J. N.; Klein, J.; Aben, R. W. M.; Scheeren, J. W.; Kruse, C. G.; van 

Maarseveen,, J. H.; Rutjes, F. P. J. T.; Hiemstra, H. Eur. J. Org. Chem., submitted. 33b van 

Maarseveen,, J. H.; Meester, W. J. N.; Veerman, J. J. N.; Kruse, C. G.; Hermkens, P. H. H.; 

Rutjes,, F. P. J. T.; Hiemstra, H. ƒ. Chem. Soc, Perkin Trans. 1 2001, 994. ®*  Veerman, J. J. N.; 

Rutjes,, F. P. J. T.; van Maarseveen, J. H.; Hiemstra, H. Tetrahedron Lett. 1999,40,6079. 

11 1 



12 2 



CHAPTE RR 2 

SOLIDD PHASE SYNTHESIS OF PYRROLIDINES! 

2.11 Introductio n 

Pyrrolidiness constitute an important structural moiety that frequently occurs in 

naturall  and synthetic biologically active compounds.2 For example, pyrrolidine-containing 

drugss are used in the treatment of cancer, obesity, fungal and viral infections.3 Consequently, 

aa large number of synthetic routes towards these valuable compounds have been reported.4 

Moree recently, pathways have been developed that enable combinatorial approaches 

towardss pyrrolidines. An example is the solid phase synthesis of pyrrolidines by 

Hollinshead,, yielding a small library of pyrrolidines by condensing azomethine ylides with 

a,p-unsaturatedd ketones (Scheme 2.1) .5 

Schemee 2.1 

©k/O O 
o o 

©k/O O 
o o 

Ar r -*  Ar. 

^ - ^ ^ 

Me02CC N Ph Me02C" " N ' "*Ph 
ii  i 

44 X 5 X 6 

key:key: a) Cs2C03, Nal, DMF; b) ArCHO, NaOMe, THF; c) PhCH=NCH2C02Me, LiBr, DBU, THF; d) TFA/CH2C12. 

Thus,, 3-hydroxyacetophenone 2 was coupled to chlorinated Wang resin 1 to give 

polymer-boundd acetophenone 3. Aldol condensation with different aromatic aldehydes 

resultedd in enones 4, which were then subjected to a 1,3 dipolar cycloaddition to provide the 

highlyy substituted pyrrolidines 5. These could either be directly cleaved from the resin to 

givee the corresponding amines (6, X = H) or further diversified to give the acetylated 

productss 6 (X = Ac). 

Inn a recent example, Steger et al. reported the synthesis of an 800-membered library of 

2,3,4-trisubstitutedd pyrrolidines (Scheme 2.2) .6 The structurally complex immobilised 

azetidinonee 7, that was synthesised in ten steps from ascorbic acid,7 was immobilised on 

commerciallyy available tritylchloride polystyrene resin to provide 8 and subsequently 

reactedd with several acid and sulfonyl chlorides to provide intermediates 9. After ring-

openingg with different amines, the resulting pyrrolidines 10 were cleaved from the resin 
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withh simultaneous cleavage of the THP group using TFA to yield a library of 2,3,4-

trisubstitutedd pyrrolidines 11. 

Ok k 
CII N V b N 

.sOTHP P 

N N 
,\OTHPP L J M / \ . ^ 0 H 

HN /"V V 
R R 2 2 

' ' * ' - // 1 N-«« HN-XR1 >l-« HN-XR 
FTT b R O 

100 11 

fcey:fcey: a) DIPEA, CH2C12; b) RiXCl (X = S02, CO), NEt3, DMAP, CHjCli; c) R2R3NH, NEfe, CH2C12; d) 

TFA/MeOH/CH2Cl2. . 

Inn many groups, including ours, functionalisation of pyrrolidines at the C2-position 

viavia N-acyliminium ion chemistry has been explored.8 Major contributions in this area were 

deliveredd by the group of Shono (eq 2.1).9 

,—>> O R 1 , — , O 

NN anodic oxidation ^N^~OMe ^ A R ^ N ^ ^ - ^ R (2.1) 
ii  "  i "  i 

C02Mee MeOH C02Me TiCl4/BF3OEt2 C02Me 

122 13 14 

Electrochemicall  oxidation of methyl carbamate protected pyrrolidine 12 generated 

thee N,0-acetal 13. Treatment with TiCLt or BF3-OEt2 generated the corresponding N-

acyliminiumm ion, which was then reacted with several enol ethers to provide the fi-

ketoaminess 14 in good yields. In a recent contribution, Yoshida et al. showed that 

electrochemicall  oxidation in the presence of the nucleophile directly leads to formation of the 

desiredd 2-substituted pyrrolidine products.10 Oxidation at the a-position can also be carried 

outt using 'BuOOH and a catalytic amount of RuCl2(PPh3)3 to furnish the a-tert-

butyldioxypyrrolidinee analogue of 13, that may be used as an alternative precursor in N-

acyliminiumm ion reactions.11 Furthermore, 13 could also be generated by radical induced 

decarboxylationn of N-methoxycarbonylated proline as developed by Suarez.12 

Anotherr way to access the required N,0-acetal precursor proceeds via reduction of an 

activatedd lactam, as shown by Louwrier et al. in a projected synthesis of the guanidine 

alkaloidd ptilomicalin A (eq 2.2).13 
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Benzyll  carbamate protected 2-pyrrolidinone 15 was chemoselectively reduced to the 

hemiarninal,, which was then transformed into N,0-acetal 16 by stirring in acidic trimethyl 

orthoformatee in high yield. Subsequent BF3-OEt2 mediated reaction with, for instance, the 

trimethylsilyll  enol ether of acetophenone gave 17 in excellent yield. 

Ourr goal was to functionalise pyrrolidines at the C2-position in a parallel fashion via 

additionn of suitable C-nucleophiles to resin bound N-acyliminium ions. The general 

retrosyntheticc strategy is depicted in eq 2.3. 

»»Cr»»CrRR= = 
18 8 

R1 1 

19 9 

^o A N^y R R 

Nu u J J 
20 0 

EtO O 

21 1 

Wee envisioned that the desired pyrrolidines 18 might be obtained via cleavage of the 

carbamatee functionality of the immobilised systems 19. These compounds, in turn, should be 

availablee from the solid phase bound aminoacetals 21 via Lewis-acid mediated generation of 

thee N-acyliminium ion 20 and trapping with suitable C-nucleophiles. We deliberately chose 

too immobilise the y-aminoacetals via a carbamate function, thus incorporating the acyl moiety 

inn the linker system. 

2.22 Model Studies in Solution 

Thee immobilised intermediate 23 required for this approach can be obtained via two 

differentt pathways (eq 2.4). 

o o 

Ó Ó 
22 2 

N^OEtt B SNH OEf 

0=(( = > 0={ (2.4) 
OO O 

23 3 24 4 
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Pathwayy A involves coupling of 2-pyrrolidinone to an activated carbonate precursor, 

followedd by chemoselective reduction of the resulting imide 22 and subsequent acid 

catalysedd substitution of the resulting hydroxy into an ethoxy group.14 Pathway B requires 

thee coupling of an amine to an activated carbonate resin. The resulting carbamate tethered 

aminoacetall  24 can then be cyclised under (Lewis) acidic conditions to provide the desired 

N,0-acetall  23. We chose to explore pathway B for two reasons. First, coupling of an amine to 

ann activated carbonate resin is much easier than coupling of an amide. And second, the 

reductionn of the amide is usually carried out in an alcohol as solvent, which is incompatible 

withh the Merrifield resin used. 

Thee viability of this approach was checked by a model study in solution. 

Commerciallyy available 4,4-diethoxybutylamine was protected with a Cbz-group to give the 

modell  system 25 (Scheme 2.3). 

Schemee 2.3 

C\C\0Ei 0Ei 

NHH O B 

Cbzz 25 

nucleophile e 
BF3OEt2 2 

»--
CH2C12,, 0 °C, 2 h 

NN R 

Cbzz 29a, b 

OEt t 

NH H 
Cbzz 26 

NN OEt 

Cbzz 27 

_.. Q Nu u 

Cbzz 28 

Tablee 2.1 Synthesis of 2-substituted pyrrolidines in solution 

entry y nucleophilee product yield d 

29a a 

29b b 

92% % 

87% % 

Subjectionn of this precursor to BF3-OEt2 in the presence of a nucleophile led to 

formationn of the oxycarbenium ion 26, which was in situ attacked by the carbamate nitrogen 

too afford the cyclic N,0-acetal 27. Lewis acid mediated abstraction of the second ethoxy 

groupp then generated the desired N-acyliminium ion 28, which was trapped by the 

nucleophilee to give the 2-substituted pyrrolidines 29a and 29b. When allytrimethylsilane and 

thee trimethylsilyl enol ether of acetophenone were used as the nucleophiles, both products 

weree obtained in excellent yields (Table 2.1) underlining the feasibility of this pathway. 
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2.33 The Linke r  System 

2.3.11 Wang Carbamate Linker 

Ann important item of concern in these studies was the choice of the linker system. On 

thee one hand, it had to be stable to the Lewis acidic reaction conditions required for the 

generationn of the N-acyliminium ion intermediates. On the other hand, it had to enable facile 

cleavagee at any stage of the synthesis. From a previous study in our group it was known that 

thee commercially available Wang resin is not fully stable towards the Lewis acidic reaction 

conditionss required to generate the N-acyliminium ions.15 However, because of its 

commerciall  availability and literature precedent on Wang-derived carbamate linkers, we 

decidedd to use a Wang-resin based carbamate linker for our initial studies. By performing the 

canonicc reactions at 0 °C and for a short time, we hoped to restrict undesired cleavage to a 

minimum.. Hence, carbonylimidazole activated Wang resin 3016 was reacted with 4,4-

diethoxybutylaminee to give the precursor aminoacetal 31 (Scheme 2.4). 

Schemee 2.4 

O O 
^^^^ 11 *. 4,4-diethoxybutylamine 

(W^°° *\2}*  THF,50°C,16h * " 

300 31 EtO 
nucleophile,, BF3OEt2 

CH2C12,, 0 °C, 1 h 

O O 

A. . TFA A 
))—/—/ TFA/CH2Cl2,rt,4h w \—/ 

33a,, b R 32a, b R 

Tablee 2.2 Synthesis of 2-substituted pyrrolidines on Wang resin 

entryy nucleophile product R yield 

1 1 

2 2 

^ \ ^ S i M e 3 3 

OSiMe3 3 

^0 0 
33a a 

33b b 

O O 

**0 **0 
56% % 

72% % 

Thiss resin was treated with the nucleophile and BF3OEt2 for 1 hour at 0 °C, followed 

byy standard cleavage with TFA/CH2C12. We were very pleased to find the desired 2-

substitutedd products 33a and 33b (Table 2.2), proving the viability of this approach. Both 

allyltrimethylsilanee (entry 1) and 1-phenyl-l-trimethylsilyloxyethylene (entry 2) could be 

coupledd in reasonable yields. Unfortunately, elongation of the reaction time resulted in a 

17 7 



ChapterChapter 2 

decreasee in yields. As expected, the Wang-resin derived carbamate was not completely stable 

too the Lewis acidic reaction conditions. Addition of TFA to the filtrate of the reaction mixture 

off  the coupling of resin 31 with allyltrimethylsilane and removal of the volatiles resulted in 

thee isolation of an additional amount of product 33a. Therefore, we decided to design a new 

linkerr system that would be compatible with Lewis acidic conditions. 

2.3.22 Ethyl Carbamate Linker 

Initially ,, an ethyl carbamate linker was considered, starting from hydroxyethylated 

polystyrenee 34 (Scheme 2.5). 

Schemee 2.5 
,-~^^ 1) p-nitrophenyl chloroformate,  O ^ \ ^ S i M e3 

\ 0 ^ ^ O HH NMM,CH2Cl2,rt,20h ^ ^ - ^ ^ o ^ N ^ V ^ B F3O E t2 

2)) 4,4-diethoxy-2-phenylbutylamine, J CH,C1, rt 20 h 
DIPEA,, THF, rt, 20 h t u J~ 

34 4 
O O 

THF,, 60°C,20h . \ / \ —/ 

366 37,70% 38,15% 

Thiss resin was activated using p-nitrophenyl chloroformate17 and subsequently 

coupledd to 4,4-diethoxy-2-phenylbutylamine18 to give precursor 35. Reaction with 

allyltrimethylsilanee and BF3OEt2 led to formation of product resin 36. Unfortunately, several 

reagentss effective in solution (i.e. Me3SiI, BnOLi), failed to cleave the carbamate functionality. 

Inn our hands, only LAH-reduction of the carbamate to the N-methyl group gave a 

satisfactoryy result.19 Thus, product 37 was obtained as a single frans-diastereomer in 70% 

yieldd starting from resin 33, together with side product 38, which probably resulted from 

reductionn of unreacted N,0-acetal. An obvious drawback of this linker is that it only 

providess N-methylpyrrolidines. 

2.3.33 Sulfonylethoxycarbonyl (SEC) and Thioethylcarbonyl (TEC) Carbamate Linker s 

Too overcome the limitations of the previous linker systems, a tailor-made linker that 

wouldd be stable to Lewis acids and would allow cleavage under basic conditions using an 

easilyy removable base was synthesised. This linker system was based on the 2-

(methylsulfonyl)ethoxycarbonyll  (Msc) protecting group developed by Tesser and coworkers 

inn the seventies as a cheap and readily available Fmoc-equivalent.20 The Msc-group can be 

cleavedd via P-elimination using a strong base, but is stable to tertiary amine bases such as 

DIPEA,, TEA and NMM.21 The synthesis of this linker system started with the cesium 
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carbonatee mediated coupling of mercaptoethanol to Merrifield chloride resin 39 furnishing 

alcoholl  resin 40 (Scheme 2.Ó).22 

Schemee 2.6 

G^ci i 

39 9 

/ - ^ O H H 
HS S 
Cs2C03 3 

DMF,, 60 °C, 
44 h -» rt, 20 h 

 Val^^ c 

(^(  ̂ 42,99% 

mCPBA A 
OHH CH2C12/ rt, 20 h 

-- Q ^ S . 
40 0 

p-nitrophenyll  chloroformate, NMM 
CH2a2// rt, 18 h 

OH H 

J£T J£T 
(f) ) 43,91% % 

41 1 

oo ,-- v N 2 

QJUXJJ QJUXJJ 

Oxidationn of the sulfide using an excess of mCPBA, followed by reaction with p-

nitrophenyll  chloroformate led to the 2-(alkylsulfonyl)ethoxycarbonyl (SEC) mixed carbonate 

resinn 43, a solid phase analogue of the Msc group. Alternatively, direct activation of resin 40 

withh p-nitrophenyl chloroformate led to the 2-(alkylthio)ethoxycarbonyl (TEC) mixed 

carbonatee resin 42.23 It was expected that this linker would have orthogonal stability with 

respectt to linker 43. The yield of both sequences was excellent, as determined by elemental 

analysess of the nitrogen content of the resins.24 Coupling of resin 43 to 4,4-diethoxy-2-

phenylbutylaminee provided acetal resin 44 (Scheme 2.7). 

THF,, rt, 20 h 

^ \ ^ S i M e 3 3 

BF3OEt2 2 

CH2CI2,, 0 °C -> rt, 19 h 

45 5 

*Phh lMNaOMe 

THF// MeOH (2:1), 
r t , l h h 

J J O O 
n n 

s^ ^ 
III ^ ^ 

o o 
46 6 

"OMe e HN N 
0Ph h 

47,81% % 

Subsequentt treatment under the usual conditions gave the immobilised pyrrolidine 

45.. Finally, cleavage was effected with a 1M solution of NaOMe in a THF/MeOH mixture to 

givee £rans-2-allyl-4-phenylpyrrolidine 47 in an excellent yield of 81% with concomitant loss 
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off  CO2. The residual immobilised vinylsulfone was immediately trapped by the excess of 

NaOMee to give resin 46.25 IR analysis of this resin showed disappearance of the carbamate 

carbonyll  absorption, indicating complete cleavage. 

Thee anticipated orthogonal chemical behaviour of the TEC linker (42) in comparison 

withh the SEC linker (43) under basic conditions prompted us to study its compatibility with 

N-acyliminiumm ion chemistry. A very attractive feature of the TEC linker system is the 

possibilityy to convert it into the SEC linker. After performing the required reaction steps, 

oxidationn of the sulfide to the sulfone wil l generate the SEC linker to enable facile cleavage of 

thee product by NaOMe treatment. In addition, in reactions prior to cleavage, moderately 

acidicc reagents may be used, rendering the TEC linker even more versatile than the SEC 

linkerr (Scheme 2.8). 

BF3OEt2 2 

CH2C12,, 0 °C -> rt, 4 h 

49 9 

TFA/CH2C122 (1:1), rt, 20 h 

1)) mCPBA, CH2C12, 0 °C, 2 h 

HN''  " P h 

47 7 

2)) 1M NaOMe, THF/MeOH (2:1), rt, 1 h 
52% % 

Reactionn of 42 with 4,4-diethoxy-2-phenylbutylamine gave the N-acyliminium ion 

precursorr 48. Following the same procedure as with the SEC linker system, treatment with 

BF3-OEt22 and allyltrimethylsilane afforded resin 49. Cleavage could now be effected via two 

differentt procedures. Treatment with TFA/CH2CI2 (1:1, v/v) directly liberated the amine 47 

inn a yield of 42%. Alternatively, oxidation of resin 49 with 2.2 equivalents of mCPBA in 

CH2CI22 gave the corresponding sulfone resin 45.26 Subsequent cleavage under standard 

conditionss provided amine 47 in a somewhat lower (compared to starting from sulfone resin 

43),, but still good overall yield of 52%. 

2.3.44 Linker  Stability 

Fromm the previous results, it was clear that the SEC and TEC linker systems were 

compatiblee with BF3-OEt2, DIPEA and NMM . To further test the stability of these linker 

systems,, the resins 45 and 49 were subjected to a number of acids and bases in different 

solvents.. After stirring for 24 h at room temperature the filtrate was collected and checked 

(byy TLC) for the presence of products. If present, the product was isolated to determine the 

yield.. The results are summarised in Table 2.3. 
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Tablee 2.3 Stability of the SEC and TEC linker. 

yieldd of 47 from 

entry y 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

solvent t 

CH2C12 2 

CH2C12 2 

CH2C12 2 

CH2C12 2 

CH2C12 2 

CH2C12 2 

CH2C12 2 

CH2C12 2 

THF/MeOH H 

reagent t 

SnCl4 4 

TFAA (50%) 
TfOH H 
pTSA A 
DIPEA A 
DMA P P 
piperidine e 
DBU U 

(20%) ) 

NaOMee (0.1M) 

equiv v 

5 5 
--
5 5 
5 5 
5 5 
5 5 
--
5 5 
--

45 5 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
<5 5 
67 7 
71 1 

49 9 

0 0 
42 2 
39 9 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

Inn case of the SEC linker it was found that the moderately strong Lewis acid SnCU 

(entryy 1) and strong protic acids TFA, TfOH and pTSA (entries 2-4) did not effect cleavage of 

thee product. Stirring with DIPEA and the acylation catalyst DMAP (entries 5 and 6) did not 

causee any leaching of the product either. Even prolonged stirring with 20% of piperidine in 

CH2CI22 - conditions that are commonly used for cleavage of the Fmoc-group, operating via a 

similarr P-elimination mechanism - resulted in the formation of only trace amounts of 

productt (entry 7). With a stronger base such as DBU extensive cleavage of the product from 

thee resin occurred (entry 8). Use of a tenfold lower concentration of NaOMe in THF/MeOH 

stilll  resulted in extensive cleavage of the product (entry 9). The stability of the TEC linker 

wass found to be complementary to that of the SEC linker. It was stable to SnCU and pTSA 

(entriess 1 and 4). Cleavage, although quite inefficiently, could be effected with strong protic 

acidss such as TFA and TfOH (entries 2 and 3). As expected, it was found to be completely 

stablee towards treatment with weak and strong bases (entries 5-9). 

2.44 Pyrrolidin e Synthesis 

Withh a suitable linker system in hand we were now ready to synthesise the desired 2-

substitutedd pyrrolidines 18 (Scheme 2.9). 

icleophile e 
ypEt2 2 

12C12,, 0 °C -» rt, 19 h 

a:: R = H 
b:: R = Ph 
c:: R = 4-BrC6H4 

Schemee 2.9 

43 3 

H2N N 

DIPEA A 

OEt t 

OEt t 
a-c c 

THF,, rt, 20 h 

^ H # \ ^ ^ 

O O 

X X o* o* 

oj j O O 

.A. . 
HH I 

EtOy' ' 

** EtO 

1MM NaOMe 
THF// MeOH (2:1), 
r t , l h h 

1 1 

I I 

( ( 

R1 1 

»R R 

18 8 

21 1 



ChapterChapter 2 

Resinn 43 was functionalised with three aminoacetals to give the N-acyliminium ion 

precursorss 44a-c. Treatment of these precursors with BF3'OEt2 and a nucleophile then 

providedd the product resins 50, which were subjected to the cleavage cocktail to give the 

pyrrolidiness 18. The results are summarised in Table 2.4. 

Tablee 2.4 Synthesis of 2-substituted pyrrolidines from 44a-c. 

entry y substrate e nucleophile e product t yield(%)a a 

44a a 

44b b 

44c c 

44b b 

,SiMe-i i 

SiMe e 

SiMe3 3 

-NH H 

Ph--
-NH H 

33 4-BrC6H4"" 
-NH H 

Ph--

47a a 

47b b 

47c c 

51b b 

98" " 

81 1 

85 5 

76 6 
-NH H 

44a a 

44a a 

44a a 

S> S> 
, ^ " S n B u 3 3 

CI I 

SiMe3 3 

x x 
Ph"T)SiMe3 3 

-NH H 

Ph h 

-NH H O O 

52a a 

53a a 

54a a 

59"' ' 

75" " 

36" " 

key:key: a) Isolated yield over three steps from resin 43; b) Isolated as the HCl-salt; c) Contaminated with ca. 15% of 

thee corresponding allene. 

Reactionn of the aminoacetal resin 44a with allyltrimethylsilane proceeded in nearly 

quantitativee yield (entry 1). The reaction of the more sterically hindered substrates 44b and 

44cc with allyltrimethylsilane also proceeded in high yields (entries 2 and 3). In case of the 

latterr substrate, the aryl bromide group offers a nice handle for further diversification via Pd-

chemistry.. A number of different nucleophiles were then investigated. For example, a 

substitutedd allyl group was introduced using 2-methallyltrimethylsilane in good yield (entry 

4).. A propargyl functionality was introduced in a somewhat lower yield using 

allenyltributyltinn as the nucleophile (entry 5). When 2-(chloromethyl)allyltrimethylsilane 

wass used as the nucleophile, the initial product largely cyclised under the cleavage 

conditionss to the pyrrolizidine derivative 53a together with substitution of the chloride by 

methoxidee (77:23 ratio). As expected, cleavage using a 1M solution of the more hindered base 

KO'Buu in THF, followed by prolonged stirring at room temperature to complete the 

cyclisation,, led to pyrrolizidine 53a in 75% yield. Surprisingly, reaction of 1-phenyl-l-

trimethylsilyloxyethylenee with 44a resulted in a moderate yield of 54a (36%) after cleavage. 
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AA possible explanation might be that the product, a P-amino ketone, decomposes 

underr the basic cleavage conditions via p-elimination.13 Therefore, the ketone functionality 

(55)) was reduced using excess LiBHj before cleavage from the resin (eq. 2.5). 

1)) LiBH^ THF, 0 °C, 4 h 
2)) 1M NaOMe, THF/MeOH (2:1), rt, 1 h; 

thenn 1M HC1 in MeOH. p 

3)) Boc20, DIPEA, DMAP, CH2C12, rt, 2 h" 

67% % 

(2.5) ) 

56a,, b 43:57 mixture 
off  diastereoisomers 

Thee resulting alcohol was cleaved from the resin, and the cleavage cocktail was 

quenchedd with excess HC1 in MeOH to give the HCl-salt of the products and NaCl. The 

productss were extracted with 'PrOH and derivatised with a Boc group to facilitate separation 

andd provide the known alcohols 56a and 56b in good yield.13 The fact that this yield is higher 

thann the yield for direct cleavage of 54a indeed implies that the N-acyliminium ion reaction 

proceedss in a good yield, but that the f3-amino ketone 54a is not stable under the cleavage 

conditions. . 

Duee to overlap of signals in the *H NMR spectrum it was not possible to directly 

assignn the stereochemistry of the 2,4-disubstituted pyrrolidines. To effect splitting of the 

signals,, the amine group of product 47b was derivatised with a strongly electron 

withdrawingg tosyl group to give pyrrolidine 57 in moderate yield (eq 2.6). 

Ph h 

TsCl l 
N N 
H H 

47b b 

pyridine,, rt, 20 h 
-Ts s TT

(( + 
(2.6) ) 

58 8 

Usingg NOE difference measurements, a clear NOE contact between the CH2 of the 

allyll  group and H4 of the pyrrolidine ring was observed, indicating a ris-relationship 

betweenn H4 and the allyl function. Additionally, no NOE-enhancement between H2 and H4 

off  the pyrrolidine ring was observed. Therefore, the product was assigned to be the trans-

stereoisomer.. This stereochemistry can be explained by invoking the intermediate N-

acyliminiumm ion 58. Analogous with the addition of allyltrimethylsilane to the 

correspondingg 3-methyl substituted oxycarbenium ion,27 the nucleophile attacks from 

'inside'' the envelope to generate the product with the lowest energy conformation. The 

phenyll  group adopts a pseudo-equatorial position, to minimise steric interactions. This then 

leadss to formation of the fra«s-diastereoisomer. 
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2.55 Conclusions 

TwoTwo tailor-made carbamate linker systems suitable for N-acyliminium ion chemistry 
weree synthesised. The SEC linker 43 appeared completely acid stable and moderately base 
stable.. The TEC linker 42 was found to have complementary stability and could also be 
convertedd into the SEC linker after oxidative activation using mCPBA, allowing an even 
widerr synthetic scope. Coupling of several amino acetals with the SEC linker provided 
intermediatess that were used for the synthesis of a number of 2-substituted pyrrolidines in a 
one-pott cyclisation/addition reaction in moderate to high yields. Allylsilanes were found to 
bee the best nucleophiles for this type of reactions. 
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2.77 Experimental Section 

Generall  Information . All reactions were carried out under an inert atmosphere of 
dryy nitrogen, unless stated otherwise. Standard syringe techniques were applied for transfer 
off  air sensitive reagents and dry solvents. R/ values were obtained by using thin layer 
chromatographyy (TLC) on silica gel-coated plastic sheets (Merck silica gel 60 F245) with the 
aforementionedd solvent (mixture) unless noted otherwise. Chromatographic purification 
referss to flash chromatography28 using the indicated solvent (mixture) and ACROS silica gel 
(particlee size 35-70 |im). Infrared spectra (IR) were recorded using a Bruker IFS 28 
spectrophotometerr and wavelengths (v) are reported in cnr1. Infrared spectra of resins were 
measuredd in KBr using a DRIFT module. 1H and 13C Nuclear magnetic resonance (NMR) 
spectraa were obtained using a Bruker ARX 400 (400 MHz and 100 MHz, respectively) unless 
indicatedd otherwise. Spectra are reported in units of ppm on the 8 scale. HRMS 
measurementss were performed on a JEOL JMS SX/SX102A four-sector mass spectrometer, 
coupledd to a JEOL MS-MP7000 data system. Elemental analyses were performed by Dornis 
u.. Kolbe Mikroanalyrisches Laboratorium, Mtilheim a. d. Ruhr, Germany. The solid phase 
reactionss were either gently stirred using a magnetic stirring bar or agitated by rotation of 
thee reaction vessel under an angle of 45° at a rotary evaporator engine. The resins were 
usuallyy washed according to the following sequence: CH2CI2, MeOH, CH2CI2, MeOH, 
CH2CI2,, EtzO, CH2CI2, Et20 and CH2CI2, unless indicated otherwise. The resin was allowed to 
swell// shrink for 1 minute before each filtration. Drying of resins refers to drying in a 
vacuumm oven at 50 °C. Melting points are uncorrected. Dry THF and Et2Ü were distilled 
fromm sodium benzophenone ketyl prior to use. Dry CH2CI2, MeCN, DMF and 1,2-
24 4 



SolidSolid Phase Synthesis of Pyrrolidines 

dichloroethanee were distilled from CaH2 and stored over MS 4A under a dry nitrogen 

atmosphere.. Triethylamine and diisopropylethylamine were dried and distilled from KOH 

pellets.. Reagents were purchased at highest commercial quality and used without further 

purificationn unless stated otherwise. Fluka Merrifield resin (200-400 mesh, 1% DVB, 1.7 

mmoll  Cl/g) was used. 

;—ii  OE (4,4-Diethoxybutyl)carbamic acid benzyl ester  (25). To a solution of 4,4-

NHH OEt diethoxybutylamine (0.5 mL, 2.9 mmol) in dry CH2Q2 (5 mL), were added DIPEA 
Cbzz (0.56 mL, 3.2 mmol) and benzyl cyanoformate (0.41 mL, 2.9 mmol) and the mixture 

wass stirred at room temperature for 5 h. Then the reaction mixture was poured out in 

aqueouss saturated NaHCC>3 (10 mL) and extracted with CH2CI2 (2 x 10 mL). The combined 

CH2CI22 layers were washed with brine, dried with MgS04 and concentrated to afford 25 (770 

mg,, 90%) as a clear oil after purification by chromatography (pentane/Et20, 2:3). Rf = 0.42. 

iHH NMR (400 MHz, CDC13): 5 = 7.38-7.29 (m, 5H), 5.09 (s, 2H), 4.88 (br. s, 1H), 4.48 (t, ƒ = 5.2 

Hz,, IH), 3.67-3.60 (m, 2H), 3.52-3.44 (m, 2H), 3.24-3.20 (m, 2H), 1.67-1.55 (m, 4H), 1.19 (t, ƒ = 

6.00 Hz, 6H). "C NMR (100 MHz, CDCI3): 8 = 156.4,136.7,128.5,128.0,127.9,102.6, 66.5, 61.3, 

40.8,, 30.9, 25.1,10.4. IR (film): 3348,1710. 

// \ 2-Allylpyrrolidine-l-carboxyli c acid benzyl ester  (29a). To a solution of 25 (59 

NN ^ mg, 0.2 mmol) in dry CH2CI2 (5 mL) at 0 CC, were added allyltrimethylsilane 

(0.322 mL, 2 mmol) and BF3OEt2 (0.08 mL, 0.6 mmol). After stirring for 1 h at 0 °C 

thee mixture was allowed to warm to room temperature and stirred overnight. Then the 

reactionn mixture was poured out in aqueous saturated NaHCCb (10 mL), the layers were 

separatedd and the water layer was extracted with CH2CI2 (5 mL). The combined CH2CI2 

layerss were washed with brine, dried with MgSQj and concentrated to afford 29a (45 mg, 

92%)) as a clear oil after purification by chromatography (PE/EtOAc, 2:1). Rf = 0.40. JH NMR 

(4000 MHz, CDCI3): 5 = 7.35-7.28 (m, 5H), 5.78-5.72 (m, IH), 5.13-5.03 (m, 2H), 3.94-3.90 (m, 

IH) ,, 3.47-3.39 (m, 2H), 2.59-2.38 (m, IH), 2.18-2.12 (m, IH), 1.93-1.71 (m, 4H). The iH NMR 

spectrall  data are identical to literature.29 

2-(2-Oxo-2-phenylethyl)pyrrolidine-l-carboxylicc acid benzyl ester  (29b). To 

11 a solution of 25 (59 mg, 0.2 mmol) in dry CH2CI2 (5 mL) at 0 °C, were added 

1-phenyy 1-1 -trimethylsilyloxyethylene (0.41 mL, 2 mmol) and BF3-OEt2 (0.08 

mL,, 0.6 mmol). After stirring for 1 h at 0 °C the mixture was allowed to warm to room 

temperaturee and stirred overnight. Then the reaction mixture was poured out in aqueous 

saturatedd NaHCC>3 (10 mL), the layers were separated and the water layer was extracted 

withh CH2CI2 (5 mL). The combined CH2CI2 layers were washed with brine, dried with 

MgS044 and concentrated to afford 29b (56 mg, 87%) as a clear oil after purification by 

chromatographyy (pentane/Et20, 2:1). Rf = 0.40. *H NMR (400 MHz, CDCb, mixture of 

rotamers):: 6 = 8.08-7.29 (m, 10H), 5.19-5.14 (m, 2H), 4.42-4.37 (m, IH), 3.90 (dd, ƒ = 2.3,15.4 

Hz,, 0.6H), 3.60-3.44 (m, 2.4H), 2.85 (dd, ƒ = 10.3, 15.5 Hz, IH), 2.18-1.81 (m, 4H). The iH 

NMRR spectral data are identical to literature.13 
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00 Resin 31. To a suspension of activated carbonate resin 30 (5.35 g, 5.56 mmol) 

( ^ ^ O ^ N // i n T H F (50 mL), were added 4,4-diethoxybutylamine (4.85 mL) and DIPEA 

E t o^^ (4.89 mL) and the mixture was agitated for 16 h at 50 °C. The reaction 

BOO mixture was filtrated, washed and dried to afford resin 31. IR: 3417, 3345, 

1716,1704. . 

oo Resin 32a. To a suspension of resin 31 (0.51 g, 0.48 mmol) in dry CH2CI2 (10 

( v ^ ^ o ^^ N ^ mL) at 0 °C, were added allyltrimethylsilane (0.38 mL, 2.4 mmol) and 

 BF3-OEt2 (0.18 mL, 1.44 mmol). After stirring for 1 h the mixture was 

filtrated,, washed and dried to afford resin 32a. IR: 1704. 

Resinn 32b. To a suspension of resin 31 (0.25 g, 0.24 mmol) in dry CH2CI2 (5 

mL)) at 0 °C, were added 1-phenyl-l-trimethylsilyloxyethylene (0.25 mL, 1.2 

mmol)) and BF3-OEt2 (0.09 mL, 0.72 mmol). After stirring for 1 h the mixture 

wass filtrated, washed and dried to afford resin 32b. IR: 1700 (br). 

2-AIlylpyrrolidin ee TFA-salt (33a). Resin 32a (0.20 g, 0.20 mmol) was suspended in 

TFA/CH2CI22 (5 mL, 1:1, v/v) and stirred at room temperature for 4 h. Then the resin 

wass filtrated and washed. The filtrate was evaporated and residual traces of TFA 

weree azeotropically removed with toluene to give 33a (25 mg, 56%) as a yellow oil. 

iHH NMR (400 MHz, CDCI3): 8 = 9.51 (br. s, 1H), 8.56 (br.s, 1H), 5.78-5.66 (m, 1H), 5.27-5.15 

(m,, 2H), 3.73-3.63 (m, IH), 3.50-3.37 (m, 2H), 2.63-2.51 (m, IH), 2.48-2.40 (m, IH), 2.22-1.99 

(m,, 3H), 1.80-1.70 (m, IH). HRMS (FAB) calculated for C7H14N (MH+) 112.1126, found 

112.1112. . 

l-Phenyl-2-pyrrolidin-2-yl-ethanonee TFA salt (33b). Resin 32b (104 mg, 95.7 umol) 

wass suspended in TFA/CH2CI2 (4 mL, 1:1, v/v) and stirred at room temperature for 

=00 4 h. Then the resin was filtrated and washed. The filtrate was evaporated and 

residuall  traces of TFA were azeotropically removed with toluene to give 33a (21 mg, 

72%)) as a yellow oil. iH NMR (400 MHz, CDCI3): 5 = 9.60 (br. s, 2H), 7.86 (d, ƒ = 7.3 Hz, 2H), 

7.544 (t, ƒ = 7.4 Hz, IH), 7.42-7.38 (m, 2H), 4.13^1.05 (m, IH), 3.72 (dd, ƒ = 7.8,18.3 Hz, IH), 

3.41-3.299 (m, 3H), 2.36-2.27 (m, IH), 2.14-1.97 (m, 2H), 1.82-1.72 (m, IH). »C NMR (100 

MHz,, CDCL): 5 = 197.3, 135.8, 133.7,128.7,128.0, 55.4, 45.1, 40.7, 30.7, 23.8. IR (film): 3414, 

1683.. HRMS (FAB) calculated for Ci2H,5NO (MH+) 189.1154, found 189.1147. 

_~~ o Resin 35. To a suspension of resin 34 (5 g, 7.44 mmol) in dry CH2CI2 (50 

^ ^ ^ O - ^ N ^^ r^Ph mL) at 0 °C, were added NMM (1.65 mL, 14.8 mmol) and p-nitrophenyl 

Eto-~// chloroformate. After stirring for 1 h at 0 °C, the mixture was allowed to 
Et00 warm to room temperature and swirled overnight to afford the 

activatedd carbonate resin. To a suspension of this resin (3.44 g, 4.09 mmol) in THF (50 mL), 

weree added DIPEA (2.14 mL, 12.3 mmol) and 4,4-diethoxy-2-phenylbutylamine (2.91 g, 12.3 

mmol)) which resulted in a brightly yellow coloured reaction mixture. After stirring at room 
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temperaturee for 20 h, the mixture was filtrated, washed and dried to afford resin 35. IR: 3428, 

3331,1724. . 

,-%% o Resin 36. To a suspension of resin 35 (0.51 g, 0.55 mmol) in dry CH2Q2 
l ^ x - / ^ oo N V 1 (5 mL), were added allyltrimethylsilane (0.87 mL, 5.5 mmol) and 

BF3-OEt22 (0.21 mL, 1.6 mmol). After stirring at room temperature for 20 

h,, the mixture was filtrated, washed and dried to afford resin 36. IR: 1705. 

Me.. / \ ,Ph fraMS-2-Allyl-l-methyH-phenylpyrrolidine  (37) and l-methyl-3-
phenylpyrrolidin ee (38). To a suspension of resin 36 (454 mg, 513 umol) in dry 

THFF (5 mL), was added a 1M solution of LiAlLL i in THF (2.5 mL, 2.5 mmol) 

andd the reaction mixture was stirred at 60 °C for 20 h. Then H2O (0.1 mL), 2M NaOH (0.2 

mL)) and H2O (0.1 mL) were added slowly and the reaction mixture was filtrated over 

Celite®,, washed with Et20, CH2CI2, Et20, CH2CI2 and Et20. The filtrate was concentrated to 

affordd 37 (72 mg, 70 %) and 38 (12.5 mg, 15%) as oils after purification by chromatography 

(PE/EtOAc/NEt3,, 20:4:1, v /v /v ). 37: R, = 0.30. iH NMR (500 MHz, C6D6): S = 7.18-7.04 (m, 

5H),, 5.87-5.79 (m, IH), 5.07-5.03 (m, 2H), 3.31-3.13 (m, IH) , 3.19 (t, ƒ = 7.4 Hz, IH), 2.34-2.28 

(m,, 2H), 2.20-2.09 (m, 2H), 2.18 (s, 3H), 1.99-1.83 (m, 2H). »C NMR (100 MHz, CDCI3): 5 = 

144.1,, 135.6, 128.3, 127.3, 126.1, 116.5, 65.9, 65.6, 41.8, 40.5, 38.9, 38.6. IR (film): 2778, 1640, 

1453. . 

Me.. /x Ph 38: Rf = 0.15. « NMR (400 MHz, CDCI3): 8 = 7.33-7.16 (m, 5H), 3.44-3.35 (m, 
N\_77 IH), 3.03 (dd, ƒ = 9.0, 9.2 Hz, IH), 2.85-2.79 (m, IH), 2.66-2.61 (m, IH), (dd, ƒ = 

8.2,9.00 Hz, IH), 2.41 (s, 3H), 2.35-2.30 (m, IH), 1.94-1.86 (m, IH). 

QQ Resin 40. A mixture of resin 39 (25.0 g, 42.5 mmol), 2-mercaptoethanol (25.0 

mL,, 359 mmol) and Cs2C03 (27.7 g, 85 mmol) in dry DMF (200 mL) was 

agitatedd for 4 h at 60 °C and then for 20 h at room temperature. The reaction mixture was 

filtrated,, washed with DMF, H2O, DMF, H2O, CH2CI2, MeOH/H20 (1:1, v/v), CH2CI2, 

MeOH/H200 (1:1, v/v), CH2C12, MeOH, CH-Cl;., MeOH, CH2CI2 and dried to afford resin 40. 

IR:: 3397. 

oo Resin 41. To a suspension of resin 40 (10.1 g, 16.1 mmol) in CH2CI2 (200 mL), 
><* \ /S^ /x0HH w a s added in portions mCPBA (85%, 20.3 g, 100 mmol) at 0 °C. When 

additionn was complete the mixture was agitated for 20 h at room 

temperature.. The reaction mixture was filtrated, washed and dried to afford resin 41. IR: 
3442,1280,1107. . 

^^^HO^^^HO22 Re sm 42. To a suspension of resin 40 (1.01 g, 1.61 mmol) in dry 

O ^ s ^ ^ .. X X X CH2CI2 (20 mL) at 0 °C, were added NMM (0.35 mL, 3.32 mmol) 

andd p-nitrophenyl chloroformate (649 mg, 3.32 mmol). The 
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reactionn mixture was allowed to warm to room temperature and agitated for 18 h. Then the 

reactionn mixture was filtrated, washed and dried to afford resin 42. IR: 1767, 1526, 1347. 

Elem.. anal. Found: N 1.75 % (1.25 mmol /g N, 99% from Merrifield resin). 

Resinn 43. To a suspension of resin 41 (10.6 g, 16.0 mmol) in dry 

CH2C122 (200 mL) at 0 °C, were added NMM (4.4 mL, 40 mmol) 
00 and p-nitrophenyl chloroformate (8.06 g, 40.0 mmol). The 

reactionn mixture was allowed to warm to room temperature and agitated for 18 h. Then the 

reactionn mixture was filtrated, washed and dried to afford resin 43. IR: 1765,1524,1346,1320, 

1110.. Elem. anal. Found: N 1.55 % (1.11 mmol /g N, 91% from Merrifield resin). 

Resinn 44a. To a suspension of resin 43 (1.29 g, 1.43 mmol) in dry THF 

(155 mL), were added 4,4-diethoxybutylamine (0.74 mL, 4.29 mmol) and 

DIPEAA (0.75 mL, 4.29 mmol) and the reaction mixture was agitated at 
Et00 room temperature for 20 h. Then the reaction mixture was filtrated, 

washedd and dried to afford light pink resin 44a. IR: 3352,1728,1325,1125. 

/-^^ o o Resin 44b. To a suspension of resin 43 (485 mg, 582 umol) in dry 

^ ^ ^ ^ o ^ N / " V P hh THF (10 mL), were added 4,4-diethoxy-2-phenylbutylamine (414 

a ° yy mg, 1.75 mmol) and DIPEA (0.31 mL, 1.78 mmol) and the reaction 
Et00 mixture was agitated at room temperature for 20 h. Then the 

reactionn mixture was filtrated, washed and dried to afford light pink resin 44b. IR: 3342, 

1724,1324,1118. . 

oo o Resin 44c. To a suspension of resin 43 (2.19 g, 2.43 mmol) in dry 

"N-^Y 4"BrPtll THF (20 mL), were added 2-(4-bromophenyl)-4,4-

diethoxybutylaminee (2.3 g, 7.28 mmol) and DIPEA (1.27 mL, 7.28 

mmol)) and the reaction mixture was agitated at room 

temperaturee for 20 h. Then the reaction mixture was filtrated, washed and dried to afford 

lightt pink resin 44c. IR: 3347,1726,1326,1123. 

^^ o o Resin 45. To a suspension of resin 44 (450 mg, 482 umol) in dry 

^ c h ^ 00 O " ' ^ C H 2 c l 2 (5 m L ) at ° °c' w e r e a d d ed allyltrimethylsilane (0.76 mL, 
^ x ^ —— 4.78 mmol) and BF3OEt2 (0.18 mL, 1.4 mmol). After 1 h the reaction 

mixturee was allowed to warm to room temperature and stirred for 18 h. Then the reaction 

mixturee was filtrated, washed and dried to afford resin 45. IR: 1708,1324,1118. 

/ - - r - v v ^^ 2-Allylpyrrolidin e HCl-salt (47a). To a suspension of resin 44a (265 mg, 286 

V N HH umol) in dry CH2CI2 (5 mL) at 0 °C, were added allyltrimethylsilane (0.46 mL, 

2.888 mmol) and BF3OEt2 (0.11 mL, 0.87 mmol). After 1 h the reaction mixture was allowed to 

warmm to room temperature and stirred for 18 h. Then the reaction mixture was filtrated, 

washedd and dried. To a suspension of this resin (236 mg, 269 umol) in THF (2 mL) was 
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addedd a 3M solution of NaOMe in MeOH (1 mL, 3 mmol) and the reaction mixture was 

stirredd for 1 h at room temperature. Then the reaction mixture was filtrated and washed with 

CH2CI2,, MeOH, CH2CI2, MeOH and CH2CI2. The filtrate was partially concentrated, taken up 

inn 1M NaOH (10 mL) and extracted twice with Et20 (10 mL). The combined ether layers were 

extractedd twice with 1M HC1 (10 mL) and the water layer was evaporated to give 47a (39 mg, 

98%)) as a white solid. W NMR (400 MHz, D2O): 5 = 5.97-5.86 (m, 1H), 5.34-5.26 (m, 2H), 

3.76-3.6877 (m, 1H), 3.44-3.31 (m, 2H), 2.65-2.48 (m, 2H), 2.32-2.24 (m, 1H), 2.19-2.03 (m, 2H), 

1.82-1.722 (m, 1H). «C NMR (100 MHz, D2O): 8 = 135.9, 121.8, 62.7, 47.9, 38.5, 32.0, 25.8. IR: 

34211 (br), 1642. HRMS (FAB) calculated for C7H14N (MH+) 112.1126, found 112.1112. 

rrans-2-Allyl-4-phenylpyrrolidin ee (47b). To a suspension of resin 45 (229 mg, 

2188 umol) in THF (2 mL) was added a 3M solution of NaOMe in MeOH (1 

mL,, 3 mmol) and the reaction mixture was stirred for 1 h at room temperature. Then the 

reactionn mixture was filtrated and washed with CH2CI2, MeOH, CH2CI2, MeOH and CH2CI2. 

Thee filtrate was partially concentrated, taken up in 1M NaOH (10 mL) and extracted twice 

withh EtaO (10 mL). The combined ether layers were concentrated and the residue was further 

purifiedd using an SPE-column (Isolute, silica, solvent system: CTkCb/MeOH 1:0 -^ 9:1 -> 

0:1)) to afford 47b (33 mg, 81%) as a clear oil. Rf = 0.14 (CH2Cl2/MeOH, 9:1). W NMR (400 

MHz,, CDCb): 8 = 7.32-7.18 (m, 5H), 5.90-5.79 (m, 1H), 5.14 (dd, J = 1.6, 17.1 Hz, 1H), 5.09 

(dd,, ƒ = 1.6,10.2 Hz, 1H), 3.51-3.44 (m, 2H), 3.38-3.29 (m, 1H), 2.93 (dd, ƒ = 9.1,10.5 Hz, 1H), 

2.922 (br s, 1H), 2.40-2.30 (m, 2H), 2.08-1.93 (m, 2H). «C NMR (100 MHz, CDCI3): 8 = 143.7, 

135.5,, 128.7, 127.4, 126.6, 117.4, 58.7, 54.9, 44.6, 40.6, 39.3. IR (film): 3311, 1406, 914. HRMS 

(FAB)) calculated for d3Hi 8N (MH+) 188.1439, found 188.1439. 

// -—^? fraMS-2-AUyl-4-(4-bromophenyl)pyrrolidin e (47c). To a suspension of 
4-BrC4H66 N H r e s i n 4 5 ( , ^ 6 Q 4 m ^ 5 6 2 ^ m o ^ ^  d r y C H 2 C j 2 ^  m L ^  a t Q O Q w e r e a d d e d 

allyltrimethylsilanee (0.89 mL, 5.6 mmol) and BF3OEt2 (0.21 mL, 1.68 mmol). After 1 h the 

reactionn mixture was allowed to warm to room temperature and stirred for 18 h. Then, the 

reactionn mixture was filtrated, washed and dried. To a suspension of this resin (233 mg, 226 

Hmol)) in THF (2 mL) was added a 3M solution of NaOMe in MeOH (1 mL, 3 mmol) and the 

reactionn mixture was stirred for 1 h at room temperature. Then, the reaction mixture was 

filtratedd and washed with CH2C12, MeOH, CH2C12, MeOH and CH2CI2. The filtrate was 

partiallyy concentrated, taken up in 1M NaOH (10 mL) and extracted twice with Et20 (10 mL). 

Thee combined ether layers were concentrated and the residue was further purified using an 

SPE-columnn (Isolute, silica, solvent system: CH2Cl2/MeOH 1:0 -^ 92:8 -» 0:1) to afford 47c 

(511 mg, 85%) as a clear oil. R, = 0.31 (CH2Cl2/MeOH, 92:8, v/v). *H NMR (400 MHz, CDCI3): 

88 = 7.42 (d, ƒ = 8.4 Hz, 2H), 7.12 (d, ƒ = 8.4 Hz, 2H), 5.87-5.77 (m, 1H), 5.17-5.08 (m, 2H), 4.14 

(brr s, 1H), 3.54-3.48 (m, 2H), 3.38-3.30, (m, 1H), 2.92 (t, ƒ = 9.8 Hz, 1H), 2.45-2.31 (m, 2H), 

2.02-1.988 (m, 2H). «C NMR (100 MHz, CDCb): 8 = 141.8,134.6,131.4,128.7,120.0,117.4, 58.2, 

53.8,, 43.3, 39.6, 38.6. IR (film): 3275. HRMS (FAB) calculated for Ci3Hi7N^Br (MH+) 266.0544, 

foundd 266.0552. 
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00 Resin 48. To a suspension of resin 42 (516 mg, 645 umol) in dry 

w ^ s ^ ^ 0 A N / \ , P hh THF (10 mL), were added 4,4-diethoxy-2-phenylbutylamine (459 

EtcL// m &  1 9 4 mmol) and DIPEA (0.34 mL, 1.95 mmol) and the reaction 

Etoo mixture was agitated at room temperature for 20 h. Then the 

reactionn mixture was filtrated, washed and dried to afford resin 48. IR: 3329,1726. 

00 Resin 49. To a suspension of resin 48 (543 mg, 586 umol) in dry 

Q ^ s ^ / vY ) A N / - y . Phh CH2CI2 (6 mL) at 0 °C, were added allyltrimethylsilane (0.90 mL, 5.9 

mmol)) and BF3OEt2 (0.22 mL, 1.76 mmol). After 1 h the reaction 

mixturee was allowed to warm to room temperature and stirred for 

188 h. Then the reaction mixture was filtrated, washed and dried to afford resin 49. IR: 1713. 

Acidi cc cleavage of resin 49. Resin 49 (110 mg, 130 umol) was suspended in 

TFA/CH2CI22 (3 mL, 1:1, v/v) and stirred at room temperature for 20 h. Then the reaction 

mixturee was filtrated and washed. Concentration of the filtrate followed by SPE column 

chromatographyy gave 47b (10.2 mg, 42%). 

Activationn and basic cleavage of resin 49. Resin 49 (96 mg, 129 umol) was suspended 

inn CH2CI2 (5 mL) and cooled to 0 °C. Then was added mCPBA (54 mg, 92%, 288 umol) and 

thee reaction mixture was stirred at 0 °C for 2 h, filtrated, washed and dried to provide resin 

45.. This resin (92 mg, 105 umol) was cleaved as usual to give 47b (10.2 mg, 52%). 

rrfl«s-2-(2-Methylallyl)-4-phenylpyrrolidin ee (51b). To a suspension of resin 

44bb (2.15 g, 1.25 mmol) in dry CH2CI2 (20 mL) at 0 °C, were added 2-

methallyltrimethylsilanee (0.93 mL, 94%, 5.0 mmol) and BF3OEt2 (0.48 mL, 3.79 mmol). After 

11 h the reaction mixture was allowed to warm to room temperature and stirred for 18 h. 

Thenn the reaction mixture was filtrated, washed and dried. To a suspension of this resin (135 

mg,, 88 umol) in THF (1 mL) was added a 3M solution of NaOMe in MeOH (0.5 mL, 1.5 

mmol)) and the reaction mixture was stirred for 1 h at room temperature. Then the reaction 

mixturee was filtrated and washed with CH2CI2, MeOH, CH2CI2, MeOH and CH2CI2. The 

filtratee was partially concentrated, taken up in 1M NaOH (5 mL) and extracted twice with 

Et200 (5 mL). The combined ether layers were concentrated and the residue was further 

purifiedd using an SPE-column (Isolute, silica, solvent system: CH2Cl2/MeOH 1:0 —> 9:1 -» 

0:1)) to afford 51b (13.5 mg, 76%) as a clear oil. Rf = 0.17 (CH2Cl2/MeOH, 9:1). *H NMR (400 

MHz,, CDCI3): 6 = 7.32-7.18 (m, 5H). 4.80 (d, ƒ = 8.0 Hz, 2H), 3.58-3.45 (m, 2H), 3.37-3.30 (m, 

1H),, 2.93-2.88 (m, 1H), 2.52 (br s, 1H), 2.31-2.21 (m, 2H), 2.08-2.03 (m, 1H), 2.01-1.89 (m, 1H), 

1.788 (s, 3H). »C NMR (100 MHz, CDCb): 5 = 143.9,143.3,128.5,127.2,126.2,112.2, 56.9, 54.8, 

45.0,, 44.4, 39.7, 22.5. IR (film): 3355. HRMS (FAB) calculated for G4H20N (MH+) 202.1596, 

foundd 202.1585. 
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2-Prop-2-ynylpyrrolidin ee HCl-salt (52a). To a suspension of resin 44a (197 mg, 

2133 umol) in dry CH2C12 (5 mL) at 0 °C, were added tributylpropa-1,2-

dienylstannanee (0.62 mL, 2.13 mmol) and BF3-OEt2 (81 uL, 0.64 mmol). After 1 h the reaction 

mixturee was allowed to warm to room temperature and stirred for 18 h. Then the reaction 

mixturee was filtrated, washed and dried. To a suspension of this resin (173 mg, 197 umol) in 

THFF (2 mL) a was added 3M solution of NaOMe in MeOH (1 mL, 3 mmol) and the reaction 

mixturee was stirred for 1 h at room temperature. Then the reaction mixture was filtrated and 

washedd with CH2C12, MeOH, CH2CI2, MeOH and CH2C12. The filtrate was partially 

concentrated,, taken up in 1M NaOH (10 mL) and extracted twice with Et20 (10 mL). The 

combinedd ether layers were extracted twice with 1M HC1 (10 mL) and the water layer was 

evaporatedd to give 52a (17 mg, 59%) as a white solid. W NMR (400 MHz, D2O): 6 = 3.87-3.80 

(m,, 1H), 3.45-3.37 (m, 2H), 2.84-2.78 (m, 1H), 2.72-2.65 (m, 1H), 2.59-2.56 (m, 1H), 2.34-2.25 

(m,, 1H), 2.19-2.03 (m, 2H), 1.92-1.83 (m, 1H). «C NMR (100 MHz, D20): S = 80.9, 74.6, 60.7, 

47.6,, 30.9, 25.2, 23.0. HRMS (FAB) calculated for C7Hi2N (MH+) 110.0970, found 110.0970. 

GO O 2-Methylenehexahydropyrrolizinee HCl-salt (53a). To a suspension of resin 44a 

(4111 mg, 444 umol) in dry CH2C12 (5 mL) at 0 °C, were added (2-

chloromethylallyl)trimethylsilanee (0.80 mL, 4.44 mmol) and BF3OEt2 (169 uL, 1.33 mmol). 

Afterr 1 h the reaction mixture was allowed to warm to room temperature and stirred for 18 

h.. Then the reaction mixture was filtrated, washed and dried. A suspension of this resin (192 

mg,, 207 umol) in 1M KO'Bu in THF (5 mL) was stirred for 2 d at room temperature. Then the 

reactionn mixture was filtrated and washed with CH2CI2, MeOH, CH2CI2, MeOH and CH2C12. 

Thee filtrate was partially concentrated, taken up in 1M NaOH (10 mL) and extracted twice 

withh Et20 (10 mL). The combined ether layers were extracted twice with 1M HC1 (10 mL) 

andd the water layer was evaporated to give 53a (24.8 mg, 75%) as a white solid. 2H NMR (400 

MHz,, D20): Ö = 5.29-5.27 (m, 2H), 4.42-4.35 (m, 1H), 4.23 (d, ƒ = 14.8 Hz, 1H), 3.83 (d, ƒ = 14.8 

Hz,, 1H), 3.78-3.68 (m, 1H), 3.23-3.16 (m, 1H), 3.02-2.96 (m, 1H), 2.62-2.57 (m, 1H), 2.39-2.30 

(m,, 1H), 2.27-2.18 (m, 1H), 2.10-2.03 (m, 1H), 1.94-1.83 (m, 1H). HRMS (FAB) calculated for 

CsHuNN (MH+) 124.1126, found 124.1122. 

^^.--^.Phh l-Phenyl-2-pyrrolidin-2-ylethanone HC1 salt (54a). To a suspension of resin 

V N HH J, 44a (212 mg, 229 umol) in dry CH2CI2 (5 mL) at 0 °C, were added 1-phenyl-l-

trimethylsilyloxyethylenee (0.47 mL, 2.29 mmol) and BF3OEt2 (87 uL, 0.69 mmol). After 1 h 

thee reaction mixture was allowed to warm to room temperature and stirred for 18 h. Then 

thee reaction mixture was filtrated, washed and dried. To a suspension of this resin (210 mg, 

2211 umol) in THF (2 mL) was added a 3M solution of NaOMe in MeOH (1 mL, 3 mmol) and 

thee reaction mixture was stirred for 1 h at room temperature. Then the reaction mixture was 

filtratedd and washed with CH2C12, MeOH, CH2CI2, MeOH and CH2CI2. The filtrate was 

partiallyy concentrated, taken up in 1M NaOH (10 mL) and extracted twice with Et20 (10 mL). 

Thee combined ether layers were extracted twice with 1M HC1 (10 mL) and the water layer 

wass evaporated to give 54a (18 mg, 36%) as a white solid. aH NMR (400 MHz, D20): 8 = 8.06 

(d,, ƒ = 8.1 Hz, 2H), 7.79-7.75 (m, 1H), 7.65-7.61 (m, 2H), 4.15^.10 (m, 1H), 3.84 (dd, ƒ = 3.7, 
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18.99 Hz, 1H), 3.61 (dd, ƒ = 9.8,19.0 Hz, 1H), 2.41-2.32 (m, 1H), 2.19-2.04 (m, 2H), 1.91-1.85 (m, 

1H).. «C NMR (100 MHz, D20): S = 203.8 136.5,130.9,130.2, 58.8,48.4,43.4, 32.6, 26.0. HRMS 

(FAB)) calculated for Ci2Hi6NO (MH+) 190.1232, found 190.1227. 

l~\l~\ 9H 2-(2-Hydroxy-2-phenylethyl)pyrrolidine-l-carboxyli c acid 'buty l ester  (56). 

y ' ^ ' l f ^^ To a suspension of resin 55 (276 mg, 290 umol) in dry THF (3 mL) at 0 °C, 

^^ was added LiBHi (2M in THF, 1.5 mL, 3.0 mmol). After 4 h AcOH (1 mL) 

wass added slowly, the reaction mixture was filtrated, washed with CH2CI2, THF/AcOH (9:1, 

v /v) ,, CH2CI2, THF/AcOH (9:1, v/v), MeOH, CH2CI2, MeOH, CH2C12 and dried. To a 

suspensionn of this resin (256 mg, 269 umol) in THF (2 mL) was added a 3M solution of 

NaOMee in MeOH (1 mL, 3 mmol) and the reaction mixture was stirred for 1 h at room 

temperature.. Then the reaction mixture was filtrated and washed with CH2CI2, MeOH, 

CH2CI2,, MeOH and CH2C12. A solution of 1M HC1 in MeOH (5 mL) was added to the filtrate 

andd the solvents were evaporated. The residue was extracted with 'PrOH (2 mL), filtrated 

andd concentrated to afford the products as the HC1 salts. To a solution of the products in dry 

CH2CI22 (5 mL), were added DIPEA (0.06 mL, 0.34 mmol), DMAP (cat.) and Boc20 (70 mg, 

0.322 mmol) and the mixture was stirred for 2 h at room temperature. Then the reaction 

mixturee was poured out in water (10 mL), the layers were separated and the water layer was 

extractedd with CH2CI2 (5 mL). The combined CH2CI2 layers were washed with brine, dried 

withh MgS04 and concentrated to afford 56a (23 mg, 29%, Rf = 0.25) and 56b (30 mg, 38%, R{ = 

0.15)) as clear oils after purification by chromatography (PE/EtOAc, 1:5). 

ph-,, 2-AHyl-4-phenyl-l-(toluene-4-sulfonyl)pyrrolidine (57). To a solution of 47b 

(.. > ^ - ^ (35 mg, 0.19 mmol) in pyridine (2 mL), was added p-toluenesulfonylchloride 

Iss (72 mg, 0.38 mmol) and the mixture was stirred for 20 h. The reaction mixture 

wass concentrated and the residue was taken up in CH2CI2 (10 mL) and extracted with 

saturatedd aqueous NaHCOs (10 mL), aqueous saturated CuSÜ4 (10 mL), brine (10 mL) dried 

withh Na2SÜ4 and concentrated to afford 57 (35 mg, 54%) after purification by 

chromatographyy (PE/EtOAc, 7:1). Rf = 0.18. W NMR (400 MHz, CDC13): 5 = 7.76 (d, ƒ = 8.2 

Hz,, 2 H), 7.03-6.98 (m, 3H), 6.79 (d, J = 8.2 Hz, 2 H), 6.73-6.71 (m, 2H), 5.82-5.72 (m, 1H), 

5.07-5.000 (m, 2H), 3.87-3.82 (m, 1H), 3.81-3.77 (m, 1H), 3.16-3.08 (m, 1H), 3.02 -2.97 (m, 1H), 

2.83-2.777 (m, 1H). 2.41-2.33 (m, 1H), 1.89 (s, 3H), 1.69 (dd, ƒ = 6.3,12.5 Hz, 1H), 1.45-1.36 (m, 

1H).. »C NMR (100MHz, CDCI3): 8 = 145.4,143.5,139.9,134.6,129.7,128.6,127.7,127.0,126.9, 

59.7,, 55.2, 41.6, 41.1, 36.4, 21.5. IR (film): 1639, 1342, 1160. HRMS (FAB) calculated for 

C20H24NO2SS (MH+) 342.1528, found 342.1519. 
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SOLIDD PHASE SYNTHESIS OF PIPERIDINES 

3.11 Introductio n 

Functionalisedd piperidines are frequently encountered structural motifs in bioactive 

compoundss and in natural products.1 The piperidine ring is often present as a substructure 

inn druglike molecules.2 A well-known example is ritalin (1, a-phenyl-2-piperidineacetic acid 

methyll  ester), that is used for the treatment of Attention Deficit Hyperactivity Disorder 

(ADHD)) in children (Chart l).3 Some other piperidine-containing natural products that show 

interestingg biological activity are febrifugine (2)4 and (-)-lobeline (3).5 

Chartt  1 

'HH H 
OMe e 

Ph h 

0H00 f" 

O O 

OO X OH H 
!!  I I JJ 

p t r ^ * ** N ""^^Ph 
I I 

Consequently,, a plethora of synthetic routes that lead to functionalised piperidines 

havee been developed.6 An example on solid phase is the synthesis of 3-alkoxy-4-

arylpiperidines,, potential aspartic peptidase inhibitors, as developed by Rich and coworkers 

(eq3.1).' ' 

a. . 
"OH H 

^S ^S 

CF3C02 2 

'OR22 (3.1) 

OHH OH OR' 

44 5 7 8 

key:key: a) AD-mix-a, CH3SO2NH2, 'BuOH/H20; b) Ra-Ni, EtOH; c) HC1, dioxane; d) NEt3, CH2CI2, e) CS2CO3, R'Br, 

CHCb/MeOH;; f) KO'Bu, R2Br, "ButNI, THF; g) 10% TFA/CH2CI2 

Stereoselectivee dihydroxylation of tetrahydropyridine 4 to the corresponding diol, 

followedd by a stereoselective reduction of the benzylic alcohol using Raney-nickel and 

subsequentt removal of the Boc protecting group afforded 3-hydroxy-4-(4-

hydroxyphenyl)piperidinee 5, that was linked to a resin via the nitrogen atom using the 

immobilisedd diazonium salt 6 as developed by Brase,8 to provide the triazene tethered 
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scaffoldd 7. Selective alkylation of the phenol part, subsequent further diversification via 

alkylationn of the secondary alcohol with a variety of benzyl bromides, and finally, TFA 

mediatedd cleavage provided the products 8 in high purity. 

Inn a number of groups, including ours, N-acyliminium ion pathways towards 2-

substitutedd piperidine scaffolds have been developed over the years.9 In conjunction with 

thiss work, a solid phase approach which would give facile access to libraries of piperidines 

usingg similar types of methods would be highly desirable.1011 In the previous chapter, the 

solidd phase synthesis of several 2-substituted pyrrolidines is described, starting from 

immobilisedd y-aminoacetals.10' These acetals were cyclised under Lewis acidic conditions and 

coupledd with a suitable C-nucleophile in a one-pot reaction via N-acyliminium ion 

intermediates.. To our surprise, however, this one-pot protocol did not work satisfactorily for 

thee homologous piperidine analogues. In this chapter, we describe a modification of the 

initiall  procedure which resulted in the successful synthesis of a number of 2,4-disubstituted 

piperidiness 9. The general strategy is outlined in Scheme 3.1. 

< < 
O O 

K K 
NN X 

Q Q 
o=< < 

CH(OEt)2 2 

I II  *S40 

10 0 11 1 12 2 

Ratherr than using the one-pot cyclisation/coupling sequence, we anticipated that it 

wouldd be more favourable to generate a stable intermediate N,X-acetal (viz. 11), which upon 

suitablee activation would provide the targeted N-acylimium ion intermediate 10.12 In order 

too do so, we decided to apply the benzotriazole (Bt) group (i.e. 11, X = Bt), which has been 

developedd by Katritzky,13 as a potentially useful leaving group. 

3.22 Acetal Synthesis 

Thee starting materials, the arninoacetals 16a-e were, unfortunately, not readily 

available.. Whereas the acetal precursors for the pyrrolidine series were commercially 

availablee or easily synthesised in two steps, the precursors for the desired piperidine 

derivativess were prepared via a five-step sequence (Scheme 3.2). Thus, arninoacetals 16a-e 
weree obtained via decarbalkoxylation of the ester and subsequent reduction of the nitrile 

moietyy of 15a-e.14 Products 15a-e were obtained by acid catalysed ring opening of 

heterocycless 14a-e, which were formed by a high pressure hetero Diels-Alder cycloaddition 
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betweenn ethyl vinyl ether and the unsaturated esters 13a-e, which were obtained through a 

Knoevenagell  condensation of the appropriate aldehyde and ethyl cyanoacetate.15 

Schemee 3.2 
R R 

J^OB B 
13a-e e 

155 kbar 
CH2C12,, rt, 20 h 

1)) NaOMe, MeOH, rt, 2 h 
2)) NaCl, DMSO/H20,150 °C, 2 h 

». . 
3)) LiAlH 4/ EtzO, 0 °C -H> rt, 4 h 

E t O ^ O ^ O E t t 

H,N' ' 

14a-e e 

16a:: 86% 
16b:: 34% 
16c::  71% 
16d:: 99% 
16e:: 46% 

pTSA A 

EtOH,, reflux 
NCk k 

a:: R = Ph 
b:: R = 4-pyridyl 
c:: R = 4-BrC6H4 

d:: R = 2-furanyl 
e:: R = 2-Pr 

R R 
1 1 

15a: : 
15b b 
15c: : 
15d d 
15e: : 

OEt t 

^ ^ O E t t 

:t t 

90% % 
39% % 
88% % 
70% % 
86% % 

Thesee inverse electron demand hetero Diels-Alder cycloaddition reactions usually 

requiree harsh reaction conditions to obtain satisfactory results.16 Because of the relatively 

largee decrease in the volume in forming the transition state, Diels-Alder17 reactions are often 

acceleratedd by subjecting them to high pressure conditions.18. Thus, reaction of the 

unsaturatedd esters 13a-e under a pressure of 15 kbar in the presence of a slight excess of ethyl 

vinyll  ether (1.5 equiv) afforded the heterocycles 14a-e.19 The crude products were then 

treatedd with a catalytic amount of pTSA in refluxing ethanol to furnish the a-ester 

substitutedd nitriles 15a-e. The yields of this two-step sequence were high, except for the 

productt with the 4-pyridyl side chain (15b). Polymerisation during the cycloaddition 

reactionn decreased the yield considerably in this case. To remove the undesired ester 

functionality,, decarbalkoxylation at high temperature was attempted. This, however, 

resultedd in extensive decomposition of the starting material and consequently very low 

yieldss (<10%). Therefore, the esters were transesterified to the somewhat less hindered 

methyll  esters using catalytic NaOMe in MeOH. At this point, the NaCl mediated 

decarbalkoxylationn proceeded smoothly and subsequent reduction of the resulting nitriles 

usingg LiAlH i in dry ether provided the desired aminoacetals 16a-e in excellent yields over 

threee steps. The unsubstituted aminoacetal 16f was readily obtained in reasonable yield via 

reactionn of commercially available 4-chloro-l,l-diethoxybutane (17a) with sodium cyanide 

andd subsequent nitrile reduction using L1AIH4 (eq 3.2). 

CI I 

OEt t 

OEt t 

17a,, n = 1 
17b,nn = 2 

1)) NaCN, KI, DMSO, 100 °C, 20 h 

2)) L1AIH4, Et20, 0 °C -> rt, 4 h H-,N N (3.2) ) 

16f,, n = 1 (32%) 
18,, n = 2(52%) 
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Additionally,, a precursor for a seven-membered ring (18) was prepared via the same 

protocol,, starting from commercially available 5-chloro-l,l-diethoxypentane (17b). 

3.33 The One-Pot Procedure 

Thee piperidine synthesis commenced with the coupling of the aminoacetals 16a-f to 

thee sulfonylethoxycarbonyl (SEC) modified polystyrene resin 19 (Scheme 3.3).10c-f 

Schemee 3.3 

©L L 
O' ' 

19 9 

N02 2 

16a-ff  9 

H 2N'^~V ^ / ^ ^ 
DIPEA A 

THF,, rt, 20 h 

OEt t 

^ O E t t 

NH H 
CH(OEt)2 2 

20a-f f 

R R 
1)) allyltrimethylsilane, BF3OEt2, 

CH2C12,, 0 °C ->rt, 20 h 
CH(OEt)22 2) 1M NaOMe, THF/MeOH (2:1), rt, 1 h 

3)) Ac20, DMAP, pyridine, rt, 20 h 

20a,, f 

N N 
i i 

Ac c 

21a,, f 

a:: R = Ph 
b:: R = 4-pyridyl 
c:: R = 4-BrC6H4 

d:: R = 2-furanyl 
e:: R = 2-Pr 
f:: R = H 

22a,, f 

Attemptss to follow a one-pot procedure for the N-acyliminium ion mediated 

functionalisation,, i.e. direct sequential addition of the Lewis acid and allyltrimethylsilane , 

ledd to a mixture of cyclic and linear products. This became apparent after sodium methoxide 

mediatedd cleavage and acetylation of the nitrogen atom to afford piperidines 21a (57%) and 

21ff  (47%) and the linear side products 22a (4%) and 22f (6%). The linear products resulted 

fromm competitive intermolecular attack of allylsilane onto the in situ generated oxycarbenium 

ion,, instead of intramolecular attack by the carbamate nitrogen. Interestingly, this side 

reactionn was not observed in the pyrrolidine series, which is probably due to a faster rate of 

cyclisation.. As expected, the ratio of cyclic to linear product was better for the 4-substituted 

piperidinee 21a than for the unsubstituted analogue 21f. Sequential addition of the Lewis acid 

andd the nucleophile did not improve the situation, resulting in low yields of the desired 

product.. To suppress the side reaction, the concentration of allylsilane was lowered fourfold, 

whichh should favour intramolecular attack of the carbamate moiety. Although this indeed 

ledd to the exclusive formation of the cyclised product in both cases, the yields were 

significantlyy lower. More importantly, the high dilution factors render this approach 

unsuitablee for possible application in automated procedures. 
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3.44 The Benzotriazole Route 

Too optimise the N-acyliminium ion mediated functionalisation of piperidines at the 2-

positionn from linear precursors, further studies in solution were conducted first. 

Consequently,, aminoacetal 16f was protected with a benzyloxycarbonyl group (Cbz) to 

affordd the solution phase model system 23 (Scheme 3.4). 

Schemee 3.4 
„SiMe? ? 

k N H CH(OEt ) 22 BF3.oEt2 

Cbz z 

23 3 

aa orb 

CH,C12,, 0 °C, 1 h -» rt, 3 h 

pTSAA (cat.), CH2C12, rt, 15 min; 

thenn BtH, rt, 5 h 

N N 
Cbz z 

24 4 

OEt t 

NH H 
Cbz z 

25 5 

,SiMe3 3 

NN OEt 
Cbz z 

26 6 

N N 
Cbz z 

27 7 

CH2C12,, 0 °C, 1 h -> rt, 3 h 

N N 
N' ' 

NN Bt 

Cbz z 

28 8 lH-benzotriazole e 

key:key: a) pTSA (cat.), CH2CI2, rt, 15 min; b) pTSA (cat.), CH2Cl2/EtOH (2:1, v/v), rt, 15 min 

One-pott coupling of allyltrimethylsilane under identical conditions as for resin 20f 
indeedd afforded a 83:17 mixture of cyclic to linear products 24 and 25 in 95% yield. 

Alternatively,, 23 was cyclised to the corresponding N,0-acetal 26 using catalytic pTSA in 

CH2CI22 (conditions a), but partial formation of the undesired enamide 27 (33:67 ratio) could 

nott be prevented.4 Use of slightly different conditions (CH^Cb/EtOH (2:1, v/v) mixture 

(conditionss b)) drastically improved this ratio to 86:14. However, compound 26 was found to 

bee rather unstable, since subjection to purification by column chromatography resulted 

largelyy in elimination to enamide 27. To provide a more stable precursor, the acetal 23 was 

treatedd with catalytic pTSA, followed by addition of an excess of lH-benzotriazole resulting 

inn the 2-Bt substituted piperidine 28 in 88% isolated yield as the sole product.20 Subsequent 

reactionn of this intermediate with allyltrimethylsilane using BF3OEt2 as the Lewis acid 

exclusivelyy afforded the cyclic product 24 in an excellent yield of 93%.21 In contrast, 

sequentiall  addition of pTSA and allyltrimethylsilane to compound 23 (not shown in Scheme 

3.4)) resulted in a low yield of product 24, due to the facile formation of the enamide 27 under 

thesee conditions.22'23 
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3.55 Piperidin e Synthesis 

Too determine the synthetic scope of the procedure, the resin bound acetals 20a-f were 

cyclisedd to give the 2-Bt precursors 29a-f (Scheme 3.5); in all cases complete ring closure was 

observedd as indicated by the disappearance of the NH signal in the IR spectra. 

Schemee 3.5 
R R 

pTSAA (cat), CH2C12, / \ 1) nucleophile, BF3OEt2, 
CH(OEt)) rt, 30min; CH2C12, 0 °C -> rt, 19 h 

NHH . n r t J ~77 " N Bt thenn BtH, rt, 5 h ? D ' 2) 1M NaOMe inTHF/MeOH ft 
(2:1),, rt, 1 h è tnenn Dtn, rt, 3 n r 

(s) ) 
20a-ff  29a-f 9 

Subsequently,, a number of nucleophiles were coupled using the aforementioned 

conditionss and the products were cleaved from the resin (Table 3.1). 

Tablee 3.1 Synthesis of 2-substituted piperidines from 29a-f. 

entryy substrate nucleophile product yield(%)" 

29aa ^ \ . S i M e 3 ^ ^ T T 30a 80 
H N ^ ^ 

,.>,.> ,SJMc3 f ' ' Y * P h 31a 76 

29a a 

HN. . 

O.. 2-furanyl > ^ / - \ ,~Ph 

iff iff HN N 

... ,«Ph 
29aa Et2Zn ^T ^ 3 3a 14 

HNN ^ 

„4-pyndyll ^ ^ 

HN. . 

29cc ^ ^ S i M e 3
5 ^ Y \ ^ 4 - B r C 6 H 4 ^ ffi 

H N ^ ^ 

.. v> 2-furanyl 
29dd ^ - \ .SiMe3 "Y > 30d 0 

HN. . 

2 9 ee ^ v ^ S i M e 3 ^ ^ ^ \ ^ 2 " P r
 3 0 e 86c 

HN. . 

29ff ^ > . / S i M e 3 ^ 
HN. . 

key:key: a) Isolated yield over four steps from resin 19; b) CSA (1 equiv) was used; c) Isolated as the HCl-salt. 
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Ass expected, both allyltrimethylsilane and methallyltrimethylsilane could be coupled 

inn good yield (entries 1 and 2). The exclusive trans stereochemistry of product 30a was 

establishedd via TH NMR NOE measurements after tosylation of the amine.24 This 

stereochemistryy is in good agreement with the results of Woerpel and coworkers, who 

investigatedd the addition of allyltrimethylsilane onto the analogous 4-alkyl substituted 

oxycarbeniumm ions.25 By using a stoichiometric amount of camphorsulfonic acid,26 a 2-

furanyll  substituent was coupled in reasonable yield (entry 3). Finally, an ethyl chain was 

introduced,, albeit in a low yield, using diethylzinc as the nucleophile (not optimised, entry 

4).10bb Attempts to introduce a propargyl or a 2-oxopropyl moiety, using allenyltributyltin and 

isopropenyll  acetate, respectively, failed.27 

Next,, the influence of the R-substituent at the 4-position in the piperidine ring was 

evaluated,, using allyltrimethylsilane as the nucleophile. In all cases, the product was 

obtainedd in excellent yield and diastereoselectivity (entries 5-9), except in the case of a 4-

furanyll  substituent (entry 7), where an unidentifiable mixture of products was obtained. 

3.66 Azepine Synthesis 

Finally,, the versatility of this method was further substantiated by the synthesis of a 

2-allyll  substituted azepine (eq 3.3). 

O l )) allyltrimethylsilane, BF3OEt2, 
CH2C12,, 0 °C -»rt, 20 h 

N HH JH(OEt)2 2) 1M NaOMe, THF/MeOH (2:1), rt, 1 h V N ' / ^ / \ + ^ N H 
*~~ i i Oc t (3.3) 

3)) AczO, DMAP, pyridine, rt, 20 h Ac Ac 

344 35,31% 36,24% 

Treatmentt of immobilised 6,6-diethoxyhexylamine (34) with allyltrimethylsilane and 

BF3-OEt22 under standard conditions, followed by cleavage and subsequent acetylation 

furnishedd the desired azepine 35 and the linear side product 36 in a 57:43 ratio in a combined 

yieldd of 55%. As expected, five-fold dilution of the reaction mixture indeed improved the 

ratioo to 86:14 (40%), but still formation of the linear side product could not be completely 

suppressed.. Therefore, precursor 34 was first treated with lH-benzotriazole (eq 3.4). 

1)) pTSA (cat), CH2C12, rt, 30 min; 
thenn BtH, rt, 5 h 

KILJJ CH(OEt), 2) allyltrimethylsilane, BF3OEt2, V 
CH2Cl2,0°C->rt,20h h 

Ac c 
(S%(S% 3) 1M NaOMe, THF/MeOH (2:1), rt, 1 h 

4)) Ac20, DMAP, pyridine, rt, 20 h 
344 35,44% 37,7% 

IRR analysis of the resin after this reaction indicated that ring closure was not 

complete,, as a small residual NH absorption could still be detected in the IR spectrum. 
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Nevertheless,, this resin was subjected to the standard N-acyliminium ion reaction 

conditions.. JH NMR analysis directly after NaOMe mediated cleavage and neutralisation 

withh HC1, showed that the product was formed, together with a small amount of a linear 

sidee product containing a benzotriazole moiety. Acetylation of the crude cleavage mixture, 

followedd by chromatographic separation again afforded azepine 35, together with the linear 

sidee product 37 in a 86:14 ratio (51%). Apparently, under these reaction conditions, the 

benzotriazolee moiety was also acetylated and then replaced by an acetate group. 

3.77 Conclusions 

Inn conclusion, a good method for the synthesis of 2-substituted and 2,4-disubstituted 

piperidiness has been developed. Formation of linear side products was eliminated by using 

stablee ring closed 2-Bt substituted piperidines 29a-f derived from immobilised linear acetals 

20a-f,, which were used as precursors for N-acyliminium ion chemistry. A small library of 

piperidiness was synthesised using this methodology, demonstrating the potential for 

automatedd library synthesis. Additionally, a 2-allyl substituted azepine (35) could be 

synthesisedd in reasonable yield using this method, although formation of linear side 

productss could not be completely prevented in this case. 
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3.99 Experimental Section 

Generall  Information . For general experimental details, see section 2.7. 

Generall  procedure A for  the high-pressure Diels-Alders reactions. A 10 mL high 

pressure-prooff  Teflon tube was charged with 2.00 g of Knoevenagel product and ethyl vinyl 

etherr (1.5 equiv). The tube was filled with CH2CI2 and 5-'butyl-4-hydroxy-2-methyl phenyl 

sulfidee was added as a radical scavenger. The tube was sealed off with a screw cap and 

placedd in the high-pressure apparatus. After reaction at 15 kbar for 20 h, the solvent was 

evaporatedd and the crude product was used immediately in the next reaction without further 

purification. . 

PhPh 2,6-Diethoxy-4-phenyl-5,6-dihydro-4H-pyran-3-carbonitrile (14a). According 

[ YY to general procedure A, ring closure of 13a (6.0 g, 29.9 mmol) afforded 14a as a 
Eto-^o-^OEtt pale yellow oil. 
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4-pyridyii  2,6-Diethoxy-4-(4-pyridmyl)-5,6-dihydro-4H-pyran-3-carbonitril e (14b). 
\Y~\Y~ According to general procedure A, ring closure of 13b (4.0 g, 19.7 mmol) 

Etoo o OEt afforded 14b as a pale yellow oil. Because polymerisation had occurred, the 

productt was polluted with a dark tar-like substance. 

4-BrC6H44 4-(4-Bromophenyl)-2,6-diethoxy-5,6-dihydro-4H-pyran-3-carbonitrile (14c). 
yy According to general procedure A, ring closure of 13c (2.0 g, 7.2 mmol) 

tt afforded 14c as a yellow oil 

2-furanyii  2,6-Diethoxy^(2-furanyl)-5,6-dihydro-4H-pyran-3-carbonitril e (14d). 
[ V '' According to general procedure A, ring closure of 13d (2.0 g, 10.5 mmol) 

Etoo o OEt afforded 14d as a pale yellow oil. 

22-P'-P' 2,6-Diethoxy-4-'propyl-5,6-dihydro-4H-pyran-3-carbonitril e (14e). According 

f\ff\f to general procedure A, ring closure of 13e (4.1 g, 24.6 mmol) afforded 14e as a 
Etoo o"N)Et pale yellow oil. 

Generall  procedure B for  the rin g opening of the Diels-Alders products. To a 0.7M 

solutionn of the crude Diels-Alder products in EtOH a catalytic amount of pTSA was added 

andd the reaction mixture was refluxed until conversion was complete (GC). Then Na2CÜ3 

wass added, the solvent was evaporated and the products were dissolved in CH2CI2, washed 

withh water, brine, dried with MgSO.}, concentrated and further purified using bulb to bulb 

distillation. . 

Phh OEt 2-Cyano-5,5-diethoxy-3-phenylpentanoic acid ethyl ester  (15a). According 

^ f ^ ' ^ O Ett to general procedure B, ring opening of 14a afforded 15a (8.5 g, 90% over 2 
C°2Ett steps) as a pale yellow oil after distillation (120 °C, 1.3 mbar). lH NMR (400 

MHz,, CDCh, 3:2 mixture of diastereoisomers): 8 = 7.36-7.24 (m, 5H), 4.32-4.30 (m, 0.6H), 

4.23-4.199 (m, 0.4H), 4.17-3.99 (m, 2.6H), 3.72-3.28 (m, 5.4H), 2.31-2.14 (m, 2H), 1.21-1.05 (m, 

9H). . 

4-pyndyii  OEt 2-Cyano-5,5-diethoxy-3-(4-pyridinyl)pentanoic acid ethyl ester  (15b). 
NC~Y'-\^'-^0Ett According to general procedure B, ring opening of 14b afforded 15b (2.5 g, 

co2Ett 39o/o o v er 2 s t epS) as a yei i o w 0JI after distillation (170 °C, 1.0 mbar). ^H NMR 

(1000 MHz, CDC13,1:1 mixture of diastereoisomers): 5 = 8.63-8.53 (m, 2H), 7.32-7.24 (m, 2H), 

4.42-4.000 (m, 3.5H), 3.79-3.25 (m, 5.5H), 2.42-2.05 (m, 2H), 1.29-1.06 (m, 9H). 

4-Brcc H OEt 3-(4-Bromophenyl)-2-cyano-5,5-diethoxypentanoic acid ethyl ester  (15c). 
NCx r^--^-v )Ett According to general procedure B, ring opening of 14c afforded 15c (2.5 g, 

co2Ett 88% over 2 steps) as a pale yellow oil after distillation (170 °C, 2.6 mbar). !H 
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NMRR (400 MHz, CDC13/ 2:1 mixture of diastereoisomers): S = 7.51-7.43 (m, 2H), 7.22-7.15 (m, 

2H),, 4.32-4.29 (m, 0.67H), 4.22-4.06 (m, 2.33H), 4.00 (d, ƒ = 8.0 Hz, 0.67H), 3.70-3.30 (m, 

5.33H),, 2.28-2.07 (m, 2H), 1.22-1.07 (m, 9H). 

2-furanyii  OEt 2-Cyano-5,5-diethoxy-3-(2-furanyl)pentanoic acid ethyl ester  (15d). 
N CN^\ -^0Ett According to general procedure B, ring opening of 14d afforded 15b (2.3 g, 

CO2BB 70% over 2 steps) as a pale yellow oil after distillation (160 °C, 1.0 mbar). *H 

NMRR (400 MHz, CDC13, 3:2 mixture of diastereoisomers): 8 = 7.40-7.34 (m, 1H), 6.35-6.30 (m, 

1H),, 6.28-6.23 (m, 1H), 4.48-4.41 (m, 0.6H), 4.39-4.34 (m, 0.4H), 4.28-4.17 (m, 2H), 4.02 (d, ƒ = 

7.00 Hz, 0.6H), 3.83 (d, ƒ = 7.0 Hz, 0.4H), 3.79-3.37 (m, 5H), 2.27-2.08 (m, 2H), 1.32-1.15 (m, 

9H). . 

2-Prr OEt 2-Cyano-5,5-diethoxy-3-isopropylpentanoic acid ethyl ester  (15e). 
N C - y ^ \ ^ ^ 0 Ett According to general procedure B, ring opening of 14e afforded 15e (6.0 g, 

c°2Ett 86% over 2 steps) as a pale yellow oil after distillation (130 °C, 1.3 mbar). VH 

NMRR (400 MHz, CDCI3,1:1 mixture of diastereoisomers): 8 = 4.59-4.50 (m, 1H), 4.31-4.18 (m, 

2H),, 4.12 (d, ƒ = 5.0 Hz, 0.5H), 3.84-3.58 (m, 2.5H), 3.57-3.37 (m, 2H), 2.26-2.21 (m, 1H), 1.94-

1.788 (m, 3H), 1.37-1.26 (m, 3H), 1.23-1.09 (m, 6H), 1.02-0.84 (m, 6H). 

Generall  procedure C for  the consecutive transesterification, decarbalkoxylation 
andd reduction of the cyanoesters 15a-e. A catalytic amount of NaOMe was added to a 0.25M 

solutionn of ethyl ester in methanol. The reaction mixture was stirred for 20 h, poured into a 

saturatedd solution of NaCl and extracted with Et20 (2 x 25 mL). The combined organic layers 

weree dried with MgSÜ4 and the solvent was evaporated. The crude methyl ester was 

dissolvedd in DMSO/H2O (10 mL/g, 8:1, v/v) and an excess (8 equiv) of NaCl was added. 

Thee flask was placed in an oil bath at 150 °C and stirred vigorously for 2 h. Then, the mixture 

wass allowed to cool to room temperature, poured into H2O and extracted twice with CH2CI2. 

Thee combined organic layers were extracted twice with water to remove traces of DMSO, 

brine,, dried with MgSCU and concentrated. To a solution of the crude cyanoacetal in dry Et20 

(100 mL/g) at 0 °C, was added portion wise LiAlH i (4 equiv) and the ice bath was removed. 

Afterr 4 h the reaction was quenched by adding 2M NaOH at 0 °C until all LiAlH 4 had 

precipitatedd as a pale yellow salt. Then, the reaction mixture was filtrated through Celite® 

andd the solvent was evaporated to give virtually pure product after prolonged drying using 

ann oil pump. 

OEtt 5,5-Diethoxy-3-phenylpentylamine (16a). Subjection of 15a (4.29 g, 13.4 

ÔEtt mmol) to general procedure C, yielded aminoacetal 16a (2.90 g, 86%) as a 

palee yellow oil. iH NMR (400 MHz, CDCb): 8 = 7.30-7.20 (m, 2H), 7.18-

7.122 (m, 3H), 4.16 (dd, ƒ = 3.9, 8.0 Hz, IH), 3.64-3.56 (m, IH), 3.52-3.40 (m, IH) , 3.40-3.31 (m, 

2H),, 2.82-2.74 (m,lH), 2.58-2.46 (m, 2H), 2.00-1.93 (m, IH), 1.89-1.67 (m, 3H), 1.30 (br s, 2H), 

1.199 (t, ƒ = 7.0 Hz, 3H), 1.11 (t, ƒ = 7.0 Hz, 3H). "C NMR (100 MHz, CDCI3): 8 = 144.5,128.5, 
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127.6,, 126.2, 101.2, 61.4, 60.7, 40.7, 40.2, 39.5, 15.3. IR (film): 3310, 1128, 1058. HRMS (FAB) 

calculatedd for G5H26NO2 (MH+) 252.1964, found 252.1965. 

OEII  5,5-Diethoxy-3-(4-pyridinyl)pentylamine (16b). Subjection of 15b (2.72 g, 

ÔEtt 5-79 mmol) to general procedure C, yielded aminoacetal 16b (0.73 g, 34%) 

ass a bright yellow oil. iH NMR (400 MHz, CDCI3): 5 = 8.51 (d, ƒ = 6.1 Hz, 

2H),, 7.11 (d, ƒ = 6.0 Hz, 2H), 4.17 (dd, J = 4.1, 8.0 Hz, IH), 3.65-3.56 (m, IH), 3.54-3.47 (m, 

IH) ,, 3.40-3.32 (m, 2H), 2.87-2.80 (m, IH), 2.57-2.30 (m, 2H), 2.03-1.97 (m, IH) , 1.89-1.68 (m, 

3H),, 1.25-0.85 (br s, 2H), 1.19 (t, ƒ = 7.0 Hz, 3H), 1.11 (t, ƒ = 7.0 Hz, 3H). " C NMR (100 MHz, 

CDCI3):: 8 = 153.9,149.9,123.1,100.8, 61.4, 61.1,40.0, 39.8,39.0,15.2. IR (film): 3340,1599,1486, 

1127,1058.. HRMS (FAB) calculated for G4H25N2O2 (MH+) 253.1916, found 253.1912. 

4-BrC6H44 OEt 3-(4-Bromophenyl)-5,5-diethoxypentylamine (16c). Subjection of 15c (2.30 

H2N^V -^VV OEt g, 8.50 mmol) to general procedure C, yielded aminoacetal 16c (1.36 g, 

71%)) as a yellow oil. iH NMR (400 MHz, CDCI3): 8 = 7.41 (d, ƒ = 8.4 Hz, 2H), 7.05 (d, ƒ = 8.4 

Hz,, 2H), 4.15 (dd, J = 3.9, 8.0 Hz, IH), 3.64-3.56 (m, IH), 3.53-3.48 (m, IH), 3.38-3.31 (m, 2H), 

2.81-2.744 (m, IH), 2.55-2.48 (m, IH), 1.99-1.93 (m, IH), 1.83-1.63 (m, 3H), 1.30 (br s, 2H), 1.18 

(t,, ƒ = 7.0 Hz, 3H), 1.11 (t, ƒ = 7.0 Hz, 3H). «C NMR (100 MHz, CDCI3): 8 = 143.5,131.3,129.1, 

119.7,, 100.8, 61.1, 60.7, 39.7, 39.3, 38.8, 15.1. IR (film): 3370, 1589, 1128, 1058. HRMS (FAB) 

calculatedd for Ci5H2579BrN02 (MH+) 330.1069, found 330.1066. 

2-furanyii  OEt 5,5-Diethoxy-3-(2-furanyl)pentylamine (16d). Subjection of 15d (2.26 g, 

H2N^~^-XVV ^OEt 7.31 mmol) to general procedure C, yielded aminoacetal 16d (1.75 g, 99%) 

ass a pale yellow oil. iH NMR (400 MHz, CDCI3): 8 = 7.29 (s, IH), 6.25 (s, IH), 6.01 (s, IH) , 4.28 

(dd,, J = 5.0, 9.0 Hz, IH), 3.67-3.58 (m, IH), 3.57-3.50 (m, IH), 3.45-3.38 (m, 2H), 2.98-2.90 (m, 

IH) ,, 2.61-2.56 (m, 2H), 1.97-1.82 (m, 2H), 1.79-1.70 (m, 2H), 1.35-1.05 (m, 8H). »C NMR (100 

MHz,, CDCI3): 8 = 157.6, 109.9, 105.3, 101.3, 61.7, 60.9, 40.0, 38.5, 38.3, 32.9, 15.3. IR (film): 

3351,, 1576, 1127, 1059. HRMS (FAB) calculated for G3H24NO3 (MH+) 242.1756, found 

242.1748. . 

2-Prr OEt 5,5-Diethoxy-3-isopropylpentylamine (16e). A catalytic amount of 

H2N"\-- k^',v0Ett NaOMe was added to a solution of ethyl ester 15e (5.99 g, 20.7 mmol) in 

MeOHH (50 mL). The reaction mixture was stirred for 20 h at 50 °C, poured into a saturated 

solutionn of NaCl and extracted with Et20 (2 x 25 mL). The combined organic layers were 

driedd with MgSÜ4 and the solvent was evaporated. The crude methyl ester was dissolved in 

DMSO/H2OO (60 mL, 8:1, v/v) and an excess (8 equiv) of NaCl was added. The flask was 

placedd in an oil bath at 150 °C and stirred vigorously for 2 h. Then, the mixture was allowed 

too cool to room temperature, poured into H2O and extracted twice with CH2G2. The 

combinedd organic layers were extracted twice with water to remove traces of DMSO, brine, 

driedd with MgSQ» and concentrated to obtain the decarbalkoxylated product as the 

deprotectedd aldehyde (2.21 g, 76% over 2 steps). To a solution of this aldehyde (2.21 g, 15.9 

mmol)) in dry EtOH (25 mL), were added catalytic pTSA (5 mol%) and TEOF (13.2 mL) and 
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thee mixture was stirred at roomm temperature for 20 h. Then, the reaction mixture was poured 

intoo a saturated aqueous solution of NaHC03 (20 mL) and the layers were separated. The 

aqueouss layer was extracted with CH2CI2 (2 x 20 mL), the combined organic layers were 

driedd with MgSÜ4 and the solvent was evaporated to give the corresponding cyanoacetal 

(2.544 g, 75%) as a pale yellow oil. To a solution of this crude cyanoacetal in in dry Et20 (25 

mL)) at 0 °C, was added portion wise LiAffl U (4 equiv) and the icebath was removed. After 4 

hh the reaction was quenched by adding 2M NaOH at 0 °C until all LiAlH 4 had precipitated 

ass a pale yellow salt. Then the reaction mixture was filtrated through Celite® and the solvent 

wass evaporated to give virtually pure product 16e (2.07 g, 80%) as a yellow oil after 

prolongedd drying using an oil pump. W NMR (400 MHz, CDCI3): 6 = 4.52 (t, ƒ = 6.0 Hz, 1H), 

3.70-3.577 (m, 2H), 3.51-3.44 (m, 2H), 2.72-2.63 (m, 2H), 1.73-1.68 (m, 1H), 1.63-1.59 (m, 1H), 

1.49-1.377 (m, 2H), 1.36-1.30 (m, 1H), 1.18 (t, ƒ = 9.0 Hz, 6H), 0.87 (t, ƒ = 11.0 Hz, 6H). «C NMR 

(1000 MHz, CDCb): 8 = 101.9, 61.2, 60.2, 40.2, 36.8, 34.8, 34.4, 29.5, 18.7, 18.5, 15.1. IR (film): 

3296,, 1582, 1124, 1061. HRMS (FAB) calculated for C12H28NO2 (MH+) 218.2120, found 

218.2117. . 

?Ett 5,5-Diethoxypentylamine (16f). To a solution of 4-chloro-l,l-
H*NN 0Et diethoxybutane (17a, 10 g, 55 mmol) in dry DMSO (50 mL), were added 

NaCNN (2.7 g) and KI (1 mol%) and the mixture was stirred at 100 °C for 20 h. Then the 

reactionn mixture was poured out in water (500 mL) and extracted with Et2Ü (2 x 150 mL). 

Thee combined ether layers were washed with brine, dried with MgS04, concentrated and 

furtherr purified using bulb to bulb distillation (100 °C, 1.5 mbar) to afford 6.68 g (39 mmol, 

71%)) of the corresponding cyanide as a clear oil. This oil (2.00 g, 11.7 mmol) was then 

dissolvedd in dry Et20 (30 mL), cooled to 0 °C and LiAlH 4 (1.33 g, 35.1 mmol) was added 

portionwise.. After 15 minutes the ice bath was removed and the mixture was stirred for 3 h. 

Thenn 2M NaOH was added slowly at 0 °C until a white precipitate was formed. The reaction 

mixturee was filtrated over Celite, concentrated and further purified using bulb to bulb 

distillationn (80 °C, 1.5 mbar) to afford 16f (1.1 g, 55%) as a colourless oil. W NMR (400 MHz, 

CDCb):: 8 = 4.47 (t, ƒ = 5.7 Hz, 1H), 3.67-3.59 (dq, J = 9.4, 7.0 Hz, 2H), 3.51-3.44 (dq, ƒ = 9.4, 7.0 

Hz,, 2H), 2.68 (t, ƒ = 6.7 Hz, 2H), 1.64-1.59 (m, 2H), 1.47-1.35 (m, 4H), 1.21 (br, 2H), 1.19 (t, ƒ = 

7.00 Hz, 6H). «C NMR (100 MHz, CDCb): S = 102.7, 60.8, 41.7, 33.2, 33.0, 21.8,15.1. IR (film): 

3325,, 1573, 1127, 1062. HRMS (FAB) calculated for C9H22NO2 (MH+) 176.1651, found 

176.1636. . 

?Ett 6,6-Diethoxyhexylamine (18). To a solution of 5-chloro-l,l-
0Ett diethoxypentane (17b) (3.63 g, 18.6 mmol) in dry DMSO (40 mL), were 

addedd NaCN (0.91 g) and KI (1 mol%) and the mixture was stirred at 100 °C for 20 h. Then 

thee reaction mixture was poured out in water (150 mL) and extracted with Et2Ü (2 x 50 mL). 

Thee combined ether layers were washed with brine, dried with MgS04, concentrated and 

furtherr purified using bulb to bulb distillation (115 °C, 1.5 mbar) to afford 3.12 g (16.8 mmol, 

90%)) of cyanide as a clear oil. This oil was then dissolved in dry ET2O (40 mL), cooled to 0 °C 

andd LiAlH 4 (1.92 g, 3 equiv) was added portion wise. After 15 minutes the ice bath was 
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removedd and the mixture was stirred for 3 h. Then 2M NaOH was added slowly at 0 °C until 

aa white precipitate was formed. The reaction mixture was filtered over Celite, concentrated 

andd further purified using bulb to bulb distillation (70 °C, 0.3 mbar) to afford 18 (1.85 g, 58%) 

ass a colourless oil. W NMR (400 MHz, CDCh): 8 = 4.47 (t, J = 5.7 Hz, 1H), 3.62 (dq, ƒ = 9.4, 7.1 

Hz,, 2H), 3.48 (dq, ƒ = 9.4, 7.1 Hz, 2H), 2.67 (t, ƒ = 6.9 Hz, 2H), 1.63-1.58 (m, 2H), 1.47-1.31 (m, 

6H),, 1.19 (t, ƒ = 7.1 Hz, 6H), 1.12 (br, 2H). «C NMR (100 MHz, CDC13): 5 = 102.9, 60.9, 42.2, 

33.8,, 33.6,26.7,24.6,15.3. IR (film): 3317,1574,1127,1484,1470,1016. HRMS (FAB) calculated 

forr C10H24NO2 (MH+) 190.1807, found 190.1807. 

Generall  procedure D for  coupling the aminoacetals to the resin. To a 0.05 g/mL 

suspensionn of resin in dry THF (10 mL/g), DIPEA (2 equiv) and aminoacetal (2 equiv) were 

addedd and the suspension was swirled for 20 h at room temperature. Then, the resin was 

filtrated,, washed and dried. 

NH H 
CH(OEt)2 2 

4-pyridyl l 

Resinn 20a. According to general procedure D, coupling between resin 19 (1.5 g, 

1.88 mmol) and acetal 16a (0.9 g, 3.6 mmol) afforded resin 20a as a pale brown 

solid.. IR: 3356,1726,1512,1120. 

NH H 

( S ) ) 

Resinn 20b. According to general procedure D, coupling between resin 19 (1.0 g, 
r|(OEt)22 1.2 mmol) and acetal 16b (0.6 g, 2.4 mmol) afforded resin 20b as a pale brown 

solid.. IR: 3342,3203,1729,1519,1124. 

4-BrC6H4 4 

CH(OEt)2 2 

2-furanyl l 

NH H 

( S ) ) 

2-Pr r 

NH H 

(s) ) 

CH(0Et)2 2 

CH(OEt)2 2 

NH H 

9 9 
Ph h 

CH(OEt)2 2 

Resinn 20c. According to general procedure D, coupling between resin 19 (1.5 g, 

1.88 mmol) and acetal 16c (1.2 g, 3.6 mmol) afforded resin 20c as a pale brown 

solid.. IR: 3340,1732,1513,1124. 

Resinn 20d. According to general procedure D, coupling between resin 19 (1.5 g, 

1.88 mmol) and acetal 16d (0.87 g, 3.6 mmol) afforded resin 20d as a pale brown 

solid.. IR: 3346,1730,1493,1125. 

Resinn 20e. According to general procedure D, coupling between resin 19 (1.5 g, 

1.88 mmol) and acetal 16e (0.78 g, 3.6 mmol) afforded resin 20e as a pale brown 

solid.. IR: 3344,1731,1511,1121. 

Resinn 20f. According to general procedure D, coupling between resin 19 (1.0 g, 

1.22 mmol) and acetal 16f (0.42 g, 2.4 mmol) afforded resin 20f as a pale pink 

solid.. IR: 3360,1728,1518,1126. 

l-(2-Allyl-4-phenylpiperidin-l-yl)ethanon ee (21a) and JV-(5-ethoxy-3-phenyloct-
7-enyl)acetamidee (22a). To a suspension of resin 20a (1.00 g, 1.03 mmol) in dry 

CH2CI22 (15 mL) at 0 °C, were added allyltrimethylsilane (1.64 mL, 10.3 mmol) 

andd BF3OEt2 (0.39 mL, 3.08 mmol) and the reaction mixture was swirled for 20 
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hours,, thereby allowing it to warm to room temperature, after which the resin was filtrated, 

washedd and dried. This resin (893 mg, 0.96 mmol) was suspended in 1M NaOMe in 

THF/MeOHH (9 mL, 2:1, v/v) and stirred gently for 1 h. Then, the resin was filtrated and 

washedd with CH2C12, MeOH, CH2CI2, and MeOH, followed by the addition of 1M HC1 in 

MeOHH (20 mL) to the filtrate and evaporation of the solvent. The residu was taken up in 

pyridinee (5 mL) and AC2O (0.18 mL, 1.9 mmol) and DMAP (cat.) were added. After stirring at 

roomm temperature for 20 h, the reaction mixture was concentrated to afford 21a (134 mg, 

57%)) and 22a (12 mg, 4%) as oils after purification by chromatography (EtOAc). 21a: Rf = 

0.63.. m NMR (400 MHz, CDCI3,1:1 mixture of rotamers): 5 = 7.33-7.29 (m, 2H), 7.23-7.17 (m, 

3H),, 5.83-5.70 (m, 1H), 5.18-4.99 (m, 2.5H), 4.74-4.70 (m, 0.5H), 4.10-4.05 (m, 0.5H), 3.77-3.72 

(m,, 0.5H), 3.38-3.28 (m, 0.5H), 2.99-2.91 (m, 1H), 2.82-2.75 (m, 0.5H), 2.64-2.57 (m, 0.5H), 

2.53-2.355 (m, 1.5H), 2.13 (s, 1.5H), 2.12 (s, 1.5H), 1.94-1.86 (m, 2H), 1.82-1.54 (m, 2H). »C NMR 

(1000 MHz, CDCI3,1:1 mixture of rotamers): 8 = 169.1,169.0,145.1,145.0,135.1, 134.0,128.5, 

126.6,126.4,118.1,, 116.7, 53.8, 47.3, 41.8, 36.6, 36.5, 36.4, 36.3, 35.0, 34.8, 34.5, 33.4, 32.6, 21.8, 

21.7.. IR (film): 1635. HRMS (FAB) calculated for C^H^NO (MH+) 244.1701, found 244.1684. 

Phh 22a: Rf = 0.45. JH NM R (400 MHz, CDCI3, 2:1 mixture, data of the major): 5 = 

r \\ / = 7.31-7.13 (m, 5H), 5.83-5.72 (m, 1H), 5.28 (br. s, 1H), 5.06-5.01 (m, 2H), 3.47-3.39 

YIH^Ö BB (m, 1H), 3.34-3.26 (m, 1H), 3.22-3.11 (m, 1H), 3.06-2.96 (m, 1H), 2.75-2.68 (m, 

Acc 1H), 2.29-2.14 (m, 2H), 1.99-1.69 (m, 4H), 1.83 (s, 3H), 1.09 (t, ƒ = 7Hz, 3H). »C 

NM RR (100 MHz, CDCb, 2:1 mixture, data of the major): 5 = 169.8, 144.7,134.7, 128.6, 127.5, 

126.4,117.0,, 75.9, 63.9, 41.0, 40.5, 38.3,38.0,36.0,23.2,15.5. IR (film) : 3275,1648. HRMS (FAB) 

calculatedd for CwHzsNCh (MH+) 290.2120, found 290.2134. 

|-^NN l - (2-Al ly lp iper id in- l -y l )ethanon e (21f) and N-(5-ethoxyoct-7-enyl)acetamide 

^ N ^ / ^^ (22f). To a suspension of resin 20f (0.98 g, 1.1 mmol) in dry CH2CI2 (15 mL) at 0 
Acc °C, were added allyltrimethylsilane (1.75 mL, 11.0 mmol) and BF3OEt2 (0.42 mL, 

3.33 mmol) and the reaction mixture was swirled for 20 hours, thereby allowing it to warm to 

roomm temperature, after which the resin was filtrated, washed and dried. This resin (894 mg, 

1.099 mmol) was suspended in 1M NaOMe in THF/MeOH (10 mL, 2:1, v/v) and stirred 

gentlyy for 1 h. Then, the resin was filtrated and washed with CH2CI2, MeOH, CH2CI2, and 

MeOH,, followed by the addition of 1M HC1 in MeOH (20 mL) to the filtrate and evaporation 

off  the solvent. The residu was taken up in pyridine (5 mL) and AC2O (0.21 mL, 2.2 mmol) and 

DMA PP (cat.) were added. After stirring at room temp, for 20 h, the reaction mixture was 

concentratedd to afford 21f (85 mg, 47%) and 22f (14 mg, 6%) as oils after purification by 

chromatographyy (EtOAc). 21f: Rf = 0.52. W NMR (400 MHz, CDCI3,1:1 mixture of rotamers): 

55 = 5.74-5.64 (m, 1H), 5.10-4.96 (m, 2H), 4.86-4.81 (m, 0.5H), 4.54-4.50 (0.5H), 3.89 (br. m, 

0.5H),, 3.57-3.54 (m, 0.5H), 3.11-3.04 (m, 0.5H), 2.6-2.54 (m, 0.5H), 2.50-2.43 (m, 0.5H), 2.39-

2.200 (m, 1.5H), 2.05 (s, 1.5H), 2.03 (s, 1.5H), 1.66-1.54 (m, 5H), 1.43-1.32 (m, 1H). «C NMR 

(1000 MHz, CDCI3, 1:1 mixture of rotamers): 5 = 169.2, 169.1, 135.3, 134.3, 117.8, 116.5, 53.7, 

47.1,, 41.8, 36.3, 34.6, 34.1, 28.5, 27.1, 26.0, 25.2, 21.8, 21.6, 18.8, 18.7. IR (film): 1641, 1424. 

HRMSS using either FAB or EI failed. 
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22f::  Rf = 0.33. *H NMR (400 MHz, CDC13): 5 = 5.83-5.75 (m, 1H), 5.55 (br. s, 1H), 

5.09-5.022 (m, 2H), 3.59-3.52 (m, 1H), 3.47-3.41 (m, 1H), 3.29-3.21 (m, 3H), 2.29-

Acc 2.19 (m, 2H), 1.97 (S/ 3H), 1.55-1.44 (m, 5H), 1.37-1.32 (m, 1H), 1.18 (t, ƒ = 7 Hz, 

3H).. «e NMR (100 MHz, CDCI3): 5 = 170.1,134.9,116.8, 78.6, 64.3, 39.6, 38.4, 33.5, 29.5, 23.3, 

22.8,15.5.. IR (film): 3294,1638. HRMS (FAB) calculated for Q2H24NO2 (MH+) 214.1807, found 

214.1816. . 

p ^^ (5,5-Diethoxypentyl)carbamic acid benzyl ester  (23). To a solution of 5,5-

NHCH(OEt)22 diethoxypentylamine (16f, 286 mg, 1.63 mmol) in dry CH2CI2 (5 mL), were 

addedd DIPEA (0.31 mL) and benzyl cyanoformate (0.23 mL) and the mixture 

wass stirred at room temperature for 5 h. Then, the reaction mixture was poured out in 

aqueouss saturated NaHC03 (10 mL) and extracted with CH2C12 (2 x 10 mL). The combined 

CH2CI22 layers were washed with brine, dried with MgS04 and concentrated to afford 23 (440 

mg,, 87%) as a clear oil after purification by chromatography (pentane/Et20, 2:3). Rf = 0.46. 

iHH NMR (400 MHz, C6D6): 8 = 7.28-7.04 (m, 5H), 5.10 (s, 2H), 4.36 (t, ƒ = 5.6 Hz, 1H), 4.10 (br. 

s,s, IH), 3.55-3.48 (dq, ƒ = 9.3, 7.1 Hz, 2H), 3.38-3.30 (dq, ƒ = 9.3, 7.1 Hz, 2H), 2.96-2.93 (m, 2H), 

1.57-1.522 (m, 2H), 1.21-1.15 (m, 4H), 1.12 (t, ƒ = 7.1 Hz, 6H). «C NMR (100 MHz, C6D6): 8 = 

156.9,138.4,129.3,129.1,127.6,103.6,, 67.2, 61.5,41.8, 34.2,30.7, 22.8,16.3. IR (film): 3341,1726, 

1704. . 

r ^ ^^ 2-Allylpiperidine-l-carboxyli c acid benzyl ester  (24) and (5-ethoxyoct-7-
N ' ^ ^ ^^  enyl)carbamic acid benzyl ester  (25). To a solution of 23 (77 mg, 0.25 mmol) in 
CBzz dry CH2CI2 (4 mL) at 0 °C, were added allyltrimethylsilane (0.4 mL) and 

BF3OEt22 (0.1 mL). After stirring at 0 °C for 1 h the mixture was allowed to warm to room 

temperaturee and stirred for another 3 h. Then, the reaction mixture was poured out in 

aqueouss saturated NaHCCb (10 mL), the layers were separated and the water layer was 

extractedd with CH2CI2 (5 mL). The combined CH2CI2 layers were washed with brine, dried 

withh MgS04 and concentrated to afford 24 (51 mg, 79%) and 25 (12 mg, 16%) as oils after 

purificationn by chromatography (pentane/Et20, 2:1 -» 1:1). 24: Rf = 0.4. JH NMR (400 MHz, 

CDCI3):: Ö = 7.38-7.29 (m, 5H), 5.73-5.65 (m, IH) , 5.14 (d, ƒ = 12.5 Hz, IH), 5.11 (d, ƒ = 12.5 Hz, 

IH) ,, 5.07-4.98 (m, 2H), 4.38 (br. m, IH), 4.07-4.04 (m, IH), 2.89-2.81 (m, IH), 2.46-2.39 (m, 

IH) ,, 2.29-2.22 (m, IH), 1.60-1.47 (m, 5H), 1.45-1.35 (m, IH). "C NMR (100 MHz, CDCI3): 5 = 

155.5,137,135.2,128.4,127.8,127.7,116.8,, 66.8, 50.4, 39.2, 27.6, 25.4,18.7. IR (film): 2932,1691, 

1641,1422,1259.. HRMS (FAB) calculated for CieHaNCh (MH+) 260.1651, found 260.1660. 

j ^ SS 25: Rf = 0.2. ^H NMR (400 MHz, CDCI3): 5 = 7.37-7.26 (m, 5H), 5.85-5.77 (m, IH), 

^ N H ^ WW 5.09-5.02 (m, 4H), 4.75 (br. s, IH), 3.58-3.43 (m, IH), 3.41-3.35, (m, IH), 3.28-3.17 
i e zz (m, 3H), 2.29-2.19 (m, 2H), 1.52-1.41 (m, 5H), 1.35-1.25 (m, IH), 1.17 (t, J = 7.0 

Hz,, 3H). " c NMR (100 MHz, CDCI3): 8 = 156.4, 136.7,135.0,128.5, 128.1, 127.0, 116.8, 78.6, 

66.6,, 64.3, 41.0, 38.4, 33.6, 30.0, 22.6,15.6. IR (film): 3417, 3332,1701,1640,1250. HRMS (FAB) 

calculatedd for C18H28NO3 (MH+) 306.2069, found 306.2057. 
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a 2-Benzotriazolylpiperidine-l-carboxylicc acid benzyl ester  (28). To a solution of 

Btt acetal 23 (93 mg, 0.3 mmol) in dry CH2C12 (6 mL) was added a catalytic amount of 

CBZZ pTSA (0.1 equiv). After 15 minutes was added lH-benzotriazole (357 mg, 3 mmol) 

andd the reaction mixture was stirred at room temperature for 5 h. Then the reaction mixture 

wass poured out on aqueous saturated K2CO3 (10 mL), the layers were separated and the 

organicc layer was washed with aqueous saturated K2CO3 (10 mL), brine (10 mL), dried with 

MgS044 and concentrated to afford 28 (89 mg, 88%) as an oil after purification by 

chromatographyy (pentane/Et20, 5:6). R{ = 0.5. *H NMR (400 MHz, CDCI3, 3:1 mixture, data 

off  the major): 5 = 8.04 (d, ƒ = 8.7 Hz, 1H), 7.43-7.12, (m, 7H), 6.98-6.85 (m, 1H), 5.19 (d, ƒ = 

12.22 Hz, 1H), 5.14 (d, ƒ = 12.2 Hz, 1H), 4.15-4.00 (m, 1H), 3.11-3.01 (m, 1H), 2.59-2.38 (m, 2H), 

2.27-2.044 (m, 1H), 1.86-1.75 (m, 2H), 1.72-1.49 (m, 2H). IR (film): 1701. HRMS (FAB) 

calculatedd for Q9H21N4O2 (MH+) 337.1665, found 337.1643. 

!^v .. 2-Allylpiperidine-l-carboxyli c acid benzyl ester  (24) from 28. To a solution of 

^ N X ^ ^^ 28 (71 mg, 0.21 mmol) in dry CH2CI2 (5 mL) at 0 °C, were added 

CBZZ allyltrimethylsilane (0.34 mL) and BF3OEt2 (0.08 mL). After stirring at 0 °C for 1 

hh the mixture was allowed to warm to room temperature and stirred for another 3 h. Then, 

thee reaction mixture was poured out in aqueous saturated K2CO3 (10 mL), the layers were 

separatedd and the water layer was extracted with CH2CI2 (5 mL). The combined CH2CI2 

layerss were washed with brine, dried with MgS04 and concentrated to afford 24 (51 mg, 

93%)) as a clear oil after purification by chromatography. 

Generall  procedure E for  the formation of the 2-Bt-intermediates. To a suspension of 

resinn in dry CH2CI2 (20 mL/g), was added a catalytic amount of pTSA (0.1 equiv) and the 

suspensionn was swirled for 30 min. Then was added lH-benzotriazole (10 equiv) and the 

mixturee was swirled for another 5 h. Subsequently, the resin was filtrated, washed and dried. 

Resinn 29a. According to general procedure E, treatment of resin 20a (1.53 g, 1.62 

mmol)) with lH-benzotriazole afforded resin 29a as a pale brown solid. IR: 1713, 

1494,1122. . 

Resinn 29b. According to general procedure E, treatment of resin 20b (1.02 g, 1.08 

mmol)) with lH-benzotriazole afforded resin 29b as a pale brown solid. IR: 1722, 

1494,1121. . 

Resinn 29c. According to general procedure E, treatment of resin 20c (1.63 g, 1.6 

mmol)) with lH-benzotriazole afforded resin 29c as a pale brown solid. IR: 1713, 

1492,1125. . 

Resinn 29d. According to general procedure E, treatment of resin 20d (1.48 g, 1.58 

mmol)) with lH-benzotriazole afforded resin 29d as a pale brown solid. IR: 1701, 

1492,1117. . 

Ph h 

NN Bt 

4-pyridyl l 

NN Bt 

4-BrC6H4 4 

NN Bt 

(É) ) 
2-furanyl l 

NN Bt 

5$ $ 5 ^ ^ 
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Resinn 29e. According to general procedure E, treatment of resin 20e (1.60 g, 1.76 

mmol)) with lH-benzotriazole afforded resin 29e as a pale brown solid. IR: 1722, 

1493.1125. . 

Resinn 29f. According to general procedure E, treatment of resin 20f (1.02 g, 1.17 

mmol)) with lH-benzotriazole afforded resin 29f as a pale brown solid. IR: 1714, 

1493.1126. . 

9 9 

Generall  procedure F for  the N-acyliminium ion reactions and cleavage. To a 

suspensionn of resin (200 mg) in dry CH2CI2 (5 mL) at 0 °C, were added the nucleophile (5 

equiv)) and BF3-OEt2 (3 equiv) and the reaction mixture was swirled for 20 h, thereby 

allowingg it to warm to room temperature, after which the resin was filtrated, washed and 

dried.. The resin was suspended in 1M NaOMe in THF/MeOH (2 mL, 2:1, v/v) and gently 

stirredd for 1 h. Then, the resin was filtrated and washed with CH2CI2, MeOH, CH2CI2 and 

MeOH.. The filtrate was concentrated, and the residue was diluted with 2M aqueous NaOH 

(55 mL) and brine (5 mL). The aqueous layer was extracted with EtOAc ( 2 x5 mL) and the 

combinedd organic layers were dried with MgS04, filtrated and the solvent was evaporated. 

Generall  procedure G for  the N-acyliminium ion reactions and cleavage. Identical to 

generall  procedure F, only after cleavage 1M HC1 in MeOH (4 mL) was added to the filtrate 

andd the solvents were evaporated. The residue was extracted with 'PrOH (2 mL), filtrated 

andd concentrated to afford the product as the HCl-salt. 

^ ^ - ^^ \,,-Ph fr««s-2-AUyl-4-phenylpiperidine (30a). According to general procedure F, 

H N ^ JJ reaction between resin 29a and allyltrimethylsilane afforded 30a (32 mg, 80%) 

ass a yellow oil after purification by chromatography (CH2CI2/3.5M NH3 in 

MeOH,, 9:1). Rf = 0.3. « NMR (400 MHz, CDCI3): 8 = 7.33-7.21 (m, 3H), 7.21-7.18 (m, 2H), 

5.83-5.744 (m, 1H), 5.15-5.09 (m, 2H), 3.12-3.07 (m, 1H), 3.00-2.87 (m, 3H), 2.50-2.44 (m, 1H), 

2.30-2.244 (m, 1H), 2.01-1.96 (m, 1H), 1.91-1.74 (m, 4H). «C NMR (100 MHz, CDCI3): S = 

146.0,, 136.0, 128.4, 127.1, 125.9, 117.1, 51.5, 40.6, 37.0, 36.9, 36.7, 33.0. IR (film): 3280, 3030, 

1440.. HRMS (FAB) calculated for G4H20N (MH+) 202.1596, found 202.1602. 

\ ^ .. \,.-Ph rr««s-2-AUyl-4-phenyl-l-(toluene-4-sulfonyl)-piperidine. iH NMR (400 

T X JJ MHz, CDCI3): 8 = 7.36 (d, J = 8.4 Hz, 2H), 7.32-7.16 (m, 5H), 7.02 (d, ƒ = 8.4 

Hz,, 2H), 5.77-5.66 (m, IH), 5.11-5.03 (m, 2H), 4.29-4.24 (m, IH) , 3.95-3.91 (m, 

IH) ,, 3.14 (dt, ƒ = 2.7,13.5 Hz, IH), 2.85-2.77 (m, IH), 2.44 (s, 3H), 2.42-2.38 (m, 2H), 1.80-1.76 

(m,, IH), 1.72-1.69 (m, IH), 1.63-1.43 (m, 2H). 13C NMR (100 MHz, CDCI3) 8 = 145.1,143.1, 

138.6,, 134.7, 129.7, 128.5, 127.1, 126.6, 126.5, 117.4, 52.8, 40.9, 36.0, 34.4, 34.3, 31.9, 21.5. IR 

(film) :: 1638, 1307, 1155. HRMS (FAB) calculated for C21H26NO2S (MH* ) 356.1684, found 

356.1687. . 
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,,Phh frans-2-Methallyl-4-phenylpiperidin e (31a). According to general procedure 

F,, reaction between resin 29a and 2-methallyltrimethylsilane afforded 31a (33 

mg,, 76%) as a yellow oil after purification by chromatography (CH2CI2/3.5M 

NH33 in MeOH, 9:1). Rf = 0.46. iH NMR (400 MHz, CDCI3): 5 = 7.33-7.25 (m, 3H), 7.22-7.18 

(m,, 2H), 4.86 (t, ƒ = 1.7 Hz, 1H), 4.79 (d, ƒ = 0.9 Hz, IH), 3.26-3.20 (m, IH), 3.03-2.86 (m, 3H), 

2.522 (dd, ƒ = 16.2, 9.2 Hz, IH), 2.16 (dd, ƒ = 14.0, 5.5 Hz, IH), 2.04-1.97 (m, IH), 1.91-1.71 (m, 

3H),, 1.74 (s, 3H). J3C NMR (100 MHz, CDCb): 6 = 145.0,142.0,128.5,127.0,126.8,126.3,113.6, 

49.6,, 40.1, 35.9, 35.4, 31.5, 29.7, 22.1. IR(film): 3330, 2850, 1450. HRMS (FAB) calculated for 

(C15H22NN (MH+) 216.1752, found 216.1759. 

2-furanyî ^ \ ,,Ph rrans-2-(2-Furanyl)-4-phenylpiperidine (32a). To a suspension of 200 mg of 

H N ^^ resin 29a in 5 mL of furan was added CSA (1 equiv). The reaction mixture 

wass swirled for 20 h, filtrated and washed with CH2CI2, MeOH, CH2CI2, 

MeOH,, CH2CI2, EtzO, CH2CI2, EfaO, CH2CI2 and dried. Next, the product was cleaved off the 

resinn applying the procedure described in general procedure F to afford 32a (25 mg, 54%) as 

aa yellow oil after purification by chromatography (CH2CI2/3.5M NH3 in MeOH, 9:1). Rf = 

0.38.. iH NMR (400 MHz, CDCI3): 8 = 7.41 (d, ƒ = 0.9 Hz, IH) , 7.34-7.19 (m, 5H), 6.38 (dd, ƒ = 

3.1,1.88 Hz, IH), 6.27 (dd, ƒ = 2.0, 0.9 Hz, IH), 4.37 (d, ƒ = 3.4 Hz, IH) , 3.01-2.86 (m, 3H), 2.33-

2.288 (m, IH), 2.17-2.09 (m, IH), 2.05 (br. s, IH), 1.86-1.75 (m, 2H). " C NMR (125 MHz, 

CDCI3):: 8 = 155.7,145.8,141.5,128.1,126.9,110.2, 106.8, 50.5, 41.5, 37.6, 34.2, 33.0. IR (film): 

3296,, 2925, 1666, 1452. HRMS (FAB) calculated for Ci5Hi8NO (MH+) 228.1388, found 

228.1400. . 

s^sys^sy \iV.Ph frans-2-Ethyl-4-phenylpiperidine (33a). According to general procedure F, 

H N ^ JJ reaction between resin 29a and diethylzinc afforded 33a (5 mg, 14%) as a 

yelloww oil after purification by chromatography (CH2C12/3.5M NH3 in MeOH, 9:1). Rf = 0.21. 

iHH NMR (400 MHz, CDCI3): 8 = 7.33-7.21 (m, 4H), 7.19-7.18 (m, IH), 3.00-2.87 (m, 4H), 2.00-

1.933 (m, 2H), 1.90-1.83 (m, IH), 1.81-1.65 (m, 3H), 1.63-1.54 (m, IH), 0.94 (t, ƒ = 7.5 Hz, 3H). 

" CC NMR (CDCI3,100 MHz): 8 = 145.3,128.5,127.0,126.2, 53.9,40.3, 36.0, 35.4, 32.2, 24.3,10.9. 

IRR (film): 3304, 2927, 1452. HRMS (FAB) calculated for C13H20N (MH+) 190.1596, found 

190.1594. . 

,.4-pyndyii  fniMS-2-Allyl-4-(4-pyridinyl)piperidin e (30b). According to general 

proceduree F, reaction between resin 29b and allyltrimethylsilane afforded 

30bb (29 mg, 71%) as a yellow oil after purification by chromatography (CH2CI2/3.5M NH3 in 

MeOH,, 9:1). Rf = 0.58. ^H NMR (400 MHz, CDCI3): 8 = 8.51 (d, ƒ = 5.9 Hz, 2H), 7.17 (d, ƒ = 5.6 

Hz,, 2H), 5.82-5.71 (m, IH), 5.15-5.10 (m, 2H), 3.08-3.02 (m, IH) , 3.00-2.92 (m, 2H), 2.90-2.84 

(m,, IH), 2.46-2.39 (m, IH), 2.29-2.23 (m, 2H), 2.20 (br, IH), 2.02-1.93 (m, IH), 1.92-1.80 (m, 

2H),, 1.78-1.72 (m, IH) . «C NMR (100 MHz, CDCI3): 8 = 154.4,149.8,135.5,122.6,117.7, 51.3, 

40.4,, 37.1, 35.9, 35.6, 31.5. IR (film): 3281, 1598, 1413. HRMS (FAB) calculated for G3H19N2 

(MH+)) 203.1548, found 203.1549. 
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,-4-BrC6H44 fr«ws-2-AUyl-4-(4-bromophenyl)piperidine (30c). According to general 

proceduree F, reaction between resin 29c and allyltrimethylsilane 

affordedd 30c (39 mg, 85%) as a yellow oil after purification by 

chromatographyy (CH2C12/3.5M NH3 in MeOH, 9:1). Rf = 0.36. « NMR (400 MHz, CDCI3): 8 

== 7.39 (d, ƒ = 10 Hz, 2H), 7.12 (d, ƒ = 10 Hz, 2H), 5.79-5.70 (m, 1H), 5.13-5.07 (m, 2H), 3.13-

3.088 (m, 1H), 3.00-2.84 (m, 3H), 2.50-2.41 (m, 1H), 2.32-2.22 (m, 1H), 2.15 (br, 1H), 1.99-1.91 

(m,, 1H), 1.90-1.84 (m, 1H), 1.82-1.71 (m, 2H). ™C NMR (100 MHz, CDCb): 8 = 144.3, 135.0, 

131.5,, 128.8, 119.8, 117.8, 51.4, 40.1, 36.2, 35.8, 31.9, 29.7. IR (film): 3356, 2849, 1489. HRMS 

(FAB)) calculated for Ci3Hi9
79BrN (MH+) 280.0701, found 280.0698. 

,2-Prr fra«s-2-Allyl-4-(2-propyl)piperidin e HCl-salt (30e). According to general 

proceduree G, reaction between resin 29f and allyltrimethylsilane afforded 

30ee (37 mg, 86%) as the HCl-salt. W NMR (400 MHz, D20): 8 = 5.84-5.78 (m, 

1H),, 5.30-5.25 (m, 2H), 3.56-3.53 (m, 1H), 3.20-3.17 (m, 2H), 2.51-2.47 (m, 2H), 1.89-1.83 (m, 

1H),, 1.79-1.72 (m, 2H), 1.69-1.53 (m, 3H), 0.90 (d, ƒ = 6.2 Hz, 6H). «C NMR (125 MHz, D2O): 8 

== 132.5,120.1, 51.9, 39.7, 35.2, 34.9, 29.7, 25.1, 19.6, 19.5. HRMS (EI) calculated for Q1H21N 

(M+)) 167.1674, found 167.1640. 

2-Allylpiperidin ee HCl-salt (30f). According to general procedure G, reaction 

betweenn resin 29f and allyltrimethylsilane afforded 30f (29 mg, 78%) as the HCl-

salt.. iH NMR (400 MHz, D20): 8 = 5.90-5.80 (m, 1H), 5.30-5.25 (m, 2H), 3.44-3.39 (m, 1H), 

3.23-3.200 (m, IH), 3.02-2.96 (m, IH), 2.52-2.36 (m, 2H), 2.04-2.01 (m, IH), 1.93-1.89 (m, 2H), 

1.71-1.455 (m, 3H). " C NMR (100 MHz, D20): 8 = 123.9,122.1, 58.1, 46.8, 39.7, 30.2, 23.8, 23.6. 

HRMSS (FAB) calculated for C8Hi6N (MH+) 126.1283, found 126.1245. 

Q Resinn 34. According to general procedure D, coupling between resin 19 (2.5 g, 

IMM JH(OEt)2 3.0 mmol) and acetal 18 (1.13 g, 5.98 mmol) afforded resin 34 as a pale pink 

XX solid. IR: 3347,1721. 

//—\—\ l-(2-Allylazepan-l-yl)ethanone (35) and N-(6-ethoxynon-8-enyl)acetamide 
V N A ^ ^^ (36). To a suspension of resin 34 (175 mg, 198 umol) in dry CH2C12 (4 mL) at 0 

Acc °C, were added allyltrimethylsilane (0.13 mL, 0.82 mmol) and BF3OEt2 (0.08 mL, 

0.633 mmol) and the reaction mixture was swirled for 20 hours, thereby allowing it to warm to 

roomm temperature, after which the resin was filtrated, washed and dried. This resin (155 mg, 

1833 umol) was suspended in IM NaOMe in THF/MeOH (1 mL, 2:1, v/v) and stirred gently 

forr 1 h. Then, the resin was filtrated and washed with CH2C12, MeOH, CH2C12, and MeOH, 

followedd by the addition of IM HC1 in MeOH (3 mL) to the filtrate and evaporation of the 

solvent.. The residu was taken up in pyridine (2 mL) and Ac20 (0.05 mL, 0.53 mmol) and 

DMA PP (cat.) were added. After stirring at room temperature for 20 h, the reaction mixture 

wass concentrated to afford 35 (11 mg, 31%) and 36 (10 mg, 24%) as oils after purification by 

chromatographyy (EtOAc). 35: Rf = 0.50. *H NMR (500 MHz, CDCI3,1:1 mixture of rotamers): 

88 = 5.84-5.74 (m, IH), 5.12-4.99 (m, 2H) 4.59-4.52 (m, 0.5H), 4.15-4.10 (m, 0.5H), 3.75-3.69 (m, 
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0.5H),, 3.54-3.50 (m, 0.5H), 3.06-3.01 (m, 0.5H), 2.65-2.59 (m, 0.5H) 2.29-2.05 (m, 5H), 1.85-

1.588 (m, 4H), 1.55-1.19 (m, 4H). " C NMR (125 MHz, DMSO-D6): 8 = 169.4,169.0,135.5,135.0, 

117.4,, 116.5, 56.3, 52.2, 42.57, 38.5, 33.8, 32.3, 29.6, 29.3, 28.8, 27.5, 24.6, 24.3, 21.9, 21.6. IR 

(film) :: 2978,1636,1420. HRMS using either FAB or EI failed. 

36:: Rf = 0.37. iH NMR (500 MHz, CDCla, 4:1 mixture of rotamers, data of the 

major):: 5 = 5.87-5.80 (m, IH), 5.53 (br. s, IH), 5.10-5.04 (m, 2H), 3.60-3.54 (m, 

Acc u " IH), 3.48-3.42 (m, IH), 3.31-3.21 (m, 3H), 2.33-2.21 (m, 2H), 1.99 (s, 3H), 1.56-

1.444 (m, 5H), 1.37-1.32 (m, 3H), 1.20 (t, ƒ = 7.0 Hz, 3H). «C NMR (125 MHz, CDCI3): 5 = 170.8, 

169.9,135.1,133.6,117.6,116.7,, 78.7, 73.0, 64.2, 39.6, 39.4, 38.6, 38.5, 33.9, 33.4, 29.6, 29.4, 27.0, 

26.5,, 25.1, 24.8, 23.3, 21.2, 15.5. IR (film): 3290, 1653. HRMS (FAB) calculated for C13H26NO2 

(MH+)) 228.1964; found 228.1969. 

l-(2-Allylazepan-l-yl)ethanonee (35) and Acetic acid l-(5-
acetylaminopentyl)but-3-enyll  ester  (37). Resin 34 (1.99 g, 2.35 mmol) was 

Acc treated according to general procedure E, to provide the 2-Bt substituted 

precursorr as a pale brown solid. IR: 1714. To a suspension of this resin (241 mg, 275 umol) in 

dryy CH2CI2 (5 mL) at 0 °C, were added allyltrimethylsilane (0.17 mL, 1.07 mmol) and 

BF3-OEt22 (0.11 mL, 0.87 mmol) and the reaction mixture was swirled for 20 hours, thereby 

allowingg it to warm to room temperature, after which the resin was filtrated, washed and 

dried.. This resin (190 mg, 225 umol) was suspended in 1M NaOMe in THF/MeOH (2 mL, 

2:1,, v /v) and stirred gently for 1 h. Then, the resin was filtrated and washed with CH2CI2, 

MeOH,, CH2CI2, and MeOH, followed by the addition of 1M HC1 in MeOH (5 mL) to the 

filtratee and evaporation of the solvent. The residu was taken up in pyridine (4 mL) and AC2O 

(0.211 mL, 2.2 mmol) and DMAP (cat.) were added. After stirring at room temperature for 20 

h,, the reaction mixture was concentrated to afford 35 (18 mg, 44%) and 37 (3.5 mg, 7%) as oils 

afterr purification by chromatography 

37::  Rf = 0.30. ^H NMR (400 MHz, CDCI3): 5 = 5.80-5.68 (m, IH), 5.48 (br. s, IH), 

5.10-5.022 (m, 2H), 4.95-4.87 (m, IH), 3.30-3.17 (m, 3H), 2.37-2.23 (m, 2H), 2.05 
11 OAc 

ACC (s, 3H), 1.98 (s, 3H), 1.55-1.46 (m, 4H), 1.40-1.22 (m, 4H). «C NMR (100 MHz, 

CDCb):: S = 170.9,169.5,133.7,117.7, 73.0, 39.5, 38.7, 33.5, 29.4, 26.5, 24.9,23.3, 21.2. IR (film): 

3314,1737,1655.. HRMS (FAB) calculated for C13H24NO3 (MH+) 242.1756; found 242.1752. 
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4.11 Introductio n 

Inn the last few years several commercial drugs have appeared that contain a 1,4-

disubstitutedd piperidine moiety as a key structural element (Chart 4.1). 

Chartt  4.1 
MeO O 

MeO O 

1,, Donezepil 

MeHNQ2S S nn
N N 
H H 

2,, Naratriptan 

3,, Risperidone 

Donezepil,, an acetylcholine inhibitor, is a drug for the treatment of Alzheimer's 

disease.11 Naratriptan, has shown promise in the treatment of migraine headaches.2 

Risperidonee and Sertindole are being used for the treatment of schizophrenia.3 In contrast, 

thee use of 2,4-disubstituted piperidines in drugs has not been often reported, which is 

possiblyy due to the fact that they are not so readily accessible as the 1,4-disubstituted 

analogues.. The difficulty to control the stereochemistry of these compounds could also play 

aa role. Among the numerous examples that exist in the literature, Watson et al. recently 

publishedd an elegant synthesis of 2,4-disubstituted piperidines (eq. 4.1) .4 

OMe e 

44 steps 

O O 

RR = ally], 2-Pr, Bn 
R11 = Ar, CH2OH 

NBoc c 

1)) Wittig 
2)TFA A 
3)) Li, NH3 

1)) Wittig 
2)) Li, NH3 

3)TFA A 

NH H 

XX XX 
(4.1) ) 
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Thee starting material, 4-methoxypyridine (5), was readily converted into synthon 6 

usingg chemistry developed by Comins.5 The R-substituent at the 2-position was introduced 

viavia a Grignard reaction, while the Regroup was introduced via a Wittig reaction. Then, 

deprotectionn of the nitrogen followed by dissolving metal reduction provided the ris-2,4-

disubstitutedd piperidine derivatives 7 in high diastereoselectivity (-1:30). Alternatively, 

reversall  of the order of reactions, i.e. dissolving metal reduction followed by deprotection 

providedd the frans-diastereoisomer (-1:10). Both types of products most probably wil l be 

appliedd as novel piperidine scaffolds. 

Withh a suitable linker system and a well determined synthetic scope at hand, as 

describedd in Chapters two and three, the stage was set to synthesise libraries of 2,4-

disubstitutedd pyrrolidines and piperidines. It was found that the supported N-acyliminium 

ionn reaction allows allylsilanes to be introduced in high yields, providing 2-allylated 

pyrrolidiness and piperidines. Thus, we decided to use the 2-allylated 4-phenyl substituted 

pyrrolidiness and piperidines as scaffolds for further diversification via reactions in which an 

additionall  amine function is introduced. The general strategy is depicted below (scheme 4.1). 

Schemee 4.1 
Ph. . 

(§) ) 

Ph. . 

(s) ) 
o o 

10 0 

Ph h 

(s) ) 
11 1 

Ph. . 

(§> > 
12 2 

,R' ' 

Ph. . 

A A 

13 3 

RR = H, Me 
nn = l ,2 

Ozonolysiss of the 2-allyl or 2-methallyl substituted heterocycles 9, which is well 

precedentedd in literature,6 should lead to the corresponding aldehydes and ketones 10, 

respectively.. Subsequent reductive amination with primary amines wil l give the secondary 

aminess 11, that wil l be reacted with suitable electrophiles to introduce the R2-substituent. The 

targett compounds 13 are expected to arise from base mediated cleavage of the immobilised 

productss 12, thereby releasing the amine functionality, which may be even subjected to 

furtherr reactions in parallel solution phase synthesis. In addition to the depicted variations, 

combinatoriall  pathways lie in the introduction of allyl groups with other substituents (via 

reactionss with alternative allylsilanes) or in the introduction of other groups than the phenyl 

groupp at the 4-position. 
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4.22 A Reductive Animatio n Approach Towards Tertiar y Amines 

Reductivee aminations on solid support are well precedented.7 Usually NaHB(OAc)3 is 

usedd as the reducing agent.8 For instance Hruby et al. used a reductive amination to load 

primaryy amines onto an aldehyde resin (eq. 4.2) .^ 

<y
OH H 

H H 
C C 

OH H 

' N ^ N H B zz (4-2) 
O O 

^ - N Y ^ N H B z z 
144 15 O 16,97% 

key:key: a) EÜMH2, NaHB(OAc)3/ DMF/TMOF; b) Bz-Gly-OH, HBTU, HOBt, DIPEA, DMF; c) 20% Piperidine in DMF; 

d)95%TFAinH20. . 

Polystyrenee resin was functionalised with a 4-alkoxy-2-hydroxybenzaldehyde linker 

too provide the resin bound aldehyde 14. A reductive amination with ethylamine led to 

introductionn of the nitrogen function. Subsequent acylation with N-benzoyl protected 

glycinee followed by piperidine treatment to remove the O-acyl group gave the immobilised 

productt 15. Finally, acidic cleavage with TFA afforded the desired amide 16 in excellent 

yield. . 

Alternatively,, Purandare et al.7e started with the amine functionality already on the 

commerciallyy available Knorr resin (Scheme 4.2). 

Schemee 4.2 

^NH, , 

17 7 

O O 
J J 

18 8 

NH H 

19 9 20 0 

HN N 

OH H 

21,, 30-73% 

© © QTw QTw OMe e 

OMe e 

key:key: a) RiCHO, NaHB(OAc)3, DMF, AcOH; b) R2C(0)CH2C1, DIPEA, DMF/acetone; c) NaBH,, THF/EtOH; d) 

TFA/CH2CI2. . 

Reductivee amination of four benzaldehydes with amine 17 provided the secondary 

aminess 18, which upon alkylation with three 2-chloroacetophenones were converted into 

resinss 19. Subsequent reduction of the ketone and TFA-mediated cleavage furnished 

productss 21 in moderate yields and high purity (>90%). 
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Ourr sequence commenced with ozonolysis of the allyl functionality of pyrrolidine 22 
att low temperature, followed by quenching with excess triphenylphosphine to provide the 

desiredd aldehyde 23 required for the reductive amination (Scheme 4.3). In order to verify the 

viabilityy of our approach, we started with the reductive amination of secondary amines onto 

resinn bound aldehyde 23. Although this led to tertiary amines, which were not amenable to 

furtherr diversification, it provided us with an opportunity to determine the optimal reaction 

conditionss for our system. 

Schemee 4.3 

Ph. . 

(s) ) 

22 2 

Ph. . 

03,, CH2C12, -78 °C, 30 min.; 

thenn PPh3, -78 °C -> rt, 20 h 

Ph'-- RV R2 1) 1M NaOMe, THF/MeOH 
77 \ N ' (2:1), rt, l h 

^ ^ 

0 0 
2)) 1M HC1 in MeOH 
3)) 'PrOH 

24a-c c 

(P P 
23 3 

Ph. . 

O O 

N N 
H2 2 

25a::  88% 
25b:: 90% 
25c:: 82% 

AcOH H 
NaHB(OAc)3 3 

1,2-dichloroethane,, rt, 24 h 

RVA,R2 2 2C1 1 

a: : 

b: : 

c: : 

R1 1 R2 2 

-QH io--
"Bu u 

"Bu u 

"Bu u 

PMB B 

Thee best amination results were obtained by suspending the aldehyde in 1,2-

dichloroethane,99 followed by addition of the secondary amine, acetic acid and NaHB(OAc)3 

(alll  10 equiv) and agitation of the reaction mixture for 24 h at room temperature. The 

completee conversion was indicated by disappearance of the characteristic aldehyde 

absorptionn (2732 cm-1) in the IR spectrum after the reaction. The final products were cleaved 

fromm the resin using NaOMe, quenched with excess HC1 in MeOH, followed by evaporation 

off  the solvents and extraction of the residual solids with isopropanol, to provide the tertiary 

aminess 25a-c as their HCl-salts. Reductive amination with the secondary amines piperidine 

andd dibutylamine provided products 25a and 25b in excellent yields of 88% and 90%, 

respectively.. Finally, PMB-substituted butylamine amine was also introduced in good yield 

(25c,, 82%). HPLC-MS analysis of these products showed a very high purity (>99%) in all 

cases.. Additionally, no residual signals of the allyl functionality were detected in the 'H 

NMRR spectra of the products, indicating that the ozonolysis had proceeded in a quantitative 

manner. . 
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4.33 Reductive Aminatio n Approaches Towards Secondary Amines 

4.3.11 Debenzylation of Tertiar y Amines 

Ann elegant way to synthesise secondary amines, is by CN-bond cleavage of tertiary 

amines.100 Such a reaction can be carried out using cyanogen bromide, which is also known as 

thee Von Braun reaction.11 A more common strategy proceeds via activation of the amine with 

aa chloroformate, followed by chloride induced debenzylation. The most effective 

chloroformatee for this purpose is a-chloroethyl chloroformate (ACE-C1).12 An application of 

thiss protocol was recently reported by Leysen et al. who used this method for the liberation 

off  several secondary amines from a Merrifield resin (eq 4.3) .13 

»1 1 
Cll  O 

„11 ACE-C1 T ÏÏ  R1 

,, 1,2-dichloropropane, u f MeOH, 50 °C, 3 h n i , ,. - v 
R 22

 rt,3h R2 R2 (4 3) 
266 27 28,70-96% 

Thee resin bound tertiary amines 26 were treated with ACE-C1 to selectively cleave the 

Merrifieldd benzyl group from the amine. The released a-chloroethyl carbamates 27 could be 

convenientlyy converted into the HCl-salt of the secondary amines 28 in good yields (70-96%) 

andd purities (81-95%) by heating in MeOH. 

Sincee it is well known that p-methoxybenzyl (PMB) groups can be selectively 

removedd in the presence of other, unactivated, alkyl groups on nitrogen, we decided to 

removee this group from the tertiary amine product 24c (Scheme 4.3). Overall, this would 

resultt in the net introduction of a primary amine starting from the aldehyde 23. 

Schemee 4.4 

Ph.. ur... P M B Ph. 
~N'' A m y i '3—v N " ' /—\ " " N H 

"Biu..,PMBB r r \ "Biukl,ACE P \ "B iu+Tl C1 

/—\\ ,N ACE-C1 /—\ J ^ /—\ J 
\ \ ^  ̂ 1,2-dichloroethane, N ^ ^ ^ ^ THF/MeOH (2:1), N ^ ^ ^ ^ 

è 50°C,24hh f 60°C,24h Ï 

24cc 29 30 

1)) 1MNaOMe,THF/MeOH Ph. nB(J + \lti~ Ph, n Bu H p M B J 2 a" 
(2:1),, r t , l h / \ ^NH2 /—I ^N+ 

2)) 1M HC1 in MeOH N ^ * ^ N 
3)) 'PrOH H2 H2 

311 25c 7:3,87% 

Thus,, resin 24c was treated with ACE-C1 to provide the corresponding carbamate 29 

(Schemee 4.4), which was converted into the secondary amine 30 by heating in THF/MeOH 
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(2:1,, v /v). Cleavage from the resin using standard conditions provided the products in good 

yields.. Analysis of the crude product 31 by JH NMR and HPLC-MS confirmed that 

deprotectionn had indeed occurred to a large extent, but unfortunately, part of the PMB 

protectedd material (25c) was still present. Further elevation of the temperature or increasing 

thee amount of ACE-C1 did not improve these results. Double ACE-C1 treatment improved 

thee ratios somewhat, but as complete conversion could not be reached, this route was 

abandoned. . 

4.3.22 Reductive Animations with Primary Amines 

Withh an optimised procedure for the reductive amination with secondary amines in 

handd (vide supra), we decided to apply these conditions to the reductive amination with 

primaryy amines (Scheme 4.5). 

Schemee 4.5 

// \ 03, CH2C12, -78 °C, 30 min.; 

thenn PPh,, -78 °C -> rt, 20 h 

32 2 

w w 
34 4 

BrKK 1) 1M NaOMe, THF/MeOH 
(2:l),rt, lh h 

2)) 1M HC1 in MeOH 
3)) 'PrOH 

O O 

33 3 

BnNH2 2 

AcOH H 
NaHB(OAc)3 3 

1,2-dichIoroethane,, rt, 24 h 

Bn.++ 2 CI 

35 5 36 6 

N N 
Bn''  H 

Z~]3C1 1 

N N 
H2 2 

4:1,, 66% 

Ass a model system for optimisation of the reaction conditions, immobilised 2-

allylpyrrolidinee 32 was ozonised to provide aldehyde 33. Reductive amination with 

benzylaminee provided the secondary amine 34, which was cleaved to give the desired 

productt 35. Analysis of the *H NMR spectrum showed two signals for the methylene protons 

off  the benzylamine moiety in a 4:1 ratio. Further analysis of the product by HPLC-MS 

confirmedd that two products were present. The major product had a mass of 205 (MH+) 

correspondingg to the desired product 35, while the minor product had a mass of 302 (MH+) 

correspondingg to dimer 36. 

Ann explanation for the formation of side product 36 is shown in Scheme 4.6 (vide 

infra).infra). Due to the presence of a tenfold excess of amine, aldehyde 33 is initially converted into 

aminall  37. Protic acid induced elimination of benzylamine generates the reactive 

intermediatee imine 38, that is reduced to the desired secondary amine 35. However, as the 

reactionn proceeds and the amount of secondary amine product increases, a side reaction can 

occur. . 
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^ 11 Bn 
HNN NhT* H

+ 

ii  i  n 

Bnn Bn 

S ^^  Bn 
Bnn + 
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B n ^ N H V V 
37 7 

N-Bn n 

38 8 

36 6 41 1 

39 9 

VSn n 
-J -J 

40 0 

Besidee reduction at this point, attack of a proximal secondary amine may compete to 

formm the cyclic structure 39. This intermediate can either revert to 38, but also eliminate 

benzylaminee to form the cyclic iminium ion intermediate 40. Reduction wil l now give the 

immobilisedd dimer 41, which after cleavage results in product 36. Clearly, this result again 

proofss that the so-called 'site-isolation effect' does not exist on a 1% divinylbenzene 

crosslinkedd polystyrene resin with a high loading.14 A number of reactions was performed 

withh the aim to minimise the formation of this dimer (Table 4.1). 

Tablee 4.1 Optimisation of the reductive amination of 33 with BnNH2 

entry y 

1 1 

2 2 

3 3 

4 4 

5 5 

BnNH22 (equiv) 

1 1 

1 1 

10 0 

50 0 

50 0 

AcOHH (equiv) 

0 0 

1.5 5 

15 5 

75 5 

75 5 

NaHB(OAc)3 3 

2 2 

2 2 

15 5 

15 5 

15 5 

(equiv) ) ratioo 35:36" 

55:45 5 

63:37 7 

81:19 9 

92:8 8 

94:6f' ' 

key:key: a) Ratio determined by 'H NMR; b) Resin loading 0.59 mmol/g. 

Ass can be seen from Table 4.1, addition of only one equivalent of benzylamine and a 

slightt excess of the reducing agent led to the formation of an almost 1:1 mixture of 35 and 36 

(entryy 1). Addition of acetic acid to protonate the imine and accelerate the reduction led to a 

somewhatt better ratio of 63:37 in favour of the desired product 35 (entry 2). Increasing the 

amountt of benzylamine should shift the equilibrium between 37, 38 and 39 to the left leading 

too more of the desired product 35. This was indeed observed (entries 3 and 4). The best result 

wass obtained by combining these conditions with a resin with a 50% lower loading (entry 5), 

leadingg to an optimised 94:6 ratio. It is also known from the literature that addition of 

triethyll  orthoformate to the reaction mixture diminishes the amount of double alkylation.15 

Inn our hands, however, application of the conditions of entry 3 in combination with triethyl 

orthoformatee gave the same ratio of 35 and 36 with formation of more side products. The use 
63 3 
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off  other reducing agents such as tetrabutylammonium borohydride did not give better 

resultss either. 

Interestingly,, with the use of sterically more demanding primary amines such as 

isopropylamine,, no dimer formation was observed (eq 4.4). Application of the optimised 

conditionss on high loaded resin 33 (1.25 mmol/g) led to clean formation of 42 in 64% yield. 

n n 2C1 1 

© © 

1)) 'PrNH2, AcOH, NaHB(OAc)3, 
1,2-dichloroethane,, rt, 24 h 

2)) 1M NaOMe, THF/MeOH ^ + ^ ~ - / ^ M - ' J \ (4 4) 
(2*),r t , l hh ^ \\2 \\2 

3)) 1M HC1 in MeOH 
333 4) 'PrOH 42,64% 

© © 

Ass a final test, these conditions were applied to aldehyde 23, which was used as a 
scaffoldd in the library synthesis (eq 4.5). 

Ph.. 1) BnNH2, AcOH, NaHB(OAc)3,
 P \ / h 

99 1,2-dichloroethane, rt, 24 h Ph.  + / \ / \ 
2)) 1M NaOMe, THF/MeOH )—v ~~NH2 N ' ^ I T N (4 5) 

(2:l),rt,lhh ^ L+X^J + H2 L + J H2 

3)) 1M HC1 in MeOH H2 |2 c l Bn^^H | 3 a~ 
4)) 'PrOH 

233 43 44 

Thee reductive amination was carried out under two sets of conditions, after which via 

subsequentt cleavage the product ratio was determined using lH NMR (Table 4.2). 

Tablee 4.2 Reductive amination of 23 with BnNH2 

entryy BnNH2 (equiv) AcOH (equiv) NaHB(OAc)3 (equiv) ratio 43:44° 

1 11 0 2 63:37 
_22 1 L5 2 95:5 

key:key: a) Ratio determined by 'H NMR. 

Thee use of only one equivalent of amine led to a considerable amount of dimer 

formationn (entry 1). As expected, the use of excess of reagents again resulted in a good 

productt ratio (entry 2). Remarkably, the monomendimer ratio is better for this substrate than 

forr the unsubstituted pyrrolidine ring. Apparently, the phenyl group to some extent retards 

thee intermolecular aminal formation. Both products could be easily separated and identified 

usingg HPLC-MS (Figures 4.1 and 4.2). 
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Figuree 4.1 HPLC-MS spectrum of the product mixture from entry 1, Table 4.2. 

B B 

MM = 281,43 MM = 454, 44 

Figuree 4.2 HPLC-MS spectrum of the product mixture from entry 2, Table 4.2. 

Figuree 4.1 displays the HPLC spectrum of the product mixture from entry 1. Two 

peakss for the monomer 43 and the dimer 44 with the correct mass can clearly be seen. Using 

thee optimised conditions from entry 2, only a very small amount of dimer was detected 

(Figuree 4.2). 

4.44 Librar y Synthesis 

Havingg determined the optimised conditions for the reductive aminations, an 80-

memberedd library was synthesised using a Flex Chem® synthesis block (eq 4.6).16 

Ph. . 

23:: n = 1, R = H 
45:: n = 2, R = H 
46:: n = 1, R = Me 
47:: n = 2, R = Me 

1)) R ^ H* AcOH, NaHB(OAc)3/ 
1,2-dichloroethane,, rt, 24 h 

». . 
2)) R2X, DIPEA, pyridine 

CH2C12// rt, 24 h 
3)) 0.41M NaOMe, THF/MeOH 

(2:1),, rt, 1 h (2x) 

Ph. . 

/ / 
nil nil 

48 8 
49 9 
50 0 
51 1 

n n 
H H 

n n 
n n 
n n 
n n 

< < 

== 1, 
== 2, 
== 1, 
== 2, 

R R 

> > 

RR = 
RR = 
RR = 
RR = 

~ N ' F F 

R^ ^ 

H H 
H H 
Me e 
Me e 

(4.6) ) 
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Tablee 4.3 Purities and Selected Yields of the Library Products from Aldehydes 23 and 45. 
F F 

Ph. . 

N N 

crr  Ph 
52,100%% (67%) 

Ph h 

1 1 
57,, 86% 

Ph h 

N N 
HH Ts 
62,, 75% (47%) 

Ph h 

PhHN N 
^ O O 

67,, 98% 

Ph h 

N N 

O'O' Ph 
72,, 99% (56%) 

Ph h 

N N 

O ^ O B n n 
77,, 95% 

Ph h 

82,, 86% 

Ph h 

PhHN N 
87,97% % 

ho ho 

N N 

O ^ - P h h 
53,100% % 

Ph. . 

N N 

A, , CTT "OBn 
58,, 93% (47%) 

Ph. . 

63,, 82% 

Ph. . 

N N 
H H 

PhHN N 
68,66% % 

Ph h 

ho ho 

N N 

cAph h 
73,, 99% 

Ph h 

N N 

A, , 
~N N 
H H 

CTT "OBn 
78,100%% (36%) 

Ph h 

83,100% % 

Ph h 

PhHN N 
88,96% % 

ho ho 

Ph h 

N N 
H H 

c rr  "Ph 
54,100% % 

N N 

Ph. . 

NN ^ 

CT^OBn n 
59,, 95% 

Ph. . 

64,, 98% 

Ph. . 

N N 
H H 

PhHN N 
69,, 99% 

Ph h 

ho ho 

N N 

A--
N N 
H H 

c rr ' i ' h 
74,100% % 

Ph h 

NN ^ 

cAoBn n 
79,, 98% 

Ph h 

N'' ^ ~ N ' 
HH fs 
84,100%% (31%) 

Ph h 

PhHN N 
89,100% % 

PhHN N 
91,94% % 
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Tablee 4.4 Purities and Selected Yields of the Library Products from Ketones 46 and 47. 

Ph. . oa a N N 
H H 

92,100%% (63%) 

L L N N 

cAph h 
93,, 98% 94,, x 

O ^ P h h 

Ph. . Ph. . 

oak k 
CTT Ph 

96,, 91% 
OMe e 

Ph. . Ph. . Ph. . 

C WW  (N^ 1»; O-*» N'' " " N 

O ^ O B n n 
97,99% % 

102,, 95% 

Ph. . 

H H 

PhHN N 
107,100% % 

Ph h 

^ O O 

N N 

tf^Ph tf^Ph 
112,100% % 

Ph h 

N N 

O ^ O B n n 
117,, 98% 

Ph h 

122,100% % 

Ph h 

N N 
>=0 0 

PhHN N 
127,100%% (43%) 

O ^ O B n n 
98,, 96% (44%) 

N N 
H H 

103,100% % 

N' ' 
Ts s 

Ph. . 

N N 
H H 

PhHN N 
108,100% % 

Ph h 

yo yo 

N N HH 1 
O ^ P h h 

113,100% % 

Ph h 

N N 

X X 
O ^ O B n n 

118,, 94% 

Ph h 

N'' ^ N' 
HH Ts 
123,, 90% (36%) 

Ph h 

PhHN N 
128,100% % 

^ O O 

H H 

99,, x 

N N 
H H 
104,, x (0%) 

O ^ O B n n 

Ph. . 

PhHN N 
109,, x 

Ph h 

114,, x 

Ph h 

119,, x 

Ph h 

124,, x 

Ph h 

NN "-

O ^ P h h 

NN v 

O ^ O B n n 

PhHN N 
^ O O 

100,, 87% 

105,, 99% 

OOL. . 

Ph h 

"NN " " ^ " N ' 
HH X 

O ^ O B n n 
120,, 94% (42%) 

F F 

129,, x 

HH X 
O ^ O B h h 

101,98% % 
OMe e 

OMe e 

PhHN N 
111,, 100% (16%) 

OMe e 

N N 

O ^ P h h 
116,100%% (37%) 

OMe e 
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Too determine the scope of the procedure, the pyrrolidine-derived aldehyde 23, the 

piperidine-derivedd aldehyde 45 and the corresponding methyl ketones 46 and 47, 

respectively,, which were obtained by ozonolysis of the corresponding allyl precursors, were 

usedd as the scaffold. Each scaffold was reductively aminated with a representative set of five 

aminess (aldehydes, Table 4.3; ketones, Table 4.4): allylamine (unsturated, unhindered), 

butylaminee (saturated, unhindered), isopropylamine (saturated, hindered), 4-

fluorobenzylaminee (benzylic, electron withdrawing) and 4-methoxybenzylamine (benzylic, 

electronn donating) to introduce the R1 group. The resulting secondary amines were further 

reactedd with four elecrrophiles: benzoyl chloride (amide), benzyl chloroformate (carbamate), 

tosyll  chloride (sulfonamide) and phenyl isocyanate (urea) to introduce the R2 group. 

Subsequentt cleavage afforded a 4 x 5 x 4 = 80-membered library. 

Immediatelyy after cleavage, the products were dissolved in DMSO, characterised and 

analysedd for purity using HPLC-MS. Gratifyingly, the two aldehydes led to the desired 

productss in all cases (Table 4.3). The numbers in the table represent the purities of the 

liberatedd compounds (%) as determined by reversed phase HPLC-MS directly after cleavage. 

Thee only side products that could be detected were dimers. The first trend that becomes 

apparentt from this table, is that generally the piperidine products were cleaner than the 

pyrrolidinee products. This effect was especially profound when 4-methoxybenzylamine was 

usedd for the reductive amination. In this case the piperidine products 76, 81, 86 and 91 were 

obtainedd in high purity, in contrast with the pyrrolidine products 56, 61, 66 and 71 where 

extensivee formation of dimers was observed. Gravimetric determination of the yield for 20% 

off  the products resulted in a yield range of 28-67% over six steps starting from the linker 

systemm (Table 4.3, yields between brackets). 

Thee results for the ketones were somewhat different (Table 4.4). As expected, due to 

stericc hindrance created by the methyl group of the ketone, the formation of dimers was not 

observed.. As a result the average purity of the products was higher compared to the 

aldehydee precursors. The yields were somewat lower compared to the aldehydes. 

Inn all cases where the reductive amination was carried out with isopropylamine, no 

productt at all was detected by HPLC-MS. To determine the origin of this failure, the 

reductivee amination of 46 with isopropylamine was re-examined in a single experiment (eq 

4.7). . 

Ph.. 1) 'PrNH2, AcOH, NaHB(OAc)3, ph "1 2 Cl~ 
// \ 9 1,2-dichloroethane, rt, 24 h ''i 1  i 
\ , \ A ,, 2) 1M NaOMe, THF/MeOH ( + . v J k + / L (4.7) 

II  . S3 "a 
( Sii  3) 1M HC1 in MeOH 

4)) 'PrOH 1 3 2' 8 7 %' 4 : 1 m i x t u r e of 

466 diastereoisomers 

Reductivee amination under identical conditions as for the library resulted in clean 

formationn of secondary amine 132 in high yield, proving that this reaction proceeds 

efficiently.. The nitrogen atom that now has been introduced, however, is extremely sterically 
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hinderedd so that failure of the reaction with the electrophile was probably the reason that no 

productt was isolated. Indeed, reaction of resin bound 132 with benzyl chloroformate and 

subsequentt cleavage gave the secondary amine 132 as the sole product. 

4.55 Conclusions 

Inn conclusion, it was shown that immobilised frans-2-allyl-4-phenyl substituted 

pyrrolidiness and piperidines - obtained via N-acyliminium ion chemistry - could be used as 

scaffoldss for combinatorial chemistry. Ozonolysis of the allyl moiety provided aldehydes 

andd ketones, for which an efficient protocol towards reductive amination with secondary 

aminess was developed. It was found that the reductive amination with primary amines had 

too be carried out with a large excess of reagents on a resin with a low loading. In this way, 

formationn of dimers, resulting from intramolecular side reactions on the resin, could be 

suppressed.. Finally, using this methodology, an 80-membered library of differently 

substitutedd pyrrolidines and piperidines was prepared. 

4.66 Acknowledgments 

J.. Klein is acknowledged for his contributions to this chapter. Prof. Dr. C. G. Kruse, 

Dr.. L. van der Veen, Dr. L. Sliedregt, Dr. P. Smit, D. de Boer and C. Salomons (all Solvay 

Pharmaceuticals,, Weesp, NL) are acknowledged for facilitating the automated library 

synthesis,, fruitful discussions, technical assistance and HPLC-MS measurements. 

4.77 Experimental Section 

Generall  Information . HPLC-MS measurements were run on a Perkin-Elmer 200 

seriess liquid chromatography system equipped with a SEDEX 55 evaporative light-scattering 

(ELSD)) detector and a Sciex API 150 EX mass spectrometer. The LC conditions were as 

follows:: a Waters Xterra ms C18 2.5 (im, 3 cm x 0.46 cm column was used, and it was eluted 

att 2 mL/min with a gradient made up of two solvent mixtures. Solvent A consisted of 

water/acetonitrilee (95/5, v/v) and 0.25% formic acid. Solvent B consisted of acetonitrile and 

0.25%% of formic acid. The gradient was run as follows: 100% of solvent A for 0.5 min, 

followedd by ramping to 100% of solvent B at 2.9 min. Compound purities were assigned on 

thee basis of ELSD data. For further general experimental details, see Section 2.7. 

Ph.. Resin 23. Through a suspension of resin 22 (1.33 g, 1.51 mmol) in CH2CI2 (25 

// \*. A mL ) at -78 °C, ozone was bubbled for 30 minutes. During this time the reaction 

è mixturee turned light blue (excess ozone). After bubbling through O2 until the 

bluee colour disappeared, PPri3 (0.79 g, 3.0 mmol) was added and the mixture 

wass allowed to warm to room temperature and swirled for 20 h. Then, the mixture was 

filtrated,, washed and dried to afford resin 23. IR: 2732,1708. 
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phh r ^ j l-[2-(4-Phenylpyrrolidin-2-yl)ethyl]piperidin e di HCl-salt (25a). To a 

'j'j —i—i  N suspension of resin 23 (201 mg, 229 umol) in 1,2-dichloroethane (4 mL) were 

^ N - ^ ^^ added AcOH (0.13 mL, 2.29 mmol), piperidine (0.22 mL, 2.29 mmol) and 

NaBH(OAc)33 (485 mg, 2.29 mmol) and the mixture was stirred at room 

temperaturee for 20 h. Then the reaction mixture was filtrated, washed with CH2CI2, 20% 

AcOHH in DMF, CH2CI2, 20% AcOH in DMF, MeOH, 20% AcOH in DMF, MeOH, CH2CI2, 

MeOH,, CH2CI2, Et20, CH2CI2, Et20, CH2CI2 and dried to afford resin 24a. This resin (143 mg, 

1511 umol) w a s suspended in 1M NaOMe in THF/MeOH (1.5 mL, 2:1, v/v) and stirred gently 

forr 1 h. Then, the resin was filtrated and washed with CH2CI2, MeOH, CH2CI2, and MeOH, 

followedd by the addition of 1M HC1 in MeOH (3 mL) to the filtrate and evaporation of the 

solvent.. The residue was extracted with 'PrOH (2 mL), filtrated and concentrated to afford 

25aa (44 mg, 88%) as a sticky yellow oil. ^H NMR (400 MHz, D2O): 5 = 7.48-7.36 (m, 5H), 4.03-

3.955 (m, 1H), 3.87-3.74 (m, 2H), 3.61-3.58 (m, 2H), 3.43-3.38 (m, 1H), 3.31-3.25 (m, 2H), 3.04-

2.988 (m, 2H), 2.45-2.25 (m, 4H), 2.01-1.97 (m, 2H), 1.87-1.71 (m, 3H), 1.56-1.46 (m, 1H). 13C 

NMRR (100 MHz, D20): 5 = 142.3,131.9,130.4,129.9, 60.0, 56.3, 56.2, 54.0, 44.1, 39.2, 29.5, 25.6, 

23.8.. IR (KBr): 3600-2400, 3408, 1453. HRMS (FAB) calculated for G7H27N2 (MH*) 259.2174, 

foundd 259.2171. HPLC-MS: RT = 0.75 min (100%). 

Ph.. "Biu ,"Bu Diburyl[2-(4-phenylpyrrolidin-2-yl)ethyl]amine di HCl-salt (25b). To a 

(~\.(~\. J suspension of resin 23 (198 mg, 218 umol) in 1,2-dichloroethane (4 mL) were 

HH added AcOH (0.13 mL, 2.29 mmol), dibutylamine (0.38 mL, 2.18 mmol) and 

NaBH(OAc)33 (479 mg, 2.18 mmol) and the mixture was stirred at room temperature for 20 h. 

Thenn the reaction mixture was filtrated, washed with CH2CI2, 20% AcOH in DMF, CH2CI2, 

20%% AcOH in DMF, MeOH, 20% AcOH in DMF, MeOH, CH2CI2, MeOH, CH2CI2, Et20, 

CH2CI2,, Et20, CH2CI2 and dried to afford resin 24b. This resin (195 mg, 191 umol) was 

suspendedd in 1M NaOMe in THF/MeOH (3 mL, 2:1, v/v) and stirred gently for 1 h. Then, 

thee resin was filtrated and washed with CH2CI2, MeOH, CH2CI2, and MeOH, followed by the 

additionn of 1M HC1 in MeOH (5 mL) to the filtrate and evaporation of the solvent. The 

residuee was extracted with 'PrOH (2 mL), filtrated and concentrated to afford 25b (64 mg, 

90%)) as a sticky yellow oil. 'H NMR (400 MHz, D2O): 8 = 7.48-7.39 (m, 5H), 4.02-3.98 (m, 

1H),, 3.88-3.76 (m, 2H), 3.43-3.30 (m, 3H), 3.26-3.21 (m, 4H), 2.44-2.24 (m, 4H), 1.76-1.69 (m, 

4H),, 1.45-1.37 (m, 4H), 0.97 (t, ƒ = 7.3 Hz, 6H). «C NMR (100 MHz, D2O): 5 = 142.3, 132.0, 

130.5,, 130.0, 60.0, 55.8, 54.1, 52.6, 44.1, 40.8, 39.3, 29.4, 28.1, 22.1, 15.7. IR (KBr): 3600-2400, 

3388,1454.. HRMS (FAB) calculated for C20H35N2 (MH+) 303.2800, found 303.2793. HPLC-MS: 

RTT = 1.04 min (100%). 

Ph.. "BU^.PMB Butyl(4-methoxybenzyl)-[2-(4-phenylpyrrolidin-2-yl)ethyl]amine di HCl-salt (25c). 

(.. \^J To a suspension of resin 23 (402 mg, 442 umol) in 1,2-dichloroethane (8 mL) 
HH were added AcOH (0.27 mL, 4.42 mmol), butyl(4-methoxybenzyl)amine (0.92 

mL,, 4.42 mmol) and NaBH(OAc)3 (971 mg, 4.42 mmol) and the mixture was stirred at room 

temperaturee for 20 h. Then the reaction mixture was filtrated, washed with CH2CI2, 20% 

AcOHH in DMF, CH2C12, 20% AcOH in DMF, MeOH, 20% AcOH in DMF, MeOH, CH2C12, 
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MeOH,, CH2C12/ Et20, CH2C12, Et20, CH2C12 and dried to afford resin 24c. This resin (139 mg, 

1288 |imol) was suspended in 1M NaOMe in THF/MeOH (2 mL, 2:1, v /v) and stirred gently 

forr 1 h. Then, the resin was filtrated and washed with CH2C12, MeOH, CH2C12, and MeOH, 

followedd by the addition of 1M HC1 in MeOH (3 mL) to the filtrate and evaporation of the 

solvent.. The residue was extracted with 'PrOH (2 mL), filtrated and concentrated to afford 

25cc (46 mg, 82%) as a sticky yellow oil. 'H NMR (400 MHz, D20): 8 = 7.48 (d, ƒ = 8.2 Hz, 2H), 

7.47-7.399 (m, 2H), 7.37-7.34 (m, 3H), 7.08 (d, ƒ = 8.2 Hz, 2H), 4.43-4.30 (m, 2H), 3.91-3.61 (m, 

3H),, 3.81 (s, 3H), 3.39-3.16 (m, 5H), 2.41-2.12 (m, 4H), 1.79-1.70 (m, 2H), 1.42-1.35 (m, 2H), 

0.933 (t, ƒ = 7.3 Hz, 3H). «C NMR (100 MHz, D20): 8 = 142.0,137.4,135.5,135.3,131.9,130.4, 

129.9,, 124.0, 117.6, 59.9, 59.8, 59.6, 58.3, 55.8, 55.4, 53.9, 52.2, 51.5, 44.0, 38.9, 29.7, 28.8, 28.0, 

22.1,, 15.6. IR (KBr): 3600-2400, 3338, 1611. HRMS (FAB) calculated for GuHssNbO (MH+) 

367.2749,, found 367.2762. HPLC-MS: RT = 1.11 min (100%). 

Ph.. „ Butyl[2-(4-phenylpyrrolidin-2-yl)ethyl]amin e (31) and butyl(4-
// j methoxybenzyl)-[2-(4-phenylpyrrolidin-2-yl)ethyl]amine (25c). To a 

HH suspension of resin 24c (125 mg, 119 |imol) in 1,2-dichloroethane (3 mL) was 

addedd ACE-C1 (0.13 mL, 1.19 mmol) and the mixture was stirred at 50 °C for 24 

h.. Then the resin was filtrated, washed and dried to afford resin 29. Thiss resin (111 mg, 107 

(xmol)) was stirred in THF/MeOH (3 mL, 2 /1, v/v) at 60 °C for 24 h, filtrated, washed and 

driedd to provide resin 30. This resin (95.5 mg, 98.4 |xmol) was suspended in 1M NaOMe in 

THF/MeOHH (1 mL, 2:1, v/v) and stirred gently for 1 h. Then, the resin was filtrated and 

washedd with CH2CI2, MeOH, OHbCh, and MeOH, followed by the addition of 1M HC1 in 

MeOHH (2 mL) to the filtrate and evaporation of the solvent. The residue was extracted with 

'PrOHH (2 mL), filtrated and concentrated to afford a mixture of 31 and 25c (30.3 mg, 87%) as a 

stickyy yellow solid. iH NMR (400 MHz, D20, 7:3 mixture): 8 = 7.49-7.36 (m, 5.6H), 7.11-7.09 

(m,, 0.6H), 4.41-4.35 (m, 0.6H), 4.04-3.98 (m, 0.8H), 3.87-3.61 (m, 4H), 3.43-3.29 (m, 1.7H), 

3.23-3.19(m,, 2H), 3.13-3.09 (m, 1.4H), 2.43-2.13 (m, 4H), 1.78-1.66 (m, 2H), 1.47-1.36 (m, 2H), 

1.00-0.922 (m, 3H). HPLC-MS: RT = 1.14 min (ESI) calculated for C24H35N20 (25c, MH+) 367, 

foundd 367; RT = 0.87 min (ESI) calculated for Ci6H27N2 (31, MH+) 247, found 247. 

oo Resin 33. Through a suspension of resin 32 (5.79 g, 7.23 mmol) in CH2C12 (70 mL) 

"HH at -78 °C, ozone was bubbled for 30 minutes. During this time the reaction 

/S|| mixture turned light blue (excess ozone). After bubbling through 02 until the 

bluee colour had disappeared, PPhs (3.80 g, 14.4 mmol) was added and the 

mixturee was allowed to warm to room temperature and swirled for 20 h. Then, the mixture 

wass filtrated, washed and dried to afford resin 33. IR: 2730,1720. 

Bruu Benzyl(2-pyrrolidin-2-ylethyl)amin e (35) and benzyI-bis-(2-pyrrolidin-2-
(.. X^J ylethyl)amine (36). To a suspension of resin 33 (100 mg, 125 |imol) in 1,2-

N N 
HH dichloroethane (2 mL) were added the indicated amounts of AcOH, BnNH2 and 

NaBH(OAc)33 (Table 4.1) and the mixture was stirred at room temperature for 24 h. Then the 

reactionn mixture was filtrated and washed with CH2C12, 20% AcOH in DMF, CH2C12, 20% 
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AcOHH in DMF, MeOH, 20% AcOH in DMF, MeOH, CH2CI2, MeOH, CH2CI2, Et20, CH2CI2, 

Et20,, CH2CI2. This resin was suspended in 1M NaOMe in THF/MeOH (1.5 mL; 2:1, v/v) and 

gentlyy stirred for 1 h. Then, the resin was filtrated and washed with CH2CI2, MeOH, CH2CI2, 

andd MeOH, followed by the addition of 1M HC1 in MeOH (2 mL) to the filtrate and 

evaporationn of the solvent. The residue was extracted with 'PrOH (2 mL), filtrated and 

concentratedd to afford a mixture of 35 and 36 (25 mg, approximately 75%) as a slightly 

yelloww solid. For 35: iH NMR (400 MHz, D20): 8 = 7.55-7.45 (m, 5H), 4.30 (s, 2H), 3.70-3.60 

(m,, IH) , 3.40-3.31 (m, 2H), 3.28-3.15 (m, 2H), 2.32-2.22 (m, 2H), 2.18-1.98 (m, 3H), 1.79-1.65 

(m,, IH) . HPLC-MS: RT = 0.46 min (ESI) calculated for G3H21N2 (35, MH* ) 205, found 205; RT 

== 0.32 min (ESI) calculated for G9H32N3 (36, MH+) 302, found 302. 

/—11 I Isopropyl-(2-pyrrolidin-2-ylethyl)amin e di HCl-salt (42). To a suspension of 

 resin 33 (95.8 mg, 120 umol) in 1,2-dichloroethane (2 mL) were added AcOH 

(0.511 mL, 9.0 mmol), 'PrNH2 (0.51 mL, 6.0 mmol) and NaBH(OAc)3 (381 mg, 

1.88 mmol) and the mixture was stirred at room temperature for 24 h. Then the reaction 

mixturee was filtrated, washed with CH2CI2, 20% AcOH in DMF, CH2C12, 20% AcOH in DMF, 

MeOH,, 20% AcOH in DMF, MeOH, CH2CI2, MeOH, CH2CI2, Et20, CH2CI2, EtzO, CH2CI2 and 

dried.. This resin (87.5 mg, 104 umol) was suspended in 1M NaOMe in THF/MeOH (1 mL, 

2:1,, v /v) and gently stirred for 1 h. Then, the resin was filtrated and washed with CH2CI2, 

MeOH,, CH2CI2, and MeOH, followed by the addition of 1M HC1 in MeOH (2 mL) to the 

filtratee and evaporation of the solvent. The residue was extracted with 'PrOH (2 mL), 

filtratedd and concentrated to afford 42 (15.2 mg, 64%) as a sticky yellow solid. 5H NMR (400 

MHz,, D2O): 5 = 3.72-3.65 (m, IH), 3.50-3.43 (m, IH), 3.42-3.38 (m, 2H), 3.24-3.16 (m, 2H), 

2.36-2.222 (m, 2H), 2.18-2.02 (m, 3H), 1.80-1.71 (m, IH), 1.36 (d, ƒ = 6.6 Hz, 6H). «C NMR (100 

MHz,, D2O): 5 = 57.9, 51.3,45.6,42.0, 29.6,28.6,23.1,18.5,18.4. 

Ph.. Bn. Benzyl-[2-(4-phenylpyrrolidin-2-yl)ethyl]amin e di HCl-salt (43) and benzyl-
{ ^ \ ii bis-[2-(4-phenylpyrrolidin-2-yl)ethyl]amin e tr i HCl-salt (44). To a suspension 

HH of resin 23 (entry 1: 94.6 mg, 108 umol; entry 2: 102 mg, 116 umol) in 1,2-

dichloroethanee (2 mL) were added the indicated amounts of AcOH, B11NH2 and 

NaBH(OAc)33 (Table 4.2) and the mixture was stirred at room temperature for 24 h. Then the 

reactionn mixture was filtrated, washed with CH2CI2, 20% AcOH in DMF, CH2C12, 20% AcOH 

inn DMF, MeOH, 20% AcOH in DMF, MeOH, CH2CI2, MeOH, CH2CI2, Et20, CH2CI2, EtzO, 

CH2CI22 and dried. This resin (entry 1: 90.8 mg, 88.1 umol; entry 2: 98.7 mg, 95.7 umol) was 

suspendedd in 1M NaOMe in THF/MeOH (1 mL, 2:1, v/v) and gently stirred for 1 h. Then, 

thee resin was filtrated and washed with CH2CI2, MeOH, CH2CI2, and MeOH, followed by the 

additionn of 1M HC1 in MeOH (2 mL) to the filtrate and evaporation of the solvent. The 

residuee was extracted with 'PrOH (2 mL), filtrated and concentrated to afford a mixture of 43 

andd 44 (entry 1: 22.3 mg, 59%; entry 2:19.2 mg, 55%) as a sticky yellow solid. For 43: iH NMR 

(4000 MHz, D2O): 8 = 7.58-7.35 (m, 10H), 4.31 (s, 2H), 4.04-3.97 (m, IH), 3.82-3.74 (m, 2H), 

3.42-3.377 (m, IH), 3.36-3.30 (m, 2H), 2.44-2.15 (m, 4H). " C NMR (100 MHz, D2O): 8 = 141.9, 

132.8,132.2,131.7,131.5,130.0,129.5,59.4,53.6,53.5,46.3,43.7,, 38.7,30.9. HPLC-MS: RT = 0.95 
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minn (ESI) calculated for C19H25N2 (43, MH+) 281, found 281; RT = 1.13 min (ESI) calculated for 

C26H31N33 (44, MH+) 454, found 454. 

Resinss 45-47. These resins were prepared from the corresponding allyl precursors using the 

samee procedure as for resin 23. A SEC-linker functionalised resin with a loading of 0.61 

mmol /gg was used as the starting material. 

Phh Isopropyl-[ l-methyl-2-(4-phenylpyrrol idin-2-yl)ethyl]amin e di HCl-salt 

C~C~ A JL ^132^' T° a s u sP e n s i on o f r e s in 4 6 (2 06 m § ' 1 2 2 ^rnol) in 1,2-dichloroethane 
HH H (4 mL) were added AcOH (0.52 mL, 9.15 mmol), <PrNH2 (0.52 mL, 6.1 

mmol)) and NaBH(OAc)3 (259 mg, 1.22 mmol) and the mixture was stirred 

att room temperature for 24 h. Then the reaction mixture was filtrated, washed with CH2CI2, 

20%% AcOH in DMF, CH2CI2, 20% AcOH in DMF, MeOH, 20% AcOH in DMF, MeOH, 

CH2CI2,, MeOH, CH2CI2, Et20, CH2CI2, Et20, CH2CI2 and dried. This resin (192 mg, 108 umol) 

wass suspended in 1M NaOMe in THF/MeOH (1 ml, 2:1, v/v) and gently stirred for 1 h. 

Then,, the resin was filtrated and washed with CH2Q2, MeOH, CH2CI2, and MeOH, followed 

byy the addition of 1M HC1 in MeOH (2 mL) to the filtrate and evaporation of the solvent. The 

residuee was extracted with 'PrOH (2 mL), filtrated and concentrated to afford 132 (30 mg, 

87%)) as a sticky white solid. iH NMR (400 MHz, D2O, 4:1 mixture of diastereoisomers, data 

off  the major): 8 = 7.51-7.36 (m, 5H), 4.09-4.06 (m, IH), 3.86-3.74 (m, 2H), 3.66-3.58 (m, 2H), 

3.44-3.388 (m, IH), 2.50-2.09 (m, 4H), 1.44-1.34 (m, 9H). " C NMR (100 MHz, D2O, 4:1 mixture 

off  diastereoisomers): 8 = 142.0,141.9,131.5,130.0,130.0,129.5, 58.8, 53.8, 53.5, 51.1, 50.3, 50.1, 

43.7,, 39.9, 38.3,37.6,37.6,21.2, 21.0,20.4, 20.3,17.9,17.6. IR: 3300-2400,1453,1392. HPLC-MS: 

RTT = 0.77 min (21%, ESI) calculated for C16H27N2 (132, MH+) 247, found 247; RT = 0.82 min 

(79%,, ESI) calculated for C16H27N2 (132, MH+) 247, found 247. 

Librar yy synthesis. A 96-well Flex Chem® synthesis block (8 rows (A-H), 12 columns (1-12) 

wass divided in four 5 x 4 rectangles (rows 1 and 12 were not used). Each well was then 

chargedd with resin (70 mg, 41 |imol) in the following way: A2 —> D6 resin 23, A7 —> D l l resin 

45,, E2 -» H6 resin 46, E7 -» H l l resin 47. To each well was added AcOH (175 uL, 75 equiv). 

Then,, was added the amine (50 equiv, column 2 and 7: allylamine, column 3 and 8: 

butylamine,, column 4 and 9: isopropylamine, column 5 and 10: 4-methoxybenzylamine, 

columnn 6 and 11: 4-fluorobenzylamine), followed by a 0.82M suspension of NaHB(OAc)3 in 

1,2-dichloroethanee (0.5 mL, 10 equiv) after which the synthesis block was placed in an orbital 

shakerr and agitated for 20 h. Each well was then washed with MeOH, DMF, MeOH, DMF, 

20%% AcOH in DMF, CH2CI2, 20% AcOH in DMF, MeOH, 20% AcOH in DMF, MeOH, 

CH2CI2,, MeOH, CH2CI2, Et20, CH2CI2, Et20 and CH2CI2. To the wells were added 1,2-

dichloroethanee (rows A-C and rows E-G 0.25 mL, and rows D and H 0.5 mL), a 1.64M 

solutionn of electrophile (0.25 mL, rows A and E: benzoyl chloride, rows B and F: benzyl 

chloroformate,, rows C and G: tosyl chloride, rows D and H: phenyl isocyanate), DIPEA (35 

(iL,, 5 equiv) and a 1.64M solution of pyridine in 1,2-dichloroethane (rows A-C and rows E-G, 

0.255 mL, 10 equiv) and the synthesis block was placed in an orbital shaker and agitated for 20 
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h.. Each well was then washed with CH2CI2, MeOH, CH2CI2, MeOH, CH2CI2, MeOH, CH2CI2, 

THF,, MeOH, THF, MeOH and THF (2x). To each well was added a 0.41M solution of 

NaOMee in THF/MeOH (0.5 mL, 2:1, v /v, 5 equiv). After standing for 20 minutes the wells 

weree filtrated and washed with MeOH (0.15 mL) and THF (0.15 mL). This procedure was 

repeatedd twice. To each filtrate AcOH (35 îL, 15 equiv) was added and the solvents were 

evaporated.. The residues were taken up in a 10% aqueous solution of NaHCCb (0.5 mL) and 

extractedd with EtOAc (2 x 0.2 mL). The EtOAc was evaporated and the products were 

dissolvedd in DMSO (0.8 mL). Of this solution a small amount (0.05 mL) was diluted 10-fold 

andd analysed by HPLC-MS. 

Spectrall  data for the products: (RT (min), mass found (purity in %)): 52: 1.14, 335 

(100%);; 53:1.21, 351 (100%); 54:1.14, 337 (100%), 55:1.25, 403 (78%); 56: 1.24, 415 (50%); 57: 
1.23,, 365 (86%); 58:1.36,381 (93%); 59:1.28, 367 (95%); 60:1.38,433 (30%); 61:1.37,445 (47%); 

62::  1.26, 385 (75%); 63: 1.35, 401 (82%); 64: 1.26, 387 (98%); 65: 1.38, 453 (28%); 66: 1.36, 485 

(55%);; 67:1.13,350 (98%); 68:1.25,366 (66%); 69:1.13, 352 (100%); 70:1.27,418 (79%); 71:1.26, 

4300 (59%); 72:1.17,349 (99%); 73:1.25, 365 (99%); 74:1.21, 351 (100%); 75:1.28,417 (99%); 76: 
1.28,, 429 (95%); 77: 1.30, 379 (95%); 78: 1.39, 395 (100%); 79: 1.33, 381 (98%); 80: 1.42, 449 

(88%);; 81: 1.39, 459 (98%); 82: 1.30, 399 (86%); 83: 1.38, 415 (100%); 84: 1.31, 401 (100%); 85: 
1.41,, 467 (100%); 86: 1.40, 499 (97%); 87: 1.20, 364 (97%); 88: 1.30, 380 (96%); 89: 1.22, 366 

(100%);; 90:1.32, 432 (100%); 91:1.30,444 (94%); 92:1.15, 349 (100%); 93:1.25, 365 (98%); 94: x; 

95:1.27,, 418 (89%); 96:1.27,429 (91%); 97:1.32, 379 (99%); 98:1.42, 395 (96%); 99: x; 100:1.39, 

4477 (87%); 101: 1.38, 460 (98%); 102:1.29, 399 (95%); 103:1.38, 416 (100%); 104: x; 105:1.38, 

4677 (99%); 106:1.39, 479 (99%); 107:1.18, 364 (100%); 108:1.28, 380 (100%); 109: x; 110:1.32, 

4322 (100%); 111: 1.29,445 (100%); 112:1.18,363 (100%); 113:1.29, 379 (100%); 114: x; 115:1.31, 

4322 (95%); 116:1.29,444 (100%); 117:1.35,393 (98%); 118:1.47,409 (94%); 119: x; 120:1.45,462 

(94%);; 121: 1.42, 473 (89%); 122: 1.34, 413 (100%); 123: 1.43, 429 (90%); 124: x; 125: 1.44, 481 

(100%);; 126:1.42, 513 (100%); 127:1.24,379 (100%); 128:1.33, 394 (100%); 129: x; 130:1.33,446 

(100%),, 131:1.32,459 (100%). 

Selectedd yields of products: 52: 9.2 mg (67%); 58: 7.3 mg (47%); 62: 7.5 mg (47%); 72: 8.0 mg 

(56%);; 76: 6.4 mg (36%); 78: 5.9 mg (36%); 84: 5.1 mg (31%); 90: 5.0 mg (28%); 92: 9.0 mg 

(63%);; 98: 6.9 mg (44%); 104: 0 mg (0%); 111: 2.9 mg (16%); 116: 6.7 mg (37%); 120: 8.0 mg 

(42%);; 123: 6.3 mg (36%); 127: 6.7 mg (43%). 
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2,6-BRIDGEDD 3-KETOPIPERAZINES VIA N-ACYLIMINIU M ION CHEMISTRY 

5.11 Introductio n 

Severall  human mood disorders such as depression and schizophrenia are (mainly) 

causedd by malfunctions in the central nervous system (CNS), which result in 

neurotransmitterr disregulation. The treatment of (some symptoms of) these diseases involves 

thee blocking (by antagonists) or stimulation (by agonists) of certain neurotransmitter 

receptorss (Chart 5.1). 

Chartt 5.1 

1,, haloperidol 2,, fluoxetine 

Thee blocking of the D2-dopamine receptors in the prefrontal cortex, for example, can 

bee achieved with haloperidol (1), that is used in the treatment of psychosis.1 The reuptake of 

serotoninee (3) can be effectively blocked using fluoxetine (2, Prozac®) in the treatment of 

depression,, eventually leading to higher concentrations of serotonine in the brain.2 A general 

structurall  element found in neurotransmitters such as serotonine (3) and dopamine (4) is the 

arylethylaminee moiety 5 (Chart 5.2). 

Chartt  5.2 

% % n n 
N N 
H H 

NH, , 

QQ 0 

HNN N 
^^  // 

HO O 

HO O 

NH, , 

„ ^ ^ 

Ar—XX NR 

8,, X = CH, N 

Likee haloperidol, many drugs and other bioactive compounds showing CNS activity 

{i.e.{i.e. eltoprazine (6), flesinoxan (7)) contain an arylpiperidine or arylpiperazine moiety 8.3 

77 77 



ChapterChapter 5 

Thesee structural elements are widely used in CNS research as a bioisosteric replacement for 

thee arylethylamine moiety in neurotransmitters.4 

Chartt  5.3 

MeO O 

NH, , 

V^V^N N 
M e C T ^ ^ N ^ ^ 

PhO O 

NC-- jT% jT% 
= // N 

r ) ) 
9,, prazosin O 

^ ^ 

10 0 

N - 0 0 

Substitutedd piperazines are not only found in CNS active drugs. (Chart 5.3). An 

examplee is prazosin (9),5 which is used to lower the blood pressure. The 1,4-disubstituted 3-

ketopiperazinee 10 is a dual inhibitor of farnesyl transferase/geranyl geranyltransferase I and 

iss used as a cancer chemotherapeutic agent.6 

Consideringg the importance of the piperazine scaffold in a broad range of 

applications,, we anticipated that it might be worthwhile to rigidity the piperazine core, 

whichh might provide valuable insight into the biologically active conformation. One way to 

achievee an enhanced rigidity is by introducing a 2,6-bridge over the piperazine ring, thus 

loweringg its conformational freedom. In this chapter a very efficient method towards 2,6-

bridgedd piperazines is described based on Af-acyliminium ion chemistry. The general 

retrosyntheticc analysis is depicted in Scheme 5.1. 

11 1 
Nu u 

O O x x 
R100 N ' "C02H 

H H 

17 7 

PGG O 

tAtAyKm yKm 
R R 

<= = 

12 2 

OMe e 

16 6 

OO R 

15 5 
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Thee desired 2,6-bridged 3-ketopiperazines 11 should be accessible by intramolecular 

nucleophilicc attack of the side chain at the 2-position onto the transient N-acylirniniurn ion 

1277 This irninium ion intermediate wil l be formed via acid-induced heterolysis of the 

correspondingg amino alcohol 13, which in turn can be obtained by a chemoselective 

reductionn of the activated C6 carbonyl of diketopiperazine 14. Finally, these 

diketopiperaziness should be readily formed upon straightforward condensations of the 

suitablyy protected commercially available amino acids 16 and 17. The aim of this 

investigationn was twofold: (i) to determine what type of nucleophiles could be used for the 

cyclisationn reaction, and (ii) to study the possibilities to stereoselectively introduce groups at 

thee 5-position of the final ketopiperazine 11. 

Chartt  5.4 

18,, ecteinascidin 743 19, saframycin A 20, quinocarcin A 

Interestingly,, the 2,6-bridged piperazine moiety is encountered as a key structural 

elementt in several natural products (Chart 5.4). Examples are the safracins,8 ecteinascidins 

18,99 saframycins 1910 and quinocarcin A (20).n Al l of these compounds show antitumour or 

antibioticc activity, of which the ecteinascidins 18 are most potent. Remarkably, in all cases 

thee substituent at the C5-position has a ris-relationship with the 2,6-bridging substituent. In 

totall  syntheses of these natural products the bridge was usually constructed via an N-

acyliminiumm ion cyclisation. 

AA typical example is the synthesis of the tricyclic core of saframycin by Sakai et al. as 

depictedd in Scheme 5.2.6 In a study to determine the optimal conditions for the conversion of 

precursorr 21 into the cyclic product 22, the best results were obtained by reduction of the 

isopropyll  carbamate activated endocyclic imide with lithium tri-terf-butoxy aluminum 

hydridee followed by formic acid mediated cyclisation to give the 2,6-bridged 5-

ketopiperazinee 22. Hydrogenation of the exocyclic double bond from the sterically least 

hinderedd side provided the all as substituted product 23. When starting from precursors 

wheree the C5 substituent was already in a cis position with respect to the C2 center, 

reduction/cyclisationn of the precursor resulted in cis/ trans mixtures at the C5 position with 

respectt to the 2,6-bridge. Additionally, the cyclisations were only studied with the terra 

substitutedd aromatic ring. 
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Schemee 5.2 
OMe e 

OMe e 

OMe e 

a,b b 

OMe e 

OMe e 

MeO^J - .. C02'Pr 

XI I 
M e O ^ V ' ^ O M e e 

21 1 
key:key: a) Li('BuO)3AlH, THF; b) HCOOH; c) H2. 

AA small systematic study of the scope with respect to the nucleophile was reported by 

Kuriharaa and Mishima (eq 5.1).12 

OMe e 

C5-closure e 
 / / 

24a::  R = R1 = H 
24b::  R = H,R1 = OMe 
24c::  R = OMe,R1 = H 

Co-closure e 

25a-c c 

(5.1) ) 

Usingg unsubstituted (25a) and activated benzylic side chains (25b and 25c) as the 

nucleophile,, they demonstrated that only closure onto the C6-carbon took place to form the 

productss 26a-c. No cyclisation onto the C5-carbon resulting in products 24a-c was observed. 

Cyclisationn onto the C5 position, however, has been observed as a side reaction by 

Ottenheijmm et al. in the synthesis of neoechinulin and sporidesmin analogues where 

cyclisationn onto the C6 position was impossible due to the presence of a carbonyl group (eq. 

5.2).» » 

O O 

TFA A 

27 7 28,, 50% 

(5.2) ) 

29,, 26% 
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TFAA treatment of 27 induced cyclisation, which followed by dehydration led to the 

desiredd enone 28 in 50% yield. As a side product the 2,5-bridged-3,6-diketopiperazine 29 was 

alsoo isolated in 26% yield. Formation of this side product can be explained by protonation of 

thee exocyclic methylene, generating a tertiary N-acyliminium ion that was trapped by the N-

methylindolee to give 29. Indeed, prolonged stirring with TFA led to almost quantitative 

formationn of 29. 

Somee other bridged piperazines have also been reported in literature. The 3,6-bridged 

diketopiperazinee derivatives 30 reported by Weigl and Wiinsch were synthesised starting 

fromm (S)-glutamate (Chart 5.5).14 

Chartt  5.5 
O O 

f^OEt t 

O y V 0 0 

II  N I 
e t / - " " 

300 31 32 

Thesee compounds were developed as core structures, which were further 

functionalisedd to provide compounds used to inhibit the neurokinin receptor. The 2,6-

bridgedd 3,5-diketopiperazine 31 was used as a starting material for the synthesis of Ag 5473, 

aa compound diplaying immunosuppressant activity.15 The 1,2-bridged ketopiperazine 32 
(praziquantel)) was also synthesised using an N-acyliminium ion cyclisation to construct the 

isoquinolinee ring system.16 

5.22 Diketopiperazine Synthesis 

5.2.11 The Cbz Route 

Thee synthesis of the required methyl carbamate derivatised diketopiperazines 14 

(Schemee 5.1) started with the coupling of a benzyloxycarbonyl (Cbz)-protected amino acid 

(33a-c)) to N-benzyl glycine methyl ester (34), which was obtained by reductive amination of 

glycinee methyl ester with benzaldehyde (Scheme 5.3).17 Cbz-protected (S)-phenylalanine 33a 
andd (S)-4-fert-butyltyrosine 33b were commercially available. (S)-N-methyltryptophane was 

synthesisedd according to a literature procedure18 and subsequently protected under 

Schotten/Baumannn conditions to give 33c. 
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chemee 5.3 

r R R 
Cbz .N X.OH H 

HH 0 

33a-c c 

Bn n 

Y l l 
RR H 

36a:: 76% 
36b::  57% 
36c:: 50% 

++ H N ^ Y ° M e 

Bnn 0 

34 4 

MeOC(0)Cl l 
DMAP,, DIPEA 

CH2C12,, rt, 20 h 

EDCI I 
HOAt t 

CH2C12,, rt, 24 h 

Bn n 

Y l l 
RR O^OM e 

37a::  76% 
37b::  82% 
37c::  50% 

Cbz z 

MeO O 

H2,, Pd /C 

MeOH,, rt, 20 h 

35a-c c 

a:: R = Ph 

b:: R = 4-OfBuC6H4 

c:: R = 3-(N-methylindolyl) 

Thee amino acids were coupled using s tandard pept ide coupl ing protocols wi t h 34 to 

p rov idee the d ipept ides 35a-c, which were, wi thout further purif ication, dissolved in M e OH 

a ndd subjected to H2 and P d /C to remove the Cbz-group. The l iberated amine immediate ly 

at tackedd the methyl ester to prov ide the desired d iketopiperaz ines 36a-c in good yields over 

thee two steps. Protect ion/act ivat ion of the lactam w i t h methyl chloroformate was effected 

us ingg a l i terature procedure.19 A l though this react ion usual ly d id not go to full conversion, 

thee product was isolated in a good yield and the remain ing start ing mater ial could easily be 

recovered. . 

Addi t ional ly,, some cyclisation precursors contain ing a methyl g roup at the C5-

posi t ionn of the d iketopiperazine r ing were synthesised (Scheme 5.4). 

Schemee 5.4 
,R R 

Cbz z OH H 

O O 

II  H 

40a::  65% 
40c::  60% 

++ HN 
Bnn O 

38 8 

Mee EDCI 

OMee H O A t 

33a,, c 

Bn n 
^ N - ^ M ee MeOC(0)Cl 

DMAP,, DIPEA 
». . 

00 CH2C12, rt, 20 h 

CH2C12,, rt, 24 h 

Bn n 

** cAoMe 
rS S 

41a::  62% 
41c::  40% 

Cbz z 

MeO O 

H 2 ,Pd /C C 
»--

MeOH,, rt, 20 h 

a:: R = Ph 
c:: R = 3-(N-methyIindolyl) 
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Condensationn of (S)-Cbz-phenylalanine (33a) and (S)-Cbz-N-methyltryptophane 33c 
withh (S)-N-benzyl-alanine methyl ester (38), followed by hydrogenolysis, cyclisation and 

subsequentt carbamate protection provided the 2,5-cis-disubstituted precursors 41a and 41c. 
Comparedd to the previous series (Scheme 5.3), the yields are somewhat lower, which is 

probablyy caused by increased steric hindrance of the alanine methyl group. Finally, the 2,5-

frans-substitutedd precursor was also synthesised (eq 5.3). 

,Ph h 

HH I 

1)) 38, EDCI, HOAt, CH2C12, rt, 24 h 
2)) H2, Pd/C, MeOH, rt, 20 h 

3)) MeOC(0)Cl, DMAP, DIPEA, CH2C12, rt, 20 h 

42 2 

Bn n 
0 ^ / N ^ M e e 

P h O ^ O M e e 

43,, 21% 

(5.3) ) 

Thee commercially available N-Cbz protected (R)-phenylalanine 42 was coupled to N-

benzylatedd L-alanine methyl ester 38. Cyclisation and activation according to the previously 

describedd sequence afforded the trans 2,5-disubstituted cyclisation precursor 43 in an overall 

yieldd of 21%. 

5.2.22 The Boc Route 

Thee diketopiperazines containing an unsaturated side chain or a benzyl protective 

groupp were prepared via a somewhat different route. Obviously, hydrogenation of the Cbz-

groupp would in this case also remove the unsaturation or benzyl group in the side chain and 

thereforee a Boc protective group was chosen. (Scheme 5.5). 

Schemee 5.5 

Boc, , OH H 

33d-f f 

36d::  84% 
36e::  64% 
36f::  90% 

HN^T' ' 

Bnn O 

34 4 

MeOC(0)Cl l 
DMAP,, DIPEA 

CH2C12,, rt, 20 h 

OMe e 
EDCI I 
HOAt t 

CH2C12,, rt, 24 h 

Bn n 

"A "A 
RR O^OMe 

37d::  72% 
37e::  84% 
37f::  75% 

Boc. . 

MeO O 

R R 

O O 

NBn n 

35d-f f 

1)) TFA, CH2C12, 
rt,, 4 h 

2)) NaHC03, EtOAc, 
rt,, 20 h 

rac c 

rac c 

d: : 

e: : 

f: : 

RR = 

RR = 

RR = 

== 4-(l-benzylimidazolyl) 

== ethynyl 

== vinyl 
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Na-Boc-N-Bnn protected (S)-histidine derivative 33d was commercially available. 

Racemicc propargylglycine methyl ester and allylglycine methyl ester were obtained by using 

methodologyy developed by O'Donnell20 and subsequent Boc protection under standard 

conditionss provided amino acids 33e and 33f respectively. Peptide coupling with N-benzyl 

glycinee methyl ester 34 under standard conditions afforded dipeptides 35d-f. Removal of the 

Bocc group under acidic conditions, followed by base induced cyclisation afforded the 

diketopiperaziness 36d-f in excellent yield. Interestingly, although this sequence is one step 

longer,, the yields were somewhat higher than via the Cbz approach (Scheme 5.3). Again, 

protectionn with methyl chloroformate proceeded smoothly to provide the cyclisation 

precursorss 37d-f. 

5.33 N-Acyl iminiu m Ion Cyclisations 

5.3.11 Cyclisations of Aromati c Side Chains 

Withh an array of substrates available, the scene was set to study the scope of the N-

acyliminiumm ion cyclisation reaction. The first substrates to be cyclised were the 

diketopiperaziness with a non-activated aromatic side chain (eq. 5.4). 

C02Me e 

R R 
37a,, R = H 
37b,, R = O'Bu 

NaBH, , 

MeOH,, 0 °C, 1 h TFA,, rt 
(5.4) ) 

Me02C C 

45a,, R = H, 76% 
45b,, R = OH, 88% 

Thee activated amide group of 37a was reduced chemoselectively using sodium 

borohydridee in methanol.21 The resulting crude N,0-hemiacetal was dissolved in TFA to 

generatee the N-acyliminium ion intermediate. Gratifyingly, the phenyl ring cyclised 

smoothlyy to provide the 2,6-bridged 5-ketopiperazine 45a in a high yield (76%) over two 

steps.. Use of formic acid also led to formation of the desired product, but the reaction was 

muchh slower. Subjection of the tyrosine derivative 37b to the same sequence resulted in the 

formationn of O-deprotected product 45b in an even higher yield of 88%. In this case, the 

cyclisationn took three days to reach completion, which is probably caused by the electron 

withdrawingg oxygen substituent at the deactivating meta position. 
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NaBH, , 

MeOH,, 0 °C, 1 h 

37c c 

NN OH 

C02Me e 
NMe e 

44c c 

HCOOHH or 
TFA A 

te-te-

rt,, 24 h 
Me02C C 

46,, 80% 

(5.5) ) 

NMe e 

Next,, a substrate with a heteroaromatic side chain was cyclised (eq 5.5). As expected, 

thee very nucleophilic N-methylindole moiety cleanly cyclised using either formic acid or 

TFAA to give product 46 in a good yield of 80%. Encouraged by this result, the 

reduction/cyclisationn was also attempted on the histidine derived diketopiperazine 37d (eq 

5.6). . 

Bn n 
Bnn 0 J, 

37d d 
C02Me e 

1)) NaBH4, MeOH, 0 °C, 1 h 

2)) TFA, rt, 24 h 

0> > Bn n 
N-, , 

44 I 
N N 

47,, 77% 

Bn n 
i i 

,N N 

) ) 
(5.6) ) 

N N 

C02Me e 

Unfortunately,, none of the desired tricyclic product was obtained. Instead, the 

enamidee 47 was isolated in good yield. This result can be explained by assuming protonation 

off  the basic imidazole side chain by the solvent, resulting in a deactivated nucleophile. 

Withoutt the possibility of nucleophilic attack, elimination to the enamide is favoured to form 

47.. Use of the weaker formic acid or elevation of the temperature gave the same result. 

Finally,, Lewis acid mediated generation of the N-acyliminium ion was attempted, for which 

thee corresponding N,0-acetals are required. Unfortunately, attempts to introduce an ethoxy 

groupp on the C6 position by stirring 47 in acidic ethanol failed and only starting material was 

isolated. . 

5.3.22 Cyclisations of Non-Aromatic Side Chains 

Havingg determined the scope with respect to aromatic nucleophiles, some non-

aromaticc nucleophiles were then examined (eq 5.7). 

Bn n 

"XX "XX 
C02Me e 

37e e 

1)) NaBH4, MeOH, 0 °C, 1 h 

2)) HCOOH, 100 °C, 24 h 
(5.7) ) 

48,17% % 
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Subjectionn of the propargyl substituted precursor 37e, after reduction of the 

endocyclicc imide carbonyl, to formic acid treatment at room temperature did not result in the 

formationn of product 48. Elevation of the temperature to 100 °C did indeed lead to some 

cyclisationn product, albeit in poor yield (17%) together with a large amount of unidentified 

sidee products. Most likely, the acetylene moiety is too rigid to get into close proximity of the 

N-acyliminiumm ion. 

O O 
Bn n 

i i 

k^.. C02Me 

37f f 

O.--

Bn n 
i i 

M-M-1)) NaBH4/ MeOH, 0 °C, 1 h ^ y ' ^ ; 
2)) HCOOH, rt, 24 h 

'' txj 
Me02CC T8 

ÖH H 
49,, 50% 

3)) NH3, MeOH, rt, 1 h 

TPAP,, NMO 
> > 

acetone,, rt, 2 h 

Bn n 
i i 

Me02C C 

48,, 96% 

M M 
O O 

(5.8) ) 

Betterr results were obtained using the more flexible allyl-substituted precursor 37f 
(eqq 5.8). Reduction and subsequent formic acid induced 7C-cyclisation led to an intermediate 

secondaryy cation, which was trapped as the formate.22 Treatment of this product with 

ammoniaa in methanol provided the alcohol 49 in good yield as a single diastereomer. NOE-

enhancementss were observed between H8 and the equatorial H5 of the ketopiperazine ring, 

thee methylene of the N-benzyl and the orf/io-protons of the N-benzyl, respectively. When 

TFAA was used to induce cyclisation, the corresponding trifluoroacetate was formed, which 

uponn treatment with ammonia gave some of the desired product 49. Furthermore, 

eliminationn products were formed. Oxidation of the secondary alcohol with TPAP/NMO23 

proceededd in almost quantitative yield to provide ketone 48, which was earlier prepared by 

usingg the propargyl nucleophile (37e) This ketone functionality may serve as a synthetic 

handlee for further manipulation, for example via the methods that have been described in 

Chapterr 4. 

Inn order to gain access to a new class of precursors, the allyl functionality of 37f was 

modified.. Cross-metathesis of 37f with allyltrimethylsilane using the second generation 

Grubbs-catalystt 50,24 provided cyclisation precursor 51 in reasonable yield as an inseparable 

2:11 mixture of (E)/(Z)-isomers (eq5.9). 

Bn n 

A A 
U^^ C02Me 

37f f 

Mes-'N^N-Mes s 

toluene,, 80 °C, 24 h M e 3 S i 51,52% 

1)) NaBH4, MeOH, 
00 °C, 1 h 

2)) HCOOH, rt, 24 h 

Bn n 
! ! 

rXi rXi 
Me02CC 7 ' j . 

52,, 64% 

(5.9) ) 

Reduction/cyclisationn of this substrate afforded piperazine 52 in fair yield as a single 

diastereomer.. NOE-enhancements were detected between H7 next to the vinyl and the 

equatoriall  H5 of the ketopiperazine ring, the methine of the N-benzyl and the ortfro-protons 
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off  the N-benzyl, respectively. In this case the 2,6-bridge is a five membered ring, 

resultingg in a rather rigid molecule. 

5.3.33 Cyclisations of 5-Substituted 3-Ketopiperazines 

Becausee the naturally occurring bridged diketopiperazines usually have a substituent 

att the C5 position, the effect of the introduction of a methyl group at this position onto the 

cyclisationn was examined (eq 5.10). 

Bn n 

i i 

C02Me e 

43 3 

1)) NaBĤ  MeOH, 0 °C, 1 h 
fr-fr-

2)) TFA, rt, 24 h 

Bn n 

Me e 

y y 
Me2OC C 

(5.10) ) 

53,, 74% 

Ass expected, reduction/ cyclisation of the frans-2,5-disubstituted diketopiperazine 43 
proceededd smoothly to give product 53, with the C5 methyl substituent positioned trans with 

respectt to the 2,6-bridge. Unfortunately, subjection of the cz's-substituted analogue 41a to the 

samee conditions resulted in elimation to enamide 54 (eq 5.11). 

Bn n 
i i 

O ^ N ^ M ee 1) NaBH4, MeOH, 
00 °C, 1 h 

NN O 2) TFA, rt, 24 h 
C02Me e 

O ^^ ^N AMe 

41a a 

C02Me e 

54,, 60% 

TFA,, 100 °C, 24 h 

Me02C C 

(5.11) ) 

55,, 30% 

Thee steric hindrance of the cis-5-methyl group in conjunction with the weakly 

nucleophilicc phenyl group slowed down the cyclisation to such an extent that elimination to 

thee enamide 54 was favoured. Prolonged stirring of this enamide in TFA at room 

temperaturee did not give any cyclisation. Elevation of the temperature to 100 °C furnished 

somee of the frans-substituted ketopiperazine 55 in poor yield. Probably, protonation of the 

enamidee mainly takes place at the C6 position, leading to a more stable, and unreactive, 

tertiaryy N-acylimiruum ion. Because the cis configuration is encountered in natural products, 

aa solution for this problem had to be found. Analogous to the nucleophiles present in natural 

products,, we turned to a more nucleophilic side chain (eq 5.12). 
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1)) NaBH4/ MeOH, 0 °C, 1 h 
»» » 

2)) TFA, rt, 24 h 
Me02C C 

56,, 71% 

(5.12) ) 

NMe e 

Forr this purpose precursor 41c, containing the very nucleophilic N-methylindole 

moiety,, was subjected to the reduction/cyclisation sequence. Gratifyingly, the desired all cis-

substirutedd ketopiperazine 56 was obtained in good yield (71%). The stereochemistry was 

provenn by the presence of a NOE-contact between the N-methyl group of the indole and the 

equatoriall  C5-methyl group. 

5.44 Stereochemical Aspects 

AA very important issue in the synthesis of the 2,6-bridged 3-ketopiperazines is the 

integrityy of the stereocenter at the C2 position. To check whether racemisation had occurred 

orr not, compound 45a was also synthesised starting from racemic N-Cbz-phenylalanine 27a. 

Bothh products were analysed using chiral HPLC (Figures 5.1 and 5.2). 

Figuree 5.1. Chirall  HPLC spectrum 

off  racemic 45a 
Figuree 5.2. Chiral HPLC spectrum 

off  enantiopure 45a 
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Indeed,, racemic 45a showed two separated signals eluting at 27.3 and 35.4 minutes 

(Figuree 5.1). Pleasingly, the chiral material showed only one signal eluting at 35.2 minutes 

(Figuree 5.2) proving that no racemisation had occurred at any step of the synthesis. 

Too obtain a stereochemical representation of the structure, compound 45a was 

modelledd using Spartan (MMFF force field, Figure 5.3). 

Figuree 5.3. 3D model structures of 45a. 

Twoo distinct minima with almost the same relative energy (0.1 kcal difference) were 

found,, where the N-benzyl group is either on the same side of the aromatic 2,6-bridge or on 

thee other side of the molecule. 

Evidencee for this can also be seen in the *H NMR spectrum of 45a (Figure 5.4). As the 

energyy barrier for rotation of the N-benzyl group around the amide N-CFb bond is fairly low 

(4.55 kcal) an average of both conformations is seen in the 1H NMR. With the N-benzyl group 

onn the same side as the 2,6-bridge, the orf/io-protons are shielded by the bridging aromatic 

ringg due to the anisotropic effect, resulting in an upheld shift to 6.70 ppm (Figure 5.4, 

protonss 13).a This effect was observed in all compounds containing an aromatic 2,6-bridge. 

Interestingly,, this upfield shift was not observed with the ris-5-methyl substituted 

2,6-bridgedd piperazine 56. Apparently, the methyl group blocks the top face of the molecule, 

preventingg the N-benzyl group from entering the magnetic field of the aromatic bridge. As a 

result,, in this case, the upfield shift of the orffro-protons of the N-benzyl group is not 

observedd (Figure 5.5). 

89 9 



ChapterChapter 5 

Figuree 5.4. 'H NMR spectrum of 45a in DMSO d6 at 130 °C 
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Figuree 5.5. !H NMR spectrum of 56 in DMSO d6 at 130 °C. 

13 3 

nnc c 
|34 4 

14 4 

fy* fy* 
K) K) 
ififee* * 

2 k U6 6 

MeOjCC L / 17 
8 ( ( 

9 9 J>J>n n 
10 0 

22 12 12 

ULJLULJUIJ J 

5.55 Conclusions 

Inn conclusion, a convenient route towards 2/6-bridged-3-ketopiperazines was 

developedd using an N-ayliminium ion cyclisation as the key step. The cyclisation precursors 

weree efficiently synthesised in three steps starting from commercially or readily available 
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aminoo acids as starting materials. The scope with respect to the nucleophilic side chain was 

determined.. It was found that aromatic, heteroaromatic and unsaturated a-H-amino acids 

couldd be used as nucleophiles in the cyclisation reaction. Additionally, introduction of a 

methyll  substituent at the C5 position of the ketopiperazine was possible, leading to bridged 

productss with the same stereochemistry as found in natural products. 
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5.77 Experimental Section 

Generall  Information . For general experimental details, see Section 2.7. 

|P%jj  Ar*-Cbz-N'" d-methyl-(S)-tryptophane (33c). To a solution of N'"rf-methyl-(S)-

|NMee tryptophane (0.95 g, 4.4 mmol) and NaaCCvlOHbO (2.44 g, 8.75 mmol) in 

r"^r"^  water/dioxane (20 mL, 1:1, v/v) at 0 °C, benzyl chloroformate (0.58 mL, 4.3 
zz 'N^y" mmol) was added dropwise. The temperature was allowed to warm to room 

o o 
temperaturee and the mixture was stirred for 20 h. Then, the reaction mixture 

wass extracted with ether (20 mL) and the resulting organic layer was extracted with 0.5M 

NaOHH (20 mL). The combined aqueous layers were acidified with 6M HC1 to pH 1 and 

extractedd with EtOAc (2 x 50 mL). The combined organic layers were dried with MgS04 and 

thee solvent was evaporated to afford 34 (1.13 g, 73%) as a light brown solid after purification 

byy chromatography (EtOAc). Rf = 0.45. mp: 61°C. [a]D
21 = +20.4 (c = 0.99, CH2C12).

 JH NMR 

(4000 MHz, CDCls): 8 = 7.53 (d, ƒ = 11.5 Hz, 1 H), 7.05-7.38 (m, 8 H), 6.89 (s, 1H), 5.11 (s, 1H), 

5.099 (d, ƒ = 10.0 Hz, 1H),5.26 (d, J = 10.0 Hz, 1H), 4.72 (br m, 1H), 3.71 (s, 3H), 3.34 (br s, 2H). 

»CC NMR (100 MHz, CDCI3): S = 176.7, 156.0, 136.8, 136.1, 128.4, 128.2, 128.1, 128.0, 127.6, 

121.7,119.2,118.7,109.2,108.0,, 67.1, 54.5, 32.5, 27.4. IR (film): 3315, 3058,1714. HRMS (FAB) 

calculatedd for C20H21N2O2 (MH+) 353.1501, found 353.1507. 

Generall  procedure A for  dipeptide synthesis. To a solution of N-Cbz or N-Boc 

protectedd amino acid (1.0 equiv) in dry, ethanol-free CH2CI2 (0.2M), were added EDCI (1.1 

equiv),, HOAt (0.1 equiv) and N-benzylated amino acid methyl ester (2.0 equiv). After 

stirringg at room temperature for 24 h the reaction mixture was poured out on water, the 

layerss were separated and the aqueous layer was extracted with CH2CI2. The combined 

organicc layers were washed with 0.1M HC1, brine, dried with MgS04 and the solvent was 

evaporatedd to yield the crude dipeptide. 
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Generall  procedure B for  the deprotection and cyclisation of the dipeptides. To a 
solutionn of N-Cbz protected dipeptide in methanol (0.1M), was added 10% palladium on 

carbonn (10 mass%). The reaction mixture was stirred under a hfe atmosphere (balloon) at 

roomm temperature until conversion was complete (TLC). Filtration through Celite® and 

solventt evaporation gave the virtually pure diketopiperazines. 

Generall  procedure C for  the deprotecrion and cyclisation of the dipeptides To a 

solutionn of N-Boc protected dipeptide in CH2CI2 (0.1M) was added an equal volume of TFA. 

Afterr stirring at room temperature for 4 h the reaction mixture was concentrated in vacuo. 

Residuall  traces of TFA were azeotropically removed with toluene. The resulting crude 

productt was dissolved in a mixture of saturated aqueous NaHCCh/EtOAc (0.1M, 1:1, v/v) 

andd stirred at room temperature for 20 h. Subsequently, the layers were separated and the 

aqueouss layer was extracted with EtOAc (2x). The combined organic layers were washed 

withh brine, dried with MgSCX and solvent evaporation gave the virtually pure 

diketopiperazines. . 

(3S)-l,3-Dibenzylpiperazine-2,5-dionee (36a). According to general procedure 

A,, coupling of N-Cbz-(S)-phenylalanine 33a (0.3 g, 1.0 mmol) with 34, followed 

byy cyclisation according to general procedure B, afforded 36a (223 mg, 76%). 

[a]D
211 -40 (c = 1.0, CH2CI2). mp = 179-181 °C. iH NMR (200 MHz, CDCI3): 8 = 

7.37-7.122 (m, 10H), 5.98 (br s, IH), 4.52 (d, ƒ = 14.5 Hz, IH) , 4.48 (d, ƒ - 14.5 Hz, 

IH) ,, 4.33 (m, IH), 3.56 (d, ƒ = 17.5 Hz, IH), 3.22 (dd, ƒ = 4.3,13.6 Hz, IH), 3.14 

(dd,, ƒ = 6.7, 13.6 Hz, IH), 3.07 (d, ƒ = 17.5 Hz, IH). «C NMR (125 MHz, CDCI3): 5 = 166.2, 

165.2,134.8,134.7,130.0,128.9,128.7,128.6,128.1,127.4,, 56.4, 49.6, 48.4, 40.1. IR: 3224,1652. 

HRMSS (FAB) calculated for C18H19N2O2 (MH+) 295.1447, found 295.1437. 

(3S)-l-Benzyl-3-(4-tert-butoxybenzyl)piperazine-2,5-dionee (36b). According to 

generall  procedure A, coupling of N-Cbz-(S)-4-fbutyltyrosine dicyclohexylamine 

33bb (1.13 g, 2.0 mmol) with 34, followed by cyclisation according to general 

proceduree B, afforded 36b (0.42 g, 57%). [a]D
21 -29 (c - 1.0, CH2CI2). mp = 177-

1799 °C. iH NMR (200 MHz, CDCI3): 5 = 7.35-7.19 (m, 5H), 7.05 (d, ƒ = 8.4 Hz, 

O'BUU 2H), 6.86 (d, ƒ = 8.4 Hz, 2H), 5.98 (br s, IH), 4.58 (d, ƒ = 14.5 Hz, IH), 4.39 (d, ƒ = 

14.55 Hz, IH), 4.32 (m, IH), 3.54 (d, ƒ = 17.5 Hz, IH), 3.20-3.10 (m, 2H), 3.02 (d, ƒ = 17.5 Hz, 

IH) ,, 1.31 (s, 9H). " C NMR (50 MHz, CDCI3): 5 = 166.4,165.4,134.6,130.5,129.4,128.7,128.6, 

127.9,124.0,, 78.4,56.3,49.5,48.1, 39.7, 28.7. IR: 3254,1650. 

(3S)-l-Benzyl-3-(l-methyl-lH-indol-3-ylmethyl)piperazine-2,5-dionee (36c). 

Accordingg to general procedure A, coupling of 33c (0.31 g, 0.88 mmol) with 34, 

followedd by cyclisation according to general procedure B, afforded 36c (0.15 g, 

50%).. [OC]D21 +38.6 (c = 0.73, MeOH). mp = 249 °C. iH NMR (400 MHz, CDCI3): 8 

== 7.63 (d, ƒ = 7.9 Hz, IH), 7.33-7.10 (m, 8H), 6.91 (s, IH) , 5.84 (br s, IH), 4.62 (d, ƒ 

== 14.5 Hz, IH), 4.36 (m, IH), 4.27 (d, ƒ = 14.5 Hz, IH) , 3.74 (s, 3H), 3.60 (d, ƒ = 
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17.66 Hz, 1H), 3.47 (dd, ƒ = 3.6,14.5 Hz, 1H), 3.25 (d, ƒ = 17.6 Hz, 1H), 3.24 (dd, ƒ = 7.9,14.5 Hz, 

1H).. " C NMR (100 MHz, CDCI3): 5 = 165.8,165.5,137.1,135.0,128.8,128.5,128.4,128.0,127.4, 

122.2,, 119.6, 119.0, 109.4, 107.6, 55.7, 49.5, 48.7, 32.8, 30.7. IR: 3239, 1652. HRMS (FAB) 

calculatedd for C21H20N3O2 (MH+) 348.1712, found 348.1717. Elem. anal, calculated C 72.60%, 

HH 6.09%, N 12.10%, found C 72.51%, H 5.96%, N 11.95%. 

(3S)-l-Benzyl-3-(3-benzyl-3H-imidazol-J-ylmethyl)piperazine-2,5-dionee (36d). 
Accordingg to general procedure A, coupling of 33d (0.50 g, 1.44 mmol) with 34, 

followedd by cyclisation according to general procedure C, afforded 36d (0.45 g, 

84%).. [CX]D21 -1.0 (c = 1.0, CH2CI2). mp = 150 °C. 1H NMR (400 MHz, CDCI3): 8 = 

7.600 (br s, 1H), 7.42 (s, 1H), 7.38-7.23 (m, 8H), 7.15-7.10 (m, 2H), 6.70 (s, 1H), 

4.999 (s, 2H), 4.57 (d, ƒ = 14.5 Hz, 1H), 4.48 (d, ƒ = 14.5 Hz, 1H), 4.32-4.30 (m, 1H), 3.77 (d, ƒ = 

17.55 Hz, 1H), 3.63 (d, ƒ = 17.5 Hz, 1H), 3.33 (dd, ƒ = 2.8,14.8 Hz, 1H), 2.92 (dd, ƒ = 8.9,14.8 Hz, 

1H).. «C NMR (100 MHz, CDCI3): 8 = 165.8,165.2,137.8,135.8,135.2,129.0,128.8,128.4,128.3, 

128.0,127.4,117.3,, 55.2, 50.9, 49.6, 49.0, 31.6. IR: 3230,1678,1653. HRMS (FAB) calculated for 

C22H23N4O22 (MH+) 375.1821, found 375.1817. Elem. anal, calculated C 70.57%, H 5.92%, N 

14.96%,, found C 70.46%, H 5.87%, N 14.89%. 

Bnn l-Benzyl-3-prop-2-ynylpiperazine-2,5-dione (36e). According to general 

VV *"! procedure A, coupling of 33e (0.90 g, 4.23 mmol) with 34, followed by 

%% cyclisation according to general procedure C afforded 36e (0.65 g, 64%) as an 

oill  after purification by chromatography (MeOH/EtOAc, 1/19). Rf = 0.50. ^H 

NMRR (400 MHz, CDCI3): 8 = 7.36-7.26 (m, 5H), 6.89 (br s, 1H), 4.76 (d, ƒ = 14.5 Hz, 1H), 4.48 

(d,, ƒ = 14.5 Hz, 1H), 4.21-4.18 (m, 1H), 3.96 (dd, ƒ = 0.9,17.8 Hz, 1H), 3.82 (dd, ƒ = 0.9,17.8 Hz, 

1H),, 2.84-2.81 (m, 2H), 2.02 (t, ƒ = 2.6 Hz, 1H). «C NMR (100 MHz, CDCI3): 8 = 165.5,164.3, 

134.8,, 128.9, 128.5, 128.2, 78.5, 72.6, 53.8, 49.8, 49.0, 25.2. IR: 3282, 3250, 2245, 1683, 1650. 

HRMSS (FAB) calculated for Q4H15N2O2 (MH+) 243.1134, found 243.1129. 

Bnn 3-Allyl-l-benzylpiperazine-2,5-dione (36f). According to general procedure A, 
Q V ' f SS coupling of 33f (1.7 g, 7.9 mmol) with 34, followed by cyclisation according to 

I ^ N ' S DD general procedure C afforded 36f (1.74 g, 90%) as a white solid after purification 

kk H by chromatography (EtOAc). Rf = 0.35. mp = 91 °C. W. NMR (200 MHz, CDCI3): 8 

== 7.40-7.23 (m, 5H), 6.43 (br s, 1H), 5.85-5.65 (m, 1H), 5.27-5.18 (m, 2H), 4.68 (d, J = 14.5 Hz, 

1H),, 4.52 (d, ƒ = 14.5 Hz, 1H), 4.12-4.09 (m, 1H), 3.83 (s, 2H), 2.83-2.70 (m, 1H), 2.62-2.47 (m, 

1H).. " C NMR (100 MHz, CDCI3): 8 = 165.9,165.4,135.0,131.4,128.7,128.3,128.0,120.5, 54.5, 

49.5,, 48.8, 38.5. IR: 3244,1687,1660. HRMS (FAB) calculated for Ci4H17N202 (MH+) 245.1290, 

foundd 245.1278. Elem. anal, calculated C 68.83%, H 6.60%, N 11.47%, found C 68.74%, H 

6.68%,, N 11.37%. 

93 3 



ChapterChapter 5 

(3S,6S)-l,3-Dibenzyl-6-methylpiperazine-2,5-dionee (40a). According to 

generall  procedure A, coupling of 33a (303 mg, 1.01 mmol) with 38, followed by 

cyclisationn according to general procedure B afforded 40a (203 mg, 65%) as a 

whitee solid after purification by chromatography (EtOAc). Rf = 0.31. [cqV1 -

100.99 (c = 1.0, CH2C12). mp = 173 °C. *H NMR (400 MHz, CDCI3): S = 7.37-7.16 

(m,, 10 H), 6.12 (br s, 1H), 5.32 (d, / = 14.8 Hz, 1H), 4.35-4.31 (m, 1H), 3.92 (d, ƒ = 14.8 Hz, 1H), 

3.766 (q, ƒ = 7.0 Hz, 1H), 3.25 (dd, ƒ = 3.8,13.6 Hz, 1H), 3.12 (dd, ƒ = 7.9,13.6 Hz, 1H), 1.04 (d, ƒ 

== 7.0 Hz, 3H). i3C NMR (100 MHz, CDCI3): 8 = 168.8,165.0,135.4,135.3,130.0,128.9,128.8, 

128.3,128.0,127.5,, 57.0, 54.1, 46.9, 41.3,18.2. IR: 3230,1682,1654. HRMS (FAB) calculated for 

Q9H21N2O22 (MH+) 309.1603, found 309.1605. Elem. anal, calculated C 74.00%, H 6.54%, N 

9.08%,, found C 73.93%, H 6.57%, N 9.02%. 

(3S,6S)-l-Benzyl-6-methyl-3-(l-methyl-lH-indol-3-ylmethyl)piperazine-2,5--
dionee (40c). According to general procedure A, coupling of 33c (409 mg, 1.16 

mmol)) with 38, followed by cyclisation according to general procedure B 

affordedd 40c (250 mg, 60%) as a white solid after purification by 

chromatographyy (EtOAc). Rf = 0.35. [a]D
21 -84.5 (c = 0.78, CH2CI2). mp = 63 °C. 

iHH NMR (400 MHz, CDCI3): 8 = 7.64 (d, ƒ = 7.9 Hz, 1H), 7.32-7.12 (m, 8H), 6.94 

(s,, IH), 6.76 (br s, IH), 5.27 (d, ƒ = 14.9 Hz, IH), 4.36-4.32 (m, IH), 3.85 (d, ƒ = 14.9 Hz, IH), 

3.744 (q, ƒ = 7.0 Hz, IH), 3.73 (s, 3H), 3.41 (dd, ƒ = 3.7,14.5 Hz, IH), 3.28 (dd, ƒ = 7.7,14.5 Hz, 

IH) ,, 0.96 (d, ƒ = 7.0 Hz, 3H). «C NMR (100 MHz, CDCI3): 8 = 168.9,165.6,137.0,135.5,128.8, 

128.4,, 128.2, 127.9,127.6,122.0, 119.5, 119.1,109.3,108.0, 56.5, 54.1, 32.6, 31.5, 18.1. IR: 3229, 

1683,1654.. HRMS (FAB) calculated for C22H22N3O2 (MH+) 362.1869, found 362.1871. 

Bnn (3R,6S)-l,3-Dibenzyl-6-methyl-piperazine-2,5-dione. According to general 

° V N V M ee procedure A, coupling of 42 (301 mg, 1.0 mmol) with 38, followed by cyclisation 

ff  N^SD according to general procedure B afforded the title compound (166 mg, 54%) as a 
Phh white solid after purification by chromatography (EtOAc). Rf = 0.36. [CC]D21 +54.6 

(cc = 1.0, CH2CI2). mp = 116 °C. iH NMR (400 MHz, CDCb): 8 = 7.38-7.14 (m, 10H), 5.94 (br s, 

IH) ,, 5.24 (d, ƒ = 14.9 Hz, IH), 4.32-4.28 (m, IH), 4.06 (d, ƒ = 14.9 Hz, IH), 3.75 (q, ƒ = 7.0 Hz, 

IH) ,, 3.58 (dd, ƒ = 3.6,14.1 Hz, IH), 2.96 (dd, ƒ = 9.4,14.1 Hz, !H), 1.41 (d, ƒ = 7.0 Hz, 3H). 13C 

NMRR (100 MHz, CDCI3): 8 = 169.0,165.7, 135.6, 129.5, 129.2, 128.9, 128.0, 127.9, 127.5, 55.2, 

54.9,, 47.4, 38.7, 17.6. IR: 3223, 1682, 1660. HRMS (FAB) calculated for G9H21N2O2 (MH+) 

309.1603,, found 309.1605. Elem. anal, calculated C 74.00%, H 6.54%, N 9.08%, found C 

73.84%,, H 6.68%, N 8.95%. 

Generall  procedure D for  carbamate protection of diketopiperazines. To a solution 

off  diketopiperazine, DMAP (2 equiv) and triethylamine (2 equiv) in dry, ethanol-free CH2CI2 

(0.5M)) at 0 °C, methyl chloroformate (4 equiv) was added dropwise. The reaction mixture 

wass allowed to warm to room temperature and stirred for 20 h. The organic layer was 

washedd with I N HC1, brine, dried with MgS04 and the solvent was evaporated to give the 

protectedd diketopiperazine. 
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(2S)-2,4-Dibenzyl-3,6-dioxopiperazine-l-carboxylicc acid methyl ester  (37a). 
Accordingg to general procedure D, protection of 36a (0.21 g, 0.71 mmol) 

affordedd 37a (0.19 g, 76%) as a white amorphous solid after purification by 

chromatographyy (PE/EtOAc, 1/1). Rf = 0.30. [a]D
21 +96 (c = 1.0, CH2C12). mp = 

115-1177 °C. m NMR (200 MHz, CDC13): 8 - 7.31-6.89 (m, 10H), 5.08 (m, 1H), 

4.400 (d, ƒ = 14.2 Hz, 1H), 4.29, (d, J = 14.2 Hz, 1H), 3.88 (s, 3H), 3.35 (d, ƒ = 18.3 Hz, 1H), 3.32 

(dd,, ƒ = 3.6,13.9 Hz, 1H), 3.22 (dd, ƒ = 4.8,13.9 Hz, 1H), 2.17 (d, ƒ = 18.3 Hz, 1H). «C NMR (50 

MHz,, CDCI3): 8 = 165.3,164.4,152.5,134.1,134.0,130.1,128.9,128.6,128.5,128.0,127.5, 60.0, 

54.3,49.3,49.1,, 38.7. HRMS (FAB) calculated for C20H21N2O4 (MH+) 353.1501, found 353.1506. 

(2S)-4-Benzyl-2-(4-tert-butoxybenzyl)-3,6-dioxopiperazine-l-carboxylicc acid 
methyll  ester  (37b). According to general procedure D, protection of 36b (0.27 g, 

0.744 mmol) afforded 37b (0.26 g, 82%) as a clear oil after purification by 

chromatographyy (PE/EtOAc, 2/3). Rf = 0.47. [<x]D
21 +87 (c = 1.0, CH2CI2). *H 

NMRR (200 MHz, CDCI3): 8 = 7.29-7.14 (m, 5H), 6.82 (d, ƒ = 8.4 Hz, 2H), 6.62 (d, ƒ 

°'Buu = 8.4 Hz, 2H), 5.04 (m, 1H), 4.35 (d, ƒ = 14.3 Hz, 1H), 4.31 (d, ƒ = 14.3 Hz, 1H), 

3.866 (s, 3H), 3.35 (d, J = 18.2 Hz, 1H), 3.27 (dd, ƒ = 3.4,16.0 Hz, 1H), 3.16 (dd, ƒ = 4.8,16.0 Hz, 

1H),, 2.19 (d, ƒ = 18.2 Hz, 1H), 1.21 (s, 9H). «C NMR (50 MHz, CDCI3): S = 165.5,164.3,154.9, 

152.5,134.3,130.7,128.9,128.8,128.6,128.1,124.1,, 78.3,60.1,54.7,49.3,49.1,38.0,28.6. 

(2S)-4-Benzyl-2-(l-methyl-lH-indol-3-ylmethyl)-3,6-dioxopiperazine-l--
carboxylicc acid methyl ester  (37c). According to general procedure D, 

protectionn of 36c (100 mg, 0.29 mmol) afforded 37c (59 mg, 50%) as a white 

solidd after purification by chromatography (PE/EtOAc, 1/1). Rf = 0.23. [OC]D21 

+107.55 (c = 1.0, CH2CI2). mp = 147 °C. iH NMR (400 MHz, CDCI3): 5 = 7.53 (d, J 

== 7.9 Hz, IH), 7.29-7.13 (m, 6H), 7.00-6.96 (m, 2H), 6.72 (s, IH), 5.15-5.13 (m, 

IH) ,, 4.80 (d, ƒ = 14.6 Hz, IH) , 3.92 (s, 3H), 3.66 (s, 3H), 3.65 (dd, ƒ = 2.9,15.1 Hz, IH), 3.41 (dd, 

ƒƒ = 4.9,15.1 Hz, IH), 3.36 (d, ƒ = 14.6 Hz, IH), 3.22 (d, ƒ = 18.3 Hz, IH), 2.06 (d, ƒ = 18.3 Hz, 

IH) .. »C NMR (100 MHz, CDC13): 8 = 166.3,165.0,152.7,136.9,134.4,129.6,128.7,128.5,128.0, 

127.5,122.2,119.7,, 119.1,109.3,106.3, 54.4, 49.3, 48.8, 32.7, 28.8. IR: 1781,1730, 1667. HRMS 

(FAB)) calculated for C23H24N3O2 (MH+) 406.1767, found 406.1771. 

Bnn (2S)-4-Benzyl-2-(3-benzyl-3H-imidazol-4-ylmethyl)-3,6-dioxopiperazine-l-
CS^N^II  carboxylic acid methyl ester  (37d). According to general procedure D, 

f ^ N ^ oo protection of 36d (253 mg, 0.63 mmol) afforded 37d (159 mg, 72%) as a white 

p=\NBn
c°2Mee solid after purification by chromatography (MeOH/EtOAc, 1/20). Rf = 0.21. 

N ^^ [(X]D 21 +16.6 (c = 1.0, CH2CI2). mp = 58 °C. iH NMR (400 MHz, CDC13): 8 = 7.38-

7.200 (m, 9H), 7.11-7.08 (m, 2H), 6.59 (d, ƒ = 1.1 Hz, IH), 5.08 (dd, ƒ = 3.7, 5.2 Hz, IH), 4.91 (d, ƒ 

== 15.1 Hz, IH), 4.87 (d, ƒ = 15.1 Hz, IH), 4.51 (d, ƒ = 14.5 Hz, IH), 4.24 (d, ƒ = 14.5 Hz, IH), 

3.877 (s, 3H), 3.50 (d, ƒ = 18.2 Hz, IH), 3.31 (dd, ƒ = 3.7,14.8 Hz, IH) , 3.21 (dd, ƒ = 5.2,14.8 Hz, 

IH) ,, 2.84 (d, ƒ = 18.2 Hz, IH) . " C NMR (100 MHz, CDCI3): 8 = 165.8,165.2,152.7,136.1,135.9, 
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134.8,, 129.0, 128.8, 128.7, 128.4, 128.0, 127.3, 118.4, 59.4, 54.3, 50.8, 49.9, 48.9, 31.4. IR: 1781, 

1729,1667,1268.. HRMS (FAB) calculated for C24H25N4O4 (MH*) 433.1876, found 433.1861. 

11 4-Benzyl-3,6-dioxo-2-prop-2-ynylpiperazine-l-carboxylic acid methyl ester 
^^ (37e). According to general procedure D, protection of 36e (0.64 g, 2.64 mmol) 

coo M afforded 37e (0.66 g, 84%) as a clear sticky oil after purification by 

chromatographyy (EtzO). Rf = 0.30. iH NMR (400 MHz, CDCI3): S = 7.37-7.29 

(m,, 5H), 4.89 (t, ƒ = 4.1 Hz, IH), 4.86 (d, ƒ = 14.5 Hz, IH), 4.41 (d, ƒ = 14.5 Hz, IH), 4.28 (d, ƒ = 

18.44 Hz, IH), 3.92 (s, 3H), 3.86 (d, ƒ = 18.4 Hz, IH), 3.06-3.03 (m, 2H), 1.91 (t, ƒ = 2.7 Hz, IH). 
13CC NMR (100 MHz, CDCI3): S = 164.9,164.4,152.7,134.5,128.9,128.6,128.3, 78.1, 73.3, 57.3, 

54.6,, 50.8, 49.4, 24.0. IR (film): 3285, 2250,1718,1655. HRMS (FAB) calculated for C16H17N2O4 

(MH+)) 301.1188, found 301.1183. 

Bnn 2-Allyl-4-benzyl-3,6-dioxopiperazine-l-carboxylic acid methyl ester  (37f). 
° ^ N \\ According to general procedure D, protection of 36f (0.43 g, 1.77 mmol) afforded 

^ ^ N ^ 00 37f (0.40 g, 75%) as a clear sticky oil after purification by chromatography 

1^^ co2Me (PE/EtOAc, 1/1). Rf = 0.28. *H NMR (400 MHz, CDCI3): 5 = 7.38-7.22 (m, 5H), 

5.77-5.677 (m, IH), 5.16-5.09 (m, 2H), 4.96 (t, ƒ ƒ = 3.9 Hz, IH), 4.80 (d, ƒ = 14.4 Hz, IH), 4.37 (d, ƒ 

== 14.4 Hz, IH), 3.98 (d, ƒ = 18.5 Hz, IH) , 3.90 (s, 3H), 3.84 (d, ƒ = 18.5 Hz, IH), 2.72-2.62 (m, 

2H).. »C NMR (100 MHz, CDCI3): 6 = 165.7,164.6,152.5,134.8,130.8,129.0,128.5,128.3,121.0, 

58.7,, 54.4, 50.5, 49.3, 37.7. IR: 1783, 1731, 1671,1275. HRMS (FAB) calculated for C16H19N2O4 

(MH+)) 303.1345, found 303.1344. 

(2S,5S)-2,4-Dibenzyl-5-methyl-3,6-dioxopiperazine-l-carboxylicc acid methyl 
esterr  (41a). According to general procedure D, protection of 40a (192 mg, 0.62 

mmol)) afforded 41a (140 mg, 62%) as a colourless oil after purification by 

chromatographyy (PE/EtOAc, 1/1). Rf = 0.42. [oc]D
21 +17.6 (c = 1.0, CH2CI2). W 

NMRR (400 MHz, CDCI3): 8 = 7.34-7.15 (m, 10H), 5.30 (d, ƒ = 14.8 Hz, IH), 5.16 

(t,, ƒ = 5.3 Hz, IH), 3.86 (q, ƒ = 7.1 Hz, IH), 3.83, (d, ƒ = 14.8 Hz, IH), 3.82 (s, 3H), 3.35 (dd, ƒ = 

5.3,14.00 Hz, IH), 3.29 (dd, ƒ = 5.1,14.0 Hz, IH), 0.74 (d, ƒ = 7.1 Hz, 3H). «C NMR (50 MHz, 

CDCI3):: 5 = 167.4, 164.6, 135.1, 135.0, 130.4, 128.9, 128.8, 128.4, 128.1, 127.6, 60.2, 55.5, 54.4, 

46.5,, 39.6, 17.4. IR (film): 1781, 1730, 1660, 1256. HRMS (FAB) calculated for C21H23N2O4 

(MH+)) 367.1658, found 367.1639. 

(2S,5S)-4-Benzyl-3-methyl-6-(l-methyl-lH-indol-3-ylmethyl)-2,5--

dioxopiperazine-1-carboxylicc acid methyl ester  (41c). According to general 

proceduree D, protection of 40c (250 mg, 0.69 mmol) afforded 41c (116 mg, 40%) 

NMe22 as a white solid after purification by chromatography (PE/EtOAc, 1/1). Rf = 

0.25.. [ajo21 -84.5 (c = 0.78, CH2CI2). mp = 63 °C. m NMR (400 MHz, CDCI3): 5 = 

7.600 (d, ƒ = 7.9 Hz, IH), 7.29-7.11 (m, 8H), 6.85 (s, IH), 5.27 (d, ƒ = 14.9 Hz, IH), 

5.188 (t, ƒ = 4.7 Hz, IH), 3.77 (s, 3H), 3.74 (q, ƒ = 7.1 Hz, IH), 3.71 (s, 3H), 3.60 (dd, ƒ = 4.5,14.9 

Hz,, IH) , 3.56 (d, J = 14.9 Hz, IH), 3.44 (dd, ƒ = 4.9,14.9 Hz, IH), 0.44 (s, J = 7.1 Hz, 3H). IR 
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(film) :: 1779,1729,1659,1255. HRMS (FAB) calculated for C24H26N3O4 (MH+) 420.1923, found 
420.1921. . 

Bnn (2R,5S)-2,4-Dibenzyl-5-methyl-3,6-dioxopiperazine-l-carboxylic acid methyl 
0^T N Y* M ee e s t er (43). According to general procedure D, protection of (3R, 6S)-l,3-dibenzyl-

j A l f S oo 6-methylpiperazine-2,5-dione (240 mg, 0.78 mmol) afforded 43 (108 mg, 38%) as 

Phh co2Me a colourless oil after purification by chromatography (PE/EtOAc, 1/1). Rf = 0.41. 

[a]D
211 -94.6 (c = 0.97, CH2CI2). JH NMR (400 MHz, CDCI3): S = 7.33-7.03 (m, 10H), 5.16 (t, J = 

4.55 Hz, 1H), 4.82 (d, ƒ = 15.2 Hz, 1H), 4.30 (d, ƒ = 15.2 Hz, 1H), 3.90 (s, 3H), 3.38 (dd, ƒ = 4.2, 

14.00 Hz, 1H), 3.32 (dd, J = 4.8,14.0 Hz, 1H), 2.88 (q, ƒ = 7.0 Hz, 1H), 1.37 (d, ƒ = 7.0 Hz, 3H). 

«CC NMR (100 MHz, CDCI3): 8 = 168.1, 166.3, 152.9, 135.7, 134.4, 130.4, 128.7, 128.6, 128.0, 

127.7,, 127.6, 59.8, 55.2, 54.4, 46.6, 39.0, 18.3. IR (film): 1782, 1730, 1661, 1271. HRMS (FAB) 

calculatedd for C21H23N2O4 (MH+) 367.1658, found 367.1659. 

Generall  procedure E for  reduction/cyclisation. To a solution of methoxycarbonyl 

protectedd diketopiperazine in MeOH (0.1M) at 0 °C, sodium borohydride (3 equiv) was 

addedd in portions. After stirring for 1 h, the reaction mixture was quenched with aqueous 

saturatedd NH4CI and extracted with EtOAc (2x). The combined organic layers were washed 

withh brine, dried with MgSC>4 and the solvent was evaporated to yield the crude 

hemiaminal.. This crude product was dissolved in TFA or formic acid (0.05M) and stirred at 

roomm temperature for 24 h. The solvent was evaporated and residual traces of acid were 

azeotropicallyy removed with toluene to yield the crude products. 

(lS,9S)-ll-Benzyl-10-oxo-ll,13-diazatricyclo[7.3.1.00 27]trideca-2(7),3,5-triene-
13-carboxylicc acid methyl ester  (45a). According to general procedure E, 

reduction/cyclisationn of 37a (62.0 mg, 176 umol) afforded 45a (45 mg, 76%) as 

ann amorphous white solid after purification by chromatography (PE/EtOAc, 

2/3).. Rf = 0.45. [OC]D21 -21 (c = 0.5, CH2CI2). mp = 109-111 °C. iH NMR (500 MHz, 

DMSO-d6,1000 °C): 8 = 7.28-7.05 (m, 7H), 6.70 (d, ƒ = 7.3 Hz, 2H), 5.37 (d, ƒ = 3.9 Hz, 1H), 4.82 

(d,, ƒ = 5.9 Hz, 1H), 4.71 (d, ƒ = 15.1 Hz, 1H), 4.17 (d, ƒ = 15.1 Hz, 1H), 3.84 (dd, J = 4.4,12.0 Hz, 

1H),, 3.70 (s, 3H), 3.23 (dd, ƒ = 6.1,16.4 Hz, 1H), 3.16 (d, ƒ = 12.0 Hz, 1H), 3.06 (d, ƒ = 16.8 Hz, 

1H).. 13C NMR (125 MHz, DMSO-d6,100 °C): 8 = 166.7,153.4,135.8,134.1,132.2,128.3,127.7, 

127.1,, 126.3, 126.3, 126.2, 126.0, 53.2, 52.5, 52.2, 48.9, 47.9, 31.6. IR : 2922, 2359, 1703, 1637. 

HRMSS (FAB) calculated for C20H21N2O3 (MH+) 337.1552, found 337.1559. 

(lS,9S)-ll-Benzyl-4-hydroxy-10-oxo-ll,13-diazatricyclo[7.3.1.00 ^trideca -
2(7),3,5-triene-13-carboxylicc acid methyl ester  (45b). According to general 

proceduree E, reduction/cyclisation of 37b (257 mg, 600 umol) afforded 45b 
(1855 mg, 88%) as an amorphous white solid after purification by 

chromatographyy (PE/EtOAc, 1/2). Rf = 0.32. [CC]D21 -26 (c = 0.5, CH2CI2). mp 

== 112-114 °C. 1H NMR (500 MHz, DMSO-d6,100 °C): 8 = 8.93 (br s, 1H), 7.16-7.09 (m, 3H), 

6.999 (d, ƒ = 8.1 Hz, 1H), 6.78-6.71 (m, 3H), 6.62 (d, ƒ = 2.2 Hz, 1H), 5.26 (d, ƒ = 4.2 Hz, 1H), 4.79 
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(d,, ƒ = 5.9 Hz, 1H), 4.70 (d, ƒ = 15.4 Hz, 1H), 4.20 (d, ƒ = 15.4 Hz, 1H), 3.80 (dd, / = 4.4,12.2 Hz, 

1H),, 3.69 (s, 3H), 3.14 (d, ƒ = 12.0 Hz, 1H), 3.10 (dd, ƒ = 6.1,16.1 Hz, 1H), 2.94 (d, ƒ = 16.1 Hz, 

1H).. " e NMR (125 MHz, DMSO-d6,100 °C): 8 = 166.9,155.6,153.4,135.9,134.9,129.1,127.7, 

126.3,, 126.2, 122.2, 115.0, 112.6, 53.2, 52.8, 52.1, 49.0, 47.9, 30.7. IR: 3309, 2926, 1708, 1635. 

HRMSS (FAB) calculated for C20H21N2O4 (MH+) 353.1501, found 353.1519. 

Finall  product 46.According to general procedure E, reduction/cyclisation of 

37cc (26 mg, 60 umol) afforded 46 (20 mg, 80%) as an amorphous white solid 

afterr purification by chromatography (PE/EtOAc, 1/1). R{ = 0.24. [a]D
21 +19.7 

xNMee (c = 0.35, CH2CI2). mp = 179 °C. « NMR (400 MHz, DMSO-d6,150 °C): 8 = 

7.500 (d, J = 7.8 Hz, 1H), 7.37 (d, ƒ = 8.4 Hz, 1H), 7.24-7.20 (m, 1H), 7.12-7.06 

(m,, 2H), 6.93-6.89 (m, 2H), 6.69 (d, ƒ = 7.6 Hz, 2H), 5.62-5.60 (m, 1H), 4.96-

4.955 (m, 1H), 4.78 (d, ƒ = 15.1 Hz, 1H), 4.22 (d, ƒ = 15.1 Hz, 1H), 3.92 (dd, ƒ = 4.2,12.4 Hz, 1H), 

3.766 (s, 3H), 3.53 (s, 3H), 3.28 (d, ƒ =12.4 Hz, 1H), 3.17-3.15 (m, 2H). «C NMR (100 MHz, 

DMSO-d6,1500 °C): 8 = 166.9,153.2,136.8,135.8,131.3,127.2,126.1,126.0,125.3,120.9,118.4, 

117.1,108.6,106.8,53.1,51.8,50.0,47.8,44.7,, 28.4,25.0. IR: 1706,1651. HRMS (FAB) calculated 

forr  C23H24N3O3 (MH+) 390.1818, found 390.1815. 

Bnn (2S)-4-Benzyl-2-(3-benzyl-3H-imidazol-4-ylmethyl)-3-oxo-3,4-dihydro-2H-

°Y N ' l ll  pyrazine-1-carboxylic acid methyl ester  (47). According to general procedure 

ff  N E, reduction/cyclisation of 37d (156 mg, 0.36 mmol), followed by aqueous basic 

ÏNBnC°2Mee workup, afforded 47 (115 mg, 77%) as an amorphous white solid after 
N * // purification by chromatography (MeOH/EtOAc, 1/10). Rf = 0.40. [a]D

21 +5.3 (c 

== 0.33, CH2CI2). !H NMR (400 MHz, DMSO-d6,150 °C): 8 = 7.54 (s, 1H), 7.39-7.20 (m, 10H), 

6.799 (s, 1H), 6.18 (d, ƒ = 6.0 Hz, 1H), 5.69 (d, ƒ = 6.0 Hz, 1H), 5.12 (s, 2H), 4.88 (t, ƒ = 8.8 Hz, 

1H),, 4.67 (d, ƒ = 12.9 Hz, 1H), 4.61 (d, ƒ = 12.9 Hz, 1H), 3.60 (s, 3H), 2.88 (d, ƒ = 8.8 Hz, 2H). «C 

NMRR (100 MHz, DMSO-d6, 150 °C): 8 = 163.4, 152.2,136.8,136.4, 136.1, 135.4, 128.0, 127.9, 

127.1,, 126.8,126.7, 116.9,112.5,107.8, 56.9, 52.1, 49.3, 47.9, 28.0. IR: 1713,1679,1445. HRMS 

(FAB)) calculated for C24H25N4O3 (MH+) 417.1927, found 417.1924. 

3-Benzyl-2,7-dioxo-3,9-diazabicyclo[3.3.1]nonane-9-carboxylkk  acid methyl ester 
(48).. According to general procedure E, reduction/cyclisation of 37e (114 mg, 0.38 

mmol)) at 100 °C afforded 48 (20 mg, 17%) as an oil after purification by 
chromatographyy (PE/EtOAc 1:1 -> 0:1 ). Rf = 0.54 (EtOAc). « NMR (500 MHz, 

DMSO-d6,1300 °C): 8 = 7.34-7.27 (m, 3H), 7.17-7.13 (m, 2H), 4.83-4.79 (m, 2H), 4.68 

(d,, ƒ = 14.6 Hz, 1H), 4.32 (d, J = 14.6 Hz, 1H), 3.74 (s, 3H), 3.57 (dd, ƒ = 5.1,12.4 Hz, 1H), 3.12 

(d,, ƒ = 12.4 Hz, 1H), 2.86-2.81 (m, 2H), 2.46 (d, ƒ = 15.1 Hz, 1H), 2.24 (d, ƒ = 16.1 Hz, 1H). »C 

NMRR (125 MHz, DMSO-d6, 130 °C): 8 = 203.4, 165.7, 153.4, 135.8, 127.9, 127.2, 126.8, 53.2, 

52.4,, 50.3, 48.4, 46.0, 43.9, 43.4. IR (film): 1701, 1686, 1655. HRMS (FAB) calculated for 

C16H19N2O44 (MH+) 303.1345; found 303.1350. 



2,6-Brid%ed2,6-Brid%ed 3-ketopiperazines via N-acyliminiutn ion chemistry 

488 from 49: To a solution of 49 (25 mg, 82 umol) in acetone (2 mL), were added TPAP 

(2.99 mg) and NMO (10.6 mg, 104 umol) and the mixture was stirred for 2 h at room 

temperature.. Filtration of the reaction mixture over a short path of silica afforded 48 (24 mg, 

96%)) as a clear oil after purification by chromatography. 

Bnn 3-Benzyl-7-hydroxy-2-oxo-3,9-diazabicyclo[3.3.1]nonane-9-carboxylic acid 

O ^ N .. methyl ester  (49). According to general procedure E, reduction/cyclisation of 37f 
[[ HHAA (155 mg, 0.38 mmol) afforded 49 (78 mg, 50%) as an oil after purification by 

Me02cYY chromatography (EtOAc). Rf = 0.25. W NMR (500 MHz, DMSO-d6, 130 °C): 8 = 

°HH 7.37-7.25 (m, 5H), 4.60 (d, ƒ = 14.4 Hz, 1H), 4.52-4.48 (m, 2H), 4.44 (d, ƒ = 14.4 Hz, 

1H),, 3.77-3.73 (m, 1H), 3.67 (s, 3H), 3.54 (dd, ƒ = 6.6,12.4 Hz, 1H), 3.10 (d, ƒ = 12.4 Hz, 1H), 

2.16-2.133 (m, 1H), 1.91-1.88 (m, 1H), 1.50-1.40 (m, 2H). «C NMR (125 MHz, DMSO-d6,130 

°C):: 8 = 166.6, 153.6, 136.3, 127.9, 127.5, 126.8, 61.1, 53.2, 52.0, 48.3, 45.2, 40.0, 38.8, 36.2. IR 

(film) :: 3404,1702,1639,1453. HRMS (FAB) calculated for C16H21N2O4 (MH+) 305.1501, found 

305.1481. . 

(E/Z)-4-Benzyl-3,6-dioxo-2-(4-trimethylsilanylbut-2-enyl)piperazine-l--
carboxylicc acid methyl ester  (51). To solution of 37f (211 mg, 0.7 mmol) and 

allyltrimethylsilanee (0.33 mL, 2.1 mmol) in dry toluene (15 mL) under argon, 

catalystt 50 (59 mg, 70 umol) was added and the reaction mixture was stirred at 

M&jSrr gg OQ £or 20 h. Concentration of the reaction mixture and further purification 

byy chromatography (PE/EtOAc, 1.2/1 -> 1/1) afforded 51 (141 mg, 52%) as an oil. Rf = 0.40 

(PE/EtOAc,, 1.2/1). m NMR (500 MHz, DMSO-d6, 130 °C, 3:1 mixture): 8 = 7.40-7.25 (m, 

5H),, 5.96-5.90 (m, 0.25H), 5.83-5.78 (m, 0.25H), 5.55-5.48 (m, 0.75H), 5.24-5.11 (m, 0.75H), 

4.80-4.633 (m, 2H), 4.43-4.37 (m, 1H), 4.18-1.10 (m, 1H), 4.02-3.94 (m, 1H), 3.81 (s, 3H), 2.75-

2.555 (m, 2H), 1.45-1.25 (m, 2H), 0.02 (s, 2.25H), -0.04 (s, 6.75H). «C NMR (125 MHz, DMSO-

d6,1000 °C, 3:1 mixture): 8 = 164.9,164.7,163.7,163.6,151.8, 151.7,139.2,135.5,131.2,129.5, 

128.1,, 128.0, 127.5,127.5,127.1, 127.0,120.9,119.5, 58.6, 58.4, 57.9, 53.2, 50.0, 49.9, 48.0, 47.9, 

35.4,, 29.6, 21.9, 17.6, -2.1, -2.5. IR: 2953, 1783, 1731, 1668, 1271. HRMS (FAB) calculated for 

C2oH29N204Sii  (MH+) 389.1897, found 389.1876. 

*Q Q 
Bnn 3-Benzyl-2-oxo-6-vinyl-3,8-diazabicyclo[3.2.1]octane-8-carboxylic acid methyl 

esterr  (52). According to general procedure E, reduction/cyclisation of 51 (105 mg, 

0.277 mmol) afforded 52 (52 mg, 64%) as an oil after purification by 

Meo2cc "| chromatography (PE/EtOAc, 1/1). Rf = 0.36. m NMR (400 MHz, CDCI3, 4:1 

mixturee of rotamers, data of the major): 8 = 7.34-7.16 (m, 5H), 5.80-5.70 (m, 1H), 

4.98-4.955 (m, 2H), 4.80-4.58 (m, 2H), 4.22 (br s, 2H), 3.70 (s, 3H), 3.56 (br s, 1H), 2.91 (d, ƒ = 

11.66 Hz, 1H), 2.63-2.56 (m, 1H), 2.44-2.39 (m, 1H), 1.99-1.93 (m, 1H). »C NMR (125 MHz, 

DMSO-d6,1300 °C): 8 = 168.3,154.0,140.2,136.4,128.1,128.0,126.7,113.5, 59.0, 57.7, 51.9, 50.8, 

47.6,44.6,, 36.5. IR: 1710,1664. HRMS (FAB) calculated for C17H21N2O3 (MH+) 301.1552, found 

301.1550. . 
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Brr  (lR /9R,12S)-ll-Benzyl-12-methyl-10-oxo-ll,13-diazatricyclo[7.3.1.0 2-7]trideca-
„N „ „ i j , , ,, ,»,e 2,4,6-triene-13-carboxylic acid methyl ester  (53). According to general 

TNN I procedure E, reduction/cyclisation of 43 (20 mg, 50 umol) afforded 53 (14 mg, 

Meo2cc | j 74%) as an oil after purification by chromatography (PE/EtOAc, 1/1). Rf = 

0.26.. [OC]D21 -5.9 (c = 59, CH2C12).
 ! H NMR (400 MHz, DMSO-d6, 100 °C): 5 = 

7.30-7.266 (m, 1H), 7.21-7.13 (m, 3H), 7.09-7.05 (m, 1H), 6.99-6.95 (m, 2H), 6.53-6.51 (m, 2H), 

5.122 (s, 1H), 5.05 (d, ƒ = 15.5 Hz, 1H), 4.79 (d, ƒ = 5.8 Hz, 1H), 3.89 (d, ƒ = 15.5 Hz, 1H), 3.73 (s, 

3H),, 3.44-3.42 (m, 1H), 3.22 (dd, ƒ - 5.8,16.5 Hz, 1H), 3.03 (d, ƒ = 16.5 Hz, 1H), 1.39 (d, ƒ = 6.3 

Hz,, 3H). «C NMR (100 MHz, DMSO-d6,100 °C): 5 = 166.4, 134.2, 132.1,128.2, 127.3,127.0, 

126.1,125.9,, 58.5, 54.1, 52.2, 52.0, 45.7, 31.6,17.4. IR: 1706,1651,1451. HRMS (FAB) calculated 

forr C21H23N2O3 (MH+) 351.1709, found 351.1705. 

(2S)-2,4-Dibenzyl-5-methyl-3-oxo-3,4-dihydro-2H-pyrazine-l-carboxylicc acid 
methyll  ester  (54). According to general procedure E, reduction/cyclisation of 

41aa (140 mg, 0.38 mmol) afforded 54 (79 mg, 60%) as a white amorphous solid 

afterr purification by chromatography (PE/EtOAc, 2/1). Rf = 0.41. [<x]D
21 +40 (c 

== 1.0, CH2CI2). iH NMR (400 MHz, DMSO-d6, 100 °C): S = 7.37-7.17 (m, 10H), 

6.111 (s, IH), 5.04 (d, ƒ = 16.1 Hz, IH), 4.92-4.87 (m, IH), 4.67 (d, ƒ = 16.1 Hz, IH), 3.51 (s, 3H), 

3.01-2.944 (m, 2H), 1.83 (s, 3H). " C NMR (100 MHz, DMSO-d6,100 °C): 5 = 164.6,152.3,137.3, 

135.6,, 128.8, 127.9, 127.4,126.4,126.0,125.8,120.5, 105.7, 57.4, 52.0, 43.8, 35.3, 14.6. IR: 1715, 

1669.. HRMS (FAB) calculated for C21H23N2O3 (MH+) 351.1709, found 351.1712. 

Finall  product 56. According to general procedure E, reduction/cyclisation of 

41cc (110 mg, 0.26 mmol) afforded 56 (74 mg, 71%) as a white amorphous solid 

afterr purification by chromatography (PE/EtOAc, 1/1). Rf = 0.29. [oc]D
21 -16.7 

(cc = 0.45, CH2C12). mp = 58 °C. JH NMR (400 MHz, DMSO-d6, 110 °C): 5 = 

7.522 (d, ƒ = 7.8 Hz, IH), 7.43 (d, ƒ = 8.2 Hz, IH), 7.25-7.07 (m, 7H), 5.56 (d, ƒ = 

4.33 Hz, IH), 5.04 (d, ƒ = 6.0 Hz, IH), 4.95 (d, ƒ = 15.8 Hz, IH), 4.35 (d, ƒ = 15.8 

Hz,, IH), 4.13-4.10 (m, IH), 3.74 (s, 3H), 3.72 (s, 3H), 3.19 (dd, ƒ = 6.1,15.9 Hz, IH), 3.14 (d, ƒ = 

15.99 Hz, IH), 1.20 (d, ƒ = 6.7 Hz, 3H). «C NMR (100 MHz, DMSO-d6,110 °C) S = 168.4,153.6, 

137.5,, 137.1, 130.7, 127.6, 126.2, 126.1, 125.5, 121.3, 118.7, 117.4, 109.2, 107.1, 55.9, 52.3, 52.1, 

48.7,, 44.2, 30.4, 24.9,15.3. IR: 1706,1651,1451. HRMS (FAB) calculated for C24H26N3O3 (MH+) 

404.1974,, found 404.1982. 
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SUMMAR Y Y 

NOVELL PARALLEL SYNTHESIS ROUTES TO NITROGEN HETEROCYCLES 

VIAVIA N-ACYLIMINIU M ION CHEMISTRY 

Syntheticc polymers from styrene are known since 1839, but it was not before 1963 

thatt such a polymer was used as a synthetic tool. In that year in a landmark contribution, 

Merrifieldd described the first synthesis of a tetrapeptide on a solid support. There are several 

advantagess to the synthesis of molecules on a solid phase: (i) since the product is attached to 

ann insoluble polymer the workup can be reduced to a simple filtration step, thereby avoiding 

timee consuming and tedious purification steps, (ii) due to this easy purification use of excess 

reagentss to drive the reaction to completion is possible, and (iii ) because the synthesis 

consistss of repetitive cycles of deprotection, coupling and washing it is amenable to 

automatedd synthesis carried out on robotic systems. As a result, in the last decade much 

effortt has been put in the 'translation' of reactions to the solid phase, the development of 

neww linker systems for the attach/detachment of molecules to the solid phase and the 

developmentt of resin bound catalysts and reagents. 

Givenn the importance of both iminium and N-acyliminium ion chemistry in classic 

organicc synthesis, application of this type of chemistry to solid phase seems extremely 

valuable.. In contrast with the examples of iminium ion reactions, only very few examples of 

N-acyliminiumm ion chemistry on the solid phase are known. Considering the expertise with 

thee latter types of intermediates in our group, we set out explore their application on the 

solidd phase. Thus, this thesis deals with the development of synthetic tools for the parallel 

synthesiss of N-heterocycles via N-acyliminium ion chemistry. Two subjects are covered 

throughoutt the chapters: (i) the development and application of N-acyliminium ion 

chemistryy on solid phase, and (ii) the N-acyliminium ion mediated synthesis of molecules 

thatt can be used as starting materials for further diversification via parallel chemistry. 

Inn Chapter 1, general information on solid phase chemistry is presented as well as a 

shortt overview of the hitherto described examples of supported N-acyliminium ion 

chemistry. . 

Inn Chapter 2, the solid phase synthesis of a number of 2-substituted and 2,4-

disubstitutedd pyrrolidines via N-acyliminium ion chemistry is described. The general 

strategyy is depicted in eq 1. 

^ C A N ^ R _ _ 
Eto-y Eto-y 

O N N 

Nu--
11 EtO 2 

O O 
A N-y R__ HN-yR

 (1) 

R11 R1 

33 4 

AA number of y-aminoacetals were immobilised on resin via a carbamate function (viz. 

1),, thus incorporating the acyl moiety required for the N-acyliminium ion reaction in the 

linkerr system. Lewis acid mediated generation of the N-acyliminium ion 2 and trapping with 
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suitablee C-nucleophiles provided the immobilised products 3, that were released from the 

resinn by cleavage of the carbamate functionality to provide the pyrrolidines 4. 

Ann important issue in this approach was the choice of the linker system. Although 

manyy linkers are known in literature, most of them are acid labile and therefore not 

compatiblee with the acidic conditions required to generate the N-acyliminium ion. Therefore, 

twoo tailor-made linker systems for N-acyliminium ion chemistry on solid support were 

designedd and synthesised (Scheme 1). 

Schemee 1 

y ^ c i i 

/ \ / O H H 
HS S 
Cs2C03 3 

DMF,, 60 °C, 
44 h -> rt, 20 h 

 O o mCPBA A "" ^ ^ s . 
OHH CH,C1,, rt, 20 h 

p-nitrophenyll  chloroformate, NMM 
CH2C12,, rt, 18 h 

NO, , 

9,91% % 

Thee synthesis of the linker systems started with the cesium carbonate mediated 

couplingg of mercaptoethanol to Merrifield chloride resin 5 furnishing alcohol resin 6. 

Oxidationn of the sulfide 6 using an excess of mCPBA to sulfone 7, followed by reaction with 

p-nitrophenyll  chloroformate led to the 2-(alkylsulfonyl)ethoxycarbonyl (SEC) mixed 

carbonatee resin 9. Alternatively, direct activation of resin 6 with p-nitrophenyl chloroformate 

ledd to the 2-(alkylthio)ethoxycarbonyl (TEC) mixed carbonate resin 8. Both resins were 

obtainedd in excellent yield as determined by elemental analysis. 

Bothh linkers were - after conversion into the corresponding carbamates - tested for 

theirr stability towards a number of acids and bases. It was found that the TEC linker was 

completelyy stable under strongly basic and Lewis acidic conditions, but could be cleaved 

usingg strong protic acids such as TFA or trifli c acid. The stability of the SEC linker was 

foundd to be complementary; it appeared stable towards protic and Lewis acids and weak 

tertiaryy amine bases such as DIPEA and NMM , but could be cleaved using strong bases such 

ass DBU and NaOMe, operating via a P-elimination mechanism. An additional feature was 

thatt sulfide linker 8 could be converted into sulfone linker 9 allowing an even wider scope of 

reactions. . 

Resinn 9 was functionalised with three y-aminoacetals (a-c) to give the N-acyliminium 

ionn precursors lOa-c (Scheme 2). Treatment of these precursors with BF3-OEt2 generated the 

transientt N-acyliminium ions, which were trapped by the nucleophiles to provide the 

productt resins 11. Subsequent NaOMe mediated cleavage gave the pyrrolidine products 12. 
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Itt was found that allylsilanes were the best nucleophiles for these types of reactions. In case 

off  the 2,4-disubstituted pyrrolidines, only the trans-diastereoisomer was obtained. 

Schemee 2 

©k k 
NO, , 

H2N'' E t 

0k k 
RR OEt N 

f f 
DIPEAA a-c H J 

00 THF,rt,20h " B ° - / 

Ok k 

nucleophile e 
BF3OEt2 2 

CH2C12,, 0 °C -» rt, 19 h 

a:: R = H 
b:: R = Ph 
c:: R = 4-BrC6H4 

99 EtO lOa-c 

N ^V RR 1MNaOMe . m/V* 
)) / THF/ MeOH (2:1), ) / 

R11 rt, 1 h R1 

111 12 

Chapterr 3 deals with the solid phase synthesis of 2-substituted and 2,4-disubstituted 

piperidiness via N-acyliminium ions. Initially , the same approach as for the pyrrolidines was 

applied.. Six 6-aminoacetals (a-f) were coupled with resin 9 to provide the precursors 13a-f 

(Schemee 3). 

Schemee 3 
R R 

CH(OEt)2 2 

pTSAA (cat), CH2C12, ^ \ 1) nucleophile, BF3OEt2, 
rt,, 30 min; CH2C12, 0 °C -» rt, 19 h 

N HH then BtH, rt, 5 h N Bt 2) 1M NaOMe in THF/MeOH 
(2:1),, rt, 1 h 

13a-ff  14a f 15 

Surprisingly,, treatment of these precursors with allyltrimethylsilane and BF3-OEt2, 

andd subsequent cleavage not only provided the desired piperidine products, but also linear 

sidee products. To overcome this problem, the acetals 13a-f were first cyclised in the presence 

off  lH-benzotriazole and a protic acid to the stable 2-Bt substituted precursors 14a-f. 
Subsequentt N-acyliminium ion reaction and cleavage now provided solely the cyclic 

productss 15. Again, in case of the 2,4-disubstituted piperidines, only the trans-

diastereoisomerr was obtained. 

Chapterr 4 features the synthesis of an 80-membered library of compounds starting 

fromm some of the 2-allylated products described in Chapters 2 and 3 (Scheme 4). Ozonolysis 

off  the 2-allyl and 2-methallyl substituted heterocycles 16 led to the corresponding aldehydes 

andd ketones 17, respectively. Subsequent reductive animation with five primary amines gave 

thee secondary amines 18, that were reacted with four electrophiles to introduce the R2-

substituent.. The products 19 were then cleaved from the resin to provide the desired 

secondaryy amine products 20. It was found that the reductive amination worked best when 
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largee excesses of the amine (50 equiv) and the reduc ing agent (NaHB(OAc)3 /15 equiv) were 

usedd in the presence of acetic acid (75 equiv) on a resin w i t h a low loading. In 72 out of 80 

casess the desired product was obtained in reasonable yield and h igh pur i ty. Addional ly, the 

reduct ivee aminat ion wi t h secondary amines and subsequent a t tempted dealkylat ion of the 

tert iaryy amine produc ts is described. 

Schemee 4 

Ph, , 

N N 

(s) ) 
16 6 

Ph h 
03 // CH2C12, 
-788 °C, 30 min.; 

»--
thenn PPh3/ 

-788 °C -> rt, 20 h 

Ph h 

(s) ) 

R2X,, DIPEA, pyridine ^ J ^ ^ k -R1 1M NaOMe, 

CH2C12,, rt, 24 h Y 

R ^ H ;, , 
AcOH H 
NaHB(OAc)3 3 

Ph h 

1,2-dichIoroee thane, 
rt,, 24 h 

-- ^ N ' R ' 

Ph h 

THF/MeOHH (2:1), 
rt,, l h 

19 9 20 0 

18 8 

RR = H, Me 
nn = l , 2 

Chapterr 5 deals w i t h the synthesis of 2,6-bridged 3-ketopiperazines using an N-

acyl imin iumm ion cyclisation as the key step. These produc ts can be used as versati le scaffolds 

i nn combinator ial chemistry. The strategy is described in Scheme 5. 

Schemee 5 
Nu u 

PG. . 
C02H H 

21 1 

Bnn O 

EDCI/HOAt t 

CH2C12,, rt, 24 h 

OMe e 

22 2 

1)) Deprotection 

0 M ee 2)MeOC(0)Cl 
DMAP,, DIPEA, 
CH2C12,, rt, 20 h 

MeOH,, 0 °C, 1 h 

H+ + 

27 7 26 6 
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Suitablyy protected commercially available amino acids 21 and 22 were reacted using 
standardd peptide coupling protocols to provide the dipeptides 23. Subsequent amine 
deprotectionn induced cyclisation to the corresponding diketopiperazines, which were 
methoxycarbonylatedd to provide the precursors 24. Chemoselective reduction of the 
activatedd C6 carbonyl of the diketopiperazine provided the N,0-hemiacetal 25. Acid-induced 
cleavagee then generated the N-acyliminium intermediate 26, which was trapped by 
intramolecularr nucleophilic attack of the side chain at the C2 position to provide the desired 
2,6-bridgedd products 27. 

Inn this chapter, the scope of the nucleophile in the cyclisation reaction was studied. It 
wass found that aromatic, heteroaromatic and non-aromatic Jt-nucleophiles could be used. 
Thee successful cyclisation of a precursor containing an additional trans-C5 methyl group was 
alsoo described. Finally, the cyclisation of a cis-C5 methyl group containing precursor was 
feasiblee using a highly nucleophilic indole substituted C2 side chain. The latter types of 
productss are very interesting since this substitution pattern is also found in several natural 
productss such as ecteinascidins, saframycins, safracins and quinocarcins, which all show 
antitumorr or antibiotic activity. 
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SAMENVATTIN G G 

NIEUWEE PARALLELLE SYNTHESEROUTES NAAR STIKSTOFHETEROCYCLI 

VIAVIA N-ACYLIMINIUMIONCHEMI E 

Synthetischee polymeren van styreen zijn al bekend sinds 1839, maar pas voor het 

eerstt in 1963 werd de eerste toepassing van zo'n polymeer als hulpmiddel in de organische 

chemiee beschreven door Merrifield in zijn historische publicatie over de synthese van een 

tetrapeptidee op vaste drager. Het uitvoeren van een synthese op een vaste drager heeft een 

aantall  voordelen: (i) aangezien het product is geïmmobiliseerd op een onoplosbaar 

polymeer,, bestaat het opwerken van de reactie uit een eenvoudige filtratie, waarbij 

tijdrovendee en omslachtige zuiveringsstappen worden vermeden, (ii) door de eenvoudige 

isolatiemethodee van het product is het gebruik van overmaat reagentia mogelijk, en (iii ) 

omdatt een synthese gereduceerd wordt tot een herhaalde cyclus van ontschermen, koppelen 

enn wassen is het mogelijk om deze synthese te automatiseren en uit te laten voeren door 

robots.. De laatste tien jaar is veel onderzoek verricht om reacties te 'vertalen' naar de vaste 

drager,, nieuwe linkersystemen te ontwikkelen om uitgangsstoffen aan een vaste drager te 

koppelenn en om geïrnmobiliseerde katalysatoren en reagentia te ontwikkelen. Gezien de 

waardee van iminium- en N-acyliirtiniumionen in klassieke organische synthese, leek 

toepassingg van dit type chemie op vaste drager zeer waardevol. In tegenstelling tot de 

iminiumionenn zijn maar een paar voorbeelden van N-acyliminiumionchemie op vaste drager 

bekend.. Gezien de ervaring met het laatste type intermediairen in onze groep, werd een 

onderzoekk gestart naar hun toepassing op vaste drager. In dit proefschrift wordt de 

ontwikkelingg van synthetische methoden voor de parallelle synthese van stikstofheterocycli 

viavia N-acyliminiumionchemie beschreven. Hierbij komen twee onderwerpen nadrukkelijk aan 

bod:: (i) het ontwikkelen en toepassen van N-acyliminiumionchemie op vaste drager, en (ii) 

hett met behulp van deze chemie synthetiseren van moleculen die gebruikt kunnen worden 

alss uitgangstoffen voor verdere functionalisering via parallelle chemie. 

Inn Hoofdstuk 1 wordt algemene informatie over chemie op een vaste drager gegeven, 

inclusieff  een kort overzicht van tot nu toe gepubliceerde voorbeelden van N-

acyliminiumionchemiee op vaste drager. 

Inn Hoofdstuk 2 wordt de synthese van een aantal 2-gesubstitueerde en 2,4-

digesubstitueerdee pyrrolidines via N-acyliminiumionen op vaste drager beschreven. De 

algemenee strategie is weergegeven in vergelijking 1. 

&D-S &D-S 

Vi ^^  A o-- ^^y R 

Nu--

O^A A ^ ^ y R __ HN^y F 

R11 R1 

(1) ) 

11 EtO 2 3 

Eenn aantal y-aminoacetalen werd als carbamaat gekoppeld aan de vaste drager (1), 

zodatt de acylgroep, benodigd voor de N-acyliminiumionreactie, zich in de linker bevindt. 
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Behandelingg van dit acetaai met een Lewiszuur gaf het N-acyliminiumion 2, dat afgevangen 

werdd door een koolstofnucleofiel. De geïmmobiliseerde producten 3 werden vervolgens van 

dee hars afgesplitst door de carbamaatgroep te splitsen. 

Eenn belangrijk punt in deze aanpak was de keuze van het linkersysteem. Ofschoon er 

veell  linkers bekend zijn in de literatuur, zijn de meesten hiervan zuurlabiel, en daarom vaak 

niett bestand tegen de zure condities benodigd om het N-acyliminiumion the genereren. Om 

ditt probleem op te lossen werden twee nieuwe linkers speciaal voor N-

acyliminiumionchemiee op vaste drager ontworpen en gesynthetiseerd (Schema 1). 

Schemaa 1 

\3^^c\ \3^^c\ 
HS S 

, ^ O H H 

DMF,, 60 °C, 
44 h -> kt, 20 h 

mCPBZ Z 

CH2C12,, kt, 20 h rr  ^ \ ^ 

p-nitrophenyll  chloorformiaat, NMM 
CH2C12,, kt, 18 h 

8,, 99% 

Koppelingg van het commercieel verkrijgbare Cl-gefunctionaliseerde Merrifield hars 5 

mett mercaptoethanol onder invloed van cesiumcarbonaat leverde het harsgebonden alcohol 

66 op. Oxidatie van het sulfide 6 tot het sulfon 7 met overmaat mCPBZ, gevolgd door een 

reactiee met p-nitrofenylchloorformiaat gaf gemengde carbonaarhars 9 met de 2-

(alkylsulfonyl)ethoxycarbonyll  (SEC) groep. Directe activering van hars 6 gaf gemengde 

carbonaatharss 8 met de 2-(alkylthio)ethoxycarbonyl (TEC) groep. Uit elementanalyse bleek 

datt beide harsen in uitstekende opbrengsten werden verkregen. 

Beidee linkers werden - na omzetting in de overeenkomstige carbamaten - getest op 

hunn stabiliteit met betrekking tot een aantal basen en zuren. Het bleek dat de TEC-linker 

volledigg stabiel was onder sterk basische en Lewiszure condities, maar afgesplitst kon 

wordenn met behulp van sterk protische zuren zoals trifluorazijnzuur en 

trifluormethaansulfonzuurr zuur. De stabiliteit van de SEC linker bleek complementair te zijn 

aann die van de TEC linker; deze was volledig stabiel in aanwezigheid van protische en 

Lewiszuren,, en onder invloed van zwakke tertiaire amines zoals DIPEA en NMM, maar kon 

afgesplitstt worden met behulp van sterke basen zoals DBU en NaOMe via een (3-

eliminatiemechanisme. . 

Koppelingg van hars 9 met drie y-aminoacetalen (a-c) leverde vervolgens de N-

acyliminiumionprecursorss lOa-c op (Schema 2). Behandeling van deze uitgangsstoffen met 

BF3-OEt22 genereerde de intermediaire N-acylirniniumionen die vervolgens afgevangen 
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werdenn door nucleofielen zodat de productharsen 11 werden gevormd. Afsplitsing met 

behulpp van NaOMe leverde uiteindelijk de pyrrolidines 12 op. Het bleek dat allylsilanen de 

bestee nucleofielen waren voor deze reacties. Bij de 2,4-digesubstitueerde pyrrolidines werd 

alleenn het frans-diastereoisomeer gevormd. 

Schemaa 2 

^ ^ ^ 
O O 

NO? ? 

„R R 

11 1 

H9N N 

DIPEA A 

OEt t 

THF,, kt, 20 h 

1MM NaOMe 
THF// MeOH (2:1), 
kt,, l h 

EtOO lOa-c 

"O O 
R1 1 

12 2 

,-R R 

nucleofiel l 
BF3OEt2 2 

CH2C12,, 0 °C -» kt, 19 h 

a:: R = H 
b:: R = Ph 
c:: R = 4-BrC6H4 

Inn Hoofdstuk 3 wordt de synthese van een aantal 2-gesubstitueerde en 2,4-
digesubstitueerdee piperidines via N-acyliminiumionchemie op vaste drager behandeld. 
Aanvankelijkk werd hiervoor dezelfde strategie als voor de analoge pyrrolidines gebruikt. Zes 
5-aminoacetalenn (a-f) werden gekoppeld met hars 9 om de precursors 13a-f te vormen 
(Schemaa 3). 

Schemaa 3 
R R 

CH(OEt)2 2 

13a-f f 

pTSAA (cat), CH2C12, 
kt,, 30 min; 

». . 
dann BtH, kt, 5 h 

14a-f f 

1)) nucleofiel, BF3OEt2, 
CH2C12,, 0 °C -> kt, 19 h 

2)) 1M NaOMe in THF/MeOH 
(2:1),, kt, 1 h 

15 5 

Naa reactie van deze uitgangsstoffen met allyltrimethylsilaan en BF3OEt2, gevolgd 

doorr afsplitsing, werden verrassend genoeg niet alleen de gewenste piperidines, maar ook 

lineairee bijproducten geïsoleerd. Om dit probleem op te lossen werden de acetalen 13a-f 
eerstt gecycliseerd. De uitgangstoffen 13a-f werden behandeld met een katalytische 

hoeveelheidd p-tolueensulfonzuur en een overmaat lH-benzotriazool om de stabiele cyclische 

2-Btt gesubstitueerde producten 14a-f te geven. Gebruik van deze substraten in de N-

acyliminiumionreactiee en afsplitsing leverde vervolgens exclusief de piperidines 15 op. 

Opnieuww werd bij de 2,4-digesubstitueerde piperidines alleen het frans-diastereoisomeer 

gevonden. . 
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Inn Hoofdstuk 4 wordt de synthese van een bibliotheek van tachtig verbindingen 

beschreven,, uitgaande van een aantal van de 2-geallyleerde producten beschreven in 

Hoofdstukkenn 2 en 3 (Schema 4). 

Schemaa 4 
PUU Ph, RaNH22 Ph 

RR = H, Me 
nn = l ,2 

03,, CH2C12, ) , R AcOH j v R 
-78-C,, 30 min.; t p(( X A Q

 N a H B< O A c) 3 , „I^XA , 

è danPPh3,, j ^ 1,2-dichloorethaan, I 

^^ -78 o c - kt, 20 h ^ ^ kt,24h  ̂ i g 
Phh Ph 

R2X,, DIPEA, pyridine ^ X^J  ̂  ̂ 1M NaOMe, n(4 A s ^ A ,R1 

CH2C12,, kt, 24 h J*  ^2 THF/MeOH (2:1), H ^2 — 

WW 19 20 

Ozonolysee van de 2-allyl en 2-methallyl gesubstitueerde heterocycli 16 leverde de 

analogee aldehyden en ketonen 17 op. Reductive aminering van deze vier substraten met vijf 

primairee amines tot de secundaire amines 18, gevolgd door reactie met vier electrofielen om 

dee R2 substituent in te voeren gaf 19. Afsplitsing van de producten 19 leverde vervolgens de 

gewenstee secundaire amines 20 op. Het bleek dat de reductieve aminering het beste werkte 

wanneerr er gebruikt gemaakt werd van grote overmaat amine (50 equiv) en reducerend 

agenss (NaHB(OAc)3,15 equiv) in aanwezigheid van azijnzuur (75 equiv) op een hars met een 

lagee belading. In 72 van de 80 gevallen werd het gewenste product gevonden in redelijke 

opbrengstt en in hoge zuiverheid. Verder wordt de reductieve aminering met secundaire 

aminess behandeld en vervolgens pogingen om de hieruit voortkomende tertiaire amines te 

dealkyleren. . 

Inn Hoofdstuk 5 wordt de synthese van 2,6-gebrugde 3-ketopiperazines met behulp 

vann een N-acyliminiumioncyclisatie als de cruciale stap beschreven. Deze producten kunnen 

gebruiktt worden als 'scaffold' voor combinatoriële chemie. De algemene strategie is 

weergegevenn in Schema 5 (vide infra). De beschermde commercieel verkrijgbare aminozuren 

211 en 22 werden gekoppeld onder standaardcondities om de dipeptides 23 te verkrijgen. 

Ontschermingg van de stikstof induceerde cyclisatie tot het diketopiperazine, dat vervolgens 

gefunctionaliseerdd werd met een methoxycarbonyl-groep (24). Chemoselectieve reductie van 

dee geactiveerde C6 carbonyl groep van het diketopiperazine en zure heterolyse van het 

resulterendee N,0-acetaal 25 genereerde het N-acyliminiumion 26. mtramoleculaire aanval 

vann de aminozuurzijketen op de electrofiele C2 positie leidde tot de gewenste 2,6-gebrugde 

productenn 27. In dit hoofdstuk is de scope van de nucleofielen in de cyclisatiereactie 

bestudeerd.. Het bleek dat aromatische, heteroaromatische en niet-aromatische rc-nucleofielen 

gebruiktt konden worden. De succesvolle cyclisatie van een precursor met een additionele 

trans-C5trans-C5 methyl groep is ook beschreven. Als laatste bleek dat de cyclisatie van een precursor 

mett een ds-C5 methyl groep mogelijk was, mits een zeer nucleofiele indool gesubstitueerde 
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C22 zijketen gebruikt werd. Dit soort producten is zeer interessant, daar dit substitutiepatroon 

voorkomtt in een aantal natuurproducten zoals ecteinascidines, saframycines, safracines en 

quinocarcines,, die allemaal antitumor of antibiotische activiteit hebben. 

Schemaa 5 

BG. . 

Nu u 

Bnn O 
HN N 

NN C02H 
HH EDCI/HOAt 

211 • BG 
CH2C12// kt, 24 h fi 

OMe e 

22 2 

-Nu u 
Bnn O 

-N-. . 
OMe e 

OO R 

23 3 

1)) Ontscherming 

2)) MeOC(0)Cl 
DMAP,, DIPEA, 
CH2C12,, kt, 20 h 

MeOH,, 0 °C, 1 h 

H+ + 

26 6 

NN OH 

O ^ T l M e e 
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