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ChapterChapter  5 

Cyclorelease-basedCyclorelease-based Synthesis o f 
HeterocyclesHeterocycles Involving oc,p-unsaturated 
oror cc-amino Aldehyde Building Blocks111 

Abstrac t t 

Furtherr variations in solid-phase, cyclorelease-based synthesis of fumitremorgin-type 
alkaloidss were investigated involving Pictet-Spengler type reactions with functionalized 
aldehydee building blocks. Direct introduction of the isobutene sidechain present in 
fumitremorginn C is not possible because a,p-unsaturated aldehydes do not match classical 
Pictet-Spenglerr conditions. Based on a highly reactive N-acyliminium ion intermediate, we 
developedd a short solid phase protocol that now allows incorporation of a,p-unsaturated 
aldehydee building blocks in tetrahydro-fi-carbolines. These can be easily elaborated further 
usingg our previously developed cyclorelease methodologies. We also looked into Pictet-
Spenglerr reactions with protected a-amino aldehyde building blocks. This opened ways to 
performm cyclization/cleavage by intramolecular attack of an atom introduced with the first 
ratherr than with the second diversity element. Intrinsic to the system, only as-substituted 
indolyll  monoketopiperazines were released from the solid support, whereas frans-substituted 
precursorss remained polymer-bound. Efforts to separately release the corresponding antipode 
byy selective epimerization of the tryptophan-derived chiral center remained fruitless. 
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5.11 Introductio n 

5.1.11 Tetrahydro-fi-carbolines with unsaturated C-1 substituents 

Thee natural compound fumitremorgin C (FTC, 1), and more alkaloids from its class, 
possesss an unsaturated substituent at C-3. With respect to results from biological screening of 
FTCC analogs for inhibitory activity on the BCRP multidrug transporter (see Chapter 6), we 
becamee interested in synthesizing compounds containing this isobutene substituent. In 
analogyy with the previous work, we pursued the object to develop methodology that could be 
implementedd in our earlier strategies, for achieving maximal diversity. 

Inn our original route (see Chapter 3 and t2)), C-3 substituents were introduced via 
Pictet-Spenglerr condensation using aromatic or aliphatic aldehyde building blocks. However, 
itt is known that oc.P-unsaturated aldehydes, which would lead to the desired structures, are not 
compatiblee with this reaction.™4'151 As a result, several research groups have used much 
longerr and less efficient procedures for introduction of this unsaturated unit into tetrahydro-p-
carbolinee alkaloids.'61™81191 Essentially all these approaches made use of masked double 
bondss which were transformed into the actual unsaturated functionality by an elimination step 
inn the final stages of synthesis. 

Thee groups of Hino[7] and Danishefsky[9t installed the saturated fragment with a 
phenylthioo group attached in a Pictet-Spengler reaction, which was later dehydrosulfenylated 
byy mCPBA'71 or NaI04

t91 oxidation, followed by thermolysis in toluene (Scheme 5.1). The 
tetrahydro-P-carbolinee nitrogen must be substituted in this stage to prevent {3-carboIine 
formation.. A mixture of desired endo and undesired exo olefin is formed, although conversion 
off  exo into endo was possible in moderate yield using Fe3(CO)l2

I7bl or RhCl3-3H2O
t9' at 

elevatedd temperatures (Scheme 5.1). 
Thee group of Ottenheijm161 developed chemistry to selectively synthesize the 

tetrahydro-P-carbolinee system possessing the tertiary alcohol substituent. Pictet-Spengler 
reactionn of p-hydroxy aldehydes had previously reported to be unsuccessful,131 which 
stimulatedd this group to synthesize the target compound via a detour. Bischler-Napieralsky 
reactionn of Af-hydroxytryptophan esters with trimethyl orthoformate in the presence of TFA 
yieldedd a nitrone. The latter was converted into a fused isoxazolidine in a trans selective 
fashionn via 1,3-dipoIar alkene cycloaddition, which could in turn be reductively ring-opened 
too give the tertiary alcohol, but with racemization at the tryptophan chiral center (Scheme 
5.2).. Studies by Boyd and Thompson1101 however revealed that, in contrast to the earlier 
report/311 direct introduction of the desired moiety via Pictet-Spengler reaction with 3-
hydroxy-3methylbutanall  proved to be possible. However, prolonged reaction in aqueous 
mediaa was required to obtain a reasonable yield (Scheme 5.2). The group of Bailey181 

performedd a modified Pictet-Spengler reaction via enamine formation with butynone followed 
byy acid-catalyzed cyclization. In an appropriate stage, reaction at with methyl lithium 
affordedd the tertiary alcohol (Scheme 5.2). 

158 8 



Cyclorelease-basedCyclorelease-based Synthesis of Heterocycles Involving cc.p-unsaturated or a-amino Aldehyde Building Blocks 

Schem ee 5.1 : Introduction of the double bond via dehydrosulfenylation. 

Dehydrationn of the alcohol was in all cases achieved by reaction with thionyl chloride in 
pyridinee at low temperature. Apart from suffering from formation of mixtures of endo and exo 
olefin,161'811 also the chloride16"1 was reported as a side product (Scheme 5.2). 

Thoughh they are elegant strategies for solution phase total syntheses of 
fumitremorgin-typee compounds, the protocols described above are clearly not suitable for 
makingg a translation to more generally applicable solid phase methodology. In search for 
otherr approaches, we came across the studies by the group of Harrison. In model studies, 
tryptamine-HCll  was reacted with 3-methyl-2-butenal (3-methylcrotonaldehyde) in aqueous 
phosphatee buffer at pH 6.2. The isolated product was however the tertiary alcohol,'51 likely 
formedd from Michael addition of water to the intermediate conjugated imine, followed by 
normall  Pictet-Spengler cyclization of the resultant P-hydroxy-imine. The corresponding acid-
catalyzedd reaction in a range of aprotic solvents also failed. Therefore, the first modified 
Pictet-Spenglerr reaction of tryptamine with an oc,P-unsaturated aldehyde was carried out. The 
iminee from tryptamine and 3-methyl-2-butenaI was reacted with tosyl chloride to give, via an 
TV-sulfonyliminiumm ion intermediate, the isobutenyl substituted tetrahydro-p-carboline in 45% 
yield,, accompanied by 17% N-tosyltryptamine'" (Scheme 5.3). Analogous to the tryptamine 
case,, the imine from tryptophan methyl ester and 3-methyl-2-butenal failed to undergo acid-
catalyzedd Pictet-Spengler reaction in a range of aprotic solvents under various conditions.'51'"1 

Disappointingly,, where the tryptamine case succeeded, reaction of the conjugated tryptophan 
iminee with tosyl chloride in the presence of pyridine gave N-tosyltryptophan methyl ester as 
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Schem ee 5.2: Introduction of the double bond from a tertiary alcohol intermediate. 

thee major product, with no trace of the anticipated material15'1'21 (Scheme 5.3). Pictet-Spengler 
reactionn of JV-benzyltryptamine or -tryptophan in refluxing toluene under neutral conditions 
workedd for 3-methyl-2-butanal (isovaleraldehyde), but also failed for 3-methyl-2-butenal (3-
methylcrotonaldehyde).. Most likely, the greater charge derealization in the conjugated 
iminiumm ion severely lowers the reactivity towards cyclization.15' 

Theoretically,, an electron-withdrawing substituent on the iminium ion should make 
thee imine carbon more electron-poor and thus promote cyclization. Thus, we envisaged the 
usee of highly reactive ,/V-acyliminium ions'11' for this purpose. Based on this idea, in 1984 
Yamanakaa et al. already reported the successful use of trichloroethyl or methyl chloroformate 
too generate the N-protected Pictet-Spengler type product from the conjugated imine obtained 
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byy condensing tryptamine and 3-methyl-2-butenal.[l4] In 1987, O'Malley and Cava used this 
tacticc with tryptophan methyl ester instead of tryptamine. We hoped to be able to apply the 
samee strategy to our resin-bound tryptophan-derived system, using a chloroformate such as 
Fmoc-Cll  that gives N-protected tetrahydro-|3-carbolines readily deprotectable under solid 
phasee conditions. If this were achieved, it would open ways to functionalize the resulting 
secondaryy amine using the cyclorelease-based strategies discussed in Chapters 3 and 4. 

to to v̂* * 
R11 = H, R2 = -CH3 or -CH2-CCI3 : 68% yield 

R11 = C0 2 R, R2 = 9-fluorenylmethyl: ? 

Schem ee 5.4: Chloroformate-induced cyclization. 

Inn 1986, the imine from tryptophan methyl ester and (saturated) isovaleraldehyde 
wass reported to undergo acyliminium ion mediated Pictet-Spengler type cyclization on 
reactionn with the acid chloride of Cbz-protected proline (rather than a chloroformate),1'51 to 
givee directly a dipeptide structure. Identically, this has been done in the tryptamine series."61 

Att the time we were working out our plans, a similar approach was published by the group of 
Ganesann in an elegantly short synthesis of demethoxy-fumitremorgin C.1"1 The unsaturated 
iminee from L-tryptophan methyl ester and 3-methyl-2-butenal was treated with the acid 
chloridee of Fmoc-proline, to give the cis and trans /V-prolyl substituted tetrahydro-P-carboline 
productss in 27 and 19% yield, respectively. Fmoc-deprotection of the cis compound afforded 
demethoxy-fumitremorginn C in 75% (Scheme 5.5). Although this synthesis is very concise for 
thiss particular target, we were still eager to test our own plans. 
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Schem ee 5.5: N-acyliminium ion mediated concise synthesis of demethoxy-fumitremorgin C. 

Applyingg the A'-acyliminium ion chemistry in solid phase synthesis, with the goal of 
parallell  synthesis, calls for the sole use of commercially available building blocks and 
reagentss (which protected amino acid chlorides are not).1181 Moreover, the presence of the bare 
tetrahydro-(3-carbolinee (after Fmoc-deprotection) in our planned scheme would allow much 
widerr subsequent diversification with our methodologies to make, apart from 
diketopiperaziness (Chapter 3), also 5-, modified 6- and 7-membered ring systems. 

5.1.22 Tetrahydro-fi-carbolines containing amino aldehyde building blocks 

Inn search of useful further possible variations with the first diversity element 
introduced,, we wanted to look into the possibility of performing Pictet-Spengler condensation 
withh protected amino aldehyde building blocks. After possible introduction of a second 
buildingg block at N-2, deprotection and subsequent cyclization would then lead to ring 
systemss fused to the tetrahydro-P-carboline in a 1,3-fashion, rather than in a 2,3-fashion as 
hass been the case in the previously discussed systems (Chapters 3 and 4). This has direct 
stereochemicall  consequences: as confirmed by molecular models, only in the 1,3-cis 

substitutedd precursors the liberated amine and the ester can come in close enough proximity to 
undergoo intramolecular cyclization, whereas the 1,3-trans fused 6-membered ring systems 
cannott be formed. In a solid phase protocol, the latter precursors are thus expected to remain 
polymer-bound.. If one would, in that case, be able to selectively epimerize the C-3 chiral 
centerr originating from L-tryptophan, formation of the opposite 1,3-cis substituted precursor 
wouldd lead to selective cyclorelease of the antipode of the earlier cleaved product (Scheme 
5.6).5.6).11""11 To the best of our knowledge, this is a concept in application of the 
cyclization/cleavagee principle never recognized by anyone before.1201 Even if C-3 
epimerizationn would lead to an unfavorable cisltrans ratio, release of the product antipode 
shouldd go to completion, since cyclization/cleavage of any formed cis precursor under those 
conditionss would disturb the thermodynamic equilibrium. 

Inn literature, we could find two publications mentioning intramolecular cyclization of 
ann amine in the C-l substituent onto an ester at the C-3 position of tetrahydro-P-carbolines. 
Thee cis-substituted Pictet-Spengler product from L-tryptophan methyl ester and pyridine-3-
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Schem ee 5.6: P/ans towards a separate isolation of indole alkaloid antipodes. 

carboxaldehydee gave, upon reduction to give the corresponding piperidine and heating in 
xylene,, the fused monoketopiperazine'2'1 (Scheme 5.7). When the cis and trans tetrahydro-(3-
carboliness from L-tryptophan methyl ester o-nitrobenzaldehyde were reduced to give the 
correspondingg phenylamines, the cis compound cyclized to give a seven-membered ring12'1,1221 

(Schemee 5.7). 
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Schem ee 5.7: Literature examples of 1,3-cis fused ring systems on tetrahydro-p-carbolines. 
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Ass has previously been pointed out,1231 formation of an amide from N-2 would flatten the 
twist-chairr conformation of a tetrahydro-P-carboline C-ring, thereby bringing the two groups 
1,3-cww disposed into closer proximity. Indeed, acylation of the nitrogen concerned facilitated 
cyclizationn to the cis-fused seven-membered ring.t211-'221 

Pictet-Spenglerr reactions with N-Boc protected amino aldehyde building blocks have 
beenn described for tryptamines in synthetic approaches to certain Eudistomine and Woodinine 
alkaloids.124**  On solid support, an example has been mentioned of a Pictet-Spengler reaction 
betweenn Boc-phenylalaninal and resin-bound tryptamine or tryptophan amide.(25] Also, solid 
phasee peptides with a free N-terminal tryptophan residue have been reacted with C-terminal 
peptidee aldehydes to give tetrahydro-P-carboline containing peptidomimetics.[26] However, to 
thee best of our knowledge, reactions of protected amino aldehydes with tryptophan esterified 
too the solid support have not been reported yet. Consequently, the target 1,3-cis 
monoketopiperazine-fusedd tetrahydro-P-carbolines containing cc-amino aldehyde building 
blockss (Scheme 5.6) form a new class of compounds to be synthesized using 
cyclization/cleavagee strategy. 

5.22 Reaction s wit h a,p-unsaturate d W-acyliminiu m ions 

5.2.11 Initial solid phase experiments 

Wee started directly with testing the planned sequence on solid phase, using the 
buildingg blocks that should theoretically lead to demethoxy-fumitremorgin C and its 
unsaturatedd sidechain epimer. Hydroxyethyl-polystyrene (1) was loaded with Fmoc-Trp-OH 
too give (2), and subsequently deprotected to afford resin (3). The imine (4), prepared by 
treatmentt of (3) with excess 3-methylcrotonaldehyde in pure trimethyl orthoformate,t27J was 
reactedd with Fmoc-chloride in dichloromethane in the presence of DiPEA to effect N-
acyliminiumm ion mediated Pictet-Spengler type cyclization. Resin (5) was treated with 20% 
piperidinee in DMF in order to form the corresponding tetrahydro-P-carboline (6) bearing the 
unsaturatedd sidechain. The latter was reacted with Fmoc-proline using our CIP coupling 
protocoll  to achieve formation of resin (7), which was subjected to cyclorelease conditions 
(Schemee 5.8). 

Afterr removal of N-(9-fluorenylmethyl)piperidine, analysis revealed a rather 
complexx compound mixture. Actually, Wang and Ganesan reported a rather low yield of 46% 
inn their direct solution phase reaction of the a,p*-unsaturated imine with Fmoc-Pro-Cl, but no 
commentss were made on the nature of formed side products.1171 When in the solid-phase 
sequencee side products would allow incorporation of the proline building block, apart from 
thee anticipated products (Scheme 5.9, a), also unwanted material could be released in the 
cyclization/cleavagee step. Such a possible candidate would be the L-tryptophan-L-proline 
diketopiperazine,, formed from degenerated (or incompletely formed) imine (Scheme 5.9, b), 
analogouss to the sulfonyliminium ion case depicted in Scheme 5.3. Alternatively, one could 
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( p ii Fmoc-Trp-OH j? ^ 
 2,6-dichloro- ^~^ ^ A n ^ 

benzovlchloride e H 00 benzoylchloride \ 1 j[ I  I (10equiv.) 
11 pyridine ' ^ J ^ x ' H N - R TMOF (20 equiv.) 

DMF,, RT, 16 h. _J? DCM, RT, 6 h. * 
2.. R = Fmoc —| 20% piperidine 
3 :: R = H -«—I DMF, RT 
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NMP,, RT, 16 h. 

5:: R = Fmoc 
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THF,, RT, 16 h. ^ ^ O 
3,12-c/s(8)) + 
3,12-frans(9) ) 

Schem ee 5.8: Accomplishment of the planned scheme resulted in a complex mixture. 

imaginee intramolecular attack onto the dimethyl-substituted sp2 carbon of the highly activated 
unsaturatedd system to form an 8-membered ring (Scheme 5.9, c), analogous to a supposed 
biomimeticc pathway described in Chapter 2 (Scheme 2.4, cyclization mode b). Ultimately, 
attackk of external nucleophiles (such as CI' present in the mixture or OH' from traces of water) 
ontoo either of the two double bonds (Scheme 5.9, d or e) is a possibility. 

However,, the analyses revealed that more might have been going on. LC-MS showed 
threee major peaks (36% of total peak area from UV detection at X = 254 nm), representing a 
correctt mass (M+H 350), and a number of (mostly more polar) side products. The detected 
M+HH of one of these peaks (3% of total peak area) was also 350, but the masses of the other 
sidee products did not correspond to any of the predicted structures in Scheme 5.9. The 
presencee of the third main product with a molecular mass identical to that of the anticipated 
productss (8) and (9), with a peak area of 8% (23% relative to the two major peaks with the 
correctt mass), initially puzzled us. Indeed, this could correspond to the system containing the 
8-memberedd ring (vide supra). However, the crude 'H-NMR showed a signal with a 
remarkablee upfield shift (5 = -0.38 ppm) from a significant side product (integral of 0.25 H 
relativee to 1 H for (8) and (9) combined). This phenomenon is difficult to explain with the 
suggestedd possibility of the 8-membered ring structure. However, in the light of the fourth 
smalll  (3% area) peak representing M+H 350, formation of small amounts of this side product 
itt is not excluded. Unfortunately, the structures of the side products could not be solved 

165 5 



ChapterChapter 5 

unequivocallyy from the crude spectrum, and purification of the mixture into single 
componentss with silica chromatography was futile. 

OX<X> > 

Nuu = OH: MW 367.44 
Nuu Nu = CI: MW 385.89 

optp optp 
O O 

MWW 283.33 

MWW 349.43 

oxOo o 
Nuu = OH: MW 367.44 
Nuu = CI: MW 385.89 

Schemee 5.9: Possible pathways leading to cyclorelease of side products. 

5.2.22 Mechanism of formation of a major side product 

Sincee formation of side products is most likely to occur in the acyliminium ion stage 
fromm processes other than intramolecular cyclization, we thought of investigating the (main) 
sidee paths by retarding the cyclization. We chose to use L-phenylalanine instead of L-
tryptophann as the first amino acid building block, because it is a far less reactive aromatic 
nucleophilee in Pictet-Spengler reactions. Fmoc-Phe-OH was loaded onto hydroxyethyl 
polystyrenee and elaborated further under conditions identical to those earlier used in the 
tryptophann case (Scheme 5.10). After removal of Af-(9-fluorenylmethyl)piperidine by 
trituration,, a single product was obtained in very high purity. Though the molecular mass 
correspondedd exactly with that of the (diastereoisomeric) tetrahydro-isoquinoline product that 
wouldd be obtained after successful Pictet-Spengler type cyclization, the presence of 5 
aromaticc protons in the 'H-NMR spectrum clearly indicated an open structure. Moreover, 
onlyy one possible signal from a methyl group attached to a double bond could be detected, 
whereass four possible signals from double bond protons emerged. 
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Schem ee 5.10: Repetition of the synthesis using phenylalanine instead of tryptophan. 

Identicallyy to the side product mentioned in the tryptophan case, this product also 
hadd a proton with a remarkable upfield shift (8 = -0.07 ppm). Further NMR analysis ("C 
(APT)) and correlation spectra) revealed the structure to be the product most likely arising 
fromm the process depicted in Scheme 5.11. This structure was unambiguously determined with 
X-rayy crystallography (Figure 5.1). 

12 2 

Fmoc-CI I 
DiPEA A 

^-- ^^ £NtFmoc 

ür H H 

.. H H >- :B 

Schem ee 5.11: Proton abstraction from the activated intermediate leads to side product. 

Strikingly,, the aromatic ring that is not fixed because Pictet-Spengler cyclization did 
nott take place, is completely bent towards the proline moiety in the molecule. A can be seen 
fromm Figure 5.1, particularly one of the protons of the methylene next to the proline chiral 
centerr is in quite close proximity to the phenyl ring. We suggest that a closely resembling 
conformationn is also highly abundant in solution, causing the before mentioned remarkable 
upfieldd shift of a proton in 'H-NMR to a value below 0 ppm. In analogy, we are now able to 
explainn the nature of the major side product from the synthesis depicted in Scheme 5.8. Also 
inn that case, a proton with a resonance below 0 ppm was observed in the crude NMR 
spectrum,, while its relative integral corresponded with the amount of side product having the 
anticipatedd product mass as determined by LC-MS. Apparently, in the tryptophan case 
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Fron tt  view : 

Topp view : 

Figur ee 5.1: Chem3D representations of the X-ray crystal structure of (16). 
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intramolecularr nucleophilic attack is competing with proton abstraction from the terminal 
positionn of the a,P-unsaturated acyliminium ion substituent (Scheme 5.12). 

Schemee 5.12: Competition between cyclization and side product formation. 

5.2.33 Optimization studies 

Inn order to minimize formation of side product (17), the synthesis depicted in 
Schemee 5.8 was repeated, now using the weaker base pyridine (pK„  5.2) instead of DiPEA 
(pK(pK33 10.1). Based on LC-MS, 47% of the released material had the anticipated mass, and 
indeedd a diminution of (17) from 25% to 8% relative to (8) and (9) was achieved. The higher 
amountt and purity of (8) and (9) in the crude mixture (2:3 ratio) facilitated isolation of a 
relativelyy clean product fraction from silica chromatography. Subsequent repeated 
crystallizationn from methanol afforded, in 26% overall yield based on resin capacity, the pure 
(35,65,125)) (8) (demethoxy-fumitremorgin C) and (3i?,65,125) (9) diastereoisomers in a 1:3 
ratio.. Spectral data of (8)ISbl and (9)!6al were in agreement with literature reports. 

Thee nature of the acyl rest group seems to influence stereochemistry, since Wang and 
Ganesan1'71'11811 obtained slightly more of the cis diastereomer by direct acylation with Fmoc-
Pro-Cl,, and we more of the trans isomer from reaction with Fmoc-Cl. However, we were 
pleasedd to see that our overall yield of (8) and (9) closely equals their result. This indicates 
thatt the yield of the Pictet-Spengler type cyclization is not heavily influenced by the acyl rest 
group.. With respect to the potential of wider diversification from (6), this is reassuring. Still, 
thee yields an purities obtained were only moderate, which seems to be intrinsic to the type of 
aldehydee used. In the solid phase //-acyliminium ion examples involving aromatic or 
saturatedd aliphatic aldehydes mentioned by Wang and Ganesan,'181 yields were generally 
higherr than with a,P-unsaturated aldehydes. This implicates that for these former substituents 
thee transient species is more stable. This might open ways to also cyclize less reactive 
aromaticc nucleophiles, that normally require more harsh acidic conditions,1281 via milder N-
acyliminiumm ion mediated Pictet-Spengler type reaction. One could think of phenylalanine or 
moree activated analogs such as 2,3-dihydroxyphenylalanine (L-DOPA), mono- or dimethoxy 
derivatives,12911 or the methylenedioxy derivative. This could give tetrahydro-isoquinolines 
that,, upon furter application of our various cyclorelease methodologies for heterocyclic 
functionalization,, might lead to (new) biologically interesting core structures. In this respect, 
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alsoo histidine could be an attractive candidate to use as the first building block, to obtain 
tetrahydro-imidazopyridinee containing core structures. 

it t 
@n& & & & 

OF F 
R11 O 

R11 O 

:x) .. oo . o 
RR = H, OH, OAlkyl 

Schem ee 5.13: Possible future expansions using aromatic and saturated aliphatic aldehydes. 

Backk to the case of indoles and cc,P-unsaturated aldehydes, in terms of potential high 
throughputt application the purity of the products from the solid support was actually too low 
too justify screening without purification. Therefore, some further efforts were made in the 
hopee to improve the quality of the detached material. To fully minimize the side reaction, the 
syntheticc sequence (Scheme 5.8) was repeated in the absence of base during the N-
acyliminiumm ion reaction. Generation of the activated intermediate is accompanied by release 
off  chloride. Though proton abstraction by CI" is rather unlikely, upon cyclization a proton (the 
indolee H-2) is lost. The HC1 formed net, in this case not trapped by a base, apparently 
influencedd the reaction unfavorably, since formation of the undefined side products was more 
severe.. Most likely, part of the imine is protonated under these conditions to give -instead of 
thee acyliminium ion- the iminium ion, which is known to undergo decomposition rather than 
cyclization.1511"11 In another attempt, we reacted the oc,P-unsaturated imine with Fmoc-OSu 
insteadd of Fmoc-Cl. The N-hydroxysuccinimide formed net in this reaction is far less acidic 
thann HC1, making iminium ion decomposition less likely. However, the overall yield of this 
synthesiss was significantly lower, which might be explained by less efficient acyliminium ion 
formationn by Fmoc-OSu. 

Finally,, the key step was more closely investigated in solution phase. Reaction of L-
tryptophann methyl ester (18) with 3-methylcrotonaldehyde in pure trimethylorthoformate 
(TMOF)) afforded the a,(3-unsaturated imine (19) as a solid crystallizing from the reaction 
mixture.. Reactions of the imine with Fmoc-Cl in the presence (DiPEA, pyridine) or absence 
off  base, or with Fmoc-OSu, were monitored under different conditions (Scheme 5.14). 

170 0 



Cyclorelease-basedCyclorelease-based Synthesis of Heterocycles Involving a.ji-unsaturated or cc-amino Aldehyde Building Blocks 
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Schem ee 5.14: Experiments in solution under various conditions to monitor the key step. 

Ass indicated by HPLC profiles and crude 'H-NMR spectra, in dichloromethane the best 
resultss were obtained when using Fmoc-Cl in the presence of pyridine, but the reactions were 
farr from clean (HPLC purity typically -50%). Cooling of the reaction mixture in an ice bath 
didd not improve the outcome of the reaction, neither did changing the solvent to DMF. This 
indicatess that, at least under conditions compatible with common automated synthesizers for 
parallell  solid phase chemistry, formation of side products that undergo further reactions to 
finallyy cleave together with the anticipated products are inevitable. Consequently, from solid 
phase,, final product purities are not likely to exceed the -45% previously obtained when 
usingg Fmoc-Cl and pyridine in dichloromethane for the key Af-acyliminium ion step. 
Incorporationn of a,p"-unsaturated aldehyde building blocks thus seems to implicate a need for 
endd product purification, in this case despite using cyclization/cleavage strategy. 

5.33 Reaction s wit h a-amin o aldehyde s 

5.3.11 Synthesis of a-amino aldehyde building blocks 

AA disadvantage of the devised synthesis depicted in Scheme 5.6 (see § 5.1.2), with 
respectt to possible future parallel applications, is the fact that protected a-amino aldehydes 
aree not commercially available. Before starting the actual solid phase experiments, we 
realizedd the importance of having a straightforward and reliable method for the synthesis of 
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thesee building blocks that, preferably, could be applied in parallel. From synthetic 
applicationss of optically active JV-protected a-amino aldehydes, it is known that these 
structuress are configurationally labile, though with dependence on shielding of the a-carbon 
protonn by the bulk of the protective group; racemization occurs even on rapid silica 
chromatography,, and also under many C-C bond forming reaction conditions.1101 Mechanisms 
forr both base and acid induced racemization can be postulated. 

H++ H 1 ' P G H* H y ' P G 

"H++ HJ> H H+ HJ 

© © 

Schemee 5.15: Mechanisms for base- and acid-induced racemization of amino aldehydes 

Inn view of the conditions under which the amino aldehydes were going to be reacted, 
configurationall  integrity could not be expected. Therefore, we did not have to concern about 
racemizationn during synthesis, purification or storage either. Actually, in terms of increasing 
molecularr diversity, we felt that the extra pair of diastereomeric products obtained due to this 
racemizationn could be seen as an advantage when making combinatorial libraries. Moreover, 
followingg the devised synthetic protocol (Scheme 5.6), the mixtures of 4 isomers obtained 
afterr this step would finally be reduced to 2 separately released mixtures of 2 isomers each, 
whichh is certainly not too complex for screening purposes. 

Theree are various methods known in literature to prepare N-protected a-amino 
aldehydes.pi]] Future library synthesis would demand a short and generally applicable method 
startingg from commercially available N-protected a-amino acids. In our case, Fmoc would be 
thee protective group of choice, because of its intrinsic stability during acid-catalyzed Pictet-
Spenglerr reaction. The most convenient conditions for synthesizing protected amino 
aldehydes"211"11 were found in lithium aluminum hydride reduction of so-called Weinreb 
amidess (N-methoxy-N-methyl carboxamides).1'141 Synthesis of Weinreb amides was easily 
achievedd in one ambient temperature step from the commercially available acids by reaction 
withh N.O-dimethylhydroxylamine hydrochloride in the presence of base and an activating 
agent.. Generally, we used slight excess of HN(OMe)MeHCl, 1:1 with DiPEA and DIPCDI, 
andd catalytic HOBt in dichloromethane. Short column chromatography was generally 
sufficientt to obtain the Weinreb amide in pure form. Subsequent reduction to the aldehyde 
wass achieved with LiAlH 4 in THF. Overreduction to the amino alcohol is prevented by 
intramolecularr complexation through a stable lithium-chelated intermediate (Scheme 5.16). 
Thee aldehyde is obtained from hydrolysis of this intermediate. Further advantages of this 
methodd are short reaction times, high yields and -perhaps most important- the highest 
reactionn temperature (no need for cooling below 0°C) of all reliable reductive methods.11'1 
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1.11 equiv. HN(OMe)Me • HCI 
,Fmocc 1.1 equiv. DiPEA , , a U , r F m o c 

HtHttt 1.1 equiv. DIPCDI Y 8 Htï 
H C L ^ vv . 0.1 equiv. HOBt . , N . ^ . LiAIH. 

i . ii equiv. u i ruu i i | 
) y J N R ll 0.1 equiv. HOBt M e O ^ y ^ R 1 

Mee HN 

Me-q^Y^R 1 1 

Li -O O 

DCM,, RT, 4 h. O THF, , 20 min. 

H N ' F m C C 

• ^^ H y ^ R i 

Schemee 5.16: Synthesis of N-protected a-amino aldehydes via the Weinreb amide. 

Althoughh this procedure was perfectly suitable for synthesis of single building blocks 
too be used in methodology development, the aqueous extractive workup necessary for this 
solutionn method makes it inconvenient in the event parallel applications. Several initial 
studiess have been published in which protected amino or peptide aldehydes were reductively 
cleavedd in only low to moderate yield from protected amino acids or peptides coupled to 
Weinreb-amidee linkers on solid support.1'51,1161 Drawback of these resins was the fact that the 
linkerr was attached to the polystyrene support via an amide bond, which interferes with the 
reductivee agent. While we were initiating the synthesis of a Weinreb resin with the linker 
attachedd through an ether bond, a publication on a modified Weinreb resin, i.e. the N-
benzylhydroxylaminee resin, appeared.'371 Carbodiimide-mediated coupling of N-protected 
aminoo acids, followed by reductive cleavage with LiAlH 4 in THF and aqueous acidic workup 
affordedd the aldehyde solutions (Scheme 5.17). After drying with solid Na,S04, washing of 
thee solids, further drying of the organic phase, filtration over silica and concentration, the 
aldehydess were obtained in high purity, but only in low to moderate overall yield. With this 
methodd available, we chose to not invest any more time in developing just another Weinreb 
resin. . 

00 H  H  H 
^ ^ O - N HH H c A r ^ P G Q ^ O - N ^ ^ P G UA'H4 , " * * l A f ^ P G 
•̂f/W"11 R r^=^ R C R 

!! ! carbodiimide :l j 30 min. c.y. 11-34% 
^ ^^ DMF RT "" ^ ^ purity 67-91% 

D M F , R TT (after workup) 

Schemee 5.17: A procedure for parallel amino aldehyde synthesis appeared during our work. 

5.3 .22 Pictet-Spengler reactions with protected a-amino aldehydes 

Havingg prepared a small set of Fmoc-amino aldehydes in solution phase (Fmoc-Gly-
H,, Fmoc-Ala-H, Fmoc-Phe-H), we started incorporating them in solid phase Pictet-Spengler 
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reactions.. Reactions of L-tryptophan esterified to hydroxyethyl polystyrene were carried out 
withh 3 equivalents of Fmoc-amino aldehyde in dichloromethane containing 5 volume% TFA. 
Initially,, we used Fmoc-alaninal in the Pictet-Spengler, and without introduction of a second 
diversityy element, carried out deprotection and concomitant cyclorelease. HPLC and NMR 
analysiss revealed the presence of two diastereoisomers. The amount of released product was 
22%% based on resin capacity, while weighing of the remaining resin indicated that 
considerablee amounts of material were still attached. IR analysis of the resin showed clear 
presencee of an ester and an amine functionality. Further treatment under mildly basic 
conditionss did not provide more cyclized product, making it likely that the remaining material 
iss the deprotected fra/i5-substituted Pictet-Spengler product (Scheme 5.18). Repeating the 
wholee sequence of events but now with Fmoc-glycinal resulted in formation of a single 
compound,, and in a higher yield (48%). From this, we concluded that the second 
diastereoisomerr formed in the Fmoc-alaninal case must indeed be the result of partial 
racemizationn of the amino aldehyde building block. Moreover, the presence of an amino 
aldehydee sidechain appears to influence the diastereoselectivity of the Pictet-Spengler 
reactionn quite drastically. 

^ A N ^^ NH2 Qequiv.) W ^ N - ^ N H 

33 5%TFAinDCM H
D i . r ^ k l - F r r 

RT,16h.. R W 

J» J» 
5%% piperidine 

». . 
Fmocc THF, RT, 16 h. 

23:: R1 = Me ; 24: R1 = H 

++ (?) 

255 a,b: R1 = Me (22% from 3) 
26:: R1 = H (48% from 3) 

HH ?~-NH2 
R1 1 

27:: R1 = Me ; 28: R1 = H 

Schem ee 5.18: Initial studies with one diversity element to investigate stereochemistry. 

Too increase the influence from the side chain, the more bulky phenylalaninal was 
chosenn for a further study on stereochemical influences. In a parallel experiment, two batches 
off  resin were loaded either with L-tryptophan or with D-tryptophan. Both resins were treated 
identicallyy according to the conditions depicted in Scheme 5.18. From the L-Trp resin (3), the 
overalll  yield based on resin capacity was only 7%, whereas from the D-Trp resin (31), a yield 
off  28% was obtained. The majority of the phenylalaninal is expected to be in the "natural" 
(S)-configuration.. Although for the introduced moiety as a whole, the 1,3-trans substituted 
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tetrahydro-P-carbolinee (newly formed C-l chiral center (/?)) is preferentially formed in both 
cases,, the extent to which trans prefers over cis seems also to be dependent on the 
configurationn of the amino aldehyde building block. In the L-tryptophan case, the 
combinationn the of (S)-Trp and mainly (S)-Phe building blocks results in a higher preference 
off  the newly formed chiral center to be {R) than the combination of (#)-Trp and (S)-Phe 
buildingg blocks does in the D-tryptophan case. 

HO O 
1 1 

1.0000 g 
1.155 mmol 

L-Trp p 

CM M 
H

NH 2 2 

J» » 

266 mg / / N» 
0.088 mmol 
7% % 

Fmoc-Phe-HH (L) 
(33 equiv.) 

»
5%% TFA in DCM 
RT,, 16 h. 

5%% piperidine 

THF,, RT, 16 h. 

NOTE: : 
onlyy the major isomer 
[chirall center from phenyl-
alaninall (S)) is drawn 

HO O 
1 1 

1.0000 g 
1.155 mmol 

D-Trp p 

104mg g 
0.333 mmol 
28% % 

rrv j AA jJtÊ  Fmoc-Phe-H (L) 
im\"im\"  (3 equiv.) 

NH H 
NH 2 2 

31 1 
5%% TFA in DCM 
RT,, 16 h. 

5%% piperidine 

THF,, RT, 16 h. 

jHXX & 

1-1699 g „ A 

0.533 mmol (/ Vs 
46% % 

NOTE: : 
onlyy the major isomer 
[chirall center from phenyl-
alaninall (S)] is drawn 

Schem ee 5 . 1 9 : Configuration of the starting material controls the product and its yield. 

Ass shown in Scheme 5.19, both pairs of antipodes1"1 of the final product (tetrahydro-p-
carbolinee chiral centers both (5) or both (ƒ?) and amino aldehyde chiral center racemic) can be 
selectivelyy obtained, and in high purity due to application of the cyclorelease concept. The 
onee that is released is determined with the choice of configuration of the first (amino acid) 
buildingg block. Although depending to a certain extent on the configuration of the second 
(aminoo aldehyde) building block, one must conclude that in both cases the amount of 
(diastereomeric)) final product obtained is low, as a result of preferential formation of 1,3-
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transtrans substituted tetrahydro-P-carbolines. The unfavorable mass balance of released cyclic 
productt and remaining polymer-bound material was an extra stimulant to investigate whether 
thee antipodal pair could be obtained from the available resin-bound trans compound by 
epimerizationn of tryptophan chiral center (as described in § 5.1.2) rather than from an 
independentt synthesis. 

5.3.33 Epimerization studies 

Forr epimerization of the chiral center originating from tryptophan, it was expected 
thatt relatively strong basic conditions would be needed. At this stage, we decided to introduce 
thee second diversity element (see Scheme 5.6). Besides the need to show this possibility for 
obviouss reasons of combinatorial diversity, substitution of the tetrahydro-p-carboline N-2 
wouldd also make the system far less prone to side reactions such as aromatization to the fully 
oxidizedd p-carboline systems. With respect to previous experience with substitution of this 
stericallyy hindered secondary amine (see Chapter 3), acylation of this position wil l require the 
usee of acid chlorides. In parallel applications, this could be achieved by coupling of 
commerciallyy available carboxylic acids in the presence of CIP and a mild base. However, for 
ourr methodology studies we chose to directly make the system bearing the most simple 
substituentss by reacting the Pictet-Spengler product from resin-bound L-tryptophan and 
Fmoc-alaninall  with acetyl chloride via (34) (Scheme 5.20). 

Schemee 5.20: Introduction of a second diversity element and epimerization attempts. 
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Afterr cyclorelease of the (lS,3S)-compound (35), the remaining resin (36) bearing 
thee open (\R,3S) system was reacted with several non-nucleophilic bases under a variety of 
conditionss in the hope to achieve epimerization at C-3 and concomitant formation of cyclic 
(l/?,3i?)-compoundd (37). Batches of the resin were suspended in various solvents 
(dichloromethane,, THF, toluene or DMF). Not really surprising, when using excess of triethyl 
aminee at elevated temperatures no product formation was observed. In earlier published 
studiess on the total synthesis of Fumitremorgin C in solution by Hermkens et a/.,'6bl also 
epimerizationn at C-3 from a trans to a cis substituted compound was required. After several 
unsuccessfull  attempts, they finally found that treatment with DBU in dichloromethane or 
chloroformm at ambient or slightly elevated temperature'381 brought about the anticipated 
isomerization.. In a model system bearing an N-2 tosyl substituent, minor amounts of 
undesiredd P-carboline'391 were observed at ambient temperature, and considerably higher 
amountss upon heating. Fortunately, their real 6-methoxy, N-2 protected prolyl system, in 
reactionn in chloroform at 45°C, did not afford oxidized materials (Scheme 5.21). 

11 equiv. DBU 
XX = H, Y = Ts OEt t 

„„ _ . , .. 1 equiv. DBU 
XX = OMe,Y= ^ ^ ^ ^ M Q 

protectedd prolyl £ ^ M e u 

,, 2 days 
KfitO KfitO 

Schem ee 5.21: Epimerizations achieved in sort-like systems. 

Too our regret, 1 equivalent of DBU in dichloromethane at ambient or reflux temperature 
appliedd to resin (36) did not result in product formation, and increasing the amount of base to 
33 equivalents did also not sort effect. When applying ambient or higher temperatures in other 
solvents,, there were also no signs of cyclorelease, but particularly at high temperatures some 
releasedd side products were detected and the resin started to color strongly. This is indicative 
off  p-carboline formation analogous to the upper process depicted in Scheme 5.21. 

Epimerizationss during substitution of the indole nitrogen,1'51 or in deliberately indole-
NN substituted systems'20"* 1 have been reported in reactions involving sodium hydride. 
Disappointingly,, equimolar amounts or excess NaH in THF or DMF did not induce formation 
off  the anticipated product at ambient or slightly elevated temperatures, whereas at high 
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temperaturess only signs of decomposition could be observed. In a final attempt to achieve the 
epimerizationn using sodium methoxide, with the risk of losing the advantages of 
cyclization/cleavagee due to initial release of the material as the methyl ester, we could only 
isolatee decomposed material. 

Inn order to be able to monitor the process more closely, we finally decided to 
synthesizee a corresponding methyl ester system in solution. In this case we chose for the 
glycinall  building block, in order not to be hampered unnecessarily by diastereoisomers. 

O J J 

to to 
39 9 

OMe e 
NH2 2 

18 8 

NH H 
i i 
Fmoc c 

Fmoc-Gly-H H 
(22 equiv.) 
5%% TFA 

CII CH3 

22 equiv. ÏÏ 

THF,, RT, 16 h 

base e 

XX -
solvent,, temperature 42 2 

HH H'*'T 

Schem ee 5.22: Solution phase studies for process monitoring. 

Synthesiss up to structures (40) and (41) went smooth, but in line with our solid phase work, in 
solutionn we were also not able to accomplish epimerization and concomitant cyclization to 
givee the antipodal compound (42) with DBU or NaH at lower temperatures. Consistently, but 
notnot less regretful, raising the temperature gave rise to decomposition processes, resulting in 
stronglyy colored reaction mixtures. The same applied to sodium methoxide at lower 
temperatures. . 

Wee decided to abandon further epimerization attempts, despite the novelty of the 
devisedd solid phase concept. Probably, the trans system is thermodynamically much more 
stablee than the cis system. This would implicate that, although the cis system is formed under 
thee kinetic conditions of the Pictet-Spengler reaction, the trans compound also formed could 
nott be isomerized to the cis system under thermodynamic epimerization conditions. In that 
respect,, the decomposition observed when more harsh conditions were applied is not 
astonishing.. Alternatively, the functional groups present in the molecule (particularly the free 
primaryy amine and maybe also the indole nitrogen) might interfere with the basic reagents, 
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therebyy preventing efficient abstraction of the anticipated proton before decomposition due to 
eliminationn and aromatization takes place. Although this could theoretically be solved by 
protectionn of the nitrogens, the elegance of the concept would then be completely annulled. 
Wee feel that, for selectively obtaining the antipodal compound (pair), synthesis from the other 
enantiomerr of tryptophan would be the more straightforward way. 

5.44 Conclusion s 

Studiess towards W-acyliminium ion mediated Pictet-Spengler type cyclizations 
employingg oc,p-unsaturated aldehyde building blocks have resulted in methodology to 
incorporatee unsaturated sidechains, like those present in Fumitremorgin C, in tetrahydro-|3-
carbolinee systems. The latter structures are substrates for diverse further functionalization, 
openingg the ways to prepare various types of fused ring structures via cyclization/cleavage. 
Onee important pathway leading to a side product in the JV-acyliminium ion reaction was 
discovered,, and could be suppressed. Regretfully, other unwanted processes inherent to the 
systemm could not be suppressed, and only moderate yields were obtained from this reaction. 
Thee fact that many of the side products could undergo incorporation of moiety required for 
cyclizationn resulted in disappointing purities of the final products. In parallel applications, 
productt purification will thus be inevitable when a,|3-unsaturated aldehyde building blocks 
aree to be incorporated. 

Pictet-Spenglerr reactions were also performed with Fmoc-protected a-amino 
aldehydee building blocks, easily obtained in two steps from commercially available protected 
aminoo acids via reduction of the corresponding Weinreb amides. This opened ways to 
performm cyclization/cleavage by intramolecular attack of an atom in the tetrahydro-p% 
carbolinee C-l substituent, rather than in the N-2 substituent as in the cases described in 
Chapterss 3 and 4. Intrinsic to the system, only 1,3-cis substituted indolyl 
monoketopiperaziness cyclized and were released from the solid support. Selective 
epimerizationn of the polymer-bound frans-substituted precursors would theoretically lead to 
separatee release of the antipodal products, a novel application of cyclization/cleavage 
strategy.. Regretfully, all epimerization attempts on our systems failed. 
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5.66 Experimental 

Generall information. 
Forr experimental details see Chapter 3, § 3.6. 

Iminee of 3-methylcrotonaIdehyde and resin-bound L-tryptophan (4). Hydroxyethyl polystyrene (1.000 g, 
1.211 mmol) was loaded with L-tryptophan to give (3) (see Chapter 3), which was 
suspendedd in 10 mL DCM. Trimethyl orthoformate (TMOF) (2.65 mL, 24.2 mmol) was 
added,, followed by 3-methylcrotonaldehyde (1.16 mL, 12.1 mmol), and the suspension 
wass agitated for 16 h. by gently bubbling nitrogen gas through. The solvent was filtered 
off,, and the resin was washed with TMOF (2 x 10 mL), DCM (2 x 10 mL) and THF (2 

xx 10 mL). Drying dried in vacuo at 40°C for 3 h. afforded 1.305 g (98%) of resin (4). FT-IR (KBr), v [cm'1]: 
34266 (w, NH), 1731 (s, CO ester), 1651 (s, CN imine). 

Treatmentt of resin (4) with Fmoc-Cl in the presence of DiPEA; (5). Resin (4) was suspended in 15 mL 
DCM,, and DiPEA (0.84 mL, 4.84 mmol) was added, immediately followed by Fmoc-
Cll  (0.939 g, 3.63 mmol). The suspension was agitated for 16 h. by gently bubbling 
nitrogenn gas through, and the solvent was filtered off. The resin was washed routinely 
withh DCM (3 x 10 mL), alternating MeOH and DCM (3 cycles of 10 mL), alternating 
Et200 and THF (3 cycles of 10 mL), and finally once more with THF (10 mL). The resin 

wass dried in vacuo at 40°C for 3 h., to give resin (5), 1.643 g, 112%. Fmoc-test 0.81 mmol/g, 108%. 
Bromophenoll  blue test negative. FT-IR (KBr), v [cm1]: 3418 (w, NH), 1750, 1704 (br, s, CO ester + carbamate). 

Fmoc-deprotectionn of resin (5) with piperidine; (6). Resin (5) was suspended in 15 mL 20% piperidine in 
DMF,, and agitated for 1.5 h. The solvent was filtered off, and the resin was washed 
routinelyy with DMF (3 x 10 mL), DCM (3 x 10 mL), alternating MeOH and DCM (3 
cycless of 10 mL), alternating Et,0 and THF (3 cycles of 10 mL), and finally once more 
withh THF (10 mL). The resin was dried in vacuo at 40°C for 3 h., to give resin (6), 
1.2488 g, 81%. Bromophenol blue test positive. FT-IR (KBr), v [cm'1]: 3424 (m, NH), 

17299 (s, CO ester). 

CIP-couplingg of Fmoc-proline to (6); resin (7). Resin (6) and Fmoc-Pro-OH (1.225 g, 3.63 mmol) were 
suspendedd in 10 mL NMP, and DiPEA (1.26 mL, 7.26 mmol) was added. After mixing 
shortly,, CIP (1.011 g, 3.63 mmol) was added, and the suspension was agitated for 16 
h.. by gently bubbling nitrogen gas through. After routine work-up and drying, 1.714 g 
(103%)) of resin (7) was obtained. Fmoc-test 0.59 mmol/g (86%). Bromophenol blue 
testt negative. FT-IR (KBr), v [cm1]: 3423 (w, NH), 1738 (s, CO ester) 1710 (s, CO 

carbamate),, 1656 (s, CO amide). 

Deprotectionn and cyclorelease from resin (7) with piperidine; (8) and (9). Resin (7) was suspended in 15 mL 
5%% piperidine in THF, and agitated for 16 h at room temperature 1.5 h. by gently 
bubblingg nitrogen gas through. The solvent was filtered off and collected, and the 
resinn was washed with 3 10 mL portions of THF, which were also collected. 
Remainingg resin: 1.104 g. The evaporated filtrates (0.660 g) were dissolved in a 
minimall  amount of THF, and triturated with PE 60-80 while stirring. The solid 

wass filtered off, washed with PE 60-80, dried (yield 213 mg) and analyzed with LC-MS; four peaks (3%, 8%, 
11%% and 17% of total peak area) showed a mass corresponding to the two anticipated products The crude 400 

V ^^ + 
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MHzz 'H-NMR spectrum was too complex for interpretation, although the resonance of several peaks 
correspondedd to data reported for demethoxy-FTC (8)'"b| and its C-l epimer (9).'6"' Besides, a multiplet signal at 
88 = -0.38 ppm was observed, integrating at 25% relative to the combined C-3 protons of (8) (6.03; d, J = 9.5 Hz, 
1H)) and (9) (6.43; d, J = 9.6 Hz, 1H). Repeated column chromatography (EA) afforded 29 mg of an inseparable 
mixturee containing the compound with the -0.38 ppm resonance, and 69 mg of an inseparable mixture of an 1:3 
mixturee of (8) and (9) containing minor other impurities. 

Loadingg of hydroxyethyl polystyrene with Fmoc-phenylalanine (10). Hydroxyethyl polystyrene (1) (1.000 g, 
99 ^% 1.43 mmol) and Fmoc-phenylalanine (1.108 g, 2.86 mmol) were suspended in 15 mL DMF. 

00 Pyridine (0.382 mL, 4.72 mmol) was added, followed by 2,6-dichlorobenzoylchloride 
"Fmocc (0.410 mL, 2.86 mmol), and the suspension was agitated for 16 h. by gently bubbling 

nitrogenn gas through. The solvent was filtered off, and the resin was washed routinely with DMF (3 x 10 mL), 
DCMM (3 x 10 mL), alternating MeOH and DCM (3 cycles of 10 mL), alternating Et20 and THF (3 cycles of 10 
mL),, and finally once more with THF (10 mL). The resin was dried in vacuo at 50°C for 3 h., to give resin (10), 
1.5599 g, 106%. 

Fmoc-deprotectionn of resin (5) with piperidine; (11). Resin (10) was suspended in 15 mL 20% piperidine in 

99 £J DMF, and agitated for 1 h. The solvent was filtered off, and the resin was washed routinely 

r * ? Y ~ v r 00 w i t n D M F (3 x 10 m L ) . D C M P x 10 mL>. alternating MeOH and DCM (3 cycles of 10 
^ - ^^ NHz mL), alternating Et,0 and THF (3 cycles of 10 mL), and finally once more with THF (10 
mL).. The resin was dried in vacuo at 50°C for 3 h., to give resin (11), 1.182 g, 87%. FT-IR (KBr), v [cm1]: 3383 
(m.NH),, 1729 (s, CO ester). 

Constructionn and cyclorelease of (16). Analogous to resin (3), resin (11) was treated with 3-
methylcrotonaldehyde/TMOFF to give (12), then Fmoc-Cl/DiPEA to give (13), piperidine to 
givee (14), and Fmoc-Pro-OH/CIP/DiPEA to give (15) (1709 g, 93%). Cyclorelease with 5% 
piperidinee in THF cleanly afforded, after trituration, 175 mg of (16) as a white solid. HR-
MSS (FAB): observed mass 311.1755; calculated mass for C,5H2,N,02 (M+H) 311.1760. 'H-
NMRR (400 MHz, CDCI3), 8 [ppm]: 7.44 (d, / = 15.2 Hz, 1H), 7.27-7.20 (m, 3H), 7.01 (d, J 

== 1.9 Hz, 2H), 6.06 (d, J = 15.2 Hz, 1H), 5.05 (s, 1H), 5.02 (s, 1H), 4.79 (s, 1H), 3.82-3.76 (m, 1H), 3.74-3.68 
(m,, 1H), 3.35 (m, 2H), 3.18-3.12 (m, 1H), 1.99 (s, 3H), 1.87-1.81 (m, 1H), 1.62-1.45 (m, 2H), -0.07 (m, IH). 
Irradiationn of the signal at -0.07 ppm affected the signals at 3.82-3.76, 1.87-1.81, and 1.62-1.45 (high-field side 
off  m) ppm. "C-NMR (APT, 100 MHz, CDC13), 8 [ppm]: 164.09, 162.78, 140.20, 134.82, 130.30 (2), 128.37 (2), 
127.46,, 122.96, 117.71, 116.32, 59.11, 58.97, 44.16, 35.70, 28.31, 20.82, 18.73. H-H correlation (COSY) and C-
HH correlation spectra were consistent with the depicted structure. The compound was crystallized from ethyl 
acetatee (yield 140 mg) and analyzed by X-ray crystallography. The generated *.mol file was imported in CS 
Chem3DD Pro version 5.0 to create the representations visualized in Figure 5.1. 

Solidd phase synthesis of demethoxy-fumitremorgin C (8) and its C-l epimer (9) via a modified procedure. 
Thee synthesis from (3) to (7) was repeated with the only difference that in the step from (4) to (5) pyridine was 
usedd instead of DiPEA. Products were obtained from treatment of (7) with 5% piperidine at room temperature 
followedd by trituration of the evaporated reaction and washing liquids (382 mg crude material). LC-MS-analysis 
showedd 2 major, 1 smaller and 1 minor peak with the anticipated mass, 47% of total peak area. Area of the 
smallerr peak 8% relative to the two major peaks (in 2:3 ratio). The residue was chromatographed over silica 
(EA),, to afford 9 mg of a mixture containing (17) (based on crude 'H-NMR), R, (EA) 0.34, and 162 mg of a 
relativelyy pure mixture of (8) and (9), Rf (EA) 0.30. in a 2:5 ratio. The latter mixture was subjected to repetitive 
crystallizationss from MeOH, to afford 29.7 mg [7% overall from (1)] of pure (8), and 80.3 mg [19% overall from 
(1)]]  of pure (9). 
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Demethoxy-fumitremorginn C (8): 'H-NMR (400 MHz, CDCI,), 8 [ppm]: 7.86 (br s, 1H), 7.58 (d, J = 7.4 Hz, 
OO 1H), 7.34 (d, J = 7.4 Hz, IH), 7.21-7.13 (m, 2H), 6.03 (d, J = 9.5 Hz, 1H), 4.92 (d, J = 

.. 9.5 Hz, IH), 4.19 (dd, J = 11.6 Hz, J = 4.9 Hz, IH), 4.12 (Hike, IH), 3.67-3.63 (m, 
2H),, 3.58 (dd, J = 15.9 Hz, J = 5.0 Hz, IH), 3.14 (dd, J = 15.7 Hz, J = 11.7 Hz, IH), 
2.45-2.388 (m, IH), 2.30-2.20 (m, IH), 2.10-1.91 (m, 2H), 2.01 (s, 3H), 1.65 (s, 3H). 
HR-MSS (FAB): observed mass 350.1846; calculated mass for C,,H24N,02 (M+H) 

350.1869. . 
3-e/H-demethoxy-fumitremorginn C (9): 'H-NMR (400 MHz, CDCI,), 8 [ppm]: 7.71 (br s, IH), 7.51 (d, J = 7.6 

Hz,, IH), 7.32 (d, J = 8.0 Hz, IH), 7.20-7.10 (m, 2H), 6.42 (d, J = 9.4 Hz, IH), 5.24 (d, J 
== 9.7 Hz, IH), 4.45 (dd, J = 11.2 Hz, J = 6.2 Hz, IH), 4.14 (dd, J = 9.1 Hz, J = 6.1 Hz, 
IH),, 3.96-3.89 (m, IH), 3.66 (dd, J = 15.8 Hz, J = 4.3 Hz, IH), 3.56-3.47 (m, IH), 2.85 
(ddd,, J= 15.8 Hz, 7= 11.2 Hz, 7= 1.4 Hz, IH), 2.51-2.46 (m, IH), 2.11-2.01 (m, IH), 
2.055 (s, 3H), 1.94-1.85 (m, 2H), 1.77 (s, 3H). HR-MS (FAB): observed mass 350.1851; 

calculatedd mass for C2,H24N,02 (M+H) 350.1869. 

7^P 7^P 

Modificationss in the solid phase A'-acyliminium ion step. The solid phase synthesis from (3) to (8)/(9) was 
repeatedd with modifications in the step from (4) to (5). In separate experiments, generation of the W-acyliminium 
ionn was accomplished with Fmoc-CI in the absence of base (with basic workup by 3 extra washing steps with 
10%% DiPEA in DCM) or with Fmoc-OSu (without base). After cyclorelease and trituration, the Fmoc-CI 
reactionn afforded 113 mg of crude material with an LC-MS purity of only 24%., whereas the Fmoc-OSu reaction 
yieldedd only 41 mg of crude material with an LC-MS purity of 38%. 

Iminee of 3-methylcrotonaIdehyde and L-tryptophan methyl ester (19). In a flame-dried round-bottomed 
PP flask under N2 atmosphere, 436 mg (2.00 mmol) of L-tryptophan methyl ester (18) (see 

ÔMee Chapter 3) was dissolved in trimethyl orthoformate (8 mL), and 0.382 mL (4.00 mL) of 
3-methylcrotonaldehydee was added. The reaction mixture was stirred at room 
temperaturee for 4 hours, during which the product crystallized as a white solid. The 
reactionn mixture was filtered, and the crystals were washed with trimethyl orthoformate 

andd dried in vacuo at 50°C, to afford 429 mg (1.51 mmol, 76%) of (19). 'H-NMR (400 MHz, CDCI,), 8 [ppm]: 
8.066 (br s, IH), 7.76 (d, J = 9.4 Hz, IH), 7.63 (d, J = 7.8 Hz, IH), 7.34 (d, J = 8.0 Hz, IH), 7.20-7.10 (m, 2H), 
6.977 (d, J = 2.2 Hz, IH), 6.02 (dd, J = 8.3 Hz, J = 1.0 Hz, IH), 4.10 (dd, J = 8.5 Hz, J = 5.3 Hz, IH), 3.73 (s, 
3H),3.48(dd,7== 14.4 Hz, ./ = 5.2 Hz, IH), 3.14 (dd,./ = 14.4 Hz, 7 = 8.5 Hz, IH), 1.82 (s,3H), l.66(s,3H). 

/V-acyliminiumm ion reactions with (19) under various conditions. For reactions typically at 0.1 mmol scale, 
28.44 mg (0.1 mmol) of imine (19) was dissolved in dichloromethane or DMF in dry 

ee glassware under N2 atmosphere, and kept at 0°C or room temperature. Optionally, 4 
equivalentss of pyridine were added, immediately followed by 3 equivalents of Fmoc-CI 
orr Fmoc-OSu. Reactions were monitored by TLC and/or HPLC. Work-up for consisted 

H H 

off  addition of DiPEA (4 equivalents) to the Fmoc-CI reactions that were not performed in 
thee presence of base, dilution (with DCM or, in the case of DMF as solvent Et,0/EA 1:1), extraction (for DCM 
reactionss 3 x sat. NaHCO,, sat. NaCI; for DMF reactions 3 x H20, 3 x sat. NaHCO,, sat. NaCl), drying (Na,S04) 
andd concentration under reduced pressure. 
Fmoc-CI,Fmoc-CI, pyridine: Reaction in DCM proceeded cleaner than in DMF. On HPLC, no significant difference was 
observedd between the reactions at 0°C and RT After column chromatography (PE/EA 2:1) 17% (Rf 0.46) and 
43%% (R/0.40) yield of two fractions likely containing the two diastereoisomeric products ('H-NMR hampered by 
veryy broad signals due to rotamers). NMR analysis was performed after Fmoc-deprotection. 
Minorr product: 'H-NMR (400 MHz, CDCI,), 8 [ppm]: 7.66 (br s, IH), 7.48 (d, J = 7.6 Hz, IH), 7.30 (d, J = 7.8 
Hz,, IH), 7.17-7.08 (m, 2H), 5.26 (d, J = 9.1 Hz, IH), 4.94 (d, J = 9.1 Hz, IH), 3.88 (dd.7 = 11.1 Hz, J = 4.3 Hz, 

182 2 



Cyclorelease-basedCyclorelease-based Synthesis of Heterocycles Involving a,p-unsaturated or a-amino Aldehyde Building Blocks 

1H),, 3.82 (s, 3H), 3.13 (ddd, J= 15.1 Hz, J = 4.3 Hz, J = 1.8 Hz, 1H), 2.87 (ddd, J = 14.9 Hz, 7= 11.2 Hz, 7 = 
2.44 Hz, 1H), 1.88 (s, 3H). 1.84 (s. 3H). 
Majorr product: 'H-NMR (200 MHz, CDCI,), 8 [ppm]: 7.66 (br s, 1H), 7.50 (d, J = 6.5 Hz, 1H), 7.28 (d, J = 8.0 
Hz,, 1H), 7.18-7.06 (m, 2H), 5.38 (d, J = 9.2 Hz, 1H), 5.09 (d, J = 9.2 Hz, 1H), 4.04 (t-like, 1H), 3.74 (s, 3H), 
3.20-3.111 (m, 2H), 1.90 (s, 3H), 1.80 (s, 3H). 
Fmoc-Cl,Fmoc-Cl, no base: Both at 0°C and at RT, TLC and HPLC showed more, and more intense side products, and 
strongerr yellow coloration of the reaction mixture was observed. Yield of two product fractions after 
chromatographyy 9% and 26%. 
Fmoc-OSu,Fmoc-OSu, no base: Traces of product formation, mainly side products. NMR after Fmoc-deprotection revealed 
thee presence of large amounts of L-tryptophan methyl ester. 

Synthesiss of VVeinreb amides from Fmoc-protected amino acids; general procedure. In a flame-dried round-
Mss HN'Fmoc bottomed flask under N2 atmosphere, 20.0 mmol of Fmoc-amino acid was dissolved in 150 

Me0-N^A»R,, mL of DCM. N.O-dimethylhydroxylamine (2.146 g, 22.0 mmol) was added, followed by 
OO DiPEA (3.83 mL, 22.0 mmol), DIPCDI (3.44 mL, 22.0 mmol) and HOBt (0.297 g, 2.2 mmol). 

Thee reaction was stirred at room temperature for 4 hours, extracted with 3M HC1 (2 x 100 mL), sat. NaHCO, (3 
xx 100 mL), sat. NaCl (100 mL), dried (Na,S04) and concentrated. Flash chromatography of the residue (PE/EA 
mixtures)) afforded the pure Weinreb amide. 

:: Rf (PE/EA 1:3) 0.41; yield 84%. 'H-NMR (400 MHz, CDC!,), 8 [ppm]: 7.76 (d, J = 7.5 
Hz,, 2H), 7.60 (d, J = 7.4 Hz, 2H), 7.42-7.29 (m, 4H), 5 60 (br s, 1H), 4.38 (d, J = 7.2 Hz, 2H), 4.24 (t, J = 7.2 
Hz,, 1H), 4.17 (d, J = 4.2 Hz, 2H), 3.73 (s, 3H), 3.23 (s, 3H). 

:: R/ (EA) 0.42; yield 89%. 'H-NMR (400 MHz, CDCI,), 8 [ppm]: 7.76 (d, J = 7.5 Hz, 
2H),, 7.61 (d, J = 7.4 Hz, 2H), 7.41-7.29 (m, 4H), 5 60 (br d, J = 8.1 Hz, 1H), 4.76 (br t, J = 6.8 Hz, 1H), 4.36 (d, 
JJ = 7.1 Hz, 2H), 4.22 (t, J = 6.1 Hz, 1H), 3.77 (s, 3H), 3.23 (s, 3H), 1.37 (d, J = 6.9 Hz, 3H). 

:: Rt (PE/EA 1:3) 0.45; yield 93%. 'H-NMR (400 MHz, CDC13), 8 [ppm]: 7.76 (m, 2H), 
7.533 (m, 2H), 7.40 (m, 2H), 7.32-7.21 (m, 6H), 7.18-7.16 (m, 1H), 5 49 (br d, J = 8.5 Hz, 1H), 5.03 (br d, J = 6.6 
Hz,, 1H), 4.40-4.35 (m, 1H), 4.29-4.20 (m, 1H), 4.18-4.12 (m, 1H), 3.68 (s, 3H), 3.19 (s, 3H), 3.10 (dd, J = 13.6 
Hz,yy = 6.0Hz, 1H), 2.95 (dd,y= 13.6 Hz,V = 7.0 Hz, 1H). 

Synthesiss of Fmoc-protected amino aldehydes by reduction of Weinreb amides ; general procedure. In a 

HN 'Fmocc flame-dried round-bottomed flask under N, atmosphere, 15.0 mmol of Fmoc-protected Weinreb 
H,J>R,, amide was dissolved in 150 mL of THF and cooled in an ice bath. Next, LiAlH 4 (0.712 g, 18,75 

oo mmol) was added portion-wise, and the cooled reaction mixture was stirred for 20 min. Under 
vigorouss stirring, the reaction mixture was quenched with an aqueous solution of KHS04 (3.58 g, 26.25 mmol in 
1000 mL H20). The mixture was extracted with Et20 (3 x 100 mL). The combined organic layers were washed 
withh 10% HCI (2 x 100 mL), sat. NaHCO, (2 x 100 mL), sat. NaCl (100 mL), dried (Na,S04) and concentrated. 
Thee pure Fmoc-amino aldehydes were obtained after crystallization from EA/PE or short column flash 
chromatographyy (EA). 

:: 'H-NMR (400 MHz, CDCI,), 8 [ppm]: 9.65 (s, 1H), 7.77 (d, J = 7.6 Hz, 2H), 7.59 (d, J = 7.3 Hz, 
2H),, 7.42-7.28 (m, 4H), 5 46 (br s, 1H), 4.43 (d, J = 6.9 Hz, 2H), 4.23 (t, J = 6.8 Hz, 1H), 4.15 (d, J = 5.0 Hz, 
2H). . 

:: 'H-NMR (400 MHz, CDCI,), 8 [ppm]: 9.56 (s, 1H), 7.77 (d, J = 7.5 Hz, 2H), 7.60 (d, J = 7.1 Hz, 
2H),, 7.43-7.30 (m, 4H), 5 38 (br s, 1H), 4.43 (br d, J = 4.5 Hz, 2H), 4.32 (t, J = 7.0 Hz, 1H), 4.22 (t, J = 6.7 Hz, 
1H),, 1.38(d,y = 7.2Hz,3H). 

:: 'H-NMR (400 MHz, CDCI,), 8 [ppm]: 9.65 (s, 1H), 7.77 (d, J = 7.6 Hz, 2H), 7.58-7.55 (m, 2H), 
7.46-7.400 (m, 2H), 7.37-7.19 (m, 6H), 7.13 (d, J = 6.9 Hz, 1H), 5 31 (br d, J = 6.2 Hz, 1H), 4.64-4.38 (m, 4H), 
4.24-4.122 (m, 1H), 3.16 (d, 7 = 6.3 Hz, 1H). 
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Pictet-Spenglerr reaction of L-tryptophan on solid support with Fmoc-protected amino aldehydes; general 
proceduree (23,24). Hydroxyethyl polystyrene (1.000 g, 1.15 mmol) was loaded with 
L-tryptophann to give (3) (see Chapter 3), which was suspended in 15 mL DCM together 
withh 3 equivalents (3.45 mmol) of Fmoc-amino aldehyde (Fmoc-Ala-H or Fmoc-Gly-
H).. TFA (0.75 mL) was added, and the suspension was agitated for 16 h. by gently 
bubblingg nitrogen gas through. The solvent was filtered off, and the resin was washed 

withh DCM (2 x 10 mL), 10% DiPEA in DCM (3 x 10 mL), DCM (2 x 10 mL), alternating MeOH and DCM (3 
cycless of 10 mL), alternating Et,0 and THF (3 cycles of 10 mL), and finally once more with THF (10 mL). The 

resinn was dried in vacuo at 50°C for 3 h. 
Resinn (23) from Fmoc-Ala-H: 1.501 g, 94%. FT-1R (KBr), v [cm1] : 3418 (m, NH), 1724 (s, CO ester), 1697 (s, 
COO carbamate). 
Resinn (24) from Fmoc-Gly-H: 1.489 g, 91%. FT-IR (KBr), v [cm1] : 3413 (m, NH), 1730 (s, CO ester), 1708 (s, 
COO carbamate). 

Deprotectionn and cyclorelease of Pictet-Spengler products; general procedure (25,26). The resin from 
Pictet-Spenglerr reaction with an Fmoc-amino aldehyde was 
suspendedd in 15 mL 5% piperidine in THF and was agitated for 
166 h. by gently bubbling nitrogen gas through. The solvent was 

;:'' ni filtered off and collected, and the resin was washed with 3 10 mL 
portionss of THF, which were also collected. The remaining resin was weighed and analyzed. The evaporated 
filtratess were dissolved in a minimal amount of THF, and triturated with PE 60-80 while stirring. The solid was 
filteredd off, washed with PE 60-80, dried and analyzed. 
R'' = Me: Remaining resin (27) 1.278 g; FT-IR (KBr), v [era1]: 3420 & 3377 (m-s, NH), 1732 (s, CO ester); 
Bromopheno!!  blue test positive. Product after trituration (25a,b): 61 mg (22% overall from bare resin). 'H-NMR 
(4000 MHz, DMSO-<4) (-10:1 mixture of diastereoisomers), 8 [ppm]: 10.83 (br s, 1H), 7.46 (br s, 1H), 7.40-7.32 
(m,, 2H), 7.04-6.95 (m, 2H), 4.06-3.88 (br m, 2H), 3.69 (major) & 3.63 (minor) (d, J = 5.1 Hz, 1H), 3.15 (br s, 
1H),, 2.94-2.75 (m, 2H), 1.38 (minor) & 1.03 (major) (d, J = 6.2 Hz, 3H). HR-MS (FAB): observed mass 
242.1287;; calculated mass for CuHlfi N,0 (M+H) 242.1293. 

R'' = H: Remaining resin (28) 1.129 g; FT-IR (KBr), v [cm1] : 3415 & 3381 (m-s, NH), 1734 (s, CO ester); 
Bromophenoll  blue test positive. Product after trituration (26): 125 mg (48% overall from bare resin). 'H-NMR 
(4000 MHz, DMSO-rf6), 8 [ppm]: 10.81 (br s, 1H), 7.41-7.30 (m, 3H), 7.06-6.94 (m, 2H), 4.22 (d, J = 3.8 Hz, 
1H),, 3.72-3.60 (m, 3H), 3.18 (dd, J = 11.4 Hz, J = 3.8 Hz, 1H), 2.92-2.76 (m, 2H). HR-MS (FAB): observed 
masss 228.1126; calculated mass for C,3HuN,0 (M+H) 228.1137. 

Pictet-Spenglerr reaction of L- or D-tryptophan on solid support with Fmoc-phenylalaninal and subsequent 
Fmoc-deprotectionn (29,32). Hydroxyethyl polystyrene (1) (1.000 g, 1.15 mmol) was loaded with L-tryptophan 
too give (3) or with D-tryptophan to give (31) (see Chapter 3). Pictet-Spengler reaction with Fmoc-Phe-H was 
performedd according to the procedure described for (23) and (24). L-resin: 1.514 g (83%). D-resin 1.500 g 
(81%).. The resins were subjected to the deprotection and cyclorelease conditions described for (25) and (26). 
L:: Remaining resin (30) 1.283 g; FT-IR (KBr), v [cm1]: 3422 & 3379 (m-s, NH), 1728 (s, CO ester); 

Bromophenoll  blue test positive. Product after trituration (29a,b): 
266 mg (7% overall from bare resin). 'H-NMR (400 MHz, DMSO-
d,,)d,,) (-5:1 mixture of diastereoisomers), 8 [ppm]: 10.83 (major) & 
10.766 (minor) (br s, 1H), 7.44-7.26 (m, 8H), 7.11-6.93 (m, 2H), 
4.222 (br s, 1H), 4.14-4.11 (m, 1H), 3.75 (major) & 3.62 (minor) 
(d,, J = 5.4 Hz, 1H), 3.27 (br s, Hj), 3.23-3.15 (m, 1H), 3.06-2.75 

(m,, 2H), 2.28-2.23 (m, 1H). HR-MS (FAB): observed mass 318.1592; calculated mass for C,„H,,^,0 (M+H) 
318.1606. . 
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Ï&* Ï&* 
D:: Remaining resin (33) 1.169 g; FT-IR (KBr), v [cm1] : 3418 & 3374 (m-s, NH), 1731 (s, CO ester); 

Bromophenoll  blue test positive. Product after trituration (32): 104 
mgg (28% overall from bare resin). 'H-NMR (400 MHz, DMSO-</6) 
(onlyy trace of minor diastereoisomer), 8 [ppm]: 10.76 (br s, 1H), 
7.444 (br s, 1H), 7.42-7.26 (m, 7H), 7.04-6.93 (m, 2H), 3.91 (br s, 
1H),, 3.74 (d, J = 5.1 Hz. 1H), 3.62-3.53 (m, 1H), 3.21-3.14 (m, 
2H),, 3.07-3.02 (m, 1H), 2.93-2.88 (m, 1H), 2.79-2.75 (m, 1H). 

HR-MSS (FAB): observed mass 318.1589; calculated mass for C2„H :„N30 (M+H) 318.1606. 

NH2 2 

Acylationn of Pictet-Spengler product (23) on solid support; (34). Resin (23) (from (1) 1.21 mmol/g) was 
suspendedd in 15 mL NMP. DiPEA (1.265 mL, 7.26 mmol) was added, followed by 
acetyll  chloride (0.258 mL, 3.63 mmol). The suspension was agitated for 6 h. by gently 
bubblingg nitrogen gas through. The solvent was filtered off, and the resin was washed 
withh NMP (3 x 10 mL), DCM (3 x 10 mL), alternating MeOH and DCM (3 cycles of 
100 mL), alternating Et,0 and THF (3 cycles of 10 mL), and finally once more with 

THFF (10 mL). The resin was dried in vacuo att 50°C for 3 h. to give 1.620 g (101%) of resin (34). Bromophenol 
bluee test negative. FT-IR (KBr), v [cm'): 3412 (br, m, NH), 1748 & 1713 (s, CO ester & carbamate), 1657 (s, 
COO amide). 

Deprotectionn and cyclorelease of acylated Pictet-Spengler product (34); (35,36)- Resin (34) was subjected to 
thee deprotection and cyclorelease conditions described for (25) 
andd (26). Remaining resin (36): 1.293 g; FT-IR (KBr), v 
[cm"1]:: 3414 & 3378 (m-s, NH), 1736 (m-s, CO ester); 1658 
(m-s,, CO amide). Bromophenol blue test positive. Product 
afterr trituration (35): 72 mg (21% overall from bare resin). 'H-

NMRR (400 MHz, CDClj) (-6:1 mixture of diastereoisomers), 8 [ppm]: 8.42 (major) & 8.13 (minor) (br s, 1H), 
7.444 (d, J = 7.9 Hz, 1H), 7.31 (d, J = 8.1 Hz, 1H), 7.19-7.07 (m, 2H), 6.44 (minor) & 6.24 (major) (br s, 1H), 
5.855 (major) & 5.51 (minor) (d, J = 3.9 Hz, 1H), 4.90 (minor) & 4.75 (major) (d, J = 3.7 Hz, 1H), 4.07-4.03 
(minor)) & 4.01-3.97 (major) (m, 1H), 3.28-2.94 (m, 2H), 2.17 (major) & 2.13 (minor) (s, 3H), 1.31 (minor) & 
1.177 (major) (d, J = 6.8 Hz, 3H). HR-MS (FAB): observed mass 284.1408; calculated mass for Cl6H,(,N,0: 

(M+H)) 284.1399. 

Attemptss to epimerize C-3 of (36) for cyclorelease of (37). Batches of resin (36) were suspended in different 
solvents,, and treated with different concentrations of different bases at different temperatures. The liquid phase 
wass monitored for release of products. 

00 equivalents of Et3N in THF: no product release at room or reflux temperature. 
 1 equivalent of DBU in DCM: no product release at room or reflux temperature. 

33 equivalents of DBU in DCM: no product release at room or reflux temperature. 
11 or 3 equivalents of DBU in THF, toluene or DMF: no product release at room or elevated temperature; 

proportionall  to the temperature, resin coloration and release of some colored side-products was observed. 
11 or 3 equivalents of NaH in THF or DMF: no product release at room or slightly elevated temperature: only 

decompositionn material and resin coloration at higher temperatures. 
22 - 3.0 equivalents of NaOMe in DCM at room temperature: no product release; proportional to the number 

off  equivalents, resin coloration and release of some colored side-products was observed. 
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Pictet-Spenglerr reaction of L-tryptophan methyl ester with Fmoc-glycinal (38). In a round-bottomed flask 
underr N2-atmosphere, 1.091 g (5.00 mmol) of L-tryptophan methyl ester (18) (see 
Chapterr 3) was dissolved in 50 mL DCM. Next, 2.813 g (10.00 mmol) of Fmoc-Gly-H 
wass added, followed by 2.5 mL of TFA. The reaction mixture was stirred at room 
temperaturee for 6 hours, followed by extraction with sat. NaHCOj (3 x 75 mL) and sat. 
NaCll  (50 mL). After drying (Na:S04), the organic phase was concentrated under reduced 

pressure,, and the residue was purified by flash chromatography (PE/EA 1:3 to pure EA), to afford 2.356 g (4.89 
mmol,, 98 %) of an inseparable mixture of diastereoisomers; Rf (PE/EA 1:3) 0.36 & 0.31. Unequivocal 'H-NMR 
assignmentss were hampered by a mix of diastereomeric and their rotameric signals. 

Acylationn of Pictet-Spengler product (38); (39). The diastereomeric mixture (38) (2.20 g, 4.57 mmol) was 
dissolvedd in 50 mL DCM. DiPEA (3.19 mL, 18.28 mmol) was added, followed by acetyl 
chloridee (0.65 mL, 9.14 mmol). The reaction mixture was stirred at room temperature for 
44 hours, followed by extraction with sat. NaHCO, (3 x 75 mL) and sat. NaCl (50 mL). 
Afterr drying (Na:S04), the organic phase was concentrated under reduced pressure, and 
thee residue was purified by flash chromatography (EA), to afford 2.016 g (3.85 mmol, 84 

%)) of a diastereomeric mixture.; Rf (EA) 0.47 & 0.41. Unequivocal 'H-NMR assignments were hampered by a 
mixx of diastereomeric and their rotameric signals. 

Deprotectionn of (39) and cyclization of the 1,3-cis precursor; (40,41). The diastereomeric mixture (39) was 
dissolvedd in 40 mL THF, and 2 mL piperidine was added. After stirring overnight at room temperature, the 
reactionn mixture was concentrated under reduced pressure. The residue was dissolved in a minimal amount of 
THF,, and triturated with PE 60-80 while stirring. The PE fraction was decanted, and the remaining material was 

purifiedd by short column chromatography (EA + 5% Et,N to EA/EtOH 9:1 + 5% Et,N). 
(40):: 'H-NMR (400 MHz, DMSO-rf, at 373 K to simplify rotameric signals) 8 [ppm]: 
10.433 (br s, 1H), 7.43-7.36 (m, 2H), 7.13-7.00 (br s + m, 3H), 5.69 (br s, 1H), 4.94 (br s, 
1H),, 3.77-3.73 (m, 1H), 3.68-3.64 (m, 1H), 3.44-3.37 (m, 2H), 2.15 (s, 3H). 
(41):: 'H-NMR (400 MHz, DMSO-rf,) 5 [ppm]: 10.87 (br s, 1H), 7.41 (d, J = 7.7 Hz, 
1H),, 7.30 (d, J = 8.0 Hz, 1H), 7.07-7.03 (m, 1H), 6.98-6.94 (m, 1H), 4.22 (dd, J = 9.0 
Hz,, J = 3.3 Hz, 1H), 3.95 (t-like, 1H), 3.67 (s, 3H), 3.65-3.59 (m, 1H), 3.20-3.13 (m, 
1H),, 2.99-2.94 (m, 1H), 2.82-2.78 (m, 1H), 1.89 (s, 3H). 

Attemptss to epimerize C-3 of (41) for cyclization to (42). Compound (41) was dissolved in different solvents, 
andd treated with different concentrations of different bases at different temperatures, and the reaction mixture 
wass monitored with TLC and HPLC. 
11 or 3 equivalents of DBU in DCM: no product formation at room or reflux temperature. 
11 or 3 equivalents of DBU in CHC13: no product formation at room temperature or 45°C; slow decomposition 

intoo colored side products at reflux temperature. 
11 or 3 equivalents of NaH in THF or DMF: no product formation at room or slightly elevated temperature; only 

decompositionn material at higher temperatures. 
22 - 3.0 equivalents of NaOMe in DCM at room temperature: no product formation; proportional to the 

numberr of equivalents, formation of decomposition material was observed. 
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