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SolidSolid Phase Synthesis 
ofof Fumitremorgin-type 

IndolylIndolyl Diketopiperazines111 

Abstrac t t 

Ann efficient solid phase synthesis towards tetracyclic and pentacyclic structural 
analogss of fumitremorgins, verruculogens and (cyclo)tryprostatins has been developed, 
suitablee for incorporation of a wide variety of commercially available building blocks. The 
coree structure was constructed stepwise from resin-bound tryptophan, applying aliphatic or 
aromaticc aldehydes in a Pictet-Spengler condensation, followed by an amino acid coupling 
ontoo the sterically hindered secondary amine of the formed tetrahydro-|3-carboline. Finally, 
cyclization/cleavagee strategy was applied by closing the diketopiperazine ring with 
concomitantt release from the solid support. To prove the general applicability of the route, a 
representativee set of 42 single compounds (as diastereomeric mixtures) was prepared by 
parallell  synthesis and analyzed with LC-MS. All target compounds were formed in moderate 
too high overall yield and high purity. 
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3.11 Introduction 

3.1.11 Fumitremorgin-type indolyl diketopiperazines 

Fumitremorgins,, verruculogens and tryprostatins belong to the class of indolyl 
diketopiperazinee alkaloids, first isolated as fungal secondary metabolites from Aspergillus 
fumigatus,fumigatus,[2][2]  Penicillium verruculosumDl and the marine fungal strain BM939,'41 respectively. 
Att the launch of this project, only one biological activity of these mycotoxins was known: 
theirr ability to induce tremors in vertebrates by interfering with mechanisms responsible for 
thee release of neurotransmitters in the CNS,CS] actually the reason for their discovery. Since 
theirr exact mode of action is still unclear, but most probably is not restricted to effect on a 
singlee mechanism (see Chapter 2, § 2.2.1), analogs of these compounds with potential 
selectivityy could be useful tools in CNS receptor studies. Secondly, with a core structure that 
cann be considered as a rigid framework of natural design for spatial display of naturally 
occurringg amino acid and isoprenyl-derived sidechains, these compounds fall into the 
substitutedd scaffold type. Taken together, this made this class of compounds an attractive 
targett for development of solid phase synthetic methodology. 

3.1.22 Retrosynthetic analysis 

Ourr goal was the development of a generally applicable solid phase synthesis 
towardss the fumitremorgin, verruculogen and tryprostatin class, in order to get access to 
analogss via multiple parallel synthesis. One of the important criteria for reliable testing of 
analogss is the purity of the detached final products. Therefore, we desired to implement 
cyclization/cleavagee strategy161 in the synthesis. The major advantage of this approach, with 
thee solid support acting as a leaving group during final cyclization of the resin-bound 
precursor,, lies in the optional intrinsic product purification. Upon introduction of the 
functionalityy required for cyclization with the last building block, cleavage is essentially 
restrictedd to the anticipated product, whereas side products (i.e. resulting from incomplete 
conversions)) remain attached to the solid support (see Chapter 1, § 1.3). 

Thee diketopiperazine unit in the target structure seemed to be an ideal moiety to 
fulfil ll  this criterion. Retrosynthetically, formation of the diketopiperazine ring could be 
achievedd with simultaneous cleavage from the resin in the final step, thereby directly 
implicatingg that tryptophan is the first building block to be esterified to the solid support. 
Thus,, the following retrosynthesis (Scheme 3.1) was devised as the starting point for synthetic 
investigations. . 
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Schem ee 3.1: Retrosynthetic scheme for generation of fumitremorgin analogs. 

Attackk of the free amino group, generated by deprotection of an amino acid protective group, 
ontoo the ester carbonyl of the link to the solid support, should generate the diketopiperazine 
ringg with concomitant release from the solid support. The necessary protected amino group 
shouldd be introduced by coupling a suitably protected activated amino acid to a tetrahydro-(3-
carbolinee secondary nitrogen, thereby introducing an element of diversity with the amino acid 
sidechain.. The tetrahydro-P-carboline in turn should be generated by the Pictet-Spengler 
condensation1711 of an aldehyde, another source of diversity, with tryptophan, that is attached to 
thee solid support via an ester linkage to the carboxyl group of this amino acid. Both aldehydes 
andd protected amino acids, with a wide variety of side-chains, are readily available building 
blockss from commercial sources. Therefore, successful development of this route would open 
thee ways to combinatorial generation of a highly diverse arsenal of compounds. 

3.1.33 Choice of the solid support 

Thee choice of the type of solid support,'8'191 and the linker1'011"1 between the resin and 
thee attached structure that is being synthesized, is of vital importance to the success of the 
strategy.. Primarily, reaction conditions and work-up procedures put a demand on the type of 
solidd support that is being used. One has to keep in mind that the solid support has to be able 
too swell"21 sufficiently under all reaction conditions applied. Moreover, the reagents to be 
usedd and the side products to be formed have to be compatible with the resin and the solvents 
used:: they have to dissolve in a medium that induces sufficient swelling of the resin, and have 
too be able to penetrate the environment of the polymeric matrix"'1 in order to facilitate both 
efficientt conversion and removal of excesses of reagents and side products from the solid 
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support.. For instance, in the case of hydrophilic components, the TentaGel® or ArgoGel® type 
supportss are advantageous, since the long PEG spacers provide swelling in polar solvents 
suchh as methanol or even water. Though the swelling characteristics of the latter supports are 
compatiblee with a wider variety of solvents, drawbacks of these resins include decreased 
stabilityy and lower capacity as compared to "classical" polystyrene resins. Moreover, one 
couldd imagine that increased flexibility of the structures attached to supports equipped with 
PEGG spacers might lead to an increased chance of intermolecular side reactions. A short chain 
PEGG spacer114' may serve as a useful compromise.1151 

Inn terms of the linker, the actual point of attachment to the solid support (or the 
spacerr connected to it), the stability has to be high enough to survive all reaction conditions 
withoutt premature cleavage. At the same time, the link has to be sufficiently labile to ensure 
efficientt final detachment without attack on the target structures formed. This contradiction 
sometimess requires careful selection of the linker and/or extensive trial procedures to find the 
rightt balance. An example of mild and selective cleavage has been developed by use of an 
enzyme-labilee linker system, from which compounds can be released by means of a mild and 
selectivee enzyme-initiated fragmentation.'16' A major drawback is of course the fact that only 
TentaGel®® type resins are compatible with this kind of procedures. More widely applicable 
solutionss sometimes can be found in the use or development of so-called safety-catch 
linkers/10'1"'' This elegant trick involves attachment and target structure construction onto a 
stablee form of the linker, which is activated for cleavage by a discrete chemical modification 
att the desired moment, for instance by making the anchoring position more susceptible to 
nucleophilicc attack. The first examples already emerge from the early era of solid phase 
peptidee synthesis.1™18' More reactive or sophisticated linkers, among them the well-known 
systemss developed in the group of Ellman,[19'(20'* [2" have been designed during the rise of solid 
phasee organic synthesis. 

Thoughh elegant linker and spacer technology has been developed to overcome 
problemss with reactivity and accessibility, there should be no need for applying them, if not 
required.. In fact, advantage in terms of loading capacity and stability can be taken if linkers 
andd spacers are omitted. With respect to our retrosynthetic analysis (Scheme 3.1), the depicted 
Pictet-Spenglerr condensation will most likely require a relatively stable link due to the acidic 
conditionss generally applied, together with the equivalent of water formed during the reaction. 
Att the same time, the final cyclization/cleavage step planned is not expected to require 
activatedd linkers, since diketopiperazine formation is a favorable process. The latter is 
supportedd by the experience that diketopiperazine formation is a well-known side reaction 
uponn deprotection of the amino group in the dipeptide stage1221 in classical solid phase peptide 
synthesis,, where the link to the solid support consists of a relatively stable aliphatic ester (see 
Chapterr 1, Figure 1.4). These facts taken together made us decide to try the synthesis of our 
targett structures starting from the first tryptophan building block esterified to simple and 
robustt hydroxyalkyl functionalized polystyrene resins. We chose for the hydroxyethyl 
variant11111 rather than the more commonly used hydroxymethyl polystyrene for two reasons: 
thee ester bond will be electronically slightly more stable due to an extra methylene group 
betweenn the aromatic polystyrene residue and the ester carbonyl, and the increased "spacer" 
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lengthh wil l be less likely to cause unfavorable steric interactions between the resin's polymer 
chainn and the growing target structure. 

3.22 Synthetic investigations 

3.2.11 Attachment to the solid support 

Followingg a literature procedure,124' hydroxyethyl functionalized polystyrene resin (1) 
wass loaded with Fmoc-L-tryptophan via in situ generation of the mixed anhydride produced 
fromm 2,6-dichlorobenzoyl chloride (Scheme 3.2). In contrast to esterification employing a 
carbodiimide/DMAPP combination, this reliable method is known to proceed essentially free 
off  amino acid racemization and dipeptide formation.1241 

22 equiv. Fmoc-L-Trp-OH 
22 equiv. 2,6-dichlorobenzoylchloride 
3.33 equiv. pyridine 

DMF,, RT,16h. 
H N _ _ 

NN Fmoc 
H H 

20%% piperidine 

DMF,, RT, 30 min. 

Schemee 3.2: Loading of the resin. 

Althoughh the literature described the use of DMF as the solvent, we investigated whether 
employingg less harmful NMP had influence on the degree of loading. Since gravimetric 
determinationn of the yield is not very accurate and (dis)appearance of functional groups in IR 
iss difficul t to quantify, other methods for determining the conversions are required. 
Comparingg the results of Fmoc tests,[25,[261 in which the degree of substitution can be 
calculatedd from quantitative spectrophotometric determination of the dibenzofulvene-
piperidinee adduct formed upon Fmoc-removal with piperidine, however revealed that DMF is 
thee solvent of choice. Based on the capacity of the resin as provided by the manufacturer, 
loadingg in DMF proceeds typically in 90-95% yield, whereas in NMP the yields obtained 
weree around 80%. 

Followingg deprotection of the resin-bound Fmoc-L-tryptophan (2) with 20% 
piperidinee in DMF12511271 to give resin-bound L-tryptophan (3) (Scheme 3.2). the degree of 
loadingg of resin (3) could be determined by combustion elemental analysis of the solid 
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support12811 and compared with the results of the Fmoc-test of resin (2). Both methods gave, 
withinn a margin of 2%, identical results,1291 indicating that the Fmoc test is a relatively reliable 
methodd for determining the loading of a resin. 

3.2 .22 Pictet-Spengler condensation 

3.2.2.11 Solution phase studies 

Inn the Pictet-Spengler reaction, an aldehyde condenses with an aromatic ethylamine 
too form an imine, which undergoes subsequent intramolecular cyclization (Scheme 3.3). 

0 O N H 22 - ^ - 0 G H*and/orA» 0 Q N H 

R R 

Schem ee 3.3: The Pictet-Spengler condensation. 

Thoughh the reaction is applicable to a variety of aromatic ethylamines such as 
phenylethylamines,1711 pyrrole-ethylamines1301 and imidazole-ethylamines,1-"1 the reaction 
employingg indole-ethylamines"21 has always drawn substantial attention. Due to the fairly 
highh nucleophilicity of the indole system, the Pictet-Spengler condensation has always been a 
widelyy used method to synthesize tetrahydro-P-carboline constructs often found in alkaloids. 

Att the time this project was started, the Pictet-Spengler condensation (Scheme 3.3) 
onn solid support was unknown in literature. In order to start our solid phase investigations 
withh optimized reaction conditions, we first performed some model studies in solution phase. 
Followingg a literature procedure, L-tryptophan methyl ester hydrochloride (4) was converted 
intoo the free base (5) with potassium carbonate, and subjected to Pictet-Spengler condensation 
withh an aromatic aldehyde (benzaldehyde) or an aliphatic aldehyde (propionaldehyde) under 
differentt reaction conditions. 

Thee Pictet-Spengler reaction of tryptophan esters with aldehydes to give the 
correspondingg 1,2,3,4-tetrahydro-p-carbolines is known to proceed in non-acidic aprotic 
mediaa (which generally requires heating), as well as in protic solvents with acid catalysis.'"1 

Inn the latter case, the acid catalyzes imine formation and cyclization by generating an iminium 
ionn intermediate. Despite extensive studies,1'41 there is still discussion going on whether the 
cyclizationn proceeds via a spiro-[ndo\en\ne intermediate by attack from the indole 3-position 
followedd by a rearrangement (Scheme 3.4, pathway A)p* UMU 'el or by direct attack from the 
indolee 2-position (Scheme 3.4, pathway B).1"1 
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Schem ee 3.4: Mechanism of the Pictet-Spengler reaction with indoles. 

Intramolecularr trapping experiments have given unequivocal proof for the existence of spiro-
intermediates.[381[M11 MNDO calculations of the heat of formation of the different intermediates 
inn the Pictet-Spengler reaction between tryptamine and formaldehyde1401 showed that attack 
fromm the indole 3-position to give the spiVo-intermediate (pathway A) is energetically favored 
overr direct attack from the indole 2-position (pathway B) (AH = 16.1 kcal/mol vs. 19.8 
kcal/mol).. Nevertheless, the subsequent rearrangement step of path A was calculated to be 
energeticallyy so unfavorable (AH = 43.8 kcal/mol) that the pathway via the ^i>o-indolenine is 
veryy unlikely to be involved in the final product formation, suggesting that direct attack of the 
indolee 2-position is the key step of the reaction. 

Thoughh the neutral reaction has the advantage that aldehydes containing acid-labile 
functionalitiess can be incorporated,14'1 prolonged refluxing in benzene or toluene is required, 
whichh wil l create difficulties in incorporating thermally unstable or low-boiling aldehydes and 
inn performing efficient parallel synthesis. A^-benzyl substituents on tryptamines or 
tryptophanss are known to facilitate the Pictet-Spengler reaction in non-acidic aprotic media 
becausee condensation with an aldehyde intrinsically generates a more electrophilic iminium 
ionn intermediate.[4'11421 Though this may be useful in the case of unreactive imines that require 
evenn more harsh conditions to cyclize than refluxing in benzene or toluene, it generally does 
notnot increase the reactivity sufficiently to achieve cyclization at ambient temperature. In 
solutionn phase, the need for extra steps to introduce and remove the 7Vb-benzyl substituent is a 
drawback,, and also precludes substituents sensitive to hydrogenolysis. More important, since 
catalyticc debenzylation under hydrogen pressure is incompatible with solid phase synthesis, 
thiss strategy was not an option. 

Inn early literature, the Pictet-Spengler condensation has been generally described in 
proticc solvents such as water or alcohols, with the aid of acid catalysts.'4'1 However, such 
polarr solvents do not combine very well with the classical polystyrene type of solid support 
wee chose for our synthesis. Therefore, we searched for compatible conditions involving acid 
catalysis.. The driving force for cyclization is the electrophilic nature of the imine double bond 
thatt is to be attacked by an electron pair from the aromatic system.1441 When tryptophan and 
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tryptaminee derivatives are compared, the tryptophan imine intermediate is clearly more 
electrophilic,, as can be rationalized from the pKa values of the two bases: tryptamine has a 
pKpKnn of 10.2,145' whereas the pKa of tryptophan methyl ester is 7.29.m Illustrative is the fact 
thatt reaction of tryptamine and benzaldehyde in refluxing benzene only yields the imine,13*"1 

whereass with tryptophan under the same conditions the tetrahydro-P-carboline is formed.1""1 

Thee benefit of the ester functionality at the a-position combined with acid catalysis would 
hopefullyy enable efficient Pictet-Spengler reaction of JVb-H tryptophan esters at ambient 
temperaturee translatable to the solid support. 

Pictet-Spenglerr reactions have been successfully carried out in aprotic solvents with 
thee aid of acid catalysts, such as trifluoroacetic acid (TFA) in dichloromethane (CH,C1,).'47' 
Sincee these conditions should be compatible with solid phase protocols, we monitored the 
solutionn phase reaction of L-tryptophan methyl ester (L-Trp-OMe, 5) with excess (5 
equivalents)) propionaldehyde (6a) or benzaldehyde (6b) in CH2C12 with different TFA 
concentrationss at ambient temperature. Although the reaction proceeded with a catalytic 
amountt of TFA (0.1 equivalent relative to L-Trp-OMe (5)), the conversion was very slow, 
probablyy due to the fact that the TFA will be mainly bound to the free amines of the starting 
materiall  and the product. Increasing the amount of TFA to 1.0 equivalent improved the rate of 
reaction,, but using an excess of TFA proved to be even more effective. At a 0.1 M 
concentrationn of L-Trp-OMe (5), the rate of conversion increased when going up to 5 
volume%% of TFA, which roughly corresponds to 5 equivalents of TFA (Scheme 3.5). 
Increasingg the amount of TFA further to 10 volume% did not show a measurable effect. 

OO O P 

OMe e 

^ ^^ N CH2CI2, RT, 1-4 h. H20 ^ ^ N > T 
HH H

 D1 R 1 1 

55 a: R1 = Et 
b :: R1 = P n 7 (cis) + 8 (trans) 

Schem ee 3.5: Optimal reaction conditions lor the Pictet-Spengler reaction. 

Thee use of milder acid catalysts, such as pyridinium para-toluene sulfonate (PPTS), required 
elevatedd reaction temperatures even at a 5-fold excess: in refluxing dichloromethane, the 
reactionn between L-Trp-OMe (5) and benzaldehyde (6b) was complete after 40 h., whereas in 
refluxingg toluene it took 16 h.[4S' 

Usingg an excess of strong acid such as TFA at (or below) room temperature has 
anotherr advantage: the concentration of the free imine intermediate, from which tautomeric 
racemizationn of the tryptophan chiral center can occur, is kept very low.1491 Virtually complete 
chirall  integrity of the tryptophan stereogenic center is thus guaranteed by applying these 
conditions.[M' ' 

Thee diastereomeric ratio of the formed tetrahydro-(3-carbolines (cis 7 and trans 8) 
wass dependent on several factors. As reported previously,'441150' with increasing size of the R1 
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substituentt on the tetrahydro-(3-carboline (Le. the diversity element derived from the aldehyde 
buildingg block), the degree of trans diastereoselectivity increases as well (Table 3.1). Though 
moree bulky ester groups are also predicted'511 and known'"1 to induce increased trans 
selectivity,, the effect is far less pronounced. This makes it unlikely that the hydroxyethyl-
polystyrenee ester (having the bulky residue relatively distant from the center of reaction) will 
dramaticallyy change the stereochemical outcome of the reaction as compared to the methyl 
esterr in the model system. More prominent is the effect of the temperature on the 
diastereomericc ratio. At lower temperature (0°C), a shift is seen towards formation of the 
kineticc cis product,1*14521,1531 whereas at higher temperature (refluxing CH2C12, 40°C) more of 
thee trans product is formed (Table 3.1). The stereochemical assignment of the cis and trans 
tetrahydro-pVcarboliness 7b and 8b was confirmed based on 13C-NMR data using the method 
off  Ungemach and co-workers.'501 They discovered that the resonances of both chiral carbon 
atomss (C-l and C-3) in cis diastereoisomers are clearly downfield (higher 8 [ppm] values) 
fromm those in the corresponding trans isomers. In TLC analysis, also in agreement with our 
assignment,, the trans compounds are generally more polar than their cis counterparts. 

Tablee 3.1 : influence of substituent size and temperature on cis/trans ratios. 

Reactionss were carried out with 5 equivalents of aldehyde in CH2Ot containing 5 volume% TFA. 

Temperature e 

0°C C 

20°C C 

40°C C 

cis cis 

(7a)::  (8a) {R' = Et] 

5 :2 2 

11 :1 

2 :5 5 

::  trans ratio 

(7b)::  (8b) [R^Ph ] 

4:1 1 

3:1 1 

1::  1 

Whenn product ratios are compared, care has to be taken however that they can vary with the 
reactionn time, since epimerization of cis (7) to trans (8) diastereoisomers under acidic 
conditionss has been described.'541 Protonation of the Wb-nitrogen atom in the tetrahydro-p-
carbolinee can lead to ring cleavage across the C-N bond to furnish a carbocation. 
Equilibrationn to the sterically most favored conformation followed by cyclization then gives 
thee thermodynamically more stable trans diastereoisomer1491'551 (Scheme 3.6). 

Dehydrogenationn of tetrahydro-p-carbolines (7,8), either by chemical oxidation1561 or 
duee to exposure to atmospheric oxygen,1571 is a known phenomenon. Formation of dihydro-p-
carbolines,, which generally oxidize further to form the fully aromatized (3-carbolmes (9) 
(Schemee 3.7), is a common product decomposition process in the Pictet-Spengler reaction, 
especiallyy when longer reaction times or elevated reaction temperatures are employed. This 
processs can be suppressed by performing the reaction under nitrogen atmosphere, and/or 
immediatee work-up after completion of the reaction. Nevertheless, traces of oxidized material, 
easilyy recognized by the yellow color, are mostly unavoidable, and in our cases sometimes 
provedd difficult to separate from the anticipated product. Fortunately, the oxidized [$-
carbolinee side-product is unreactive in the next step planned. In the case of solution-phase 
workk it can be removed in a later stage, whilst in the solid phase case this side product will 
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HH R 
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HH R 'H n H R 

Schem ee 3.6: Epimerization of cis to trans via scission of the C-N bond. 

remainn polymer-bound in the cyclorelease step, because the functional group required for 

cyclizationn cannot be incorporated. 

HH R H R H R 
7 , 88 9 

Schem ee 3.7: Oxidation of tetrahydro-p-carboline to p-carboline systems. 

Wee have also subjected L-Trp-OMe (5) to Pictet-Spengler condensation with 

symmetricall  ketones, i.e. acetone (10a), cyclopentanone (10b) and cyclohexanone (10c), 
underr identical conditions. The desired tetrahydro-f3-carboline systems (disubstituted 

compoundd 11a and spiro compounds l i b and l i e , respectively) were formed, but at a 

considerablyy lower rate, requiring reaction overnight to go to completion (Scheme 3.8). 

OMe e 

to to OMe e 

O O 

R ' A R " " 
RR 1 Q R 

5%% TFA 

NH2 2 CH2CI2,, RT, 16 h. 

aa R' = R" = Me 
bb R'.R" = -CH2-(CH2)2-CH2-
cc  R'.R" = -CH2-(CH2)3-CH2-

OMe e 

R'' R" 
11 1 

Schem ee 3.8: Pictet-Spengler reaction of L-Trp-OMe with ketones. 
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3 . 2 . 2 . 22 Solid phase studies 

Wee decided to perform the solid phase Pictet-Spengler condensation at ambient 
temperature,, since the solution phase studies indicated that complete diastereoselectivity 
couldd not be achieved within the accessible range of temperatures. At room temperature, the 
diastereomericc ratios were reasonably balanced for various R'-groups. This would, from a 
positivee point of view, double the number of distinguishable products in an eventual library. 
Moreover,, ambient temperature chemistry clearly lowers the demands on complexity and 
expensee of the equipment needed. 

Whenn translating the conditions mentioned above to the solid phase, we found out 
thatt adding the 5 vol.% TFA in pure form to resin-bound L-tryptophan (3), swollen in 
dichloromethanee with excess aldehyde, sometimes results in formation of resin clots. This 
tookk place especially in the cases where the suspension was mixed slowly or not at all, a 
situationn that might be relevant during automated parallel synthesis. This problem could be 
overcomee by adding the aldehyde to resin (3) in half of the original volume of solvent and, 
afterr mixing, adding an equal amount of a 10% solution of TFA in dichloromethane. Though 
thee corresponding Pictet-Spengler reactions in solution phase were generally complete within 
11 to 4 hours, the solid phase reactions were allowed to run for 6 to 16 hours to compensate for 
retardedd reaction kinetics. In the workup procedure, three washing steps with 10% DiPEA in 
dichloromethanee were included in order to obtain the resin-bound tetrahydro-P-carboline (12) 
ass the free base (Scheme 3.9). Although conditions of the Pictet-Spengler reaction, acid 
catalysiss with water from the condensation process present, could theoretically lead to 
hydrolysiss of the ester link to the solid support, it was reassuring to find no traces of indole-
containingg materials in the reaction or washing liquids. 

Thoughh the conversion was difficult to monitor based on IR of the solid phase, 
gravimetricallyy the conversions were close to quantitative. The pale yellow color of most 
resinss may indicate formation of some of the corresponding p-carboline as a side product, but 
-ass stated before- being unreactive in the next step, this wil l remain polymer bound during 
finall  cyclization/cleavage. 

OO * O O ^-> . 

r ^ — T Y 1 ^^ ĤR1.5%TFA 1 0 % D | p E A ^ _ 

^ JJ NH2 CH2C,2,RT,16h'. CH2C,2,RT ^ N V N H 

HH I 12 

Schem ee 3 .9 : Pictet-Spengler condensation on solid support. 

Byy the time we had successfully translated this Pictet-Spengler to the solid support, several 
comparablee examples appeared in literature,1581'591,1601'6" of which one159' used conditions nearly 
identicall  to ours. In contrast to our synthetic schemes, none of these publications described 
furtherr functionalization of the secondary amine of the tetrahydro-p-carboline formed with 

> # # 
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aminoo acids. However, with the "multidirectional cleavage" method using amines to detach 
thee resin-bound material as amides,1601 we could verify the outcome of the Pictet-Spengler 
reaction.. Cleavage with 70% aqueous ethylamine in THF (1:1) was a rather sluggish process, 
probablyy also due to the fact that the water in the reaction mixture makes the resin beads less 
accessible.. Nevertheless, the detached material proved to be the ethylamide of the anticipated 
Pictet-Spenglerr product (13), accompanied by traces of fluorescent side products, whereas no 
tryptophann ethyl amide (from (3) that failed to undergo reaction with (6)) could be detected. 

a_/^LJ«** 70%EtNH2inH2O ^ /vAM>B 

NN X THF, RT N T 
HH Ai H D1 

" 1 22 " 1 3 

Schem ee 3.10: Cleavage of the Pictet-Spengler products as ethyl amides. 

3.2.33 Amino acid couplings 

3.2.3.11 Solution phase studies 

Fromm total syntheses of members of the fumitremorgin/verruculogen/tryprostatin 
class,, it is known that substitution of the secondary amine in tetrahydro-(i-carbolines of type 
(7)/(8)) is not easily achieved. We indeed found that, for coupling of Fmoc- or Boc-protected 
alaninee (15, R2 = Me) to the cis (7) and trans (8) diastereoisomers bearing an ethyl (a) or a 
phenyll  (b) R' sidechain, DCC1621 or DIPCDI'6'1 couplings with or without addition of 
HOBt[641orr HOAt'651 remained fruitless. When the literature -either published before, during, 
orr after our investigations- is screened, coupling of protected amino acids (15) to tetrahydro-
fi-carboliness derived from tryptophan (14) seems to be hampered by steric restrictions. Using 
carbodiimidee coupling reagents, Ca-substituted amino acids are known to couple with these 
tetrahydro-fj-carbolinee systems bearing only hydrogens,'661 or at most a methyl R ' 
substituent.'6711 Also when employing BOP,1681 the only report that deals with coupling of Ca-
substitutedd amino acids comprises unsubstituted systems (R1 = H).'691 In the case of larger R' 
substituents,, literature examples of carbodiimide-mediated amino acid couplings are restricted 
too protected glycines (R2 = H)l661[70I[7" (Scheme 3.11), except for one example: with DCC 
activationn in CH2C12, Cbz-Pro-OH has been reported to couple to the system bearing an 
isobutyll  R1 substituent in 55% yield over 94 hours at ambient temperature.'721 But remarkably, 
thiss apparently only worked for the trans diastereoisomer of the tetrahydro-P-carboline, 
becausee in the same paper the cis diastereoisomer was treated with Cbz-Pro-Cl to achieve 
coupling. . 
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Schemee 3.11: Success of carbodiimide couplings is dependent on side-chain sizes. 

Developmentt of methodology allowing a wide variety of substituents at both positions, and 
independentt of the stereochemistry, is a prerequisite when compound libraries are to be 
generated.. Clearly, coupling of protected amino acids activated with the more traditional 
typess of coupling reagents such as carbodiimides or BOP, does not fulfil l these criteria. 
Analogouss to the case described above,1721 in several other syntheses of fumitremorgin-type 
compounds,, the problem of this difficult coupling has been elegantly overcome by direct 
utilizationn of the highly reactive and relatively non-bulky amino acid chlorides of protected 
prolinesl7-,U74»75U76»771-[78!'[791-[8011 (Scheme 3.12). 

€\ €\ I!! I 
N N 
i i 

R R 

PGV V 

OR R 
NH H CI I base e 

Schemee 3.12: N-protected prolyl chlorides are known to achieve coupling. 

Theree is however a severe drawback when employing this strategy in a parallel 
fashion.. The protected amino acid chloride building blocks (17) all have to be prepared from 
thee commercially available starting materials in advance, and stored in pure form. Apart from 
that,, the need to use amino acid chlorides (17) puts a restriction on the use of protective 
groups,, since the Na-Boc protected ones are highly unstable.'8" By expelling rm-butyl cations 
(capablee of triggering a cascade of decomposition processes), cyclization to N-
carboxyanhydridess (20) can occur.1821 A similar process can be envisaged after base-induced 
cyclizationn to form 5-(4H)-oxazolones (IS),18'1 a well-known process with protected amino 
acidd chlorides.[84)t851 When other carbamates, such as Fmoc or Cbz, are used as Na protective 
groups,, the cyclization to form N-carboxyanhydrides (20) does not occur.1821 With the 
exceptionn of proline (lacking the essential H on Na) oxazolone (18) formation is however 
takingg place, with the result of racemization of the amino acid chiral center due to enolization 
off  this cyclic intermediate via (19) (Scheme 3.13). Attack from a free amino group to give the 
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coupledd product can either occur by direct attack onto the carbonyl of the (racemized) 
oxazolonee (18), or after ring re-opening by the leaving group anion.[S41 

(PG)Pw w 
99 r~-B (PG)R-O (PG)R-o 

3 ^ k ^ , HH ^ s e ( ^ enolization ^ 
uu . IN — / — n N N 

O O 

OO H 18 O M 19 HO 

177 (PG)R = f-Bu 

O4N' HH -«U* ^ N H 
ss IN - f-buT ö J 

CI. . 

o o 

Schem ee 3.13: Cyclization of carbamate-protected amino acid chlorides. 

Theree is another disadvantage of preparing this type of activated building blocks on 
beforehand,, which could limit the diversity in future library syntheses. Stable Fmoc-amino 
acidd chlorides from trifunctional amino acids bearing orthogonal protection in the R2 side 
chainn incorporating the f-Bu moiety (i.e. Boc, f-Bu esters, f-Bu ethers) cannot be obtained.1861 

Thee method of choice for parallel synthesis would involve only commercially 
availablee building blocks (in this case protected amino acids) and reagents. Thus, we invested 
inn finding a generally applicable method (i.e. irrespective of stereochemistry, and tolerating a 
broadd range of substituents) for the in situ generation of activated amino acid building blocks 
capablee of substituting the target secondary nitrogen. Contemplating the apparent steric 
constraints,, we hoped to find the solution in peptide coupling reagents'871 that are reported to 
bee typically useful in making "difficul t peptide sequences" (for example, when incorporating 
stericallyy hindered residues such as N-alkylated or Ca,Ca-disubstituted amino acids). 

Forr the two diastereoisomers (7) and (8) of both tetrahydro-fi-carboline systems (R1 

== Et (a) or Ph (b)), several peptide-coupling reagents were employed under a range of 
conditions.. Three different, commonly used solvents in peptide chemistry were used: DMF, 
NMPP and dichloromethane. Keeping the reaction medium basic with DiPEA, experiments 
weree started with moderate excess (1.5 equivalents) of Boc- or Fmoc-protected amino acid 
(prolinee or alanine) and activating agent at room temperature. When no reaction was observed 
afterr 3 hours, another 1.5 equivalents of the reagents were added. In the case of no result after 
stirringg overnight, the reaction temperatures were raised to 40°C (CH2C1;, reflux) or stepwise 
too 40°C and 70°C (DMF and NMP). 

Unfortunately,, coupling of protected amino acids to the secondary amine remained 
elusivee under all these conditions; not only employing reagents like CDI[SS1 or PyBOP,'891 but 
alsoo despite the use of PyBroPs,[901 PyBroP^/HOAt1651 and HATU,1"1 reagents known to be 
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particularlyy effective for the coupling of more sterically demanding components (Scheme 
3.14).. Apparently, the active ester intermediates are either of too low reactivity, or too bulky 
too approach the hindered amine. 

Becausee the sterical constraints seemed the most likely origin of the problem, we 
triedd to find the solution in smaller activated intermediates. In this respect, acid fluorides are 
thee ultimate of what is achievable. Fortunately, the extensive literature on peptide couplings 
alsoo trailed several publications on protected amino acid fluorides: species that indeed have 
beenn found to achieve sterically hindered couplings (also on solid phase) in which other 
reagentss failed.192"9"'19411'51 

HH h 
ciscis (7), trans (8) 

a:: R1 = Me 
b:: R1 = Ph 

DCCC ^ \ - N = C = N - ^ \ 

V-N=C=N-/ / 

PG-AA(R2)-OHH (15) 
activatingg agent 

CH2CI2,, DMF or NMP 
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PyBroP P 

O O 

**  «Tv 
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DIPCDI I 

CDI I 

O O 
u u 

/ * N ^ N " \ . . 

Q Q 
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PyBOP P 
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I!!  'N Q 
NN UPF6 

HATU U ex."» ex."» 
^ NN N NMe2 
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0-4;©© ©or-
>IMe22
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Schem ee 3.14: Various coupling reagents fail to give peptide bond formation. 

Carbamatee (Boc, Fmoc or Cbz) protected amino acid fluorides (22)[86U%l [971 can be 
synthesizedd from the corresponding acids (15) and cyanuric fluoride1981 prior to coupling. 
Thoughh toxicity of the latter reagent and liberation of HF can considered to be disadvantages 
off  this procedure, amino acid fluorides are relatively stable to hydrolysis, and once isolated 
thesee compounds are fairly shelf-stable.199' Especially the Fmoc-protected amino acid 
fluoridess are easily obtained as solids, which benefits storage and handling.I%1 Coupling of 1.5 
equivalentss of Fmoc-Ala-F, Fmoc-Pro-F, Boc-Ala-F or Boc-Pro-F to the tetrahydro-(3-
carbolinee systems (cis (7) / trans (8) mixtures, R' = Et (a) or Ph (b)), in the presence of 3 
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equivalentss of DiPEA, in all cases led to conversion of both diastereoisomers to give systems 
off  type (21), albeit at a low rate. Traces of the C-6 epimers of the products were also detected 
whenn protected alanine was coupled. Treatment of the amino component with a silylating 
agentt such as BSA prior to addition of the acid fluoride is known to sometimes speed up the 
amidee bond formation significantly.1951 However, in our systems beneficial effects were not 
observed,, which might again be the result of steric restrictions. 

,PG G 
HN N 

H 0 Y ^ R 2 2 

OO 15 

PGG = Boc, Fmoc 

F F 

FV^ F F 
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i i 
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N ^ N N 

HOO N OH 

H H 

OMe e 
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a:: R1 = Me 
b:: R1 = Ph 

PG-AA(R2)-FF (22) 
DiPEA A 

»--
CH2CI2,, RT 

AAA = Ala or Pro 

OMe e 

NH-PG G 

Schem ee 3.15: Synthesis and application of protected amino acid fluorides. 

Thee moderate success with using acid fluorides stimulated us to investigate whether 
aa convenient one-pot procedure would also result in formation of the anticipated product. 
Protectedd amino acid fluorides can be generated in situ from the corresponding acids (15) and 
TFFHH (25).1'001 The latter reagent was synthesized110'1 in a two-step procedure from 
tetramethylureaa (23). To our satisfaction, the one-pot procedures using 1.5 equivalents of 
Fmoc-- or Boc-protected amino acid, 1.5 equivalents of TFFH and 3 equivalents of DiPEA, as 
inn the case of the isolated acid fluorides, resulted in the desired substitutions (with also traces 
off  racemization at C-6 when incorporating Ala building blocks). The slightly lower initial 
reactionn rate observed is not a counterbalance to the advantage of not having to synthesize 
andd isolate the acid fluorides of all building blocks in the event of parallel synthesis. 

Thoughh the efficiency of the process could be somewhat improved by increasing the 
amountt of reagents to three equivalents, with the need of at least two days to go to completion 
att room temperature, the reaction was considered not to be ideally suited for parallel 
applications.. In fact, the substitution can only be expected to go slower when transformed to 
solidd phase. In the case of the Fmoc-protected building blocks, the sluggishness of the 
reactionn even starts to make DiPEA-induced premature deprotection1'0211'0111'041 and 
concomitantt side-reactions a significant problem. Though to a far lesser extent than with the 
correspondingg chlorides,1861 protected amino acid fluorides can also suffer from cyclization to 
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oxazoloness (which also underlies the racemization). In the case of Boc-protection, the 
detectionn of decomposition materials indeed increased with prolongation of the reaction time. 
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Schem ee 3.16: Synthesis of TFFH and its use to generate amino acid fluorides in situ. 

Too our regret, heating of the reaction mixtures in the hope to speed up the anticipated 
coupling,, more strongly favored the side-reactions mentioned above. In this respect, the use of 
otherr protective groups incorporated in (commercially available) amino acids, such as Cbz (Z) 
orr Troc, could in theory be advantageous for solution phase applications. However, they were 
nott an option for our intended solid phase protocols, since their deprotection requires 
heterogeneouss conditions. 

Withh the need of speeding up the reaction, we focused back on acid chlorides. As 
comparedd to acid fluorides, their reactivity is higher, whereas despite their bigger size they are 
thee only other species known to bring about the anticipated substitution (vide supra). Fmoc-
Ala-Cll  or Fmoc-Pro-Cl, prepared from reaction of the corresponding acids with 
SOCl,,1841'"05'1'0611 indeed were able to substitute the secondary nitrogen in both 
diastereoisomerss of our tetrahydro-fi-carboline systems (cis (7) / trans (8) mixtures, R' = Et 
(a)) or Ph (b)). Due to extensive oxazolone formation when applying acid chlorides under the 
conditionss used (vide supra), racemization of the coupled amino acid fragment is significant. 
Analogouss to the preparation of amino acid fluorides using cyanuric fluoride, cyanuric 
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chloridee is known to convert acids into their corresponding acid chlorides.1'071 However, 
comparedd to SOCl2, this reagent has clear disadvantages with respect to product isolation. 
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Schem ee 3.17: Synthesis, isolation and utilization of Fmoc-protected amino acid chlorides. 

Nevertheless,, we were curious if cyanuric chloride could be used in an in situ activation 
protocol,, because the soluble side products should be conveniently washed away when 
appliedd in a solid phase sequence. To our regret, the activating agent itself also effectively 
reactedd with the tetrahydro-P-carboline starting materials of type (7)/(8), probably substituting 
thee secondary amine hydrogen. Possible reaction of the two other available positions (either 
withh another molecule of type (7)/(8) or with water during workup) might account for the 
complexx product mixtures found upon analysis (Scheme 3.18). 

OMe e 

7a/8a a 

Fmoc-Ala-OH H 
cyanuricc chloride 
DiPEA A 

*. . 
CH2CI2,, RT 

Schem ee 3.18: In situ activation using cyanuric chloride gives unsatisfactory results. 
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Inn the synthesis of TFFH (25), the corresponding chloro analog TCFH (24) is an 
intermediate"0011 (Scheme 3.16). Despite the fact that TCFH (24) was described to lack the 
generall  applicability of TFFH (25) as a coupling reagent for solid phase synthesis,'1001 we 
weree still eager to test its effectiveness in our system. Realizing that changing the halide could 
resultt in differences in terms of reactivity, we had no reason to suppose that it would 
influencee the process from a mechanistic point of view. Thus, we investigated the effect of 
usingg TCFH (24) instead of TFFH (25) for the in situ activation of amino acid building 
blocks.. Much to our content, our assumptions seemed correct. Reactions of 1.5 equivalents of 
Fmoc-Ala-OHH or Fmoc-Pro-OH with the tetrahydro-fi-carbolines (cis (7) / trans (8) mixtures, 
R'' = Et (a) or Ph (b)) at room temperature in CH2C12, in the presence of 1.5 equivalents of 
TCFHH and 3 equivalents of DiPEA, all cleanly progressed to near complete conversion within 
88 hours. Doubling the amount of reagents led to full conversion within 6 hours when using 
dichloromethanee as the solvent. In DMF, the reaction took 4 hours to go to completion, 
whereass with 3 hours needed, NMP proved to be the most optimal solvent of the three. 

33 equiv. Fmoc-AA(R2)-OH 
33 equiv. TCFH (24) 
66 equiv. DiPEA 

NMP,, RT, 3 h. 

ciscis (7), trans (8) 

a:: R1 = Me AA = Ala or Pro 
b:: R1 = Ph 

Schem ee 3.19: TCFH efficiently mediates the anticipated amino acid couplings. 

Thee identical reactions employing Na-Boc protected building blocks merely led to 
decompositionn processes in an early stage of the reaction, as detected by TLC, HPLC and 
strongg coloration of the reaction mixtures. This is a strong indication for the presence of 
aminoo acid chlorides in the reaction mixture. Nevertheless, it is not a solid proof of their 
directt involvement in the substitution. Theoretically, the formamidinium intermediate (26) 
thatt is formed analogous to the TFFH case (as depicted in Scheme 3.16) could also be 
responsiblee for both coupling and oxazolone formation. Practically, with respect to the 
coupling,, this seems rather unlikely: HATU (a constitute of the formamidinium part and 
HOAt)) and TFFH both generate the same intermediate, but do not or slowly mediate the 
couplings.. Regarding the oxazolone formation, the fast onset of decomposition reactions in 
thee Boc-protected cases suggests efficient formation of the cyclic intermediate, which is 
knownn to occur with amino acid chlorides. In contrast, other activated intermediates are 
knownn to give much slower oxazolone formation.1871 

Inn search of more concrete evidence that it is the acid chloride intermediate itself that 
iss responsible for the coupling of the Fmoc-amino acid to the tetrahydro-p-carboline, we 
mixedd the reaction components wit PyBroP as the activating agent. After stirring overnight, 
besidess formation of the "primary" activated intermediates (the phosphonium species and the 
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acidd bromide), to some extent cyclization to the oxazolone wil l have occurred.1871 None of 
thesee intermediates brought about the anticipated amide bond formation. But upon addition of 
CsCll  and 18-crown-6, to generate free chloride ions in solution, conversion (albeit slow) to 
thee peptide-coupled product was observed. We thus propose that chloride anions attack the 
oxazolonee (that itself is not contributing to direct coupling in these cases), and by ring 
openingg (re)generate the amino acid chloride. The latter is then the sole species responsible 
forr the observed amino acid coupling to our tetrahydro-P-carboIine systems. 
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Schemee 3.20: Acid chloride species are responsible for coupling in our system. 

Althoughh in the early days of this project TCFH (24) had to be synthesized in 
house,'10811 soon after we had discovered its potency, a closely resembling reagent became 
commerciallyy available: CIP (29). Initially being developed as an efficient esterification 
agent,1'0911 it was later also employed for amide bond formation.1"011"11-1"21-1"31'"141 Comparing it 
withh TCFH, it proved equipotent in our amino acid couplings. Strikingly, the literature on CIP 
(29)) never ascribes a role to acid chloride intermediates in these couplings. The suggested 
mechanism1"311 proposed immediate transformation to a low-reactive oxazolone, which was 
thenn deliberately converted to more reactive intermediates by addition of additives such as 
HOBtt or HOAt. The structures generated in this way wil l however not contribute positively in 
stericallyy demanding cases,"151 as is supported by the results from our own attempts (vide 
supra).supra). Our results indicate that, when steric constraints become critical, such additives 
shouldd only be omitted. In contrast, beneficial effects can arise from addition of a chloride 
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source,, in order to shift the reactive intermediate equilibrium from the side of the oxazolone 
moree to the side of the acid chloride. 

Mee Me 
Me-NN ^-N 

©;>—CII [©:>—CI 
Me-NN N 

Mee PF6 Me ÖPF6 

TCFH(24)) C | p ( 2 9 ) 

Figur ee 3.1: Commercially available CIP is equipotent to TCFH. 

AA major advantage of the in situ activation procedure is, that we were also able to 
incorporatee amino acid building blocks with Boc- or f-Bu protected side chain functionalities: 
Fmoc-Ser(But)-OH,, Fmoc-Glu(OBut)-OH and Fmoc-Lys(Boc)-OH were uncomplicatedly 
coupledd to (7b/8b) under the influence of CIP. This is a clear extension of the diversity 
comparedd with Afa-Fmoc protected amino acid chlorides prepared and stored prior to 
coupling,, for which this side chain protection is a known incompatibility.1861 

Mostt probably due to too severe steric restrictions, acylation of the secondary amine 
off  disubstituted tetrahydro-P-carbolines of type (11) obtained from Pictet-Spengler reaction 
withh ketones (10) (vide supra) remained fruitless in all cases, even with acetyl chloride. 
Therefore,, we discontinued efforts to incorporate these structural elements in compounds 
plannedd for future library synthesis. 

33 equiv. Fmoc-AA(R2)-OH 
33 equiv. TCFH (24) or CIP (29) 
66 equiv. DiPEA 
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Schem ee 3.21: Disubstituted systems are unreactive towards acid chlorides. 

3.2.3.22 Solid phase studies 

Afterr the extensive solution phase studies had finally rewarded us with a suitable 
protocoll  for introduction of commercially available Fmoc-protected amino acid building 
blocks,, it was time to return to solid phase chemistry. The resin-bound tetrahydro-P-
carboliness (12), bearing an ethyl or phenyl R' sidechain, were subjected to the CIP coupling 
protocol.. After 3 hours of agitating by a flow of nitrogen gas, resin samples were taken and 
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workedd up as usual on a small glass filter, and subjected to bromophenol blue functional 
groupp tests.1"61 The blue coloration of the resin beads, indicating the presence of free primary 
orr secondary amines, revealed that the coupling was still incomplete. However, after a total 
reactionn time of 16 hours, the resin-beads showed a yellow or light-greenish color, indicating 
(near)) complete substitution'"7' to give (30) (Scheme 3.22). The changes in weight of the resin 
afterr work-up and drying were generally satisfactory, indicating yields of 85 to 90%. The 
loadingg capacities calculated from Fmoc-tests1251 were also in reasonable agreement with the 
gravimetricallyy determined yields, though generally indicating slightly lower yields. Finally, 
IRR analysis of the resin beads clearly indicated incorporation of two new carbonyl 
functionalitiess (amide and carbamate) next to the ester. Due to the fact that the carbonyls 
togetherr often form a broad peak rather than three distinct signals, the second derivative of the 
IRR spectrum was analyzed to confirm the number of different carbonyls present. 

0
 £~ \ 3 equiv. Fmoc-AA(R2)-OH O ^ 

I,, r / ^ r v O x ^ 3 e q u i v - C I P (29> r * ^ r / N V ^ O J ' ^ 
[ TT T H 6equi,DiPEA . U X L NH-F.oc 

HH L NMP,RT,16h. H L F ~ \ -
RR R O R2 

122 30 
Schem ee 3.22: Amino acid coupling on solid support. 

Becausee the reaction on solid phase required longer reaction times than in solution 
phase,, side reactions related to premature Fmoc-deprotection (dipeptide formation or 
cyclization),, that had hardly been observed in our solution phase studies, may now have 
occurredd to a certain extent. Regretfully, coupling of a dipeptide fragment is hard to 
distinguishh from a single amino acid fragment by IR analysis of the resin. Also, it is fairly 
difficultt to track down the evidence for premature cyclorelease, because the reaction medium 
thatt is washed away is quite a complex compound mixture. Since the outcome of the 
gravimetricallyy determined yields, Fmoc-tests and IR analyses were mostly in acceptable 
agreementt with each other, it was decided to fist await the results of the following 
(anticipated)) cyclization/cleavage step, before going deeper into these only potential and 
slightlyy relevant problems. 

3.2.44 Deprotection and cyclization 

3.2.4.11 Solution phase studies 

Forr the solid phase protocols, the use of the Fmoc protective group was inevitable 
(vide(vide supra). In the solution phase experiments however, it had some disadvantages. It turned 
outt that, during silica chromatography to separate the products from the (excess) reagents, the 
compoundss were prone to some decomposition, most probably attributable to Fmoc-
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deprotection.. This hampered isolation of pure products and lowered the isolated yields. 
Secondly,, even when the stereochemistry of the R' substituent was determined, the 
diastereoisomerss formed during coupling were in most cases not (fully) separable. Thereby 
takingg into account the doubling of the 'H-NMR signals in the already complex spectra due to 
thee presence of rotamers, detailed structural analysis was even further complicated. Therefore, 
thee cyclization studies were performed with mixtures of diastereoisomers (as would be the 
casee on solid phase), sometimes in the presence of impurities. Whenever the latter are the 
resultt of premature Fmoc-deprotection (either still in the ring-open or already in the ring-
closedd form), they should however not interfere with the deprotection/cyclization process. 

Optimall  conditions had to be found for the final reaction step. We initially hoped that 
fastt Fmoc-deprotection would be possible without significant concomitant cyclization. In the 
solidd phase protocol, this would allow us to wash away the equivalent of dibenzofulvene 
formedd upon Fmoc-deprotection before cylcorelease of the product. Using piperidine, the 
standardd reagent for this deblocking/271 the half-lives for deprotection vary with the 
concentration.1"811 Fast deprotection at high piperidine concentration could have the 
disadvantagee that the excess base also efficiently promotes the diketopiperazine formation.1"91 

Indeed,, when using 20% piperidine in THF, deprotection of compounds of type (21) was 
almostt instantaneous, but also the onset of cyclization (as detected by TLC and HPLC) was 
alreadyy significant within a time frame that would solely be needed to add the reagent to all 
reactionn vessels when performing this protocol in an (automated) parallel fashion. On the 
otherr edge, a stoichiometric amount of piperidine resulted in more sluggish deprotection, but 
alsoo in this case the rate of cyclization of the deprotected species was so high that in the solid 
phasee case it would lead to severe product loss. Especially the compounds possessing a 
prolinee amino acid residue, giving the pentacyclic skeleton of the fumitremorgins, 
verruculogenss and cyclotryprostatins, show very fast cyclization. This can be attributed to the 
so-calledd template effect: the ring system pre-orientates the cyclization precursor in a 
beneficiall  conformation.'1201 

Apartt from initiating the deprotection process, the piperidine normally functions as a 
scavengerr to trap the liberated dibenzofulvene by formation of an adduct: N-(9-
fluorenylmethyt)piperidine.[27]] When applying low concentrations of piperidine, the 
equilibrium1'2111 between free and bound dibenzofulvene is shifted towards the free species. 
Thiss may result in adverse effects, such as interactions of the dibenzofulvene with the free 
aminee of the cyclization precursor,'1221 or alkene polymerization of the dibenzofulvene and 
resultantt problems in purification.'1231 The latter was indeed observed when, instead of 
piperidine,, we tried to use TBAF as Fmoc-deprotecting agent."221 Deprotection was more 
sluggishh than with piperidine, and polymerization slowly turned the reaction mixture into a 
gel-likee substance.'1061 Apart from this, also diketopiperazine formation was not sufficiently 
suppressedd upon deprotection using fluoride. Therefore, there was no need to prevent the 
polymerizationn by trying to scavenge the dibenzofulvene with, for instance, thiols."24' Fmoc-
deprotectionn with DBU"251 is much faster than with fluoride, but under these conditions there 
wass also very rapid onset of cyclization. 
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Separationn of the dibenzofulvene adduct from the final products seemed 
unavoidable,, and deprotection and cyclization was thus simply carried out in a single step. 
THFF was chosen as the solvent, since it is easily evaporated, and an excellent medium both 
forr dissolving a wide range of compounds and for swelling of polystyrene-type resins. 
Piperidine,, also volatile, was used as the deblocking and scavenging reagent, because of its 
provenn effectiveness for both processes. A solution of 5 volume% of piperidine in THF 
provedd to be the optimal compromise for a concentration low enough to avoid problems with 
removall  afterwards but still high enough to efficiently deprotect the Fmoc group and trap the 
dibenzofulvene. . 

55 vol.% 
piperidine e 

THF, , 
RT, , 
55 min. 

tó tó OMe e 
;NHo o 

OO R2 

31 1 34 4 

2 2 
 R - N H 2 + 

31 1 

0 N H H 

Schem ee 3.23: Optimal conditions for deprotection and subsequent cyclization. 

Att room temperature, deprotections were all entirely achieved within 5 minutes, whereas the 
subsequentt cyclizations took in-between 0.5 (proline residue) and 4 (alanine residue) hours to 
goo to completion. After concentration of the reaction mixtures, the products could be 
separatedd from the ^-(Q-fluorenylmethyOpiperidine by flash chromatography; it was however 
veryy difficul t to fully separate the diastereoisomers of the products by means of this 
technique. . 

3.2.4.22 Solid phase studies 

Havingg established the optimal conditions for the final step, it was time to analyze 
thee results of the corresponding cyclization/cleavage from the solid support. Subjecting resins 
off  type (30) to 5% piperidine in THF at room temperature overnight (to assure complete 
cyclization)) indeed smoothly resulted in cyclorelease of the anticipated products. It was 
reassuringg to see the high purity of the released products, clearly confirming the benefit of 
applyingg a well-designed cyclization/cleavage strategy. Moreover, the choice of the solid 
supportt proved to be decent: the link had shown stability to all reaction conditions, both acid 
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(TFA)) in the presence of water and secondary amines (piperidine), but was sufficiently prone 

too intramolecular cyclization by attack of a primary amine. 

& & 5%% piperid 

NH-Fmocc THF, RT, 166 h. kA^N^A, , 
HH R1 O 

++ 33 + 1 

30 0 34 4 

Schem ee 3.24: Cyclization/cleavage gives the products contaminated with the DBF-adduct. 

Ass expected, based on the fact that prolyl chlorides do not suffer from oxazolone formation 
andd concurrent racemization (see § 3.2.3.1), products possessing the cyclic proline residue 
weree formed as mixtures of 2 diastereoisomers, whereas incorporation of all other amino acid 
buildingg blocks gave mixtures of 4 diastereoisomers. Crude yields, determined 
gravimetricallyy and taking into account the formed equivalent of Af-(9-fluorenylmethyl)-
piperidine,, were generally slightly lower but in reasonable agreement with the loading 
capacitiess as calculated from the Fmoc-tests performed after the previous step. The weight of 
thee washed and dried resins was typically littl e higher than the amount started with in the 
loadingg step (corrected for the samples removed for IR and Fmoc-test analysis). This could 
indicatee not fully complete cyclization, but again subjecting the resin to 5% piperidine in THF 
overnight,, also at elevated temperature (50°C), did not result in any further product formation. 
IRR analysis of the resin beads indicated the presence of some remaining ester carbonyl (v ~ 
17300 cm"'), and a very weak amide carbonyl (v ~ 1650 cm"1) signal. The explanation for the 
slightt overweight of the resin is thus most probably a sum of material missing the amino acid 
buildingg block (likely resin-bound fj-carboline from oxidation of the Pictet-Spengler product) 
andd a trace of dimeric species (accounting for the amide IR absorptions). The latter indicates 
thatt the "infinit e dilution" phenomenon on solid phase is not true for the full 100% when 
usingg resins with moderate to high loading capacities, as we have applied. 

PP ^  o 
99 R2 

O O 
HH "  r N-

ff  W f  H 

' 1  NH2 

35 5 

HH R1

Schem ee 3.25: Formation of dimeric species can account for trace amide bond IR signals. 
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Becausee the resin overweight after the final step was only slight, and the detached 
materiall  of satisfying purity, removal of the dibenzofulvene-piperidine adduct from the 
diastereoisomericc product mixtures remained the only concern. As described in § 3.2.4.1, this 
couldd be achieved by flash chromatography, but when generating compound libraries this 
optionn should be avoided. We investigated several other alternatives that are better applicable 
inn parallel. Our objective was to see if we could, in the first place, avoid collection of the 
dibenzofulvenee adduct together with the products. The solution phase experiments (see § 
3.2.4.1)) indicated that attempts to deprotect and wash the resin-bound compound prior to the 
onsett of cyclization would not be practical. Our idea now was, to perform the final step in an 
apolarr solvent, in the hope that the released products would directly precipitate within the 
polymerr matrix, whereas the apolar dibenzofulvene adduct would remain in solution and 
couldd be washed away selectively. The maximum achievable in solvent apolarity, without 
forgettingg the demand of ability to swell the resin, is toluene. To our regret, when subjecting 
resinss (30) to 5% piperidine in toluene, substantial amounts of the released diketopiperazines 
couldd be detected in the reaction solvent. After filtration and washing the resin three times 
withh toluene, THF was added. But even more disappointingly, with collection of (still) the 
majorr portion of the product, significant amounts (- 20% relative to the products) of 
remainingg AK9-fluorenylmethyI)piperidine) were also rinsed from the solid support. Already 
sufferingg from a loss of product, this would necessitate end product purification after all, and 
thuss this approach was abandoned. 

Thee following attempt involved use of a scavenger resin. Formation of the 
dibenzofulvene-piperidinee adduct is essentially an equilibrium112'1 and it was hoped that, with 
addingg of a substantial excess of resin-bound piperidine to the mixture in solution, the 
majorityy of the dibenzofulvene could be easily trapped and removed. Regretfully, even with a 
largee excess of 20 equivalents, removal of the side product from a THF solution (as monitored 
byy relative integrated peaks in HPLC chromatograms) was very slow and far from complete 
(-- 40%) after 6 hours. Thus, also the efficacy of this procedure was considered impractical. 

Silicaa flash chromatography was an easy way of separating the indolyl 
diketopiperaziness from the Fmoc-remainings due to the large difference in polarity. 
Therefore,, it seemed reasonable to investigate if the side product could be removed with small 
solidd phase extraction (SPE) columns packed with silica. Loading the SPE columns with a 
small,, concentrated sample of the crude mixture in THF,[I26] and eluting with light petroleum, 
indeedd rinsed the dibenzofulvene adduct from the packing. It was only accompanied by a 
minorr amount of the indolyl diketopiperazines, which is probably unavoidable because the 
samplee needs to be loaded onto these short column cartridges in a solvent sufficiently polar to 
dissolvee all materials. But unfortunately, when eluting the products from the SPE columns 
withh ethyl acetate or dichloromethane, a significant amount of the dibenzofulvene adduct (that 
apparentlyy tends to "stick" to the molecules) accompanies the products: approximately 20% 
off  the material still proved to be the side product. Again, the devised purification procedure 
wass not capable of purifying the compounds to a sufficient extent for allowing biological 
screening. . 
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Inn a next attempt, vigorous stirring of the evaporation of the cyclorelease mixtures 
withh light petroleum was investigated. Again, the apolar supernatant contained the 
dibenzofulvenee adduct with only traces of the anticipated products. But subjecting the 
remainingg undissolved material to HPLC analysis, even after two of these cycles, still 
revealedd a substantial (-30%) side product contamination. Probably, the latter is too 
efficientlyy enclosed in the (often solid) undissolved products. Therefore, we envisaged 
achievingg improvement by performing triturations. The cyclorelease mixtures, evaporated in 
smalll  test tubes, were dissolved in a minimal amount of THF. While vortexing, light 
petroleumm was added slowly, gently precipitating the product. Following centrifugation of the 
tube,, the supernatant containing the dibenzofulvene adduct could be easily removed. 
Performingg two of these cycles, which is an operation within managing capability when 
synthesizingg small to medium-sized libraries, yielded the products without substantial loss 
andd with sufficient purity for screening purposes. The change in peak area of the 
dibenzofulvenee adduct on HPLC, relative to the product peaks, indicated that this treatment 
reducedd the contamination to approximately 2%. One should thereby take into account that 
wee determined the molar extinction coefficient of Af-(9-fluorenylmethyl)piperidine at the 
detectionn wavelength (X = 254 nm) to be typically 20 times higher than that of the indolyi 
diketopiperazinee products. Therefore, the impurity on HPLC appears far worse than it actually 
is,, as confirmed by 'H-NMR analysis of the purified compound mixture. 

Withh all reaction steps optimized for room temperature chemistry on solid support, 
andd a final work-up procedure that could be managed in parallel, it was now time to validate 
thee developed methodology by synthesizing a small combinatorial library. 

3.33 Librar y synthesi s 

3.3.11 The MULTIBLOCK™ 

Forr the library synthesis, involving only ambient temperature conditions, we chose a 
simplee but sophisticated device developed for manual parallel synthesis: the MULTTBLOCK™ 
manuall  multiple/library synthesizer (commercially available from CSPS, San Diego, 
USA."161tl27)) The instrument was designed by Krchnék and Vagner for laboratories with high 
demandd for synthetic output and low budget. The MULTTBLOCK™ is constructed from Teflon, 
polypropylene,, glass, and stainless steel, holding 42 disposable 2.5 mL polypropylene 
syringess equipped with plastic frits as reactors in a 6 x 7 array. The maximum capacity of 
thesee reactors is - 150 to 200 mg of resin. To assure efficient mixing, the reactors should not 
bee completely topped up with solvent (i.e. maximal 2.0 mL). The reactors can be stoppered on 
bothh ends by flexibly mounted Teflon multistoppers for performing reactions. After 
placementt of the MULTIBLOCK™ onto the multistopper, reagents are added, and the upper 
multistopperr is attached. Agitation of the reaction mixtures was best achieved by placing the 
assemblyy on its side in an orbital shaker, such that the reactors are in horizontal position. Our 
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reactionss in the MULTIBLOCK™ were not performed in an inert atmosphere. For work-up, the 
wholee block of reactors is placed on a suction table, which connects each reactor to a vacuum 
linee at the tip of the syringe below the frit. Using this device, all reactors can be washed 
simultaneously.1128' ' 

Too collect products after detachment, we developed aluminum blocks with capacity 
forr 42 small- or medium-sized test tubes in the same array as the MULTIBLOCK™. For 
parallell  evaporation, we developed a device containing 42 small needles in the 
MULTIBLOCK™™ 6 x7 array, all connected to a single line to be attached to a source of 
pressurizedd air or nitrogen gas. By placing this gas-purging device just above (with the needle 
pointss inside) the tubes in the aluminum block, which can be gently heated on a conventional 
hott plate to speed up the process, evaporation of the major portion of the solvent is achieved. 
Subsequentt drying in vacuo can remove the last traces of solvent. 

3.3.22 Parallel solid phase synthesis of a representative library 

Too avoid differences in capacities throughout the wells, the total amount of resin 
neededd was loaded in a single batch, under inert conditions. According to Scheme 3.2, 42 x 
1500 mg - 6.30 g of hydroxyethyl-functionalized polystyrene resin (1), capacity 1.21 mmol/g, 
wass loaded with Fmoc-L-Trp-OH to give (2), and the batch was Fmoc-deprotected to give (3). 
Thus,, per well, a maximum yield of -0.18 mmol (based on full loading) of product(s) is 
possible.. A buoyant suspension of resin (3) in a mixture of NMP and DCM was evenly 
distributedd over the 42 reactors, washed and dried. 

Forr the Pictet-Spengler condensation, 6 different (linear, branched or cyclic aliphatic, 
andd aromatic) aldehydes were used: propionaldehyde (position A), benzaldehyde (B), 
cyclohexanee carboxaldehyde (C), heptanal (D), isovaleraldehyde (E) and isobutyraldehyde 
(F).. As described previously (see § 3.2.2.2), the TFA is best added in solution rather than 
pure.. For each of the 6 different aldehydes to be reacted along the 7 positions in rows A to F 
off  the MULTIBLOCK™, a stock solution in CH2C12 was prepared. Each of these stocks 
containedd 7 x5 equivalents of an aldehyde in a total volume of 7.0 mL. After fillin g each 
reactorr with 1.0 mL of the appropriate stock solution, to all 42 positions was added 1.0 mL of 
aa 10% solution of TFA in CH2CI2. After reaction overnight at room temperature (consistent 
withh the conditions in Scheme 3.9) the mixtures were filtered, and the resins worked up with 
DiPEA,, washed using our standard "squeeze/swell" protocol, and dried to obtain resins (12). 
Whenn removing the reaction block from the vacuum oven, the resins still appeared to be 
somewhatt sticky. Because this is most likely due to water that has condensed during vacuum 
filtrationn on work-up, the resins were washed 3 times with NMP prior to the amino acid 
couplingg step. (Actually, in a former attempt of the library synthesis, the amino acid coupling 
stepp had been unsuccessful when we failed to recognize this problem). 

Forr the amino acid coupling, 7 Fmoc-protected L-amino acids from different classes 
weree chosen, orthogonally protected where necessary. These included aliphatic, cyclic, 
aromaticc and functionalized (protected amine, alcohol or carboxylic acid) side chain residues: 

82 2 



SolidSolid Phase Synthesis of Fumitremorgin-type Indolyl Diketopiperazines 

alaninee (position 1), proline (2), phenylalanine (3), Boc-protected lysine (4), r-Bu protected 
serinee (5), t-Bu protected glutamic acid (6) and tryptophan (7). For each of the 7 different 
protectedd amino acids to be reacted along the 6 positions in columns 1 to 7 of the 
MULTIBLOCK™,, a stock solution in NMP was prepared. Each of these stocks contained 6 x3 
equivalentss of an amino acid building block in a total volume of 9.0 mL. After filling  each 
reactorr with 1.5 mL of the appropriate stock solution, to all 42 positions was added 6 
equivalentss of DiPEA. Subsequently, all 42 reactors received 0.5 mL of a stock solution of 
CIP,, containing 42 X 3 equivalents of CIP in a total volume of 21 mL of NMP. After reaction 
overnightt at room temperature (consistent with the conditions in Scheme 3.22), the mixtures 
weree filtered, washed using our standard "swell/squeeze" protocol, and dried. Out of seven of 
thee reactors (assuring to cover each building block at least once), a couple of resin beads were 
removedd and subjected to single-bead microIR analysis and a bromophenol blue functional 
groupp test. The green or blue color in some of these samples indicated that the amino acid 
couplingg had not been complete throughout the whole MULTIBLOCK™. This may have been 
thee result from traces of water still present in the resin (vide supra) and/or not being able to 
workk under inert conditions. We therefore decided to perform the coupling step once more, as 
describedd above. After this, bromophenol blue tests on resin samples from the same positions 
ass previously indicated (near) complete substitution"171 in all cases to give resins (30). 

22 equiv. Fmoc-L-Trp-OH 
22 equiv. 2,6-dichloro-

benzoylchloride e 
3.33 equiv. pyridine 

DMF,, RT, 16 h. 

20%% piperidine 

DMF,, RT, 30 min. 

%% TFA 

CH2CI2,, RT, 16 h. 

10%% DiPEA \ \ il J 

HH I 12 

J» » 

33 equiv. Fmoc-AA(R2)-OH 
33 equiv. CIP 
66 equiv. DiPEA 

NMP,, RT, 16 h. 
doubledouble coupling 

-CM M J» J» 5% % 
J ^ NN NH-Fmoc »"'"-ri,,""! 

HH XrTV 
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THF,, RT, 
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OO R 
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CO O —S—S ^f  -NH 

HH L A 
34 4 

R11 O 
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Schem ee 3.26: Overview of the library synthesis in the MULTIBLOCK™. 

removedremoved by parallel 
repetitiverepetitive trituration 
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Cyclization/cleavagee was achieved by adding 2.0 mL of a 5% solution of piperidine 
inn THF to all 42 reactors, and subsequent reaction overnight at room temperature (consistent 
withh the conditions in Scheme 3.24). The MULTIBLOCK™ was then placed on our collection 
block,, and the liquid phases were collected by applying light pressure of nitrogen gas on top 
off  the reactors. Subsequently, the multistoppers were applied again to wash the resins with 2.0 
mLL of warm THF, followed by collection of the liquid phases as described above. The latter 
cyclee was repeated three times. The aluminum collection block containing the 42 mixtures of 
compoundss (34) contaminated with iV-(9-fluorenylmethyl)-piperidine (33) in test tubes was 
thenn placed on a hot plate heated to 50°C. Applying a flow of nitrogen gas through our 
parallell  gas-purging device evaporated the majority of the solvents. Finally, the last traces of 
THFF and piperidine were removed by drying in vacuo at 50°C. 

Too all test tubes, 0.2 mL of THF was added (or slightly more where needed), and the 
crudee mixtures were dissolved by vortexing. Next, while vortexing the tubes, - 4 mL of light 
petroleumm (PE 60/80) was added in small portions, to precipitate the products. After 
subjectingg the tubes to centrifugation, the supernatants containing the Af-(9-fluorenylmethyl)-
piperidinee (33) were carefully decanted, and the whole parallel trituration process was 
repeatedd once again. After drying in vacuo, yields were gravimetrically determined and 
productss were subjected to LC/MS analysis."291 In all cases, the main peaks (diastereoisomers) 
correspondedd to the expected molecular masses. As expected, compounds were formed as a 
mixturee of four diastereomers, except for the products containing the proline residue (column 
2),, being mixtures of 2 diastereomers. Diastereoisomeric ratios, determined by relative HPLC 
peakk areas, were substrate-dependent for both the Pictet-Spengler condensation and the amino 
acidd coupling. Though the amount of residual N-(9-fluorenyImethyl)piperidine (33) after 
workupp never exceeded 5 mol% (based on peak areas and molar extinction coefficients), the 
degreee of this contamination was proportional to the lipophilicity of the side-chains R' and 
R2.. Yields and purities of the library are depicted in Table 3.2. 

Tabl ee 3 .2 : Yields and purities of the 42-member compound library. 

Gravimetricallyy determined yields [%], followed by (purities) [%] according to HPLC (detection at X = 

2544 nm; cumulative relative peak areas of all diastereoisomers as confirmed by MS) 

1 22 3 4 5 6 7 

X .. R2 

R11 \ 

^ ^ 

*™o o 
~o o 
V - ^ ^ ^ 

Ok k 
Y Y 

"'"CHj j 

577 (72) 

788 (80) 

666 (83) 

811 (76) 

73(81) ) 

500 (82) 

O O 
711 (79) 

711 (58) 

744 (71) 

999 (82) 

96(81) ) 

999 (66) 

h h 
933 (87) 

911 (62) 

999 (82) 

866 (87) 

999 (79) 

999 (82) 

*SS NH-Boc 

877 (85) 

87(61) ) 

999 (77) 

855 (88) 

89(90) ) 

966 (86) 

833 (85) 

855 (91) 

855 (88) 

86(81) ) 

800 (81) 

844 (90) 

O O 

533 (78) 

755 (89) 

611 (72) 

577 (80) 

566 (88) 

577 (86) 

O O 
911 (79) 

999 (74) 

977 (89) 

999 (86) 

999 (88) 

999 (88) 
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3.44 Conclusion s 

Wee have developed a solid phase synthesis towards structural analogues of the 
fumitremorgin,, verruculogen and cyclotryprostatin class. All reactions could efficiently be 
carriedd out at ambient temperature, and due to the ability of using excess reagents, working 
underr inert conditions was not a prerequisite. The chemistry was developed to be compatible 
withh incorporation of a wide variety of commercially readily available building blocks. This 
countss in particular for the CIP-coupling methodology employed by us, that allows a one-pot 
inin situ activation protocol for coupling of a broad range of Ca-substituted amino acid building 
blockss to sterically hindered substituted tetrahydro-p-carbolines. Our sustained efforts in 
achievingg this were finally rewarded with a major advantage in terms of molecular diversity 
accessiblee through parallel synthesis, as reflected to existing or simultaneously developed 
methodologies. . 

Validationn of the general applicability of our solid phase route to fumitremorgin-type 
indolyll  diketopiperazines was achieved by means of synthesis of a representative (i.e. 
comparativelyy small, but relatively diverse) compound library. In all 42 cases, the anticipated 
productss were formed in moderate to high overall yields. Employing the cyclization/cleavage 
strategyy resulted in high purity of the diastereomeric library, enabling screening for biological 
activityy without any necessary further purification such as preparative HPLC. 
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3.66 Experimenta l 

Generall  information. 

Solutionn phase. 
Techniques.Techniques. Solution phase reactions were carried out using standard techniques, applying flame-

driedd glassware under an atmosphere of dry N2 gas when necessary. Evaporation of solvents was routinely 
performedd under reduced pressure using a rotary evaporator. 

ChemicalsChemicals and solvents. Dry dichloromethane (DCM) was distilled from phosphorus pentoxide and 
subsequently,, freshly prior to use, from calcium hydride under N2 atmosphere. Dry tetrahydrofuran (THF) was 
freshlyy distilled prior to use from sodium benzophenone ketyl under N2 atmosphere. Technical grade light 
petroleumm {PE 60-80) for use in column chromatography was distilled prior to use. Gradient-grade HPLC 
solventss were purchased from J.T. Baker, Deventer, The Netherlands. Amino acid building blocks were 
purchasedd from Advanced ChemTech (Louisville, KY, USA), Fluka (Zwijndrecht, The Netherlands) or 
NovaBiochemm (through OmnHabo, Breda, The Netherlands). All other reagents and solvents were used as 
commerciallyy available, unless indicated otherwise. 

ReactionReaction monitoring. Solution phase reactions were monitored using thin layer chromatography 
(TLC)) and/or high performance liquid chromatography (HPLC). For TLC, R̂  values were obtained using silica-
coatedd plastic sheets (Merck silica gel 60 F254) with the indicated eluent. The compounds were visualized by UV 
lightt (X = 254 nm), I, or by spraying with a solution of 5% ammonium molybdate in 2 M aqueous sulfuric acid, 
0.4%% ninhydrin in EtOH or 20% p-anisaldehyde in MeOH followed by heating. Isocratic HPLC analyses were 
performedd on a Perkin Elmer Series 10 Liquid Chromatograph with a Perkin Elmer LC90 UV 
Spectrophotometricc Detector and a Perkin Elmer Nelson Model 1020 integration computer, equipped with a 
Chrompackk Inertsil ODS-2 (reversed phase C-18) column, I x ID 150 x 4.6 mm, particle size 5 jiM . Mixtures of 
CH3CNN and H20 containing 0.1% TFA were used for elution, at a flow rate of 1.0 mL/min. Gradient HPLC 
analysess were performed on a Hewlett Packard Series 1050 system with an Applied Biosystems Spectroflow 757 
Absorbancee Detector, a Hewlett Packard 3396A integrator, a Gilson Model 231-401 Auto Sampling Injector and 
aa Separations GT-103 in-line degasser. This system was equipped with a Chrompack Inertsil ODS-3 (reversed 
phasee C-18) column, 1 x ID 50 x 4.6 mm, particle size 3 \xM. The standard gradient elution used, at a flow rate of 
2.00 mL/min., was from 100% solvent A (CH3CN/H20 5:95 + 0.04% HC02H) to 100% solvent B (CH,CN/H,0 
95:55 + 0.04% HC02H) over 5 min., followed by 2 min. 100% solvent B. Unless indicated otherwise, detection in 
alll  HPLC analyses took place at X = 254 nm, or at X = 225 nm for detection of amide bonds in the absence of 
otherr chromophores absorbing at X = 254 nm. 

CompoundCompound purification. Flash chromatography"5"1 refers to purification using the indicated eluens and 
Across Chi mica silica gel 60 (particle size 0.030 - 0.075 mm). When triethylamine containing eluents were used, 
thee silica gel was pre-treated with this eluent. Semi-preparative HPLC purifications were performed on a Hewlett 
Packardd Series 1050 system including an in-line degasser, with an Applied Biosystems model 759A Absorbance 
Detector,, a Hewlett Packard 3396 series II integrator, and a Gilson Model 201 fraction collector. This system 
wass equipped with a Chrompack Inertsil ODS-3 (reversed phase C-18) column, I x ID 250 x 10 mm, particle size 
55 u.M. Linear or gradient elutions were performed with CH,CN/H:0 mixtures containing 0.04% HCO:H at a 
floww rate of 5.0 mL/min. Preparative HPLC purifications were performed at Solvay Pharmaceuticals (Weesp, 
Thee Netherlands) on a Gilson 200 Series LC system, equipped with a Chrompack Inertsil ODS-2 (reversed phase 
C-18)) column, I x ID 250 x 30 mm, particle size 10 \x.M. Linear or gradient elutions were performed with 
CH,CN/H:00 mixtures containing 0.1% TFA at a flow rate of 35.0 mL/min. 

CompoundCompound analysis. Proton nuclear magnetic resonance ('H NMR) spectra and carbon nuclear 
magneticc resonance (l3C NMR; APT) spectra were recorded on a Bruker ARX 400 (400 MHz and 100 MHz 
respectively),, a Bruker AC 200 (200 MHz and 50 MHz respectively) or a Bruker WM 250 (250 MHz and 63 
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MHzz respectively) spectrometer. Chemical shifts (8) are reported in parts per million (ppm) downfield from 
tetramethylsilane.. Coupling constants (J) are given in Hertz (Hz). The following abbreviations are used in the 
assignments:: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (double doublet), ddd (double 
doublee doublet), br (broad). Infrared (IR) spectra were obtained using a Bruker IFS 28 FT-spectrophotometer 
andd wavelengths (v) are reported in cm"1. The following abbreviations are used in describing absorption 
intensities:: vs (very strong), s (strong), m (medium), w (weak), vw (very weak), br (broad). UV/VIS absorbance 
dataa were obtained from a Carey 3 or a Hewlett Packard 8453 spectrophotometer. Melting points were measured 
onn a Büchi B-545 MeltingPoint apparatus. Mass spectra and accurate mass measurements were recorded on a 
JEOLL JMS-SX/SX 102A Tandem Mass Spectrometer, using Fast Atom Bombardment (FAB), Electron Impact 
(EI)) or Field Desorption (FD) ionization. For high-resolution mass spectrometry (HR-MS), a resolving power of 
10,0000 (10% valley definition) was used. Elemental analyses were performed by Dornis und Kolbe 
Mikroanalytischess Laboratorium (Mülheim an der Ruhr, Germany). 

Vessel l 

Solidd phase. 
ResinsResins and solvents. Solid supports were, when available, obtained from Rapp Polymere GmbH 

(Tubingen,, Germany), or otherwise from NovaBiochem. Unless indicated otherwise, solid supports were 200-
4000 mesh polystyrene resins crosslinked with 1% divinylbenzene (DVB), with indicated capacities as specified 
byy the manufacturer. For solid phase reactions, peptide grade solvents (DMF, NMP, DCM) and reagents 
(DiPEA)) (BioSolve, Valkenswaard, The Netherlands) were used. 

Techniques.Techniques. Solid phase chemistry was carried out in especially designed reaction vessels at ambient 
temperaturee unless stated otherwise. The vessels are fitted with a P3 glass filter and equipped with a 3-way 
Teflonn stopcock, which allows for agitation of the reaction mixture by gently flushing N, gas through the 
suspension,, and for solvent removal by vacuum suction. For reactions at non-ambient temperatures, vessels with 
ann extra glass mantle mounted around the reaction chamber are used, for circulation of an ethylene glycol/water 
mixturee from a thermostat pump (see figure). Per gram of resin, approximately 10 mL of solvent is used. To 

preventt undue solvent evaporation, and to 
keepp the atmosphere as inert as possible, the 
topp of the vessel is closed with a septum 
transfixedd with a small needle. Following 
eachh reaction, resins are washed exhaustively 
too remove excess reagents and soluble side 
products.. The standard work-up protocol 
afterr removal of the reaction medium, 
involvingg washing and squeeze/swell cycles, 
iss as follows: reaction solvent (3 x), DCM (3 

x),, alternating cycles of MeOH and DCM (3 x), alternating cycles of Et20 and THF (3x), and finally once more 
withh THF. Washings are routinely performed at room temperature, with a minimal mixing time of 2 min. per 
washing.. When removing volatile solvents, care has to be taken for cooling of the resin due to evaporation, 
causingg condensation of water on the solid support. With respect to the latter, the final washings are best 
performedd with warm THF, assisted by gently blowing through hot air (from a heat gun) when removing the 
solventt by vacuum filtration. Finally, the vial containing the resin is dried in vacuo at elevated temperature. 

ReactionReaction monitoring. For analysis of solid phase reactions, FT-IR spectra of solid supports were taken 
fromm KBr pellets pressed from a finely crushed mixture of - 10 mg of resin and - 150 mg of KBr. Single bead 
microIRR analyses of resins were performed at Solvay Pharmaceuticals (Weesp, The Netherlands) using a 13 - 2 
mmm NaCl cell on a Nicolet Magna 550 FT-IR spectrophotometer coupled with a NIC-Plan IR microscope. In the 
casee of overlapping signals, the second derivative of the spectrum was used to estimate the number of peaks and 
theirr absorption maxima. When appropriate, solid phase reactions were analyzed with qualitative bromophenoi 
bluee functional group tests for presence (blue color, positive) or absence (yellow color, negative) of primary and 

Heatingg liquid in 
~l l 

-> .. Heating liquid out 

__ Resin suspension 

—— Glass frit 

-> .. Vacuum 
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secondaryy aliphatic amines, by adding a few drops of a 2 mg/mL solution of bromophenol blue in NMP to a 
smalll  sample of resin beads. 

YieldYield determination. After introduction of Fmoc-containing building blocks, degrees of incorporation 
couldd be determined using the UV Fmoc-test. Capacities were calculated from spectrophotometric determination 
off  the concentration of W-(9-fluorenylmethyl)piperidine, released upon Fmoc-deprotection using piperidine, as 
perr the following procedure: 

1)) Accurately weigh approximately 10 mg of resin in a 50 ml volumetric flask.. 
2)) Add 1.0 mL 20% piperidine in DMF to fully cover the resin, and allow 10-15 min. for complete deprotection. 
3)) Fill the volumetric flask with MeOH to 50.00 ml, and mix thoroughly. 
4)) Measure the absorption at X = = 300 nm againstt MeOH as a reference. 
Thee capacity is then calculated as follows: 

6.411  [A.^,,] 

capacityy [mmol/g] = 
resinn weight [mg] 

Gravimetricallyy determined yields and capacities, used as a rough indication of the result of a reaction, were 

calculatedd using the following equations: 

C/ / 
yieldd =  100% 

C - f l - C ^ M . - M . ) ] ] 

vtif—vtif—  iri j 

C,= C,= 
nv(M«.-M.) ) 

C// final capacity [mmol/g]; C,: initial capacity [mmol/g]; M+: molecular mass added to the 
resinn [g/mmol]; M.: molecular mass lost from the resin [g/mmol]; ny final mass of the resin 
[g];; m,: initial mass of the resin [g]. 

Resinn combustion elemental analysis was performed in-house on a Vario EL analyzer (Elementar 
Analysensystemee GmbH, Hanau, Germany). 

CombinatorialCombinatorial libraries. Parallel solid phase synthesis involving only ambient temperature reaction 
conditionss was carried out in the MULTIBLOCK™ manual multiple/library synthesizer (CSPS, San Diego, 
USA),, and was not performed under inert conditions. Parallel solid phase synthesis involving elevated 
temperaturee conditions was performed at the University of Utrecht (Utrecht, The Netherlands) on a Syro II™ 
Multiplee Synthesizer (MultiSynTech GmbH, Witten, Germany). LC-MS analysis of the libraries was performed 
att Solvay Pharmaceuticals (Weesp, The Netherlands), using a Hewlett Packard Series 1050 system HPLC 
coupledd to a Finnigan TSQ7000 mass spectrometer in ESI ionization mode. The system was equipped with a 
Zorbaxx ODS (reversed phase C-18) column, 1 x ID 100 x 4.6 mm, particle size 5 jtM, and gradient eluted at 1.0 
mL/min.. from CH,CN/H20 10:90 + 0.1% TFA to CHjCN/HjO 90:10 + 0.1% TFA over 20 min., with UV 
detectionn at X = 254 nm. Alternatively, a Perkin Elmer 200 series LC system was used, equipped with a Sciex 
APII  150 EX mass spectrometer in ESI or APCI ionization mode, with both UV (PE 785A, X = 254 nm) and 
ELSDD (SEDEX 55) detection. This system was equipped with a Waters Xterra ms CI 8 (reversed phase C-18) 
column.. 1 x ID 30 x 4.6 mm, particle size 2.5 \iM, and gradient eluted at 2.0 mL/min. from CH,CN/H:0 5:95 + 
0.25%% HCOjH to CH,CN/H,0 95:5 + 0.25% HCO:H over 3 min. 
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LoadingLoading of Fmoc-L-Trp-O H to hydroxyethyl polystyrene (2) (typical small scale experiment). 
,, _ Hydroxyethyl polystyrene (1) (Rapp Polymere GmbH, Tubingen, Germany) with a 
^ 0 ^^ capacity of 1.15 mmol/g (1.000 g, 1.15 mmol OH) and Fmoc-L-Trp-OH (0.981 g, 2.30 

JJ H|ij~f:moc mmol) were suspended in 10 mL DMF, and agitated by gently bubbling nitrogen gas 
HH through. Next, pyridine (0.301 g. 0.306 mL, 3.80 mmol) and 2,6-

dichlorobenzoylchloridee (0.482 g, 0.330 mL, 2.30 mmol) were added and the suspension was reacted overnight, 
resultingg in a pink-colored resin. The solvent was Filtered off, and the resin was washed with DMF (3x10 mL), 
DCMM (3x10 mL), alternating MeOH and DCM (3 cycles of 10 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 1.451 g of 
resinn (2) (AM„ p = 0.451 g); maximal yield 1.000 g + 1.000 g x 1.15-10° mol/g x (426.48 - 18.02) g/mol = 1.470 
gg (AMmax = 0.470 g); gravimetric yield = 4MI Ip /AM„ , = 96%. Loading based on Fmoc-test 0.73 mmol/g; 
maximall  loading 1.15 mmol/1.470g = 0.78 mmol/g (94%). IB (KBr),v [cm']: 1731, 1689. 
Performingg the same procedure with NMP instead of DMF as the solvent resulted in a yield of 1.381 g 
(gravimetricc yield 81%) and a loading of 0.60 mmol/g based on Fmoc-test (77%). 

Deprotectionn of Fmoc-L-Trp-O-PS (2) to give L-Trp-O-P S (3) (small scale). To resin (2) that had been 
OO ^-v loaded in DMF, 10 mL of a 20% solution of piperidine in DMF was added. The 

O*^^^ suspension was agitated for 1 h. by gently bubbling nitrogen gas through, during which 

thee pink color of the resin quickly turned into a sand color. The solvent was filtered off, 
andd the resin was washed with DMF (3 x 10 mL), DCM (3 x 10 mL), alternating 

MeOHH and DCM (3 cycles of 10 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 at 50°C for 3 h., to give 1.198 g of resin (3); maximal yield from (1) 
1.0000 g + 1.000 g x 1.15-10J mol/g x (204.23 - 18.02) g/mol =1.214 g; gravimetric yield = 93%. IB (KBr), 
v[cm''l:: 1727. 

Loadingg of Fmoc-L-Trp-O H to hydroxyethyl polystyrene (2) (typical large scale experiment). 
ii  -k Hydroxyethyl polystyrene (1) with a capacity of 1.15 mmol/g (10.00 g, 11.50 mmol 

 OH) and Fmoc-L-Trp-OH (9.81 g, 23.00 mmol) were suspended in 100 mL DMF in a 

N^^ H», round-bottomed flask and mixed. Next, pyridine (3.01 g, 3.06 mL, 38.00 mmol) and 
2,6-dichlorobenzoylchloridee (4.82 g, 3.30 mL, 23.00 mmol) were added and the 

suspensionn was reacted overnight by slow rotation of the flask attached to a rotor (equipped with septum and 
needlee at the other end to put the system under nitrogen atmosphere). The suspension was transferred onto a 
glasss filter, the solvent was filtered off, and the resin was washed with DMF (3 x 100 mL), DCM (3 x 100 mL), 
alternatingg MeOH and DCM (3 cycles of 100 mL), alternating Et20 and THF (3 cycles of 100 mL), and finally 
oncee more with THF (100 mL). The resin was dried in vacuo at 50°C for 4 h., to give 13.53 g of resin (2) 
(gravimetricc yield 75%) and a loading of 0.59 mmol/g based on Fmoc-test (72%). 

Deprotectionn of Fmoc-L-Trp-O-PS (2) to give L-Trp-O-P S (3) (large scale). To resin (2) that had been 
oo ^-v loaded on 10 g scale, 100 mL of a 20% solution of piperidine in DMF was added. The 
^o^"^^ suspension was agitated for 1 h. by rotating the flask, during which the pink color of 

thee resin quickly turned into a sand color. The suspension was transferred onto a glass 
filter,, the solvent was filtered off, and the resin was washed with DMF (3 x 100 mL). 

DCMM (3 x 100 mL), alternating MeOH and DCM (3 cycles of 100 mL), alternating Et,0 and THF (3 cycles of 
1000 mL), and finally once more with THF (100 mL). The resin was dried in vacuo at 50°C for4 h., to give 11.50 
gg of resin (3); maximal yield from (1) 12.14 g; gravimetric yield = 70%. 

Combustionn elemental analysis of the resin gave an average loading of 0.665  0.033 mmol/g (n = 3) based on 
nitrogenn content (2 N per molecule), calculated as follows: 

loadingg [mol/g] = (absolute weight of N detected [g] / N content [g/mol]) / sample weight [g] 
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Withh a maximum capacity of 0.947 mmol/g, this comes down to 70%, which is well in agreement with both the 
gravimetricc yield from this step (70%) and the yield of the loading step based on the Fmoc-test (72%). 

L-Tryptopha nn methyl ester  (5). To a suspension of L-tryptophan methyl ester hydrochloride (4) (10.00 g, 39.26 
oo mmol) in 150 mL Et:0 was added a solution of K2CO}  (10.00 g, 72.35 mmol) in 50 mL 

OMee H,0. After stirring vigorously for 30 min., the organic layer was separated, and the 
aqueouss layer was extracted twice with 50 mL EtOAc. The combined organic layers 
weree washed with sat. NaHCO, (100 mL), 5% NaHCOj (100 mL) and sat. NaCI (100 

mL),, dried (Na,S04) and evaporated at T < 40°C. The solid residue was recrystallized from EtOAc/PE to afford 
(5)) (8.08 g, 37.03 mmol, 94%) as a white solid. 
'H-NMRR (400 MHz, CDCI,), 6 [ppm]: 8.20 (br s, 1H), 7.62 (d, J = 7.9 Hz, 1H), 7.35 (d, J = 8.1 Hz, 1H), 7.22-
7.188 (m, 1H), 7.15-7.11 (m, 1H), 7.05 (d, J = 2.3 Hz, 1H), 3.84 (dd, J = 7.6 Hz, J = 4.8 Hz, 1H), 3.72 (s, 3H), 
3.29(dd,y== 14.4 Hz, 7 = 4.8 Hz, 1H), 3.06 (dd.J = 14.4 Hz,/= 7.7 Hz, 1H), 1.60 (br s, 2H). 

CisjransCisjrans (C-l)-R' substituted 2,3,4,9-tetrahydro-lr/-|3-carboline-3-carboxylic acid methyl esters (7,8), 
oo general procedure. L-Tryptophan methyl ester (5) was dissolved in a solvent (toluene or 

OMee DCM, - 0.1 M), and 5 equivalents of an aldehyde R'-CHO (6) were added. 
Subsequently,, an acid catalyst (PPTS or TFA, n equivalents) was added, and the reaction 
mixturee was stirred at temperature T under N2 atmosphere until complete conversion of 

(5).. The reaction mixture was diluted to double the volume with solvent, extracted with sat. NaHCO, (3x) and 
sat.. NaCI, dried (NajSOJ and evaporated. The cisltrans ratio was determined by 'H-NMR integration. 
Subjectingg the residue to (repetitive) flash chromatography (PE/EA mixtures) to afforded pure cis (7) and trans 
(8)) diastereoisomers, often accompanied by a trace amount of the oxidized yellow P-carboline side product (9). 

AldehydeAldehyde (5 equiv.) 

6bb (benzaldehyde) 

6bb (benzaldehyde) 

6bb (benzaldehyde) 

6bb (benzaldehyde) 

6bb (benzaldehyde) 

6bb (benzaldehyde) 

6bb (benzaldehyde) 

6bb (benzaldehyde) 

6bb (benzaldehyde) 

6aa (propionaldehyde) 

6aa (propionaldehyde) 

6aa (propionaldehyde) 

R' R' 

Ph h 

Ph h 

Ph h 

Ph h 

Ph h 

Ph h 

Ph h 

Ph h 

Ph h 

Et t 

Et t 

Et t 

AcidAcid catalyst 

2.00 equiv. PPTS 

— — 
2.00 equiv. PPTS 

0.11 equiv. TFA 

1.00 equiv. TFA 

3.00 equiv. TFA 

5.00 equiv. TFA 

5.00 equiv. TFA 

5.00 equiv. TFA 

5.00 equiv. TFA 

5.00 equiv. TFA 

5.00 equiv. TFA 

Solvent Solvent 

DCM M 

Toluene e 

Toluene e 

DCM M 

DCM M 

DCM M 

DCM M 

DCM M 

DCM M 

DCM M 

DCM M 

DCM M 

Temperature Temperature 

40°C C 

110°C C 

110°C C 

20°C C 

20°C C 

20°C C 

20°C C 

40°C C 

0°C C 

20°C C 

40°C C 

0°C C 

Time Time 

400 h. 

>> 2 days 

166 h. 

200 h. 

6h. . 

2h. . 

11 h. 

0.55 h. 

1.55 h. 

0.77 h. 

0.33 h. 

1.00 h. 

ds(7):i ds(7):i 
1 1 

1 1 

2 2 

2 2 

5 5 

3 3 

3 3 

1 1 

4 4 

1 1 

2 2 

5 5 

ransrans (8) 
2 2 

1 1 

3 3 

1 1 

2 2 

1 1 

I I 

1 1 

1 1 

1 1 

5 5 

2 2 

(7a),, R' = Et (from propionaldehyde), cis: Rf (PE/EA 1:3 + 5% Et,N) 0.34. 'H-NMR (400 MHz, CDCI,), 8 
[ppm]:: 7.81 (br s, 1H), 7.49 (d, 7 = 7.6 Hz, 1H), 7.32 (d, J = 7.8 Hz, 1H), 7.16-7.11 (m, 2H), 4.17 (m, 1H), 3.83 
(s,, 3H), 3.80 (dd, J = 11.2 Hz, J = 4.2 Hz, 1H), 3.13 (ddd, J = 15.0 Hz, J = 4.2 Hz, J = 1.8 Hz, 1H), 2.82 (ddd, J 
== 14.9 Hz, J = 11.2 Hz, J = 2.6 Hz, 1H), 2.02 (br s, IH), 1.77 (m, 2H), 1.07 (t, J = 7.3 Hz, 3H). 
(8a),, R'  = Et (from propionaldehyde), trans: R7 (PE/EA 1:3 + 5% Et,N) 0.29. 'H-NMR (400 MHz, CDCI,), 5 
[ppm]:: 7.77 (br s, IH), 7.49 (d, J = 7.6 Hz, IH), 7.32 (d, J = 7.8 Hz, IH), 7.16-7.11 (m, 2H), 3.99 (dd, J = 7.2 
Hz,, J = 5.3 Hz, IH), 3.80 (dd, J= 11.2 Hz, J = 4.2 Hz, IH), 3.75 (s, 3H), 3.12 (ddd, J = 15.1 Hz, / = 4.2 Hz, J = 
1.88 Hz, IH), 3.01 (ddd, J= 15.1 Hz, / = 7.2 Hz, J = 1.2 Hz, IH), 2.02 (br s. IH), 1.85 (m, 2H), 1.07(1,7 = 7.3 
Hz,3H). . 

90 0 



SolidSolid Phase Synthesis of Fumitremorgin-type Indolyl Diketopiperazines 

(7b),, R' = Ph (from benzaldehyde), cis: R, (PE/EA 1:3 + 5% Et,N) 0.55. 'H-NMR (400 MHz, CDCI,), 5 [ppm]: 
7.544 (d, J = 7.6 Hz, 1H), 7.45 (br s, 1H), 7.40-7.36 (m, 5H)„  7.22-7.19 (m, 1H), 7.17-7.10 (m, 2H), 5.25 (s, 1H), 
3.999 (dd, J = 111 Hz, J = 4.2 Hz, 1H), 3.82 (s, 3H), 3.24 (ddd, J = 15.1 Hz, J = 4.2 Hz, J = 1.8 Hz, 1H), 3.02 
(ddd,, J= 14.8 Hz, J= 11.2 Hz, J = 2.5 Hz, 1H), 2.21 (br s, 1H). '3C-NMR (APT. 100 MHz, CDCI,), 8 [ppm]: 
173.07,, 140.63, 136.05, 134.58, 128.85, 128.64, 128.49, 128.27, 128.00, 127.02, 121.81, 119.53, 118.13, 110.81, 
108.81,58.599 (C-l), 56.80 (C-3), 52.11, 25.60. 
(8b),, R' = Ph (from benzaldehyde), trans: Rf (PE/EA 1:3 + 5% Et,N) 0.48. 'H-NMR (400 MHz, CDCI,), 8 
[ppm]:: 7.57 (d, J = 7.6 Hz, 1H), 7.45 (br s, 1H), 7.40-7.36 (m, 5H)„  7.23-7.20 (m, 1H), 7.17-7.11 (m, 2H), 5.42 
(s,, 1H), 3.99 (dd, J = 11.1 Hz, J = 4.2 Hz, 1H), 3.72 (s, 3H), 3.24 (ddd, J = 15.1 Hz, J = 4.2 Hz. / = 1.8 Hz. 1H), 
3.022 (ddd, J = 14.8 Hz, J = 11.2 Hz, J = 2.5 Hz, 1H), 2.13 (br s, 1H). L,C-NMR (APT, 100 MHz, CDCI,), 8 
[ppm]:: 174.02, 141.89, 136.05, 133.20, 128.85, 128.64, 128.49, 128.27, 128.00, 127.02, 121.81, 119.41, 118.09, 
110.76,, 108.40, 54.84 (C-l), 52.50 (C-3), 51.97,24.50. 

(C-1)-R',R""  substituted 2,3,4,9-tetrahydro-l#-|3-carboline-3-carboxylic acid methyl esters (11), general 
oo procedure. To an 0.1 M solution of L-tryptophan methyl ester (5) in DCM were added 5 

OMee equivalents of a ketone R'-CO-R"  (10), and subsequently 5 volume% of TFA. The 
reactionn mixture was stirred under N2 atmosphere at room temperature until complete 
conversionn of (5), - 16 h.. The reaction mixture was diluted with DCM to double the 

volume,, extracted with sat. NaHCO, (3x) and sat. NaCI, dried (Na2S04) and evaporated. Subjecting the residue 
too flash chromatography (PE/EA 1:3 + 5% Et3N) afforded (11), often contaminated with a trace amount of 
oxidizedd yellow p-carboline side product. 

(11a),, R' = R" = Me (from acetone): Yield 83%. Rf (PE/EA 1:3 + 5% Et,N) 0.51. 'H-NMR (200 MHz, CDCI,), 
88 [ppm]: 7.73 (br s, 1H), 7.47 (dd, J = 8.3 Hz, J = 1.6 Hz, 1H), 7.33 (dd, J = 7.1 Hz, J = 1.7 Hz, 1H), 7.22-7.06 
(m,, 2H), 3.96 (dd, J = 11.1 Hz. J = 4.4 Hz, 1H), 3.83 (s, 3H), 3.13 (dd, J = 15.2 Hz, J = 4.3 Hz, 1H), 2.76 (dd, J 
== 15.2 Hz,7= 11.1 Hz, 1H), 1.80 (brs, 1H), 1.55 (s, 3H), 1.49(s,3H). 
(lib) ,, R',R" = -CH,-(CH;)rCHr (from cyclopentanone): Yield 88%. R, (PE/EA 1:3 + 5% Et,N) 0.46. 'H-NMR 
(2500 MHz, CDCI,), 8 [ppm]: 7.70 (br s, 1H), 7.45 (d, J = 7.5 Hz, 1H), 7.30 (d, J = 7.5 Hz, 1H), 717-7.06 (m, 
2H),, 3.86-3.79 (m, 1H), 3.80 (s, 3H), 3.09 (dd, J = 15.2 Hz, J = 4.4 Hz, 1H), 2.74 (dd, J = 15.2 Hz, J = 11.1 Hz, 
1H),, 2.13-1.79 (brs + m, 1 + 8H). 
(lie),, R',R" = -CH,-(CH,),-CH,- (from cyclohexanone): Yield 92%. Rf (PE/EA 1:3 + 5% Et,N) 0.53. 'H-NMR 
(2500 MHz, CDCI,), 8 [ppm]: 7.84 (br s, 1H), 7.46 (d, J = 7.4 Hz, 1H), 7.32 (d, / = 7.4 Hz, 1H), 717-7.06 (m, 
2H),, 3.88-3.82 (m, 1H), 3.82 (s, 3H), 3.09 (dd, / = 15.1 Hz,7 = 4.3Hz, 1H), 2.77 (dd, J = 15.1 Hz, J = 11.1 Hz, 
1H),, 2.04-1.54(brs + m, 1 + 10H). 

Pictet-Spenglerr  of L-Trp-O-P S (12), general procedure. Resin (3), obtained from 1.000 g 
oo j-v hydroxyethylpolystyrene (1) 1.15 mmol/g, was suspended in 7.5 mL DCM, and 5 

cr* ^^ equivalents of an aldehyde R'-CHO (6) were added. After mixing for 2 min., 7.5 mL of 
aa 10% solution of TFA in DCM was added, and the suspension was agitated for 16 h. 
byy gently bubbling nitrogen gas through. During this, the sand color of the resin slowly 

turnedd to yellow or greenish, depending on the aldehyde used. The solvent was filtered off and checked for the 
presencee of indole-containing compounds; no signs of premature hydrolysis from the resin was observed. The 
resinn was washed with DCM (3 x 10 mL), and treated with 10% DiPEA in DCM (3 x 10 mL, 10 min. per 
washing),, turning the resin light-yellow. Subsequently, the resin was washed with DCM (3 x 10 mL), alternating 
MeOHH and DCM (3 cycles of 10 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 at 50°C for 3 h., lo give resin (12). 

(12a).. R' = Et (from propionaldehyde): maximal yield from (1) 1.000 + 1.000 x 1.15-103 x 226.27 = 1.260 g; 
foundd 1.239 g. IE (KBr), v [cm"']: 1731. 
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(12b),, R1 = Ph (from benzaldehyde): maximal yield from (1) 1.000 + 1.000 x 1.15-10' x 274.31 = 1.315 g; 
foundd 1.291 g. IR (KBr), v [cm1]: 1735. 

Cleavagee of tetrahydro-(3-carbolines from the solid support (13), general procedure. Resin (12) was 
oo suspended in 7.5 mL THF, and 7.5 mL of a 107c solution of ethylamine in water was 

added.. The suspension was agitated for 16 h. by gently bubbling nitrogen gas through, 
duringg which analysis of the solvent showed slowly increasing amounts of UV active 
materiall  released. The yellow colored solvent was collected by filtration together with 

thee solvent of 3 THF washings of the resin, and the combined liquids were evaporated to give (13). The 
diastereomericc mixture was subjected to 'H-NMR analysis for the presence or absence of characteristic signals. 
(13a),, R' = Et: 'H-NMR (250 MHz, CDC1,), 5 [ppm]; characteristic signals only: 7.97 & 7.94 (br s, indole NH), 
6.977 (br s -CO-NH-CH:-CHj), 4.09 & 3.97 (m, H-l), 3.72 & 3.56 (dd, H-3), 3.44-3.18 (m, -CO-NH-Cüj-CH, 
++ 1 x H-4) 2.83-2.66 (m, 1 x H-4), 1.85-1.60 (m, -C( 1 )H-£H,-CH,), 1.19 (t, -CO-NH-CHi-Cjy, 1.06 & 1.09 
(t,, -QlJH-CHj-CJi,). Specifically, no doublet signs from the indole 2-position of tryptophan ethyl amide 
(incompletee Pictet-Spengler reaction) or an incorrect integral of H-l (from aldehyde building block) were 
observed. . 

(13b),, R' = Ph: 'H-NMR (250 MHz, CDC1,), 5 [ppm]; characteristic signals only: 8.28 & 7.71 (br s, indole NH), 
6.955 & 6.87 (br, t-like, -CO-NÜ-CH,-CH3), 5.24 & 5.18 (s, H-l) , 3.75 & 3.65 (dd, H-3), 3.40-3.22 (m, 
-CO-NH-CH.-CH,, + 1 x H-4) 2.95-2.80 (m, 1 x H-4), 1.14 (t, -CO-NH-CH,-CH,). Specifically, no doublet 
signss from the indole 2-position of tryptophan ethyl amide (incomplete Pictet-Spengler reaction) or an incorrect 
integrall  of H-l (from aldehyde building block) were observed. 

Attemptss to couple protected amino acids to tetrahydro-p-carboline carboxylic acid methyl esters 
(7,8-*21),, general procedure. Generally at 0.1 mmol scale, in a flame-dried round-bottomed flask under N; 

atmosphere,, a diastereoisomeric mixture of ethyl substituted (7a,8a) or phenyl substituted (7b,8b) tetrahydro-)}-
carbolinee 3-carboxylic acid methyl esters was dissolved at - 0.1 M (DCM, DMF or NMP). A protected amino 
acidd (Fmoc- or Boc-protected L-proline or L-alanine, 1.5 equivalents) was added, followed -when appropriate-
byy DiPEA (3 equivalents). Next, 1.5 equivalents of a coupling reagent (combination) was added (DCC or 
DIPCDII  with or without HOBt or HOAt, CDI, PyBOP, PyBroP with or without HOAt, or HATU), and the 
reactionn mixture was stirred at room temperature for 3 h. When no reaction was observed (TLC, HPLC), one and 
thee same amount of the reagents was added, and stirring was continued overnight. In the case of no result (TLC, 
HPLC),, the temperature was raised (to 40°C for DCM, stepwise to 40°C and 70°C for DMF and NMP), and the 
reactionn was monitored for another 3h. per temperature. Nearly all possible combinations of building blocks, 
solventss and reagents were investigated. In none of the cases, the tetrahydro-3-carboIine systems showed signs 
off  peptide coupling. 

Synthesiss of protected amino acid fluorides (22), general procedure. In a flame-dried flask under N, 

HN-PQQ atmosphere, the protected amino acid was mixed with an equimolar amount of pyridine in dry DCM 
F-Y"^R22 and cooled in an ice/salt bath. Cyanuric fluoride (1.5 equivalents) was added, the ice/salt bath was 

oo removed after 5 min., and the mixture was stirred for 4 h. Ice water was added to the reaction 

mixture,, and after stirring for another 30 min., the precipitated cyanuric acid was filtered off on a glass filter. 
Thee organic phase was separated, washed with water, dried (Na:S04) and evaporated (T < 30°C). and the residue 
wass dried in vacuo. The protected amino acid fluoride was purified by crystallization from DCM/PE or Et20/PE, 
followedd by extensive drying in vacuo to expel the solvent. 

Fmoc-Ala-F::  Yield 76%. JR (KBr), v [cm1]: 1843. 'H-NMR (250 MHz, CDC1,), 5 [ppm]: 7.76 (d. J = 7.5 Hz, 2 
H),, 7.57 (d, J = 7.1 Hz, 2 H), 7.42-7.28 (m, 4 H), 5.21 (brd, 1H), 4.56-4.38 (m, 2H + 1H), 4.21 (t, J = 6.7 Hz, 1 
H),, 1.53 (d, J = 7.3 Hz, 3 H). 
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Fmoc-Pro-F::  Yield 73%. IR (KBr), V [cm1] : 1848. 'H-NMR (250 MHz, CDC13), 6 [ppm]: 7.77-7.68 (m, 2H), 

7.61-7.511 (m, 2H), 7.43-7.28 (m, 4H), 4.55-4.11 (m, 4H), 3.68-3.42 (m, 2H), 2.40-1.83 (m, 4H). 

Boc-Ala-F:: Yield 71%. IE (KBr), v [cm1] : 1850. 

Boc-Pro-F::  Yield 64%. Product isolated as an oil, purified by short column flash chromatography (PE:EA 1:2). 

IR(KBr) ,, v[cm"'] : 1851. 

Couplingss of protected amino acid fluorides to tetrahydro-P-carboline carboxylic acid methyl esters 

00 (7,8-»21), general procedure. Generally at 0.25 mmol scale, in a flame-dried round-

| ^ l || j f ' ~ v T " M e bottomed flask under N2 atmosphere, a diastereoisomeric mixture of ethyl substituted 
N sr _ ^ 'N H " P GG (7a,8a) or phenyl substituted (7b,8b) tetrahydro-p-carboline 3-carboxylic acid methyl 

00 " esters was dissolved at - 0.1 M in DCM. After addition of DiPEA (3 equivalents), a 

protectedd amino acid fluoride (22) (1.5 equivalents) was added, and the reaction mixture was stirred at room 

temperaturee until all tetrahydro-P-carboline starting materials had disappeared, (typically 40-50h.). The reaction 

mixturee was diluted with DCM, extracted with sat. Na,C03 (3x), sat. NaCl (lx) , dried (Na:S04) and evaporated. 

Thee residue was subjected to flash chromatography (PE/EA mixtures) to give diastereoisomeric product 

mixturess (proline 2 isomers, alanine 4 isomers with a clear major and minor pair) in moderate yields. In cases of 

Fmoc-protectedd building blocks, the products were prone to some decomposition during silica chromatography. 

Unequivocall  NMR interpretation was highly hampered by the presence of diastereoisomers, as well as their 

rotamericc signals. 

Couplingg of Boc-Ala-F to (7a,8a): Yield 38%. R, (PE/EA 1:3) 0.34-0.39. HR-MS (FAB): observed mass 

430.2321;; calculated mass for C,3H32N305 (M+H) 430.2342. 

Couplingg of Fmoc-Pro-F to (7a,8a): Yield 59%. Rr (PE/EA 1:3) 0.29-0.36. IB (KBr) , v [cm1] : 1743, 1700, 1653. 

HR-MSS (FAB): observed mass 578.2641; calculated mass for C35H36N3Os (M+H) 578.2655. 

Couplingg of Fmoc-AIa-F to (7b, 8b): Yield 48%. R7 (PE/EA 1:3) 0.40-0.46. HR-MS (FAB): observed mass 

600.2487;; calculated mass for C37H34N3Os (M+H) 600.2499. 

Couplingg of Boc-Pro-F to (7b,8b): Yield 46%. Rf (PE/EA 1:3) 0.26-0.31. IR (KBr), v [cm1] : 1742, 1706, 1660. 

HR-MSS (FAB): observed mass 504.2486; calculated mass for C29H34N305 (M+H) 504.2499. 

Couplingg of Boc-Ala-F to (7a,8a) after  pre-activation with BSA (21). In a flame-dried round-bottomed flask 

oo under N, atmosphere, 25.8 mg (0.10 mmol) of a diastereoisomeric mixture of ethyl 

^OMee substituted tetrahydro-p-carboline 3-carboxylic acid methyl esters (7a,8a) was 
3 ' N y - ^ N H " PGG dissolved in 0.75 mL dry DCM. /V.O-bis-trimethylsilylacetamide (BSA) (24.4 mg, 29 
RR o R uL, 0.12 mmol) was added, and the mixture was stirred for 30 min. Next, a solution 

off  Boc-Ala-F (28.7 mg, 0.15 mmol) and DiPEA (38.8 mg, 52 uL, 0.30 mmol) in 0.75 mL dry DCM was added, 

andd the reaction mixture was stirred at room temperature until all tetrahydro-p-carboline starting materials had 

disappeared.. Monitoring this reaction showed no difference in progress compared to the identical reaction 

withoutt addition of BSA. 

Synthesiss of iV^V^V'»/V'-tetramethyl-chloroformamidiniu m hexafluorophosphate (TCFH) (24). In a dry 

Mee round-bottom flask under N2 atmosphere, tetramethylurea (24) (11.62, 0.10 mol) was dissolved in 
e^ \_C ii  dry toluene (100 mL), and to the stirred mixture, 100 mL of a 20% solution of oxalyl chloride 

Me_NN Q (29.10 g, 20 mL, 0.23 mol) was added dropwise over 15 min. The reaction mixture was then 

slowlyy heated and refluxed for 2 h. After cooling to room temperature, dry ether (350 mL) was 

addedd under vigorous stirring, and the precipitated salt (hygroscopic!) was quickly filtered off and washed with 

dryy ether (3 x 50 mL). The solid was then immediately taken up in dry DCM (500 mL), a saturated aqueous 

solutionn of KPFS (-30g/30mL) was added, and the mixture was vigorously stirred for 15 min. The organic phase 

wass separated, washed with water (50 mL), dried (MgS04), evaporated and dried in vacuo to give 22.71 g (0.081 

mol,, 81%) of a white solid. 'H-NMR (200 MHz, CDC1,), 8 [ppm]: 3.29 (s). 
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Synthesiss of N,/\yV',/V'-tetramethyl-fluoroformamidiniu m hexafluorophosphate (TFFH) (25). Under N2 

Mee atmosphere, TCFH (24) (11.22 g, 40.0 mmol) was dissolved in dry acetonitrile (70 mL), and 
M e^V- FF oven-dried KF (2.32 g, 40.0 mmol) was added portionwise to the stirred solution. Upon complete 
Me-NN addition, the mixture was stirred for another 3 h. at room temperature, after which the solid (KC1) 

wass filtered off. The filtrate was evaporated, and the residue was recrystallized from CH,CN/Et,0 

too give 9.41 g (35.6 mmol, 89%) white crystals. 'H-NMR (200 MHz, CDCI3), 8 [ppm]: 3.16 (s). 

Couplingss of protected amino acids to tetrahydro-fi-carbolin e carboxylic acid methyl esters by activation 
OO with TFFH (7,8—»21), general procedure. In a flame-dried round-bottomed flask 

jj  'OMe under N2 atmosphere, a diastereoisomeric mixture of ethyl substituted (7a,8a) or 
- ?'' s*s " phenyl substituted (7b,8b) tetrahydro-p-carboline 3-carboxyIic acid methyl esters was 
RR ° R2 dissolved at - 0.1 M in DCM. After addition of a Boc- or Fmoc-protected amino acid 

(15)) (3 equivalents) and DiPEA (6 equivalents), TFFH (25) (3 equivalents) was added, and the reaction mixture 
wass stirred until all tetrahydro-f}-carboIine starting materials had disappeared. The reaction mixture was diluted 
withh DCM, extracted with 5% KHS04 (3 x), sat. Na,C03 (3x), sat. NaCl (lx), dried (Na,S04) and evaporated, 
andd purified and analyzed as described above. Reactions at room temperature required at least 48 h. to go to 
completion.. In the case of Boc-AIa-OH, heating of the reaction mixture to 40°C (refluxing DCM) resulted in 
strongg coloration (yellow to dark red) of the reaction mixture and significant formation of side products (TLC, 
HPLC)) over time. In the case of Fmoc-Ala-OH, in refluxing DCM side product formation was favored, with 
releasee of an apolar compound; the latter could be identified as dibenzofulvene f'H-NMR (200 MHz, CDCU,), 5 
[ppm]:: 7.75 (dd, J = 10.9 Hz, J = 7.3 Hz, 4H), 7.44-7.31 (m, 4 H), 6.11 (s, 2H)]. 

Synthesiss of Fmoc-protected amino acid chlorides (27), general procedure. To a - 0.2 M solution of the 
Fmoc-protectedd amino acid in dry DCM in a dry round-bottomed flask under N2 atmosphere, 

ww^Fmoc c 
ïï SOCl2 (10 equivalents) was added, followed by a drop of DMF. The reaction mixture was stirred 

"ïïï R2 for 1 h. at room temperature, evaporated under reduced pressure and dried in vacuo. The residue 
O O 

wass recrystallized from DCM/PE to give the pure Fmoc-amino acid chloride as a white solid. 
Additionn of an excess dry MeOH to a sample of the product, and HPLC analysis after 15 min, was used to check 
puritiess (i.e. amount of free acid relative to methyl ester). Fmoc-Ala-CI: yield 78%, purity 96%. Fmoc-Pro-Cl: 
yieldd 73%, purity 94%. 

Couplingss of Fmoc-protected amino acid chlorides (27) to tetrahydro-|3-carboIine carboxylic acid methyl 
oo esters (7,8—>21), general procedure. In a flame-dried round-bottomed flask under 
^OMee N2 atmosphere, a diastereoisomeric mixture of ethyl substituted (7a,8a) or phenyl 

B^NH-PGG substituted (7b,8b) tetrahydro-(3-carboline 3-carboxylic acid methyl esters was N N L.N N 
HC. . RR o R! dissolved at - 0.1 M in DCM. After addition of DiPEA (3 equivalents) and an Fmoc-

protectedd amino acid chloride (27) (1.5 equivalents), the reaction mixture was stirred at room temperature until 
(nearly)) all tetrahydro-P-carboline starting materials had disappeared, typically - 6 h. Doubling the amount of 
reagentss (i.e. 3 equiv. Fmoc-AA-CI, 6 equiv. DiPEA) caused the reactions to go to completion within 3 h. The 
reactionn mixture was diluted with DCM, extracted with 5% KHS04 (3 x), sat. Na.C03 (3x), sat. NaCl (lx) , dried 
(Na,S04)) and evaporated. 
Duringg silica chromatography (PE/EA mixtures) of the residue, the products were prone to some decomposition, 
probablyy premature Fmoc-decomposition and concomitant side reactions as based on elution of previously 
undetectedd amounts of dibenzofulvene (for 'H-NMR see above) from the column. As described above, 
unequivocall  NMR interpretation was highly hampered by the presence of diastereoisomers, as well as their 
rotamericc signals. Based on comparison of proton NMR integrals of characteristic protons of the 
diastereoisomerss in these mixtures, the extent of racemization at C-6 was bigger than in the case of reaction with 
aminoo acid fluorides. 
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Attemptedd coupling of Fmoc-protected amino acids to tetrahydro-p-carbolin e carboxylic acid methyl 

esterss by activation with cyanuric chloride. In a flame-dried round-bottomed flask under N2 atmosphere, a 

diastereoisomericc mixture of ethyl substituted tetrahydro-P-carboline 3-carboxyIic acid methyl esters (7a,8a) 

wass dissolved at - 0.1 M in DCM. After addition of an Fmoc-Ala-OH (1.5 equivalents) and DiPEA (3 

equivalents),, cyanuric chloride (1.5 equivalents) was added, and the reaction mixture was stirred at room 

temperature.. Reaction monitoring showed pronounced consumption of (7a,8a) to give products other than (21). 

Identicall  results were obtained when repeating the experiment without addition of the protected amino acid 

buildingg block. 

Couplingss of Fmoc-protected amino acids to tetrahydro-p-carbolin e carboxylic acid methyl esters by 

oo activation with TCFH in DCM (7,8—>21), general procedure. In a flame-dried 

"OMee round-bottomed flask under N2 atmosphere, a diastereoisomeric mixture of ethyl 

^u'^-K^u'^-K 6xNH-PG substituted (7a,8a) or phenyl substituted (7b,8b) tetrahydro-P-carboline 3-carboxylic 

" '' O R' acid methyl esters was dissolved at - 0.1 M in DCM. After addition of an Fmoc-

protectedd amino acid (15) (1.5 equivalents) and DiPEA (3 equivalents), TCFH (25) (1.5 equivalents) was added, 

andd the reaction mixture was stirred at room temperature until (nearly) all tetrahydro-p-carboline starting 

materialss had disappeared, typically - 8 h.. Doubling the amount of reagents (i.e. 3 equiv. Fmoc-AA-OH, 6 

equiv.. DiPEA, 3 equiv. TCFH) caused the reactions to go to completion within 6 h. The reaction mixture was 

dilutedd with DCM, extracted with 5% KHS04 (3 x), sat. Na2COj (3x), sat. NaCl ( lx) , dried (Na,S04) and 

evaporated.. Based on comparison of proton NMR integrals of characteristic protons of the diastereoisomers in 

thesee mixtures, the extent of racemization at C-6 was bigger than in the case of TFFH activation. 

Couplingss of Fmoc-protected amino acids to tetrahydro-P-carboline carboxylic acid methyl esters by 

OO activation with TCFH in DM F or  NM P (7,8—»21), general procedure. In a flame-

OMee dried round-bottomed flask under N2 atmosphere, a diastereoisomeric mixture of 

l~\l~\ yN H " PG e t hy ' substituted (7a,8a) or phenyl substituted (7b,8b) tetrahydro-P-carboline 3-
R '' o R2 carboxylic acid methyl esters was dissolved at - 0.1 M in DMF or NMP. After 

additionn of an Fmoc-protected amino acid (15) (3 equivalents) and DiPEA (6 equivalents), TCFH (25) (3 

equivalents)) was added, and the reaction mixture was stirred at room temperature until all tetrahydro-p-carboline 

startingg materials had disappeared (typically - 4 h. in DMF and - 3h. in NMP). The reaction mixture was diluted 

withh 1:1 EuO/EtOAc and washed with water (3x). The organic phase was then extracted with 5% KHS04 (3x), 

sat.. Na,CO, (3x), sat. NaCl ( lx) , dried (Na2S04), evaporated, and chromatographed over silica as described 

above. . 

Attemptedd coupling of Boc-protected amino acids to tetrahydro-P-carboline carboxylic acid methyl esters 

byy activation with TCFH . In three flame-dried round-bottomed flasks under N2 atmosphere, a diastereomeric 

mixturee of phenyl substituted tetrahydro-P-carboline carboxylic acid methyl esters (7b,8b) (30.6 mg, 0.1 mmol) 

wass dissolved in 2 mL DCM, DMF or NMP. To each flask, Boc-Ala-OH (56.8 mg, 0.3 mmol) and DiPEA (77.6 

mg,, 105 U.L, 0.6 mmol) were added, followed by TCFH (84.2 mg, 0.3 mmol), and the mixture was stirred at 

roomm temperature. The reaction mixtures turned from bright yellow to orange and dark red in approximately 15 

min.. TLC analysis showed severe decomposition in all three cases. 

Couplingg of an Fmoc amino acid chloride generated in situ via an oxazolone detour. In a flame-dried round-

bottomedd flask under N2 atmosphere, a diastereomeric mixture of ethyl substituted tetrahydro-p-carboline 

carboxylicc acid methyl esters (7a,8a) (25.8 mg, 0.1 mmol) was dissolved in 4 mL NMP, followed by Fmoc-Ala-

OHH (93.4 mg, 0.3 mmol) and DiPEA (77.6 mg, 105 u,L, 0.6 mmol). PyBroP (139.9 mg, 0.3 mmol) was added, 

andd the mixture was stirred overnight at room temperature. Reaction monitoring showed no conversion of the 

startingg materials (7a,8a). Next, CsCl (50.5 mg, 0.3 mmol) and 18-crown-6 (79.3 mg, 0.3 mmol) were added to 
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thee mixture, and stirring was continued at room temperature. From then, slow conversion of (7a,8a) was 

observedd (complete in -20 h.) to a mixture of materials with properties identical to the mixture prepared via 

directt TCFH activation of Fmoc-AIa-OH. 

Couplingg of Fmoc-protected amino acids to tetrahydro-j5-carbo!in e carboxylic acid methyl esters by 

activationn with CIP. In the previously described couplings of Fmoc amino acids to tetrahydro-P-carboline 

carboxylicc acid methyl esters (7,8), substituting TCFH for CIP had no significant effect on the rates and the 

resultss of the reactions. 

Couplingg of Fmoc-protected amino acids containing orthogonal side chain protection by activation with 

OO CIP. In three flame-dried round-bottomed flasks under N2 atmosphere, a 

fS#?vjii  j i-^V'^OM e diastereomeric mixture of phenyl substituted tetrahydro-p-carboline carboxylic acid 

k ^ N - ^ V f V , N H - F m o cc methyl esters (7b,8b) (30.6 mg, 0.10 mmol) was dissolved in 2 mL DCM. To each 

f ^  ̂ o Wn-o-iBu flask, one of the following protected amino acid building blocks was added: Fmoc-

v JJ Ser(But)-OH (115.0 mg, 0.30 mmol), Fmoc-Glu(OBut)-OH (127.6 mg, 0.30 mmol) 

orr Fmoc-Lys(Boc)-OH (140.6 mg, 0.30 mmol). Subsequently, to all flasks DiPEA (77.6 mg, 105 pX, 0.60 
mmol)) was added, followed by CIP (83.6 mg, 0.30 mmol), and the mixture was stirred overnight at room 
temperature,, leading to complete conversion of (7b,8b). The reaction mixtures were diluted with DCM, 
extractedd with 5% KHS04 (3x), sat. Na2CO, (3x), sat. NaCl (lx), dried (Na,S04) and evaporated. The residues 
weree subjected to flash chromatography (high flow on relatively short column of -10 cm) eluting with PE/EA 
1:33 to remove building block and coupling reagent remainders, to give (still not completely pure) 
diastereoisomericc product mixtures. 

(21),, R1 = Ph, R2 = CH2OiBu (Ser): yield 158 mg (-0.235 mmol, -78%). MS (ESI): observed mass 673; 

calculatedd mass for C4|H42N,06 (M+H) 673. 

(21),, R1 = Ph, R2 = (CH,)2CCyBu (Glu): yield 154 mg (-0.216 mmol, -72%). MS (ESI): observed mass 715; 

calculatedd mass for CJJH^NJO, (M+H) 715. 
(21),, R' = Ph, R2 = (CH,)4NHCCyBu (Lys): yield 183 mg (-0.242 mmol, -81%). MS (ESI): observed mass 758; 
calculatedd mass for C4!H4,N407 (M+H) 758. 

Attemptedd CIP-mediated coupling of Fmoc-protected amino acids to C-l disubstituted tetrahydro-p-
carbolinee carboxylic acid methyl esters of type (11). In three flame-dried round-bottomed flasks under N2 

atmosphere,, one of the following C-l disubstituted systems of type (11) was dissolved in 2 mL NMP: (11a), 
25.88 mg (0.1 mmol); (lib) , 28.4 mg (0.1 mmol); (lie), 29.8 mg (0.1 mmol). To all three flasks, Fmoc-Ala-OH 
(93.44 mg, 0.3 mmol) and DiPEA (77.6 mg, 105 uL, 0.6 mmol) were added, followed by CIP (83.6 mg, 0.30 
mmol),, and the reaction mixture was stirred overnight at room temperature. No conversion (TLC, HPLC) of the 
startingg materials (11) was observed. Raising the temperature stepwise to 40°C and 70°C also did not sort any 
effectt other than accelerated Fmoc-deprotection of the amino acid building block (dibenzofulvene formation). 

Attemptedd coupling of acetyl chloride to C-l disubstituted tetrahydro-P-carboline carboxylic acid methyl 
esterss of type (11). In three flame-dried round-bottomed flasks under N, atmosphere, one of the following C-l 
disubstitutedd systems of type (11) was dissolved in 2 mL NMP: (11a), 25.8 mg (0.1 mmol); (lib) , 28.4 mg (0.1 
mmol);; ( l ie), 29.8 mg (0.1 mmol). To all three flasks, DiPEA (77.6 mg, 105 uX, 0.6 mmol) was added, 
followedd by acetyl chloride (23.6 mg, 21 p.L, 0.30 mmol), and the reaction mixture was stirred overnight at 
roomm temperature. No conversion (TLC, HPLC) of the starting materials (11) was observed. Raising the 
temperaturee stepwise to 40°C and 70°C also did not sort any effect. 
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Aminoo acid coupling on solid support (30), general procedure. Resin (12), obtained from 1.000 g 
oo ^ hydroxyethylpolystyrene (1) 1.15 mmol/g, and 3 equivalents of an Fmoc-amino 

c r ^^ acid (with orthogonal side chain protection if required) (3.45 mmol) were 
YH-Fmocc s u s p e n d ed i n io mL NMP, and 6 equivalents of DiPEA (0.892 g, 1.20 mL, 6.90 

mmol)) were added. After mixing for 2 min., 3 equivalents of CIP (0.961 g, 3.45 
mmol)) were added, and the suspension was agitated by gently bubbling nitrogen gas through. Small resin 
sampless taken after 3 h. and worked up as usual on a small glass filter were subjected to a bromophenol blue test, 
andd generally found to be positive (incompletely substituted). After leaving the reaction overnight, bromophenol 
bluee tests of resin samples were negative. The solvent was filtered off, and the resin was washed with NMP (3 x 
100 mL), DCM (3 x 10 mL), alternating MeOH and DCM (3 cycles of 10 mL), alternating Et20 and THF (3 
cycless of 10 mL), and finally once more with THF (10 mL). The resin was dried in vacuo att 50°C for 3 h., to 
givee resin (30). 

(30),, R' = Et, AA(R2) = Ala: maximal yield from (1) 1.000 + 1.000 x 1.15«lff3 x 519.59 = 1.598 g; found 1.509 
g.. Fmoc-test: 0.62 mmol/g. IR (KBr), v [cm4]: 1731, 1698, 1652. 
(30),, R' = Et, AA(R2) = Pro: maximal yield from (1) 1.000 + 1.000 x 1.15MO"3 x 545.62 = 1.627 g; found 1.552 
g.. Fmoc-test: 0.60 mmol/g. IE (KBr), v [cm1]: 1734, 1700, 1653. 
(30),, R' = Ph, AA(R2) = Ala: maximal yield from (1) 1.000 + 1.000 x 1.15-10'' x 567.63 = 1.653 g; found 1.561 
g.. Fmoc-test: 0.57 mmol/g. IE (KBr), v [cm1] : 1727, 1699, 1655. 
(30),, R' = Ph, AA(R2) = Pro: maximal yield from (1) 1.000 + 1.000 x 1.15-10'3 x 593.67 = 1.683 g; found 1.608 
g.. Fmoc-test 0.59 mmol/g. IE (KBr), V [cm1] : 1733, 1699, 1653. 

Studiess of Fmoc deprotections of (21) with concomitant cyclization to indolyl diketopiperazines (34). 
Diastereoisomericc mixtures of compounds (21) (R' = Et or Ph, AA(R2) = Ala or Pro) were dissolved in THF at -
0.022 M concentration, and an Fmoc-deprotecting agent (piperidine, TBAF or DBU) was added. The reaction 
mixturee was stirred at room temperature and monitored (TLC, EA/EtOH 9:1) at regular intervals for 
disappearancee of (21) to give the apolar dibenzofulvene (32) or its piperidine adduct (33) (Rf close to front line) 
andd the polar open intermediate (31) (Rf close to base line), and for cyclization of the latter to give (34) (R, lower 

thann starting material). 
200 vol.% piperidine, AA(R2) = Ala: After 5 min. complete deprotection of (21) and significant cyclization. 
Cyclizationn complete in 2 h. 
200 vol.% piperidine, AA(R!) = Pro: After 5 min. complete deprotection of (21) and pronounced cyclization. 
Cyclizationn complete in 15 min.. 
55 vol.% piperidine, AA(R2) = Ala: After 5 min. complete deprotection of (21) and significant cyclization. 
Cyclizationn complete in 4 h. 
55 vol.% piperidine, AA(R2) = Pro: After 5 min. complete deprotection of (21) and pronounced cyclization. 
Cyclizationn complete in 30 min.. 
11 equiv. piperidine, AA(R2) = Ala: After 5 min. incomplete deprotection of (21) and traces of cyclization. After 
300 min. complete deprotection and significant cyclization. Cyclization complete in 8 h. 
11 equiv. piperidine, AA(R2) = Pro: After 5 min. incomplete deprotection of (21) and some cyclization. After 30 
min.. complete deprotection and pronounced cyclization. Cyclization complete in 2 h. 
33 equiv. TBAF, AA(R2) = Ala: Full deprotection of (21) took up to 2 h, with significant cyclization of 
deprotectedd material meanwhile. Reaction mixture became a gelated substance before cyclization was complete. 
33 equiv. TBAF, AA(R2) = Pro: Full deprotection of (21) took up to 2 h, with pronounced cyclization of 
deprotectedd material meanwhile. Reaction mixture became a gelated substance upon standing. 
33 equiv. DBU: Results comparable to 5% piperidine. The longer reaction times required in case of the Ala 
residuee caused the reaction mixture to become gelated at the end. 
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Deprotectionn of (21) and concomitant cyclization to give indolyl diketopiperazines (34), general procedure. 
oo Diastereoisomeric mixtures of compounds (21) were dissolved in THF at - 0.02 M 

NHH concentration, 5 volume% piperidine was added, and the reaction mixture was stirred 
"̂ -R22 overnight at room temperature. The reaction mixture was evaporated, and the residue 

wass subjected to flash chromatography (EA/EtOH 9:1), first eluting the dibenzofulvene-
piperidinee adduct (33), followed by the diastereoisomers of the product (2 in case AA(R2) = Pro, 4 in other 
cases),, which were generally difficult to isolate separately by single column chromatography. 
(33):: 'H-NMR (400 MHz, CDCI,), 5 [ppm]: 7.76 (d, J = 7.5 Hz, 2H), 7.70 (d, J = 7.3 Hz, 2H), 7.39-7.28 (m, 
4H),, 4.05 (t, J = 8.0 Hz, 1H), 2.62-2.56 (m, 6H), 1.72-1.67 (m, 4H), 1.58-1.52 (m, 2H). 

(34),, R1 = Et, AA(R2) = Ala: HR-MS (FAB): observed mass 298.1530; calculated mass for C„H:ilNjO, (M+H) 
298.1556.. 'H-NMR for major diastereoisomer (250 MHz, CDCI3), 8 [ppm]: 8.20 (br s, 1H), 7.56 (d, J = 7.2 Hz, 
1H),, 7.37 (d, J = 7.9 Hz, 1H), 7.25-7.15 (m, 2H), 6.20 (br s, 1H), 5.40 (Mike, 1H), 4.15-4.06 (m, 2H), 3.56 (dd, J 
==  15.8 Hz, J = 4.9 Hz, 1H), 3.05 (dd, J= 15.7 Hz, J= 11.5 Hz, 1H), 1.95-1.89 (m, 2H), 1.58 (d, J = 6.8 Hz, 3H), 
0.811 (t, J = 7.4 Hz, 3H). 

(34),, R' = Et, AA(R2) = Pro: HR-MS (FAB): observed mass 324.1713; calculated mass for C„H22N302 (M+H) 
324.1712.. 'H-NMR for major diastereoisomer (400 MHz, CDCI,), 5 [ppm]: 8.48 (br s, 1H), 7.59 (d, J = 7.5 Hz, 
1H),, 7.38 (d, J = 7.8 Hz, 1H), 7.22-7.15 (m, 2H), 5.40 (dd, J = 7.7 Hz, J = 3.6 Hz, 1H), 4.14-4.08 (m, 2H), 3.69-
3.633 (m, 2H), 3.53 (dd, J = 15.8 Hz, J = 5.0 Hz, 1H), 3.12 (dd, J = 15.8 Hz, J = 11.7 Hz, 1H), 2.49-2.41 (m, 1H), 
2.35-2.266 (m, 1H), 2.08-1.84 (m, 4H), 0.83 (t, J = 7.4 Hz, 3H). 'H-NMR for minor diastereoisomer (400 MHz, 
CDCI,),, 5 [ppm]: 8.09 (br s, 1H), 7.49 (d, J = 7.7 Hz, 1H), 7.34 (d, J = 8.0 Hz, 1H), 7.21-7.10 (m, 2H), 5.84 (t-
like,, 1H), 4.45 (dd, J = 10.9 Hz, J = 6.6 Hz, 1H), 4.24-4.18 (m, 1H), 3.98-3.90 (m, 1H), 3.61 (dd, J = 15.9 Hz, J 
== 4.8 Hz, 1H), 3.53-3.44 (m, 1H) 2.85 (dd, J = 15.7 Hz, J = 11.2 Hz, 1H), 2.55-2.46 (m, 1H), 2.08-1.78 (m, 5H), 
1.04(t,VV = 7.4Hz,3H). 

(34),, R' = Ph, AA(R2) = Ala: HR-MS (FAB): observed mass 346.1551; calculated mass for C21H2(1N,02 (M+H) 
346.1556.. 'H-NMR for major diastereoisomer (400 MHz, CDC13), 8 [ppm]: 8.22 (br s, 1H), 7.58 (d, J = 7.1 Hz, 
1H),, 7.33-7.11 (m, 8H), 6.61 (br s, 1H), 6.32 ('s, 1H), 4.35 (dd, J = 11.4 Hz, J = 4.4 Hz, 1H), 4.15-4.09 (m, 1H), 
3.68(dd,y== 15.9 Hz, 7 = 4.8 Hz, 1H), 3.25 (dd,7 = 15.7 Hz, J = 11.8 Hz, 1H), 1.48 (d, J = 6.9 Hz, 3H). 
(34),, R' = Ph, AA(R!) = Pro: HR-MS (FAB): observed mass 372.1719; calculated mass for C2,H22N302 (M+H) 
372.1712.. 'H-NMR for major diastereoisomer (400 MHz, CDCI,), 8 [ppm]: 8.18 (br s, 1H), 7.61 (d, J = 6.6 Hz, 
1H),, 7.30-7.13 (m, 8H), 6.38 (s, 1H), 4.37 (dd, J = 11.6 Hz, J = 4.9 Hz, 1H), 4.16 (Mike, 1H), 3.65 (dd, J = 15.9 
Hz,, J = 4.8 Hz, 1H), 3.33 (dd, 7= 15.2 Hz, J= 11.6 Hz, 1H), 2.42-2.35 (m, 1H), 2.19-2.09 (m, 1H), 2.05-1.89 
(m,, 4H). 

(34),, R' = Ph, AA(R2) = Ser(But): HR-MS (FAB): observed mass 418.2118; calculated mass for C25H28N,03 

(M+H)) 418.2131. 'H-NMR for major diastereoisomer (250 MHz, CDC13), 8 [ppm]: 8.06 (br s, 1H), 7.56 (d, J = 
7.88 Hz, 1H), 7.32-7.11 (m, 8H), 6.51 (br s, 1H), 6.23 (s, 1H), 4.35 (dd, J = 10.7 Hz, J = 3.3 Hz, 1H), 4.19-4.11 
(m,, 1H), 3.90 (dd, / = 9.0 Hz, V = 3.9 Hz, 1H), 3.73 (dd,/ = 16.0 Hz, J = 4.6 Hz, 1H), 3.39-3.18 (m, 2H), 1.15 
(s,, 9H). 
(34),, R' = Ph, AA(R2) = Glu(OBut): HR-MS (FAB): observed mass 460.2248; calculated mass for C27H,„Nj04 

(M+H)) 460.2236. 'H-NMR for major diastereoisomer (250 MHz, CDCI,), 8 [ppm]: 8.20 (br s, 1H), 7.56 (d, J = 
7.77 Hz, 1H), 7.31 -7.08 (m, 8H), 7.01 (br s, 1H), 6.26 (s, 1H), 4.30 (dd, J = 11.4 Hz, J = 4.2 Hz, 1H), 4.13-4.06 
(m,, lH),3.70(dd,/= 15.9 Hz, J = 4.5 Hz, 1H), 3.22 (dd, J = 15.5 Hz, /= 11.5 Hz, 1H), 2.39-2.09 (m, 4H), 1.43 
(s,, 9H). 

(34),, R' = Ph, AA(R2) = Lys(Boc): HR-MS (FAB): observed mass 503.2639; calculated mass for C2vH,,N404 

(M+H)) 503.2658. 'H-NMR for major diastereoisomer (400 MHz, CDCI,), 8 [ppm]: 8.08 (br s, 1H), 7.56 (d, J = 

7.00 Hz, IH), 7.32-7.10 (m,8H), 6.74 (brs, 1H), 6.25 (s, 1H), 4.57 (br s, 1H), 4.34 (dd, J = 11.1 Hz, J = 3.3 Hz, 
1H),, 4.07-4.03 (brm, IH), 3.71 (dd, J = 15.8 Hz, J = 4.3 Hz, IH), 3.22 (dd, J = 15.5 Hz, J= 11.5 Hz, IH), 3.05-
3.011 (m,2H), 1.95-1.88 (m,2H), 1.44 (s,9H), 1.42-1.17 (m, 4H). 
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Cyclization/cleavagee from resins (30) to give indolyl diketopiperazines (34), general procedure. Resins 
(30),, obtained from 1.000 g hydroxyethylpolystyrene (1) 1.15 mmol/g, were suspended in 15 mL THF, and 5 
volume%% (0.75 mL) piperidine was added. The suspension was agitated for t6 h. by gently bubbling nitrogen 
gass through. The suspension was filtered and the filtrate collected, and the resin was washed with warm THF (3x 
155 mL), and the filtrates collected. The combined filtrates were evaporated under reduced pressure and analyzed 
withh HPLC. In Che case of proline building blocks, 2 diastereoisomers were detected, and in the case of other 
aminoo acid building blocks 4. Apart from those, only minor quantities of side products were detected, as well as 
ann intense peak from an apolar compound (/V-(9-fluorenylmethyl)piperidine, 33) present in all samples. By 
subjectingg the residues to short column flash chromatography, eluting first with PE/EA 3:1 and later with 
EA/EtOHH 9:1, the formed Af-(9-fluorenylmethyl)piperidine (33) was separated from the diastereoisomeric 
productt mixture. 

(34),, R' = Et, AA(R2) = Ala: overall yield from (1) 254 mg (0.854 mmol, 74%); resin weight 1.061 g. 
(34),, R' = Et, AA(R*) = Pro: overall yield from (1) 286 mg (0.882 mmol, 77%); resin weight 1.053 g. 
(34),, R' = Ph, AA(R2) = Ala: overall yield from (1) 282 mg (0.816 mmol. 71%); resin weight 1.069 g, 
(34),, R' = Ph, AA(R* ) = Pro: overall yield from (1) 334 mg (0.899 mmol, 78%); resin weight 1.048 g. 
Subjectingg the remaining resins to 5% piperidine in THF at 50°C overnight did not result in release of more 
productt (TLC, HPLC). IR-analysis of the resins showed weak absorptions at v «  1730 cm"1 and very weak 
absorptionss at v *= 1650 cm'1. 

Cyclization/cleavagee in toluene. Resin (30), R' - Et, R1 = Me, obtained from 1.000 g hydroxyethylpolystyrene 
(1)) 1.15 mmol/g, was suspended in 15 mL toluene and 5 voiume% (0.75 mL) piperidine was added. The 
suspensionn was agitated for 16 h. by gently bubbling nitrogen gas through. The suspension was filtered, the resin 
wass washed with toluene (3 x 15 mL), and the collected filtrates were evaporated. The residue was analyzed by 
HPLC,, and showed significant amounts of the diastereomeric indolyl diketopiperazine mixture (34): cumulative 
peakk area of the 4 isomers relative to the tf-(9-fluorenylmethyl)piperidine (33) peak 23% of the value obtained 
whenn cyclization/cleavage was performed in THF. The resin was washed with THF (3x15 mL), the collected 
filtratess were evaporated, and the residue was analyzed by HPLC; Af-(9-fluorenylmethyl)piperidine was still 
presentt in the mixture, with a peak area relative to the 4 product isomers of 18% of the value obtained when 
cyclization/cleavagee was performed in THF. 

Attemptedd removal of dibenzofulvene adduct with a piperidine scavenger resin. To a crude mixture 
obtainedd from cyclization/cleavage (R1 = Et, R1 = Me), 20 mol-equivalents of resin-bound piperidine (piperidin-
4-oll  etherified to Merrifield polystyrene 1.7 mmol/g; gift from Dr. J.H. van Maarseveen, Solvay 
Pharmaceuticals)) were added, and the peak area of tf-(9-fIuorenylmethyl)piperidine (33) relative to the 
cumulativee area of the 4 product isomers (34) was monitored by HPLC. After 6 h., the N-(9-
fluorenylmethyOpiperidinee peak area had decreased only 40%, whereas after 16 only little improvement (50% 
decrease)) was observed. 

Attemptedd removal of dibenzofulvene adduct with silica SPE columns. Dissolved in a minimal amount of 
THF,, 25 mg of a crude cyclization/cleavage mixture (R1 = Et, Ra = Me), was loaded onto a 3 mL pre-packed 
SPEE column loaded with 500 mg of silica (Supelco). The column was eluted with PE (3 mL), and the collected 
fractionn analyzed by HPLC; besides W-(9-fluorenylmethyl)piperidine (33), only trace amounts of the 
diastereomericc indolyl diketopiperazine (34) could be detected. Subsequently, the SPE column was eluted with 
eitherr EA or DCM (3 mL), and the collected fractions were analyzed by HPLC. Apart from the diastereomeric 
indolyll  diketopiperazines, approximately 20% of the original amount of A/-(9-fluoreny!meihyl)piperidine was 
stilll  present in the fractions. 
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Attemptedd removal of dibenzofulvene adduct by stirrin g the evaporation residue with PE. An evaporated 
crudee cyclization/cleavage mixture (R' = Et, R: = Me) was covered with PE and stirred vigorously for 5 min. 
Thee supernatant was removed and analyzed by HPLC, showing Af-(9-fluorenylmethyl)piperidine (33) and only 
tracee amounts of the diastereomeric indoly! diketopiperazine (34). After two of these cycles, the residue was 
analyzedd by HPLC, still showing approximately 30% of the original amount of W-(9-fluorenyImethyl)piperidine 
contamination. . 

Removall  of dibenzofulvene adduct by trituration . In a small test tube, 100 mg of an evaporated crude 
cyclization/cleavagee mixture (R' = Et, Rl = Me) was dissolved in a minimal amount of THF (- 0.5 mL). The 
tubee was vortexed, and smalt portions of PE (- 5 mL in total) were added slowly. After centrifugation, the 
supernatantt was removed, and the cycle was repeated once more. HPLC analysis of the supernatants showed N-
(9-fluorenylmethyl)piperidinee (33) and only trace amounts of the diastereomeric indolyl diketopiperazine (34). 
HPLCC analysis of the residue after 2 cycles showed the diastereomeric indolyl diketopiperazine and only trace 
amountss of yV-(9-fluorenylmetrtyl)piperidine: approximately 2% of the original amount. 

Onn HPLC, the peak area of the dibenzofulvene adduct was still high compared to the product peaks. To confirm 
thee extent of purification, extinctions of the materials were compared. Equimolar concentrations were prepared 
byy dissolving 10.0 mg of indolyl diketopiperazine (34), R' = Et, R2 = Me, (MW 297.35) in 100.0 mL THF, and 
8.99 mg of Af-(9-fluorenylmethyl)piperidine (33) (MW 263.38) in 100.0 mL THF. Both solutions were diluted 10-
fold,, and the absorption at \ = 254 nm was measured against THF as reference: 0.019 for (34) and 0.375 for 
(33),, which is approximately a 20-fold difference. 

Librar yy synthesis. 
Loading.Loading. In a flame-dried round-bottomed flask, 6.30 g hydroxyethyl polystyrene (1) of 1.21 mmol/g (7.623 
mmol)) and (6.502 g, 15.246 mmol) were suspended in 60 mL DMF. Next, 2.03 mL pyridine( 1.990 g, 25.156 
mmo!)) was added, followed by 2.19 mL (3.193 g, 15.246 mmol) 2,6-dichlorobenzoylchloride. After purging wit 
N22 gas, the flask was capped and sealed, and agitated for 16 h. in an orbital shaker. On a large glass filter, the 
solventt was filtered off, and the pink resin was washed with DMF (3 x 60 mL), DCM (3 x 60 mL), alternating 
MeOHH and DCM (3 cycles of 60 mL), alternating Et20 and THF (3 cycles of 60 mL) and once more with THF. 
Thee resin was dried in vacuo at 50°C for 6 h., to give 9.295 g of resin (2) (max. 9.414 g, 96%). 
Fmoc-deprotection.Fmoc-deprotection. In a round-bottomed flask, resin (2) was suspended in 75 mL 20% piperidine in DMF. The 
flaskk was capped with a septum, a needle was pierced through, and the mixture was agitated for 1 h. in an orbital 
shaker.. On a large glass filter, the solvent was filtered off, and the sand-colored resin was washed with DMF (3 x 
600 mL), DCM (3 x 60 mL), alternating MeOH and DCM (3 cycles of 60 mL), alternating Et20 and THF (3 
cycless of 60 mL) and once more with THF. The resin was dried in vacuo at 50°C for 6 h„  to give 7.664 g of resin 
(3)) (max. 7.719 g, 96%). 

Distribution.Distribution. A buoyant suspension of resin (3) was made in - 60 mL of a DCM/NMP mixture. While gently 
stirringg this suspension, in two cycles 0.5 mL portions were transferred to each of the 42 MULTIBLOCK™ 
reactors.. Next, fillin g cycles were continued with smaller portions (once 0.2 mL, then 0.1 mL) to distribute the 
resinn as evenly as possible over the 42 positions, leaving -0.18 mmol of resin-bound L-tryptophan per well. The 
solventt was filtered off on the work-up station, and the resins were washed with 2 mL portions of DCM (lx), 
alternatingg MeOH and DCM (3x) and finally once more with DCM. The block was dried in vacuo for 3 h. at 
50°C. . 

Pictet-SpenglerPictet-Spengler condensation. For the 6 rows in the MULTIBLOCK™, each containing 7 reactors, 6 stock 
solutionss of different aldehydes in DCM were prepared. Each of these stocks contained 7 x5 equivalents of 
aldehyde,, thus 35 x 0.18 = 6.30 mmol, in a total volume of 7.0 mL. Row A: propionaldehyde (0.366 g, 0.455 
mL);; row B: benzaldehyde (0.669 g, 0.640 mL); row C: cyclohexane carboxaldehyde (0.707 g, 0.763 mL); row 
D:: heptanal (0.719 g, 0.879 mL); row E: isovaleraldehyde (0.543 g, 0.676 mL); row F: isobutyraldehyde (0.454 
g,, 0.572 mL). Each of the 7 reactors in the particular row received 1.0 mL of the appropriate stock solution. To 
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alll  42 positions, 1.0 mL of a 10 volume% solution of TFA in DCM was added, and the suspensions were mixed 
withh a small stick. The block was closed, and agitated in an orbital shaker  for  16 h. After  transfer  of the block to 
thee work-up station, the reaction mixtures were filtered. The resin in each reactor  was washed successively with 
2mLL  of DCM (2 x), 10% DiPEA in DCM (3 x, 10 minutes per  washing), alternating MeOH and DCM (3 
cycles),, alternating Et20 and THF (3 cycles), and finally  with DCM before drying in vacuo at 50°C for  3 h. 
AminoAmino acid coupling. When removing the reaction block from the vacuum oven, the resins stilt appeared to be 
somewhatt  sticky. Because this is most likely due to water  that has condensed during vacuum filtration  in the 
work-upp of the previous step, the resins were washed 3 times with 2 mL NMP prior  to the amino acid coupling 
step.. For  the 7 columns in the MULTIBLOCK™ , each containing 6 reactors, 7 stock solutions of different Fmoc-
aminoo acids in NMP were prepared. Each of these stocks contained 6 x3 equivalents of protected amino acid, 
thuss 18 x 0.18 = 3.24 mmol, in a total volume of 9.0 mL. Column 1: Fmoc-Ala-OH (1.009 g); column 2: Fmoc-
Pro-OHH (1.093 g); column 3: Fmoc-Phe-OH (1.255 g); column 4: Fmoc-Lys(Boc)-OH (1.518 g); column 5: 
Fmoc-Ser(But)-OHH (1.242 g); column 6: Fmoc-Glu(OBut)-OH (1.379 g); column 7: Fmoc-Trp-OH (1.382 g). 
Eachh of the 6 reactors in the particular  column received 1.5 mL of the appropriate stock solution. To all 42 
positions,, 188 uL of DiPEA (6 equivalents, 1.08 mmol, 0.140 g) was added, and the suspensions were mixed 
withh a small stick. Subsequently, all 42 reactors received 0.5 mL of a stock solution of CIP, containing 42 x 3 
equivalentss (6.318 g, 22.68 mmol) of CIP in a total volume of 21 mL NMP. After  mixing again, the closed block 
wass agitated in an orbital shaker  for  16 h. After  transfer  of the block to the work-up station, the reaction mixtures 
weree filtered. The resin in each reactor  was washed successively with 2mL of NMP (3 x), CH2C12 (3 x), 
alternatingg MeOH and DCM (3 cycles), alternating EtzO and THF (3 cycles), and finally  with DCM before 
dryingg in vacuo at 50°C for  3 h. For  bromophenol blue tests, small resin samples were taken from the following 
positions::  A l , B2, C3, D4, E5, F6, E7. A positive result (instantaneous medium to dark blue coloration, 
incompletee substitution) was obtained for  A l and E5. To assure more complete substitution throughout the 
MULTIBLOCK™ ,, the amino acid coupling procedure was performed again as described. Bromophenol blue tests 
onn samples from positions Fl, E2, D3, C4, B5, A6, B7, as well on the previously positive samples Al and E5, 
weree all negative (only light-greenish coloration upon longer  standing, indicating (near) complete substitution). 
MicroI RR analysis of resin beads from positions Al , B2, C3, D4, E5, F6 and E7 in all cases showed the expected 
absorptions::  ester  + carbamate(s) in broad peaks from v = 1740-1700 cm"1, and amides in peaks from v = 1650-
16600 cm'1. 

Cyclization/cleavage,Cyclization/cleavage, To all 42 positions in the MULTIBLOCK™ , 2 mL of a 5 volume% solution of piperidine in 
THFF was added, and the suspensions were mixed with a small stick. The block was closed, and agitated in an 
orbitall  shaker  for  16 h. After  placing the block on top of the aluminum collection block containing 42 test tubes, 
thee reaction mixtures were filtered, helped by applying gentle N2 gas pressure on top of the reactors. The block 
wass placed back on the lower  multistopper, and 2 mL of THF was added to all 42 positions. The upper 
muttistopperr  was attached and the block placed in the orbital shaker  for  10 min, prior  to collection of the liquid 
fractions.. Two more of these washing cycles were performed. 
Work-upWork-up and purification. The aluminum collection block containing the 42 crude mixtures in tared test tubes 
wass placed on a hot plate of 50°C. The solvents were evaporated by applying a stream of N2 gas through the 42 
needless in the gas-purging device, which pointed into the test tubes. Subsequently, the residues were further 
driedd in vacuo at 50°C. The residues were dissolved in a minimal amount of THF (- 0.5 mL), and triturate d with 
-- 5 mL of PE in small portions while vortex ing. The tubes were then capped and centrifuged, and the 
supernatantss were removed and washed (without agitation) with 2 mL of PE. This trituratio n process was 
repeatedd once again, and the residues were dried in vacuo at 50°C. 
Analysis.Analysis. Yields were determined gravimetrically (quantities between 28 and 101 mg). Overall yields from (1) 
weree calculated based on molecular  weight of the anticipated product and a maximal yield of 0.18 mmol. All 42 
diastereoisomericc product mixtures were analyzed by LC-MS, using a Hewlett Packard Series 1050 system 
HPLCC coupled to a Finnigan TSQ7000 mass spectrometer  in ESI  ionization mode. The system was equipped 
withh a Zorbax ODS (reversed phase C-18) column, I x ID 100 x 4.6 mm, particle size 5 |iM, and gradient eluted 
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att 1.0 mL/min. from CH3CN/H20 10:90 + 0.1% TFA to CH,CN/H20 90:10 + 0.1% TFA over 20 min., with UV 
detectionn at X = 254 nm. Purities were calculated from the relative cumulative areas of the diastereoisomeric 
peakss corresponding to the anticipated molecular mass (as detected per MH* or M(CH3CN)H*). Based on its 
approximatelyy 20-fold higher extinction coefficient compared to the products (34) (vide supra), the relative peak 
areaa corresponding to W-(9-fluorenylmethyl)piperidine (33) of was set to 5% of its original value in these 
calculations.. Contamination with (33) generally varied up to 2%, proportional to the lipophilicity of the R1 and 
R11 sidechains, but never exceeded 5% (as found for D3, D5). 
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