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ChapterChapter  4 

SolidSolid Phase Synthesis of Indolyl 
Hydantoins,Hydantoins, Dihydropyrimidine-
dionesdiones and Diazepane-diones[1] 

Abstrac t t 

Resin-boundd tetrahydro-P-carbolines derived from tryptophan, with incorporated 
aldehydee diversity, were further elaborated by connecting building blocks suitable for 
subsequentt cyclization/cleavage. Precursors for 7-membered diazepane-dione systems were 
obtainedd from coupling of Fmoc-protected P-amino acids. Careful selection of the linker was 
required,, to ensure the right balance between susceptibility required for cyclization of larger 
ringss and stability during synthesis. Precursors for 5-membered hydantoin systems could be 
obtainedd in one-step by introducing isocyanate building blocks, or in two steps by reaction 
withh phosgene followed by incorporation of primary amines. Cyclorelease required heating 
underr basic conditions. A representative library of 60 indolyl hydantoins (as diastereomeric 
mixtures)) was prepared on a robot synthesizer, and analyzed with HPLC and MS. Tetrahydro-
P-carbolinee systems derived from homo-tryptophan gave precursors for modified diazepane-
dioness after coupling with Fmoc-protected cc-amino acids, whereas reaction with isocyanates 
yieldedd predecessors of dihydropyrimidine-dione ring systems. 
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ChapterChapter 4 

4.11 Introductio n 

4 .1 .11 Indolyl diazepane-diones and diazocane-diones 

Inn Chapter 3, efficient methodology was described for coupling of in situ activated 
Fmoc-protectedd a-amino acid building blocks to resin-bound tetrahydro-(3-carbolines. 
Subsequentt deprotection resulted in cyclization/cleavage, to form tetrahydro-fj-carboline 
systemss fused to a 6-membered diketopiperazine ring (3,4-fused-piperazine-2,5-diones). We 
weree interested in investigating if it was possible to vary the latter ring system still using our 
previouslyy developed methodologyP] Retrosynthetically, tetrahydro-P-carboline systems 
fusedd to 7-membered bis-lactams (3,4-fused [l,4]diazepane-2,5-diones) or 8-membered 
bislactamss (3,4-fused [l,4]diazocane-2,5-diones) could be formed from cyclization precursors 
havingg (3-amino acid or Y-amino acid building blocks incorporated, respectively (Scheme 4.1). 
Homo-aminoo acids have not been the most widely available and cheapest building blocks 
fromm commercial sources, but nowadays a number can be obtained that should be sufficient 
forr generation of an initial library. If needed for eventual follow-up libraries, several literature 
methodss for preparation of these building blocks are available.["-[4'-151 

'N*Fmoc c 

nn = 2: Fmoc-pAA-OH 

nn = 3: Fmoc-yAA-OH 

Schem ee 4 .1 : Retrosynthetis of 7- and 8-membered bislactams. 

Exampless of these indolyl bis-lactam scaffolds in literature are rare. The first description of 
thee indolyl diazepane-dione skeleton was in a series of papers comprising the synthesis of p-
carboline-benzodiazepinee hybrid molecules.161171 The ethyl ester of C-l unsubstituted 
tetrahydro-p-carboline-3-carboxylatee was reacted with 2-nitro-benzoylchloride. Subsequently, 
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thee nitro group was reduced to the amine, and heating under acidic conditions gave the 7-
memberedd ring system.161 Alternatively, Cbz-protected anthranilic acid derivatives could be 
introducedd v/a DCC coupling, followed by hydrogenolysis to give the aniline derivative.17' 
Thee system obtained was not used as such but dehydrogenated, to give a hybrid molecule with 
highh affinity for the benzodiazepine receptor (Scheme 4.2). 

Schem ee 4.2: Literature synthesis of p-carboline-benzodiazepine hybrids. 

Inn in vitro studies, the compound was capable of both displacing benzodiazepines and P-
carbolines'8'' from their binding sites. Regretfully, due to metabolic instability and/or poor 
transportt over the BBB, in vivo pharmacological properties could not be demonstrated.t6! 

Inn a publication that appeared when our investigations were in progress, a single 
examplee of cyclorelease of an indolyl diazepane-dione was reported together with a single 
examplee of an indolyl diketopiperazine.'91 On tryptophan attached via the 4-
hydroxythiophenoll  linker developed by Marshall and coworkers,1101 a Pictet-Spengler reaction 
underr thermal conditions was performed. Although the original strategy of this linker system 
wass based on oxidation of the sulfur to make the ester bond more susceptible towards 
nucleophilicc attack,1101 addition of primary amines with the non-oxidized linker already 
resultedd in efficient cleavage to yield tetrahydro-P-carboline-3-carboxamides.191 This attractive 
featuree of the linker stimulated investigation of intramolecular attack of amines (Scheme 4.3). 
Too the system bearing a phenyl substituent at C-l, Boc-Gly-OH or Boc-(3Ala-OH were 
introducedd with a PyBOP-mediated coupling. Deprotection under acidic conditions and 
subsequentt triethylamine-induced cyclization released the tetracyclic core structures from the 
solidd phase. 
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NH-Boc c 
3%% HC[ 

MeOH H 

++ Et3N  HCI 

Schem ee 4.3: Unsubstituted 7-membered ring system via cyclorelease. 

However,, in analogy to what has been discussed in Chapter 3, PyBOP-couplings to C-l 
substitutedd tetrahydro-P-carbolines wil l most likely be restricted to Ca-unsubstituted amino 
acids.. We therefore hoped that coupling of substituted homo-amino acids employing our 
previouslyy developed OP coupling methodology would bring a much wider compound 
diversityy within reach. 

Lastt remark on the literature search of this indolyl diazepane-dione scaffold is a 
patentt published in 2002 on the preparation of cyclic GMP phosphodiesterase inhibitors as 
therapeuticc agents,1'" covering an example of such a system (Figure 4.1). With respect to 8-
memberedd ring-systems, to the best of our knowledge, compounds containing the indolyl 
diazocane-dionee skeleton have not been published to date. 

O O 

NMe e 

V-Ó Ó 

Figur ee 4 .1 : Indolyl diazepane-dione claimed as phosphodiesterase inhibitor. 

4.1 .22 Indolyl hydantoins 

AA wide range of properties has been reported for compounds containing 5-membered 
hydantoinn and thiohydantoin rings.1121 These include antiviral, antibacterial, antifungal, 
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herbicidal,, anticonvulsant, antidiabetic, antiinflammatory, antiulcer and antiarrhythmic 
activity.. Moreover, hydantoin-based scaffolds previously prepared via standard solution phase 
chemistryy have found to possess CNS activity.1"11'4' It would therefore be interesting to have 
accesss to methodology for solid phase synthesis of compounds having the important 
pharmacophoree hydantoin scaffold fused to tetrahydro-P-carboline systems. 
Retrosynthetically,, these structures could be formed from resin-bound urea-type precursors in 
aa cyclization/cleavage process. For formation of the urea derivatives from tetrahydro-p-
carbolines,, two routes can be envisaged. The most direct way would be in reaction with 
isocyanates,, of which a fair number are commercially available. An even larger diversity 
spacee may be filled by reacting the tetrahydro-P-carboline with a carbonyl donor (a carbonyl 
groupp bearing two identical or different leaving groups), followed by reaction with a primary 
aminee (Scheme 4.4). In contrast to a risk in solution phase, due to the "pseudo-dilution effect" 
thiss approach on solid support should not (or hardly) suffer from a potential dimerization 
reactionn of the tetrahydro-P-carboline. 

cx x 
o o 

N-R 2 2 

R2-NH2 2 
0 = C = N - R 2 2 

HH i . 

JO O 

Schem ee 4 .4 : Retrosynthesis of indolyl hydantoin hybrids. 

Thee skeleton of a tetrahydro-P-carboline fused with a hydantoin ring has been 
describedd several times in literature. A series of these compounds was prepared in 1990 by 
reactingg tetrahydro-P-carboIine-3-carboxylic acids with simple alkyl or phenyl isocyanates in 
acetonee under reflux conditions1'51 (Scheme 4.5). Based on the fact that P-carboline-3-
carboxylatess show affinity for the benzodiazepine receptor, and on the other hand certain 
anticonvulsivess like fenitoine contain a hydantoin ring, mixed molecules with affinity for 
differentt receptors were considered interesting from a pharmacological point of view. 
However,, the tetrahydro-P-carboline-hydantoin hybrid systems tested, or reduced derivatives 
thereof,, did not show remarkable anticonvulsant activity.[l6' Later in vitro displacement 
studiess also indicated very poor binding to the benzodiazepine receptor."71 Extension of the 
proceduree was described later, when several distinct series of indolyl hydantoins were 
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published,, containing well-known pharmacophoric groups as substituents on the hydantoin 
nitrogen.1'811'911 The required isocyanates were pre-formed by addition of CDI to a solution of 
thee corresponding primary amines'20' in THF. After stirring during 4-10 hours, the tetrahydro-
P-carboIine-3-carboxylicc acid was added, and reaction for 40 hours under reflux yielded the 
cyclizedd products (Scheme 4.5). 

H2N-R2 2 

O O 

.A, , o o L G '' "LG 

N-R2 2 

NN T acetone or THF Ü I » 
MM Ri reflux, 40 h. R1

Schemee 4.5: Cyclization from tetrahydro-p-carboline-3-carboxylic acid derivatives. 

Anotherr method for introducing more complex structures on the hydantoin nitrogen involved 
reactionn with chloroethyl isocyanate, followed by substitution of the chloro atom with an 
amine.. By thus incorporating a known pharmacophoric moiety present in cc,-adrenoreceptor 
antagonists,, a ligand with reasonable affinity for the a,-receptor was discovered, that did not 
affectt benzodiazepine or 5-HT1A receptors. 

Thoughh leading to compounds of the same class as we intended to prepare, the 
solutionn phase examples described above all performed cyclization on the free carboxylic 
acid,, and required prolonged reaction at high temperatures. These conditions are however not 
thee most instructive, since the carboxylic acid moiety is our point of attachment to the solid 
supportt via an ester bond. Several examples of solid phase synthesis of combinatorial 
hydantoinn libraries have been described utilizing cyclorelease strategy. One route involved 
attachmentt of amino acids through an N-terminal carbamate linkage, followed by reaction 
withh an amine to give amide bond formation. Hydantoin rings could be formed with 
concomitantt cleavage by attack of the amine nitrogen onto the carbamate carbonyl, requiring 
thee presence of a base and elevated temperature'2'1 (Scheme 4.6). Amino acids attached to the 
solidd support through a C-terminal ester linkage were reacted with isocyanates to give the 
correspondingg urea derivatives. Cyclization of the latter systems was achieved under strongly 
acidicc conditions at elevated temperature'221 (Scheme 4.6). 

WW £, R2 R3H MeOH, R 1 ' N - ^ C W O R1 H 

Schemee 4.6: Cyclorelease of hydantoins starting from C-or N-terminal linked amino acids. 
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Moree closely related to our case, solution phase systems have been reported in which 
thee amino group was alkylated. Reaction of these secondary amines with isocyanates gave 
systemss that already cyclized at ambient temperature during the isocyanate addition,1"1 where 
itt should be noted that one molar equivalent of triethylamine added to promote the coupling 
providedd basic conditions that might also have stimulated cyclization. Cyclization was found 
too be faster with substituents from aromatic isocyanates than from aliphatic ones. In a 
comparablee example on solid phase, when no base was added during isocyanate coupling, the 
systemm remained in the open form (Scheme 4.7). Subsequent cyclization was induced in neat 
DiPEAA at room temperature and found to be fast both in the case of aliphatic and aromatic 
isocyanatee substituents.1241 Another closely related literature report achieved cyclization in the 
presencee of 10 equivalents of triethylamine only in refluxing chloroform for 1 day.1251 Also 
otherr examples of hydantoin formation are known in which more forcing conditions (excess 
basee at elevated temperature) were required1261'271 (Scheme 4.7). Yet it has been reported that 
forr several examples of base-catalyzed cyclization to hydantoin rings, reaction at ambient 
temperaturee meets the requirements.1281 Clearly, the conditions required for cyclization are far 
fromm uniform. 

R3UU Q R 3 ï Q R 3 ï J d  R,3 P 
N H , , 

borohydridee R 
,NH H - NN H 

YY R' 
O O 

R 1 ' ' V - N .. . RTorA ^ N ^ ^ 
O O 

Schem ee 4.7: Base-catalyzed cyclization of systems from N-substituted amino acids. 

Strikingly,, literature reports on reaction of N-substituted amino acids with 
isothiocyanatess to form thiohydantoins,[2,l[25lt29! all indicate that these systems are much more 
pronee to cyclization by attack onto an ester bond. Cyclization already takes place at ambient 
temperaturee in the absence of base. In solid phase protocols, this situation is a severe 
drawback,, since cyclization/cleavage would already take place during introduction of the 
isothiocyanatee building blocks (Scheme 4.8). 

S = C = N - R 4 4 

NN H 

s s 
RT T 

R3 3 

R 2 + N - R « « 
R - N ^ ^ 

Schem ee 4.8: Isothiocyanate building blocks bring in the risk of premature cyclization. 

Lastt remark on the literature search of this indolyl hydantoin scaffold is, that a patent 

publishedd in 1999 covers this compound class as cyclic GMP phosphodiesterase inhibitors in 
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aa variety of therapeutic areas.1301 One of the particularly useful substituents mentioned on the 
tetrahydro-p%carbolinee part is the methylenedioxyphenyl substituent, in analogy with the 
indolyll  diazepane-dione structure depicted in Figure 4.1. 

4.1 .33 Systems obtained from homo-tryptophan 

Ass discussed in § 4.1.1, expansion of the 6-membered diketopiperazine systems 
describedd in Chapter 3 to 7-membered diazepane-diones might be achieved after coupling of 
homo-aminoo acid building blocks to tetrahydro-p-carbolines derived from tryptophan. 
Likewise,, the extra methylene group could be introduced with a common first building block, 
i.e.. homo-tryptophan. Pictet-Spengler condensation, followed by incorporation of Fmoc-
protectedd oc-amino acid building blocks, should give precursors for cyclorelease of diazepane-
dioness (Scheme 4.9) in which the position of some functional groups and substituents have 
shiftedd as compared to those depicted in § 4.1.1. 

HH I <PR2 
11 r ^ ~ ~ T ' sFmoc 

R2 2 R11 O 

.Fmoc c 
HN N 

H V ^ 2 2 

CO O NHH O "Ö Ö R1-CHO O ex x CL L 

NH22 O 

V Q Q 

Schem ee 4.9: Retrosynthesis of indolyl diazepane-diones from homo-tryptophan. 

Too the best of our knowledge, in literature tetracyclic scaffolds like these are not known. This 
iss also the case for the "open" systems lacking the aldehyde building block, i.e. cyclic 
dipeptidess of homo-tryptophan and another amino acid. 

Whenn a common first homo-tryptophan building block could be combined with the 
chemistryy proposed in § 4.1.2, expansion of the 5-membered hydantoin systems to 6-
memberedd dihydropyrimidine-diones would be possible (Scheme 4.10). Compared to the 
diketopiperazinee series described in Chapter 3, the amide functionality has shifted one 
position,, but the R: substituent, now on the nitrogen, is still in the same location. As far as we 
aree aware, constructs like these have not been reported in literature. This counts for both the 
tetracyclicc ring system and the "open" systems lacking the aldehyde building block. 
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VR 2 2 
R11 O 

0 ^ 0 , , 

^ ^ 0=C=N-R2 2 

„11 ^~~NH 

R oo
 R* 

<K <K NH H 

Schem ee 4.10: Retrosynthesis of indolyl dihydropyrimidine-diones from homo-tryptophan. 

4.22 Indoly l diazepane-dione s fro m tryptopha n 

4.2.11 Attempted synthesis on hydroxyethyl polystyrene resin 

Followingg the strategy developed for the solid phase synthesis of indolyl 
diketopiperaziness (see Chapter 3 and |2'), synthesis of the 7-membered diazepane-dione and 
thee 8-membered diazocane-dione analogs was started. Starting from hydroxyethyl 
polystyrene,, resin (1) was synthesized via known protocols. Subsequently, Fmoc-|3Ala-OH 
(2)) or Fmoc-yAba-OH (3)"" were coupled to resin (1) under the conditions previously 
developedd by us for incorporation of Fmoc-protected a-amino acids: the corresponding acid 
chloridess were generated in situ using TCFH or CIP, and the reaction mixture was kept basic 
withh DiPEA. Resins (4) and (5) thus obtained were subjected to 5% piperidine in THF, but 
afterr reaction overnight at room temperature the only product released was N-(9-
fluorenylmethyl)piperidinee (Scheme 4.11). 

K~~* K~~* HN N 
•• Fmoc 

HOO ()„ 2: n = 2 ^ 
III  3:n = 3 
O O 

CIP,, DiPEA 

NMP,, RT, 16 h. 

5%% piperidine 
THF,, RT 

ee 1 QQ 5% Et3N 
' l mm

 A EtNK 
*-- 6 

NH2 2 

6:: n = 2 
7:nn = 3 

X X 

Schem ee 4 .11 : Cyclorelease of 7- and 8-membered rings fails on hydroxyethyl polystyrene. 
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Subjectingg the resulting resins (6) and (7) overnight to 5% triethylamine in refluxing THF or 
chloroformm did also not result in cyclization/cleavage of the anticipated products. When resin 
(6),, containing the p-alanine substituent, was subjected to 70% aqueous ethylamine/THF 1:1, 
thee ethyl carboxamide of the non-cyclized precursor (8) was the major product isolated 
(Schemee 4.11). This indicated that cyclization to larger bis-lactam systems by attack of the 
freee amine onto the ethylpolystyrene ester is an unfavorable process, but the cause(s) still had 
too be determined. 

Duee to increased flexibility of the elongated chain, and the absence of substituents 
thatt could cause some sort of "template effect", systems (6) and (7) will definitely not be the 
easiestt to cyclize. But maybe just because of that, they are the test systems of choice for 
developmentt of generally applicable methodology. It is reasonable to suggest that the resin is 
nott a good enough leaving group (i.e. the ester is not active enough) for "macro"-cyclizations. 
Butt also due to the longer tail containing the amine functionality, steric interference with the 
polymericc matrix is also not to be excluded. Besides, intermolecular reaction (dimerization) 
onn the solid support may have taken place to a certain extent, instead of intramolecular 
cyclization.. These uncertainties stimulated us to go back to solution phase chemistry for a 
moree detailed investigation. 

4.2.22 Solution phase studies with activated tryptophan esters 

Ann approximately 1:1 cis:trans mixture of tetrahydro-p-carboline-3-carboxylic acid 
methyll  ester bearing a phenyl substituent at C-l (9) was prepared in reaction of L-tryptophan 
methyll  ester with benzaldehyde, as described in Chapter 3. This diastereoisomeric mixture 
wass coupled to Fmoc-fSAla-OH using CIP, and the two isomers (10a) and (10b) were 
separatedd by flash chromatography. Similarly, the isomers (11a) and (l ib ) were obtained 
fromm coupling of (9) with Fmoc-yAba-OH (Scheme 4.12). 

OMe e 

9a,b b 

HO, , 
Y Y 
o o 

CIP,, DiPEA 

H N ' F m C C 

(')nn  2 : n = 2 

3:nn = 3 

CH2CI2,, RT, 6 h. 

OMe e 

NH-Fmoc c 

10a,10b:: n = 2 
11a,11b:nn = 3 

55 vol.% piperidine 

THF,, RT, 16 h. 
12a,12b:nn = 2 
13a,13b:nn = 3 

Schemee 4.12: Concomitant cyclization onto the methyl ester in solution phase fails. 
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Reactionn overnight of these four distinct isomers with 5% piperidine in THF at ambient 
temperaturee in all cases resulted in Fmoc-deprotection but not in cyclization, as easily 
detectedd by the presence of the methyl ester signals in the crude 'H-NMR spectra. The 
correspondingg free amines were purified by silica chromatography, but thwarted by the 
polarityy of the products the isolated yields were not excellent. Moreover, still after removal of 
thee carbamate, unequivocal NMR assignments were generally hampered by the presence of 
rotamers. . 

Withh the intention to prevent the need for column chromatography of the polar free 
amines,, and in view of other future plans (vide infra), coupling of the P-alanine building 
blockk was repeated with Cbz instead of Fmoc protection to give (14a) and (14b). Catalytic 
hydrogenationn to remove the Cbz group yielded pure (12a) and (12b) in quantitative yield 
afterr evaporation. The latter compounds were heated in a variety of solvents (toluene, THF, 
DMF,, acetonitrile) at reflux conditions in the hope to effect cyclization (Scheme 4.13). 
Regretfully,, also despite the use of additives (triethylamine, KCN), the only process taking 
placee upon prolonged reaction was some decomposition of (12). 

9a,b b 

Cbz-pAla-OH H 
CIP P 
DiPEA A 

CH2CI2,, RT, 6 h. 
SS rO 

H2,, Pd/C 
EtOH,, RT, 4 h. 

-C02,, -toluene 

OMe e 

NN Y V~V-NH2 

12a,, 12b 

Et3NN or KCN 
(optional) ) 

X X 
A A 

Toluene,, THF, 
DMFF or CH3CN 

Schemee 4.13: Beneficial effect of Cbz-protection in solution phase. 

Thesee results indicated that the most likely cause for the failure of cyclization is, that 
thee ester is not reactive enough. This hypothesis was further investigated by making active 
esterr analogs, i.e. substitute the methoxy for a better leaving group. Saponification of the 
methyll  ester required the use of the Cbz-protected derivative (14a,b), since using (10a,b) 
underr these conditions would also effect Fmoc-deprotection. The free acids (15a,b) were 
isolatedd in near-quantitative yield after reaction with aqueous NaOH in ethanol. From (15a,b), 
thee corresponding diastereomeric pentafluorophenyl ester (16a,b) was prepared via DCC 
mediatedd coupling in ethyl acetate at 0°C.''21 We were very pleased to see that catalytic 
hydrogenationn of crude (16a,b) afforded a diastereomeric mixture of the anticipated 7-
memberedd bislactam (17a,b) in 53% yield from (15a,b) (Scheme 4.14). Having established 
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thatt the pentafluorophenyl ester was active enough to induce cyclization, it was interesting to 
know,, with translation to solid phase chemistry in mind, whether the ordinary phenyl ester 
wouldd also be sufficiently prone to intramolecular nucleophilic attack. The activated system 
(18a,b)) was synthesized in 89% yield by from (15a,b) by esterification with phenol. Also in 
thiss case, deprotection of the Cbz group by hydrogenolysis furnished the 7-membered 
diazepanee dione ring (17a,b), in a satisfying 88% yield (Scheme 4.14). In fact, the higher 
yieldd as compared to the pentafluorophenyl ester case might reflect an advantage of a certain 
degreee of stability of the active ester, thus lowering the chance of premature hydrolysis and 
allowingg purification. 

NN Cbz 
y"V-NH H 
O O 

16a,16b: : 

NaOH H 

V ~ \ ^ HH HzO/EtOH 
OO RT, 4 h. 

FF F 

18a,18b:RR = — ^ ^ 

R-OH, , 
activating g 
agent. . 

17a,17b b 

Schemee 4.14: Cyclization to the 7-membered ring proceeds with phenyl esters. 

4.2.33 Solid phase studies with activated linker systems 

Clearly,, an important fact that cyclization/cleavage of the corresponding systems on 
hydroxyethyll  polystyrene failed, can be ascribed to the fact that the ester was not activated 
enoughh towards nucleophilic attack. This implicates the need for using a suitably active linker 
system.. However, several potential problems could be foreseen with respect to the need of the 
linkerr to be stable enough to survive all reaction conditions during synthesis, but at the same 
timee to be sufficiently prone to intramolecular nucleophilic attack. As discussed in Chapter 3, 
forr being able to incorporate a broad range of amino acids to the tetrahydro-fi-carboline 
systemm with the CIP-coupling, on solid support the use of Fmoc-protected amino acid 
buildingg blocks is obligatory. This implicates that the linker to be chosen needs to survive 
bothh the Pictet-Spengler condensation under acidic conditions and base-induced Fmoc-
deprotection.. To investigate the result of different Fmoc-deprotection conditions on an 
activatedd ester, Fmoc-protected tryptophan pentafluorophenyl ester (19) was prepared and 
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subjectedd to 5% piperidine1"1 or TBAF1341 (Scheme 4.15). In both cases, the active ester was 
quicklyy consumed, respectively to give the piperidine amide (20) and an unidentified 
compoundd mixture (probably initiated by generation of the acid fluoride). 

Fmoc-Trp-OH H 

pentafluoro--
phenol, , 
DCC C 

EtOAc,, Î Y" 
,, 16 h. L = ^ k 

19 9 

5%% piperidine 
THF,, RT 

HNN F 
NN Fmoc 

TBAF F 
THF,, RT 

CO O 

0 ; ; NH2 2 

NH H 

20 0 

complex x 
mixture e 

Schem ee 4.15: Highly activated phenyl esters do not survive Fmoc-deprotection conditions. 

Lesss active phenols, i.e. without a series of electron withdrawing groups that would 
furtherr destabilize the ester bond, were thus chosen. Keeping in mind the need to connect the 
linkerr system to a commercially available solid support, we started to investigate the use of p-
hydroxybenzoicc acids. Model studies with benzylamine, as the soluble equivalent of 
commerciallyy available aminomethyl polystyrene (21), showed that />-hydroxybenzoic acids 
aree most efficiently attached as the corresponding amide using DIPCDI in the presence of 
HOBt,, without the need of protection of the phenol part. Following this protocol, polystyrene 
resinn equipped with the p-hydroxybenzamide linker (22) was synthesized with a two-fold 
excess13511 of reagents, and loaded with Fmoc-tryptophan (Scheme 4.16). Subsequent removal 
off  the Fmoc-group from resin (23) with piperidine in DMF resulted in a virtual loss of over 
200%% of Fmoc-residue on weight-basis, while a bromophenol blue test did not convincingly 
reveall  the presence of a free amine. Furthermore, in IR of the resin the presence of a strong 
amidee band but only a negligible ester band was observed, whereas in HPLC of the reaction 
solventt a peak next to that from N-(9-fIuorenyImethyl)piperidine was detected. Apparently, 
thee p-hydroxybenzamide linker is sufficiently active to allow piperidine to cleave the ester 
fromm the solid support to give (20). Also in the case of deprotection of (23) with fluoride1'41 

(TBAF),, the indole system was released from the solid support. Another alternative would be 
DBU,, used for removal of the Fmoc-group in continuous flow solid phase synthesis.1361 Being 
knownn as a non-nucleophilic base, attack of DBU onto the activated ester was not expected to 
happen.. Due to the fact that, consequently, the released dibenzofulvene is also not trapped as 
ann adduct and could get involved in side reactions on batch-wise use, two 1-minute 
deprotectionn cycles with 1% DBU in DMF were performed. The bromophenol blue test 
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Schem ee 4.16: Fmoc-deprotection on the p-hydroxybenzamide linker results in cleavage. 

turnedd out positive, but with a virtual loss of over 400% of Fmoc-residue on weight-basis, we 
hadd to conclude that most probably the whole linker system was cleaved from the solid 
support.. HPLC analysis indeed showed 4 side products apart from dibenzofulvene. 

Too deactivate the ester bond, p-hydroxybenzamide linkers with one (24) or two (25) 
electronn donating methoxy substituents ortho to the hydroxyl group were synthesized and 
testedd (Scheme 4.17). Loading with Fmoc-tryptophan required a double coupling, still 
achievingg only moderate yield of (26) and (27). Regretfully, even with very low levels of 
piperidinee present, also with these systems the amino acid cleaved from the resin. 

H,N N ^ @ @ 
21 1 

OJ J 

~CKH H 33 equiv. HO 

R2 2 

33 equiv. DIPCDI 
33 equiv. HOBt 

NMP,, RT, 16 h. 
24:: R1 = OMe, R2 = H 
25:: R1 = R2 = OMe 

HN. . 
Fmoc c 

1.11 equiv. piperidine 

DMF,, RT 

26:: R1 = OMe, R2 = H 
27:: R1 = R2 = OMe 

33 equiv. Fmoc-Trp-OH 
33 equiv. 2,6-dichloro-
benzoylchloride e 
55 equiv. pyridine 

». . 
DMF,, RT, 16 h. 
doubledouble coupling 

cleavage e 

Schem ee 4.17: Electron donating substituents do not deactivate the system sufficiently. 

Wee feared that the amide bond para to the hydroxy group might work too contraproductive, 
sincee it essentially activates the system by resonance stabilization of the corresponding anion 
(Schemee 4.18). We thus envisaged insertion of a methylene group between the aromatic ring 
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andd the amide bond. Both the unsubstituted system (28), and the linker possessing a 
deactivatingg methoxy substituent ortho to the hydroxyl group (29) were investigated. But to 
ourr regret, also Fmoc-tryptophan esterified to these two 2-(p-hydroxyphenyl)-acetamide 
linkerss (30, 31) did not survive standard Fmoc-deprotection conditions (Scheme 4.18). 

0 0 

vO"" m» — ffr* BJS S 

21 1 

33 equiv. R H 

33 equiv. DIPCDI 
33 equiv. HOBt 

NMP,, RT, 16 h. 
*xn *xn aja a 

28:: R = H 
29:: R = OMe 

33 equiv. Fmoc-Trp-OH 
33 equiv. 2,6-dichloro-
benzoylchloride e 
55 equiv. pyridine 

DMF,, RT, 16 h. 
doubledouble coupling 

Oar r 
HN^ ^ 

Fmoc c 30:: R = H 
31:RR = OMe 

5%% piperidine 

DMF,, RT 
20 0 

Schemee 4.18: Rationale for using 2-(p-hydroxyphenyl)acetamide linkers, and their failure. 

Sincee insertion of a methylene group between the amide moiety and the benzene ring 
couldd not sort the desired effect, we were forced to abandon the (substituted) phenyl ester type 
linkers.. The first alternative tried was an alkyl thioester linker, since polystyrene equipped 
withh a thioethyl amide linker (32) was commercially available. Loading with Fmoc-Trp-OH 
wass best achieved with DIPCDI/HOBt, though still moderate in yield of (33) (Scheme 4.19). 
Subsequentt treatment with piperidine in DMF again furnished the piperidine amide (20), 
provingg that also thioesters are too highly activated to withstand these synthesic conditions. 

HS S 

O O 

W ^ ^ 

33 equiv. Fmoc-Trp-OH 
33 equiv. DIPCDI 
33 equiv. HOBt 

32 2 
DMF,, RT, 16 h. ^^^^ N Fmoc 

HH 33 

J» » piperidine e 

DMF,, RT 
20 0 

Schemee 4.19: Thioester linkers also cleave during standard Fmoc-deprotection. 

121 1 



ChapterChapter 4 

Thee following strategy involved insertion of a methylene group between the aromatic 
ringg and the hydroxyl functionality used for attachment, i.e. the use of benzyl-type esters. The 
simplestt commercially available resin fulfillin g this requirement is hydroxymef/ry/ 
polystyrenee (34). As discussed in Chapter 3, we deliberately chose for the hydroxyer/i>7 
variantt for synthesis of the diketopiperazine series, because of its expected increased stability. 
Wee hoped that there would be a chance that the small change in reactivity between these two 
systemss would now be sufficient to allow cyclorelease of larger rings. Stability during 
synthesiss using our standard protocol with resin (34) turned out to be warranted. Much to our 
regret,, cyclization cleavage of the hydroxymethyl polystyrene bound precursor (35) did not 
takee place either upon Fmoc-deprotection, or when the deprotected resin (36) was heated at 
60°CC overnight in the presence of base (Scheme 4.20). 

O O 

H  ( ^ ^ O ^ T O J H ^ S%plperldlne> > ^ v -

^^ W | Y~\J[ THF,RT,16h. *V-NH2 A « ^ 
^ v .. o Fmoc 

344 f j 35 36 

Schem ee 4.20: No cyclization/cleavage occurs from hydroxymethyl polystyrene. 

Inn this case, we now proposed introduction of a carboxy functionality para to the 
hydroxymethyll  group used for attachment.1371,1381 The p-hydroxymethylbenzamide (HMBA) 
resinn (37) we envisaged for this purpose can be concerned as a p-hydroxymethylbenzoic 
(HMB)) linker coupled to aminomethyl (AM) functionalized polystyrene (PS) resin (21). 
Fortunately,, this system turned out to be commercially available (PS AM-HMB) , since this 
linkerr system has proven its usefulness in release of primary1391 or secondary1401 peptide amides 
whilee being essentially completely acid stable.1391,1411 Loading of polystyrene AM-HM B (37), 
0.711 mmol/g, with Fmoc-Trp-OH afforded resin (38) in a reasonable yield of 73%, which 
uponn treatment with 5% piperidine in DMF furnished the resin-bound deprotected system (39) 
(Schemee 4.21). HPLC analysis of the reaction solvent did not reveal any other compound than 
thee dibenzofulvene-piperidine adduct. The cyclization precursor was built up by performing 
Pictet-Spenglerr condensation with benzaldehyde and coupling of Fmoc-pAla-OH (97% over 
22 steps). Treatment of resin (41) with 5% piperidine in THF at ambient temperature overnight 
resultedd in Fmoc-deprotection and clean release of two other products. After removal of AT-(9-
fluorenylmethyl)piperidinee by trituration, these turned out to be the two expected 
diastereoisomerss of the anticipated indolyl diazepane-dione (17a,b) in 17% yield. A 
bromophenoll  blue test and FT-IR indicated that the resin could still contain the cyclization 
precursorr (42). Therefore, the resin was subjected to 5% piperidine in THF at 60°C overnight, 
yieldingg another 12% of the 7-membered ring systems. Since the bromophenol blue test 
afterwardss was still positive, we attempted to cleave the remaining material from the resin as 
thee ethyl amide for analysis, using 70% aqueous ethylamine/THF 1:2 overnight at room 
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40 0 

DiPEA A 

a a rW ^ ^ 

5%% piperidine 
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OO 'Fmoc 

41 1 

1)) piperidine, 1 T . h . m , 
++ 37 . 1 7 a ' b ( + 1 2 / ) 
++ 42 «-

2)) EtNH2, 
RT,, 16 h. 17a,b(+40%) ) 

Schemee 4 . 2 1 : The HMBA linker possesses right balance between stability and reactivity. 

temperature.. Surprisingly, this provided another 32% of (17a,b). FT-IR of the remaining resin 
lackedd the ester carbonyl band, indicating that all of the cyclization precursor (42) was 
cleavedd from the solid support. 

Encouragedd by these results, we repeated the whole sequence replacing Fmoc-PAla-
OHH with Fmoc-yAba-OH, in the hope to obtain the corresponding diazocane-dione ring 
system.. All efforts to cyclize this product from the solid support however failed, so synthesis 
off  8-membered bislactams clearly falls beyond the scope of this methodology (Scheme 4.22). 
Nevertheless,, we have found a linker system stable enough to survive all conditions 
(especiallyy Fmoc-deprotection) of our synthetic sequence, but still active enough to undergo 
cycloreleasee of 7-membered diazepane-dione systems. The fact that cyclization already 
occurss in the absence of any template-directing substituent on the p-amino acid building 
blockk is in this respect reassuring. A major advantage of our route compared to the sequence 
independentlyy developed by Fantauzzi and Yager (see § 4.1.1 and [91) could be, that our CIP-
couplingg protocol employing Fmoc-protected building blocks would allow much more diverse 
combinationss of substituents introduced with the two building blocks. 
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Fmoc-yAba-OH H 
CIP P 

HH DiPEA 

'' > NMP 

'' [^ " 5% piperidine 
- > ^ NN -

RTT f > — V - \ THF, RT,16h. 
OO NH 

433 Fmoc 

Schemee 4.22: Cyclorelease of 8-membered bislactams from the HMBA linker fails. 

4.33 Indoly l hydantoin s fro m tryptopha n 

4.3.11 Solution phase studies with isocyanates 

Ass outlined in the introduction (see § 4.1.2), the conditions required for cyclization 
viavia attack of urea-type nitrogen on ester carbony groups to form hydantoin rings are far from 
uniform.. Furthermore, contemplating the known sterical constraints of the C-l substituted 
tetrahydro-p-carboline-3-carboxylicc esters that are part of the target structures (see Chapter 
3),, it was important to explore the scope for reaction of these systems with isocyanates in the 
firstt place. These are reasons enough for investigating the behavior of the intended chemistry 
inn solution phase before going to the solid support. 

Thee indolyl hydantoin systems synthesized previously in solution (see § 4.1.2 and ,l51" 
[I9J)) were all prepared from the free tetrahydro-P-carboline-3-carboxylic acids. In a one-pot 
procedure,, addition of isocyanates and subsequent cyclization was achieved by prolonged 
heatingg of the reaction mixture. Our situation is clearly different, since the devised systems 
usee the carbonyl at which cyclization is to occur as point of esterification to the solid support. 
Moreover,, with respect to product purity, a one-pot addition-cyclization reaction would be 
highlyy disadvantageous in terms of annulling the profits of employing cyclorelease strategy. 

Wee designated the C-l phenyl substituted tetrahydro-fj-carboline (9) again as model 
systemm of choice, for its steric bulk is close to the secondary amine undergoing substitution. 
Too facilitate spectral interpretations, only the pure cis diastereoisomer1421 was used in the 
solutionn phase investigations. Reaction of cis-(9) with 1.1 equivalent of 2-chloroethyl 
isocyanatee in CH2C12 at room temperature overnight proceeded satisfactory, but in order to 
achievee full conversion of starting material, addition of extra isocyanate and another 1 hour of 
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reactionn time was required. Using a two-fold excess of 2-chloroethyl isocyanate in THF at 
roomm temperature also led to adequate conversion of starting material, but in this case 
formationn of two strongly colored side products (yellow and blue fluorescent on TLC under 
irradiationn at X = 254 nm) was more pronounced than in case of reaction in CH2C12. In order 
too quantify these side products and elucidate their structure, flash chromatography of crude 
(45)) was performed. Addition of triethyl amine to the eluent however induced cyclization 
duringg the purification process, leading to formation of hydantoin (46) (Scheme 4.23). 
Althoughh their strong fluorescence indicated considerable amounts of material, only minute 
quantitiess of the side products could be isolated, and their structure could not be determined. 

OMe e 0=C=N--

(excess) ) -CI I 

CH2CI2orTHF,, RT 

5%% Et3N 
1 1 

CII PE/EA2:1 
(column) ) 

ox4 4 -CI I 

46 6 

Schem ee 4.23: Spontaneous cyclization of the chloroethyl-urea during chromatography. 

Cyclizationn of hydantoin rings under mildly basic conditions (10% Et,N at room 
temperature)) has been reported, whereas in the preceding isocyanate coupling step under 
basicc conditions (DiPEA at room temperature) cyclization was not observed at all.[28) To 
investigatee the effect of DiPEA on the rate of the isocyanate coupling to our systems, reaction 
off  cis-(9) with 3 equivalents of the more bulky isopropyl isocyanate was monitored under 
variouss conditions (Scheme 4.24). No cyclization of the formed product was observed under 
thee basic conditions used (10% DiPEA in DCM, DCE or THF), but it actually turned out that 
thee coupling reaction proceeded better in the absence of DiPEA. Again, reaction in DCM was 
cleanerr than in THF with respect to formation of the fluorescent side products. Reaction in 
DCEE was more sluggish than in DCM. Cyclization of the isopropyl substituted urea (47) 
requiredd more forced conditions. Reaction overnight in a 10% Et,N solution in THF at room 
temperaturee did not afford the hydantoin, whereas only slight improvement was made by 
heatingg the solution just below reflux temperature. Increasing the temperature to 
approximatelyy 100°C in a 10% Et,N solution in toluene afforded the cyclized product (48) in 
moderatee yield. 
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Schem ee 4.24: Steric bulk of the isocyanate substituent determines cyclization scope. 

Increasingg the size of the isocyanate substituent to a tert-buty\ group determined the 
stericc border of what is possible within conditions that can be applied in parallel strategies. 
Cyclizationn of (49) was not observed even after refluxing for 1 night in toluene containing 
10%% EtjN. Nevertheless, the fact that addition of base worked contraproductive in the 
isocyanatee addition step can only be considered an advantage, since this step can now be 
efficientlyy performed without the risk of premature cyclization of more sensitive precursors 
suchh as the chloroethyl substituted derivative. 

4.3 .22 Solid phase studies with isocyanates 

Withh the knowledge obtained, translation of the chemistry to the solid support was 
undertaken.. Besides studying the effect of temperature and amount of base on cyclorelease of 
hydantoins,, we also intended to investigate the difference between using hydroxyethyl 
polystyrenee and using the more activated polystyrene equipped with the HMBA linker. Resin 
(50),, the phenyl-substituted tetrahydro-P-carboline esterified to hydroxyethyl polystyrene, 
wass reacted with 2-chloroethyl isocyanate, phenyl isocyanate or n-butyl isocyanate in CH2C12 

att room temperature overnight to give resins (51), (52) and (53), respectively (Scheme 4.25). 
Subjectingg precursors (51) and (52) to 2% Et3N in THF for 20 hours at room temperature 
resultedd in cyclorelease of 70% and 50% (overall) of the corresponding indolyl hydantoins 
(54)) and (55). Under these conditions, resin (53) remained unaffected. The same precursor 
wass now synthesized on polystyrene equipped with the HMBA linker by reacting resin (40) 
withh n-butyl isocyanate to give resin (57). Also the precursor on this activated resin remained 
untouchedd upon treatment with 2% Et,N in THF at ambient temperature. At elevated base 
concentrationn and/or temperature, cyclorelease of (56) started to take place, as depicted in 
Tablee 4.1. 
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NN H 

y - N y ^ __ 10%Et3N 

'' Toluene, 
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OMe e 
NN H 

y - N s ^^ 10%Et3N 
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Schemee 4.25: Base-induced cyclization of indolyl hydantoins from polystyrene A-OH. 

Tablee 4 . 1 : Cyclorelease of (5 6) from resins (53) and (5 7) at various subsequently applied 
conditionsconditions using the same batches of resin and fresh reaction medium. 

Conditionss applied 
forr  20 hours 

2%%  Et3N in THF, 20°C 

10%%  Et3N in THF, 20°C 

10%%  Et3N in THF, 50°C 

10%%  Et,N in THF, 65°C 

10%%  Et,N in toluene, 85°C 

Yieldd (overall from unloaded 

H H 
53 3 

V NN N 
Phh § "n*» 

0% % 

6% % 

++ 9% 

++ 6% 

++ 14% 

resin)) of cycloreleased (56) 

0 0 
57 7 

1 1 
H H 

0 0 

Thh X VBu 

0% % 

12% % 

++ 12% 

++ 12% 

++ 0% 

0 0 

Although,, with a system moderately prone to cyclization, the HMBA-linked system 
tendss to undergo cyclization under slightly milder conditions, complete cyclorelease in 
parallell  synthesis of a diverse library will always require elevated temperatures. In that 
respect,, using the hydroxyethyl linker, (that is generally loaded more efficiently than the 
HMBAA linker) with only slightly higher temperature will not be that much of a disadvantage. 
Anotherr reason for continuing with the standard hydroxyethyl-functionalized polystyrene 
weree the plans for the 2-step sequence for generation of the urea-type cyclization precursor 
(seee § 4.1.2). After addition of a carbonyl donor, the planned introduction of a primary amine 
willl  intrinsically take place under conditions that can be expected to give problems with 
activatedd linkers: the primary amine might efficiently attack the activated ester linkage to 
releasee the system as an amide, or might promote premature intramolecular attack of the urea 
nitrogen. . 

4.3 .33 Solution phase studies with carbonyl donors and primary amines 

Althoughh a fair number of isocyanate building blocks is commercially available 
nowadays,, the accessible diversity would be expanded drastically if it were possible to obtain 
substituentss from primary amine building blocks. As already shortly mentioned in the 
introductionn (see § 4.1.2), isocyanates that cannot be obtained from commercial sources can 
bee synthesized by reacting a primary amine with a carbonyl donor such as CDI[20) or 
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phosgene.,43!! More convenient for parallel applications would be a protocol in which for each 
stepp directly available reagents of defined quality can be used. Therefore, we investigated 
feasibilityy of a two-step sequence, using a common carbonyl donor for the first step and 
primaryy amine diversity elements in the second step (see Scheme 4.4). Requirement for 
successs of this approach in our system is, that the remaining leaving group on the carbonyl 
donorr after coupling to the tetrahydro-P-carboline must be displaced by the primary amine 
withh outmost preference over the ester link to the solid support. A concern irrelevant on solid 
supportt but appropriate in solution phase models might be the chance of dimer formation. We 
howeverr considered this risk minimal with the short one-atom spacer together with our 
particularr case of sterically hindered secondary amines. 

AA series of symmetrical and unsymmetrical carbonyl donors was investigated. 
Unfortunately,, symmetrical reagents like CDI (58) or bis(p-nitrophenyl)carbonate1+41 (59) 
weree unable to react with the secondary amine, probably as a result of steric factors. The 
unsymmetricall  p-nitrophenyl chloroformate14511461 (60) did substitute the secondary amine in 
thee presence of DiPEA to give (61), albeit in low yield at ambient temperature and moderate 
yieldd at 60°C. Unfortunately, subsequent displacement of the p-nitrophenol leaving group 
withh excess isopropylamine at ambient or elevated temperature remained fruitless. 

N N 
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N N 
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c/s-99 »-
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VAnXX X 
c/s-9 9 

THF,, , 2 h 
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X X 

X X 

c/s-9 9 
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*. . 
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NQ2 2 
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DCM,, RT or 
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X X 
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Schemee 4.26: Carbonyl donors used for (attempted) 2-step syntheses of ureas. 
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Again,, steric constraints may well underlie this problem. Thus, in our efforts to sufficiently 
minimizee the bulk of the leaving group, and at the same time retain high reactivity, we ended 
upp with phosgene1471148' (62) as the ultimate carbonyl donor for our system. In the presence of 
DiPEA,, a slight excess of phosgene smoothly substituted tetrahydro-p-carboline (9) in 1 hour 
att room temperature. Because of its expected lability, the resulting carbamoyl chloride (63) 
wass not isolated. Encouragingly, subsequent addition of excess isopropylamine yielded the 
anticipatedd urea (47) in 80% isolated yield after 2 hours at room temperature. 

4.3 .44 Solid phase studies with phosgene and primary amines 

Onn solid support, the two step protocol using phosgene as the carbonyl donor was 
testedd for two different amines. Resin (50) was suspended in DCM, and 5 equivalents of 
DiPEAA were added followed by 3 equivalents of phosgene as a commercially available 20% 
solutionn in toluene. After reaction for 2 hours at ambient temperature, the resin was worked 
upp by filtration and 3 washings with DCM to remove excess phosgene, a major advantage of 
thee solid phase protocol over the corresponding solution phase reaction. A negative 
bromophenoll  blue test indicated complete substitution, and resin (64) was subjected to excess 
off  either isopropylamine or «-butylamine in DCM at room temperature for 3 hours. On the 
formedd resins (53) and (65), cyclization/cleavage was induced by reaction in toluene 
containingg 10% triethylamine at 80°C overnight, to give the corresponding diastereomeric 
mixturess of hydantoins (56) and (66), respectively in 49 and 50% overall yield, and good 
purity. . 

6 2 o o 

CII CI 

50 0 

33 equiv 

55 equiv. DiPEA 

DCM,, RT, 2 h 

10%Et3N N 
*--

Toluene, , 
,, 16 h. 

- R R 
(55 equiv.) 

DCM, , 
RT,, 3 h. 

56:: R = n-Bu (49% overall from bare resin) 
66:: R = i-Pr (50% overall from bare resin) 

Schemee 4.27: Successful solid phase application of the two-step protocol. 

Off  course we realize that the need to use phosgene in order to make this two-step 
protocoll  work is a severe drawback with respect to safety, especially when applied in parallel. 
Thee method of choice for preparing libraries for screening thus will definitely involve the use 
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off  isocyanate building blocks (see § 4.3.2). However, in cases where initial screening results 
warrantt synthesis of a follow-up library, more complicated substituents may have to be 
incorporatedd for which the corresponding isocyanate building blocks are not available. 
Particularlyy in those cases, the two-step protocol described in this section may be a useful 
extensionn of the solid phase synthetic methodology. 

4.3.55 Library synthesis 

Too validate the developed solid phase methodology involving isocyanate couplings, 
ass outlined in the previous sections, we decided to prepare a small compound library, using 
thee hydroxyethyl functionalized polystyrene resin. Since a high temperature step is involved, 
thee MULTIBLOCK™ used for the indolyl diketopiperazine library (see Chapter 3) would not 
bee practical. Therefore, a Syro II™ robot synthesizer equipped for such conditions was 
employed.. Due to the 6 X 10 matrix of reaction vessels in the robot, the possible library size 
wass extended to 60 diastereomeric compound mixtures. We decided to incorporate the same 6 
aldehydee building blocks that were used in the diketopiperazine library (rows A through F), 
andd vary with 10 different isocyanate building blocks (columns 0 through 9). Several 
isocyanatess containing additional functional groups were chosen, in order to show the ability 
off  incorporating the potential for further functionalization of the formed products (i.e. the 
"librariess from libraries"'491 concept). 

Duee to local operational restrictions at the time of synthesis, we were not allowed to 
usee highly volatile solvents in the synthesizer. As a consequence, dichloromethane and diethyl 
etherr had to be replaced in our protocols. For Pictet-Spengler condensation we found a 
reasonablee alternative in using dichloroethane, though a single comparative experiment 
indicatedd that this reaction proceeds better in dichloromethane. For isocyanate coupling, we 
chosee THF as the solvent. Reactions have shown to proceed with comparable efficiency in 
THFF and in dichloromethane, although the preference for the latter solvent would lie in the 
factt that reactions tend to be slightly cleaner (vide supra). In the washing steps, 
dichloromethanee was replaced by dichloroethane, and diethyl ether by methyl tert-butyl ether 
(MTBE).. Like in the diketopiperazine library (see Chapter 3), loading of Fmoc-Trp-OH onto 
thee resin and subsequent Fmoc-deprotection was done in a single batch. Based on Fmoc-test 
off  the loaded resin, the capacity of the deprotected resin was calculated to be 0.642 mmol/g. 
Distributionn of 200 mg resin per reactor thus gives an amount of 1.284  10"*  mol of starting 
materiall  for each synthesis. 

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).. The resins were washed once with DCE, and then suspended in 1.0 mL of DCE. After 
eachh reactor received 0.5 mL of a DCE stock solution containing 5 equivalents of the 
appropriatee aldehyde building block, the suspensions were mixed shortly. Subsequently, each 
reactorr received 0.5 mL of a 20% solution of TFA in DCE, and the reaction were allowed to 
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proceedd for 4 hours at room temperature with interval mixing (every 4 minutes stirring for 15 
seconds).. After emptying the reactors, the resins were washed with DCE (3 cycles). TFA salts 
off  the products were liberated in 3 washing cycles of 5 minutes each with 2.5 mL of 10% 
DiPEAA in DCE. Subsequently, workup following routine protocol was followed: 3 alternating 
cycless of washing with DCE and washing with MeOH, followed by 3 alternating cycles of 
washingg with THF and washing with MTBE, and finally 3 more washings with THF. 

Forr the urea formation coupling, 10 different isocyanate building blocks were chosen 
carryingg the following substituents: 2-chloroethyl (0), isopropyl (1), n-butyl (2), allyl (3), 
benzyll  (4), 4-(dimethyIamino)phenyl (5), ethoxycarbonyl (6), 4-acetylphenyl (7), 3-
cyanophenyll  (8) and 4-methoxyphenyl (9). The resins were suspended in 1.0 mL of THF. 
Afterr each reactor received 1.0 mL of a THF stock solution containing 3 equivalents of the 
appropriatee isocyanate building block, the suspensions were allowed to react for 16 hours at 
roomm temperature with interval mixing (every 8 minutes stirring for 15 seconds). After 
drainingg the reaction media, the resins were washed routinely with THF (3x), DCE (3x), 
alternatingg MeOH and DCE (3x), alternating MTBE and THF (3x). 

22 equiv. Fmoc-L-Trp-OH 
£ \\ 2 equiv. 2,6-dichloro- 9 f\ 

^ ^ I PP benzoylchloride ^ W V ^ n / ^ 
M UU 3.3 equiv. pyridine ! | [ T 20% piperidine 

DMF,, RT, 16 h. N F m o c DMF, RT, 30 min. 
n n 

£}£}  Ĥ R1 ^.  /\AJÖ 33 equiv. 

5%% TFA 10% DiPEA \ ll H T  0=C=N-R2 

DCE,, CH2CI2, RT ^ ^ N > f THF 
RT,4h.. H * ! RT, 16 h. 

O O 
IO%E,3N,, crtrxV* • 
Toluenee ^ ^ ! 1 Y « 

,, 16 h. H j ^ o 

Schem ee 4.28: Parallel automated synthesis of a 60-member indolyl hydantoin library. 

Priorr to cyclization/cleavage, the resins were washed with toluene. Each reactor 
receivedd 2.5 mL of a 10% solution of Et3N in toluene. The suspensions were heated to 80°C 
andd reacted for 16 hours at room temperature with interval mixing (every 8 minutes stirring 
forr 15 seconds). The reaction media were transferred to collection vials. Next, the resins were 
washedd three times with THF for 15 minutes at 50°C with interval stirring, followed by liquid 
transferr to the collection block. The cleavage mixtures were transferred to tared test tubes in 
ann aluminum holder, which was placed on a hot plate heated to 50°C. Applying a flow of 
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nitrogenn gas through our parallel gas-purging device (see Chapter 3) evaporated the majority 
off  the solvents. The residues were further dried in vacuo at 50°C, followed by gravimetric 
determinationn of the yields (see Table 4.2). 

Thee library of 60 compound mixtures was submitted for analysis in the high-
throughputt LC-MS facility at Solvay Pharmaceuticals. To our regret, with both available 
ionizationn techniques (APCI and ESI) the molecular masses of the compounds corresponding 
too the main two peaks in the LC profile (UV and ELSD detection) were in most cases not 
detectedd by the system, apparently due to lack of ionization. LC purities could however be 
calculatedd from the data output, and are depicted in Table 4.2. 

Tabl ee 4 .2 : Yields and purities of the 60-member indolyl hydantoin library. 

Gravimetricallyy determined yields [%], followed by (in between brackets) purities [%] according to 

HPLCC (detection at X = 254 nm; cumulative relative areas ot the main peaks expectedly corresponding 

too the two diastereoisomers of the anticipated product. 

0 11 2 3 4 5 6 7 B 9 

\ ..  R2 

R''  N ^ 

• v v 

~o o 
o o 
— — 

k k 

Y Y 

\-<3 3 

611 (52) 

911 (61) 

566 (59) 

588 (74) 

555 (77) 

611 (45) 

-< < 

400 (87) 

322 (94) 

444 (91) 

599 (94) 

500 (80) 

255 (92) 

^ A A 

388 (76) 

555 (95) 

677 (91) 

644 (62) 

588 (71) 

266 (94) 

--

600 (79) 

866 (92) 

744 (69) 

800 (80) 

455 (66) 

677 (89) 

~b b 
700 (72) 

999 (93) 

800 (75) 

744 (83) 

899 (78) 

077 (87) 

O-i O-i 

533 (37) 

466 (42) 

300 (44) 

288 (49) 

311 (62) 

266 (41) 

^ ^ 

666 (91) 

688 (62) 

622 (78) 

566 (65) 

633 (67) 

500 (69) 

O^ O^ 

400 (78) 

711 (85) 

366 (87) 

399 (73) 

577 (74) 

444 (72) 

CSN N 

477 (58) 

577 (45) 

377 (75) 

255 (53) 

377 (54) 

099 (26) 

- O i i 

999 (94) 

788 (41) 

655 (60) 

599 (70) 

677 (47) 

111 (91) 

Itt turned out that Field Desorption (FD), a technique not compatible with LC-MS, was the 
ionizationn method of choice for MS of this compound class. Covering each row and column 
off  the matrix, the following compounds were sent for analysis: A0, B l , C2, D3, E4, F5, E6, 
C7,, A8 and B9. In all 10 samples, the anticipated molecular mass (M) was detected. Apart 
fromm that, the following deviating masses were also found in: F5, M+16; E6, M-72; A8, 
M^tO;; B9, M-88. In subsequent MS analysis, for C5 also M and M+16 were detected. 
Oxygenn sensitivity of the 4-(dimethylamino)phenyl substituent (column 5) might be an 
explanation.. This could be supported by the regular presence of side products detected in LC, 
withh a higher polarity than the anticipated products. For D6, we again detected M and M-72. 
Thiss could be explained by partial removal of the ethoxycarbonyl functionality on the 
hydantoinn nitrogen, present in the building block used in column 6. Deviations present in A8 
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andd B9 could both be well explained by the presence of products that have failed to undergo 
Pictet-Spenglerr condensation and lack the particular aldehyde building block. Other 
compoundss with the same aldehyde building blocks from row A (AO and newly analyzed A3) 
andd row B (B9 and newly analyzed B4) did not show this deficiency. Nevertheless, the 
observedd deviations could not be explained by a common process related to the isocyanate 
buildingg blocks from rows 8 and 9, since in newly analyzed samples C8 and D9 no 
discrepanciess were detected. 

Whenn yields and purities (Table 4.2) are compared to those in the indolyl 
diketopiperazinee library (see Chapter 3), this indolyl hydantoin library is not of identical high 
quality.. For screening, the generally lower overall yields are not of main concern since, with 
exceptionn of only a few positions, certainly sufficient material was isolated. The lower 
puritiess found in certain products can in most cases be correlated to particular isocyanate 
buildingg blocks, as described above. Furthermore, the fact that dichloromethane could not be 
usedd in the robot synthesis may have influenced the results. As was observed in the stage of 
methodologyy development (see § 4.3.1), the isocyanate coupling was cleaner in DCM than in 
THF.. Furthermore, the decreased efficiency of the Pictet-Spengler reaction in DCE might be 
illustratedd by detection of side products lacking the aldehyde building block in some of the 
MS-analyzedd samples. Finally, the fact that the products have been exposed to high 
temperaturee conditions after cyclorelease may contribute to some decomposition. 
Nevertheless,, the general purity of the library may still be considered sufficient for initial 
biologicall  screening. 

4.44 System s obtaine d fro m homo-tryptopha n 

4.4.11 Solid phase synthesis of modified indolyl diazepane-diones 

Ass outlined in the introduction (see § 4.1.3), a change in scaffold may be achieved by 
usingg homo-tryptophan as the first building block. Although the shift of the carbonyl from the 
aa to the P-position will make the homotryptophan imine intermediate less electrophilic (see 
alsoo Chapter 3, § 3.2.2.1), we had good hope that the acid-catalyzed Pictet-Spengler 
condensationn by attack of the indole on the corresponding iminium ion would still take place. 
Wee envisaged to then apply the experience from cyclorelease of seven-membered rings (see § 
4.2)) and cyclization of urea-type precursors (see § 4.3) for making modified seven- and six 
memberedd ring systems. For reasons of structure-activity relationship investigations (see 
Chapterr 6), at the time of synthesis we were particularly interested in systems bearing a 
lipophilicc substituent on the atom next to the amide carbonyl introduced with the second 
diversityy element. For the same reasons, an isobutyl sidechain on the scaffold to be introduced 
withh an isovaleraldehyde building block was desired. 

Forr synthesis of modified"0' seven-membered diazepane-diones, introduction of the 
hydrophobicc sidechain should be achieved by coupling of a suitably substituted a-amino acid 
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too a tetrahydro-P-carboline obtained from homo-tryptophan. Commercially available AyBoc-
L-p%homotryptophan15111 turned out to be best loaded onto the resin bearing the activated 
HMBAA linker (37) using DIPCDI with DMAP catalysis. Subsequently, the Boc-protection 
wass removed from (67) with 4M HC1 in dioxane/THF 1:1, and Pictet-Spengler condensation 
off  (68) with isovaleraldehyde was commenced in 5% TFA in dichloromethane overnight to 
givee (69). CIP-mediated coupling of Fmoc-Glu(OBut)-OH or Fmoc-Lys(Boc)-OH gave resins 
(70)) and (71), respectively (Scheme 4.29). To achieve cyclorelease, treatment with 10% 
piperidinee in THF overnight under heating at 60°C was required, giving the anticipated 
indolyll  diazepane-diones (72) and (73) in respectively 12% and 30% overall yield after 
purificationn by chromatography to remove the Af-(9-fluorenylmethyl)piperidine formed. 

A/p-Boc-L-|3-homo o 
H0H0^T1^T1 a J» SST CX7 XRT  HKX 

^ " [ ff v / ^ DMAP H 5% TFA _ 
3 77  DCM,RT,16h' e g - R Ï r ^ T H F ^ R T 1 1 0 ^ 6 D C M ' R T ' 

*-- 67: R = Boc 4MM HCI/dioxane 
THF,, RT DCM,, RT 

Fmoc-AA(R)-OH H 
CIP P 
DiPEA A 

NMP,, RT, 16 h. 

AAA = Glu(OBut) 
AAA = Lys(Boc) 

O ^ C L L 

Fmoc c 

70:: R = -(CH2)2-C02fBu 
71:RR = -(CH2)4-NH-C02!Bu 

THF,, , 16 h 

72:: R = 
73:: R: 

-(CH2)2-C02/Bu u 
-(CH2)„-NH-C02Su u 

(12%% overall) 
(30%% overall) 

Schemee 4.29: Solid phase synthesis of two modified indolyl diazepane-diones. 

Ass also was the case for the original indolyl diazepane-diones (see § 4.2.3), formation of these 
modifiedd 7-membered ring structures takes place in only moderate overall yield. Especially in 
vieww of the costs of the homo-amino acid starting material, this is a disadvantage. Main 
benefitt of the synthesis is again the high product purity resulting from cyclization/cleavage. 

4.4 .22 Solid phase synthesis of indolyl dihydropyrimidine-diones 

Solidd phase synthesis of modified 6-membered ring systems was first carried out on 
hydroxyethyll  polystyrene. Loading, deprotection and Pictet-Spengler condensation were 
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carriedd out under the same conditions as in the modified indolyl diazepane-dione series. 
Subsequently,, tetrahydro-(3-carboline resin (76) was reacted with three different isocyanates 
(2-chloroethyl,, phenyl and benzyl) to give the corresponding urea derivatives (77), (78) and 
(79)) (Scheme 4.30). To initiate cyclization/cleavage of these precursors, the latter resins were 
subjectedd to the conditions used for hydantoin cyclization, i.e. 10% triethylamine and elevated 
temperature.. In THF at 60°C, 2-chloroethyl substituted precursor (77) cyclized to give indolyl 
dihydropyrimidine-dionee (80) in 65% overall yield as a mixture of two diastereoisomers, 
whichh could be separated by silica column chromatography. Under these conditions, no 
cyclizationn from the phenyl (78) or benzyl (79) substituted precursors could be observed. 
Goingg to refluxing toluene as the solvent, only trace amounts of released material could be 
detected. . 

~ » » 

A/p-Boc-L-p-homo-- ^ ^ ^ ^ > ^ ~ ^ ^ Q 
tryptophan n 
DIPCDI I O^rxj-*O^rxj-* HJU 

HOO ^s DMAP H 5%TFA 
74:: R = Boc 

 75- R ~- H - J D THF" FT""*' ~ OGÏvi, RÏ 

w w 

4MM HCI/dioxane 
F,, RT 

O ^ C L L 

76 6 

0=C=N-R R 

DCM,, RT, 16 h. 

t t W W 
I I 

77:: R = -(CH2)2-CI 
78:: R = -Ph 
79:: R = -CH2-Ph 

7 88 10% Et3N 
7 99 Toluene, reflux 

10%Et3N N 

THF,, , 16 h. 

"•.„,.••••• 81 
..-""-.,, 82 

80:: R = -(CH2)2-CI 65% (overall) 
81:RR = -Ph 0% 
82:: R = -CH2-Ph 0% 

Schemee 4.30: Substrate-dependent dihydropyrimidine-dione cyclorelease from A-OHresin. 

Synthesiss of the phenyl and benzyl precursors was repeated on the activated HMBA 
linkerr by coupling of the appropriate isocyanates to resin (69) (Scheme 4.31). Precursors (83) 
andd (84) were reacted in 10% triefhylamine/THF at 60°C, leading to cyclorelease of 13% of 
thee benzyl substituted product (82). Again, only a trace amount of released material could be 
detectedd for the phenyl substituted precursor (83). Addition of 1 equivalent of the stronger 
non-nucleophilicc base DBU caused, after 1 hour, release of another 207c of (82) from resin 
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(84),, and also formation of 16% of the phenyl substituted product (81) from resin (83). The 
twoo diastereoisomers of (81) and (82) could not be separated on an ordinary silica column. 

^ YY  H j DCM,RT,16h. 
377 O 69 9 

10%% Et3N, THF, , 16 h. 1 equiv. DBU 

THF,, , 1 h. 
81::  16% 
82::  +20% 

.0 0 

83:: R = -Ph H 
84:RR = -CH2-Ph T ^ U 81:R = -Ph 0% 

82:RR = -CH2-Ph 13% 

Schem ee 4.31: Cyclorelease of sterically hindered residues requires a strong base. 

Disadvantagee of the necessity to use DBU for cyclization of certain precursors is the definite 
needd for chromatographic purification of the corresponding products. This partly annuls the 
profitss of employing cyclization/cleavage strategy and is a drawback in parallel applications. 

4.55 Conclusions 

Besidess being able to combinatorially synthesize tetracyclic core structures having a 
diketopiperazinee ring fused to a tetrahydro-p-carboline (see Chapter 3), we have now 
developedd methodology for parallel preparation of fused ring systems other than 
diketopiperazines,, also based on cyclization/cleavage strategy. Extension to seven-membered 
bis-lactamss could be achieved by using homo-amino acid building blocks. Different indolyl 
diazepane-dionee systems could be obtained by introducing the extra carbon atom either with 
thee last building block incorporated, or with the very first tryptophan building block esterified 
too the solid support. The choice of an appropriate linker system for these syntheses was of 
vitall  importance. Finally, the HMBA linker proved to be stable enough to survive our 
syntheticc protocol ensuring high compound diversity, but still sufficiently activated to warrant 
cyclizationn of larger ring systems. Regretfully, we were unable to form 8-membered ring 
systemss via this approach. 

Forr synthesis of 5-membered hydantoin rings, two ways of introducing the required 
substitutedd urea functionality to the sterically hindered resin-bound tetrahydro-fi-carboline 
weree developed. The cyclization precursors could be efficiently generated in one step by 
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incorporatingg isocyanate building blocks. To make an even wider compound diversity 
accessible,, a two-step sequence was developed involving reaction of the tetrahydro-P-
carbolinee with phosgene to give the carbamoyl chloride, and subsequent introduction of 
primaryy amine diversity elements. Regretfully, carbonyl donors less harmful than phosgene 
couldd not be used due to steric restrictions. Cyclization of the urea-type precursors generally 
requiredd heating in the presence of a tertiary amine base. A library of 60 diastereomeric 
indolyll  hydantoins was prepared on a robot synthesizer to validate the methodology involving 
isocyanatee building blocks. Though the overall yields were generally moderate, the library 
qualityy in terms of LC purity was sufficiently high to justify biological screening without 
furtherr purification. In certain cases, major side products detected by MS analysis could be 
adequatelyy explained and related to particular isocyanate building blocks. 

Combiningg the experience with the 5- and 7-membered ring system syntheses, the 
methodologyy could be extended to preparation of modified 6-membered rings. Pictet-
Spenglerr reaction of resin-bound homo-tryptophan followed by incorporation of isocyanate 
buildingg blocks and cyclization/cleavage resulted in formation of indolyl dihydropyrimidine-
diones.. The tendency to cyclize turned out to be substrate-dependent and was only slightly 
influencedd by the activated HMBA linker for the more difficultly cyclized products. To 
releasee the latter compounds, and thus to make the methodology generally applicable, use of a 
strongg non-nucleophilic base (DBU) was required. This necessitates end product purification, 
therebyy annulling in part the profits of cyclorelease strategy. 
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4.77 Experimenta l 

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

Cis,transCis,trans l-Ethyl-2,3,4,9-tetrahydro-lff-p-carboline-3-carboxylate on hydroxyethyl polystyrene; resin (1). 
°° f\ Starting from 0.500 g hydroxyethyl polystyrene, capacity 1.30 mmol/g, resin (1) was 

c r ^^ prepared using the standard sequence described in Chapter 3. FT-IR (KBr), v [cm"']: 
34199 (br, m, NH), 1733 (s, CO ester). 

Couplingg of Fmoc-pAla-OH (2) to (1); resin (4). Resin (1), prepared from 0.500 g hydroxyethyl polystyrene 
oo r\ 1.30 mmol/g (0.65 mmol), and 0.608 g Fmoc-pAla-OH (2) (1.95 mmol) were 

 suspended in NMP (5 mL). DiPEA (0.504 g, 3.90 mmol, 0.679 mL) was added, 
v - \ HH followed by TCFH (0.562 g, 2.00 mmol), and the suspension was agitated for 16 
oo 'Fmoc h, by gently bubbling nitrogen gas through. The solvent was filtered off, and the 

resinn was washed with NMP ( 3 x5 mL), DCM ( 3 x5 mL), alternating MeOH and DCM (3 cycles of 5 mL), 
alternatingg Et20 and THF (3 cycles of 5 mL), and finally once more with THF (5 mL). The resin was dried in 
vacuovacuo at 50°C for 3 h., to give resin (4), 0.707 g, 61 % from the unloaded resin. 

Couplingg of Fmoc-yAba-OH (3) to (1); resin (5). Resin (1), prepared from 0.500 g hydroxyethyl polystyrene 
°° O 1.30 mmol/g (0.65 mmol), and 0.634 g Fmoc-yAba-OH (3) (1.95 mmol) were 

suspendedd in NMP (5 mL). DiPEA (0.504 g, 3.90 mmol, 0.679 mL) was added, 
followedd by TCFH (0.562 g, 2.00 mmol), and the suspension was agitated for 16 
h.. by gently bubbling nitrogen gas through. The solvent was filtered off, and the 

resinn was washed with NMP ( 3 x5 mL), DCM ( 3 x5 mL), alternating MeOH and DCM (3 cycles of 5 mL), 
alternatingg Et20 and THF (3 cycles of 5 mL), and finally once more with THF (5 mL). The resin was dried in 
vacuovacuo at 50°C for 3 h„  to give resin (5), 0.720 g, 63% from the unloaded resin. 

Fmoc-deprotectionn of (4); resin (6). Resin (4) was suspended in THF (5 mL), and 0.25 mL piperidine was 
i?? Q added. The suspension was agitated for 16 h. at room temperature by gently bubbling 

OO nitrogen gas through. The solvent was filtered off and collected, and the resin was 
III N 

'' V ^ ^ N H washed with THF ( 3 x5 mL). The collected filtrates were evaporated. Analysis by 
00 TLC [Rf (EA/EtOH 9:1 + 5% Et,N) 0.73] and 'H-NMR revealed the sole release of 

/V-(9-fluorenylmethyl)piperidine;; for analytical data see Chapter 3. 

Fmoc-deprotectionn of (5); resin (7). Resin (5) was suspended in THF (5 mL), and 0.25 mL piperidine was 
{?? O added. The suspension was agitated for 16 h. at room temperature by gently 

voo bubbling nitrogen gas through. The solvent was filtered off and collected, and the 
V N " " X Y ' ' \ — \ ^ vv r e sm w as w a s n ed with THF ( 3 x5 mL). The collected filtrates were evaporated. 

JJ o NH; Analysis by TLC [R, (EA/EtOH 9:1 + 5% Et3N) 0.73] and 'H-NMR revealed the 
solee release of /V-(9-fluorenylmethyl)piperidine (for analytical data see Chapter 3). 

Attemptt  to effect cyclization/cleavage from resins (6) and (7). Resins (6) and (7) were suspended in a 5% 
Et,NN solution in THF or CHC1,, and refluxed overnight. Release of UV-active material from the solid supports 
couldd not be detected. 

111 N 
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Cleavagee of material on resin (6) with ethylamine; (8). Resin (6) was suspended in a 1:1 mixture of THF and 
70%% aqueous ethylamine, and agitated overnight at room temperature by gently 
bubblingg nitrogen gas through. The solvent was filtered and collected, and the resin 
wass washed with THF ( 3 x5 mL). The collected filtrates were evaporated, and the 
productss separated by flash chromatography; major product 24 mg, Rf (EA/EtOH 9:1 

++ 5% Et,N) 0.26; minor product 1 mg, Rf 0.46. 'H-NMR. major product, diastereomeric mixture, (200 MHz, 
CDC1,),, 8 [ppm]: 8.41 & 8.25 (br s, 1H), 7.56-7.03 (m, 4H), 6.71 & 6.13 (br s, 1H), 5.81 & 5.72 (t, J = 8 Hz, 
1H),, 4.78 & 4.64 (dd, J = 14 Hz, J = 4 Hz, or t-like, 1H), 3.87-2.98 (m, 6H), 2.95-2.74 (m, 2H), 2.11 -1.66 (m, 
6H),, 1.06 (m,3H). 

Couplingg of Fmoc-PAla-OH (2) to tetrahydro-p-carboline (9a,b); (10a,b). In a dry round-bottomed flask 
underr N2 atmosphere, 0.995 g (3.25 mmol) of an approximately 1:1 mixture of cis 
andd trans t-phenyl-2,3,4,9-tetrahydro-l//-|3-carboline-3-carboxyIic acid methyl 
esterr (9a,b) (see Chapter 3) was dissolved in DCM (40 mL). Fmoc-pAla-OH (2) 
(2.0222 g, 6.50 mmol) was added, followed by DiPEA (1.680 g, 2.26 mL, 13.00 
mmol)) and CIP (1.809 g, 6.50 mmol). The reaction was stirred for 6 h. at room 

temperature,, checked on TLC for completion, diluted with DCM (60 mL) and extracted with 5% NaHC03 (3 x 
400 mL) and sat. NaCl (40 mL). The organic phase was dried (Na2S04), and the solvent was evaporated. Flash 
chromatographyy with gradient elution (PE + 5% Et3N to PE/EA 1:3 + 5% Et3N) afforded the pure 
diastereoisomerss (10a), 0.66 g (34%), and (10b), 0.88g (45%). 

(10a)::  Rf (PE/EA 1:3 + 5% Et3N) 0.42. 'H-NMR. rotameric mixture, (400 MHz, CDC13), 8 [ppm]: 7.87 (br s, 
1H),, 7.74 (d, .7 = 7.6 Hz, 2H), 7.57-7.51 (m, 3H), 7.40-7.11 (m, 12H),6.11 &6.07(brs, 1H), 5.56 & 5.41 (br s, 
1H),, 5.26 & 5.08 (br s, 1H), 4.31 (d, J = 7.0 Hz, 2H), 4.17 (t, J = 7.0 Hz, 1H), 3.71-3.53 (m, 4H). 3.51-3.35 (m, 
2H),, 3.25 (dd, J = 15.5 Hz, J = 4.4 Hz, 1H), 2.79-2.63 & 2.45-2.36 (m, 2H). HR-MS (FAB): observed mass 
600.2521;; calculated mass for C37H34N305 (M+H) 600.2498. 
(10b)::  Rf (PE/EA 1:3 + 5% EtjN) 0.50. 'H-NMR (400 MHz, CDC13), 8 [ppm]: 7.73 (br s, 1H), 7.74 (d, J = 7.6 
Hz,, 2H), 7.61-7.56 (m, 3H), 7.39-7.15 (m, 12H), 7.08 (s, 1H), 5.60 (br s, 1H), 4.87 (d, J = 6.6 Hz, 1H), 4.35-4.31 
(m,, 2H), 4.19 (t, J m 7JO Hz, 1H), 3.68 (d, J = 15.9 Hz, 1H), 3.67-3.55 (m, 2H), 3.08 (dd, J = 15.2 Hz, J = 7.0 Hz, 
1H),, 2.97 (s, 3H), 2.76 (m, 2H). HR-MS (FAB): observed mass 600.2524; calculated mass for C„H34N,05 

(M+H)) 600.2498. 

Couplingg of Fmoc-yAba-OH (3) to tetrahydro-p-carboline (9a,b); (11a,b). In a dry round-bottomed flask 
underr N2 atmosphere, 0.355 g (1.16 mmol) of an approximately 1:1 mixture of cis 
andd trans l-phenyl-2,3,4,9-tetrahydro-l//-|3-carboline-3-carboxylic acid methyl 
esterr (9a,b) (see Chapter 3) was dissolved in DCM (20 mL). Fmoc-yAba-OH (3) 
(0.7511 g, 2.31 mmol) was added, followed by DiPEA (0.646 g, 0.871 mL, 5.00 
mmol)) and CIP (0.648 g, 2.33 mmol). The reaction was stirred for 6 h. at room 

temperature,, checked on TLC for completion, diluted with DCM (30 mL) and extracted with 5% NaHCO, (3 x 
300 mL) and sat. NaCl (30 mL). The organic phase was dried (Na2S04), and the solvent was evaporated. Flash 
chromatographyy (PE/EA 1:2) afforded the pure diastereoisomers (11a), 0.264 g (37%), and (lib) , 0.310 g 
(44%). . 

(11a)::  Rf (PE/EA 1:2) 0.35. 'H-NMR. rotameric mixture, (400 MHz, CDC1,), 8 [ppm]: 7.78-7.72 (m, 3H), 7.58 
(d,77 = 6.8Hz, 2H), 7.51 (d, J = 8.0 Hz, 1H). 7.40-7.10 (m, 12H), 6.05 (br s, 1H), 5.13 (br s, 1H),4.90 (A,J = 5.5 
Hz,, 1H), 4.35-4.31 & 4.25-4.23 (m, 2H), 4.16-4.13 (m, 1H), 3.66 (d, J = 15.7 Hz, 1H), 3.32-3.20 (m, 2H), 3.07 
(dd,, J = 15.7 Hz, J = 7.0 Hz, 1H), 2.95 (s, 3H), 2.60-2.55 & 2.45-2.38 (m, 2H), 2.03-1.93 & 1.87-1.82 (m, 2H). 
HR-MSS (FAB): observed mass 614.2664; calculated mass for C38HKN,05 (M+H) 614.2655. 
(lib) ::  R, (PE/EA 1:2) 0.44. 'H-NMR. rotameric mixture, (400 MHz, CDCI,), 8 [ppm]: 7.74 (d, J = 7.6 Hz, 2H), 
7.677 (brs, 1H), (d, J = 7.6 Hz, 2H), 7.57-7.51 (m, 3H), 7.40-7.11 (m, 12H), 7.08 (s, 1H), 5.20 & 5.11 (brs, 1H), 
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4.966 & 4.86 (br s, 1H), 4.46-4.31 (m, 2H), 4.13 (t, J = 7.2 Hz, 1H), 3.62 (s, 3H), 3.62-3.49 (m, 1H), 3.32-3.02 
(m,, 3H), 2.50-2.43 & 2.21-2.11 (m, 2H), 1.89-1.68 (m, 2H). HR-MS (FAB): observed mass 614.2624; calculated 
masss for C38H36N305 (M+H) 614.2655. 

Fmoc-deprotectionn of (10a) and (10b); (12a) and (12b). A solution of 50 mg (0.089 mmol) of the distinct 
isomerss (10a) or (10b) in 1 mL 5% piperidine in THF was stirred at room temperature 
forr 16 h. After concentration under reduced pressure, the mixture was separated by 
flashh chromatography (DCM + l->5% MeOH + 5% Et_,N). (10a) gave 22 mg N-(9-
fluorenylmethyOpiperidinee (for analytical data see Chapter 3) and 23 mg (68%) of 
aminee (12a), R, (DCM + 1% MeOH + 5% Et,N) 0.07. Likewise, (10b) yielded 28 mg 

(80%)) of amine (12b), R, (DCM + 1% MeOH + 5% Et,N) 0.22. 

(12a)::  'H-NMR. rotameric mixture, (400 MHz, CDC1,), 8 [ppm]: 8.57 & 8.25 (br s, 1H), 7.50 (d, J = 7.0 Hz, 
1H),, 7.40-7.09 (m, 8H), 6.16 (br s, 1H), 5.24-5.09 (m, 1H), 3.70-3.40 (m, 1H), 3. 60 (br s, 3H), 3.26-3.20 (m, 
1H),, 2.98-2.79 (m, 2H), 2.60-2.51 & 2.45-2.40 (m, 2H), 1.91 (br s, 2H). "C-NMR (APT. 100 MHz, CDC1,), 5 
[ppm]:: 171.70, 170.43, 139.69, 136.28, 129.87, 129.24 (2x), 127.88 (2x), 127.58, 126.50, 121.85, 119.10, 
118.54,, 110.61, 106.96, 52.25, 51.66, 50.76, 37.46, 36.31, 20.86. HR-MS (FAB): observed mass 378.1851; 
calculatedd mass for C22H24N303 (M+H) 378.1818. 

(12b)::  'H-NMR. (400 MHz, CDC13), 8 [ppm]: 9.51 (br s, 1H), 7.51 (d, J = 7.0 Hz, 1H), 7.47-7.01 (m, 9H), 4.66 
(d,, J = 6.5 Hz, 1H), 3.36 (d, J = 15.8 Hz, 1H), 3.24-3.17 (m, 2H), 2.97-2.90 (m, 1H), 2.88 (s, 3H), 2.63-2.59 (m, 
2H),, 1.58 (br s, 2H). "C-NMR (APT. 100 MHz, CDC13), 8 [ppm]: 174.87, 171.63, 141.55, 136.65, 132.85, 
129.099 (2x), 128.56, 127.97, 126.34 (2x), 122.08, 119.54, 118.24, 111.11, 106.52, 57.60, 54.02, 52.29, 37.88, 
37.69,, 22.58. HR-MS (FAB): observed mass 378.1845; calculated mass for C22H24N303 (M+H) 378.1818. 

Fmoc-deprotectionn of (11a) and (lib) ; (13a) and (13b). A solution of 55 mg (0.090 mmol) of the distinct 
isomerss (11a) or ( l i b ) in 1 mL 5% piperidine in THF was stirred at room 
temperaturee for 16 h. After concentration under reduced pressure, the mixture was 
separatedd by flash chromatography (gradient elution from PE/EA 3:1 +5% Et3N to 
EA/EtOHH 1:1 + 5% Et3N). (11a) gave JV-(9-fluorenylmethyI)piperidine (for analytical 
dataa see Chapter 3) and 22 mg (62%) of amine (13a), R/ (EA/EtOH 1:1+5% Et3N) 

0.12.. Likewise, (lib ) yielded 16 mg (49%) of amine (13b), Kf (EA/EtOH 1:1+5% Et3N) 0.20. 
(13a)::  'H-NMR. rotameric mixture, (400 MHz, CDC1,), 8 [ppm]: 8.57 & 8.25 (br s, 1H), 7.50 (d, J = 7.0 Hz, 
1H),, 7.40-7.09 (m, 8H), 6.16 (br s, 1H), 5.24-5.09 (m, 1H), 3.70-3.40 (m, 1H), 3. 60 (br s, 3H), 3.26-3.20 (m, 
1H),, 2.98-2.79 (m, 2H), 2.60-2.51 & 2.45-2.40 (m, 2H), 1.91 (br s, 2H). 
(13b)::  'H-NMR. (400 MHz, CDCI,), 8 [ppm]: 9.51 (br s, 1H), 7.51 (d, J = 7.0 Hz, 1H), 7.47-7.01 (m, 9H), 4.66 
(d,, J = 6.5 Hz, 1H), 3.36 (d, J = 15.8 Hz, 1H), 3.24-3.17 (m, 2H), 2.97-2.90 (m, 1H), 2.88 (s, 3H), 2.63-2.59 (m, 
2H),, 1.58(brs, 2H). 

Couplingg of Cbz-pAla-OH to tetrahydro-P-carboline (9a,b); (14a,b). In a dry round-bottomed flask under N2 

atmosphere,, 0.998 g (3.26 mmol) of an approximately 1:1 mixture of cis and trans 1-
phenyl-2,3,4,9-tetrahydro-l//-P-carboline-3-carboxylicc acid methyl ester (9a,b) (see 
Chapterr 3) was dissolved in DCM (30 mL). Cbz-pAla-OH (1.453 g, 6.52 mmol) was 
added,, followed by DiPEA (1.680 g, 2.26 mL, 13.00 mmol) and CIP (1.820 g, 6.53 
mmol).. The reaction was stirred for 6 h. at room temperature, checked on TLC for 

completion,, diluted with DCM (60 mL) and extracted with 5% NaHC03 (3 x 50 mL) and sat. NaCl (50 mL). The 
organicc phase was dried (Na2S04), and the solvent was evaporated. Flash chromatography (PE/EA 1:3 + 5% 
Et3N)) afforded the pure diastereoisomers (14a), 0.72 g (43%), and (14b), 0.56g (34%), and 0.26 g (16%) of a 
mixx fraction. 
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(14a)::  Rf (PE/EA 1:3 + 5% Et,N) 0.35. 'H-NMR. rotameric mixture, (400 MHz, CDC1,), 8 [ppm]: 7.81 & 7.77 
(brr s, 1H), 7.51 (d, J = 8.1 Hz, 1H), 7.33-7.09 (m, 13H), 6.08 & 6.04 (br s, 1H), 5.52 & 5.46 (br s, 1H), 5.23 & 
5.100 (br s, 1H), 5.07-5.01 (m, 2H), 3.64-3.40 (m, 3H), 3.61 (s, 3H), 3.23 (dd, J = 15.8 Hz, J = 5.0 Hz, 1H), 2.74-
2.633 & 2.50 (m & br s, 2H). 

(14b)::  R, (PE/EA 1:3 + 5% Et3N) 0.47. 'H-NMR (400 MHz, CDC13), 8 [ppm]: 7.72 (br s, 1H), 7.60 (d, J = 7.5 
Hz,, 1H), 7.33-7.15 (m, 13H), 7.04 (s, 1H), 5.56 (br s, 1H), 5.08 (s, 2H), 4.86 (d, J = 6.5 Hz, 1H), 3.67 (d, J = 
15.44 Hz, 1H), 3.64-3.49 (m, 2H), 3.06 (dd, J = 15.2 Hz, J = 5.9 Hz, 1H), 2.96 (s, 3H), 2.74 (m, 2H). 

Cbz-deprotectionn of (14a) and (14b); (12a) and (12b). To a solution of 104 mg (0.203 mmol) of the distinct 
isomerss (14a) or (14b) in 25 mL EtOH, 36 mg of 10 weight% Pd/C was added, and 
hydrogenationn was conducted using a balloon filled with hydrogen gas under 
vigorouss stirring. When the reaction had gone to completion after 4 h. at room 
temperature,, the mixture was filtered over HyFlo, and the HyFlo was washed with 
EtOHH (3 x 25 mL). The filtrate was evaporated, to give (10a) in 98% yield (74 mg). 

Likewise,, (10b) was obtained in 97% yield (73 mg). For analytical data, see Fmoc-deprotection of (10a), (10b). 

Attemptss to cyclize (12a,b), general procedures. Small amounts of (12a) or (12b), typically -5 mg but in a 
feww cases a higher amount, were dissolved in 5 to 10 mL of toluene, DMF, THF or CH,CN. Optionally, Et,N or 
KCNN was added, and the reaction mixtures were refluxed under nitrogen efflux for up to 3 days. Reaction 
mixturess slowly turned from colorless to yellow. Monitoring the mixtures (TLC, HPLC) in all cases showed 
startingg material, often accompanied by minor amounts of other products. 'H-NMR-analysis of the crude 
mixturess in all cases showed major presence of starting material, and in no case any sign of detectable 
cyclization.. In the case of refluxing DMF, crude 'H-NMR showed the presence of a compound still having a 
methyll  ester functionality, but apparently lacking characteristic signals of the hydrogen atoms attached to the 
twoo chiral centers. Together with the yellow color, this is indicative of oxidative decomposition. 

Saponificationn of methyl ester  (14a,b) to carboxylic acid (15a,b). To a stirred solution of 258 mg (0.505 
mmol)) of a diastereomeric mixture of Cbz-protected methyl ester (14a,b) in 10 mL 
EtOH,, a solution of 0.39 g (9.75 mmol) NaOH in 2mL water was added. After 
stirringg for 4 h. at room temperature, the reaction mixture was neutralized with 5% 
aqueouss HC1, adjusted to pH 2 to 3 with 1% aqueous HCI, and extraction with 
EtOAcc (3 x 30 mL). The combined organic layers were washed with sat. NaCl (30 

mL),, dried (Na,S04) and evaporated to afford 243 mg (97%) of the diastereomeric free acid (15a,b) as a white 
solid.. Based on isomeric integral ratios, the following data were distilled from the spectrum of the mixture: 
(15a)::  'H-NMR. rotameric mixture, (400 MHz, CDC1,), 8 [ppm]: 8.41 & 8.23 (br s, 1H), 7.47 (d, J = 6.8 Hz, 
1H),, 7.36-7.07 (m, 13H), 6.04 & 6.02 (br s, 1H), 5.55 & 5.38 (br s, 1H), 5.20 & 5.08 (br s, 1H), 4.96 (br s, 2H), 
3.46-3.133 (m, 4H), 2.74-2.63 & 2.50 (m & br s, 2H). 

(15b)::  'H-NMR. rotameric mixture, (400 MHz, CDCI3), 8 [ppm]: 7.91 & 7.84 (br s, 1H), 7.57 (d, J = 6.6 Hz, 
1H),, 7.36-7.07 (m, 12H), 6.89 (br s, 1H), 6.83 (br s, 1H), 5.56 (br s, 1H), 5.00 (s, 2H), 4.79 (d, J = 4.4 Hz, 1H), 
3.61-2.699 (m, 4H), 2.67-2.43 (m, 2H). 

Synthesiss of pentafluorophenyl ester (16a,b) from free acid (15a,b). Under dry, inert conditions, a stirred 
solutionn of 74 mg (0.15 mmol) of a diastereomeric mixture of acid (15a,b) and 30 
mgg (0.16 mmol) pentafluorophenol in 2 mL EtOAc was cooled in an ice bath. 
Afterr addition of a solution of 38 mg (0.18 mmol) DCC in 0.5 mL EtOAc, the 
mixturee was allowed to react for 24 h, and the reaction mixture was filtered over a 
dryy glass filter. The filtrate was evaporated under reduced pressure, affording 122 
mgg of the crude pentafluorophenyl ester (16a,b), which was used without further 
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purification.. Kf (PE/EA 1:3 + 5% Et3N) 0.50. 'H-NMR (mixture), (400 MHz, CDCI,), 8 [ppm]: 8.00 (br s, 1H), 
7.544 (d, J = 7.7 Hz, 1H), 7.37-7.07 (m, 13H), 6.14 (br s, 1H), 5.49 & 5.38 (brs, 1H), 5.15 & 5.08 (br s, 1H), 5.03 
(brr s, 2H), 3.67-3.30 (m, 4H), 2.85-2.76 & 2.62-2.53 (m, 2H). HR-MS (FAB): observed mass 664.1891; 
calculatedd mass for C3,H27F5N3Os (M+H) 664.1871. 

Catalyticc hydrogenation of (16a,b) with cyclization to diazepane-dione (17a,b). To a solution of 122 mg 
crudee pentafluorophenylester (16a,b) in 25 mL EtOH, 32 mg of 10 weight% Pd/C was 
added,, and hydrogenation was conducted using a balloon filled with hydrogen gas under 
vigorouss stirring. When the reaction had gone to completion after 4 h. at room 
temperature,, the mixture was filtered over HyFlo, and the HyFlo was washed with EtOH 
(33 x 25 mL). The filtrate was evaporated to give 76 mg of a crude mixture, which was 

purifiedd by flash chromatography (DCM + l-»5% MeOH + 5% Et3N) to afford 27 mg (52% over 2 steps from 
(15a,b))) of a mixture of diastereoisomers of the diazepane-dione (17a,b). HR-MS (FAB): observed mass 
346.1525;; calculated mass for C21H,„N302 (M+H) 346.1556. Based on intergral ratios of the two isomers, the 
followingg data were distilled from the spectrum of the mixture: 

(17a)::  'H-NMR. (400 MHz, CDC13), 8 [ppm]: 8.28 (br s, 1H), 7.60 (d, J = 7.0 Hz, 1H), 7.36-7.12 (m, 8H), 6.70 
(s,, 1H), 5.92 (br s, 1H), 4.96 (dd, J = 7.8 Hz, J = 4.9 Hz, 1H), 3.67 (dd, J = 15.9 Hz, J = 4.9 Hz, 1H), 3.53-3.39 
(m,, 2H), 3.28 (dd, J = 15.9 Hz, J = 5.0 Hz, 1H), 3.09 (t, J = 5.3 Hz, 2H). 
(17b)::  'H-NMR. (400 MHz, CDC13), 8 [ppm]: 8.37 (br s, 1H), 7.54 (d, J = 7.7 Hz, 1H), 7.36-7.12 (m, 8H), 7.21 
(s,, 1H), 6.84 (br s, 1H), 4.49 (dd, J = 12.1 Hz, J = 3.7 Hz, 1H), 3.42 (dd, J = 15.4 Hz, J = 3.1 Hz, 1H), 3.53-3.39 
(m,, 2H), 3.21 (dd, J = 15.4 Hz, J = 12.3 Hz, 1H), 2.91 (t, J = 5.3 Hz, 2H). 

Synthesiss of phenyl ester  (18a,b) from free acid (15a,b). Under dry, inert conditions, 259 mg (0.521 mmol) of 
aa diastereomeric mixture of acid (15a,b), 126 mg (1.34 mmol) of phenol and 170 uL 
(2.100 mmol) of pyridine were dissolved in 8 mL DCM. Next, 280 mg (1.34 mmol) of 
2,6-dichlorobenzoylchloridee was added, the mixture was stirred at room temperature 
forr 48 h. The reaction mixture was diluted 2-fold, and extracted with 5% NaHCO, (2 
xx 15 mL), water (15 mL) and sat. NaCl (15 mL). After drying (Na:S04), the organic 
phasee was evaporated under reduced pressure, and the residue was purified by flash 

chromatographyy (PE/EA 1:3 + 5% Et3N) to afford 265 mg (89%) of the phenyl ester (18a,b) as a greenish glass. 
R,R, (PE/EA 1:3 + 5% Et3N) 0.44. 'H-NMR (mixture), (400 MHz, CDC13), 8 [ppm]: 7.91 & 7.81 (br s, 1H), 7.55 
(d,, J = 7.6 Hz, 1H), 7.36-7.13 (m, 18H), 6.16 & 6.10 (br s, 1H), 5.48 & 5.38 (br s, 1H), 5.32 & 5.24 (br s, 1H), 
5.022 (br s, 2H), 3.67 (dd, J = 15.6 Hz, J = 6.0 Hz, 1H), 3.50-3.16 (m, 2H), 3.30 (dd, J = 15.6 Hz, J = 4.2 Hz, 1H), 
2.79-2.688 & 2.43-2.35 (m, 2H). HR-MS (FAB): observed mass 574.2351; calculated mass for C,5H32N305 

(M+H)) 574.2342. 

Catalyticc hydrogenation of (18a,b) with cyclization to diazepane-dione (17a,b). To a solution of 296 mg 
(0.5166 mmol) phenylester (18a,b) in 30 mL EtOH, 73 mg of 10 weight% Pd/C was added, 
andd hydrogenation was conducted overnight at room temperature using a balloon filled 
withh hydrogen gas under vigorous stirring. The mixture was filtered over HyFlo, and the 
HyFloo was washed with EtOH (3 x 25 mL). The filtrate was evaporated and the residue 
wass purified by flash chromatography (DCM + 5% MeOH + 5% Et,N) to afford 453 mg 

(88%)) of the diazepane-dione (17a,b); for analytical data see above. Attempts to crystallize the compound failed. 
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Fmoc-tryptophann pentafluorophenyl ester (19). To a stirred solution of 4.293 g (10.07mmol) Fmoc-L-
tryptophann and 1.896 g (10.30 mmol) pentafluorophenol in 75 mL EtOAc cooled at 
0°C,, a solution of 2.111 g (10.23 mmol) DCC in 15 mL EtOAc was added. After 6 
h.,, extra pentafluorophenol (0.310 g) and DCC (0.213 g) were added, and stirring 
wass continued for 16 h. The dicyclohexylurea was filtered of and washed with 
EtOAcc (2 x 15 mL), and the filtrate was evaporated under reduced pressure. The 

residuee was recrystallized from DCM/PE 5:1, to give 3.323 g (54%) of pentafluorophenyl ester (19) as white 
crystals.. Because the solid material residue filtered off from the reaction mixture contained more product, this 
mixturee was dissolved in hot CHC13 and cooled to room temperature. The formed solid was filtered off, and the 
filtratee was evaporated to afford 2.705 g of impure (19) (still containing -15% dicyclohexylurea). Rr(PE/EA 1:3 
++ 5% Et3N) 0.61.'H-NMR (400 MHz, DMSCw/fi), 5 [ppm]: 10.96 (s, 1H), 8.32 (d, J = 10.9 Hz, 1H)), 7.90 (d, J 
== 7.5 Hz, 1H), 7.69-7.61 (m, 3H), 7.48-7.01 (m, 8H), 4.75-4.69 (m, 1H), 4.42-4.21 (m, 5H). 

Treatmentt of Fmoc-tryptophan pentafluorophenyl ester (19) with piperidine; (20). Under dry, inert 
pp conditions, 2.372 g (4.005 mmol) Fmoc-L-tryptophan pentafluorophenyl ester (19) was 

dissolvedd in 40 mL 5% piperidine in THF, and stirred for 3 h, at room temperature. The 
reactionn mixture was evaporated and the residue was purified by flash chromatography 
(DCM/MeOHH 9:1 + 5% Et3N) to yield 1.053 g of a white foam, which proved to be the 

piperidinee amide of tryptophan (20). Rf (PE/EA 1:3 + 5% Et3N) 0.61. 'H-NMR (400 MHz, CDC13), 5 [ppm]: 
8.411 (s, 1H), 7.55 (d, 7 = 7.9 Hz, 1H), 7.35 (d,/ = 8.1 Hz, 1H), 7.19 (m, 1H), 7.11 (m, 1H), 7.07 (d, J = 1.6 Hz, 
1H),, 4.81 (br s, 2H), 4.11 (t, J = 7.2 Hz, 1H), 3.53-3.50 (m, 2H), 3.30-3.26 (m, 1H), 3.18-3.11 (m, 2H), 2.98-
2.922 (m, 1H), 1.54-1.48 (m, 3H), 4.41-1.32 (m, 2H), 1.17-1.08 (m, 1H). HR-MS (FAB): observed mass 
271.1707;; calculated mass for C,6H22N30 (M+H) 272.1763. 

Treatmentt of Fmoc-tryptophan pentafluorophenyl ester (19) with TBAF. Under dry, inert conditions, 0.473 
gg (0.798 mmol) Fmoc-L-tryptophan pentafluorophenyl ester (19) was dissolved in 8 mL THF. TBAF (0.86 g, 
3.977 mmol) was added, upon which the solution immediately turned yellow. TLC analysis showed a complex 
mixturee of compounds, and the reaction mixture was not worked up. 

Couplingg of p-hydroxybenzoic acid to benzylamine, optimal procedure. To a stirred solution of 55 uL (0.50 
oo mmol) benzylamine and 69 mg (0.50 mmol) p-hydroxybenzoic acid in 5 mL DMF, 

iT^II  H T ^ ° 1 5 7 m L ( 1 ' 0 0 m m 0' ) D I P C DI a nd 1 35 m8 (1-00 mmol) HOBt were added and the 
HO'^s^^ ^ ^ mixture was stirred at room temperature. TLC taken after 1 h. showed near complete 
progress.. The mixture was allowed to go to completion overnight, diluted with 15 mL of a 1:1 mixture of EtOAc 
andd Et,0, and extracted with water (3x15 mL). The water layers were back-extracted with 1:1 EtOAc/Et20 (3 x 
155 mL), and the combined organic layers were dried (Na2S04) and concentrated. Flash chromatography of the 
residuee (DCM/MeOH 9:1 + 5% Et3N) afforded a white solid, which was recrystallized from CHClj to give 109 
mgg (96%) of /V-benzyl-p-hydroxybenzamide. Rf (DCM/MeOH 9:1 + 5% Et,N) 0.67. 'H-NMR (400 MHz, 
DMSO-rf6),, 8 [ppm]: 9.99 (br s, 1H), 8.79 (t, J = 6.0 Hz, 1H), 7.78 (d, J = 8.7 Hz, 2H), 7.35-7.23 (m, 5H), 6.87 
(d,, J= 8.7 Hz, 2H), 4.46 (d, J = 6.0 Hz, 2H). 

Couplingg of p-hydroxybenzoic acid to aminomethyl polystyrene (22). Aminomethyl polystyrene (21) 1.31 
99 mmol/g (Rapp Polymere), 1.016 g s 1.33 mmol, and 0.367 g (2.66 mmol) p-

I T ' ^ I H ' " " ' ' ^^ hydroxybenzoic acid were suspended in 10 mL NMP. Next, 0.336 g (418 U.L, 2.66 mmol) 
H O ^ ^^ DIPCDI and 0.359 g (2.66 mmol) HOBt were added, and the suspension was agitated for 
166 h. by gently bubbling nitrogen gas through. The solvent was filtered off, and the resin was washed with NMP 
(3x100 mL), DCM (3x10 mL), alternating MeOH and DCM (3 cycles of 10 mL), alternating Et,0 and THF (3 
cycless of 10 mL), and finally once more with THF (10 mL). The resin was dried in vacuo at 50°C for 3 h., to 
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givee resin (22), 1.182 g, 104% from the unloaded resin (21). Bromophenol blue test: negative. Single bead 
MieroIR,, v [cm1]: 3520 (m, OH), 3425, 3300 (m, NH), 1640 (s, CO amide I), 1540 (s, CO amide II) . 

Loadingg ofp-hydroxybenzamide resin (22) with Fmoc-tryptophan; (23). Resin (22) and 1.702 g (3.99 mmol) 
Fmoc-Trp-OHH were suspended in 10 mL DMF. Pyridine (0.526 g, 0.54 
mL,, 6.65 mmol) was added, followed by 2,6-dichlorobenzoylchloride 
(0.836g,, 0.57 mL, 3.99 mmol), and the suspension was agitated for 16 h. 
byy gently bubbling nitrogen gas through. The solvent was filtered off, and 
thee resin was washed with DMF (3 x 10 mL), DCM (3 x 10 mL), 

alternatingg MeOH and DCM (3 cycles of 10 mL), alternating Et,0 and THF (3 cycles of 10 mL), and finally 
oncee more with THF (10 mL). The resin was dried in vacuo at 50°C for 3 h., to give resin (23), 1.627 g, 82% 
fromm (22). Fmoc-test: capacity 0.68 mmol/g; 81% from (21). Single bead MieroIR, v [cm*1]: 3430, 3300 (m, 
NH),, 1730 (m, CO ester), 1710 (m, CO carbamate), 1640 (s, CO amide I), 1540 (s, CO amide II). 

Treatmentt  of resin (23) with piperidine. Resin (23) was suspended in 10 mL of a 5% solution of piperidine in 
oo DMF, and the suspension was agitated for 3 h. at room temperature. After working up 

thee resin routinely, the weight of the resin was 1.136 g (virtual 222% loss of Fmoc). 
Bromophenolbluee test: initially greenish-blue, but yellow (negative) after 0.5 min. 
Singlee bead MieroIR, v [cm1]: 3520 (m, OH), 3425, 3300 (s, NH), 1740 (w, CO ester), 

16500 (vs, CO amide I), 1540 (vs, CO amide II). HPLC analysis of the reaction solvent showed peaks with 
retentionn times corresponding to previously analyzed L-tryptophan piperidine amide (20), free dibenzofulvene 
(tracee amount) and W-(9-fluorenylmethyl)piperidine. 

Treatmentt  of resin (23) with TBAF. A freshly prepared batch of resin (23) was suspended in 10 mL of THF, 5 
equivalentss of TBAF were added, and the suspension was agitated for 2 h. at room temperature. After working 
upp the resin routinely, gravimetrical analysis of the resin indicated a virtual 186% loss of Fmoc. HPLC analysis 
off  the reaction solvent showed the presence of several products next to free dibenzofulvene. 

Treatmentt  of resin (23) with DBU. A freshly prepared batch of resin (23) (0.697 g, max. 0.77 mmol) was 
suspendedd in 10 mL, and 1 volume% (100 u\L) of DBU was added. After agitating the mixture for 1 min, the 
solventt was filtered off, the resin was washed with DMF (2 x 10 mL), and the procedure was repeated. After 
workingg up the resin routinely, the of the resin was 0.432 g (virtual 410% loss of Fmoc). Bromophenol blue test: 
positive.. HPLC analysis of the reaction solvent showed the presence of four products next to free 
dibenzofulvene. . 

Attemptedd synthesis using the 4-hydroxy-3-methoxybenzamide linker  (24). Following the protocol for 
j?? synthesis of linker system (22), (24) was prepared from (21) and 3 equivalents 

T ^TH^QQ ~*" of 4-hy<Jroxy-3-methoxy benzoic acid, DIPCDI and HOBt. Following the 
\Ki~^\Ki~  ̂ protocol for synthesis of resin (23), (26) was prepared in a low yield of 19% 

afterr first loading, and a moderate yield of 42% after repeating the procedure. Deprotection of (26) using 1.1 
equivalentt of piperidine in DMF at room temperature for 3 h. resulted in release of dibenzofulvene, its piperidine 
adductt and L-tryptophan piperidine amide (20), as detected by HPLC. Bromophenolblue test of the remaining 
resin:: negative. 

Attemptedd synthesis using the 4-hydroxy-3,5-dimethoxybenzamide linker  (25). Following the protocol for 
j ii  synthesis of linker system (22), (25) was prepared from (21) and 3 equivalents 

_~~ Y j H ^ — of 4-hydroxy-3,5-dimethoxy benzoic acid, DIPCDI and HOBt. Following the 
H 00 1̂  protocol for synthesis of resin (23), (27) was prepared in a moderate yield of 
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60%% after double loading. Deprotection of (27) using 1.1 equivalent of piperidine in DMF at room temperature 

forr 3 h. resulted in release of dibenzofulvene, its piperidine adduct and L-tryptophan piperidine amide (20), as 

detectedd by HPLC. Bromophenolblue test of the remaining resin: negative. 

Attemptedd synthesis using the 2-(4-hydroxyphenyl)acetamide linker  (28). Following the protocol for 
HH Q synthesis of linker system (22), (28) was prepared from (21) and 3 equivalents 

—*""  M l ""*  of 4-hydroxyphenyl acetic acid, DIPCDI and HOBt. Following the protocol 
H C ^ - ^^ for synthesis of resin (23), (30) was prepared in 78% yield. Deprotection of 

(30)) using 5% of piperidine in DMF at room temperature for 20 min. resulted in release of the dibenzofulvene 

piperidinee adduct and L-tryptophan piperidine amide (20), as detected by HPLC. Bromophenolblue test of the 

remainingg resin: negative. Gravimetric analysis: virtual 181% loss of Fmoc. 

Attemptedd synthesis using the 2-(4-hydroxy-3-methoxyphenyl)acetamide linker  (29). Following the 

HH (é^ protocol for synthesis of linker system (22), (29) was prepared from (21) and 
—*""  " l t T ^ ^ " " *~y  ̂ ~" 3 equivalents of 4-hydroxy-3-methoxyphenyI acetic acid (homovanillic 

H r r ^ ^^ acid), DIPCDI and HOBt. Following the protocol for synthesis of resin (23), 

(31)) was prepared in 60% yield. Deprotection of (30) using 5% of piperidine in DMF at room temperature for 20 
min.. resulted in release of the dibenzofulvene piperidine adduct and L-tryptophan piperidine amide (20), as 
detectedd by HPLC. Bromophenolblue test of the remaining resin: negative. Gravimetric analysis: virtual 173% 
losss of Fmoc. 

Attemptedd synthesis using the thioethyl amide linker  (32). Polystyrene AM-SH (32) 0.88 mmol/g (0.78 g, 
oo 0.686 mmol) (Rapp Polymere) and Fmoc-Trp-OH (2.058 mmol, 878 mg) were 

Hs'"^J'vN-'"V2 kk ~**  suspended in 10 mL DMF. DIPCDI (2.058 mmol, 322 p i) and HOBt (2.058 mmol, 
0.2788 g) were added, and the suspension was agitated for 16 h. by gently bubbling 

nitrogenn gas through. The resin was worked up routinely, to give 1.034 g (91%) of resin (33). Single bead 
MicroIR,, v [cm-1]: 3420, 3300 (m, NH), 1720 (s, CO carbamate), 1680 (vs, CO thioester), 1650 (s, CO amide I), 
15400 (vs, CO amide II). Resin (33) was subjected to treatment with 5% piperidine in DMF for 1 h. at room 
temperature,, resulting in release of the dibenzofulvene piperidine adduct and L-tryptophan piperidine amide 
(20),, as detected by HPLC. Bromophenolblue test of the remaining resin: negative. 

Attemptedd synthesis using hydroxymethyl polystyrene (34). Hydroxymethyl polystyrene (34) 0.87 mmol/g 
(NovaBiochem)) (0.725 g, 0.631 mmol), was loaded with Fmoc-Trp-OH, 
Fmoc-deprotected,, and subjected to Pictet-Spengler condensation with 
benzaldehydee according to the standard protocol described in Chapter 3. The 
resultingg resin-bound tetrahydro-P-carboline was acylated with Fmoc-pAla-
OHH using CIP as the coupling reagent to give (35) in 57% yield from (34), 

followingg the protocol for synthesis of resin (4). Resin (35) was suspended in 10 mL of 5% piperidine in THF 
andd the suspension was agitated for 16 h. at room temperature by gently bubbling nitrogen gas through. The 
solventt was filtered off, and the resin was washed with THF (3 x 10 mL) and dried in vacuo. The collected 
solventt layers only contained /V-(9-fluorenylmethyl)piperidine, as detected by HPLC. Bromophenolblue test of 
thee remaining resin (36): positive. FT-IR (KBr), v [cm'1]: 3411, 3320 (m, NH), 1739 (s, CO ester), 1649 (s, CO 
amidee I). Resin (36) was subjected to reaction overnight in 5% piperidine in THF at 60°C without result. 

Successfull  synthesis of diazepane-dione (17) using the HMBA linker  (37). 
j?? Loading. Polystyrene AM-HMB (37) 0.71 mmol/g (Rapp Polymere) 

XX B | T ° i l l H CS (1.000 g, 0.71 mmol), was loaded with 3 equiv. Fmoc-Trp-OH, 3 equiv. 
V ^ k - J11 HN ' L - ^ ^ N . J G' 

Fmocc I 2,6-dichlorobenzoylchloride and 5 equiv. pyridine in DMF for 16 h. at 
o o 
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roomm temperature, and worked up routinely to give (38). Yield 1.329 g; Fmoc-test 0.43 mmol/g (73%); FT-IR 
(KBr),, v [cm1] : 3419, 3314 (m, NH), 1720 (br, s, CO ester + carbamate), 1649 (s, CO amide I), 1531 (s, CO 
amidee II). 

Deprotection.Deprotection. Resin (38) was deprotected in 10 mL 5% piperidine in 
THFF for 2 h. at room temperature and worked up routinely, to give resin 
(39).. Yield 1.152 g; Bromophenolblue test positive; FT-IR (KBr), v [cm' 
'] :: 3422, 3314 (m, NH), 1736 (s, CO ester), 1649 (s, CO amide I), 1528 

(s,, CO amide II) . HPLC analysis of the reaction solvent did not show any compounds other than N-(9-
fluorenylmethyl)piperidine. . 

Pictet-Spengler.Pictet-Spengler. Resin (39) was subjected to Pictet-Spengler 
condensationn in 10 mL DCM containing 5 equiv. benzaldehyde and 5 
volume%% TFA for 5 h. at room temperature. After filtration and 
washingg with DCM (2 x 10 mL), the TFA salts on the resin were 
liberatedd by reaction with 10% DiPEA in DCM for 5 min. (3x10 mL), 

andd subsequently worked up routinely to give resin (40). Yield 1.372 g; FT-IR (KBr), v [cm'1]: 3415, 3300 (m, 
NH),, 1738 (s, CO ester), 1651 (s, CO amide I), 1526 (s, CO amide II). HPLC analysis of the reaction solvent did 
nott show any compounds other than benzaldehyde. 

Homo-aminoHomo-amino acid coupling. Resin (40) was acylated with 3 equiv. 
Fmoc-PAIa-OHH using 3 equiv. CIP as the coupling reagent in the 
presencee of 6 equiv. DiPEA for 16 h. at room temperature, and worked 
upp routinely (analogous to the synthesis of resin (4)) to give resin (41). 
Yieldd 1.475 g; Bromophenolblue test negative; Fmoc-test 0.39 mmol/g 

(97%% from (38)); FT-IR (KBr), v [cm1]: 3411, 3309 (m, NH), 1721 (br, s, CO ester + carbamate), 1650 (s, CO 
amidee I), 1529 (s, CO amide II). 

Cyclization/cleavage.Cyclization/cleavage. Resin (41) was suspended in 10 mL of 5% piperidine in THF and 
thee suspension was agitated for 16 h. at room temperature by gently bubbling nitrogen gas 
through.. The solvent was filtered off, and the resin was washed with THF (3 x 10 mL) and 
driedd in vacuo. The collected filtrates were evaporated, and the residue was dissolved in a 
minimall  amount of THF. Trituration with small portions of PE 60-80 while stirring 

precipitatedd a white solid. The solvent was decanted, the residue washed with PE 60-80, and dried in vacuo to 
givee 41 mg (0.12 mmol, 17% overall from (37)) of a clean 1:3 mixture of diastereoisomers of the diazepane-
dioness (17a) and (17b); for analytical data vide supra. Remaining resin: Yield 1.250 g; Bromophenolblue test 
positive;; FT-IR (KBr), V [cm1]: 3420, 3300 (m, NH), 1748 (m, CO ester), 1644 (s, CO amide I), 1530 (m, CO 
amidee II). The remaining resin (expected mixture of (37) and (42)) was suspended in 10 mL of 5% piperidine in 
THF,, and heated at 60°C for 16 h. After work-up as above, this afforded another 23 mg (9%) of (17a) and (17b). 
Bromophenolbluee test of the resin was still positive, and the IR identical. For further analysis of the material 
attachedd to the solid support, the resin was suspended in THF/ 70% aqueous EtNH2 2:1 and reacted overnight at 
roomm temperature. Analysis after work-up as above surprisingly revealed cleavage of another 78 mg (32%) of 
(17a)) and (17b), instead of the expected ethyl amide product. 

Attemptedd synthesis of a diazocane-dione using the HMBA linker  (37). 
CyclizationCyclization precursor. Analogous to the successful solid phase 
synthesiss of (17a,b) on PS AM-HMB, the sequence from (37) 
too (40) was repeated (1.353 g), now followed by coupling of 
Fmoc-yAba-OHH to give resin (43). Bromophenolblue lest 
negative;; Fmoc-test 0.39 mmol/g (97% from (38)); FT-IR 

(KBr),, v [cm1] : 3411, 3304 (m, NH), 1722 (br, s, CO ester + carbamate), 1643 (s, CO amide I), 1536 (s, CO 
amidee II) . 
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Cyclization/cleavage.Cyclization/cleavage. Resin (43) was suspended in 10 mL of 5% piperidine in THF and the suspension was 
agitatedd for 16 h. at room temperature by gently bubbling nitrogen gas through. The solvent was filtered off, and 
thee resin was washed with THF (3 x 10 mL) and dried in vacuo. The collected filtrates were evaporated; HPLC 
andd 'H-NMR analysis of the residue revealed the sole presence of /V-(9-fluorenylmethyI)piperidine. Remaining 
resin:: Bromophenolblue test positive; FT-IR (KBr), V [cm1]: 3420, 3300 (m, NH), 1743 (s, CO ester), 1650 (s, 
COO amide I), 1536 (m, CO amide II). The remaining resin (expected (44)) was suspended in 10 mL of 5% 
piperidinee in THF, and heated at 60°C for 16 h. without result. Subjecting the resin THF / 70% aqueous EtNH2 

2:11 overnight at room temperature did also not result in cyclorelease of the 8-membered ring. 

C«-l-Phenyl-2,3,4,9-tetrahydro-l/f-P-carboline-3-carboxylicc acid methyl ester  (cis-(9)). In a round-
bottomedd flask under N,-atmosphere, 3.62 g (16.6 mmol) of L-tryptophan methyl ester 

ee and 3.37 mL (33.2 mmol) of benzaldehyde were dissolved in 75 mL dichloromethane. 
Thee solution was cooled in an ice-bath, after which 3.75 mL was added. The reaction 
mixturee was stirred for 3 h., after which the ice-bath was removed and stirring was 
continuedd for another 2 h. After diluting the mixture two-fold with DCM, saturated 

aqueouss Na,CO, wad added while stirring vigorously to neutralize the TFA. The organic layer was separated, 
extractedd with sat. NaHC03 (2 x 100 mL) and sat. NaCl (100 mL), dried (Na2S04) and evaporated. The residue 
wass recrystallized from EA/PE to afford 3.57 g 70% of diastereomerically pure cis-(9). For analytical data see 
[Chapterr 3, (7b)]. 

Reactionn of cis-(9) with 2-chloroethyl isocyanate; (45). In a round-bottomed flask under N2-atmosphere, 306 
mgg (1.00 mmol) of ci>(9) was dissolved in DCM or THF (10 mL) and 94 u.1 (1.10 
mmol)) 2-chloroethyl isocyanate was added. The mixture was stirred for one night at 
roomm temperature. TLC indicated the presence of starting material, and another 94 p.1 
2-chloroethyll  isocyanate was added. After 1 hour, conversion was complete and the 
reactionn mixture was diluted with DCM (15 mL), extracted with water (2 x 10 mL) 

andd sat. NaCl (10 mL), dried (MgS04) and concentrated in vacuo to give crude (45) as a yellow solid; 445 mg 
crudee yield from DCM, 431 mg crude yield from THF. Rf (PE/EA 2:1 + 2% Et3N) 0.30. 'H-NMR (from crude 
mixture),, (400 MHz, CDClj), 8 [ppm]: 7.61 (br s, 1H), 7.59 (d, J = 6.7 Hz, 1H), 7.36 (m, 2H), 7.33 (m, 3H), 7.23 
(d,, J =6.7 Hz, 1H), 7.15 (dd, J = 5.8 Hz, J = 1.5 Hz, 2H), 6.31 (s, 1H), 5.30 (t, 2H), 5.27 (dd, J = 4.3 Hz, J = 2.4 
Hz,, 1H), 3.65 (m, 2H), 3.39 (s, 3H), 3.13 (ddd, J = 15.6 Hz, J = 6.6 Hz, J = 1.8 Hz, 1H). 

Columnn chromatography of (45) in the presence of Et,N; (46). Crude (45) (876 mg) was purified by flash 
chromatographyy (PE/EA 2:1 +2% Et3N), anticipated product Rf 0.30. In a number of 
collectedd fractions, a spot appeared on TLC that was not present in the crude mixture. 
Thesee fractions were collected, evaporated and again subjected to flash 
chromatographyy (PE/EA 1:1), to give 193 mg of pure cyclized product (46). Kf 

(PE/EAA 1:1) 0.50. 'H-NMR (400 MHz, CDC13), 8 [ppm]: 7.72 (br s, 1H), 7.56 (d, J = 
7.44 Hz, 1H), 7.34 (m, 5H), 7.19 (m, 3H), 5.83 (s, 1H), 4.46 (dd, J = 11.4 Hz, J = 4.6 Hz, 1H), 3.83 (m, 2H), 3.70 
(t,, J = 6.6 Hz, 2H), 3.54 (ddd, / = 15.0 Hz, J = 4.6 Hz, J = 1.4 Hz, 1H), 3.10 (m, 1H). HP^MS (FAB): observed 
masss 380.1119; calculated mass for C2IHI8C1N302 (M+H) 380.1166. 

Influencee of solvent and base on the coupling of cis-(9) with isopropyl isocyanate; (47). In parallel 

experimentss in 6 round-bottomed flasks under N2-atmosphere, 153 mg (0.50 mmol) of 
cis-(9)cis-(9) was dissolved in 5 mL of DCM, DCE or THF. In one series, 0.5 mL DiPEA was 
added.. Al mixtures received 147 (iL (1.50 mmol) of isopropyl isocyanate. and were 
stirredd at room temperature overnight. Reactions were monitored by TLC (PE/MTBE 
3:2);; Rf starting material (9) 0.30, R,product (47) 0.20. 
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DCM:: near complete conversion without DiPEA present, incomplete reaction with DiPEA present. Minor traces 
off  fluorescent side products with Py values close to the product were observed. 
DCE:: incomplete conversion both with and without DiPEA present. Minor traces of fluorescent side products 
withh Py values close to the product were observed. 
THF:: full conversion without DiPEA present, incomplete reaction with DiPEA present. Fluorescent side 
productss were more intense than in the reaction in DCM. 
Workupp as for (45) and flash chromatography (PE/MTBE 3:2) gave the pure urea (47). 'H-NMR (400 MHz, 
CDC1,),, 5 [ppm]: 7.62 (br s, 1H), 7.55 (m, 1H), 7.49 (dd, J = 5.6 Hz, J = 1.9 Hz, 2H), 7.35 (m, 3H), 7.23 (dd, J = 
6.55 Hz, J = 1.4 Hz, 1H), 7.15 (m, 2H), 6.26 (s, 1H), 5.26 (dd, J = 6.6 Hz, J = 2.4 Hz, 1H), 4.59 (d, J = 6.8 Hz, 
1H),, 3.92 (m, 1H), 3.55 (dd, J = 15.5 Hz, J = 2.1 Hz, 1H), 3.39 (s, 1H), 3.09 (ddd, J = 15.6 Hz, J = 6.6 Hz, J = 
1.88 Hz, 1H), 1.11 (d, J = 6.5 Hz, 3H), 1.00 (d, J = 6.5 Hz, 3H). HR-MS (FAB): observed mass 392.1979; 
calculatedd mass for C23H26N303 (M+H) 392.1974. 

Cyclizationn of urea (47) to hydantoin (48). Urea (47) was dissolved in THF containing 10% Et,N and stirred 
overnightt at room temperature. Only starting material was detected, and the mixture was 
heatedd to 60°C and stirred for another 5 h. On TLC (PE/MTBE 3:2), slow conversion of 
startingg material (47), (PyO.20), to product (R/0.45) was observed. The reaction mixture 
wass evaporated and redissolved in toluene containing 10% Et,N for reaction at 100°C 
overnight.. Evaporation and flash chromatography (PE/MTBE 3:2) gave the pure 

hydantoinn (48) in a moderate yield of 63%. 'H-NMR (400 MHz, CDCI3), 8 [ppm]: 7.78 (br s, 1H), 7.56 (dd, J = 
6.55 Hz, J = 2.3 Hz, 1H), 7.35 (m, 5H), 7.34-7.16 (m, 3H), 6.29 (s, 1H), 4.35 (m, 1H), 4.25 (dd, J = 11.0 Hz, J = 
5.66 Hz, 1H), 3.49 (dd, J = 15.6 Hz, J = 5.6 Hz, 1H), 2.88. (ddd, J = 11.4 Hz, J = 2.0 Hz, 1H), 1.43 (d, J = 7.0 Hz, 
3H),, 1.41 (d, J = 7.0 Hz, 3H). HR-MS (FAB): observed mass 360.1714; calculated mass for C22H22N302 (M+H) 
360.1712. . 

Couplingg of cis-(9) with fert-buty l isocyanate and attempted cyclization of (49). Analogous to the procedure 
forr (47), (49) was prepared in DCM using fe«-butyl isocyanate; Rf (PE/MTBE 3:2) 

"OMee 0 26. HR-MS (FAB): observed mass 406.2118; calculated mass for C24H2„N303 (M+H) 
y - N ^ ,, 406.2131. Refluxing (49) in toluene containing 10% Et3N did not lead to detection of 

-°-° i cyclized product (TLC, HPLC). 

l-Phenyl-2,3,4,9-tetrahydro-l#-p-carboline-3-carboxylatee esterified to hydroxyethyl polystyrene (50). 

MM (Q Starting from 1.00 g hydroxyethyl polystyrene, capacity 1.15 mmol/g, resin (1) 

wass prepared using the standard sequence described in Chapter 3. FT-IR (KBr), v 

[cm1]:: 3426 (br, m, NH), 1736 (s, CO ester). 

^ ^ 

Couplingg of isocyanates to resin (50), general procedure for  (51), (52), (53). Resin (50), max. 1.15 mmol, 
wass suspended in DCM (10 mL), and 3 equivalents of an isocyanate were added. 
Thee suspension was mixed by gently flushing N2 gas through for 16 h., after which 
thee solvent was filtered off. The resin was washed with DCM (3x 10 mL), 
alternatingg 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 

vacuovacuo at 50°C for 3 h., and samples checked for negative bromophenol blue test analyzed by IR for presence of 
ureaa carbonyl (v - 1660 cm"1). (51): R = 2-chloroethyl; (52): R = phenyl; (53): R = n-butyl. 
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Reactionn of (51), (52) and (53) in 2% triethylamin e in THF at room temperature. Resins (51), (52), R = 
phenyll  and (53), R = «-butyl were suspended in a 2% solution of Et3N in THF and mixed 
forr 16 h. at ambient temperature. The reaction media were filtered off and collected, and 
thee resins were washed with THF (3x10 mL). The combined solvents for each reaction 
weree evaporated and analyzed. 

RR = 2-chloroethyi: from resin (51), compound (54) was cyclized off in 70% overall yield. 
'H-NMR.. diastereomeric mixture, (400 MHz, CDC1,), 6 [ppm]: 7.98 & 7.72 (br s, 1H), 7.56 (d, J = 7.4 Hz, 1H), 
7.333 (m, 5H), 7.16 (m, 3H), 6.32 & 5.83 (s, 1H), 4.45 & 4.35 (dd, J = 11.4 Hz, and J = 4.6 Hz, 1H), 3.83 (m, 
2H),, 3.70 (m, 2H), 3.52 (m, 1H), 3.10 & 2.94 (dd, J = 11.4 Hz, J = 2.0 Hz, 1H). HR-MS (FAB): observed mass 
380.1119;; calculated mass for C21H„,CIN302 (M+H) 380.1166. 
RR = phenyl: from resin (52), compound (55) was cyclized off in 50% overall yield. 'H-NMR. diastereomeric 
mixture,, (400 MHz, CDC13), 8 [ppm]: 7.87 & 7.82 (br s, 1H), 7.60 (d, J = 7.4 Hz, 1H), 7.48-7.18 (m, 13H), 6.43 
&&  5.90 (s, 1H), 4.58 & 4.50 (dd, J = 11.0 Hz, and J = 5.5 Hz. 1H), 3.62 (dd, J = 15.3 Hz, J = 5.5 Hz, 1H), 3.20 & 
3.077 (dd, J = 15.4 Hz, J = 11.3 Hz, 1H). HR-MS (FAB): observed mass 394.1548; calculated mass for 
C25H,„N,0,, (M+H) 394.1556. 
RR = n-butyl: from resin (53), no material was isolated. 

Couplingg of n-butyl isocyanate to resin (40); resin (57). Resin (40), max. 0.71 mmol, was reacted with 3 
equivalentss of n-butyl isocyanate according to the procedure followed 
forr synthesis of resins (51)-(53). FT-1R (KBr), v [cm1]: 3414 & 3271 
(m,, NH), 1738 (s, CO ester), 1658.(s, CO urea), 1641 (s, CO amide). 
Uponn treatment with 2% Et3N in THF overnight at room temperature, 

thee system was unaffected. 

Cyclizationn cleavage from resins (53) and (57) under  different conditions; hydantoin (56). Resins (53) and 
(57)) were suspended in a 10% solution of Et,N in THF and mixed for 16 h. at 
ambientt temperature. The reaction media were filtered off and collected, and the 
resinss were washed with THF (3 x 10 mL). The combined solvents for each reaction 
weree evaporated, and the residue weighed and analyzed.. Subsequently, in following 
nights,, this process was repeated with fresh reaction medium at 50°C, 65°C (THF) 

andd 85°C (toluene). 'H-NMR. diastereomeric mixture, (400 MHz, CDC13), 5 [ppm]: 7.95 & 7.65 (br s, 1H), 7.57 
(d,, J = 7.6 Hz, 1H), 7.35 (m, 5H), 7.16 (m, 3H), 6.32 & 5.80 (s, 1H), 4.37 & 4.30 (dd, J = 11.4 Hz, and J = 4.5 
Hz,, 1H), 3.50 (m, 1H), 3.07 & 2.89 (dd, J = 11.4 Hz, J = 2.0 Hz, 1H), 1.59-1.33 (m, 6H), 0.90 (m. 3H). HR-MS 
(FAB):: observed mass 374.1867; calculated mass for C23H,4N,02 (M+H) 374.1869. 

Reactionn of cis-(9) with carbonyl donors. In 3 dry round-bottomed flasks under N2 atmosphere, 153 mg (0.50 
mmol)) of cis-(?) was dissolved in DCM (5 mL), and 1.1 equivalent of a carbonyl donor (CDI (58), bis(p-
nitrophenyl)carbonatee (59), or p-nitrophenylchloroformate (60) together with 1.1 equiv. of DiPEA) was added. 
Thee mixtures were stirred for 16 h. at room temperature and analyzed with TLC; only reaction with (60) showed 
somee conversion. The experiment was repeated in THF at 60°C using 1.5 equivalents of reagents. Again, no 
reactionn was observed for (58) and (59), but (60) achieved full conversion of cis-(9) after 2 h. The solvent was 
evaporatedd and the residue was purified by short column chromatography (DCM), to give 168 mg (70%) of (61). 

'H-NMR.. broad signals due to rotamers, (400 MHz, CDC13), 8 [ppm]: 8.27 (d, J 
=9.11 Hz, 2H), 7.70 (br s, 1H), 7.64 (d, J = 7.2 Hz, 1H), 7.33-7.17 (m, 10H), 6.58 
(brr s, 1H), 5.52 (d, J = 6.8 Hz, 1H), 3.76 (d, J =15.9 Hz, 1H), 3.19-3.14 (2x br s, 
2H).. "C-NMR (APT, 50 MHz, CDC15), 8 [ppm]: 155.80, 153.30, 145.06, 136.34, 
129.30,, 129.07, 128.33, 126.25, 125.04, 122.58, 122.30, 119.83, 118.55, 110.92, 

52.14,, 51.97, 21.31. HJLMS (FAB): observed mass 472.1495; calculated mass for C26H22N,06 (M+H) 472.1509. 
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Attemptedd reaction of (61) with isopropylamine. The p-nitrophenylcarbamate (61) (97.5 mg, 0.21 mmol) was 
dissolvedd in THF (5 mL), and isopropyl amine (250 nL, 6.10 mmol) was added. Stirring overnight at room 
temperaturee showed no conversion. The mixture was heated to 60°C for 4 h., but again without result. NMR 
analysiss of the evaporated reaction mixture showed starting material. 

Phosgenee indicator. In a flask, 309 mg (2.00 mmol) p-dimefhylamino benzaldehyde and 350 mg (2.00 mmol) 
diphenyll  amine are dissolved in 10 ml EtOH. Pieces of filter paper are dipped into the solution and placed near 
sitess of possible phosgene leakage. Color change indicates phosgene levels near the maximum allowed 
concentration. . 

Reactionn of cis-(9) with phosgene and subsequently with isopropylamine; (47). In a dry round-bottomed 
flaskk under N2 atmosphere, 53 mg (0.17 mmol) of cis-(9) and 89 iiL (0.52 mmol) of DiPEA were dissolved in 10 

mLL DCM, and the solution was cooled in an ice-bath. Next, 137 iiL of a 20% solution 
off  phosgene in toluene (0.26 mmol) was added, after 5 min. the ice-bath was removed, 
andd the mixture was stirred for 1 h. TLC analysis (PE/EA 3:1) showed near complete 
conversionn of starting material (Rf 0.3) to product (Rf 0.6). Isopropyl amine (89 U.L, 
0.522 mmol) was added, and the mixture was stirred at room temperature until complete 

conversionn of the spot with R; 0.6 to a spot with R/0.5 on TLC (PE/EA 3:1), approximately 2 hours. The mixture 
wass diluted two-fold with DCM, extracted with water (2 x 15 mL) and sat NaCl (15 mL), dried (MgS04) and 
evaporated.. The product (47), (54 mg, 80%) was obtained pure after flash chromatography (PE/EA 3:1); 
analyticall  data were identical to the product obtained via coupling of isopropyl isocyanate to cis-(9) (vide supra). 

h~J> h~J> 
Solidd phase synthesis of indolyl hydantoins via the two-step phosgene-amine coupling; (56), (66). 

PhosgenePhosgene reaction (64): Resins (50), obtained from 1.00 g hydroxyethyl 
polystyrenee 1.21 mmol/g, were suspended in 10 mL DCM, and 1.03 mL (6.05 
mmol)) of DiPEA was added followed by 1.93 mL of a 20% solution of phosgene 
inn toluene (3.63 mmol). The suspensions were mixed by flushing N; through for 2 
hourss at room temperature, the solvents was filtered off, and the resins were 

washedd with DCM (3 x 10 mL). Bromophenol blue test of resin samples negative. 
AmineAmine coupling (53), (65): The resins were suspended in DCM (10 mL), and 5 
equivalentss (6.05 mmol) of a primary amine (n-butyl amine or isopropyl amine) 
weree added. The suspensions were mixed by flushing N, through for 3 hours at 
roomm temperature and the resins were worked up routinely. FT-IR (KBr), v [cm1]: 
34133 (br, m, NH), 1737 (s, CO ester), 1659.(s, CO urea). 

Cyclization/cleavageCyclization/cleavage (56), (66): Resins (53) (R = n-butyl) and (65) (R = isopropyl) were 
suspendedd in 10 mL toluene, and 1 mL of Et,N was added. The suspensions were mixed 
byy flushing N2 through for 16 hours at 80°C, and the solvents were filtered off and 
collected.. The resins were washed with THF (3 x 10 mL), and the combined solvents for 
eachh reaction were evaporated. (56), R = «-butyl: Yield 221 mg (49% overall). Analytical 
dataa were identical to the diastereoisomeric product obtained by introduction of the n-

butyll  substituent via the isocyanate building block (vide supra). (66), R = isopropyl: Yield 218 mg (50% 
overall).. Diastereomeric mixture of (47). 'H-NMR. mixture, (400 MHz, CDCI3), 8 [ppm]: 7.78 & 7.51 (br s, 1H), 
7.577 & 7.56 (dd, J = 6.5 Hz, J = 2.3 Hz, 1H), 7.35 (m, 5H), 7.34-7.13 (m, 3H), 6.29 & 5.78 (s. 1H), 4.35-4.25 
(m,, 2H), 3.49 (dd, J = 15.6 Hz, J = 5.6 Hz, 1H), 3.05 & 2.88. (ddd, J = 11.4 Hz, ƒ = 2.0 Hz, 1H), 1.43-1.38 (m, 
6H).. HR-MS (FAB): observed mass 360.1716; calculated mass for C22H22N30: (M+H) 360.1712. 
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Librar yy synthesis. 
Loading,Loading, In a single batch, 15.00 g hydroxyethyl polystyrene of 0.92 mmol/g was loaded with Fmoc-Trp-OH 
accordingg to the procedure for  the librar y synthesis described in Chapter  3. Yield 19.63 g (max. 20.64 g, 82%). 
Fmoc-testt  0.562 mmol/g (max. 0.669 mmol/g, 84%). 
Fmoc-deproiection.Fmoc-deproiection. The single batch of resin was Fmoc-deprotected according to the procedure for  the librar y 
synthesiss described in Chapter  3. Yield 17.13 g (max. from bare resin 17.57 g, 83%). Capacity based on Fmoc-
testt  of the previous step and complete Fmoc-deprotection 0.642 mmol/g (max. from bare resin 0.785 mmol/g). 
Distribution.Distribution. Amounts of 200 mg of dry resin 0.642 mmol/g (1.284 _ 10"4 mol esterified Trp) were weighed 
manuallyy and transferred into the 60 reactors of the Syro II™ synthesizer. 
Pictet-SpenglerPictet-Spengler condensation. For  the 6 rows in the Syro II™, each containing 10 reactors, 6 stock solutions of 
differentt  aldehydes in DCE were prepared. Each of these stocks contained 12 x 5 equivalents = 7.71 mmol of 
aldehydee in a total volume of 12 x 0.5 = 6.0 mL.IM | Row A: propionaldehyde; row B: benzaldehyde; row C: 
cyclohexanee carboxaldehyde; row D: heptanal; row E: isovaleraldehyde; row F: isobutyraldehyde. After 
washingg the resins once with DCE, all resins were suspended in 1.0 mL of DCE. Subsequently, each of the 10 
reactorss in the particular  row received 0.5 mL of the appropriate stock solution. Then, to all 60 positions 0.5 mL 
off  a 20 volume% solution of TFA in DCE was added. The suspensions were allowed to react for  4 hours at 
ambientt  temperature with interval mixing (every 4 minutes 15 seconds of stirring) . The reaction solvents were 
drainedd by nitratio n and the resins were washed three times for  2 minutes with 2.5 mL portions of DCE. Then, 
threee washing cycles of 5 minutes with 10% DiPEA in DCE were carried out, followed by routine workup: 
washingg for  2 minutes with 2.5 mL portions of successively DCE (3 x), alternating MeOH and DCE (3 cycles), 
alternatingg MTBE and THF (3 cycles), and finally two times more with THF. 
IsocyanateIsocyanate coupling. For  the 10 columns in the Syro II™ , each containing 6 reactors, 10 stock solutions of 
differentt  isocyanates in THF were prepared. Each of these stocks contained 8 x3 equivalents = 3.08 mmol of 
isocyanatee in a total volume of 8.0 mL. Column 0: 2-chloroethyl isocyanate; column 1: isopropyl isocyanate; 
columnn 2: n-butyl isocyanate; column 3: allyl isocyanate; column 4: benzyl isocyanate; column 5: 4-
(dimethylamino)phenyll  isocyanate; column 6: ethoxycarbonyl isocyanate; column 7: 4-acetylphenyl isocyanate; 
columnn 8: 3-cyanophenyl isocyanate; column 9: 4-methoxyphenyl isocyanate. All resins were suspended in 1.0 
mLL  of THF. Subsequently, each of the 6 reactors in the particular  column received 1.0 mL of the appropriate 
stockk solution. The suspensions were allowed to react for  16 hours at ambient temperature with interval mixing 
(everyy 8 minutes 15 seconds of stirring) . The reaction solvents were drained by filtration , followed by routine 
workupp of the resins: washing for  2 minutes with 2.5 mL portions of successively THF (3 x), DCE (3 x), 
alternatingg MeOH and DCE (3 cycles), and alternating MTBE and THF (3 cycles). 
Cyclization/cleavage.Cyclization/cleavage. All resins were washed with toluene (3 x 2.5 mL). Then, to all 60 positions 2.5 mL of a 10 
volume%%  solution of triethylamin e in toluene was added. The reactors were heated to 80°C and the suspensions 
weree allowed to react for  16 hours with interval mixing (every 8 minutes 15 seconds of stirring) . The reaction 
mediaa were transferred into the 60 positions of the collection block. The reactor  temperature was set to 50°C and 
thee resins were subjected to 3 washing cycles of 15 minutes with THF under  interval stirrin g (every 5 minutes 15 
secondss of stirring) , after  which the media were collected. 
Work-upWork-up and purification. The 60 product fractions were transferred to test tubes placed in two aluminum 
collectionn blocks as developed for  collection of products from the MULTIBLOCK ™ (see Chapter  3). The blocks 
weree placed on hot plates of 50°C. The solvents were evaporated by applying a stream of N, gas through the 
needless in the gas-purging device (see Chapter  3), which pointed into the test tubes. Subsequently, the residues 
weree further  dried in vacuo at 50°C. 
Analysis.Analysis. Yields were determined gravimetrically. Overall yields were calculated from tryptophan esterified to 
thee resin (maximal yield of 0.1284 mmol) and based on molecular  weight of the anticipated product. All 60 
diastereoisomericc product mixtures were analyzed by high throughput LC-MS both in APCI and ESI  ionization 
modee (see General Information in Chapter  3, Experimental), but these methods failed to detect the products. 
Productt  purities were calculated from the relative cumulative areas of the two main peaks in the LC 
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chromatogramm most likely corresponding to the anticipated product. A series of samples covering each building 
blockk at least once was analyzed manually by MS using Field Desorption technique for ionization. For samples 
showingg different molecular masses next to the anticipated mass, new analyses were conducted separately 
coveringg both building blocks (delivering R' and R2) the particular sample contained. 

n n 
H H 

*\C% *\C% 

Loadingg of PS AM-HM B with /Vp-Boc-L-p-homotryptophan (67). Under standard conditions, 1.00 g of 
polystyrenee equipped with the HMBA linker (37), 0.78 mmol/g, and 
4977 mg (1.56 mmol) of /Vp-Boc-L-P-homotryptophan were suspended 
inn 15 mL DCM. Next, 0.38 mL (2.4 mmol) of DIPCDI and 59 mg 
(0.488 mmol) of DMAP were added, and the suspension was mixed by 
gentlyy flushing N2 through for 16 hours at room temperature. Routine 

workupp afforded 1.213 g (91%) of resin (67). FT-IR (KBr), V [cm1]: 3422 (br, m, NH), 1736 (s, CO ester), 1710 
(s,, CO, Boc), 1647.(s, CO amide). 

HN,, O 
Boc c 

M^@ @ 

Boc-deprotectionn of (67); resin (68). Resin (67) was suspended in 4 mL THF, and 10 mL of 4M HC1 in 
dioxanee was added. After mixing for 4 h. at ambient temperature by 
gentlyy flushing N2 gas through, the solvent was filtered off, and the 
resinn was washed with THF (3 x 10 mL) followed by 10% DiPEA in 
DCMM (3 x 10 mL). Subsequent routine workup afforded 1.159 g 
(102%)) of resin (68). FT-IR (KBr), v [cm1] : 3421 (br, m, NH), 1735 

(s,, CO ester), 1649 (s, CO amide). 

Pictet-Spenglerr  condensation of (68) with isovaleraldehyde; resin (69). Resin (68) was suspended in 10 mL 
DCM,, and isovaleraldehyde (0.42 mL, 3.90 mmol) was added 
followedd by 5 mL 30% TFA in DCM. The suspension was mixed for 
166 h. at room temperature by gently flushing N2 gas through, and the 
solventt was filtered off. The resin was washed with DCM ( 3 x 10 
mL)) followed by 10% DiPEA in DCM (3 x 10 mL). Subsequent 
routinee workup afforded 1.217 g (97%) of resin (69). FT-IR (KBr), v 

[cm1]:: 3310 (br, m, NH), 1744 (s, CO ester), 1641 (s, CO amide). 

Couplingg of Fmoc-amino acids to (69); general procedure for  (70) and (71). Resin (69) and 3 equivalents of 
Fmoc-aminoo acid [Fmoc-Glu(OBut)-OH or Fmoc-Lys(Boc)-OH) were 
suspendedd in 10 mL NMP. DiPEA (6 equivalents) was added, followed 
byy CIP (3 equivalents), and the suspension was mixed for 16 h. at room 
temperaturee by gently flushing N, gas through followed by routine 
workup. . 
(70),, R = -(CH2)2-C02rBu: Yield 1.396 g (73%). Fmoc-test 0.28 
mmol/gg (55%). FT-IR (KBr), v [cm1]: 3412 (br, m, NH), 1741 (s, CO 

ester),, 1659 (s, CO amide), 1643 (s, CO amide). 
(71),, R = -(CH2)4-NH-C02rBu: Yield 1.372 g (65%). Fmoc-test 0.25 mmol/g (51%). FT-IR (KBr), v [cm1]: 
34188 (br, m, NH), 1746 (s, CO ester), 1656 (s, CO amide), 1641 (s, CO amide). 

Fmoc-deprotectionn of (70) and (71), and cyclorelease of (72) and (73). Resins (70) and (71) were suspended 
inn 10% piperidine in THF (15 mL) and reacted overnight at room temperature. Besides 

NN  formation of /V-(9-fluorenylmethyl)piperidine only marginal release of other material was 
" RR observed, and the reactions were continued overnight at 60°C. The solvents were filtered 

offf  and collected, and the resins were washed with four 15 mL portions of warm THF, 
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whichh were collected as well. The combined fractions for each separate reaction were evaporated, and the 
residuess were purified by silica chromatography (DCM + 7% MeOH) to separate the products from the 
dibenzofulvene-piperidineadduct. . 
(72),, R = -(CH2)2-C02rBu: Yield 85 mg (24% overall). 'H-NMR. characteristic signals from major 
diastereoisomer,, (400 MHz, CDC1,), 8 [ppmj: 8.49 (br s, 1H), 7.51 (d, J = 7.4 Hz, 1H), 7.37 (d, J = 7.7 Hz, 1H), 
7.21-7.133 (m, 2H), 6.39 (br s, 1H), 5.84 (Hike, 1H), 4.38 (br m, 2H), 4.13 (m, 1H), 3.42 (m, 1H), 1.42 (s, 9H), 
1.011 (d, J = 5.9 Hz, 3H), 0.89 (d, J = 6.0 Hz, 3H). LC-MS (ELSD, APCI): purity 97%, m/z 455. HR-MS (FAB): 
observedd mass 454.2696; calculated mass for C^H^fit (M+H) 454.2706. 
(73),, R = -(CH2)4-NH-C02fBu: Yield 83 mg (21% overall). 'H-NMR. characteristic signals from major 
diastereoisomer,, (400 MHz, CDC1,), 8 [ppm]: 8.17 (br s, 1H), 7.51 (d, J = 7.6 Hz, 1H), 7.38 (d, J = 7.7 Hz, 1H), 
7.21-7.133 (m, 2H), 5.97 (br s, 1H), 5.84 (t-like, 1H), 4.67 (br m, IH), 4.50 (m, 1H), 4.25 (m, 1H), 1.42 (s, 9H), 
1.066 (d, J = 6.3 Hz, 3H), 0.86 (d, J = 6.3 Hz, 3H). LC-MS (ELSD, APCI): purity 98%, m/z 498. HR-MS (FAB): 
observedd mass 497.3153; calculated mass for C28H4lN404 (M+H) 497.3128. 

Loadingg of PS A-OH with yV5-Boc-L-p-homotryptophan (74). Following the protocol for synthesis of (67), 
^~v^_^~vf >^Y 0 ^^ 1.00 g of hydroxyethyl polystyrene 1.20 mmol/g was loaded with /Vp-Boc-L-P-
k J k NN J HNS o  homotryptophan, to give 1.34 g (94%) of resin (74). FT-1R (KBr), v [cm'1]: 3424 

HH & 3324(br, m, NH), 1742 (s, CO ester), 1710 (s, CO Boc). 

Boc-deprotectionn of (74); resin (75). Resin (74) was treated according to the protocol for synthesis of (68), to 
1.255 g (104%) of resin (75). FT-IR (KBr), v [cm1]: 3423 (br, m, NH), 1726 

,, CO ester). rr-f^ 0^^  give 

KAJKAJ NH2O  ̂ (S>C( 

Pictet-Spenglerr condensation of (75) with isovaleraldehyde; resin (76). Resin (75) was subjected to Pictet-
SS i f^^Y^ Y — ^ p i Spengler condensation with isovaleraldehyde according the procedure for 

' ""  ° synthesis of (69), to afford 1.32 g (93%) of resin (76). FT-IR (KBr), v [cm"1]: 
17211 (s, CO ester). 

© © 
Couplingg of isocyanates to (76); general procedure for (77), (78) and (79). Resin (76) and 5 equivalents of 

isocyanatee (2-chloroethyl, phenyl or benzyl) were suspended in 15 mL DCM. The 
suspensionn was mixed for 16 h. at room temperature by gently flushing N2 gas 
throughh followed by routine workup. 
(77),, R = -(CH2)2-C1: Yield 1.42 g (95%). Bromophenol blue test: negative. FT-IR 
(KBr),, v [cm1]: 3370 (br, m, NH), 1725 (s, CO ester), 1657 (s, CO urea). 

(78),, R = Ph: Yield 1.45 g (92%). Bromophenol blue test: negative. FT-IR (KBr), v [cm1]: 3412 (br, m, NH), 
17244 (s, CO ester), 1672 (s, CO urea). 
(79),, R = -CH,-Ph: Yield 1.46 g (91%). Bromophenol blue test: negative. FT-IR (KBr), V [cm1]: 3418 (br, m, 
NH),, 1724 (s, CO ester), 1669 (s, CO urea). 

(Attempted)) cyclorelease from resins (77), (78) and (79); formation of (80). Resins (77), (78) and (79) were 
* °° suspended in 15 mL 10% Et,N in THFF and reacted at 60°C for 16 h. Only in case of (77), 

vv A^^N N product release was observed. The solvent was filtered off and collected, and the resin 
oo was washed with warm THF (3x 10 mL) which was collected as well. The combined 

liquidss were evaporated to give 289 mg (65%) of (80) as a 1:3 mixture of 
diastereoisomers.. LC-MS (ELSD, APCI): purity 91%, m/z 374. HR-MS (FAB): observed mass 374.1628; 
calculatedd mass for C2I,H25C1N,02 (M+H) 374.1635. Pure isomers were obtained by silica chromatography 
(DCMM + 4% MeOH). 
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C«-(80),, R = -(CH2),-CI: 'H-NMR (400 MHz, CDClj), S [ppm]: 8.05 (br s, 1H), 7.51 (d, J = 7.7 Hz, 1H), 7.39 
(d,, J = 7.9 Hz, 1H), 7.23-7.14 (m, 2H), 5.39 (dd, J = 9.2 Hz, J = 4.0 Hz, 1H), 4.26-4.13 (m, 2H), 3.74-3.67 (m, 
3H),, 3.18 (dd, 7= 15.0 Hz, J = 4.1 Hz, IH), 2.91 (dd, J= 16.5 Hz, J = 3.0 Hz, 1H), 2.80-2.70 (m, 2H), 1.88-1.84 
(m,, IH), 1.67-1.59 (m, 2H), 1.08 (d, J = 6.5 Hz, 3H), 0.86 (d, J = 6.4 Hz, 3H). 

Trans-(80)Trans-(80) (R = -(CH,)2-C1): 'H-NMR (400 MHz, CDC13), 5 [ppm]: 7.85 (br s, IH), 7.42 (d, J = 7.8 Hz, IH), 
7.311 (d, J = 8.0 Hz, IH), 7.20-7.09 (m, 2H), 5.78 (dd, J = 10.4 Hz, J = 3.6 Hz, IH), 4.24-4.15 (m, 2H), 3.99-3.94 
(m,, IH), 3.67-3.63 (m, 2H), 3.13 (dd, J = 16.9 Hz, J = 7.2 Hz, IH), 2.96-2.87 (m, 2H), 2.73 (dd, J = 15.2 Hz, J = 
3.99 Hz, IH), 1.92-1.81 (m, 2H), 1.67-1.58 (m, IH), 1.10 (d, 7 = 6.4 Hz, 3H), 1.01 (d, / = 6.5 Hz, 3H). 
Resinss (78) and (79) were filtered and resuspended in 10% Et,N in toluene for reaction under reflux conditions. 
Afterr 1 night, from (79) a minor amount of 13 mg of a compound mixture was isolated which contained some of 
thee anticipated product (82) (R = -CH2-Ph); for analytical data vide infra. Formation of (81) from (78) was not 
observedd under these conditions. 

Couplingg of isocyanates to (69); general procedure for (83) and (84). Resin (69) and 5 equivalents of 
isocyanatee (phenyl or benzyl) were suspended in 15 mL DCM. The 
suspensionn was mixed for 16 h. at room temperature by gently flushing 
N33 gas through followed by routine workup. 
(83),, R = Ph: Yield 1.30 g (99%). Bromophenol blue test: negative. EL 
IEE (KBr), v [cm1]: 3389 (br, m, NH), 1727 (s, CO ester), 1666 (s, CO 
urea),, 1641 (s, CO amide). 
(84),, R = -CH2-Ph: Yield 1.28 g (89%). Bromophenol blue test: 

negative.. FT-IR (KBr), V [cm1]: 3370 (br, m, NH), 1724 (s, CO ester), 1661 (s, CO urea), 1642 (s, CO amide). 

Cycloreleasee from resins (83) and (84); formation of (81) and (82). Resins (83) and (84) were suspended in 
J-°J-° 15 mL 10% Et3N in THF and reacted at 60°C for 16 h. Only in case of (84), significant 

NYN*RR Pr o c l u ct r e' e a se w as observed. The solvent was filtered off and collected, and the resin 
oo was washed with warm THF (3x 10 mL) which was collected as well. The combined 

liquidss were evaporated to give 41 mg (13%) of (82) (R = -CH,-Ph) as a 2:3 mixture of 
diastereoisomers.. LC-MS (ELSD, APCI): purity 95%, m/z 403. HR-MS (FAB): observed mass 402.2178; 
calculatedd mass for C25H2,Nj02 (M+H) 402.2182. 'H-NMR (characteristic signals from diastereoisomeric 
mixture),, (400 MHz, CDC1,), 8 [ppm]: 8.70 (minor) & 8.31 (major) (br s, IH), 7.53-7.09 (m, 9H), 5.79 (major) 
&&  5.41 (minor) (dd, IH), 5.07 (major) & 5.06 (minor) (s, 2H) 3.93-3.88 (major) & 3.59-3.52 (minor) (m, IH), 
1.011 & 0.96 (d, 3H), 0.83 & 0.77 (d, 3H). 
Resinss (83) and (84) were filtered and resuspended in THF containing 1 equivalent (0.78 mmol) of DBU 
Reactionn at 60°C for 1 hour and subsequent collection afforded, after column chromatography (PE/EA 2:1), 
anotherr 63 mg (20%) of (84) from resin (82), and 48 mg (16%) of (83) (R = -Ph) from resin (81) as a 4:5 
mixturee of diastereoisomers. LC-MS (ELSD, APCI): purity 79%, m/z 389. HR-MS (FAB): observed mass 
388.2016;; calculated mass for C24H„N,02 (M+H) 388.2025. 'H-NMR (characteristic signals from 
diastereoisomericc mixture), (400 MHz, CDClj), 8 [ppm]: 8.70 (minor) & 8.31 (major) (br s, IH), 7.53-7.09 (m, 
9H),, 5.79 (major) & 5.41 (minor) (dd, IH), 5.07 (major) & 5.06 (minor) (s, 2H) 3.93-3.88 (major) & 3.59-3.52 
(minor)) (m, IH), 1.01 & 0.96 (d, 3H), 0.83 & 0.77 (d, 3H). 
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