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Solid-Phase Synthesis of Pyrroloisoquinolines via the Intramolecular
N-Acyliminium Pictet —Spengler Reaction

Thomas E. Nielsen and Morten Meldal*
SPOCC Centre, Carlsberg Laboratory, Gamle Carlsberg Vej 10, DK-2500 Valby, Denmark

Receied January 20, 2005

In the present investigation, solid-phase routes toward 1,5,6,10b-tetrahydogrdlo[2,1-alisoquinolin-

3-ones via the intramoleculd-acyliminium Pictet-Spengler reaction are established. Peptide aldehydes
generated from their paremMi-Boc 1,3-oxazines by acidic reaction conditions undergo intramolecular
condensation reactions with the amN®f a solid-supported peptide backbone, thus forming a 1:1 epimeric
mixture of a cyclic 5-hydroxylactam, which in turn is in equilibrium with the corresponding intermediate
N-acyliminium ion. Provided appropriate acidic reaction conditions, a second ring may be appended via
Pictet-Spengler cyclization from the aromatic ring of a neighboring phenylalanine derivative in the peptide
sequence. The aromatic substitution pattern of the nucleophilic benzene ring of the phenylalanine derivative
and the nature of the acidic reaction media are critically important for the course of the reaction, and both
Lewis and Brgnsted acids may be employed to effect the cyclization process. This intramolecular reaction
is under strict control of stereoselectivity, and only a single stereoisomer is detected in the crude products.
A range of mono-, di-, and trisubstituted phenylalanines with diverse sets of electron-donating and electron-
withdrawing substituents, pyrene, and naphthalenes have successfully been brought within the scope of the
reaction, thus providing a unique scaffold for combinatorial library synthesis.

Introduction ;:fN

In the search for new drugs, solid-phase combinatorial 0=

Y 7
H NH NH
o= o=
synthesis of peptide isosteres and peptidomimetics haso N y ]
received considerable attention, among both academic and . /N O-N _ / O-N e
industrial research grougsThe present state of solid-phase H H i S i S
1 2 3

peptide synthesis has been developed to high levels of
efficiency, thus enabling the high-throughput generation and
screening of peptide libraries. However, leads obtained from L &
- . R . NH
traditional combinatorial libraries and compound collections -
N
H
6

NH :}{‘NH
0=, o= 0
composed of hydrophilic peptide oligomers typically display / S ) o
poor pharmacokinetic properties. Solid-phase synthesis of O N ‘ // ON // o
molecular entities following the more general guidelines for H H
4 5

druglike molecules, such as Lipinski’'s rule of fi¢ehas
accordingly emerged as an area of intense research. Towardgrigure 1. Constrained Peptidomimetic Scaffolds Accessible via
this end, novel routes to privileged heterocyclic structures the IntramoleculaN-Acyliminium Pictet-Spengler Reaction.

and substructures in a combinatorial library format continue S _ _ o
to be one of the most important goals for solid-phase obtained in excellent yields and diastereoselectivities (both

synthesigs typically above 95%), whereas the extension to produce
In efforts aimed at developing new, efficient, solid-phase pyrroloisoquin(_)lin(_aﬁ withogt electron-donating sgbstituents
routes to constrained peptidomimetic ring systems, which ©n the aromatic ring remained unsuccessful (Figure 1).
preferably incorporate privileged core structures, such as The latter was illustrated by the incorporation of a
the pharmacologically important tetrahydBecarbolines phenylalanine residue between the masked aldehyde moiety
(THBCs) and tetrahydroisoquinolines (THIQs), we have and the peptide backbore(Scheme 1), which upon acid
previously developed an intramolecular verSioof the treatment with 10% TFA (aq) quantitatively releases the
N-acyliminium Pictet-Spengler reactiofi.® The methodol- aldehyde8, which underwent immediate cyclization to the
ogy allows the generation of indolizinoindol&swhich are corresponding 5-hydroxylactagh Despite well-established
known to be potent and selective CCkeceptor antago-  intermediacy of théN-acyliminium ion 10, no traces of the
nists!® The analogous benzothienoindolizie thienoin- Pictet-Spengler cyclized produdtl were detected in these
dolizine 3—4, and furaindolizine5 scaffolds were also initial studies. Evidently, whereas analogdugcyliminium
ions are attacked by reactive aromatic heterocycles, such as
* To whom correspondence should be addressed. E-mail: mpm@crc.dk. indoles and thiophenes, the unsubstituted phenyl group was
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Scheme 1. Solid-Phase Intramoleculd-Acyliminium Pictet-Spengler Reaction for the Synthesis of Pyrroloisoquinolines
Intramolecular

H i i H
- Acid-mediated condensation = o
0 O“‘*%’N AMTQ demasking OVN AAQ of aldehyde with OO"\EL’N A
ON : of aldehyde amide nltrogen :
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e 9
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H*/-H0 N-acyliminium ion
o H—AA—O
Pictet-Spengler o X L
cyclization + -
@ = [linker]{solid suppori] N
1 10
not sufficiently reactive for PictetSpengler cyclization to  Scheme 2. Solid-Phase Synthesis of the Masked Aldehyde
occur under such reaction conditions. Precursor for the Intrar_noleculat-Acyllmlnlum
However, the original work of Pictet and Spengler Pictet-Spengler Reaction Precurdor
demonstrated the feasibility of phenylethylamine, phenyl- HoN-PEGAgy =2 NH, H
alanine, and tyrosine to be condensed with formaldehyde 2 G ; 0@ oou (>95%)

under acidic reaction conditions (concentrated HCI, reflux) (04 mmolg)

to produce arN-alkyliminium ion capable of reacting with

the phenyl moiety to form a 1,2,3,4-tetrahydroisoquinoline
ring systenmt! In contrast to the most commonly adapted
lid-ph version of the Pi ngler r iof% wher
solid-p ase eso_ote cteSpengle 'eactol, ere H VCOz—Q H COM

aldehydes in solution are condensed with solid- supported
tryptophan or tryptamine residues in acidic reaction medla

0O

to produce tetrahydr@-carbolines viaN-alkyliminium in- NBoc NBOC

termediates, surprisingly few applications have been reported 14 15

for the analogous solid-phase synthesis of tetrahydroiso-

quinolines. The reported routes employ electron-rich aromatic D = S [\NHB"C

moieties as solid-supporte@-nucleophiles, such as (3,4- 0 CO.H
dimethoxyphenyl)ethylamine and (3,4-dimethoxyphenyl)- 13 (rac-MABBA1)

alanine derivatives, to access this ring system underBasic aReagents and conditions: (a) HMBA, TBTU, NEM, DMF, 3 h: (b)
and acidic reaction conditio§$ In addition, Lewis acid- Fmoc-Gly-OH, MSNT, Melm, ChCly; (c) 20% piperidine (DMF); (d)

Fmoc-Phe-OH, TBTU, NEM, DMF; (e) 20% piperidine (DMF); (£3,

mediated PictetSpengler cyclizatiori§ have been carried TBTU, NEM, DMF; (g) 0.1 M NaOH (aq).

out on solid support, most impressively to afford the two
tetrahydroisoquinoline rings of structural analogues of the of this reaction and the high reactivity of the intermediate
natural product-)-saframycin A" An alternative approach  N-acyliminium ions were expected to facilitate product
on solid support utilizes the BischleNapieralski reaction  formation under reaction conditions mild enough to ensure
to generate tetrahydroisoquinolines, but this method generallyresin integrity and prevent premature cleavage of product
relies on much harsher reaction conditions (P{€&kvated from the resin, thereby enabling the Piet&pengler cy-
temperatures1® clization of a range of substituted phenylalanine derivatives.
There are several reports for the synthesis of pyrroloiso- These pharmacophores constitute important structural motifs
quinolines in solution via acid-catalyzed cyclization of phenyl of numerous drugs and biologically active molecules and
moieties to cyclidN-acyliminium ions?® To the best of our  are, in addition, readily available (e.g., as their Fmoc-
knowledge, no reports have dealt with the Piet8pengler protected building blocks) in large numbers from commercial
reaction of solid-supported phenylalanine derivatives lacking suppliers, thereby rendering the methodology a most relevant
electron-donating substituents on the aromatic ring, or evenand convenient platform for the generation of combinatorial
containing electron-withdrawing substituents, presumably libraries based on privileged core structures.
because such transformations are expected to require harsh
reaction conditions or even be impossible via traditional
N-alkyliminium chemistry. Accordingly, it was considered The Pictet-Spengler reaction substrates of the present
worthwhile to extend the intramoleculad-acyliminium investigation were made according to standard Fmoc amino
Pictet-Spengler reaction to the solid-phase synthesis of acid coupling protocols for solid-phase peptide synthesis. For
tetrahydroisoquinoline derivatives. The intramolecular nature the purpose of utilizing acidic reaction conditions, which are

Results and Discussion
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Scheme 3. Solid-Phase Synthesis of 5-Hydroxylactam and Generafidcyliminium lon?
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aReagents and conditions: (a) 10% TFA (aq), 24 h; (b) 0.1 M NaOH (aq). Crude analytical RP-HPLCs of masked dlfieimgd®-hydroxylactani9
cleaved off the solid support by treatment with 0.1 M NaOH (aq).

normally required for PictetSpengler reactions, the base by analytical HPLC. However, upon immediate reinjection,
labile hydroxymethylbenzoic acid (HMBA) linker was at- the same 1:1 epimeric ratio appeared in each fraction, which
tached to the amino-functionalized PEGA ré&siby the indicates a rapid equilibration either via ring-opening or via
TBTU-activation procedur& The hydroxy handle of the the intermediatél-acyliminium ion in the eluent (0.1% TFA
linker was esterified by treatment with MSNT-activated in water/acetonitrile mixture).
Fmoc-Gly-OH?3 thus attaching the first amino acid residue  Accordingly, when proper substitution patterns of hydroxy
(glycine) and providing a convenient cleavage site for and methoxy groups (activating groups) are introduced on
quantitative release from the solid support via basic hydroly- the benzene ring of phenylalanine, the intramoleciNar
sis under mild conditions. Subsequent cycles of Fmoc acyliminium Pictet-Spengler reaction proceeds readily under
deprotection and TBTU-mediated couplings to incorporate mild acidic aqueous reaction conditions. When treating the
Fmoc-Phe-OH and racemic masked aldehyde building block dimethoxy derivativla(R! = OMe, R = OMe) with 10%
13> and afforded the PictetSpengler reaction substraté TFA (aq), the reaction sequence proceeds smoothly to afford
in the expected 1:1 diastereomeric ratio (purit95%). pyrroloisoquinoline23a in excellent purity &95%, Table
Treatment of 14 with 10% TFA (aq) according to 1, entry 1), resulting from attack of the para position of the
previously described conditions for the intramolecutar R? methoxy group. In general, wher? & OMe (21a 21¢
acyliminium Pictet-Spengler reaction gave none of the or OH (216, 10% TFA (aq) is sufficient for clean conversion
desired produci 8.8 Within minutes, theN-Boc 1,3-oxazi- into the Pictet-Spengler products, whereas substrétél
nane moiety ofl4is cleanly converted into the corresponding and 21d (both with R = H) are not sufficiently activated
aldehyde, which quantitatively reacts with the amide nitrogen for attack from either C2 or C5 of the benzene ring (Table
of the peptide backbone to form a cyclic five-membered 1, entries 2 and 9). Bearing in mind the ortho/para-directing
5-hydroxylactaml6 (Scheme 3). As indicated by analytical properties of hydroxy and alkoxy functionalities, the results
RP-HPLC chromatograms of 5-hydroxylacta® the solid- are readily understood by reference to the general rules of
supported 5-hydroxylactat6 was cleanly formed as-al:1 electrophilic aromatic substitution. Notably, whereas the
epimeric mixture. Each epimer was carefully fractionated reaction proceeds in a quantitative fashion, the regioselec-
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Table 1. Brgnsted Acidic Aqueous and Nonagueous Reaction Conditions for Solid-Phase Intramaledahdiminium
Pictet-Spengler Reactions of Electron-Rich Phenylalanine Derivatives
R2

R2
R! Bronsted 4
acid
(A-G) "
H 1t, 20h
N._.CO — . HO
= Q i coz—Q o Q VCOz—O
M 0
NBoc 21af O 22af (o] zsaf

| la E |

R2
R'I
R2
H HO
HN N._COH q ~-COH COzH -COH
o\[/\/& 50

NBoc  25af 26af 27; f © 28at
@ = HMBA-NH-PEGAg
HPLC
purity of
masked reaction ratio of 22+ 23+
entry aldehyde condition$ R! R? 22:23.24° 24 (%)
1 2la A OMe OMe 0:100:0 >95
2 21b A OMe H 100:0:0 >905
3 21c A H OMe 0:82:18 >95
4 21c B H OMe 0:63:37 73
5 21c C H OMe 0:58:42 76
6 21c D H OMe 0:85:15 69
7 21c E H OMe 0:85:15 40
8 21c F H OMe 0:63:37 87
9 21c G H OMe 0:93:7 57
10 21d A OH H 100:0:0 >95
11 2le A H OH 0:65:35 >05
12 2le B H OH 0:64:36 83
13 2le C H OH 0:64:36 89
14 2le D H OH 0:75:25 76
15 2le E H OH 0:67:33 38
16 2le F H OH 0:66:34 93
17 2le G H OH 0:55:45 94
18 21f A OH OH n.d. G

a0.1 M NaOH (aq). The masked aldehydds—f were prepared via procedures similar to thosg4ifi Scheme 2° Reaction conditions:
A, 10% TFA (aq); B, 10% TFA (CHKCl,); C, 50% TFA (CHCI,); D, 10% HSO, (CHsCO,H); E, 10% TFA (DMF); F, 10% TFA (heptane);
G, 10% TFA (dioxane)¢ The 22:23:24 ratio and product purity were determined by analytical RP-HPLC of the crude mixt.26, @f,
and28 cleaved off the solid support with 0.1 M NaOH (a§)The low product purity is mainly due to unconverted materia2bfe None
of the Pictet-Spengler product was detected due to decomposition under these reaction conditions.

tivity is not complete for21lc and21e (Table 1, entries 3  demasking of the aldehyde (see also Table 3). The masked
and 11). Product®4cand24eresult from attack of the ortho  aldehyde substrate derived from 3,4-dihydroxyphenylalanine
position of R, although generally in lower amounts than (L-DOPA) was also prepare@1f, with R = OH and R =
regioisomer23c and23eresulting from attack of the para  OH), but treatment with 10% TFA resulted in a complex
position of R. Similar trends in regioselectivity have been product mixture according to RP-HPLC (many peaks), and

made for related solution-phase cyclization$\tacylimin- none of the PictetSpengler product was found by inspection
ium ions?® The dependence of the regioselectivity on the of *H NMR and MS data of cruda6f—28f.
solvent was briefly examined by exposi@dc and21eto A range of Brgnsted acidic reaction conditions were

various acidic reaction conditions (Table 1, entrie94and examined for the PictetSpengler cyclization of 5-hydroxy-
12—17). Here, the regioselectivity of the methoxy derivative lactam16 (Table 2). In previous studies, we demonstrated
21c was found to be highly dependent on the solvent, as how aqueous TFA and HCI| were superior to aqueous
illustrated by the change in product ratio 88d24c by solutions of, for example, C3€O0OH, HCOOH, CSA, and
changing from CHCI, (~2:1, Table 1, entry 4) to dioxane TCA, to mediate the intramolecul&tacyliminium Pictet
(~13:1, Table 1, entry 9). It is also noteworthy that HPLC Spengler reaction of electron-rich aromatic heterocytles.
purities above 95% could only be obtained when aqueous Starting with 10% TFA (aq), no conversion d§to 18 was
reaction media were employed (Table 1, reaction conditions observed during 72 h (Table 2, entry 1). Heating the reaction
A), which points to the importance of water for a clean to higher temperatures (Table 2, entries 2 and 3) provided
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Table 2. Brgnsted Acidic Aqueous Reaction Conditions for
Solid-PhaseN-Acyliminium Pictet-Spengler Cyclization of

Table 3. Brgnsted Acidic Nonaqueous Reaction Conditions
for Solid-PhaseN-Acyliminium Pictet-Spengler Cyclization

5-Hydroxylactam to Pyrroloisoquinoline

of 5-Hydroxylactam to Pyrroloisoquinoline

Bronsted Brensted
acid acid,
HO, H (aq) H HO H t, 20h
N.__.COz- N. _CO H
Q I ~©0Q Q! ~C0:Q Q X N_C0:~Q NN N CO-Q
© 16 O 18 o) -
Q@ = HMBA-NH-PEGAgy 18 18
Q@ = HMBA-NH-PEGAgq
entry reaction conditions HPLC purity 682
1 10% TFA, 1t 72 h no conversion entry reaction conditions HPLC purity 482
2 10% TFA, 75°C, 48 h no conversion 1 CH;COH <2b
3 10% TFA, 100°C, 24 h linker cleaved 2 CH;COH/H,SO, (99:1) 94
4 50% TFA, rt, 24 h trace 3 CH;COH/H,S0O, (9:1) >95° (80r)
5 50% TFA, 100°C, 24 h resin decomposed 4 CH;COH/H,SO, (1:1) >95° (769)
6 95% TFA, rt, 24 h >95% 5 H,SO, (conc) resin decomposgd
7 10% HCI, rt, 72 h no conversion 6 TFA/CH.CI, (1:99) 60
8 10% HCI, 75°C, 48 h no conversién 7 TFA/CH.CI; (1:9) >05 (76
9 10% HCI, 10C°C, 24 h linker cleaved 8 TFA/CH,CI; (1:1) >095 (88
10 20% HCl, rt, 24 h linker cleaved 9 TFA >95° (88Y)
11 20% HCI, 100°C, 24 h resin decomposed 10 TFA/CHCE (1:9) >95 (93
12 1% HSOy, rt, 24 h no conversion 11 TFA/CHCN (1:9) 56
13 10% HSOy, 1t, 24 h no conversich 12 TFA/THF (1:9) 53
14 50% HBSOy, rt, 24 h >509% 13 TFA/toluene (1:9) >95°
a Purity, conversion and decomposition were indicated by RP- }é Eﬁfgmg&?g) Zg an
HPLC of the crude reaction mixture @B and20 cleaved off the 16 TFA/heptane (1:9) >95° (92)
solid support with 0.1 M NaOH (aq¥.Loading reduced<5% of 17 TFA/ether (1:9) 59
original loading).c Decomposition of the resin was apparent by 18 TFA/ethyl acetate (1:9) 58
complete dissolution in the acidic reaction medium during the 19 TFA/acetone (1:9) 44

reaction period:' Loading reduced £25% of original loading). a Purity was indicated by RP-HPLC of the crude reaction mixture

) of 19 and20 cleaved off the solid support with 0.1 M NaOH (aq).
none of the desired produd8. Instead, the product was bThe (low) product purity is mainly due to unconverted material
cleaved from the linker by acidic hydrolysis of the ester bond. of 16. ¢ The reaction was complete in less than 4 Grude purity

Increasing the acidity to 50% TFA (aq) provided traces of ©of 18 when masked aldehyde4 was treated with same acidic
the Pictet-Spengler cyclized produdi8 (Table 2, entry 4), reaction conditions for 20 h. In 10% TFA (DMF), only 25%

but heati fl der th diti lted i . conversion ofl4 was obtained during 20 K.Decomposition of
ut ea“”‘é_l .to reflux under these conditions resulte |_n €SN the resin was apparent by complete dissolution in the acidic reaction
decomposition (Table 2, entry 5). However, the Pietet

medium during the reaction period; however, after 4 h, the product
Spengler cyclization proceeded smoothly at 95% TFA (aq) had cleanly been formed-@5%), but the loading of the partially

(Table 2, entry 6) to afford pyrroloisoquinolir8 in high decomposed resin was estimated<@$% due to acidic hydrolysis
purity. With aqueous HCI, it was not possible to adjust the ©f the linker.
reaction conditions to allow PicteSpengler cyclization
without hydrolyzing the linker or decomposing the resin formed whenl6 was treated with concentrated$0O, (Table
(Table 2, entries #11). Similar results were obtained with 3, entry 5), but the resin gradually decomposed, in addition
H,SO,. At lower acidity, the 5-hydroxylactari6 remains to cleavage of the linker during 20 h. Less harsh, mixtures
unconverted (Table 2, entries -123), whereas increased of TFA/CH,CI; (in ratios ranging from 100:0 to 1:9) proved
acidity provides the PictetSpengler producl8, albeit in to be highly useful for mediating the reaction, generally
low isolated yield due to cleavage of the linker (Table 2, affording the product in excellent yield during 20 h (Table
entry 14). 3, entries 79), although generally slower than mixtures of
As indicated in Scheme 3, the shift of the equilibrium H,SO, and CHCOOH. By screening organic solvents
toward theN-acyliminium ion17 should depend on both the  containing 10% TFA (Table 3, entries 4@0), a range of
acidity and water content of the reaction medium. Bearing solvents in addition to CKCl, were found to be compatible
in mind the problems of acidic hydrolysis of the linker in  with the reaction, most efficiently chloroform, toluene, and
aqueous media of the acidity required to effect Pietet hexane. The possibility of carrying out a one-pot aldehyde-
Spengler cyclization 016 (Table 2), it was natural to also  demasking, amide backbone condensation and Pictet
test the reaction in nonaqueous solvent systems. Only minorSpengler cyclization was also investigated by subjecting
traces of Pictet Spengler cyclization product appeared after masked aldehyd&4 to selected nonaqueous acidic reaction
treatment ofL6 with CH;COOH for 20 h (Table 3, entry 1),  conditions (the obtained purity in these experiments is noted
whereas the presence of-%0% HSO; in CHzCOOH?® in the parentheses of Table 3, entries43 7-10, 14, 16,
(Table 3, entries 24) provided the PictetSpengler product  and 20). In these experiments, purities of pyrroloisoquinoline
18 in excellent purity and diastereoselectivity (both above 18 exceeding 95% could generally not be obtained directly
95%) in less than 4 h, notably with retained loading, since from masked aldehyd&4. This indicates the necessity of
hydrolysis is suppressed when using {CIOH as solvent  acidic aqueous reaction conditions for the clean formation
instead of water. Evidently, the produ® was also cleanly  of 5-hydroxylactanil6 before changing to acidic nonagueous
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Scheme 4. Solid-Phase Intramoleculdd-Acyliminium Pictet-Spengler Reaction of Masked Aldehyde Derivative
a b

14 18 20
(>95%)

20

1 T By T ES T e T W T N T e T B T =L T L

aReagents and conditions: (a) 95% TFA (aq); (b) 0.1 M NaOH (aq). Crude analytical RP-HPLC of-Bjgtetgler-cyclized produ@0 cleaved off the
solid support by treatment with 0.1 M NaOH (aq).

Scheme 5. Solid-Phase Intramolecul®-Acyliminium Pictet-Spengler Reactions of Fused Aromatic ngs

; @ O
CO —_— —_
- Q P Q{NT Co-Q e 57( C0-Q COH

0

o

: § )
O

Mo

NBoc

45a

45¢
Q@ = HMBA-NH-PEGAgg
aReagents and conditions: (a) 95% TFA (aq), 20 h; (b) TFA/CIK(1:1), 20 h; (c) 0.1 M NaOH (aq).

reaction conditions for efficient PicteSpengler cyclization  imines in combination with microwave irradiatidfHow-
into the desired produd8. However, since 95% TFA (aq) ever, the application of Lewis acids for solid-phase Pietet

was used for the clean conversion of 5-hydroxylaciato Spengler type reactions has, to the best of our knowledge,
pyrroloisoquinolinel8 (Table 2, entry 6), it was envisioned not been reported, and it was therefore considered worth
that these reaction conditions could also be applied for atesting a selection of common Lewis acids for transforming

clean aldehyde umasking/amide backbone condensation5-hydroxylactaml6 into pyrroloisoquinolingl8 (Table 4).

Gratifyingly, the desired transformatioh4— 18) proceeded Indeed, the desired transformation could readily be effected

cleanly to afford18 in excellent purity £95%, as shown  with stock solutions of 0.1 M SngITiBrs, and BR-Et,O
by the analytical RP-HPLC chromatogram of the crude (Table 4, entries 1,-34) in amounts of dichloromethane

product in Scheme 4). sufficient for covering the resin. At lower concentration, that
Lewis acids have found broad utility for the cyclization is, 0.01 M, incomplete conversion was generally observed.
of aromatic rings to cyclic and acyclid-acyliminium ions When shifting to lanthanides, no conversion was seen in polar

in solution-phase synthesisas exemplified in the generation  and nonpolar solvents (Table 4, entriesg), even at 0.5 M
of pyrroloisoquinolines, where TiGIBFs-ELO, TMSOTH, Lewis acid. SinceN,O-acetals are prone to cleavage with
and SnCJ have been successfully employ®&d! Pictet- Lewis acids, the conversion of masked aldehydeinto
Spengler reactions have been carried out using Lewis acidspyrroloisoquinolinel8 should also be within the scope of
as activators of nitrone®; 3> N-acyliminium ions33” and this methodology. Although the direct exposureldfto 0.5
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Table 4. Lewis Acidic Nonaqueous Reaction Conditions for
Solid-PhaseN-Acyliminium Pictet-Spengler Cyclization of
5-Hydroxylactam to Pyrroloisoquinoline

Lewis acid,
HO H rt, 20h "
CZ N._C02-Q HoA N._CO-Q
o]
8] 0 o
16 18
@ = HMBA-NH-PEGAgy
entry Lewis acid HPLC purity of18 (%)°

1 0.1 M SnCj 87
2 0.1 MTiCl, 23
3 0.1 M TiBry 79
4 0.1 M BR-Et,O 89
5 0.1 M AICIs® (0
6 0.1 M Sc(OTfyd no conversion olL6
7 0.1 M Yb(OTf)d no conversion o6
8 0.1 M Y(OTf)¢ no conversion o6

aAll reactions were performed for 20 h in GEI, unless
otherwise indicated. Each reaction was followed by extensive
washing with CHClI,. ? Purity was indicated by RP-HPLC of the
crude reaction mixture &0 cleaved off the solid support with 0.1
M NaOH (aq).c The reaction was carried out in GEI/THF (4:
1). 4 At this concentration, the lanthanide is partly suspended in

Journal of Combinatorial Chemistry, 2005, Vol. 7, No. @05

M Lewis acids in dichloromethane resulted in the formation
of 18, product purities were generally much lower than those
depicted in Table 4.

Encouraged by the findings in Table 3 that several
Brgnsted acidic reaction conditions could be used to effect
clean and quantitative cyclization of the unsubstituted phenyl
moiety of phenylalanine to thBl-acyliminium ion, it was
decided to further investigate the functional group tolerance
and substitution pattern of the aromatic ring. Initially, a series
of solid-supported masked aldehyde substrates incorporating
phenylalanine derivativeg9a—f devoid of electron-with-
drawing substituents were made via coupling procedures
analogous to those depicted in Scheme 2, and treatment with
10% TFA (aq) gave the 5-hydroxylactams as 1:1 epimeric
mixtures in excellent purityX95% for all 5-hydroxylactams
of Table 5). Rewardingly, all methyl- and phenyl-substituted
5-hydroxylactam80a—d gave quantitative formation of the
desired PictetSpengler product8la—d (Table 5, entries
1-4), as opposed to the 3-hydroxyphenyl and 3-methoxy-
phenyl-derived masked aldehyde substrafe@nd 21¢
respectively), in which regioisomeric Pictéspengler prod-
ucts form, the 3-methylphenyl-derived 5-hydroxylactagb

the reaction solvent. The lanthanide-catalyzed reactions were alsopnly gave rise to the regioisomer resulting from attack para

tested at 0.1 M concentrations in DMF and THF as solvents, but

no significant conversions were detected in these experiments.

€When exposingdl6 to 0.01-0.5 M AICl; in CH,CI/THF (4:1),
none of18 was formed at complete substrate conversion.

to the substituent (methyl) group. The tyrosine-derived
5-hydroxylactams22b and 22d (Table 5, entries #8)
performed equally well in the reaction (Table 5, entriesY,

Table 5. Brgnsted Acidic Nonaqueous Solid-Phase Intramoleditécyliminium Pictet-Spengler Reactions of Phenylalanine

Derivatives
R? 2 2
R R
R1 RS 1 3 Brensted
R R i
acid
10%TFA, (AorB)
H i, 20h s & i, 20h
—_——— H
- N._CO-Q oo Q N._C0,-Q N._C0-Q
OMO 0 (o] o
NBoc 21b, 21d, 29a-f o 22b, 22d, 30a-f o 23b, 23d, 31a-f
| A f’
R? R?
R! R3 R! R?
H HO H
NP N CORH Q N._COH
o]
(O/MO o o]
NBoc 254 25d, 32a-f 26b, 26d, 33a-f 27b, 27d, 34a-f
@ = HMBA-NH-PEGAgq
masked reaction HPLC purity
entry aldehyde condition$ Rt R? R3 of 31 or 23 (%)°
1 29a AorB Me H H >05
2 29b AorB H Me H >95
3 29c AorB H H Me >05
4 29d AorB Ph H H >95
5 29e AorB N3 H H Qe
6 29f AorB NH, H H oc
7 21d AorB OH H H >95
8 21b AorB OMe H H >95

a0.1 M NaOH (aq). Reaction conditions: A, 50% TFA (&k); B, 10% HSO, (CHsCO;H). P The product purity 081 was determined
by analytical RP-HPLC of the crude mixture 84 cleaved off the solid support with 0.1 M NaOH (a§p-Hydroxylactams30e and 30f

decomposed under reaction conditions A or B.
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Table 6. Brgnsted Acidic Nonaqueous Solid-Phase Intramolediacyliminium Pictet-Spengler Reactions of Phenylalanine
Derivatives2

R3
R2 R*
10%TFA,
R H ?t,kmh
. N._.co.-g@p ——
(>95%)
OMO o)

NBoc  35a-h

|2

R3
R R*
1
B H
HN NVCOQH
o) (0]
MO

NBoc  3gap 39a-h
@ = HMBA-NH-PEGAgq0

R3

HPLC
masked purity of
entry aldehyde R R? R3 R4 37 (%)?
1 35a H H H F 60
2 35b H H H Br 68°
3 35¢c H Br H H >905
4 35d H | H H >95
5 35e H Cl H H >95
6 35f H H Cl H >905
7 35¢g H Cl Cl H 92
8 35h Br OH Br H >95

a20.1 M NaOH (aq). The product purity &7a—h was determined by analytical RP-HPLC of the crude mixturd@#—h cleaved off
the solid support with 0.1 M NaOH (ad)The reaction was carried out for 72 h. The noted purity reflects the conversion of the
5-hydroxylactam at this time. The crude mixture was separated by preparative RP-HPLC to afford amounts of material sufficient for NMR
analysis.

whereas the shelf-stable 4-azidophenyl and 4-aminophenyl-experiments, phenylalanine derivatives with more electron-

derived 5-hydroxylactams30e—f) completely decomposed withdrawing substituents, for example, nitro-, cyano-, and

when subjected to reaction conditions A or B (Table 5, entries trifluoromethyl groups, were also attempted in the reaction.

5-6). However, products resulting from cyclization of such deac-
The utility of the reaction would be greatly broadened if tivated rings were generally unstable and resisted proper

substrates with electron-withdrawing substituents on the characterization.

aromatic ring participate in the reaction. Such substituents In addition to miscellaneously substituted phenyl moieties,

are highly desired in terms of scaffold diversity and may fused aromatic rings systems should also be within the scope

provide a convenient handle for further synthetic transforma- of the reaction, although literature reports on cyclizations

tions, for example, metal-catalyzed cross-coupling reactionsof fused aromatic ring systems d-acyliminium ions are

of halogen-substituted aromatics on solid support. The scarce®®®® To test the idea, 1-naphthylalanine, 2-naphthyl-

substrates would be expected to exhibit significantly lower alanine, and 1-pyrenylalanine residues were incorporated

reaction rates than those in Table 5. To investigate the effectbetween the masked aldehyde and glycine moieties via

of introducing a halogen on the phenyl ring, a series of coupling procedures analogous to those depicted in Scheme

substrates were made via procedures similar to those depicte@. Following the methodology above, masked aldehyde

in Scheme 2. As expected, treatment with 10% TFA (aqg) substrategla—c were treated with 10% TFA (aq) to afford

gave the 5-hydroxylactan85a—h as 1:1 epimeric mixtures  the 5-hydroxylactamg?2a—c, and upon switching to non-

in excellent purity ¢ 95% for all 5-hydroxylactams of Table  aqueous reaction conditions in (TFA/@E, (1:1)), the

6). Furthermore, treatment of the 5-hydroxylacteBfs—h Pictet-Spengler cyclization was smoothly mediated, afford-

with TFA for 20 h mediated a clean formation of Pictet  ing the productl3a—c in excellent purity &94%).

Spengler products37c-h (Table 6, entries 38). As )

expected, the 2-fluoro and 2-bromophenyl derivatB@s—b Conclusion

were less reactive, giving only 60 and 68% conversion into  In summary, the scope of the solid-phase intramolecular

the desired PictetSpengler product87a—b when treated N-acyliminium Pictet-Spengler reaction has been expanded.

with TFA for 72 h (Table 6, entries -12). In further Whereas initial work focused on the utility of electron-rich
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aromatic heterocycles, the present study demonstrates howCoupling of the first amino acid (Gly) to the HMBA-
a diverse range of phenylalanine derivatives smoothly parti- derivatized resin was accomplished by treating the freshly
cipate in this process. Following a straightforward solid-phase lyophilized resin with a mixture of the Fmoc-Gly-OH (3.0
approach, the reaction substrates are all readily available viaequiv), 1-methylimidazole (Melm, 5.0 equiv), and 1-(mesi-
standard peptide synthesis protocols, and the range oftylene-2-sulfonyl)-3-nitro-1,2,4-triazole (MSNT, 3.0 equiv)
possible products may draw upon the large pool of aromatic in CH,Cl,.2> The MSNT-mediated coupling was repeated
amino acids available. Treatment of masked aldehyde once. Peptide synthesis and attachment of masked aldehyde
substrates with aqueous TFA liberates the aldehyde, whichbuilding blocks to the amino-functionalized resin were
is immediately condensed with the nitrogen amide backbone subsequently accomplished following standard amino acid
to form a cyclic 5-hydroxylactam. The latter species is in coupling procedures (Fmoc-AA-OH aac-MABB1 (13),
equilibrium with the correspondiniy-acyliminium ion, and TBTU, NEM, DMF), as described above for the attachment
provided the presence of a neighboring, properly substituted, of the HMBA linker. The usual washing protocol followed
electron-rich phenylalanine residue, a subsequent quantitativeeach coupling and deprotection step. Completion of the
Pictet-Spengler cyclization is mediated. The scope of the reaction was monitored using the Kaiser test. Fmoc-depro-
process is greatly expanded when changing from aqueoudection was accomplished with 20% piperidine in DMF, first
to nonaqueous reaction conditions. Formation of 5-hydroxy- for 2 min and then for 18 min, followed by washing with
lactams proceeds most cleanly with aqueous TFA, whereasDMF (x6). Resin loading was determined by Fmoc cleavage
subsequent PictetSpengler cyclization of phenyl rings and measurement of the optical density at 280 Loadings
devoid of electron-donating substituents only occurs in acidic were then calculated from a calibration curve. HRMS (ESI)
organic solvents, such as 50% TFA in dichloromethane. A analysis were generally performed on collected analytical
range of substitution patterns and substituents are toleratedRP-HPLC fractions.
on the aromatic ring, comprising hydroxy, chloro, bromo,  General Procedure for Solid-Phase Synthesis of 5-Hy-
fluoro, aryl, alkoxy, and alkyl moieties in the 2-, 3-, and droxylactams. The solid-supported masked aldehyde sub-
4-positions. The reaction was equally efficient for fused strate was swelled in 10% TFA (aq) and allowed to react
aromatic rings, such as pyrene and naphthalenes, incorporatetbr 2 h before being washed with watex ), DMF (x6),
in the peptide backbone as the aryl alanine derivatives.  and CHCI, (x6). The resin was lyophilized overnight prior
The reaction provides a smooth and easy access to a rangt cleavage of the reaction product from the solid support
of pharmacologically interesting pyrroloisoquinolines. The with amounts of 0.1 M NaOH (aq), sufficient to cover the
constrained core structures built into peptide sequences seemesin, then it was neutralized with equimolar amounts of 0.1
ideally suited for combinatorial library synthesis, where key M HCI (aq) and diluted with acetonitrile prior to RP-HPLC
points of diversity may be provided by the nature and ananlysis.
substituents of the aromatic ring undergoing the Pictet Analytical Data for 5-Hydroxylactams. 5-Hydroxylac-
Spengler cyclization, the amide backbone, and optional tam from rac-MABB1-Phe-Gly-OH (15). Purity: >95%;
substituents on the applied masked aldehyde building blocks.R = 8.20, 8.52 min; MS (ESI) calcd for&H1sN.OsNa [M
The synthetic work was carried out on PEGA resins, which + Na]* 329.1, found 329.1.
are highly useful for assays involving on-bead screening for  5-Hydroxylactam from rac-MABB1-(4-OMe)Phe-Gly-
biological activity and single bead analysis, for example, in OH (25b). Purity: >95%; R, = 8.01, 8.55 min; MS (ESI)
one-bead two-compound assdylthough the PEGA resin  calcd for GeHooN2OsNa [M + Na]t 359.1, found 359.1.
displayed some instability under harsh, aqueous acidic 5-Hydroxylactam from rac-MABB1-Tyr-Gly-OH (25d).
reaction conditions, presumably caused by hydrolysis of Purity: >95%; R, = 5.79, 6.57 min; MS (ESI) calcd for
PEGA amide-bonds, it remained intact using the nonaqueousC;sH;gN,OsNa [M + Na]* 345.1, found 345.1.
acidic reaction conditions generally used for Piet8pengler 5-Hydroxylactam from rac-MABB1-(4-Me)Phe-Gly-
cyclization in this investigation. Combinatorial libraries based OH (32a). Purity: >95%; R = 9.15, 9.55 min; MS (ESI)
on the intramoleculaN-acyliminium Pictet-Spengler reac-  calcd for GgH20N2OsNa [M + NaJ* 343.1, found 343.1.
tion are currently being explored in on-bead screening for  5.Hydroxylactam from rac-MABB1-(3-Me)Phe-Gly-
agonistic activity at G-protein coupled receptors, and the oH (32b). Purity: >95%;R = 10.74, 11.05 min; MS (ESI)
results will be reported in due course. calcd for GegHaoN20sNa [M + Na]* 343.1, found 343.1.
5-Hydroxylactam from rac-MABB1-(2-Me)Phe-Gly-
OH (32c). Purity: >95%;R = 10.50, 10.80 min; MS (ESI)
calcd for GgHooN,OsNa [M + Na]™ 343.1, found 343.1.

Experimental Section

Solid-Phase SynthesisAttachment of the 4-hydroxy-

methylbenzoic acid (HMBA) linker to the amino-function-
alized PEGAqo (poly(ethylene glycol) dimethyl acrylamide,

5-Hydroxylactam from rac-MABB1-(4-Ph)Phe-Gly-OH
(32d). Purity: >95%;R; = 12.20, 12.48 min; MS (ESI) calcd

0.3 mmol/g) resin was carried out by premixing 4-hy- for CaiHzN,OsNa [M + Nal* 405.1, found 405.1.

droxymethylbenzoic acid (HMBA, 3.0 equiviN-ethyl mor-
pholine (NEM, 4.0 equiv), andO-(benzotriazol-1-yl)-
N,N,N',N'-tetramethyluronium tetrafluoroborate (TBTU, 2.88
equiv) for 5 min in DMF?2 The resulting solution was added

to the resin preswelled in DMF and allowed to react for 2 h,

followed by washing with DMF %6), and CHCI, (x6).

5-Hydroxylactam from rac-MABB1-(4-azido)Phe-Gly-
OH (32e). Purity: >95%; R, = 9.56, 9.89 min; MS (ESI)
calcd for GsHi7NsOsNa [M + NaJ* 327.1, found 327.0.

5-Hydroxylactam from rac-MABB1-(4-amino)Phe-Gly-
OH (32f). Purity: >95%;R = 12.12, 12.49 min; MS (ESI)
calcd for GsHigN3OsNa [M + NaJ™ 344.1, found 344.0.



608 Journal of Combinatorial Chemistry, 2005, Vol. 7, No. 4

5-Hydroxylactam from rac-MABB1-(2-F)Phe-Gly-OH
(39a).Purity: >95%; R, = 9.68, 9.99 min; MS (ESI) calcd
for CisH17FN,OsNa [M + Na]t 347.1, found 347.1.

5-Hydroxylactam from rac-MABB1-(2-Br)Phe-Gly-OH
(39b). Purity: >95%;R = 10.92, 11.09 min; MS (ESI) calcd
for CisH17N3OsNa [M + Na]t 407.0, found 407.0.

5-Hydroxylactam from rac-MABB1-(4-Br)Phe-Gly-OH
(39c).Purity: >95%;R; = 11.54, 11.78 min; MS (ESI) calcd
for CisH17N30sNa [M + Na]t 407.0, found 407.0.

5-Hydroxylactam from rac-MABB1-(4-1)Phe-Gly-OH
(39d). Purity: >95%;R, = 12.22, 12.45 min; MS (ESI) calcd
for CisH17IN2OsNa [M + Na]* 455.0, found 455.0.

5-Hydroxylactam from rac-MABB1-(4-Cl)Phe-Gly-OH
(39e).Purity: >95%;R; = 11.10, 11.32 min; MS (ESI) calcd
for CisH17CIN,OsNa [M + Na]™ 363.1, found 363.1.

5-Hydroxylactam from rac-MABB1-(3-Cl)Phe-Gly-OH
(39f). Purity: >95%;R = 11.14, 11.39 min; MS (ESI) calcd
for C15H17C|N205Na [M + Na]* 3631, found 363.0.

5-Hydroxylactam from rac-MABB1-(3,4-dichloro)Phe-
Gly-OH (399). Purity: >95%; R, = 12.53, 12.69 min; MS
(ESI) calcd for GsH16ClN2OsNa [M + Na]* 397.0, found
397.0.

5-Hydroxylactam from rac-MABB1-(3,5-dibromo)Tyr-
Gly-OH (39h). Purity: >95%; R = 10.34, 10.75 min; MS
(ESI) calcd for GsH1¢BroN,OgNa [M + Na]™ 500.9, found
500.9.

5-Hydroxylactam from rac-MABB1-Nal(1)-Gly-OH
(45a).Purity: >95%;R = 12.10, 12.31 min; MS (ESI) calcd
for CigH20N2OsNa [M + Na]t 379.1, found 379.1.

5-Hydroxylactam from rac-MABB1-Nal(2)-Gly-OH
(45b). Purity: >95%;R, = 12.27, 12.57 min; MS (ESI) calcd
for CigHogN-OsNa [M + Na]* 379.1, found 379.1.

5-Hydroxylactam from rac-MABB1-(1-pyrenyl)Ala-
Gly-OH (45c). Purity: >95%; R = 14.90, 15.16 min; MS
(ESI) calcd for GsH:N>OsNa [M + NaJt 453.1, found
453.1.

General Procedure for Solid-Phase Intramolecular
Pictet—Spengler Cyclization. The solid-supported 5-hy-
droxylactams were treated with acid (e.g., 50% TFA ¢(CH
Clp) or 10% HSO, in acetic acid) overnight before washing
the resin with CHCI, (x6), DMF (x6), water 6), DMF
(x6), and CHCI; (x6). The resin was lyophilized overnight

prior to cleavage of the reaction product from the solid

support with 0.1 M NaOH (aq).

Analytical Data for Pictet—Spengler Reaction Products.
[((5S,10bR)-3-Ox0-1,2,3,5,6,10b-hexahydropyrrolo[2, -
isoquinoline-5-carbonyl)amino]acetic Acid (20).Purity:
>95%; R = 10.30 min;*H NMR (250 MHz, DMSO¢) 6
10.35 (bs, 1H), 8.36 (dd [app. t],= 6 Hz, 1H), 7.26-7.14
(m, 4H), 4.94 (dd [app. t}J = 8 Hz, 1H), 4.75 (ddJ = 3
Hz, J = 7 Hz, 1H), 3.69 (dJ = 6 Hz, 2H), 3.18 (ddJ =
3 Hz,J =16 Hz, 1H), 2.95 (ddJ = 7 Hz,J = 16 Hz, 1H),
2.76-2.55 (m, 2H), 2.36-2.20 (m, 1H), 1.83-1.68 (m, 1H);
HRMS (ESI) calcd for GsHi17N>O4 [M + H]* 289.1188,
found 289.1178.

[((5S,10bR)-8,9-Dimethoxy-3-0x0-1,2,3,5,6,10b-hexahy-
dropyrrolo[2,1- alisoquinoline-5-carbonyl)amino]acetic Acid
(27a). Purity: >95%;R; = 9.68 min;*H NMR (250 MHz,
DMSO-ds) 6 8.27 (dd [app. t]J = 6 Hz, 1H), 6.73 (s, 1H),
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6.72 (s, 1H), 4.87 (dd [app. t),= 8 Hz, 1H), 4.78 (dd) =
2 Hz,J =7 Hz, 1H), 3.73 (2x s, 6H), 3.67 (dJ = 6 Hz,
2H), 3.15 (dd,J = 2 Hz,J = 16 Hz, 1H), 2.85 (ddJ = 6
Hz, J = 15 Hz, 1H), 2.752.50 (m, 2H), 2.3+2.21 (m,
1H), 1.771.62 (m, 1H); HRMS (ESI) calcd for £H21N,Op
[M + H]* 349.1400, found 349.1399.
[((5S,10bR)-9-Methoxy-3-0x0-1,2,3,5,6,10b-hexahydro-
pyrrolo[2,1-alisoquinoline-5-carbonyl)amino]acetic Acid
(27b). Purity: >95%;R; = 10.33 min;'H NMR (250 MHz,
DMSO-dg) 6 8.29 (dd [app. t]J = 6 Hz, 1H), 7.04-7.00
(m, 1H), 6.74-6.70 (m, 2H), 4.87 (dd [app. t]] = 8 Hz,
1H), 4.71 (ddJ = 3 Hz,J = 7 Hz, 1H), 3.68 (s, 3H), 3.63
(d,J =6 Hz, 2H), 3.08 (ddJ = 3 Hz,J = 16 Hz, 1H), 2.82
(dd,J=7,J= 16 Hz, 1H), 2.76-2.50 (m, 2H), 2.26:2.16
(m, 1H), 1.79-1.63 (m, 1H); HRMS (ESI) calcd for
Ci16H19N20s [M + H]* 319.1294, found 319.1282.
Regioisomeric Mixture of Pictet—Spengler Reaction
Products [((5S,10bR)-8-Methoxy-3-0x0-1,2,3,5,6,10b-hexa-
hydropyrrolo[2,1- alisoquinoline-5-carbonyl)amino]acetic
Acid (27c) and [((55,10bR)-10-Methoxy-3-0x0-1,2,3,5,6,-
10b-hexahydropyrrolo[2,1-alisoquinoline-5-carbonyl)ami-
nolacetic Acid (28c) (82:18).Purity: >95%, R = 10.60
(82%), 11.19 min (18%)*H NMR (250 MHz, DMSO#s) o
8.38 (dd [app. t]J = 6 Hz, 1H), 7.13 (tJ = 8 Hz, 0.18H),
7.09 (d,J = 9 Hz, 0.82H), 6.82 (dJ = 8 Hz, 0.18H), 6.79
(dd,J =3 Hz,J=9 Hz, 0.82H), 6.72 (d) = 2 Hz, 0.82H),
6.70 (d,J = 8 Hz, 0.18H), 4.99-4.85 (m, 1.2 H), 4.74 (dd,
J=3Hz,J=7Hz, 0.8H), 3.783.64 (m, 5H), 3.283.14
(m, 1H), 2.98-2.77 (m, 1H), 2.7+2.50 (m, 2H), 2.32
2.18 (m, 1H), 1.821.48 (m, 1H); HRMS (ESI) calcd for
Ci6H10N205 [M + H]* 319.1294, found 319.1291.
[((5S5,10bR)-9-Hydroxy-3-0x0-1,2,3,5,6,10b-hexahydro-
pyrrolo[2,1-a]isoquinoline-5-carbonyl)amino]acetic Acid
(27d). Purity: >95%; R, = 8.20 min;H NMR (250 MHz,
DMSO-ds) 6 9.30 (s, 1H), 8.28 (dd [app. t],= 6 Hz, 1H),
6.89 (d,J = 8 Hz, 1H), 6.55 (ddJ = 2 Hz,J = 9 Hz, 1H),
6.53 (d,J = 2 Hz, 1H), 4.81 (dd [app. t}J = 8 Hz, 1H),
4.66 (dd,J = 3 Hz,J = 7 Hz, 1H), 3.65 (dJ = 6 Hz, 2H),
3.03 (dd,J =3 Hz,J =16 Hz, 1H), 2.79 (ddJ = 7,J =
15 Hz, 1H), 2.64-2.50 (m, 2H), 2.28:2.16 (m, 1H), 1.76-
1.62 (m, 1H); HRMS (ESI) calcd for gH17N,0s [M + H]*
305.1137, found 305.1143.
[((5S,10bR)-8-Hydroxy-3-0x0-1,2,3,5,6,10b-hexahydro-
pyrrolo[2,1-a]isoquinoline-5-carbonyl)amino]acetic Acid
(27€e).Purity: >95%, R, = 6.92 min;*H NMR (250 MHz,
DMSO-ds) 6 9.28 (bs, 1H), 8.27 (dd [app. tl = 6 Hz,
1H), 6.98 (d,J = 9 Hz, 1H), 6.63 (ddJ = 3 Hz,J = 9 Hz,
1H), 6.54 (d,J = 3 Hz, 1H), 4.84 (dd [app. t}J = 8 Hz,
1H), 4.70 (ddJ = 3 Hz,J = 7 Hz, 1H), 3.70 (dJ = 6 Hz,
2H), 3.08 (dd,J = 3 Hz,J = 16 Hz, 1H), 2.88 (ddJ = 7
Hz, J = 16 Hz, 1H), 2.66-2.51 (m, 2H), 2.322.20 (m,
1H), 1.80-1.68 (m, 1H); HRMS (ESI) calcd for 8H17N,O5
[M + HJ* 305.1137, found 305.1138.
[((5S,10bR)-10-Hydroxy-3-0x0-1,2,3,5,6,10b-hexahydro-
pyrrolo[2,1-a]isoquinoline-5-carbonyl)amino]acetic Acid
(28e).Purity: >95%, R, = 7.47 min;*H NMR (250 MHz,
DMSO-ds) 6 9.55 (bs, 1H), 8.25 (dd [app. t]l = 6 Hz,
1H), 6.95 (t,J= 8 Hz, 1H), 6.63 (dJ = 8 Hz, 1H), 6.54 (d,
J=8Hz, 1H), 4.96-4.88 (m, 2H), 3.66 (dJ = 5 Hz, 1H),
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3.64 (d,J =5 Hz, 1H), 3.20 (dJ = 16 Hz, 1H), 2.88-2.71
(m, 2H), 2.6%2.50 (m, 1H), 2.2#2.17 (m, 1H), 1.64
1.47 (m, 1H); HRMS (ESI) calcd for £H17N20s [M + H]*
305.1137, found 305.1133.
[((5S,10bR)-9-Methyl-3-0x0-1,2,3,5,6,10b-hexahydro-
pyrrolo[2,1-a]isoquinoline-5-carbonyl)amino]acetic Acid
(34a).Purity: >95%;R = 11.48 min;'H NMR (250 MHz,
DMSO-ds) 0 8.29 (dd [app. t]J = 6 Hz, 1H), 7.04-7.01
(m, 1H), 6.74-6.70 (m, 2H), 4.87 (dd [app. t]] = 8 Hz,
1H), 4.70 (ddJ = 3 Hz,J = 7 Hz, 1H), 3.68 (s, 3H), 3.64
(d,J=6Hz, 2H), 3.10 (ddJ = 3 Hz,J = 16 Hz, 1H), 2.85
(dd,J =7 Hz,J = 16 Hz, 1H), 2.69-2.50 (m, 2H), 2.26
2.16 (m, 1H), 2.22 (s, 3H), 1.78L.62 (m, 1H); HRMS (ESI)

calcd for GeH1oN204 [M + H]™ 303.1345, found 303.1337.

[((5S,10bR)-8-Methyl-3-0x0-1,2,3,5,6,10b-hexahydro-
pyrrolo[2,1-a]isoquinoline-5-carbonyl)amino]acetic Acid
(34b). Purity: >95%;R = 11.50 min;*H NMR (250 MHz,
DMSO-ds) 6 8.31 (dd [app. t]J = 6 Hz, 1H), 7.04-6.95
(m, 3H), 4.86 (dd [app. t}J = 8 Hz, 1H), 4.71 (ddJ = 3
Hz, J =7 Hz, 1H), 3.64 (dJ = 6 Hz, 2H), 3.10 (ddJ =
3 Hz,J =16 Hz, 1H), 2.86 (ddJ = 7 Hz,J = 16 Hz, 1H),
2.67-2.50 (m, 2H), 2.25-2.15 (m, 1H), 2.20 (s, 3H), 1.75
1.60 (m, 1H); HRMS (ESI) calcd for £H1gN2O4 [M + H]*
303.1345, found 303.1336.

[((5S,10bR)-7-Methyl-3-0x0-1,2,3,5,6,10b-hexahydro-
pyrrolo[2,1-a]isoquinoline-5-carbonyl)amino]acetic Acid
(34c).Purity: >95%; R, = 11.36 min;'H NMR (250 MHz,
DMSO-ds) ¢ 8.35 (dd [app. t]J = 6 Hz, 1H), 7.1+6.95
(m, 3H), 4.91 (dd [app. t}J = 8 Hz, 1H), 4.81 (ddJ =2
Hz, J =7 Hz, 1H), 3.66 (dJ = 6 Hz, 2H), 3.14 (ddJ =
3 Hz,J = 17 Hz, 1H), 2.86-2.51 (m, 3H), 2.26-:2.21 (m,
1H), 2.16 (s, 3H), 1.7£1.60 (m, 1H); HRMS (ESI) calcd
for CieH1oN2O4 [M + H]™ 303.1345, found 303.1342.

[((5S,10bR)-3-Ox0-9-phenyl-1,2,3,5,6,10b-hexahydro-
pyrrolo[2,1-a]isoquinoline-5-carbonyl)amino]acetic Acid
(34d). Purity: >95%;R = 14.03 min;'H NMR (250 MHz,
DMSO-ds) 0 8.38 (dd [app. t]J = 6 Hz, 1H), 7.62-7.59
(m, 2H), 7.44-7.19 (m, 6H), 4.98 (dd [app. t]] = 8 Hz,
1H), 4.78 (ddJ = 3 Hz,J = 7 Hz, 1H), 3.66 (dJ = 6 Hz,
2H), 3.21 (dd,J = 3 Hz,J = 17 Hz, 1H), 2.95 (ddJ = 7
Hz, J = 16 Hz, 1H), 2.86-2.69 (m, 1H), 2.63-2.51 (m,
1H), 2.29-2.20 (m, 1H), 1.8#1.70 (m, 1H); HRMS (ESI)

calcd for GiH21N,04 [M + H]* 365.1501, found 365.1495.

[((5S,10bR)-7-Fluoro-3-0x0-1,2,3,5,6,10b-hexahydro-
pyrrolo[2,1-a]isoquinoline-5-carbonyl)amino]acetic Acid
(40a).Purity: >95%;R, = 10.80 min;'"H NMR (250 MHz,
DMSO-ds) 0 8.36 (dd [app. t]J = 6 Hz, 1H), 7.277.18
(m, 1H), 7.03-6.96 (m, 2H), 4.96:4.87 (m, 2H), 3.66 (dJ
= 6 Hz, 2H), 2.86-2.50 (4H, m), 2.36-2.19 (m, 1H), 1.75
1.59 (m, 1H); HRMS (ESI) calcd for gHi1FN,O4 [M +
H]™ 307.1094, found 307.1083.

[((5S,10bR)-7-Bromo-3-0x0-1,2,3,5,6,10b-hexahydro-
pyrrolo[2,1-alisoquinoline-5-carbonyl)amino]acetic Acid
(40b). Purity: >95%; R = 11.85 min;'H NMR (250 MHz,
DMSO-dg) 0 8.36 (dd [app. t]J = 6 Hz, 1H), 7.48-7.45
(m, 1H), 7.22-7.11 (m, 2H), 4.96-4.86 (m, 2H), 3.66 (dJ
= 6 Hz, 2H), 2.82-2.50 (4H, m), 2.36:2.20 (m, 1H), 1.74
1.58 (m, 1H); HRMS (ESI) calcd for gH16BrN,O4 [M +
H]* 367.0293, found 367.0291.
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[((5S,10bR)-9-Bromo-3-0x0-1,2,3,5,6,10b-hexahydro-
pyrrolo[2,1-alisoquinoline-5-carbonyl)amino]acetic Acid
(40c).Purity: >95%;R = 12.10 min;'H NMR (250 MHz,
DMSO-ds) 6 8.39 (dd [app. t]J = 6 Hz, 1H), 7.42-7.07
(m, 3H), 4.90 (dd [app. t}J = 8 Hz, 1H), 4.76 (ddJ = 2
Hz,J = 7 Hz, 1H), 3.64 (dJ = 6 Hz, 2H), 3.12 (ddJ =
3 Hz,J = 17 Hz, 1H), 2.95-2.50 (m, 3H), 2.26:2.17 (m,
1H), 1.79-1.63 (m, 1H); HRMS (ESI) calcd for £H:e
BrN,O4 [M + H]* 367.0293, found 367.0285.

[((5S,10bR)-9-lodo-3-0x0-1,2,3,5,6,10b-hexahydropyr-
rolo[2,1-aJisoquinoline-5-carbonyl)amino]acetic Acid (40d).
Purity: >95%;R = 12.67 min;'H NMR (250 MHz, DMSO-
ds) 0 8.38 (dd [app. t]J = 6 Hz, 1H), 7.58-7.45 (m, 2H),
7.02-6.92 (m, 1H), 4.88 (dd [app. t]l = 8 Hz, 1H), 4.75
(dd,J =3 Hz,J =7 Hz, 1H), 3.65 (dJ = 6 Hz, 2H), 3.11
(dd,J =3 Hz,J =17 Hz, 1H), 2.84 (ddJ = 7 Hz,J = 17
Hz, 1H), 2.72-2.50 (m, 2H), 2.26:2.17 (m, 1H), 1.79
1.63 (m, 1H); HRMS (ESI) calcd for 8H16IN,O4 [M +
H]* 415.0155, found 415.0150.

[((5S,10bR)-9-Chloro-3-0x0-1,2,3,5,6,10b-hexahydro-
pyrrolo[2,1-alisoquinoline-5-carbonyl)amino]acetic Acid
(40e).Purity: >95%; R, = 11.74 min;'"H NMR (250 MHz,
DMSO-dg) 6 8.38 (dd [app. t]J = 6 Hz, 1H), 7.32-7.16
(m, 3H), 4.93 (dd [app. t]J = 8 Hz, 1H), 4.76 (dd]) = 2
Hz, J = 7 Hz, 1H), 3.64 (dJ = 6 Hz, 2H), 3.14 (dd,) =
3 Hz,J = 17 Hz, 1H), 2.952.50 (m, 3H), 2.272.17 (m,
1H), 1.83%-1.61 (m, 1H); HRMS (ESI) calcd for gHi6
CIN,O4 [M + H]* 323.0799, found 323.0791.

[((5S,10bR)-8-Chloro-3-0x0-1,2,3,5,6,10b-hexahydro-
pyrrolo[2,1-alisoquinoline-5-carbonyl)amino]acetic Acid
(40f). Purity: >95%; R = 11.73 min;*H NMR (250 MHz,
DMSO-ds) 6 8.43 (dd [app. t]J = 6 Hz, 1H), 7.35-7.20
(m, 3H), 4.92 (dd [app. t}J = 8 Hz, 1H), 4.79 (ddJ = 3
Hz, J = 7 Hz, 1H), 3.69 (dJ = 6 Hz, 2H), 3.20 (ddJ =
2 Hz,J = 17 Hz, 1H), 2.94 (ddJ = 7, J = 17 Hz, 1H),
2.81-2.50 (m, 2H), 2.36-2.21 (m, 1H), 1.83-1.63 (m, 1H);
HRMS (ESI) calcd for GsH16CIN,O4 [M + H] T 323.0799,
found 323.0789.

[((5S,10bR)-8,9-Dichloro-3-0x0-1,2,3,5,6,10b-hexahy-
dropyrrolo[2,1- alisoquinoline-5-carbonyl)aminojacetic Acid
(40g).Purity: >95%;R, = 13.08 min;'H NMR (250 MHz,
DMSO-ds) 6 8.40 (dd [app. t],J = 6 Hz, 1H), 7.54 (s, 1H),
7.51 (s, 1H), 4.93 (dd [app. t),= 8 Hz, 1H), 4.84 (dd) =
3 Hz,J=7Hz, 1H), 3.70 (dJ = 6 Hz, 2H), 3.21 (ddJ =
2 Hz,J = 16 Hz, 1H), 2.92 (ddJ = 7, J = 17 Hz, 1H),
2.81-2.50 (m, 2H), 2.33-2.23 (m, 1H), 1.83-1.66 (m, 1H);
HRMS (ESI) calcd for GH1sN,O4 [M + H]t 357.0409,
found 357.0398.

[((5S,10bR)-8,10-Dibromo-9-hydroxy-3-oxo-1,2,3,5,6,-
10b-hexahydropyrrolo[2,1-a]isoquinoline-5-carbonyl)ami-
nojacetic Acid (40h).Purity: >95%; R, = 10.83 min;'H
NMR (250 MHz, DMSO#ds) 6 9.78 (s, 1H), 8.44 (dd [app.
t], J= 6 Hz, 1H), 7.43 (s, 1H), 5.044.93 (m, 2H), 3.67 (d,
J = 6 Hz, 2H), 3.26-3.05 (m, 2H), 2.96-2.50 (m, 2H),
2.31-2.21 (m, 1H), 1.66-1.50 (m, 1H); HRMS (ES]I) calcd
for CisH1sBroN,Os [M + H]* 460.9348, found 460.9345.

[((6S,10aR)-8-Ox0-5,6,8,9,10,10a-hexahydrobenzfpyr-
rolo[2,1-a]isoquinoline-6-carbonyl)aminolacetic Acid (44a).
Purity: >95%;R = 12.79 min;}H NMR (250 MHz, DMSO-
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ds) 6 8.43 (dd [app. t]J = 6 Hz, 1H), 7.96 (dJ = 8 Hz,

1H), 7.86 (ddJ = 1 Hz,J = 8 Hz, 1H), 7.77 (d,J = 9 Hz,

1H), 7.58-7.45 (m, 2H), 7.28 (dJ = 9 Hz, 1H), 5.12-

5.02 (m, 2H), 3.82 (dJ = 17 Hz, 1H), 3.63 (ddJ = 2 Hz,

J =6 Hz, 2H), 3.06 (ddJ = 8 Hz, 17 Hz, 1H), 2.8+2.54

(m, 2H), 2.36-2.22 (m, 1H), 1.7+1.55 (m, 1H); HRMS
(ES') calcd for GgH19N-O4 [M + H]Jr 339.1345, found
339.1332.

[((5S,12bR)-3-Ox0-1,2,3,5,6,12b-hexahydrobenzgipyr-
rolo[2,1-a]isoquinoline-5-carbonyl)aminojacetic Acid (44b).
Purity: >95%;R, = 12.38 min;}H NMR (250 MHz, DMSO-
ds) 6 8.47 (dd [app. t]J = 6 Hz, 1H), 7.99 (dJ = 8 Hz,
1H), 7.90 (d,J = 8 Hz, 1H), 7.74 (dJ = 8 Hz, 1H), 7.52
(m, 2H), 7.27 (d,J = 8 Hz, 1H), 5.61 (dd [app. t}J = 8
Hz, 1H), 5.06 (d,J = 7 Hz, 1H), 3.64 (dJ = 6 Hz, 2H),
3.15-3.00 (m, 2H), 2.822.65 (m, 2H), 2.342.26 (m, 1H),
1.72-1.52 (m, 1H); HRMS (ESI) calcd for {gH19N2O4 [M
+ H]* 339.1345, found 339.1342.

Pictet—Spengler Reaction Product ofrac-MABB1-(1-
pyrenyl)Ala-Gly-OH (44c). Purity: >95%;R;, = 15.46 min;
H NMR (250 MHz, DMSO¢g) 6 8.59 (dd [app. ] =6
Hz, 1H), 8.37-8.25 (m, 4H), 8.188.02 (m, 4H), 5.45 (dd
[app. t],J = 8 Hz, 1H), 5.06 (d,J = 6 Hz, 1H), 4.12 (dJ
= 16 Hz, 1H), 3.7+3.68 (m, 2H), 3.543.40 (m, 1H),
3.02-2.91 (m, 1H), 2.8%2.67 (m, 1H), 2.422.32 (m, 1H),
2.02-1.85 (m, 1H); HRMS (ESI) calcd for £H21N204 [M
+ H]* 413.1501, found 413.1495.
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