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ABSTRACT

A one-pot procedure for the highly diastereoselective synthesis of 1-carbamoyl-4-amino-1,2,4,5-tetrahydroindolo[2,3-c]azepin-3-one derivatives
is described. Using 2-formyl-L-tryptophan as a bifunctional building block, a catalyst-free Ugi-three-component reaction (Ugi-3CR) was developed
to present trisubstituted indoloazepinones in good yields and excellent diastereomeric excess.

Multicomponent reactions (MCRs) are one-pot pro-
cesses during which three or more substrates react in a
single chemical step to produce a product that incorpo-
rates all of the educts.1 Since MCRs represent one of the
most powerful approaches for combinatorial chemistry
and diversity-oriented synthesis, they play an important
role in the development of drug discovery methodology
and biological probes.2 TheUgi four-component reaction
(Ugi-4CR)3 is one of the most widely appliedMCRs, and
great efforts have been dedicated to the exploration of its

synthetic potential.4 The Ugi-4CR involves a condensa-
tion of a carbonyl component, an isonitrile, an amine, and
a carboxylic acid to present R-acylaminoamides. Conco-
mitantly, a new stereogenic center is created. Hence, it
provides a powerful tool to access diversity as well as
complexity in a one-step procedure. Several strategies
have been applied to control the chirality of the newly
formed stereocenter by using chiral substrates or chiral
auxiliaries.4a,5 For example, chiral amines such as (S)-R-
phenylethylamines,6 ferrocenylamines,7 glycosylamines,8

xylopyranose-derived peracylated thiosugar,9 and esters
of R-amino acids10 are capable to induce excellent stereo-
selectivity in Ugi-4CRs. In contrast, chiral oxo components
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and chiral isocyanides do not have a great influence on the
stereoselectivity of the reaction.11 Furthermore, a negligible
stereoselectivity was observed when chiral carboxylic acids
were used.12 Additionally, using 1,8-naphthalaldehydic
acid, 2-formylphenoxyacetic acid, and 2-formylphenoxy-2-
benzoic acid as bifunctional reagents in Ugi condensations,
a series of rare six-, seven-, and eight-membered heterocyclic
rings was obtained.13 In all cases, the compounds were
isolated in low yield and racemic form and with poor
diastereoselectivity. The steric biases imposed by a cyclic
transition state can, however, facilitate the achievement of
good diastereoselectivity in intramolecular Ugi reactions.14

As such, a diastereomeric ratio of 9:1 was observed by a
1,4 long-range asymmetric induction for the formation of
2,5-substituted tetrahydrobenzoxazepines.14c

Seven-membered N-heterocycles, including pyrrolo-
and indoloazepinones, are very interesting in medicinal
chemistry, where they represent an important class of
“privileged scaffolds”.15 Previously, we have suggested
that the 4-amino-1,2,4,5-tetrahydro-2-benzazepin-3-one
1a (Aba), 4-aminoindoloazepinone 1b (Aia), and 4-ami-
notriazolodiazepinone 1c (Ata)16 (Figure 1) might also
serve as privileged templates since these scaffolds were
used to obtain a variety of peptide and peptidomimetic
ligands for several G protein-coupled receptors. Examples
include opioid GPCRs,17 neurokinin 1,18 and somatostatin
receptors.19 1-Substituted analogues such as 2 (Figure 1),
having three points of diversification, are therefore interest-
ing in medicinal chemistry.
Only the 1-phenyl-substituted analogues of 1a have

been reported.20 As a continuation of our studies on
isocyanide-basedmulticomponent reactions,21 we proposed
that the 1-carboxamido-substituted Aia scaffold 2 (R3 =
CO-NHR3) could be synthesized via the intramolecularUgi

reactionusinganN-protected2-formyltryptophan reagent3
that was previously developed by us22 (see the Supporting
Information for more details). The preparation of racemic
5- or 7-carboxamidoindolobenzazepinones was reported by
application of an intramolecular Ugi-3CR.23

In this paper, we report the development of a new
stereoselective Ugi-3CR that allows the synthesis of
novel, optically pure 1-carbamoyl-Aia heterocycles by
condensation of 2-formyl-L-Trp 3 with different amines
and isocyanides. In order to find the best reaction condi-
tions for the synthesis of the prototype Aia derivatives,
Boc-2-formyl-L-tryptophan 3, 4-methoxy-benzylamine
5d, and tert-butyl isocyanide 4c were chosen as model
substrates to optimize the reaction conditions (Table 1).
Because we recently investigated microwave-assisted,

solvent- and catalyst-free conversions,24 the development
of such conditions was of particular interest.
In a first step, we optimized the microwave irradiation

parameters. Initially, under solvent-free microwave
conditions,24b the reaction did not proceed when the
mixture was heated at 100 �C for 3 min (entry 1, Table 1).
In addition, performing the reaction in MeOH (0.1 M)
under microwave conditions and increasing the tempera-
ture to 80 �C for 2 h did not lead to the desired Ugi
product (entries 2 and 3, Table 1). To our delight, the
desired product was, however, observed upon further
increase of the temperature (entries 4�9, Table 1). Suc-
cessive temperature increase from 80 to 175 �C and
applying a reaction time of 1 h 30 to 2 h afforded total
conversion to 6f (75% yield, 44/56 dr, entry 8, Table 1).
Two diastereomers were observed by HPLC and 1H
NMR, and these could be separated by silica gel column
chromatography (see the Supporting Information). No
reaction occurred at room temperature in methanol with
reaction times of up to 48 h (entry 10, Table 1). Because of
a lack in stereoselectivity, we turned our attention to
exploring lower temperatures and prolonged reaction

Figure 1. Conformationally constrained amino acid scaffolds
Aba 1a, Aia 1b/2, and Ata 1c.
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times. For this purpose, the optimization of the Ugi
reaction was performed in sealed vials which were placed
in an oil bath (entries 11�18, Table 1). Gratifyingly, when
using conventional heating, only one diastereomer was
obtained in all cases. In order to determine the origin of
the stereoselectivity, we compared the optimal reaction
conditions obtained for conventional heating (entry 18,
70 �C for 48 h) to the equivalent conditions under micro-
wave irradiation (entry 19, Table 1). As expected, the
microwave conditions also give way to one diastereomer,
concluding that the stereoselectivity is dependent on
temperature.
Next, the optimal conditions (entry 18, Table 1) were

chosen to explore the substituent scope of this protocol.
At this temperature and reaction time, full conversion
and high diastereomeric excesses were obtained. Detailed
results for a wide array of enantiopure Aia scaffolds are
summarized in Table 2.
With enantiopureN-Boc-2-formyl-Trp-OH 3 as a chir-

al formylcarboxylic acid in hand, we initiated a study to
explore the scope of this new stereoselective Ugi-3CR. In

all cases, excellent diastereoselectivity and high yields
were observed for various amines and isocyanides. The
reaction of three different isocyanides with benzylamine
was examined (entries 1�3, Table 2), and the desired

Table 2. Substrate Scopea

aReaction conditions: 3, 4, and 5 (0.3 mmol), MeOH (3 mL), 48 h,
70 �C. b Isolated yields after silica gel column chromatography.
cDiastereomeric excess determined by 1H and 13CNMRspectra orHPLC.
d 1 equiv of Et3N was added. eThe reaction was stopped after 1 week.

Table 1. Optimization of Ugi-3CR Reaction Conditionsa

entry temp (�C) time (h) convb (%) drb

1c 100 3 min 0

2d 50 8 0

3d 80 2 traces

4d 100 2 40 80:20

5d 120 2 78 78:22

6d,e 150 2 100 42:58

7d 150 1.5 90 44:56

8d,f 175 1.5 100 44:56

9d 175 1 84 50:50

10g 25 48 0

11h 40 48 traces

12h 60 48 46 >99:1

13h 70 12 48 >99:1

14h 70 16 53 >99:1

15h 70 18 61 >99:1

16h 70 40 93 >99:1

17h 70 42 95 >99:1

18h,i 70 48 100 >99:1

19d 70 48 100 >99:1

aReaction conditions: 3, 4, and 5 (0.3 mmol), MeOH (3 mL).
bDetermined by HPLC of the crude reaction mixture. cThe reaction
was performed under solvent-free microwave irradiation. dThe reaction
was performed in MeOH (0.1 M) under microwave irradiation. e Iso-
lated in 75% yield, and diastereomers 6f and 6f’were separated by silica
gel column chromatography. fThe substrate partially decomposed, and
secondary products appeared. gThe reaction was carried out at room
temperature in methanol for 48 h. hThe reaction was performed in a
sealed vial in an oil bath. i Isolated in 92% yield as a single trans
diastereomer.
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products 6a�c were isolated with high yields and excel-
lent de (%). To check that no racemization takes place
during the cyclization step, a reaction with (S)-1-methyl-
benzylamine and (R)-1-methylbenzylamine was realized.
Only single diastereomeric Aia’s (6d,e) were observed by
1H NMR and HPLC (entries 4 and 5, Table 2). The
electron-donating or electron-withdrawing properties of
the substituent of the amine component were well toler-
ated and have no influence on the yield and diastereo-
meric excess of the reaction, and the compounds (6f,g)
were isolated in an enantiopure form (entries 6 and 7,
Table 2). Also, a heteroaromatic amine could be used to
give compound 6h (entry 8, Table 2). A moderate yield of
Ugi product 6iwas observed upon use of tert-butylamine
(entry 9, Table 2). This result could be attributed to its
weak reactivity (and hence long reaction times) and lower
thermal stability leading to possible byproducts.
In contrast, a cyclic, an aliphatic R-branched and

R-unbranched amine gave the expected compounds (6j,k)
in excellent yields and diastereomeric excess (entries 10�13,
Table 2). Finally, amino esters such as glycine and pheny-
lalanine methyl ester could also be used and reacted
smoothly with Boc-2-formyl-L-Trp 3 to give the desired
dipeptidomimetics 6n and 6o in high yield and diastereo-
meric ratio (entries 8�10). It is noteworthy that the reported
procedure is an attractive methodology for the single step
synthesis of conformationally constrained Aia-Xxx dipep-
tides (with Xxx: a variable R-amino acid residue) in its
enantiopure form.Theconfigurationof theUgi-Aiaproducts
was confirmed by NOESY studies of 6f and X-ray crystal-
lographic analysis of 6c (see the Supporting Information).
Mechanistically, the reaction proceeds via the forma-

tion of an imine, formed in situ from formyltryptophan 3

and an amine (Scheme 1). A pseudocyclic intermediate 7
is proposed by intramolecular protonation of the imine
by the carboxylic acid, in which the bulky N-Boc sub-
stituent adopts a pseudoequatorial conformation and
which fixes the orientation of the imine. The isocyanide
can add immediately to the iminium ion or the iminium
ion is first attacked by the carboxylate, especially in polar
media, followed by a substitution by the isocyanide with
inversion of configuration.25

Since the second mechanism involves an intramolecu-
lar addition in the present case, this may be the preferred
pathway. Addition of the carboxylate can occur from the
top side (reface) through a boatlike transition state 8 in
which the NH-R2 substituent is placed in a pseudoequa-
torial position, thus avoiding unfavorable allylic strain
with the indole N�H. Substitution by the isocyanide with
inversion of configuration then leads to intermediate 10,
which rearranges to 11, followed by acyl transfer to the

trans-diastereoisomer 12. Alternatively, addition of the
carboxylate from the bottom side (si-face) of the iminium
ion occurs through another boatlike transition state 13, in
which the pseudoaxial NH-R2 substituent has unfavor-
able transannular interactions with one of protons at Cβ

of the Trp structure. The formation of intermediate 14,
ultimately leading to the cis-isomer 17, is therefore pro-
posed to be disfavored compared to 9.
In conclusion, we have described an efficient and useful

stereoselective Ugi-3CR reaction for the synthesis of
optically pure amino indoloazepinone (Aia) derivatives
starting from N-Boc-2-formyl-L-tryptophan 3 as a chiral
formylcarboxylic acid. The desired seven-membered pro-
ducts are formed in excellent yields and diastereomeric
excess under catalyst-free conditions and simple experi-
mental procedures. Dipeptide building blocks of type 6n
and 6o can be applied to different bioactive peptide chains by
incorporationof enantiopureand trisubstitutedAia scaffolds
into peptide sequences but also used to prepare new combi-
natorial libraries with a wide structural diversity. The com-
plexity of and substitution patterns in these compounds will
allow their use in various biological applications.
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Scheme 1. Suggested Rationale for Induction of
Diastereoselectivity
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