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a b s t r a c t

We herein describe the solid-phase synthesis of protected N-oxoalkyl-derivatized peptides designed for
subsequent acid-mediated, tandem N-acyliminium ion cyclization–nucleophilic addition reaction. The
target compounds contained fused 1,4-diazepanones incorporated into a peptide backbone and served
as conformational constraints. The scope and limitation of the ring formation were studied, and the struc-
tural requirements and reaction conditions for cyclization are outlined.

� 2015 Elsevier Ltd. All rights reserved.

Our ongoing research efforts have focused on the design and
solid-phase synthesis of compounds characterized by structural
features largely missing in current compound decks used for
high-throughput screening (HTS); we have placed particular
emphasis on compounds with 3D architectures (presence of sp3

carbons) and on the stereoselective formation of new stereogenic
centers.1 We have previously described the synthesis of nitroge-
nous fused and bridged heterocycles that were exploited in HTS
and also incorporated into a peptide chain as peptide constraints.
The synthesis of these compounds was performed in the solid
phase using tandem N-acyliminium ion cyclization–nucleophilic
addition.2–8

Tandem N-acyliminium ion cyclization–nucleophilic addition is
a powerful strategy for synthesizing diverse fused ring systems,9–11

including conformational constraints in peptides.12–15 In our recent
work, we described the synthesis of five- and six-membered fused
and bridged heterocycles.2–7 The cyclic iminium ion was formed
from an aldehyde attached via a two-carbon spacer to an amide
nitrogen of a peptide. In a peptide chain, the cyclic iminium can
be formed from two directions (Scheme 1): either toward the pep-
tide amino terminus (referred to as westbound, iminium II) or
toward the peptide carboxyl terminus (eastbound, iminium III).5

The synthesis of medium-sized fused bicycles via iminium ion
chemistry is typically achieved via the formation of five- or six-
membered cyclic N-acyliminium ion intermediates, followed by
nucleophilic attack to close the second larger ring (from five- to
eight-membered rings).9,16,17 However, studies on the seven-mem-
bered N-acyliminium ion intermediates are scarce.18–20 Seven-
membered cyclic iminium ions can be formed in a peptide chain
from two different types of precursors: polymer-supported N-(2-
oxo-ethyl)-derivatives containing b-amino acids (Fig. 1, Series A)
or polymer-supported N-(3-oxo-propyl)-derivatives containing a-
amino acids (Fig. 1, Series B). Two directions of cyclic iminium for-
mation are possible (eastbound and westbound) and we have
recently reported formation of medium sized fused rings in the
eastbound direction.8 In this contribution we focused on the struc-
tural features directing the cyclic iminium ion formation only in
the westbound direction.

Synthesis of model compounds: All of the polymer-supported
acyclic precursors, 1–4, were synthesized using standard solid-
phase chemistry protocols and commercially available building
blocks, as described in our previous Letters.2–7 To incorporate the
nitrogenous heterobicycles as conformational constraints into pep-
tides, we used amino acids as the most convenient building blocks.
The aldehyde was incorporated in its protected form as a dialkyl
acetal on two- and three-carbon spacers attached to an amide
nitrogen (Series A and Series B, respectively). The synthesis was
performed on Wang21 and Rink amide22 resins using standard
protocols for the solid-phase synthesis of peptides. To incorporate
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the protected aldehyde, the resin-bound amines were acylated
with bromoacetic acid and subsequently reacted with aminoac-
etaldehyde (Series A, Fig. 1) and aminopropionaldehyde dialkyl
acetal (Series B, Fig. 1). Acid-mediated exposure de-masked the
acetal protecting group with concurrent cleavage of the resin-
bound precursors from the acid–labile linkers. The second ring clo-
sure by nucleophilic addition was studied using two ring sizes (i.e.,
five- and six-membered rings) and both N-acyl and N-arylsulfonyl-
derivatized internal nitrogen nucleophiles (Fig. 1).

The regioselectivity was studied on model compounds 1, 3, and
4, allowing two directions of cyclization (eastbound and west-
bound). In addition, we also investigated cyclic iminium formation
on model compound 2, which forced the iminium formation in
only the westbound direction as a result of the incorporation of
piperazine, which blocked the eastbound direction of cyclization
(Fig. 1).

Polymer-supported N-(2-oxo-ethyl)-derivatives (Series A).
Synthesis of fused 1,4-diazepan-5-ones: The linear precursor 1 can
form N-iminium ions in two directions: toward the carboxyl pep-
tide terminus (eastbound) to form six-membered 5 or toward the
peptide amino terminus (westbound) to afford seven-membered
6. In the presence of an internal nucleophile at the R1 position,
the second ring can also be closed, forming fused heterocycle 7

(Fig. 2 and Scheme 2). To evaluate the regioselectivity of the cyclic
iminium formation as a function of the R1 substituent, we prepared
resins (1) with four different R1 substituents (carbamate 1a, sulfon-
amide 1b, urea 1c, secondary amine 1d, and amide 1e). 4-
Nitrobenzenesulfonamides (Nos-amides) are particularly interest-
ing because they represent a good internal nucleophile for cyclic
iminium formation and because the Nos group can be cleaved
under mild conditions to allow further derivatization. Derivatives
1a–1d do not contain an internal nucleophile at the R1 position;
thus, the initially formed iminium ions were deprotonated in neu-
tral buffer (reverse phase HPLC purification in aqueous ammonium
acetate/acetonitrile) and the enamides 5 and 6 were formed
(Table 1, entries 1–4). The results indicate that the urea derivative
1c provided the best regioselectivity for the westbound seven-
membered iminium formation (entry 3), whereas the N-alkyl
derivative 1d reacted completely in the opposite eastbound direc-
tion for the iminium-ion cyclization (entry 4). The latter result is
likely attributable to the protonation of the amino group by TFA.
Next, we prepared a model compound, 1e, containing an internal
nucleophile (R1 = Nos-b-Ala). However, the major product was
the eastbound cyclized 3,4-dihydropyrazin-2-one (6, entry 5, 36%
yield), with the fused-ring product 7 formed in only 12% yield as
a racemic mixture.4
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Scheme 1. Eastbound and westbound directions of iminium formation.
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SERIES A: Polymer-supported protected N-(3-oxo-ethyl)-derivatives 

SERIES B: Polymer-supported protected N-(3-oxo-propyl)-derivatives
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Figure 1. Polymer-supported model compounds.
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Figure 2. Relative tendency toward the westbound direction of cyclization.
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